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Abstract 

Iron and zinc deficiency present global issues affecting populations in both developed and 

developing countries. Efforts have been made to tackle these problems either through diet 

intervention, fortification or supplementation. Although these strategies had been beneficial to host 

nutrition, the impact of the unabsorbed nutrient on the gut microbiota has yet to be fully 

understood and this was investigated here using various in vitro approaches. The impact of iron on 

the gut microbiota was initially considered using Hungate tube and single vessel batch cultures 

approaches inoculated with human faecal slurries.  Growth was monitored by measuring total 

bacterial number using Flow-FISH and the microbiota composition was analysed by Next Generation 

Sequencing (NGS). The total bacterial numbers and composition were similar between the control 

and iron regime in the Hungate tube system.  This was considered to be due to the limited growth 

exhibited and the unregulated pH of the Hungate tube culture would obscure any influence of iron, 

although the presence of iron (haem/FeSO4) caused a substantial increase in Roseburia faecis. 

Inclusion of strong buffers in Hungate tubes was explored and 300 mM 2-(N-

morpholino)ethanesulfonic acid was found to restrict pH fluctuation within a desirable range (pH 

range 5.5-6.7) and the bacterial counts were higher in the presence of buffer. Single vessel batch 

cultures containing gut model medium and 0.1% (w/v) faecal slurry from four different healthy 

donors were set up to investigate the impact of different forms of iron (haem and FeSO4) on the gut 

microbiota. The presence of haem caused a slower growth rate but all regimes showed similar total 

bacterial counts by 48 h. Haem increased the growth of Bacteroides, Parabacteroides, Clostridium, 

Lactobacillus and Rikenellaceae. Dorea formicigenerans, Ruminococcaceae and Veillonella dispar 

showed an increase in the presence of FeSO4 but not haem. Sutterella, Enterobacteriaceae, 

Bifidobacterium, Ruminococcus and Faecalibacterium prausnitzii showed a decrease in growth in the 

presence of haem with FeSO4. The effect of zinc on the gut microbiota was investigated using single 

vessel batch cultures and three-stage gut models containing ‘modified’ gut model medium 

supplemented with Zn at 77 (low), 192 (medium) and 770 µM (high) concentration. In the batch 
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cultures, the presence of 77 or 192 µM zinc increased total bacterial counts while 770 µM zinc 

caused a lower growth. The presence of zinc increased the growth of Streptococcus and Sutterella 

but reduced the growth of Odoribacteria, Rikenellaceae, Roseburia faecis and Enterobacteriaceae. In 

the gut model, Faecalibacterium prausnitzii and Roseburia faecis showed a significant increase 

(p<0.05) in the presence of 770 µM Zn while Lachnospira displayed a significant decrease (p<0.05) in 

both the absence of zinc and presence of 77 µM Zn, indicating it favours a moderate zinc level. The 

ability of bacteria to degrade phytic acid, a major dietary inhibitor of zinc absorption, and use it as a 

phosphate and/or carbon source was investigated using an Escherichia coli triple mutant whereby all 

three known phytases were knocked out. The wild-type and mutant were grown in phosphate 

limited or carbon free M9 minimum medium, supplemented with 2.5, 5 and 10 mM phytic acid. 

Phytic acid was found to act as a good phosphate source but a poor carbon source for the growth of 

E. coli. However, the mutant showed comparable growth to the wild-type, indicating the phytases 

previously identified have no essential role in utilisation of phytate, suggesting a yet to be 

discovered phytate utilisation pathway. The impact of phytic acid on the gut microbiota was also 

investigated using single vessel batch cultures, containing phosphate-limited or carbon-free basal 

medium. Similar results were obtained whereby the gut microbiota were able to utilise phytic acid as 

a phosphate source but not a carbon source.  
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Chapter 1 Introduction 

1.1 Chemistry of Iron 

Iron is the fourth most abundant metal in the Earth’s crust (Andrews et al, 2003). It has an atomic 

weight of 55.854 and an atomic number 26 (Wieser et al, 2013). Iron is a d-block transition element, 

residing in group 8 in the periodic table (Figure 1.1). Like the other elements in group 8, iron exist in 

multiple oxidation states, ranging from -2 to +6 but the +2 (ferrous), +3 (ferric) and +4 (ferryl) states 

are most commonly found in biological systems (Beard, 2001). The ability of iron to convert between 

oxidation states enables iron to participate in electron transfer and more importantly it has the 

ability to bind ligands, namely oxygen, sulphur and nitrogen atoms which are the preferred ligands in 

biological systems. Iron also has the tendency to change its electronic spin state and biological redox 

potential according to the ligand which it binds. Because of the exploitation of its various oxidation 

states, electron spin states and redox potentials, iron is involved in a considerable number of 

biochemical reactions (Beard, 2001).  

Iron is an essential nutrient to almost all living organisms as it participates in numerous crucial 

biochemical reactions which maintain the wellbeing of the organisms. The unique properties that 

iron possesses enable it to be incorporated into proteins, facilitating various biochemical reactions. 

There are four major classes of iron-containing proteins: 

1) iron-containing nonenzymatic proteins (haemoglobin and myoglobin),  

2) haem-containing enzymes,  

3) iron-sulphur enzymes and  

4) non-iron-sulphur, nonhaem iron-containing enzymes (Beard, 2001).  
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Figure 1.1. Periodic Table of Elements 

Figure 1.2. Classification of major iron-containing proteins. These proteins are present in the 
human body and have a wide range of biological function. From Beard, 2001. 
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1.2 Dietary iron and requirement 

Table 1.1. Dietary reference values for iron. (SACN, 2010). Values are in mg/day (µmol/day). 

Age 

Lower 
reference 
nutrient intake 
(LRNI) 

Estimated 
average 
requirement 
(EAR) 

Reference 
nutrient 
intake (RNI) 

0-3 months 0.9 (15) 1.3 (20) 1.7 (30) 

4-6 months 2.3 (40) 3.3 (60) 4.3 (80) 

7-9 months 4.2 (75) 6.0 (110) 7.8 (140) 

10-12 months 4.2 (75) 6.0 (110) 7.8 (140) 

1-3 years 3.7 (65) 5.3 (95) 6.9 (1120) 

4-6 years 3.3 (60) 4.7 (80) 6.1 (110) 

7-10 years 4.7 (80) 6.7 (120) 8.7 (160) 

11-14 years (males) 6.1 (110) 8.7 (160) 11.3 (200) 

11-14 years (females) 8.0 (140) 11.4 (200) 14.8 (260) 

15-18 years (males) 6.71(110) 8.7 (160) 11.3 (200) 

15-18 years (females) 8.0 (140) 11.4 (200) 14.8 (260) 

19-50 years (males) 4.7 (80) 6.7 (120) 8.7 (160) 

19-50 years (females) 8.0 (140) 11.4 (200) 14.8 (260) 

50+ years 4.7 (80) 6.7 (120) 8.7 (160) 

*1µmol = 55.9µg 

Since iron plays important roles in biological systems due to its involvement in a variety of 

biochemical reactions, the levels of iron must be maintained within certain ranges to ensure an 

adequate amount is present for normal function. The current Reference Nutrient Intake (RNI) for 

iron is 8.7 or 14.8mg/day for adult males or women in their reproductive years respectively (SACN, 

2010). The iron requirement of 97.5% of the population will be met for iron intakes levels above the 

RNI, thus a sufficient amount of iron must be consumed either from dietary sources or 

supplementation. The amount and bioavailability of iron from dietary sources varies, depending on 

various factors such as the form of iron, the presence of enhancers or inhibitors of iron uptake from 

the diet as well as type of food. Dietary iron can be classified simply into haem and nonhaem iron. 

(Hurell and Egli, 2010). Haem iron usually comes from animal sources where iron is tightly bound to 

the porphyrin ring of haemoglobin and myoglobin (Han, 2011) while nonhaem iron can be found in 

both plant and animal tissues (Hurell and Egli, 2010), where it can be associated with ferritin and the 
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vacuoles of plant cells (Fuqua et al, 2012). Between the two types of dietary iron, haem iron is more 

readily absorbed compared to nonhaem iron and can contribute nearly 40% of total absorbed iron 

(Hurell and Egli, 2010). The mechanism of iron uptake from the diet will be discussed in later part. 

1.2.1 Dietary factors affecting the uptake of iron 

1.2.1.1 Dietary factors that enhance the uptake of iron 

The absorption of iron can be enhanced or inhibited through interaction with other dietary 

components in the diet (Han, 2011), leading to an increased or decreased iron uptake from the gut. 

Citric acid, ascorbic acid, amino acids (Han, 2011) and muscle protein (Hurrell and Egli, 2010) are 

enhancers of iron absorption. Dietary iron is usually in the oxidised Fe(III) form which has low 

solubility and bioavailability (Fuqua et al, 2012). The ability of ascorbic acid to reduce the less soluble 

ferric to the more soluble ferrous iron and the potential to chelate iron greatly enhance the 

absorption of both native and fortified iron (Hurrell and Egli, 2010). Surprisingly, muscle tissues 

(meat, poultry and fish) show enhancing effects on iron uptake but animal proteins (milk proteins 

and egg albumin) show no such effect and indeed exhibit inhibitory effects on iron absorption 

(Hurrell and Egli, 2010). Numerous studies have shown an increased iron absorption in diet 

containing muscle tissues. The presence of a high number of cysteine-containing peptides in 

myofibrillar protein might explain the enhancing effect of muscle tissues on iron absorption (Hurrell 

and Egli, 2010). This might be due to the formation of soluble complexes between cysteine residues 

preventing iron binding to phytates and phenolic compounds (Hurrell et al, 2008) or to the ascorbic 

acid-like property of cysteine which reduces and chelates iron (Hurrell and Egli, 2010). Such effects 

would be expected to increase iron absorption. Glycosaminoglycans and L-α-glycerophosphocholine 

might also enhance the absorption of iron in meat but the results are not consistent in human 

studies, possibly due to the presence of ascorbic acid which masks the effects of glycosaminoglycans 

and L-α-glycerophosphocholine (Hurrell and Egli, 2010). 

1.2.1.2 Dietary factors that inhibit the uptake of iron 

Some naturally occurring food components such as polyphenols, phytates, calcium, tannic acid (Kim 

et al, 2008) and animal proteins (Hurrell and Egli, 2010) are inhibitors which reduce uptake of iron in 
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the gut. Polyphenols are usually found in plant foods and beverages such as legumes, tea and coffee. 

The inhibitory effect of polyphenols is affected by the amount and type present in food (Kim et al, 

2008). Polyphenols are able to chelate iron and form complexes with iron, which prevent them from 

exiting the basolateral membrane (Kim et al, 2008). Tannic acid on the other hand binds with high 

affinity (Glahn et al, 2002) and chelates iron, reducing iron access to the apical surface of 

enterocytes (Kim et al, 2008). The effects of calcium intake and the absorption of iron are well 

reviewed by Lynch, involving numerous studies, from small scale human studies to large scale cohort 

(Lynch, 2000). Evidence linking calcium and iron absorption showed varied results, but has either 

little or no effect, suggesting that intake of calcium has minimal effects on iron absorption. The 

inconsistency in finding may be due to experimental design, consumption of single or mixed meals as 

well as the presence of other enhancer or inhibitor (Lynch, 2000). Phytates, which bind iron and 

form insoluble complexes (Gibson et al, 2006) are the main inhibitors of iron uptake in plant based 

diets (Hurrell and Egli, 2010), and thus have greater impact in vegetarian than omnivorous diets. 

Haem iron is less susceptible to the inhibitory effect of phytate due to the presence of the porphyrin 

ring structure which protects haem iron from phytates (Glahn et al, 2002). However, the negative 

effect of phytate on iron absorption is dose dependent and can be easily reversed. For instance, 

germination or malting of cereals increases phytase activity while milling reduces phytate contained 

in the outer aleurone layer or in the germ. Microbial fermentation produces microbial phytase 

enzymes which hydrolyse higher inositol phosphates to lower inositol phosphates. These microbes 

can either be found naturally on the surface of cereals and legumes or introduced via inoculation 

(Gibson et al, 2006).  
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1.3 Distribution of iron in the body 

 

Figure 1.3 Distribution of iron in the body. Iron is absorbed from the gut which will then be 
distributed throughout the body for the formation of erythrocytes and enzymes or being stored in 
storage proteins. Iron can be lost through shedding of cells or in urine and sweat.  

Concentration of body iron is roughly 30-40mg/kg (Beard, 2001) and a healthy adult has a total body 

iron content of about 4 g (Conrad and Umbreit, 2002). However, the total iron content varies 

between humans, depending on age, gender and the possible presence of diseases. The majority 

(60-70%) of iron is utilised in red blood cells, contained within haemoglobin which accounts ~90% of 

the protein content of the erythrocyte (Papanikolaou and Pantopoulos, 2005). The body has an iron 

store of 15mg/kg or approximately 20-30% of total body iron (Papanikolaou and Pantopoulos, 2005, 

Beard, 2001). Iron is usually stored within ferritin or its degradation product haemosiderin found in 

hepatocytes and reticulonendothelial macrophages (Papanikolaou and Pantopoulos, 2005) with 60% 

stored in the liver and 40% in the reticuloendothelial system (Beard, 2001) . The remaining body iron 

is localised in myoglobin, cytochromes and iron-containing enzymes. Around 1-3mg of iron is 

absorbed from the diet daily (Figure 3.1) to replace iron losses in urine, sweat and cell desquamation 

from the skin and intestine (Anderson et al, 2012). A woman of reproductive years may lose more 
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than 42mg per cycle, depending on how heavily she menstruates (Killip et al, 2007). Thus, it is 

important that the body absorbs enough iron to compensate for such losses to prevent any clinical 

symptoms from occurring. 

1.3.1 Iron uptake from gut lumen 

 

Figure 1.4. The cellular pathway of handling iron, from uptake to storage and to export into 
circulation. Iron-bound transferrin binds to TfR1 and subsequently endocytosed. Fe (III) is released 
from transferrin through acidification and reduced to Fe (II) by STEAP3 which then exported in the 
cytosol by DMT1 for storage or formation of proteins. From Anderson et al, 2012. 

Iron is absorbed in the duodenum and upper portion of the jejunum (Gkouvatsos et al, 2012). Both 

haem and non-haem iron enter the systemic circulation by crossing the apical and basolateral 

membranes of enterocytes via specific transporters (Gkouvatsos et al, 2012). The low pH of the 

stomach, together with proteolytic enzymes in the stomach and small intestine facilitates the 

release of haem from haemoproteins. Although haem has limited solubility, it is able to interact with 

other components in the gut, forming soluble complexes (Fuqua et al, 2012). Haem is more readily 

absorbed than non-haem iron through a yet to be defined mechanism. It is most likely to involve a 

specialised haem carrier but the carrier has yet to be found. The proposed carrier, haem carrier 

protein 1 (HCP1) was later identified as a folate transporter (Gkouvatsos et al, 2012; West and Oates, 

2008). Haem may also be taken up via direct transport or through receptor-mediated endocytosis 

(Gkouvatsos et al, 2012). The haem-binding protein is found on microvillus membrane of the upper 

small intestine of both pigs and humans, as well as the membrane of erythroleukemia cells. Haem 
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uptake is affected by temperature and ATP, and the combined evidence shows the ability of cells to 

endocytose haem actively (West and Oates, 2008). The absorbed haem then undergoes degradation, 

releasing Fe(II), which follows the same fate as absorbed non-haem iron (Gkouvatsos et al, 2012).  

Non-haem iron predominates as the insoluble Fe(III) form in the intestinal lumen; this form has low 

bioavailability. Prior to its uptake into the cell, it needs to be reduced to Fe(II). This is done by the 

brush border ferrireductase (the duodenal cytochrome b, Dcytb) which utilises ascorbate to facilitate 

ferrireduction (Han, 2011). Iron deficient and hypoxic conditions increase the expression of Dcytb, 

stimulating iron absorption (Han, 2011). However, experimental results show that Dcytb may not be 

the only ferrireductase present at the brush border as the disruption of Dcytb has no effect on 

normal iron metabolism in knockout mice (Hentze et al, 2010). The Fe(II) is subsequently transported 

through the apical membrane by divalent metal transporter 1 (DMT1), an energy dependent 

symporter which also imports a proton (Dunn et al, 2006). 

1.3.2 Fate of internalised iron 

1.3.2.1 Export into systemic circulation 

 

Figure 1.5 Passage of iron across the enterocyte into the systemic circulation. Fe (III) is reduced by 
Dcytb to Fe (II) prior to being transported into the cell via DMT1. Iron will then enter the circulation 
via Fpn1 and oxidised to Fe (III) before binding to transferrin for transport. Dietary ferritin and haem 
enter the cell via an unknown mechanisms and will join the intracellular iron pool. From Fuqua et al, 
2012. 
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The absorbed iron then enters the systemic circulation to be transported around the body for cell 

utilisation and distribution of the absorbed iron is dependent on the body’s iron requirement (Han, 

2011). Located at the basolateral membrane, ferroportin (FPN1) which is part of the SLC transporter 

family (SLC40A1), exports ferrous iron into the circulation (Gkouvatsos et al, 2012). Experimental 

mouse models showed the role of ferroportin as an iron exporter. Donovan and colleagues showed 

that Fpnnull/null mice die prematurely due to an impaired iron transfer from the mother. Inactivation 

of duodenal ferroportin caused a marked accumulation of iron in enterocytes but not in the liver or 

macrophages, indicates a failure to export the absorbed iron. However, iron is not retained in 

hepatocytes or macrophages as part of response to iron deficiency (Donovan et al, 2005). Global 

inactivation of ferroportin causes an increased iron retention in macrophages of liver and spleen due 

to the lack of mechanisms in exporting recovered iron from phagocytosed erythrocytes (Donovan et 

al, 2005). Thus, the evidence shows an important role for ferroportin as an iron exporter in several 

tissues. Ferroportin exports iron in its ferrous form, which needs to be oxidised to the ferric form 

before loading to apo-transferrin (apo-Tf) to allow iron to be carried around the body (Gkouvatsos et 

al, 2012). The oxidation process is carried out by the membrane bound copper dependent 

ferroxidase, hephaestin (Petrak and Vyoral, 2005). Hephaestin shares amino acid sequence similarity 

with ceruloplasmin, a well-known serum multi-copper ferroxidase, but it contains an additional 86 

amino acids at its C-terminus (Petrak and Vyoral, 2005). In terms of structure, both have the same β-

fold, cysteine residues for forming disulphide bridges and a negatively charged aspartate tract near 

the iron binding site; these similarities indicate that hephaestin is also an important ferroxidase, like 

ceruloplasmin (Petrak and Vyoral, 2005). Although hephaestin and ceruloplasmin possess many 

similarities, they are found in different parts of the body. Hephaestin is highly expressed in the small 

intestine while ceruloplasmin is found in storage organs such as the liver and cells from the 

reticuloendothelial system (Petrak and Vyoral, 2005). Sex-linked anaemia (sla) mice, where 

hephaestin is absent, results in impaired iron export but normal iron uptake from the intestinal 

lumen into enterocytes. On the other hand, patients with aceruloplasminaemia and ceruloplasmin-
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null mice have accumulation of iron in liver and pancreas but normal intestinal absorption of iron 

(Petrak and Vyoral, 2005). Both observation prove that hephaestin and ceruloplasmin are important 

components for iron transport and they act at different sites. Once loaded on to transferrin (Tf), the 

absorbed iron is transported around the body or used by the various tissues.  

1.3.2.1.1 Cellular uptake of iron from systemic circulation 

The bilobal transferrin can reversibly binds two Fe(III) ions and deliver them to various cells where 

the receptor-mediated endocytosis uptake process is mediated by the transferrin receptor (Crichton 

et al, 2002). Erythroid precursors and other rapidly dividing cells have a high demand for iron, thus 

they require an efficient uptake of transferrin to this need. The iron-loaded transferrin (Tf-Fe2) 

interacts with cell surface transferrin receptor 1 (TfR1) which forms a disulphide-bonded 

homodimer, binding one transferrin molecule at each of its subunit (Gkouvatsos et al, 2012). 

Following the binding of diferric transferrin, the Tf-Fe2/TfR1 complex is internalised via clathrin-

coated vesicles. The vesicles then lose their coat, resulting in smooth vesicles that fuse with the 

endosome (Crichton et al, 2002). A proton pump ATPase lowers the pH to 5.5, triggering a 

conformational change in Tf that releases Fe(III). The released ferric iron is reduced by the six-

transmembrane epithelial antigen of the prostate-3 (STEAP3) and is subsequently transported out of 

the endosome via DMT-1 (Gkouvatsos et al, 2012). After delivering the iron, apotransferrin, still 

bound to transferrin receptor, returns to the cell membrane with the aid of the trafficking protein 

Sec1511. Once released back to the bloodstream, transferrin is able to recapture iron and the cycle 

is repeated (Gkouvatsos et al, 2012). 

Macrophages acquire iron via a different route than that of most other cells, involving phagocytosis 

of senescent erythrocytes resulting in uptake of large amounts of iron (Gkouvatsos et al, 2012). 

Following haemolysis, natural resistance-associated macrophage protein 1 (NRAMP 1), a divalent 

metal transporter homologous to DMT1, exports the released iron from phagocytic vesicles. The 

ferrous iron is subsequently exported to the circulation via ferroportin (Hentze et al, 2010). Free 

haem or haemoglobin may be released from damaged erythrocytes, which exhibit oxidative activity, 
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causing damage to other components in the body. Haptoglobin and haemopexin are proteins that 

bind to free haemoglobin and free haem respectively, forming a complex that will be endocytosed 

by macrophages (Gkouvatsos et al, 2012), rapidly clearing these iron-containing molecules from the 

circulation.    

1.3.2.2 Iron storage 

 

 

Figure 1.6 Structural aspects of the ferritins. The subunits typically fold in a 4-helical bundle (left), 
which can pack in shells made of 24 subunits like human ferritins (right). From Ariso et al, 2009. 
 

Cellular iron that is not used immediately for cellular function is stored in ferritin. Ferritins are 

basically composed of 24 subunits, folding in a 4-helical bundle and form an almost spherical protein 

shell with 4,3,2 point symmetry (Ariso et al, 2009). This arrangement give ferritin a hollow shell with 

an 80 Å diameter cavity and a storage capacity up to 4500 Fe(III) ions (Harrison and Arosio, 1996).  

Eukaryotes have two major ferritin genes, encoding the H (heavy) and L (light) subunits which co-

assemble to form heteropolymers (Ariso et al, 2009). H subunit contains ferroxidase activity which is 

required for iron deposition while L subunits are involved in iron nucleation and increased turnover 

of the ferroxidase site (Dunn et al, 2010). L-rich ferritins are usually found in iron-storage organs 

such as liver and spleen whereas H-rich ferritins are present in other tissues such as the heart and 

brain (Harrison and Arosio, 1996). Mammalian tissues contain a mixture of isoferritins, each with a 

different ratios of H and L subunit (Harrison and Arosio, 1996). Storage of iron in ferritin is 
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considered biologically important due to the high storage capacity acting as a reservoir, 

concentrating the iron in a compact form which can readily be used when needed. On the other 

hand, storing of iron in ferritin prevents the participation of iron in Fenton chemistry, potentiating 

oxygen toxicity through the production of various free radical species. These free radicals react with 

amino acids, purine and pyrimidine bases of DNA as well as initiating lipid peroxidation (Dunn et al, 

2010), and are thus potentially highly damaging. 

1.4 Bacterial iron uptake 

Microorganisms, like higher organisms require iron to sustain themselves. With the exception of 

lactobacilli which have the ability to utilise cobalt and manganese to replace iron as biocatalysts 

(Guerinot, 1994), virtually all other microorganisms require iron to perform various biochemical 

functions, namely respiration, gene regulation and DNA biosynthesis. Bacterial cells contain 105 to 

106 iron ions per cell which are required for these biochemical reactions (Wandersman and 

Stojiljkovic, 2000). Due to its reactivity, iron is usually sequestered to host protein such as ferritin, 

transferrin and lactoferrin or is incorporated into protoporphyrin in haemoproteins for specialised 

activity (Wandersman and Delepelaire, 2004). Under aerobic conditions, ferrous ion is unstable as it 

undergoes oxidation to form ferric ion (Krewulak and Vogel, 2008). In the presence of hydrogen 

peroxide (which accumulates during aerobic metabolism), ferrous iron can partake in Fenton 

reactivity: 

 

Fe2+ + H2O2→Fe3+ + OH· + OH− 

Ferric ions are redox stable and insoluble at neutral pH, such that free ferric ions are limited to an 

equilibrium concentration of approximately 10-17M (pH 7) which is well below the optimal value for 

microbial growth (10-8 to 10-6 M) (Guerinot, 1994; Andrews et al, 2003). In order to overcome the 

iron shortage and limitation, most bacteria develop several mechanisms to acquire iron from 

different sources (Wandersman and Delepelaire, 2004). They can either obtain iron directly from 
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host proteins or secrete ferric ion chelators to salvage insoluble Fe(III) from the environment. Iron 

acquisition by bacteria is receptor mediated with various specific receptors located on the outer 

surface to recognise a wide range of substrates. The difference between obtaining iron using iron 

chelators (siderophores) and the acquisition of iron from host protein is that siderophores are taken 

up as intact molecules whereas iron is first extracted from transferrin and lactoferrin before 

subsequent transport into the cell (Krewulak and Vogel, 2008).  

Iron uptake has been identified in both Gram-negative and Gram-positive bacteria. The porins 

present on the outer membrane (OM) only enables small solutes less than ~600Da to diffuse 

through. Ferric-siderophores, haemoglobin, lactoferrin and transferrin exceed this molecular weight 

cutoff and so require specific OM receptors for transport across the outer membrane. In Gram-

negative bacteria, iron uptake involves the translocation of substrate via an outer membrane 

receptor using energy dependent mechanism provided by a 3 protein TonB complex, composed of 

TonB, ExbB and ExbD anchored to the cytoplasmic membrane. Periplasmic binding protein (PBP) 

then conveys the substrate to an inner membrane ATP-binding cassette (ABC) which channels it to 

the cytoplasm for cellular function. Gram-positive bacteria lacking the outer membrane uptake iron 

in a different but similar mechanism. It involves a membrane-anchored binding protein, resembling 

the PBP and an ABC transporter (Krewulak and Vogel, 2008).  

1.4.1 Bacterial Iron Sources 

1.4.1.1 Iron ions  

Iron is present in its oxidised ferric form in aerobic environments. It is insoluble at neutral pH, so 

bacteria produce siderophores to solubilise iron prior to uptake. Iron exist as the reduced or ferrous 

iron under anaerobic or low pH environments (Cartron et al, 2006). It is the preferred form of iron 

utilisation due to its solubility and can diffuse freely through the porins of the OM of Gram-negative 

bacteria (Wandersman and Delepelaire, 2004). Bacteria use the Feo transport system instead of 

siderophore dependent system in acquiring ferrous iron (Andrews et al, 2003).  
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1.4.1.2 Lactoferrin/Transferrin 

Lactoferrin(Lf) and transferrin(Tf) are closely related glycoproteins which exhibit high level of 

sequence and structural conservation (Gray-Owen and Schryvers, 1996). They are two lobed 80kDa 

glycoproteins which have a high affinity constant for Fe(III) ion and are able to bind two Fe(III) per 

molecule (Gray-Owen and Schryvers, 1996). With the ability to sequester iron, Lf and Tf are part of 

innate immunity in preventing the establishment and propagation of bacterial infection (Gray-Owen 

and Schryvers, 1996). Transferrin is found in serum and lymph while lactoferrin is usually found in 

milk and secretions (Perkins-Balding et al, 2004). Lf and Tf both have protective function but the 

latter has an additional iron transport role.  

1.4.1.3 Haem and Haem-containing proteins 

The abundance of haem-containing proteins in the host makes them a valuable source of iron. Haem 

refers to Fe(II) iron protoporphyrin IX while haemin is the Fe(III) form of the molecule (Genco and 

Dixon, 2000). Due to its toxicity, haem is bound to proteins and rarely found free. Besides iron 

sources for bacteria, protoporphyrin is also a source for bacterial species such as Enterococcus 

feacalis (Wandersman and Delepelaire, 2004). Haem is usually found in haemoglobin, which is the 

main component of red blood cells. It is penta-coordinated to four nitrogens in the porphyrin ring 

and to imidazole of a histidine residue. The sixth coordination can be either free or bound to oxygen 

or carbon dioxide (Wandersman and Delepelaire, 2004). Another haem-related protein is 

haptoglobin which binds haemoglobin when it is released during haemolysis. The haptoglobin-

haemoglobin complex is considered an iron source for several bacteria (Wandersman and 

Delepelaire, 2004). While haptoglobin binds haemoglobin, haemopexin binds haem released into 

plasma. Haem-haemopexin can also be utilised by bacteria (Wandersman and Delepelaire, 2004). 
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1.4.2 Bacterial iron uptake 

1.4.2.1 Siderophores 

 

Figure 1.7 Types of siderophore and their binding groups. Moieties involved in iron coordination are 
as follow: catecholates (red), phenolates (orange), hydroxamates (yellow), α-hydroxy-carboxylates 
(light green) and α-keto-carboxylates (cyan) From Miethke et al, 2007. 
 

Siderophores are low molecular weight iron chelating compounds synthesised by many Gram-

negative and Gram-positive bacteria to scavenge Fe(III) ions from the environment. They are often 

assembled by nonribosomal, cytoplasmic peptide synthases using dihydroxybenzoic acid, 

hydroxamate groups containing N5-acyl-N5- hydroxyornithine or N6-acyl-N6-hydroxylysine and 

hydroxycarboxylates consisting of citric acid or β-hydroxyaspartic acid as building blocks 

(Winkelmann, 2002). They are then excreted upon formation (Wandersman and Delepelaire, 2004). 

There are more than 500 different siderophores identified with various nonprotein amino acid 

analogues (Wandersman and Delepelaire, 2004). Optimal selection of metal binding units and 
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stereochemical arrangement affect the selectivity of siderophores for Fe(III). Siderophores have 

three major types of iron binding functional groups: α-hydroxycarboxylate (as in pyochelin), 

catecholate (as in enterobactin) and hydroxamate (as in ferrichrome and aerobactin) which can be 

arranged into different structures (Boukhalfa and Crumbliss, 2002).  

The most important factor in siderophore architecture is denticity (the number of donor groups). 

They can be categorised into hexadentate or tetradentate siderophores with the former having the 

optimal denticity to satisfy the 6 coordination sites on Fe(III) (Boukhalfa and Crumbliss, 2002). Most 

siderophores with hydroxamate and/or catecholate binding functional groups convey hexadentate 

denticity. For example, desferrioxamine B which contains three hydroxamate units is able to achieve 

full iron coordination (Boukhalfa and Crumbliss, 2002). In terms of tetradentate siderophores, due to 

the inability to form a simple 1:1 complex (such as those found in hexadentate trihydroxamate 

ligands), they are unable to satisfy the preferred octahedral coordination geometry of Fe(III) 

(Spasojevic et al, 2001). Dihydroxamate siderophore form bimetallic complexes with a minimal 

stoichiometry of Fe2L3 to coordinate metal ions (Spasojevic et al, 2001). Thus, two or three molecules 

are needed to form the six iron coordination sites, giving a range of stoichiometries (Fe2L3, FeL(LH) 

etc.) (Boukhalfa and Crumbliss, 2002). Alcaligin and rhodotorulic acid are the best characterised 

tetradentate siderophores. In general, both hexadentate and tetradentate siderophores are 

selective for Fe(III) over Fe(II) but hexadentate siderophores have higher affinity for Fe(III) than 

tetradentate siderophores (Boukhalfa and Crumbliss, 2002).  

1.4.2.1.1 Siderophore receptors 

Ferric siderophores translocate into the periplasmic space of gram-negative bacteria with the aid of 

highly specific OM receptors as the complex exceeds the molecular cut off weight of the porins. 

E.coli strain K-12 possesses eight known TonB-dependent transporters, 7 for ferric chelators and 1 

for vitamin B12 (Yue et al, 2003). Of the 7 transporters, 6 of them recognise catecholates and 

hydroxamate siderophores while the other is ferric citrate transport (Yue et al, 2003). All the OM 

transporters require energy for the transport of ferric-siderophores. This is provided by the TonB 
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complex found in the cytoplasmic membrane (CM). The complex transduces proton motive force 

(pmf) to enable internalisation of substrate to the periplasmic space (Wandersman and Delepelaire, 

2004). Crystallographic analysis of 3 ferric-siderophore receptors from E.coli has been performed: 

FhuA, FepA and FecA which transport ferrichrome, enterobactin and ferric citrate respectively. 

Despite low sequence similarity between these 3 receptors (FecA/FepA: 15.8%; FecA/FhuA: 16%; 

FepA/FhuA: 12.9%), they share a common ‘plug and β-barrel’ structure (Yue et al, 2003). The plug is 

a globular domain derived from the first 160 residues at the N-terminus and sits inside a barrel 

composed of 22 transmembrane β-strands (Andrews et al, 2003).   

1.4.2.1.1.1 β-barrel 

 
Figure 1.8 Superposition of the Cα backbones of BtuB, FpvA, FepA, FecA, and FhuA. From Krewulak 
and Vogel, 2008. 
 
The β-barrel has three main features: ten 2 to 10 residue short, periplasmic loops; a barrel made up 

of 22 antiparallel β-strands which is tilted at a 45° angle relative to the main axis and 11 extracellular 

loops. β-barrel varies in height, ranging from 55 Å (BtuB) to 70 Å (FepA) (Krewulak and Vogel, 2008). 

Inter-strand hydrogen bonds and salt bridges between the plug and inner surface of the β-barrel 

stabilises the structure (Wandersman and Delepelaire, 2004). The presence of highly conserved Phe 

or Trp in the C-terminal is important for correct folding and insertion to the outer membrane 

(Krewulak and Vogel, 2008). The 11 extracellular loops of the β-barrel range from 2 to 37 residues 

and are able to extend 30 to 40 Å above the OM (Krewulak and Vogel, 2008). They interact with 

ferric-siderophores and close the opening of the barrel to prevent entry of unnecessary solutes. An 
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example of the importance of extracellular loops is shown in FecA where surface loops 7(L7) and 

8(L8) are involved in the binding of ferric citrate and the transport of ferric citrate into the periplasm 

by closing the entrance to prevent the escape of the substrate (Sauter and Braun, 2004). Deletion of 

L7 and L8 abolishes the induction and transport of ferric citrate (Sauter and Braun, 2004). Similarly, 

deletion of L7 and L8 in FepA also eliminated the binding and uptake of enterobactin (and colicins), 

indicating the participation of loops in recognition and transport of substrate (Newton et al, 1999). 

However, deletion of L7 and L8 only reduced but did not abolish the function in FhuA. The absence 

of L7 or L8 causes the escape of ferrichrome into the medium and reduces transport rates. The 

deletion of L3 and L11 abolished FhuA transport activity (Endriss and Braun, 2004). This clearly 

shows that although loops are important in transport of substrate, they do not convey the same 

function in all transporters 

1.4.2.1.1.2 Plug domain 

 

Figure 1.9 Cα superposition of the plug domains in FecA, Fep A and FhuA. The structures of 
FecA(gold), Fep(magenta) and unliganded FhuA(light blue) were used for the superposition. From 
Yue et al, 2003. 
 
The N-terminal or plug domain of OM receptors are similar in structures. They consists of a central 

mixed four-stranded β-sheet. The plug domain is held in position in the barrel by 40-70 hydrogen 

bonds and two salt bridges created from four highly conserved residues: 2 Glu residues in the β-

barrel domain and 2 Arg residues in the globular domain. They are involved in siderophore uptake 



32 
 

through the unwinding of the ‘switch helix’ which has a role in the ‘TonB box’ within the plug 

domain. The TonB box interacts with the TonB protein which powers the translocation of substrate 

through the OM receptor by coupling to the pmf (Krewulak and Vogel, 2008).  

The plug domains of FecA of E.coli and FpvA of P.aeruginosa have an extra 80 residues which are 

involved in regulation of iron uptake and are called N-terminal signalling domain. The E.coli 

fecABCDE and fecIR system is the most elaborate. Upon binding of ferric-citrate to FecA, 

conformational change of the N-terminal signalling domain of FecA is transferred to FecR which 

causes the release of FecI into the bacterial cytoplasm. FecI binds RNA polymerase, acting as an 

alternative sigma factor, which then binds to the promoter of the fecABCDE operon, initiating ferric-

citrate uptake gene transcription. After acquiring enough iron, Fur-Fe2+ (the global iron regulator of 

most Gram negative bacteria) represses fecIR and fecABCDE by binding to the promoter (Krewulak 

and Vogel, 2008).  

1.4.2.1.2 TonB Complex 

Translocation of ferric-siderophores and other substrates across the OM receptor into the 

periplasmic space is an active process, requiring a functional TonB system to provide the pmf for the 

transport. The TonB complex transduces energy from pmf into conformational changes in the OM 

receptors, allowing passage of substrates (Perkins-Balding et al, 2004). TonB complex is made up of 

three proteins: TonB which interacts with OM and is anchored in the CM; and two CM embedded 

proteins, ExbB and ExbD (Postle and Kadner, 2003). Quantification of the subunits suggests a ratio of 

1:7:2 for TonB: ExbB: ExbD (Andrews et al, 2003).  

ExbB consists of the transmembrane domains with bulk protein in the cytoplasm. It functions to 

stabilise both TonB and ExbD. Using formaldehyde, TonB can be cross linked to ExbB via 

transmembrane domains and to ExbD though periplasmic domain (Postle and Kadner, 2003). ExbD is 

17kDa and, like TonB, contains a single transmembrane domain with bulk sequence in the 

periplasmic space (Postle and Kadner, 2003). TonB can be divided into three functional domains with 

numerous conserved sequence motifs. The N-terminal domain is made up of a 32-residue 
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transmembrane helix and a short cytoplasmic region (Krewulak and Vogel, 2008). Ser-16 and His-20 

are essential for the conversion to the energised form as well as active transport. Replacement of 

these Ser and His residues or deletion of amino acids from the region between them causes activity 

defect (Postle and Kadner, 2003). It also contains a striking and characteristic Pro-rich central 

domain (amino acids 66-120) with a series of Pro-Glu and Pro-Lys repeats. It has an unusual highly 

structured conformation, appearing as a rigid extended rod of about 10nm (Postle and Kadner, 

2003), allowing it to span the periplasm and contact with the C-terminal domain of OM receptors 

(Andrews et al, 2003). Following the Pro-rich domain is a ‘genetic suppressor’ site of the TonB box 

mutation, residue 160, which causes a TonB-uncoupled phenotype. Frame deletion around this site 

inactivates TonB. The C-terminal domain of TonB is a highly ordered strand-exchange dimer 

composed of antiparallel β-sheets which functions in OM association (Postle and Kadner, 2003).    

ExbB and ExbD utilise the pmf of the CM to energise TonB; this energy is then transferred to the OM 

transporter via TonB (Postle and Kadner, 2003). The necessity for TonB to transduce energy was 

shown in experiments by separating the periplasmic and cytoplasmic domain using a leader 

peptidase cleavage site in TonB; this caused loss of function due to disconnection from the pmf 

energy source (Postle, 1993). Conformation change after depolarisation of TonB requires ExbB and 

ExbD. Although TonB is able to change occasionally to the energised conformation, ExbB and ExbD 

are required for this to occur efficiently (Postle and Kadner, 2003).  

1.4.2.1.3 Periplasmic binding protein and transport into cytoplasm 

Upon entering into the periplasm, siderophores are escorted to the CM for transport into the 

cytoplasm by periplasmic binding proteins (PBP). Each binding protein is able to bind one molecule 

and deliver it to the cytoplasmic ABC (ATP binding cassette) permease. Gram-positive bacteria lack  

an OM and a periplasmic space, so the binding proteins are anchored to the membrane via an N-

terminal glyceride-cysteine domain (Tam and Saier Jr., 1993). The binding proteins are categorised 

into 8 groups according to their sequence similarity which correlates to the molecular sizes and 

solute binding specifications (Tam and Saier Jr., 1993). Cluster 1 and cluster 8 consist of iron related 
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binding proteins. Cluster 1 is specifically for oligosaccharides, α-glycerol phosphate and iron. It is 

made up of the larger CHO-binding protein and smaller iron-binding proteins. Iron binding proteins 

in this cluster include SfuA of Serratia marcescens and FbpNme of Neisseria gonorrhoeae and N. 

meningitidis (Tam and Saier Jr., 1993). Cluster 8 is specifically for iron complexes binding protein. It 

includes FepB, FecB and FhuD from E.coli and FatB from Vibrio anguillarum (Tam and Saier Jr., 1993).  

In E.coli, the presence of various PBPs is due to the chemical distinctness of each siderophores 

requiring a specific PBP for their transport. FepB, FecB and FhuD each carry catecholate, citrate and 

hydroxyamate-type siderophores respectively. However, they share similar structures. Domains of 

PBPs are connected by either a long α-helix or 2 or 3 β-strands. Each domain is composed of a 

mixture of α/β strands. The two domains move in a ‘venus fly trap’ fashion for binding and release 

siderophores (Krewulak and Vogel, 2008). FhuD from E.coli is the best characterised PBP. Binding of 

siderophore is mediated by hydrophilic and hydrophobic interactions. A mutation in Trp68 causes a 

decreased ferrichrome binding. Its N-terminal domain consists of a twisted five-stranded parallel β-

sheet while the C-terminal domain contains a five-stranded mixed β-sheet. Both sheets are 

sandwiched between layers of α-helices. A kinked α-helix introduced by Pro167 which crosses the 

domains once links them together. FhuD adopts a novel fold which lacks the flexible hinge as seen in 

classical PBPs (Koster, 2001). There are two highly conserved residues in FhuD which are involved in 

hydrogen bonding with the hydroxamic acid moieties in siderophores: Tyr106 and Arg84.  The 

former form bonds with a carbonyl oxygen while the latter bonds with a carbonyl oxygen and/or a 

nitroxyl oxygen (Krewulak and Vogel, 2008).  

The entry of siderophore into the cytoplasm is provided by ABC permease complex which couples 

ATP hydrolysis to transfer of the siderophore from the periplasm into the cytoplasm. The ABC 

permease complex consists of two transmembrane domains forming a channel allowing the ferric-

siderophore to pass through and two nucleotide binding domains which hydrolyse ATP (Krewulak 

and Vogel, 2008). The two transmembrane modules can be either two independent subunits (FepD 

and FepG), two copies of the same subunits (haem uptake) or one large two-module subunit (FhuB) 
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(Andrews et al, 2003). FhuB is an extremely hydrophobic polytopic integral membrane protein while 

FhuC functions as an ATP-binding component (Koster, 2001). FhuB has a central role in the system, 

interacting with FhuD and FhuC as well as various ferric hydroxamates. FhuD binds to FhuB to deliver 

ferric hydroxamates to the CM. The interaction of FhuD and FhuB prevents the degradation of FhuB 

by proteolysis and they can be cross-linked (Koster, 2001). FhuC acts as an ATP hydrolase, energising 

the transport process which is likely to be conformational changes of the permease complex (Koster 

et al, 2001). 

Once being transported to the cytoplasm, iron must be liberated from the ferri-siderophore complex 

to be used. The process is thought to involve ferric reducing enzymes (YgjH, FhuF, flavin reductase, 

sulphite reductase and flavohaemoglobin) which reduce the bound iron to the ferrous form, causing 

it to dissociate due to the low affinity of siderophore for ferrous iron (Andrews et al, 2003).   

1.4.2.2 Transferrin/Lactoferrin Uptake 

Neisseria species do not synthesise and secrete siderophores for iron acquisition but instead have 

the ability to obtain iron from transferrin (Tf) and lactoferrin (Lf). They have two specific bipartite 

receptors (TfR and LfR) on the cell surface which binds to Tf and Lf respectively (Gray-Owen and 

Schryvers, 1996). Neisseria gonorrhoeae is extremely efficient in utilising Tf and Lf as iron sources for 

growth. A 5% iron saturation of either transferrin or lactoferrin is sufficient to support growth 

provided enough protein is present (McKenna et al, 1988). Transferrin and lactoferrin are too large 

to be internalised, thus iron is removed from these proteins at the external surface prior to transport 

into the cell (Krewulak and Vogel, 2008). The receptors are TbpA and TbpB for TfR and LbpA and 

LbpB for LfR. The molecular masses of TbpAB varies between different species, ranging from 93 to 

98kDa for TbpA and 68 to 85kDa for TbpB. LbpA and LbpB on the other hand are 98kDa and 84kDa 

respectively (Perkins-Balding et al, 2004). TbpA and LbpA are capable of binding to their respective 

substrate with high affinity while TbpB and LbpB acts as facilitators that help to distinguish between 

the apo- and holo- substrate (Perkins-Balding et al, 2004). Iron utilisation from Tf and Lf is TonB 

dependent. Upon entering the periplasm, the Fbp (ferric-binding protein) system is involved in the 
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import of the ferric iron acquired. The Fbp periplasmic binding protein consist of 2 similar domains 

resembling a Venus flytrap that binds to the ferric iron. It then transports it to the ABC permease to 

be translocated into the cytoplasm (Andrews et al, 2003).  

1.4.2.3 Ferrous Iron Uptake 

 

Figure 1.10 Iron transporters and iron acquisition systems. Bacteria utilises a variety of transport 
proteins to cater for the different forms of iron in the process of acquiring iron from its environment. 
From Porcheron et al, 2013.  
 
As well as ferric iron, bacteria are also able to utilise ferrous iron and it is taken up via Feo (Ferrous 

iron transport) system (Cartron et al, 2006). Ferrous iron is only present in anaerobic or low pH 

environments and is the preferred iron form due to its high solubility which allows direct transport 
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(Cartron et al, 2006). Feo acts independently from ferric iron uptake pathway as mutation in ferric 

iron uptake genes does not affect its activity (Cartron et al, 2006). The Feo system is encoded by the 

feoABC operon, producing three predicted proteins: FeoA, a small 75-residue hydrophilic protein 

with ‘flexible’ C-terminal domain as in DtxR (Andrews et al, 2003); FeoB, a large 773-residue 

transmembrane protein acting as a ferrous permease and FeoC, a small 78-residue hydrophilic 

protein (Cartron et al 2005). A feoB mutant showed a reduced ability to colonise mouse intestine, 

suggesting an inability to utilise ferrous iron (Tsolis et al, 1996). Mutants containing feoB and tonB 

defects showed a higher clearance rate than the wild-type, showing the inability to utilise both ferric 

and ferrous iron (Tsolis et al, 1996). 

1.4.2.4 Haem and Haem-containing proteins uptake 

Due to the high abundance of haem and haem-containing proteins in the host, they serve as a 

valuable bacterial iron source. Through evolution, bacteria developed novel strategies enabling 

acquisition of iron from host iron-sequestering proteins.  Bacteria first secrete exotoxins which 

include cytolysins, haemolysins and proteases which lyse cells and release the enclosed haem 

compounds. Subsequently bacteria have specific OM receptors that can bind directly to the released 

haem or haem-containing proteins as well as haemophores (siderophore-like molecules) which bind 

haem, haemoglobin, haem-haemopexin and haemoglobin-haptoglobin.   

1.4.2.4.1 Haemophore mediated uptake 

Some bacteria are able to synthesise haemophore which extract haem from haemoglobin and 

haemopexin. Once removed, the complex is then delivered to the OM receptor where the haem is 

transported into the cell. HasA (haem acquisition system) is a haemophore secreted by Serratia 

marcescens, Pseudomonas aeruginosa, Pseudomonas fluorescens, Yersinia pestis and Erwinia 

carotovora to acquire haem (Krewulak and Vogel, 2008). Upon the capturing of haem, HasA shuttles 

it to specific cell receptor, HasR.  

HasA is a monomer capable of binding one haem molecule with very high affinity. Although its 

receptor, HasR is sufficient for uptake of haem, HasA-HasR is a more efficient system for haem 

delivery to cells (Letoffe et al, 1999). The structure of HasA is described as ‘fish biting the haem’. This 
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globular protein has 2 faces: a curved, 7-stranded antiparallel β-sheet on one face with 4 α-helices 

on the other face (Krewulak and Vogel, 2008). The binding site is solvent exposed, residing between 

2 loops at the α/β interface of HasA. Upon binding, the loop containing His 32 closes on the haem 

molecule. His 32 is highly conserved between species (Krewulak and Vogel, 2008). HasA may directly 

capture haem from haemoglobin or bind to haem during spontaneous dissociation as it has higher 

affinity than globin for haem (Letoffe et al, 1999).  

Uptake of haem like the uptake of ferric iron is a TonB dependent process. The OM receptor HasR, is 

a TonB-dependent receptor, which binds to HasA and allows the entry of haem. However, HasA is 

not internalised during haem uptake unlike siderophores, indicating an unknown mechanism is 

present at the cell surface which extracts the bound haem.  A direct protein-protein interaction is 

formed between HasA and HasR in which HasR is able to bind both apo- and holo-HasA with high 

affinity. Since HasR binds to both loaded and unloaded HasA at high affinity, during haem uptake, 

apo-HasA may rapidly dissociate to allow a loaded HasA to bind or transfer haem from holo-HasA to 

the bound apo-HasA for uptake (Letoffe et al, 1993).  

 
Figure 1.11 Structure of apo- and holo-HasA bound to haem. The loop containing His32 will close 
upon binding a haem molecule. From Krewulak and Vogel, 2008.   
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1.4.2.4.2 Haemoglobin and Haptoglobin-haemoglobin uptake 

Two independent haem transport systems have been identified in Neisseria meningitidis for the 

uptake haemoglobin and haptoglobin-haemoglobin respectively. HmbR receptor is involved in 

haemoglobin uptake while HpuAB is required for haptoglobin-haemoglobin. These receptors are 

TonB-dependent and differ from each other whereby HpuAB contains an accessory lipoprotein and 

is able to facilitate iron acquisition from haptoglobin-haemoglobin complexes compared to HmbR 

(Rohde et al, 2002). 

1.4.2.4.2.1 HmbR 

HmbR is an 89-kDa protein located at the OM with a signal peptidase I recognition sequence in the 

amino-terminal region. The putative Loop 7 contains an invariable histidine residue and highly 

conserved amino acid sequence motifs FRAP and NPNL present in all haem-haemoglobin receptors. 

The putative extracellular Loop7 of HmbR is essential for haemoglobin utilisation but not required 

for haemoglobin binding. An amino-terminal deletion affects haemoglobin usage but not binding of 

haemoglobin, suggesting a role of the cork domain in the utilisation of haem (Perkins-Baling, 2004). 

The amino-terminal end also contains a putative six-amino-acid TonB box which interacts with TonB 

to supply energy to HmbR. HmbR binds haemoglobin with high affinity, capturing haem from 

haemoglobin and transport it into the periplasm (Perkins-Balding et al, 2004). 

1.4.2.4.2.2 HpuAB 

HpuAB is a two-component, TonB-dependent receptor which binds to haemoglobin, haptoglobin-

haemoglobin and apo-haemoglobin (Rohde et al, 2002). HpuA is a 37kDa outer-surface anchored 

lipoprotein while HpuB is a 85kDa transmembrane protein that forms a gated porin in the OM, 

predicted to adopt the ‘plug and barrel’ structure (Rohde et al, 2002). HpuB is required for haem 

utilisation from haemoglobin or haptoglobin-haemoglobin . HpuAB is closely related to the 

transferrin (TbpAB) and lactoferrin (LbpAB) OM receptor systems. HpuB shares 25 and 40% similarity 

to TbpA and LbpA but Hpu A shows no homology with TbpB and LbpB. Both Hpu A and Hpu B are 

indispensable for receptor function; mutants lacking either component display the inability to utilise 

iron from haemoglobin or haptoglobin-haemoglobin (Rohde et al, 2002). Consistent with this 
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observation, HpuAB has only one high-affinity binding site and has a preference of binding oxidised 

methemoglobin over reduced haemoglobin (Rohde et al, 2002). Haem binds only weakly to HpuAB, 

indicating that haem is not the primary contact site of HpuAB (Rohde et al, 2002).This might be due 

to a minor recognition site for haem. There is no protein/protein complex with a recognition site less 

than 1000 Å2 (Genco and Dixon, 2001). Haem is bound to haemoglobin, giving it limited exposure 

thus forming a minor portion of the recognition site upon binding to the receptors. The rest of the 

recognition specificity might largely be due to haemoglobin itself (Genco and Dixon, 2001). The 

initial recognition and binding of haemoglobin involves interactions of the receptor with the globin 

chains, inducing a conformational change in the ligand that reduces its affinity for haem (Rohde et al, 

2002). Once extracted from haemoglobin and haptoglobin, the entire haem moiety is internalised 

into the cell (Rohde et al, 2002)    

1.5 Gut Microbiota 

The surface area of the human gut is estimated to be 200m2, approximately the size of a tennis court 

and it is major site for microbial colonisation. The nutrient rich environment of the gut also makes it 

a preferred colonisation site (Sekirov et al, 2010). It is packed with 100 trillion (1014) microbes which 

is 10 times greater than the number of human cells present in the body (Sekirov et al, 2010) and 

encodes 100-fold more unique genes than the human genome (Qin et al, 2010). The collective 

microbes found in the gut are termed ‘the microbiota’, ‘microflora’ or ‘normal flora’ (Sekirov et al, 

2010). The stomach and small intestine contain a low number and few species of bacteria due to the 

presence of acid, bile and pancreatic secretion, killing most ingested microorganisms. The large 

intestine however harbours a complex and dynamic microbial community with concentrations up to 

1011 or 1012 cells/g of luminal contents (Guarner and Malagelada, 2003). The relationship between 

the host and microbiota is often referred as commensal rather than mutualistic whereby it involved 

various functions that benefit the host including protective function, structural function and various 

metabolic functions (O’Hara and Shanahan, 2006). With the advances in molecular techniques, it is 

now possible to determine and classify the microbial community present in the human gut. The use 
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of 16S rRNA together with various sequencing methods enables the detection of cultivatable and 

uncultivatable species present in the gut. The intestinal habit contains 300-500 different species of 

bacteria (Guarner and Malagelada, 2003) whereby strict anaerobes dominate over facultative 

anaerobes and aerobes by two to three orders of magnitude (Sekirov et al, 2010). Although there 

are many different species, they only belong to two major phyla that dominate the gut, namely 

Firmicutes and Bacteroidetes (Arumugam et al, 2011). Other phyla includes Actinobacteria, 

Proteobacteria, Verrucomicrobia and Fusobacteria (Arumugam et al, 2011). Bacterial composition 

also varies along the gut. The small intestine is enriched in the Bacilli class of the Firmicutes and 

Actinobacteria while Bacteroidetes and Lachnospiraceae families of Firmicutes are more abundant in 

the colon (Sekirov et al, 2010).  There are four distinct bacterial habitats in the intestinal tract: the 

surface of epithelium, the crypts, the mucous gel layer and the intestinal lumen (Fanaro et al, 2003). 

Microbial activities is influenced by substrate availability, pH, O2 tension, redox potential and 

distribution in the colon (Fanaro et al, 2003).  

1.5.1 Acquisition of early gut microbiota 

Various factors are involved in determining the composition of the infant gut: the mode of delivery, 

hygiene levels, infant diet and medications (O’Hara and Shanahan, 2008). The first encounter with 

the microbial world for the baby is during delivery. The mode of delivery, natural (vaginal delivery) 

or Caesarean (C-section), has a dynamic role in determining their microflora composition. In vaginal 

delivery, babies encounters the large number of bacteria present in the vaginal canal and perineal 

area, thus natural birth allows babies to acquire the same microflora as the mother (Orrhage and 

Nord, 1999).  

The intestinal microbiota of infants showed similarities with the vaginal microbiota, indicating a 

transfer of microbiota (Sekirov et al, 2010). The gastric content of 5- to 10-minute old babies showed 

similar composition to their mothers’ cervix, further suggesting that vaginal microflora are the first 

colonisers during vaginal delivery (Morelli, 2009).    
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Figure 1.12 The distribution of bacteria along the human gut. The numbers of bacteria increases as  
it moves down the gastrointestinal tract. From O’Hara and Shanahan, 2006. 
 
In C-section, the bacteria are introduced from the environment or hospital staff (Bezirtzoglou, 1997). 

They acquire a different microbiota from babies delivered vaginally. Newborns delivered via C-

section have a reduced bacterial number compared to natural delivery and the appearance of 

bifidobacteria is delayed by up to 6 months (Morelli, 2008). Penders and colleagues showed that the 

colonization rate and counts of B.fragilis differed significantly between C-section and natural 

delivery. C-section newborns have a lower count of B.fragilis colonising their gut at 1 month of age 

and a higher frequency of C.difficile (Penders et al, 2006). C-section newborns also have a delayed 

acquisition of other Bacteroides species and E.coli (Adlerberth and Wold, 2009).  

Besides delivery method, the environment in which babies are delivered can play a role in affecting 

gut composition. Babies born in a hospital (vaginally or C-section) acquire higher levels of C.difficile 

compared to babies born vaginally at home (Penders et al, 2006). This is considered to be due to the 

presence of C.difficile in hospital personnel and from the neonatal intensive care unit (NICU). This is 

also the case for preterm babies who spend most of the time in the NICU, where the effect is more 

significant with the combined use of antibiotics. The use of antibiotics suppresses the growth of 

most anaerobic bacteria, leaving clostridia as the only bacteria at detectable levels (Fanaro et al, 

2003). Infants born before 37 weeks of gestation have the highest carriage rate of C.difficile 

compared to term infants (Penders et al, 2006). Sanitary condition of the delivery environment also 
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affect the initial gut microbiota of infants. C-section delivered infants in developing countries 

acquired Bacteroides, E.coli and Bifidobacterium very early. The gut is also colonised by 

Enterobacteriaceae, enterococci and lactobacilli earlier upon delivery than infants in the Western 

societies (Adlerberth and Wold, 2008). 

The first bacteria to colonise the gut of newborns are usually facultative anaerobes which lower the 

positive redox potential of the gut at birth; this then facilitates the growth of strict anaerobes 

(Bezirtzoglou, 1999). These includes facultative anaerobes bacteria such as Staphylococcus, 

Streptococcus and Enterobacteriaceae species. The strict anaerobic bacteria that follow on include 

Bifidobacterium, Clostridia, Eubacterium, Lactobacillus, Peptostreptococcus and Fusobacterium 

(Bezirtzoglou, 1999). Orrhage and Nord compiled a table showing the shift of aerobic to anaerobic 

bacteria following birth to three months of age (Orrhage and Nord, 1999). Anaerobes are present at 

a low number during birth but there is an increase over time, highlighting the temporal changes of 

bacterial composition in the gut (Orrhage and Nord, 1999). The microbiota during the first year of 

life is simple and varies between individuals as well as time. After 1 year of age, the infant gut 

microbiota starts to stabilise and resembles that of a young adult (Sekirov et al, 2010). 

1.5.2 Factors Affecting the Composition of Gut Microbiota 

1.5.2.1 Diet 

Diet is one of the main factors affecting the composition of gut microbiota of both infants and 

adults. In infants, besides the mode of delivery and delivery environment, the mode of feeding is 

also strongly influences the bacterial community (Matamoros et al, 2013). Breast and bottle-fed 

infants have different microbial composition. Infant formulas are made up of cow’s milk with 

extensive modification. The composition of breast milk and infant formulas differs significantly which 

can contribute to the difference in the gut microbiota between the two groups.  
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Figure 1.13 Factors affecting the bacterial composition of infant gut. Various factors are involved in 
the modulation of an infant gut microbiota which can be varied through delivery mode, feeding and 
use of medication. 

 

The gut of a breastfed infant is predominantly colonised by Bifidobacterium (Bezirtzoglou et al, 2011; 

Balmer and Wharton, 1989; Bullen et al, 1976; Benno et al, 1984) and Staphylococcus (Balmer and 

Wharton, 1989). Bacteroides, E.coli and Atopobium are also present in the gut of a breastfed infant. 

(Bezirtzoglou et al, 2011). Bottle-fed infants carry a more diverse bacterial community. Although 

Bifidobacterium also dominates their guts, it occurs at a lower number (Bezirtzoglou et al, 2011; 

Benno et al, 1984). E.coli, Clostridium (parputrificum, perfringens, difficile and tertium species), 

Bacteroides species (fragilis, thetaiotaomicron, uniformis and eggerthii) and lactobacilli colonise the 

gut of exclusively formula-fed infants more so compared to breastfed infants (Penders et al, 2006; 

Benno et al, 1984; Balmer and Wharton, 1989). Clostridia were frequently found in formula-fed 

infant and can only be isolated from the guts of breastfed infants upon weaning (Benno et al, 1984). 

Enterobacteria and enterococci were also significantly higher in formula-fed infants compared to 

breastfed infants (Fanaro et al, 2003). 
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Breast milk is a good vehicle for bacterial introduction to the infant gut since babies consume 

roughly 800ml of milk per day which amounts to between 1x105 to 1x107 bacteria daily (Fernandez 

et al, 2013). Human breast milk is abundant in milk oligosaccharides which can be utilised by 

bifidobacterial and lactobacilli phylotypes (Fernandez et al, 2013). Streptococcus, Staphylococcus, 

Bifidobacterium and Lactobacillus are present in breast milk which could explain the early 

dominance of these bacteria in the infant gut as well as their role as probiotic bacteria (Matamoros 

et al, 2013). Bifidobacteria can appear as early as 4 days after birth for full-term breastfed infants 

and a diet of breast milk creates an environment favouring the growth of bifidobacteria after a week 

(Fanaro et al, 2003). The lower diversity of microbiota seen in breastfed infants could be due to the 

low buffering capacity of breast milk. Acid production from bacterial fermentation lowers the pH of 

the gut, making it a favourable growth environment for bifidobacteria to predominate (Bullen et al, 

1976). The high buffering capacity of formula milk prevents the lowering of pH, creating a favourable 

growth environment for bacteria such as E.coli (Bullen et al, 1976). 

Introduction of solid food has a significant effect on the gut microbiota. Although Bifidobacteria 

species still dominate the gut microbiota, there is a significant decrease in number and the bacterial 

composition is more diverse. The proportion of clostridia increases and the facultative anaerobes 

show a significant reduction in number. There is no change in Bacteroides species and these still 

represent one of the most predominant groups in the gut (Fallani et al, 2011). The pre-weaning 

method, either breastfed or formula-fed, has an impact on the gut microbiota after weaning started. 

Breastfed infants show a slower increase in C.leptum and a faster reduction of C.difficile and 

C.perfringens compared to formula or mixed fed (breastfed and formula-fed) infants (Fallani et al, 

2011). The mode of delivery also has an impact on the bacterial community after weaning. In the C-

section group, the delayed and low number of Bacteroides species colonisation persists and infants 

in this group show a higher proportion of Bacteriodes and Atopobium species. Bacteroides species 

were higher in vaginal delivery post-weaning (Fallani et al, 2011). As the amount of solids increase, 

infants acquire a gut microbiota similar to an adult (Stark and Lee, 1982). 
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Microbiota response to diet has been shown in an in vitro gut model. A diet high in protein is less 

favourable to bacteria belonging to the phyla of Firmicutes, Actinobacteria, Fusobacteria and 

Verrucomicrobia while it favours the growth of members in the Bacteroidetes phyla such as 

Bacteroides ovatus and Bacteroides fragilis. Propionate production is higher in the high-protein diet 

and this showed a correlation with the Bacteroides and Prevotella species (Aguirre et al, 2015). This 

clearly shows the different bacterial distribution among different diet regimes.  

In a mouse model, mice fed with high fat diet showed reduced bacteria levels of the Cytophaga-

Flavobacter-Bacteroides phylum. There was also a reduced number of bifidobacteria and members 

of the Eubacterium rectale-Clostridium coccoides group (Cani et al, 2007). While the mice used by 

Cani and colleagues are conventionally raised mice, Turnbaugh and colleagues studied the effect of 

diet and gut microbiota using humanised gnotobiotic mice which is more representative of the 

human gut. They inoculated mice with fresh human faecal samples between feeding them with a 

high-fat, high-sugar Western diet or a low-fat, polysaccharide-rich diet. Mice on the Western diet 

had an increase in the Erysipelotrichi class of bacteria within the Firmicutes phylum. The increase 

was most closely related to Clostridium innocuum, Eubacterium dolichum and Catenibacterium 

mitsuokai. There was also an increase in Bacilli and a significant decrease in members of the 

Bacteroidetes phylum. Mice on the low-fat, polysaccharide-rich diet were dominated by bacteria of 

the Bacteroidetes phylum and had a reduced number of bacteria in the Firmicutes phylum as 

compared to the mice on the Western diet (Turnbaugh et al, 2009).  

A protein-rich, low carbohydrate diet that is usually used in weight management has caused a shift 

in the gut microbiota of humans. Roseburia spp. and E. rectale, a subgroup of the clostridial cluster 

XIVa showed a significant decrease as a fraction of bacteria as the carbohydrate intake was reduced. 

Numbers of bifidobacteria also were reduced with a decreasing carbohydrate intake. The reduction 

in population of Roseburia spp., Bifidobacterium spp. and E. rectale group may be due to the limited 

carbohydrate supply which was insufficient to support good growth. The reduced production of 

short chain fatty acids (SCFA) as an end production increases the luminal pH which is unfavourable 
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for the growth of these bacteria. Total SCFA production was lowered in the reduced carbohydrate 

group compared to the normal diet group (Duncan et al, 2007). Similar results were reported by 

Russell and colleagues using similar composition of the diet (Russell et al, 2011). Another report by 

Walker and colleagues clearly showed the relationship between diet and gut microbiota. Previous 

reports separated individuals into groups and compared their composition while Walker used the 

same individual but a different diet regime over a 10-week period. Subjects were provided 

successively with a control diet, a high resistant starch or non-starch polysaccharide diet and a high 

protein weight loss diet. The Bacteroides/Prevotella group of bacteria and Faecalibacterium 

prausnitzii where similar among all the diet groups and showed little change with the 

Bacteroides/Prevotella group being the most abundant as determined by qPCR. This might suggest 

that they are a dominant group in the gut and that diet has little effect on their composition. The E. 

rectale, Roseburia spp. and Ruminococcaceae group of bacteria increased significantly in response to 

resistant starch but showed a drop in the non-starch polysaccharide diet. Bifidobacterium spp. has 

similar abundance in diets containing carbohydrates but show a huge drop in the low carbohydrate 

weight loss diet. E. rectale, Roseburia spp. and Bifidobacterium spp. all showed a drop in numbers 

for the high protein, low carbohydrate weight loss diet. The reduction in numbers is in line with 

previous observations by Duncan et al (2007) and Russell et al (2011). The results from this 

experiment show that the gut microbiota is able to change over time depending on the diet regime 

of the host (Walker et al 2011). 

Another study comparing children in Europe and rural Africa showed an impact of the diet on the 

gut microbiota. African children living in Boulpon in Burkina Faso had a diet mainly of cereals, 

legumes and vegetables, giving an extremely high carbohydrate and fibre diet, with very low animal 

protein. Italian children had a typical western diet high in sugar, fat, starch, animal proteins and low 

in fibre. The gut bacteria of the children belonged to 4 phyla: Actinobacteria, Bacteroidetes, 

Firmicutes and Proteobacteria. However, there was a difference in the proportion of the 4 phyla 

between the 2 groups of children. Actinobacteria and Bacteroidetes were more represented in 
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African children while Italian children have a higher abundance of Firmicutes and Proteobacteria. 

Prevotella, Xylanibacter and Treponema were present exclusively in African children which could be 

the consequence of high fibre intake such that their gut microbiota was adapted to allow the 

maximium metabolic energy extraction from the indigestible dietary components. It is not surprising 

that African children also had a higher total SCFA compare to Italian children as their diet is mainly 

carbohydrate which is fermentable to SCFA by bacteria (De Filippo et al, 2010). 

1.5.2.2 Age 

Gut microbiota changes with age and we acquire a different microbiota in different stages in life. The 

infant microbiota is very different from that of an adult and an adult microbiota is very different 

from that of an elderly person. Aging causes a decrease in intestine motility, leading to a longer 

transit time, affecting the dynamics of nutrient turn-over. Elderly individuals may have reduced 

dentition, reducing their chewing strength which can limit the food choice and affect microbial 

growth (O’Toole and Claesson, 2010). Biagi and colleagues analysed the gut composition of young 

adults (20-40 years old), elderly (60-80 years old) and centenarians (over a 100 years old). 

Centenarian gut microbiota was mostly enriched with Proteobacteria (E. coli., Haemophilus, 

Klebsiella pneumoniae, Leminorella, Proteus, Pseudomonas, Serratia, Vibrio and Yersina) and Bacilli 

(Bacillus, Staphylococcus). Clostridium cluster XIVa was lower in centenarians than in the elderly and 

young adult groups. Papillibacter cinnamovorans and F. prausnitzii showed a significant decrease in 

centenarians, while there was a significant increase in C. leptum, Sporobacter termiditis, 

Anaerotruncus colihominis and Clostridium orbiscindens. Bacteroidetes and Firmicutes still 

dominated the gut of centenarians but there were specific changes in relative proportion of 

Firmicutes, with a decrease in Clostridium cluster XIVa, an increase in Bacilli and rearrangement of 

Clostridium cluster IV composition. This rearrangement is seen with a change in the population of 

butyrate producers where there is a decrease in Roseburia, Ruminococcus, E. rectale, E. hallii and 

Papillibacter cinnamovorans coupled with an increase in Anaerotruncus colihominis and Eubacterium 

limosun. Bifidobacteria were also significantly lower in this extreme age group compared to young 
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adult (Biagi et al, 2010). In another study comparing elderly Irish adults (>65 years old) and younger 

adults (28-46 years old), there were huge differences in their gut compositions. The elderly Irish 

subjects had a lower proportion of Firmicutes compared to the younger population which is in line 

with the observation by Biagi mentioned above. Gut microbiota of the elderly subjects were made 

up mainly of Bacteroidetes (53%), including Bacteroides, Alistipes and Parabacteroides compared to 

only 8-27% in younger population. There was also a clear distinction between the Clostridium 

clusters. Clostridium cluster IV was predominant in older subjects whereas cluster XIVa is more 

prevalent in the younger group (Claesson et al, 2011), as observed by Biagi et al (2010). The shift in 

human GI microbiota was also shown in institutionalised elderly subjects. The elderly subjects had a 

lower bacterial count and diversity compared to younger subjects. In addition, they had a reduced 

abundance of bifidobacteria and Clostridium cluster IV (Zwielehner et al, 2009), again reflecting the 

results of Biagi et al (2010). All the above observations showed that gut microbiota is affected by 

age. 

1.5.2.3 Antibiotics 

Antibiotics are prescribed to treat infections. Different antibiotics are used to target specific 

pathogens, Gram-positive or Gram-negative bacteria. Antibiotics cause short term and long-term 

alteration to the gut microbiota. Administration has been shown to reduce the abundance and 

diversity in the digestive tract (Panda et al, 2014). β-Lactam antibiotics binds to penicillin-binding 

proteins located in bacterial cell walls and interfere with cell wall synthesis. They have a broad-

spectrum activity against Gram-negative and Gram-positive bacteria. Fluoroquinolone antibiotics are 

broad-spectrum antibacterial agents but they have limited effect on anaerobic bacteria. They are 

often used to treat intracellular pathogens such as Legionella pneumophila and Mycoplasma 

pneumoniae (Panda et al, 2014). Seven days antibiotic treatment causes a global change in microbial 

community structure. Antibiotic treatments affect microbial abundance and composition (Panda et 

al, 2014). Administration of amoxiclav® and levofloxacin® causes a significant decrease in microbial 

diversity by around 20% while increasing the ratio of Bacteroidetes/Firmicutes (Panda et al, 2014). 
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Subjects on ciprofloxacin® (Cp) treatment showed a significant decreased taxonomic richness. The 

Clostridiales were completely eliminated after Cp treatment. Bilophila wadsworthia was reduced 

post-Cp treatment but had a tendency to rebound to pre-Cp treatment levels after treatment. 

However, during Cp treatment, butyrate-producing organisms are maintained or increased, including 

Butyrivibrio fibrisolvens and Roseburia intestinalis (Dethlefsen et al, 2008). Antibiotic therapy 

involving ampicillin/sulbactam and cefazolin shifted the dominance of Firmicutes towards 

Bacteroidetes. Prior to administration of antibiotics, the majority of the gut bacterial belonged to the 

Firmicutes phylum. However, there was a marked shift towards Bacteroidetes and an increase in β-

proteobacteria. Antibiotic treatment also causes a loss of taxa post treatment. This includes Slackia 

and Bifidobacterium genera (Actinobacteria), Gemmiger genus (Betaproteobacteria), Streptococcus 

genus (Streptococcaceae), Barnesilla genus (Porphyromonadaceae) and Eubacterium and 

Subdoligranulum genera (Clostridiales). Administration of antibiotics reduced the bacterial diversity 

during the course of treatment but its diversity was slowly restored once the treatment ended. 

Firmicutes also regained their dominance after the antibiotic therapy (Perez-Cobas et al, 2012). 

1.5.3 Functions of Gut Microbiota 

1.5.3.1 Vitamin Synthesis 

Intestinal microbiota are involved in the production of a series of vitamins that can be absorbed and 

utilised by the host. Vitamins are essential micronutrients that participate in various vital 

biochemical reactions within the cells. The intestinal microbiota is capable of synthesising vitamin K 

as well as B vitamins, including cobalamin, folates and riboflavin (LeBlanc et al, 2013). In contrast to 

the uptake of dietary vitamin which occurs in the small intestine, bacterial synthesis of vitamins 

occurs in the colon (LeBlanc et al, 2013). 

Folate is a cofactor involved in many metabolic reactions such as biosynthesis of building blocks of 

DNA and RNA (Sybesma et al, 2003). Bacterially synthesised folate and cobalamin can affect the host 

DNA methylation patterns whereas the acetate produced from microbial fermentation is able to 

modify chromatin structure and gene transcription by histone acetylation (Kau et al, 2011). Folate is 

usually synthesised by lactic acid bacteria using GTP, p-aminobenzoate (PABA) and glutamate as 
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building blocks (Sybesma et al, 2003). Lactobacillus strains with the exception of L. plantarum are 

unable to produce folate. L. plantarum, L. delbrueckii, L. sakei, L. helveticus, L. reuteri and L. 

fermentum contains folate biosynthesis clusters which have genes encoding the dihydropteroate 

synthase and all genes for DHPPP biosynthesis which the exception of alkaline phosphatase (Rossi et 

al, 2011). These bacteria are thought to be potential folate producers in the presence PABA. Analysis 

of nucleotide sequence data revealed that members of Lactobacillus are unable to synthesise PABA 

de novo except for L. plantarum which has a complete shikimate pathway for chorismate 

production, making it the only member of the Lactobacillus capable of producing folate (Rossi et al, 

2011).  

Bifidobacteria are expected to produce chorismate as they contain the entire set of genes for the 

shikimate pathway. However, only strains of B. adolescentis and B. dentium possess the 4-amino-4-

deoxychorismate lyase which is able to complete the de novo biosynthesis of PABA. The cluster of fol 

genes encoding dihydropteroate synthase and some enzymes for DHPPP biosynthesis is found in all 

bifidobacteria, enabling them to perform the condensation reaction between PABA and DHPPP 

(Rossi et al, 2011). Although bifidobacteria contains most of the genes needed for folate production, 

only B. adolescentis and B. dentium possess the complete set of genes, making them the only 

bifidobacterial species capable of producing folate de novo. B.longum is also capable of de novo 

folate production but it requires the presence of PABA. The ability of bifidobacteria to produce 

folate has been shown in animal models. Pompei and colleagues showed that administration of 

bifidobacteria as a probiotic in Wistar rats gave a significant increase in their serum folate 

concentration compared to rats in the control and prebiotic groups. The effects were enhanced by 

administrating a symbiotic (prebiotic plus probiotic). The marked increase in folate concentration is 

due to the abundance of folate producing bifidobacteria (Pompei et al, 2007b). In another study by 

Krause and colleagues, different kinds of milk (human, cow, goat) were administered to Sprague-

Dawley rats. Human milk gave significantly higher numbers of bifidobacteria than the other kinds of 

milk in the experiment. The mean concentration of bifidobacteria in the cecal and colonic samples of 
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rats consuming human milk solids was 7-fold and 2-fold greater respectively than the other 

treatment group. At the end of the folate-repletion period, the mean plasma folate concentration of 

rats in the human milk group was significantly higher than the other group. The plasma folate 

concentration was significantly correlated with the abundance of bifidobacteria presence in the ceca 

and the colons. The increase in colonisation of bifidobacteria in rats consuming human milk solids 

enhanced the net microbial folate production, improving the folate status of the rats (Krause et al, 

1996). 

Riboflavin has an important role in many cellular metabolism pathways. It is the precursor of flavin 

mononucleotide (FMN) and flavin adenine dinucleotide (FAD) where both molecules are hydrogen 

carriers participating in many biological redox reactions (LeBlanc et al, 2011). Milk and dairy 

products, meat, cereals and green leafy vegetables are a good source of dietary riboflavin. Riboflavin 

deficiency is more prevalent in developing countries but it has also been observed in adolescent girls 

in the UK and among the Irish population (Burgess et al, 2009). Bacillus subtilis and E.coli have been 

studied extensively for their ability to produce riboflavin. The biosynthesis of riboflavin requires 

precursors GTP and ribulose-5-phosphate (Burgess et al, 2009). Riboflavin is synthesised via a series 

of dephosphorylation, condensation and dismutation reactions using GTP and ribulose-5-phosphate 

as building blocks. Riboflavin formation requires 1 equivalent of GTP and 2 equivalents of ribulose-5-

phosphate (Bacher et al, 2001).  Riboflavin is then converted by the bifunctional flavokinase/FAD 

synthetase to its coenzyme forms, FMN and FAD (Burgess et al, 2009). Bacterial production of 

riboflavin has been shown in animal studies. LeBlanc and colleagues fed riboflavin depleted Wistar 

rats with yoghurt prepared with riboflavin producing bacteria as a starter culture and showed 

improved riboflavin status in erythrocytes compared to conventional yoghurt and yogurt prepared 

with non-riboflavin producing bacteria as starter culture (LeBlanc et al, 2006). The rats showed a 

similar vitamin B2 status as the rats receiving 0.5mg/kg vitamin B2 supplement, indicating the 

riboflavin produced in the yogurt showed similar bioavailability as commercially available pure 

riboflavin. Riboflavin deficiency has been linked to stunted growth due to its failure to participate in 
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various biochemical reactions. However, rats fed with bacterial produced yoghurt had significant 

increase in growth compared to the other groups, indicating the presence of riboflavin in supporting 

growth (LeBlanc et al, 2006). This shows the ability of bacteria to produce riboflavin needed to 

sustain growth.   

 

1.5.3.2 Degradation of Complex Carbohydrates 

The mammalian genome does not encode enzymes needed for polysaccharide degradation. To 

overcome this, mammalian hosts developed a complex mutualistic dependence with symbiotic gut 

microbes that have the ability to access this abundant source of energy (Flint et al, 2012). During the 

degradation process, bacteria demonstrated a cross-feeding pattern that generates various end 

products that are utilised by the host. This relationship is shown in coculture of B.adolescentis L2-32 

and E.hallii.  B.adolescentis L2-32 grown on potato starch as substrate produces lactate as an end 

product. Butyrate-producing E.hallii L2-7 is unable to grow in a pure starch environment but is able 

to utilise the lactate produced by other strains. A drop in lactate concentrations and an increase in 

butyrate formation is observed in the presence of E.hallii L2-7, suggesting the cross-feeding 

relationship (Belenguer et al, 2006). In the gut environment, cross-feeding of lactate produced by 

bifidobacteria is able to stimulate the growth of butyrate-producing bacteria, increasing the 

concentration of butyrate (Belenguer et al, 2006).   

There are a total of 130 families of glycoside hydrolases, 22 of polysaccharide lyases and 16 of 

carbohydrate esterases identified in all life forms and most of them are encoded in the microbial 

genome (Flint et al, 2012). Around 20-60g of dietary carbohydrates are estimated to reach the colon 

each day. They are usually resistant starch, plant cell wall polysaccharides and non-digestible 

oligosaccharides (Flint et al, 2012).  

Bacteroides spp. are able to break down a range of indigestible dietary plant polysaccharides. B. 

thetaiotaomicron in particular can breakdown a wide range of polysaccharide. This ability is due to 

its possession of the largest repertoire of genes involved in the polysaccharide acquisition and 
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metabolism. It can encode 226 predicted glycoside hydrolases and 15 polysaccharide lyases as well 

as 163 paralogues of 2 outer membrane proteins involved in binding and importing of starch. More 

than half of the enzymes produced to degrade carbohydrates by B.thetaiotaomicron are predicted to 

be secreted into the periplasmic or extracellular space, thus liberating mono- and oligosaccharide 

from dietary polysaccharide (Sonnenburg et al, 2005). Bacteroides and Roseburia are xylanolytic 

bacteria, which are able to digest hemicelluloses extensively in the human gut (Chassad et al, 2006). 

End products of the microbial fermentation of the substrate are acetate, succinate, propionate and 

lactate by Bacteroides and butyrate, formate and lactate for Roseburia (Chassad et al, 2006).  

Bifidobacterial strains have been shown to have the ability to degrade starch, amylopectin and 

pullulan. Ryan and colleagues identified 11 strains of Bifidobacterium that are able to digest all 3 

polysaccharides, 5 strains from B. breve, 3 from B. pseudolongum while one strain each from B. 

dentium, B. infantis and B. thermophilum (Ryan et al, 2006). The ability of bifidobacteria to digest 

pullulan suggests that it can be used as a novel prebiotic to stimulate the growth of bifidobacteria. 

The ability of bifidobacteria to utilise complex carbohydrate enables the development of prebiotics 

which consist mainly of oligosaccharides that can stimulate growth of these beneficial bacteria. 

These includes xylo-oligosaccharides (XOS), galacto-oligosaccharides (GOS), inulin and fructo-

oligosaccharides (FOS). The use of prebiotics to enhance the growth of bifidobacteria can be 

beneficial as these bacteria demonstrated antibacterial activity such as competitive exclusion of 

E.coli, anticarcinogenic effect by metabolising nitrosamine and stabilising the gut mucosal barrier 

(Gomes and Malcata, 1999).       

Intestinal microbial fermentation of dietary carbohydrates results in the formation of short chain 

fatty acids (SCFA). They are 2-carbon to 5-carbon weak organic acids which includes acetate, 

butyrate, propionate and valerate. The production of these acids lowers luminal pH in the proximal 

colon which boosts the formation of butyrate as the acidic environment favours the growth of 

butyrate-producing bacteria (Canani et al, 2011). Butyrate has the ability to exert a powerful 

proabsorption stimulus on NaCl transport and an anti-secretory effect on Cl- secretion. Butyrate has 
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been shown to have an anticancer effect. Butyrate is able to inhibit the proliferation of and induce 

apoptosis of tumour cells. In the human colon cancer cell lines, butyrate acts as a HDAC (histone 

deacetylase) inhibitor which hyperacetylates histones. This increases p21 gene expression through 

selectively regulating the degree of acetylation of gene-associated histones and induces G1 cell cycle 

arrest. In contrast to tumor cells, butyrate stimulates the proliferation of cells in the basal crypts of 

the colon (Canani et al, 2011). Butyrate stimulates the MUC2 gene and induces mucin synthesis 

which affects the mucus layer, giving an enhanced protection against luminal agents. The HDAC 

inhibitory effects of butyrate increase the LL-37 gene which can strengthen the innate immune 

system (Canani et al, 2011). Administration of butyrate to mice prevents the development of dietary 

obesity and insulin resistance. It also reduces obesity and increases the insulin sensitivity in obese 

mice. Butyrate may increase energy expenditure and fatty acid oxidation, exhibiting an antiobesity 

effect. There is also an increase in PGC-1α, PPAR-γ and CPT1b. As mentioned earlier, the HDAC 

inhibitory properties of butyrate may contribute to the increased expression of these genes (Gao et 

al, 2009). An increase in SCFA is able to increase the solubility of calcium, promoting proliferation of 

enterocytes which increases the absorption as well as the expression of calcium binding proteins 

(Scholz-Ahrens et al, 2007). 

1.5.4 Effects of iron on the gut microbiota 

Various factors affect the composition of human gut microbiota with diet as the predominant factor 

as mentioned above. However, the composition can be manipulated through supplementation, 

notably prebiotics which selectively stimulate the growth of certain bacterial groups (Tuohy et al, 

2003). A lot of research has been focusing on the effects of macronutrients on gut microbiota but 

little and limited research has been conducted to investigate the relationship between 

micronutrients and their effect on gut bacteria. Although micronutrients are needed in small 

quantities as compared to the macronutrients, they exert significant effects on the gut microbiota 

and can affect the overall wellbeing of the host. Few early studies have looked at the effect of iron 

and the gut microbiota but due to the lack of a sophisticated analysis method at that time, 
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researchers were only able to identify the bacteria based on culturing techniques rather than using 

the more advanced techniques such as NGS (454 pyrosequencing, Illumina sequencing) that are 

present today. Culturing bacteria on plates may underestimate the presence of certain bacteria 

species due nutrient limitation and growth environment. The culturing technique was also unable to 

differentiate the bacteria into more specific taxonomic rank and tend to group the bacteria at a 

higher rank. Nevertheless, it provides some useful information and shows the link between iron 

intake and its effect on the gut microbiota.       

1.5.4.1 Human studies 

Balmer and colleagues showed the difference between the microbiota acquired by infants receiving 

different feeding methods, breast- or bottle-fed. Although the composition of breast milk and 

formula milk differs slightly, one major difference is the amount of iron between them. Formula milk 

contains about 10.5 times more iron than breast milk, thus it can be assumed that iron contributes 

to this difference in the gut bacteria makeup but the different types of proteins may also be a 

potential factor. Human breast milk contains more whey than casein while commercially available 

formula milk may either be whey- or casein-rich (Balmer et al, 1989c). In order to show the 

relationship between dietary intake and the gut microbiota, Balmer and colleagues conducted a 

series of experiments, addressing both the effect of protein types as well as the iron content, which 

eliminates bias in the results (Balmer et al, 1989b; Balmer et al, 1989c). Staphylococci and 

bifidobacteria are the predominant species found in breast-fed infants compared to formula-fed 

infants which enterococci dominate the gut. An increase in coliforms, staphylococci and 

bifidobacterium and a decrease in enterococci numbers is seen in breast milk infants while the 

reverse trend occurs in formula-fed infant. Formula-fed infants has a reduced number of 

staphylococci and an increase in clostridia, enterococci, E.coli and lactobacilli (Balmer and Wharton, 

1989a). Results obtained by Balmer are in agreement with an earlier study by Benno and colleagues 

which also looked at the same area (Benno et al, 1984). A similar result is seen when comparing the 

types of proteins fed to the infants (Balmer et al, 1989b). Breastfed infants have higher lactobacilli 
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and bifidobacterium counts and a reduced number of E.coli compared to the formula-fed infants 

(whey and casein). In addition, differences can be seen comparing whey and casein formulae as the 

former have higher counts of bifidobacterium and showed an increase in coliforms, resembling 

closely to the breastfed infants (Balmer et al, 1989b). This is in agreement as breast milk contains 

more whey than casein as mentioned before. Although proteins in milk affect the gut microbe 

composition, Balmer also showed the effect of iron by supplementing formula milk with either 

lactoferrin or lactoferrin and iron (Balmer et al, 1989c). Lactoferrin is found in high abundance in 

human milk where concentrations can reach 7mg/ml and at least 1mg/ml in colostrum and mature 

milk respectively (Brock, 1980). Lactoferrin binds two ferric ions and two bicarbonate ions 

synergistically and this has been linked to limit the availability of iron to bacteria as a way of 

preventing the colonisation of harmful pathogens in the infant’s gut (Brock, 1980). Babies that were 

given formula milk fortified with iron and lactoferrin had an increase in E.coli and lower 

staphylococci counts. In addition, bifidobacteria were eliminated after 2 weeks of feeding compared 

to the control or the group that contains only lactoferrin. The researchers concluded that addition of 

iron shifted the gut microbiota away from those seen in breastfed babies (Balmer et al, 1989c). 

However, surprisingly the addition of lactoferrin does not show any affect to the gut microbiota but 

the effect is only apparent with the addition of iron. Babies taking milk containing lactoferrin harvest 

a microbiota similar to the control rather than to that of the breastfed babies. The researchers 

explained that the use of bovine lactoferrin rather than human lactoferrin may induce a foreign 

protein response, making it ineffective. Another possible explanation is the lack of bovine antibodies 

(IgG), lysozyme and bicarbonate which inactivate bovine lactoferrin, thus making it inactive (Balmer 

et al, 1989). In a follow up study 2 years later, Balmer and colleagues fortified whey and casein 

formula milk used in previous study with iron and noticed a significant change in the gut microbiota. 

Regardless of the types of milk, iron encourages the growth of enterococci and clostridia while it 

limits the growth of staphylococci and bacteroides. In addition, the presence of iron unfavourably 

promotes the growth of E.coli and lowers the beneficial bifidobacteria and lactobacilli which can 
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affect the health and wellbeing of the infant. Together, this can clearly prove that iron affects the 

bacteria residing in the gut (Balmer et al, 1991).  

1.5.4.2 Animal models 

In animal models, mice kept on an iron-deficient diet has significant higher counts of lactic acid 

bacteria (enterococcus and lactobacillus) compared to iron replete and iron excess diet (Tompkins et 

al, 2001). In addition, a lower overall bacterial number is observed in iron-supplemented mice, 

possibly due to the increased redox potential caused by iron (Tompkins et al, 2001). Similar results 

are obtained in an iron depletion and repletion study. Lactobacillus/Leuconostoc/Pediococcus spp. 

and Enterobacteriaceae significantly decreased in iron-depleted rats while Bacteroides spp. and 

Roseburia spp./E.rectale increased in number (Dostal et al, 2012). The opposite trend is seen in iron-

sufficient rats and also during iron repletion with ferrous sulphate and electrolytic iron, indicating 

iron has an effect on the gut microbiota (Dostal et al, 2012). Another study conducted using weaning 

pigs showed that feeding piglets with increasing concentrations of iron has no effect on 

Bifidobacterium spp., Lactobacillus spp., Clostridium spp. as well as on the total anaerobic bacterial 

counts but there is an increase in coliform counts in the iron-supplemented groups. Analysis of 

diarrheal faeces (possibly caused by gastrointestinal infection or irritant effect of iron) showed a 

lower total bacterial number, Bifidobacterium spp., Lactobacillus spp., Clostridium spp. and a higher 

coliform count compared to normal faeces indicating that extremely high levels of iron may cause 

changes to the microbiota (Lee et al, 2008). The growth-stimulating effect of iron on coliform causes 

an increase in E.coli, the major coliform bacterium which can competitively exclude Bifidobacterium 

spp. and Lactobacillus spp., thus reducing their population as seen in diarrheal faeces (Lee et al, 

2008). Pigs are more tolerant to dietary iron which can explain the same microbiota isolated in 

normal faeces in both supplemented and non-supplemented groups.  The limitation of both studies 

is that the investigators only isolate lactic acid bacteria and not other bacteria species which limits 

our understanding of the effect of iron on the microbiota using an animal model.  
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1.6 Effects of iron on health and wellbeing 

Iron is primarily absorbed in the small intestine, mainly the duodenum and upper jejunum via DMT-1 

found on the surface of the enterocytes (Abbaspour et al, 2014). However, a large amount of iron 

failed to be absorbed and is passed to the colon which is subsequently discarded from the body. 

Faecal iron concentrations of healthy individuals can reach on average 100µg/g wet weight faecal 

samples or equivalent to 1.8mM and this value can increase nearly 3.5 times with supplementation 

(Lund et al, 1999). The high levels of iron reaching the colon may be explained by its low 

bioavailability and reduced rate of absorption by the host. As iron passes through the 

gastrointestinal tract (GI), it faces fluctuations in pH, moving from a very acidic environment in the 

stomach to a near neutral pH in the colon (Evans et al, 1988). The increase in pH further down the GI 

reduces the solubility of ferric iron as well as promotes the oxidation of ferrous iron in the presence 

of oxygen, which together lowers its bioavailability. Another possible explanation for this event is 

the formation of iron complexes with food components, notably polyphenols and phytates. 

Polyphenols are found in large quantities in daily favoured drinks such as tea and coffee while the 

latter is found in legumes, grains and nuts. Many studies have shown the antinutritional effects of 

these compounds as they bind tightly to various di- and trivalent cations (Fe, Zn, Ca, Mg) which 

prevents the host from absorbing them. Hurrel and colleagues as well as Morck and colleagues have 

both demonstrated the effects of tea and coffee on iron absorption respectively (Hurrel et al, 1999; 

Morck et al, 1983). Hurell tested a range of beverages but black tea had the greatest inhibitory effect 

on iron absorption. It showed a 70% smaller absorption rate even when it is diluted to 5% of the 

initial concentration, indicating the strong binding capacity of polyphenols (Hurrell et al 1999). In 

terms of coffee, a greater inhibitory effect was seen. Depending on the types of coffee, drip or 

instant coffee showed a reduced absorption rate of 72% and 83% respectively when ingested with a 

meal (Morck et al, 1983). The inhibitory effect of food compounds on iron absorption will lead to an 

accumulation of iron in the gut.   
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Although iron is an essential metal to the human body, an excess of iron can have negative effects 

on the host. It can form harmful radicals that damage biological component, trigger bacterial 

infection and cause diseases by stimulating bacterial growth as well as complicating intestinal 

diseases namely Inflammatory Bowel Disease (IBD). Various factors can contribute to the excessive 

accumulation of iron in the large intestine which includes complex formation with food compounds, 

admission of iron supplementation or inflammatory conditions such as celiac and Crohn’s disease.    

1.6.1 Iron and free radicals 

Iron is involved in many cellular activities such as oxygen utilisation, cell growth, enzymatic activities 

and immune responses (Jomova and Valko, 2011). However, iron is also able to participate in Fenton 

and Haber-Weiss reactions which produce highly reactive hydroxyl radical. Although the half-life of 

the hydroxyl radical in aqueous solution is less than 1ns, the production of free radicals near DNA 

can react with both its purine and pyrimidine bases as well as the deoxyribose backbone resulting in 

damaged bases or strand breaks (Jomova and Valko, 2011; Valko et al, 2006). Figure 1.14 shows an 

example of the reaction between a free radical and purine base (guanine) and the formation of 8-

hydroxyguanine (8-OH-G) which is carcinogenic and mutagenic. 

 

Figure 1.14 Reaction of guanine with the hydroxyl radical. Guanine is attacked by a free hydroxyl 
radical which forms an intermediate before being oxidised to of 8-hydroxyguanine. From Valko et al, 
2006 

In addition to damaging DNA, hydroxyl radicals can trigger a chain reaction that generates more free 

radicals by reacting with compound such as lipids and proteins. Metal-induced oxygen radicals are 

able to oxidise polyunsaturated fatty acids, causing lipid peroxidation. Lipid peroxidation occurs in 

three stages: initiation, propagation and termination with malondialdehyde (MDA) and 4-hydroxy-2-
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nonenal (HNE) formed as end products. During the propagation stage, free iron can target the lipid 

hydroperoxides produced, initiating additional lipid peroxidation which affects the integrity of 

membrane structure as well as function (Emerit et al, 2001). Iron supplementation has been shown 

to increase oxidative stress in anaemic women as displayed by an increase in lipid peroxidation 

products accompanied by a decrease in vitamin C and vitamin E levels. Vitamin C participates in the 

scavenging of free radicals in the gut as well as the reduction of ferric iron to ferrous iron for 

absorption which can explain the lower levels of radicals upon iron supplementation. Lipid-soluble 

vitamin E on the other hand is a chain-breaking antioxidant which terminates the propagation of 

free radicals and the decrease in concentration of radicals post-supplementation (Tiwari et al, 2011). 

However, iron supplementation improves the blood profile of anaemic women as well as restores 

and reactivates antioxidant enzymes such as catalase and superoxide dismutase, which helps in 

scavenging free radicals (Tiwari et al, 2011).  

As for protein, hydroxyl radicals have the tendency to abstract a hydrogen atom from the protein 

backbone, forming carbon centred radicals which react with dioxygen to form peroxyl radicals which 

subsequently convert to alkyl peroxides upon reacting with protonated superoxide. Side chains of 

amino acid are most susceptible to attack by various radical species, forming a range of end products 

(table 6.1) (Valko et al, 2006).  

 

Table 1.2 End products of reaction between various amino acids and radical species  

Amino acid residues End product (s) 

Arginine Glutamic semialdehyde 

Glutamate 4-hydroxy-glutamate 

Histidine 2-oxo-histidine 

Tyrosine 

3,4-dihydroxy phenylalanine 

Tyr-tyr cross-linked proteins 

3-nitro-tyrosine 

Valine 3,4-hydroxy-valine 

Cysteine 
cys-S-S-cys 

cys-S-S-R  

Methionine 
Methionine sulphone 

sulphoxide 

 



62 
 

Inter- and intra-protein cross linkages can also be formed as a result of protein oxidation by radicals. 

These linkages include addition of amino groups to carbonyl groups of oxidised proteins, interaction 

between two carbon-centred radicals formed through the abstraction of hydrogens from the protein 

backbone by hydroxyl radicals, oxidation of tyrosine to form –tyr-tyr– crosslinks and oxidation of 

sulphydryl groups of cysteine to form –S-S– crosslinks (Valko et al, 2006). 

