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INTRODUCTION

The majority of studies on pigs have demonstrated 
advantages in liquid feeding compared to dry feeding. 
Liquid feeding of pigs can reduce production costs, by 
allowing the use of low, dry matter co-products and may 
offer some degree of welfare benefit to animals under hot, 
summer conditions (Scott et al., 2007). It can also result 
in improved animal performance, with regards to rates of 
growth, time to slaughter, and feed conversion ratio (FCR) 
(Jensen and Mikkelsen 1998; Lawlor et al., 2002; Canibe 
and Jensen, 2003; Hurst et al., 2008). These improvements 
in pig performance associated with wet feeding cannot be 
adequately explained by any differences in the physical or 
chemical composition of the feeds (Hurst et al., 2008). The 
gastrointestinal tract and, in particular, the small intestinal 
mucosa, is at the interface between nutrient intake and its 
entry into the circulation, and is known to undergo a marked 
change in structure and function in response to a variety of 

post-weaning stimuli (Diamond and Karasov 1983; Pluske 
et al., 1997; Xui et al., 2000). 

Previous studies have observed changes in the small 
intestine (SI) of newly weaned pigs, including reductions in 
villus height, and increases in crypt depth (Hampson and 
Kidder 1986; Cera et al., 1988; Deprez et al., 1987). Changes to 
villus height and crypt depth have been correlated with activity 
of disaccharidase enzymes on the brush border (Hampson 
and Kidder, 1986; Pluske et al., 1996a; Tsukahara et al., 2016) 
and a reduction in the absorption capacity of the SI. Overall, 
these changes reduce the digestive and absorptive function 
of the gut, which is likely to be reflected in the growth and 
performance efficiency of the pig. The causes of villus atrophy 
and crypt hyperplasia have been predominantly linked to 
lower feed intake and reduced energy availability but the effect 
of the physical form of the diet has received little attention. 

The effects of diet composition on the small intestinal 
epithelium of pigs has been reported previously (e.g. Deprez 

ABSTRACT

The study examined the morphology of the gastro-intestinal tract (GI) of growing pigs offered dry feed or liquid feed with differing 
water-to-feed ratios. Twenty male pigs were randomly allocated to one of four treatment groups; treatments included a standard 
dry pelleted diet (D) or the same diet soaked in water at a feed-to-water ratio of 1:1.5 (T1:1.5), 1:3 (T1:3) or 1:3 with the addition of 
lactic acid to adjust the feed to pH 4 (T1:3[4]). Animals were humanely slaughtered after 6 weeks to enable sampling and histological 
examination (light, scanning electron (LSEM) and binocular dissection microscope) of the GI tract. Samples were taken at the 2% 
position (duodenum), the 20% position and 50 % position (jejunum) along the small intestines (SI). Liquid-fed pigs were heavier 
(P < 0.05) and exhibited improved feed conversion ratios (FCR) when compared to D animals. These differences in live weight 
were attributed to alterations in the weight and volume of the stomach and SI, which were also heavier and larger in liquid-fed 
pigs (P < 0.05). However, these differences were no longer apparent when intestinal weights and stomach volumes were adjusted 
for animal live weight. Differences in villus type between the treatments were noted throughout, particularly in the duodenum 
and proximal jejunum sections. Mean villus height was taller in all liquid-fed animals when compared to D pigs (P<0.05); this 
was particularly apparent in T1:1.5 and T1:3[4] pigs. There were no differences in crypt depths between treatment groups at the 
2% and 20 % positions, but at the 50 % position the T1:1.5 group crypts were deeper (P < 0.05) than those in the D and T1:3 pigs. 
It is concluded that liquid feeding alters the morphology of the GI tract, which may in part, explain the differences in growth 
performance observed between liquid and D fed pigs. The inclusion of organic acid in the diets of T1:3[4] pigs appeared to exert an 
effect on villus height and crypt depth when compared to those pigs receiving the T1:3 diet.
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et al., 1987; Cera et al., 1988; Jin et al., 1994, Pluske et al., 1996a; 
Yang et al., 2001). Weight, volume and the capacity of the 
gastrointestinal tract have been shown to increase with higher 
levels of dietary fibre in otherwise similar diets (Hansen et al., 
1992), and also alter gastrointestinal morphology in pigs (Jin 
et al.,1994). Despite much work on weaner pigs the availability 
of literature concerning changes in the small intestinal mucosa 
of pigs offered wet diets is much more limited. The aim of the 
current study was to determine if changes occur in the whole 
gastrointestinal tract, but more specifically the small intestinal 
mucosa, when growing pigs are fed diets of differing water-
to-feed ratios. It is hypothesised that providing liquid diets of 
different feed to water ratios and with the inclusion of organic 
acid on iso-energetic rations fed at equal DM intakes will alter 
the structure of the small intestinal mucosa when compared to 
a dry pelleted diet. 