1.6.2 Iron and bacterial infection 

In recent years, Zimmermann and colleagues also demonstrated the effects of iron on gut 

microbiota in African children. Iron-fortified biscuits were given to anaemic schoolchildren over a 6 

month trial period. Iron not only did not improve the iron status or cure anaemia, but caused an 

increased growth of harmful pathogens which induce gut inflammation (Zimmermann et al, 2010). 

Although there was no significant change in total bacterial numbers between the start and end of 

the trial, an increase in enterobacteria and a decrease in lactobacilli occurs in the iron supplemented 

group. Salmonella spp. was present at low numbers in the children initally but it was more prevelant 

in children receiving iron-fortified biscuits than the control after 6 months, indicating an increased 

risk of infection (Zimmermann et al, 2010). The low bioavailability of elemental iron powder and 

poor iron absorption capacity caused by systemic inflammation of the children reduced the uptake 

of iron, leading to the failure to improve iron status as well as accumulation of a large amount of 

iron in the gut, potentially feeding the microbiota (Zimmermann et al, 2010). Thus, this clearly 

showed a negative effect of over-supply of iron on the gut microbiota.         

Iron supplementation has been linked to increased susceptibility of the host to infection. Although 

the host secretes various proteins to bind freely available iron such as the secretion of lactoferrin at 

the mucosal surfaces as part of the mechanism to prevent bacteria from accquring iron, pathogenic 

bacteria are able to overcome this through the secretion of siderophores that strip iron from 

lactoferrin or expression of lactoferrin receptor on their surface (Cassat and Skaar, 2013; Kortman et 

al, 2014). Studies conducted on guinea pigs showed that intraperitoneal injection of E.coli 

0111/B4/H2 combined with iron compounds had an increased virulence and is able to kill the host 



63 
 

within 2 days with just a few hundred bacteria. Without any iron supplementation, it took at least  

1000-fold more bacteria to kill the host. The bacterial virulence increases with the concentration of 

iron supplemented, showing the enhancing effect of iron in aiding the colonisation and infection of 

pathogens (Bullen et al, 1968). Iron also plays an important role in bacterial colonisation and survival 

in the host. FeoB mutants of Campylobacter jejuni which have an impaired iron uptake system fails 

to transport iron into the cytosol, leading to an accumulation in the periplasmic space (Naikare et al, 

2006). These mutant strains also accumulated 1.5-fold less iron and showed poorer growth 

compared to the wild-type. A lack of ferrous iron uptake affects the survival of C.jejuni within the 

intestinal cells as well as their ability to colonise the gut. Survivability test of both wild-type and 

mutant strain using human INT-407 embryonic intestinal cells and porcine IPEC-1 small intestine 

epithelial cells indicates a 5- and 8-fold inhibition in the cell lines repectively at 72h, although they 

showed the same persistence for 48h. This effect might be due to the depletion of its iron stores 

that is sufficient for the first 48h and the failure to import iron quickly diminishes their survival 

capability (Naikare et al, 2006). 

The colonisation capacity is highly reduced in FeoB mutants when they are introduced into animal 

models. Pathogenic bacteria such as C.jejuni, H.pylori and S.typhimurium that carry a feoB mutation 

all fail to colonise their host compared to the wild-type (Naikare et al, 2006; Velayudhan et al, 2000; 

Tsolis et al, 1996). When chicks and piglets are orally innoculated with C.jejuni, the mutants are 

significantly affected in their colonising ability and are outcompeted by the wild-type strain. 

Interestingly, C.jejuni which harbours a ferric-siderophore uptake system mutation also have an 

altered colonisation ability and fail to colonise the host, indicating the importance of iron in ensuring 

successful colonisation and infection establishment in the host (Naikare et al, 2006).   

Iron increases the tendency of pathogens to adhere to epithelial cells which explains the failure to 

colonise the gut of the host in mutant strains. S.typhimurium, C.ferundii and E.coli all have increased 

adhesion ability after pre-incubation with ferric citrate. In addition, S.typhimurium adheres better to 

mucus-producing E12 cells than Caco-2 cells which better reflect the condition of the human 
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intestine (Kortman et al, 2012). In order for S.typhimurium to cause systemic infection, it needs to 

translocate across the epithelial barrier and this was enhanced by pre-incubation with iron. The 

efficiency increases with an increasing concentration of iron but a high concentration has the 

reverse effect which is probably due to the disturbance in invasion factors under excessive iron 

(Kortman et al, 2012). Together, excessive iron accumulation in the gut can have a negative effect on 

the host’s overall health and wellbeing. 

1.6.3 Iron and inflammatory bowel disease (IBD) 

Inflammatory bowel disease (IBD) is a collective medical term that consists of ulcerative colitis (UC) 

and Crohn’s disease (CD) which are relapsing, chronic and immunologically mediated disorders 

(Sartor, 2005). Pathogenesis of IBD is hypothesised to be caused by immune response towards a 

subset of commensal enteric bacteria in genetically susceptible hosts while the reactivation of the 

disease can  be triggered by environmental factors (Sartor, 2005). Recurrent anaemia occurs in a 

third of IBD patients and this has significant effect on their quality of life (Gasche et al, 2004). Factors 

that contribute to anaemia in IBD are usually both iron deficiency and anaemia of chronic disease 

but it can also happen as the consequence of some drugs (salazopyrine, azathioprine) used in 

treating IBD which have myelosuppressive effects (Gomollon and Gisbert, 2009). 

 

Figure 1.15 The interactions between different factors in the pathogenesis of IBD. These factors are 
interlinked and no single factor is sufficient to cause IBD. From Sartor (2005).   
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Iron deficiency is often caused by excessive blood loss in the intestine, impaired iron absorption in 

the small intestine due to inflammatory activity, resection or even inadequate dietary intake. 

Together, these factors contribute to the development of anaemia in IBD patients (Oldenburg et al, 

2001). Anaemia of chronic disease on the other hand occurs as a result of changes in iron 

metabolism as an attempt to lower the concentration of iron through the deployment of a ‘iron 

withholding mechanism’ (Oldenburg et al, 2001). Proinflammatory cytokines such as TNF-α, γ-IFN, IL-

1 and IL-6 can participate in the development of anaemia of chronic disease by interferring with 

erythropoietin synthesis and blunting the response of the erythron to erythropoietin, directly 

reducing the proliferation of the erythron. In addition, TNF-α is not only able to aggravate the effect 

of hepcidin, which blocks the transport of absorbed iron into circulation, it also prevents the release 

of iron from the macrophages and monocytes (Weiss and Gasche, 2010). Besides this, the biological 

half-life of erythrocytes is reduced during an inflammatory condition, thus stimulating 

erythrophagocytosis, further lowering the concentration of iron (Weiss and Gasche, 2010). In short, 

the reduced rate of proliferation of erythron together with less recirculation of iron results in 

anaemia of chronic disease. However, the low iron environment is seen as having a protective role in 

inhibiting the growth of infiltrating microorganisms as well as the generation of reactive oxygen 

species that causes secondary damage to tissues, thus preventing any disease complications 

(Oldenburg et al, 2001).  

Anaemia is usually corrected by supplementing 200mg (or 400mg in some cases) of iron (Gomollon 

and Gisbert, 2009). A maximum of 10-20mg of the supplemented iron can be absorbed per day and 

given the inflammatory condition of IBD patients, absorption could be less than that amount, leading 

to the accumulation of a large quantity of unabsorbed iron in the colon, which can cause undesired 

side effects (Gomollon and Gisbert, 2009; Semrin et al, 2006). However, a reduced rate of iron 

absorption only occurs in disease-active patients but not in disease-inactive patients, showing that 

supplementing iron in the former group of patients may have limited benefits (Semrin et al, 2006). 

Indeed, many researchers have shown the undesirable effect of oral iron supplementation using 
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mouse model. Oxidative stress and intestinal inflammation are increased in iron supplemented mice 

due to the activation of Fenton reaction in which superoxide and hydrogen peroxide produced by 

neutrophil at the inflammed site reacts with iron, resulting in the production of hydroxyl radicals 

(Carrier et al, 2001). Oxidative stress caused by the overproduction of free radicals subsequently 

leads to tissue damage and has the capability to amplify inflammation, causing more severe 

complications in IBD (Carrier et al, 2001). Dextran sulphate sodium (DSS)-induced colitis rats have 

significantly shorter colonic length compared to control rats and experiences further shortening 

when iron is supplemented. A higher rate of lipid peroxidation accompanied by lower levels of 

antioxidants (vitamin C and vitamin E), indicating high levels of free radicals are produced in iron-

supplemented DSS rats compared to DSS alone, thus showing the detrimental effect of iron in colitis 

patients (Carrier et al, 2001). Similar results have been obtained when iron is injected 

intraperitoneally (Aghdassi et al, 2001), suggesting high levels of iron accumulating in the gut can 

have a deleterious effect in IBD patients. Besides this, iron administration to DSS mice exhibited a 

more severe inflammation and extended to a larger area. A high dosage of iron can cause severe 

mucosal injury and bleeding, leading to the death of DSS mice (Seril et al, 2002). In addition, DSS 

mice supplemented with iron have a higher chance of developing colorectal cancer (Seril et al, 2002). 

In conclusion, care should be taken when supplementing iron to IBD patients as an effort to correct 

anaemia. 

The only advantage of using an oral iron supplement in treating anaemia in IBD patients is 

convenience. These supplements can be either in liquid or tablet form and are fairly cheap and easy 

to obtain. However, their efficacy is hindered by the reduced absorption in the inflamed gut and the 

gastrointestinal side-effects such as stomach upset, nausea and vomiting. An alternative approach 

such as parenteral iron therapy or intravenous iron therapy (IV) has been used in treating anaemic 

IBD patients. Due to its excellent safety record and wide availability, iron sucrose has been the 

standard care in IBD. In recent years, more and more IV preparations have appeared on the market 

which include low molecular weight iron dextran (Cosmofer®), ferric carboxymaltose (Ferinject®), 
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Ferumoxytol (Feraheme®) and Iron isomaltoside 1000 (Monofer®) (Stein and Dignass, 2013). 

Although new products have higher efficacy and become more convenient as fewer infusions were 

needed, the downside of these products is their cost which can be 2-3 times higher. IV iron therapy 

has an advantage over oral iron as haemoglobin and ferritin levels showed better response. Besides 

this, IV iron therapy also has a reduced incidence of gastrointestinal adverse events such as 

abdominal pain, diarrhea and vomiting which are prevelant in oral iron treatment (Avni et al, 2013). 

Thus, IV iron therapy should be considered a routine in treating anaemia in IBD patients if given the 

chance.  

1.7 The impact of phytic acid on human health 

1.7.1 Phytic acid 

 Phytic acid or phytate (salt of phytic acid) or myo-inositol-1,2,3,4,5,6-hexakisphosphate (IP6) was 

discovered around 1855 to 1856 by Hartig when small particles resembling the size of potato starch 

grains were reported in plant seeds (Schlemmer et al, 2009). However, the particles did not react 

with iodine, indicating the particles were not starch but another nutrient reserve involved in the 

germination of seeds. The particles were later shown to liberate phosphoric acid and inositol upon 

hydrolysis by hydrochloric acid (Schlemmer et al, 2009). Phytic acid serves as a phosphate store in 

plants which accumulates during seed development (representing up to 3% of seed mass) and is 

broken down during the germination stage. In addition to phosphate stores, phytic acid can also act 

as a counter-ion for di- and trivalent mineral cations such as zinc, manganese, magnesium and 

calcium which can be mobilised during germination (Raboy, 2003). Due to its function as a 

phosphate store in plants, it can contain up to 75% of a seed’s total phosphate (Raboy, 2003). 

1.7.2 Phytate as an antinutrient 

Although phytic acid has an important role in plants, it can have a negative impact on humans, 

particularly as an antinutrient which binds tightly to numerous minerals such as zinc, iron, copper, 

calcium, manganese and magnesium, lowering their bioavailability (Kumar et al, 2010). Phytic acid is 

strongly negatively charged over a wide range of pH and can easily interact with the cations (Persson 

et al, 1998). Phytic acid forms complexes with cations by either binding to one of the phosphate 
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groups or by bridging two different phosphate groups from different molecules (Persson et al, 1998). 

The tendency to bind minerals and form complexes depends on the degree of phosphorylation 

whereby the more phosphate groups present, the more cation it is able to bind. In addition, pH can 

also affect the binding of cations by phytic acid, in which highest binding occurs between pH 4-6 

(Persson et al, 1998). Various studies have shown that binding capability of phytic acid differs from 

one mineral to another. Earlier studies showed that phytic acid tends to bind to metals in the 

following order: Zn2+˃Cu2+˃Co2+˃Mn2+˃Ca2+ (Maddaiah et al, 1964). A similar experiment conducted 

later showed that the order of phytic acid to bind metals tends to be 

Cu2+˃Zn2+˃Ni2+˃Co2+˃Mn2+˃Fe3+˃Ca2+ (Vohra et al, 1965). Although there is a difference between the 

order of the first two metals, it can be seen that Cu2+ and Zn2+ bind strongly to phytic acid. A more 

recent study also showed that phytic acid binds more strongly to Cu2+ than Zn2+ but there are very 

little differences between the capability of phytic acid to bind these metals which could explain the 

discrepancy between studies (Persson et al, 1998). The complexes formed between phytic acid and 

minerals can precipitate at physiological pH, thus lowering their bioavailability and reducing mineral 

absorption in humans (Schlemmer et al, 2009). However, the solubility of these inositol phosphates 

increases with decreasing phosphorylation or phosphates groups, the less phosphate groups in the 

molecule, the more soluble the complex is at physiological pH. Besides this, lower inositol 

phosphates also show lower affinity to minerals, thereby increasing mineral availability for 

absorption (Schlemmer et al, 2009). 

Various studies on the inhibitory effect of phytic acid conducted using Caco-2 cells indicate that the 

presence of phytic acid reduces the uptake of metals into cells and uptake increases with a lower 

number of phosphates groups. A study carried out by Han and colleagues showed that the addition 

of phytic acid significantly lowers the uptake of both zinc and iron (Han et al, 1994). The effect of 

reduction in uptake of metals is more prominent for zinc than iron, which is in agreement with the 

results obtained by Vohra whereby phytic acid binds more strongly to zinc than to iron (Han et al, 

1994). The presence of phytic acid reduces the uptake of iron by Caco-2 cells by roughly 50% and 
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that of zinc by 70%, but inositol and phosphate individually or inositol and phosphate together have 

no effect on the uptake of iron and zinc. The inhibitory effect is only seen when phytic acid is 

present, indicating its antinutrient properties (Han et al, 1994). A later study carried out by Skoglund 

and colleagues also showed similar results in which phytic acid reduces the uptake of iron in Caco-2 

cells but they obtained up to 77% reduced uptake when phytic acid was present (Skoglund et al, 

1999). A more recent study showed that the presence of phytic acid also reduces the uptake of 

ferritin, an iron storage protein, in Caco-2 cells but the effect was not significantly different to the 

control (Kalgaonkar and Lonnerdal, 2008). In human studies, the administration of phytic acid 

reduces the absorption of nonhaem-iron in a dose-dependent manner. In the study conducted by 

Hallberg and colleagues, the presence of just 2 mg phytic acid is sufficient to reduce iron absorption 

and 250 mg of phytic acid shows an ~7-fold reduction compared to the control (Hallberg et al, 1989). 

The authors also indicate that the intake of 250 mg of phytic acid is not uncommon especially in a 

vegetarian diet or diets in developing countries, which can significantly reduce the nutrient absorbed 

from the diet (0.3-3 g phytic acid are typically consumed per day; Schlemmer, 1995). Another study 

carried out by Siegenberg and colleagues also showed the inhibitory effect of phytic acid on the 

absorption of iron in a dose-dependent manner but the level used was much lower compared to the 

observation of Hallberg (Siegenberg et al, 1991). Both studies showed that the addition of ascorbic 

acid is able to reverse the inhibitory effect of phytic acid, thus improving its absorption. 

Supplementation with as little as 30 mg of ascorbic acid is able to offset the effect of phytic acid 

(Siegenberg et al, 1991) and the presence of 50 mg of ascorbic acid can overcome the effect of 250 

mg phytic acid (Hallberg et al, 1989). The number of phosphate groups present has also been shown 

to affect the ability of inositol phosphates in binding nonhaem-iron. Iron absorption increases as the 

number of phosphate reduces and IP3 and IP4
 showed no significant effect on iron absorption 

(Sandberg et al, 1990). Although the presence of either IP3 or IP4 does not cause any inhibitory 

effect, when both IP3 and IP4 are present, iron absorption can be reduced by up to 54% (Sandberg et 

al, 1990). This effect may be due to the presence of certain isomers that can bind to iron, thus 
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reducing its absorption or the interaction between lower and higher inositol phosphates which can 

increase mineral binding capacity (Sandberg et al, 1990).  

1.7.3 Phytate depletion 

Since phytic acid is able to bind various minerals, lowering their bioavailability, it is important that 

phytic acid is removed from the food sources prior to consumption, thus various methods are 

available for the removal of phytic acid. These methods include enzymatic breakdown, thermal 

processing or germination and soaking, which significantly reduce the amount of phytic acid present.  

Thermal processing involves the application of heat to the food product. The simplest form of 

thermal processing is boiling in which the product is boiled in water for a period of time. Few studies 

showed that the length of cooking as well as temperature has an effect on phytic acid. The higher 

the temperature and the longer the time of cooking reduces the amount of phytic acid in an 

increasing manner. Schlemmer and colleagues showed that cooking raw brown beans at 110 °C for 

30 and 90 min reduces the phytic acid content from 86% initially to 85% and 66%, respectively. By 

increasing the temperature to 120 °C, the phytic acid reduces to 68% at 30 min and 47% at 90 min. 

The temperature is achievable using a pressure cooker in a household setting but when temperature 

is increased to 140°C on an industrial scale, 90 min of cooking reduces the phytic acid to 21% from 

an initial 86% (Schlemmer et al, 2009). Tabekhia and Luh also showed that cooking is able to reduce 

the phytic acid content, however different types of beans showed different responses. Pink beans 

showed a reduction of 26.4% while red kidney beans only reduced to 7.7% after cooking for 3 h, 

however the authors did not specify the temperature (Tabekhia and Luh, 1980). Canning which 

involved adding the beans to a brine and subsequent heat processing for cooking and sterilisation 

would reduce the phytic acid content. Canned black-eyed beans showed more than 90% reduction in 

phytic acid, with only 8.5% was left in the final product. Canning processes can reduce on average 

two-thirds of the phytic acid content in beans (Tabekhia and Luh, 1980). Rehman and Shah also 

showed that autoclaving legumes as a means of cooking is able to reduce their phytic acid content in 

both a time and temperature dependent manner. Besides lowering the phytic acid content, 
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autoclaving also affects the protein and starch digestibility of legumes. Protein digestibility reduces 

with time and temperature while starch digestibility increases with time (Rehman and Shah, 2005). 

However, it is also noted that the researchers soak the seeds in water prior to autoclaving which will 

remove some of the phytic acid content. 

Germination, malting or soaking is able to reduce the amount of phytic acid present in legumes and 

cereals. Numerous studies have investigated different conditions utilised during this process, with 

successful results (Nkhata et al, 2018; Bartnik and Szafranska, 1987; Archana et al, 1998; Badau et al, 

2005; Yasmin et al, 2008; Rumiyati et al, 2012; Onyango et al, 2013; Ogbonna et al, 2012; Gustafsson 

and Sandberg, 1995). During soaking, phytases can be activated or the phytic acid leaches out into 

the liquid which causes the content inside the legumes or cereals to decrease. The temperature, pH 

and length of soaking affects the phytic acid in the final product (Gustafsson and Sandberg, 1995). In 

the latter study, there was a gradual reduction in pH of the water with time, indicating the leaching 

of inositol phosphates. Besides this, the drop was more significant when the water temperature was 

at 55 °C compared to room temperature (Gustafsson and Sandberg, 1995). The studies also found 

that soaking the beans in Tris-buffer at pH 7 resulted in the greatest reduction in phytic acid, coupled 

by an increase in lower inositol phosphates, showing the activity of phytases in degrading phytic acid 

(Gustafsson and Sandberg, 1995). The authors also indicate that the optimum condition for brown 

bean phytases is pH 7 and 55 °C, which complements other work (Gustafsson and Sandberg, 1995). 

This may explain the results obtained by Yasmin and colleagues in which soaking did not show a 

reduction in phytic acid content as the beans were soaked at room temperature (Yasmin et al, 2008). 

Germination of cereals (Bartnik and Szafranska, 1987; Larsson and Sandberg, 1992; Egli et al, 2002) 

and legumes (Egli et al, 2002; Yasmin et al, 2008) gives a gradual reduction in phytic acid throughout 

the process. During germination, phytases are activated to release the phosphate from phytic acid to 

support growth of the seeds. Bartnik and Szafranska showed that phytase activity increases with the 

time of germination, coupled with a reduction in phytic acid as the seeds germinate. However, the 

activity varies between different cereals, with highest activity in rye and lowest in oats (Bartnik and 
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Szafranska, 1987; Egli et al, 2002). Temperature also plays a role in reducing phytate during 

germination with the optimum temperature of oats being between 37-40 °C while wheat but 55 °C 

for rye (Larsson and Sandberg, 1992).  Thus, is it important to have the optimum condition for the 

maximum reduction of phytic acid. 

1.7.4. Phytases 

Phytases are more specifically called ‘myo-inositol (1,2,3,4,5,6) hexakisphosphate 

phosphohydrolases’ which are involved in the sequential release of phosphate from phytic acid, 

resulting in free inorganic phosphorous and eventually inositol when all phosphate groups have 

been liberated (Kumar et al, 2010). Phytases can be divided into 3-phytases or 6-phytases depending 

on the position of the phosphate released, with the former releasing from the C3 position and the 

latter at C6 position (Kumar et al, 2010). Phytases can be isolated from either plant or microbial 

sources. A few plant based phytases has been isolated from rice (Hayakawa et al, 1989), canola seed 

(Houde et al, 1990), soy (Hamada, 1996), mung bean (Mandal et al, 1972) and wheat (Nakano et al, 

1999). As for microbial sources, they can originate from either fungi or bacteria, e.g.:  yeasts such as 

Schwanniomyces castellii (Segueilha et al, 1992) and Pichia anomala (Vohra and Satyanarayna, 

2002); fungi such as Aspergillus niger (van Hartingsveldt, 1993), Aspergillus carneus (Ghareib, 1990), 

Aspergillus fumigatus (Pasamontes et al, 1997) and Thermomyces lanuginosus (Berka et al, 1998); 

bacteria such as Klebsiella terrigena (Greiner et al, 1997), Lactobacillus sanfranciscensis (De Angelis 

et al, 2003), Bacillus (Kim et al, 1998) and E. coli (Greiner et al, 1993). Some thermostable phytases 

from Aspergillus fumigatus or Bacillus which show enzymatic activity above 80 °C can be used in the 

production of animal feed whereby high temperature is utilised during the process, thus improving 

the nutritional quality of the feed. Recombinant microbial phytases from Aspergillus niger and 

Peniophora lycii are commercially available under the trade name Natuphos and Ronozyme 

respectively (Augspurger et al, 2003). An E. coli derived phytase has also been produced which 

showed better performance than the commercial phytases in releasing phosphate from phytic acid 

(Augspurger et al, 2003). The addition of phytases into animal feeds, which is usually comprised of 
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cereal and legumes, resulted in higher weight gain compared to the control, which can translate to 

better economic outcome for the farmer (Augspurger et al, 2003; Augspurger and Baker, 2004; Selle 

et al, 2003a; Selle et al, 2003b; Kornegay et al, 1996; Simons et al, 1990). In addition, phytases from 

microbial sources have better efficiency over plant phytases as plant phytases are more heat labile 

and so cannot withstand the processing temperatures and are also inactivated at low pH in the 

animals (Selle et al, 2003b).    

1.7.4.1 Phytases of E. coli 

A few earlier studies have shown and isolated an acid phosphatase from E. coli able to hydrolyse p-

nitrophenol phosphate to liberate free phosphate (von Hofsten and Porath, 1962; Dvorak et al, 

1967; Hafckenscheid, 1968; Dassa et al, 1980). It differed from alkaline phosphatase as it worked at a 

lower pH as compared to alkaline phosphatases. A later study found that the appA gene is 

responsible for the production of this acid phosphatase in E. coli (Dassa and Boquet, 1985; see Figure 

1.16). Activity of hexose phosphatase and alkaline phosphatase was not modified in the mutant but 

phosphatase activity at pH 2.5 showed a 90% reduction compared to the wild-type, suggesting the 

acid phosphatase is encoded by appA. Greiner and colleagues managed to isolate phytases from 

E. coli which showed the ability to hydrolyse phytate to lower inositol phosphate forms. A search in 

the database revealed similar amino-terminal sequence with the pH 2.5 acid phosphatase (Greiner 

et al, 1993). A later study by Golovan and colleagues showed that the acid phosphatase of E. coli 

exhibits both phytase and phosphatase activity which could explain the results obtained by both 

Dassa and Greiner (Golovan et al, 2000).  
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Figure 1.16 Structure of E. coli phytase. A. Three-dimensional structure of E. coli periplasmic 
phytase (appA). B. Schematic diagram of phytate binding to AppA (adapted from Lim et al, 2000). 

 

Glucose-1-phosphatase (G1Pase), with a primary function of scavenging glucose from glucose-1-

phosphate, is encoded by the agp gene in E. coli. Acid phosphatase and G1Pase are homologous 

histidine acid phosphates sharing a common RHGxRxP active site motif (Dassa et al, 1990). G1Pase 

(Figure. 1.17) has been shown to be involved in the utilisation of glucose-1-phosphate as both 

carbon and phosphate source to support the growth of E. coli (Pradel and Boquet, 1991), which 

suggests its ability to hydrolyse phosphorylated compounds. A later study by Cottrill and colleague 

confirmed the ability of G1Pase to hydrolyse phytic acid as seen by the appearance of lower inositol 

phosphate forms when phytic acid was incubated with the enzyme (Cottrill et al, 2002). However, 

G1Pase can rapidly be inactivated by pepsin due to the presence of 10 additional pepsin cleavage 

sites in the amino acid sequence (Cottrill et al, 2002). 
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Figure 1.17 Structure of E. coli Glucose-1-phosphatase. A. The three dimensional structure E. coli 
glucose-1-phosphotase. B. Schematic diagram of glucose-1-phosphate bound to the enzyme 
(adapted from Lee et al, 2003). 

 

Alkaline phosphatase of E. coli is encoded by the phoA gene and is a zinc and magnesium-containing 

metalloprotein, consisting of two identical subunits (Kamitani et al, 1992). Alkaline phosphatase 

catalyses the transphosphorylation and hydrolysis of phosphate monoesters (Stec et al, 2000). 

Although studies on alkaline phosphatases and their ability to hydrolyse phytic acid are scarce, 

Wilson and colleagues have shown the ability of alkaline phosphatase to hydrolyse p-nitrophenol 

phosphate and liberate free phosphate (Wilson et al, 1964; Trentham and Gutfreund, 1968), 

suggesting its potential as a phytase. Although E. coli possess these enzymes which can hydrolyse 

phytic acid to liberate free phosphate, there have been limited studies in investigating the ability of 

E. coli in utilising phytic acid as a phosphate/carbon source to support its growth; this will be 

investigated as part of this thesis.  
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1.8 Impact of zinc on the gut microbiota 

1.8.1 Chemistry of zinc 

Zinc makes up roughly 0.02% of the Earth’s crust and is the 23rd most abundant element on Earth 

with an atomic weight of 65.37 and atomic number of 30 (Kaur et al, 2014; Brown et al, 2001). Zinc 

normally exhibits only one oxidation state (+2) and is an essential micronutrient with an important 

role in biological systems (Brown et al, 2001). In addition, the absence of redox properties in zinc 

enables it to be transported in biological systems without causing any oxidant damage (Brown et al, 

2001). Because of its unique chemical properties, zinc acts as a component (co-factor, catalytic 

factor or structural component) in almost 1000 enzymes that carry out various biological functions in 

the body such as cell division, metabolism of macronutrients and the synthesis of DNA and proteins 

(Tubek et al, 2008; Deshpande et al, 2013). Besides this, zinc is also involved in stabilising cell 

membranes and regulating its function, as well as a role in blood clot formation and cell signalling 

(Tubek et al, 2008; Maret, 2017). 

1.8.2 Zinc homeostasis in human 

As zinc play an important role in numerous biological functions in the body, it is of no surprise that 

zinc is the second most abundant trace mineral in the body, just behind iron (Livingstone, 2015). The 

adult human has a total zinc content of between 1.5-2.5 g in which the majority is found 

intracellularly, predominantly located in liver, muscle, bone and various organs (Brown et al, 2001). 

Unlike iron which has a dedicated storage protein, zinc does not have any storage protein despite its 

abundance in the body. In addition, a large proportion of the zinc reserves turn over slowly, thus 

making it not readily available for metabolism. However, the presence of a small functional pool of 

zinc (10% of intracellular zinc) is vital in maintaining all zinc-dependent biological functions. This zinc 

pool is able to move in and out of the plasma with a relatively short turnover period and the size of 

the pool is sensitive to the zinc absorbed from diet, thus a constant supply of zinc is necessary to 

meet the requirement of zinc for growth and maintenance. The zinc in the plasma is mostly bound to 

albumin and alpha-2-macroglobulin, and its concentration is maintained by redistribution and 

conservation (Livingstone, 2015; Brown et al, 2001). 
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As mentioned above, dietary zinc is important in meeting the requirement for growth and 

maintenance.  The current zinc daily intake recommendation for adult is 9.5 mg/d for males and 7 

mg/d for females, and up to a maximum of 25 mg/d is zinc recommended in the form of 

supplements. Food derived from animal sources contains high zinc levels as do seeds and nuts 

(Brown et al, 2001). The zinc content of liver or kidney ranges from 4.2 to 6.1 mg/100 g with 

absorbable zinc at up to 3.1 mg/100 g. Although seeds and nuts contain high zinc levels (up to 7.8 

mg/100 g), the presence of phytate greatly reduces its bioavailability to 0.3-0.8 mg/100 g. Animal 

sources are typically phytate free and thus the bioavailability of zinc is high as compared to cereals 

or legumes. Phytate irreversibly binds zinc in the intestinal lumen, making it unavailable for 

absorption. Food with a phytate-zinc molar ratio greater than 15 is considered to have relatively 

poor zinc bioavailability and a molar ratio of less than 5 is considered to provide good bioavailability. 

Ratios between 5 and 10 are considered to afford medium bioavailabaibility (Brown et al, 2001).  

The gastrointestinal tract (GI) plays a major role in the regulation of zinc homeostasis which is 

achieved by adjusting both zinc absorption and endogenous excretion. Zinc is absorbed throughout 

the small intestine with the jejunum being the site of maximal absorption (Lee et al, 1989). The 

fraction of absorption of dietary zinc is inversely proportional to oral zinc intake and is typically 

between 16-50% (Maares and Haase, 2020). Thus, humans may benefit from a higher fractional 

absorption by having a low dietary zinc intake (Hunt, Beiseigel and Johnson, 2008). However, the net 

absorption of zinc is affected by body zinc status with a higher absorption occurring in zinc-deficient 

individuals (Maares and Haase, 2020). Excess zinc on the other hand can be secreted and excreted 

from the body in the faeces. There are several potential sources of endogenous zinc which includes 

pancreatic and biliary secretions, transepithelial flux from intestinal cells, gastroduodenal secretions 

and sloughing of mucosal cells (Krebs, 2000). Through these mechanisms, the body is able to 

maintain zinc homeostasis so that all biological systems are able to function normally. 
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1.8.3 Zinc uptake in human 

The movement and transport of zinc into and out cells require zinc transporters that fall into two 

families: the ZnT and ZIP families. The ZnT family consists of 10 members and is responsible for 

lowering the intracellular zinc levels by either transporting zinc into organelles or the extracellular 

space. The ZIP family on the other hand consists of 14 members and has a role in increasing the 

intracellular zinc level by moving zinc from organelles or extracellular space into the cytoplasm 

(Litchen and Cousins, 2009; Cousins, 2010). The absorption of zinc from the small intestine involves a 

saturable carrier-mediated mechanism which shows a linear increase in uptake with increasing 

concentration of zinc up to a concentration of 1.8mM; higher zinc concentration does not allow an 

increase in zinc absorption, thus showing it to be a rate limiting step (Lee et al, 1989; Gopalsamy et 

al, 2015; Maares and Haase, 2020). Absorption of zinc occurs at the intestinal brush border 

membrane where it is transported from the lumen into the enterocytes and subsequently secreted 

at the basolateral side into the portal circulation. The absorption of zinc into the enterocyte is mainly 

mediated by ZIP4 which is responsible for the import of zinc from the lumen into cell (Gopalsamy et 

al, 2015; Maares and Haase, 2020; Cousins, 2010). ZIP4 is predicted to have eight transmembrane 

domains with both N- and C-terminal ends located outside the plasma membrane. It contains a His-

rich region between transmembrane domains III and IV and zinc is assumed to be transported into 

the cell through binding at this region (Kambe et al, 2004). Although ZIP4 is highly expressed in the 

small intestine, as the site of zinc absorption, it can also be found in the stomach, colon, kidney and 

pancreatic β cells, but at a lower abundance (Dufner-Beattie et al, 2003; Bafaro et al, 2017). ZIP4 

expression is upregulated during zinc deficiency and the proteins accumulates on the surface of 

enterocytes as a method of ensuring maximum zinc absorption takes place (Dufner-Beattie et al, 

2003; Cragg et al, 2005). Conversely, its expression is downregulated when zinc is supplemented as a 

response to maintain zinc homeostasis in the body (Cragg et al, 2005). Another zinc transporter that 

is involves in uptake of zinc into the enterocyte is ZnT-5 variant B. Although it belongs to the ZnT 

family, it is a unique protein which functions in a bidirectional manner, capable of transporting zinc 
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into the cell and cellular ions back to the lumen (Cragg et al, 2002; Valentine et al 2007; Cousins 

2010; Maares and Haase, 2020). Upon entering the cell, zinc is can be mobilised into four 

intracellular pools: 1) zinc bound tightly to metalloproteins as cofactor or structural component; 2) 

zinc bound to metallothioneins as a reservoir and buffer of cytosolic zinc; 3) zinc compartmentalised 

into intracellular organelles; and 4) cytosolic free zinc (Kambe et al, 2004). Zinc is exported from the 

enterocytes into the portal circulation with the help of ZnT transporters. Members of the ZnT family 

are predicted to have six transmembrane domains with intracellular N- and C-termini. They also 

contain a His-rich loop between transmembrane domains IV and V (Kambe et al, 2004). ZnT-1 is 

found on the basolateral side of the enterocyte and has a role in exporting zinc from the cell (Lichten 

and Cousins, 2009; Maares and Haase, 2020). In animal models, the expression of ZnT-1 is regulated 

by zinc levels whereby a high zinc intake (particularly zinc supplementation) increased its expression 

(McMahon and Cousins, 1998; Liuzzi, Blanchard and Cousins, 2001). However, zinc supplementation 

leads to a downregulation of both Znt-1 mRNA and its protein in humans, suggesting a different 

regulatory response between animals and humans (Cragg et al, 2005). Under zinc deficient 

conditions, ZnT-1 is endocytosed and degraded through lysosomal and proteasomal pathways as a 

mean to conserve zinc (Nishito and Kambe, 2019). 

1.8.4 Zinc uptake in bacteria 

Zinc is an essential trace mineral in bacteria whereby zinc-binding proteins constitute around 5%-6% 

of the proteome in bacteria (Andreini, Bertini and Rosato, 2009). Although the zinc-requiring 

proteins in prokaryotes are lower than eukaryotes (~9%), zinc likewise plays important roles in 

various biological systems such as protein synthesis and DNA replication and so is needed for the 

growth and development of prokaryotes. In addition, although not desirable for humans/animals, 

zinc is involved in the pathogenicity of certain bacteria such as Salmonella enterica (Ammendola et 

al, 2007), uropathogenic E. coli (Velasco et al, 2018) and Listeria monocytogenes (Corbett et al, 

2012). Due to the importance of zinc, bacteria have developed high affinity ABC transporters to 

effectively transport zinc into the cell.  ZnuABC is a high affinity zinc transporter found in Gram-
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negative bacteria which consists of a periplasmic protein (ZnuA), a transmembrane permease (ZnuB) 

and an ATPase (ZnuC) (Blindauer, 2015; Hantke, 2005). An additional auxiliary periplasmic 

component (ZinT) has been identified which is able to collaborate with ZnuA in the transportation of 

zinc (Petrarca et al, 2010; Ilari et al, 2013). The presence of ZinT enhances the growth of bacteria 

under zinc-deficient conditions (Petrarca et al, 2010) and it is thought to act as a Zn2+-buffering 

protein that delivers zinc to ZnuA (Ilari et al, 2013). Another component, ZnuD, has been identified in 

Neisseria meningitidis which is located in the outer membrane. ZnuD is a TonB-dependent receptor 

that requires mechanical energy derived from the inner-membrane TonB/ExbB/ExbD complex to 

transport zinc across the outer membrane (Calmettes et al, 2015). The expression of ZnuABC is 

regulated by Zur whereby its expression is repressed under zinc sufficient condition. Zur is a dimeric 

protein which can bind 2 zinc ions due to having a structural Zn2+ site and a second Zn2+ sensing site 

(Chandrangsu, Rensing and Helmann, 2017). Bacteria possess another low affinity transporter, ZupT, 

which mediates the uptake of zinc (Grass et al, 2002; Grass et al, 2005; Cerasi et al, 2014). The role 

of ZupT in zinc uptake has been shown in E. coli (Grass et al, 2002) and Salmonella enterica (Cerasi et 

al, 2014) whereby the mutants showed a reduced growth compared to the wild-type and the effect 

is more pronounced in strains lacking both ZnuABC and ZupT, thus indicating their roles in zinc 

uptake. Although ZupT mediates zinc uptake, the metals that it can transport is not limited to only 

zinc as it is a broad-range metal transporter which is also able to transport Fe2+, Co2+ and possibly 

Mn2+ (Grass et al, 2005). The presence of a high affinity ZnuABC and a low affinity ZupT transport 

system ensures that the corresponding bacteria are able to obtain zinc needed for growth and 

development efficiently at under a range of environment zinc concentrations. When the zinc 

concentration in the cell is elevated or reaches a toxic level, it needs to be exported out of the cell to 

prevent any unwanted damage from happening. Zinc export or detoxification is primarily achieved 

via P-type ATPase and cation diffusion facilitators (CDF). ZntA is a P-type ATPase found in E. coli 

which has been shown to exhibit zinc export capabilities (Rensing, Mitra and Rosen, 1997) and it is 

regulated by ZntR whereby ZntA is upregulated under high zinc stress condition to reduce its 
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intracellular zinc concentration (Porcheron et al, 2013; Wang, Hosteen and Fierke, 2012). ZntA 

couples hydrolysis of ATP to transport zinc out of the cytoplasm and has several unique features 

which includes an intracellular, negatively charged ion-catching funnel, a high-affinity Zn2+-binding 

site and an extracellular Zn2+ release pathway (Wang et al, 2014). In addition to being a zinc 

exporter, ZntA is capable of exporting cadmium (Cd2+) and lead (Pb2+) and both of these metals can 

also be considered as inducer of the system (Binet and Poole, 2000). ZitB and YiiP are cation 

diffusion facilitators which are also involved in the removal of excess intracellular zinc. Both 

transporters are obligatory Zn2+/H+ antiporters which utilise free energy from H+ influx to couple 

export of Zn2+ from the cytoplasm (Porcheron et al, 2013; Chao and Fu, 2004; Wei and Fu, 2006).  

1.8.5 Zinc and the gut microbiota 

Although the amount of research involving zinc and the gut microbiota is lower compared to iron, 

numerous studies have been conducted over the years, mostly using animal models. Using pigs as a 

study model, zinc supplementation in pig feed has been shown to reduce diarrhoea, improve growth 

performance and act as an antimicrobial agent in pigs (Pieper et al, 2020; Villagomez-Estrada et al, 

2020). 2000-3000 mg/kg of zinc is usually supplemented in the feed during weaning as zinc oxide 

and causes changes in the gut microbiota compared to the control. However, the changes to the 

composition of the gut microbiota vary from study to study which may be due to different DNA 

extraction methods, methods of data analysis as well as differences in the microbial community of 

the pigs due to housing, type of diet or environmental conditions. Supplementation of high levels of 

zinc oxide showed a significant reduction in certain species belonging to the Lactobacillus (Starke et 

al, 2013), Clostridium (Hu et al, 2012), Alistipes, Megasphaera, Dialister, Acidaminococcus and 

Ruminoccocus (Pieper et al, 2020) genera. The presence of lower levels of zinc in gut on the other 

hand increases the abundance of Methanobrevibacter (Yu et al, 2017), Bacteroides, Parabacteroides, 

Faecalibacterium, Collinsella, Blautia and Eubacterium (Pieper et al, 2012) genera. Although the 

supplementation of zinc oxide can be used as an alternative to antibiotics in pigs, high levels of zinc 

can have adverse effect. This was illustrated in two different studies (Bednorz et al, 2013; Ciesinski et 
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al, 2018) whereby they supplemented the feed with zinc oxide at concentration which are used 

commercially to determine its impact on antimicrobial resistance. The abundance of multi-resistant 

E. coli was increased in the supplemented group compared to the control, thus showing a possible 

role in producing multi-resistant E. coli. The results suggest that although high concentration of zinc 

oxide may be economically beneficial as it improved the growth of pigs, it can also be damaging to 

the environment due to pollution as well as causing multidrug resistance in bacteria. 

In mice, zinc supplementation at 250 mg/kg as ZnCl2 over a 2-week period did not significantly affect 

the diversity of the gut microbiota as indicated by the alpha diversity indices (Foligne et al, 2020). 

The addition of zinc showed little impact on the gut microbiota at higher taxonomic level (phylum 

and family) as the microbiota showed similar abundance pre- and post-treatment. At lower 

taxonomic level, the supplementation of zinc significantly reduced the abundance of Candidatus 

arthromitus and Lactobacillus spp. In addition, the abundance of Coprococcus, Ruminococcus and 

Akkermansia spp. also showed a reduction in the presence of zinc. Conversely, the abundance of 

Sutterella, Bacteroides and Allobaculum spp. showed an increase with the supplementation of zinc 

(Foligne et al, 2020). Besides mice and pigs, there are also some studies conducted in chickens. The 

addition of zinc in the form of ZnSO4 decreased the abundance of Lactobacillus, Enterococcus and 

Enterobacteriaceae spp. while Streptococcus showed an increase in the ileal section of the chicken. 

In the cecal section, the presence of zinc reduced the relative abundance of Clostridales and 

Coprobacillus but Lactobacillus, Erysipelotrichaceae and Enterobacteriaceae showed an increase in 

this section (Bortoluzzi et al, 2019). In humans however, there are numerous studies on zinc 

supplementation and health but research on the effect of zinc on the gut microbiota is limited, thus 

this aspect will be considered in this study in the later sections.  

1.9 Aim and Objectives 

1.9.1 Aim 

To determine the effect of different iron/zinc regimes on the composition of human gut microbiota 
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1.9.2 Objectives 

1. To determine the growth and composition of gut microbiota with the presence/absence of iron 

2. To determine the growth and composition of gut microbiota using different forms of iron 

3. To determine the growth and composition of gut microbiota with the presence/absence of zinc 

4. To determine the growth and composition of gut microbiota with different concentration of zinc 

5. To determine the link between iron/zinc nutrition, gut microbiota and human health 

6. To determine the ability of E. coli to utilise phytic acid as a phosphate/carbon source to support 

growth 

7. To determine the ability of gut microbiota to utilise phytic acid as a phosphate/carbon source in a 

phosphate/carbon restricted environment 

8. To determine the impact of phytic acid on the gut microbiota 

 

1.9.3 Methodology 

Anaerobic mixed-human faecal cultures will be used to inoculate a single stage batch culture which 

allow us to investigate the influence of different iron regimens on gut microbiota using a well-

controlled in vitro approach. Cultures will be ‘fed’ with defined gut-model medium and inoculated 

with microbiota (faecal slurries) from human volunteers. An initial aim will be to test the effect of 

iron and haem depleted gut model medium on the growth and activity of microbiota from different 

donors. Iron-limited gut model growth conditions are established to allow the application of various 

forms of iron in an attempt to reverse iron limitation. 

In order to test the impact of zinc on the gut microbiota, a similar approach will be used but with 

varying concentrations of zinc sulphate to mimic the daily supplementation doses. The effect of zinc 

restriction and zinc supplementation will also be investigated using a three-stage gut model that 

mimics the human colon which allows studies on the impact on the gut microbiota in more detail. 

The composition of the microbiota will be determined by NGS-dependent 16S rRNA community 

profiling.  Total bacterial numbers will be determined by flow-FISH using universal oligo probes and 

14 taxon-specific probes, allowing an estimation of numbers for each bacterial genus/species when 

combined with the NGS data. Iron in the medium and faecal slurries will be assayed by ICP-OES/MS, 

indicating iron availability during growth thus allowing accurate correlation of metal content with 
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microbiota profiles. Faecal inocula will be at a low volume ratio (1:100) so will contribute minimally 

to culture Fe content. 

The ability of bacteria to utilise phytic acid as a phosphate/carbon source to support growth will be 

studies using M9 minimal medium with a defined phosphate/glucose concentration to produce a 

phosphate or carbon restrictive environment. Growth will be monitored over 24 h using a 200-well 

Bioscreen C microbial-growth monitoring system under aerobic, shaking conditions. The effect of pH 

on phytic acid utilisation will also be determined as the phytase enzymes have different pH 

optimum. A series of mutants will also be generated to understand the mechanisms and enzymes 

involved in phytic acid utilisation. In addition, the impact of phytic acid on the gut microbiota will 

also be investigated using single-stage batch cultures with the focus on utilisation of phytic acid as a 

phosphate/carbon source by the gut microbes.  
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Chapter 2 Materials and methods 

2.1 Reagents 

All reagents were of analytical grade or higher quality and were generally purchased from Fisher 

Scientific and Sigma-Aldrich unless otherwise stated. qH2O (18 mΩ-cm) was used throughout the 

experiment (NANOpure Diamond, UK; Suez, UK) 

2.2 Faecal donors 

All donors were between 21-37 of age and on normal mixed diets without any special dietary 

requirement or supplementation. They were generally healthy and had not taken any antibiotics 

within 1 year prior to the study.    

2.3 Media and solutions 

2.3.1 Preparation of gut model media (GMM) 

The gut model medium was prepared according to Macfarlane et al (1998) with slight modification. 

The culture medium contained the following components (g/L) in qH2O: starch, 5.0; peptone water, 

5.0; tryptone, 5.0; yeast extract, 4.5; NaCl, 4.5; KCl, 4.5; mucin (porcine stomach type III), 4.0; casein, 

3.0; pectin (citrus), 2.0; xylan (beech wood) (Serva Electrophoresis GmbH), 2.0; arabinogalactan 

(larch wood), 2.0; NaHCO3, 1.5; MgSO4, 1.25; guar gum, 1.0; inulin, 1.0; L-cysteine hydrochloride, 0.8; 

KH2PO4, 0.5; K2HPO4, 0.5; bile salts No.3, 0.4; CaCl2.6H2O, 0.15; FeSO4.7H2O, 0.005; haemin, 0.05; 

Tween 80, 1 ml; vitamin K (100µl/ml), 10 µl; resazurin (250mg/L), 4 ml.  

2.3.1.1 Preparation of modified gut model media (mGMM) 

The gut model medium was prepared as in section 2.3.1 with slight modification to reduce the metal 

content. The medium contained the same components as the GMM with the exception of tryptone, 

yeast extract and mucin and 10g of peptone water is used instead of 5g. Vitamin and mineral 

solution (section 2.3.1.2) were also added to the medium. 

2.3.1.2 Preparation vitamin and mineral solutions 

A 1000X stock solution of vitamin and mineral solution was prepared to be added to the modified 

gut model media at a volume of 1µl/L media. The mineral solution contained the following 
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ingredients (g/L): Na₃C₆H₅O₇, 2.1; MnSO₄·H₂O, 0.5; CoCl2.6H2O, 0.1; CuSO4·5H2O, 0.1; KAl(SO4)2, 0.01; 

BH3O3, 0.01; Na2MoO4·2H2O, 0.1; NiCl₂·6H₂O, 0.025; Na₂SeO₃, 0.2; VCl3, 0.1; Na2WO4 · 2H2O, 0.01. 

The vitamin solution contained the following ingredients (g/L): biotin, 0.002, folic acid; 0.002; 

pyridoxine, 0.01; thiamine, 0.005; riboflavin, 0.005; nicotinic acid, 0.005; calcium pantothenate, 0.01; 

vitamin B12, 0.0005; p-aminobenzoic acid, 0.005; lipoic acid, 0.005; menadione, 0.001. 

Both vitamin and mineral solution were filter sterilised and kept at 4 °C until needed. 

2.3.2 L-broth and L-agar 

L-broth is used for bacterial growth and contains the following ingredients (g/L): tryptone, 10; yeast 

extract, 5; NaCl, 5. L-agar contains the same ingredients with the addition of 15 g/L agar. Antibiotics 

were added to the broth and agar when necessary: ampicillin (100 µg/ml) and chloramphenicol (50 

µg/ml). 

2.3.3 Preparation of M9 minimal media and M9-agar 

M9 minimal medium was prepared by dissolving 10 g of 5X M9 minimal salts (Sigma-Aldrich) in 990 

ml of qH2O. After autoclaving, 1 ml of 1 M MgSO4, 10 ml of 20% glucose, 0.5 ml of 1% thiamine and 1 

ml of 0.1 M CaCl2 were added into the medium.  Ferric citrate (10 mM) was added to the required 

medium to give a 10 M final concentration. M9-agar was made by preparing the medium and agar 

separately. A 10 g quantity of 5X M9 minimal salts was dissolved in qH2O to give a final volume of 

500 ml and 15 g of agar were also dissolved in qH2O to give a final volume of 500 ml. After 

autoclaving and the addition of all the necessary supplements, the medium and agar were 

combined, mixed and poured into plates. 

2.3.3.1 Preparation of M9 minimal media with low phosphate content 

A 4X salt and phosphate solution was made separately according to the content of commercially 

available M9 minimal salts (Sigma-Aldrich). The salt solution contained (g/L): NH4Cl, 4; NaCl, 2. The 

phosphate solution contained (g/L): Na2HPO4, 27.12; KH2PO4, 12. A 2X solution was made by 

combining 25 ml of the 4X salt solution, 1.25 ml phosphate solution and 23.75 ml of sterile qH2O. 

The solution was then supplemented with 0.1 ml of 1 M MgSO4, 1 ml of 20% (w/v) glucose, 50 µl of 

1% (w/v) thiamine and 0.1 ml of 0.1 M CaCl2.  
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2.3.4 SOC medium     

SOC medium was used to recover bacteria after electroporation. The medium contained (g/100 ml): 

tryptone, 2; yeast extract, 0.5; NaCl, 0.058; MgSO4, 0.12. After autoclaving, 1 ml of sterile 1 M MgCl2 

and 2 ml of sterile 1 M glucose were added. 

2.3.5 Basal medium 

The culture medium contained the following components (g/L) in qH2O: peptone water, 2; NaCl, 0.1; 

NaHCO3, 2; MgSO4, 0.01; L-cysteine hydrochloride, 0.5; KH2PO4, 0.04; K2HPO4, 0.04; bile salts No.3, 

0.5; hemin, 0.05; Tween 80, 2 ml; vitamin K(100µl/ml), 10 µl; resazurin (250mg/L), 4 ml; yeast 

extract, 2. 

2.3.5.1 Basal medium with low phosphate content 

The culture medium is similar to basal medium with slight modification to lower the phosphate 

content. It contained the following components (g/L) in qH2O: NaCl, 0.1; NaHCO3, 2; MgSO4, 0.01; L-

cysteine hydrochloride, 0.5; bile salts No.3, 0.5; hemin, 0.05; Tween 80, 2 ml; vitamin K(100µl/ml), 

10 µl; resazurin, 4 ml; starch, 5. 

2.3.6 Preparation of 4% paraformaldehyde     

A 2 g quantity of paraformaldehyde, 30 ml of qH2O and 100 µl of 1 M NaOH were added to a Duran® 

bottle and incubated at 50 °C in a water bath with constant stirring for 15 min until all powder was 

dissolved. Then, 100 µl 1 M HCl and 16.6 ml 3 x PBS (adding 3 PBS tablet to 100ml of water) were 

added to the bottle and the final volume was made up to 50 ml, followed by filter sterilising through 

a 0.22 µm filter into a sterile container and storage at 4 °C. 

2.3.7 Preparation of hybridisation buffer and washing buffer 

The hybridisation buffer contained (µl/ml): 5 M NaCl, 180; 1 M Tris-HCl pH 8.0, 20; formamide, 300; 

qH2O, 499 µl; 10% sodium dodecyl sulphate (SDS), 1. 

The washing buffer contained (µl/ml): 5 M NaCl, 12.8; 1 M Tris-HCl pH 8.0, 20; 0.5 M EDTA pH 8.0, 

10; qH2O, 956.2 µl; 10% SDS, 1. 

The hybridisation buffer and washing buffer were sterilised, using a 0.22 µm filter, into a a sterile 

Falcon tube. 
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2.4 Fluorescence in situ hybridisation coupled with flow cytometry (Flow-FISH) 

2.4.1 Fixation of batch culture samples for Flow-FISH 

A 750 µl volume of culture was taken at different time points from each fermentation vessel and 

transferred to a sterile 1.5 ml microcentrifuge tube. The samples were then spun at 12,045 x g 

(Eppendorf Minispin, Eppendorf, Germany) for 5 min. The supernatant was transferred to a new 1.5 

ml microcentrifuge tube and stored immediately at -80 °C for further analysis. The pellet was 

resuspended in 375 µl of ice cold 1x PBS and 1.125ml of 4% paraformaldehyde solution. Samples 

were stored at 4 °C for 4 h and subsequently spun at 12,045 x g for 5 min. The supernatant was 

discarded while the pellet was resuspended in 1 ml of 1x PBS and re-spun at 12,045 x g for 5 min. 

This step was repeated twice to wash off any residual paraformaldehyde. The supernatant was 

removed using a pipette and the pellet was resuspended thoroughly in 300 µl of 1x PBS, followed by 

300 µl of ethanol (96%). Samples were kept at -20 °C until further analysis. 

2.4.2 Addition of probes and analysis  

Fixed batch culture samples were dispersed and mixed by vortexing for 10 s. Sample volumes of 50-

100 µl (depending on the density) were added to a 1.5 ml microcentrifuge tube containing 500 µl of 

1 X PBS and the suspensions were mixed by pipetting. The tubes were then vortexed gently and spun 

at 12,045 x g (Eppendorf Minispin) for 5 min. The supernatant was discarded and the pellet was 

resuspended in TE-FISH buffer (0.1 M Tris-HCl, pH 8, 0.05 M EDTA, pH 8) containing lysozyme (1 

mg/ml) and subsequently incubated in a dark at room temperature (20°C) for 10 min, followed by 

vortexing and centrifugation as before. The supernatant was discarded and the pellet was 

resuspended in 1x PBS to wash off any residual lysozyme. Tubes were then gently vortexed and spun 

again at 12,045 x g for 5 min. Subsequent steps were carried out in the fume cabinet as formamide 

used in the hybridisation buffer is hazardous to health. The supernatant was discarded and the pellet 

was resuspended in 150 µl hybridisation buffer as prepared in section 2.3.3. After vortexing and 

spun at 12,045 x g for 5 min, the pellet was resuspended in 1 ml of hybridisation buffer and was 

subsequently aliquoted into 14 individual 1.5 ml microcentrifuge tubes, each containing 50 µl of the 

sample. A 4 µl volume of a specific probe (Bif, Lab, Bac, Erec, Rrec, Ato, Prop, Fprau, DSV and Chis; 
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Table 2.1), at 50 ng/ml, was added individually to each microcentrifuge tube together with 4 µl of 

Alexa-488 labelled probe Eub338-I, -II and –III (Table 2.1) (prepared by combining equal volumes of 

each of the three Eub388 probes). Four control tubes were prepared by adding only 4 µl of Alexa-

488 linked Non-Eub and Eub I/II/III as well as Alexa-647 linked Non-Eub and Eub I/II/III. All 14 tubes 

were incubated overnight at 35 °C using a heating block.  

The next day, 150 µl of hybridisation buffer were added to each tube, tubes were vortexed gently 

and then spun at 12,045 x g for 5 min. The supernatant was then discarded and the pellet was 

washed with 200 µl of washing buffer (as prepared in section 2.3.3), vortexed gently and incubated 

at 37 °C for 20 min using a heating block. The tubes were spun and supernatants were discarded. 

Then, 400 µl of 1x PBS were added to each tube and the samples were analysed using a flow 

cytometer (Accuri C6, BD Biosciences, USA) with a medium flow rate and a fixed count of 100,000 

counts. 

Table 2.1 Oligonucleotides fluorescence probes used during analysis.  Working concentration 50 

ng/ml. 

Probe Name Sequence (5’ to 3’) Fluorescence 

Non Eub ACTCCTACGGGAGGCAGC Alexa-488 

Eub338I GCTGCCTCCCGTAGGAGT Alexa-488 

Eub338II GCAGCCACCCGTAGGTGT Alexa-488 

Eub338III GCTGCCACCCGTAGGTGT Alexa-488 

Non Eub ACTCCTACGGGAGGCAGC Alexa-647 

Eub338I GCTGCCTCCCGTAGGAGT Alexa-647 

Eub338II GCAGCCACCCGTAGGTGT Alexa-647 

Eub338III GCTGCCACCCGTAGGTGT Alexa-647 

Bif164 CATCCGGCATTACCACCC Alexa-647 

Lab158 GGTATTAGCAYCTGTTTCCA Alexa-647 

Bac303 CCAATGTGGGGGACCTT Alexa-647 

Erec482 GCTTCTTAGTCARGTACCG Alexa-647 

Rrec584 TCAGACTTGCCGYACCGC Alexa-647 

Ato291 GGTCGGTCTCTCAACCC Alexa-647 

Prop853 ATTGCGTTAACTCCGGCAC Alexa-647 

Fprau655 CGCCTACCTCTGCACTAC Alexa-647 

DSV687 TACGGATTTCACTCCT Alexa-647 

Chis150 TTATGCGGTATTAATCTYCCTTT Alexa-647 
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2.5 DNA extraction 

2.5.1 DNA isolation by bead beating and column based (RBB+C) purification 

The DNA extraction method was adapted from Yu and Morrison (2004). Acid-washed glass beads 

(BioSpec Products; 0.1 g, 0.1 mm) were added to 2 ml screw cap microcentrifuge tubes. Cells stored 

in 50% glycerol/PBS were harvested by centrifugation at 12,045 x g (Eppendorf Minispin) for 5 min, 

resuspended in 500 µl lysis buffer (500 mM NaCl, 500 mM Tris-HCl, pH 8.0, 50 mM EDTA, 4% SDS) 

and then transferred to microcentrifuge tubes containing the beads. The tubes were homogenised 

using a FastPrep®-24 Instrument (MP Biomedicals, USA) at speed setting 6 for 1 min, and were then 

placed on ice for 1 min. The cycle was repeated twice and then all tubes were incubated at 95 °C 

using a heating block for 15 min. The samples were then spun at 4 °C at 12,045 x g for 5 min and the 

supernatants were transferred to new 1.5 ml microcentrifuge tubes. A 130 µl volume of ice cold 10M 

ammonium acetate was added to each tube and the tubes were left to incubate on ice for 5 min 

before being spun at 4 °C at 12,045 x g for 10 min. The resulting supernatant were transferred to 

new 1.5 ml microcentrifuge tubes. Ice-cold iso-propanol (750 µl) was added to each tube and tubes 

were incubated on ice for 30 min. Samples were spun at 4 °C at 12,045 x g for 15 min and 

supernatants were discarded. The nucleic acid pellet was washed with 500 µl 70% ethanol by 

pipetting up and down a few times until the pellet was resuspended completely. After resuspension, 

samples were spun again at 4 °C at 12,045 x g for 15 min and left to air dry for 30 min before adding 

200l of TE buffer (10 mM Tris-HCl, pH 8.0, 1 mM EDTA, pH 8.0). The DNA samples were then 

purified using a QIAamp DNA Mini Kit (Qiagen, Germany) to remove RNA and proteins. This involved 

adding 2 µl of PureLink® RNAse A (10 mg/ml) to each tube and incubation at 37 °C for 15 min using a 

heating block. Proteinase K (15 µl) and 200 µl of buffer AL (provided in the kit) were added to the 

tubes which were then incubated at 70 °C for 10 min. Ethanol (200 µl) was subsequently added and 

the samples were transferred to a QIAamp column and spun for 1 min. The flow-through was 

discarded and 500 µl of Buffer AW1 (provided in the kit) were added and centrifuged again for 

another minute. This step was repeated with Buffer AW2 (provided in the kit) and the tubes were 
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spun for 1 min to dry the columns. To elute the DNA, 50 µl of Buffer AE (provided in the kit) were 

added to each column followed by incubation at room temperature (20°C) for 1 min before being 

spun for 1 min at 12,045 x g. The eluted DNA was kept at -20 °C until further processing. 

2.5.2 DNA isolation using commercial kit 

2.5.2.1 DNA isolation using a FastDNA™ SPIN Kit for Soil 

DNA was isolated using a FastDNA™ SPIN Kit for Soil (MP Biomedicals, USA). Cells stored in 50% 

glycerol/PBS were harvested by centrifugation at 12,045 x g (Eppendorf Minispin) for 5 min. The 

supernatant was discarded and the pellet was washed with 500 µl 1 X PBS by pipetting up and down 

until the pellet was suspended completely being spun at 12,045 x g for 5 min. The supernatants were 

discarded and the pellets were resuspended in 978 µl of sodium phosphate buffer (provided in the 

kit) which was then transferred to lysing matrix E (provided in the kit). The subsequent steps were 

carried out according to the manufacturer’s instruction. Eluted DNA was stored at -20 °C until 

further processing. 

2.6 Polymerase chain reaction and gel electrophoresis 

2.6.1 Polymerase chain reaction (PCR) 

The V4-V5 region of bacterial 16S rRNA was amplified using primers U515F   

(GTGYCAGCMGCCGCGGTA) and U927R (CCCGYCAATTCMTTTRAGT). Each 50 µl of PCR mixture 

contained the following components in a 0.5 ml thin wall PCR tube: 36.75 µl of qH2O, 5 µl of 

DreamTaqTM buffer, 5 µl dNTPs mixture (10 mM), 1 µl of each primer, 1.25U DreamTaqTM 

polymerase and 1 µl DNA template. All PCR amplifications were performed using a T100TM Thermal 

Cycler (Bio-Rad, USA) with the lid heated to 105 °C. After initial denaturation at 95 °C for 2 min, 

samples were subjected to 36 thermal cycles (denaturation at 95 °C for 30 s, annealing at 49.5 °C for 

30 s and extension at 72 °C for 30 s), followed by a final extension at 72 °C for 10 min and hold at 

4 °C upon completion. PCR products were confirmed by agarose-gel electrophoresis. 

2.6.2 Agarose gel electrophoresis 

Gel electrophoresis was used to determine the size and quality of DNA as well as the presence of 

PCR products. Gels were generally 0.6% (w/v) agarose in 0.5X TBE buffer (40 mM Tris, 40 mM 
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borate, 1 mM EDTA (pH 8)). Gel staining was performed by adding 1 µl of GelRedTM fluorescence 

DNA stain (Biotium, USA) in 50 ml of gel solution. DNA samples (2 µl) were loaded with 2 µl DNA 

loading dye (10 mM Tris-HCl (pH 7.6), 0.03% bromophenol blue, 0.03% xylene cyanol FF, 60% v/v 

glycerol, 60 mM EDTA) and 6 µl qH2O. GeneRulerTM 1kb DNA ladder was used as DNA size marker 

(0.5 µl of GeneRulerTM, 2 µl DNA loading dye, 20 µl qH2O). Samples were electrophoresed for 60 min 

at a constant voltage of 60 V in a Mini-Sub® Cell GT cell (Bio-Rad, USA) and were visualised using 

G:Box (Syngene, UK). 

2.8 Analysis of microbial community 

Isolated microbiota DNA was subject to 16S rRNA microbial community analysis by deep sequencing 

(APHA, UK) using a MiSeq Sequencing System (Illumina, USA). The results were analysed using the 

Microbial Genomics module of the CLC Genomics Workbench program (Qiagen, Germany). The 

Greengenes data base (http://greengenes.lbl.gov/cgi-bin/nph-index.cgi) was used as the reference 

database to identify the OTUs obtained.  

2.9 Analysis whole-cell and medium metal content by ICP-OES 

The cell pellet was resuspended in 735 µl of metal-free nitric acid (TraceMetal™ Grade, Fisher 

Scientific) and transferred to a 15 ml Falcon tube. The supernatant (2 ml) was transferred to a 15ml 

Falcon tube and 735µl of 67-69%metal-free nitric acid was added. Both tubes are then incubated at 

80 °C for 24 h. 9.265 ml of qH2O and 7.265 ml of qH2O were then added to the pellet and 

supernatant containing solutions, respectively. The tubes were then kept at 4°C until analysis. 

2.10 Short chain fatty acid analysis by GC  

Standards were prepared as listed in the table below:  

Table 2.3 Standards used in short chain fatty acid analysis 

Acid Acid volume (µl) Water volume (µl) 

Acetic 573 9427 

Butyric 914 9086 



93 
 

Formic 397.3 9603 

Propionic 746 9254 

Lactic 877 9123 

Isobutyric 918 9082 

Isovaleric 1104 8896 

Valeric 1088 8912 

Caproic 1253 8747 

Sodium succinate 2.7g 10000 

 

All the acids were reagent grade (>95%) and in liquid form with the exception of sodium succinate 

which is in powder form. A supermix was then prepared by mixing 3 ml of each acid to a 15 ml  

Falcon tube and vortexing briefly. A serial dilution were made to obtain give 0, 20, 40, 60, 80 and 

100% supermix concentrations in order to provide a standard curve.  An internal standard was 

prepared by adding 1.258ml of 2-ethyl butyric to 100ml of HPLC grade water (Fisher Scientific).  

Volumes of 500 µl of each of the acids (standards), supermix and samples were added to separate 

10 ml glass vials and 25 µl of internal standard was added to each vial. A 250 µl volume of 

concentrated hydrochloric acid was subsequently added to each vial, followed by 1.5 ml of diethyl 

ether. The vials were then vortexed for 1 min and spun at 268 x g for 10 min. The liquid separated 

into two phases and 200 µl of the upper layer were taken and added to a new 4 ml glass vial. Then, 

25 µl of N-tert-Butyldimethylsilyl-N-methyltrifluoroacetamide (MTBSTFA) were added to each vial 

and the lid was closed tightly. All vials were left at room temperature (20°C) for 3 days and 

subsequently analysed by HPLC 

2.11 Effects of iron on gut microbiota 

A 1 ml volume of fresh 10% (w/v) faecal slurry was inoculated into four separate Hungate tubes 

(experiment carried out in duplicate) containing 9 ml of gut model medium, with and without iron 
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supplementation. Gut model medium with iron was prepared as described in section 2.3.1 while the 

medium without iron was prepared in similar manner except with omission of FeSO4 and haemin. 

Sampling time points were 0 and 24 h. DNA and Flow-FISH samples were collected and processed at 

both time points. All work was conducted in an anaerobic environment and all tubes were incubated 

at 37 °C in the anaerobic cabinet (Whitley A95 Workstation, Don Whitley Scientific, UK). 

2.11.1 Sample collection and processing 

2.11.1.1 DNA 

A 1 ml volume of the culture was taken at 0 h and 24 h from every tube and transferred to sterile 

1.5 ml microcentrifuge tubes. The samples were then spun at 12,045 x g (Eppendorf Minispin) for 5 

min. Supernatant was transferred to a fresh 1.5 ml microcentrifuge tube and stored at -20 °C for 

further analysis. The pellet was resuspended in 1 ml 50% glycerol/PBS and stored at -20 °C.  

2.11.1.2 Flow-FISH 

A 750 µl volume of culture was taken at 0 h and 24 h from every tube and transferred to a sterile 

1.5 ml microcentrifuge tube. The cells were fixed immediately according to the method described in 

section 2.4.1. 

2.12 The use of buffer as an alternative to pH regulation by titration with acid and alkali  

Gut model medium was prepared as described in section 2.3.1 and the pH was adjusted using 10 M 

HCl and 5 M NaOH to the desired value. The medium was autoclaved immediately after pH 

adjustment and kept in the anaerobic cabinet to equilibrate at least 24 h before use. Fresh 10% 

(w/v) faecal slurry was added to the gut model medium to create a master mix before distribution 

into individual 50 ml Falcon tubes. Filter-sterilised qH2O and 2-(N-morpholino)ethanesulfonic acid 

(MES) buffer (pH range 5.5-6.7, pKa 5.97, 37°C) were used as negative and positive controls, 

respectively. A 5 ml volume of qH2O, 1, 2 or 3 M MES buffer was added to the Falcon tubes 

individually. Each tube had a final volume of 50 ml and a final concentration of 1% faecal slurry with 

0, 0.1, 0.2 or 0.3 M MES buffer. Sampling time points were 0, 4, 8, 12, 24, 30, 36 and 48 h. All work 

was conducted in an anaerobic environment and all tubes were incubated at 37 °C in the anaerobic 

cabinet. 
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2.12.1 Sample collection and processing 

2.12.1.1 DNA 

A 1 ml volume of the culture was taken at 0 h and 24 h from every tube and transferred to sterile 

1.5 ml microcentrifuge tubes. The samples were then centrifuged at 12,045 x g (Eppendorf Minispin) 

for 5 min. The supernatant was transferred to a fresh 1.5 ml microcentrifuge tube and stored at -

20 °C for further analysis. The pellet was resuspended in 1 ml 50% glycerol/PBS and stored at -20 °C.  

2.12.1.2 Flow-FISH 

A 750 µl volume of culture was taken at 0, 4, 8, 12 and 24 h from every tube and transferred to a 

sterile 1.5 ml microcentrifuge tube. The cells were fixed immediately according to the method 

describe in section 2.4.1  

2.12.1.3 pH 

A 1 ml volume of culture was taken at 0, 4, 8, 12, 24, 30, 36 and 48 h from every tube and 

transferred to a sterile 1.5 ml microcentrifuge tube. The pH of the samples was then measured using 

a pre-calibrated pH meter (calibrated with pH 4 and pH 7 buffers).  

2.13 The effect of iron and haem on the gut microbiota using batch culture fermentations 

Sterile batch culture vessels (280ml) were filled with 198 ml of gut model medium as described in 

section 2.3.1 and allowed to equilibrate under anaerobic gas (O2-free N2) for 24 h prior to 

inoculation. Four vessels were set up, each representing a different condition: no iron (negative 

control), 18 µM FeSO4, 77 µM haem or both 18 µM FeSO4 and 77 µM haem. A 2 ml volume of fresh 

1% (w/v) faecal slurry was added to each vessel and the pH was maintained at 5.5 (to stimulate the 

proximal region of the colon) throughout the experiment by the automatic addition of 1 M HCl or 1 

M NaOH using a pH meter. The vessels were incubated at 37 °C and samples were taken at t0, t12, 

t24, t36 and t48. Samples collected were stored directly on ice and processed accordingly for 

community profiling (NGS), bacterial counts (Flow-FISH), metal analysis (ICP-OES) and short chain 

fatty acid analysis (GC). The processed samples were stored at -80 °C (NGS and GC) or -20 °C (Flow-

FISH and ICP-OES). The experiment was repeated with four different healthy donors. 
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2.13.1 Sample collection and processing 

2.13.1.1 DNA 

A 1 ml volume of the culture was taken at 0, 12, 24, 36 and 48 h from every vessel and transferred to 

a sterile 1.5 ml microcentrifuge tube. The samples were then spun at 12,045 x g (Eppendorf 

Minispin) for 5 min. Supernatant was transferred to a fresh 1.5 ml microcentrifuge tube. Both pellet 

and supernatant were immediately placed at -80 °C until further processing. 

2.13.1.2 Flow-FISH 

A 750 µl volume of culture was taken at 0, 12, 24, 36 and 48 h from every vessel and transferred to a 

sterile 1.5 ml microcentrifuge tube. The cells were fixed immediately according to the method 

describe in section 2.4.1. 

2.13.1.3 Metal analysis by ICP-OES 

A 2 ml volume of the culture was taken at 0, 12, 24, 36 and 48 h from every vessel and transferred to 

a sterile 2 ml microcentrifuge tube. The samples were then spun at 12,045 x g (Eppendorf Minispin) 

for 5 min. Supernatant was transferred to a fresh 2 ml microcentrifuge tube. Both pellet and 

supernatant were immediately placed at -20°C until further processing (section 2.9). 

2.13.1.4 Short chain fatty acid analysis by GC 

A 1 ml volume of supernatant was taken at each time point and kept at -80 °C until further 

processing (section 2.10). 

2.14 The effect of zinc on the gut microbiota using batch culture fermentations 

Condition were as above except for use of modified gut model medium (2.3.1.1) and the use of zinc 

in place of iron or haem, as follows: four vessels were containing either no zinc (negative control), 77 

µM, 192 µM or 770 µM ZnSO4. A 200 µl volume of the vitamin and mineral stock solutions were 

added to each vessel before the addition of faecal slurry. Same analysis were carried out as 

described in section 2.13.1 

2.15 The effect of zinc on the gut microbiota using a continuous three-stage gut model 

A continuous three-stage gut model was used to examine the effect of zinc on different parts of the 

colon. The system consists of three vessels connected in series representing the proximal, transverse 

and distal colon. The fresh culture medium feeds into the first vessel (V1), the output of V1 
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subsequently feeds into the second vessel (V2), and the output of V2 then feeds into the third vessel 

(V3), with output of V3 collected in the waste bottle. Each vessel was maintained at a specific 

working volume (V1, 80 ml; V2, 100 ml; and V3, 120 ml and pH (V1, 5.5; V2, 6.2; and V3, 6.8).  

A 4-litre culture medium was prepared using the modified gut model medium as described in section 

2.3.1.1 and 4 ml of the vitamin and mineral stock solutions were added to the medium. The culture 

medium was autoclaved and equilibrated under anaerobic gas (O2-free N2) for 2 days. Just like the 

batch culture fermentation, sterile vessels were filled with culture medium and left to equilibrate 

under anaerobic gas for 24 h prior to the experiment. V1 was filled with 51.43 ml of culture medium, 

V2 with 66.67ml and V3 with 82.50ml. On the day of the experiment, fresh 20% (w/v) faecal slurry 

was prepared and inoculated into each vessel at different volume: V1 (28.57 ml), V2 (33.33 ml) and 

V3 (37.50 ml). After inoculation, the bacteria were left to propagate in the vessels for 24 h before 

starting the medium pump. At 24 h, fresh culture medium was introduced to V1 through an 

automated pump and the gut model is allowed to continue for two weeks in order to reach a steady 

state (SS) for sampling. Fresh medium was pumped at a rate of 300 ml/48 h to represent colonic 

movement in humans. Once the steady state was reached, samples were taken and a new bottle of 

fresh 4-litre culture medium was provided. The gut model was left to continue for another two 

weeks until the next steady state was achieved. 

Samples were taken at t0, t24, SS1, SS2, SS3 and SS4. Samples collected were stored directly on ice 

and processed accordingly for community profiling (NGS), bacterial counts (Flow-FISH), metal 

analysis (ICP-OES) and short chain fatty acid analysis (GC). The processed sample is stored at -80 °C 

(NGS and GC) or -20 °C (Flow-FISH and ICP-OES). Sample processing were as described above 

(section 2.13.1). 
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Table 2.3 Conditions tested at each steady state of the gut model.  

 2 weeks 4 weeks 6 weeks 

SS1 SS2 SS3 

Gut model 1 mGMM 
(section 
2.3.1.1) with 
16 µM Zn 

mGMM mGMM with 
93 µM Zn 

Gut model 2 mGMM 
(section 
2.3.1.1) with 
16 µM Zn 

mGMM 
(section 
2.3.1.1) with 
93 µM Zn 

mGMM 
(section 
2.3.1.1) with 
786 µM Zn 

Gut model 3 GMM (section 
2.3.1) 

mGMM 
(section 
2.3.1.1) with 
16 µM Zn 

 

 

2.16 Phytic acid utilisation in bacteria 

2.16.1 Bacterial strains, plasmids and primers  

 
Table 2.4 Sources and sequence of bacterial strains and plasmid  

Type Source 

Bacterial strain 

E.coli BW25113 

Keio collection (Baba et al, 2006) 
E.coli BW25113ΔappA 

E.coli BW25113Δagp 

E.coli BW25113ΔphoA 

E.coli BW25113ΔappAΔagp 

This work 

E.coli 
BW25113ΔappAΔphoA 

E.coli BW25113ΔagpΔphoA 

E.coli 
BW25113ΔappAΔagpΔphoA 

Plasmid 

pKD46 

Lab Stock pKD3 

pCP20 

 
Table 2.5 Sequence of primers used  

Primers used Sequence 

pKD3-appA-F GCATCAGGCAATCAATAATGTCAGATATGAAAAGCGGAAACATATCGA
TGAAAGCGATCTTGTGTAGGCTGGAGCTGCTTC 

pKD3-appA-R CGTTTGTCATCAGCCTCAGAGCATTCAGGTAACTGAATGCTCTTTTTTA
TGCATTACAAACCATATGAATATCCTCCTTAGT 

pKD3-agp-F ATTTCTGTCACACTCTTTAGTGATTGATAACAAAAGAGGTGCCAGGAA
TGAACAAAACGTGTGTAGGCTGGAGCTGCTTC 

pKD3-agp-R AAAACGTTTAACCAGCGACTCCCCCGCTTCTCGCGGGGGAGTTTTCTGT
TATTTCACCATATGAATATCCTCCTTAGT 

appA-F GGCGCATTAGCATCGCATCAG 
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appA-R CAGCCTCAGAGCATTCAGGTAAC 

agp-F TGCGAACCTGTTCCCGGAA 

agp-R GGCGAACAGACCATCGAACGT 

phoA-F CCGATGCCAGCATTCCTGACG 

phoA-R GTTCTCTCGGCAGCGCCGAC 

Kan-F CATCAGAGCAGCCGATTGTCTGTTG 

Kan-R ACGTACTCGGATGGAAGCCGGTCT 

Cat-F GGCCGGATAAAACTTGTGCTT 

Cat-R GTTACGGTGAAAACCTGGCC 

appA100-F GCTCTCCACCCTTGTGTTGGTATG 

appA100-R CTCCGAGAAAGAGTAAAACTGAAAGTGGC 

appA200-F GACAACAGAAACTCTCCGCCGTAACGA 

appA200-R CAGGCAGGCGTCAATATTAAAGGCGC 

agp100-F GCATAGTTTGCGTCAAACCTTGCCTG 

agp100-R GAAGAAGGTAGTGATGAAGTGTTAGTCAAAGCC 

agp200-F GTCTCTGTATTGGTAACGCCGCAG 

agp200-R GGCATCTCTGCGCAATACGTCGCC 

phoA100-F GCTGCTGCGCGATTACGTAAAGAAGTT 

phoA100-R GTAATGTTATTTTCATAGCACCATCCCTCTTC 

phoA200-F GACCAACAGCGGTTGATTGATCAGG 

phoA200-R CTGCTGATTACAGGAGGTCATACGC 

2.16.2 Generation of double and triple mutants 

2.16.2.1 Generation of PCR products 

Gene-specific mutagenic PCR products carrying a KnR cassette were generated using pKD3 DNA as 

template with primers pkD3-appA or pkD3-agp (Table 2.4) using conditions mentioned in section 

2.6.1. Once the PCR product was confirmed using agarose-gel electrophoresis, the desired band was 

excised from an agarose gel and the product was recovered using a gel extraction kit.  

2.16.2.2 Generation of electrocompetent cells 

In order to generate electrocompetent cells, 0.5 ml of an overnight culture of the desired bacterial 

strain was inoculated into 50 ml of L-broth and incubated in a shaking incubator at 37 °C. Once the 

OD600 reached 0.5, the cells were harvested by centrifugation at 12045 x g and washed twice with 25 

ml ice cold 10% glycerol. Cells were resuspended in the residual liquid and 50 µl of cells were 

aliquoted into ice cold 1.5 ml microcentrifuge tubes and used directly or kept at -80 °C until 

required.  

2.16.2.3 Introduction of pKD46 by electroporation  

A 1 µl volume of plasmid DNA was added to electrocompetent cells before transfer to ice-cold 

electroporation cuvettes and application of a single electrical pulse at 1.8kV. A 1 ml volume of SOC 
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(section 2.3.4) medium was directly added to the mixture which was incubated at 30 °C for 1-2 h. 

The cells were then plated onto the appropriate antibiotic plates and incubated at 30 °C for 24 h.   

2.16.2.4 Generation of mutants  

A 0.5 ml volume of transformants containing the red gam-encoding plasmid, pKD46, was inoculated 

into 50 ml LB containing 100 µg/ml ampicillin and 100 mM arabinose. The mixture was incubated in 

a shaking incubator at 30 °C.  The transformants were harvested and subjected to 

electrotransformation as described above (2.16.2.3) except that 1 g of PCR product (2.16.2.3) was 

used in place of pKD46. The cells were then plated onto ampicillin L-agar and incubated at 30 °C. 

Colonies were confirmed by colony PCR using antibiotic cassette specific primers (Table 2.5). 

2.16.3 Phytic acid as a phosphate and carbon source for bacterial growth 

Once the medium had been prepared as in sections 2.3.3 and 2.3.3.1, they were utilised to 

determine the effect of phytate on bacterial growth. Normal M9 minimal medium with/without 

glucose) was used for tested phytate as a carbon source, while a low-phosphate M9 minimal 

medium was used to test phytate as a phosphate source. Phytate was added to tubes at varying 

concentrations and the OD600 for overnight bacterial cultures was adjusted to 0.01. The growth of 

the bacteria was measured using the Bioscreen C (automated growth curve reader) with continuous 

shaking and measurement at 30 min interval. Each condition was performed in triplicate.  

2.16.4 The effect of pH on the activity of phosphatases 

A combination of three different buffers were mixed to create a master mix. Three solutions, one for 

each buffer at 300 mM concentration, were mixed together in a 1:1:1 ratio to create a final 

concentration of 100 mM each. The buffers used were: 2-(N-morpholino)ethanesulfonic acid (MES) 

(pH range 5.5-6.7, pKa 5.97, 37°C); 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) (pH 

range 6.8-8.2, pKa 7.31, 37°C); [tris(hydroxymethyl)methylamino]propanesulfonic acid (TAPS) (pH 

range 7.7-9.1, pKa 8.18, 37°C). The pH of the master mix was then adjusted to 5.5, 7 and 8.5 to 

simulate acidic, neutral and alkaline environment. A 1 ml volume of the master mix was added to 9 

ml of medium to achieve a final concentration of 10 mM. An overnight culture was added and the 

starting OD600 was adjusted to 0.01. The growth of the bacteria was measured using the Bioscreen C 
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with continuous shaking and measurement at 30 min interval. Each condition was performed in 

triplicate.  

2.16.5 Utilisation of phytate by gut microbiota 

2.16.5.1 Phytic acid as a phosphate source 

Sterile batch culture vessels (280ml) were filled with 198 ml of basal medium, as described in section 

2.3.5.1, and allowed to equilibrate under anaerobic gas (O2-free N2) for 24 h prior to the inoculation. 

Four vessels were set up, each representing a different condition: no phosphate (negative control), 

phosphate (0.04g of KH2PO4 and 0.04g of K2HPO4), 10 mM phytate or both phosphate and phytate. A 

200 µl volume of the vitamin and mineral stock solutions (section 2.3.1.2) was added to each vessel 

before the addition of faecal slurry. A 2 ml volume of fresh 1% (w/v) faecal slurry was added to each 

vessel and the pH was maintained at 5.5 throughout the experiment by the automatic addition of 1 

M HCl or 1 M NaOH using a pH meter to stimulate the proximal region of the colon. The vessels are 

incubated at 37 °C and samples were taken at t0, t12, t24 and t48. Samples collected were stored 

directly on ice and processed accordingly for community profiling (NGS), bacterial counts (Flow-

FISH), metal analysis (ICP-OES) and short chain fatty acid analysis (GC) (sections 2.13.1). The 

processed sample were stored at -80 °C (NGS and GC) or -20 °C (Flow-FISH and ICP-OES). The 

experiment was repeated with four different healthy donors. 

2.16.5.2 Phytic acid as a carbon source 

Details were as above except that the four vessels were set up as follows: no starch (negative 

control); 5g of starch; 10 mM phytic acid or both 5 g starch and 10 mM phytic acid.  
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Chapter 3: Effect of iron on the gut microbiota using Hungate tubes 

3.1 Introduction 

 
Iron is a micronutrient that is indispensable for most living organisms, with the exception of 

Lactobacillus, as it is involved in numerous biological functions required for growth and development 

(Andrews et al, 2003). Although iron is important in maintaining the wellbeing of humans, iron 

deficiency remains one of the most prevalent public health problems, affecting an estimated 2 

billion people worldwide both in developing and industrialised countries with women and children 

most at risk (Zimmermann and Hurrell, 2007). Efforts have been made to overcome iron deficiency 

which includes oral supplementation of ferrous iron salts, and fortification of food and 

biofortification of staple foods (Zimmermann and Hurrell, 2007). Although the use of iron 

supplementation and fortification is beneficial to humans from the nutrition perspective, from a gut 

microbiota standpoint, it can also have negative impacts as it has been shown to reduce the level of 

beneficial bacteria such as Lactobacillus and Bifidobacterium coupled with an increase of 

Enterobacteriaceae which shifts the gut microbiota towards a pathogenic profile (Zimmermann et al, 

2010; Jaeggi et al, 2014). The experiment described in this chapter was designed to determine the 

effect of iron on the gut microbiota. Gut model medium (GMM) was utilised in the experiment with 

the normal iron ingredients, FeSO4 and haem, either included or excluded.  Thus, two conditions 

were employed: normal iron (GMM with 18 µM iron sulphate and 77 µM haem); and iron-reduced 

medium (GMM without inclusion of ferrous sulphate or haem; background iron at 28 µM).  This 

experiment was performed to test whether simplistic anaerobic Hungate tube cultures could be 

used as an effective experimental tool to understand how the gut microbiota react towards 

iron/haem regime change in the gut of a healthy human, and as a preliminary test to determine 

whether an impact of iron regime could be discerned that would justify further experimentation. 

Since the experimental condition needed to be anaerobic, all preparation and experimental 

procedure were carried out in the anaerobic cabinet. Hungate tubes were filled with 9 ml of either 

the control medium (GMM without haem and FeSO4) or normal GMM (with haem and FeSO4). 1ml of 
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faecal innocula (10% w/v) from 3 different healthy subjects (1 male, 2 female; no antibiotic usage 3 

months prior) were separately inoculated into the medium and growth was allowed to proceed at 

37 ˚C for 24 h (without shaking). Samples were taken via a needle and a syringe to ensure sterility 

and to prevent contamination of the medium, at t0 and t24, to be processed as in section 2.11.  

3.2 Impact of iron on the bacterial numbers 

Following anaerobic growth in triplicate at 37 °C for 24 h, total bacteria were determined by Flow-

FISH using Eub I-II-III probes (Figure 3.1). Since both regimes showed similar bacterial counts at t0, 

the t0 values were averaged to ensure a more uniform comparison. At t0, the average total bacterial 

number was 2.17x109 cells/ml medium.   A slight overall 10%  increase in cell number was seen in 

the control (-Fe/haem) at 24 h, whereas the +Fe/haem regime showed a slight decrease of 7%. Thus, 

compared with the control, the presence of iron and haem causes a 1.18-fold diminished growth of 

the bacteria. However, this effect was not significant and differences are slight indicating little 

overall growth.  The reason for the weak overall growth might be related to the high starting 

bacterial cell numbers (resembling those seen at the end of batch gut cultures; Khalil et al, 2014, 

Costabile et al, 2014; Beards, Tuohy and Gibson, 2010) combined with the lack of pH control. 

Table 3.1 Total bacterial numbers at each time point and the fold difference against t0. Data are 
derived from Figure. 3.1.  

Probe t0 
t24 

Fold Changes 

t24/t0 
Fe/Control 

Control Fe Control Fe 

Total Bacteria 2.17E+09 2.39E+09 2.02E+09 1.10 0.93 0.85 

 
Table 3.2 Total bacterial number and fold changes of different bacterial groups at phylum level 
determined by Flow-FISH. The total bacterial number of different bacterial groups were calculated 
at t0 and t24 for the control and the iron regime. Bacterial counts are expressed as cells/ml medium 
The results are the average of 3 subjects. One-way Anova with Bonferroni Post Hoc has been 
employed for statistical analysis. Values in bold indicates significant difference (p<0.05) with respect 
to t0 time point.  

Phylum t0 
t24 

Fold Changes 

t24/t0 
Fe/Control 

Control Fe Control Fe 

Actinobacteria 2.07E+08 1.41E+09 1.23E+09 6.83 5.94 0.87 

Bacteroidetes 7.24E+07 5.50E+08 9.97E+08 7.59 13.8 1.81 

Firmicutes 6.41E+08 6.74E+08 8.78E+08 1.05 1.37 1.30 
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Proteobacteria 1.22E+08 4.02E+07 6.51E+07 0.33 0.53 1.62 

 

 

Figure 3.1 Effect of Iron regime on total bacterial counts. Total bacterial counts for each regime 
were determined by Flow-FISH using Eub I-II-III probes. Each bar indicates a different regime/time 
point: blue (t0) for both conditions (data combined); yellow (GMM -Fe/haem) and orange (GMM 
+Fe/haem). Bacterial counts are expressed as cells/ml medium. Results are average of 3 subjects and 
error bars represent SD. One-way Anova with Bonferroni Post Hoc has been employed for statistical 
analysis. No significant difference is seen (p>0.05). 

3.3 Impact of iron and haem on the gut microbiota determined by Flow-FISH 

3.3.1 Impact of iron and haem at phylum level 

In order to determine the impact of iron/haem on key taxa, Flow-FISH analysis was performed using 

the following probes: Actinobacteria (Bif164, Ato291), Bacteroidetes (Bac303), Firmicutes (Lab158, 

Erec482, Rrec584, Prop853, Fprau655, Chis150) and Proteobacteria (DSV687).  

As seen from table 3.2, Bacteroidetes showed the biggest change among all the bacteria with 7.59-

fold increase in the control and a significant increase of 13.8-fold (p<0.05) for the +Fe/haem 

condition as compared to t0. The former increased from 7.24x107 cells/ml medium to 5.50x108 while 

the latter increased to 9.97x108 cells at t24. The presence of iron and haem increased the total 

Bacteroidetes by 1.81-fold compared to the control. 
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The other 3 phyla showed no significant change for either regime (p>0.05) but both Actinobacteria 

and Firmicutes were increased in number at t24 while Proteobacteria showed a decrease. Both the 

control and the +Fe/haem regime showed an increase in Actinobacteria of 6.83- and 5.94-fold, 

respectively, increasing total Actinobacteria bacterial counts from 2.07x108 cells/ml medium to 

1.41x109 and 1.23x109 at t24, respectively. Firmicutes also showed an increase in both regimes with 

numbers in the control increasing 1.05-fold) and the +Fe/haem regime increased by 1.37-fold at t24, 

as compared to t0. The presence of haem/iron benefitted the Firmicutes phylum as the iron regime 

contained 1.30-fold more Firmicutes bacteria than the control, but it negatively affected the 

Actinobacteria bacteria as there were 1.15-fold less bacterial counts for the +Fe/haem regime than 

compared to the control. Proteobacteria, on the other hand, showed a decrease of 3.03- and 1.88-

fold for the control and the +Fe/haem regime respectively at t24, reducing its total counts from 

1.22x108 cells/ml medium (t0) to 4.02x107 and 6.51x107, accordingly. Even though both regimes 

showed a decrease in Actinobacteria numbers, the presence of iron/haem caused a smaller decrease 

such that the +Fe/haem regime had 1.62-fold more bacteria than the control at t24.  

3.3.2 Impact of iron at genus level 

At lower taxonomic level (table 3.3), Bac and DSV showed the same result as the Bacteroidetes and 

Proteobacteria phylum as they are the only bacteria in that particular phylum, thus they will not be 

mentioned further in this section. 

Table 3.3 Total bacterial number and fold changes of different bacterial groups at genus level 

determined by Flow-FISH. The total bacterial number of different bacterial groups were calculated 

at t0 and t24 for the control and the iron regime. Bacterial counts are expressed as cells/ml medium 

The results are the average of 3 subjects. One-way Anova with Bonferroni Post Hoc has been 

employed for statistical analysis. Values in bold indicates significant difference (p<0.05) with respect 

to t0 time point.  

Probe t0 
t24 

Fold Changes 

t24/t0 
Fe/Control 

Control Fe Control Fe 

Bif164 2.00E+08 1.10E+09 1.13E+09 5.48 5.65 1.03 

Bac303 7.24E+07 5.50E+08 9.97E+08 7.59 13.77 1.81 

Lab158 3.48E+06 2.97E+07 3.49E+07 8.54 10.05 1.18 
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Erec482 2.23E+08 2.11E+08 3.33E+08 0.94 1.49 1.58 

Rrec584 6.76E+07 7.62E+07 1.64E+08 1.13 2.42 2.15 

Ato291 6.56E+06 3.16E+08 9.73E+07 48.17 14.84 0.31 

Prop853 4.65E+07 4.65E+07 3.34E+07 1.00 0.72 0.72 

Fprau655 2.84E+08 2.98E+08 3.06E+08 1.05 1.08 1.03 

Chis150 1.57E+07 1.31E+07 6.11E+06 0.84 0.39 0.47 

DSV687 1.22E+08 4.02E+07 6.51E+07 0.33 0.53 1.62 

 

The Atopobium cluster (Ato291) showed the biggest increase among all the bacterial groups with a 

significant increase of 48.2-fold in the control (p<0.05), increasing total counts to 3.16x108 cells/ml 

medium (t24) from 6.56x106 at t0.  The +Fe/hae regime showed a non-significant increase of 14.8-

fold to 9.73x107 cells/ml. The presence of iron/haem caused a 3.25-fold decrease in Atopobium cell 

number as compared to the control. Among all the other bacterial groups, none of the groups 

showed any significant changes when tested statistically (p>0.05). Bifidobacterium (Bif164), another 

member of the Actinobacteria phylum, showed similar growth between the control and the 

+Fe/haem regime indicating little impact of iron/haem. As for the Firmicutes phylum, Lactobacillus 

(Lab158) showed the greatest increase followed by Roseburia (Rrec584). Lactobacillus displayed a 

8.54- and 10.1-fold increase for the control and the +Fe/haem regime, respectively. Roseburia on the 

other hand increased to 7.62x107 cells/ml (control; 1.13-fold) and 1.64x108 cells/ml (iron regime; 

2.42-fold) from 6.76x107 cells/ml medium at t0. As for the Clostridium clusters, the presence of 

iron/haem caused a 1.49 increase in Clostridium cluster XIVa and XIVb (Erec482), but a slight 

decrease in the control, indicating an enhancement by Fe/haem.  In contrast, there was a decrease 

of 0.70 fold in +Fe/haem regime, but no effect in the control, for the Clostridium cluster IX 

(Prop853). Faecalibacterium prausnitzii (Fprau655) showed little difference between the control and 

iron regime at t24 with the former increasing 1.05-fold to 2.98x108 cells and the latter increasing 

1.08-fold to 3.06x108 cells from 2.84x108 cells/ml medium (t0). Clostridium cluster I and II (Chis15) 

was the only group that showed a decrease in both the control and the +Fe/haem regime whereby 

the former showed a decrease of 1.20-fold to 4.02x107 cells/ml and the latter experienced a 

decrease of 2.56-fold to 6.51x107 cells/ml. Thus, among the members in the Firmicutes phylum, the 
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+iron/haem regime caused enhanced growth for 3 of its members (Lab158, Erec482 and Rrec584), 

with Rrec584 benefitted the most. Prop853 and Chis150 were inhibited by the +Fe/haem regime 

whereby they had a reduced growth of 1.39- and 2.14-fold, respectively, as compared to the control. 

Fprau655 was minimally affected by the +Fe/haem regime (Table 3.3).  

3.4 Impact of iron on the gut microbiota determine by NGS 

3.4.1 Impact of iron at phylum level 

Since the presence of iron and haem resulted in differences in composition as determined by Flow-

FISH, the effect of +Fe/haem regime was further explored by 16S rRNA gene amplicon NGS analysis, 

which provides better detail regarding the bacteria present at various taxonomic levels.  