MATERIALS AND METHODS
Animals and experimental design

All pigs used in the study were supplied by Cotswold Pig 
Development Company Ltd and maintained at their Pig 
Research and Development Unit at Wye, Kent, UK. At all 
stages of life animals were kept within the guidelines set out 
by the Department for Environment, Food, and Rural Affairs 
(DEFRA, 2003), and the study had been approved by the Local 
Ethical Committee. Pigs were housed in pens with a lying area 
measuring 2.54 x 2.75 m, with a dunging area of 2.75 x 1.8 
m. Individual feeding crates were situated within the pens to 
enable feed intake to be restricted; pigs had free access to each 
of these feeding crates. All pens contained two self- drinkers 
and fresh water was provided ad libitum. The test house 
was mechanically ventilated and an ambient temperature of 
between 15 and 20oC maintained by adjusting the ventilation 
rate.

The study was a completely randomised design involving 
twenty male Meishan x Large White pigs, weighing 47.2 ± 
1.61 kg at the start of the six-week study period. Pigs were 
randomly assigned to one of four dietary treatments. The four 
treatments were: Control diet comprising air-dry commercial 
dry pellets (BOCM Paul Ltd, UK; 19 % Crude Protein, 1.15 % 
lysine and 14 MJ/kg digestible energy) (D); The same air-dry 
pellets soaked in water at a feed-to-water ratio of 1:1.5 (weight-
for-weight) (T1:1.5); Dry pellets soaked in water at a feed to 
water ratio of 1:3 (T1:3); and dry pellets soaked in water at a 
ratio of 1:3 with the addition of lactic acid immediately prior 
to feeding (Lactic Acid Feed 80, Purac biochem) to adjust the 
feed to a pH of 4 (T1:3-4), as previously described by Hurst 
et al. (2008). The acid was substituted for an equal volume of 
water to maintain the same liquid to dry matter ratio of T1:3. 
The amount of lactic acid required to achieve the correct pH 
varied to some extent but was approximately 6ml of lactic 
acid per litre of wet feed. The feed to water ratios used in 
T1:1.5 and T1:3 have been used in previous studies (Barber 
et al., 1963; Holme and Robinson, 1965; Gill et al., 1987), and 
the pH used in T1:3(4) represents a pH value similar to that of 

fermented feed (Brooks, 1999). The pH of the water added to 
the feed and supplied to pigs for drinking did not vary from 
7.25 during the entire trial. The pH of each meal was tested 
and recorded immediately prior to feeding.

Rations were prepared fresh daily and pigs were individually 
fed three times daily (07.00, 12.00 and 17.00 hours); fresh 
potable water was available ad libitum at all times except 
during meals. Animals voluntarily entered the individual 
feeding crates at the specific feeding times and were allowed 
sufficient time to finish their allocated ration, following 
which they were released and any feed refusals collected and 
weighed. Feeding three times daily was adopted in order to 
ensure a high daily feed intake with minimum refusals of feed. 
The amount of dry pelleted feed offered to pigs was based on 
ad libitum intake rates previously recorded by this research 
group for a similar genotype and size of dry fed pigs; the total 
amount of feed offered per day was approximately 5-10% 
below these previously recorded ad libitum levels. Initially pigs 
were given seven days to adapt to their respective trial diets 
and the amount of food offered was adjusted to a level where 
all animals readily consumed their entire ration. The amount 
of feed offered was reviewed weekly and increased from 1.45 
kg to 2.65 kg of air-dry feed per day from week 1 of the study 
to slaughter (week 6). Pigs were weighed at weekly intervals 
throughout the six-week experimental period to enable 
average daily gain (ADG) to be determined. Feed intakes were 
recorded to allow FCR to be calculated.

Tissue sampling 

Pigs were offered a final feed on the evening before 
they were slaughtered by means of electrical stunning and 
exsanguination. The abdomen was opened along the midline 
from sternum to pubis and the entire gastrointestinal tract 
removed. The gastrointestinal tract was carefully dissected out 
by dissecting away the visceral peritoneum and the associated 
mesenteric fat and tissues and subsequently divided into its 
component sections. Stomachs were incised along their greater 
curvature, and after any food residue removed, laid out flat 
and the radius measured. They were washed, carefully dried 
and weighed. The stomach volume was calculated assuming 
it approximated the shape of a sphere and using the radius 
dimension in the formula: 4/3πr3. The SI, caecum and colon 
were unravelled and the length of each was measured. Each 
component was carefully emptied of its contents, washed and 
dried before being weighed.

The SI was dissected from the mesentery, unravelled, measured 
and two ring-shaped intestinal segments, approximately 1cm 
wide, were carefully removed at distances of proportionately 2% 
(duodenum), 20 % (proximal jejunum), and 50 % (mid jejunum) 
along the intestine from the gastric pylorus. The excised segments 
were cut longitudinally, spread out with the serosal side facing 
down and pinned to dental wax. The tissue was immediately 
fixed in 2.5% gluteraldehyde in 0.1m phosphate buffer (pH 7.2) 
for subsequent treatment and examination using a light scanning 
electron (LSEM) and light microscopy. 
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Histology

After fixation for several days, the SI samples were 
longitudinally divided for light and scanning electron 
microscopy. The samples for light microscopy were 
dehydrated through an ethanol series and then embedded 
in paraffin wax. From each of these, four transverse sections 
(6µm) were cut and stained with haemotoxylin and eosin 
and examined under a light microscope. Measurements of 
villus height and crypt depth were made where the plane 
of section ran vertically from the tip of the villus to the base 
of an adjacent crypt. From each section, a calibrated eyepiece 
graticule was used to measure 8-10 of the best-orientated villi 
and associated crypts.