Figure 3.2 Composition of gut microbiota at phylum level determine by NGS. The gut microbiota is 
classified at phylum level for the control and +Fe/haem regime at t0 and t24. 
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Table 3.4 Relative abundance and fold changes of different bacterial groups at phylum level 
determined by NGS. The relative abundance of different bacterial groups at t0 and t24 for the 
control and the iron regime which they are expressed as a percentage of the total microbial 
community profile. The results are the average of 3 subjects. One-way Anova with Bonferroni Post 
Hoc has been employed for statistical analysis. No significant difference was detected (p>0.05) 

Phylum t0 
t24 

Fold Changes 

t24/t0 Fe/Control 

Control Fe Control Fe  

Actinobacteria 0.16 0.30 0.86 1.87 5.31 2.84 

Bacteroidetes 44.39 66.19 57.18 1.49 1.29 0.86 

Firmicutes 53.63 31.20 39.54 0.58 0.74 1.27 

Proteobacteria 0.48 1.14 1.12 2.36 2.33 0.99 

N/A 1.31 1.17 1.28 0.89 0.98 1.09 

 

As seen from Figure 3.2, Bacteroidetes and Firmicutes constituted over 90% of the bacteria present 

in both the control and the +Fe/haem regime while Actinobacteria, Proteobacteria and other 

unidentified species made up the remaining portion. At t0, Firmicutes was the most abundant 

phylum with a relative abundance of 53.6%, followed by Bacteroidetes with 44.4%. Actinobacteria 

and Proteobacteria had a combined abundance of roughly 0.5% at t0. Comparing the change 

between t0 and t24, the trends observed for each phylum were not affected by the regime; thus the 

relative abundance of Actinobacteria, Bacteroidetes and Proteobacteria increased while Firmicutes 

showed a decreased. Bacteroidetes showed a 1.49- and 1.29-fold increase in the control and the 

+Fe/haem regime, respectively, increasing in abundance to 66.2% and 57.2%, making it the most 

abundant phylum at t24. However, the presence of iron/haem resulted in a slight reduction in 

Bacteroidetes  (1.16-fold). Actinobacteria increased 1.87- (control) and 5.31-fold (+Fe/haem regime), 

to 0.30 and 0.86% abundance, respectively, at t24, thus indicating a growth enhancing effect of 

iron/haem on the Actinobacteria. Proteobacteria on the other hand showed similar increases in the 

control and +Fe/haem regime whereby the former increased 2.36-fold to 1.14% and the latter 

increased 2.33-fold to 1.12% at t24. The +Fe/haem regime thus had little effect on the growth of the 

Proteobacteria. Firmicutes being the only phylum which had a decrease over time showed a 1.72- 

and 1.36-fold reduction for the control and +Fe/haem regime, reducing in abundance to 31.2 and 
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39.5%, respectively. Although the Firmicutes showed a decrease at t24, the presence of iron/haem 

enhanced the growth by 1.27-fold as compared to the control. 

3.4.2 Impact of iron at species level 

The microbiota composition was also examined at lower taxonomic level to provide a more detailed 

indication of the effect of the +Fe/haem regime on the gut microbiota (table 3.5). 

Table 3.5 Effect of iron regime on relative abundance and fold changes at the species level 

determined by NGS. The relative abundance of bacterial groups within the gut microbiota at species 

levels is indicated at t0 and t24 for both control and the +Fe/haem regime. Data are expressed as a 

percentage of the total microbial community profile. The results are the average of 3 subjects. Only 

bacterial species present at >0.5% for at least one time-point are shown. Values in bold indicate 

significant difference (p<0.05) with respect to t0. One-way Anova with Bonferroni Post Hoc was 

employed for statistical analysis. Values in green indicate an increase while values in red indicate a 

decreaseThe t=0 time point data have been averaged for both regimes (sp, species; N/A, not 

identifiable).  

 

 

Phylum Order Species t0 
t24 

Fold Changes 

t24/t0 Fe/Control 

Control Fe Control Fe  

Actionobacteria Bifidobacteriales 
Bifidobacterium sp 0.02 0.08 0.56 3.30 22.90 6.94 

Bifidobacterium 
adolescentis 0.01 0.19 0.21 17.92 19.97 1.11 

B
ac

te
ro

id
et

es
 

B
ac

te
ro

id
al

es
 

Bacteroides sp 19.35 16.33 18.43 0.84 0.95 1.13 

Bacteroides fragilis 0.19 0.11 0.14 0.57 0.74 1.30 

Bacteroides ovatus 0.27 0.15 0.19 0.55 0.72 1.32 

Bacteroides 
uniformis 5.05 1.63 1.51 0.32 0.30 0.93 

Prevotella sp 0.18 0.20 0.13 1.06 0.69 0.65 

Prevotella copri 17.89 46.17 35.68 2.58 1.99 0.77 

Prevotella stercorea 0.29 1.03 0.78 3.57 2.68 0.75 

Lactobacillales 
Lactobacillus sp 0.15 7.24 5.68 46.73 36.70 0.79 

Fi
rm

ic
u

te
s 

Streptococcus sp 1.55 0.40 2.23 0.26 1.44 5.57 

C
lo

st
ri

d
ia

le
s 

Blautia sp 3.39 2.72 2.88 0.80 0.85 1.06 

Clostridiales sp 2.50 0.24 1.44 0.10 0.57 5.95 

Clostridium sp 0.69 0.40 0.63 0.58 0.91 1.58 

Dialister sp 1.79 0.82 0.79 0.46 0.44 0.97 

Faecalibacterium 
prausnitzii 17.88 2.75 7.50 0.15 0.42 2.73 

Lachnospiraceae sp 4.99 0.78 2.03 0.16 0.41 2.61 

Lachnospira sp 0.45 0.08 0.26 0.17 0.58 3.44 

Roseburia faecis 0.82 0.01 0.34 0.01 0.41 40.67 

Ruminococcaceae sp 9.61 5.36 5.31 0.56 0.55 0.99 

Ruminococcus sp 0.88 0.08 0.66 0.09 0.75 8.82 
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Ruminococcus 
bromii 1.16 0.27 0.26 0.24 0.23 0.97 

Erysipelotrichales 

Catenibacterium sp 2.14 4.55 3.08 2.12 1.44 0.68 

Erysipelotrichaceae 
sp 0.52 0.92 1.97 1.76 3.76 2.14 

Eubacterium 
biforme 2.22 3.90 3.34 1.76 1.50 0.86 

Proteobacteria 
Burkholderiales Sutterella sp 0.25 0.53 0.64 2.09 2.53 1.21 

Enterobacteriales 
Enterobacteriaceae 
sp 0.17 0.60 0.46 3.59 2.75 0.77 

 N/A 1.31 1.17 1.28 0.89 0.98 1.09 

 

In the Actinobacteria phylum, both Bifidobacterium sp and Bifidobacterium adolescentis which had a 

relative abundance of 0.02 and 0.01%, respectively, at t0 showed an increase in their relative 

abundance over time regardless of the regime. Bifidobacterium sp increased 3.30-fold in the control 

to 0.08% but in the +Fe/haem regime there was a more substantial increase of 22.9-fold to 0.56%. 

Thus, the addition of haem/iron caused an enhanced growth of 6.94-fold compared to the control. 

Bifidobacterium adolescentis on the other hand showed a 17.9-fold increase in the control, 

increasing its abundance to 0.19% at t24. When iron/haem was applied to the medium, this species 

showed a significant increase of 20.0-fold to 0.21% (p<0.05). However, the provision of Fe/haem had 

little effect as shown by the similar relative abundances (Table 3.5).  

As for the Bacteroidetes phylum, the detected species were either Bacteroides or Prevotella. 

Bacteroides sp and Prevotella copri were the most abundant Bacteroidetes at t0 with relative 

abundance  of 19.4 and 17.9%, respectively, followed by Bacteroides uniformis at 5.05%, while the 

rest of the members of this phylum had a relative abundance of less than 0.5%. At t24, although 

there were changes to the abundance of these bacteria, none of the changes were significant 

(p>0.05). Prevotella were the only group that showed an increase while the Bacteroides species 

experienced reductions in relative abundance. Bacteroides uniformis showed the biggest decrease 

with a reduction of 3.10- and 3.35-fold in control and +Fe/haem regime, respectively, reducing in 

abundance to 1.63 and 1.51%, respectively. The rest of the Bacteroides showed a decrease between 

1.19- to 1.82-fold in the control and between 1.05- to 1.38-fold in the iron regime. Although the 
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Bacteroides showed a decrease in their relative abundance over time, the presence of iron/haem 

enhanced their growth by up to 1.32-fold as compared to the control. However, this does not apply 

to Bacteroides uniformis which showed a reduced growth in the presence of iron/haem, by 1.08-

fold, with respect to the control. As for Prevotella species, Prevotella stercorea had the greatest 

increase at 3.57- and 2.68-fold for the control and Fe/haem regime, respectively, which increased in 

abundance to 1.03 and 0.78% at t24. Prevotella copri increased 2.58-fold in the control to 46.2% and 

1.99-fold in the iron regime to 35.7%, making it the most abundant species in both regimes. 

However, the addition of iron/haem reduces the growth of bacteria by 1.33- and 1.29-fold for 

Prevotella stercorea and Prevotella copri.  

As for the Firmicutes phylum, all bacteria belonging to the Clostridales order showed a decrease in 

abundance over time while those in the Lactobacillales and Erysipelotrichales orders displayed an 

increase over time. Lactobacillus sp showed the biggest increase among all these bacteria with 46.7- 

and 36.7-fold increases in the control and +Fe/haem regime, respectively, increasing in abundance 

from 0.15 (t0) to 7.24 and 5.68%, respectively, at t24. Streptococcus sp (another member in the 

Lactobacillales order) decreased of.87-fold in the control, reducing in abundance from 1.55 to 0.40%, 

but the presence of iron/haem causes an increase of 1.44-fold, giving an abundance of 2.23% at t24. 

The addition of iron/haem caused a reduced growth in the  Lactobacillus sp of 1.27-fold but 

increased the abundance of Streptococcus sp by 5.57-fold. As for the Clostridales order, although all 

of the bacteria in this group showed a decrease in abundance over time, the majority benefitted 

from the presence of iron/haem as shown by the higher abundance in the +Fe/haem regime 

compared to the control, with an enhanced growth of up to 40.7-fold. Faecalibacterium prausnitzii, 

which was the most abundant bacterium in the Firmicutes phylum at 17.9%, showed a significant 

decrease of 6.50-fold in the control (p<0.05), reducing its abundance to 2.75% at t24. However, in 

the +Fe/haem regime this species showed a non-significant decrease of 2.38-fold, decreasing in 

abundance to 7.50%. Lachnospiraceae sp and Lachnospira sp also showed a significant decrease in 

the control (6.41- and 5.93-fold decreases, respectively; p<0.05). Similar to Faecalibacterium 
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prausnitzii, these bacteria showed a non-significant reduction of 2.46- and 1.73-fold, accordingly, tin 

response to Fe/haem. Besides these three species, the remaining bacteria in the Firmicutes phylum 

showed no significant changes in the abundance when tested (p>0.05). Roseburia faecis showed the 

greatest reduction with a 98.2- and 2.41-fold decrease in the control and +Fe/haem regime, 

respectively, reducing in abundance from 0.82 to 0.01 and 0.34%, respectively, at t24. Clostridales sp 

and Ruminococcus sp also showed substantial decreases, particularly in the control, whereby the 

relative abundance of the former species was reduced by 10.4-fold while the latter decreased by 

11.8-fold, reducing in abundance from 2.50 to 0.24% and from 0.88 to 0.08%, respectively. The iron 

regime showed a more modest reduction of 1.18-fold for Clostridales sp and 1.33-fold for 

Ruminococcus sp. The rest of the species in the Clostridales order dosplayed more modest decreases 

(in both regimes) of 1.25- to  6.50-fold in the control and between 1.10- to 2.46-fold in the 

+Fe/haem regime. Of the 11 species in the Clostridales order, 3 (Dialister sp, Ruminococcaceae sp 

and Ruminococcus bromii) showed a negligible reduction growth in the presence of iron/haem while 

the rest of the other 8 species benefitted from the additional iron as shown by their higher 

abundance in the iron regime as compared to the control. Roseburia faecis showed the greatest 

increase (40.7-fold) while the remaining 7 species showed an increase of up to 8.82-fold induced by 

iron/haem. As for the bacteria in the Erysipelotrichales order, all species showed an increase in their 

abundance over time. Erysipelotrichaceae sp displayed the greatest increase with 1.76- and 3.76-fold 

increases for the control and +Fe/haem regime, respectively, increasing its abundance from 0.52 to 

0.92 and 1.97%, respectively, at t24. Catenibacterium sp, on the other hand, showed a 2.12- and 

1.44-fold increase for the control and +Fe/haem regime, respectively, while Eubacterium biforme 

showed a 1.76- and 1.50-fold increase for the same regimes. The presence of iron/haem benefitted 

Erysipelotrichaceae sp only whereby a 2.14-fold enhanced abundance was achieved compared to the 

control. Catenibacterium sp and Eubacterium biforme showed a 1.48- and 1.17-fold reduced growth 

when iron/haem was provided.  
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For the Proteobacteria phylum, both species showed an increase in both regimes over time. 

Enterobacteriaceae sp showed a greater increase compared to Sutterella sp with a 3.59- and 2.75-

fold increase in the control and +Fe/haem regime, increasing in abundance from 0.17 to 0.60 and 

0.46%, respectively. Sutterella sp increased 2.09- and 2.53-fold, respectively, reaching an abundance 

of 0.53 and 0.64% (from 0.25%), respectively. The presence of iron/haem enhanced the abundance 

of Sutterella sp by 1.21-fold but reduced that of Enterobacteriaceae sp by 1.30-fold.  

3.5 Comparison between Flow-FISH and NGS 

Both Flow-FISH and NGS have their advantages and disadvantages in enumerating the bacteria 

present. Flow-FISH gives the exact number of bacterial cells present but it is highly dependent on the 

specificity of the probes used. NGS on the other hand gives a more detailed information regarding 

the bacteria at various taxonomic levels, but the PCR step involved in amplifying the DNA can 

introduce bias, causing overestimation or underestimation of the bacteria, and depends on 

equivalent extraction of DNA from all species present. A comparison between results obtained by 

the two methods is presented in tables 3.6 and 3.7. The absolute numbers in NGS were obtained by 

multiplying the relative abundance with the total bacterial counts at t0 or t24. The relative 

abundance for Flow-FISH was obtained by dividing the bacterial numbers of a particular bacterial 

group over the total bacterial number to obtain the percentage value. 

Table 3.6 Comparison between the results obtained from NGS and Flow-FISH at phylum level. 
Results were derived from table 3.2 and 3.4. The values were expressed in relative abundance and 
absolute numbers for comparison.  

 

Phylum 

NGS Flow-FISH 

 
t0 

t24 
t0 

t24 
 

 Control Fe Control Fe 

Relative 
abundance 

(%) 

Actinobacteria 0.16 0.30 0.86 19.86 52.80 38.81 

Bacteroidetes 44.39 66.19 57.18 6.95 20.52 31.44 

Firmicutes 53.63 31.20 39.54 61.49 25.17 27.70 

Proteobacteria 0.48 1.14 1.12 11.71 1.50 2.05 

Absolute 
number 
(cells/ml 
medium) 

Actinobacteria 3.54E+06 7.27E+06 1.75E+07 2.07E+08 1.41E+09 1.23E+09 

Bacteroidetes 9.65E+08 1.58E+09 1.16E+09 7.24E+07 5.50E+08 9.97E+08 

Firmicutes 1.17E+09 7.46E+08 8.00E+08 6.41E+08 6.74E+08 8.78E+08 

Proteobacteria 1.05E+07 2.71E+07 2.28E+07 1.22E+08 4.02E+07 6.51E+07 
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The Flow-FISH data were converted to relative abundance for comparison with the NGS results. The 

bacteria were compared at phylum level to enable their comparison. As seen from table 3.6, 

Actinobacteria were substantially higher in the Flow-FISH at all time points as compared to NGS 

data, while Bacteroidetes were higher in NGS data as compared to the Flow-FISH data. 

Table 3.7 Comparison between the results obtained from NGS and Flow-FISH at genus/species 
level. Results were derived from table 3.2 and 3.4. The values were expressed in relative abundance 
and absolute numbers for comparison.  

 

Probe 
Corresponding 

bacteria 

NGS Flow-FISH 

 
t0 

t24 
t0 

t24 
 

 Control Fe Control Fe 

Relative 
abundance 

(%) 

Bif164 Bifidobacterium 0.04 0.27 0.77 19.23 41.00 35.74 

Bac303 Bacteroides 24.86 18.21 20.27 6.95 20.52 31.44 

Lab158 Lactobacillus 0.15 7.24 5.68 0.33 1.11 1.10 

Rrec584 Roseburia 0.82 0.01 0.34 6.48 2.85 5.17 

Fprau655 
Faecalibacterium 
prausnitzii 

17.88 2.75 7.50 27.27 11.13 9.67 

Absolute 
number 
(cells/ml 
medium) 

Bif164 Bifidobacterium 7.64E+05 6.43E+06 1.57E+07 2.00E+08 1.10E+09 1.13E+09 

Bac303 Bacteroides 5.41E+08 4.35E+08 4.10E+08 7.24E+07 5.50E+08 9.97E+08 

Lab158 Lactobacillus 3.37E+06 1.73E+08 1.15E+08 3.48E+06 2.97E+07 3.49E+07 

Rrec584 Roseburia 1.78E+07 1.99E+05 6.86E+06 6.76E+07 7.62E+07 1.64E+08 

Fprau655 
Faecalibacterium 
prausnitzii 

3.89E+08 6.58E+07 1.52E+08 2.84E+08 2.98E+08 3.06E+08 

 

Firmicutes levels were comparable between the two methods, while Proteobacteria levels were 

higher at t0 in the Flow-FISH data but the abundance at t24 was similar for both methods. As for 

comparison with the specied specific probes (table 3.7), only Bif, Bac, Lab, Rrec and Fprau were 

selected as the corresponding bacteria can be found in NGS while the bacteria for the other probes 

were either too general (Clostridium) or unavailable (Ato, DSV). Bifidobacterium (Bif164) were 

substantially higher in the Flow-FISH at all time points with the biggest difference occurring at t0. As 

for Bacteroides (Bac303) and Faecalibacterium prausnitzii (Fprau655), both groups share a similar 

trend whereby the NGS data showed a higher abundance at t0 but the results for t24 (both control 

and iron regime) were modestly higher in the Flow-FISH data. Lactobacillus (Lab158) showed the 
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opposite trend as that seen for Bacteroides whereby the NGS data showed a lower abundance at t0, 

but a substantially higher value at t24 for both regimes as compared to Flow-FISH. Roseburia at t0 

showed a bigger difference between the two methods when calculated using relative abundance as 

compared to absolute numbers. At t24, the bacteria showed a substantially lower abundance (and 

bacterial numbers) in the NGS as compared to Flow-FISH, particularly in the control.  

3.6 Discussion 

As seen from tables 3.3 and 3.5, the presence of iron sulphate and haem affected the gut microbiota 

composition, as shown by the differences obtained between the control and iron regime, although 

none of these differences were significant. Gut model medium  contains a background iron 

concentration of 28 µM, mainly due to the presence of mucin and yeast extract. As for the +Fe/haem 

regime, 18 µM FeSO4 and 77 µM haemin were added to the medium, resulting in a total of 123 µM 

iron. Since bacteria only require 0.3 -1.8 µM of iron for optimal growth (Kim et al, 2009), the 

background iron concentration of the control is in excess and more than sufficient to support the 

growth of bacteria. This may explain why no significant differences were seen between the two 

regimes. Besides this, the pH in Hungate tubes was not regulated, unlike the controlled batch 

cultures and gut models whereby the pH is maintained within a specific range through the addition 

of acid and base. Bacteria display optimal pH ranges for growth and the lower pH achieved through 

the production of SCFAs favours the lactic acid bacteria such as Bifidobacterium and Lactobacillus 

species. These 2 bacterial groups showed the greatest increase over time, possibly due to their 

ability to tolerate low pH a reduced competition by other, acid-sensitive elements of the gut 

microflora. The changes in pH in Hungate tube will be discussed further in Chapter 4. Although use 

of Hungate tubes has limitations, mainly due to its inability to regulate pH, it can still be a quick and 

easy method for preliminary experiment. 

Interestingly, Roseburia faecis showed the greatest increase in both NGS and Flow-FISH when 

iron/haem was added to the medium, indicating that this species benefitted from the iron/haem 

added. Iron availability has been shown to affect the abundance of Roseburia whereby a very low 
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iron concentration resulted in a decrease in Roseburia (Dostal et al, 2013) and iron supplementation 

with Vitamin E significantly increased the abundance of Roseburia (Tang et al, 2017). The results 

obtained from this experiment are in agreement with the 2 publications whereby the presence of 

iron favoured the growth of Roseburia. Bacteroides, which has an absolute requirement for haem (or 

PPIX and iron) (Rocha et al, 2019), also showed an increase in the +Fe/haem regime as compared to 

the control. Results from both Flow-FISH and NGS showed an increase in total numbers and relative 

abundance of Bacteroides when iron/haem is present in the medium.  Lactobacillus, which has no 

requirement for iron (Archibald, 1983), showed a decrease in the iron regime possibly due to the 

increase in Bacteroides, causing a lower abundance in the +Fe/haem regime.  

Numerous techniques are available for the enumeration and identification of the gut microbiota 

(Fraher, O’Toole and Quigley, 2012), each with their own advantages and disadvantages. Culture-

based techniques were used for the identification of gut microbiota in 1990s (Fraher, O’Toole and 

Quigley, 2012), which is a relatively cheap approach but labour intensive and many of the members 

of the gut microbiota are unculturable (<30% of gut microbiota has been cultured). However, the 

culture-based technique is still useful for isolation and identification of any organisms of interest. 

qPCR (quantitative polymerase chain reaction) and FISH (Fluorescence in situ hybridization) are able 

to quantify the bacteria present in the given sample but are highly dependent on the specificity of 

the probe sequences utilised and are unable to detect unknown species (Fraher, O’Toole and 

Quigley, 2012). NGS (next generation sequencing) allow massively-parallel nucleotide sequencing 

16S rRNA gene amplicons at a lower cost and a faster rate as compared to traditional sequencing 

(Sanger sequencing) but suffers from drawbacks such as PCR bias which could underestimate or 

overestimate certain taxa and the identity of a given taxon depends on the availability of a 

corresponding reference genome. Although numerous studies on the gut microbiota use the 

abovementioned techniques (Collado et al, 2008; Kalliomäki et al, 2008; Zimmermann et al, 2010, 

Tang et al, 2017; Dostal et al, 2013; Jaeggi et al, 2014; Dostal et al, 2014), none of these studies had 

compared the results obtained between 2 different techniques, thus comparison between results 
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obtained from NGS and Flow-FISH was performed here (table 3.7). For the comparison between NGS 

and Flow-FISH data, as the two methods utilise different approaches for enumerating the bacteria of 

the gut microbiota, it is not surprising to find that the same result is not obtained for the two 

methods. NGS is able to detect all of the bacteria present and categorise them according to different 

taxonomic levels but it heavily relies on the information available on the database, proportion PCR 

amplification, and equivalent yield of DNA from each species. Flow-FISH on the other hand relies on 

the specificity of the probe used to detect the bacteria and the recovery of bacteria in single form 

suitable for detection by flowcytometry. Using the Bacteroidetes phylum as an example, Bacteroides 

is the only bacteria indicated in that phylum by Flow-FISH, whereas Prevotella is also detected in 

NGS. This may help to explain the discrepancies in data presented by NGS and Flow-FISH at phylum 

level (table 3.6). Similarly, for the Firmicutes phylum, only probes for the bacterial groups of interest 

were used (while NGS provides data for all the bacteria present within that phylum) causing an 

underestimation of bacteria in the Flow-FISH as compared to NGS.  

In summary, the addition of ferrous sulphate and haem had no significant effect on the gut 

microbiota, although there were changes in abundance that may become significant with sufficient 

replicates. Indeed, this is the major advantage of the Hungate method – the capacity to deploy 

multiple replicates to enhance the potential to detect significant changes. In addition, the iron 

concentration in the control was sufficient to support growth of the microbiota, which would also be 

expected to contribute to the lack of significant difference obtained between the control and the 

+Fe/haem regime. In addition, because pH of the medium was not regulated, the anticipated 

decrease in pH over time may affect the composition of the gut microbiota, which would further 

complicate the results obtained but would not be expected to result in failure of iron regime to 

cause a change in microbiota composition. The use of a 1% final inoculum may also be too high such 

that the growth of the microbiota is hindered, leading to small changes in the total bacterial counts 

(table 3.1). Similar results have been reported in batch cultures using the same protocol (Khalil et al, 

2014, Costabile et al, 2014; Beards, Tuohy and Gibson, 2010). In order to address these issues, future 
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experiment in the later chapters (chapter 5, 7 and 8) will be conducted in a pH regulated batch 

culture using a 0.1% final inoculum.   
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Chapter 4: The use of buffer to regulate the pH in Hungates tube 

4.1 Introduction 

The gut microbiota produces SCFAs as metabolic end products which can lower the pH of the 

surrounding medium, thus creating an acidic environment over time which can be unfavourable for 

some bacterial species. Unlike the single vessel batch cultures or the three-stage gut model which 

use HCl and NaOH to regulate the pH, keeping the pH of the medium within the desired range of pH 

5.5. 2-(N-morpholino)ethanesulfonic acid (MES) is one of the Good’s buffer with a useful pH range of 

5.5 to 6.7 and a pKa of 5.97 at 37°C. Here, an experiment is conducted using Hungate tubes over 48 

h with constant sampling in between. Faecal slurry (1%), 5ml and 5 ml of either 1, 2, 3 M MES (pH 

5.5) or 1 ml of sterile water (control) were added to 40 ml of gut model medium to achieve a final 

concentration of 0.1, 0.2 or 0.3M buffer. The impact of autoclaving and the pH of medium at t0 on 

the overall pH changes was also investigated to determine whether an initial pH change would affect 

the efficiency of the buffer.  The aim was to determine whether buffered Hungate tubes could be 

used to perform high throughput studies on the gut microbiota under a stable pH regime. 

4.2 Effects of buffer on pH changes 

A change in pH of the environment will affect the composition and growth of the bacteria. Thus, it is 

important to keep the pH within strict limits. MES was used to restrict pH changes throughout the 

experiments with an increasing concentration. Regardless of the presence of buffer, all samples 

showed a similar trend, indicating similar growth responses (Figure 4.1). Addition of MES buffer 

lowered the pH of the medium to 5.98-6.06 from an initial pH of 7.48. There was a constant drop in 

pH for the first 8 h of the experiment followed by a steady, but more slight increase towards 24 h for 

all MES samples. The samples subsequently showed a decrease, on average, to t36 followed by an 

increase towards the end. The negative control on the other hand showed a sharp decrease at t4 

(from pH 7.35 to 4.68) and a further decrease towards t8 (pH 4.59). It then showed an increase to 

t24 and levelled off to roughly pH 4.9. All samples have the lowest pH at t8 with control being the 

lowest, followed by 1, 2 and 3 M MES (pH 4.82, 5.04 and 5.53 respectively). At the end of the 
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experiment (t48), only 2 and 3 M MES were able to maintain the pH within the range desired with 

pH 5.43 and 5.59 values achieved, accordingly. The control and 1 M conditions, which had pH values 

of 4.96 and 5.02, were well below the lower limit of the desired range. The presence of MES was 

able to maintain pH within the range wanted and there is a noticeable effect with an increase in 

concentration of the buffer (Figure 4.1). The higher the concentration, the nearer the pH towards 

the range wanted. Although MES buffer showed better pH control, only 3M was able to maintain the 

pH within the 5.4-5.6 range throughout the experiment. As compared to MES buffer, tubes without 

buffer showed lowest pH among all samples, with pH lower than pH 5 throughout the experiment, 

clearly showing the beneficial effect of MES buffer on restricting pH changes.  

 

Figure 4.1 Changes in pH over 48 h with 1-3 M MES buffer. pH of the medium was not adjusted 
prior to autoclaving. The initial pH indicates the pH of the medium before the addition of MES or 
water (control) with a pH of 7.48. t0 shows the pH after the addition of the buffer or water. The red 
lines indicate the desired pH range (5.4-5.6) corresponding to that of the ascending colon. Results 
shown are the mean of 3 subjects.  
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Figure 4.2 Changes in pH over 48 h with 1-3 M MES buffer, with pH adjustment before autoclaving. 
The pH of the medium was adjusted to 5.5 prior to autoclaving. The initial pH indicates the pH of the 
medium before the addition of MES or water (control) with a pH of 5.9. t0 shows the pH after the 
addition of the buffer or water. The red lines indicate the desired pH range (5.4-5.6). Result shown 
was the mean of 3 subjects. 
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were close to one another, with pH ranging from 5.49 to 5.84. There was a decrease in pH from t0-t8 

and a steady increase till t24 and finally a levelling off. Unbuffered samples had the lowest pH 

among all, with lowest pH of 4.05 at t8 and an average pH of 4.3 which is about 1.2 units lower than 

the intended range. There is an increase in MES efficiency with concentration, an observation similar 

to the one in Figure 4.1. Compared to the negative control, the lowest pH achieved by the buffered 

samples was at t8:4.29, 4.63 and 4.81, for 1, 2 and 3 M MES, respectively. Although no samples were 

able to maintain the pH of the medium within the range wanted, 3M MES showed the closest with a 

final pH of 5.24, followed by 2 and 1 M with 4.96 and 4.62 respectively. Unbuffered medium had the 

lowest pH of all samples with a pH of only 4.31. This clearly shows MES is able to prevent large pH 

changes in the medium compared to unbuffered media. 

4.3 Effects of initial pH on overall pH changes 

 

Figure 4.3 Changes in pH over 48 h with 3 M MES buffer when initial pH of medium was adjusted 
to 5.5-8 prior to buffer addition. All conditions contain 300mM final concentration MES buffer (pH 
5.5) from t=0 onwards. At t-1, the pH of the medium after autoclaving is shown (either adjusted to 
pH 5.5-8, or non-adjusted); t0 indicates the pH after the addition of the 0.3 M MES buffer. The red 
lines indicate the desired pH range (5.4-5.6). Results shown are the mean of 3 subjects. 
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growth. Thus, one of the interesting observation is that the initial pH of the medium has an 

important effect on the final pH obtained. Thus, a range of different initial pH values was examined 

to determine the effect on subsequent pH changes using 3 M MES. Similar trends in pH change 

occurred across all samples regardless of their initial pH, indicating similar bacterial growth effects to 

the medium pH. All conditions had a similar starting pH (t0) between 5.86-6.06 upon addition of 

buffer. There was an initial drop from t0 to t8 and a steady increase towards t48. pH was lowest at t8 

across all conditions with the ‘pH 5.5 condition’ achieving the lowest pH of 4.81 while conditions 

starting at pH 6.5, 7 and 7.5, and the non-pH-adjusted sample had values of 4.87, 4.96, 5.05, 5.11 

and 5.3 accordingly. At the end of the experiment (t48), only the non-adjusted sample and the pH 8 

condition are within the desired range with pH 5.59 and 5.44 respectively. For pH conditions 5.5, 6.5, 

7 and 7.5, at the end of the experiment the pHs were 5.24, 5.15, 5.26 and 5.33 which were slightly 

below the lower limit of the range. As mentioned before, the initial pH has an effect on the overall 

pH change over 48 h as shown in Figure 4.2. From the Figure, the higher the initial pH, the closer the 

pH is towards the desired range. Although 3 M MES caused the starting pH to be similar at the start 

of the experiment (t0), a higher initial pH is better at restricting pH fluctuations to within the desired 

range during growth. An initial pH of 7.48 (non-adjusted sample) was able to maintain the pH within 

the range throughout the experiment with the lowest pH occurring at t8 while sample 5.5 had the 

lowest value among all other samples, further suggesting an effect of the initial medium pH.   

4.4 Effects of buffer on bacterial number 

To determine whether control of medium pH with MES had an impact on growth, Flow-FISH was 

used to estimate total bacterial numbers at each time point for Figure 4.1 (Figure 4.4). The results 

showed that there is a difference in growth between the presence and absence of buffer. It is 

evident that although there is an increase in bacteria number, MES is able to prevent pH changes as 

compared to the negative control which showed a larger drop in pH as bacteria number increases at 

t12.  
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Figure 4.4 Bacterial growth over 24 hours with and without the presence of 3 M MES buffer (pH 
5.5). pH of the medium was not adjusted prior to autoclaving and had a mean initial pH of 7.48. 
Bacterial counts are the mean of 3 subjects and error bars represents mean ± SD. No significant 
difference is seen between the regimes. Data corresponds to that in Figure 4.1.   
 

A lower starting bacterial number is observed in the buffered medium compared to the negative 

control with 1.4x109 vs 1.1x109 cell/ml medium. The presence of buffer affected the growth 

response. Bacteria in the buffered medium grew steadily and peaked at t12, followed by a decrease 

towards the end. The negative control on the other hand showed an increase and peaked at t8 

which then dropped in number and increased again towards t24. At its peak, the buffered medium 

has a total of 7.4x109 cells/ml medium compared to the negative control which only has 6.3x109 

cells/ml medium, roughly 1.2-fold higher. At the end of the experiment (t24), the control had a 

higher bacterial count compared to the buffered medium with 4.83x109 and 3.55x109 cells/ml 

medium, respectively.   
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Figure 4.5 Bacterial growth over 24 hs with and without 3 M MES buffer (pH 5.5). pH of the 
medium was adjusted to 5.5 prior to autoclaving with a mean initial pH of 5.9. Bacterial counts are 
the means of 3 subjects and error bars represents mean ± SD. No significant difference is seen 
between the regimes. Data corresponds to that in Figure 4.2.   

 

When the initial pH was lowered, there was an increase in bacterial counts compared to the results 

above where there was a higher starting pH as shown in Figure 4.4 and 4.6. In addition, the two 

conditions showed a different growth response, as seen with the higher initial pH. By lowering the 
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(Figure 4.3) but the MES samples still had lower counts than the control at t0. Negative control 
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 cells/ml medium. 
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condition (Figure 4.4). Both showed a constant increase towards t12, followed by a decrease in 

bacterial counts. The negative control showed a steady rise from the start towards t8 and 

subsequently declining towards t24. The unbuffered condition had a higher bacteria count at early 

stages but was overtaken by the buffered condition after t8 when the bacterial numbers started to 

drop.     
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At its peak, the buffered medium had roughly 1.1-fold more bacterial counts with respect to the 

control with 8.53x109 against 7.71x109 cells/ml medium, showing an effect of the buffer on the 

bacterial growth. At t24, the buffered condition had a higher bacterial count compared to the 

negative control with final bacterial counts of 7.84x109 and 5.8x109 cells/ml medium, respectively 

(~1.4-fold higher).   

 

Figure 4.6 Bacterial growth over 24 hours with the presence of 3 M MES and different initial pH. 
pH of the media was either non adjusted or adjusted to 5.5, 6.5, 7, 7.5 and 8 prior to autoclaving. 
Bacterial counts are means of 3 subjects and error bars represents mean ± SD. No significant 
difference is seen between the regimes. Data corresponds to that in Figure 4.3.   
 

As seen from previous results (Figure 4.4; Figure 4.5), the initial pH of the medium has an effect on 

the growth of the microbiota in Hungate tubes. Also, the starting pH has a major impact on the pH 

observed during subsequent growth of the microbiota (Figure. 4.3). To determine if this had an 
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initial pH values. From Figure 4.6, it is clear that initial pH has an influence on the overall growth of 

the bacteria.  

At the start of the experiment (t0), the non-pH-adjusted conditions (Figure 4.4) had the lowest 

bacterial counts with only 1.09x109 cells/ml medium compared to buffered conditions which had an 

average of 2.03x109 cells/ml medium (Figure 4.5), nearly twice as much with respect to the non pH 

adjusted conditions. The pH 7 condition has the highest initial bacterial counts with 2.34x109 cells/ml 

medium, followed by the pH 8 and 5.5 conditions, at 2.17x109 and 2.04x109 cells/ml medium, 

respectively. 

The non pH adjusted condition and the pH 5.5, 6.5 and 7.5 conditions had similar growth patterns 

with an increase from t0 to t12 and a decrease towards the end. The pH 7 and 8 conditions both 

showed drops in number partway through the growth experiment, followed by a subsequent 

increase. Bacterial counts peaked at t12 for all samples with the exception of the pH 7 condition 

which peak at t8. The pH 8 condition had the highest bacterial number among all conditions at its 

peak with 9.57x109cells/ml medium, followed closely by the pH 6.5 condition with 9.21x109 cells/ml 

medium while the pH 7 condition had the lowest bacterial counts with only 6.06x109 cells/ml. The 

pH 5.5, 7.5 and non pH adjusted conditions have a peak bacterial counts of 8.53x109, 7.92x109 and 

7.4x109 cells/ml medium, accordingly.  

At the end of the experiment, the pH 5.5, 7.5 and 8 conditions had relatively high bacterial counts at 

7.84x109, 7.5x109 and 7.46x109 cells/ml medium, respectively. The unadjusted samples had the 

lowest bacterial counts with 3.55x109 cells/ml medium.  

4.5 Discussion 

In vitro studies of the human gut are often conducted using flow fermenters or bioreactors. These 

vessels can be used individually to simulate specific regions of the colon or several vessels can be set 

up in parallel to simulate different region of the entire colon, thus mimicking the whole human 

colon. The use of flow fermenters or bioreactors has an advantage over in vivo studies in that it gives 

the investigators better control of the environment and the media as well as the ability to test a 
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wide range of substrates. However, setting up the vessels is time consuming and it requires constant 

monitoring to ensure the conditions are suitable for bacterial growth.  

The use of Hungate or Falcon tubes provides an easier alternative to the vessels in that they are 

easier to set up and multiple tubes can be set up in one setting, giving the ability to test multiple 

samples in one go. The volume required in these tubes is far less than that in the vessels, typically 

10-50 ml compared to 150 ml typical for gut culture vessels. This allow the investigators to use 

smaller amount of the test substrates rather than a huge amount needed in the vessels. The 

disadvantage of using Hungate or Falcon tubes is that they are not pH regulated compared to the 

vessels which use acid and alkali as pH regulators. In addition, the tubes are static as compared to 

the vessels which have individual stirrers in them but this can be easily overcome by placing the 

tubes on a shaker or a roller.   

It is evident that SCFAs produced as a metabolic end product of bacteria lowers the pH of the 

medium and it can have an effect on the bacteria composition (Walker et al, 2005; Duncan et al 

2009). Thus, using the tubes as an alternative may be subject to the effect of pH, subsequently 

affecting the bacterial composition and masking the effect of test substrate. The use of MES buffer 

can restrict pH fluctuation, thus eliminating the effect of pH on the gut microbiota. Another benefit 

of using buffer as a pH regulator is that it produces a closed system which limits the entry of 

unwanted compounds into the medium through base/acid titration, and this is particularly 

important in experiment involving micronutrients. The use of acid and alkali can introduce excess 

micronutrients to the medium over time, thus affecting growth of bacteria in response to 

micronutrients.  

MES is one of the Good’s buffer developed by Norman Good and colleagues with the aim of 

providing buffers that work well between pH 6 and 8 to be used in biological research (Good et al, 

1966). It is a zwitterionic amino acid with N-substituted taurines and has a pKa of 6.1 (25°C) or 5.97 

(37°C). The addition of buffer is able to maintain the pH of the samples within the range of the 
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proximal colon (pH 5.4-5.6), indicating the possible use as a pH regulator in Hungate tubes. However, 

the initial pH of the medium has an effect on the ability of the buffer to maintain the pH within the 

desired range. A higher initial pH is better at maintaining the pH within the range compared to a 

lower initial pH. One possible explanation is that at high initial pH, more conjugated base is 

produced and thus are better at restricting pH changes caused by the production of SCFAs, hence 

have the ability to maintain the pH within the range wanted throughout the experiment (Figure 4.3). 

When the initial pH of the medium was adjusted to 5.5, the buffer would remain undissociated. 

Thus, when the pH of the medium is lowered as a result of increased SCFA concentration, the buffer 

is not as effective in maintaining the pH, resulting in a drop in pH as seen in Figure 4.2. 

Faecal slurry was added to the medium to create a ‘master mix’ prior to aliquoting into individual 

tubes to ensure even distribution of bacteria in all samples, followed by the addition of positive 

(MES buffer) and negative (water) controls. The initial bacterial counts of the buffered medium were 

lower compared to the control possibly due to pH shock experienced by the gut microbiota when 

they are moved from the faecal slurry to the medium. Faecal slurry has a more alkaline pH compared 

to the gut model medium. Thus, some bacteria may lyse as a result of the shock. In addition, MES 

buffer was added after inoculating the medium with the gut bacteria, which further lowers the pH of 

the medium to around pH 5.5, causing the bacteria to experience a second pH shock, potentially 

leading to more bacterial lysis. Together, this results in a decrease in initial bacterial number.  

Based on the results obtained, adjusting the pH of the medium to around pH 8 and providing MES at 

3M gives the best overall result. Although non-pH-adjusted medium showed better growth over 

time, it had very low bacterial number possibly due to a bigger shock experienced by the bacteria 

moving from a very high pH to low pH. Adjustment to pH 8 resulted in a reasonable bacterial 

number and bacterial growth as well as a pH closer to the range wanted.  

However, the use of a single vessel batch culture or a three stage gut model would give a more 

desirable (controlled) condition for future experiments.  They would also avoid the addition of any 
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strong buffer that might influence the microbiota and additionally deliver trace metals.  Thus, 

although the preliminary experiments above with buffered medium in anaerobic Hungate tubes 

gave promising results in terms of pH control and overall growth. Further work is required to 

determine to what degree the microbiota composition is affected with respect to that obtained 

using traditional, pH regulated batch cultures.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



131 
 

Chapter 5: Effect of iron on the gut microbiota using single-stage batch cultures 

5.1 Introduction 

In the experiment reported in this chapter, the aim was to determine the effect of different forms of 

iron on the gut microbiota rather than the effect of different levels of iron. Thus, a gut model 

medium depleted of iron was used for the selective addition of desired forms of iron. The 

preliminary analysis (chapter 3) on the effect of haem/iron supplementation on the gut microbiota 

was performed using Hungate tubes without pH control. Although haem/iron dependent changes in 

composition were observed, these were not significant. In order to more fully determine how the 

different forms of iron (haem and FeSO4) impact on the composition of gut microflora, a pH 

controlled single vessel batch culture was employed over 48 h, using faecal inocula (0.1% w/v final 

concentration) from four healthy subjects (2 male and 2 females, age 27-40) representing four 

biological replicates. The gut model medium used contained either no added iron (control; 28 µM 

residual iron), haem (77 µM), FeSO4 (18 µM) or both 77 µM haem and 18 µM FeSO4.  

5.2 Impact of iron on the bacterial numbers 

Following the completion of the batch cultures, samples collected were analysed for total bacterial 

numbers by Flow-Fish (section 2.4); the results are presented in Figure 5.1 below. 

As seen from Figure 5.1, the microbiota showed a different response to the forms of iron provided 

(haem or FeSO4). Total bacteria number increased over time in all cases, however, bacteria in the 

haem-containing medium showed a slower growth rate compared to the non-haem containing 

condition, which was particularly apparent at 12 h.  

Table 5.1 Total bacterial numbers at each time point and the fold difference against t0. Data are 
derived from Figure. 5.1 (see Figure 5.1 for details).  

Regime 
Bacterial counts (cells/ml medium) Fold Difference 

t0 t12 t24 t36 t48 t12/t0 t24/t0 t36/t0 t48/t0 

Control 1.49E+07 2.91E+08 3.99E+08 4.7E+08 4.21E+08 19.55 26.86 31.61 28.30 

Haem 9.57E+06 1.17E+08 2.78E+08 3.13E+08 4.19E+08 12.24 29.10 32.70 43.75 

FeSO4 1.11E+07 2.88E+08 3.91E+08 4.46E+08 4.2E+08 25.92 35.17 40.15 37.75 

Haem & 
FeSO4 

1.24E+07 1.02E+08 3.43E+08 3.38E+08 4.11E+08 8.28 27.73 27.30 33.19 
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Figure 5.1 Effect of iron regime on total bacterial counts. Total bacterial counts for each iron regime 

were determined by Flow-FISH using Eub I-II-III probes. Each bar indicates a different regime: blue 

(control), orange (haem), grey (FeSO4) and yellow (haem & FeSO4). Bacterial counts are expressed as 

cells/ml medium. Results are average of 4 subjects and error bars represent SD. One-way Anova with 

Tukey Post Hoc was employed for statistical analysis. No significant difference was seen (p>0.05). 

 

In the absence of haem, total bacterial growth was faster with higher numbers observed at 12-36 h 

with respect to the haem-containing condition, and a peak growth at t36 followed but a decline at 

48 h. In the presence of haem, total bacteria gradually, but more slowly, increased to reach a 

maximum at t48. Importantly, the haem-containing condition showed lower bacterial counts at t12, 

t24 and t36 compared with the non-haem containing growth (control and FeSO4 only). At t48, all 

four conditions showed similar cell counts with no significant difference between them (p>0.05). 

Although the control and FeSO4-containing conditions showed higher bacterial counts than the 

haem-containing conditions (haem and both haem & FeSO4) at t12, t24 and t36, total bacteria 

numbers were not significantly different from one another when tested statistically.  
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When no iron was present, the control showed a 19.6-, 26.7-, 31.6- and 28.3-fold increase for t12, 

t24, t36 and t48 respectively. The bacterial counts increased from an initial 1.49x107 cells/ml 

medium to 2.91x108 at t12, 3.99x108 at t24, followed by 4.7x108 at t36 and finally 4.21x108 cells. 

When both forms of iron were included (haem & FeSO4), there was an 8.28-, 27.7-, 27.3- and 33.2-

fold increase for the same period of time. The vessel contained 1.24x107 cells/ml medium initially, 

which then increased to 1.02x108
 cells 12 hours later and subsequently 3.43x108 at t24. The bacterial 

counts dropped slightly to 3.38x108 at t36 but continued to increase to 4.11x108 at t48. When haem-

only was added to the medium, the bacterial numbers increased 12.2-, 29.1-, 32.7-and 43.8-fold 

from t12 to t48. The number of cells increased from 9.57x106 at t0 to 1.17x108 at t12 and 2.78x108 at 

t24. The bacterial counts continued to rise to 3.13x108 at t36 and finally peaked at 4.19x108 cells/ml 

medium at t48. When FeSO4-only was included, relatively strong growth was observed. The bacterial 

counts increased 25.9-, 35.2-, 40.2- and 37.8-fold from t12 to t48. The bacteria in the FeSO4 vessel 

gradually increased from 1.11x107 cells/ml medium at t0 to 2.88x108 at t12, followed by 3.91x108 

cells at t24. The bacteria number peaked at t36 with 4.46x108 cells and subsequently showed a slight 

drop to 4.2x108 cells/ml medium at t48. 

Table 5.2 Fold difference between different iron regimes against the control. Data are derived from 
Figure. 5.1.  

Regime 
Fold Difference 

t12 t24 t36 t48 

Haem/Control 0.40 0.70 0.67 1.00 

FeSO4/Control 0.99 0.98 0.95 1.00 

Haem & FeSO4/Control 0.35 0.86 0.72 0.98 

 

In order to further determine the effect of iron on the total number of bacterial cells, the cell 

numbers in the iron regimes were compared with those obtained in the control (table 5.2). As seen 

from table 5.2, the presence of iron caused a slight decrease (non significant) in the total bacterial 

counts of up t 1.05 fold, but at t48 all the regimes showed comparable counts with the control. 

However, the presence of haem caused a larger decrease compared to FeSO4. The bacterial number 

showed the biggest decrease at t12 with the addition of haem whereby the total number in the 
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haem only and haem & FeSO4 regime was 2.48- and 2.84-fold lower than the control, respectively. At 

t24 and t36, both haem-containing regimes showed a smaller decrease with the haem-only regime 

having a 1.43- and 1.50-fold reduction compared to the control while the haem & FeSO4 regime 

which was reduced by 1.16- and 1.39-fold with respect to the control. The results thus suggest that 

the inclusion of ferrous sulphate partly reversed the negative impact of haem on growth, although it 

should be pointed out that the effects observed are not significant. 

5.3 Impact of iron on the composition of the gut microbiota 

5.3.1 Impact of iron on the composition of gut microbiota at phylum level 

To determine whether the iron regimes employed had any impact on the relative abundance of the 

gut microbiota population composition, particularly under conditions where iron causes a lower 

growth than the control, 16S rRNA gene amplicon NGS analysis was performed. From the 48 samples 

(at 0, 24 and 48 h only) thus analysed, a total 740,392 reads were assigned to OTUs with an average 

of 20,566 reads per sample.  

 

Figure 5.2 Composition of gut microbiota at phylum level. The gut microbiota is classified at phylum 
level for all the iron regime (control, haem only, FeSO4 only and haem & FeSO4) at both t24 and t48. 
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Table 5.3 Relative abundance of different bacterial groups at phylum level. The relative abundance 

of different bacterial groups at t0, t24 and t48 and they are expressed as a percentage of the total 

microbial community profile. The results are the average of 4 subjects. One-way Anova with 

Bonferroni Post Hoc has been employed for statistical analysis. Values in bold indicates significant 

difference (p<0.05) with respect to t0 time point.  

Phylum t0 
Control Haem FeSO4 Haem & FeSO4 

t24 t48 t24 t48 t24 t48 t24 t48 

Actinobacteria 0.04 3.85 4.28 3.68 4.25 1.61 0.61 1.80 1.78 

Bacteroidetes 63.56 24.67 5.28 15.87 11.63 26.96 22.25 20.99 23.52 

Firmicutes 30.77 46.98 66.09 61.70 67.69 56.80 68.15 59.81 64.42 

Proteobacteria 2.12 20.41 21.86 17.30 14.71 10.90 6.70 15.14 8.61 

N/A 3.47 4.08 2.49 1.45 1.72 3.73 2.29 2.25 1.67 

 

Table 5.4 Fold changes in abundance at phylum level with respect to t0. Fold changes of the 

bacteria at phylum level at t24 and t48 compared to t0. Data derived from table 5.3. One-way Anova 

with Bonferroni Post Hoc has been employed for statistical analysis. Values in bold indicate 

significant difference (p<0.05) with respect to t0 time point.  

Phylum 
Control Haem FeSO4 Haem & FeSO4 

t24/t0 t48/t0 t24/t0 t48/t0 t24/t0 t48/t0 t24/t0 t48/t0 

Actinobacteria 103.23 114.75 98.66 114.13 43.26 16.26 48.28 47.87 

Bacteroidetes 0.39 0.08 0.25 0.18 0.42 0.35 0.33 0.37 

Firmicutes 1.53 2.15 2.01 2.20 1.85 2.21 1.94 2.09 

Proteobacteria 9.64 10.32 8.17 6.95 5.14 3.16 7.15 4.07 

 

As seen from table 5.3, Bacteroidetes and Firmicutes made up the majority of the gut microbiota at 

t0 with a relative abundance of 63.6 and 30.8%, respectively, while Proteobacteria and 

Actinobacteria only contributed 2.12% and 0.04%, respectively. Bacteroidetes is the only phylum 

that showed a decrease throughout all the conditions tested while the other phyla increased in their 

relative abundance at the expense of Bacteroidetes. Bacteroidetes showed the biggest decrease 

when iron was absent (control) with a drop of 2.58- and 12.0-fold at t24 and t48, respectively, 

reducing in abundance to 24.7% and 5.28%. When iron was added to the medium, Bacteroidetes 

continued to show a decrease in relative abundance but to a lesser extent, with an average decrease 

of 3.15-fold across all iron-containing conditions. The haem-only condition showed a lower relative 

Bacteroidetes abundance than the FeSO4-only and haem & FeSO4 conditions indicating that although 

haem caused a small increase in Bacteroidetes relative abundance, FeSO4-only and haem & FeSO4  
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gave a greater increase. For the Bacteroidetes phylum, only t48 of the control and the haem-only 

regime showed a significant difference (p<0.05) between regimes while the differences in the other 

time points in all regimes were not significant when tested statistically (p>0.05). Firmicutes overtook 

Bacteroidetes to become the dominant phylum in all the regimes tested. The addition of iron and/or 

haem had little impact on Firmicute levels at 48 h with an average increase of ~2-fold seen under all 

conditions. However, at t24 the addition of FeSO4 increased Firmicute levels slightly with respect to 

the control (1.53 versus 1.85 fold increase); the haem conditions also showed higher Firmutes 

increases than the control at t24, but it should be noted that there was also a lower overall growth 

level at this time point in the presence of haem that could account for such differences.  

Although Actinobacteria showed a substantial increase in all the regimes, particularly in the control 

and haem-only media (average increases of 109- and 106-fold over time, respectively), the overall 

relative abundance of Actinobacteria was smaller  (<4.3%) than seen for the other phyla, thus the 

Actinobacteria made up only a small proportion of the entire population. Actinobacteria did not 

show any significant difference between regimes when tested statistically (p>0.05). However, the 

addition of FeSO4 (with or without haem) appeared to reduce the expansion of the Actinobacteria 

population by up to 7-fold.  The Proteobacteria showed an increase in all the regimes tested with the 

highest increase occurring in the control whereby it showed a 9.64- (t24) and 10.3-fold (t48) 

increase, increasing in relative abundance to 20.4% and 21.9%, respectively. However, the presence 

of iron resulted in a small increase in the Proteobacteria compared to the control, particularly in the 

FeSO4-only medium where the lowest increase among all the regimes was observed, with an average 

increase of just 4.15-fold over time. Among the iron-supplemented conditions, inclusion of haem-

only resulted in the biggest increase, although the increase observed was still less than that seen for 

the control.  
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Table 5.5 Changes in relative abundance between the iron-supplemented media compared to the 

iron deficient medium at phylum level. The abundance data for the iron regime (control, haem only, 

FeSO4 only and haem & FeSO4) were compared with the control (0 µM) at both t24 and t48. One-

way Anova with Bonferroni Post Hoc has been employed for statistical analysis. No significant 

difference is seen when tested statistically (p>0.05). 

Phylum 
Haem/Control FeSO4/Control Haem & FeSO4/Control 

t24 t48 t24 t48 t24 t48 

Actinobacteria 0.96 0.99 0.42 0.14 0.47 0.42 

Bacteroidetes 0.64 2.20 1.09 4.21 0.85 4.45 

Firmicutes 1.31 1.02 1.21 1.03 1.27 0.97 

Proteobacteria 0.85 0.67 0.53 0.31 0.74 0.39 

 

In order to determine the effect of iron on the growth of the bacteria, the relative abundance of the 

bacteria in the iron containing medium were compared to the control where no iron is present at 

t24 and t48 (Table 5.5). Both Actinobacteria and Proteobacteria showed a decrease in their relative 

abundance in the presence of iron, particularly when only FeSO4 was added to the medium, with 

Actinobacteria having a 2.39- (t24) and 7.06-fold (t48) lower growth than the control and 

Proteobacteria a 1.87- (t24) and 3.26-fold (t48) lower growth. Both phyla also share a similar trend 

whereby the reduction in abundance was bigger at t48 compared to t24. However, in the same 

regime (FeSO4 only), Bacteroidetes had the highest increase among all the iron regimes, increasing 

1.09- and 4.21-fold for t24 and t48, respectively, indicating that the presence of FeSO4 gave 

Bacteroidetes a growth advantage over the other phyla. When haem was present in the medium, 

Bacteroidetes displayed a slight decrease in relative abundance at t24 before increasing at t48. 

Bacteroidetes showed a 1.55- (haem only) and 1.18-fold (haem & FeSO4) lower relative abundance 

compared to the control at t24 but showed an increase of 2.20- and 4.45-fold, respectively, at t48. 

Although the presence of haem caused Bacteroidetes to decrease at t24, the addition of FeSO4 

reduced the degree of reduction at t24 and stimulated a bigger increase at t48. Firmicutes showed a 

modest increase in relative abundance in the presence of iron compared to the control with an 

average increase between 1.12- to 1.17-fold. In addition, Firmicutes showed a bigger increase in 

growth at t24 compared to t48 across all the iron regimes tested. Bacteroidetes and Firmicutes 
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showed an increase in their relative abundance in all the regimes tested compared to the control, 

indicating that the presence of iron enhances their growth.  

5.3.2 Impact of iron on the composition of gut microbiota at species level over time 

In order to determine the effect of the iron on the gut microbiota at a lower taxonomic level, the 

composition of the microbiota was analysed at species level to provide a clearer view of the impact 

of iron. A total of 30 major species were identified: 2 from Actinobacteria, 8 from Bacteroidetes, 18 

from Firmicutes and 2 from Proteobacteria. 

Table 5.6 Effect of iron regime on relative abundance at the species level. The relative abundance 

of bacterial groups within the gut microbiota at species levels is indicated at t0, t24 and t48. The 

colour indicates the different regime: Control (orange), Haem only (yellow), FeSO4 only (green) and 

Haem & FeSO4 (grey). Data are expressed as a percentage of the total microbial community profile. 

The results are the average of 4 subjects. Only bacterial species present at >0.5% for at least one 

condition/time-point are shown. Values in bold indicates significant difference (p<0.05) with respect 

to t0. One-way Anova with Bonferroni Post Hoc has been employed for statistical analysis (values in 

bold show significant difference with respect to t=0). The t=0 time point data have been averaged 

for all 4 regimes (sp, species; N/A, not identifiable).  

Phylum Order Species t0 
Control Haem FeSO4 Haem & FeSO4 

t24 t48 t24 t48 t24 t48 t24 t48 

A
ct

in
o

b
ac

te
ri

a Bifidobacteriales Bifidobacterium sp 0.01 2.16 2.44 1.71 1.90 1.24 0.29 1.00 1.39 

Coriobacteriales 
Collinsella 
aerofaciens 0.00 0.99 0.97 0.94 1.41 0.09 0.14 0.08 0.02 

B
ac

te
ro

id
et

es
 

B
ac

te
ro

id
al

es
 

Bacteroides sp1 1.87 0.50 0.51 1.40 1.15 1.49 1.73 2.26 2.57 

Bacteroides sp2 22.11 4.84 3.12 11.25 7.24 11.66 15.47 13.58 13.29 

Bacteroides fragilis 0.23 0.10 0.09 0.12 0.14 0.15 0.06 0.20 0.55 

Bacteroides ovatus 2.67 0.44 0.56 1.68 1.44 1.60 1.60 2.43 2.66 

Bacteroides 
uniformis 1.88 0.49 0.36 0.79 0.87 0.98 0.77 1.34 1.72 

Parabacteroides sp 0.67 0.44 0.21 0.23 0.41 0.16 1.52 0.55 1.46 

Prevotella copri 29.58 17.13 0.15 0.01 0.01 10.25 0.40 0.16 0.34 

Rikenellaceae sp 3.16 0.34 0.12 0.25 0.18 0.35 0.11 0.17 0.21 

Fi
rm

ic
u

te
s 

La
ct

o
b

ac
ill

al
es

 

Lactobacillus sp1 0.01 0.12 5.98 6.76 7.01 6.72 4.87 7.72 6.28 

Lactobacillus sp2 0.02 0.63 3.66 2.23 4.66 5.31 2.22 3.99 2.52 

Lactobacillus 
delbrueckii 0.01 0.12 10.21 11.93 10.62 9.02 9.28 11.64 10.87 

C
lo

st
ri

d
ia

le
s 

Acidaminococcus sp 0.38 15.56 20.91 7.54 17.92 10.45 13.66 18.31 22.03 

Clostridiales sp 0.72 2.32 2.48 1.46 2.06 1.43 2.31 1.39 2.50 

Clostridium sp 0.22 3.74 3.48 6.78 4.15 1.81 4.84 2.76 4.48 

Clostridium 
butyricum 0.00 0.07 0.00 9.88 4.05 0.30 1.39 0.00 0.00 

Dialister sp 0.03 1.97 3.36 1.56 3.65 0.76 1.05 1.48 3.17 

Dorea 
formicigenerans 0.05 0.11 1.13 0.04 0.88 1.50 3.09 0.03 1.05 

Faecalibacterium 
prausnitzii 15.24 3.11 0.74 0.32 0.20 0.53 0.57 0.29 0.26 
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Lachnospiraceae sp 1.88 1.27 0.81 0.58 4.85 2.45 6.14 0.50 1.00 

Megamonas sp 0.01 0.27 0.07 0.50 0.10 5.48 3.07 0.18 0.04 

Megasphaera sp 0.01 7.83 3.56 8.86 2.79 1.58 3.84 4.85 3.33 

Mitsuokella 
multacida 0.01 1.71 2.46 0.04 0.08 0.99 1.66 0.72 0.98 

Ruminococcaceae 
sp1 3.90 0.80 0.23 0.08 0.08 0.28 0.18 0.11 0.11 

Ruminococcaceae 
sp2 2.60 0.89 0.29 0.18 0.14 0.43 0.39 0.21 0.10 

Ruminococcus sp 1.16 0.33 0.19 0.09 0.06 0.18 0.03 0.07 0.03 

Veillonella dispar 0.19 0.59 1.84 0.49 1.40 2.49 2.95 0.29 0.31 

P
ro

te
o

b
ac

te
ri

a Burkholderiales Sutterella sp 1.85 10.13 9.06 7.00 5.55 8.26 5.09 6.22 4.63 

Enterobacteriales 
Enterobacteriaceae 
sp 0.02 10.23 12.75 10.15 9.11 2.62 1.60 8.88 3.96 

N/A 3.47 4.08 2.49 1.45 1.72 3.73 2.29 2.25 1.67 

 

Table 5.7 Fold changes in abundance at species level with respect to t0. Fold changes of the 

bacteria at species level at t24 and t48 compared to t0. Data derived from table 5.6. The colours 

indicate the different growth pattern (see Figure 5.3) that the bacteria displayed (yellow: pattern A; 

green: pattern B; blue: pattern C; red: pattern D). One-way Anova with Bonferroni Post Hoc has been 

employed for statistical analysis. Values in bold indicates significant difference with respect to t0 

(p<0.05)    

Phylum Order Species 
  

Control Haem FeSO4 Haem & FeSO4 

t24 t48 t24 t48 t24 t48 t24 t48 

A
ct

in
o

b
ac

te
ri

a 

Bifidobacteriales Bifidobacterium sp 189.28 214.55 149.78 166.62 108.80 25.82 88.18 121.75 

Coriobacteriales 
Collinsella 
aerofaciens 

300.80 296.09 287.36 430.46 25.87 41.39 24.56 4.88 

B
ac

te
ro

id
et

es
 

B
ac

te
ro

id
al

es
 

Bacteroides sp1 0.27 0.27 0.75 0.61 0.80 0.93 1.21 1.38 

Bacteroides sp2 0.22 0.14 0.51 0.33 0.53 0.70 0.61 0.60 

Bacteroides fragilis 0.41 0.41 0.53 0.59 0.64 0.26 0.87 2.37 

Bacteroides ovatus 0.16 0.21 0.63 0.54 0.60 0.60 0.91 0.99 

Bacteroides 
uniformis 

0.26 0.19 0.42 0.46 0.52 0.41 0.71 0.92 

Parabacteroides sp 0.66 0.31 0.35 0.61 0.24 2.27 0.83 2.18 

Prevotella copri 0.58 0.01 0.00 0.00 0.35 0.01 0.01 0.01 

Rikenellaceae sp 0.11 0.04 0.08 0.06 0.11 0.03 0.05 0.07 

Fi
rm

ic
u

te
s 

La
ct

o
b

ac
ill

al
es

 

Lactobacillus sp1 24.48 1179.06 1332.40 1381.64 1324.82 959.30 1520.99 1238.40 

Lactobacillus sp2 36.35 212.14 128.82 270.05 307.39 128.67 231.03 146.16 

Lactobacillus 
delbrueckii 

19.57 1669.98 1951.90 1737.45 1476.49 1518.74 1903.66 1779.18 

C
lo

st
ri

d
ia

le
s 

Acidaminococcus 
sp 

40.42 54.32 19.58 46.56 27.14 35.49 47.58 57.23 

Clostridiales sp 3.23 3.45 2.03 2.86 1.99 3.21 1.93 3.47 

Clostridium sp 16.70 15.53 30.28 18.55 8.10 21.59 12.32 19.98 

Clostridium 
butyricum 

50.05 1.70 6969.32 2861.02 213.92 980.44 1.85 1.48 

Dialister sp 63.38 108.30 50.32 117.51 24.39 33.91 47.70 102.05 

Dorea 
formicigenerans 

2.30 23.18 0.77 17.92 30.78 63.30 0.66 21.48 

Faecalibacterium 
prausnitzii 

0.20 0.05 0.02 0.01 0.03 0.04 0.02 0.02 
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Lachnospiraceae sp 0.67 0.43 0.31 2.58 1.30 3.26 0.27 0.53 

Megamonas sp 30.47 7.59 56.00 11.06 612.29 342.33 19.60 4.93 

Megasphaera sp 813.17 370.14 919.64 289.18 164.34 398.65 503.56 346.28 

Mitsuokella 
multacida 

233.05 334.49 4.78 10.43 134.17 225.24 97.74 132.73 

Ruminococcaceae 
sp1 

0.20 0.06 0.02 0.02 0.07 0.05 0.03 0.03 

Ruminococcaceae 
sp2 

0.34 0.11 0.07 0.05 0.16 0.15 0.08 0.04 

Ruminococcus sp 0.29 0.16 0.07 0.05 0.15 0.02 0.06 0.03 

Veillonella dispar 3.02 9.49 2.52 7.20 12.80 15.18 1.49 1.62 

P
ro

te
o

b
ac

te
ri

a 

Burkholderiales Sutterella sp 5.46 4.89 3.78 2.99 4.45 2.74 3.36 2.50 

Enterobacteriales 
Enterobacteriaceae 
sp 

434.49 541.12 430.89 386.79 111.28 67.81 376.89 168.16 

N/A 1.18 0.72 0.42 0.49 1.07 0.66 0.65 0.48 

 

In order to better understand the impact of iron has on the gut microbiota, the bacteria were 

grouped according to their growth pattern over time which can be categorised into 4 different types: 

growth pattern A (modest increase over time, less than 50-fold), growth pattern B (substantial 

increase over time, less than 1000-fold increase), growth pattern C (increase over 1000-fold), growth 

pattern D (decrease over time). In the control vessel, where no iron was added, members of the 

Actinobacteria phylum displayed growth pattern B whereby Bifidobacterium sp increased 189- (t24) 

and 215-fold (t48) to 2.16 and 2.44% while the relative abundance of Collinsella aerofaciens 

increased to 0.99% and 0.97%, showing a 301- and 296-fold increase at t24 and t48, respectively. 

However, neither species showed significant changes when tested statistically (p>0.05).  
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Figure 5.3 Change in abundance patterns of the most common bacterial species over time (0-48 h) 

during growth in the control regime (no iron). The data from Table 5.7 were plotted to determine 

similar patterns of change.  In this way, all 30 species could be grouped into four distinct growth 

pattern types: A, modest increase over time, less than 50-fold. B, substantial increase over time, less 

than 1000-fold increase.  C, increase over 1000-fold. D Decrease over time. The fold differences are 

expressed as log2. 

In the absence of iron, all members of the Bacteroidetes phylum followed growth pattern D where 

they all showed a decrease in relative abundance over time but none of the bacteria had a 

significant difference when tested (p>0.05). Prevotella copri, which was the most abundant species 

at t0, had the biggest decrease among all the bacterial groups with a reduction of 1.73- (t24) and 

198-fold (t48) followed by Rikenellaceae sp which decreased 9.22- (t24) and 26.9-fold (t48). The 

Bacteroides and Parabacteroides spp. on the other hand showed a more modest decrease from t0 

with a reduction in relative abundance of 1.52- to 6.12-fold at t24 and 3.25- to 7.10-fold at t48. 
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Among these species, Bacteroides sp2 which was the second most abundant at t0, showing the 

biggest decrease of 4.57- (t24) and 7.10-fold (t48), reducing its abundance from 22.1 to 4.84 and 

3.12% respectively. As for the Firmicutes, a mixture of different growth patterns was seen. Although 

not significant (p>0.05), members of the Lactobacillales order generally showed an increase over 

time with a smaller increase at t24 of 19.6- to 36.4-fold and larger increase at t48: Lactobacillus sp2 

increased 212-fold while Lactobacillus sp1 and Lactobacillus delbrueckii increased 1180- and 1670-

fold, respectively. Clostridales sp, Clostridium sp, Clostridium butyricum, Dorea formicigenerans, 

Acidaminococcus sp, Megamonas sp and Veillonella dispar displayed growth pattern A where they 

showed a more modest increase over time with Acidaminococcus sp having the highest increase 

among these bacteria with an increase of 40.4- (t24) and 54.3-fold (t48), increasing its abundance to 

15.6 and 20.9% from 0.38%. The rest of the species in this group showed an increase of 3.02- to 

50.1-fold at t24 and between 1.70- to 23.2-fold at t48. However, none of the increased were 

significant when tested statistically with Bonferroni correction (p>0.05). Dialister sp, Megasphaera 

sp and Mitsuokella multacida displayed growth pattern B whereby they showed a more substantial 

increase in their relative abundance than the previous group. Megasphaera sp showed the highest 

increase among the 3 species with an increase of 813- and 370-fold for t24 and t48, reaching a 

relative abundance of 7.83 and 3.56%, respectively, while the other 2 species showed an increase of 

63.4- to 334-fold over time, but none of these differences were significant (p>0.05). Lachnospiraceae 

sp, Ruminococcaceae sp1, Ruminococcaceae sp2, Faecalibacterium prausnitzii and Ruminococcus sp 

were the only Firmicutes species that displayed growth pattern D whereby they showed a decrease 

in their relative abundance over time. F. prausnitzii were the third most abundant bacteria at t24 but 

displayed the biggest decrease among this group, with a significant decrease of 4.91- and 20.5-fold 

at t24 and t48, reducing in abundance from 15.2 to 3.11 and 0.74%, respectively (p<0.05). 

Ruminococcaceae sp1 and sp2 also showed a significant decrease at both t24 and t48 with a 

reduction of 4.89- and 16.7-fold for the former and 2.92- and 8.92-fold for the latter, respectively 

(p<0.05). Lachnospiraceae sp and Ruminococcus sp had a modest non-significant decrease of 1.48- 
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and 6.07-fold over time. In the Proteobacteria phylum, Sutterella sp and Enterobacteriaceae sp 

displayed growth pattern A and B, respectively, with Sutterella sp increasing 5.46- and 4.89-fold at 

t24 and t48, while Enterobacteriaceae sp showed an increase of 434- and 541-fold for the same time 

point. 

5.3.2.1 Impact of haem-only on the change-in-abundance patterns of the gut microbiota over time 

The addition of iron caused some species to exhibit a change in growth pattern; these are presented 

in Figure 5.4 below (only species that showed a change in pattern compared to the control are 

included in Figure 5.4). 

 

0.25

0.50

1.00

2.00

4.00

8.00

16.00

32.00

64.00

128.00

256.00

512.00

1024.00

2048.00

4096.00

8192.00

t24 t48 t24 t48

Control Haem

Fo
ld

 c
h

an
ge

s

A

Clostridium butyricum Dorea formicigenerans Lachnospiraceae sp Mitsuokella multacida



144 
 

 

 

Figure 5.4 Change in growth pattern over time (0-48h) in the presence of iron. The data from Table 

5.7 were plotted to determine the effect of zinc on the growth pattern of the bacterial groups. Only 

bacterial groups that showed a change in growth are shown when different concentrations of zinc 

were added to the medium: A, Haem only B, FeSO4 only C, Haem & FeSO4. The original growth 

pattern is shown on the left of each graph while the changed pattern is shown on the right. The fold 

differences are expressed as log2 
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When haem was added to the medium, most of the species showed similar growth patterns but with 

some moving towards a different pattern. Although both Bifidobacterium sp and C. aerofaciens 

maintain the same growth pattern (growth pattern B) in the presence of haem, Bifidobacterium sp 

showed a lesser increase (158-fold vs 202-fold, on average) while C. aerofaciens showed a bigger 

increase (359-fold vs 298-fold, on average) over time compared to the control. Members of the 

Bacteroidetes phylum also show a decrease in their relative abundance over time (growth pattern D) 

but to a much lesser extend as compared to the control with the exception of P. copri which showed 

a greater reduction in the presence of haem.  P. copri displayed a 2080- and 3240-fold decrease at 

t24 and t48, reducing in abundance from 29.6 to 0.01% at both time point. The other members in 

the Bacteroidetes phylum showed a decrease of 1.34- to 12.8-fold at t24 and between 1.63- to 17.5-

fold at t48. As for the Firmicutes phylum, the Lactobacillus spp. displayed the same growth pattern 

(growth pattern B & C) as the control but the presence of haem caused these species to present a 

greater increase in relative abundance with L. delbrueckii showing the biggest increase among them. 

These species showed an increase of 129- to 1950-fold for t24 and 270- to 1740-fold for t48. 

C. butyricum, Lachnospiraceae sp and D. formicigenerans were the only species that showed a 

change in their growth pattern in the presence of haem compared to the control. C. butyricum 

moved from growth pattern A (modest increase with less than 50-fold) to growth pattern C (increase 

over 1000-fold) whereby it increased 6970- and 2860-fold at t24 and t48, increasing in abundance to 

9.88 and 4.05%, respectively. On the other hand, Lachnospiraceae sp and D. formicigenerans moved 

from growth pattern D and growth pattern A accordingly to a new pattern whereby they showed a 

decrease at t24 followed by a subsequently increase at t48. The former bacteria decreased 3.24-fold 

at t24 before then increasing 2.58-fold at t48, while the latter decreased 1.30-fold and increased 

17.9-fold for the same time points. The presence of haem changed the growth pattern of 

M. multacida from growth pattern B (substantial increase with less than 1000-fold) to growth 

pattern A (modest increase with less than 50-fold) where it showed a 4.78- and 10.4-fold increase 

for t24 and t48, respectively. Ruminococcaceae sp1, Ruminococcaceae sp2, F. prausnitzii and 
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Ruminococcus sp remained the only 4 bacterial species that showed a decrease in relative 

abundance over time (growth pattern D) but the presence of haem causes the bacteria to have a 

greater decrease compared to the control. F. prausnitzii had the highest reduction among them, 

with a significant decrease of 47.0- and 75.1-fold at t24 and t48, respectively, reducing in abundance 

to 0.32 and 0.20%, respectively (p<0.05). Ruminococcaceae sp1 and sp2 also showed a significant 

decrease at both time points with the former bacteria decreasing 46.9- (t24) and 51.7-fold (t48) 

while the latter decrease 14. 7- (t24) and 18.3-fold (t48) (p<0.05). Ruminococcus sp1 showed a non-

significant decrease of 13.7- and 21.1-fold at t24 and t48, reducing in abundance to 0.09 and 0.06%, 

respectively. Sutterella sp and Enterobacteriaceae sp showed the same trend as the control but the 

presence of haem caused a smaller increase in their relative abundance over time. 

5.3.2.2 Impact of FeSO4-only on the change-in-abundance patterns of the gut microbiota over time 

When FeSO4 was added to the medium, both members of the Actinobacteria phylum changed from 

growth pattern B (substantial increase with less than 1000-fold) to growth pattern A (modest 

increase with less than 50-fold) whereby Bifidobacterium sp showed an average increase of 67.3-fold 

over time while C. aerofaciens increased on average 33.6-fold in the presence of FeSO4. Similar to 

the previous 2 regimes (control and haem only), bacterial in the at Bacteroidetes phylum still 

showed a decrease in their relative abundance over time (growth pattern D) in the FeSO4-only 

regime. However, the presence of FeSO4 as an iron source caused the majority of the species to 

display a smaller reduction in their relative abundance compared to the previous regimes. The 

bacterial species showed a more modest reduction of 1.26- to 8.99-fold at t24 and of 1.08- to 73.4-

fold at t48 with P. copri having the biggest decrease followed by Rikenellaceae sp. In addition, 

instead of showing a continuous decrease over time, Parabacteroides sp showed a 4.16-fold 

decrease at t24 but a 2.27-fold increase in its relative abundance at t48, showing a similar growth 

pattern as Lachnospiraceae sp and D. formicigenerans in the haem-only regime. As for the 

Firmicutes phylum, the majority of the bacterial groups maintained the same growth pattern from 

the previous regimes with only 4 species showing a change in growth pattern in the presence of 
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FeSO4. Both C. butyricum and Megamonas sp moved from growth pattern A (modest increase with 

less than 50-fold) in the control to growth pattern B (substantial increase with less than 1000-fold) 

where the former showed a 214- and 980-fold increase at t24 and t48 and the latter increased 612- 

and 342-fold for the same time point compared to the control. Lachnospiraceae sp and Dialister sp 

changed to growth pattern A from growth pattern D and growth pattern B, respectively. 

Lachnospiracaeae sp had a 1.30- and 3.26-fold increase at t24 and t48, while Dialister sp showed a 

24.4- and 33.9-fold increase. Although all members of the Lactobacillales order showed a higher 

increase and the same pattern as the control, the relative abundance of Lactobacillus sp1 (1140- vs 

1360-fold, on average) and L. delbrueckii (1500- vs 1840-fold, on average) showed a lower increase 

in the presence of FeSO4 than the haem-only regime while Lactobacillus sp2 had a greater increase 

for the same regime (218- vs 199-fold, on average). The addition of FeSO4 to the medium causes 10 

bacterial species to display a smaller increase over time compared to the control and 5 to show a 

greater increase despite having the same growth pattern as the control. Acidaminococcus sp, 

Clostridales sp, Clostridium sp, Dialister sp, Megasphaera sp and M. multacida were among the 

bacterial groups that had a smaller increase in their relative abundance as compared to the control 

with an average increase between 2.60- to 281-fold. F. prausnitzii, Ruminococcaceae sp1 and sp2, 

and Ruminococcus sp had a bigger reduction in their relative abundance compared to the control. F. 

prausnitzii, and Ruminococcaceae sp1 and sp2 all showed a significant decrease with an average 

reduction of 27.8-, 17.0- and 6.34-fold, respectively (p<0.05) while Ruminococcus sp showed a non-

significant reduction of 11.3-fold on average over time. Both members of the Proteobacteria phylum 

also showed a smaller increase compared to the control with Sutterella sp having a modest increase 

of 3.60-fold on average over time while Enterobacteriaceae sp increased on average 89.5-fold. 

5.3.2.3 Impact of haem & FeSO4 on the change-in-abundance patterns of the gut microbiota over 

time 

When both haem and FeSO4 were added to the medium, Bifidobacterium sp retained the same 

growth pattern as in the control but with a smaller increase while C. aerofaciens shifted from growth 

pattern B (substantial increase with less than 1000-fold) to growth pattern A (modest increase with 
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less than 50-fold) where it had an increase of 24.6- and 4.88-fold for t24 and t48, respectively. For 

the Bacteroidetes phylum, 3 species displayed a change in their growth pattern where they showed 

an increase in their relative abundance while the rest of the members still showed a decrease over 

time (growth pattern D). Bacteroides sp1 moved from growth pattern D to growth pattern A where it 

had a 1.21- and 1.38-fold increase at t24 and t48, increasing its abundance to 2.26 and 2.57%, 

respectively. B. fragilis and Parabacteroides sp changed from a continuous decrease pattern to a 

modest decrease at t24 followed by an increase at 48. The former species decreased 1.15-fold at t24 

and increased 2.37-fold at t48 while the latter had a 1.21-fold reduction at t24 followed by a 2.18-

fold increase. With the exception of P. copri and Rikenellaceae sp, the rest of the Bacteroides species 

showed the lowest reduction in their relative abundance among all the regimes tested with 

decreases of 1.01- to 2.66-fold over time. The relative abundance of P. copri decreased 182- and 

86.2-fold at t24 and t48, reducing in abundance to 0.16 and 0.34%, respectively. Interestingly, 

P. copri showed a higher reduction when haem was provided with the highest decrease occurring in 

the haem-only medium and the second highest in the haem & FeSO4 medium, indicating haem has 

an inhibitory effect on the growth of P. copri over time. Although Rikenellaceae sp showed the 

highest reduction in the haem & FeSO4 regime with a decrease of 18.9- (t24) and 14.7-fold (t48), it 

showed a similar degree of reduction throughout all the regimes tested. Only 1 bacterial species 

showed a change in growth pattern in the Firmicutes phylum, while the rest of the showed similar 

patterns to those in the control. When both haem and FeSO4 were added to the medium, 

D.  formicigenerans changed from growth pattern A to the pattern seen in the haem-only regime 

(decrease at t24 followed by an increase at t48), indicating that the presence of haem caused this 

observed pattern. F. prausnitzii, and Ruminococcaceae sp1 and sp2 are the 3 species that showed a 

significant decrease in their relative abundance over time (p<0.05). Similar to P. copri, these 3 

species showed a higher decrease when haem was present in the medium as compared to the 

control and the FeSO4-only medium, indicating an inhibitory effect caused by haem. F. prausnitzii 

showed the highest decrease among them with a reduction of 52.7- and 59.4-fold for t24 and t48 
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while the other 2 species gave a decrease of 12.1- to 37.2-fold over time, respectively. Sutterella sp 

and Enterobacteriaceae sp also maintained the same growth pattern as the control but the presence 

of both haem and FeSO4 caused them to have a smaller increase in their relative abundance as 

compared to the control. 

5.3.3 Impact of iron regime on the composition of the gut microbiota at species level  

In order to determine the effect of iron on the abundance of the bacteria species, the relative 

abundance at t24 and t48 for each iron regime was compared with the control at the same time 

point. The presence of iron caused an increase in majority of the member in the Bacteroidetes 

phylum while members in the Actinobacteria, Firmicutes and Proteobacteria phyla showed a 

decrease with iron. 

Table 5.8 Changes in relative abundance between the iron containing medium compared to the 

iron deficient medium. The abundance data for the iron regime (control, haem only, FeSO4 only and 

haem & FeSO4) were compared with the control (no iron/haem added) at both t24 and t48. 

Numbers with green background indicate an increase and numbers with red background indicate a 

decrease compared to the control. Bacterial groups with green background showed an overall 

increase in the presence of iron while bacterial groups with red background an overall decrease with 

the addition of iron. Bacterial groups with white background showed an increase at certain iron 

regime. One-way Anova with Bonferroni Post Hoc has been employed for statistical analysis. No 

significant difference was obtained when tested (p>0.05). 

Phylum Order Species Haem/Control FeSO4/Control 
Haem & 

FeSO4/Control 

t24 t48 t24 t48 t24 t48 

A
ct

in
o

b
a

ct
er

ia
 Bifidobacteriales Bifidobacterium sp 0.79 0.78 0.57 0.12 0.47 0.57 

Coriobacteriales 
Collinsella 

aerofaciens 0.96 1.45 0.09 0.14 0.08 0.02 

B
ac

te
ro

id
et

es
 

B
ac

te
ro

id
al

e
s 

Bacteroides sp1 2.78 2.25 2.95 3.40 4.49 5.04 

Bacteroides sp2 2.32 2.32 2.41 4.97 2.80 4.27 

Bacteroides fragilis 1.29 1.46 1.54 0.65 2.10 5.83 

Bacteroides ovatus 3.84 2.56 3.67 2.86 5.56 4.73 

Bacteroides 
uniformis 1.61 2.43 2.01 2.15 2.74 4.80 

Parabacteroides sp 0.53 2.00 0.36 7.39 1.25 7.07 

Prevotella copri 0.00 0.06 0.60 2.70 0.01 2.30 

Rikenellaceae sp 0.72 1.54 1.03 0.93 0.49 1.83 

Fi
rm

ic
u

te
s 

La
ct

o
b

ac
ill

al
e

s 

Lactobacillus sp1 54.43 1.17 54.12 0.81 62.13 1.05 

Lactobacillus sp2 3.54 1.27 8.46 0.61 6.36 0.69 

Lactobacillus 
delbrueckii 99.74 1.04 75.45 0.91 97.28 1.07 

C
lo

st
ri

d
ia

l

es
 

Acidaminococcus sp 0.48 0.86 0.67 0.65 1.18 1.05 
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Clostridiales sp 0.63 0.83 0.62 0.93 0.60 1.01 

Clostridium sp 1.81 1.19 0.48 1.39 0.74 1.29 

Clostridium 
butyricum 139.25 1685.43 4.27 577.58 0.04 0.87 

Dialister sp 0.79 1.09 0.38 0.31 0.75 0.94 

Dorea 
formicigenerans 0.33 0.77 13.39 2.73 0.29 0.93 

Faecalibacterium 
prausnitzii 0.10 0.27 0.17 0.77 0.09 0.35 

Lachnospiraceae sp 0.46 6.01 1.93 7.60 0.39 1.24 

Megamonas sp 1.84 1.46 20.10 45.13 0.64 0.65 

Megasphaera sp 1.13 0.78 0.20 1.08 0.62 0.94 

Mitsuokella 
multacida 0.02 0.03 0.58 0.67 0.42 0.40 

Ruminococcaceae 
sp1 0.10 0.32 0.35 0.77 0.13 0.47 

Ruminococcaceae 
sp2 0.20 0.49 0.48 1.35 0.24 0.33 

Ruminococcus sp 0.26 0.29 0.54 0.13 0.21 0.18 

Veillonella dispar 0.83 0.76 4.24 1.60 0.49 0.17 

P
ro

te
o

b
a

ct
er

ia
 Burkholderiales Sutterella sp 0.69 0.61 0.81 0.56 0.61 0.51 

Enterobacteriales 
Enterobacteriaceae 

sp 0.99 0.71 0.26 0.13 0.87 0.31 

    N/A 0.36 0.69 0.91 0.92 0.55 0.67 

 

Members of the Actinobacteria phylum generally showed a lower relative abundance compared to 

the control in the presence of iron particularly in the FeSO4-only regime and the haem & FeSO4 

regime whereby Bifidobacterium sp was on average 2.88- and 1.94-fold lower than the control while 

Collinsella aerofaciens was 8.86- and 20.4-fold lower compared to the control, respectively. In the 

haem-only regime, Bifidobacterium sp showed an average 1.28-fold lower abundance than the 

control but C. aerofaciens was 1.20-fold higher than the control. Although the relative abundance of 

members belonging to the Bacteroidetes phylum decreased over time, the presence of iron 

enhanced their abundance compared to the control. Most of the species in this phylum shared a 

similar trend whereby they showed the greatest increase when both haem and FeSO4 were added to 

the medium compared to when they were individually added. These species showed a 1.16- to 5.15-

fold higher abundance compared to the control with Bacteroides ovatus showing the biggest 

increase followed by Bacteroides sp1 and Parabacteroides sp. With the exception of Bacteroides 

fragilis and Rikenellaceae sp, the other species showed the second highest increase in the FeSO4-only 
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regime followed by the haem-only regime. In the FeSO4-only regime, Parabacteroides sp  had the 

biggest increase with an average increase of 3.88-fold, followed by Bacteroides sp2 and B. ovatus 

with 3.69- and 3.26-fold increases, respectively. The relative abundance of the rest of the species 

was on average between 1.09- to 3.17-fold higher than in the control. In the haem-only regime, B. 

ovatus, and Bacteroides sp1 and sp2 were among the species that showed the biggest increase in 

relative abundance, being on average 3.20-, 2.51- and 2.32-fold higher than the control; the 

remaining bacterial species where 1.13- and 2.02-fold greater in abundance than the control. 

Interestingly, Prevotella copri showed on average 32.3-fold lower abundance than the control in the 

haem-only medium but not in the other 2 media, indicating that P. copri prefers FeSO4 as its iron 

source as it shows an increase in the presence of FeSO4. On the other hand, Rikenellaceae sp 

abundance was unaffected by FeSO4-only (displaying an average 1.02-fold lower growth than in the 

control) but was enhanced in the conditions containing haem, indicating that haem enhances the 

growth of Rikenellaceae sp. 

As for the Firmicutes phylum, most of its members showed a lower relative abundance than the 

control when iron was provided. In the condition with both haem and FeSO4, the highest number (13 

out of 18) of Firmicutes species showed a reduced growth compared to the control, followed by the 

haem-only regime with 11 and the FeSO4-only regime with 10. The presence of haem tended to have 

an inhibitory effect on the species in this phylum as the majority showed a reduced abundance when 

haem was added to the medium. The Firmicutes species reacted differently towards the iron 

regimes but there was some similarity in the patterns between them such they can be categorised 

accordingly. Clostridales sp, Ruminococcaceae sp1 and sp2, Faecalibacterium prausnitzii, 

Ruminococcus sp1, Dialister sp, Megasphaera sp and Mitsuokella multacida all showed a lower 

relative abundance than the control in the presence of iron (regardless of its form). Clostridales sp, 

Ruminococcaceae sp1, Faecalibacterium prausnitzii and Mitsuokella multacida all showed the 

biggest reduction in the haem-only regime with M. multacida being the most affected displaying an 

average 38.7-fold lower abundance than the control while the other species showed a decreased 
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growth of 1.37- to 5.30-fold (on average). These 4 species showed the second highest reduction in 

growth in the haem & FeSO4 regime followed by the FeSO4-only regime, thus indicating that haem 

has an inhibitory effect on their growth while FeSO4 is able to reduce its effect. Ruminococcaceae 

sp2 and Ruminococcus sp had the biggest reduction when both haem & FeSO4 were provided to the 

medium with the former and latter having an average 3.52-and 5.23-fold lower abundance, 

respectively, than the control. Similar to the bacterial species indicated above, haem had an 

inhibitory effect on Ruminococcaceae sp2 and Ruminococcus sp as the haem-only regime had the 

second highest growth reduction followed by the FeSO4-only regime. FeSO4 did not appear to reduce 

the effect of haem in these cases, but instead the combination of haem and FeSO4 negatively 

affected their abundance. Dialister sp and Megasphaera sp displayed the biggest decrease in the 

FeSO4-only regime followed by the haem & FeSO4 regime and the haem-only regime. These bacteria 

were more affected by FeSO4 than haem - Dialister sp and Megasphaera sp were on average 2.87- 

and 1.56-fold lower in relative abundance than the control. However, in the haem-only regime, 

there was a negligible difference (1.06- and 1.05-fold reduction respectively) implying that haem had 

little impact on their growth. Clostridium butyricum, Lachnospiraceae sp and Megamonas sp only 

showed a reduced growth when both haem & FeSO4 were present in the medium with a modest 

reduction on average of between 1.22- to 2.20-fold. However, when haem and FeSO4 were added 

separately, these species tended to show an increase in abundance with C. butyricum showing the 

biggest increase (912-fold for haem-only and 291-fold for FeSO4-only) while the other 2 species 

showed an increase between 1.65- to 32.6-fold (on average). Clostridium sp and Veillonella dispar 

showed opposing reactions in the FeSO4-only regime with Clostridium sp showing little change 

(decrease of 1.07-fold) and V. dispar (2.92-fold) showing an increase in relative abundance 

compared to the control. This indicates that the growth of Clostridium sp is enhanced by the 

presence of haem as it shows an increase in the 2 haem-containing conditions while haem had an 

inhibitory effect on V. dispar as shown by the reduced abundance in the presence of haem. The 

Lactobacillus spp. all showed an increase in the presence of haem with L. delbrueckii having the 
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biggest increase among them. The relative abundance of L. delbrueckii showed on average a 50.4-, 

38.2- and 49.2-fold higher abundance than the control in the haem-only, FeSO4-only and haem & 

FeSO4 regimes, respectively; this indicates a dependence on the added iron sources for raised 

abundance. Lactobacillus sp1 increased 27.8-, 27.5- and 31.6-fold while Lactobacillus sp2 increased 

2.41-, 4.53- and 3.52-fold for the same regimes. Both members of the Proteobacteria phylum 

showed a decrease in all of the regimes tested. Thus, these Lactobacillus species show a surprising 

growth enhancement in response to the iron/haem supplements. Sutterella sp had the biggest 

reduction when both haem & FeSO4 were added to the medium, showing a 1.78-fold lower growth 

than the control while the haem-only and FeSO4-only regimes showed a 1.53- and 1.45-fold 

reduction, respectively. The relative abundance of Enterobacteriaceae sp was 5.24-fold lower than 

the control in the FeSO4-only regime while the haem-only and haem & FeSO4 regime showed a 

decrease of 1.17- and 1.70-fold, indicating that Enterobacteriaceae sp is able to utilise haem to 

support its growth.  

In summary, the growth of members belonging to the Bacteroidetes phylum was enhanced by the 

presence of iron especially when both haem and FeSO4 were present, but this combination 

negatively affected the growth of members in the Firmicutes phylum. The presence of iron, 

irrespective of its form, was generally deleterious to bacteria belonging to the Actinobacteria, 

Firmicutes and Proteobacteria phyla as shown by their reduced abundance when iron was added to 

the medium.   

5.4 Discussion 

The presence of iron, particularly haem, caused a slower growth rate for the gut microbiota as 

shown in Figure 5.1, while addition of FeSO4, on the other hand, gave a comparable growth rate with 

the control. The presence of iron (haem and FeSO4) caused a lower total bacterial count as 

compared to the control. Although the presence of iron has an effect on the growth rate, the 

bacteria showed no significant difference in their numbers between regimes. At phylum level, 

despite showing a reduced growth over time, the presence of iron greatly enhanced the growth of 
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Bacteroidetes. The growth of Firmicutes was also slightly enhanced by the presence of iron while 

both Actinobacteria and Proteobacteria showed a lower growth when iron was added to the 

medium. At species level, most of the Bacteroidetes showed an increase in growth with all of the 

Bacteroides showing an enhanced growth in the presence of iron particularly when both haem and 

FeSO4 were present. As for the Firmicutes, most of its members showed a decrease in the iron 

supplemented medium but Lactobacillus showed a substantial increase in growth in all of the iron 

regimes. Faecalibacterium prausnitzii and Ruminococcus showed a decrease in all the iron regimes 

with a bigger decrease when haem was present in the medium. Sutterella and Enterobacteriaceae 

from the Proteobacteria phylum, as well as Bifidobacterium and Collinsella aerofaciens from the 

Actinobacteria phylum, showed a reduced growth compared to the control when iron was added to 

the medium. Although the growth of the Enterobacteriaceae and Bifidobacterium species was 

reduced in the iron regimes, both bacteria showed a better growth in the presence of haem than its 

absence (i.e. the FeSO4-only regime). 

Iron is essential for most living organisms with the exception of a few, such as Lactobacillus species 

and Borrelia burgdorferi, whereby the lack of iron does not affect their growth nor biological 

function (Andrews et al, 2003). Since iron is indispensable in most bacteria, they have developed 

numerous mechanisms for acquiring iron which includes the production of siderophores, possession 

of multiple iron transporters and receptors, as well as has the ability to utilise various forms of iron 

(Andrews et al, 2003) to ensure that they are able to compete and uptake iron from the 

environment. The iron regime batch culture experiments described in this chapter were designed to 

determine the effect of two different forms of iron on the gut microbiota rather than the 

concentration of iron. The medium was prepared according to Macfarlane and colleagues 

(Macfarlane, Macfarlane and Gibson, 1998). No extra iron was added to the gut model medium used 

in this experiment and the concentration of iron present was the same as the original recipe used. 

However, the iron was selectively added, haem only, FeSO4 only or both haem & FeSO4. The 

concentration of haem and FeSO4 usually employed in the gut model medium is 77 and 18 µM, 
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respectively (Macfarlane, Macfarlane and Gibson, 1998), thus both the haem-only and FeSO4-only 

regimes had lower total iron contents than the standard gut model medium (which matches that of 

the haem & FeSO4 regime). Neither extra haem nor FeSO4 was added to medium to compensate for 

the difference as the study was designed to study the effect of the forms of iron that are normally 

present in the gut model medium on the gut microbiota and adding additional iron would increase 

the concentration of iron beyond that normally present in the gut model medium. However, the gut 

model medium has a background iron concentration of 28 µM, mainly contributed by mucin and 

yeast extract (data not shown), thus the background levels of iron provided by the medium are 

relatively high.  

One of the disadvantage of using the batch culture is the development of the Enterobacteriaceae in 

high abundance over time. Due to the experiment being run for only 48 h, the batch culture 

approach provides the fast-growing, bacteria such as Enterobacteriaceae, an advantage over the 

slow-growing bacteria, resulting in an increase in their final abundance which diminishes the 

abundance of other bacteria. Members of the Enterobacteriaceae such as E. coli have a doubling 

time of 20 min under laboratory conditions (Gibson et al, 2018), thus it is of no surprise that this 

bacterial group is able to outgrow many of the other bacteria.  As seen from table 5.6, the 

abundance of Enterobacteriaceae was only 0.02% at t0 but showed an average increase of 315-fold 

across all the regimes tested to an abundance between 1.60 and 12.75%. An increase in 

Enterobacteriaceae in batch culture has been reported in other studies regardless of the 

experimental design or substrate tested (Takagi et al, 2016; Ahmadi et al, 2019; Kristek et al, 2019; 

Wiese et al, 2018; Ding et al, 2019) and this may cause an underestimation of the impact of the 

corresponding growth regime on other bacterial groups.    

At t0, when faecal samples were directly inoculated into the vessels, the composition of the 

microbiota was dominated by Bacteroidetes and Firmicutes which are the two main phyla of the 

human gut microbiota (Arumugam et al, 2011; Rinninella et al, 2019). However, over time, the 
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Firmicutes overtook the Bacteroidetes to become the dominant phylum. Short term diet changes 

have led to an altered composition of the gut microbiota (David et al, 2014), thus propagating 

human gut microbiota in the gut model medium would be expected to introduce alterations to the 

gut microbiota whereby some bacteria have an advantage and whilst others a disadvantage when 

shifting to the new environment, which would explain the decrease or increase in the relative 

abundance of different species over time. 

As seen from tables 5.6 and 5.7, the relative abundance of the gut microbiota undergoes some 

changes over the 48 h period, with some species having a greater growth and some with diminished 

growth. Since bacteria species compete for the limited nutrients present in the medium, bacterial 

species which have distinct requirements or the ability to utilise a alternative nutrients will have an 

advantage over other bacterial groups. This effect is shown by the increase in the abundance of 

Firmicutes, which was mainly due to increases in Lactobacillus and Acidaminococcus species. 

Lactobacillus plantarum is known to be independent of iron and can contain less than 2 iron atoms 

per cell which is considered to have no conceivable biological function (Archibald, 1983). 

Lactobacillus spp. appear to use other metals such as cobalt and manganese instead of iron 

(Archibald, 1983) which can give them a competitive advantage over the other bacteria which are 

iron-dependent when iron levels are limited. Acidaminococcus, on the other hand, is a Gram-

negative diplococci which utilises amino acids (mainly glutamic acid) as energy source (Jumas-Bilak 

et al, 2007), which gives it an advantage over the other bacterial species that compete for other 

energy sources. Faecalibacterium prausnitzii, which was one of the most abundant species at t0, 

showed the greatest reduction among all members of the Firmicutes phylum, possibly due to its 

slow growth rate of only 0.13 h−1, putting it at a disadvantage compared to the other bacteria 

(Heinken et al, 2014). Comparing with other members of the Firmicutes phylum, Lactobacillus has a 

growth rate between 0.12 to 0.21 h-1 (grown on MRS broth) (de Mesquita, 2017) but its unique 

properties of not requiring iron may give it an advantage in competing for other nutrients. 

Ruminococcus gnavus which is a symbiont in the human gut showed a growth rate between 0.87 to 
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1 h-1 (grown on basal medium with glucose as carbon source) depending on the strain (Crost et al, 

2013) while growth studies done on Clostridium species from a clinical microbiology lab showed that 

it has an average doubling time of 30.8 min (Sottile II and Zabransky, 1977). Members of the 

Actinobacteria phylum, such as Bifidobacterium, have a growth rate between 0.17 and 0.76 h-1 

depending on its species (Rios-Covian et al, 2015). Most of the members of the Bacteroidetes 

showed a decrease in their abundance over time irrespective of the iron regime indicating that they 

are being outcompeted by the bacteria in the other phyla which have a faster growth rate as 

mentioned above. Indeed, the growth rate of Bacteroides fragilis in a batch culture has been shown 

to be between 0.12 to 0.52 h-1 depending on the availability of glucose (Dalland and Hofstad, 1974) 

while Prevotella copri has a growth rate of 0.52 h-1 (Huang et al, 2021). 

Although the Bacteroides showed a decrease in the relative abundance over time, the presence of 

iron caused an increase in abundance compared to the control particularly when both haem and 

FeSO4 were added to the medium. Bacteroides are known to have an essential requirement for 

haem or inorganic iron plus protoporphyrin to support their growth (Rocha et al, 2019). Bacteroides 

lack the genes required for the synthesis of the macrocycle tetrapyrrole ring protoporphyrin IX 

(PPIX), thus they require an exogenous source of haem for growth. However, these bacteria can 

synthesis haem in vitro if PPIX and inorganic iron are made available (Rocha et al, 2019). This is in 

agreement with the results obtained from the iron regime batch cultures whereby the haem & 

FeSO4 regime had the greatest increase among all the regimes tested. In an in vitro study conducted 

by Dostal and colleagues, the presence of iron (through supplementation of FeSO4) had minimal 

impact on Bacteroides but did reduce the abundance of the Ruminococcaceae family by 2.5-fold 

which is similar to the observed results in this chapter (Dostal et al, 2013). However, under severe 

iron restriction (chelation by 2,2′-dipyridyl and Chelex®), there was a decrease in the abundance of 

the Bacteroides, thus indicating that these organisms have a need for iron (Dostal et al, 2013). In 

addition, Enterobacteriaceae showed an increase in the presence of iron (Dostal et al, 2013) but 

results from table 5.8 showed that Enterobacteriaceae had a decrease in their abundance when iron 
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is added to the medium. Besides the opposing results obtained in Bacteroides and 

Enterobacteriaceae, the remaining bacterial groups showed similar results between the in vitro 

study and those presented in this chapter whereby the presence of iron increased the abundance of 

Lactobacillus spp. but decreased abundance for Bifidobacterium sp and Faecalibacterium prausnitzii 

(Dostal et al, 2013). It is also worth noting that the sequencing results presented by the authors 

contained a large number of unidentified genera (~ 75% unclassified) which may have impacted the 

findings. In another in vitro study using the TIM-2 model, iron was supplemented as either ferrous 

sulphate (50 µM or 250 µM),  ferric citrate (50 µM or 250 µM) or haemin (50 µM). The results 

showed that the microbiota reacted in a similar manner towards ferrous sulphate and ferric citrate, 

indicating no difference between the 2 forms of iron supplemented but formed a separate cluster 

when haemin was added. Although the forms of iron were not mentioned, the presence of iron 

caused a reduction in the abundance of Lactobacillus and Bifidobacterium spp. while the abundance 

of Prevotella, Acidaminococcus and Ruminococcus spp. showed an increase (Kortman et al, 2016). 

Interestingly, results from table 5.8 showed some opposing observations to those of Kortman and 

colleagues, particularly with respect to Lactobacillus and Ruminococcus. Lactobacillus showed a 

substantial increase while Ruminococcus showed a decrease in all the iron regime tested. Prevotella 

showed a decrease in the haem only regime but showed an increase when FeSO4 was present which 

agrees with the results from Kortman and colleagues. Acidminococcus on the other hand showed a 

decrease in the haem-only and FeSO4-only regimes but the presence of both haem and FeSO4 

increased the abundance of this species. The discrepancies in results obtained between this 

experiment and those of Kortman et al. (2016) may be due to the experimental design. The 

experiment conducted by Dostal and colleagues was done in a continuous batch culture which was 

ran for a total of 70 days (10 days for each different condition used) and a child gut microbiota 

immobilised on a gellan-xanthan beads were used (Dostal et al, 2013). This experiment utilised fresh 

faecal inoculum from healthy adult subjects and the batch culture was only ran for 2 days. Kortman 

and colleagues on the other hand used the TIM-2 (TNO Intestinal model-2) and was run for 72 h with 
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sampling at certain time points. The TIM-2 model is a computer-controlled model with multiple 

sensors that mimics the condition of the human proximal colon. In addition, TIM-2 enables the 

removal of metabolites via a dialysis system which would be expected to affect growth of the gut 

microbiota. The experiment also utilised a cryopreserved pooled human microbiota instead of fresh 

separate human faecal samples. Perhaps the most significant difference between the two 

experiments is the medium used. The medium used by Kortman and colleagues had higher amounts 

of carbohydrate and protein compared to the medium used in this experiment and was thus was 

much richer in nutrients: pectin (9 vs 2 g), xylan (9 vs 2 g), arabinogalactan (9 vs 2 g), starch (74.6 vs 5 

g) and casein (43.7 vs 3 g) (Kortman et al, 2016).  

Based on human studies performed in Africa, iron has been shown to increase the number of 

Enterobacteriaceae coupled with a decrease in Lactobacillus spp. numbers (Zimmermann et al, 

2010) and Bifidobacterium spp. levels (Jaeggi et al, 2014). However, the results from the iron regime 

batch culture reported in table 5.8 gave a different result. Although the abundance of 

Enterobacteriaceae increased over time, comparing the iron regimes with the control showed a 

decrease in their number (table 5.8). Furthermore, Lactobacillus levels increased in the presence of 

iron compared to the control. However, Bifidobacterium did show a decrease in their abundance in 

the presence of iron which agrees with the observation in the human studies. The difference in 

results obtained is likely to be mainly due to the very different experimental approach whereby the 

two human studies were performed in school children (Zimmermann et al, 2010) and infants (Jaeggi 

et al, 2014) while the batch culture is an in vitro model which uses faecal sample from healthy 

adults. In addition, the socioeconomic backgrounds and diets would be considerably different to 

those of the adult faecal donors used here. Further, the school children recruited into the study 

were mostly anaemic, indicating a long-term iron deficient diet. Fortification was done with 

electrolytic iron, which is poorly available to the human host (<5% absorption rate; Jaeggi et al, 

2014) and so passes into the gut where it is considered to be available to the gut microbiota.  Here, 

highly soluble ferrous iron was used rather than poorly bioavailable electrolytic iron, and it should be 
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noted that levels of iron in the unsupplemented medium (control) were relatively high such that iron 

restriction is unlikely.  

Enterobacteriaceae possess various iron-uptake mechanisms which makes them effective at 

scavenging environmental iron. This may explain why these bacteria appeared to display an 

enhanced gut colonisation capacity with respect to other elements of the microbiota during the iron 

fortification trial (Zimmermann et al, 2010). In the study involving infants, the infants recruited were 

just 5.5 months, thus it can be assumed that they were being breastfed prior to the study as 

Actinobacteria made up 64.3% of the total reads at baseline (Jaeggi et al, 2014). The study involved 

iron fortification in maize porridge, meaning that the infants were transitioned to a solid food diet. 

The transition to solid foods usually causes a decrease in Bifidobacterium and Lactobacillus but an 

increase in other bacteria depending on the food given (Milani et al, 2017). The decrease in 

Bifidobacterium may not be entirely due to iron fortification but the iron fortified group did show a 

lower number compared to the non-fortified group. The combination of weaning and iron may cause 

an increase in Enterobacteriaceae as observed by the authors while the decrease in 

Enterobacteriaceae in the batch culture is possibly due to an increase in other bacterial groups 

which reduces the relative abundance of Enterobacteriaceae. In addition, fortifying with high iron 

(12.5 mg ferrous fumarate) showed an increase in Bacteroides and Clostridium which is in agreement 

with the results obtained from the batch culture. Besides the difference in subjects involved 

between the human studies and the batch culture, the length of the experiment differed hugely with 

the batch cultures being operated for only for 48 h while the school children trial was conducted for 

6 months and the infants trial was ran for 4 months, thus allowing more time for the gut microbiota 

to adapt to dietary iron regimes deployed. 

 

 

 



161 
 

Chapter 6. Impact of phytate on the gut microbiota 

6.1 Introduction 

Phytic acid (PA) is the primary source of phosphate and inositol storage in plants and it is degraded 

during germination of seeds (Raboy, 2003). Phytic acid is an important component in plants but it 

can have antinutrient properties on human nutrition. Due to the presence of negatively charged 

phosphate groups of the phytic acid, it is able to form a stable complex with positively charged 

minerals such as iron, zinc, calcium and magnesium, thus lowering their bioavailability for absorption 

(Lopez et al, 2002). On average, vegetarian diets can contribute to a daily intake of 2-2.6 g (3-4 mM) 

of phytic acid while a mixed diet usually contains 0.15-1.4 g (0.23-2 mM) of phytic acid (Greiner and 

Konietzny, 2006). Legume- and cereal-based foods are the major contributor of phytic acid in the 

diet with certain food such as peanuts (9.2-19.7 mg/g PA) and wild rice (12.7-21.6 mg/g PA) 

containing high levels of phytic acid (Greiner and Konietzny, 2006). Humans lack phytases to degrade 

phytic acid but certain bacteria have the ability to degrade phytic acid. 

Like many other bacteria, E. coli contains genes encoding phosphatases which are able to break 

down phosphate-containing molecules, thus providing a source of phosphate for utilisation (Greiner 

et al, 1993). The appA gene product, acid phosphatase, has been shown to have the ability to 

degrade phytic acid (Greiner et al, 1993). Recombinant phytases from E. coli showed better 

performance than commercially available phytases from Aspergillus niger (Natuphos, BASF) and 

Peniophora lycii (Ronozyme, Roche) (Augspurger et al, 2003). Phytases have been used commercially 

to breakdown phytic acid in food or animal feed in order to increase the nutritional value of the 

product (Augspurger et al, 2003; Kornegay et al, 1996; Greiner and Konietzny, 2006). However, the 

ability of E. coli and other elements of the gut microbiota, to break down phytic acid and utilise it as 

a phosphate and/or a carbon source is rarely tested. Most of the studies on phytase from E. coli 

mainly focuses on its ability to degrade phytic acid and the optimum condition (Greiner et al, 1993; 

Dassa and Boquet, 1985) but the utilisation of phytic acid as a phosphate/carbon source has yet to 

be studied. Besides this, glucose-1-phosphatase (G1Pase) which is encoded by the agp gene, has the 
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ability to hydrolyse phytic acid (Cottrill et al, 2002) and is related to the appA gene product (Dassa et 

al, 1990), thus this gene is included in this study. Alkaline phosphatase which is encoded by the phoA 

gene has the ability to hydrolyse p-nitrophenol phosphate (Wilson et al, 1964; Trentham and 

Gutfreund, 1968), suggesting its ability to degrade phosphorylated compounds but the ability to 

degrade phytic acid has yet to be shown. In addition, the ability of phytic acid to act as a chelator 

that restricts iron availability to E. coli (as a representative and easy-to-study member of the gut 

microbiota) is also tested to determine whether phytate prevents access of metals to the gut 

microbiota in the same way as it is reported to do so for the human host (Kumar et al, 2010). 

The aim of the experiment described below was to determine the ability of bacteria to utilise phytic 

acid as a phosphate and carbon source. The objectives of this experiment were as follow: 

1) Determine the ability of E. coli to degrade phytic acid and utilise the phosphate liberated to 

support its growth in a phosphate-restricted medium 

2) Determine the ability of E. coli to utilise phytic acid as a carbon source to support growth 

3) Identify the phosphatases involved (and not involved) in hydrolysis of phytic acid  

4) Determine the ability of the gut microbiota to utilise phytic acid as a phosphate source in a 

low-phosphate environment 

5) Determine the ability of gut microbiota to utilise phytic acid as a carbon source in a carbon-

free medium 

6) Determine the impact of phytic acid on the composition of the gut microbiota and its 

metabolites 

6.2 Can phytate act as a phosphate source for E. coli? 

6.2.1 Phosphate-restricted growth 

In order to determine whether phytic acid can act as a phosphate source for E. coli BW25113, it was 

necessary to explore the impact of the phosphate content of the growth medium on the growth of 

this bacterium to show that growth-limitation could be achieved on the basis of phosphate 

availability. This would allow the impact of phytic acid as a sole or major phosphate source to be 
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determined. Thus, the phosphate content of glucose M9 medium was lowered to 5-50% (section 

2.3.3.1) of that normally present and the impact of growth assessed (Figure 6.1).   There was a clear 

concentration-dependent growth reduction in response to phosphate level, with a culture OD600 of 

0.17 after 24 h with 5% (3.5 mM) phosphate as compared to 1.33 when using normal M9 minimal 

medium (70 mM phosphate). Thus, a modified M9 minimal medium with 5% phosphate content (3.5 

mM PO4
3-) can used to generate phosphate-growth restricted conditions to test the effect of phytic 

acid as a phosphate source.  

 

Figure 6.1 Growth of E. coli in M9 medium at a range of concentrations of phosphate. The OD600 

represents the growth of E. coli BW25113 after 24 h in 15 ml tubes and 5 ml of medium (0.4% 

glucose M9 medium, with the indicated level of phosphate; 100% represents 70 mM). Results shown 

are the average of three replicates (n=3).   
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6.2.2 Phytate as a phosphate source for E. coli and role of appA   

The growth of E. coli wild-type and an isogenic appA mutant (appA encodes the periplasmic acid 

phosphatase and has been shown to possess phytase activity; Golovan et al., 2000) were then 

compared in the phosphate-restricted M9 medium, in the presence of phytate. Growth was 

performed in a Bioscreen C apparatus using 100 deep-well plates (300 µl medium per well).  The 

results (Figure. 6.2, 6.3) show that phytic acid can be used as a phosphate source to support growth. 

The presence of phytic acid significantly increased the growth of both wild-type and mutant at every 

concentration of phytic acid added (p<0.05). Growth increased as the concentration of phytic acid 

increased from 0 to 10 mM. Both wild-type and appA mutant increased by an average of 3-, 4- and 

6-fold with 2.5, 5 and 10 mM of phytic, respectively (Figure. 6.2). With the addition of iron, both 

bacteria showed a slightly lower overall growth increase with only 2-, 3- and 4-fold increase with the 

same concentration of phytic acid added but was not significantly different than the non-iron 

medium (p>0.05). Although the mutant lacks acid phosphatase, there is no significant difference in 

growth with respect to the wild-type (p>0.05). Both bacteria showed a similar growth pattern but 

the mutant showed generally a slightly lower growth which was observed regardless of the presence 

of iron. The cultures displayed a lag phase at the beginning of growth of ~2 h, followed by a rapid 

growth phase up to the 5 to 8 h and then a growth plateau was established. At 10 mM phytic acid, 

both wild-type and mutant reinitiated growth at ~11 h for a further ~2 h before, reaching a second 

plateau. Despite a similar growth pattern, the wild-type showed an average of 20% and 11% more 

growth over the mutant in the iron-free and -containing M9 minimal medium, respectively. As seen 

from Figures 4.2 and 4.3, the addition of iron increased the growth of both wild-type and mutant, 

giving a slight advantage in growth in the presence of iron at 0-5 mM phytate, but a reduced growth 

at 10 mM phytate. On average, iron increases the OD600 by 10% compared to the non-iron 

counterpart at 0-5 mM phytate but was not significant when tested statistically (p>0.05).  
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Figure 6.2 Phosphate-limited growth of wild-type E. coli BW25113 and E. coli BW25113 ΔappA 

with/without phytate, in the presence of iron. WT (solid lines, +), indicates the wild-type E. coli; and 

appA (dashed lines, -) indicates the mutant. The bacteria were grown in low phosphate (3.5 mM) M9 

minimal medium in the presence of 10 µM ferric citrate and phytic acid at 0, 2.5, 5 and 10 mM. 

Constant shaking under aerobic conditions in a Bioscreen C system.  The results shown are the 

average of triplicates.  Precultures were grown overnight in M9 medium with 70 mM phosphate and 

10 µM ferric citrate.   

Thus in conclusion, it is clear that E. coli can utilise phytate as the major phosphate source, with 

growth boosted from 0.15 to 0.89 OD units by 10 mM phytate (nearly six-fold).  In addition, acid 

phosphatase is not required for phytate utilisation but it does provide a minor increase in phytate-

dependent growth and thus is required for maximum use under limiting conditions.  This can be 

considered consistent with the findings of Golovan et al. (2000). Finally, provision of iron promotes 

growth in the presence or absence of low levels (5 mM or lower) of phytate by a similar degree, but 

at 10 mM phytate the addition of iron appears to cause a non-significant growth reduction (p>0.05). 
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Figure 6.3 Phosphate-limited growth of wild-type E. coli BW25113 and E. coli BW25113 ΔappA 

with/without phytate, in the absence of iron. Details are in Figure 6.2 except for the absence of 

iron. 

6.2.3 Phytate as a carbon source for E. coli and role of appA   

The above results show that phytate can be used by E. coli as a phosphate source. However, it could 

also act as a carbon and energy source given that it is an ester of inositol (a sugar alcohol).  This 

possibility was tested using M9 medium lacking glucose. There was essentially no growth in the 

absence of phytate and glucose with the OD remaining at ~0.07-0.08 (Figures 6.4 and 6.5).  However, 

there was an increase in growth when phytic acid was provided, but phytic acid appears not to be a 

good carbon source for E. coli as shown by the relatively poor growth observed. When phytic acid 

was provided, both wild-type and mutant showed an average of 2-, 3- and 5-fold increase at 2.5, 5 

and 10 mM phytic acid, respectively, in the non-iron media. When iron was provided, wild-type E. 

coli showed a higher growth than the mutant with a 2.5-, 5.2- and 8.5-fold increase compared to 2-, 

3- and 5-fold increase at 2.5, 5 and 10 mM phytic acid, respectively. All bacteria showed a similar 
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growth pattern with rapid growth initially to reach a plateau by around 5 h. However, in 10 mM 

phytic acid, both wild-type and mutant continued to grow until they plateaued at 7 h. The wild-type 

showed a better growth than the mutant at all phytate concentrations, with the exception of no 

phytic acid where no growth was achieved. At all other concentrations, the wild-type showed an 

average of 25 and 33% higher growth than the mutant for the iron supplemented and non-iron 

supplemented conditions. In contrast to the phosphate limitation experiment above, the addition of 

iron did not increase the growth of either strain, indicating that under such extreme growth-

restricted conditions, the growth limiting factor was the carbon/energy source rather than iron. 

In conclusion, it appears that E. coli can utilise phytate as a carbon and energy source, but does so 

poorly, and it also appears that this capacity is strongly affected by appA status which suggests that 

acid phosphatase assists in converting phytate to a form that can be utilised for catabolism. 

Figure 6.4 Carbon-limited growth of wild-type E. coli BW25113 and E. coli BW25113 ΔappA 
with/without phytate, in the presence of iron. Details are in Figure. 6.2 except that glucose was 
excluded and phosphate levels were sufficient at 70 mM. 
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Figure 6.5 Carbon-limited growth of wild-type E. coli BW25113 and E. coli BW25113 ΔappA 

with/without phytate, in the absence of iron. Details are in Figure 6.2 except for the absence of 

iron.  

6.3 Role of acid glucose-1-phosphatase in utilisation of phytate by E. coli.  

Glucose-1-phosphatase (G1Pase) is encoded by the agp gene in E. coli. Acid phosphatase and G1Pase 

are related proteins (53% amino acid sequence identity) (Dassa et al, 1990). G1Pase has the ability to 

hydrolyse phytic acid to lower inositol phosphates, thus this enzyme is included in this experiment to 

determine its role in the utilisation of phytic acid as a phosphate and carbon source. 

 

6.3.1 Role of acid glucose-1-phosphatase in utilisation of phytate as a phosphate source  

Previous work has reported that the agp gene of E. coli, encoding acid G1Pase, hydrolyses phytate 

(Cottrill et al., 2002).  Thus, the potential role of this enzyme in utilisation of phytate as major 

phosphate source was explored using an agp mutant. Just like the appA mutant, the agp mutant 

showed a similar growth pattern as the wild-type and there is not significant difference 
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between them (p>0.05) (Figures 6.6 and 6.7). However, the mutant showed a reduced 

overall growth compared to the wild-type. Both mutant and wild-type had a ~2 h lag phase 

followed by a rapid growth phase up to 5-8 h and then a growth plateau was reached after 7-12 h. 

However, with phytic acid at 10 mM, both strains showed an apparent diauxic growth effect with a 

temporary growth reduction at 9-10 h. The addition of phytic acid again significantly increased the 

growth of both wild-type and mutant at all phytic acid concentration (p<0.05), with the latter having 

a lower growth than the former both in the presence and absence of iron. The wild-type increased 

2.4-, 3.3- and 4.2-fold when 2.5, 5 and 10 mM phytic acid was provided while the mutant increased 

2.2-, 3- and 4.4-fold, respectively. In the non-iron medium, both strains showed a 3-, 4-, and 6.5-fold 

increase with 2.5, 5 and 10 mM phytic acid. Although the wild-type and mutant had similar fold 

increases in growth, the wild-type gave on average an 11% and 17% higher growth than the mutant 

in the non-iron and iron supplemented medium respectively as shown by the higher OD600 reading. 

Similar to the results above (6.2.2), the addition of iron increased the growth of both strains by 

approximately 20% with the exception of 10 mM phytic where the non-iron medium gave a higher 

growth than the iron supplemented medium. The reason for this effect of iron at high phytate levels 

is unclear and surprising since a greater overall growth would be expected to result in a higher 

demand for iron and thus a greater impact for lack of iron.  Indeed, the result suggests that the 

added iron may be toxic when levels of phytate are high. In summary, as for acid phosphatase, the 

data support a minor role for acid glucose-1-phosphatase in supporting growth of E. coli on phytate 

as the major phosphate source, and thus are consistent with the results of Cottrill et al. (2002). 
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Figure 6.6 Phosphate-limited growth of wild-type E. coli BW25113 and E. coli BW25113 Δagp 

with/without phytate, in the presence of iron. Details are in Figure. 6.2 except that BW25113 Δagp 

was employed. 

Figure 6.7 Phosphate-limited growth of wild-type E. coli BW25113 and E. coli BW25113 Δagp 

with/without phytate, in the absence of iron. Details are in Figure. 6.2 except for the absence of 

iron. 
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6.3.2 Role of acid glucose-1-phosphatase in the utilisation of phytate as sole carbon source by E. coli 

As shown in Figure 6.8 and 6.9, similar to the previous results above (section 6.2.3), phytic acid is a 

poor carbon source for E. coli. Wild-type E. coli and the agp mutant showed virtually no growth 

when phytic acid was not provided (in the absence of glucose or any other carbon/energy source). 

The addition of phytic acid increased the growth of both strains in a quantitative manner. In the iron 

supplemented medium with 2.5 and 5mM phytic acid, both wild-type and mutant showed a gradual 

increase in growth with time to reach a plateau at around 6 h. At 10 mM, both strains showed a 

rapid increase until around 7 h where the wild-type continued to grow until the end of the 

experiment while the OD for the mutant gradually decreased. In the non-iron medium, with the 

exception of 0mM phytic acid, both strains showed the same growth pattern as in the iron 

supplemented medium. Without phytic acid, both bacteria gradually increased and reached a 

plateau around 11h.  In the iron medium, the wild-type showed a 2.76-, 5.14- and 11-fold increase 

with increasing concentration of phytic acid from 2.5 to 10mM. The mutant on the other hand 

showed a 2.4-, 3.96- and 7.25-fold increase for the same concentrations. The wild-type did not differ 

much from the mutant at 0 and 2.5 mM phytic acid as seen by similar OD600 readings. But at 5 and 10 

mM phytic acid, the wild-type had a 14% and 32% higher growth than the mutant. In the non-iron 

medium, the mutant showed on average 14.7% lower growth than the wild-type across all 

concentrations. The two strains showed similar growth with a 1.4- and 1.23-fold reduction when 2.5 

mM phytic acid was added for the wild-type and mutant, respectively. At 5 and 10 mM phytic acid, 

the wild-type showed a 1.24- and 2.29-fold increase accordingly while the mutant had a 1.27- and 

2.26-fold increase for the same concentration.  

In conclusion, the results indicate that acid glucose-1 phosphatase supports growth on phytate as 

sole carbon/energy source when phytate is at 5- 10 mM, with the presence/absence of iron 

generally having little impact, presumably due to the weak growth achieved as a result of the severe 

energy/carbon limitation arising from reliance on phytate.   
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Figure 6.8 Carbon-limited growth of wild-type E. coli BW25113 and E. coli BW25113 Δagp 

with/without phytate, in the presence of iron. Details are in Figure. 6.4 except that the agp mutant 

was employed.     

Figure 6.9 Carbon-limited growth of wild-type E. coli BW25113 and E. coli BW25113 Δagp 

with/without phytate, in the absence of iron. Details are in Figure. 6.8 except for the absence of 

iron.  
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6.4 Role of alkaline phosphatase in utilisation of phytate by E. coli 

6.4.1 Role of alkaline phosphatase in the utilisation of phytate as a phosphate source  

Similar to the appA and agp mutant, the phoA mutant shared a similar growth pattern with the wild-

type and there was no significant difference in growth between the two strains (p>0.05). However, 

the mutant has a longer lag phase of 6 h compared to the wild-type with only 4 h as seen by the shift 

in the growth curves in Figure 6.10 and 6.11, with the effect being more prominent when iron was 

added. The presence of phytic acid as a phosphate source significantly increased the growth of both 

strains at all concentrations (p<0.05). Surprisingly, the wild-type and phoA mutant showed very 

similar growth with a 4.3-, 5.9- and 7.4-fold increases when the concentration of phytic acid 

increased from 2.5 to 10 mM. The addition of iron slightly reduced the growth of both strains, 

resulting in only a 2-, 2.7- and 3.3-fold increase for the same phytic acid concentrations. Despite 

having the same growth over time, the wild-type outperformed the mutant by an average of 5.8% 

and 9.2% in the iron-free and iron-containing medium, respectively. The wild-type showed on 

average 0.03 and 0.06 higher OD600 reading than the mutant in the non-iron and iron medium but 

were not significant (p>0.05). The addition of ferric citrate did not significantly increase the growth 

of the bacteria in the presence of phytic acid. However, the presence of iron significantly increased 

the growth of both bacteria (more than 2-fold) when no phytic acid was added (Figure 6.10). 

6.4.2 Role of alkaline phosphatase in utilisation of phytate as a carbon source 

As seen in Figures 6.12 and 6.13, the addition of phytic acid increased the growth of both strains. In 

the iron supplemented medium, the wild-type and mutant showed similar maximal growth (highest 

OD achieved). In the non-iron medium, with the wild-type and mutant again showed similar maximal 

OD values. The supplementation of iron had little overall impact on growth.  The results thus suggest 

little role for alkaline phosphatase in use of phytate as sole carbon and energy source. 
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Figure 6.10 Phosphate-limited growth of wild-type E. coli BW25113 and E. coli BW25113 ΔphoA 

with/without phytate, in the presence of iron. Details are in Figure 6.2 except for the use of the 

BW25113 ΔphoA mutant. 

Figure 6.11 Phosphate-limited growth of wild-type E. coli BW25113 and E. coli BW25113 ΔphoA 
with/without phytate, in the presence of iron. Details are in Figure. 6.10 except for the absence of 
iron. 
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Figure 6.12 Carbon-limited growth of wild-type E. coli BW25113 and E. coli BW25113 ΔphoA 

with/without phytate, in the absence of iron. Details are as for Figure. 6.4 except for the use of the 

BW25113 ΔphoA mutant. 

Figure 6.13 Carbon-limited growth of wild-type E. coli BW25113 and E. coli BW25113 ΔphoA 

with/without phytate, in the absence of iron. Details are as for Figure. 6.12 except for the absence 

of iron. 
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6.5 Effect of pH on phytate-dependent growth of E. coli 

All three mutations tested appear to have similar impacts on growth of E. coli with phytate as the 

major phosphate source.  However, two of the phosphatases studied (AppA and Agp) have a low pH 

preference whilst the other (PhoA) has highest activity under alkaline pH. Thus, the impact of pH on 

the utilisation of phytate as phosphate source was explored to determine whether the role of the 

phosphatases considered here in phytate-dependent growth is affected by pH. Indeed, it was 

expected that AppA and Agp would be more important at low pH, whereas PhoA would be less so. 

Three different pH values were used in this experiment: acidic (pH 5.5), neutral (pH 7) and basic (pH 

8.5). Three different buffers: MES (acidic), HEPES (neutral) and TAPS (alkaline), each with the best 

pKa at the desired pH, were mixed to create a master mix of 100 mM which was then adjusted to 

the correct pH prior to use. The use of the master mix which contains all three buffers reduces the 

variability that may be caused by using different buffers for each of the three pH conditions. A final 

concentration of 10 mM of buffer was added to the medium to achieve the desired pH. 

 
6.5.1 The roles of appA, agp and phoA on phytate-dependent growth under low phosphate 

conditions and low pH  

When the pH of the medium was lowered to 5.5 through the addition of 1 ml of 100 mM pH 5.5 

master mix to 9 ml medium (final concentration 10mM buffer), the wild-type showed a significantly 

stronger growth under all conditions tested than the appA and agp mutants in the presence of iron 

(p<0.05). The wild-type showed on average 18% and 22% higher growth than the appA and agp 

mutants. In the absence of iron, the appA mutant showed an average of 1.7% better growth than 

the wild-type while the wild-type was on average 7.4% higher than the agp mutant but they are not 

significantly different when tested statistically (p>0.05). The phoA mutant showed a similar growth 

to that of the wild-type in the medium with iron but showed a significantly higher (17.2%) growth 

(p<0.05) when iron was not provided (Figure. 6.14). The presence of phytic acid significantly 

increased the growth of the bacteria (p<0.05) but this effect was seen only when iron was not 

supplemented. The wild-type showed an average of 32.8% increase in growth when phytic acid was 
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added while the mutants had a slightly lower increment with only a 23.6% (appA), 22.7% (agp) and 

22% (phoA) increase. The absence of the phosphatases may explain the lower increment for the 

mutants compared to the wild-type. Although the presence of iron significantly increases the growth 

of the bacteria, except the phoA mutant (p<0.05), the addition of phytic acid to the iron-containing 

medium on average lowered the growth of the wild-type by 1.1% while the mutants had a 4.2% 

(appA) and 13.5% (agp) reduction. Iron did not significantly increase the growth of the phoA mutant 

but it showed a 1.5% increase when both iron and phytic acid were present. The bacteria showed a 

significantly higher growth with phytic acid supplementation in the absence of iron but the 

concentration of phytic acid had little effect on growth, as 2.5 and 5 mM phytate showed 

comparable effects (p>0.05), suggesting pH has a bigger effect on growth than phosphate limitation 

under the conditions used. In addition, high growth was achieved at pH 5.5 under low phosphate 

conditions, which was considerably greater (2.3-fold) than that obtained under the previous 

conditions where pH was not controlled.  This suggests that E. coli can utilise phosphate from the 

medium more efficiently at low pH. Iron had little notable effect on growth, except in the absence of 

phytate where all strains showed an increased growth with iron, particularly the wild-type (1.5-fold 

increase). 

In summary, the enhanced growth observed at low pH prevents an assessment of the role of the 

three phosphatases in utilisation of phytate at pH 5.5 as a phosphate source.  However, the 

relatively poor growth of the appA and agp mutants with respect to the wild-type and phoA mutant 

is consistent with the pH dependence of the corresponding phosphatases. 
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Figure 6.14 Effect of phytate (and iron) on growth of wild-type E. coli BW25113 (blue) and ΔappA 
(orange), ΔagpA (grey) and ΔphoA (yellow) mutants in low phosphate minimal medium at pH 5.5. 
The four strains were grown as before (Figure. 6.2) with and without 10 µM ferric citrate, in 0.4% 
glucose-containing M9 medium with low (3.5 mM) phosphate, but at pH 5.5.  Various levels of 
phytate (0. 2.5 and 5 mM) were provided as a phosphate source. The results shown are the average 
of triplicates and indicate the maximum OD600 achieved as a representative indicator of overall 
growth. Asterisk (*) represents significant difference between the two bacteria. Full growth curves 
are shown in the Appendix.  

 

6.5.2 The roles of appA, agp and phoA on phytate-dependent growth at neutral pH 

The experiment in section 6.5.1 was repeated at pH 7 to determine whether the phosphatase 

mutants affect phytate-dependent, phosphate-limited growth at neutral pH and to determine 

whether the lack of phosphate limitation seen at pH 5.5 is reversed at pH 7.  The neutral pH was 

obtained by adding of 1 ml of 100 mM pH 7 master mix to 9 ml medium (final concentration 10mM 

buffer). However, again good growth was observed without phytate (Figure. 6.14) indicating that 

severe phosphate restriction had not been obtained at pH 7.  
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The buffers used in this experiment do not contain any phosphate, indicating no external phosphate 

source present, thus further suggesting pH of the medium has a role in phosphate uptake by the 

bacteria.  

Despite the high growth observed, a degree of phosphate limitation was obtained since addition of 

2.5-10 mM phytate resulted in a significantly increased growth in both iron-free and iron 

supplemented medium (p<0.05). The bacteria showed an average of 27.8% increase in growth in the 

non-iron medium while the addition of iron showed an average of 21.4% increase when phytic acid 

was provided. The effect was not dependent on phytate concentration since just 2.5 mM phytate 

was sufficient to overcome the apparent phosphate limitation and achieve maximum growth 

(Figure. 6.15), and there is no significant difference between the phytic acid concentrations when 

tested (p>0.05). However, the agp mutant showed a significant increase in growth with increasing 

phytic acid concentration but this effect was seen only when iron was added (p<0.05). The appA and 

agp mutants generally displayed a lower growth than the wild-type under the conditions tested, by 

an average of 10.3 and 11.3% in the iron-free medium and 6.6 and 5.2% in the iron supplemented 

medium, respectively, but they are no significant differences in growth when tested statistically 

(p>0.05).  In contrast, the phoA mutant showed average growth very similar to that of the wild-type 

(just 3% lower on average).  Thus, as seen in Figure 6.14, the appA and agp phosphatases appear to 

have a role in supporting growth of E. coli under the conditions tested, whereas phoA does not. 

Interestingly, despite showing a higher OD600 reading than the mutants, the addition of phytic acid 

(in the absence of iron) on average only increased the growth of the wild-type by 25.4% while the 

growth of mutants were increased by 31.5% (appA), 26.1% (agp) and 28.4% (phoA). There was no 

notable impact of iron on the growth of the strains, indicating that phytate at up to 10 mM does 

cause iron restriction under the conditions tested. The addition of iron showed a lower growth 

increment with only an average 20.3% increase for the wild-type. The mutants on the other hand 

showed a slightly higher increase with 23.4% (appA), 20.4% (agp) and 21.6% (phoA), but there is no 

significant effect of the iron on growth (p>0.05). 
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In summary, the reduced growth of the appA and agp mutants is observed at pH 7 as well as pH 5.5, 

which suggests a role in phosphate acquisition at neutral pH for the corresponding phosphatases. 

Figure 6.15 Effect of phytate (and iron) on growth of wild-type E. coli BW25113 (blue) and ΔappA 
(orange), ΔagpA (grey) and ΔphoA (yellow) mutants in low phosphate minimal medium at pH 7.0. 
Conditions were as in Figure. 6.14 except that the medium was buffered at pH 7. Full growth curves 
are shown in the Appendix.  

 

6.5.3 The roles of appA, agp and phoA on phytate-dependent growth at alkaline pH   

The effect of alkaline pH on the use of phytate as a phosphate source by the three phosphatase 

mutants was also investigated (Figure. 6.16).  At pH 8.5, phytate was found to significantly enhance 

growth of all the bacteria tested (p<0.05), but this effect was not phytate-dependent (0.17 OD600 

units).  This indicates that the medium used was weakly phosphate deficient, as seen above at pH 7.  

concentrations above 2.5 mM did not show significantly greater growth (p>0.05). Phytate (2.5-  
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10 mM) enhanced growth by 37% on average in the absence of iron and only 13.7% with iron. This 

indicates that the medium used was weakly phosphate-deficient, as seen above pH 7. This suggests 

that the failure to observe phosphate limitation at pH 5.5 is due to the weaker overall growth (by 52-

64%) obtained at acidic pH with respect to pH 7 and 8.5, which would reduce demand for 

phosphate.  The appA and agp mutants displayed a lower overall growth (~12% on average with 

iron; ~7% on average without iron) than the wild-type, but this was not significantly different when 

tested statistically (p>0.05), which reflects the results seen above at lower pH.  However, the phoA 

mutant displayed growth very similar to that of the wild-type (within 3% on average).  At an alkaline 

pH, the presence of phytic acid greatly increases the growth of the bacteria compared to a neutral or 

acidic environment. The bacteria showed on average 36% increase in the presence of phytic acid 

(without iron) at pH 8.5 compared to 27.8% (pH 7) and 25.2% (pH 5.5). With the addition of iron, 

there is on average 13.7% increase at pH 8.5 and 21.4% increase at pH 7. At pH 5.5 however, the 

presence of both phytic acid and iron reduces the growth of bacteria on average 4.3%. Interestingly, 

provision of iron significantly enhanced growth of all bacteria in absence of phytate by an average of 

36% (p<0.05).  No such effect was seen in the presence of phytate (a slight 1% decrease in OD with 

iron, on average).  This suggests that at alkaline pH phytic acid is able to increase availability of iron, 

presumably by acting as a mobilising (chelating) agent.  This is in contrast to the reported effect of 

phytates as dietary inhibitors of iron absorption (Kumar et al, 2010), and indicates that the gut 

microbiota may benefit from dietary phytate through enhanced iron availability even though the 

host suffers from reduced iron availability. 

The appA and agp mutants showed a greater growth difference with respect to the wild-type and 

phoA mutant when phytate was present (average of 12%) than when it was absent (7%).  A similar 

effect was seen for at pH 7.  This effect is consistent with a role for appA and agp in providing 

phosphate from phytate. 
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Figure 6.16 Effect of phytate (and iron) on growth of wild-type E. coli BW25113 (blue) and ΔappA 
(orange), ΔagpA (grey) and ΔphoA (yellow) mutants in low phosphate minimal medium at pH 8.5. 
Conditions were as in Figure. 6.14 except that the medium was buffered at pH 8.5. Full growth 
curves are shown in the Appendix.  

 

6.6 The effect of combining appA, agp and phoA mutations on phytate-dependent, phosphate-

limited growth  

Since the three single phosphatase mutants showed either no reduction or only a limited reduction 

in growth with phytate as the major phosphate source, it was decided to combine the mutations to 

generate a series of double mutants (section 2.16.2.4).  This would allow determination of whether 

multiple phosphatases support the use of phytate as phosphate source, and thus whether the three 

genes investigated provide a degree of redundancy in terms of their roles in phytate consumption.  

Three double mutants were therefore generated, as described in Methods (section 2.16), and tested 

for their growth in unbuffered, phosphate-limited (3.5 mM) M9 medium with glucose as carbon 

source.  
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6.6.1 The Δagp ΔphoA, ΔappA ΔphoA and ΔappA Δagp double mutants  

As seen before (sections 6.2.2, 6.3.1, 6.4.1) in unbuffered phosphate-limited M9 medium, there was 

a clear growth enhancement caused by provision of phytate, and this was phytate concentration-

dependent (Figure. 6.17).  Thus, phosphate limitation had been achieved and phytate was able to act 

as an alternate source of phosphate. On average, the addition of 2.5, 5 and 10 mM phytic acid 

significantly increased the growth by 2.3-, 2.3- and 3.9-fold for all strains (p<0.05). With the 

exception of the ΔappA ΔphoA mutant (which showed similar growth to the wild-type), the mutants 

showed better growth compared to the wild-type with an average of 7.5% and 10.6% higher growth 

for the Δagp ΔphoA and ΔappA Δagp mutants, respectively, but this difference was not significant 

when tested statistically (p>0.05). However, there was no discernible impact of iron (Figure. 6.17) 

indicating that iron restriction had not been achieved on this occasion.  Surprisingly, the three 

double mutants showed no major, consistent or significant growth impairment with respect to the 

obtained previously with the single mutants that suggested that the phosphatases under study had a 

wild-type (Figure. 6.17) either with phytate or in its absence.  This is in contrast to the result minor 

role in phytate utilisation. 

In summary, despite the lack of 2 phosphatases, the bacteria still displayed the ability to utilise 

phytate as a phosphate source. Although previous work has reported phytase activity associated 

with these enzymes (Greiner et al, 1993; Cottrill et al, 2002) and the results obtained with single 

mutants (above) suggested a potential contribution. A triple mutant whereby all 3 phosphatases 

were knocked out was used to confirm the presence of unknown phosphatases/phytases.  

 

 

 

 

 



184 
 

Figure 6.17 Effect of Δagp ΔphoA, ΔappA ΔphoA and ΔappA Δagp double mutations on phytate-
dependent growth under phosphate limitation, unbuffered minimal medium, in presence/absence 
of iron. Conditions were as in Figure. 6.2 (0.4% glucose M9 medium, +/- 10 µM ferric citrate, aerobic, 
37 ˚C, shaking, Bioscreen C, in triplicate) except double mutants rather than single mutants were 
employed. Full growth curves are shown in the Appendix.  

 

6.6.2 The ΔappA ΔagpA ΔphoA triple mutant   

In order to confirm that none of the phosphatases considered here have any major role in use of 

phytate as a phosphorus source, a triple mutant was generated (Methods section 2.16) and 

compared with the wild-type under the same conditions as those used above (Figure 6.17).  The 

results (Figure 6.18) again clearly indicate that phytate can act as a phosphate source and 

significantly boosts phosphate-limited growth in a quantitative fashion with a 2.5-, 3.1- and 4.7-fold 

increases in growth achieved with 2.5, 5 and 10 mM phytate, respectively (p<0.05). The addition of 

iron significantly increased the growth of both wild-type and mutant (p<0.05). However, the wild-
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type showed a more prominent growth increase than the wild-type by an average of 0.14 OD600 units 

while the mutant only increases 0.09 OD600 units. The greatest iron-enhancing effect on the growth 

of both bacteria was seen at 0 mM phytic acid, indicating that the presence of phytic acid has an 

inhibitory effect on iron-enhanced growth despite providing phosphate to support growth. In the 

absence of phytic acid, the wild-type showed a 2.1-fold increase while the mutant gave a 1.4-fold 

increase when iron was supplemented. When phytic acid was added, the wild-type showed a 1.3-, 

1.3- and 1.1-fold higher growth with increasing concentration of phytic acid. The mutant, on the 

other hand, showed 1.2-, 1.1- and 1.1-fold increase when 2.5mM, 5mM and 10mM phytic acid are 

added. Most importantly, the triple mutant showed similar growth to that of the wild-type both with 

and without phytate supplementation (Figure. 6.18), which confirmed the results in section 6.6.1 

indicating that none of the phytases considered here have any major role in utilisation of phytate for 

use as a phosphate source under the conditions tested here. 

In summary, the above results show that the major extra cytoplasmic phosphatases of E. coli are not 

required for use of phytate as the major source of phosphate during growth.  This suggests that 

phytate utilisation occurs through another pathway that has yet to be identified.  In addition, the 

results indicate that a display of phytase activity in vitro does not necessarily correlate with any 

requirement for phytate utilisation during growth and thus suggests that phytase activity results 
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obtained in vitro should be confirmed through studies with a corresponding mutant before any 

conclusion can be drawn with regard to physiological relevance. 

Figure 6.18 Effect of ΔappA ΔagpA ΔphoA triple mutation on phytate-dependent growth under 

phosphate limitation, unbuffered minimal medium, in the presence/absence of iron. Conditions 

were as in Figure. 6.17 (0.4% glucose M9 medium, +/- 10 µM ferric citrate, aerobic, 37 ˚C, shaking, 

Bioscreen C, in triplicate) except that the triple mutant was employed. Full growth curves are shown 

in the Appendix.  

 

6.7 Impact of phytate as the sole phosphate or carbon source on the human gut microbiota 

The results above (section 6.2- 6.6), obtained with E. coli grown aerobically, indicate that phytate 

can act as a good source of phosphate and that it does not apparently impair iron availability.  

However, it is unclear whether the human gut microbiota as a whole can also utilise phytate as its 

major or sole phosphate source, and whether the composition or activity of the microbiota might be 

altered when phytate acts as the major (or sole) source of phosphate (or carbon/energy).  To 

investigate this question, batch cultures experiment were performed.  The conditions employed are 

summarised in Figure 6.19. 
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A) 

B) 

Figure 6.19 Experimental design. Diagram A represents the phosphate experiment set up while 
diagram B represents the carbon/energy experiment set up. Basal medium containing faecal inocula 
from 3 different donors were grown anaerobically for 48 h at a constant pH of 5.5, maintained 
through the addition of 1 M HCl or 1 M NaOH. 

  

6.7.1 Phytate as phosphate source for the human gut microbiota.  

The medium used was normal basal medium with starch (0.5%) but without yeast extract or 

peptone, since preliminary phosphate assay results suggest that these provide phosphate (data not 

shown). The vitamins and minerals provided by yeast extract were replaced by addition of trace 

elements and vitamins (section 2.3.1.2). The phytic acid was provided at 10 mM (thus giving 60 mM 

phosphate levels) while the KH2PO4 and K2HPO4 were at 3.67 and 2.87 mM (level used in normal 

basal medium), respectively. The condition with potassium phosphate provided a state of phosphate 

limitation, whereas the condition without either potassium phosphate or phytate acted as a control 

to demonstrate the importance of a phosphate source for growth of the gut microbiota.   

The addition of phosphate resulted in a higher growth compared to the phosphate-free negative 

control (Figure 6.20). In the absence of phosphate, the control showed a gradual decrease in cell 

numbers over time. The control showed a 2.4-, 2.9- and 4.04-fold decrease at t12, t24 and t48, 
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respectively. The bacterial counts lowered from an initial 9.7x106 cells/ml medium (t0) to 3.92x106 

(t12), followed by 3.33x106 after 24 h and finally 2.4x106 at t48. When 6.5 mM potassium phosphate 

(KH2PO4 and K2HPO4) was added to the medium, the microbiota showed a decrease in number for 

the first 24 hours but then an increase by at 48 h. The bacteria had a decrease of 3.64- and 1.84-fold 

for t12 and t24 respectively, followed by a 1.39-fold increase at t48 cf. 0h. The bacteria decreases 

from 1.12x107 cells/ml medium at t0 to 3.06x106 at t12 and gradually increase to 6.05x106 at t24 and 

finally 1.55x107 at t48. The use of phytic acid as sole phosphate source showed a similar trend 

whereby the bacteria experienced a drop in number at t12 but this then gradually increased up to 

t48. There was a drop of 2.34-fold at t12, followed by a 1.5- and 6.07-fold increase for t24 and t48, 

accordingly. The bacterial counts dropped from an initial 1.43x107 cells/ml medium to 6.10x106 at 

t12 and gradually increased to 2.14x107 (t24) and 8.65x107 (t48). When both potassium phosphate 

and phytic acid were used to supplement the medium, the bacteria showed a slight decrease in the 

beginning followed by a major increase between t24 and t48. The bacterial numbers were 1.44- and 

1.29-fold lower at t12 and t24, respectively, than at t0; this drop was followed by a 6.06-fold 

increase at t48 from t0. Bacterial counts showed an initial decrease from 1.24x107 cells/ml medium 

(t0) to 8.61x106 at t12, followed by a gradual increase to 9.63x106 and then 7.51x107 cells at t24 and 

t48, respectively. As seen in Figure 6.20, all conditions showed a decrease at t12 but the addition of 

6.5 mM potassium phosphate allowed a gradual but modest increase in the bacterial counts until the 

end of the experiment. In contrast, the bacteria showed a continuous decrease in numbers when no 

phosphate source was provided (blue bars in Figure 6.20). Thus, it is clear that the presence of 

potassium phosphate increased the bacterial counts compared to the control. However, at t12, the 

phosphate-free control showed a 1.28-fold higher bacterial count than the potassium phosphate 

supplemented vessel (3.92x106 vs 3.06x106). Supplementation with phytic acid increased the cell 

counts by 1.56-fold (6.1x106 vs 3.92x106) at t12 and the addition of both potassium phosphate and 

phytic acid showed a 2.2-fold increase (8.61x106 vs 3.92x106) at t12 compared to the control.     
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Figure 6.20 Effect of phytate as sole phosphate source on the growth of the human gut microflora 

in batch culture. Total bacterial counts were determined by Flow-FISH using Eub I-II-III probes. Four 

growth conditions using modified basal medium were used:  no phosphate (blue); normal phosphate 

level (3.67 mM KH2PO4/2.87 mM K2HPO4; orange); 10 mM phytate, no potassium phosphate (grey); 

and 6.5 mM potassium phosphate with 10 mM phytate (yellow). Bacterial counts are expressed as 

number of cells/ml medium. Results are the average of three normal subjects and error bars 

represent ±SD.  

However, the bacterial counts at t12 showed no significant difference when tested statistically 

(p>0.05). At t24, the presence of potassium phosphate increased the cell numbers by 1.8-fold 

compared to the control (6.05x106 vs 3.33x106 cells/ml medium). The phytic acid on the other hand 

increased the bacteria by 6.42-fold (2.14x107 vs 3.33x106 cells/ml medium) but this difference was 

not significant (p=0.063). The addition of both potassium phosphate and phytic acid showed a 2.89-

fold increase (9.63x106 vs 3.33x106 cells/ml medium) at t24 but was not significant (p>0.05). At t48 

with potassium phosphate, an increase in the bacterial counts by 6.47-fold compared to the control 

(1.55x107 vs 2.4x106 cells/ml medium) was obtained. Although the presence of phytic acid showed a 

greater increase in growth with a 36.1-fold compared to the control (8.65x107 vs 2.4x106 cells/ml 

medium), it is not significant (p=0.057). A 31.3-fold increase in growth was seen with both potassium 
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phosphate and phytic acid compared to the control but was not significant (7.51x107 vs 2.4x106 

cells/ml medium) at t48. 

In conclusion, the results indicate that (as expected) a source of phosphate is vital for growth of the 

microbiota.  Importantly, the provision of phytate as sole source of phosphate allows its utilisation 

by the gut microbiota to support their growth, as compared to conditions where phosphate is 

absent. These results reflect those obtained for E. coli. This indicates that phytate can indeed 

support the growth of the gut microbiota as sole phosphate source.  It would be of great interest to 

determine the effects of different levels of phytate on phosphate-limited growth of the microbiota, 

as it is unclear whether the level used is optimal; indeed, 10 mM phytate can reduces the growth of 

the gut microbiota when all nutrients are sufficient (yellow bar in Figure 6.20). When potassium 

phosphate and starch are added to the vessel as phosphate and carbon source, the presence of 

phytic acid reduces the growth of bacteria.  Further, the differences in total growth observed 

between subjects was unexpectedly high (as indicated by the large error bars) suggesting that the 

impact of phytate on the microbiota is strongly subject-dependent (i.e. influenced by the gut 

microbiota community profile).  Thus, the effect of phytate dependent growth on bacterial 

composition would be of great interest. 

6.7.2 Phytate as carbon source for the human gut microbiota.  

Normal basal medium (with yeast extract and peptone water) was used in this experiment with 

starch acting as a positive control. Phytic acid is a very poor source of carbon/energy for the gut 

microbiota, as shown by the poor growth and the comparable cell counts with the starch-free 

control when phytate is the sole carbon source (Figure 6.21).  The presence of starch as a carbon 

source showed the highest growth among all treatments with the highest cell number occurring at 

t24. However, when both starch and phytic acid were added to the medium, the growth was 

lowered significantly (p<0.05) compared to starch alone.  This suggests that 10 mM phytic acid has 

an inhibitory effect on the microbiota.  It would be very interesting to determine the effect of 
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phytate concentration on microbiota inhibition and to determine whether there is a differential 

effect of phytate on the growth of different members of the gut microbiota.   

There was an increase in bacterial numbers over time in the presence of starch, peaking at t24; the 

non-starch vessels peaked at t48 but showed very low levels of growth (Figure 6.21). Both control 

and the phytic acid supplemented growths showed a gradual increase until the end of the 

experiment while the starch condition showed an increase until t24 followed by a drop at t48. The 

control showed a 16-, 19.3- and 42.5-fold increase with time, increasing from 1.17x105 cells/ml 

medium (t0) to 1.88x106 (t12), 2.26x106 (t24) and finally 4.98x106 (t48). With starch, the bacterial 

counts increased 8.05-, 32.8- and 23.7-fold at t12, t24 and t48, respectively; levels increased from an 

initial count of 1.18x107 cells/ml to 9.51x107 at t12, then to 3.87x108 (t24) followed by a drop to 

2.8x108 (t48). On the other hand, there was an increase of 5-, 10.8- and 17.3-fold with phytic acid; 

the bacteria number increased from 2.99x105 cells/ml medium at t0 to 1.49x106 at t12, then 

3.22x106 at t24 and finally 5.15x106 at t48. When both phytic acid and starch were added, the 

bacterial counts increased 1.27-, 17.7- and 16.0-fold from t12 to t48 compared to t0; bacterial 

numbers were initially at 1.26x107 cells/ml medium, gradually increasing to 1.6x107 at t12 and then 

2.23x108 at t24, followed by a decrease to 2.01x108 at t48.  

At t12, the presence of starch as the sole carbon source gave a significantly (p=0.05) higher bacterial 

count (50.7-fold) compared to the control where no carbon source was present (9.51x107 vs 

1.88x106 cells/ml medium). This increase was lowered when phytic acid was added such that when 

both starch and phytic acid were present, the bacteria only showed an 8.5-fold increase compared 

to the control at t12 (1.6x107 vs 1.88x106 cells/ml medium), but the increase were not significant 

when statistically tested. When only phytic acid was added, there was a 1.26-fold lower growth 

compared to the control (1.49-106 vs 1.88x106 cells/ml medium).  
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Figure 6.21 Effect of phytate as sole carbon source on the growth of the human gut microflora in 

batch culture. Details are as in Figure. 6.19 except that normal basal medium was used (phosphate 

levels at 6.5 mM, with yeast extract and peptone water), and the carbon source was varied between 

each of the four experimental conditions, as follows: blue (no starch), orange (0.5% starch), grey (10 

mM phytic acid) and yellow (0.5% mM starch and 10 mM phytic acid). Asterisk (*) represents 

significant difference (p<0.05) 

 

At t24, all the supplemented vessels had a higher growth compared to the control. The starch-only 

vessel showed the highest growth with a 171-fold increase (3.87x108 vs 2.26x106 cells/ml medium) 

with respect to the control, followed by the combined starch and phytic acid condition where there 

was a 98.5-fold increase (2.23x108 vs 2.26x106 cells/ml medium) compared to the control. The two 

starch-containing conditions showed a significantly higher growth compared to the control (p<0.05). 

The addition of phytic acid as sole carbon source only showed a 1.42-fold higher growth than the 

control (3.22x106 vs 2.26x106 cells/ml medium), suggesting that phytate is a poor carbon source for 

the microbiota.  

At t48, the starch-only condition still showed the highest growth with a 56.1-fold increase and a 

significantly higher growth (p<0.05) compared to the control (2.8x108 vs 4.98x106). When phytate 
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was also included, the bacterial counts showed a slight decrease to 40.3-fold (2.01x108 vs 4.98x106 

cells/ml medium) but were still significantly higher than those in the control (p<0.05). Phytic acid as 

sole carbon source gave comparable results to the control with 5.15x106 cells for the former and 

4.98x106 for the latter. At t24 and t48, the presence of starch showed significantly higher growth 

than for phytic acid alone (p<0.05), further indicating phytic acid as a poor carbon source for the 

bacteria.  

In conclusion, similar to the results above obtained from the growth experiment with E. coli, phytic 

acid is a poor carbon source. The use of phytic acid as a carbon source showed comparable bacterial 

counts to the control. Thus it does not provide any carbon/energy source to support the growth of 

bacteria. When starch was present as a carbon source for the bacteria to utilise, the addition of 

phytic acid showed a reduction in growth of the bacteria, indicating its inhibitory effect, possibly 

through the binding of minerals, making them unavailable for the bacteria to utilise. The growth 

conditions used in Figures 6.20 and 6.21 are similar except that the medium in Figure 6.20 

(phosphate-restricted medium) does not contain yeast extract or peptone. Both sets of data include 

conditions with adequate phosphate and carbon source, as well as phytic acid added to support the 

growth of the bacteria. However, the total bacterial counts in Figure 6.21 (with yeast extract and 

peptone) are 2.67-fold higher (containing ~1.2x108 more cells) than their counterparts in Figure 6.20. 

This indicates that yeast extract and peptone provide additional nutrients that enhance the growth 

of the gut microbiota and that cannot be replaced by vitamin and mineral supplements. 

6.8 Discussion 

As seen from the phytic acid utilisation studies, the growth of E. coli increases with increasing 

concentration of phytic acid due to the availability of higher concentrations of phosphate. Phytic 

acid can be used by E. coli as a phosphate source but it is a very poor carbon source. Although acid 

phosphatase encoded by the appA gene has been shown to be a phytase which is able to hydrolyse 

phytic acid, mutants lacking this gene showed growth comparable to the wild-type, indicating the 

presence of other enzymes which can also hydrolyse phytic acid. The homologous G1Pase has been 
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shown to liberate phosphate from glucose-1-phosphate to support growth, and thus might be able 

to hydrolyse phytic acid in the same manner. Alkaline phosphatase is another protein of interest 

which may have phytase properties. However, agp and phoA mutants also showed comparable 

growth to the wild-type. When double mutants were generated to give E. coli strain only possessing 

either the acid phosphatase (appA), glucose-1-phosphatase (agp) or alkaline phosphatase (phoA), all 

the mutants also showed growth comparable to the wild-type. This result might indicate that all of 

these phosphatases are able to hydrolyse phytic acid to liberate free phosphate and thus support 

phytate-dependent growth. However, it might also suggest that other phosphatases which hydrolyse 

the phytic acid are present. The latter hypothesis appears to be true since a triple mutant which 

lacks of all the phosphatases of interest was generated and it showed better growth compared to 

the wild-type (Figure 6.18).  The result thus suggest that other phosphatases that have the ability to 

hydrolyse phytic acid are present. Pradel and Boquet showed that the phoA and agp mutants is able 

to utilise glucose-1-phosphate as a phosphate source provided that both phosphoglucomutase 

(pgm) and the hexose-6-phosphate:phosphate antiporter (uhpT) are present (Pradel and Boquet, 

1991). Although utilisation of phytic acid has not been shown, this might be a possible mechanism 

which can explain the results obtained from the triple mutant experiment.  

The class B acid phosphatase, as encoded by the aphA gene, has been shown to have a relatively low 

activity towards phytic acid as it tends to prefer aryl phosphoesters and both 3’- and 5’- nucleotides 

(Thaller et al, 1997). Although it shows low activity towards phytic acid, it may help hydrolyse phytic 

acid in the absence of other phosphatases.  

When the pH of the medium was adjusted to either acidic (5.5), neutral (7) or alkaline (8.5), the 

mutants showed a growth pattern similar to the wild-type, which suggests that pH has a bigger 

effect on growth than all other factors considered. However, the wild-type has a higher growth than 

the mutant as seen by the higher OD600 reading.  
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In the phosphate utilisation experiment using batch cultures, the addition of phytic acid was able to 

support growth of the gut bacteria in a low phosphate/phosphate-deficient medium. The vessel 

which contained phytic acid showed higher growth compared to the KH2PO4 and K2HPO4 vessel. This 

may be due to the higher concentration of phytic acid supplemented (10mM) as compared to 

KH2PO4 and K2HPO4. Thus, this can be seen as a limitation in the experimental design which can 

affect the growth differences observed between vessels. The concentration of phosphate provided 

as potassium phosphate or the phytic acid should be kept the same, so that the use of phytic acid as 

a phosphate source can be truly determined. However, when both phytic acid and phosphate 

(KH2PO4 and K2HPO4) were present, the microbiota showed a slight reduced growth, indicating that 

the phytic acid might have an inhibitory effect on growth, possibly by chelating cations, making them 

unavailable for the microbiota.  

When phytic acid was added as a carbon source for the bacteria, the bacteria showed poor growth 

with numbers comparable to the control (no carbon source). Starch is a good carbon source for the 

microbiota to utilise, however. When phytic acid is added, the bacteria showed a reduced growth 

compared to the presence of starch alone. Similar to the phosphate experiment, phytic acid may 

inhibit the growth of bacteria through lowering the availability of minerals for the bacteria. Both the 

phosphate utilisation and carbon source experiment conducted using the gut bacteria gave results 

which are in agreement with the growth studies whereby phytic acid is a good phosphate source and 

a poor carbon source. One limitation with the phosphate experiment is the removal of peptone 

water and yeast extract due to their high phosphate content. Vitamin and mineral solutions were 

provided as supplements to compensate for the removal of yeast extract. However, the lack of a 

nitrogen source or alternative amino acid source may place certain bacterial groups at a 

disadvantage, thus reducing their growth.   

In summary, phytic acid can be used as a phosphate source to support the growth of the gut 

microbiota but it is a very bad carbon source. Although the literature has shown that acid 
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phosphatase and acid glucose-1-phosphatase of E. coli have the ability to hydrolyse phytic acid 

(Greiner et al, 1993;Cottrill et al, 2002), the results from the experiments reported here show that 

these phosphatases are not required for phytate utilisation by E. coli and that there must be another 

phytate utilisation pathway that has yet to be discovered.  
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Chapter 7: Impact of zinc supplementation on the gut microbiota 

7.1 Introduction 

An estimated 17% of the global population has an inadequate zinc intake, with the highest 

prevalence occurring in the South Asia region with 29% of the population in that region facing 

deficient zinc intake. A high percentage of the population of countries in the African continent, and 

East and Southeast Asia are reported to have low zinc intake (Wessells and Brown, 2012). An adult 

human contains 2-3 g of zinc, of which 0.1% must be replenished daily. Numerous enzymes in the 

human body are zinc dependent, thus showing zinc’s important role in various biological processes.  

In particular, zinc has a role in growth and development, being involved in proliferation, 

differentiation and apoptosis at the cellular level (Maret and Sandstead, 2006). Zinc 

supplementation or food fortification has been used to reduce zinc deficiency, however, the impact 

of such interventions on the gut microbiota has yet to be determined. The experiment below is 

designed to mimic zinc supplementation and its impact on the gut microbiota in a healthy human 

setting (i.e. employing faecal inocula from healthy donors and a nutritionally sufficient medium, 

except for Zn) rather than a malnourished person. The experiment was conducted using single stage 

batch cultures containing a modified gut model medium in which mucin, yeast extract and tryptone 

were removed to create a zinc-restricted medium. However, a vitamin and mineral solution were 

added to compensate for the lack of yeast extract, while peptone water was used to replace 

tryptone. The modified gut model medium contains only 3 µM zinc as compared to 19 µM in a 

normal gut model medium (measured using ICP-OES by another member of the lab). A 2 ml volume 

of faecal slurry from four healthy subjects (two male and two female) was inoculated into 198 ml of 

medium and the cultures were allowed to propagate for 48 h in a pH-controlled environment. The 

conditions used were:  

control (no zinc);  

77 µM ZnSO4 (equivalent to 10 mg/d zinc);  

192 µM ZnSO4 (equivalent to 25 mg/d zinc); and  
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770 µM ZnSO4 (equivalent to 100 mg/d zinc).   

The total bacterial numbers were determined by Flow-Fish (section 2.4) and community 

profiles were compared at 0, 24 and 48 h by 16S rRNA-dependent community profiling (section 2.8).       

7.1.1 Selection of zinc concentrations to be tested 

As indicated above, modified gut model medium was used in this experiment which has a 

background zinc concentration of 3 µM compared to the normal gut model medium (~20 µM Zn). 

The low zinc concentration of the modified medium allows a better reflection of the impact of zinc 

supplementation on the gut microbiota. The addition of 77 µM Zn is equivalent to the intake of 

commercially available 10 mg zinc tablet per day (assuming a 2-litre colonic volume, Olsson et al, 

1952). These tablets are readily available and accessible which can be bought in stores. A study in 

the US has shown multivitamin-mineral is the most common supplement consumed in adults (Bailey 

et al, 2013). The most common motivation leading to the consumption of supplements includes to 

improve or maintain health, supplement the diet and to boost immunity (Bailey et al, 2013). 

However, the zinc intake for the UK population is considered to meet the daily requirement (7 and 

9.5 mg/day for women and men), thus there is a chance of an excessive zinc intake through 

supplementation. The impact of zinc supplementation on the gut microbiota of a nutritionally 

sufficient (as well as a zinc deficient individual) has yet to be establish, thus the use of batch culture 

and gut model are able to provide insights to these effects. The daily limit zinc for supplement intake 

is 25 mg (equivalent to 192 µM) which may be prescribed by healthcare providers to a severely zinc 

deficient or malnourished patient. However, the impact of zinc at such concentrations on the gut 

microbiota has not been determined, thus operating batch cultures and gut models at this 

concentration may provide insight into any such effects. Zinc at 770 µM is equivalent to 100 mg of 

zinc per day which is 4 times higher than the daily zinc allowance (25 mg). This concentration was 

selected to determine the effect of extremely high zinc intake on the gut microbiota which might be 

achieved through over-supplementation whereby consumption of multiple different supplements 
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with zinc as a common ingredient in them. These concentrations would be representative of the 

daily diet and lifestyle of individuals with unusually high zinc intake.  

7.2 Effect of zinc of microbiota cell numbers in batch culture 

As seen from Figure 7.1, the bacteria in all zinc regimes increased over time. As expected, no 

significant difference was seen at t0, with all regimes containing between 1.19x107 to 1.37x107 

cells/ml medium. These differences are likely to represent experimental variability relating to the 

inoculation level and Flow-FISH analysis.  Supplementation with zinc enhanced the growth of 

bacteria at t24, but at high concentration (770 µM) the presence of zinc suppressed the growth of 

bacteria, as seen in Figure 7.1. 

When no zinc was added, the bacteria increased 4.07-, 14.2- and 20.5-fold at t12, t24 and t48, 

respectively. The bacteria increased from 1.33x107 cells/ml medium at t0 to 5.44x107 at t12, 

subsequently to 1.89x108 at t24 and finally 2.73x108 cells/ml at t48. With 77 µM Zn, the bacterial 

levels showed a bigger growth increase with a 3.58-, 19.7- and 23.2-fold increase from t12 to t48. 

The bacterial counts increased from an initial 1.19x107 cells/ml medium to 4.25x107 at t12 and 

2.34x108 at t24. The bacteria continued to increase and peaked at t48 with 2.75x108 cells/ml. When 

the amount of supplemented zinc was increased to 192 µM, from t12-t48, the bacteria increased 

3.6-, 17.5- and 22.3-fold, accordingly. At t0, the vessel contained 1.25x107 cells/ml which 

subsequently increased to 4.47x107 at t12, 2.2x108 at t24 and reached a peak of 2.79x108 at t48. 

With 770 µM zinc added to the medium, the bacteria showed a reduced growth compared to the 

control and had the lowest growth among all the regimes. The bacteria only showed a 3.53-, 8.73- 

and 14-fold increase for t12, t24 and t48, respectively. The bacterial counts increased from 1.37x107 

initially to 4.82x107 at t12 and continue to increase to 1.19x108 and peaked at 1.91x108 cells/ml at 

t48.  The reduced growth effect was only notable at 24 and 48 h, where it contrasts markedly with 

the slight increase in growth caused by 77 and 192 µM Zn at 24 h (Figure 7.1).  
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Figure 7.1 Effect of Zn regime on total bacterial counts. Total bacterial counts for each zinc regime 

were determined by Flow-FISH using Eub I-II-III probes. Each bar indicates a different regime: blue 

(no-zinc addition), orange (77 µM Zn addition), grey (192 µM Zn addition) and yellow (770 µM Zn 

addition). Bacterial counts are expressed as cells/ml medium. Results are average of 4 subjects and 

error bars represent SD. One-way Anova with Tukey Post Hoc has been employed for statistical 

analysis. No significant difference is seen (p>0.05). 

 

As seen from tables 7.1 and 7.2, the presence of zinc has some effect on the total bacterial counts 

compared to the control.  At t12, the control (0 µM Zn) showed higher growth than all media 

containing zinc (4.07- versus 3.5-3.6-fold increase, respectively), corresponding to a 1.28-, 1.22- and 

1.13-fold higher growth with 77, 192 and 770 µM Zn, respectively. At t24, medium supplemented 

with 77 and 192 µM Zn showed 1.24- and 1.16-fold higher total bacterial counts than the control 

while the control is 1.59-fold higher than the medium containing 770 µM Zn. At t48, there was very 

little difference between the control and the growths with 77 and 192 µM Zn, but when 770 µM Zn 

was supplemented to the medium, the total numbers were 1.43-fold lower than the control. 

In summary, the Flow-FISH results show that medium doses of Zn, matching those considered to be 

within normally dietary ranges, increase growth of the microbiota slightly (but not significantly) at 
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24 h.  This effect is consistent with the essential nature of Zn as a micronutrient and would suggest 

that the reduced growth is a result of Zn insufficiency.  However, high levels of Zn had the opposite 

impact on growth at both 24 and 48 h, indicating a growth inhibition effect.  Such effects are 

consistent with the reported impact of high zinc doses used to treat infant diarrhoea in the third 

world and prophylactic deployment of Zn to prevent post weaning diarrhoea in pigs, although it is 

unclear at this stage which elements of the gut microflora have been impacted by the high Zn 

(Starke et al, 2013; Pieper et al, 2011; Wang et al, 2018).  

Table 7.1 Total bacterial numbers at each time point and the fold difference against t0. Data are 
derived from Figure. 7.1 (see Figure 7.1 for details).  

Zinc concentration 
(µM) 

Bacterial counts (cells/ml medium) Fold Difference 

t0 t12 t24 t48 t12/t0 t24/t0 t48/t0 

0 1.33E+07 5.44E+07 1.89E+08 2.73E+08 4.07 14.18 20.47 

77 1.19E+07 4.25E+07 2.34E+08 2.75E+08 3.58 19.68 23.17 

192 1.25E+07 4.47E+07 2.20E+08 2.79E+08 3.57 17.53 22.28 

770 1.37E+07 4.82E+07 1.19E+08 1.91E+08 3.53 8.73 14.00 

 

 

Table 7.2 Fold difference between different zinc regimes against the control (0 µM zinc). Data are 
derived from Figure. 7.1.  

Zinc concentration 
Fold Difference 

t0 t12 t24 t48 

77 µM/0 µM -1.12 -1.28 1.24 1.01 

192 µM/0 µM -1.06 -1.22 1.16 1.02 

770 µM/0 µM 1.02 -1.13 -1.59 -1.43 

 

7.3 Impact of zinc on the composition on the gut microbiota in batch culture 

7.3.1 Impact at phylum level 

To determine whether the Zn regimes employed had any impact on the relative abundance of the 

gut microbiota population composition, particularly under conditions where Zn impacts total 

growth, 16S rRNA gene amplicon NGS analysis was performed. From the 48 samples (at 0, 24 and 48 

h only) thus analysed, a total 1,345,598 reads were assigned to OTUs.  
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Figure 7.2 Composition of gut microbiota at phylum level. The gut microbiota is classified at phylum 
level for all the zinc regime (0, 77, 192 and 770 µM Zn) at both t24 and t48. 
 

Table 7.3 Relative abundance of different bacterial groups at phylum level. The relative abundance 

of different bacterial groups at t0, t24 and t48 and they are expressed as a percentage of the total 

microbial community profile. The results are the average of 4 subjects. One-way Anova with 

Bonferroni Post Hoc was employed for statistical analysis. Values in bold indicates significant 

difference (p<0.05) with respect to t0 time point.  

  
t0 

0µM Zn 77µM Zn 192µM Zn 770µM Zn 

t24 t48 t24 t48 t24 t48 t24 t48 

Actinobacteria 0.19 0.15 0.05 0.14 0.14 0.61 0.75 0.05 0.14 

Bacteroidetes 61.90 15.53 9.08 12.49 20.29 15.56 34.48 11.20 10.26 

Firmicutes 31.12 13.88 25.54 25.76 29.55 33.01 26.47 14.60 40.81 

Proteobacteria 2.89 67.27 62.38 58.63 46.36 48.26 35.70 70.60 46.49 

 

Table 7.4 Fold changes in abundance at phylum level with respect to t0. Fold changes of the 

bacteria at phylum level at t24 and t48 compared to t0. Data derived from table 7.3. One-way Anova 

with Bonferroni Post Hoc was employed for statistical analysis. Values in bold indicates significant 

difference (p<0.05) with respect to t0 time point.  

  

0µM Zn 77µM Zn 192µM Zn 770µM Zn 

t24/t0 t48/t0 t24/t0 t48/t0 t24/t0 t48/t0 t24/t0 t48/t0 

Actinobacteria 0.81 0.27 0.74 0.72 3.22 3.94 0.29 0.75 
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Bacteroidetes 0.25 0.15 0.20 0.33 0.25 0.56 0.18 0.17 

Firmicutes 0.45 0.82 0.83 0.95 1.06 0.85 0.47 1.31 

Proteobacteria 23.27 21.57 20.28 16.03 16.69 12.35 24.42 16.08 

 

As seen from Figure 7.2, Bacteroidetes and Firmicutes dominated the entire population with a 

combined relative abundance of more than 90% (61.9% for Bacteroidetes, 31.1% for Firmicutes) at 

t0. Actinobacteria and Proteobacteria only accounted for roughly 3%. Regardless of the zinc regime, 

the microbiota showed similar trends throughout all the conditions tested. At t24 and t48, 

Proteobacteria showed a significant increase in all the regimes and became the dominant phylum 

(p<0.05), which was accompanied by a reduction of both Bacteroidetes and Firmicutes. the 

Bacteroidetes displayed a significant decrease in relative abundance with a change between 1.80- to 

6.81-fold (p<0.05) across all regimes tested. The relative abundance of Firmicutes showed a 

decrease to a lesser extend with only a 1.05- to 2.24-fold change, but these effects were not 

significant when tested statistically (p>0.05). In the absence of zinc (control), Proteobacteria showed 

the greatest increase while both Bacteroidetes and Firmicutes had the biggest reduction in their 

relative abundance. Proteobacteria increased from 2.89 to 67.3% (23.3-fold) at t24 and dropped 

slightly to 62.4% (21.6-fold) at 48 h. Bacteroidetes showed a 3.99- (t24) and 6.81-fold (t48) decrease, 

reducing in abundance from 61.9 to 15.5% and 9.08%, respectively, while Firmicutes reduced from 

31.1 to 13.9% (t24) and 25.5% (t48), showing a 2.24- and 1.22-fold decrease. Thus, the increase in 

Proteobacteria was at the expense of both Bacteroidetes and Firmicutes. Actinobacteria on the 

other hand showed a reduction between of 1.24- to 3.69-fold across all the regimes with the 

exception of 192 µM Zn (equivalent to 25 mg zinc/day) whereby a 3.22- and 3.94-fold increase was 

observed at t24 and t48, respectively, correspondingly increasing in abundance from 0.19 to 0.61% 

and 0.75%.  In addition, at this concentration, Proteobacteria displayed the lowest increase among 

all the regimes tested with only a 16.7- and 12.4-fold increase at t24 and t48 compared to t0, 

indicating a reduced growth upon supplementation with 192 µM Zn.  
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Table 7.5 Changes in relative abundance between the zinc supplemented media compared to the 

zinc deficient medium at phylum level. The abundance data for the zinc supplemented growths (77, 

192 and 770 µM) were compared with the control (0 µM) at both t24 and t48. One-way Anova with 

Bonferroni Post Hoc correction was employed for statistical analysis; no significant difference was 

seen when tested in this fashion (p>0.05). 

 

77µM Zn/0µM Zn 192µM Zn/0µM Zn 770µM Zn/0µM Zn 

t24 t48 t24 t48 t24 t48 

Actinobacteria 0.92 2.65 3.99 14.53 0.36 2.76 

Bacteroidetes 0.80 2.23 1.00 3.80 0.72 1.13 

Firmicutes 1.86 1.16 2.38 1.04 1.05 1.60 

Proteobacteria 0.87 0.74 0.72 0.57 1.05 0.75 

 

Firmicutes benefitted from the presence of zinc (as zinc supplementation) regardless of 

concentration employed relative to the control but the increases were not significant when tested 

statistically (p>0.05). Proteobacteria showed the opposite relationship whereby zinc reduced levels 

by 1.15- to 1.75-fold compared to the control; this effect was strongest in the presence of 192 µM 

Zn. The addition of 77 µM zinc to the medium caused both Actinobacteria and Bacteroidetes to 

decrease at t24 followed by an increase at t48. Both phyla showed a particularly notable increase in 

growth with 192 µM Zn whereby the abundance Actinobacteria was 3.99- and 14.5-fold higher than 

the control at t24 and t48, respectively, and Bacteroidetes showed a 3.80-fold higher abundance at 

t48 compared to the control (34.5 vs 9.08%). Interestingly, the change in Actinobacteria levels in 

response to zinc showed a strong negative correlation with those seen for the Proteobacteria (Figure 

7.3), suggestive of a competitive relationship between these two phyla. 

In summary, the community profiling results shows that the Proteobacteria increased in abundance 

during the course of the batch cultures. This increase was largely at the expense of the Bacteroidetes 

and Firmicutes phyla, indicating that the Proteobacteria outcompete other elements of the gut 

microbiota under the rapid growth conditions employed here.  The presence of zinc generally 

reduced the degree of expansion for the Proteobacteria, particularly when provided at 192 µM 

(25 mg/day), and the Actinobacteria and Bacteroidetes gained a benefit at this concentration.  
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Figure 7.3 Relationship between change in Proteobacteria and Actinobacteria levels in response to 
zinc.  Data are derived from Table 7.5. The logarithmic trendline shows a strong fit to the data 
points. 
 

7.3.2 Impact of zinc on alpha and beta diversity 

Alpha and beta diversity were determined using the Shannon Index (Hill et al, 2003) for the former 

and weighted UniFrac for the latter as both of these indices take into account the abundance for 

each species present in the samples rather than dominance (i.e. presence/absence of species). For 

alpha diversity, the higher the value of Shannon Index, the richer the species present in the sample, 

thus indicating a more diverse population of bacteria. Beta diversity, on the other hand, determines 

the variation in bacterial species between different samples; for example, the difference in the 

bacterial groups between the zinc regimes used in this study.  
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Figure 7.4 Alpha diversity measured by Shannon Index across all the regimes. A high the value in 

the Shannon Index indicates a high species richness in the sample tested. The Mann-Whitney U test 

was used for statistical analysis. No significant in diversity was is seen between the regimes tested 

(p>0.05). 

As seen from Figure 7.4, all zinc regimes showed a lower diversity than that obtained at t0, as 

indicated by the lower reading on the Shannon Index scale. This indicates that the bacterial 

population suffers a loss in diversity over time regardless of the presence/absence of zinc or the zinc 

concentration employed. However, the presence of zinc at 77 and 192 µM Zn caused a modest 

increase in species richness, as shown by their higher reading compared to the control (0 µM Zn), 

indicating a positive effect on the diversity of the bacterial population. Zinc at 770 µM Zn showed a 

similar value as the control, indicating that zinc at both high and very low levels negatively affects 

the bacterial population in terms of richness.  
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Figure 7.5 Beta diversity Principal Coordinate Analysis derived from weighted UniFrac in all 

samples. The beta diversity is grouped according to time point: A, t24 and B, t48. The zinc regimes 

are represented by the colours: 0 µM Zn (yellow); 77 µM Zn (red); 192 µM Zn (blue); 770 µM Zn 

(pink).  For each axis, the precent of variation was reported in brackets.   

As for beta diversity, there is no clear distinction between the bacterial population at t0 in all the 

zinc regimes tested (data not shown). However, the t24 and t48 data showed some clustering 

between the zinc regimes (Figure 7.5A & B). At t24 (Figure 7.5A), most of the bacteria clustered 

together with little difference between the zinc-containing regimes and the control (blue circle) but 

there are 4 outliers corresponding to 3 zinc regimes belonging to one of the subjects (red circle) and 

another 1 belonging to a different subject. Although the 3 zinc regimes (red circle) formed a separate 

cluster than the rest of the group, the results show that there was little difference between the 

regimes and the observed clustering is most likely due to individual variation. At t48 (Figure 7.5B), 

the results are a little more extreme whereby the 192 µM Zn regime showed further separation from 

the rest of the group. In addition, 77 µM Zn of one of the subject clustered differently than the 

others (being a outlier), indicating a considerable variation in the reaction towards 77 µM zinc for 

this donor and time point. Besides these 4 outliers, the rest of the populations seems to cluster close 

to each other, with 0 and 770 µM Zn displaying little difference.  

 

A B 

T24       T48 

 



208 
 

7.3.3  Impact at species level 

At lower taxonomic level, the impact of the distinct zinc regimes is summarised in Tables 7.6 and 7.7. 

Irrespective of the concentration of zinc, three species showed a significant increase in relative 

abundance over time in all the test conditions (Enterococcus sp and two Enterobacteriaceae 

species), whereas 9 species (3 from Bacteroidetes and 6 from Firmicutes) showed significant 

decreases (Bacteroides sp2, Odoribacter sp, Rikenellaceae sp, Blautia sp, Faecalibacterium 

prausnitzii, Gemmiger formicilis, Lachnospira sp, Oscillospira sp and Ruminococcaceae sp) (Table 

7.6). 

Table 7.6 Effect of zinc regime on relative abundance at the species level. The relative abundance 

of bacterial groups within the gut microbiota at species levels is indicated at t0, t24 and t48 , and 0 

(orange), 77 (yellow), 192 (green) and 770 (grey) µM Zn. Data are expressed as a percentage of the 

total microbial community profile. The results are the average of 4 subjects. Only bacterial species 

present at >0.5% for at least one condition/time-point are shown. Values in bold indicates significant 

difference (p<0.05) with respect to t0. One-way Anova with Bonferroni Post Hoc was employed for 

statistical analysis. The t=0 time point data have been averaged for all 4 regimes. (sp: species, N/A: 

not identifiable).  

 

Phylum Order  t0 

0µM  77µM  192µM  770µM  

t24 t48 t24 t48 t24 t48 t24 t48 

B
ac

te
ro

id
et

es
 

B
ac

te
ro

id
al

es
 

Bacteroides sp1 1.20 0.35 0.47 0.30 1.25 0.50 2.24 0.27 0.54 

Bacteroides sp2 38.01 8.34 6.13 7.07 5.32 8.38 12.12 5.83 4.24 

Bacteroides 
coprophilus 

1.38 0.80 0.04 0.71 0.43 0.67 0.17 0.86 0.03 

Bacteroides fragilis 0.32 0.10 0.03 0.09 0.13 0.41 5.77 0.02 0.10 

Bacteroides ovatus 1.84 0.92 0.78 0.83 2.03 2.60 9.91 0.68 2.55 

Bacteroides uniformis 5.23 1.47 0.89 1.08 9.51 1.00 3.52 1.16 1.82 

Odoribacter sp 1.00 0.37 0.08 0.23 0.11 0.21 0.08 0.27 0.07 

Parabacteroides sp 1.34 0.42 0.04 0.33 0.24 0.27 0.08 0.30 0.04 

Parabacteroides 
distasonis 

0.93 0.31 0.08 0.22 0.52 0.20 0.16 0.21 0.29 

Prevotella sp 0.46 0.17 0.01 0.12 0.07 0.16 0.04 0.14 0.04 

Rikenellaceae sp 3.82 1.19 0.37 0.82 0.31 0.48 0.20 0.77 0.35 

Fi
rm

ic
u

te
s 

La
ct

o
b

ac
ill

al

es
 

Enterococcus sp 0.00 7.55 8.77 13.53 15.97 13.83 6.53 6.18 21.99 

Lactobacillus sp 0.00 0.02 2.23 0.03 0.91 0.03 0.13 0.06 2.46 

Streptococcus sp 0.10 0.03 0.01 0.52 0.21 7.60 3.44 0.37 0.54 

C
lo

st
ri

d
ia

le
s Acidaminococcus sp 0.03 0.24 0.53 2.25 1.75 2.15 1.55 1.92 0.18 

Blautia sp 0.80 0.18 0.07 0.31 0.09 0.32 0.15 0.22 0.03 

Clostridiales sp 4.18 0.72 0.27 0.70 0.30 0.58 0.34 0.59 0.15 

Clostridium sp 0.29 0.05 8.11 1.36 3.81 0.30 3.98 0.05 9.19 
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Clostridium bolteae 0.01 0.05 1.57 0.13 1.67 0.05 0.97 0.15 1.40 

Eubacterium biforme 0.61 0.19 0.03 0.32 0.16 0.41 0.09 0.35 0.01 

Faecalibacterium 
prausnitzii 

6.15 0.42 0.09 0.49 0.11 0.45 0.06 0.38 0.11 

Gemmiger formicilis 1.07 0.20 0.07 0.24 0.07 0.23 0.06 0.20 0.10 

Lachnospiraceae sp 3.01 0.43 0.46 0.78 0.69 0.89 1.42 0.57 0.18 

Lachnospira sp 0.47 0.04 0.02 0.06 0.01 0.05 0.01 0.05 0.00 

Oscillospira sp 0.81 0.25 0.05 0.23 0.07 0.16 0.21 0.14 0.07 

Phascolarctobacterium 
sp 

0.52 0.18 0.77 0.21 0.74 0.24 1.61 0.16 1.19 

Roseburia sp 0.47 0.06 0.00 0.08 0.01 0.06 0.00 0.05 0.00 

Roseburia faecis 0.50 0.12 0.05 0.09 0.02 0.05 0.02 0.12 0.03 

Ruminococcaceae sp 3.84 1.18 0.23 1.25 0.39 1.03 0.23 0.82 0.33 

Ruminococcus sp 1.21 0.29 0.06 0.34 0.15 0.36 0.11 0.20 0.03 

Ruminococcus bromii 1.54 0.42 0.13 0.71 0.19 0.54 0.18 0.54 0.03 

P
ro

te
o

b
ac

te
ri

a En
te

ro
b

ac
t

er
ia

le
s 

Enterobacteriaceae 
sp1 

0.02 6.78 6.58 6.31 4.59 4.54 3.31 7.60 4.30 

Enterobacteriaceae 
sp2 

0.12 59.67 55.26 50.63 40.38 40.34 30.21 61.73 39.99 

B
u

rk
h

o
ld

e
ri

al
e

s 

Sutterella sp 1.89 0.40 0.16 0.55 0.97 2.83 1.96 0.71 1.19 

 N/A 3.74 3.14 2.94 2.95 3.65 2.55 2.60 3.51 2.29 

            

 

Table 7.7 Fold changes in abundance at species level with respect to t0. Fold changes of the 

bacteria at species level at t24 and t48 compared to t0. Data derived from table 7.4. The colours 

indicate the different growth pattern (see Figure 7.3) that the bacteria displayed (yellow: pattern A; 

grey: pattern B; blue: pattern C; green: pattern D). One-way Anova with Bonferroni Post Hoc has 

been employed for statistical analysis. Values in bold indicates significant difference with respect to 

t0 (p<0.05)    

Phylum Order  

0µM  77µM  192µM  770µM  

t24/t0 t48/t0 t24/t0 t48/t0 t24/t0 t48/t0 t24/t0 t48/t0 

B
ac

te
ro

id
et

es
 

B
ac

te
ro

id
al

es
 

Bacteroides sp1 0.29 0.39 0.25 1.04 0.41 1.87 0.22 0.45 

Bacteroides sp2 0.22 0.16 0.19 0.14 0.22 0.32 0.15 0.11 

Bacteroides 
coprophilus 

0.58 0.03 0.51 0.32 0.49 0.12 0.62 0.02 

Bacteroides fragilis 0.32 0.11 0.28 0.42 1.30 18.19 0.07 0.30 

Bacteroides ovatus 0.50 0.42 0.45 1.10 1.41 5.38 0.37 1.38 

Bacteroides uniformis 0.28 0.17 0.21 1.82 0.19 0.67 0.22 0.35 

Odoribacter sp 0.37 0.08 0.23 0.11 0.21 0.08 0.27 0.07 

Parabacteroides sp 0.31 0.03 0.25 0.18 0.20 0.06 0.22 0.03 
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Parabacteroides 
distasonis 

0.34 0.09 0.24 0.56 0.21 0.17 0.23 0.31 

Prevotella sp 0.37 0.03 0.25 0.14 0.34 0.08 0.31 0.09 

Rikenellaceae sp 0.31 0.10 0.21 0.08 0.13 0.05 0.20 0.09 

Fi
rm

ic
u

te
s 

La
ct

o
b

ac
ill

al
es

 

Enterococcus sp 1725.22 2004.54 3091.99 3649.81 3160.51 1491.23 1413.17 5025.57 

Lactobacillus sp 18.58 2558.79 30.43 1039.32 35.04 152.31 66.98 2823.40 

Streptococcus sp 0.28 0.13 5.09 2.02 73.90 33.43 3.59 5.26 

C
lo

st
ri

d
ia

le
s 

Acidaminococcus sp 7.85 17.08 72.33 56.18 69.03 49.71 61.52 5.63 

Blautia sp 0.22 0.09 0.39 0.11 0.39 0.19 0.27 0.04 

Clostridiales sp 0.17 0.06 0.17 0.07 0.14 0.08 0.14 0.04 

Clostridium sp 0.16 28.06 4.70 13.17 1.02 13.76 0.17 31.77 

Clostridium bolteae 8.36 250.54 20.04 265.84 7.77 153.93 23.54 223.18 

Eubacterium biforme 0.32 0.04 0.52 0.26 0.67 0.15 0.58 0.02 

Faecalibacterium 
prausnitzii 

0.07 0.01 0.08 0.02 0.07 0.01 0.06 0.02 

Gemmiger formicilis 0.19 0.06 0.23 0.07 0.21 0.06 0.18 0.09 

Lachnospiraceae sp 0.14 0.15 0.26 0.23 0.30 0.47 0.19 0.06 

Lachnospira sp 0.09 0.04 0.13 0.02 0.10 0.03 0.11 0.01 

Oscillospira sp 0.30 0.07 0.28 0.09 0.20 0.26 0.18 0.08 

Phascolarctobacterium 
sp 

0.35 1.48 0.41 1.43 0.46 3.11 0.31 2.30 

Roseburia sp 0.13 0.01 0.17 0.01 0.12 0.01 0.12 0.00 

Roseburia faecis 0.23 0.10 0.18 0.04 0.09 0.04 0.23 0.06 

Ruminococcaceae sp 0.31 0.06 0.33 0.10 0.27 0.06 0.21 0.09 

Ruminococcus sp 0.24 0.05 0.28 0.13 0.30 0.09 0.17 0.03 

Ruminococcus bromii 0.27 0.09 0.46 0.12 0.35 0.12 0.35 0.02 

P
ro

te
o

b
ac

te
ri

a 

En
te

ro
b

ac
te

ri
al

e
s 

Enterobacteriaceae 
sp1 

369.27 358.43 343.39 249.77 247.31 180.26 413.81 234.33 

Enterobacteriaceae 
sp2 

516.58 478.34 438.32 349.60 349.25 261.49 534.37 346.21 

B
u

rk
h

o
ld

e
ri

al
e

s 

Sutterella sp 0.21 0.08 0.29 0.51 1.50 1.04 0.37 0.63 

  N/A 0.84 0.78 0.79 0.98 0.68 0.69 0.94 0.61 

 

In order to consider the impact of zinc regime on change in abundance at species level more clearly, 

the observed changes in abundance for each species were grouped according to the pattern of 

change in abundance seen over time. In this way, in the absence of zinc supplementation (0 µM Zn), 

four distinct change-in-abundance patterns were observed (Figure 7.6 and 7.7). The most common 
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pattern (growth pattern A; 21 species; Figure 7.6A) was characterised by a continuous decrease in 

relative abundance at t24 and t48 whereby a bigger reduction is seen in the latter time point 

compared to the former. 

Figure 7.6 Change in abundance patterns of the most common bacterial species over time (0-48 h) 

during growth with 0 µM Zn supplementation. The data from Table 7.5 were plotted to determine 

similar patterns of change.  In this way, all 34 species could be grouped into four distinct growth 

pattern types: A, decrease in abundance at both t24 and t48. B, slight decrease in abundance 

followed by major increase.  C, major decrease followed by minor decrease or slight increase. D, 
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increase in abundance followed by little change of continued increase. The fold differences are 

expressed as log2. 

 

This group includes Roseburia sp, Faecalibacterium prausnitzii, Bacteroides coprophilus, 

Parabacteroides sp and Prevotella sp which showed the greatest change (decrease) in their relative 

abundance among all the other bacterial groups exhibiting growth pattern A. Roseburia sp showed a 

significant decrease of 7.84- (t24) and 154-fold (t48), reducing its abundance from 0.47 to 0.06 and 

0.003%, respectively. F. prausnitzii was amongst the most abundant species at t0 at 6.15% but its 

abundance dropped significantly to 0.42 and 0.09% at t24 and t48 (p<0.05), showing a 14.8- and 

69.3-fold reduction. B. coprophilus, Parabacteroides sp and Prevotella sp showed similar decreases 

of between 1.72- to 3.22-fold at t24 and between 35.5- to 36.7-fold at t48, respectively, but neither 

species showed a significant decrease (p>0.05). Among the other bacteria that displayed growth 

pattern A, 7 bacterial groups showed a significant decrease (Blautia sp, Gemmiger formicilis, 

Lachnospira sp, Oscillospira sp, Odoribacter sp, Rikenellaceae sp and Ruminococcaceae sp) with a 

reduction between 2.67- to 11.2-fold at t24 and between 10.4- to 26.9-fold at t48 (p<0.05). The rest 

of the bacteria showed a decrease between 1.72- to 4.27-fold at t24 and between 7.9- to 36.7-fold, 

but these changes were not significant when tested statistically (p>0.05). 

As seen from Figure 7.6B, Clostridium sp and Phascolarctobacterium sp were the only 2 bacterial 

groups that showed a drop at t24 followed by a recovery to achieve final abundancies at t48 that are 

greater than those seen at t0 (growth pattern B). Clostridium sp dropped from 0.29 to 0.05% (6.1-

fold) at t24 but increased 28.1-fold at t48 to 8.11%. Phascolarctobacterium sp displayed an initial 

drop of 2.8-fold from 0.52 to 0.18% but increased to 0.77% (1.5-fold) at t48.  

Bacteroides sp1 and sp2, Bacteroides fragilis, Bacteroides ovatus, Bacteroides uniformis and an 

unknown species belonging to the Lachnospiraceae all showed a drop in abundance at t24 followed 

by either a modest increase or drop at t48 with abundance remaining below that at t0, and an 

overall abundance change of less than 10-fold (growth pattern C; Figure 7.6C). Bacteroides sp2 was 
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the most abundant species at t0 at 38.01% but decreased significantly at both t24 and t48 to 8.34% 

(4.6-fold) and 6.13% (6.2-fold), respectively (p<0.05). The remaining 5 growth pattern C species 

showed a decrease of between 2- and 9.42-fold but these were not significant (p>0.05). 

 Acidaminococcus, Lactobacillus, Clostridium bolteae, Enterococcus, and Enterobacteriaceae sp1 and 

sp2 showed increases in abundance at both t24 and t48 with their relative abundance increased 

with respect to t0 (growth pattern D; Figure 7.6D). Enterococcus, and Enterobacteriaceae sp1 and 

sp2 showed significant increases at t24 and t48 (p<0.05) with Enterococcus increasing from 0% to 

7.55% (1725.2-fold) and 8.77% (2000-fold); Enterobacteriaceae sp1 increased from 0.02 to 6.78% 

(369-fold) and 6.58% (358-fold); Enterobacteriaceae sp2 increased from 0.12 to 59.7% (517-fold) and 

55.3% (478-fold), respectively. Although Acidaminococcus, Lactobacillus and C. bolteae showed an 

increase at both time point, these were not significant when tested statistically (p>0.05). 

 

7.3.3.1  Impact of 77 µM zinc on the change-in-abundance patterns of the gut microbiota over time 

To determine the impact of zinc regime on the gut microbiota at species level, the change in 

abundance patterns obtained over time were compared with those observed at 0 µM Zn. Half of the 

major bacterial groups (Figure. 7.7) showed a change in growth pattern in the presence of 77 µM Zn; 

these include 9 groups for the Bacteroidetes, 7 from the Firmicutes and 1 group from the 

Proteobacteria. This indicates that the addition of zinc had a bigger impact on bacteria belonging to 

the Bacteroidetes phylum than to groups from any of the other phyla. As seen from Figure 7.7Ai, 

Bacteroides sp1, Bacteroides ovatus and Bacteroides uniformis changed from growth pattern C 

(decrease at t24 with modest increase or decrease at t48) to growth pattern B (drop at t24 followed 

by recovery at t48). These species showed an initial decrease of between 2.23- and 4.83-fold at t24 

followed by a modest increase of between 1.04- and 1.82-fold at t48; however, none of the changes 

were significant (p>0.05). Bacteroides coprophilus, Bacteroides fragilis, Odoribacter sp, 

Parabacteroides sp, Parabacteroides distasonis and Prevotella sp slightly benefitted from the 

addition of zinc whereby they changed from growth pattern A (continuous decrease over time) to 

growth pattern C (decrease at t24 followed by modest increase or decrease at t48) and experienced 
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a smaller decrease in their relative abundance as compared to that seen in the absence of zinc. This 

is seen for both Bacteroides coprophilus and Prevotella sp, particularly at t48 where they showed 

only a 3.17- and 7.03-fold (77 µM Zn) decrease as compared to 36.7- and 35.5-fold (0 µM Zn), 

respectively. Overall, this bacterial group showed a decrease between 1.95- to 4.31-fold at t24 and 

between 1.78-9.26-fold at t48, with Odoribacter sp being the only bacterial species that had a 

significant change in its relative abundance (p<0.05) compared to t0.  
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Figure 7.7 Change in growth pattern over time (0-48h) in the presence of zinc supplementation. 

The data from Table 7.5 were plotted to determine the effect of zinc on the growth pattern of the 

bacterial groups. Only bacterial groups that showed a change in growth are shown when different 

concentrations of zinc were added to the medium: Ai, 77 µM Zn for Bacteroidetes. Aii, 77 µM Zn for 

Firmicutes B, 192 µM Zn. C, 770 µM Zn. The original growth pattern is shown on the left of each 

graph while the changed pattern is shown on the right. The fold differences are expressed as log2. 

 

As for the Firmicutes phylum (Figure 7.7Aii), Streptococcus sp and Clostridium sp displayed growth 

trend D (increase in abundance at t24 and t48) in the presence of 77 µM Zn. Streptococcus sp 

increased from 0.10 to 0.52% (5.09-fold) and 0.21% (2.02-fold) for t24 and t48 respectively while 

Clostridium sp increased from 0.29 to 1.36% (4.70-fold) and 3.81% (13.17-fold) for the same time 

point but neither species showed a significant difference when tested (p>0.05). The other 5 bacterial 

groups (Blautia sp, Eubacterium biforme, Ruminococcaceae sp, Ruminococcus sp and Ruminococcus 

bromii) also benefitted from the presence of zinc where they changed from growth pattern A to 

growth pattern C, but the effect was not as pronounced as seen for the Bacteroidetes. The bacterial 

groups showed a decrease of between 1.91- to 9.79-fold over time with only Blautia sp and 

Ruminococcaceae sp having a significant change in their relative abundance. Blautia sp decreased 
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2.57- and 8.94-fold, reducing in abundance from 0.80 to 0.31% (t24) and 0.09% (t48) while 

Ruminococcaceae sp reduced 3.08- and 9.79-fold, lowering in abundance from 3.84 to 1.25% (t24) 

and 0.39% (t48). Sutterella was the only species from the Proteobacteria phylum that showed a 

change in growth pattern, moving from growth pattern A to growth pattern C whereby it showed a 

3.40- and 1.95-fold decrease at t24 and t48 as compared to 4.71- and 11.9-fold in the 0 µM Zn 

regime. Among all the bacterial groups, only 8 groups followed growth pattern A in the presence of 

77 µM Zn whereas 21 groups followed this trend in the absence of zinc. Among those 8 groups, 

Oscillospira sp, Faecalibacterium prausnitzii, Lachnospira sp and Rikenellaceae sp showed a 

significant change in their relative abundance. Oscillospira sp decrease from 0.81 to 0.23% (3.5-fold) 

and 0.07% (11.6-fold) and F. prausnitzii dropped from 6.15 to 0.49% (12.4-fold) and 0.11% (55.8-

fold) for t24 and t48, respectively (p<0.05). Lachnospira sp had a 7.77- and 40.4-fold reduction, 

reaching 0.06% (t24) and 0.01% (t48) from 0.47%. Rikenellaceae sp on the other hand dropped 4.68- 

and 12.2-fold, reducing in abundance from 3.82 to 0.82% (t24) and 0.31% (t48). Enterobacteriaceae 

sp1 and sp2, and Enterococcus showed a significant increase (p<0.05) at both t24 and t48 with the 

addition of 77 µM Zn slightly reducing the relative abundance of the Enterobacteriaceae species 

while enhancing the abundance of the Enterococcus sp. Enterobacteriaceae sp1 increased from 0.02 

to 6.31% (343-fold) at t24 and 4.59% (250-fold) at t48 while Enterobacteriaceae sp2 increased from 

0.12 to 50.6% (438-fold) and 40.4% (350-fold) for the same time point. Enterococcus sp increased 

3090- and 3640-fold to 13.5% (t24) and 16.0% (t48). Bacteroides sp2, which was the most abundant 

bacteria at t0, showed a significant decrease to 7.07% (5.4-fold) and 5.32% (7.1-fold) at t24 and t48, 

respectively, similar to what is observed in the zinc deficient medium.  

7.3.3.2  Impact of 192 µM zinc on the change-in-abundance patterns of the gut microbiota over time 

The growth pattern of the bacterial groups in the presence of 192 µM Zn resembles that of 0 µM Zn 

but there were some notable changes (table 7.7; Figure 7.7B). 

Bacteroides fragilis, Bacteroides ovatus, Streptococcus sp and Sutterella sp all moved to growth 

pattern D (increase in relative abundance at t24 and t48) and greatly benefitted from the addition of 
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zinc as shown by the highest relative abundance obtained among all the regimes tested. 

Streptococcus sp showed the greatest increase with 73.9- (t24) and 33.4-fold (t48) increases, 

increasing its abundance from 0.10 to 7.60% and 3.44%, respectively. The other bacterial species 

showed an increase between 1.30- to 18.2-fold over time but none of these bacterial groups showed 

a significant change when tested statistically (p>0.05). While these 4 bacterial species benefitted 

from zinc, supplementation with 192 µM Zn caused both Enterobacteriaceae sp1 and sp2 to have 

the lowest relative abundance among all the regimes at only 4.54% (t24) and 3.31% (t48) for the 

former and 40.3% (t24) and 30.2% (t48) for the latter, even though they were still significantly 

increased in abundance as compared to t0. Although Bacteroides sp2 also showed a significant 

decrease in its relative abundance, similar to observed in the other conditions, the presence of 

192 µM Zn caused the lowest reduction as indicated by the highest relative abundance compared to 

the other conditions. Bacteroides sp2 was the most abundant species at t0 with a relative 

abundance of 38.0% and showed a 4.5- and 3.1-fold reduction, lowering its abundance to 8.38 and 

12.1%, respectively, with 192 µM zinc. Oscillospira sp changed from growth pattern A (continuous 

decrease over time) to growth pattern C (decrease at t24 followed by modest increase or decrease 

at t48) and showed a similar pattern as Bacteroides sp2, with the lowest decrease in 192 µM zinc 

among all the regimes. The relative abundance showed a significant drop of 5.11- and 3.78-fold for 

t24 and t48, reducing its abundance from 0.81 to 0.20% and 0.26%, respectively.  Bacteroides 

coprophilus, Bacteroides uniformis, Odoribacter sp, Parabacteroides sp, Prevotella sp, 

Ruminococcaceae sp and Ruminococcus sp returned to their original growth pattern A (growth 

pattern C for Bacteroides uniformis), as seen at 0 µM Zn, despite having a changed growth pattern 

with 77 µM Zn. These species showed a decrease of 2.06- to 5.21-fold at t24 and 1.49- to 17.2-fold at 

t48, but only Odoribacter sp showed a significant decrease of 4.76- (t24) and 12.9-fold (t48), 

reducing in abundance from 1.00 to 0.21% and 0.08% (p<0.05).  

Blautia sp, Eubacterium biforme, Ruminococcus bromii and Parabacteroides distasonis maintained 

the growth pattern (growth pattern C) seen with 77 µM Zn, rather than reverting back to growth 
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pattern A as seen with 0 µM Zn. These bacteria showed a decrease in their relative abundance of 

1.49- to 6.76-fold over a 48-hour time period with only Blautia sp showing a significant change in its 

relative abundance (p<0.05). In the 192 µM Zn supplemented medium, the majority of the bacterial 

groups (13) showed growth pattern A, an increase from the 8 groups in 77 µM Zn, but still lower 

than the 21 groups with this pattern in the 0 µM Zn condition. Among the 12 pattern A bacterial 

groups in 192 µM Zn, 6 species showed a significant decrease in their relative abundance, namely 

Faecalibacterium prausnitzii, Gemmiger formicilis, Lachnospira sp, Odoribacter sp, Rikenellaceae sp 

and Ruminococcaceae sp. Faecalibacterium prausnitzii showed the biggest decrease among these 

bacteria and also between all the regimes tested with 13.81- and 100.05-fold decrease for t24 and 

t48, having a relative abundance of only 0.45% and 0.06%, respectively (p<0.05). Roseburia showed 

only a significant decrease at t48 with a 97.1-fold decrease (p<0.05) but not at t24 when it showed a 

8.00-fold reduction.   

7.3.3.3  Impact of 770 µM zinc on the change-in-abundance patterns of the gut microbiota over time 

As seen from Figure 7.7C, at high zinc concentration (770 µM Zn), the bacterial groups showed 

similar growth patterns as in the zinc deficient medium with the majority of the bacterial species 

displaying growth pattern A (continuous decrease over time) (19 groups at 770 µM Zn vs 21 groups 

at 0 µM Zn). Among these groups, 10 species showed a significant decrease between 3.70- to 235-

fold over time with 2 species belonging to the Bacteroidetes phylum (Odoribacter sp and 

Rikenellaceae sp) and 8 from the Firmicutes phylum (Blautia sp, Faecalibacterium prausnitzii, 

Gemmiger formicilis, Lachnospiraceae sp, Lachnospira sp, Oscillospira sp, Roseburia sp and 

Ruminococcaceae sp) (p<0.05).  

Roseburia sp had the highest decrease among these bacterial groups as well as among all the 

regimes tested with a 8.58- and 235-fold decrease at t24 and t48, reducing in abundance from 0.47 

to 0.05% and 0.002%, respectively. Lachnospira sp showed the second highest decrease and, similar 

to Roseburia sp, the presence of high zinc caused the greatest reduction among all the regimes. Its 

relative abundance reduced from 0.47 to 0.05% (t24) and 0.004% (t48), a 9.40- and 112 -fold 
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reduction, accordingly. The rest of the bacterial groups that showed growth pattern A had a 

decrease between 1.61- to 14.6-fold at t24 and between 3.30- to 48.7-fold at t48. Although not 

significant, the presence of high zinc caused a few bacterial groups to experience the greatest 

reduction among all the conditions tested, namely Bacteroides coprophilus, Bacteroides fragilis, 

Clostridales sp, Eubacterium biforme, Ruminococcus sp and Ruminococcus bromii. Despite showing 

no changes in growth pattern throughout all regimes, Bacteroides sp2 also had the greatest decrease 

(6.52- and 8.96-fold), reducing its abundance from 38.0 to 5.83% (t24) and 4.24% (t48). With these 

bacterial groups showed a substantial decrease, Enterococcus sp and both Enterobacteriaceae sp1 

and sp2 gained an advantage as shown by having their highest relative abundance levels among all 

the other regimes, with a combined abundance of over 60%. These latter 3 bacterial species showed 

a significant increase of 412- to 5030-fold over time with Enterococcus sp having the greatest fold 

change (p<0.05). Other bacterial groups that showed an increase (although not significant) in the 

presence of 770 µM Zn include Lactobacillus sp, Streptococcus sp, Acidaminococcus sp and 

Clostridium bolteae with Lactobacillus showing the biggest increase (67.0-fold, t24; and 2820-fold, 

t48) while the rest had an increase of 3.59-61.5-fold at t24 and 5.26- to 223-fold at t48. 

Parabacteroides distasonis and Sutterella gained some slight advantage in the presence of 770 µM 

Zn whereby their growth pattern changed from A to C, showing a smaller decrease over time when 

zinc was added. The former bacteria only decreased 4.42- (t24) and 3.23-fold (t48) as compared to 

2.96- and 11.0-fold while the latter decreased 2.67- (t24) and 1.59-fold (t48) compared to 4.71- and 

11.9-fold in the absence of zinc. Bacteroides sp1, Clostridium sp, Eubacterium biforme and 

Ruminococcus bromii returned to their original growth pattern, seen with 0 µM Zn, despite showing 

a different growth pattern in the presence of 77 and 192 µM Zn.  

7.4 Changes in relative abundance with zinc 

As seen from table 7.8, the addition of zinc generally caused Bacteroidetes species to decrease at 

t24 but subsequently increase at t48. As for Firmicutes, mixed results were obtained but most 

species showed an increase with low zinc (77 µM Zn) whereas the addition of 770 µM Zn caused a 
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decrease in their relative abundance. In the Proteobacteria phylum, Sutterella showed an increase in 

the presence of zinc regardless of concentration (Figure 7.8) while the Enterobacteriaceae generally 

showed a decrease across the regimes tested. 

 

Table 7.8 Changes in relative abundance between the zinc supplemented media compared to the 

zinc deficient medium. The abundance data for the zinc supplemented growths (77, 192 and 770 

µM) were compared with the control (0 µM) at both t24 and t48. Numbers with green background 

indicate an increase and numbers with red background indicate a decrease compared to the control. 

One-way Anova with Bonferroni Post Hoc has been employed for statistical analysis. Values in bold 

indicates significant difference (p<0.05) with respect to the control at the same time point.  

Phylum Order 
  

77µM/0 µM Zn  192µM/0 µM Zn 770µM/0 µM Zn  

t24 t48 t24 t48 t24 t48   

B
ac

te
ro

id
et

es
 

B
ac

te
ro

id
al

es
 

Bacteroides sp1 0.84 2.64 1.41 4.76 0.76 1.16 

Bacteroides sp2 0.85 0.87 1.00 1.98 0.70 0.69 

Bacteroides 
coprophilus 0.88 11.59 0.83 4.51 1.07 0.75 

Bacteroides fragilis 0.87 3.97 4.13 171.35 0.22 2.85 

Bacteroides ovatus 0.90 2.60 2.82 12.72 0.74 3.27 

Bacteroides uniformis 0.73 10.62 0.68 3.94 0.79 2.03 

Odoribacter sp 0.62 1.28 0.56 0.92 0.72 0.79 

Parabacteroides sp 0.80 6.51 0.65 2.07 0.72 1.13 

Parabacteroides 
distasonis 0.70 6.16 0.62 1.85 0.67 3.39 

Prevotella sp 0.69 5.05 0.93 2.80 0.84 3.26 

Rikenellaceae sp 0.68 0.85 0.41 0.54 0.65 0.95 

Fi
rm

ic
u

te
s 

La
ct

o
b

ac
il

la
le

s 

Enterococcus sp 1.79 1.82 1.83 0.74 0.82 2.51 

Lactobacillus sp 1.64 0.41 1.89 0.06 3.61 1.10 

Streptococcus sp 18.35 15.99 266.32 264.07 12.92 41.51 

C
lo

st
ri

d
ia

le
s 

Acidaminococcus sp 9.22 3.29 8.80 2.91 7.84 0.33 

Blautia sp 1.77 1.29 1.80 2.14 1.23 0.41 

Clostridiales sp 0.98 1.11 0.81 1.29 0.82 0.57 

Clostridium sp 28.92 0.47 6.28 0.49 1.02 1.13 

Clostridium bolteae 2.40 1.06 0.93 0.61 2.82 0.89 

Eubacterium biforme 1.65 6.25 2.12 3.56 1.82 0.56 

Faecalibacterium 
prausnitzii 1.19 1.24 1.07 0.69 0.91 1.21 

Gemmiger formicilis 1.23 1.02 1.14 0.89 0.99 1.42 

Lachnospiraceae sp 1.80 1.50 2.06 3.09 1.32 0.38 

Lachnospira sp 1.44 0.67 1.13 0.69 1.19 0.24 

Oscillospira sp 0.94 1.32 0.64 4.06 0.58 1.23 

Phascolarctobacterium 
sp 1.17 0.97 1.32 2.10 0.89 1.56 
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Roseburia sp 1.31 1.79 0.98 1.59 0.91 0.65 

Roseburia faecis 0.76 0.36 0.39 0.41 1.00 0.60 

Ruminococcaceae sp 1.05 1.71 0.87 1.01 0.69 1.44 

Ruminococcus sp 1.17 2.76 1.25 1.94 0.71 0.58 

Ruminococcus bromii 1.70 1.40 1.28 1.36 1.29 0.25 

P
ro

te
o

b
ac

te
ri

a 

En
te

ro
b

ac
t

er
ia

le
s 

Enterobacteriaceae 
sp1 0.93 0.70 0.67 0.50 1.12 0.65 

Enterobacteriaceae 
sp2 0.85 0.73 0.68 0.55 1.03 0.72 

B
u

rk
h

o
ld

er
ia

le
s 

Sutterella sp 

1.38 6.10 7.06 12.36 1.76 7.49 

 

At species level, most of the species in the Bacteroidetes phylum shared a similar response to zinc, 

except Rikenellaceae sp and Odoribacter sp where a modest decrease (1.05- to 2.47-fold) in the 

presence of zinc was observed. However, the presence of 77 µM Zn caused a 1.28-fold increase at 

t48 for Odoribacter sp. The rest of the species in this phylum showed overall increases in response to 

zinc with Bacteroides fragilis having the biggest increase (average of 30.6-fol)d while an average 

increase of 1.01- to 3.84-fold was seen for the remaining Bacteroidetes species. Bacteroides 

coprophilus, Bacteroides uniformis, Parabacteroides sp, Parabacteroides distasonis and Prevotella sp 

showed the greatest increase when 77 µM Zn was provided as compared to the other 2 

concentration used. These species displayed on average increase of 2.87- to 6.24-fold. Bacteroides 

sp1, Bacteroides sp2, B. fragilis and B. ovatus gave the greatest increase in the presence of 192 µM 

Zn with B. fragilis showing the biggest increase (4.13-fold for t24 and 171-fold for t48) followed by 

B. ovatus with 2.82-fold for t24 and a significant increase of 12.7-fold at t48 (p<0.05). Bacteroides 

sp1 and sp2 had a more modest increase with an average of 3.09- and 1.49-fold, respectively. 

However, at 192 µM Zn B. uniformis showed a significant increase of 3.94-fold at t48 in the presence 

of zinc (p<0.05).  

When the highest level of zinc (770 µM Zn) was used, roughly half of the Bacteroides species 

displayed an increase whilst the other half showed a decrease. B. fragilis, B. ovatus, B. uniformis, P. 
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distasonis and Prevotella sp showed, on average, a modest increase of 1.41- to 2.05-fold while the 

rest of the bacteria displayed a decrease of 1.04- to 1.44-fold. Although the presence of zinc 

generally supports the growth of members in the Bacteroidetes phylum, it is worth noting that the 

increase in abundance was mainly seen at t48 and only a few showed an increase at both time 

points.  

For bacterial species belonging to the Firmicutes phylum, Streptococcus sp showed the biggest 

increase among all the bacterial groups with an average increase of 103-fold across all regimes. The 

highest increment occurred when 192 µM Zn was provided (266-fold at t24 and 264-fold at t48) 

while the other two concentration gave increases of 12.9- to 41.5-fold over time. Acidaminococcus 

sp, Blautia sp, Eubacterium biforme, Lachnospiraceae sp and Ruminococcus bromii shared similar a 

pattern with a general increase across all the regimes tested with the exception of t48 in 770 µM Zn 

where they showed a decrease. These species showed an average increase of between 1.21- to 5.40-

fold across all the concentrations tested with Acidaminococcus sp having the greatest increase with 

its relative abundance being 5.4-fold enhanced by zinc, followed by E. biforme which showed the 

next highest zinc-stimulated average increase in relative abundance (2.7-fold). With the exception of 

Blautia sp and Lachnospiraceae sp, the supplementation by low zinc (77 µM Zn) favoured the growth 

of the other 3 species in this group with an average increase of 1.55- to 6.25-fold. Blautia sp and 

Lachnospiraceae sp on the other hand had the highest 192 µM zinc-enhanced growth with an 

average increase of 1.97- and 2.58-fold for the former and latter bacterial species, respectively. 

Although Enterococcus sp, Clostridium sp, Phascolarctobacterium sp and Gemmiger formicilis 

showed a decrease at some time points, they showed an increase overall in the presence of zinc with 

an average increase of 1.59-, 6.39-, 1.33- and 1.12-fold respectively. These 4 species also reacted 

differently to the different zinc concentration employed whereby their highest zinc-enhanced 

growth was obtained at 77 µM Zn (Enterococcus sp, 1.81-fold; Clostridium sp, 14.70-fold), 192 µM Zn 

(Phascolarctobacterium sp, 1.71-fold) and 770 µM Zn (Gemmiger formicilis, 1.20-fold). Roseburia 

faecis displayed a consistent but relatively modest decrease of 1.71-fold (on average) in all the 
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conditions tested with the maximum average decrease achieved at 192 µM Zn. As for bacterial 

groups that were diminished by zinc, the concentration of zinc played a greater role rather than the 

presence/absence of added zinc. Lactobacillus sp, Clostridium bolteae, Faecalibacterium prausnitzii 

and Ruminococcaceae sp showed a decrease in their relative abundance with 192 µM Zn but an 

increase in the other zinc concentration (77 and 770 µM Zn). These bacterial groups gave on average 

a modest reduction between 1.03- to 1.30-fold and an increase between 1.02- to 1.73-fold for the 

low zinc and between 1.06- 2.35-fold for the high zinc. Blautia sp, Clostridales sp, Lachnospiraceae 

sp, Oscillospira sp, Roseburia sp, Ruminococcus sp and Ruminococcus bromii showed a decrease in 

their relative abundance in the presence of 770 µM Zn and the low to medium zinc concentration 

enhanced their growth. The high zinc concentration resulted in an average 1.11- to 1.55-fold 

reduction while the low and medium zinc levels caused increases in their abundance of 1.04- to 

2.58-fold, with most of the species favouring the low zinc condition.  

In summary, the presence of zinc mostly benefitted the members in the Firmicutes phylum, 

particularly at low zinc concentration (77 µM Zn) whereby all bacterial groups (except Roseburia 

faecis) showed an increase in growth. However, at high zinc concentration (770 µM Zn), 9 bacterial 

groups showed a decrease in growth, indicating an inhibitory effect of zinc at high concentration. 

For bacteria belonging to the Proteobacteria phylum, Sutterella sp showed an increase in its relative 

abundance in the presence of zinc with an average increase of 6.03-fold and the maximal zinc-

stimulated growth occurring at 192 µM Zn (7.06-fold at t24 and 12.4-fold at t48). Enterobacteriaceae 

sp1 and sp2 showed the opposite effect with a decrease in the presence of zinc with an average 

reduction of 1.31- and 1.32-fold, respectively. Both species showed very similar fold changes in all 

the regimes with the highest reduction occurring at 192 µM Zn whereby Enterobacteriaceae sp1 

decreased on average by 1.71-fold and Enterobacteriaceae sp2 decreased 1.64-fold. Even though 

the Enterobacteriaceae had the highest relative abundance across all the regimes tested, the 

presence of zinc had an inhibitory effect on their relative growth (particularly at 192 µM Zn), while 

the same concentration had a growth promoting effect on Sutterella sp.  
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7.5 Discussion 

As mentioned before, the use of batch cultures provides a quick and convenient way to explore the 

effect of zinc on the gut microbiota under a range of conditions but do have a disadvantage whereby 

they tend to favour the faster growing bacteria as the fermentation operate of a short period of time 

(48-hours). Based on the results in both tables 7.6 and 7.8, time (table 7.6) has a bigger effect on the 

gut microbiota as compared to zinc (table 7.8) whereby more species showed a significant change in 

abundance in the former than the latter. The small amount of significant change in abundance in 

response to zinc (table 7.8) may be due to the large variation between the 4 different subjects. The 

high variability between the samples tested caused rendered the changes (due to zinc) insignificant. 

Besides this, some of the bacterial groups had small fold changes as shown by the similar relative 

abundance levels between the zinc regimes, again contributing to changes that are not statistically 

significant. As for statistical testing, Bonferroni correction was used as a Post Hoc test with one-way 

Anova rather than just Anova alone as the Bonferroni correction is able to reduce the chances of 

false positive (type I error) in the results, giving it a more accurate interpretation of the results 

obtained. One of the limitation of this experiment is that the gut microbiota inoculated in the batch 

culture were from zinc sufficient individuals rather than zinc deficient individual. Thus, the 

composition of the gut microbiota at t0 will not be expected to represent that of the zinc deficient 

population as the bacteria were likely in a zinc sufficient environment prior to being inoculated. 

Thus, the gut microbiota may not show drastic reaction towards the lower-level zinc supplements 

applied, but might be expected to respond to the 3 µM and high Zn levels.  

Studies on the effect of zinc on the human gut microbiota are very limited and have mostly been 

conducted using animal models, particularly pigs. Zinc has been used as an antibacterial agent 

especially in the pig industry as it reduces the prevalence of diarrhoea and improves the overall 

wellbeing of weaned piglets (Starke et al, 2013; Pieper et al, 2011; Wang et al, 2018). Although the 

mechanism by which zinc improves piglet health has yet to be identified, farmers have been 

supplementing pig feeds with zinc at pharmacological doses (2000-3000 mg/kg) to treat or prevent 
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diarrhoea in piglets. Based on the results obtained from animal trials, the high zinc concentration 

causes a decrease in the number of Enterobacteriaceae in piglets (Starke et al, 2013; Wang et al, 

2018) which is consistent with the findings obtained from the batch culture results produced here, 

even though Enterobacteriaceae are the most abundant bacteria in all regimes tested. Similar results 

were shown in a chick model whereby zinc-deficient chicks had a higher abundance of 

Enterobacteriaceae compared to zinc-replete counterparts, indicating the growth suppressing effect 

of zinc (Reed et al, 2015). Although Enterococcus species were shown to increase in the absence of 

zinc in the chick model (Reed et al, 2015), the results obtained from the batch culture resembles that 

of the piglet model whereby Enterococcus species increased with increasing concentration of zinc in 

piglets (Pieper et al, 2011). Results from piglet studies showed that the Bacteroides-Prevotella–

Porphyromonas cluster are unaffected by high zinc concentration (Starke et al, 2013) which is 

different to what was observed in the study described herein whereby these species were either 

enhanced or diminished by high zinc concentration. However, individual species were not analysed 

in the Starke et al. (2013) study, which may explain the differences in findings. In the study 

presented in this chapter, each individual species was analysed which provides a more detailed 

impression of the effect of zinc on these species; however, combining the data for these species 

would indicate an overall increased growth in the presence of high zinc (in contrast to the findings of 

Starke et al., 2013).  

It is also worth mentioning that the concentration and form of zinc used in the animal studies is 

different than that used in this experiment as the batch cultures were set up to mimic human gut 

microbiota and doses that are relevant in humans. Zinc oxide (ZnO) is commonly used in animal 

studies but zinc sulphate (ZnSO4) was used in the batch cultures as zinc sulphate is water soluble,  

unlike zinc oxide. In addition, real-time PCR was used to analyse the composition of the piglet’s 

microbiota for bacterial groups of interest, thus many elements of the gut microbiota were not 

considered.  
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As seen in Figure 7.3, the relative abundance of Actinobacteria showed an increase in the presence 

of zinc while Proteobacteria had a decrease and there is a strong relationship between these 2 

phyla. However, the role of zinc is yet to be discovered whereby it can either be that the presence of 

zinc increases the abundance of Actinobacteria, which in turn inhibits the growth of Proteobacteria, 

or the presence of zinc inhibits the growth of Proteobacteria, giving Actinobacteria a chance to grow 

and develop, thus increasing its abundance. When zinc is added to the medium, it enhances the 

growth of many bacterial groups as shown in table 7.8. However, the mechanism by which zinc 

causes this enhanced growth is yet to be determined. Possibly, zinc could promote the growth of the 

corresponding bacterial species by diminishing the growth of others (such as Enterobacteriaceae), 

perhaps by interfering with iron uptake, or it could act as a direct growth promoter as a key 

micronutrient. The inhibitory effect of zinc on certain bacterial group has been shown in numerous 

studies, thus giving an advantage to other bacterial groups present in the same environment to 

grow.  Zinc has to been shown to increase the production of the siderophore (pyoverdine) in 

Pseudomonas aeruginosa and this effect was more pronounced in an iron deficient medium (Hofte 

et al, 1993). In the presence of zinc, bacteria may produce siderophores to scavenge iron from the 

environment which can then be used for growth and development, outcompeting those bacteria 

that are unable to produce or utilise siderophores and further diminishing the concentration of iron 

available in the medium. A recent study showed that iron was accumulated under zinc excess and 

that the presence of zinc stress up-regulates the iron-uptake genes coupled by down-regulating iron 

Fe-storage genes at early stages (30 min) of exposure. The effect is then reversed by down-

regulating Fe-uptake genes and up-regulating Fe-storage at later stages (60 min), causing an 

increased iron accumulation in the cell as bacteria required a higher demand of iron for survival 

under zinc stress (Xu et al, 2019). Both the observations by Hofte et al (1993) and Xu et al (2019) 

suggest that the competition for iron is enhanced by increasing zinc concentration. The modified gut 

model medium has sufficient levels of iron and heam which the bacteria can fully utilise and bacteria 

which has the ability to scavenge iron will have an advantage over the other bacteria present. 
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Ferrous iron uptake systems are considered to be the most important non-haem-iron pathways for 

the gut microbiota (Andrews et al, 2003), and such pathways are more likely to be blocked by free 

zinc than haem uptake pathways.  This may explain why the Bacteroides species (haem utilisers) 

responded so well to zinc supplementation.  However, this theory remains to be proven by 

conducting the same experiment but under conditions where the levels of haem and non-haem iron 

levels are adjusted.  

As seen from table 7.6, the Enterobacteriaceae are the most abundant bacteria in all of the regimes 

tested. This may be due to the fact the doubling time for the corresponding species is relatively 

short, giving them an advantage in securing the nutrients available.  For example, E. coli, which is a 

common gut-dwelling member of the Enterobacteriaceae family, has a doubling time of 15 min 

(Gibson et al, 2018) whereas that for Bacteroides fragilis in a batch culture is between 92-345 min 

(Dalland and Hofstad, 1974). 

The use of batch cultures is useful in providing preliminary data for future work as it is relatively easy 

to set up and a wide range of different conditions can be tested in a single setting. However, the 

short time period (24-48 h) is a disadvantage to the slow growing bacteria, causing them to be 

outperformed by the fast growers, thus affecting their final abundance in the given sample. 

Continuous gut models represent an alternative approach which overcomes the issue associated 

with fast growth; thus, such systems will be utilised in studies described further below.  
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Chapter 8: Impact of zinc on gut microbiota using the three-stage gut model 

8.1 Impact of zinc supplementation on zinc sufficient/deficient gut microbiota using the three-

stage gut model 

The gut model consists of 3 consecutively-linked  vessels each representing a region of the colon 

with V1 representing the proximal colon, V2 representing the transverse colon and V3 representing 

the distal colon. The pH in each region also differs between vessels to mimic the pH in the 

corresponding region of the colon: pH 5.5 in V1, pH 6.1 in V2 and pH 6.8 in V3. The nutrient content 

and availability in each vessel is also different as the medium flows from the medium reservoir to V1 

through a peristaltic pump which then flows to V2 and then V3 and finally to a waste collection 

bottle. As fresh medium flows to V1 first, bacteria in V1 have access to all of the nutrients available 

while bacteria in the subsequent vessels only have access to unused nutrient or breakdown 

products, which limits their nutrient utilisation compared to V1. The gut model is superior to the 

batch cultures as it mimics the entire colon, giving a better insight of the treatment/regimes that are 

being tested. In addition, it is a continuous culture whereby fresh medium is constantly fed to the 

vessels (similar to food intake in a human host) and the microbiota are allowed to reach equilibrium 

before measurements are taken. However, the disadvantage of the gut model is that it is labour 

intensive and time consuming compared to batch culture.   

Thus, the gut model system, using biological triplicates, was used to explore the impact of zinc 

concentration on the microbiota. The experimental regime employed was designated ‘Gut Model 1’ 

(GM1) with modified GMM (mGMM) to enable control of zinc levels. Three distinct zinc regimes (or 

steady states) were explored: SS1, containing mGMM under normal zinc regime (19 µM); SS2, 

containing mGMM with only 3 µM zinc; and SS3, mGMM supplemented with 77 µM zinc to give a 

final concentration of 96 µM zinc.  These conditions were designed allow the impact of zinc 

deficiency to be determined (SS2) in comparison to zinc sufficiency (SS1) and a regime resembling 

that of a zinc-supplemented diet (SS3).  The experiment was also designed to test the impact of 

application zinc supplements to an individual previously on a zinc deficient diet. Effects of zinc 

deficiency and zinc supplementation on the gut microbiota have mostly been studied using animal 
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models (Starke et al, 2013; Pieper et al, 2011; Wang et al, 2018) and studies on humans have been 

very limited. The gut model is used in this study, rather than direct human dietary intervention 

studies, due to the ethical and practical issues associated with providing subjects with a very low zinc 

diet.  Also, the gut model will offer a second approach, additional to the batch culture work above, 

to explore the impact of dietary zinc regime on the gut microbiota.  

8.1.1 Impact of zinc regime on bacterial numbers  

GM1 was inoculated with faecal slurry from distinct donors (2 females & 1 male; age 26-38; no 

antibiotic treatment within 6 months) thus allowing results to be produced in biological triplicate. 

The total bacterial count for each vessel was measured using Flow-FISH coupled with Eub I-II-III 

probes to ensure that all of the bacteria present are counted. As seen in Figure 8.1, the total 

bacterial count was the highest for V1 and lowest for V3. This is as expected as V1 received fresh 

medium whilst V3 would receive medium depleted of nutrients and raised in metabolic waste 

products. In SS1, the mGMM has a total zinc concentration of 19 µM Zn, resulting in V1 having a 

total bacterial count of 3.99x108 cells/ml, while V2 and V3 had 1.29x108 and 9.70x107 cells/ml, 

respectively. The low zinc regime (SS2), whereby no zinc was added to the medium, had a total zinc 

concentration of 3 µM Zn which resulted in reduced bacterial numbers in all 3 vessels with V3 

showing the greatest decrease (2.62-fold), reducing its total count to only 3.70x107 cells/ml medium. 

V1 and V2 experienced minimal effects with only 1.05- and 1.17-fold decreases, respectively, 

bringing down their totals to 3.82x108 and 1.11x108 cells/ml. In SS3, where 77 µM Zn was added to 

the medium (total zinc concentration of 96 µM Zn), V1 and V2 showed a modest increase (with 

respect to SS1) to 4.54x108 (1.14-fold) and 2.00x108 cells/ml medium (1.54-fold), accordingly, but V3 

showed a decrease (with respect to SS1) of 1.36-fold to 7.12x107 cells/ml medium; this may reflect 

higher growth in V1-V2 resulting in reduced nutrient flow into V3. Comparing SS3 with SS2 allows 

the impact of provision of supplementary levels of zinc to a previously zinc deficient regime to be 

considered.  The results show that the provision of 77 µM zinc caused a clear increase in bacterial 
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numbers of 1.2-, 1.8 and 1.9-fold for V1, V2 and V3, respectively. This suggests that the microbiota in 

SS2 were zinc restricted, particularly in V2 and V3. 

 
Figure 8.1 Total bacterial counts in each vessel for the 3 different steady states in GM1. Total 

bacterial counts for each zinc regime were determined by Flow-FISH using Eub I-II-III probes. Each 

bar indicates a different vessels representing a different region of the colon: blue (V1, proximal 

colon), orange (V2, transverse colon), grey (V3, distal colon). Bacterial counts are expressed as 

cells/ml medium. Results are average of 3 subjects and error bars represent SD. One-way Anova with 

Bonferroni Post Hoc correction has been employed for statistical analysis. No significant difference 

between conditions was seen (p>0.05). 

 
Table 8.1 Total bacterial counts in each vessels of 3 different steady states in GM1. Data derived 
from Figure 8.1 

  SS1 SS2 SS3 

GM1 

V1 3.99E+08 3.82E+08 4.54E+08 

V2 1.29E+08 1.11E+08 2.00E+08 

V3 9.70E+07 3.70E+07 7.12E+07 

 
 
Table 8.2 Fold difference between the 3 different steady states in GM1. Data derived from Figure 
8.1 

    SS2/SS1 SS3/SS1 SS3/SS2 

GM1 V1 0.96 1.14 1.19 
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V2 0.86 1.54 1.81 

V3 0.38 0.73 1.93 

 
 

8.1.2 Impact of zinc on the bacterial composition  

8.1.2.1 Impact of zinc on bacterial composition at phylum level 

The impact of zinc regime on bacterial composition was then determined by 16S rRNA gene 

amplicon NGS analysis. An unidentifiable bacterial species could not be categorised into any known 

phylum, thus there is a unidentifiable phylum shown in table 8.3. As seen from table 8.3, the 

majority of the bacteria detected in SS1 belong to the Bacteroidetes phylum, followed by the 

Firmicutes and Proteobacteria phyla with a combined relative abundance of roughly 90% in all of the 

vessels. Actinobacteria and Synergistetes made up less than 0.5% of the overall abundance in all 3 

vessels. At SS2, which resembles a zinc deficient diet, 4 of the 5 phyla showed a modest change in 

their relative abundance while Synergistetes had a noticeable change of 16.3-fold on average across 

the 3 vessels. In the Synergistetes phylum, all 3 vessels showed an increase with V2 (transverse 

colon) showing the biggest increase (27.1-fold) followed by V3 (distal colon) and V1 (proximal colon) 

with 19.4- and 2.49-fold increases, respectively, but none of these changes were significant when 

tested statistically (p>0.05). The increase in Synergistetes was coupled with an overall decrease in 

the Actinobacteria, Bacteroidetes and Proteobacteria, with Actinobacteria showing the biggest 

relative drop with on average 1.53-fold reduction across all vessels. In the absence of zinc, the 

relative abundance of Bacteroidetes dropped from 77.9 to 67.0% (1.16-fold) in V1 and from 65.9 to 

64.4% (1.02-fold) in V2, but V3 showed a 1.09-fold increase (from 51.4% to 55.8%). Firmicutes and 

Proteobacteria showed the same changes with V1 having an increase while the other 2 vessels 

showed a decrease. Firmicutes increased 1.72-fold (10.3 to 17.7%) and Proteobacteria increased 

1.32-fold (2.61 to 3.45%). Firmicutes showed a 1.26- and 1.42-fold decrease in V2 and V3 while 

Proteobacteria decreased 1.71- and 1.39-fold, respectively.  
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Figure 8.2 Composition of gut microbiota at phylum level. The gut microbiota is classified at phylum 
level for all vessels (V1, V2 and V3) at SS1, SS2 and SS3. 
 
Table 8.3 Relative abundance of different bacterial groups at phylum level. The relative abundance 

of different bacterial groups in V1, V2 and V3 at SS1, SS2 and SS3. The bacterial phyla are expressed 

as a percentage of the total microbial community profile. The results are the average of 3 subjects. 

One-way Anova with Bonferroni Post Hoc correction has been employed for statistical analysis. No 

significant difference is seen between the steady states (N/A: not identifiable). 

Phylum 
SS1 SS2 SS3 

V1 V2 V3 V1 V2 V3 V1 V2 V3 

Actinobacteria 0.01 0.02 0.03 0.00 0.01 0.02 0.01 0.01 0.01 

Bacteroidetes 77.89 65.88 51.39 67.04 64.41 55.79 69.37 73.83 60.11 

Firmicutes 10.32 18.93 31.05 17.72 15.01 21.89 18.10 7.52 16.13 

Proteobacteria 2.61 4.61 7.02 3.45 2.70 5.04 2.58 1.96 4.95 

Synergistetes 0.33 0.37 0.43 0.83 10.13 8.37 1.13 8.35 10.10 

N/A 8.83 10.16 10.02 10.95 7.71 8.87 8.81 8.33 8.68 
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Table 8.4 Fold changes in abundance at phylum level between steady states. Fold changes of the 

bacteria at phylum level between the 3 different steady states. Data derived from table 8.3. One-

way Anova with Bonferroni Post Hoc correction has been employed for statistical analysis. No 

significant difference is seen between the steady states. 

  
SS2/SS1 SS3/SS1 SS3/SS2 

V1 V2 V3 V1 V2 V3 V1 V2 V3 

Actinobacteria 0.33 0.81 0.83 0.85 0.41 0.56 2.59 0.51 0.68 

Bacteroidetes 0.86 0.98 1.09 0.89 1.12 1.17 1.03 1.15 1.08 

Firmicutes 1.72 0.79 0.70 1.75 0.40 0.52 1.02 0.50 0.74 

Proteobacteria 1.32 0.59 0.72 0.99 0.42 0.71 0.75 0.73 0.98 

Synergistetes 2.49 27.08 19.40 3.40 22.32 23.42 1.36 0.82 1.21 

 

In the presence of 77 µM Zn supplementation (SS3), Bacteroidetes and Firmicutes still made-up the 

majority of the bacterial microbiota but Synergistetes showed the biggest overall change with 

respect to SS1, with an average increase of 16.4-fold, contributing roughly 10% of the SS3 bacteria 

overall. Although the relative abundance of the Synergistetes increased in all 3 vessels, vessels 

resembling the middle (V2) and lower (V3) colon had a substantial increase of roughly 23-fold 

compared to V1 with only 3.40-fold. However, the increase was not significant when tested (p>0.05). 

The addition of 77 µM zinc increased the relative abundance of Bacteroidetes overall (with respect 

to SS1) but all 3 vessels showed only a modest fold change with V1 decreasing 1.12-fold while V2 

and V3 increased 1.12- and 1.17-fold, respectively. Actinobacteria, Firmicutes and Proteobacteria on 

average showed a decrease in SS3 with respect to SS1 of 1.64-, 1.12- and 1.42-fold, accordingly. 

While Actinobacteria and Proteobacteria had a reduction across all 3 vessels, Firmicutes only 

showed a decrease in V2 (2.52-fold) and V3 (1.93-fold) with an increase in V1 (1.75-fold). 

Comparison of SS3 and SS2 resembles the effect of zinc supplementation on a zinc deficient gut 

microbiota. Bacteroidetes benefited from the addition of 77 µM Zn zinc whereas Proteobacteria 

displayed a negative effect. Bacteroidetes showed a modest increase of 1.03-, 1.15- and 1.08-fold in 

V1, V2 and V3 respectively reaching a relative abundance of 69.4, 73.8 and 60.1%.  Proteobacteria 

decreased 1.34-, 1.38- and 1.02-fold for the same vessels to 2.58, 1.96 and 4.95%, accordingly. 

Actinobacteria, Firmicutes and Synergistetes responded in a similar manner whereby the presence 
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of zinc only increased the relative abundance of bacteria in the proximal colon (V1) between 1.02- to 

2.59-fold, while the other 2 sections (V2, V3) showed a decrease of 1.02- to 2.00-fold.  

In summary, the major impact of zinc regime was a dramatic increase in the abundance of 

Synergistetes under low zinc conditions, and this increase was retained when zinc levels were raised 

in SS3. 

 

8.1.2.2 Impact of zinc on alpha and beta diversity 

Shannon Index and weighted UniFrac were used to determine the alpha and beta diversity as both 

indices include abundance in their calculation rather than dominance (presence/absence of species). 

For alpha diversity, a high Shannon Index value indicates the presence of richer species diversity in a 

given sample, while beta diversity determines the variation of species between samples.  

 

 
Figure 8.3 Alpha diversity measured by Shannon Index. The higher the value in Shannon Index 

indicates a higher species richness in the sample tested. Mann-Whitney U test were used for 

statistical analysis. No significant difference was seen between the regimes tested (p>0.05). 

As seen from Figure 8.3, the diversity of the bacteria in SS1 increases v1 to V3 as indicated by the 

higher Shannon Index value. In SS2, the absence of zinc has negligible effect in V1 but reduced the 

diversity in V2 and V3, possibly due to zinc deficiency coupled with nutrient limitation in the later 
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part of the colon. When 77 µM Zn was added to the medium, this also had a negligible effect on the 

diversity in V1 as shown by a similar Shannon Index value but it reduced the diversity of the 

population in the other 2 vessels, especially V2. The results indicate that although zinc increases the 

total number of bacteria, it reduces the diversity of the bacteria present, particularly in the vessels 

corresponding to the transverse and distal colon. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8.4 Beta diversity Principal Coordinate Analysis derived from weighted UniFrac in all 

samples. Each vessel at each steady state has a different colour: SS1- V1 (red), V2 (pink), V3 

(orange); SS2- V1 (blue), V2 (purple), V3 (cyan); SS3- V1 (green), V2 (yellow), V3 (grey). The beta 

diversity is compared between 2 different steady states: A, SS1 with SS2; B, SS1 with SS3; C, SS2 with 

SS3. For each axis, the percent of variation is reported in brackets.   

As seen from Figure 8.4, 3 beta diversity analyses were generated comparing the 3 different steady 

states. In Figure 8.4A (SS1 v SS2), the bacterial populations clustered according to their vessels in SS1 

A B 

C 
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as shown by the red circles but the population from 1 of the subjects was slightly different than that 

of the other 2 in V2 (pink) and V3 (orange), causing it to be further apart. However, in SS2 where zinc 

levels are low, the populations formed 3 different clusters representing the 3 individual as shown by 

the blue circles. When 77 µM Zn was added to the medium (Figure 8.4B), V1 formed 2 separate 

clusters, indicating that zinc causes a variation to the composition of the gut microbiota. The V2 and 

V3 populations were further apart, showing that each subject shows a different response towards 

zinc and the interindividual variability outweighs that of the tested condition. Supplementing zinc to 

a previously zinc deficient condition also caused the bacteria to cluster according to individual as 

shown by the blue and purple circles (triangle) in Figure 8.4C.  

8.1.2.3 Impact of zinc on bacteria composition at species level 

The bacteria were compared at species level to give a better depth for the composition analysis 

compared to that that would be obtained at genus level or higher taxonomic level. The composition 

of the gut microbiota is presented at species level in table 7.13. Some of the names were at higher 

taxonomic level because their exact species were not in the reference database, thus their name 

were entered to the next higher taxonomic level.   

Table 8.6 Effect of zinc regime on relative abundance at the species level. The relative abundance 

of bacterial groups within the gut microbiota at species levels is indicated SS1, SS2 and SS3. SS1 

(yellow), SS2 (green) and SS3 (orange). Data are expressed as a percentage of the total microbial 

community profile. The results are the average of 3 subjects. Only bacterial species present at >0.5% 

in at least 1 vessels of any steady states is shown. One-way Anova with Bonferroni Post Hoc 

correction has been employed for statistical analysis.(sp: species, N/A: not identifiable).  

Phylum Order Species 
SS1 SS2 SS3 

V1 V2 V3 V1 V2 V3 V1 V2 V3 
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Paraprevotella sp 3.12 0.42 0.08 0.04 0.04 0.00 0.00 0.00 0.00 

Bacteroides sp1 2.98 2.46 2.20 2.41 1.34 1.72 2.44 2.09 2.18 

Bacteroides sp2 46.38 42.30 29.60 38.06 43.18 40.25 42.57 44.80 38.09 

Bacteroides ovatus 3.92 5.20 8.09 3.34 2.08 3.71 4.39 1.36 3.17 

Bacteroides fragilis 0.16 0.41 0.81 0.18 0.17 0.17 0.10 0.18 0.07 

Bacteroides uniformis 18.64 13.20 8.86 17.93 13.06 7.54 19.46 24.88 15.52 

Prevotella sp 1.69 1.33 0.88 4.23 3.23 1.44 0.05 0.03 0.02 

Rikenellaceae sp 0.72 0.21 0.22 0.54 0.74 0.35 0.12 0.26 0.50 
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s 

C
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d
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e
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Clostridales sp 1.09 1.56 2.91 0.58 1.17 2.43 0.39 0.77 1.90 

Lachnospiraceae sp 0.85 1.51 2.82 0.73 1.24 2.41 1.04 0.78 2.27 

Dorea sp 0.04 0.16 0.32 0.26 0.57 0.78 0.11 0.18 0.20 
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Lachnospira sp 0.14 0.59 0.89 0.05 0.08 0.25 0.04 0.08 0.29 

Ruminococcaceae sp1 1.48 2.91 4.26 3.93 2.47 2.30 4.15 0.91 1.39 

Ruminococcaceae sp2 0.80 1.38 2.46 0.83 0.93 3.23 0.29 0.75 2.08 

Oscillospira sp 0.62 1.27 1.77 0.35 0.47 1.24 0.26 0.50 1.47 

Ruminococcus bromii 3.67 7.07 10.59 9.64 5.80 4.97 10.58 2.27 3.37 

Dialister sp 0.09 0.18 0.33 0.21 0.01 0.52 0.12 0.04 0.33 

Megasphaera sp 0.04 0.07 0.17 0.09 0.26 0.59 0.02 0.02 0.38 

Acidaminococcus sp 0.07 0.04 0.08 0.12 0.23 0.21 0.05 0.11 0.08 

Faecalibacterium prausnitzii 0.05 0.05 0.03 0.10 0.01 0.26 0.44 0.08 0.19 

Clostridium bolteae 0.05 0.13 0.32 0.06 0.16 0.27 0.06 0.08 0.34 

Ruminococcus sp 0.13 0.23 0.18 0.08 0.10 0.10 0.01 0.00 0.05 

Ruminococcus gnavus 0.10 0.20 0.23 0.08 0.14 0.29 0.06 0.05 0.30 
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ys
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es

 

Eubacterium dolichum 

0.07 0.14 0.32 0.03 0.08 0.13 0.08 0.10 0.15 

P
ro

te
o

b
ac

te
ri

a 

R
F3

2
 

RF32 sp 2.13 3.91 5.43 2.88 2.37 2.42 1.99 1.59 1.95 

B
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Sutterella sp 

0.46 0.65 1.36 0.55 0.26 1.78 0.56 0.34 1.84 

Sy
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es
 

Sy
n

er
gi

st
al

es
 

Pyramidobacter piscolens 

0.33 0.05 0.03 0.83 10.09 8.30 1.13 8.17 9.93 

    N/A 8.83 10.16 10.02 10.95 7.71 8.87 8.81 8.33 8.68 

 
Table 8.7 Fold changes in abundance at species level between steady states. Fold changes of the 
bacteria at species level between the 3 different steady states. Data derived from table 8.6. The 
colours indicate the different steady states comparisons: SS2/SS1 (green), SS3/SS1 (orange), SS3/SS2 
(blue). Values in green indicates an increase in relative abundance and values in red indicates a 
decrease. One-way Anova with Bonferroni Post Hoc correction has been employed for statistical 
analysis. Bacteria in bold indicates significant difference at certain steady state (p<0.05) 

Phylum Order Species 
SS2/SS1 SS3/SS1 SS3/SS2 

V1 V2 V3 V1 V2 V3 V1 V2 V3 
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Paraprevotella sp 0.01 0.09 0.03 0.00 0.00 0.00 0.00 0.00 0.00 

Bacteroides sp1 0.81 0.54 0.78 0.82 0.85 0.99 1.01 1.56 1.27 
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Bacteroides sp2 0.82 1.02 1.36 0.92 1.06 1.29 1.12 1.04 0.95 

Bacteroides ovatus 0.85 0.40 0.46 1.12 0.26 0.39 1.32 0.65 0.86 

Bacteroides fragilis 1.10 0.42 0.20 0.61 0.44 0.08 0.56 1.04 0.39 

Bacteroides uniformis 0.96 0.99 0.85 1.04 1.88 1.75 1.09 1.90 2.06 

Prevotella sp 2.50 2.43 1.65 0.03 0.02 0.02 0.01 0.01 0.01 

Rikenellaceae sp 0.75 3.53 1.61 0.17 1.26 2.32 0.22 0.36 1.44 
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Clostridales sp 0.53 0.75 0.83 0.35 0.49 0.65 0.66 0.66 0.78 

Lachnospiraceae sp 0.86 0.82 0.85 1.22 0.52 0.80 1.43 0.63 0.94 

Dorea sp 6.12 3.62 2.40 2.56 1.15 0.63 0.42 0.32 0.26 

Lachnospira sp 0.40 0.13 0.29 0.27 0.14 0.33 0.69 1.07 1.14 

Ruminococcaceae sp1 2.65 0.85 0.54 2.80 0.31 0.33 1.06 0.37 0.60 

Ruminococcaceae sp2 1.04 0.67 1.31 0.36 0.54 0.84 0.34 0.81 0.64 

Oscillospira sp 0.56 0.37 0.70 0.42 0.39 0.83 0.74 1.05 1.18 

Ruminococcus bromii 2.63 0.82 0.47 2.89 0.32 0.32 1.10 0.39 0.68 

Dialister sp 2.28 0.03 1.57 1.30 0.22 0.98 0.57 6.37 0.63 

Megasphaera sp 2.18 3.68 3.45 0.53 0.27 2.21 0.24 0.07 0.64 

Acidaminococcus sp 1.87 5.42 2.77 0.71 2.48 1.11 0.38 0.46 0.40 

Faecalibacterium prausnitzii 2.13 0.16 9.51 9.21 1.75 6.99 4.32 10.62 0.74 

Clostridium bolteae 1.34 1.24 0.84 1.24 0.60 1.07 0.92 0.49 1.27 

Ruminococcus sp 0.61 0.45 0.56 0.07 0.01 0.28 0.12 0.02 0.51 

Ruminococcus gnavus 0.84 0.70 1.24 0.62 0.25 1.31 0.74 0.35 1.06 
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Eubacterium dolichum 

0.38 0.54 0.42 1.10 0.67 0.46 2.89 1.23 1.10 
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o
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a 

R
F3

2
 

RF32 sp 1.35 0.61 0.44 0.93 0.41 0.36 0.69 0.67 0.81 

B
u
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h

o
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e
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e

s 

Sutterella sp 

1.20 0.40 1.30 1.22 0.53 1.35 1.02 1.34 1.04 

Sy
n

er
gi

st
et

es
 

Sy
n

er
gi

st
al

es
 

Pyramidobacter piscolens 

2.49 186.31 300.90 3.40 150.87 360.05 1.36 0.81 1.20 

    N/A 1.24 0.76 0.89 1.00 0.82 0.87 0.80 1.08 0.98 
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As seen from table 8.6, in SS1, the entire gut model is mainly dominated by Bacteroidetes, 

particularly Bacteroides sp2 and Bacteroides uniformis being the most abundant bacteria in all 3 

vessels representing the 3 different regions of the colon. Bacteroides sp2 is most abundant in V1 

(proximal colon) with a relative abundance of 46.4% followed by V2 (transverse colon) with 42.3% 

and V3 (distal colon) with 29.6%, while B. uniformis had a relative abundance of 18.6, 13.2 and 

8.86% in the 3 vessels, respectively. The rest of the species in the Bacteroidetes phylum showed a 

relative abundance of 0.16 to 8.09% across the 3 vessels in SS1. The relative abundance of 

Bacteroidetes decreased along the gut model, indicating that these bacteria are more abundant in 

the upper part of the colon while Firmicutes, Protebobacteria and Synergistetes showed an increase 

in their abundance further down the colon. Ruminococcus bromii was the most abundant species in 

the Firmicutes phylum with a relative abundance of 3.67% (V1), 7.07% (V2) and 10.4% (V3) at SS1. 

Ruminococcaceae sp1, Clostridales sp and Lachnospiraceae sp were also among the most abundant 

species with relative abundances of 0.85 to 4.26% across the 3 vessels, while the rest of the species 

in the Firmicutes phylum had an abundance ranging from 0.04 to 2.46% in SS1. In the Proteobacteria 

phylum, the relative abundance of Sutterella sp at SS1 increased from V1 to V3, increasing from 

0.46% (V1) to 0.65% (V2) and then 1.36% (V3). Enterobacteriaceae sp1 and sp2 had a relative 

abundance of less than 0.05% across all the steady states, unlike in the batch culture where they 

were the dominant species (see above). Pyramidobacter piscolens of the Synergistetes phylum was 

most abundant in V1 (proximal colon) at 0.33% and decreased in V2 and V3 to 0.05 and 0.03%, 

respectively.  

8.1.2.3.1 Effect of zinc deficiency (SS2) on the composition of gut microbiota compared to SS1 

In SS2, under zinc deficiency, Bacteroidetes were more negatively affected compared to the other 

phylum. Most of the species in this phylum showed a reduction in their relative abundance in all 

vessels with the V2 and V3 displaying a higher degree of reduction compared to V1, indicating that 

bacteria residing in the transverse and distal colon may be more affected by the absence of zinc than 

the bacteria in the proximal colon. Prevotella sp showed the highest increase of 2.50- (V1), 2.43- (V2) 
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and 1.65-fold (V3), increasing in abundance to 4.23, 3.23 and 1.44%, respectively, in the absence of 

zinc. Paraprevotella sp showed a substantial decrease of 22.4-fold on average, reducing its 

abundance to less than 0.05% in all vessels. Bacteroides sp1, B. ovatus and B. uniformis also showed 

a decrease across all vessels but with a more modest average reduction of 1.40-, 1.75- and 1.07-fold, 

respectively. Although B. fragilis showed a 1.10-fold increase in V1, the overall abundance of this 

species along the colon showed a 1.74-fold reduction with V3 having the largest decrease (4.90-

fold). Bacteroides sp2 and Rikenellaceae sp are the other 2 Bacteroidetes species that showed an 

overall increase despite zinc being absent in the medium. Bacteroides sp2 had a slight decrease of 

1.22-fold in V1 but increased 1.02- and 1.36-fold in V2 and V3, increasing its abundance to 38.1, 43.2 

and 40.3%, respectively, thus becoming the most abundant species overall. However, this change 

was not significant when tested statistically (p>0.05). Rikenellaceae sp had a more modest overall 

level, increasing of 1.96-fold, reaching a relative abundance of 0.54 (V1), 0.74 (V2) and 0.35% (V3). 

Species from the Firmicutes phylum generally showed a positive response to the zinc deficient 

medium with 9 bacterial species displaying an increase overall while 7 showed a decrease in their 

relative abundance. Dorea sp, Faecalibacterium prausnitzii, Acidaminococcus sp and Megasphaera 

sp were among the species that showed an average increase of over 3-fold, with Dorea sp having the 

biggest increase among them (4.05-fold). These species increased between 1.87- to 6.12-fold (V1), 

3.62- to 5.42-fold (V2) (except Faecalibacterium prausnitzii which decreased 6.07-fold in V2) and 

2.40- to 9.51-fold (V3). Although these bacteria had the biggest increase, their relative abundance 

remained at less than 1% in all 3 vessels, thus they may be considered to have a minor impact on the 

overall composition of the gut microbiota. Ruminococcaceae sp1, Ruminococcus bromii, Dialister sp 

and Clostridium bolteae also showed an increased overall but with a more modest average increase 

of 1.14- to 1.35-fold. 
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Figure 8.5 Fold changes in abundance at species level between different steady states. Fold 
changes of the bacteria at species level between SS2 and SS1 (A); SS3 and SS1 (B); SS3 and SS2 (C). 
Data derived from table 8.7. The fold changes are expressed as Log2 fold. 
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Lachnospira sp had the biggest decrease among species in the Firmicutes phylum with a significant 

decrease of 3.68-fold (on average) across all the vessels. Clostridales sp, Lachnospiraceae sp, 

Oscillospira sp, Ruminococcus sp and Eubacterium dolichum also showed a decrease in all parts of 

the gut model with a roughly 2-fold difference between SS1 and SS2 (1.18- to 2.23-fold). 

Interestingly, in the absence of zinc, most of members in the Firmicutes phylum in V2 (transverse 

colon) showed a decrease in their relative abundance (12 species) compared to V1 (7 species) and 

V3 (9 species). Sutterella sp (Proteobacteria) showed a slight overall decrease in abundance (1.03-

fold) mainly due to a decrease in V2 where it showed a 2.52-fold reduction, reducing abundance to 

0.26 from 0.65%. V1 and V3 on the other hand showed an increase of 1.20- and 1.30-fold, raising its 

abundance to 0.55 and 1.78%, respectively. Pyramidobacter piscolens (Synergistetes) showed an 

increase in all 3 vessels with V2 and V3 showing a substantial 186- and 301-fold increase, 

respectively, increasing in abundance from 0.05 to 10.1% in V2 and from 0.03 to 8.30% in V3. V1 

displayed a more moderate increase of 2.49-fold, representing an increase in abundance from 0.33 

to 0.83%.    

8.1.2.3.2 Effect of 77 µM Zn (SS3) on the composition of gut microbiota in zinc sufficient environment 

(SS1) 

In SS3, 77 µM zinc was used to enhance an otherwise zinc deficient regime, to represent zinc 

supplementation. The results showed that in SS3 the levels of Paraprevotella sp dropped below the 

detection limit, possibly being outcompeted by the other bacterial species and excreted from the 

system, or due to sensitivity to zinc. Prevotella sp showed the biggest decrease (with respect to SS1) 

among the Bacteroidetes members with a decrease in all of the 3 vessels, with the biggest decrease 

occurring in V2 and V3 of 51.7- and 46.1-fold, respectively, corresponding to a reduction in relative 

abundance to 0.03% and 0.02%, while levels in V1 decreased from 1.69% to 0.05%, a 31.0-fold 

reduction. Bacteroides sp1, B. ovatus and B. fragilis showed a decrease (with respect to SS1) with an 

average overall reduction of 1.13-, 1.69- and 2.65-fold, respectively. The addition of 77 µM zinc 

caused Bacteroides sp2 and B. uniformis to show an increase in all vessels with the former species 

increasing slightly on average 1.09-fold while the latter increased on average 1.56-fold, making them 
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the most abundant bacteria. Although Rikenellaceae sp showed a 6.01-fold decrease in V1, in V2 and 

V3 it showed an increase of 1.26- and 2.32-fold respectively, thus giving an overall increase of 1.25-

fold across all sections of the model. The presence of 77 µM Zn zinc increased the relative 

abundance of 3 Bacteroidetes species and decreased the abundance of 4 species overall, with 

respect to SS1.  

For the Firmicutes phylum, the supplementation with 77 µM Zn exerted a negative effect overall, 

causing a reduction in relative abundance for 10 species, while 5 species showed an increase and 1 

species remained unchanged, relative to SS1. Although Megasphaera sp reduced 1.88- and 3.73-fold 

in V1 and V2, it showed a 2.21-fold increase in V3, thus maintaining its relative abundance 

throughout the 3 vessels, showing no change in its abundance overall. Clostridales sp, Lachnospira 

sp, Ruminococcaceae sp2, Oscillospira sp and Ruminococcus sp showed a decrease in their relative 

abundance in all three vessels with respect to SS1. Ruminococcus sp exhibited the biggest decrease 

among these species with a 14.2-, 142- and 3.53-fold reduction in V1, V2 and V3, respectively, 

reducing its abundance to less than 0.05% in all 3 vessels. Lachnospira sp showed a significant 

decrease of 4.03-fold (on average) throughout all 3 vessels (p<0.05) while the rest of the Firmicutes 

species showed a reduction of 1.19- to 7.01-fold across the 3 vessels with respect to SS1, showing on 

average decrease of 1.71- to 4.03-fold. In summary, 77 µM zinc caused a decrease in the major 

Firmicutes species, mainly in V2 (transverse) and V3 (distal). Lachnospiraceae sp, Ruminococcaceae 

sp1, Ruminococcus bromii, Dialister sp and Eubacterium dolichum all showed an increase in V1 of 

1.22- to 2.89-fold but a decrease in both V2 and V3 between 1.50- to 3.20-fold in V2 and between 

1.02- to 3.15-fold in V3. Faecalibacterium prausnitzii was the only species that showed an increase in 

all vessels with 9.21- (V1), 1.75- (V2) and 6.99-fold (V3) increases, increasing its abundance to 0.44%, 

0.08% and 0.19% respectively. Dorea sp, Ruminococcaceae sp1, Ruminococcus bromii and 

Acidaminococcus sp showed an overall increase with of 1.15- to 1.45-fold on average. Sutterella sp 

from the Proteobacteria phylum showed an increase in V1 (1.22-fold) and V3 (1.35-fold) but a 1.89-

fold decrease in V2 while Pyramidobacter piscolens from the Synergistetes phylum showed an 
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average increase of 171-fold across all 3 vessels (with respect to SS1) with the highest increase 

occurring at V3 (360.05-fold).   

8.1.2.3.3 Effect of 77 µM Zn supplementation on the gut microbiota in zinc deficient environment 

(SS3 vs SS2) 

Comparing SS3 with SS2 resembles Zn supplementation of a zinc deficient host. The addition of 

77 µM zinc increased the relative abundance of 8 bacterial species (3 from Bacteroidetes, 3 from 

Firmicutes, 1 from Proteobacteria, 1 from Synergistetes), with average increases of 1.03- to 5.23-

fold, with Faecalibacterium prausnitzii showing the greatest increase amongst them. Members of 

the Bacteroidetes phylum benefited from the addition of zinc, particularly in V1 (proximal) and V2 

(transverse) where the majority of the Bacteroidetes species showed an increase of 1.01- to 1.90-

fold. Bacteroides sp1 and B. uniformis showed an increase in all 3 vessels with the former species 

increasing 1.01-(V1), 1.56- (V2) and 1.27-fold (V3) while the latter increased 1.09-, 1.90- and 2.06-

fold, respectively. Prevotella sp, B. ovatus, B. fragilis and Rikenellaceae sp showed an overall 

decrease in the presence of zinc with Prevotella sp having the biggest reduction (88.1-fold on 

average) while the other 3 species showed a more modest decrease of 1.06- to 1.50-fold on average, 

but none of these differences were significant when tested statistically (p>0.05). 

For members in the Firmicutes phylum, most of the major species showed a decrease upon zinc 

supplementation with the exception of Dialister sp, Faecalibacterium prausnitzii and Eubacterium 

dolichum which showed an average increase of 1.74- to 5.23-fold. Although Lachnospiraceae sp 

exhibited a decrease in both V2 (1.58-fold) and V3 (1.06-fold), in V1 there was an increase of 1.43-

fold, thus maintaining the overall abundance of this species in the model despite some 

reduced/increased levels in specific vessels. Clostridales sp, Dorea sp, Ruminococcaceae sp2, 

Megasphaera sp, Acidaminococcus sp and Ruminococcus sp showed an overall reduction greater 

than 1.4-fold and they shared a similar pattern whereby their relative abundance was decreased in 

all 3 vessels particularly V1 and V2. Ruminococcus sp had the biggest overall reduction of 4.69-fold 

followed by Megasphaera sp with a 3.13-fold lower level; the remaining four species showed an 

average decrease of 1.42- to 3.00-fold. Sutterella sp and Pyramidobacter piscolens on the other hand 
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showed a slight overall increase with the supplementation of zinc, with an average increase of 1.13- 

and 1.12-fold respectively.  

8.2 Impact of high zinc on gut microbiota using the three-stage gut model 

As seen from the results from the batch culture (chapter 7), high levels of zinc have an impact on the 

total bacterial number and the microbiota composition. A gut model allows exploration of the effect 

of high zinc regimes on the gut microbiota in a manner more reflective of the conditions of the gut 

whereby its effect on the bacteria can be determined at the three sections of the colon. As 

mentioned before, 77 µM Zn is equivalent to a 10 mg zinc supplement tablet that can be easily 

obtained from any pharmacy or health supplement shop while 770 µM Zn is equivalent to 100 mg 

zinc per day which is 4 times the daily allowance (25 mg/d). The main reasons why supplements are 

taken by the public are to improve their overall health, to stay healthy, for bone health and to 

supplement the diet (Bailey et al, 2013; Gahche et al, 2017). Multivitamin-mineral is the most 

common supplement consumed by the public where it is used to ‘maintain health’ or ‘supplement 

the diet’ (Bailey et al, 2013). Although consumption of supplements is a common practice as it is 

believed to provide health benefit to the user, less than a quarter of all supplements are taken at the 

recommendation of healthcare providers (Kantor et al, 2016), thus the user might risk taking in 

certain nutrients over the daily allowance, particularly when multiple supplements are consumed 

daily as some nutrients may be available in different supplements. In order to address this problem, 

the gut model was used to identify the effect of high zinc (zinc over-supplementation) on the 

composition gut microbiota following a normally supplemented zinc diet. Thus, SS1 resembled a 

normal zinc diet (19 µM) condition, SS2 matched a normally zinc-supplemented diet (19+77 µM) and 

SS3 was designed to match over-supplementation (19+770 µM zinc). 

8.2.1 Impact of zinc on the bacterial numbers in Gut Model 2 (GM 2) 

The total bacterial number was determined using Flow-FISH coupled with Eub I-II-III probes to tag 

and count all the bacteria present, as described above. As seen from Figure 8.6, as before, the total 

bacterial counts decrease along the 3 vessels in the gut model and this pattern continues throughout 
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all the steady states. In SS1 whereby the medium had a total zinc concentration of 19 µM Zn, V1 

(proximal colon) had a total of 4.05x108 cells/ml medium but the total number reduced to 1.26x108 

and 1.11x108 cells/ml medium as it moves along V2 (transverse colon) and V3 (distal colon), 

respectively. The total bacterial number increased slightly in V1 and V2, while V3 showed a decrease 

with increasing concentration of zinc from 77 µM (SS2) to 770 µM (SS3). In SS2, the addition of 77 

µM Zn increased (total zinc concentration 96 µM Zn) the total bacteria in V1 and V2 by 1.06- and 

1.16-fold (vs SS1), increasing its total number to 4.30x108 and 1.46x108 cells/ml medium, 

respectively, while V3 decreased 1.37-fold to 8.10x107 cells/ml medium compared to SS1. When 770 

µM Zn was added to the medium (789 µM Zn total zinc concentration), V1 and V2 showed a 1.19- 

and 1.24-fold increase compared to SS1, increasing its total bacteria to 4.81x108 and 1.56x108 

cells/ml medium, respectively. V3 on the other hand had a 1.47-fold (vs SS1) decrease, reducing its 

total number to 7.53x107 cells/ml medium. The 10-fold increase in zinc concentration (SS3 vs SS2) 

caused a 1.12- (V1) and 1.07-fold (V2) increase but V3 showed a 1.08-fold decrease with higher zinc 

concentration. 

 
Table 8.8 Total bacterial counts in each vessels of 3 different steady states in GM1. Data derived 
from Figure 8.6 

  SS1 SS2 SS3 

GM2 

V1 4.05E+08 4.30E+08 4.81E+08 

V2 1.26E+08 1.46E+08 1.56E+08 

V3 1.11E+08 8.10E+07 7.53E+07 

 

Table 8.9 Fold difference between the 3 different steady states in GM1. Data derived from Figure 
8.6 

    SS2/SS1 SS3/SS1 SS3/SS2 

GM2 

V1 1.06 1.19 1.12 

V2 1.16 1.24 1.07 

V3 0.73 0.68 0.93 
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Figure 8.6 Total bacterial counts in each vessels of 3 different steady states in GM1. Total bacterial 

counts for each zinc regime were determined by Flow-FISH using Eub I-II-III probes. Each bar 

indicates a different vessels representing a different region of the colon: blue (V1, proximal colon), 

orange (V2, transverse colon), grey (V3, distal colon). Bacterial counts are expressed as cells/ml 

medium. Results are average of 3 subjects and error bars represent SD. One-way Anova with 

Bonferroni Post Hoc correction has been employed for statistical analysis. No significant difference 

was seen (p>0.05). 
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The bacterial composition was determined by 16S rRNA gene amplicon NGS analysis using an 

Illumina platform and compared to the reference database to determine the proportions of each 

type of bacteria present, as above. 

As seen from Figure 8.7, Bacteroidetes was the most dominant phylum at SS1 with a relative 
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with a relative abundance of 24.1%, 30.1% and 19.7% in V1, V2 and V3, respectively. Actinobacteria, 

Proteobacteria and Synergistetes made up the remaining abundance with a relative abundance 

between 0.05 to 1.52% across all the vessels. With the addition of 77 µM Zn (SS2), only 

Actinobacteria showed an increase in all parts of the colon with a 3.14-, 1.58- and 3.27-fold increase 

(vs SS1) in the proximal (V1), transverse (V2) and distal (V3), increasing its abundance to 0.20, 0.15 

and 0.16%, respectively, but such changes were not significant (p>0.05). 

 
Figure 8.7 Composition of gut microbiota at phylum level. The gut microbiota is classified at phylum 
level for all vessels (V1, V2 and V3) at SS1, SS2 and SS3. 
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of 3 subjects. One-way Anova with Bonferroni Post Hoc correction has been employed for statistical 

analysis. No significant difference is seen between the steady states. 

Phylum 
SS1 SS2 SS3 

V1 V2 V3 V1 V2 V3 V1 V2 V3 

Actinobacteria 0.06 0.10 0.05 0.20 0.15 0.16 0.22 0.10 0.17 

Bacteroidetes 74.79 67.35 77.93 86.88 82.87 71.94 79.81 80.11 69.59 

Firmicutes 24.11 30.05 19.72 11.10 15.19 24.14 15.34 15.70 25.47 

Proteobacteria 0.97 1.48 0.77 1.18 1.19 1.34 0.56 0.73 0.95 

Synergistetes 0.07 1.02 1.52 0.64 0.60 2.41 4.07 3.37 3.80 

 

 

Table 8.11 Fold changes in abundance at phylum level between steady states. Fold changes of the 

bacteria at phylum level between the 3 different steady states. Data derived from table 8.10. One-

way Anova with Bonferroni Post Hoc correction has been employed for statistical analysis. No 

significant difference is seen between the steady states. 

Phylum 
SS2/SS1 SS3/SS1 SS3/SS2 

V1 V2 V3 V1 V2 V3 V1 V2 V3 

Actinobacteria 3.14 1.58 3.27 3.45 1.08 3.39 1.10 0.68 1.04 

Bacteroidetes 1.16 1.23 0.92 1.07 1.19 0.89 0.92 0.97 0.97 

Firmicutes 0.46 0.51 1.22 0.64 0.52 1.29 1.38 1.03 1.06 

Proteobacteria 1.22 0.80 1.73 0.58 0.49 1.23 0.48 0.61 0.71 

Synergistetes 8.94 0.59 1.59 56.82 3.29 2.50 6.36 5.61 1.58 

 

 

Bacteroidetes, which was still the most abundant phylum at SS2, showed a non-significant (p>0.05) 

increase of 1.16- and 1.23-fold in V1 and V2, increasing its abundance to 86.9% and 82.8%, 

respectively, but V3 showed a slight (1.08-fold) decrease, reducing in abundance to 71.9% in the 

presence of 77 µM Zn. Compared to Bacteroidetes, Firmicutes showed the opposing pattern 

whereby V1 and V2 had a 2.17- and 1.98-fold decrease in the presence of 77 µM Zn (vs SS1), 

reducing its abundance to 11.1% and 15.2%, respectively, while V3 showed a 1.22-fold increase, 

increasing its abundance to 24.1%, but these changes were not significant (p>0.05).  Both 

Proteobacteria and Synergistetes showed similar patterns in which the addition of 77 µM Zn 

increased their relative abundance by 1.22- and 8.94-fold in V1 and by 1.73- and 1.59-fold in V3, 

respectively, while V2 showed a 1.24- and 1.70-fold decrease for the former and latter phyla, 

accordingly, but none of the changes were significant when tested (p>0.05). When 770 µM Zn (SS3) 

was applied to the medium, again none of the phyla showed a significant change (p>0.05) but the 

high zinc increased the abundance of both Actinobacteria and Synergistetes in all the vessels 
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compared to SS1, with Actinobacteria increasing 3.45-, 1.08- and 3.39-fold for V1, V2 and V3 while 

Synergistetes increased 56.8-, 3.29- and 2.50-fold for the same vessels. The addition of zinc caused 

Bacteroidetes to show a 1.07- and 1.19-fold increase in V1 and V2 compared to SS1, increasing in 

relative abundance to 79.8 and 80.1,% respectively, but in V3 a 1.12-fold decrease was experienced, 

reducing the abundance to 65.6%. Both Firmicutes and Proteobacteria share the same pattern 

whereby the high zinc caused a decrease in the first 2 vessels and an increase in V3 as compared to 

SS1. The relative abundance of Firmicutes decreased to 15.3% (1.57-fold) and 15.7% (1.91-fold) in V1 

and V2, respectively, while V3 showed an increased to 25.5% (1.29-fold). Proteobacteria on the 

other hand showed a decrease of 1.72- and 2.04-fold for V1 and V2, reducing in abundance to 0.56 

and 0.73%, respectively, while increasing the abundance of V3 to 0.95% (1.23-fold). When zinc 

concentration was increased from 77 µM Zn (SS2) to 770 µM Zn (SS3), the 10-fold increase in 

concentration benefited both Firmicutes and Synergistetes as they showed an increase in all 3 

vessels while a negative affect was observed for Bacteroidetes and Proteobacteria as showed a 

decrease across all vessels. Firmicutes showed an increase of 1.38- (V1), 1.03- (V2) and 1.06-fold (V3) 

while the abundance of Synergistetes increased 6.36- (V1), 5.61- (V2) and 1.58-fold (V3) in SS3 

compared to SS2. V1 of Bacteroidetes decreased 1.09-fold while both V2 and V3 decreased 1.03-

fold. Proteobacteria on the other hand showed a 2.10- (V1), 1.64- (V2) and 1.41-fold (V3) reduction 

when 770 µM Zn was added as compared to 77 µM Zn. The high zinc regime (SS3) increased the 

abundance of Actinobacteria by 1.10- and 1.04-fold in V1 and V3, but V2 showed a 1.46-fold 

decrease. 

8.2.2.2 Impact of high zinc on alpha and beta diversity 

Ab before, Shannon Index and weighted UniFrac were used to determine the alpha and beta 

diversity.  

As seen from Figure 8.8, the diversity of the bacterial microbiota increases from V1 to V3 and this 

pattern is seen across all steady states. Although not significant, the increased concentration of zinc 

decreases the diversity of the bacteria as shown by the lowered Shannon Index in SS2 and SS3 as 
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compared to SS1 (for V1 and 2). Comparing SS2 with SS3, a tenfold increase in zinc increases the 

diversity of the bacteria in V2 while both V1 and V3 showed a decrease in their diversity with the 

increasing zinc concentration.  

 

 
Figure 8.8 Alpha diversity measured by Shannon Index. The higher the value in Shannon Index 

indicates a higher species richness in the sample tested. Mann-Whitney U test were used for 

statistical analysis. No significant difference is seen between the regimes tested (p>0.05). 

 

As seen from Figure 8.9, an increased zinc concentration (77 µM Zn or 770 µM Zn) did not have an 

effect on the beta diversity of the gut microbiota as no separate zinc clusters were seen with the 

exception of subject 1 (blue) whereby 2 separate but very close clusters are shown in the zinc regime 

(SS2 and SS3) as compared to SS1 (green circles within the blue circles) (Figure 8.9A; 8.9B). However, 

the 2 zinc regimes (77 µM Zn and 770 µM Zn) did not show any difference between them (Figure 8.9 

C). Subject 2 (yellow) and subject 3 (red) also did not show any difference between the regimes 

tested, indicating the distinct nature of gut microbiota of the idividual subjects recruited have a 

bigger impact on the clustering than the zinc regime applied. Thus, the bacterial populations in 
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Figure 8.9 appears to be clustered based on the individual variation between the human subjects 

rather than the effect of zinc.  

 

 
Figure 8.9 Beta diversity Principal Coordinate Analysis derived from weighted UniFrac in all 
samples. Each vessels at each steady state has a different colour: SS1- V1 (red), V2 (pink), V3 
(orange); SS2- V1 (green), V2 (blue), V3 (cyan); SS3- V1 (white), V2 (yellow), V3 (purple). The beta 
diversity is compared between 2 different steady states: A, SS1 with SS2; B, SS1 with SS3; C, SS2 with 
SS3. For each axis, the precent of variation was reported in brackets.   

8.2.2.3 Impact of high zinc on bacteria composition at species level 

The NGS data were considered at 94% similarity on the Greengenes database (downloaded using 

CLC workbench) instead of the usual 99% as running at 99% similarity resulted in up to 30% of 

unidentified bacteria at species level while running at 94% showed almost no unidentifiable species. 

B 
A 

C 
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However, it gave poorer separation of known species. For example, Bacteroides will be grouped as 

Bacteroides sp instead of Bacteroides sp1 and Bacteroides sp2 which was seen in the batch culture 

and GM1. However, the abundance of unidentifiable species was too high, thus the results at lower 

similarity were utilised.  

Table 8.12 Effect of high zinc regime on relative abundance at the species level. The relative 

abundance of bacterial groups within the gut microbiota at species levels is indicated SS1, SS2 and 

SS3. SS1 (yellow), SS2 (green) and SS3 (orange). Data are expressed as a percentage of the total 

microbial community profile. The results are the average of 3 subjects. Only bacterial species 

present at >0.5% in at least 1 vessel of any steady states is shown. One-way Anova with Bonferroni 

Post Hoc correction has been employed for statistical analysis. (sp: species, N/A: not identifiable).  

Phylum Order Species 
SS1 SS2 SS3 

V1 V2 V3 V1 V2 V3 V1 V2 V3 

Actinobacteria 

C
o

ri
o

b
ac

te

ri
al

es
 

Coriobacteriaceae 
sp 

0.00 0.04 0.00 0.17 0.11 0.13 0.17 0.09 0.14 

B
ac

te
ro

id
et

es
 

B
ac

te
ro

id
al

e
s 

Bacteroides sp 2.99 9.12 9.58 3.32 11.98 15.56 0.72 6.32 11.98 

Bacteroides fragilis 0.01 0.07 0.09 0.20 0.21 0.21 0.00 0.12 0.12 

Bacteroides ovatus 0.64 6.33 10.39 0.29 6.74 4.31 0.19 6.62 5.34 

Bacteroides 
uniformis 

0.08 16.64 17.90 0.30 7.31 7.04 0.03 5.17 5.66 

Odoribacter sp 0.00 0.05 0.06 0.00 0.04 0.57 0.00 0.86 0.73 

Parabacteroides sp 0.00 0.22 0.32 0.00 0.04 0.08 0.00 0.06 0.07 

Parabacteroides 
distasonis 

0.06 0.10 0.12 0.22 0.09 0.09 0.03 0.03 0.02 

Prevotella sp 71.01 33.99 38.15 82.53 56.03 43.14 78.81 60.47 43.82 

Rikenellaceae sp 0.00 0.33 0.41 0.01 0.14 0.20 0.00 0.15 1.36 

Alistipes 
indistinctus 

0.00 0.31 0.70 0.00 0.24 0.57 0.00 0.18 0.36 

Fi
rm

ic
u

te
s 

C
lo

st
ri

d
al

es
 

Acidaminococcus sp 1.47 1.01 0.24 0.58 0.40 0.30 0.64 0.31 0.31 

Christensenellaceae 
sp 

0.00 0.16 0.77 0.00 0.13 1.21 0.00 0.14 0.70 

Clostridiales sp 2.05 2.57 1.72 1.03 1.64 2.60 0.37 0.63 1.20 

Coprococcus sp 0.07 0.11 0.18 0.02 0.08 0.10 0.09 0.11 0.09 

Dialister sp 1.66 1.01 0.56 0.79 0.74 1.06 0.80 0.41 0.79 

Dorea sp 0.53 2.00 0.58 0.13 0.67 1.15 0.08 0.08 0.13 

Faecalibacterium 
prausnitzii 

0.42 0.34 0.51 1.43 0.84 0.94 3.54 2.58 4.57 

Lachnospiraceae sp 0.71 1.39 1.26 0.28 0.73 1.34 0.91 1.14 2.25 

Lachnospira sp 0.19 1.26 0.32 0.10 0.19 0.20 0.04 0.11 0.16 

Megasphaera sp 1.12 1.48 0.49 0.77 0.59 0.94 0.65 0.54 0.79 

Oscillospira sp 0.05 1.47 1.61 0.04 1.93 2.91 0.14 1.15 2.45 

Roseburia faecis 0.02 0.01 0.00 0.34 0.51 0.55 0.39 0.43 1.06 
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Ruminococcus 
gnavus 

0.20 0.40 0.07 0.05 0.14 0.20 0.17 0.11 0.31 

Ruminococcaceae 
sp 

1.11 11.89 4.12 0.55 2.85 5.37 0.44 1.80 3.86 

Ruminococcus sp 13.98 4.01 5.73 4.76 3.20 4.47 6.74 5.57 5.62 

Veillonellaceae sp 0.19 0.20 0.25 0.13 0.07 0.09 0.22 0.18 0.25 

Proteobacteria 

R
F3

2
 

RF32 sp 0.02 0.07 0.12 0.02 0.59 0.30 0.02 0.24 0.20 

B
u

rk
h

o
ld

er
i

al
es

 

Sutterella sp 0.91 1.13 0.59 1.14 0.53 0.73 0.51 0.43 0.48 

Synergistetes 

Sy
n

er
gi

st
al

es
 

Pyramidobacter sp 0.07 0.93 1.39 0.64 0.54 2.19 4.07 3.32 3.67 

N/A 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

 

Table 8.13 Fold changes in abundance at species level between steady states. Fold changes of the 
bacteria at species level between the 3 different steady states. Data derived from table 8.12. The 
colours indicate the different steady states comparisons: SS2/SS1 (green), SS3/SS1 (orange), SS3/SS2 
(blue). Values in green indicates an increase in relative abundance and values in red indicates a 
decrease. Values in blue indicates undetectable abundance in the vessels, fold difference were 
unable to calculate. One-way Anova with Bonferroni Post Hoc correction has been employed for 
statistical analysis. Bacteria in bold indicates significant difference at certain steady state (p<0.05).  
   

Phylum Order Species 
SS2/SS1 SS3/SS1 SS3/SS2 

V1 V2 V3 V1 V2 V3 V1 V2 V3 

Actinobacteria 

C
o

ri
o

b
ac

te

ri
al

es
 

Coriobacteriaceae 
sp 

34.26 3.13 41.28 36.12 2.53 43.47 1.05 0.81 1.05 

B
ac

te
ro

id
et

es
 

B
ac

te
ro

id
al

e
s 

Bacteroides sp 1.11 1.31 1.62 0.24 0.69 1.25 0.22 0.53 0.77 

 Bacteroides fragilis 29.39 3.00 2.42 0.00 1.69 1.36 0.00 0.56 0.56 

Bacteroides ovatus 0.45 1.06 0.41 0.29 1.05 0.51 0.65 0.98 1.24 

Bacteroides 
uniformis 

3.75 0.44 0.39 0.37 0.31 0.32 0.10 0.71 0.80 

Odoribacter sp 0.00 0.81 9.42 0.00 18.09 12.06 0.00 22.33 1.28 

Parabacteroides sp 0.00 0.16 0.26 0.00 0.26 0.22 0.00 1.60 0.84 

Parabacteroides 
distasonis 

3.76 0.94 0.78 0.46 0.35 0.16 0.12 0.37 0.21 

Prevotella sp 1.16 1.65 1.13 1.11 1.78 1.15 0.95 1.08 1.02 

Rikenellaceae sp 11.81 0.41 0.49 4.46 0.45 3.34 0.38 1.10 6.78 

Alistipes 
indistinctus 

0.00 0.78 0.82 0.00 0.58 0.51 0.00 0.74 0.63 

Fi
rm

ic
u

te
s 

C
lo

st
ri

d
al

es
 Acidaminococcus sp 0.40 0.39 1.25 0.43 0.30 1.31 1.09 0.77 1.05 

Christensenellaceae 
sp 

0.98 0.85 1.57 0.00 0.91 0.91 0.00 1.07 0.58 

Clostridiales sp 0.50 0.64 1.51 0.18 0.25 0.70 0.36 0.39 0.46 

Coprococcus sp 0.32 0.71 0.55 1.44 1.04 0.49 4.53 1.46 0.88 
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Dialister sp 0.48 0.73 1.91 0.48 0.40 1.42 1.01 0.55 0.74 

Dorea sp 0.24 0.34 2.00 0.15 0.04 0.22 0.62 0.13 0.11 

Faecalibacterium 
prausnitzii 

3.36 2.42 1.85 8.34 7.47 9.00 2.48 3.08 4.87 

Lachnospiraceae sp 0.39 0.53 1.06 1.28 0.82 1.78 3.29 1.56 1.69 

Lachnospira sp 0.50 0.15 0.63 0.22 0.08 0.50 0.43 0.57 0.80 

Megasphaera sp 0.69 0.40 1.93 0.58 0.36 1.63 0.84 0.91 0.85 

Oscillospira sp 0.67 1.31 1.81 2.53 0.78 1.52 3.78 0.60 0.84 

Roseburia faecis 19.64 60.30 113.83 22.36 50.10 217.50 1.14 0.83 1.91 

Ruminococcus 
gnavus 

0.24 0.35 2.90 0.82 0.28 4.49 3.46 0.81 1.55 

Ruminococcaceae 
sp 

0.50 0.24 1.30 0.40 0.15 0.94 0.81 0.63 0.72 

Ruminococcus sp 0.34 0.80 0.78 0.48 1.39 0.98 1.42 1.74 1.26 

Veillonellaceae sp 0.71 0.35 0.34 1.18 0.94 1.01 1.66 2.66 2.98 

Proteobacteria 

R
F3 2

 

RF32 sp 0.98 8.75 2.61 0.98 3.52 1.69 0.99 0.40 0.65 

B
u

rk
h

o
ld

e

ri
al

es
 

Sutterella sp 1.25 0.47 1.23 0.56 0.38 0.82 0.44 0.81 0.66 

Synergistetes 

Sy
n

er
gi

s

ta
le

s 

Pyramidobacter sp 8.94 0.58 1.57 56.82 3.55 2.64 6.36 6.15 1.67 

 

As seen from table 8.12, Prevotella sp, Bacteroides uniformis, Ruminococcus sp and Bacteroides sp 

were the most abundant bacteria in SS1 with an average relative abundance of 47.7, 11.5, 7.91 and 

7.23%, respectively, across all 3 vessels. In SS1, the Bacteroidetes phylum was mainly dominated by 

the abovementioned species while the rest of the members in this phylum had an average 

abundance between 0.05 to 5.79% across all the vessels. Ruminococcus sp is the dominant bacteria 

species in the Firmicutes phylum followed by Ruminococcaceae sp with, an average abundance of 

5.70%, and the remaining members in the Firmicutes phylum had an average abundance between 

0.01 to 2.12%. Coriobacteriaceae sp of the Actinobacteria phylum and Pyramidobacter sp of the 

Synergistetes phylum had an average abundance of 0.01% and 0.80%, respectively, in SS1. RF32 sp 

and Sutterella sp from the Proteobacteria phylum showed an average abundance of 0.07% and 

0.88% across all 3 vessels in the gut model.  

8.2.2.3.1 Effect of 77 µM Zn (SS2) on the composition of gut microbiota compared to SS1 

When 77 µM Zn was supplemented into the medium (SS2), the composition of the gut microbiota  
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showed some changes in response but none of the bacterial groups showed significant changes in 

SS2 (p>0.05). In the presence of 77 µM Zn, in V1 (proximal colon), the majority of the members in 

the Firmicutes phylum showed a decrease in abundance (14 out of 16 species) while most of 

Bacteroidetes, Actinobacteria, Proteobacteria and Synergistetes showed an increase in their relative 

abundance. Most of the bacteria species, irrespective of their phylum, showed a decrease in V2 

(transverse colon) (21 out of 30 species) and an increase in their relative abundance in V3 (distal 

colon) (20 out of 30 speceis). Coriobacteriaceae sp showed an increase in all vessels in the presence 

of 77 µM Zn with V1, V2 and V3 increasing 34.3-, 3.13- and 41.3-fold, reaching an abundance of 0.17, 

0.11 and 0.13%, respectively. Bacteroidetes also benefitted from the addition of zinc whereby 7 out 

of its 10 members showed an increase in abundance overall. Bacteroides fragilis showed the 

greatest increase among all the members with a 29.4- (V1), 3.00- (V2) and 2.42-fold (V3) increase (vs 

SS1), increasing its abundance to 3.32, 12.0 and 15.6%, respectively. Although showing a modest 

increase, Bacteroides sp and Prevotella sp shared a similar pattern with B. fragilis whereby the 

presence of zinc increases their abundance in all 3 vessels with the former species having an average 

increase of 1.35-fold and the latter increased 1.31-fold (on average). Bacteroides uniformis, 

Parabacteroides sp, Parabacteroides distasonis, Rikenellaceae sp and Alistipes indistinctus showed 

similar patterns in which they a decrease of between 1.06- to 6.19-fold across both V2 and V3 was 

observed. In V1 however, B. uniformis, P. distasonis and Rikenellaceae sp showed an increase of 

3.75-, 3.76- and 11.8-fold respectively while the other 2 bacteria were undetected in SS2, thus their 

differences could not be determined. With the addition of 77 µM Zn, the abundance of B. ovatus 

increased slightly to 6.74% (1.06-fold) in V2 while in V1 and V3 levels decreased 2.24- and 2.41-fold, 

reducing abundance to 0.29 and 4.31%, respectively. Odoribacter sp on the other hand showed a 

1.23-fold decrease in V2 and a 9.42-fold increase in V3, reaching an abundance of 0.04 and 0.57%, 

respectively, but its abundance in V1 was undetected in SS2. The bacteria in the Firmicutes phylum 

can be categorised into 4 groups based on their reaction towards 77 µM Zn. The first group consists 

of Roseburia faecis and Faecalibacterium prausnitzii  which were the only 2 species that showed an 
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increase in all vessels, indicating a stimulatory effect in all parts of the colon, with the former species 

showing on average 64.6-fold increase and the latter increasing on average 2.54-fold as compared to 

SS1. 
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Figure 8.10 Fold changes in abundance at species level between different steady states. Fold 
changes of the bacteria at species level between SS2 and SS1 (A); SS3 and SS1 (B); SS3 and SS2 (C). 
Data derived from table 8.13. The fold changes are expressed as Log2 fold. 
 

Oscillospira sp was the only species in the second group which showed an increase in both V2 and V3 

(of 1.31- and 1.81-fold, respectively), but showed a 1.50-fold decrease in V1 with 77 µM Zn. The 
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majority of the members of the Firmicutes phylum (9 out of 16 species) belong to the third group: 

Clostridales sp, Christensenellaceae sp, Lachnospiraceae sp, Ruminococcus gnavus, Dorea sp, 

Ruminococcaceae sp, Acidaminococcus sp, Dialister sp and Megasphaera sp whereby a decrease in 

both V1 and V2 occurred, with an increase in V3 when 77 µM Zn was included in the medium. These 

species showed a modest decrease of between 1.02- to 4.25-fold across V1 and V2, while in V3 an 

increase of between 1.06- to 2.90-fold was exhibited. The fourth group consists of Lachnospira sp, 

Coprococcus sp, Ruminococcus sp and Veillonellaceae sp whereby the presence of 77 µM Zn causes a 

reduction in all vessels, indicating an inhibitory effect of zinc on these specoes in all parts of the 

colon. Lachnospira sp showed the biggest decrease in its abundance of 2.00- (V1), 6.79- (V2) and 

1.60-fold (V3) compared to SS1 while the remaining 3 species showed an average decrease of 1.89-, 

1.56- and 2.14-fold, respectively. Unknown bacteria belonging to the RF32 order showed a decrease 

of 1.02-fold in V1, while in V2 and V3 there was a 8.75- and 2.61-fold increase in the presence of 

zinc. Sutterella sp and Pyramidobacter sp both showed an increase of 1.25- and 8.94-fold in V1, 1.23- 

and 1.57-fold in V3 respectively but a decrease of 2.11- and 1.73-fold in V2 when 77 µM zinc was 

applied.  

8.2.2.3.2 Effect of 770 µM Zn (SS3) on the composition of gut microbiota compared to SS1 

When 770 µM Zn was added to the medium (SS3), most of the species showed a decrease in V1 and 

V2 with 15 bacterial groups showing a decrease in the proximal region (V1) and 19 groups displaying 

a decrease in the transverse region (V2). In the distal region (V3), 17 bacterial groups showed an 

increase in the abundance when high zinc was present. The presence of 770 µM Zn increased the 

abundance of Coriobacteriaceae sp by 36.1- (V1), 2.53- (V2) and 43.5-fold (V3) as compared to SS1. 

Most of the members in the Bacteroidetes phylum showed a decrease in the high zinc regime, with 

only 4 bacterial groups showing an increase, however, none of the changes were significant when 

tested statistically (p>0.05).  Odoribacter sp showed the greatest increase with an average increase 

of 10.1-fold in across all 3 vessels, followed by Rikenellaceae sp with 2.75-fold (on average). The 

relative abundance of B. fragilis and Prevotella sp were increased by an average of 1.02- and 1.35-
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fold, respectively, across all the vessels. Although these 4 species showed an increase in their 

abundance overall, only Prevotella sp showed an increase in all 3 vessels. B. fragilis and Odoribacter 

sp showed an increase in both V2 and V3 but their abundance was undetected in V1, thus the 

changes could not be calculated. Rikenellaceae sp on the other hand showed an increase in V1 and 

V3 but a decrease in V2. Parabacteroides sp, Bacteroides sp, B. ovatus, B. uniformis, P. distasonis and 

A. indistinctus all showed a decrease in their abundance with Parabacteroides sp experiencing the 

greatest decrease with an average 6.29-fold reduction across all the vessels. The remaining species 

showed a more modest average decrease of between 1.37- to 3.10-fold. In terms of their reaction 

towards the high zinc regime, B. uniformis and P. distasonis showed a decrease in all 3 vessels. The 

relative abundance of Parabacteroides sp and A. indistinctus showed a decrease in both V2 and V3, 

but these species were not detected in V1, thus the fold changes in V1 were not calculated. The 

presence of 770 µM Zn decreased the abundance of Bacteroides sp in the proximal (V1) and 

transverse (V2) region but the distal region (V3) showed an increase. B. ovatus on the other hand 

showed a decrease in V1 and V3 in the presence of high zinc but V2 showed an increased 

abundance. 

In the Firmicutes phylum, Roseburia faecis and Faecalibacterium prausnitzii were the only 2 bacteria 

that show an increase in all parts of the colon as indicated by the increased abundance across all 

vessels. R. faecis showed the greatest increase with a significant increase of 96.7-fold (on average) 

compared to SS1 (p<0.05) while F. prausnitzii also showed a significant increase of 8.27-fold (on 

average) in the presence of 770 µM Zn (p<0.05). Similar to the 77 µM Zn regime, members in the 

Firmicutes phylum could be categorised into 4 different groups based on their reaction towards the 

high zinc regime but none of the species showed a significant change (p>0.05). In the first group, the 

presence of 770 µM Zn decreased the abundance of Dorea sp, Clostridales sp, Lachnospira sp and 

Ruminococcaceae sp in all 3 vessels with Dorea sp showing the biggest decrease of 7.21-fold (on 

average) compared to SS1 while the other 3 bacteria had an average reduction of 2.68-, 3.75- and 

2.01-fold respectively. Christensenellaceae sp can technically be considered in the first group as it 
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showed a decrease in both V2 and V3 but its abundance was undetected in V1, thus the changes 

could not be determined in the proximal region. The second group consist of Ruminococcus gnavus, 

Acidaminococcus sp, Dialister sp and Megasphaera sp whereby the presence of high zinc caused a 

decrease in their relative abundance in the proximal (V1) and transverse (V2) region but an increase 

in the distal (V3) region. These 4 species showed a modest decrease of 1.23- to 3.57-fold in V1 and 

V2, and an increase of 1.31- to 4.49-fold in V3. The third group of bacteria consists of 

Lachnospiraceae sp, Oscillospira sp and Veillonellaceae sp which showed an increase in abundance 

of 1.01- to 2.53-fold in V1 and V3, as compared to SS1, but in V2 they displayed a decrease between 

1.06- to 1.28-fold. The fourth group comprises species that showed a pattern not shared by any 

other bacteria. Coprococcus sp and Ruminococcus sp were the only 2 species in this group whereby 

the former bacteria showed an increase of 1.44- and 1.04-fold in V1 and V2 but a decrease of 2.06-

fold in V3 while the relative abundance of the latter bacteria was reduced by 2.07- and 1.02-fold in 

V1 and V3 but V2 had an increase of 1.39-fold in the presence of 770 µM Zn as compared to SS1. 

Pyramidobacter sp of the Synergistetes phylum showed an average increase of 21-fold across all 3 

vessels while Sutterella sp of the Proteobacteria phylum gave an average reduction of 1.71-fold 

across all the vessels compared to SS1. RF32 sp on the other hand showed a 1.03-fold reduction in 

V1, while V2 and V3 showed an increase of 3.52- and 1.69-fold, respectively.  

8.2.2.3.3 Effect of ten-fold increased zinc on the composition of gut microbiota (SS3 vs SS2) 

Comparing SS2 and SS3 whereby the concentration of zinc was increased from 77 µM to 770 µM, the 

ten-fold increase in zinc caused 12 bacterial groups to show an overall increase in relative 

abundance (i.e. an average increase across 3 vessels) while the other 18 bacterial groups showed a 

decrease. The bacteria species were grouped based on their reaction towards the increased 

concentration of zinc as similarities in their growth patterns could be discerned. The first group of 

bacteria includes Lachnospiraceae sp, Faecalibacterium prausnitzii, Ruminococcus sp, Veillonellaceae 

sp and Pyramidobacter sp which showed an increase in all 3 vessels with an average increase of 

1.47- to 4.73-fold. Of these 5 species, F. prausnitzii showed a significant increase of 3.48-fold (on 
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average) following the increase of zinc concentration (p<0.05) while the other 4 species showed a 

non-significant increase (p>0.05). Odoribacter sp, Prevotella sp and Rikenellaceae sp (second group) 

also showed an overall increase in their relative abundance in SS3 compared to SS2 in V2 and V3, 

showing an increase of 1.02- to 22.3-fold. Fold changes in V1 for Odoribacter sp were unavailable as 

its abundance was undetected in both SS2 and SS3. Unlike in V2 and V3, V1 of Prevotella sp and 

Rikenellaceae sp showed a decrease of 1.05- and 2.65-fold, respectively. The third group consists of 

Coriobacteriaceae sp, Ruminococcus gnavus, Roseburia faecis and Acidaminococcus sp which all 

showed an increase in the proximal (V1) and distal (V3) region of the colon of 1.05- to 3.46-fold but 

the transverse (V2) region showed a decrease of 1.20- to 1.30-fold. Despite showing a decrease in 

V2, the abundance of R. gnavus and R. faecis were increased overall while Coriobacteriaceae sp and 

Acidaminococcus sp showed a decrease in their abundance overall. The relative abundance of 

Bacteroides fragilis, Alistipes indistinctus, Oscillospira sp and Dialister sp (fourth group) was 

increased in V1 (proximal), while in V2 (transverse) and V3 (distal) a decrease was seen. V2 and V3 

showed a decrease of 1.19- to 1.81-fold. B. fragilis and A. indistinctus were undected in the V1 

region of SS3, thus the degree of change could not be calculated. Oscillospira sp and Dialister sp 

showed an increase of 3.78- and 1.01-fold, respectively, as compared to SS2. The increased zinc in 

SS3 decreased the abundance of Parabacteroides sp and Coprococcus sp (fifth group) in V3 by 1.19- 

and 1.13-fold respectively. Parabacteroides sp was undetectable in V1 while in V2 it showed a 1.60-

fold increase with zinc. Coprococcus sp on the other hand showed an increase of 4.53- and 1.46-fold 

in V1 and V2, respectively. The last group consists of bacteria that show a decrease in all 3 vessels 

when the zinc concentration was increased by tenfold: Bacteroides sp, Bacteroides uniformis, 

Parabacteroides distasonis, Clostridales sp, Dorea sp, Lachnospira sp, Ruminococcaceae sp, Dialister 

sp, Megasphaera sp and Sutterella sp. Among these bacteria, P. distasonis showed the greatest 

decrease with an average reduction of 4.27-fold across all 3 vessels, followed by Dorea sp and 

Clostridales sp with 3.50- and 2.49-fold (on average) decreases, accordingly. The remaining species 

showed more modest decreases of 1.16- to 1.98-fold (on average) as compared to SS2.   
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8.3 Differences between the gut model medium (GMM) and modified gut model medium 

(mGMM) in the composition of gut microbiota using the three-stage gut model 

The gut model medium (GMM) which mimics the content of the human colon provides nutrients 

needed for the gut microbiota to grow and develop and is useful for a wide range of in vitro studies 

involving the gut microbiota. However, the presence of mucin and yeast extract in the medium 

contributed 19 µM of zinc which may have affected the outcome of attempts to explore the impact 

of a low zinc regime. Thus, a modified version was utilised whereby mucin and yeast extract were 

excluded from the medium in an effort to lower the zinc content, reducing the background zinc 

concentration to 3 µM. A vitamin and mineral solution was used to supplement the medium, in 

place of yeast extract, to provide the microbiota with the necessary nutrients for growth. Although 

the modified gut model medium (mGMM) was successful in lowering the zinc content to enable zinc 

related studies to be conducted, its effect on the gut microbiota compared to the GMM was not 

clear. Thus, a gut model was set up to compare the two media to determine the effect on the gut 

microbiota to ensure that the bacteria were not heavily affected by the changes in the ingredients of 

the medium. For comparison between the two models, zinc levels were kept the same at 19 µM 

whereby additional 16 µM were added to the mGMM. 

8.3.1 Impact of the medium on the bacterial numbers in Gut Model 3 (GM 3) 

The total bacterial count for each vessel was measured using Flow-FISH coupled with Eub I-II-III 

universal probes. As seen from Figure 8.11, the total bacteria count in the mGMM (SS2) is lower than 

the GMM (SS1), particularly in V2 and V3. V1 for both media showed negligible difference, with the 

GMM giving a 1.06-fold lower count. V2 and V3 with mGMM gave 2.14- and 1.81-fold lower levels 

than GMM, having only 1.75x108 (vs 3.75x108) and 9.42x107 (vs 1.71x108) cells/ml medium, 

respectively. Although mGMM showed lower bacterial counts than the GMM, this was not 

significant (p>0.05). 
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Figure 8.11 Total bacterial counts in each vessels of 2 different steady states in GM3. Total 
bacterial counts for each zinc regime were determined by Flow-FISH using Eub I-II-III probes. Each 
bar indicates a different vessels representing a different region of the colon: blue (V1, proximal 
colon), orange (V2, transverse colon), grey (V3, distal colon). Bacterial counts are expressed as 

cells/ml medium. Results are average of 3 subjects and error bars represent SD. One-way Anova with 
Bonferroni Post Hoc has been employed for statistical analysis. No significant difference is seen 
(p>0.05). 
 

Table 8.14 Total bacterial counts and fold difference in each vessels of 2 different steady states in 
GM3. Data derived from Figure 8.11 

GM3 

Vessels 
Steady State 

Fold 
Changes 

SS1 SS2 SS2/SS1 

V1 4.91E+08 4.64E+08 0.95 

V2 3.75E+08 1.75E+08 0.47 

V3 1.71E+08 9.42E+07 0.55 

 

8.3.2 Impact of the medium on the bacterial composition in Gut Model 3 (GM 3) 

8.3.2.1 Impact of the medium on the bacterial composition at phylum level 

The bacterial composition was determined by 16S rRNA gene amplicon NGS analysis whereby the 

samples are sequenced on the Illumina platform and subsequently compared to the reference 
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database to determine the type of bacteria present. Once the bacteria were determined, they were 

grouped according to phylum and species to enable further analysis (see Methods for details). 

As seen from Figure 8.12, the gut microbiota was mainly dominated by Bacteroidetes and Firmicutes 

with Actinobacteria, Proteobacteria and Synergistetes contributing to the remaining abundance. In 

SS1 (GMM), the abundance of Bacteroidetes and Firmicutes are roughly the same in all vessels 

except V2. Bacteroidetes had a relative abundance of 48.7 and 48.3% in V1 and V3 while Firmicutes 

had 48.5 and 47.6% abundance in the same vessel. In V2, Bacteroidetes showed an abundance of 

56.9% while Firmicutes only had 40.0%. Actinobacteria, Proteobacteria and Synergistetes had an 

average abundance of 0.51, 1.99 and 0.82% across all the vessels, respectively. In SS2, the mGMM 

tended to favour the growth of Bacteroidetes and Proteobacteria as seen by the increase in their 

relative abundance. Bacteroidetes showed an increase of 1.30- and 1.14-fold in V1 and V2, 

increasing in abundance to 63.3% and 64.7%, respectively, while V3 showed a slight decrease of 

1.03-fold to 46.9%. The relative abundance of Proteobacteria on the other hand increased to 10.1 

(V1), 4.97 (V2) and 4.94% (V3), showing a 5.43-, 2.69- and 2.18-fold increase, respectively.  

Firmicutes decreased 1.85-, 1.34- and 1.03-fold, reducing in abundance to 26.2, 29.8 and 46.2% in 

V1, V2 and V3, respectively. Actinobacteria showed a decrease in abundance of 3.62- and 1.30-fold 

in V1 and V3, a reduction in abundance to 0.25 and 0.38%, accordingly, while levels in V2 increased 

1.26-fold to 0.16% in SS2. The relative abundance of Synergistetes increased to 0.08 and 1.65% in V1 

and V3, showing a 78.4- and 1.22-fold increase from SS1 but decreased to 0.36% (3.15-fold) in V2. 

Although there was a difference between the relative abundance of the bacteria between both 

steady states, these were not significant when tested (p>0.05).  
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Figure 8.12 Composition of gut microbiota at phylum level. The gut microbiota is classified at 
phylum level for all vessels (V1, V2 and V3) at SS1 and SS2  
 
Table 8.15 Relative abundance and fold changes of different bacterial groups at phylum level. The 

relative abundance of different bacterial groups in V1, V2 and V3 at  SS1 and SS2. The bacterial 

phylum are expressed as a percentage of the total microbial community profile. The results are the 

average of 3 subjects. One-way Anova with Bonferroni Post Hoc correction has been employed for 

statistical analysis. No significant difference is seen between the steady states. 

Phylum 

Steady State Fold changes 

SS1 SS2 SS2/SS1 

V1 V2 V3 V1 V2 V3 V1 V2 V3 

Actinobacteria 0.90 0.13 0.49 0.25 0.16 0.38 0.28 1.26 0.77 

Bacteroidetes 48.68 56.91 48.28 63.33 64.73 46.88 1.30 1.14 0.97 

Firmicutes 48.49 39.95 47.57 26.20 29.77 46.15 0.54 0.75 0.97 

Proteobacteria 1.87 1.84 2.26 10.13 4.97 4.94 5.43 2.69 2.18 

Synergistetes 0.00 1.12 1.35 0.08 0.36 1.65 78.40 0.32 1.22 
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8.3.2.2 Impact of the medium on alpha and beta diversity 

Shannon Index and weighted UniFrac were used to determine the alpha and beta diversity as both 

indices take into consideration of the abundance of bacteria in their calculation rather than 

dominance (presence/absence of species). For alpha diversity, the higher the value of Shannon Index 

indicates a richer species present in a given sample while beta diversity determines the variation of 

species between samples by clustering.  

 

 
Figure 8.13 Alpha diversity measured by Shannon Index. The higher the value in Shannon Index 

indicates a higher species richness in the sample tested. Mann-Whitney U test were used for 

statistical analysis. No significant difference is seen between the regimes tested (p>0.05). 

 

As seen from Figure 8.13, the diversity of the gut microbiota in SS1 showed an increase from V1 to 

V2 and V3 with the latter 2 vessels showing a negligible difference between them. In mGMM (SS2), 

V1 and V2 showed a lower diversity compared to GMM while V3 had a slightly more diverse 

composition in SS2 compared to SS1.  

When beta diversity was considered, the population in GMM (SS1) showed a slightly different 

clustering pattern than that in mGMM (SS2), as seen in Figure 8.14. Clusters of GMM populations are 

indicated with triangles and those in mGMM are indicated with circles, while the 3 different colours 

indicated the 3 different subjects recruited for the experiment. 
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Figure 8.14 Beta diversity Principal Coordinate Analysis derived from weighted UniFrac in all 

samples. Each vessels at each steady state has a different colour: SS1- V1 (red), V2 (pink), V3 

(orange); SS2- V1 (green), V2 (blue), V3 (cyan). For each axis, the precent of variation was reported 

in brackets.   

 

Subject 3 (red) showed 2 very distinct clusters corresponding to the 2 different media. The 

composition of the gut microbiota in subject 1 (blue) were quite similar in V1 and V2 as seen by their 

close proximity while in V3 the two corresponding clusters were more distinct. In subject 2 (yellow), 

the microbiota in V1 clearly clustered  distinctly between the 2 media, but in V2 and V3 the 

difference was not as great (Figure 8.14). 

8.3.2.3 Impact of the medium on bacteria composition at species level 

Similar to GM 2, the NGS data were analysed at 94% similarity using the Greengenes database 

instead of at 99% since use of 99% similarity resulted in 24-36% of species groups as unidentified at 

species level while running at 94% showed almost no unidentifiable species, although it gave poorer 

separation of known species. For example, Bacteroides sp, observed using the 94% identity cut-off, 

was identified as two species, Bacteroides sp1 and Bacteroides sp2 at 99% identity.  
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Table 8.16 Relative abundance of the gut microbiota between the 2 different medium at the 
species level. The relative abundance of bacterial groups within the gut microbiota at species levels 
is indicated SS1 and SS2. Data are expressed as a percentage of the total microbial community 
profile. The results are the average of 3 subjects. Only bacterial species present at >0.5% in at least 1 
vessels of any steady states is shown. One-way Anova with Bonferroni Post Hoc correction has been 
employed for statistical analysis. Bacteria in bold indicates significant difference between the 2 
steady state (p<0.05). (sp: species, N/A: not identifiable).  

Phylum Order Species 
SS1 SS2 

V1 V2 V3 V1 V2 V3 

Actinobacteria Coriobacteriales 

Coriobacteriaceae 
sp 

0.79 0.06 0.33 0.15 0.10 0.24 

Collinsella sp 0.09 0.06 0.13 0.08 0.06 0.12 

B
ac

te
ro

id
et

es
 

B
ac

te
ro

id
al

es
 

Bacteroides sp 0.66 4.51 6.65 3.27 4.21 5.51 

Bacteroides ovatus 0.00 3.35 7.71 0.01 7.17 10.01 

Bacteroides 
uniformis 

0.00 4.60 1.31 0.06 3.27 2.21 

Prevotella sp 48.00 43.41 31.58 59.92 49.40 27.95 

Rikenellaceae sp 0.00 0.37 0.28 0.00 0.30 0.61 

Fi
rm

ic
u

te
s 

C
lo

st
ri

d
al

e
s 

Acidaminococcus sp 2.98 3.53 5.44 0.56 0.46 1.07 

Blautia sp 0.79 0.45 0.66 0.08 0.08 0.08 

Clostridiales sp 2.05 1.87 2.50 0.98 1.16 1.06 

Coprococcus sp 0.13 0.09 0.06 0.17 0.27 0.36 

Dialister sp 0.93 0.16 0.28 0.43 0.38 0.81 

Faecalibacterium 
prausnitzii 

10.65 7.38 6.50 6.86 5.42 7.56 

Lachnospiraceae sp 6.03 2.82 3.28 0.65 1.08 1.82 

Lachnospira sp 0.31 0.42 0.27 0.23 0.35 0.97 

Megasphaera sp 0.82 0.58 1.30 0.51 0.48 1.38 

Oscillospira sp 0.17 0.44 1.18 0.09 1.12 2.22 

Roseburia faecis 0.43 0.70 0.23 0.01 0.01 0.02 

Ruminococcaceae 
sp 

4.12 5.88 6.53 2.12 5.29 11.47 

Ruminococcus sp 16.24 13.34 16.88 12.87 12.05 15.63 

Veillonellaceae sp 1.18 0.75 0.66 0.29 0.44 0.31 

Er
ys

ip
el

o
tr

ic
h

al
es

 

Eubacterium 
biforme 

0.63 0.57 0.64 0.00 0.00 0.01 

Proteobacteria RF32 RF32 sp 0.10 0.15 0.23 8.49 3.78 2.16 
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Burkholderiales Sutterella sp 1.71 1.67 1.99 1.63 1.18 2.72 

Synergistetes Synergistales Pyramidobacter sp 0.00 1.12 1.35 0.08 0.34 1.58 

N/A 0.03 0.03 0.01 0.00 0.00 0.00 

 

Table 8.17 Fold changes in abundance at species level between steady states. Fold changes of the 
bacteria at species level between the 2 different steady states. Data derived from table 8.16. Values 
in green indicates an increase in relative abundance and values in red indicates a decrease. One-way 
Anova with Bonferroni Post Hoc has been employed for statistical analysis. Species in bold indicate 
significant differences between the 2 steady states (p<0.05). 

Phylum Order Species V1 V2 V3 

Actinobacteria Coriobacteriales 

Coriobacteriaceae sp 0.20 1.61 0.73 

Collinsella sp 0.95 0.93 0.89 

B
ac

te
ro

id
et

es
 

B
ac

te
ro

id
al

es
 Bacteroides sp 4.92 0.93 0.83 

Bacteroides ovatus 4.02 2.14 1.30 

Bacteroides uniformis 17.76 0.71 1.68 

Prevotella sp 1.25 1.14 0.89 

Rikenellaceae sp 0.00 0.81 2.17 

Fi
rm

ic
u

te
s C

lo
st

ri
d

al
es

 

Acidaminococcus sp 0.19 0.13 0.20 

Blautia sp 0.10 0.18 0.12 

Clostridiales sp 0.48 0.62 0.42 

Coprococcus sp 1.31 3.15 6.21 

Dialister sp 0.47 2.44 2.91 

Faecalibacterium prausnitzii 0.64 0.74 1.16 

Lachnospiraceae sp 0.11 0.38 0.55 

Lachnospira sp 0.74 0.83 3.58 

Megasphaera sp 0.62 0.82 1.06 

Oscillospira sp 0.51 2.54 1.87 

Roseburia faecis 0.03 0.02 0.07 

Ruminococcaceae sp 0.51 0.90 1.76 

Ruminococcus sp 0.79 0.90 0.93 

Veillonellaceae sp 0.24 0.59 0.48 

 E
ry

si
p

el
o

tr
ic

h
al

es
 

Eubacterium biforme 

0.01 0.00 0.01 

Proteobacteria 

RF32 RF32 sp 85.52 24.94 9.32 

Burkholderiales Sutterella sp 
0.95 0.71 1.37 

Synergistetes Synergistales Pyramidobacter sp 
78.40 0.31 1.18 
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As seen from table 8.16, Prevotella sp, Ruminococcus sp and Faecalibacterium prausnitzii were 

among the most abundant bacteria in SS1, with an average abundance of 41.0, 15.5 and 8.18% 

across all vessels, respectively. Although these bacteria still remained as the most abundant bacteria 

in SS2, the switch to mGMM caused an increase in the abundance of Prevotella sp to 45.8% (on 

average; 1.11-fold) while decreased the abundance of Ruminococcus sp and F. prausnitzii by 1.14- 

and 1.24-fold (on average), respectively, reducing their average abundance to 13.5 and 6.62%. 

With mGMM there were a few notable changes in the composition of the gut microbiota indicated 

the gut microbiota respond distinctly to the two media types. Bacteroides ovatus, Coprococcus sp, 

and an unknown bacteria from the RF32 order showed an increase across all 3 vessels with RF32 sp 

having the biggest average increment of 39.92-fold followed by Coprococcus sp (3.55-fold) and B. 

ovatus (2.49-fold). Both Oscillospira sp and Dialister sp showed an increase in their relative 

abundance overall with an average increase of 1.64- and 1.94-fold, respectively, across all vessels, 

but in mGMM these was a decrease in V1 and an increase in the latter two vessels. Prevotella sp 

showed the opposite pattern whereby it had an increase of 1.25- and 1.14-fold in V1 and V2 while 

V3 showed a decrease of 1.13-fold compared to SS1. The relative abundance of Rikenellaceae sp, 

Lachnospira sp, Ruminococcaceae sp, Faecalibacterium prausnitzii, Megasphaera sp and Sutterella 

sp all showed a decrease in V1 and V2 between 1.05- to 1.95-fold while V3 had an increase between 

1.06- to 2.17-fold compared to SS1. Despite showing a decrease in V1 and V2, Lachnospira sp, 

Ruminococcaceae sp and Sutterella sp exhibited an increase in their overall abundance due their 

higher levels in V3, while the other 3 remaining bacterial groups showed a decrease in their overall 

abundance. Bacteroides uniformis and Pyramidobacter sp showed an increase in both V1 and V3, 

while in V2 there was a decrease in abundance compared to SS1. Bacteroides uniformis showed an 

increase of 17.8- (V1) and 1.68-fold (V3), while in V2 there was a decrease of 1.41-fold. 

Pyramidobacter sp, on the other hand, increased 78.40 and 1.18-fold in V1 and decreased of 3.27-

fold in V2. Bacteroides sp, which had an average increase of 2.23-fold across all vessels, showed an 

increase in V1 but a decrease in both V2 and V3, compared to SS1. 
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Figure 8.15 Fold changes in abundance at species level between different steady states. Fold 
changes of the bacteria at species level between SS2 and SS1. Data derived from table 8.17. The fold 
changes are expressed as Log2 fold. 
 

The relative abundance of Coriobacteriaceae sp was increased by 1.61-fold in V2 while V1 and V3 

showed a decrease of 5.09- and 1.38-fold, respectively, compared to SS1. Collinsella sp, Clostridales 

sp, Lachnospiraceae sp, Blautia sp, Roseburia faecis, Ruminococcus sp, Veillonellaceae sp, 

Acidaminococcus sp and Eubacterium biforme showed a decrease in abundance in all 3 vessels. 

Among these bacteria, Lachnospiraceae sp and Blautia sp showed a significant reduction between 

SS1 and SS2, with an average decrease of 2.86- and 7.55-fold, respectively (p<0.05). Although not 

significant, E. biforme had the greatest decrease of 127-fold (on average) followed by Roseburia 
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faecis (26.3-fold on average). The remaining species showed a decrease of 1.06- to 7.65-fold across 

all 3 vessels as compared to SS1.   

8.4 Discussion 

The use of continuous-culture gut models has an advantage over the batch culture system whereby 

the cultures continue to grow for a longer period, thus allowing the slower growing bacteria to 

establish, giving a better reflection of the composition of the gut microbiota. As an example, the use 

of the gut model greatly reduced the presence of Enterobacteriaceae to below 0.05% (data not 

shown) in all vessels unlike the use of batch culture where their relative abundance made-up roughly 

two-thirds of the entire gut microbiota. Three different gut models were set up to test the impact of 

zinc on the gut microbiota under different circumstances. Gut model 1 (GM1) was used to test the 

impact of zinc deficiency on the gut microbiota as well as the impact of zinc supplementation in zinc 

deficient individuals. Gut model 2 (GM2) was set up to determine the effect of normal zinc 

supplementation and zinc over-supplementation on healthy zinc sufficient individuals. Gut model 3 

(GM3) was used to determine the difference between the normal gut model medium (GMM) and 

the modified gut model medium (mGMM) whereby the latter medium can achieve an extremely low 

zinc concentration (3 µM) compared to the former (19 µM). mGMM was used throughout the 

experiment but 16 µM zinc was added to achieve a concentration of 19 µM (as would normally be 

present in the GMM) with the exception of SS2 of GM1 whereby zinc deficient conditions were 

utilised; thus no zinc was added and the concentration were kept at 3 µM. As seen from the results 

in table 8.17, most of the bacterial species showed a decrease when switching from the GMM to 

mGMM probably due to the removal of mucin which is commonly found in the gut. The removal of 

yeast extract is compensated with the addition of vitamin and mineral solution and tryptone is 

replaced with peptone, which would have minimal effect on the gut microbiota but a further 

experiment is needed to confirm this. mGMM provides a better control on the concentration of zinc 

which allows the impact of low Zn levels to be stretched to an extreme would not be ethical if 

conducted in human intervention studies.  
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In GM3, most of the members in the Firmicutes phylum showed a decrease in their abundance in the 

mGMM compared to GMM (table 8.17). Firmicutes are more abundant in the mucus layer in the 

human colon and bacteria such as Eubacterium, Faecalibacterium prausnitzii, Lachnospiraceae, 

Roseburia and Ruminococcaceae are enriched in the mucosal (Paone and Cani, 2020; Ouwerkerk, de 

Vos and Belzer, 2013; Van den Abbeele et al, 2013). The removal of mucin could thus have a bigger 

impact on the Firmicutes than the other phyla which is indeed shown by their reduced abundance in 

SS2 (mGMM). The abovementioned bacteria also showed a decrease in their relative abundance in 

mGMM which could be explained by the absence of mucin that have an impact on their growth and 

development, resulting in a lower abundance as compared to the GMM. A potential solution to this 

issue could be to add mucin back to mGMM following dialysis against metal chelators in order to 

remove iron and zinc from the mucin utilised. 

Comparing the SS1 of GM1 and GM2, both gut models should present a similar microbiota 

composition as both employ mGMM. Both models showed similar composition at the phylum level 

with Bacteroidetes being the dominant phylum followed by Firmicutes (table 8.3 & 8.10). However, 

at species level, a difference is more obvious, particularly in the Bacteroidetes phylum. SS1 of GM1 

was mainly Bacteroides-dominated, while SS1 of GM2 was mainly Prevotella-dominated. Similar 

results have been reported in another study whereby the authors stated that such effects may be 

due to changes in the initial fermentation conditions such as anaerobiosis, pH or inoculation 

duration (Dostal et al, 2012). The 3 gut models were operated in parallel and inoculation with the 

gut microbiota was performed on the same day starting with GM3, followed by GM2 and GM1. 

Although the inoculations were performed as quickly as possible, the delay between the inoculations 

may give rise to the observed differences in microbiota composition in the models. Although GM1 

and GM2 showed different bacterial compositions, both gut models assumed the different 

enterotypes of gut microbiota suggested by Arumugam and Wu whereby GM1 leaned towards the 

Bacteroides enterotype while GM2 leaned towards the Prevotella enterotype (Arumugam et al, 

2011; Wu et al, 2011). In running the gut models, it is worth noting that stool samples from healthy 
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individuals were used, thus the composition of bacteria may be different than that of a zinc deficient 

individuals and the bacterial inocula will not be acclimatised to a low zinc regime, and thus may react 

differently to the low zinc regime in the model. Stool samples from zinc deficient individual can be 

used in future experiments to determine whether the composition of gut microbiota differs from a 

zinc sufficient individual in the gut model, which can provide a better understanding and explanation 

to the results obtained.  

As seen from tables 8.7, 8.13 and 8.17, only a few bacteria species showed a significant change 

towards the zinc regimes tested.  This was the case despite the huge fold changes observed and this 

presumably reflects the large variation in the abundance of species obtained between the 3 

different subjects which causes these difference to be insignificant when tested. This is the limitation 

of a small sample size and to overcome this, more subjects should be recruited to the experiment, 

thus increasing the sample size which will reduce the variation.   However, running more gut models 

would be time consuming and costly.  

Interestingly, Pyramidobacter piscolens is a bacterial species is found in the mouth and is isolated 

from odontogenic abscesses (Downes et al, 2009). The species is described as a non-motile, non-

pigmented, obligately anaerobic, Gram-negative bacilli that has a distinctive fishy odour when 

cultured (Downes et al, 2009). P. piscolens is found in the mouth where the resting pH does not fall 

below 6.3 and maintained near neutrality by the saliva (Baliga, Muglikar and Kale, 2013), thus this 

species may be expected to grow well in V2 and V3 where the pH is similar to that in the mouth. In 

addition, the absence of zinc causes the bacteria to grow substantially as zinc is able to inhibit or 

reduce the growth of the bacteria. Zinc is a component in toothpaste, mouth rinses and dental 

materials as zinc is effective against oral diseases (Uwitonze et al, 2020; Lynch, 2011). Zinc inhibits 

bacterial growth by targeting the glycolytic enzymes, inhibits acid production in dental plaque and 

inhibits the formation of plaque (Uwitonze et al, 2020), proving its role in maintaining good oral 

health. Since the bacterium is isolated from abscess, the lack of zinc may increase its growth as seen 
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in SS2 and the addition of zinc in SS3 slightly reduces its abundance in GM1. Although zinc causes an 

increase of the bacteria in GM2, the presence of zinc causes the bacteria to be at a much lower 

abundance as compared to GM1.  

The presence of zinc mainly affects members in the Firmicutes phylum whereby more bacteria 

showed a decrease in their relative abundance as compared to the other phyla. Although the exact 

mechanism of this observation is yet to be discovered, it can be speculated that Firmicutes are more 

sensitive to zinc as compared to the other phyla. The impact of zinc on the overall composition of 

the gut microbiota and the possibly effect on health will be discuss further in the next chapter. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



282 
 

Chapter 9. Discussion 

The experiments were designed to study the impact of the nutrients, iron and zinc, on the gut 

microbiota. In chapters 3 to 5, the experiments explored the impact of iron (haem/FeSO4) on the gut 

microbiota using two different approaches, Hungate tubes and single vessel batch cultures. The 

Hungate tubes were explored as a quick and simple method for preliminary study, but the lack of pH 

regulation limited their usefulness. The addition of buffers (particularly 300 mM MES) enabled pH to 

be maintained within the desired range, but batch cultures were used as the preferred method due 

to the dynamic pH control provided. The batch culture system was set up to study the effect of 

different forms of iron (haem and FeSO4) on the gut microbiota. NGS data revealed that certain 

species showed no preference towards the presence/absence of iron but some species preferred 

one form or the other. In chapter 6, experiments were set up to study the utilisation of phytic acid (a 

major dietary inhibitor of zinc absorption) as a phosphate and carbon source. Mutants of E. coli were 

produced whereby the three known phytases were knocked out but the bacteria were still able to 

utilise phytic acid, thus indicating the presence of unknown phytases or mechanisms in degrading 

phytic acid. A batch culture was also set up to determine the ability of the gut microbiota to utilise 

phytic acid as a phosphate and carbon source, and results showed that phytic acid is a good 

phosphate source but a poor carbon source for the gut microbiota. Chapters 7 and 8 explored the 

impact of zinc on the gut microbiota using a single stage batch culture and a three-stage continuous 

gut model. Zinc sulphate was chosen as the zinc source as it is available as a zinc supplement and 

three different levels of zinc were tested: low (77 µM), medium (192 µM) and high (770 µM). 

Although zinc did not drastically affect the gut microbiota, it had an impact towards certain bacterial 

groups.  

9.1 Impact of reduced inoculum levels. 

In vitro gut culture experiments require the inoculation of faecal samples from volunteers into the 

growth medium (gut model medium). Faecal samples are usually mixed with PBS to create a 10% 

w/v mixture prior to inoculation. The mixture is typically inoculated at 10% of the final volume of the 



283 
 

medium (i.e. 1 ml mixture to 9 ml medium) to give a final concentration of 1% faecal matter and the 

culture is allowed to run for a fixed period of time (24, 48 or 72 h) with sampling at specific time 

points. As mentioned before, the Hungate tube provides a quick and easy method for preliminary 

studies despite having the disadvantage of not being pH regulated. From Figure 3.1, the total 

bacteria number showed minimal growth after 24 h with a maximum growth increase of just 1.1-

fold. This may be due to the high initial inoculation concentration of faecal matter as similar growth 

responses have been obtained in batch culture using the same protocol (Khalil et al, 2014, Costabile 

et al, 2014; Beards, Tuohy and Gibson, 2010). Therefore, the inoculation concentration for the batch 

culture experiment (chapters 5 and 7) was been lowered to 0.1% final concentration to allow more 

scope for the microbiota to grow. Results from Figures 5.1 and 7.1 show that by lowering the 

concentration of faecal matter to 0.1%, the total bacterial count had increased by 8.73- to 43.8-fold, 

thus indicating considerably more bacterial growth as compared to the 1% faecal inoculum. The 

increased growth allows a greater response of the microbiota towards the iron and zinc regimes 

explored, which should enable a better understanding of the impact the iron and zinc have on the 

gut microbiota.  

9.2 The batch and continuous culture systems. 

The use of single vessel batch cultures provides a convenient approach for conducting in vitro 

experiments related to the gut microbiota as they are relatively easy to set up, allow the testing of 

numerous conditions simultaneously and the experiments can be run according to the desired time 

frame. However, the use of single vessel batch cultures has a disadvantage as the number and/or 

relative abundance of Enterobacteriaceae can rise to levels that are much greater than seen in vivo, 

and this which might obscure the effect of the tested regime on the composition of other elements 

the gut microbiota. Several studies which were conducted using single stage batch cultures also 

showed an increased in Enterobacteriaceae, and in some cases the Enterobacteriaceae became the 

dominant bacterial group (Takagi et al, 2016; Ahmadi et al, 2019; Kristek et al, 2019; Wiese et al, 

2018; Ding et al, 2019). Similar results were obtained in both the iron and zinc regime experiments, 
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whereby the number of Enterobacteriaceae showed a huge increase, particularly in the latter 

regime. In some of the tested condition, the Enterobacteriaceae accounted for nearly two-thirds of 

the entire bacterial composition, which may have masked some of the effects of zinc on other 

elements of the gut microbiota. However, this occurrence can be avoided or overcome through the 

use of the three-stage continuous gut model whereby sampling is done at each steady state, unlike 

the single vessel batch culture where samples are at various times including the growth end point. 

The relative abundance of Enterobacteriaceae can be very low as seen from other studies conducted 

using the three-stage continuous gut model (Healy et al, 2017; Bahrami et al, 2011). A similar 

observation was obtained from the gut model experiment where Enterobacteriaceae showed an 

increase at t24 but were undetectable during the subsequent steady states (data not shown), thus 

showing its competitive advantages over short incubation periods. Single vessel batch cultures are 

usually run for 24 to 72 h which might give Enterobacteriaceae a competitive advantage in acquiring 

nutrients from the medium, leading to a poorer growth of the other slower growing bacteria 

present. The three-stage continuous gut model is operated for a longer period of time and fresh 

medium is constantly provided to the culture, ensuring a constant supply of nutrients to support the 

growth and development of the microbiota.  

The single vessel batch culture is useful in conducting preliminary experiments whereby the results 

can be obtained rapidly and changes could be made to further improve the experimental design. 

However, the disadvantage is that the results may be biased towards bacteria that are able to 

replicate at a faster rate or are able to better compete for nutrients, leading to a reduced 

composition for the slower growing bacteria. The three-stage continuous gut model is an established 

model which better reflects what is happening in the large intestine as it represents the three 

section of the colon, each with its specific conditions. However, the continuous gut model is more 

labour intensive, requiring constant monitoring throughout the whole study period and operates at 

a high cost as the medium needs to be replenished regularly.  
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9.3 Major factors affecting the gut microbiota 

The human gastrointestinal tract is one of the largest interfaces (250-400 m2) between the 

environment, antigens and the host in the human body. An estimated 60 tonnes of food pass 

through the gastrointestinal tract over the typical lifespan of human along with an abundance of 

microorganisms from the environment. The microorganisms colonising the gut have co-evolved with 

the host over thousands of years to form a mutually beneficial relationship (Thursby and Juge, 2017). 

It is estimated that over 1014 microorganisms inhabit the human gastrointestinal tract with bacterial 

cells being 10 times more than the human cells with over 100 times the genomic content than the 

human genome (Thursby and Juge, 2017). The human microbiota is mainly dominated by Firmicutes, 

Bacteroidetes and Actinobacteria with lower abundance of Verrucomicrobia and Proteobacteria 

(Scott et al, 2012). The composition of the gut microbiota is affected by the mode of delivery upon 

birth while diet, supplementation and medication play a role in modulating the gut microbiota later. 

Infants delivered via Caesarean section or vaginally harvest a different inoculum for gut colonisation. 

Infants delivered vaginally have a higher abundance of Bifidobacterium, Bacteroides and 

Lactobacillus while Clostriaceae, Veillonella and Klebsiella were higher in infants delivered via 

Caesarean section (Rutayisire et al, 2016). Diet has a huge impact on the composition of gut 

microbiota. Infants who were breast-fed or formula-fed showed different composition whereby 

breast-fed infants had a more uniform and stable population mainly dominated by Bifidobacterium 

(Guaraldi and Salvatori, 2012). Formula-fed infants have a more diverse bacterial population with 

higher counts of Clostridium, Streptococcus, Bacillus subtilis, Veillonella parvula, Lactobacillus 

acidophilus, Bacteroides vulgatus and Enterococcus faecalis (Guaraldi and Salvatori, 2012). Upon 

weaning, the microbiota will move towards a more adult-like composition whereby the 

macronutrients and micronutrients of the diet will have an impact. Diets rich in fibre can cause an 

increased abundance of Bacteroidetes (particularly Prevotella and Xylanibacter) coupled with a 

decrease in Firmicutes (De Filippo et al, 2010). The use of supplementation such as prebiotics can 

increase certain groups of the gut microbiota. For example, the intake of inulin (10 g/d) for 16 days 



286 
 

was shown to increase the abundance of Bifidobacterium adolescentis and Bifidobacterium bifidum 

as well as Faecalibacterium prausnitzii (Ramirez-Farias et al, 2009). The consumption of galacto-

oligosaccharides (GOS) also showed an increase in Bifidobacterium in a dose dependent manner 

(Davis et al, 2010).  

Antibiotics can have a huge impact on the gut microbiota as these substances are designed to kill 

bacteria. The use of antibiotics can lead to a loss of diversity, expansions of certain bacterial groups, 

a shift in metabolic capacity and reduced colonisation resistance against pathogens (Lange et al, 

2016; Modi, Collins and Relman, 2014). In addition to the disruption to the gut microbiota, the use of 

antibiotics allows the growth of opportunistic pathogens such as Salmonella typhimurium and 

Clostridium difficile as well as the development of antibiotic resistance in bacteria which have a 

negative effect on the host (Lange et al, 2016; Modi, Collins and Relman, 2014).  

9.4 Impact of iron on the gut microbiota 

The batch cultures were set up to determine the effect of different forms of iron on the gut 

microbiota. Bacteria only require 0.3 – 1.8 µM of iron for optimal growth (Kim et al, 2009) while the 

gut model medium has a background concentration of 28 µM iron which is more than sufficient to 

support growth of bacteria. Thus, this experiment was not designed to study the effect of iron 

supplementation on the gut microbiota but rather the effect of provision of different forms 

(haem/non-haem) of iron. As seen from table 5.8, Clostridium butyricum showed the greatest 

increase among all the bacteria identified in the haem-only and FeSO4-only regimes but when both 

forms of iron are present, this species showed a decrease in its abundance as compared to the 

control, suggesting it grows well in moderate levels of iron. However, the concentration of haem was 

higher than that of FeSO4 (77 vs 18 µM), thus it is not clear whether the enhanced growth was due to 

the higher concentration of iron present or the preference towards haem, further experiment with 

similar levels of iron is needed for confirmation. The growth enhancing effect of iron was shown in a 

hydrogen production experiment whereby the addition of 65 µM FeSO4 caused a 1.6-fold increase in 

C. butyricum growth rate and a 1.4-fold increase in final cell levels (Chen et al, 2005). C. butyricum, a 
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butyrate producer, has been used as a probiotic in humans (Imase et al 2008; Sun et al, 2018); 

C. butyricum CBM588 reduces the occurrence of soft stools and diarrhoea as well as the presence of 

Clostridium difficile toxin A following H. pylori eradication therapy (Imase et al, 2008). C. butyricum 

supplementation also improved the overall IBS-D symptoms, particularly the quality of life and 

bowel habit of the patients as determined by questionnaires (Sun et al, 2018).  

Another member of the Firmicutes phylum that showed an increase in abundance with iron is 

Lactobacillus. Lactobacillus showed an increase in all the iron-supplemented media with a greater 

increase at t24 than t48. Lactobacillus has been used as a probiotic which can impart some general 

benefits to the host (Hill et al, 2014) and has been used in the management of gastrointestinal 

diseases (Ritchie and Ramanuk, 2012). Lactobacillus as a probiotic has also been shown to increase 

iron absorption (Hoppe et al, 2015; Hoppe, Önning and Hulthén, 2017) possibly through the 

production of a ferric reducing compound (p-hydroxyphenyllactic acid) which has been isolated from 

Lactobacillus fermentum and enables the reduction of ferric iron to ferrous iron which subsequently 

increases iron absorption through the DMT-1 of enterocytes (González et al, 2017). Iron is usually 

absorbed in the small intestine, however the consumption of prebiotic also increases iron absorption 

indicating that iron absorption occurs in the colon (Paganini et al, 2015). An increase in fractional 

iron absorption (from ferrous fumarate and ferric sodium EDTA supplements) is positively correlated 

with an increase of Lactobacillus/Pediococcus/Leuconostoc (as stimulated by GOS provision), giving a 

positive health effect to the host (Paganini et al, 2015). However, consumption of iron 

supplementation alone has been shown to reduce the level of Lactobacillus (Paganini et al, 2015; 

Zimmermann et al, 2010). Results from table 5.8 indicate an opposing effect whereby the abundance 

of Lactobacillus was enhanced by iron supplementation. This difference may be due to the 

difference in subjects utilised as well as the experimental design whereby the human study was 

done in children from a remote rural area with limited food choices while the subjects in the batch 

culture experiment were adults living in urban conditions. Future studies involving adults and iron 

supplementation is needed to confirm this effect.  
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The presence of iron, particularly haem, caused a sharp decline in the abundance of 

Faecalibacterium prausnitzii. Similar results were shown in a continuous culture whereby the 

addition of 658 µM of FeSO4 and 77 µM of haem also caused a reduction in their abundance (Dostal 

et al, 2013). In an iron replacement therapy study involving IBD patients together with iron deficient 

control subjects, an increased iron concentration (faecal iron content) reduced the abundance of 

F. prausnitzii, Ruminococcus bromii and Collinsella aerofaciens which agrees with results in table 5.8 

(Lee et al, 2016). Subjects showed a reduction in these bacterial groups upon oral iron 

supplementation (300 mg FeSO4) but not when receiving 300 mg iron sucrose infusion intravenously, 

indicating an excess iron in the gut can negatively impact the residing bacteria (Lee et al, 2016). Even 

though both methods of iron administration showed improved iron levels in the subjects (IBD and 

control), oral iron supplementation caused a negative effect on the gut microbiota (Lee et al, 2016). 

F. prausnitzii is considered beneficial in the gut due to its butyrate-producing ability which feeds the 

colonocytes (Ferreira-Halder, Faria and Andrade, 2017). In addition to being a butyrate producer, 

F. prausnitzii is able to produce anti-inflammatory metabolites which benefits the host and has thus 

received attention in its relationship with diseases (Ferreira-Halder, Faria and Andrade, 2017) 

whereby a reduced or lower abundance is detected in patients with IBD (Sokol et al, 2009; Machiels 

et al, 2014), diabetes (Qin et al, 2012; Karlsson, 2013; Navab-Moghadam et al, 2017) and colorectal 

cancer (Balamurugan et al, 2008; Wu et al, 2013).  

The presence of iron decreases the abundance of Bifidobacterium; this has been shown in numerous 

experiments, both in vitro (Dostal et al, 2013; Kortman et al, 2016) and in human studies (Jaeggi et 

al, 2014). Similar to Lactobacillus, Bifidobacterium is a probiotic which can confer health benefits to 

the host directly (Hill et al, 2014; Flach et al, 2018) or indirectly by stimulating the growth of other 

bacteria. Co-culturing Bifidobacterium and F. prausnitzii has been shown to increase the amount of 

butyrate in the gut and the levels of butyrate can be enhanced through the addition of prebiotics 

(Rios-Covian et al, 2015; Kim et al, 2020). Acetate that is produced as a metabolic end product by 

Bifidobacterium is used by F. prausnitzii as a substrate for butyrate production. However, the 
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amount produced varies depending on the species or strains of Bifidobacterium as well as the 

carbon source available (Kim et al, 2020). The presence of iron which reduces the abundance of 

these two beneficial bacteria in the gut microbiota may thus have a negative health effect on the 

host.  

Bacteroides is a common inhabitant of the human gut; indeed 30 out of the 56 species isolated and 

identified can be found in the human intestine (Wang et al, 2020). Bacteroides have a requirement 

for haem or inorganic iron with PPIX for growth and development (Rocha et al, 2019), and all of the 

Bacteroides species showed an increase in their abundance in the presence of iron with the greatest 

growth occurring when both FeSO4 and haem were added to the medium (table 5.8). Bacteroides 

can be a friend or a foe to the host whereby it contributes to numerous beneficial activities or acts 

as an opportunistic pathogen sitting in the gut waiting to attack the host. In the gut, Bacteroides 

encodes a cytochrome bd oxidase which can reduce levels of intracellular oxygen which encourage 

the growth of strict anaerobes, thus benefiting the gut microbiota (Wexler and Goodman, 2017). The 

other beneficial activities performed by Bacteroides includes breakdown of plant- and host-derived 

polysaccharides, maturation of the immune system, bile acid metabolism and energy harvesting 

(Wang et al, 2020; Sun et al, 2019; Wexler and Goodman, 2017; Rocha and Smith, 2013). Bacteroides 

fragilis is probably the only opportunistic pathogen among all the Bacteroides species found in the 

gut. However, not all Bacteroides fragilis are pathogenic as this behavioue is strain specific. B. fragilis 

can be classified into nontoxigenic (NTBF) or enterotoxigenic (ETBF) strain whereby the former is a 

beneficial commensal which antagonise ETBF via interspecific competition and the latter is a 

pathogen (Sun et al, 2019; Wexler and Goodman, 2017). B. fragilis has a distinctive bacterial capsule 

that enables it to escape complement-mediated killing and phagocytic killing as well as triggering 

abscess formation in the human host that can causes intestinal obstruction if left untreated or 

bacteraemia upon escape into the circulation (Wexler, 2007). Besides this, B. fragilis also produces 

an enterotoxin – B. fragilis enterotoxin (BFT) - which is a zinc metalloprotease and has been shown 

as a cause for diarrhoea (Sears et al, 2008; Nguyen et al, 2005; Pathela et al, 2005) as well as 
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inducing IBD and colorectal cancer (Boleij et al, 2015; Sun et al, 2019). Although it is not clear which 

strain is enhanced by iron, an increase in iron can increase the risk of infection in the host if ETBF is 

enhanced.    

From table 5.8, the presence of haem had a bigger effect on the Firmicutes as compared to the 

Bacteroidetes whereby few members of the Firmicutes showed a reduced abundance in the 

presence of haem. Most members of the Bacteroidetes, particularly Bacteroides, displayed an 

increase in abundance presumably because they are known to require haem due to their inability to 

synthesise haem (Rocha et al, 2019). Dorea formicigenerans, Mitsuokella multacida, 

Ruminococcaceae, Ruminococcus, Veillonella dispar all showed a bigger decrease when haem was 

added to the medium whether as sole iron source or together with FeSO4. When both FeSO4 and 

haem were added to the medium, these bacteria showed a higher abundance (compared to haem 

alone), indicating that the presence of FeSO4 alleviates some of the inhibitory effects of haem. Since 

Bacteroides has a requirement for haem, it may have a more developed system in acquiring haem 

which allows it to outcompete the other bacteria present in the same community. Haem acquiring 

systems have been identified in bacteria, mainly pathogens, whereby they can scavenge haem from 

the host (Contreras et al, 2014; Runyen-Janecky, 2013). These bacteria either secrete haemophores 

(IsdX1,IsdX2, HasA, HxuA) which can binds to haemoglobin/haptoglobin or possesses outer 

membrane receptor (e.g. HmuY, HmuR, HutA, HemR) which can sequester and deliver haem from 

host haemoprotein (Contreras et al, 2014; Runyen-Janecky, 2013). B. fragilis encodes a unique 44-

kDa outer membrane protein (HupA) which is involved haem binding and shares features with HutA 

and HemR (Otto et al, 1996). However, HupA can only be found in B. fragilis and not other 

Bacteroides species (Otto et al, 1996). New haem acquisition systems may be present in the 

commensal Bacteroides which have yet to be identified and that allows them to scavenge haem 

from the environment for growth and development. Besides this, haem can be bactericidal towards 

bacteria possibly through the generation of radicals which damages DNA, lipids and proteins (Choby 

and Skaar, 2016). Bacteroides contains multiple iron storage and iron detoxifying ferritin-like 
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proteins which can protect them from radicals attack (Rocha and Smith, 2013). Ferritin and 

bacterioferritin found in the bacteria limit the toxicity of cellular iron by  sequestering iron into a 

hollow shell while the Dps (DNA-binding protein from starved cells) protein catalyses the oxidation 

of ferrous iron using hydrogen peroxide, producing water instead of radicals (Rocha and Smith, 

2013; Andrews, 2010). These protective mechanism found in Bacteroides may increase its tolerance 

to the toxic effects of exogenous haem.  

9.5 Impact of zinc on the gut microbiota 

Oral zinc supplementation has been deployed to reduce the incidence of diarrhoea in children in 

low- and middle-income settings. The use of zinc treatment reduces the episode duration, stool 

frequency, stool output and length of hospitalisation which can greatly benefit children who receive 

such treatment (Lamberti et al, 2015). In addition, children who received zinc supplementation show 

improved growth in terms of height and weight and this effect is more pronounced in stunted 

children (Brown et al, 2002; Rivera et al, 1998; Umeta et al, 2000; Roy et al, 1997). Although serum 

zinc level is not a good indicator of overall zinc status, children that received zinc supplementation 

showed an increase in serum zinc level, thus indicating a positive response to the zinc supplement 

taken (Roy et al, 1997; Brown et al, 2002; Umeta et al, 2000).  

Studies involving zinc supplementation tend to focus on the health and nutrition aspect, and 

generally do not consider the relationship between zinc supplementation and the gut microbiota, 

thus studies on this area are very limited. In the farming industry, zinc is supplemented to pig feed to 

reduce the incidence of post-weaning diarrhoea (Wang et a, 2019). The addition of zinc (usually 

insoluble zinc oxide) reduces the abundance of Enterobacteriaceae (Starke et al, 2013; Wang et al, 

2018), Campylobacter coli  (Bratz et al, 2013) as well as the total counts of lactic acid bacteria and 

lactobacilli but increases the numbers of coliforms in the colon (Hojberg et al, 2005; Shen et al, 

2014). Zinc supplementation has improved the animal growth performance and reduces the 

incidence of diarrhoea which benefits the farmer from an economic perspective. However, the doses 
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used in the pig industry higher (2-3g/kg feed) than can be utilised in humans, thus the results from 

the animal studies may not replicate the changes that zinc have on the human gut microbiota. 

As for the effect of zinc supplementation on the gut microbiota, two different approaches were used 

here to study its effect, single vessel batch cultures and the three-stage continuous gut model. 

Conditions of the batch cultures were set to mimic the proximal colon as the modified gut model 

medium is nutrient rich which is more likely to be encountered by the bacteria in the upper colon 

than the lower colon. Results obtained from table 7.5 are similar to those of table 8.4 (GM 1) but not 

table 8.11 (GM 2). The presence of 77 µM Zn increased the abundance of Firmicutes while reducing 

the abundance of Actinobacteria, Bacteroidetes and Proteobacteria (table 7.5, table 8.4). However, 

results from table 8.11 showed opposing results whereby Firmicutes showed a decrease while 

Actinobacteria, Bacteroidetes and Proteobacteria displayed an increase in abundance. Discrepancies 

in results may be partly due to the methods of data processing whereby the assigned OTUs 

determined in table 7.5 and 8.4 were considered at 99% similarity, using the Greengenes database, 

resulting in a 3 to 9% level of unidentifiable species, but the OTUs identified in table 8.11 were 

determined at just 94% similarity, which is below the levels required for species identification. Most 

microorganisms required 0.1-10 µM of zinc for optimal growth in vitro (Atmaca et al, 1998). The 

modified gut model medium has a background zinc concentration of 3 µM which is sufficient to 

support the growth of most bacteria. Comparing with the normal gut model medium which has a 

background concentration of 19 µM, the modified version is sufficiently low in zinc to enable the 

study of the effect of zinc supplementation on the gut microbiota. Zinc is involved in numerous 

cellular processes but at high concentration is detrimental to bacteria whereby 7.4 – 12.4 mM of zinc 

sulphate (ZnSO4) can achieve total inhibition of the common pathogens associated with diarrhoea 

(Surjawidjaja, Hidayat and Lesmana, 2004). Although zinc sulphate was used here to supplement the 

modified gut model medium, the concentrations used were only up to 770 µM which is not at a 

sufficiently high concentration to completely inhibit bacterial growth.  
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Supplementing with zinc encouraged the growth of Bacteroidetes but reduced the abundance of 

Firmicutes. A few bacterial groups showed an increased abundance including Bacteroides, 

Faecalibacterium prausnitzii and Roseburia faecis when zinc was added to the medium. As 

mentioned before, Bacteroides has several iron storage proteins and possibly multiple strategies for 

iron uptake due to its requirement for iron. Under zinc stress, genes involving in iron uptake and 

storage have been shown to be upregulated (Xu et al, 2019), which may explain the increase in 

growth of Bacteroides when zinc is supplemented. Since no additional iron was added to the 

medium, the bacteria were left to compete for a limited pool of iron whereby bacteria possessing 

more effective iron-scavenging systems may display an advantage. However, the addition of zinc 

(regardless of concentration) in the batch culture had an inhibitory effect in Bacteroides during early 

growth; a decrease in abundance at t24 was observed, which was followed by an increase at t48 

(table 7.8), indicating that the adaptability of Bacteroides to zinc is time dependent. The increase of 

Bacteroides may confer a health benefit to the host via stimulating the immune system, providing 

resistance towards colonisation of pathogens (Bacteroides fragilis) and modulating the imbalance 

between anti-oxidant and pro-oxidant mechanisms (Wang et al, 2020).  

Besides this, zinc stimulated the growth of the butyrate producers such as Faecalibacterium 

prausnitzii and Roseburia faecis whereby they showed a non-significant increase at 77 µM and a 

significant increase at high zinc concentration (770 µM) (table 8.13). The increase in these butyrate 

producers would benefit the host as the presence of butyrate inhibits inflammation and 

carcinogenesis, decrease oxidative stress and increases colonic barrier function (Hamer et al, 2008). 

F. prausnitzii showed a decrease in its abundance in the iron experiment even though the iron levels 

were the same between the iron and zinc experiment, indicating that zinc is able to counter the 

inhibitory effect of iron on F. prausnitzii.   

The bacteria in both GM 1 and GM 2 mainly belonged to the Bacteroidetes phylum and regardless of 

the zinc regime, there was little change to the relative abundance at phylum level with Bacteroidetes 
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being the major phylum at SS1, SS2 and SS3 in both GM 1 and GM 2. The Bacteroidetes phylum was 

dominated by two main genera - Bacteroides and Prevotella, and their combined relative abundance 

accounts for more than half of the total microbiota. Despite similar media being used in GM 1 and 

GM 2, the former (table 8.6) presented a Bacteroides-dominated microbiota while the latter (table 

8.12) leaned towards a Prevotella-dominated profile. Such an observation has been reported 

previously whereby 2 parallel continuous cultures presented different microbiota profiles, possibly 

due to initial inoculation conditions (Dostal et al, 2013). These two genera are usually antagonistic 

and are anticorrelated in microbiome studies (Ley, 2016). Such an effect is shown in mice whereby 

bi-colonisation of both Bacteroides thetaiotaomicro with Prevotella copri resulted in lower levels of 

both bacteria compared to when they are mono-colonisers (Kovatcheva-Datchary et al, 2015) and 

the same effect is also seen in humans whereby an increase of Prevotella is usually paired with a 

decrease in Bacteroides (Wu et al, 2011). Similar effects can be found in the three-stage gut model 

where an increase in Bacteroides correlates with reduced relative abundance of Prevotella and 

because of this, there are little changes to the overall relative abundance of the Bacteroidetes 

phylum. Bacteroides and Prevotella may be competing for the same niche in the gut, causing them 

to be antagonistic with each other (Kovatcheva-Datchary et al, 2015). In GM 1, the absence of zinc 

caused the relative abundance of Prevotella to drop while the abundance of Bacteroides showed an 

increase, particularly Bacteroides sp2 at SS2 (table 8.7). The ability of Bacteroides to outcompete 

Prevotella has been shown in mice whereby bi-colonisation of both bacteria in mice resulted in 

higher counts of Bacteroides (Kovatcheva-Datchary et al, 2015). Even when zinc is added to the 

medium at SS3, the high number of Bacteroides established at SS2 appears to limit Prevotella 

abundance, resulting in even lower Prevotella counts (relative abundance below 0.05%; table 8.6).  

In GM3, the difference between the standard gut model medium (GMM) and the modified version 

(mGMM) is that the latter had: yeast extract removed and replaced with a vitamin and mineral 

solution; replacement of peptone water with tryptone; and had mucin excluded. These changes 

were made to ensure that background zinc levels were as low as possible to better enable the study 
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of the effect of zinc supplementation on the gut microbiota. Perhaps the biggest difference between 

these two media was the presence of mucin, as the other parameters are kept as similar to each 

other as possible. Mucins are a family of complex, large, glycosylated proteins with O-glycosylation 

being the main modification whereby it allows the creation of a glycan coat that protects mucins 

from degradation by endogenous proteases and also aids in its solubility in water and its gel forming 

properties (Paone and Cani, 2020). In addition to protecting the intestinal cells against biological, 

chemical and mechanical attacks, mucins provide nutrients and attachment sites for the gut 

microbiota. In GM3, by comparing the composition of the gut microbiota between the two steady 

states, GMM (SS1) showed a higher relative abundance of Firmicutes than Bacteroidetes at phylum 

level while the mGMM (SS2) tended to favour Bacteroidetes over Firmicutes (table 8.16). Firmicutes 

are generally found in higher abundance in the mucus layer in humans which may explain the 

difference seen between the two media (Ouwerkerk, de Vos and Belzer, 2013; Paone and Cani, 

2020). In addition, members belonging to Lachnospiraceae and Ruminococcaceae as well as 

F. prausnitzii have been suggested to be enriched in the mucus layer (Ouwerkerk, de Vos and Belzer, 

2013; Paone and Cani, 2020). This is in agreement with the results obtained here whereby 

Ruminococcus bromii, Ruminococcus, Ruminococcaceae sp1, Ruminococcaceae sp2, Lachnospiraceae 

and F. prausnitzii showed a higher relative abundance in GMM compared to mGMM. In terms of 

total bacteria counts, the removal of mucins which act as a nutrient source to support the growth 

and development of the gut microbiota, caused reduced total bacterial counts in SS2 compared to 

SS1 (table 8.15). This effect was more pronounced in V2 and V3 than V1. Although the removal of 

mucin in mGMM caused the reduction of certain bacterial species as compared to the normal GMM, 

this step was deemed necessary in order lower the zinc level as far as possible so that the 

background zinc did not contribute greatly to the zinc pool in the medium during zinc 

supplementation.  
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9.6 Phytate as a source of phosphate 

Phytate (myo-inositol hexakisphosphate) consists of an inositol ring with six phosphate groups and is 

the primary phosphorus store in plants, comprising of 50-85% of total phosphorus (Gupta, Gangoliya 

and Singh, 2013). Phytate accumulates rapidly during the ripening period in seeds which is important 

for effective germination as large amount of phosphorus is released when digested by phytase upon 

germination and incorporated into ATP (Gupta, Gangoliya and Singh, 2013; Dersjant-Li et al, 2014; 

Wodzinski and Ullah, 1996). Plants possess intrinsic phytases which are capable of degrading phytate 

but monogastric animals (humans, poultry and pigs) cannot metabolise phytate due to the lack or 

insufficient levels of phytase (Gupta, Gangoliya and Singh, 2013; Wodzinski and Ullah, 1996). Despite 

being an important component in plants, phytic acid can be seen as an antinutrient in animals. 

Phytate is a highly negatively charged ion which forms stable complexes with minerals including zinc, 

iron, calcium, copper, manganese and magnesium, thus reducing their bioavailability as these 

complexes are nonabsorbable in the gastrointestinal tract (Greiner and Konietzny, 2006; Dersjant-Li 

et al, 2014; Schlemmer et al, 2009; Vohra and Satyanarayana, 2003).  

Phytases are enzymes that have the ability to hydrolyse phosphate group(s) from phytate yielding a 

series of lower inositol phosphates and free phosphate (Angel et al, 2002; Selle and Ravindran, 2008; 

Vohra and Satyanarayana, 2003). These enzymes can be divided into two groups (3-phytase or 6-

phytase) depending on their site of action on phytate. 3-phytases initiate the dephosphorylation of 

phytate at the 3 position, producing 1,2,4,5,6-pentakisphosphate and a free phosphate while 6-

phytases dephosphorylate phytate at position 6, yielding 1,2,3,4,5-pentakisphophate and a free 

phosphate (Angel et al, 2002; Yao et al, 2012). 3-phytases are usually from fungal or bacterial 

sources, while 6-phytases are found in oil seeds and grains of higher plants (Yao et al, 2012). 

Although both phytases have the same function, 3-phytases do not always completely 

dephosphorylate phytate although 6-phytases do (Angel et al, 2002). Phytases can also be 

categorised into different groups (HAPs, PAPs, PTP and BPPs) based on their catalytic action as well 

as their pH optima (acid and alkaline phytases). Acid phytases includes histidine acid phosphatases 
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(HAPs), purple acid phosphatases (PAPs) and protein tyrosine phosphatase (PTP)-like inositol 

polyphosphatases, while β-propeller phytases (BPPs) from Bacillus are examples of alkaline phytases 

(Yao et al, 2012; Kim et al, 1998; Kerovuo et al, 1998). Enzymes in the HAPs class share a conserved 

active site motif, RHGXRXP, and hydrolyse phytate via a two-step mechanism: i) a nucleophilic attack 

on the phosphorous atom via histidine in the active site; and ii) subsequent hydrolysis of the 

resulting phosphor-histidine intermediate (Yao et al, 2011; Shin et al, 2001; Mullaney and Ullah, 

2003). Enzymes in the PAPs class have a characteristic purple colour due to a charge transfer 

transition at 560 nm from tyrosinate to Fe(III). These enzymes contain an Fe(III)-Zn(II) centre in their 

active site that mediates the hydrolysis process via a Fe(III)-coordinated hydroxide ion that attacks 

the phosphorus atom of the substrate directly (Klabunde et al, 1996). Enzymes in the BPPs class 

resembles a propeller with six blades and have two phosphate binding sites: a ‘cleavage site’ where 

hydrolysis of substrate occurs and an adjacent ‘affinity site’ which increases the binding affinity for 

molecules containing neighbouring phosphate groups such as phytate. The enzymic reaction is most 

likely to proceed via a direct attack on the phosphorus atom of the substrate by a water nucleophile 

(Shin et al, 2001; Mullaney and Ullah, 2003).  

Phytases from microbial sources have been shown to have beneficial effects on both animals and 

plants. The ability of E. coli to hydrolyse phytic acid has been shown in numerous studies due to the 

presence of phosphatase/phytase enzymes. The supplementation of E. coli phytases into animal 

feed has shown beneficial results in chickens (Ravindran et al, 2006; Augspurger and Baker, 2004) 

and pigs (Jendza et al, 2005; Veum et al, 2006). Chickens which have phytases added in their feed 

showed a higher body weight when fed with either a basal diet or a phosphate deficient diet 

(Augspurger and Baker, 2004), showing a role in phosphate utilisation from phytic acid. The chickens 

also showed higher Tibia ash weight compared to the chicken with inorganic phosphate 

supplemented feed, suggesting the presence of phytase yielded better results than for phosphate 

supplementation (Augspurger and Baker, 2004). A later study also showed that phosphorus 

digestibility is increased with increasing concentration of phytase, which complements the results 
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obtained by Augspurger and Baker, showing that phytases are able to liberate phosphate from 

phytic acid for utilisation in the animal (Ravindran et al, 2006). In studies using pigs, when E. coli 

phytases were supplemented in the feed, phosphorus absorption increased with increasing 

concentration of the enzyme as shown by the low phosphorus content in the faecal matter (Veum et 

al, 2006). In addition to increased phosphorus absorption, iron and zinc absorption also increase 

with increasing levels of phytase, due to the breakdown of phytate (Veum et al, 2006). Other 

evidence that phytases increase phosphorus absorption in pigs includes the increase in plasma 

phosphorus content when phytases are supplemented in the feed (Jendza et al, 2005), showing the 

ability of E. coli phytase to liberate phosphate from phytic acid for utilisation by the host.  

In plants, organic phosphorus has an important role in the phosphorus cycle of agricultural soil. 

However, organic phosphorus exists predominantly as phytate (60% of organic phosphorus in soil) 

which is poorly utilised in plants and must be dephosphorylated prior to assimilation in plants (Singh 

and Satyanarayana, 2011). Bacteria present in soil have the ability to breakdown phytate due to 

their deployment of phytases such that the released phosphorus can then be utilise by plants to 

support their growth (Patel et al, 2010; Unno et al, 2005; Hameeda et al, 2006). Bacterial groups 

isolated from various composts that possess phytase activities, such as Pseudomonas, Klebsiella, 

Bacillus and Enterobacter, have been shown to have growth promoting effect in pearl millet, causing 

a significant increase in the plant dry weight as compared to the uninoculated control (Hameeda et 

al, 2006). Bacteria isolated from soil belonging to the Burkholderia genus showed a promoting effect 

in Lotus seedlings accompanied by increased phosphorus uptake (Unno et al, 2005). Inoculation of 

members of the Enterobacteriaceae family such as Pantoea, Citrobacter, Klebsiella and Enterobacter 

on pigeon pea caused an increased phosphorus accumulation in the shoot as compared to the 

uninoculated control, indicating their ability to degrade phytate for utilisation of the releases 

phosphate in plants (Patel et al, 2010).  
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The above studies thus show the beneficial impact of bacteria phytase activity in enabling animals 

and plants to utilise phytate as a phosphate source, but there is limited research on phytate 

utilisation by bacteria. There is certain evidence of bacterial phytate utilisation as a carbon and 

phosphate source but this is limited to isolating bacterial from soil samples for their phytase activity 

(Richardson and Hadobas, 1997; Unno et al, 2005). Results from the experiment in chapter 6 showed 

that E. coli is able to utilise phytate as a phosphate source and the growth increases with increasing 

concentration of phytic acid supplemented to a phosphate limiting medium. The three genes of 

interest, appA, agp and phoA, had been shown to encode enzymes that hydrolyse phosphate 

monoesters (Golovan et al, 2000; Cottrill et al, 2002; Hayakawa et al, 1991). appA, which encodes 

the acid phosphatase, is the most extensively studied enzyme among the three with various 

modification being done on the enzyme to improves its thermostability (Zhu et al, 2010; Yao et al, 

2013) and resistance to trypsin (Wang et al, 2018) to support its use as a supplement to animal feed. 

The agp gene, which encodes glucose-1-phosphatase, and phoA, which encodes the alkaline 

phosphatase, have received limited attention despite their phytase activity and have not been 

shown to have any industrial application. As seen from the results in chapter 6, although E. coli is 

able to utilise phytate, the mutants showed similar growth to the wild-type with phytate as 

phosphate source indicating that these 3 enzymes are not the only phytases that E. coli has. Indeed, 

a triple mutant with these enzymes knocked out also showed comparable phytate dependent 

growth to the wild type, indicating the presence of other phytases or phosphatases in E. coli. 

Surprisingly, the combined lack of these enzymes did not affect E. coli in acquiring phosphate from 

phytic acid to support its growth and this suggests that there is a yet to be discovered mechanism 

for phytate utilisation. It is possible that E. coli is able to scavenge phosphate through expression of 

another phytase or directly stripping a phosphate group off phytic acid via an outer membrane 

receptor, but this remains to be explore.  

Although E. coli is able to use phytic acid, the phosphate groups liberated are not known as the 

resulting inositol phosphate(s) were not analyse in this project. It would be interesting to determine 
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the number of phosphate groups released as well as the site(s) of attack to further uncover the 

mechanism involved, which can be a project in the future. The M9 medium used in this experiment 

is not entirely phosphate free as phosphate is essential for growth, thus it contains a background 

concentration of 3.5 mM. An early study showed that nitrifying bacteria are able to grow with a 

minimal phosphorus level between 0.1-0.65 µM (Meiklejohn, 1952). Assuming E. coli has the same 

requirement, the background phosphate content is sufficient to support the growth of the bacteria. 

Interestingly, when buffers were used to maintain the pH at 5.5, 7 and 8.5 (section 6.5), both the 

mutant and wild-type showed similar growth regardless of the concentration of phytic acid 

concentration. Bacteria in medium containing no phytic acid and the medium containing that 10 mM 

showed similar growth, indicating that the bacteria were not utilising phosphate from phytate but 

were instead using the background phosphate to support growth. This observation suggests that an 

unknown mechanism is triggered at these pH levels whereby E. coli is able to scavenge phosphate 

from its environment to support growth and not through the use of phytase to degrade phytic acid 

for phosphate. Although the bacteria in the non-phytic acid supplemented medium showed a 

reduced growth than in the supplemented medium, the bacteria performed better in the pH 

regulated medium as compared to the non-regulated medium, indicating that activation of a system 

that enhances the growth of the bacteria under these conditions. One possible explanation is 

through the upregulation of the phosphate uptake system that is present in E. coli, the Pst and Pit 

systems. Pst is an ABC transporter which is the predominant phosphate uptake system. Pit is 

considered to be a low affinity symporter that operates in a phosphate-rich environment and can 

transport divalent cations such as zinc that form complexes with phosphate. The Pit system can be 

considered a metal transport system rather than a phosphate system as it is regulated by the 

presence of zinc (Hsieh and Wanner, 2010; Zheng et al, 2016).  

Bacteria have been used in wastewater treatment plants to remove excess phosphate in the 

wastewater which can cause environmental eutrophication. Phosphate has been shown to 

accumulate in bacterial cells and shotgun metagenomics revealed that genes in both of the Pst and 
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Pit system show an increase in abundance at pH 5.5 vs pH 8.5 (Weerasekara et al, 2016). Although 

the bacteria are able to accumulate phosphate at both pH levels, the acidic environment gave the 

bacteria an advantage over the higher pH. Another study using sludge microorganisms also showed 

a higher phosphate uptake in bacteria at pH 5.5 as compared to pH 7.5 (McGrath et al, 2001). This 

may explain the possible enhanced growth in E. coli when the pH is regulated through the addition 

of buffers despite no phytic acid is supplemented to the medium. The phosphate uptake system is 

upregulated which allows the available phosphate to be scavenged from the medium for growth and 

development.  

Since the growth studies show that E. coli has the ability to degrade phytic acid and utilise it to 

support its growth, it would be interesting to explore the gut microbiota as a whole and its ability to 

utilise phytic acid. The ability of the gut microbiota to hydrolyse phytic acid has been shown in 

studies comparing germ free and conventional mice (Yoshida et al, 1982) and rats (Wise and Gilburt, 

1982). In germ free mice, phosphorus retention is low and a large portion is excreted in the urine. In 

conventional mice, excretion is lower and the mice retain higher amounts of phosphorus in a phytic 

acid supplemented diet, showing that the gut microbiota has a role in hydrolysing the phytic acid 

and the retention of phosphorus in the animal (Yoshida et al, 1982). Similar findings have been 

obtained by Wise and Gilburt (1982) using rats. This shows that the gut microbiota has a role in 

hydrolysing phytic acid which allows the animal to absorb the hydrolysed product. Bacteria with the 

ability to degrade phytic acid have been isolated from faecal samples using culture techniques either 

directly from faeces (Markiewicz et al, 2013) or single stage continuous culture (Steer et al, 2004). 

Bacteroides spp., E. coli, Clostridium spp., and Staphylococcus spp. are among the bacteria isolated 

from the phytic acid-enriched medium (Steer et al, 2004). Markiewicz and colleagues also found that 

coliforms are the most effective phytate degraders followed by Proteobacteria-Bacteroides cultures 

(Markiewicz et al, 2013). Results from both experiments showed that certain bacterial groups in the 

gut are able to degrade and utilise phytic acid. The batch culture experiment was set up to 

investigate the ability of gut microbiota to utilise phytic acid rather than just degrading it. Results 
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from Figure 6.20 showed that the presence of phytic acid enhanced the growth of the gut microbiota 

compared to the control or the phosphate only group. In addition, a molecule of phytate can liberate 

6 phosphate groups once hydrolysed which then can be utilise by the bacteria. It would be 

interesting to determine whether same growth would be obtained if the concentration of phosphate 

and phytic acid were matched in future experiments. From Figure 6.21, phytic acid appears to be a 

very poor carbon source for the bacteria as the growth in the phytic acid supplemented medium is 

comparable to the control. Despite early experiment showing that phytic acid can be used a carbon 

source (Richardson and Hadobas, 1997; Unno et al, 2005), the results obtained from the batch 

culture suggested otherwise. The addition of phytic acid to the starch containing medium caused a 

reduced growth as compared to the starch only medium, suggesting that phytic acid acts as an 

antinutrient which limits the availability of minerals in the medium. In summary, phytic acid is a 

good source of phosphate but a poor carbon source for bacteria. E. coli may possess other phytases 

that would be interesting to be discovered in the future and its mechanism in acquiring phosphate 

from phytic acid would also be an interesting topic.  

9.7 Future experiments 

Many studies on iron and the gut microbiota have been conducted using in vitro batch cultures/gut 

models, animal models and human studies, mainly looking at iron supplementation and its effect on 

the host and the gut microbiota. However, the iron forms used were mainly non-haem iron sources. 

In future work, it would be interesting to explore the effect of haem-iron on the gut microbiota using 

in vitro cultures whereby haem-iron is concentration-matched with non-haem iron (for equivalent 

comparison) and faecal matter from both iron sufficient and iron deficient individuals is used to 

inoculate the cultures. This will mimic situation whereby individuals increase their iron intake 

through diet or supplements. In human studies, having two different diets with similar nutritional 

compositions but different forms of iron (e.g. beef vs white fish; or with/without haem dietary 

supplements) would be an interesting way to explore the impact of haem-iron on the gut 

microbiota.  



303 
 

As for the impact of zinc on the gut microbiota, previous studies were mainly conducted in animals 

where there may be an economic impact on farmers. Zinc (alone or with vitamin A) has been 

provided as a supplement to children in areas where malaria is prevalent. Zinc supplementation 

reduces clinical malaria episodes as well as diarrhoea in children, which is a beneficial and promising 

effect (Owusu-Agyei et al, 2013; Yakoob et al, 2011; Muller et al, 2001; Zeba et al, 2008). Future 

experiments involving zinc supplementation in children or adults should include collection of faecal 

samples as part of the project to consider the impact of zinc on the gut microbiota.  

As for the ability of gut microbiota to breakdown and utilise phytic acid, it would be interesting to 

determine the bacterial composition via NGS to identify the impact on species composition. A 

modified medium will be needed to ensure that phosphate present in the medium is as low as 

possible. It would also be interesting to see the difference in the capacity of the gut microbiota to 

utilise phytic acid using faecal samples from vegetarian/vegan individuals as compared to 

omnivorous individuals (i.e. those on high and low phytate diets). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



304 
 

References 

 

1. Abbaspour, N., Hurrell, R., & Kelishadi, R. (2014). Review on iron and its importance for 
human health. Journal of Research in Medical Sciences, 19(2), 164–174. 

2. Acinas, S. G., Sarma-Rupavtarm, R., Klepac-Ceraj, V., & Polz, M. F. (2005). PCR-induced 
sequence artifacts and bias: Insights from comparison of two 16s rRNA clone libraries 
constructed from the same sample. Applied and Environmental Microbiology, 71(12), 8966–
8969. 

3. Adedokun, S. A., & Olojede, O. C. (2019). Optimizing gastrointestinal integrity in poultry: The 
role of nutrients and feed additives. Frontiers in Veterinary Science, 5, 348 

4. Adedokun, S. A., Sands, J. S., & Adeola, O. (2004). Determining the equivalent phosphorus 
released by an Escherichia coli-derived phytase in broiler chicks. Canadian Journal of Animal 
Science, 84(3), 437–444. 

5. Adlerberth, I., & Wold, A. E. (2009). Establishment of the gut microbiota in Western infants. 
Acta Paediatrica, International Journal of Paediatrics, 98(2), 229–238. 

6. Aghdassi, E., Carrier, J., Cullen, J., Tischler, M., & Allard, J. P. (2001). Effect of Iron 
Supplementation on Oxidative Stress and Intestinal Inflammation in Rats with Acute Colitis. 
Digestive Diseases and Sciences, 46(5), 1088–1094. 

7. Aguirre, M., Eck, A., Koenen, M. E., Savelkoul, P. H. M., Budding, A. E., & Venema, K. (2016). 
Diet drives quick changes in the metabolic activity and composition of human gut microbiota 
in a validated in vitro gut model. Research in Microbiology, 167(2), 114–125. 

8. Aguirre, M., Ramiro-Garcia, J., Koenen, M. E., & Venema, K. (2014). To pool or not to pool? 
Impact of the use of individual and pooled fecal samples for in vitro fermentation studies. 
Journal of Microbiological Methods, 107, 1–7. 

9. Ahmadi, S., Wang, S., Nagpal, R., Mainali, R., Soleimanian-Zad, S., Kitzman, D., & Yadav, H. 
(2019). An In Vitro Batch-culture Model to Estimate the Effects of Interventional Regimens on 
Human Fecal Microbiota. Journal of Visualized Experiments, 149. 

10. Aird, D., Ross, M. G., Chen, W. S., Danielsson, M., Fennell, T., Russ, C., Jaffe, D. B., Nusbaum, 
C., & Gnirke, A. (2011). Analyzing and minimizing PCR amplification bias in Illumina 
sequencing libraries. Genome Biology, 12(2), R18. 

11. Aisen, P., Enns, C., & Wessling-Resnick, M. (2001). Chemistry and biology of eukaryotic iron 
metabolism. The International Journal of Biochemistry & Cell Biology, 33, 940–959.  

12. Akira, S., Uematsu, S., & Takeuchi, O. (2006). Pathogen recognition and innate immunity. Cell, 
124(4), 783–801. 

13. Alexeev, E. E., He, X., Slupsky, C. M., & Lonnerdal, B. (2017). Effects of iron supplementation 
on growth, gut microbiota, metabolomics and cognitive development of rat pups. PLoS ONE, 
12(6), e0179713. 

14. Almoudi, M. M., Hussein, A. S., Abu Hassan, M. I., & Mohamad Zain, N. (2018). A systematic 
review on antibacterial activity of zinc against Streptococcus mutans. Saudi Dental Journal, 
30(4), 283–291. 

15. Ammendola, S., Pasquali, P., Pistoia, C., Petrucci, P., Petrarca, P., Rotilio, G., & Battistoni, A. 
(2007). High-affinity Zn2+ uptake system ZnuABC is required for bacterial zinc homeostasis in 
intracellular environments and contributes to the virulence of Salmonella enterica. Infection 
and Immunity, 75(12), 5867–5876. 



305 
 

16. Anderson, C. P., Shen, M., Eisenstein, R. S., & Leibold, E. A. (2012). Mammalian iron 
metabolism and its control by iron regulatory proteins. Biochimica et Biophysica Acta - 
Molecular Cell Research, 1823(9), 1468–1483. 

17. Anderson, G. J., Frazer, D. M., McKie, A. T., & Vulpe, C. D. (2002). The ceruloplasmin homolog 
hephaestin and the control of intestinal iron absorption. Blood Cells, Molecules & Diseases, 
29(3), 367–375. 

18. Andreini, C., Bertini, I., Cavallaro, G., Holliday, G. L., & Thornton, J. M. (2008). Metal ions in 
biological catalysis: From enzyme databases to general principles. Journal of Biological 
Inorganic Chemistry, 13(8), 1205–1218. 

19. Andreini, C., Bertini, I., & Rosato, A. (2009). Metalloproteomes: A bioinformatic approach. 
Accounts of Chemical Research, 42(10), 1471–1479. 

20. Andrews, G. K. (2008). Regulation and function of Zip4, the acrodermatitis enteropathica 
gene. Biochemical Society Transactions, 36(6), 1242–1246. 

21. Andrews, S. C. (2010). The Ferritin-like superfamily: Evolution of the biological iron storeman 
from a rubrerythrin-like ancestor. Biochimica et Biophysica Acta - General Subjects, 1800(8), 
691–705. 

22. Andrews, S. C., Robinson, A. K., & Rodríguez-Quiñones, F. (2003). Bacterial iron homeostasis. 
FEMS Microbiology Reviews, 27(2-3), 215–237.  

23. Angel, R., Tamim, N. M., Applegate, T. J., Dhandu, A. S., & Ellestad, L. E. (2002). Phytic Acid 
Chemistry: Influence on Phytin-Phosphorus Availability and Phytase Efficacy. Journal of 
Applied Poultry Research, 11, 471–480.  

24. Anton, A., Große, C., Reißmann, J., Pribyl, T., & Nies, D. H. (1999). CzcD Is a Heavy Metal Ion 
Transporter Involved in Regulation of Heavy Metal Resistance in Ralstonia sp. Strain CH34 
Journal of Bacteriology, 181(22), 6876–6881.  

25. Araki, A., Kanai, T., Ishikura, T., Makita, S., Uraushihara, K., Iiyama, R., Totsuka, T., Takeda, K., 
Akira, S., & Watanabe, M. (2005). MyD88-deficient mice develop severe intestinal 
inflammation in dextran sodium sulfate colitis. Journal of Gastroenterology, 40(1), 16–23. 

26. Archana, Sehgal, S., & Kawatra, A. (1998). Reduction of polyphenol and phytic acid content of 
pearl millet grains by malting and blanching. Plant Foods for Human Nutrition, 53(2), 93–98. 

27. Archibald, F. (1983). Lactobacillus plantarum, an organism not requiring iron. FEMS 
Microbiology Letters, 19(1), 29–32. 

28. Arora, T., Sharma, R., & Frost, G. (2011). Propionate. Anti-obesity and satiety enhancing 
factor? Appetite, 56(2), 511–515. 

29. Arosio, P., Ingrassia, R., & Cavadini, P. (2009). Ferritins: A family of molecules for iron storage, 
antioxidation and more. Biochimica et Biophysica Acta - General Subjects, 1790(7), 589–599. 

30. Arumugam, M., Raes, J., Pelletier, E., Paslier, D. le, Yamada, T., Mende, D. R., Fernandes, G. R., 
Tap, J., Bruls, T., Batto, J. M., Bertalan, M., Borruel, N., Casellas, F., Fernandez, L., Gautier, L., 
Hansen, T., Hattori, M., Hayashi, T., Kleerebezem, M., … Zeller, G. (2011). Enterotypes of the 
human gut microbiome. Nature, 473(7346), 174–180. 

31. Atmaca, S., Gül, K., & Çiç̇ek, R. (1998). The Effect of Zinc on Microbial Growth. Medical 
Sciences, 28, 595–597. 

32. Augspurger, N. R., & Baker, D. H. (2004). High dietary phytase levels maximize phytate-
phosphorus utilization but do not affect protein utilization in chicks fed phosphorus or amino 
acid-deficient diets. Journal of Animal Science, 82(4), 1100–1107. 



306 
 

33. Augspurger, N. R., Webel, D. M., Lei, X. G., & Baker, D. H. (2003). Efficacy of an E. coli phytase 
expressed in yeast for releasing phytate-bound phosphorus in young chicks and pigs. Journal 
of Animal Science, 81, 474–483.  

34. August, D., Janghorbani, M., & Young, V. R. (1989). Determination of zinc and copper 
absorption at three dietary Zn-Cu ratios by using stable isotope methods in young adult and 
elderly subjects. American Journal of Clinical Nutrition, 50(6), 1457–1463.  

35. Avnit, T., Bieber, A., Steinmetz, T., Leibovici, L., & Gafter-Gvili, A. (2013). Treatment of anemia 
in inflammatory bowel disease-systematic review and meta-analysis. PLoS ONE, 8(12), 
e75540. 

36. Baba, T., Ara, T., Hasegawa, M., Takai, Y., Okumura, Y., Baba, M., Datsenko, K. A., Tomita, M., 
Wanner, B. L., & Mori, H. (2006). Construction of Escherichia coli K-12 in-frame, single-gene 
knockout mutants: The Keio collection. Molecular Systems Biology, 2, 2006.0008. 

37. Bacher, A., Eberhardt, S., Fischer, M., Kis, K., & Richter, G. (2000). Biosynthesis of vitamin b2 
(riboflavin). Annual Review of Nutrition, 20, 153–167.  

38. Bäckhed, F., Ding, H., Wang, T., Hooper, L. v, Young Koh, G., Nagy, A., Semenkovich, C. F., & 
Gordon, J. I. (2004). The gut microbiota as an environmental factor that regulates fat storage. 
PNAS, 101(44), 15718–15723.  

39. Bäckhed, F., Ley, R. E., Sonnenburg, J. L., Peterson, D. A., & Gordon, J. I. (2005). Host-Bacterial 
Mutualism in the Human Intestine. Science, 307(5717), 1915–1920.  

40. Bäckhed, F., Manchester, J. K., Semenkovich, C. F., & Gordon, J. I. (2007). Mechanisms 
underlying the resistance to diet-induced obesity in germ-free mice. PNAS, 104(3), 979–984.  

41. Badau, M. H., Nkama, I., & Jideani, I. A. (2005). Phytic acid content and hydrochloric acid 
extractability of minerals in pearl millet as affected by germination time and cultivar. Food 
Chemistry, 92(3), 425–435. 

42. Bahrami, B., Child, M. W., Macfarlane, S., & Macfarlane, G. T. (2011). Adherence and cytokine 
induction in Caco-2 cells by bacterial populations from a three-stage continuous-culture 
model of the large intestine. Applied and Environmental Microbiology, 77(9), 2934–2942. 

43. Bailey, R. L., Gahche, J. J., Miller, P. E., Thomas, P. R., & Dwyer, J. T. (2013). Why US adults use 
dietary supplements. JAMA Internal Medicine, 173(5), 355–361. 

44. Balamurugan, R., Rajendiran, E., George, S., Samuel, G. V., & Ramakrishna, B. S. (2008). Real-
time polymerase chain reaction quantification of specific butyrate-producing bacteria, 
Desulfovibrio and Enterococcus faecalis in the feces of patients with colorectal cancer. Journal 
of Gastroenterology and Hepatology , 23, 1298–1303. 

45. Balmer, S. E., Scott, P. H., & Wharton, B. A. (1989a). Diet and faecal flora in the newborn: 
casein and whey proteins. Archives of Disease in Childhood, 64, 1678–1684.  

46. Balmer, S. E., Scott, P. H., & Wharton, B. A. (1989b). Diet and faecal flora in the newborn: 
lactoferrin. Archives of Disease in Childhood, 64, 1685–1690. 

47. Balmer, S. E., & Wharton, B. A. (1989). Diet and faecal flora in the newborn: breast milk and 
infant formula. Archives of Disease in Childhood, 64, 1672–1677.  

48. Balmer, S. E., & Wharton, B. A. (1991). Diet and faecal flora in the newborn: iron. Archives of 
Disease in Childhood, 66, 1390–1394. 

49. Barroso, E., Sánchez-Patán, F., Martín-Alvarez, P. J., Bartolomé, B., Moreno-Arribas, M. V., 
Peláez, C., Requena, T., van de Wiele, T., & Martínez-Cuesta, M. C. (2013). Lactobacillus 



307 
 

plantarum IFPL935 favors the initial metabolism of red wine polyphenols when added to a 
colonic microbiota. Journal of Agricultural and Food Chemistry, 61(42), 10163–10172. 

50. Bartnik, M., & Szafrańska, I. (1987). Changes in phytate content and phytase activity during 
the germination of some cereals. Journal of Cereal Science, 5(1), 23–28. 

51. Beard, J. L. (2001). Iron biology in immune function, muscle metabolism and neuronal 
functioning. Journal of Nutrition, 131(2S-2), 568S-579S.  

52. Beard, S. J., Hashim, R., Membrillo-Herná, J., Hughes, M. N., & Poole, R. K. (1997). Zinc(II) 
tolerance in Escherichia coli K-12: evidence that the zntA gene (o732) encodes a cation 
transport ATPase. Molecular Microbiology, 25(5), 883–891. 

53. Beards, E., Tuohy, K., & Gibson, G. (2010). Bacterial, SCFA and gas profiles of a range of food 
ingredients following in vitro fermentation by human colonic microbiota. Anaerobe, 16(4), 
420–425. 

54. Beddek, A. J., & Schryvers, A. B. (2010). The lactoferrin receptor complex in gram negative 
bacteria. BioMetals, 23(3), 377–386. 

55. Bednorz, C., Oelgeschläger, K., Kinnemann, B., Hartmann, S., Neumann, K., Pieper, R., Bethe, 
A., Semmler, T., Tedin, K., Schierack, P., Wieler, L. H., & Guenther, S. (2013). The broader 
context of antibiotic resistance: Zinc feed supplementation of piglets increases the proportion 
of multi-resistant Escherichia coli in vivo. International Journal of Medical Microbiology, 
303(6–7), 396–403. 

56. Belenguer, A., Duncan, S. H., Calder, A. G., Holtrop, G., Louis, P., Lobley, G. E., & Flint, H. J. 
(2006). Two routes of metabolic cross-feeding between Bifidobacterium adolescentis and 
butyrate-producing anaerobes from the human gut. Applied and Environmental Microbiology, 
72(5), 3593–3599. 

57. Bell, A., & Juge, N. (2021). Mucosal glycan degradation of the host by the gut microbiota. 
Glycobiology, 31(6), 691–696.  

58. Bellotti, D., Rowińska-Żyrek, M., & Remelli, M. (2020). Novel insights into the metal binding 
ability of ZinT periplasmic protein from: Escherichia coli and Salmonella enterica. Dalton 
Transactions, 49(27), 9393–9403. 

59. Benno, Y., Sawada, K., & Mptsuoka1, T. (1984). The Intestinal Microflora of Infants: 
Composition of Fecal Flora in Breast-Fed and Bottle-Fed Infants. Microbiology and 
Immunology, 28(9), 975–986. 

60. Berka, R. M., Rey, M. W., Brown, K. M., Byun, T., & Klotz, A. v. (1998). Molecular 
Characterization and Expression of a Phytase Gene from the Thermophilic Fungus 
Thermomyces lanuginosus. Applied and Environmental Microbiology, 64(11), 4423–4427. 

61. Bezirtzoglou, E. (1997). The Intestinal Microflora During the First Weeks of Life. Anaerobe, 
3(2–3), 173–177. 

62. Bezirtzoglou, E., Tsiotsias, A., & Welling, G. W. (2011). Microbiota profile in feces of breast- 
and formula-fed newborns by using fluorescence in situ hybridization (FISH). Anaerobe, 17(6), 
478–482. 

63. Biagi, E., Nylund, L., Candela, M., Ostan, R., Bucci, L., Pini, E., Nikkïla, J., Monti, D., Satokari, R., 
Franceschi, C., Brigidi, P., & de Vos, W. (2010). Through ageing, and beyond: Gut microbiota 
and inflammatory status in seniors and centenarians. PLoS ONE, 5(5), e10667. 

64. Biesalski, H. K. (2016). Nutrition meets the microbiome: micronutrients and the microbiota. 
Annals of the New York Academy of Sciences, 1372(1), 53–64. 



308 
 

65. Blencowe, D. K., & Morby, A. P. (2003). Zn(II) metabolism in prokaryotes. In FEMS 
Microbiology Reviews, 27(2-3), 291–311.  

66. Blindauer, C. A. (2015). Advances in the molecular understanding of biological zinc transport. 
Chemical Communications, 51(22), 4544–4563. 

67. Blumberg, J. B., Frei, B. B., Fulgoni, V. L., Weaver, C. M., & Zeisel, S. H. (2017). Impact of 
frequency of multi-vitamin/multi-mineral supplement intake on nutritional adequacy and 
nutrient deficiencies in U.S. adults. Nutrients, 9(8), 849. 

68. Boleij, A., Hechenbleikner, E. M., Goodwin, A. C., Badani, R., Stein, E. M., Lazarev, M. G., Ellis, 
B., Carroll, K. C., Albesiano, E., Wick, E. C., Platz, E. A., Pardoll, D. M., & Sears, C. L. (2015). The 
Bacteroides fragilis toxin gene is prevalent in the colon mucosa of colorectal cancer patients. 
Clinical Infectious Diseases, 60(2), 208–215. 

69. Bortoluzzi, C., Vieira, B. S., Lumpkins, B., Mathis, G. F., King, W. D., Graugnard, D., Dawson, K. 
A., & Applegate, T. J. (2019). Can dietary zinc diminish the impact of necrotic enteritis on 
growth performance of broiler chickens by modulating the intestinal immune-system and 
microbiota? Poultry Science, 98(8), 3181–3193. 

70. Boukhalfa, H., & Crumbliss, A. L. (2002). Chemical aspects of siderophore mediated iron 
transport. BioMetals, 15, 325–339. 

71. Bourke, C. D., Berkley, J. A., & Prendergast, A. J. (2016). Immune Dysfunction as a Cause and 
Consequence of Malnutrition. Trends in Immunology, 37(6), 386–398. 

72. Brandel, J., Humbert, N., Elhabiri, M., Schalk, I. J., Mislin, G. L. A., & Albrecht-Gary, A. M. 
(2012). Pyochelin, a siderophore of Pseudomonas aeruginosa: Physicochemical 
characterization of the iron(iii), copper(ii) and zinc(ii) complexes. Dalton Transactions, 41(9), 
2820–2834. 

73. Bratz, K., Gölz, G., Riedel, C., Janczyk, P., Nöckler, K., & Alter, T. (2013). Inhibitory effect of 
high-dosage zinc oxide dietary supplementation on Campylobacter coli excretion in weaned 
piglets. Journal of Applied Microbiology, 115(5), 1194–1202. 

74. Brock, J. H. (1980). Lactoferrin in human milk: its role in iron absorption and protection 
against enteric infection in the newborn infant. Archives of Disease in Childhood, 55(6), 417–
421.  

75. Broom, L. J., Monteiro, A., & Piñon, A. (2021). Recent advances in understanding the influence 
of zinc, copper, and manganese on the gastrointestinal environment of pigs and poultry. 
Animals, 11(5). 

76. Brown, K. H., Wuehler, S. E., & Peerson, J. M. (2001). The importance of zinc in human 
nutrition and estimation of the global prevalence of zinc deficiency. Food and Nutrition 
Bulletin, 22(2).  

77. Brück, W. M., Graverholt, G., & Gibson, G. R. (2006). Use of batch culture and a two-stage 
continuous culture system to study the effect of supplemental alpha-lactalbumin and 
glycomacropeptide on mixed populations of human gut bacteria. FEMS Microbiology Ecology, 
41(3), 231–237. 

78. Brune, M., & Rossander, L. (1989). Iron absorption in man: ascorbic acid and dose-dependent 
inhibition by phytate. American Journal of Clinical Nutrition, 49(1), 140–144.  

79. Bullen, C. L., Tearle, P. v, & Willis, A. T. (1976). Bifidobacteria in the intestinal tract of infants: 
an in-vivo study. Journal of Medical Microbiology, 9(3), 325–333. 

80. Bullen, J. J., Leigh, L. C., & Rogers, H. J. (1968). The Effect of Iron Compounds on the Virulence 
of Escherichia coli for guinea-pigs. Immunology, 581. 



309 
 

81. Burgess, C. M., Smid, E. J., & van Sinderen, D. (2009). Bacterial vitamin B2, B11 and B12 
overproduction: An overview. International Journal of Food Microbiology, 133(1-2), 1–7. 

82. Calmettes, C., Ing, C., Buckwalter, C. M., el Bakkouri, M., Chieh-Lin Lai, C., Pogoutse, A., Gray-
Owen, S. D., Pomès, R., & Moraes, T. F. (2015). The molecular mechanism of Zinc acquisition 
by the neisserial outer-membrane transporter ZnuD. Nature Communications, 6. 

83. Canani, R. B., Costanzo, M. di, Leone, L., Pedata, M., Meli, R., & Calignano, A. (2011). Potential 
beneficial effects of butyrate in intestinal and extraintestinal diseases. World Journal of 
Gastroenterology, 17(12), 1519–1528. 

84. Cangussu, A. S. R., Aires Almeida, D., Aguiar, R. W. D. S., Bordignon-Junior, S. E., Viana, K. F., 
Barbosa, L. C. B., Cangussu, E. W. D. S., Brandi, I. V., Portella, A. C. F., Santos, G. R. dos, 
Sobrinho, E. M., & Lima, W. J. N. (2018). Characterization of the Catalytic Structure of Plant 
Phytase, Protein Tyrosine Phosphatase-Like Phytase, and Histidine Acid Phytases and Their 
Biotechnological Applications. Enzyme Research, 2018(3), 1–12. 

85. Cani, P. D., Bibiloni, R., Knauf, C., Waget, A., Neyrinck, A. M., Delzenne, N. M., & Burcelin, R. 
(2008). Changes in gut microbiota control metabolic endotoxemia-induced inflammation in 
high-fat diet-induced obesity and diabetes in mice. Diabetes, 57(6), 1470–1481. 

86. Cao, C., & O’Brien, K. O. (2013). Pregnancy and iron homeostasis: An update. Nutrition 
Reviews, 71(1), 35–51. 

87. Capdevila, D. A., Wang, J., & Giedroc, D. P. (2016). Bacterial strategies to maintain zinc 
metallostasis at the host-pathogen interface. Journal of Biological Chemistry, 291(40),20858–
20868. 

88. Carlson, J. L., Erickson, J. M., Hess, J. M., Gould, T. J., & Slavin, J. L. (2017). Prebiotic dietary 
fiber and gut health: Comparing the in vitro fermentations of beta-glucan, inulin and 
xylooligosaccharide. Nutrients, 9(12). 

89. Carrier, J., Aghdassi, E., Platt, I., Cullen, J., & Allard, J. P. (2001). Effect of oral iron 
supplementation on oxidative stress and colonic inflammation in rats with induced colitis. 
Alimentary Pharmacology and Therapeutics, 15(12), 1989–1999. 

90. Carrondo, M. A. (2003). Ferritins, iron uptake and storage from the bacterioferritin viewpoint. 
EMBO J, 22(9), 1959–1968. 

91. Cartron, M. L., Maddocks, S., Gillingham, P., Craven, C. J., & Andrews, S. C. (2006). Feo - 
Transport of ferrous iron into bacteria. BioMetals, 19(2), 143–157. 

92. Cassat, J. E., & Skaar, E. P. (2013). Iron in infection and immunity. Cell Host and Microbe, 
13(5), 509–519. 

93. Cavallaro, G., Decaria, L., & Rosato, A. (2008). Genome-based analysis of heme biosynthesis 
and uptake in prokaryotic systems. Journal of Proteome Research, 7(11), 4946–4954. 

94. Cerasi, M., Ammendola, S., & Battistoni, A. (2013). Competition for zinc binding in the host-
pathogen interaction. Frontiers in Cellular and Infection Microbiology, 3, 108. 

95. Cerasi, M., Liu, J. Z., Ammendola, S., Poe, A. J., Petrarca, P., Pesciaroli, M., Pasquali, P., 
Raffatellu, M., & Battistoni, A. (2014). The ZupT transporter plays an important role in zinc 
homeostasis and contributes to Salmonella enterica virulence. Metallomics, 6(4), 845–853. 

96. Cha, K. H., Lee, E. H., Yoon, H. S., Lee, J. H., Kim, J. Y., Kang, K., Park, J. S., Jin, J. B., Ko, G. P., & 
Pan, C. H. (2018). Effects of fermented milk treatment on microbial population and 
metabolomic outcomes in a three-stage semi-continuous culture system. Food Chemistry, 
263, 216–224. 



310 
 

97. Chandrangsu, P., Rensing, C., & Helmann, J. D. (2017). Metal homeostasis and resistance in 
bacteria. Nature Reviews Microbiology, 15(6), 338–350. 

98. Chang, Y. J., Pukall, R., Saunders, E., Lapidus, A., Copeland, A., Nolan, M., del Rio, T. G., Lucas, 
S., Chen, F., Tice, H., Cheng, J. F., Han, C., Detter, J. C., Bruce, D., Goodwin, L., Pitluck, S., 
Mikhailova, N., Liolios, K., Pati, A., … Klenk, H. P. (2010). Complete genome sequence of 
Acidaminococcus fermentans type strain (VR4T). Standards in Genomic Sciences, 3(1), 1–14. 

99. Chao, Y., & Fu, D. (2004). Kinetic Study of the Antiport Mechanism of an Escherichia coli Zinc 
Transporter, ZitB. Journal of Biological Chemistry, 279(13), 12043–12050. 

100. Chassard, C., Goumy, V., Leclerc, M., Del’homme, C., & Bernalier-Donadille, A. (2007). 
Characterization of the xylan-degrading microbial community from human faeces. FEMS 
Microbiology Ecology, 61(1), 121–131. 

101. Chen, W. M., Tseng, Z. J., Lee, K. S., & Chang, J. S. (2005). Fermentative hydrogen production 
with Clostridium butyricum CGS5 isolated from anaerobic sewage sludge. International 
Journal of Hydrogen Energy, 30(10), 1063–1070. 

102. Cheng, K.-J., & Costerton, J. W. (1973). Localization of Alkaline Phosphatase in Three Gram-
Negative Rumen Bacteria. Journal of Bacteriology, 116(1), 424–440.  

103. Cherukuri, S., Potla, R., Sarkar, J., Nurko, S., Harris, Z. L., & Fox, P. L. (2005). Unexpected role 
of ceruloplasmin in intestinal iron absorption. Cell Metabolism, 2(5), 309–319. 

104. Chiancone, E., Ceci, P., Ilari, A., Ribacchi, F., & Stefanini, S. (2004). Iron and proteins for iron 
storage and detoxification. BioMetals, 17, 197–202. 

105. Choby, J. E., & Skaar, E. P. (2016). Heme Synthesis and Acquisition in Bacterial Pathogens. 
Journal of Molecular Biology, 428(17), 3408–3428. 

106. Choi, S. H., Lee, K. L., Shin, J. H., Cho, Y. B., Cha, S. S., & Roe, J. H. (2017). Zinc-dependent 
regulation of zinc import and export genes by zur. Nature Communications, 8(1), 1–11. 

107. Chow, J., Lee, S. M., Shen, Y., Khosravi, A., & Mazmanian, S. K. (2010). Host–Bacterial 
Symbiosis in Health and Disease. Advances in Immunology: Mucosal Immunity, 107, 243–274. 

108. Ciesinski, L., Guenther, S., Pieper, R., Kalisch, M., Bednorz, C., & Wieler, L. H. (2018). High 
dietary zinc feeding promotes persistence of multi-resistant E. coli in the swine gut. PLoS ONE, 
13(1), e0191660. 

109. Claesson, M. J., Cusack, S., O’Sullivan, O., Greene-Diniz, R., de Weerd, H., Flannery, E., 
Marchesi, J. R., Falush, D., Dinan, T., Fitzgerald, G., Stanton, C., van Sinderen, D., O’Connor, 
M., Harnedy, N., O’Connor, K., Henry, C., O’Mahony, D., Fitzgerald, A. P., Shanahan, F., … 
O’Toole, P. W. (2011). Composition, variability, and temporal stability of the intestinal 
microbiota of the elderly. PNAS, 108(SUPPL. 1), 4586–4591. 

110. Clark, S. F. (2008). Iron deficiency anemia. Nutrition in Clinical Practice, 23(2), 128–141. 

111. Clemente, J. C., Ursell, L. K., Parfrey, L. W., & Knight, R. (2012). The impact of the gut 
microbiota on human health: An integrative view. Cell, 148(6), 1258–1270. 

112. Collado, M. C., Isolauri, E., Laitinen, K., & Salminen, S. (2008). Distinct composition of gut 
microbiota during pregnancy in overweight and normal-weight women. American Journal of 
Clinical Nutrition, 88(4), 894–899.  

113. Colvin, R. A., Holmes, W. R., Fontaine, C. P., & Maret, W. (2010). Cytosolic zinc buffering and 
muffling: Their role in intracellular zinc homeostasis. Metallomics, 2(5), 306–317. 

114. Conrad, M. E., & Umbreit, J. N. (2002). Pathways of iron absorption. Blood Cells, Molecules & 
Diseases, 29(3), 336–355. 



311 
 

115. Contreras, H., Chim, N., Credali, A., & Goulding, C. W. (2014). Heme uptake in bacterial 
pathogens. Current Opinion in Chemical Biology, 19(1), 34–41. 

116. Cope, L. D., Thomas, S. E., Hrkal, Z., & Hansen, E. J. (1998). Binding of Heme-Hemopexin 
Complexes by Soluble HxuA Protein Allows Utilization of This Complexed Heme by 
Haemophilus influenzae. Infection and Immunity, 66(9), 4511–4516. 

117. Coppen, D. E., & Daviest, N. T. (1987). Studies on the effects of dietary zinc dose on 65Zn 
absorption in vivo and on the effects of Zn status on 65Zn absorption and body loss in young 
rats. British Journal of Nulrition, 57(1), 35–44. 

118. Corbett, D., Wang, J., Schuler, S., Gloria, L. C., Glenn, S., Brough, D., Andrew, P. W., Cavet, J. 
S., & Roberts, I. S. (2012). Two zinc uptake systems contribute to the full virulence of Listeria 
monocytogenes during growth in vitro and in vivo. Infection and Immunity, 80(1), 14–21. 

119. Costabile, A., Santarelli, S., Claus, S. P., Sanderson, J., Hudspith, B. N., Brostoff, J., Ward, J. L., 
Lovegrove, A., Shewry, P. R., Jones, H. E., Whitley, A. M., & Gibson, G. R. (2014). Effect of 
breadmaking process on in vitro gut microbiota parameters in irritable bowel syndrome. PLoS 
ONE, 9(10), e111225. 

120. Costea, P. I., Zeller, G., Sunagawa, S., Pelletier, E., Alberti, A., Levenez, F., Tramontano, M., 
Driessen, M., Hercog, R., Jung, F. E., Kultima, J. R., Hayward, M. R., Coelho, L. P., Allen-Vercoe, 
E., Bertrand, L., Blaut, M., Brown, J. R. M., Carton, T., Cools-Portier, S., … Bork, P. (2017). 
Towards standards for human fecal sample processing in metagenomic studies. Nature 
Biotechnology, 35(11), 1069–1076. 

121. Cottrill, M. A., Golovan, S. P., Phillips, J. P., & Forsberg, C. W. (2002a). Inositol phosphatase 
activity of the Escherichia coli agp-encoded acid glucose-1-phosphatase. Canadian Journal of 
Microbiology, 48(9), 801–809. 

122. Cousins, R. J. (2010). Gastrointestinal factors influencing zinc absorption and homeostasis. 
International Journal for Vitamin and Nutrition Research, 80(4–5), 243–248. 

123. Cousins, R. J., Liuzzi, J. P., & Lichten, L. A. (2006). Mammalian zinc transport, trafficking, and 
signals. Journal of Biological Chemistry, 281(34), 24085–24089. 

124. Cragg, R. A., Christie, G. R., Phillips, S. R., Russi, R. M., Küry, S., Mathers, J. C., Taylor, P. M., & 
Ford, D. (2002). A novel zinc-regulated human zinc transporter, hZTL1, is localized to the 
enterocyte apical membrane. Journal of Biological Chemistry, 277(25), 22789–22797. 

125. Cragg, R. A., Phillips, S. R., Piper, J. M., Varma, J. S., Campbell, F. C., Mathers, J. C., & Ford, D. 
(2005). Homeostatic regulation of zinc transporters in the human small intestine by dietary 
zinc supplementation. Gut, 54(4), 469–478. 

126. Crichton, R. R., Wilmet, S., Legssyer, R., & Ward, R. J. (2002). Molecular and cellular 
mechanisms of iron homeostasis and toxicity in mammalian cells. Journal of Inorganic 
Biochemistry, 91(1), 9–18.  

127. Crisol-Martínez, E., Stanley, D., Geier, M. S., Hughes, R. J., & Moore, R. J. (2017). 
Understanding the mechanisms of zinc bacitracin and avilamycin on animal production: 
linking gut microbiota and growth performance in chickens. Applied Microbiology and 
Biotechnology, 101(11), 4547–4559. 

128. Crittenden, R., Karppinen, S., Ojanen, S., Tenkanen, M., Fagerstrm, R., Mtt, J., Saarela, M., 
Mattila-Sandholm, T., & Poutanen, K. (2002). In vitro fermentation of cereal dietary fibre 
carbohydrates by probiotic and intestinal bacteria. Journal of the Science of Food and 
Agriculture, 82(8), 781–789. 



312 
 

129. Crost, E. H., le Gall, G., Laverde-Gomez, J. A., Mukhopadhya, I., Flint, H. J., & Juge, N. (2018). 
Mechanistic insights into the cross-feeding of Ruminococcus gnavus and Ruminococcus bromii 
on host and dietary carbohydrates. Frontiers in Microbiology, 9. 

130. Crost, E. H., Tailford, L. E., le Gall, G., Fons, M., Henrissat, B., & Juge, N. (2013). Utilisation of 
Mucin Glycans by the Human Gut Symbiont Ruminococcus gnavus Is Strain-Dependent. PLoS 
ONE, 8(10), e76341. 

131. Cuevas-Tena, M., Gómez del Pulgar, E. M., Benítez-Páez, A., Sanz, Y., Alegría, A., & Lagarda, 
M. J. (2018). Plant sterols and human gut microbiota relationship: An in vitro colonic 
fermentation study. Journal of Functional Foods, 44, 322–329. 

132. Cummings, J. E., & Kovacic, J. P. (2009). The ubiquitous role of zinc in health and disease: 
State-of-the-Art Review. Journal of Veterinary Emergency and Critical Care, 19(3), 215–240. 

133. Cuskin, F., Lowe, E. C., Temple, M. J., Zhu, Y., Cameron, E. A., Pudlo, N. A., Porter, N. T., Urs, 
K., Thompson, A. J., Cartmell, A., Rogowski, A., Hamilton, B. S., Chen, R., Tolbert, T. J., Piens, 
K., Bracke, D., Vervecken, W., Hakki, Z., Speciale, G., … Gilbert, H. J. (2015). Human gut 
Bacteroidetes can utilize yeast mannan through a selfish mechanism. Nature, 517(7533), 165–
169. 

134. Dailey, H. A., Dailey, T. A., Gerdes, S., Jahn, D., Jahn, M., O’Brian, M. R., & Warren, M. J. 
(2017). Prokaryotic Heme Biosynthesis: Multiple Pathways to a Common Essential Product. 
Microbiology and Molecular Biology Reviews, 81(1), e00048-16. 

135. Dalland, E., & Hofstad, T. (1974). Growth of Bacteroides fragilis in Continuous Culture and in 
Batch Cultures at Controlled pH. Applied and Environmental Microbiology, 28(5), 856–860. 

136. Dardenne, M. (2002). Zinc and immune function. European Journal of Clinical Nutrition, 
56(3), 20–23. 

137. Das, N. K., Schwartz, A. J., Barthel, G., Inohara, N., Liu, Q., Sankar, A., Hill, D. R., Ma, X., 
Lamberg, O., Schnizlein, M. K., Arqués, J. L., Spence, J. R., Nunez, G., Patterson, A. D., Sun, D., 
Young, V. B., & Shah, Y. M. (2020). Microbial Metabolite Signalling Is Required for Systemic 
Iron Homeostasis. Cell Metabolism, 31(1), 115-130.e6. 

138. Dassa, E., & Louis Boquet, P. (1985). Identification of the gene appA for the acid phosphatase 
(pH optimum 2.5) of Escherichia coli MGG. Mol Gen Genet, 200(1), 68–73. 

139. Dassa, J., Marck, C., & Boquet, P. L. (1990). The Complete Nucleotide Sequence of the 
Escherichia coli Gene appA Reveals Significant Homology between pH 2.5 Acid Phosphatase 
and Glucose-1-Phosphatase. Journal of Bacteriology, 172(9), 5497–5500.  

140. David, L. A., Maurice, C. F., Carmody, R. N., Gootenberg, D. B., Button, J. E., Wolfe, B. E., Ling, 
A. v., Devlin, A. S., Varma, Y., Fischbach, M. A., Biddinger, S. B., Dutton, R. J., & Turnbaugh, P. 
J. (2014). Diet rapidly and reproducibly alters the human gut microbiome. Nature, 505(7484), 
559–563. 

141. Davis, L. M. G., Martínez, I., Walter, J., & Hutkins, R. (2010). A dose dependent impact of 
prebiotic galactooligosaccharides on the intestinal microbiota of healthy adults. International 
Journal of Food Microbiology, 144(2), 285–292. 

142. de Angelis, M., Gallo, G., Corbo, M. R., McSweeney, P. L. H., Faccia, M., Giovine, M., & 
Gobbetti, M. (2003). Phytase activity in sourdough lactic acid bacteria: Purification and 
characterization of a phytase from Lactobacillus sanfranciscensis CB1. International Journal of 
Food Microbiology, 87(3), 259–270. 

143. de Filippis, F., Pasolli, E., Tett, A., Tarallo, S., Naccarati, A., de Angelis, M., Neviani, E., Cocolin, 
L., Gobbetti, M., Segata, N., & Ercolini, D. (2019). Distinct Genetic and Functional Traits of 



313 
 

Human Intestinal Prevotella copri Strains Are Associated with Different Habitual Diets. Cell 
Host and Microbe, 25(3), 444-453.e3. 

144. de Filippo, C., Cavalieri, D., di Paola, M., Ramazzotti, M., Poullet, J. B., Massart, S., Collini, S., 
Pieraccini, G., & Lionetti, P. (2010). Impact of diet in shaping gut microbiota revealed by a 
comparative study in children from Europe and rural Africa. PNAS, 107(33), 14691–14696. 

145. de Jager, P. L., Franchimont, D., Waliszewska, A., Bitton, A., Cohen, A., Langelier, D., 
Belaiche, J., Vermeire, S., Farwell, L., Goris, A., Libioulle, C., Jani, N., Dassopoulos, T., 
Bromfield, G. P., Dubois, B., Cho, J. H., Brant, S. R., Duerr, R. H., Yang, H., … Rioux, J. D. (2007). 
The role of the Toll receptor pathway in susceptibility to inflammatory bowel diseases. Genes 
and Immunity, 8(5), 387–397. 

146. de Mesquita, A. R. C., Costa, C. R. R., Frutuoso, J., Pinheiro, I. O., Adelisa, A. F., Eulalia, A. X., 
& Mota, A. (2017). Activity of metabolites produced by new strains of Lactobacillus in 
modified de Man, Rogosa and Sharpe (MRS) medium against multidrug-resistant bacteria. 
African Journal of Microbiology Research, 11(8), 345–355. 

147. de Wit, N., Derrien, M., Bosch-Vermeulen, H., Oosterink, E., Keshtkar, S., Duval, C., de Vogel-
Van Den Bosch, J., Kleerebezem, M., Müller, M., & van der Meer, R. (2012). Saturated fat 
stimulates obesity and hepatic steatosis and affects gut microbiota composition by an 
enhanced overflow of dietary fat to the distal intestine. American Journal of Physiology-
Gastrointestinal and Liver, 303, 589–599. 

148. Defois, C., Ratel, J., Garrait, G., Denis, S., le Goff, O., Talvas, J., Mosoni, P., Engel, E., & Peyret, 
P. (2018). Food Chemicals Disrupt Human Gut Microbiota Activity and Impact Intestinal 
Homeostasis As Revealed By In Vitro Systems. Scientific Reports, 8(1). 

149. Deguchi, Y., Morishita, T., & Mutai, M. (1985). Comparative studies on synthesis of water-
soluble vitamins among human species of bifidobacteria. Agricultural and Biological 
Chemistry, 49(1), 13–19. 

150. den Besten, G., van Eunen, K., Groen, A. K., Venema, K., Reijngoud, D. J., & Bakker, B. M. 
(2013). The role of short-chain fatty acids in the interplay between diet, gut microbiota, and 
host energy metabolism. Journal of Lipid Research, 54(9), 2325–2340. 

151. Dersjant-Li, Y., Awati, A., Schulze, H., & Partridge, G. (2015). Phytase in non-ruminant animal 
nutrition: A critical review on phytase activities in the gastrointestinal tract and influencing 
factors. Journal of the Science of Food and Agriculture, 95(5), 878–896. 

152. Desai, M. S., Seekatz, A. M., Koropatkin, N. M., Kamada, N., Hickey, C. A., Wolter, M., Pudlo, 
N. A., Kitamoto, S., Terrapon, N., Muller, A., Young, V. B., Henrissat, B., Wilmes, P., 
Stappenbeck, T. S., Núñez, G., & Martens, E. C. (2016). A Dietary Fiber-Deprived Gut 
Microbiota Degrades the Colonic Mucus Barrier and Enhances Pathogen Susceptibility. Cell, 
167(5), 1339–1353. 

153. Deschemin, J. C., Noordine, M. L., Remot, A., Willemetz, A., Afif, C., Canonne-Hergaux, F., 
Langella, P., Karim, Z., Vaulont, S., Thomas, M., & Nicolas, G. (2016). The microbiota shifts the 
iron sensing of intestinal cells. FASEB Journal, 30(1), 252–261. 

154. Deshpande, J., Joshi, M., & Giri, P. (2013). Zinc: The trace element of major importance in 
human nutrition and health. International Journal of Medical Science and Public Health, 2(1), 
1. 

155. Dethlefsen, L., Eckburg, P. B., Bik, E. M., & Relman, D. A. (2006). Assembly of the human 
intestinal microbiota. Trends in Ecology and Evolution, 21(9), 517–523. 



314 
 

156. Dethlefsen, L., Huse, S., Sogin, M. L., & Relman, D. A. (2008). The pervasive effects of an 
antibiotic on the human gut microbiota, as revealed by deep 16s rRNA sequencing. PLoS 
Biology, 6(11), 2383–2400. 

157. Dicksved, J., Halfvarson, J., Rosenquist, M., Järnerot, G., Tysk, C., Apajalahti, J., Engstrand, L., 
& Jansson, J. K. (2008). Molecular analysis of the gut microbiota of identical twins with 
Crohn’s disease. ISME Journal, 2(7), 716–727. 

158. Ding, Y., Yan, Y., Peng, Y., Chen, D., Mi, J., Lu, L., Luo, Q., Li, X., Zeng, X., & Cao, Y. (2019). In 
vitro digestion under simulated saliva, gastric and small intestinal conditions and 
fermentation by human gut microbiota of polysaccharides from the fruits of Lycium 
barbarum. International Journal of Biological Macromolecules, 125, 751–760. 

159. Dominguez-Bello, M. G., Costello, E. K., Contreras, M., Magris, M., Hidalgo, G., Fierer, N., & 
Knight, R. (2010). Delivery mode shapes the acquisition and structure of the initial microbiota 
across multiple body habitats in newborns. PNAS, 107(26), 11971–11975. 

160. Donangelo, C. M., Woodhouse, L. R., Mertz, S. D., Viteri, F. E., & King, J. C. (2002). Human 
Nutrition and Metabolism Supplemental Zinc Lowers Measures of Iron Status in Young 
Women with Low Iron Reserves. Journal of Nutrition, 132(1), 1860–1864.  

161. Donovan, A., Lima, C. A., Pinkus, J. L., Pinkus, G. S., Zon, L. I., Robine, S., & Andrews, N. C. 
(2005). The iron exporter ferroportin/Slc40a1 is essential for iron homeostasis. Cell 
Metabolism, 1(3), 191–200. 

162. Dostal, A., Baumgartner, J., Riesen, N., Chassard, C., Smuts, C. M., Zimmermann, M. B., & 
Lacroix, C. (2014). Effects of iron supplementation on dominant bacterial groups in the gut, 
faecal SCFA and gut inflammation: A randomised, placebo-controlled intervention trial in 
South African children. British Journal of Nutrition, 112(4), 547–556. 

163. Dostal, A., Chassard, C., Hilty, F. M., Zimmermann, M. B., Jaeggi, T., Rossi, S., & Lacroix, C. 
(2012). Iron depletion and repletion with ferrous sulfate or electrolytic iron modifies the 
composition and metabolic activity of the gut microbiota in rats. Journal of Nutrition, 142(2), 
271–277. 

164. Dostal, A., Fehlbaum, S., Chassard, C., Zimmermann, M. B., & Lacroix, C. (2013). Low iron 
availability in continuous in vitro colonic fermentations induces strong dysbiosis of the child 
gut microbial consortium and a decrease in main metabolites. FEMS Microbiology Ecology, 
83(1), 161–175. 

165. Dostal, A., Lacroix, C., Pham, V. T., Zimmermann, M. B., Del’Homme, C., Bernalier-Donadille, 
A., & Chassard, C. (2014). Iron supplementation promotes gut microbiota metabolic activity 
but not colitis markers in human gut microbiota-associated rats. British Journal of Nutrition, 
111(12), 2135–2145. 

166. Downes, J., Vartoukian, S. R., Dewhirst, F. E., Izard, J., Chen, T., Yu, W. H., Sutcliffe, I. C., & 
Wade, W. G. (2009). Pyramidobacter piscolens gen. nov., sp. nov., a member of the phylum 
“Synergistetes” isolated from the human oral cavity. International Journal of Systematic and 
Evolutionary Microbiology, 59(5), 972–980. 

167. Druart, C., Alligier, M., Salazar, N., Neyrinck, A. M., & Delzenne, N. M. (2014). Modulation of 
the gut microbiota by nutrients with prebiotic and probiotic properties. Advances in Nutrition, 
5(5), 624S-633S. 

168. Dufner-Beattie, J., Wang, F., Kuo, Y. M., Gitschier, J., Eide, D., & Andrews, G. K. (2003). The 
acrodermatitis enteropathica gene ZIP4 encodes a tissue-specific, zinc-regulated zinc 
transporter in mice. Journal of Biological Chemistry, 278(35), 33474–33481. 



315 
 

169. Duncan, S. H., Belenguer, A., Holtrop, G., Johnstone, A. M., Flint, H. J., & Lobley, G. E. (2007). 
Reduced dietary intake of carbohydrates by obese subjects results in decreased 
concentrations of butyrate and butyrate-producing bacteria in feces. Applied and 
Environmental Microbiology, 73(4), 1073–1078. 

170. Duncan, S. H., Louis, P., Thomson, J. M., & Flint, H. J. (2009). The role of pH in determining 
the species composition of the human colonic microbiota. Environmental Microbiology, 11(8), 
2112–2122. 

171. Dunn, L. L., Rahmanto, Y. S., & Richardson, D. R. (2007). Iron uptake and metabolism in the 
new millennium. Trends in Cell Biology, 17(2), 93–100. 

172. Dvorak, H. F., Brockman, R. W., & Heppel, L. A. (1967). Purification and properties of two 
acid phosphatase fractions isolated from osmotic shock fluid of Escherichia coli. Biochemistry, 
6(6), 1743–1751. 

173. Eaton, J. W., & Qian, M. (2002). Molecular bases of cellular iron toxicity. Free Radical Biology 
& Medicine, 32(9), 833–840. 

174. Eckburg, P. B., Bik, E. M., Bernstein, C. N., Purdom, E., Dethlefsen, L., Sargent, M., Gill, S. R., 
Nelson, K. E., & Relman, D. A. (2005). Diversity of the Human Intestinal Microbial Flora. 
Science, 308(5728), 1635–1638.  

175. Egli, I., Davidsson, L., Juillerat, M. A., Barclay, D., & Hurrell, R. F. (2006). The Influence of 
Soaking and Germination on the Phytase Activity and Phytic Acid Content of Grains and Seeds 
Potentially Useful for Complementary Feeding. Journal of Food Science, 67(9), 3484–3488. 

176. Eide, D. J. (2006). Zinc transporters and the cellular trafficking of zinc. Biochimica et 
Biophysica Acta - Molecular Cell Research, 1763(7), 711–722. 

177. Ekins, A., Khan, A. G., Shouldice, S. R., & Schryvers, A. B. (2004). Lactoferrin receptors in 
Gram-negative bacteria: Insights into the iron acquisition process. BioMetals, 17(3), 235–243. 

178. Elena Pérez-Cobas, A., Gosalbes, M. J., Friedrichs, A., Knecht, H., Artacho, A., Eismann, K., 
Otto, W., Rojo, D., Bargiela, R., von Bergen, M., Neulinger, S. C., Däumer, C., Heinsen, F.-A., 
Latorre, A., Barbas, C., Seifert, J., Martins, V., Santos, D., Ott, S. J., … Moya, A. (2013). Gut 
microbiota disturbance during antibiotic therapy: a multi-omic approach. Gut, 62(11), 1591–
1601. 

179. Eley, A., Greenwood, D., & O’grady, F. (1985). Comparative growth of Bacteroides species in 
various anaerobic culture media. Journal of Medical Microbiology, 19(2), 195–201. 

180. Ellermann, M., & Arthur, J. C. (2017). Siderophore-mediated iron acquisition and modulation 
of host-bacterial interactions. Free Radical Biology and Medicine, 105, 68–78. 

181. Emerit, J., Beaumont, C., & Trivin, F. (2001). Iron metabolism, free radicals, and oxidative 
injury. Biomedicine & Pharmacotherapy, 55(6), 333–339. 

182. Endriss, F., & Braun, V. (2004). Loop deletions indicate regions important for FhuA transport 
and receptor functions in Escherichia coli. Journal of Bacteriology, 186(14), 4818–4823. 

183. Evans, D. F., Pye, G., Bramley, R., Clark, A. G., Dyson, J., & Hardcastle, J. D. (1988). 
Measurement of gastrointestinal pH profiles in normal ambulant human subjects. Gut, 29, 
1035–1041. 

184. Everard, A., & Cani, P. D. (2013). Diabetes, obesity and gut microbiota. Best Practice and 
Research: Clinical Gastroenterology, 27(1), 73–83. 

185. Fallani, M., Amarri, S., Uusijarvi, A., Adam, R., Khanna, S., Aguilera, M., Gil, A., Vieites, J. M., 
Norin, E., Young, D., Scott, J. A., Doré, J., & Edwards, C. A. (2011). Determinants of the human 



316 
 

infant intestinal microbiota after the introduction of first complementary foods in infant 
samples from five European centres. Microbiology, 157(5), 1385–1392. 

186. Fanaro, S., Chierici, R., Guerrini, P., Vigi, V., & Fanaro, S. (2003). Intestinal microflora in early 
infancy: composition and development. Acta Paediatrica Supplement, 91(441), 48–55. 

187. Felis, G., & Dellaglio, F. (2007). Taxonomy of Lactobacilli and Bifidobacteria. Current Issues in 
Intestinal Microbiology, 8(2), 44–61. 

188. Feng, Q., Liang, S., Jia, H., Stadlmayr, A., Tang, L., Lan, Z., Zhang, D., Xia, H., Xu, X., Jie, Z., Su, 
L., Li, X., Li, X., Li, J., Xiao, L., Huber-Schönauer, U., Niederseer, D., Xu, X., Al-Aama, J. Y., … 
Wang, J. (2015). Gut microbiome development along the colorectal adenoma-carcinoma 
sequence. Nature Communications, 6. 

189. Ferguson, A. D., Hofmann, E., Coulton, J. W., Diederichs, K., & Welte, W. (1998). 
Siderophore-mediated iron transport: crystal structure of FhuA with bound 
lipopolysaccharide. Science, 282(5397), 2215–2220.  

190. Fernandes, A., Preza, G. C., Phung, Y., de Domenico, I., Kaplan, J., Ganz, T., & Nemeth, E. 
(2009). The molecular basis of hepcidin-resistant hereditary hemochromatosis. Blood, 114(2), 
437–443. 

191. Ferreira-Halder, C. V., Faria, A. V. de S., & Andrade, S. S. (2017). Action and function of 
Faecalibacterium prausnitzii in health and disease. Best Practice and Research: Clinical 
Gastroenterology, 31(6), 643–648. 

192. Fischer Walker, C. L., Ezzati, M., & Black, R. E. (2009). Global and regional child mortality and 
burden of disease attributable to zinc deficiency. European Journal of Clinical Nutrition, 63(5), 
591–597. 

193. Flach, J., van der Waal, M. B., Kardinaal, A. F. M., Schloesser, J., Ruijschop, R. M. A. J., & 
Claassen, E. (2018). Probiotic research priorities for the healthy adult population: A review on 
the health benefits of Lactobacillus rhamnosus GG and Bifidobacterium animalis subspecies 
lactis BB-12. Cogent Food and Agriculture, 4, 1452839. 

194. Flint, H. J., Scott, K. P., Duncan, S. H., Louis, P., & Forano, E. (2012). Microbial degradation of 
complex carbohydrates in the gut. Gut Microbes, 3(4). 

195. Flores, G., Ruiz del Castillo, M. L., Costabile, A., Klee, A., Bigetti Guergoletto, K., & Gibson, G. 
R. (2015). In vitro fermentation of anthocyanins encapsulated with cyclodextrins: Release, 
metabolism and influence on gut microbiota growth. Journal of Functional Foods, 16, 50–57. 

196. Foligné, B., George, F., Standaert, A., Garat, A., Poiret, S., Peucelle, V., Ferreira, S., Sobry, H., 
Muharram, G., Lucau-Danila, A., & Daniel, C. (2020). High-dose dietary supplementation with 
zinc prevents gut inflammation: Investigation of the role of metallothioneins and beyond by 
transcriptomic and metagenomic studies. FASEB Journal, 34(9), 12615–12633. 

197. Ford, D. (2004). Intestinal and placental zinc transport pathways. Proceedings of the 
Nutrition Society, 63(1), 21–29. 

198. Fraher, M. H., O’Toole, P. W., & Quigley, E. M. M. (2012). Techniques used to characterize 
the gut microbiota: A guide for the clinician. Nature Reviews Gastroenterology and 
Hepatology, 9(6), 312–322. 

199. Franchini, M., Montagnana, M., & Lippi, G. (2010). Hepcidin and iron metabolism: From 
laboratory to clinical implications. Clinica Chimica Acta, 411(21-22), 1565–1569. 

200. Frank, D. N., St Amand, A. L., Feldman, R. A., Boedeker, E. C., Harpaz, N., & Pace, N. R. 
(2007). Molecular-phylogenetic characterization of microbial community imbalances in 
human inflammatory bowel diseases. PNAS, 104(34), 13780–13785.  



317 
 

201. Frantzt, J. C., & Mccallum, R. E. (1979). Growth yields and fermentation balance of 
Bacteroides fragilis cultured in glucose-enriched medium. Journal of Bacteriology, 137(3), 
1263–1270. 

202. Fukata, M., Michelsen, K. S., Eri, R., Thomas, L. S., Hu, B., Lukasek, K., Nast, C. C., Lechago, J., 
Xu, R., Naiki, Y., Soliman, A., Arditi, M., & Abreu, M. T. (2005). Toll-like receptor-4 is required 
for intestinal response to epithelial injury and limiting bacterial translocation in a murine 
model of acute colitis. American Journal of Physiology - Gastrointestinal and Liver Physiology, 
288(5), 51-55. 

203. Fuqua, B. K., Vulpe, C. D., & Anderson, G. J. (2012). Intestinal iron absorption. Journal of 
Trace Elements in Medicine and Biology, 26(2–3), 115–119. 

204. Gahche, J. J., Bailey, R. L., Potischman, N., & Dwyer, J. T. (2017). Dietary supplement use was 
very high among older adults in the United States in 2011-2014. Journal of Nutrition, 147(10), 
1968–1976. 

205. Ganz, T., & Nemeth, E. (2012a). Iron metabolism: Interactions with normal and disordered 
erythropoiesis. Cold Spring Harbor Perspectives in Medicine, 2(5). 

206. Ganz, T., & Nemeth, E. (2012b). Hepcidin and iron homeostasis. Biochimica et Biophysica 
Acta - Molecular Cell Research, 1823(9), 1434–1443. 

207. Gao, Z., Yin, J., Zhang, J., Ward, R. E., Martin, R. J., Lefevre, M., Cefalu, W. T., & Ye, J. (2009). 
Butyrate improves insulin sensitivity and increases energy expenditure in mice. Diabetes, 
58(7), 1509–1517. 

208. Gareau, M. G., Sherman, P. M., & Walker, W. A. (2010). Probiotics and the gut microbiota in 
intestinal health and disease. Nature Reviews Gastroenterology and Hepatology, 7(9), 503–
514. 

209. Garrett, W. S., Lord, G. M., Punit, S., Lugo-Villarino, G., Mazmanian, S. K. K., Ito, S., Glickman, 
J. N., & Glimcher, L. H. (2007). Communicable Ulcerative Colitis Induced by T-bet Deficiency in 
the Innate Immune System. Cell, 131(1), 33–45. 

210. Gaulke, C. A., Rolshoven, J., Wong, C. P., Hudson, L. G., Ho, E., & Sharpton, T. J. (2018). 
Marginal Zinc Deficiency and Environmentally Relevant Concentrations of Arsenic Elicit 
Combined Effects on the Gut Microbiome. MSphere, 3(6), e00521. 

211. Genco, C. A., & Dixon, D. W. (2001). Emerging strategies in microbial haem capture. 
Molecular Microbiology, 39(1), 1–11. 

212. German, N., Lüthje, F., Hao, X., Rønn, R., & Rensing, C. (2016). Microbial Virulence and 
Interactions With Metals. Progress in Molecular Biology and Translational Science, 142, 27–
49. 

213. Ghareib, M. (1990). Biosynthesis, purification and some properties of extracellular phytase 
from Aspergillus carneus . Acta Microbiol Hung, 37(2), 159–164. 

214. Gibson, B., Wilson, D. J., Feil, E., & Eyre-Walker, A. (2018). The distribution of bacterial 
doubling times in the wild. Proceedings of the Royal Society B: Biological Sciences, 285(1880), 
20180789. 

215. Gibson, G. R., Cummings, J. H., & Macfarlane, G. T. (1988). Use of a Three-Stage Continuous 
Culture System To Study the Effect of Mucin on Dissimilatory Sulfate Reduction and 
Methanogenesis by Mixed Populations of Human Gut Bacteria. Applied and Environmental 
Microbiology, 54(11), 2750–2755.  

216. Gibson, R. S., & Ferguson, E. L. (1998). Nutrition intervention strategies to combat zinc 
deficiency in developing countries. Nutrition Research Reviews, 11(1), 115–131. 



318 
 

217. Gibson, R. S., Perlas, L., & Hotz, C. (2006). Improving the bioavailability of nutrients in plant 
foods at the household level. Proceedings of the Nutrition Society, 65(2), 160–168. 

218. Gielda, L. M., & Diritaa, V. J. (2012). Zinc competition among the intestinal microbiota. MBio, 
3(4). 

219. Gill, S. R., Pop, M., Deboy, R. T., Eckburg, P. B., Turnbaugh, P. J., Samuel, B. S., Gordon, J. I., 
Relman, D. A., Fraser-Liggett, C. M., & Nelson, K. E. (2006). Metagenomic Analysis of the 
Human Distal Gut Microbiome. Science, 312(5778), 1355–1359.  

220. Gilston, B. A., Wang, S., Marcus, M. D., Canalizo-Hernández, M. A., Swindell, E. P., Xue, Y., 
Mondragón, A., & O’Halloran, T. v. (2014). Structural and Mechanistic Basis of Zinc Regulation 
Across the E. coli Zur Regulon. PLoS Biology, 12(11), e1001987. 

221. Gkouvatsos, K., Papanikolaou, G., & Pantopoulos, K. (2012). Regulation of iron transport and 
the role of transferrin. Biochimica et Biophysica Acta - General Subjects, 1820(3), 188–202. 

222. Glahn, R. P., Wortley, G. M., South, P. K., & Miller, D. D. (2002). Inhibition of iron uptake by 
phytic acid, tannic acid, and ZnCl2: Studies using an in vitro digestion/Caco-2 cell model. 
Journal of Agricultural and Food Chemistry, 50(2), 390–395. 

223. Glick-Bauer, M., & Yeh, M. C. (2014). The health advantage of a vegan diet: Exploring the gut 
microbiota connection. Nutrients, 6(11) 4822–4838. 

224. Goddard, A. F., James, M. W., McIntyre, A. S., & Scott, B. B. (2011). Guidelines for the 
management of iron deficiency anaemia. Gut, 60(10), 1309–1316. 

225. Golovan, S., Wang, G., Zhang, J., & Forsberg, C. W. (1999). Characterization and 
overproduction of the Escherichia coli appA encoded bifunctional enzyme that exhibits both 
phytase and acid phosphatase activities . Canadian Journal of Microbiology, 46(1), 59–71. 

226. Golovan, S., Wang, G., Zhang, J., Forsberg, C. W., Golovan, S., Wang, G., Zhang, J., & 
Forsberg, C. W. (2000). Characterization and overproduction of the Escherichia coli appA 
encoded bifunctional enzyme that exhibits both phytase and acid phosphatase activities. 
Canadian Journal of Microbiology, 46, 59–71. 

227. Gomes, A. M. P., & Malcata, F. X. (1999). Bifidobacterium spp. and Lactobacillus acidophilus: 
biological, biochemical, technological and therapeutical properties relevant for use as 
probiotics. Trends in Food Science & Technology, 10(4–5), 139–157. 

228. Gomez-Arango, L. F., Barrett, H. L., Wilkinson, S. A., Callaway, L. K., McIntyre, H. D., 
Morrison, M., & Dekker Nitert, M. (2018). Low dietary fiber intake increases Collinsella 
abundance in the gut microbiota of overweight and obese pregnant women. Gut Microbes, 
9(3), 189–201. 

229. Gomollón, F., & Gisbert, J. P. (2009). Anemia and inflammatory bowel diseases. World 
Journal of Gastroenterology, 15(37), 4659–4665.  

230. Gong, L., Wang, H., Wang, T., Liu, Y., Wang, J., & Sun, B. (2019). Feruloylated 
oligosaccharides modulate the gut microbiota in vitro via the combined actions of 
oligosaccharides and ferulic acid. Journal of Functional Foods, 60. 

231. Good, N. E., Winget, G. D., Winter, W., Connolly, T. N., Izawa, S., & Singh, R. M. M. (1966). 
Hydrogen Ion Buffers for Bifological Research. Biochemistry, 5(2), 467–477. 

232. Gopalsamy, G. L., Alpers, D. H., Binder, H. J., Tran, C. D., Ramakrishna, B. S., Brown, I., 
Manary, M., Mortimer, E., & Young, G. P. (2015). The relevance of the colon to zinc nutrition. 
Nutrients, 7(1), 572–583. 



319 
 

233. Gorvitovskaia, A., Holmes, S. P., & Huse, S. M. (2016). Interpreting Prevotella and 
Bacteroides as biomarkers of diet and lifestyle. Microbiome, 4(15). 

234. Gracey, M., & Stone, D. E. (1974). Isolation of Candida species from the gastrointestinal tract 
in malnourished children. American Journal of Clinical Nutrition, 27(4), 345–349.  

235. Graham, A. I., Hunt, S., Stokes, S. L., Bramall, N., Bunch, J., Cox, A. G., McLeod, C. W., & 
Poole, R. K. (2009). Severe zinc depletion of Escherichia coli: Roles for high affinity zinc binding 
by ZinT, zinc transport and zinc-independent proteins. Journal of Biological Chemistry, 
284(27), 18377–18389. 

236. Grass, G., Fan, B., Rosen, B. P., Franke, S., Nies, D. H., & Rensing, C. (2001). ZitB (YbgR), a 
member of the cation diffusion facilitator family, is an additional zinc transporter in 
Escherichia coli. Journal of Bacteriology, 183(15), 4664–4667. 

237. Grass, G., Franke, S., Taudte, N., Nies, D. H., Kucharski, L. M., Maguire, M. E., & Rensing, C. 
(2005a). The metal permease ZupT from Escherichia coli is a transporter with a broad 
substrate spectrum. Journal of Bacteriology, 187(5), 1604–1611. 

238. Grass, G., Otto, M., Fricke, B., Haney, C. J., Rensing, C., Nies, D. H., & Munkelt, D. (2005). FieF 
(YiiP) from Escherichia coli mediates decreased cellular accumulation of iron and relieves iron 
stress. Archives of Microbiology, 183(1), 9–18. 

239. Grass, G., Wong, M. D., Rosen, B. P., Smith, R. L., & Rensing, C. (2002). Zupt is a Zn(II) uptake 
system in Escherichia coli. Journal of Bacteriology, 184(3), 864–866. 

240. Graygwen, S. D., & Schryvers, A. 6. (1996). Bacterial transferrin and lactoferrin receptors. 
Trends in Microbiology, 4(5), 185–191. 

241. Greiner, R., Haller, E., Konietzny, U., & Jany, K.-D. (1997). Purification and Characterization of 
a Phytase from Klebsiella terrigena. Archives of Biochemistry and Biophysics, 341(2), 201–206. 

242. Greiner, R., & Konietzny, U. (2005). Phytase for Food Application Non-thermal Food 
Preservation View project Food Control View project Phytase for Food Application. Article in 
Food Technology and Biotechnology, 44(2), 125–140.  

243. Greiner, R., & Konietzny, U. (2006). Phytase for Food Application. Food Technol. Biotechnol., 
44(2), 125–140. 

244. Greiner, R., Konietzny, U., & Jany, K. D. (1993). Purification and characterization of two 
phytases from Escherichia coli. Archives of Biochemistry and Biophysics, 303(1), 107–113. 

245. Guaraldi, F., & Salvatori, G. (2012). Effect of breast and formula feeding on gut microbiota 
shaping in newborns. Frontiers in Cellular and Infection Microbiology, 2, 94. 

246. Guarner, F., & Malagelada, J.-R. (2003). Gut flora in health and disease. Lancet, 361(9356), 
512–519. 

247. Guerinot, M. lou. (1994). Microbial Iron Transport. Annual Review of Microbiology, 48, 743–
772.  

248. Gupta, R. K., Gangoliya, S. S., & Singh, N. K. (2013). Reduction of phytic acid and 
enhancement of bioavailable micronutrients in food grains. Journal of Food Science and 
Technology, 52(2), 676–684. 

249. Gupta, S., Mohammed, M., Ghosh, T., Kanungo, S., Nair, G., & Mande, S. S. (2011). 
Metagenome of the gut of a malnourished child. Gut Pathogens, 3(1). 

250. Gustafsson, E.-L., & Sandberg, A.-S. (1995). Phytate Reduction in Brown Beans (Phaseolus 
vulgaris L.). Journal of Food Science, 60, 149–152. 



320 
 

251. Haase, H., & Rink, L. (2014). Multiple impacts of zinc on immune function. Metallomics, 6(7), 
1175–1180. 

252. Haefner, S., Knietsch, A., Scholten, E., Braun, J., Lohscheidt, M., & Zelder, O. (2005). 
Biotechnological production and applications of phytases. Applied Microbiology and 
Biotechnology, 68(5), 588–597. 

253. Hafkenscheid, J. C. M. (1968). Properties of an acid phosphatase in Escherichia coli. 
Biochimica et Biophysica Acta (BBA) - Enzymology, 167(3), 582–589. 

254. Hambidge, K. M., & Krebs, N. F. (2007). Zinc Deficiency: A Special Challenge. Journal of 
Nutrition, 137(4), 1101–1105.  

255. Hambidge, M. (2000). Zinc and Health: Current Status and Future Directions Human Zinc 
Deficiency. Journal of Nutrition, 130, 1344–1349.  

256. Hambidge, M., & Krebs, N. F. (2001). Zinc metabolism and requirements. Food and Nutrition 
Bulletin, 22(2). 

257. Hameeda, B., Rupela, O. P., Reddy, G., & Satyavani, K. (2006). Application of plant growth-
promoting bacteria associated with composts and macrofauna for growth promotion of Pearl 
millet (Pennisetum glaucum L.). Biology and Fertility of Soils, 43(2), 221–227. 

258. Hamer, H. M., Jonkers, D., Venema, K., Vanhoutvin, S., Troost, F. J., & Brummer, R. J. (2008). 
Review article: The role of butyrate on colonic function. Alimentary Pharmacology and 
Therapeutics, 27(2), 104–119. 

259. Han, O. (2011). Molecular mechanism of intestinal iron absorption. Metallomics, 3(2), 103–
109. 

260. Han, O., Failla, M. L., Hill, A. D., Morris, E. R., & Smith Jr, J. C. (1994). Inositol phosphates 
inhibit uptake and transport of iron and zinc by a human intestinal cell line. Journal of 
Nutrition, 124(4), 580–587.  

261. Handing, K. B., Shabalin, I. G., Kassaar, O., Khazaipoul, S., Blindauer, C. A., Stewart, A. J., 
Chruszcz, M., & Minor, W. (2016). Circulatory zinc transport is controlled by distinct 
interdomain sites on mammalian albumins. Chemical Science, 7(11), 6635–6648. 

262. Hantke, K. (2001). Bacterial zinc transporters and regulators. BioMetals, 14, 239–249. 

263. Hantke, K. (2005). Bacterial zinc uptake and regulators. Current Opinion in Microbiology, 
8(2), 196–202. 

264. Harrison, P. M., & Arosio, P. (1996). The ferritins: molecular properties, iron storage function 
and cellular regulation. Biochimica et Biophysica Acta, 1275(3), 161–203. 

265. Hayakawa, T., Okada, F., Tsutsui, M., Sato, N., & Igaue, I. (1991). Effect of phytate on the 
hydrolysis of p-nitrophenyl phosphate with phosphatase from various sources. Agricultural 
and Biological Chemistry, 55(3), 651–657. 

266. Hayakawa, T., Toma, Y., & Igaue, I. (1989). Purification and characterization of acid 
phosphatases with or without phytase activity from rice bran. Agricultural and Biological 
Chemistry, 53(6), 1475–1483. 

267. Heavey, P. M., & Rowland, I. R. (1999). The Gut Microflora of the Developing Infant: 
Microbiology and Metabolism. Microbial Ecology in Health and Disease, 11, 75–83. 

268. Heinken, A., Khan, M. T., Paglia, G., Rodionov, D. A., Harmsen, H. J. M., & Thiele, I. (2014). 
Functional metabolic map of Faecalibacterium prausnitzii, a beneficial human gut microbe. 
Journal of Bacteriology, 196(18), 3289–3302. 



321 
 

269. Hellman, N. E., & Gitlin, J. D. (2002). Ceruloplasmin metabolism and function. Annual Review 
of Nutrition, 22, 439–458. 

270. Hentze, M. W., Muckenthaler, M. U., Galy, B., & Camaschella, C. (2010). Two to Tango: 
Regulation of Mammalian Iron Metabolism. Cell, 142(1), 24–38. 

271. Herzberg, M., Bauer, L., & Nies, D. H. (2014). Deletion of the zupT gene for a zinc importer 
influences zinc pools in Cupriavidus metallidurans CH34. Metallomics, 6(3), 421–436. 

272. Hiippala, K., Kainulainen, V., Kalliomäki, M., Arkkila, P., & Satokari, R. (2016). Mucosal 
prevalence and interactions with the epithelium indicate commensalism of Sutterella spp. 
Frontiers in Microbiology, 7(1706). 

273. Hill, C., Guarner, F., Reid, G., Gibson, G. R., Merenstein, D. J., Pot, B., Morelli, L., Canani, R. B., 
Flint, H. J., Salminen, S., Calder, P. C., & Sanders, M. E. (2014). Expert consensus document: 
The international scientific association for probiotics and prebiotics consensus statement on 
the scope and appropriate use of the term probiotic. Nature Reviews Gastroenterology and 
Hepatology, 11(8), 506–514. 

274. Hill, T. C. J., Walsh, K. A., Harris, J. A., & Moffett, B. F. (2006). Using ecological diversity 
measures with bacterial communities. FEMS Microbiology Ecology, 43(1), 1–11. 

275. Hjorth, M. F., Blædel, T., Bendtsen, L. Q., Lorenzen, J. K., Holm, J. B., Kiilerich, P., Roager, H. 
M., Kristiansen, K., Larsen, L. H., & Astrup, A. (2019). Prevotella-to-Bacteroides ratio predicts 
body weight and fat loss success on 24-week diets varying in macronutrient composition and 
dietary fiber: results from a post-hoc analysis. International Journal of Obesity, 43(1), 149–
157. 

276. Hofer, U. (2014). Microbiome: Pro-inflammatory Prevotella? Nature Reviews Microbiology, 
12(1), 5  

277. Hofte, M., Buysens, S., Koedam, N., & Cornelis, P. (1993). Zinc affects siderophore-mediated 
high affinity iron uptake systems in the rhizosphere Pseudomonas aeruginosa 7NSK2. 
BioMetals, 6(2), 85-91  

278. Højberg, O., Canibe, N., Poulsen, H. D., Hedemann, M. S., & Jensen, B. B. (2005). Influence of 
dietary zinc oxide and copper sulfate on the gastrointestinal ecosystem in newly weaned 
piglets. Applied and Environmental Microbiology, 71(5), 2267–2277. 

279. Hood, M. I., & Skaar, E. P. (2012). Nutritional immunity: Transition metals at the pathogen-
host interface. Nature Reviews Microbiology, 10(8), 525–537. 

280. Hooper, L. v., Midwedt, T., & Gordon, J. I. (2002). How host-microbial interactions shape the 
nutrient environment of the mammalian intestine. Annual Review of Nutrition, 22, 283–307. 

281. Hoppe, M., Önning, G., Berggren, A., & Hulthén, L. (2015). Probiotic strain Lactobacillus 
plantarum 299v increases iron absorption from an iron-supplemented fruit drink: A double-
isotope cross-over single-blind study in women of reproductive age. British Journal of 
Nutrition, 114(8), 1195–1202. 

282. Hoppe, M., Önning, G., & Hulthén, L. (2017). Freeze-dried Lactobacillus plantarum 299v 
increases iron absorption in young females—Double isotope sequential single-blind studies in 
menstruating women. PLoS ONE, 12(12), e0189141. 

283. Houde, R. L., Alli, I., & Kermasha, S. (1990). Purification and characterization of canola seed 
(Brassica sp.) phytase. Journal of Food Biochemistry, 14(5), 331–351. 

284. Hsieh, Y. J., & Wanner, B. L. (2010). Global regulation by the seven-component Pi signaling 
system. Current Opinion in Microbiology, 13(2), 198–203. 



322 
 

285. Hu, C. H., Gu, L. Y., Luan, Z. S., Song, J., & Zhu, K. (2012). Effects of montmorillonite-zinc 
oxide hybrid on performance, diarrhea, intestinal permeability and morphology of weanling 
pigs. Animal Feed Science and Technology, 177(1–2), 108–115. 

286. Huang, F., Sardari, R. R. R., Jasilionis, A., Böök, O., Öste, R., Rascón, A., Heyman-Lindén, L., 
Holst, O., & Karlsson, E. N. (2021). Cultivation of the gut bacterium Prevotella copri DSM 
18205T using glucose and xylose as carbon sources. MicrobiologyOpen, 10(3), e1213. 

287. Hughes, S. A., Shewry, P. R., Li, L., Gibson, G. R., Sanz, M. L., & Rastall, R. A. (2007). In vitro 
fermentation by human fecal microflora of wheat arabinoxylans. Journal of Agricultural and 
Food Chemistry, 55(11), 4589–4595. 

288. Hurrell, R., & Egli, I. (2010). Iron bioavailability and dietary reference values. American 
Journal of Clinical Nutrition, 91(5), 1461S-1467S. 

289. Hurrell, R. F., Reddy, M. B., Juillerat, M., & Cook, J. D. (2006). Meat Protein Fractions 
Enhance Nonheme Iron Absorption in Humans . Journal of Nutrition, 136(11), 2808–2812.  

290. Hurrell, R. F., Reddy, M., & Cook, J. D. (1999). Inhibition of non-haem iron absorption in man 
by polyphenolic-containing beverages. British Journal of Nutrition, 81(4), 289–295. 

291. Huse, S. M., Ye, Y., Zhou, Y., & Fodor, A. A. (2012). A core human microbiome as viewed 
through 16S rRNA sequence clusters. PLoS ONE, 7(6), e34242. 

292. Ibs, K.-H., & Rink, L. (2003). Immunity Enhanced by Trace Elements Zinc-Altered Immune 
Function. Journal of Nutrition, 133, 1452–1456. h 

293. Ilari, A., Alaleona, F., Tria, G., Petrarca, P., Battistoni, A., Zamparelli, C., Verzili, D., Falconi, 
M., & Chiancone, E. (2014). The Salmonella enterica ZinT structure, zinc affinity and 
interaction with the high-affinity uptake protein ZnuA provide insight into the management of 
periplasmic zinc. Biochimica et Biophysica Acta - General Subjects, 1840(1), 535–544. 

294. Imase, K., Takahashi, M., Tanaka, A., Tokunaga, K., Sugano, H., Tanaka, M., Ishida, H., 
Kamiya, S., & Takahashi, S. (2008). Efficacy of Clostridium butyricum preparation 
concomitantly with Helicobacter pylori eradication therapy in relation to changes in the 
intestinal microbiota. Microbiology and Immunology, 52(3), 156–161. 

295. Insel, B. J., Schaefer, C. A., Mckeague, I. W., Susser, E. S., & Brown, A. S. (2008). Maternal 
Iron Deficiency and the Risk of Schizophrenia in Offspring. Archives Of General Psychiatry, 
65(10), 1136–1144. 

296. Ishii, K. J., Koyama, S., Nakagawa, A., Coban, C., & Akira, S. (2008). Host Innate Immune 
Receptors and Beyond: Making Sense of Microbial Infections. Cell Host and Microbe, 3(6), 
352–363. 

297. Istfan, N. W., Janghorbani, M., & Young, V. R. (1983). Absorption of stable 70Zn in healthy 
young men in relation to zinc intake. American Journal of Clinical Nutrition, 38, 187–194.  

298. Ivanov, I. I., Frutos, R. de L., Manel, N., Yoshinaga, K., Rifkin, D. B., Sartor, R. B., Finlay, B. B., 
& Littman, D. R. (2008). Specific Microbiota Direct the Differentiation of IL-17-Producing T-
Helper Cells in the Mucosa of the Small Intestine. Cell Host and Microbe, 4(4), 337–349. 

299. Jackson, M. J., Jones A N, D. A., Edwards, D. R. H. T., Swainbank A N, D. I. G., & Coleman, D. 
M. L. (1984). Zinc homeostasis in man: studies using a new stable isotope-dilution technique. 
In British Journal of Nutrition, 51  

300. Jaeggi, T., Kortman, G. A. M., Moretti, D., Chassard, C., Holding, P., Dostal, A., Boekhorst, J., 
Timmerman, H. M., Swinkels, D. W., Tjalsma, H., Njenga, J., Mwangi, A., Kvalsvig, J., Lacroix, C., 
& Zimmermann, M. B. (2014). Iron fortification adversely affects the gut microbiome, 



323 
 

increases pathogen abundance and induces intestinal inflammation in Kenyan infants. Gut, 
64(5), 731–742. 

301. Jain, J., Sapna, & Singh, B. (2016). Characteristics and biotechnological applications of 
bacterial phytases. Process Biochemistry, 51(2), 159–169.  

302. Jakobsson, H. E., Jernberg, C., Andersson, A. F., Sjölund-Karlsson, M., Jansson, J. K., & 
Engstrand, L. (2010). Short-term antibiotic treatment has differing long- term impacts on the 
human throat and gut microbiome. PLoS ONE, 5(3), e9836. 

303. James, A., Jayasena, V., & James, A. P. (2012). Effect of Germination on the Nutritional and 
Protein Profile of Australian Sweet Lupin (Lupinus angustifolius L.). Food and Nutrition 
Sciences, 3, 621–626. 

304. Jeffery, I. B., Claesson, M. J., O’Toole, P. W., & Shanahan, F. (2012). Categorization of the gut 
microbiota: Enterotypes or gradients? Nature Reviews Microbiology, 10(9), 591–592. 

305. Jendza, J. A., Dilger, R. N., Adedokun, S. A., Sands, J. S., & Adeola, O. (2005). Escherichia coli 
phytase improves growth performance of starter, grower, and finisher pigs fed phosphorus-
deficient diets. Journal of Animal Science, 83(8), 1882–1889.  

306. Jeong, J., & Eide, D. J. (2013). The SLC39 family of zinc transporters. Molecular Aspects of 
Medicine, 34(2-3), 612–619. 

307. Jernberg, C., Löfmark, S., Edlund, C., & Jansson, J. K. (2007). Long-term ecological impacts of 
antibiotic administration on the human intestinal microbiota. ISME Journal, 1(1), 56–66. 

308. Jomova, K., & Valko, M. (2011). Advances in metal-induced oxidative stress and human 
disease. Toxicology, 283(2–3), 65–87. 

309. Jorquera, M., Martínez, O., Maruyama, F., Marschner, P., & de La Luz Mora, M. (2008). 
Current and future biotechnological applications of bacterial phytases and phytase-producing 
bacteria. Microbes and Environments, 23(3), 182–191. 

310. Jumas-Bilak, E., Carlier, J. P., Jean-Pierre, H., Mory, F., Teyssier, C., Gay, B., Campos, J., & 
Marchandin, H. (2007). Acidaminococcus intestini sp. nov., isolated from human clinical 
samples. International Journal of Systematic and Evolutionary Microbiology, 57(10), 2314–
2319. 

311. Kageyama, A., Sakamoto, M., & Benno, Y. (2000). Rapid identification and quantification of 
Collinsella aerofaciens using PCR. FEMS Microbiology Letters, 183(1), 43–47.  

312. Kaitha, S., Bashir, M., & Ali, T. (2015). Iron deficiency anemia in inflammatory bowel disease. 
World Journal of Gastrointestinal Pathophysiology, 6(3), 62–67. 

313. Kalgaonkar, S., & Lönnerdal, B. (2008). Effects of dietary factors on iron uptake from ferritin 
by Caco-2 cells. Journal of Nutritional Biochemistry, 19(1), 33–39. 

314. Kalliomäki, M., Collado, M. C., Salminen, S., & Isolauri, E. (2008). Early differences in fecal 
microbiota composition in children may predict overweight. American Journal of Clinical 
Nutrition, 87(3), 534–538.  

315. Kambe, T., Tsuji, T., Hashimoto, A., & Itsumura, N. (2015). The Physiological, Biochemical, 
and Molecular Roles of Zinc Transporters in Zinc Homeostasis and Metabolism. Physiol Rev, 
95, 749–784. 

316. Kambe, T., Yamaguchi-Iwai, Y., Sasaki, R., & Nagao, M. (2004). Overview of mammalian zinc 
transporters. Cellular and Molecular Life Sciences, 61(1), 49–68. 



324 
 

317. Kamitani, S., Akiyama, Y., & Ito, K. (1992). Identification and characterization of an 
Escherichia coli gene required for the formation of correctly folded alkaline phosphatase, a 
periplasmic enzyme. EMBO Journal, 11(1), 57–62. 

318. Kang, E., Crouse, A., Chevallier, L., Pontier, S. M., Alzahrani, A., Silué, N., Campbell-Valois, F. 
X., Montagutelli, X., Gruenheid, S., & Malo, D. (2018). Enterobacteria and host resistance to 
infection. Mammalian Genome, 29(7-8), 558–576. 

319. Kantor, E. D., Rehm, C. D., Du, M., White, E., & Giovannucci, E. L. (2016). Trends in dietary 
supplement use among US adults from 1999-2012. JAMA, 316(14), 1464–1474. 

320. Karlsson, F. H., Tremaroli, V., Nookaew, I., Bergström, G., Behre, C. J., Fagerberg, B., Nielsen, 
J., & Bäckhed, F. (2013). Gut metagenome in European women with normal, impaired and 
diabetic glucose control. Nature, 498(7452), 99–103. 

321. Karpowich, N., Martsinkevich, O., Milen, L., Yuan, Y. R., Dai, P. L., MacVey, K., Thomas, P. J., 
& Hunt, J. F. (2001). Crystal structures of the MJ1267 ATP binding cassette reveal an induced-
fit effect at the ATPase active site of an ABC transporter. Structure, 9(7), 571–586. 

322. Kau, A. L., Ahern, P. P., Griffin, N. W., Goodman, A. L., & Gordon, J. I. (2011). Human 
nutrition, the gut microbiome and the immune system. Nature, 474(7351), 327–336. 

323. Kaur, K., Gupta, R., Saraf, S. A., & Saraf, S. K. (2014). Zinc: The metal of life. Comprehensive 
Reviews in Food Science and Food Safety, 13(4), 358–376. 

324. Kehl-Fie, T. E., & Skaar, E. P. (2010a). Nutritional immunity beyond iron: a role for 
manganese and zinc. Current Opinion in Chemical Biology, 14(2), 218–224. 

325. Kelleher, S. L., & Lönnerdal, B. (2006). Zinc Supplementation Reduces Iron Absorption 
through Age-Dependent Changes in Small Intestine Iron Transporter Expression in Suckling 
Rat Pups. Journal of Nutrition, 136(5), 1185–1191.  

326. Kelly, D., Conway, S., & Aminov, R. (2005). Commensal gut bacteria: Mechanisms of immune 
modulation. Trends in Immunology, 26(6), 326–333. 

327. Kemperman, R. A., Gross, G., Mondot, S., Possemiers, S., Marzorati, M., van de Wiele, T., 
Doré, J., & Vaughan, E. E. (2013). Impact of polyphenols from black tea and red wine/grape 
juice on a gut model microbiome. Food Research International, 53(2), 659–669. 

328. Kennedy, N. A., Walker, A. W., Berry, S. H., Duncan, S. H., Farquarson, F. M., Louis, P., 
Thomson, J. M., Satsangi, J., Flint, H. J., Parkhill, J., Lees, C. W., & Hold, G. L. (2014). The 
impact of different DNA extraction kits and laboratories upon the assessment of human gut 
microbiota composition by 16S rRNA gene sequencing. PLoS ONE, 9(2), e88982. 

329. Kerovuo, J., Lauraeus, M., Pa¨, P., Nurminen, P., Kalkkinen, N., & Apajalahti, J. (1998a). 
Isolation, Characterization, Molecular Gene Cloning, and Sequencing of a Novel Phytase from 
Bacillus subtilis. Applied and Environmental Microbiology, 64(6), 2079–2085.  

330. Kerovuo, J., Lauraeus, M., Pa¨, P., Nurminen, P., Kalkkinen, N., & Apajalahti, J. (1998b). 
Isolation, Characterization, Molecular Gene Cloning, and Sequencing of a Novel Phytase from 
Bacillus subtilis. Applied and Environmental Microbiology, 64(6), 2079–2085.  

331. Khajeh Bami, M., Afsharmanesh, M., & Ebrahimnejad, H. (2020). Effect of Dietary Bacillus 
coagulans and Different Forms of Zinc on Performance, Intestinal Microbiota, Carcass and 
Meat Quality of Broiler Chickens. Probiotics and Antimicrobial Proteins, 12(2), 461–472. 

332. Khalil, N. A., Walton, G. E., Gibson, G. R., Tuohy, K. M., & Andrews, S. C. (2014). In vitro batch 
cultures of gut microbiota from healthy and ulcerative colitis (UC) subjects suggest that 
sulphate-reducing bacteria levels are raised in UC and by a protein-rich diet. International 
Journal of Food Sciences and Nutrition, 65(1), 79–88. 



325 
 

333. Khan, M. S., Zaidi, A., & Wani, P. A. (2007). Role of phosphate-solubilizing microorganisms in 
sustainable agriculture - A review. Agronomy for Sustainable Development, 27(1), 29–43. 

334. Khattak, A. B., Zeb, A., Bibi, N., Khalil, S. A., & Khattak, M. S. (2007). Influence of germination 
techniques on phytic acid and polyphenols content of chickpea (Cicer arietinum L.) sprouts. 
Food Chemistry, 104(3), 1074–1079. 

335. Killip, S., Bennett, J. M., & Chambers, M. D. (2007). Iron Deficiency Anemia. American Family 
Physician, 75(5), 671–678.  

336. Kim, B. J., Park, J. H., Park, T. H., Bronstein, P. A., Schneider, D. J., Cartinhour, S. W., & Shuler, 
M. L. (2009). Effect of iron concentration on the growth rate of Pseudomonas syringae and 
the expression of virulence factors in hrp-inducing minimal medium. Applied and 
Environmental Microbiology, 75(9), 2720–2726. 

337. Kim, E.-Y., Ham, S.-K., Shigenaga, M. K., & Han, O. (2008). Bioactive dietary polyphenolic 
compounds reduce nonheme iron transport across human intestinal cell monolayers. Journal 
of Nutrition, 138(9), 1647–1651.  

338. Kim, H., Jeong, Y., Kang, S., You, H. J., & Ji, G. E. (2020). Co-culture with Bifidobacterium 
catenulatum improves the growth, gut colonization, and butyrate production of 
Faecalibacterium prausnitzii: In vitro and in vivo studies. Microorganisms, 8(5), 788. 

339. Kim, Y. S., & Ho, S. B. (2010). Intestinal goblet cells and mucins in health and disease: Recent 
insights and progress. Current Gastroenterology Reports, 12(5), 319–330. 

340. Kim, Y.-O., Kim, H.-K., Bae, K.-S., Yu, J.-H., & Oh, T.-K. (1998). Purification and properties of a 
thermostable phytase from Bacillus sp. DS11. Enzyme and Microbial Technology, 22, 2–7. 

341. Kimura, T., & Kambe, T. (2016). The functions of metallothionein and ZIP and ZnT 
transporters: An overview and perspective. International Journal of Molecular Sciences, 17(3) 

342. King, J. C. (2011). Zinc: An essential but elusive nutrient. American Journal of Clinical 
Nutrition, 94(2), 679S-684S. 

343. King, J. C., Brown, K. H., Gibson, R. S., Krebs, N. F., Lowe, N. M., Siekmann, J. H., & Raiten, D. 
J. (2016). Biomarkers of nutrition for development (BOND)-Zinc Review. Journal of Nutrition, 
146(4), 858S-885S. 

344. King, J. C., Shames, D. M., & Woodhouse, L. R. (2000). Zinc and Health: Current Status and 
Future Directions Zinc Homeostasis in Humans. Journal of Nutrition, 130, 1360–1366.  

345. Klabunde, T., Sträter, N., Fröhlich, R., Witzel, H., & Krebs, B. (1996). Mechanism of Fe(III)-
Zn(II) Purple Acid Phosphatase Based on Crystal Structures. Journal of Molecular Biology, 259, 
737–748. 

346. Klein, J. S., & Lewinson, O. (2011). Bacterial ATP-driven transporters of transition metals: 
Physiological roles, mechanisms of action, and roles in bacterial virulence. Metallomics, 3(11), 
1098–1108. 

347. Klimenko, N. S., Tyakht, A. v., Popenko, A. S., Vasiliev, A. S., Altukhov, I. A., Ischenko, D. S., 
Shashkova, T. I., Efimova, D. A., Nikogosov, D. A., Osipenko, D. A., Musienko, S. v., Selezneva, 
K. S., Baranova, A., Kurilshikov, A. M., Toshchakov, S. M., Korzhenkov, A. A., Samarov, N. I., 
Shevchenko, M. A., Tepliuk, A. v., & Alexeev, D. G. (2018). Microbiome responses to an 
uncontrolled short-term diet intervention in the frame of the citizen science project. 
Nutrients, 10(5), 576. 

348. Kolaj-Robin, O., Russell, D., Hayes, K. A., Pembroke, J. T., & Soulimane, T. (2015). Cation 
diffusion facilitator family: Structure and function. FEBS Letters, 589(12), 1283–1295. 



326 
 

349. Kondaiah, P., Yaduvanshi, P. S., Sharp, P. A., & Pullakhandam, R. (2019). Iron and zinc 
homeostasis and interactions: Does enteric zinc excretion cross-talk with intestinal iron 
absorption? Nutrients, 11(8), 1885. 

350. Konietzny, U., & Greiner, R. (2004). BACTERIAL PHYTASE: POTENTIAL APPLICATION, IN VIVO 
FUNCTION AND REGULATION OF ITS SYNTHESIS. Brazilian Journal of Microbiology, 35, 11–18. 

351. Koren, O., Knights, D., Gonzalez, A., Waldron, L., Segata, N., Knight, R., Huttenhower, C., & 
Ley, R. E. (2013). A Guide to Enterotypes across the Human Body: Meta-Analysis of Microbial 
Community Structures in Human Microbiome Datasets. PLoS Computational Biology, 9(1), 
e1002863. 

352. Koren, O., & Tako, E. (2020). Chronic Dietary Zinc Deficiency Alters Gut Microbiota 
Composition and Function. Proceedings, 61(1), 16.  

353. Kornegay, E. T., Denbow, D. M., Yi, Z., & Ravindrant, V. (1996). Response of broilers to 
graded levels of microbial phytase added to maize-soyabean-meal-based diets containing 
three levels of non-phytate phosphorus. British Journal of Nutrition, 75(6), 839–852. 

354. Kortman, G. A. M., Boleij, A., Swinkels, D. W., & Tjalsma, H. (2012). Iron availability increases 
the pathogenic potential of Salmonella typhimurium and other enteric pathogens at the 
intestinal epithelial interface. PLoS ONE, 7(1), e29968. 

355. Kortman, G. A. M., Dutilh, B. E., Maathuis, A. J. H., Engelke, U. F., Boekhorst, J., Keegan, K. P., 
Nielsen, F. G. G., Betley, J., Weir, J. C., Kingsbury, Z., Kluijtmans, L. A. J., Swinkels, D. W., 
Venema, K., & Tjalsma, H. (2016). Microbial metabolism shifts towards an adverse profile with 
supplementary iron in the TIM-2 in vitro model of the human colon. Frontiers in Microbiology, 
6, 1481-undefined. 

356. Kortman, G. A. M., Raffatellu, M., Swinkels, D. W., & Tjalsma, H. (2014). Nutritional iron 
turned inside out: Intestinal stress from a gut microbial perspective. FEMS Microbiology 
Reviews, 38(6), 1202–1234. 

357. Köster, W. (2001). ABC transporter-mediated uptake of iron, siderophores, heme and 
vitamin B 12. Research in Microbiology, 152(3–4), 291–301. 

358. Kovatcheva-Datchary, P., Nilsson, A., Akrami, R., Lee, Y. S., de Vadder, F., Arora, T., Hallen, A., 
Martens, E., Björck, I., & Bäckhed, F. (2015). Dietary Fiber-Induced Improvement in Glucose 
Metabolism Is Associated with Increased Abundance of Prevotella. Cell Metabolism, 22(6), 
971–982. 

359. Krause, L. J., Forsberg, C. W., & O’connor4, D. L. (1996). Feeding human milk to rats increases 
Bifidobacterium in the cecum and colon which correlates with enhanced folate status. Journal 
of Nutrition, 126(5), 1505–1511.  

360. Krebs, N. F. (2000a). Zinc and Health: Current Status and Future Directions. Journal of 
Nutrition, 130, 1374–1377.  

361. Krebs, N. F. (2000b). Overview of zinc absorption and excretion in the human 
gastrointestinal tract. Journal of Nutrition, 130(5S Suppl), 1374S-1377S. 

362. Krebs, N. F., Miller, L. v., & Michael Hambidge, K. (2014). Zinc deficiency in infants and 
children: A review of its complex and synergistic interactions. Paediatrics and International 
Child Health, 34(4), 279–288. 

363. Krebs, N. F., Sherlock, L. G., Westcott, J., Culbertson, D., Hambidge, K. M., Feazel, L. M., 
Robertson, C. E., & Frank, D. N. (2013). Effects of different complementary feeding regimens 
on iron status and enteric microbiota in breastfed infants. Journal of Pediatrics, 163(2), 416–
423. 



327 
 

364. Krewulak, K. D., & Vogel, H. J. (2008). Structural biology of bacterial iron uptake. Biochimica 
et Biophysica Acta - Biomembranes, 1778(9), 1781–1804. 

365. Kristek, A., Wiese, M., Heuer, P., Kosik, O., Schär, M. Y., Soycan, G., Alsharif, S., Kuhnle, G. G. 
C., Walton, G., & Spencer, J. P. E. (2019). Oat bran, but not its isolated bioactive β-glucans or 
polyphenols, have a bifidogenic effect in an in vitro fermentation model of the gut microbiota. 
British Journal of Nutrition, 121(5), 549–559. 

366. Kühlbrandt, W. (2004). Biology, structure and mechanism of P-type ATPases. Nature Reviews 
Molecular Cell Biology, 5(4), 282–295. 

367. Kumar, V., Sinha, A. K., Makkar, H. P. S., & Becker, K. (2010). Dietary roles of phytate and 
phytase in human nutrition: A review. Food Chemistry, 120(4), 945–959. 

368. Lamberti, L. M., Walker, C. L. F., Chan, K. Y., Jian, W. Y., & Black, R. E. (2013). Oral zinc 
supplementation for the treatment of acute diarrhea in children: A systematic review and 
meta-analysis. Nutrients, 5(11), 4715–4740. 

369. Lange, K., Buerger, M., Stallmach, A., & Bruns, T. (2016). Effects of Antibiotics on Gut 
Microbiota. Digestive Diseases, 34(3), 260–268. 

370. Langmade, S. J., Ravindra, R., Daniels, P. J., & Andrews, G. K. (2000). The transcription factor 
MTF-1 mediates metal regulation of the mouse ZnT1 gene. Journal of Biological Chemistry, 
275(44), 34803–34809. 

371. Larsbrink, J., Rogers, T. E., Hemsworth, G. R., McKee, L. S., Tauzin, A. S., Spadiut, O., Klinter, 
S., Pudlo, N. A., Urs, K., Koropatkin, N. M., Creagh, A. L., Haynes, C. A., Kelly, A. G., Cederholm, 
S. N., Davies, G. J., Martens, E. C., & Brumer, H. (2014). A discrete genetic locus confers 
xyloglucan metabolism in select human gut Bacteroidetes. Nature, 506(7489), 498–502. 

372. Larsson, M., & Sandberg, A.-S. (1992). Phytate Reduction in Oats during Malting. Journal of 
Food Science, 57(4), 994–997. 

373. Lay, C., Rigottier-Gois, L., Holmstrøm, K., Rajilic, M., Vaughan, E. E., de Vos, W. M., Collins, M. 
D., Thiel, R., Namsolleck, P., Blaut, M., & Doré, J. (2005). Colonic microbiota signatures across 
five northern European countries. Applied and Environmental Microbiology, 71(7), 4153–
4155. 

374. le Hurou-Luron, I., Blat, S., & Boudry, G. (2010). Breast- v. formula-feeding: Impacts on the 
digestive tract and immediate and long-term health effects. Nutrition Research Reviews, 
23(1), 23–36. 

375. Leatham, M. P., Banerjee, S., Autieri, S. M., Mercado-Lubo, R., Conway, T., & Cohen, P. S. 
(2009). Precolonized human commensal Escherichia coli strains serve as a barrier to E. coli 
O157:H7 growth in the streptomycin-treated mouse intestine. Infection and Immunity, 77(7), 
2876–2886. 

376. Leblanc, J. G., Laiño, J. E., del Valle, M. J., Vannini, V., van Sinderen, D., Taranto, M. P., de 
Valdez, G. F., de Giori, G. S., & Sesma, F. (2011). B-Group vitamin production by lactic acid 
bacteria - current knowledge and potential applications. Journal of Applied Microbiology, 
111(6), 1297–1309. 

377. LeBlanc, J. G., Milani, C., de Giori, G. S., Sesma, F., van Sinderen, D., & Ventura, M. (2013). 
Bacteria as vitamin suppliers to their host: A gut microbiota perspective. Current Opinion in 
Biotechnology, 24(2), 160–168. 

378. LeBlanc, J. G., Rutten, G., Bruinenberg, P., Sesma, F., de Giori, G. S., & Smid, E. J. (2006). A 
novel dairy product fermented with Propionibacterium freudenreichii improves the riboflavin 
status of deficient rats. Nutrition, 22(6), 645–651. 



328 
 

379. Lee, D. C., Cottrill, M. A., Forsberg, C. W., & Jia, Z. (2003). Functional insights revealed by the 
crystal structures of Escherichia coli glucose-1-phosphatase. Journal of Biological Chemistry, 
278(33), 31412–31418. 

380. Lee, S. H., Shinde, P., Choi, J., Park, M., Ohh, S., Kwon, I. K., Pak, S. il, & Chae, B. J. (2008). 
Effects of dietary iron levels on growth performance, hematological status, liver mineral 
concentration, fecal microflora, and diarrhea incidence in weanling pigs. Biological Trace 
Element Research, 126(Suppl 1), S57–S68. 

381. Lee, T., Clavel, T., Smirnov, K., Schmidt, A., Lagkouvardos, I., Walker, A., Lucio, M., Michalke, 
B., Schmitt-Kopplin, P., Fedorak, R., & Haller, D. (2016). Oral versus intravenous iron 
replacement therapy distinctly alters the gut microbiota and metabolome in patients with 
IBD. Gut, 66(5), 863–871. 

382. Leeming, E. R., Johnson, A. J., Spector, T. D., & Roy, C. I. L. (2019). Effect of diet on the gut 
microbiota: Rethinking intervention duration. Nutrients, 11(12), 2862. 

383. Leenhardt, F., Levrat-Verny, M. A., Chanliaud, E., & Rémésy, C. (2005). Moderate decrease of 
pH by sourdough fermentation is sufficient to reduce phytate content of whole wheat flour 
through endogenous phytase activity. Journal of Agricultural and Food Chemistry, 53(1), 98–
102. 

384. Lei, X. J., & Kim, I. H. (2018). Low dose of coated zinc oxide is as effective as pharmacological 
zinc oxide in promoting growth performance, reducing fecal scores, and improving nutrient 
digestibility and intestinal morphology in weaned pigs. Animal Feed Science and Technology, 
245, 117–125. 

385. Letain, T. E., & Postle, K. (1997). TonB protein appears to transduce energy by shuttling 
between the cytoplasmic membrane and the outer membrane in Escherichia coli. Molecular 
Microbiology, 24(2), 271–283. 

386. Létoffé, S., Nato, F., Goldberg, M. E., & Wandersman, C. (1999). Interactions of HasA, a 
bacterial haemophore, with haemoglobin and with its outer membrane receptor HasR. 
Molecular Microbiology, 33(3), 546–555. 

387. Leung, K.-P., & Folk, S. P. (2002). Effects of porphyrins and inorganic iron on the growth of 
Prevotella intermedia . FEMS Microbiology Letters, 209(1), 15–21. 

388. Levenson, C. W., & Tassabehji, N. M. (2004). Iron and ageing: An introduction to iron 
regulatory mechanisms. Ageing Research Reviews, 3(3), 251–263. 

389. Ley, R. E. (2016). Gut microbiota in 2015: Prevotella in the gut: Choose carefully. Nature 
Reviews Gastroenterology and Hepatology, 13(2), 69. 

390. Ley, R. E., Bäckhed, F., Turnbaugh, P., Lozupone, C. A., Knight, R. D., & Gordon, J. I. (2005). 
Obesity alters gut microbial ecology. PNAS, 102(31), 11070–11075.  

391. Ley, R. E., Hamady, M., Lozupone, C., Turnbaugh, P. J., Ramey, R. R., Bircher, J. S., Schlegel, 
M. L., Tucker, T. A., Schrenzel, M. D., Knight, R., & Gordon, J. I. (2008). Evolution of mammals 
and their gut microbes. Science, 320(5883), 1647–1651. 

392. Ley, R. E., Peterson, D. A., & Gordon, J. I. (2006). Ecological and evolutionary forces shaping 
microbial diversity in the human intestine. Cell, 124(4), 837–848. 

393. Ley, R. E., Turnbaugh, P. J., Klein, S., & Gordon, J. I. (2006). Microbial ecology: human gut 
microbes associated with obesity. Nature, 444(7122), 1022–1023. 

394. Leylabadlo, H. E., Ghotaslou, R., Feizabadi, M. M., Farajnia, S., Moaddab, S. Y., Ganbarov, K., 
Khodadadi, E., Tanomand, A., Sheykhsaran, E., Yousefi, B., & Kafil, H. S. (2020). The critical role 



329 
 

of Faecalibacterium prausnitzii in human health: An overview. Microbial Pathogenesis, 149, 
104344. 

395. Li, M., Li, G., Shang, Q., Chen, X., Liu, W., Pi, X., Zhu, L., Yin, Y., Yu, G., & Wang, X. (2016). In 
vitro fermentation of alginate and its derivatives by human gut microbiota. Anaerobe, 39, 19–
25. 

396. Lichten, L. A., & Cousins, R. J. (2009). Mammalian zinc transporters: Nutritional and 
physiologic regulation. Annual Review of Nutrition, 29, 153–176. 

397. Liedtke, J., & Vahjen, W. (2012). In vitro antibacterial activity of zinc oxide on a broad range 
of reference strains of intestinal origin. Veterinary Microbiology, 160(1–2), 251–255. 

398. Lieu, P. T., Heiskala, M., Peterson, P. A., & Yang, Y. (2001). The roles of iron in health and 
disease. Molecular Aspects of Medicine, 22(1–2), 1–87.  

399. Lill, R. (2009). Function and biogenesis of iron-sulphur proteins. Nature, 460(7257), 831–838. 

400. Lim, D., Golovan, S., Forsberg, C. W., & Jia, Z. (2000). Crystal structures of Escherichia coli 
phytase and its complex with phytate. Nature Structural Biology, 7(2), 108–113.  

401. Lind, T., Lönnerdal, B., Stenlund, H., Gamayanti, I. L., Ismail, D., Seswandhana, R., & Persson, 
L.-Å. (2004). A community-based randomized controlled trial of iron and zinc supplementation 
in Indonesian infants: effects on growth and development. American Journal of Clinical 
Nutrition, 80(3), 729–736.  

402. Liu, G., Chen, H., Chen, J., Wang, X., Gu, Q., & Yin, Y. (2019). Effects of bifidobacteria-
produced exopolysaccharides on human gut microbiota in vitro. Applied Microbiology and 
Biotechnology, 103(4), 1693–1702. 

403. Liuzzi, J. P., Blanchard, R. K., & Cousins, R. J. (2001). Differential regulation of zinc transporter 
1, 2, and 4 mRNA expression by dietary zinc in rats. Journal of Nutrition, 131(1), 46–52.  

404. Livingstone, C. (2015). Zinc: Physiology, deficiency, and parenteral nutrition. Nutrition in 
Clinical Practice, 30(3), 371–382 

405. Lockyer, S., White, A., & Buttriss, J. L. (2018). Biofortified crops for tackling micronutrient 
deficiencies – what impact are these having in developing countries and could they be of 
relevance within Europe? Nutrition Bulletin, 43(4), 319–357. 

406. Lohuis, J. A. C. M., van Leeuwen, W., Verheijden, J. H. M., Smit, J. A. H., Brand, A., & van 
Miert, A. S. J. P. A. M. (1988). Growth of Escherichia coli in Whole and Skim Milk from 
Endotoxin-Induced Mastitic Quarters: In Vitro Effects of Deferoxamine, Zinc, and Iron 
Supplementation. Journal of Dairy Science, 71(10), 2772–2781. 

407. Long, W., Xue, Z., Zhang, Q., Feng, Z., Bridgewater, L., Wang, L., Zhao, L., & Pang, X. (2015). 
Differential responses of gut microbiota to the same prebiotic formula in oligotrophic and 
eutrophic batch fermentation systems. Scientific Reports, 5. 

408. Lönnerdal, B. (2000). Dietary factors influencing zinc absorption. Journal of Nutrition, 130(5S 
Suppl), 1378S-1383S.  

409. Lönnerdal, B. (2017). Excess iron intake as a factor in growth, infections, and development of 
infants and young children. American Journal of Clinical Nutrition, 106, 1681S-1687S. 

410. Lopetuso, L. R., Scaldaferri, F., Petito, V., & Gasbarrini, A. (2013). Commensal Clostridia: 
leading players in the maintenance of gut homeostasis. Gut Pathogens, 5(1), 23.  

411. Lopez, C. A., & Skaar, E. P. (2018). The Impact of Dietary Transition Metals on Host-Bacterial 
Interactions. In Cell Host and Microbe, 23(6), 737–748. 



330 
 

412. Lopez, H. W., Leenhardt, F., Coudray, C., & Remesy, C. (2002). Minerals and phytic acid 
interactions: is it a real problem for human nutrition? International Journal of Food Science & 
Technology, 37(7), 727–739. 

413. Lopez-Siles, M., Duncan, S. H., Garcia-Gil, L. J., & Martinez-Medina, M. (2017). 
Faecalibacterium prausnitzii: From microbiology to diagnostics and prognostics. ISME Journal, 
11(4), 841–852. 

414. Louis, P., & Flint, H. J. (2009). Diversity, metabolism and microbial ecology of butyrate-
producing bacteria from the human large intestine. FEMS Microbiology Letters, 294(1), 1–8. 

415. Lozupone, C. A., Stombaugh, J. I., Gordon, J. I., Jansson, J. K., & Knight, R. (2012). Diversity, 
stability and resilience of the human gut microbiota. Nature, 489(7415), 220–230. 

416. Lugli, G. A., Duranti, S., Milani, C., Mancabelli, L., Turroni, F., van Sinderen, D., & Ventura, M. 
(2019). Uncovering Bifidobacteria via Targeted Sequencing of the Mammalian Gut Microbiota. 
Microorganisms, 7(11), 535. 

417. Lund, E. K., Wharf, S. G., Fairweather-Tait, S. J., & Johnson, I. T. (1999). Oral ferrous sulfate 
supplements increase the free radical-generating capacity of feces from healthy volunteers. 
American Journal of Clinical Nutrition, 69(2), 250–255.  

418. Lupp, C., Robertson, M. L., Wickham, M. E., Sekirov, I., Champion, O. L., Gaynor, E. C., & 
Finlay, B. B. (2007). Host-Mediated Inflammation Disrupts the Intestinal Microbiota and 
Promotes the Overgrowth of Enterobacteriaceae. Cell Host and Microbe, 2(2), 119–129. 

419. Lynch, S. R. (2000). The effect of calcium on iron absorption. Nutrition Research Reviews, 13, 
141–158. 

420. Maares, M., & Haase, H. (2016). Zinc and immunity: An essential interrelation. Archives of 
Biochemistry and Biophysics, 611, 58–65. 

421. Maares, M., & Haase, H. (2020). A guide to human zinc absorption: General overview and 
recent advances of in vitro intestinal models. Nutrients, 12(3), 762 

422. Macfarlane, G. T., Macfarlane, S., & Gibson, G. R. (1998). Validation of a Three-Stage 
Compound Continuous Culture System for Investigating the Effect of Retention Time on the 
Ecology and Metabolism of Bacteria in the Human Colon. Microbial Ecology, 35(2), 180–187. 

423. Machiels, K., Joossens, M., Sabino, J., de Preter, V., Arijs, I., Eeckhaut, V., Ballet, V., Claes, K., 
van Immerseel, F., Verbeke, K., Ferrante, M., Verhaegen, J., Rutgeerts, P., & Vermeire, S. 
(2014). A decrease of the butyrate-producing species Roseburia hominis and Faecalibacterium 
prausnitzii defines dysbiosis in patients with ulcerative colitis. Gut, 63(8), 1275–1283. 

424. Maddaiah, V. T., Kurnicks, A. A., & Reid, B. L. (1964). Phytic Acid Studies. Experimental 
Biology and Medicine, 115(2), 391–393. 

425. Mahnic, A., Breskvar, M., Dzeroski, S., Skok, P., Pintar, S., & Rupnik, M. (2020). Distinct Types 
of Gut Microbiota Dysbiosis in Hospitalized Gastroenterological Patients Are Disease Non-
related and Characterized with the Predominance of Either Enterobacteriaceae or 
Enterococcus. Frontiers in Microbiology, 11. 

426. Mandal, N. C., Burman, S., & Biswas, B. B. (1972). Isolation, purification and characterization 
of phytase from germinating mung beans. Phytochemistry, 11(2), 495–502. 

427. Manfredi, P., Lauber, F., Renzi, F., Hack, K., Hess, E., & Cornelis, G. R. (2015). New iron 
acquisition system in Bacteroidetes. Infection and Immunity, 83(1), 300–310. 



331 
 

428. Mani Tiwari, A. K., Mahdi, A. A., Chandyan, S., Zahra, F., Godbole, M. M., Jaiswar, S. P., 
Srivastava, V. K., & Singh Negi, M. P. (2011). Oral iron supplementation leads to oxidative 
imbalance in anemic women: A prospective study. Clinical Nutrition, 30(2), 188–193. 

429. Manichanh, C., Reeder, J., Gibert, P., Varela, E., Llopis, M., Antolin, M., Guigo, R., Knight, R., 
& Guarner, F. (2010). Reshaping the gut microbiome with bacterial transplantation and 
antibiotic intake. Genome Research, 20(10), 1411–1419. 

430. Manichanh, C., Rigottier-Gois, L., Bonnaud, E., Gloux, K., Pelletier, E., Frangeul, L., Nalin, R., 
Jarrin, C., Chardon, P., Marteau, P., Roca, J., & Dore, J. (2006). Reduced diversity of faecal 
microbiota in Crohn’s disease revealed by a metagenomic approach. Gut, 55(2), 205–211. 

431. Mardis, E. R. (2008). Next-generation DNA sequencing methods. Annual Review of Genomics 
and Human Genetics, 9, 387–402. 

432. Maret, W. (2013). Zinc biochemistry: From a single zinc enzyme to a key element of life. In 
Advances in Nutrition (Vol. 4, Issue 1, pp. 82–91). 

433. Maret, W. (2017). Zinc in cellular regulation: The nature and significance of “zinc signals.” 
International Journal of Molecular Sciences, 18(11), 2285. 

434. Maret, W., & Li, Y. (2009). Coordination dynamics of zinc in proteins. Chemical Reviews, 
109(10), 4682–4707. 

435. Maret, W., & Sandstead, H. H. (2006). Zinc requirements and the risks and benefits of zinc 
supplementation. Journal of Trace Elements in Medicine and Biology, 20(1), 3–18. 

436. Mariat, D., Firmesse, O., Levenez, F., Guimarǎes, V. D., Sokol, H., Doré, J., Corthier, G., & 
Furet, J. P. (2009). The firmicutes/bacteroidetes ratio of the human microbiota changes with 
age. BMC Microbiology, 9, 123. 

437. Markiewicz, L. H., Honke, J., Haros, M., Światecka, D., & Wróblewska, B. (2013). Diet shapes 
the ability of human intestinal microbiota to degrade phytate - in vitro studies. Journal of 
Applied Microbiology, 115(1), 247–259. 

438. Martens, J. H., Barg, H., Warren, M., & Jahn, D. (2002). Microbial production of vitamin B12. 
Applied Microbiology and Biotechnology, 58(3), 275–285. 

439. Martinson, J. N. V., Pinkham, N. v., Peters, G. W., Cho, H., Heng, J., Rauch, M., Broadaway, S. 
C., & Walk, S. T. (2019). Rethinking gut microbiome residency and the Enterobacteriaceae in 
healthy human adults. ISME Journal, 13(9), 2306–2318. 

440. Matamoros, S., Gras-Leguen, C., le Vacon, F., Potel, G., & de La Cochetiere, M. F. (2013). 
Development of intestinal microbiota in infants and its impact on health. Trends in 
Microbiology, 21(4), 167–173. 

441. Matee’, M. I. (1995). Association between carriage of oral yeasts and malnutrition among 
Tanzanian infants aged 6-24 months. Oral Diseases, 1(1), 37–42. 

442. Mayneris-Perxachs, J., Bolick, D. T., Leng, J., Medlock, G. L., Kolling, G. L., Papin, J. A., Swann, 
J. R., & Guerrant, R. L. (2016). Protein-and zinc-deficient diets modulate the murine 
microbiome and metabolic phenotype. American Journal of Clinical Nutrition, 104(5), 1253–
1262. 

443. Mcgrath, J. W., Cleary, S., Mullan, A., & Quinn, J. P. (2001). Acid-stimulated phosphate 
uptake by activated sludge microorganisms under aerobic laboratory conditions. Water 
Research, 35(18), 4317–4322. 



332 
 

444. Mckenna, W. R., Mickelsen, P. A., Sparling, P. F., & Dyer’, A. D. W. (1988). Iron Uptake from 
Lactoferrin and Transferrin by Neisseria gonorrhoeae. Infection and Immunity, 56(4), 785–
791. 

445. Meija, J., Coplen, T. B., Berglund, M., Brand, W. A., de Bièvre, P., Gröning, M., Holden, N. E., 
Irrgeher, J., Loss, R. D., Walczyk, T., & Prohaska, T. (2016). Atomic weights of the elements 
2013 (IUPAC Technical Report). Pure and Applied Chemistry, 88(3), 265–291. 

446. Meiklejohn, J. (1952). Minimum Phosphate and Magnesium Requirements of Nitrifying 
Bacteria. Nature, 170, 1131. 

447. Merchant, S. S., & Helmann, J. D. (2012). Elemental Economy. Microbial Strategies for 
Optimizing Growth in the Face of Nutrient Limitation. In Advances in Microbial Physiology 
(Vol. 60, pp. 91–210). Academic Press. 

448. Metzler, B. U., & Mosenthin, R. (2008). A Review of Interactions between Dietary Fiber and 
the Gastrointestinal Microbiota and Their Consequences on Intestinal Phosphorus 
Metabolism in Growing Pigs. Asian-Australian Journal of Animal Science, 21(4), 603–615. 

449. Mevissen-Verhage, E. A. E., Harrnsen-Van Amerongen, W. C. M., de Vos, N. M., & Verhoef, J. 
(1985). Effect of Iron on Neonatal Gut Flora During the First Three Months of Life. European 
Journal of Clinical Microbiology, 4(3), 273–278. 

450. Meylan, E., Tschopp, J., & Karin, M. (2006). Intracellular pattern recognition receptors in the 
host response. Nature, 442(7098), 39–44. 

451. Michell, R. H. (2008). Inositol derivatives: Evolution and functions. Nature Reviews Molecular 
Cell Biology, 9(2), 151–161. 

452. Miethke, M., & Marahiel, M. A. (2007). Siderophore-Based Iron Acquisition and Pathogen 
Control. Microbiology and Molecular Biology Reviews, 71(3), 413–451. 

453. Mikhaylina, A., Ksibe, A. Z., Scanlan, D. J., & Blindauer, C. A. (2018). Bacterial zinc uptake 
regulator proteins and their regulons. Biochemical Society Transactions, 46(4), 983–1001. 

454. Milani, C., Duranti, S., Bottacini, F., Casey, E., Turroni, F., Mahony, J., Belzer, C., Delgado 
Palacio, S., Montes, S. A., Mancabelli, L., Lugli, G. A., Rodriguez, J. M., Bode, L., de Vos, W., 
Gueimonde, M., Margolles, A., van Sinderen, D., & Ventura, M. (2017). The First Microbial 
Colonizers of the Human Gut: Composition, Activities, and Health Implications of the Infant 
Gut Microbiota. Microbiology and Molecular Biology Reviews, 81(4), e00036-17. 

455. Million, M., Maraninchi, M., Henry, M., Armougom, F., Richet, H., Carrieri, P., Valero, R., 
Raccah, D., Vialettes, B., & Raoult, D. (2012). Obesity-associated gut microbiota is enriched in 
Lactobacillus reuteri and depleted in Bifidobacterium animalis and Methanobrevibacter 
smithii. International Journal of Obesity, 36(6), 817–825. 

456. Miret, S., Simpson, R. J., & McKie, A. T. (2003). Physiology and molecular biology of dietary 
iron absorption. Annual Review of Nutrition, 23, 283–301. 

457. Mitchel1, D. B., Vogel, K., Weimann, B. J., Pasamontes, L., & van Loon, A. P. G. M. (1997). The 
phytase subfamily of histidine acid phosphatases: isolation of genes for two novel phytases 
from the fungi Aspergillus terreus and Myceliophthora thermophila. Microbiology, 143, 245–
252. 

458. Modi, S. R., Collins, J. J., & Relman, D. A. (2014). Antibiotics and the gut microbiota. Journal 
of Clinical Investigation, 124(10), 4212–4218. 

459. Moeck, G. S., & Coulton, J. W. (1998). TonB-dependent iron acquisition: mechanisms of 
siderophore-mediated active transport. Molecular Microbiology, 28(4), 675–681. 



333 
 

460. Monira, S., Nakamura, S., Gotoh, K., Izutsu, K., Watanabe, H., Alam, N. H., Endtz, H. P., 
Cravioto, A., Ali, S. I., Nakaya, T., Horii, T., Iida, T., & Alam, M. (2011). Gut microbiota of 
healthy and malnourished children in Bangladesh. Frontiers in Microbiology, 2, 228. 

461. Morck, T. A., Lynch, S. R., & Cook, J. D. (1983). Inhibition of food iron absorption by coffee. 
American Journal of Clinical Nutrition, 37(3), 416–420.  

462. Morelli, L. (2008). Postnatal development of intestinal microflora as influenced by infant 
nutrition. Journal of Nutrition, 138(9), 1791S-1795S.  

463. Morgan, E. H., & Oates, P. S. (2002). Mechanisms and regulation of intestinal iron 
absorption. Blood Cells, Molecules & Diseases, 29(3), 384–399. 

464. Muegge, B. D., Kuczynski, J., Knight, D., Clemente, J. C., Gonzalez, A., Fontana, L., Henrissat, 
B., Knight, R., & Gordon, J. I. (2011). Diet drives convergence in gut microbiome functions 
across mammalian phylogeny and within humans. Science, 332(6032), 970–974. 

465. Mueller, S., Saunier, K., Hanisch, C., Norin, E., Alm, L., Midtvedt, T., Cresci, A., Silvi, S., 
Orpianesi, C., Verdenelli, M. C., Clavel, T., Koebnick, C., Zunft, H. J. F., Doré, J., & Blaut, M. 
(2006). Differences in fecal microbiota in different European study populations in relation to 
age, gender, and country: A cross-sectional study. Applied and Environmental Microbiology, 
72(2), 1027–1033. 

466. Müller, A., Wilkinson, A. J., Wilson, K. S., & Duhme-Klair, A. K. (2006). An [{Fe(mecam)}2]6- 
bridge in the crystal structure of a ferric enterobactin binding protein. Angewandte Chemie - 
International Edition, 45(31), 5132–5136. 

467. Müller, O., Becher, H., Baltussen Van Zweeden, A., Ye, Y., Diallo, A., Konate, A. T., Gbangou, 
A., Kouyate, B., & Garenne, M. (2001). Effect of zinc supplementation on malaria and other 
causes of morbidity in west African children: randomised double blind placebo controlled 
trial. BMJ, 322(7302), 1567. 

468. Murphy, E. F., Cotter, P. D., Healy, S., Marques, T. M., O’Sullivan, O., Fouhy, F., Clarke, S. F., 
O’Toole, P. W., Quigley, E. M., Stanton, C., Ross, P. R., O’Doherty, R. M., & Shanahan, F. 
(2010). Composition and energy harvesting capacity of the gut microbiota: Relationship to 
diet, obesity and time in mouse models. Gut, 59(12), 1635–1642. 

469. Naikare, H., Palyada, K., Panciera, R., Marlow, D., & Stintzi, A. (2006). Major role for FeoB in 
Campylobacter jejuni ferrous iron acquisition, gut colonization, and intracellular survival. 
Infection and Immunity, 74(10), 5433–5444. 

470. Nakano, T., Joh, T., Tokumoto, E., & Hayakawa, T. (1999). Purification and Characterization 
of Phytase from Bran of Triticum aestivum L. cv. Nourin #61. Food Science and Technology 
Research, 5(1), 18–23. 

471. Nava, G. M., Carbonero, F., Croix, J. A., Greenberg, E., & Gaskins, H. R. (2012). Abundance 
and diversity of mucosa-associated hydrogenotrophic microbes in the healthy human colon. 
ISME Journal, 6(1), 57–70. 

472. Navab-Moghadam, F., Sedighi, M., Khamseh, M. E., Alaei-Shahmiri, F., Talebi, M., Razavi, S., 
& Amirmozafari, N. (2017). The association of type II diabetes with gut microbiota 
composition. Microbial Pathogenesis, 110, 630–636. 

473. Neish, A. S. (2009). Microbes in Gastrointestinal Health and Disease. Gastroenterology, 
136(1), 65–80. 

474. Nemeth, E., & Ganz, T. (2006). Regulation of iron metabolism by hepcidin. Annual Review of 
Nutrition, 26, 323–342. 



334 
 

475. Nemeth, E., & Ganz, T. (2009). The role of hepcidin in iron metabolism. Acta Haematologica, 
122(2–3), 78–86. 

476. Nemeth, E., Preza, G. C., Jung, C. L., Kaplan, J., Waring, A. J., & Ganz, T. (2006). The N-
terminus of hepcidin is essential for its interaction with ferroportin: Structure-function study. 
Blood, 107(1), 328–333. 

477. Newton, S. M. C., Igo, J. D., Scott, D. C., & Klebba, P. E. (1999). Effect of loop deletions on the 
binding and transport of ferric enterobactin by FepA. Molecular Microbiology, 32(6), 1153–
1165. 

478. Nguyen, T. V., Van, P. le, Huy, C. le, & Weintraub, A. (2005). Diarrhea caused by 
enterotoxigenic Bacteroides fragilis in children less than 5 years of age in Hanoi, Vietnam. 
Anaerobe, 11(1–2), 109–114. 

479. Nicholson, J. K., Holmes, E., Kinross, J., Burcelin, R., Gibson, G., Jia, W., & Pettersson, S. 
(2012). Host-gut microbiota metabolic interactions. Science, 336(6086), 1262–1267. 

480. Nicholson, M. lou, & Beall, B. (1999). Disruption of tonB in Bordetella bronchiseptica and 
Bordetella pertussis prevents utilization of ferric siderophores, haemin and haemoglobin as 
iron sources. Microbiology, 145, 2453–2461. 

481. Niles, B. J., Clegg, M. S., Hanna, L. A., Chou, S. S., Momma, T. Y., Hong, H., & Keen, C. L. 
(2008). Zinc deficiency-induced iron accumulation, a consequence of alterations in iron 
regulatory protein-binding activity, iron transporters, and iron storage proteins. Journal of 
Biological Chemistry, 283(8), 5168–5177. 

482. Nishito, Y., & Kambe, T. (2019). Zinc transporter 1 (ZNT1) expression on the cell surface is 
elaborately controlled by cellular zinc levels. Journal of Biological Chemistry, 294(43), 15686–
15697. 

483. Nkhata, S. G., Ayua, E., Kamau, E. H., & Shingiro, J. B. (2018). Fermentation and germination 
improve nutritional value of cereals and legumes through activation of endogenous enzymes. 
Food Science and Nutrition, 6(8), 2446–2458. 

484. Obidi, O. F., Awe, O. O., Igwo-Ezikpe, M. N., & Okekunjo, F. O. (2018). Production of 
phosphatase by microorganisms isolated from discolored painted walls in a typical tropical 
environment: a Non-Parametric analysis. Arab Journal of Basic and Applied Sciences, 25(3), 
111–121. 

485. O’Callaghan, A., & van Sinderen, D. (2016). Bifidobacteria and their role as members of the 
human gut microbiota. Frontiers in Microbiology, 7, 925. 

486. O’dell, B. L. (2000). Zinc and Health: Current Status and Future Directions Role of Zinc in 
Plasma Membrane Function. Journal of Nutrition, 130, 1432–1436.  

487. Ogbonna, A. C., Abuajah, C. I., Ide, E. O., & Udofia, U. S. (2012). Effect of malting conditions 
on the nutritional and anti-nutritional factors of sorghum grist. Annals of the University 
Dunarea de Jos of Galati , 36(2), 64–72.  

488. Ogura, M. (2011). ZnuABC and ZosA zinc transporters are differently involved in competence 
development in Bacillus subtilis. Journal of Biochemistry, 150(6), 615–625. 

489. Oh, B. C., Choi, W. C., Park, S., Kim, Y. O., & Oh, T. K. (2004). Biochemical properties and 
substrate specificities of alkaline and histidine acid phytases. Applied Microbiology and 
Biotechnology, 63(4), 362–372. 

490. O’Hara, A. M., & Shanahan, F. (2006). The gut flora as a forgotten organ. EMBO Reports, 
7(7), 688–693. 



335 
 

491. Ojha, P., Adhikari, R., Karki, R., Mishra, A., Subedi, U., & Karki, T. B. (2018). Malting and 
fermentation effects on antinutritional components and functional characteristics of sorghum 
flour. Food Science and Nutrition, 6(1), 47–53. 

492. Okkeri, J., & Haltia, T. (2006). The metal-binding sites of the zinc-transporting P-type ATPase 
of Escherichia coli. Lys693 and Asp714 in the seventh and eighth transmembrane segments of 
ZntA contribute to the coupling of metal binding and ATPase activity. Biochimica et Biophysica 
Acta - Bioenergetics, 1757(11), 1485–1495. 

493. Oldenburg, B., Koningsberger, J. C., van Berge Henegouwen, G. P., van Asbeck, B. S., & Marx, 
J. J. (2001). Iron and inflammatory bowel disease. Alimentary Pharmacology and Therapeutics, 
15(4), 429–438. 

494. Olsson, O. (1952). The capacity of the large intestine. Acta Radiologica, 37(3–4), 348–355.  
 

495. Olstorpe, M., Schnürer, J., & Passoth, V. (2009). Screening of yeast strains for phytase 
activity. FEMS Yeast Research, 9(3), 478–488. 

496. Omoike, I. U., & Abiodun, P. O. (1989). Upper small intestinal microflora in diarrhea and 
malnutrition in Nigerian children. Journal of Pediatric Gastroenterology and Nutrition, 9(3), 
314–321. 

497. Onyango, C. A., Ochanda, S. O., Mwasaru, M. A., Ochieng, J. K., Mathooko, F. M., & Kinyuru, 
J. N. (2013). Effects of Malting and Fermentation on Anti-Nutrient Reduction and Protein 
Digestibility of Red Sorghum, White Sorghum and Pearl Millet. Journal of Food Research, 2(1), 
41. 

498. Orrhage, K., & Nord, C. E. (1999). Factors controlling the bacterial colonization of the 
intestine in breastfed infants. Acta Paediatrica, 88(430), 47–57. 

499. Osaki, S., Johnson, D. A., & Frieden, E. (1966). The possible significance of the ferrous 
oxidase activity of ceruloplasmin in normal human serum. Journal of Biological Chemistry, 
241(12), 2746–2751. 

500. Osaki, S., Johnson, D. A., & Frieden, E. (1971). The mobilization of iron from the perfused 
mammalian liver by a serum copper enzyme, ferroxidase I. Journal of Biological Chemistry, 
246(9), 3018–3023. 

501. Ostanin, K., Harms, E. H., Stevis, P. E., Kuciel, R., Zhou, M. M., & van Etten, R. L. (1992). 
Overexpression, site-directed mutagenesis, and mechanism of Escherichia coli acid 
phosphatase. Journal of Biological Chemistry, 267(32), 22830–22836. 

502. O’Sullivan, A., Farver, M., & Smilowitz, J. T. (2015). The Influence of early infant-feeding 
practices on the intestinal microbiome and body composition in infants. Nutrition and 
Metabolic Insights, 8, 1–9. 

503. O’Toole, P. W., & Claesson, M. J. (2010). Gut microbiota: Changes throughout the lifespan 
from infancy to elderly. International Dairy Journal, 20(4), 281–291. 

504. Ott, S. J., Musfeldt, M., Wenderoth, D. F., Hampe, J., Brant, O., Fölsch, U. R., Timmis, K. N., & 
Schreiber, S. (2004). Reduction in diversity of the colonic mucosa associated bacterial 
microflora in patients with active inflammatory bowel disease. Gut, 53(5), 685–693. 

505. Otto, B. R., Kusters, J. G., Luirink, J., de Graaf, F. K., & Oudega, B. (1996). Molecular 
characterization of a heme-binding protein of Bacteroides fragilis BE1. Infection and 
Immunity, 64(10), 4345–4350. 

506. Outten, C. E., & O’Halloran, T. v. (2001). Femtomolar sensitivity of metalloregulatory 
proteins controlling zinc homeostasis. Science, 292(5526), 2488–2492. 



336 
 

507. Ouwerkerk, J. P., de Vos, W. M., & Belzer, C. (2013). Glycobiome: Bacteria and mucus at the 
epithelial interface. Best Practice and Research: Clinical Gastroenterology, 27(1), 25–38. 

508. Owusu-Agyei, S., Newton, S., Mahama, E., Febir, L. G., Ali, M., Adjei, K., Tchum, K., Alhassan, 
L., Moleah, T., & Tanumihardjo, S. A. (2013). Impact of vitamin A with zinc supplementation 
on malaria morbidity in Ghana. Nutrition Journal, 12(1), 131. 

509. Paganini, D., Uyoga, M. A., Cercamondi, C. I., Moretti, D., Mwasi, E., Schwab, C., Bechtler, S., 
Mutuku, F. M., Galetti, V., Lacroix, C., Karanja, S., & Zimmermann, M. B. (2017). Consumption 
of galacto-oligosaccharides increases iron absorption from a micronutrient powder containing 
ferrous fumarate and sodium iron EDTA: a stable-isotope study in Kenyan infants. American 
Journal of Clinical Nutrition, 106, 1020–1051. 

510. Paganini, D., Uyoga, M. A., & Zimmermann, M. B. (2016). Iron fortification of foods for 
infants and children in low-income countries: Effects on the gut microbiome, gut 
inflammation, and diarrhea. Nutrients, 8(8),494. 

511. Paganini, D., & Zimmermann, M. B. (2017a). The effects of iron fortification and 
supplementation on the gut microbiome and diarrhea in infants and children: a review. 
American Journal of Clinical Nutrition, 106, 1688–1693. 

512. Paganini, D., & Zimmermann, M. B. (2017b). The effects of iron fortification and 
supplementation on the gut microbiome and diarrhea in infants and children: A review. 
American Journal of Clinical Nutrition, 106, 1688S-1693S. 

513. Palmer, L. D., & Skaar, E. P. (2016). Transition Metals and Virulence in Bacteria. Annual 
Review of Genetics, 50, 67–91. 

514. Pan, D., & Yu, Z. (2013). Intestinal microbiome of poultry and its interaction with host and 
diet. Gut Microbes, 5(1). 

515. Panda, S., el Khader, I., Casellas, F., López Vivancos, J., García Cors, M., Santiago, A., Cuenca, 
S., Guarner, F., & Manichanh, C. (2014). Short-term effect of antibiotics on human gut 
microbiota. PLoS ONE, 9(4), e95476. 

516. Paone, P., & Cani, P. D. (2020). Mucus barrier, mucins and gut microbiota: The expected 
slimy partners? Gut, 69(12), 2232–2243. 

517. Papanikolaou, G., & Pantopoulos, K. (2005). Iron metabolism and toxicity. Toxicology and 
Applied Pharmacology, 202(2), 199–211. 

518. Parker Siburt, C. J., Mietzner, T. A., & Crumbliss, A. L. (2012). FbpA - A bacterial transferrin 
with more to offer. Biochimica et Biophysica Acta - General Subjects, 1820(3), 379–392. 

519. Parmanand, B. A., Kellingray, L., le Gall, G., Basit, A. W., Fairweather-Tait, S., & Narbad, A. 
(2019). A decrease in iron availability to human gut microbiome reduces the growth of 
potentially pathogenic gut bacteria; an in vitro colonic fermentation study. Journal of 
Nutritional Biochemistry, 67, 20–27. 

520. Parmanand, B., Watson, M., Boland, K. J., Ramamurthy, N., Wharton, V., Morovat, A., Lund, 
E. K., Collier, J., le Gall, G., Kellingray, L., Fairweather-Tait, S., Cobbold, J. F., Narbad, A., & 
Ryan, J. D. (2020). Systemic iron reduction by venesection alters the gut microbiome in 
patients with haemochromatosis. JHEP Reports, 2(6). 

521. Pasamontes, L., Haiker, M., Wyss, M., Tessier, M., & van Loon, A. P. G. M. (1997). Gene 
Cloning, Purification, and Characterization of a Heat-Stable Phytase from the Fungus 
Aspergillus fumigatus. Applied and Environmental Microbiology, 63(5), 1696–1700. 



337 
 

522. Pasquet, J., Chevalier, Y., Pelletier, J., Couval, E., Bouvier, D., & Bolzinger, M. A. (2014). The 
contribution of zinc ions to the antimicrobial activity of zinc oxide. Colloids and Surfaces A: 
Physicochemical and Engineering Aspects, 457(1), 263–274. 

523. Pathela, P., Hasan, K. Z., Roy, E., Alam, K., Huq, F., Siddique, A. K., & Sack, R. B. (2005). 
Enterotoxigenic Bacteroides fragilis-Associated Diarrhea in Children 0-2 Years of Age in Rural 
Bangladesh. Journal of Infectious Diseases, 191, 1245–1252.  

524. Patro, J. N., Ramachandran, P., Barnaba, T., Mammel, M. K., Lewis, J. L., & Elkins, C. A. 
(2016). Culture-Independent Metagenomic Surveillance of Commercially Available Probiotics 
with High-Throughput Next-Generation Sequencing. MSphere, 1(2). 

525. Patzer, S. I., & Hantke, K. (1998). The ZnuABC high-affinity zinc uptake system and its 
regulator Zur in Escherichia coli. Molecular Microbiology, 28(6), 1199–1210. 

526. Payne, A. N., Chassard, C., Banz, Y., & Lacroix, C. (2012). The composition and metabolic 
activity of child gut microbiota demonstrate differential adaptation to varied nutrient loads in 
an in vitro model of colonic fermentation. FEMS Microbiology Ecology, 80(3), 608–623. 

527. Penders, J., Thijs, C., Vink, C., Stelma, F. F., Snijders, B., Kummeling, I., van den Brandt, P. A., 
& Stobberingh, E. E. (2006). Factors influencing the composition of the intestinal microbiota in 
early infancy. Pediatrics, 118(2), 511–521. 

528. Peng, P., Chen, J., Yao, K., Yin, Y., Long, L., & Fang, R. (2019). The effects of dietary 
supplementation with porous zinc oxide on growth performance, intestinal microbiota, 
morphology, and permeability in weaned piglets. Animal Science Journal, 90(9), 1220–1228. 

529. Pérez-Losada, M., Arenas, M., & Castro-Nallar, E. (2018). Microbial sequence typing in the 
genomic era. Infection, Genetics and Evolution, 63, 346–359. 

530. Perkins-Balding, D., Ratliff-Griffin, M., & Stojiljkovic, I. (2004). Iron Transport Systems in 
Neisseria meningitidis . Microbiology and Molecular Biology Reviews, 68(1), 154–171. 

531. Persson, H., Türk, M., Nyman, M., & Sandberg, A.-S. (1998). Binding of Cu2+ , Zn2+ , and Cd2+ 

to Inositol Tri-, Tetra-, Penta-, and Hexaphosphates. Journal of Agricultural and Food 
Chemistry, 46(8), 3194–3200. 

532. Petrak, J., & Vyoral, D. (2005). Hephaestin - A ferroxidase of cellular iron export. 
International Journal of Biochemistry and Cell Biology, 37(6), 1173–1178. 

533. Petrarca, P., Ammendola, S., Pasquali, P., & Battistoni, A. (2010). The zur-regulated ZnT 
protein is an auxiliary component of the high-affinity ZnuABC zinc transporter that facilitates 
metal recruitment during severe zinc shortage. Journal of Bacteriology, 192(6), 1553–1564. 

534. Phipps, O., Al-Hassi, H. O., Quraishi, M. N., Kumar, A., & Brookes, M. J. (2020). Influence of 
iron on the gut microbiota in colorectal cancer. In Nutrients (Vol. 12, Issue 9, pp. 1–20). MDPI 
AG. 

535. Pieper, R., Dadi, T. H., Pieper, L., Vahjen, W., Franke, A., Reinert, K., & Zentek, J. (2020). 
Concentration and chemical form of dietary zinc shape the porcine colon microbiome, its 
functional capacity and antibiotic resistance gene repertoire. ISME Journal, 14(11), 2783–
2793. 

536. Pieper, R., Vahjen, W., Neumann, K., van Kessel, A. G., & Zentek, J. (2012). Dose-dependent 
effects of dietary zinc oxide on bacterial communities and metabolic profiles in the ileum of 
weaned pigs. Journal of Animal Physiology and Animal Nutrition, 96(5), 825–833. 

537. Podany, A., Rauchut, J., Wu, T., Kawasawa, Y. I., Wright, J., Lamendella, R., Soybel, D. I., & 
Kelleher, S. L. (2019). Excess Dietary Zinc Intake in Neonatal Mice Causes Oxidative Stress and 
Alters Intestinal Host–Microbe Interactions. Molecular Nutrition and Food Research, 63(3). 



338 
 

538. Pompei, A., Cordisco, L., Amaretti, A., Zanoni, S., Matteuzzi, D., & Rossi, M. (2007). Folate 
production by bifidobacteria as a potential probiotic property. Applied and Environmental 
Microbiology, 73(1), 179–185. 

539. Pompei, A., Cordisco, L., Amaretti, A., Zanoni, S., Raimondi, S., Matteuzzi, D., & Rossi, M. 
(2007). The Journal of Nutrition Nutrient Requirements and Optimal Nutrition Administration 
of Folate-Producing Bifidobacteria Enhances Folate Status in Wistar Rats 1,2. Journal of 
Nutrition, 137, 2742–2746.  

540. Porcheron, G., Garénaux, A., Proulx, J., Sabri, M., & Dozois, C. M. (2013). Iron, copper, zinc, 

and manganese transport and regulation in pathogenic Enterobacteria: Correlations between 

strains, site of infection and the relative importance of the different metal transport systems 

for virulence. Frontiers in Cellular and Infection Microbiology, 3(90).  
 

541. Posfle, K. (1993). TonB Protein and Energy Transduction between Membranes. Journal of 
Bioenergetics and Biomembranes, 25(6), 591–601. 

542. Postle, K., & Kadner, R. J. (2003). Touch and go: Tying TonB to transport. Molecular 
Microbiology, 49(4), 869–882. 

543. Poulsen, H. D. (1995). Zinc oxide for weanling piglets. Acta Agriculturae Scandinavica A: 
Animal Sciences, 45(3), 159–167. 

544. Power, S. E., O’Toole, P. W., Stanton, C., Ross, R. P., & Fitzgerald, G. F. (2014). Intestinal 
microbiota, diet and health. British Journal of Nutrition, 111(3), 387–402. 

545. Pradel, E., & Boquet, P. L. (1991). Utilization of exogenous glucose-l-phosphate as a source of 
carbon or phosphate by Escherichia coli K12: respective roles of acid glucose-l-phosphatase, 
hexose-phosphate permease, phosphoglucomutase and alkaline phosphatase. Research in 
Microbiology, 142(1), 37–45. 

546. Prasad, A. S. (2012). Discovery of human zinc deficiency: 50 years later. Journal of Trace 
Elements in Medicine and Biology, 26(2–3), 66–69. 

547. Prasad, A. S. (2013). Discovery of human zinc deficiency: Its impact on human health and 
disease. Advances in Nutrition, 4(2), 176–190. 

548. Prasad, A. S. (2014). Impact of the discovery of human zinc deficiency on health. In Journal of 
Trace Elements in Medicine and Biology, 28(4), 357–363. 

549. Prentice, A. M., Mendoza, Y. A., Pereira, D., Cerami, C., Wegmuller, R., Constable, A., & 
Spieldenner, J. (2017). Dietary strategies for improving iron status: Balancing safety and 
efficacy. Nutrition Reviews, 75(1), 49–60. 

550. Probert, H. M., Apajalahti, J. H. A., Rautonen, N., Stowell, J., & Gibson, G. R. (2004). 
Polydextrose, lactitol, and fructo-oligosaccharide fermentation by colonic bacteria in a three-
stage continuous culture system. Applied and Environmental Microbiology, 70(8), 4505–4511. 

551. Prost, A. L., Bloc, A., Hussy, N., Derand, R., & Vivaudou, M. (2004). Zinc is both an 
intracellular and extracellular regulator of KATP channel function. Journal of Physiology, 
559(1), 157–167. 

552. Pryde, S. E., Duncan, S. H., Hold, G. L., Stewart, C. S., & Flint, H. J. (2002). The microbiology of 
butyrate formation in the human colon. FEMS Microbiology Letters, 217(2), 133–139. 
www.fems-microbiology.org 

553. Qin, J., Li, R., Raes, J., Arumugam, M., Burgdorf, K. S., Manichanh, C., Nielsen, T., Pons, N., 
Levenez, F., Yamada, T., Mende, D. R., Li, J., Xu, J., Li, S., Li, D., Cao, J., Wang, B., Liang, H., 



339 
 

Zheng, H., … Zoetendal, E. (2010). A human gut microbial gene catalogue established by 
metagenomic sequencing. Nature, 464(7285), 59–65. 

554. Qin, J., Li, Y., Cai, Z., Li, S., Zhu, J., Zhang, F., Liang, S., Zhang, W., Guan, Y., Shen, D., Peng, Y., 
Zhang, D., Jie, Z., Wu, W., Qin, Y., Xue, W., Li, J., Han, L., Lu, D., … Wang, J. (2012). A 
metagenome-wide association study of gut microbiota in type 2 diabetes. Nature, 490(7418), 
55–60. 

555. Raboy, V. (2003). myo-Inositol-1,2,3,4,5,6-hexakisphosphate. Phytochemistry, 64(6), 1033–
1043. 

556. Rahbar Saadat, Y., Niknafs, B., Hosseiniyan Khatibi, S. M., Ardalan, M., Majdi, H., 
Bahmanpoor, Z., Abediazar, S., & Zununi Vahed, S. (2020). Gut microbiota; an overlooked 
effect of phosphate binders. European Journal of Pharmacology, 868, 172892S. 

557. Rahbari, M., Rahlfs, S., Jortzik, E., Bogeski, I., & Becker, K. (2017). H2O2 dynamics in the 
malaria parasite Plasmodium falciparum. PLoS ONE, 12(4), e0174837. 

558. Ramakrishna, B. S. (2013). Role of the gut microbiota in human nutrition and metabolism. 
Journal of Gastroenterology and Hepatology (Australia), 28(S4), 9–17. 

559. Ramakrishnan, U., Nguyen, P., & Martorell, R. (2009). Effects of micronutrients on growth of 
children under 5 y of age: Meta-analyses of single and multiple nutrient interventions. 
American Journal of Clinical Nutrition, 89(1), 191–203. 

560. Ramirez-Farias, C., Slezak, K., Fuller, Z., Duncan, A., Holtrop, G., & Louis, P. (2009). Effect of 
inulin on the human gut microbiota: stimulation of Bifidobacterium adolescentis and 
Faecalibacterium prausnitzii. British Journal of Nutrition, 101(4), 541–550. 

561. Ratledge, C., & Dover, L. G. (2000). Iron metabolism in pathogenic bacteria. Annual Review of 
Microbiology, 54, 881–941.  

562. Ratledge, C., & Winder, F. (1964). Effect of iron and zinc on growth patterns of Escherichia 
coli in an iron-deficient medium. Journal of Bacteriology, 87(4), 823–827. http://jb.asm.org/ 

563. Ravindran, V., Morel, P. C. H., Partridge, G. G., Hruby, M., & Sands, J. S. (2006). Influence of 
an Escherichia coli-Derived Phytase on Nutrient Utilization in Broiler Starters Fed Diets 
Containing Varying Concentrations of Phytic Acid. Poultry Science, 85, 82–89. 

564. Reddy, N. R., Sathe, S. K., & Salunkhe, D. K. (1982). Phytates in legumes and cereals. 
Advances in Food Research, 28, 1–92. 

565. Reed, S., Knez, M., Uzan, A., Stangoulis, J. C. R., Glahn, R. P., Koren, O., & Tako, E. (2018). 
Alterations in the Gut (Gallus gallus) Microbiota Following the Consumption of Zinc 
Biofortified Wheat (Triticum aestivum)-Based Diet. Journal of Agricultural and Food Chemistry, 
66(25), 6291–6299. 

566. Reed, S., Neuman, H., Moscovich, S., Glahn, R. P., Koren, O., & Tako, E. (2015). Chronic zinc 
deficiency alters chick gut microbiota composition and function. Nutrients, 7(12), 9768–9784. 

567. Rehman, Z. U., & Shah, W. H. (2005). Thermal heat processing effects on antinutrients, 
protein and starch digestibility of food legumes. Food Chemistry, 91(2), 327–331. 

568. Rho, J. H., Wright, D. P., Christie, D. L., Clinch, K., Furneaux, R. H., & Roberton, A. M. (2005). 
A novel mechanism for desulfation of mucin: Identification and cloning of a mucin-desulfating 
glycosidase (sulfoglycosidase) from Prevotella strain RS2. Journal of Bacteriology, 187(5), 
1543–1551. 

569. Richardson, A. E., & Hadobas, P. A. (1997). Soil isolates of Pseudomonas spp. that utilize 
inositol phosphates. Canadian Journal of Microbiology, 43(6), 509–516.  



340 
 

570. Richardson, D. R., & Ponka, P. (1997). The molecular mechanisms of the metabolism and 
transport of iron in normal and neoplastic cells. Biochimica et Biophysica Acta, 1331, 1997–
1998. 

571. Rinninella, E., Raoul, P., Cintoni, M., Franceschi, F., Miggiano, G. A. D., Gasbarrini, A., & Mele, 
M. C. (2019). What is the healthy gut microbiota composition? A changing ecosystem across 
age, environment, diet, and diseases. Microorganisms, 7(1), 14. 

572. Rios-Covian, D., Gueimonde, M., Duncan, S. H., Flint, H. J., & de Los Reyes-Gavilan, C. G. 
(2015). Enhanced butyrate formation by cross-feeding between Faecalibacterium prausnitzii 
and Bifidobacterium adolescentis. FEMS Microbiology Letters, 362(21), fnv17. 

573. Ritchie, M. L., & Romanuk, T. N. (2012). A meta-analysis of probiotic efficacy for 
gastrointestinal diseases. PLoS ONE, 7(4), e34938. 

574. Roager, H. M., Licht, T. R., Poulsen, S. K., Larsen, T. M., & Bahl, M. I. (2014). Microbial 
enterotypes, inferred by the Prevotella-to-Bacteroides ratio, remained stable during a 6-
month randomized controlled diet intervention with the new nordic diet. Applied and 
Environmental Microbiology, 80(3), 1142–1149. 

575. Roberts, C. H., & Chlebowski, J. F. (1984). Trypsin modification of Escherichia coli alkaline 
phosphatase. Journal of Biological Chemistry, 259(2), 729–733. 

576. Rocha, E. R., Bergonia, H. A., Gerdes, S., & Jeffrey Smith, C. (2019). Bacteroides fragilis 
requires the ferrous-iron transporter FeoAB and the CobN-like proteins BtuS1 and BtuS2 for 
assimilation of iron released from heme. MicrobiologyOpen, 8(4), e669. 

577. Rocha, E. R., & Smith, C. J. (2013). Ferritin-like family proteins in the anaerobe Bacteroides 
fragilis: When an oxygen storm is coming, take your iron to the shelter. BioMetals, 26(4), 577–
591. 

578. Rodriguez, E., Han, Y., & Lei, X. G. (1999). Cloning, Sequencing, and Expression of an 
Escherichia coli Acid Phosphatase/Phytase Gene (appA2) Isolated from Pig Colon. Biochemical 
and Biophysical Research Communications, 257(1), 117–123. http://www.idealibrary.com 

579. Rodríguez-Carmona, Y., Denova-Gutiérrez, E., Sánchez-Uribe, E., Muñoz-Aguirre, P., Flores, 
M., & Salmerón, J. (2020). Zinc Supplementation and Fortification in Mexican Children. Food 
and Nutrition Bulletin, 41(1), 89–101. 

580. Rohde, K. H., Gillaspy, A. F., Hatfield, M. D., Lewis, L. A., & Dyer, D. W. (2002). Interactions of 
haemoglobin with the Neisseria meningitidis receptor HpuAB: the role of TonB and an intact 
proton motive force. Molecular Microbiology, 43(2), 335–354. 

581. Roohani, N., Hurrell, R., Kelishadi, R., & Schulin, R. (2013). Zinc and its importance for human 
health: An integrative review. Journal of Research in Medical Sciences, 144. 

582. Rossbach, S., Wilson, T. L., Kukuk, M. L., & Carty, H. A. (2000). Elevated zinc induces 
siderophore biosynthesis genes and a zntA -like gene in Pseudomonas fluorescens . FEMS 
Microbiology Letters, 191(1), 61–70. 

583. Rossi, M., Amaretti, A., & Raimondi, S. (2011). Folate production by probiotic bacteria. 
Nutrients, 3(1), 118–134. 

584. Round, J. L., & Mazmanian, S. K. (2009). The gut microbiota shapes intestinal immune 
responses during health and disease. Nature Reviews Immunology, 9(5), 313–323. 

585. Roy, S. K., Tomkins, A. M., Akramuzzaman, S. M., Behrens, R. H., Haider, R., Mahalanabis, D., 
& Fuchs, G. (1997). Randomised controlled trial of zinc supplementation in malnourished 
Bangladeshi children with acute diarrhoea.  Archives of Disease in Childhood, 77(3), 196–200. 



341 
 

586. Runyen-Janecky, L. J. (2013). Role and regulation of heme iron acquisition in gram-negative 
pathogens. Frontiers in Cellular and Infection Microbiology, 3, 55. 

587. Rusu, I. G., Suharoschi, R., Vodnar, D. C., Pop, C. R., Socaci, S. A., Vulturar, R., Istrati, M., 
Moroșan, I., Fărcaș, A. C., Kerezsi, A. D., Mureșan, C. I., & Pop, O. L. (2020). Iron 
supplementation influence on the gut microbiota and probiotic intake effect in iron 
deficiency—A literature-based review. Nutrients, 12(7), 1–17. 

588. Rutayisire, E., Huang, K., Liu, Y., & Tao, F. (2016). The mode of delivery affects the diversity 
and colonization pattern of the gut microbiota during the first year of infants’ life: A 
systematic review. BMC Gastroenterology, 16(1), 86. 

589. Sabri, M., Houle, S., & Dozois, C. M. (2009). Roles of the extraintestinal pathogenic 
Escherichia coli ZnuACB and ZupT Zinc Transporters during Urinary Tract Infection. Infection 
and Immunity, 77(3), 1155–1164. 

590. Sánchez-Patán, F., Cueva, C., Monagas, M., Walton, G. E., Gibson, G. R., Quintanilla-López, J. 
E., Lebrón-Aguilar, R., Martín-Álvarez, P. J., Moreno-Arribas, M. V., & Bartolomé, B. (2012). In 
vitro fermentation of a red wine extract by human gut microbiota: Changes in microbial 
groups and formation of phenolic metabolites. Journal of Agricultural and Food Chemistry, 
60(9), 2136–2147. 

591. Sandberg, J., Kovatcheva-Datchary, P., Björck, I., Bäckhed, F., & Nilsson, A. (2019). 
Abundance of gut Prevotella at baseline and metabolic response to barley prebiotics. 
European Journal of Nutrition, 58(6), 2365–2376. 

592. Sandy, M., & Butler, A. (2009). Microbial iron acquisition: Marine and terrestrial 
siderophores. Chemical Reviews, 109(10), 4580–4595. 

593. Sarbini, S. R., Kolida, S., Gibson, G. R., & Rastall, R. A. (2013). In vitro fermentation of 
commercial α-gluco-oligosaccharide by faecal microbiota from lean and obese human 
subjects. British Journal of Nutrition, 109(11), 1980–1989. 

594. Sasso, A., & Latella, G. (2018). Role of Heme Iron in the Association Between Red Meat 
Consumption and Colorectal Cancer.Nutrition and Cancer, 70(8), 1173–1183. 

595. Sazawal, S., Black, R. E., Jalla, S., Mazumdar, S., Sinha, A., & Bhan, M. K. (1998). Zinc 
Supplementation Reduces the Incidence of Acute Lower Respiratory Infections in Infants and 
Preschool Children: A Double-blind,  Controlled Trial. Pediatrics, 102, 1–5.  

596. Scanlan, P. D., & Marchesi, J. R. (2008). Micro-eukaryotic diversity of the human distal gut 
microbiota: Qualitative assessment using culture-dependent and -independent analysis of 
faeces. ISME Journal, 2(12), 1183–1193. 

597. Schlemmer, U., Frølich, W., Prieto, R. M., & Grases, F. (2009). Phytate in foods and 
significance for humans: Food sources, intake, processing, bioavailability, protective role and 
analysis. Molecular Nutrition and Food Research, 53, S330–S375. 

598. Schwiertz, A., Taras, D., Schäfer, K., Beijer, S., Bos, N. A., Donus, C., & Hardt, P. D. (2010). 
Microbiota and SCFA in lean and overweight healthy subjects. Obesity, 18(1), 190–195. 

599. Scott, D. C., Cao, Z., Qi, Z., Bauler, M., Igo, J. D., Newton, S. M. C., & Klebba, P. E. (2001). 
Exchangeability of N Termini in the Ligand-gated Porins of Escherichia coli. Journal of 
Biological Chemistry, 276(16), 13025–13033. 

600. Scott, K. P., Gratz, S. W., Sheridan, P. O., Flint, H. J., & Duncan, S. H. (2013). The influence of 
diet on the gut microbiota. Pharmacological Research, 69(1), 52–60. 

601. Sears, C. L., Islam, S., Saha, A., Arjumand, M., Alam, N. H., Faruque, A. S. G., Salam, M. A., 
Shin, J., Hecht, D., Weintraub, A., Sack, R. B., & Qadri, F. (2008). Association of enterotoxigenic 



342 
 

Bacteroides fragilis infection with inflammatory diarrhea. Clinical Infectious Diseases, 47(6), 
797–803. 

602. Sebastian, M., & Ammerman, J. W. (2009). The alkaline phosphatase PhoX is more widely 
distributed in marine bacteria than the classical PhoA. ISME Journal, 3(5), 563–572. 

603. Sechi, L. A., Gazouli, M., Ikonomopoulos, J., Lukas, J. C., Scanu, A. M., Ahmed, N., Fadda, G., 
& Zanetti, S. (2005). Mycobacterium avium subsp. paratuberculosis, genetic susceptibility to 
Crohn’s disease, and Sardinians: The way ahead. Journal of Clinical Microbiology, 43(10), 
5275–5277. 

604. Segueilha, L., Lambrechts, C., Li~ne Boze, H., Moulin, G., & Galzy, A. P. (1992). Purification 
and properties of the phytase from Schwanniomyces castellii. Journal of Fermentation and 
Bioengineering, 74(1), 7–11. 

605. Sekirov, I., Russell, S. L., Caetano, L., Antunes, M., & Finlay, B. B. (2010). Gut Microbiota in 
Health and Disease. Physiological Review, 90(3), 859–904. 

606. Sekler, I., Sensi, S. L., Hershfinkel, M., & Silverman, W. F. (2007). Mechanism and regulation 
of cellular zinc transport. Molecular Medicine, 13(7–8), 337–343. 

607. Selle, P. H., & Ravindran, V. (2007). Microbial phytase in poultry nutrition. Animal Feed 
Science and Technology, 135(1–2), 1–41. 

608. Selle, P. H., & Ravindran, V. (2008). Phytate-degrading enzymes in pig nutrition. Livestock 
Science, 113(2–3), 99–122. 

609. Selle, P. H., Ravindran, V., Ravindran, G., Pittolo, P. H., & Bryden, W. L. (2003). Influence of 
Phytase and Xylanase Supplementation on Growth Performance and Nutrient Utilisation of 
Broilers Offered Wheat-based Diets. Asian Australasian Journal of Animal Sciences, 16(3), 
394–402. 

610. Selle, P. H., Walker, A. R., & Bryden, W. L. (2003). Total and phytate-phosphorus contents 
and phytase activity of Australian-sourced feed ingredients for pigs and poultry. Australian 
Journal of Experimental Agriculture, 43(5), 475–479. 

611. Semrin, G., Douglas, `, Fishman, S., Bousvaros, A., Zholudev, A., Saunders, A. C., Correia, C. E., 
Nemeth, E., Grand, R. J., & Weinstein, D. A. (2006). Impaired Intestinal Iron Absorption in 
Crohn`s Disease Correlates with Disease Activity and Markers of Inflammation. Inflammatory 
Bowel Diseases, 12(12), 1101–1106. 

612. Seril, D. N., Liao, J., Ho, K.-L. K., Warsi, A., Yang, C. S., & Yang, G.-Y. (2002). Dietary Iron 
Supplementation Enhances DSS-Induced Colitis and Associated Colorectal Carcinoma 
Development in Mice. Digestive Diseases and Sciences, 47(6), 1266–1278. 

613. Serino, M., Luche, E., Gres, S., Baylac, A., Bergé, M., Cenac, C., Waget, A., Klopp, P., Iacovoni, 
J., Klopp, C., Mariette, J., Bouchez, O., Lluch, J., Ouarné, F., Monsan, P., Valet, P., Roques, C., 
Amar, J., Bouloumié, A., … Burcelin, R. (2012). Metabolic adaptation to a high-fat diet is 
associated with a change in the gut microbiota. Gut, 61(4), 543–553. 

614. Shao, M., & Zhu, Y. (2020). Long-term metal exposure changes gut microbiota of residents 
surrounding a mining and smelting area. Scientific Reports, 10(1). 

615. Sharp, P., Kaila Srai, S., & Submissions, O. (2007). Molecular mechanisms involved in 
intestinal iron absorption. World Journal of Gastroenterology, 13(35), 4716–4724.  

616. Sheldon, J. R., Laakso, H. A., & Heinrichs, D. E. (2016). Iron Acquisition Strategies of Bacterial 
Pathogens. Microbiology Spectrum, 4(2). 



343 
 

617. Shen, J., Chen, Y., Wang, Z., Zhou, A., He, M., Mao, L., Zou, H., Peng, Q., Xue, B., Wang, L., 
Zhang, X., Wu, S., & Lv, Y. (2014). Coated zinc oxide improves intestinal immunity function and 
regulates microbiota composition in weaned piglets. British Journal of Nutrition, 111(12), 
2123–2134. 

618. Sheng, Y., Fan, F., Jensen, O., Zhong, Z., Kan, B., Wang, H., & Zhu, J. (2015). Dual zinc 
transporter systems in Vibrio cholerae promote competitive advantages over gut microbiome. 
Infection and Immunity, 83(10), 3902–3908. 

619. Shetty, S. A., Marathe, N. P., Lanjekar, V., Ranade, D., & Shouche, Y. S. (2013). Comparative 
genome analysis of Megasphaera sp. reveals niche specialization and its potential role in the 
human gut. PLoS ONE, 8(11), e79353. 

620. Shin, S., Ha, N.-C., Oh, B.-C., Oh, T.-K., & Oh, B.-H. (2001). Enzyme Mechanism and Catalytic 
Property of Propeller Phytase. Structure, 9(9), 851–858. 

621. Siegenberg, D., Baynes, R. D., Bothwell, T. H., Macfarlane, B. J., Lamparelli, R. D., Car, N. G., 
MacPhail, P., Schmidt, U., Ta, A., & Mayet, F. (1991). Ascorbic acid prevents the dose-
dependent inhibitory effects of polyphenols and phytates on nonheme-iron absorption. 
American Journal of Clinical Nutrition, 53(2), 537–541.  

622. Simon, O., & Igbasan, F. (2002). In vitro properties of phytases from various microbial 
origins. International Journal of Food Science and Technology, 37(7), 813–822. 

623. Simone, M., Gozzoli, C., Quartieri, A., Mazzola, G., di Gioia, D., Amaretti, A., Raimondi, S., & 
Rossi, M. (2014). The probiotic Bifidobacterium breve B632 inhibited the growth of 
Enterobacteriaceae within colicky infant microbiota cultures. BioMed Research International, 
2014, 301053. 

624. Simons, P. C., Versteegh, H. A., Jongbloed, A. W., Kemme, P. A., Slump, P., Bos, K. D., 
Wolters, M. G., Beudeker, R. F., & Verschoor, G. J. (1990). Improvement of phosphorus 
availability by microbial phytase in broilers and pigs. Brirish Journal of Nutrition, 64(2), 525–
540. 

625. Singh, B., & Satyanarayana, T. (2011). Microbial phytases in phosphorus acquisition and 
plant growth promotion. Physiology and Molecular Biology of Plants, 17(2), 93–103. 

626. Sjöberg, F., Nookaew, I., Yazdanshenas, S., Gio-Batta, M., Adlerberth, I., & Wold, A. E. (2020). 
Are all faecal bacteria detected with equal efficiency? A study using next-generation 
sequencing and quantitative culture of infants’ faecal samples. Journal of Microbiological 
Methods, 177, 106018. 

627. Skoglund, E., Lönnerdal, B., & Sandberg, A. S. (1999). Inositol phosphates influence iron 
uptake in Caco-2 cells. Journal of Agricultural and Food Chemistry, 47(3), 1109–1113. 

628. Skrovanek, S. (2014). Zinc and gastrointestinal disease. World Journal of Gastrointestinal 
Pathophysiology, 5(4), 496. 

629. Skrypnik, K., & Suliburska, J. (2018). Association between the gut microbiota and mineral 
metabolism. Journal of the Science of Food and Agriculture, 98(7), 2449–2460. 

630. Smith, M. I., Yatsunenko, T., Manary, M. J., Trehan, I., Mkakosya, R., Cheng, J., Kau, A. L., 
Rich, S. S., Concannon, P., Mychaleckyj, J. C., Liu, J., Houpt, E., Li, J. v., Holmes, E., Nicholson, 
J., Knights, D., Ursell, L. K., Knight, R., & Gordon, J. I. (2013). Gut microbiomes of Malawian 
twin pairs discordant for kwashiorkor. Science, 339(6119), 548–554. 

631. Sokol, H., Seksik, P., Furet, J. P., Firmesse, O., Nion-Larmurier, I., Beaugerie, L., Cosnes, J., 
Corthier, G., Marteau, P., & Doraé, J. (2009). Low counts of Faecalibacterium prausnitzii in 
colitis microbiota. Inflammatory Bowel Diseases, 15(8), 1183–1189. 



344 
 

632. Sommer, F., & Bäckhed, F. (2013). The gut microbiota-masters of host development and 
physiology. Nature Reviews Microbiology, 11(4), 227–238. 

633. Sonnenburg, J. L., & Bäckhed, F. (2016). Diet-microbiota interactions as moderators of 
human metabolism. Nature, 535(7610), 56–64. 

634. Sonnenburg, J. L., Xu, J., Leip, D. D., Chen, C. H., Westover, B. P., Weatherford, J., Buhler, J. 
D., & Gordon, J. I. (2005). Glycan foraging in vivo by an intestine-adapted bacterial symbiont. 
Science, 307(5717), 1955–1959. 

635. Sorbara, M. T., Littmann, E. R., Fontana, E., Moody, T. U., Kohout, C. E., Gjonbalaj, M., Eaton, 
V., Seok, R., Leiner, I. M., & Pamer, E. G. (2020). Functional and Genomic Variation between 
Human-Derived Isolates of Lachnospiraceae Reveals Inter- and Intra-Species Diversity. Cell 
Host and Microbe, 28(1), 134-146.e4. 

636. Sottile Ii, W., & Zabransky, A. R. J. (1977). Comparative Growth Rates of Selected Anaerobic 
Species in Four Commonly Used Broth Media. Antimicrob Agents Chemother, 11(3), 482–490. 

637. Stark, P. L., & Lee, A. (1982). The microbial ecology of the large bowel of breast-fed and 
formula-fed infants during the first year of life. Journal of Medical Microbiology, 15(2), 189–
203. 

638. Starke, I. C., Pieper, R., Neumann, K., Zentek, J., & Vahjen, W. (2014). The impact of high 
dietary zinc oxide on the development of the intestinal microbiota in weaned piglets. FEMS 
Microbiology Ecology, 87(2), 416–427. 

639. Stecher, B., & Hardt, W. D. (2011). Mechanisms controlling pathogen colonization of the gut. 
Current Opinion in Microbiology, 14(1), 82–91. 

640. Steer, T. E., Gee, J. N., Johnson, I. T., & Gibson, G. R. (2004). Biodiversity of human faecal 
bacteria isolated from phytic acid enriched chemostat fermenters. Current Issues in Intestinal 
Microbiology, 5(2), 23–39.  

641. Stein, J., Dignass, A. U., & Sachsenhausen, K. (2013). Management of iron deficiency anemia 
in inflammatory bowel disease-a practical approach. Ann Gastroenterol, 26(2), 104–113. 
www.annalsgastro.gr 

642. Stensl, I., Kim, J. C., Bowring, B., Collins, A. M., Mansfield, J. P., & Pluske, J. R. (2015). A 
comparison of diets supplemented with a feed additive containing organic acids, 
cinnamaldehyde and a permeabilizing complex, or zinc oxide, on post-weaning diarrhoea, 
selected bacterial populations, blood measures and performance in weaned pigs 
experimentally infected with enterotoxigenic E. coli. Animals, 5(4), 1147–1168. 

643. Stojiljkovic, I., Hwa, V., de Saint Martin, L., Nassif, X., Heffron, F., & So, M. (1995). The 
Neisseria meningitidis haemoglobin its role in iron utilization and virulence. Molecular 
Microbiology, 15(3), 531–541. 

644. Stojiljkovic, I., & Perkins-Balding, D. (2002). Processing of Heme and Heme-Containing 
Proteins by Bacteria. DNA and Cell Biology, 21(4), 281–295. 

645. Strober, W., Fuss, I., & Mannon, P. (2007). The fundamental basis of inflammatory bowel 
disease. Journal of Clinical Investigation, 117(3), 514–521. 

646. Sugarman, B. (1983). Zinc and infection. Reviews of Infectious Disease, 5(1), 137–147.  

647. Sun, F., Zhang, Q., Zhao, J., Zhang, H., Zhai, Q., & Chen, W. (2019). A potential species of 
next-generation probiotics? The dark and light sides of Bacteroides fragilis in health. In Food 
Research International (Vol. 126). Elsevier Ltd. 



345 
 

648. Sun, Y. Y., Li, M., Li, Y. Y., Li, L. X., Zhai, W. Z., Wang, P., Yang, X. X., Gu, X., Song, L. J., Li, Z., 
Zuo, X. L., & Li, Y. Q. (2018). The effect of Clostridium butyricum on symptoms and fecal 
microbiota in diarrhea-dominant irritable bowel syndrome: A randomized, double-blind, 
placebo-controlled trial. Scientific Reports, 8(1), 2964. 

649. Surjawidjaja, J. E., Hidayat, A., & Lesmana, M. (2004). Growth inhibition of enteric pathogens 
by zinc sulfate: An in vitro study. Medical Principles and Practice, 13(5), 286–289. 

650. Swidsinski, A., Loening-Baucke, V., Lochs, H., & Hale, L. P. (2005). Spatial organization of 
bacterial flora in normal and inflamed intestine: A fluorescence in situ hybridization study in 
mice. World Journal of Gastroenterology, 11(8), 1131–1140.  

651. Sybesma, W., Starrenburg, M., Tijsseling, L., Hoefnagel, M. H. N., & Hugenholtz, J. (2003). 
Effects of cultivation conditions on folate production by lactic acid bacteria. Applied and 
Environmental Microbiology, 69(8), 4542–4548. 

652. Szajewska, H., Guandalini, S., Morelli, L., van Goudoever, J. B., & Walker, A. (2010). Effect of 
Bifidobacterium animalis subsp lactis supplementation in preterm infants: A systematic 
review of randomized controlled trials. Journal of Pediatric Gastroenterology and Nutrition, 
51(2), 203–209. 

653. Tabekhia, M. M., & Luh, S. (2006). Effect of germination, cooking and canning on phosphorus 
and phytate retention in dry beans. Journal of Food Science, 45(2), 406–408. 

654. Takagi, R., Sasaki, K., Sasaki, D., Fukuda, I., Tanaka, K., Yoshida, K., Kondo, A., & Osawa, R. 
(2016). A single-batch fermentation system to simulate human colonic microbiota for high-
throughput evaluation of prebiotics. PLoS ONE, 11(8). 

655. Takahashi, H., Oshima, T., Hobman, J. L., Doherty, N., Clayton, S. R., Iqbal, M., Hill, P. J., Tobe, 
T., Ogasawara, N., Kanaya, S., & Stekel, D. J. (2015). The dynamic balance of import and export 
of zinc in Escherichia coli suggests a heterogeneous population response to stress. Journal of 
the Royal Society Interface, 12(106). 

656. Tam, R., & Saier Jr, M. H. (1993). Structural, functional, and evolutionary relationships 
among extracellular solute-binding receptors of bacteria. Microbiological Reviews, 57(2), 320–
346. 

657. Tang, M., Frank, D. N., Hendricks, A. E., Ir, D., Esamai, F., Liechty, E., Hambidge, K. M., & 
Krebs, N. F. (2017). Iron in micronutrient powder promotes an unfavorable gut microbiota in 
Kenyan infants. Nutrients, 9(7), 776. 

658. Tang, M., Frank, D. N., Sherlock, L., Ir, D., Robertson, C. E., & Krebs, N. F. (2016). Effect of 
Vitamin E with therapeutic iron supplementation on iron repletion and gut microbiome in US 
iron deficient infants and toddlers. Journal of Pediatric Gastroenterology and Nutrition, 63(3), 
379–385. 

659. Tanner, S. A., Berner, A. Z., Rigozzi, E., Grattepanche, F., Chassard, C., & Lacroix, C. (2014). In 
vitro continuous fermentation model (PolyFermS) of the swine proximal colon for 
simultaneous testing on the same gut microbiota. PLoS ONE, 9(4), e94123. 

660. Thaller, M. C., Schippa, S., Bonci, A., Cresti, S., & Rossolini, G. (1997). Identification of the 
gene (aphA) encoding the class B acid phosphatase/phosphotransferase of Escherichia coli 
MG1655 and characterization of its product. FEMS Microbiology Letters, 146(2), 191–198. 

661. The Human Microbiome Project Consortium. (2012). Structure, function and diversity of the 
healthy human microbiome. Nature, 486, 207–214. 

662. Thursby, E., & Juge, N. (2017). Introduction to the human gut microbiota. Biochemical 
Journal, 474(11), 1823–1836. 



346 
 

663. Tilg, H., Moschen, A. R., & Kaser, A. (2009). Obesity and the Microbiota. Gastroenterology, 
136(5), 1476–1483. 

664. Tojo, R., Suárez, A., Clemente, M. G., de Los Reyes-Gavilán, C. G., Margolles, A., Gueimonde, 
M., & Ruas-Madiedo, P. (2014). Intestinal microbiota in health and disease: Role of 
bifidobacteria in gut homeostasis. World Journal of Gastroenterology, 20(41), 15163–15176. 

665. Tompkins, G. R., O’Dell, N. L., Bryson, I. T., & Pennington, C. B. (2001). The effects of dietary 
ferric iron and iron deprivation on the bacterial composition of the mouse intestine. Current 
Microbiology, 43(1), 38–42. 

666. Tremaroli, V., & Bäckhed, F. (2012). Functional interactions between the gut microbiota and 
host metabolism. Nature, 489(7415), 242–249. 

667. Trentham, D. R., & Gutfreund, H. (1968). The Kinetics of the Reaction of Nitrophenyl 
Phosphates with Alkaline Phosphatase from Escherichia coli. Biochemical Journal, 106, 455. 

668. Tsolis, R. M., Bäumler, A. J., Heffron, F., & Stojiljkovic, I. (1996). Contribution of TonB- and 
Feo-mediated iron uptake to growth of Salmonella typhimurium in the mouse. Infection and 
Immunity, 64(11), 4549–4556.  

669. Tsuda, M., Imaizumi, K., Katayama, T., Kitagawa, K., Wanaka, A., Tohyama, M., & Takagi, T. 
(1997). Expression of Zinc Transporter Gene, ZnT-1, Is Induced after Transient Forebrain 
Ischemia in the Gerbil. Journal of Neuroscience, 17(17), 6678–6684. 

670. Tubek, S., Grzanka, P., & Tubek, I. (2008). Role of zinc in hemostasis: A review. Biological 
Trace Element Research, 121(1), 1–8. 

671. Tuerk, M. J., & Fazel, N. (2009). Zinc deficiency. Current Opinion in Gastroenterology, 25(2), 
136–143. 

672. Tuohy, K. M., Probert, H. M., Smejkal, C. W., & Gibson, G. R. (2003). Using probiotics and 
prebiotics to improve gut health. Drug Discovery Today, 8(15), 692–700.  

673. Turnbaugh, P. J., Bäckhed, F., Fulton, L., & Gordon, J. I. (2008). Diet-Induced Obesity Is Linked 
to Marked but Reversible Alterations in the Mouse Distal Gut Microbiome. Cell Host and 
Microbe, 3(4), 213–223. 

674. Turnbaugh, P. J., Ley, R. E., Mahowald, M. A., Magrini, V., Mardis, E. R., & Gordon, J. I. 
(2006). An obesity-associated gut microbiome with increased capacity for energy harvest. 
Nature, 444(7122), 1027–1031. 

675. Turnbaugh, P. J., Ridaura, V. K., Faith, J. J., Rey, F. E., Knight, R., & Gordon, J. I. (2009). The 
effect of diet on the human gut microbiome: A metagenomic analysis in humanized 
gnotobiotic mice. Science Translational Medicine, 1(6), 6ra14. 

676. Udeh, H. O., Duodu, K. G., & Jideani, A. I. O. (2018). Effect of malting period on 
physicochemical properties, minerals, and phytic acid of finger millet (Eleusine coracana) flour 
varieties. Food Science and Nutrition, 6(7), 1858–1869. 

677. Unno, Y., Okubo, K., Wasaki, J., Shinano, T., & Osaki, M. (2005). Plant growth promotion 
abilities and microscale bacterial dynamics in the rhizosphere of Lupin analysed by phytate 
utilization ability. Environmental Microbiology, 7(3), 396–404. 

678. Usama, U., Jaffar Khan, M., Fatima, S., & Fatima, S. (2018). Role of Zinc in Shaping the Gut 
Microbiome; Proposed Mechanisms and Evidence from the Literature. Journal of 
Gastrointestinal & Digestive System, 08(01). 



347 
 

679. Vahjen, W., Pieper, R., & Zentek, J. (2010). Bar-Coded Pyrosequencing of 16S rRNA Gene 
Amplicons Reveals Changes in Ileal Porcine Bacterial Communities Due to High Dietary Zinc 
Intake. Applied and Environmental Microbiology, 76(19), 6689–6691. 

680. Valentine, R. A., Jackson, K. A., Christie, G. R., Mathers, J. C., Taylor, P. M., & Ford, D. (2007). 
ZnT5 variant B is a bidirectional zinc transporter and mediates zinc uptake in human intestinal 
Caco-2 cells. Journal of Biological Chemistry, 282(19), 14389–14393. 

681. Valko, M., Rhodes, C. J., Moncol, J., Izakovic, M., & Mazur, M. (2006). Free radicals, metals 
and antioxidants in oxidative stress-induced cancer. Chemico-Biological Interactions, 160(1), 
1–40. 

682. van den Abbeele, P., Belzer, C., Goossens, M., Kleerebezem, M., de Vos, W. M., Thas, O., de 
Weirdt, R., Kerckhof, F. M., & van de Wiele, T. (2013). Butyrate-producing Clostridium cluster 
XIVa species specifically colonize mucins in an in vitro gut model. ISME Journal, 7(5), 949–961. 

683. van Hartingsveldt, W., van Zeijl, C. M. J., Hartevelda, G. M., Goukaa, R. J., Suykerbuyk, M. E. 
G., Luiten, R. G. M., van Paridonb, P. A., Selten, G. C. M., Veenstrab, A. E., van Gorcoma, R. F. 
M., & van den Handel, C. A. M. J. J. (1993). Cloning, characterization and overexpression of 
the phytase-encoding gene (phyA) of Aspergillus niger. Gene, 127(1), 87–94. 

684. van Herreweghen, F., de Paepe, K., Roume, H., Kerckhof, F. M., & van de Wiele, T. (2018). 
Mucin degradation niche as a driver of microbiome composition and Akkermansia muciniphila 
abundance in a dynamic gut model is donor independent. FEMS Microbiology Ecology, 94(12). 

685. Vardakou, M., Nueno Palop, C., Gasson, M., Narbad, A., & Christakopoulos, P. (2007). In vitro 
three-stage continuous fermentation of wheat arabinoxylan fractions and induction of 
hydrolase activity by the gut microflora. International Journal of Biological Macromolecules, 
41(5), 584–589. 

686. Varel, V. H., & Bryant, M. P. (1974). Nutritional Features of Bacteroides fragilis subsp. fragilis. 
Applied Microbiology, 18(2), 251–257. 

687. Velayudhan, J., Hughes, N. J., Mccolm, A. A., Bagshaw, J., Clayton, C. L., Andrews, S. C., & 
Kelly, D. J. (2000). Iron acquisition and virulence in Helicobacter pylori: a major role for FeoB, a 
high-affinity ferrous iron transporter. Molecular Microbiology, 37(2), 274–286. 

688. Ventura, M., Canchaya, C., Tauch, A., Chandra, G., Fitzgerald, G. F., Chater, K. F., & van 
Sinderen, D. (2007). Genomics of Actinobacteria : Tracing the Evolutionary History of an 
Ancient Phylum . Microbiology and Molecular Biology Reviews, 71(3), 495–548. 

689. Veum, T. L., Bollinger, D. W., Buff, C. E., & Bedford, M. R. (2006). A genetically engineered 
Escherichia coli phytase improves nutrient utilization, growth performance, and bone strength 
of young swine fed diets deficient in available phosphorus. Journal of Animal Science, 84, 
1147–1158.  

690. Villagómez-Estrada, S., Pérez, J. F., Darwich, L., Vidal, A., van Kuijk, S., Melo-Durán, D., & 
Solà-Oriol, D. (2020). Effects of copper and zinc sources and inclusion levels of copper on 
weanling pig performance and intestinal microbiota. Journal of Animal Science, 98(5). 

691. Vohra, A., & Satyanarayana, T. (2002). Purification and characterization of a thermostable 
and acid-stable phytase from Pichia anomala. World Journal of Microbiology and 
Biotechnology, 18(7), 687–691. 

692. Vohra, A., & Satyanarayana, T. (2003). Phytases: Microbial sources, production, purification, 
and potential biotechnological applications. Critical Reviews in Biotechnology, 23(1), 29–60. 

693. Vohra, P., Gray, G. A., & Kratzer, F. H. (1965). Phytic acid-metal complexes. Proceedings of 
the Society for Experimental Biology and Medicine, 120(2), 447–449. 



348 
 

694. Von, B., & Porath, J. (1962). Purification and some properties of an acid phosphatase from 
Escherichia coli. Biochimica et Biophysica Acta, 64(1), 1–12. 

695. von Pein, J. B., Stocks, C. J., Schembri, M. A., Kapetanovic, R., & Sweet, M. J. (2021). An alloy 
of zinc and innate immunity: Galvanising host defence against infection. Cellular Microbiology, 
23(1), e13268. 

696. Vulpe, C. D., Kuo, Y.-M., Murphy, T. L., Cowley, L., Askwith, C., Libina, N., Gitschier, J., & 
Anderson, G. J. (1999). Hephaestin, a ceruloplasmin homologue implicated in intestinal iron 
transport, is defective in the sla mouse. Nature Genetics, 21(2), 195–199.  

697. Wada, L., Turnlund, J. R., & King, J. C. (1985). Zinc utilization in young men fed adequate and 
low zinc intakes. Journal of Nutrition, 115(10), 1345–1354.  

698. Waldron, K. J., & Robinson, N. J. (2009a). How do bacterial cells ensure that metalloproteins 
get the correct metal? Nature Reviews Microbiology, 7(1), 25–35. 

699. Waldron, K. J., & Robinson, N. J. (2009b). How do bacterial cells ensure that metalloproteins 
get the correct metal? Nature Reviews Microbiology, 7(1), 25–35. 

700. Walker, A. W., Duncan, S. H., Carol McWilliam Leitch, E., Child, M. W., & Flint, H. J. (2005). 
pH and peptide supply can radically alter bacterial populations and short-chain fatty acid 
ratios within microbial communities from the human colon. Applied and Environmental 
Microbiology, 71(7), 3692–3700. 

701. Walker, A. W., Ince, J., Duncan, S. H., Webster, L. M., Holtrop, G., Ze, X., Brown, D., Stares, 
M. D., Scott, P., Bergerat, A., Louis, P., McIntosh, F., Johnstone, A. M., Lobley, G. E., Parkhill, J., 
& Flint, H. J. (2011). Dominant and diet-responsive groups of bacteria within the human 
colonic microbiota. ISME Journal, 5(2), 220–230. 

702. Wandersman, C., & Delepelaire, P. (2004). Bacterial iron sources: From siderophores to 
hemophores. Annual Review of Microbiology, 58, 611–647. 

703. Wandersman, C., & Stojiljkovic, I. (2000). Bacterial heme sources: the role of heme, 
hemoprotein receptors and hemophores. Current Opinion in Microbiology, 3(2), 215–220. 

704. Wang, C., Zhao, J., Zhang, H., Lee, Y. K., Zhai, Q., & Chen, W. (2020). Roles of intestinal 
Bacteroides in human health and diseases. In Critical Reviews in Food Science and Nutrition. 
Taylor and Francis Inc. 

705. Wang, D., Hosteen, O., & Fierke, C. A. (2012a). ZntR-mediated transcription of zntA responds 
to nanomolar intracellular free zinc. Journal of Inorganic Biochemistry, 111, 173–181. 

706. Wang, D., Hosteen, O., & Fierke, C. A. (2012b). ZntR-mediated transcription of zntA responds 
to nanomolar intracellular free zinc. Journal of Inorganic Biochemistry, 111, 173–181. 

707. Wang, J., Li, C., Yin, Y., Zhang, S., Li, X., Sun, Q., & Wan, D. (2021). Effects of Zinc 
Oxide/Zeolite on Intestinal Morphology, Intestinal Microflora, and Diarrhea Rates in Weaned 
Piglets. Biological Trace Element Research, 199(4), 1405–1413. 

708. Wang, K., Sitsel, O., Meloni, G., Autzen, H. E., Andersson, M., Klymchuk, T., Nielsen, A. M., 
Rees, D. C., Nissen, P., & Gourdon, P. (2014). Structure and mechanism of Zn2+-transporting 
P-type ATPases. Nature, 514(7253), 518–522. 

709. Wang, M., Ahrné, S., Jeppsson, B., & Molin, G. (2005). Comparison of bacterial diversity 
along the human intestinal tract by direct cloning and sequencing of 16S rRNA genes. FEMS 
Microbiology Ecology, 54(2), 219–231. 



349 
 

710. Wang, W., van Noten, N., Degroote, J., Romeo, A., Vermeir, P., & Michiels, J. (2019). Effect of 
zinc oxide sources and dosages on gut microbiota and integrity of weaned piglets. Journal of 
Animal Physiology and Animal Nutrition, 103(1), 231–241. 

711. Wang, X., Conway, P. L., Brown, I. L., & Evans, A. J. (1999). In Vitro Utilization of Amylopectin 
and High-Amylose Maize (Amylomaize) Starch Granules by Human Colonic Bacteria. Applied 
and Environmental Microbiology, 65(11), 4848–4854. http://aem.asm.org/ 

712. Wang, X., Du, J., Zhang, Z. yun, Fu, Y. jun, Wang, W. ming, & Liang, A. H. (2018). A rational 
design to enhance the resistance of Escherichia coli phytase appA to trypsin. Applied 
Microbiology and Biotechnology, 102(22), 9647–9656. 

713. Weerasekara, A. W., Jenkins, S., Abbott, L. K., Waite, I., McGrath, J. W., Larma, I., Eroglu, E., 
O’Donnell, A., & Whiteley, A. S. (2016). Microbial phylogenetic and functional responses 
within acidified wastewater communities exhibiting enhanced phosphate uptake. Bioresource 
Technology, 220, 55–61. 

714. Wei, Y., & Fu, D. (2006). Binding and transport of metal ions at the dimer interface of the 
Escherichia coli metal transporter YiiP. Journal of Biological Chemistry, 281(33), 23492–23502. 

715. Weiss, G., & Gasche, C. (2010). Pathogenesis and treatment of anemia in inflammatory 
bowel disease. Haematologica, 95(2), 175–178. 

716. Wessells, K. R., & Brown, K. H. (2012). Estimating the Global Prevalence of Zinc Deficiency: 
Results Based on Zinc Availability in National Food Supplies and the Prevalence of Stunting. 
PLoS ONE, 7(11), e50568. 

717. West, A. R., & Oates, P. S. (2008). Mechanisms of heme iron absorption: Current questions 
and controversies. World Journal of Gastroenterology, 14(26), 4101–4110. 

718. Wexler, A. G., & Goodman, A. L. (2017). An insider’s perspective: Bacteroides as a window 
into the microbiome. Nature Microbiology, 2, 17026. 

719. Wexler, H. M. (2007). Bacteroides: The good, the bad, and the nitty-gritty. Clinical 
Microbiology Reviews, 20(4), 593–621. 

720. Wilson, I. B., Dayan, J., & Cyr, K. (1965). Some properties of alkaline phosphatase from 
Escherichia coli. Transphosphorylation. Journal of Biological Chemistry, 239(12), 4182–4185. 

721. Winkelmann, G. (2002). Microbial siderophore-mediated transport. Biochemical and 
Biophysical Research Communications, 30, 5992–5998. 

722. Wintergerst, E. S., Maggini, S., & Hornig, D. H. (2007). Contribution of selected vitamins and 
trace elements to immune function. Annals of Nutrition and Metabolism, 51(4), 301–323. 

723. Wintzingerode, F. v, Gobel, U. B., & Stackebrandt, E. (1997). Determination of microbial 
diversity in environmental samples: pitfalls of PCR-based rRNA analysis. FEMS Microbiology 
Reviews, 21(3), 213–229. 

724. Wise, A., & Gilburt, D. J. (1982). Phytate Hydrolysis by Germfree and Conventional Rats. 
Applied and Environmental Microbiology, 43(4), 753–756. 

725. Wodzinski, R. J., & Ullah, A. H. J. (1996). Phytase. Advances in Applied Microbiology, 42, 263–
302. 

726. World Health Organization. (2012). Guideline. Intermittent iron supplementation in preschool 
and school-age children. 

727. World Health Organization. (2016). Use of multiple micronutrient powders for home 
fortification of foods consumed by infants and children 6-23 months of age : guideline. 



350 
 

728. Wu, G. D., Chen, J., Hoffmann, C., Bittinger, K., Chen, Y. Y., Keilbaugh, S. A., Bewtra, M., 
Knights, D., Walters, W. A., Knight, R., Sinha, R., Gilroy, E., Gupta, K., Baldassano, R., Nessel, L., 
Li, H., Bushman, F. D., & Lewis, J. D. (2011). Linking long-term dietary patterns with gut 
microbial enterotypes. Science, 334(6052), 105–108. 

729. Wu, G. D., Compher, C., Chen, E. Z., Smith, S. A., Shah, R. D., Bittinger, K., Chehoud, C., 
Albenberg, L. G., Nessel, L., Gilroy, E., Star, J., Weljie, A. M., Flint, H. J., Metz, D. C., Bennett, 
M. J., Li, H., Bushman, F. D., & Lewis, J. D. (2016). Comparative metabolomics in vegans and 
omnivores reveal constraints on diet-dependent gut microbiota metabolite production. Gut, 
65(1), 63–72. 

730. Wu, N., Yang, X., Zhang, R., Li, J., Xiao, X., Hu, Y., Chen, Y., Yang, F., Lu, N., Wang, Z., Luan, C., 
Liu, Y., Wang, B., Xiang, C., Wang, Y., Zhao, F., Gao, G. F., Wang, S., Li, L., … Zhu, B. (2013). 
Dysbiosis Signature of Fecal Microbiota in Colorectal Cancer Patients. Microbial Ecology, 
66(2), 462–470. 

731. Wu, Q., Pi, X., Liu, W., Chen, H., Yin, Y., Yu, H. D., Wang, X., & Zhu, L. (2017). Fermentation 
properties of isomaltooligosaccharides are affected by human fecal enterotypes. Anaerobe, 
48, 206–214. 

732. Wuehler, S. E., Peerson, J. M., & Brown, K. H. (2005). Use of national food balance data to 
estimate the adequacy of zinc in national food supplies: methodology and regional estimates. 
Public Health Nutrition, 8(7), 812–819. 

733. Wyss, M., Brugger, R., Kronenberger, A., My, R. R., Fimbel, R., Oesterhelt, G., Lehmann, M., 
& van Loon, A. P. G. M. (1999). Biochemical Characterization of Fungal Phytases (myo-Inositol 
Hexakisphosphate Phosphohydrolases): Catalytic Properties. Applied and Environmental 
Microbiology, 65(2), 367–373. 

734. Xavier, R. J., & Podolsky, D. K. (2007). Unravelling the pathogenesis of inflammatory bowel 
disease. Nature, 448(7152), 427–434. 

735. Xia, T., Lai, W., Han, M., Han, M., Ma, X., & Zhang, L. (2017). Dietary ZnO nanoparticles alters 
intestinal microbiota and inflammation response in weaned piglets. Oncotarget, 8(39), 64878-
64891.  

736. Xu, Z., Wang, P., Wang, H., HangYu, Z., Au-Yeung, H. Y., Hirayama, T., Sun, H., & Yan, A. 
(2019). Zinc excess increases cellular demand for iron and decreases tolerance to copper in 
Escherichia coli. Journal of Biological Chemistry, 294(45), 16978–16991. 

737. Yakoob, M. Y., Theodoratou, E., Jabeen, A., Imdad, A., Eisele, T. P., Ferguson, J., Jhass, A., 
Rudan, I., Campbell, H., Black, R. E., & Bhutta, Z. A. (2011). Preventive zinc supplementation in 
developing countries: Impact on mortality and morbidity due to diarrhea, pneumonia and 
malaria. BMC Public Health, 11, S23. 

738. Yamada, T., Hino, S., Iijima, H., Genda, T., Aoki, R., Nagata, R., Han, H., Hirota, M., Kinashi, Y., 
Oguchi, H., Suda, W., Furusawa, Y., Fujimura, Y., Kunisawa, J., Hattori, M., Fukushima, M., 
Morita, T., & Hase, K. (2019). Mucin O -glycans facilitate symbiosynthesis to maintain gut 
immune homeostasis. EBioMedicine, 48, 513-525. 

739. Yang, K., & Metcalf, W. W. (2004). A new activity for an old enzyme: Escherichia coli bacterial 
alkaline phosphatase is a phosphite-dependent hydrogenase. PNAS, 101(21), 7919–7924.  

740. Yang, Q., Liang, Q., Balakrishnan, B., Belobrajdic, D. P., Feng, Q. J., & Zhang, W. (2020). Role 
of dietary nutrients in the modulation of gut microbiota: A narrative review. Nutrients, 12(2), 
381 



351 
 

741. Yao, M. Z., Wang, X., Wang, W., Fu, Y. J., & Liang, A. H. (2013). Improving the thermostability 
of Escherichia coli phytase, appA, by enhancement of glycosylation. Biotechnology Letters, 
35(10), 1669–1676. 

742. Yao, M. Z., Zhang, Y. H., Lu, W. L., Hu, M. Q., Wang, W., & Liang, A. H. (2012). Phytases: 
Crystal structures, protein engineering and potential biotechnological applications. Journal of 
Applied Microbiology, 112(1), 1–14. 

743. Yasmin, A., Zeb, A., Khalil, A. W., Paracha, G. M. U. D., & Khattak, A. B. (2008). Effect of 
processing on anti-nutritional factors of red kidney bean (Phaseolus vulgaris) grains. Food and 
Bioprocess Technology, 1(4), 415–419. 

744. Yatsunyk, L. A., Easton, J. A., Kim, L. R., Sugarbaker, S. A., Bennett, B., Breece, R. M., 
Vorontsov, I. I., Tierney, D. L., Crowder, M. W., & Rosenzweig, A. C. (2008). Structure and 
metal binding properties of ZnuA, a periplasmic zinc transporter from Escherichia coli. Journal 
of Biological Inorganic Chemistry, 13(2), 271–288. 

745. Yi, Z., Kornegay, E. T., Ravindran, ! v, & Denbow, D. M. (1996). Improving Phytate 
Phosphorus Availability in Corn and Soybean Meal for Broilers Using Microbial Phytase and 
Calculation of Phosphorus Equivalency Values for Phytase. Poultry Science, 75(2), 240–249.  

746. Yilmaz, B., & Li, H. (2018). Gut microbiota and iron: The crucial actors in health and disease. 
In Pharmaceuticals (Vol. 11, Issue 4, pp. 98-undefined). MDPI AG. 

747. Yoshida, K. I., Yamaguchi, M., Morinaga, T., Kinehara, M., Ikeuchi, M., Ashida, H., & Fujita, Y. 
(2008). myo-inositol catabolism in Bacillus subtilis. Journal of Biological Chemistry, 283(16), 
10415–10424. 

748. Yoshida, T., Shinoda, S., Matsumoto, T., & Watarai, S. (1982). Comparison of mineral 
balances in germfree and conventional mice when sodium phytate is added to purified diet. 
Agricultural and Biological Chemistry, 46(12), 3093–3095. 

749. Yu, L., Duan, H., Kellingray, L., Cen, S., Tian, F., Zhao, J., Zhang, H., Gall, G. le, Mayer, M. J., 
Zhai, Q., Chen, W., & Narbad, A. (2021). Lactobacillus plantarum-Mediated Regulation of 
Dietary Aluminum Induces Changes in the Human Gut Microbiota: an In Vitro Colonic 
Fermentation Study. Probiotics and Antimicrobial Proteins, 13(2), 398–412. 

750. Yu, T., Zhu, C., Chen, S., Gao, L., Lv, H., Feng, R., Zhu, Q., Xu, J., Chen, Z., & Jiang, Z. (2017). 
Dietary high zinc oxide modulates the microbiome of ileum and colon in weaned piglets. 
Frontiers in Microbiology, 8(MAY). 

751. Yu, Z., & Morrison, M. (2004). Improved extraction of PCR-quality community DNA from 
digesta and fecal samples. BioTechniques, 36(5), 808–812. 

752. Yuan, S., Cohen, D. B., Ravel, J., Abdo, Z., & Forney, L. J. (2012). Evaluation of methods for 
the extraction and purification of DNA from the human microbiome. PLoS ONE, 7(3), e33865. 

753. Yue, W. W., Grizot, S., & Buchanan, S. K. (2003). Structural evidence for iron-free citrate and 
ferric citrate binding to the TonB-dependent outer membrane transporter FecA. Journal of 
Molecular Biology, 332(2), 353–368. 

754. Zackular, J. P., Moore, J. L., Jordan, A. T., Juttukonda, L. J., Noto, M. J., Nicholson, M. R., 
Crews, J. D., Semler, M. W., Zhang, Y., Ware, L. B., Washington, M. K., Chazin, W. J., Caprioli, R. 
M., & Skaar, E. P. (2016). Dietary zinc alters the microbiota and decreases resistance to 
Clostridium difficile infection. Nature Medicine, 22(11), 1330–1334. 

755. Zeba, A. N., Sorgho, H., Rouamba, N., Zongo, I., Rouamba, J., Guiguemdé, R. T., Hamer, D. H., 
Mokhtar, N., & Ouedraogo, J. B. (2008). Major reduction of malaria morbidity with combined 



352 
 

vitamin A and zinc supplementation in young children in Burkina Faso: A randomized double 
blind trial. Nutrition Journal, 7(1), 7. 

756. Zhang, M., Zhou, L., Wang, Y., Dorfman, R. G., Tang, D., Xu, L., Pan, Y., Zhou, Q., Li, Y., Yin, Y., 
Zhao, S., Wu, J., & Yu, C. (2019). Faecalibacterium prausnitzii produces butyrate to decrease c-
Myc-related metabolism and Th17 differentiation by inhibiting histone deacetylase 3. 
International Immunology, 31(8), 499–514. 

757. Zheng, J. J., Sinha, D., Wayne, K. J., & Winkler, M. E. (2016). Physiological roles of the dual 
phosphate transporter systems in low and high phosphate conditions and in capsule 
maintenance of Streptococcus pneumoniae D39. Frontiers in Cellular and Infection 
Microbiology, 6(63). 

758. Zhu, A., Kaneshiro, M., & Kaunitz, J. D. (2010). Evaluation and treatment of iron deficiency 
Anemia: A gastroenterological perspective. Digestive Diseases and Sciences, 55(3), 548–559. 

759. Zhu, W., Qiao, D., Huang, M., Yang, G., Xu, H., & Cao, Y. (2010). Modifying thermostability of 
appA from Escherichia coli. Current Microbiology, 61(4), 267–273. 

760. Zimmer, J., Lange, B., Frick, J. S., Sauer, H., Zimmermann, K., Schwiertz, A., Rusch, K., 
Klosterhalfen, S., & Enck, P. (2012). A vegan or vegetarian diet substantially alters the human 
colonic faecal microbiota. European Journal of Clinical Nutrition, 66(1), 53–60. 

761. Zimmermann, M. B., Chassard, C., Rohner, F., N’Goran, E. K., Nindjin, C., Dostal, A., Utzinger, 
J., Ghattas, H., Lacroix, C., & Hurrell, R. F. (2010a). The effects of iron fortification on the gut 
microbiota in African children: A randomized controlled trial in Côte d’Ivoire. American 
Journal of Clinical Nutrition, 92(6), 1406–1415. 

762. Zimmermann, M. B., Chassard, C., Rohner, F., N’Goran, E. K., Nindjin, C., Dostal, A., Utzinger, 
J., Ghattas, H., Lacroix, C., & Hurrell, R. F. (2010b). The effects of iron fortification on the gut 
microbiota in African children: A randomized controlled trial in Côte d’Ivoire. American 
Journal of Clinical Nutrition, 92(6), 1406–1415. 

763. Zimmermann, M. B., & Hurrell, R. F. (2007). Nutritional iron deficiency. Lancet, 370, 511–
520. www.thelancet.com 

764. Zmora, N., Suez, J., & Elinav, E. (2019). You are what you eat: diet, health and the gut 
microbiota. Nature Reviews Gastroenterology and Hepatology, 16(1), 35–56. 

765. Zoetendal, E. G., Akkermans, A. D. L., Akkermans-Van Vliet, W. M., Arjan, J., de Visser, G. M., 
& de Vos, W. M. (2001). The Host Genotype Affects the Bacterial Community in the Human 
Gastrointestinal Tract. In Microbial Ecology in Health and Disease (Vol. 13). 

766. Zwielehner, J., Liszt, K., Handschur, M., Lassl, C., Lapin, A., & Haslberger, A. G. (2009). 
Combined PCR-DGGE fingerprinting and quantitative-PCR indicates shifts in fecal population 
sizes and diversity of Bacteroides, bifidobacteria and Clostridium cluster IV in institutionalized 
elderly. Experimental Gerontology, 44(6–7), 440–446. 

 

 

 

 

 

 



353 
 

 

 

 

 

 

 

 



354 
 

Appendix 

Suppl 1. Phosphate-limited growth of wild-type E. coli BW25113 and E. coli BW25113 ΔappA 

with/without phytate, in the presence of iron. WT (solid lines, +), indicates the wild-type E. coli; and 

mutant (dashed lines, -) indicates the mutant. The bacteria were grown in low phosphate (3.5 mM) 

M9 minimal medium at pH 5.5 in the presence of 10 µM ferric citrate and phytic acid at 0, 2.5 and 5 

mM. Constant shaking under aerobic conditions in a Bioscreen C system.  The results shown are 

average of triplicates.  Precultures were grown overnight in M9 medium with 70 mM phosphate and 

10 µM ferric citrate.   

Suppl 2. Phosphate-limited growth of wild-type E. coli BW25113 and E. coli BW25113 ΔappA 

with/without phytate, in the absence of iron. Details are as above except for the absence of iron. 
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Suppl 3. Phosphate-limited growth of wild-type E. coli BW25113 and E. coli BW25113 Δagp 

with/without phytate, in the absence of iron. Details are as for suppl 1 except that BW25113 Δagp 

was employed. 

Suppl 4. Phosphate-limited growth of wild-type E. coli BW25113 and E. coli BW25113 Δagp 

with/without phytate, in the absence of iron. Details are as above except for the absence of iron. 
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Sppl 5. Phosphate-limited growth of wild-type E. coli BW25113 and E. coli BW25113 ΔphoA 

with/without phytate, in the absence of iron. Details are as for suppl 1 except that BW25113 ΔphoA 

was employed. 

Suppl 6. Phosphate-limited growth of wild-type E. coli BW25113 and E. coli BW25113 ΔphoA 

with/without phytate, in the absence of iron. Details are as above except for the absence of iron. 
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Suppl 7. Phosphate-limited growth of wild-type E. coli BW25113 and E. coli BW25113 ΔappA 

with/without phytate, in the presence of iron. WT (solid lines, +), indicates the wild-type E. coli; and 

mutant (dashed lines, -) indicates the mutant. The bacteria were grown in low phosphate (3.5 mM) 

M9 minimal medium at pH 7 in the presence of 10 µM ferric citrate and phytic acid at 0, 2.5, 5 and 

10 mM. Constant shaking under aerobic conditions in a Bioscreen C system.  The results shown are 

average of triplicates.  Precultures were grown overnight in M9 medium with 70 mM phosphate and 

10 µM ferric citrate. 

Suppl 8. Phosphate-limited growth of wild-type E. coli BW25113 and E. coli BW25113 ΔappA 

with/without phytate, in the absence of iron. Details are as above except for the absence of iron. 
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Suppl 9. Phosphate-limited growth of wild-type E. coli BW25113 and E. coli BW25113 Δagp 

with/without phytate, in the absence of iron. Details are as for suppl 7 except that BW25113 Δagp 

was employed. 

 

Suppl 10. Phosphate-limited growth of wild-type E. coli BW25113 and E. coli BW25113 Δagp 

with/without phytate, in the absence of iron. Details are as above except for the absence of iron. 
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Sppl 11. Phosphate-limited growth of wild-type E. coli BW25113 and E. coli BW25113 ΔphoA 

with/without phytate, in the absence of iron. Details are as for suppl 7 except that BW25113 ΔphoA 

was employed. 

Suppl 12. Phosphate-limited growth of wild-type E. coli BW25113 and E. coli BW25113 ΔphoA 

with/without phytate, in the absence of iron. Details are as above except for the absence of iron. 



360 
 

Suppl 13. Phosphate-limited growth of wild-type E. coli BW25113 and E. coli BW25113 ΔappA 

with/without phytate, in the presence of iron. WT (solid lines, +), indicates the wild-type E. coli; and 

mutant (dashed lines, -) indicates the mutant. The bacteria were grown in low phosphate (3.5 mM) 

M9 minimal medium at pH 8.5 in the presence of 10 µM ferric citrate and phytic acid at 0, 2.5, 5 and 

10 mM. Constant shaking under aerobic conditions in a Bioscreen C system.  The results shown are 

average of triplicates.  Precultures were grown overnight in M9 medium with 70 mM phosphate and 

10 µM ferric citrate. 

Suppl 14. Phosphate-limited growth of wild-type E. coli BW25113 and E. coli BW25113 ΔappA 

with/without phytate, in the absence of iron. Details are as above except for the absence of iron. 
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Suppl 15. Phosphate-limited growth of wild-type E. coli BW25113 and E. coli BW25113 Δagp 

with/without phytate, in the absence of iron. Details are as for suppl 13 except that BW25113 Δagp 

was employed. 

 

 

Suppl 16. Phosphate-limited growth of wild-type E. coli BW25113 and E. coli BW25113 Δagp 

with/without phytate, in the absence of iron. Details are as above except for the absence of iron. 
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Sppl 17. Phosphate-limited growth of wild-type E. coli BW25113 and E. coli BW25113 ΔphoA 

with/without phytate, in the absence of iron. Details are as for suppl 13 except that BW25113 

ΔphoA was employed. 

Suppl 18. Phosphate-limited growth of wild-type E. coli BW25113 and E. coli BW25113 ΔphoA 

with/without phytate, in the absence of iron. Details are as above except for the absence of iron. 
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Suppl 19. Phosphate-limited growth of wild-type E. coli BW25113 and E. coli BW25113 Δagp 

ΔphoA with/without phytate, in the presence of iron. WT (solid lines, +), indicates the wild-type E. 

coli; and appA (dashed lines, -) indicates the mutant. The bacteria were grown in low phosphate (3.5 

mM) M9 minimal medium in the presence of 10 µM ferric citrate and phytic acid at 0, 2.5, 5 and 10 

mM. Constant shaking under aerobic conditions in a Bioscreen C system.  The results shown are 

average of triplicates.  Precultures were grown overnight in M9 medium with 70 mM phosphate and 

10 µM ferric citrate.  

Suppl 20. Phosphate-limited growth of wild-type E. coli BW25113 and E. coli BW25113 Δagp 

ΔphoA with/without phytate, in the absence of iron. Details are as above except for the absence of 

iron. 
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Suppl 21. Phosphate-limited growth of wild-type E. coli BW25113 and E. coli BW25113 ΔappA 

ΔphoA with/without phytate, in the absence of iron. Details are as for suppl 19 except that 

BW25113 ΔappA ΔphoA was employed. 

Suppl 22. Phosphate-limited growth of wild-type E. coli BW25113 and E. coli BW25113 ΔappA 

ΔphoA with/without phytate, in the absence of iron. Details are as above except for the absence of 

iron. 
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Suppl 23. Phosphate-limited growth of wild-type E. coli BW25113 and E. coli BW25113 ΔappA 

Δagp with/without phytate, in the absence of iron. Details are as for suppl 19 except that BW25113 

ΔappA Δagp was employed. 

Suppl 24. Phosphate-limited growth of wild-type E. coli BW25113 and E. coli BW25113 ΔappA 

Δagp with/without phytate, in the absence of iron. Details are as above except for the absence of 

iron. 
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Suppl 25. Phosphate-limited growth of wild-type E. coli BW25113 and E. coli BW25113 ΔappA 

Δagp ΔphoA with/without phytate, in the presence of iron. WT (solid lines, +), indicates the wild-

type E. coli; and mutant (dashed lines, -) indicates the mutant. The bacteria were grown in low 

phosphate (3.5 mM) M9 minimal medium in the presence of 10 µM ferric citrate and phytic acid at 

0, 2.5, 5 and 10 mM. Constant shaking under aerobic conditions in a Bioscreen C system.  The results 

shown are average of triplicates.  Precultures were grown overnight in M9 medium with 70 mM 

phosphate and 10 µM ferric citrate.  

Suppl 26. Phosphate-limited growth of wild-type E. coli BW25113 and E. coli BW25113 ΔappA 

Δagp ΔphoA with/without phytate, in the absence of iron. Details are as above except for the 

absence of iron.  