Three further sections were also prepared and stained 
with PAS Schiff stain to highlight the presence of mucin and 
enable an estimation of the number of goblet cells present 
on the villi. The number of goblet cells observed within the 
first 150 μM from the apical tip of the villi were recorded. The 
remaining fixed intestinal material was trimmed and areas of 
the tissue excised and placed in 0.1m phosphate buffer (pH 
7.4) and dehydrated through an acetone series, critical point 
dried, mounted on aluminum stubs and gold coated prior 
to examination under a LSEM (Hitachi S430). The samples 
for LSEM were also examined under a binocular dissection 
microscope and the villus pattern graded according to a 
scale based on Mouwen (1971; Table 1). One LSEM sample 
was prepared for each SI position in each animal. The 
predominant villus form was scored on each by binocular 
dissection microscopy and the results re-evaluated with the 
LSEM to ensure consistency.

Statistical analysis

The results were analysed statistically using one-way 
analysis of variance in Minitab release 13 in a complete 
randomised design for treatment effects with missing values 
fitted for one of the samples due to sectioning problems. 
Significance between treatments was determined by Fisher’s 
least significant difference procedure. One-way analysis of 
variance using Genstat 5.4 was used to analyse the gross 
organ data both before and after adjustment for differences 
in animal live weights. Pearson correlation coefficients were 
calculated for the relationships between villus height and 
FCR.

RESULTS
Intake and growth performance

The addition of water, or the addition of an organic acid 
to wet feed, had no appreciable effect on rates of feed intake 
(Table 2). Despite this lack of difference between dietary 
treatments in feed intake behaviour, pigs offered liquid feed 
had better ADG than D pigs (P <0.05). However, FCR in pigs 
receiving T1:1.5 and T1:3 diets were not different to those 
offered D or T1:3[4], although pigs receiving the T1:3[4] diet 
had better FCR than D pigs (P < 0.05).

Bodyweight and organ weight

On the day of slaughter, pigs offered wet diets were 
heavier (P < 0.05) than D animals but carcass weights post-
mortem were similar between treatment groups (Table 2). 
Consequently, despite ADG being improved in liquid fed 
animals (P < 0.05), their killing out percentage were lower 
when compared to D pigs (P < 0.05). These differences in live 
weight were attributed to alterations in the weight and volume 
of the stomach, which were heavier and larger in liquid-fed 
pigs (P <0.05), and the SI, which were also heavier and longer 
in these groups (P < 0.05). However, these differences were no 
longer apparent when the values were adjusted for live weight 
(data not shown). Caecum length, colon length and weight, 
and total intestinal weight and length, were similar between 
groups (Table 2). 

Villus form and distribution

Differences in villus type between treatments, based on the 
scoring system of Mouwen (1971), were noted throughout the 
small intestine sections with differences being greatest at the 
duodenum and proximal jejunum (Figure 1). In all segments 
of the D group there were a mixture of short tongue, leaf, ridge 
and some convoluted villi, whereas tongue villi became more 
apparent in the duodenum and proximal jejunum in liquid 
fed animals, especially as the water to feed ratio increased 
(P<0.05). The addition of an organic acid in the T1:3[4] group 
appeared to result in mainly long tongue villi being observed 
when compared to other treatments (P<0.05). Differences in 
mucosal form became less distinct between treatment groups 
in the mid jejunum, but the T1:3[4] group mucosa had fewer 
complex villi forms, particularly when compared with the D 
and T1:1.5 groups (P < 0.05).

Table 1: Criteria for grading of small intestine mucosa (Taken from Mouwen, 1971)

Grade Criteria
0 All finger-shaped villi or mostly finger-shaped villi with few tongue-shaped villi
0.5 Mixed finger-shaped and tongue-shaped villi
1 Predominantly long to short tongue-shaped villi with few finger-shaped and leaf-shaped villi
1.5 Predominantly short tongue-shaped and leaf-shaped villi with few long tongue-shaped and ridge-shaped villi
2 Mixtures of short tongue-shaped, leaf-shaped, ridge-shaped, and convoluted villi
2.5 Similar to Grade 2 with flat areas
3 Flat mucosa



 J. Food Nutr. Agric. 2020: 3

4 https://www.phoenixpub.org/journals/index.php/jfna

LSEM examination revealed a consistent difference in 
villus surface characteristics between treatments; D animals 
exhibited surfaces as normally described with individual 
cell boundaries only just visible and prominent folds in the 

epithelial surface down the villus sides (Figure 2, a & c). 
This differed markedly from liquid fed pigs where individual 
enterocytes displayed convex surfaces bulging into the 
luminal space; this was not confined to the villus tips but 

Table 2: The effects of feeding either a standard dry pelleted diet (D) or varying the feed-to-water ratio and pH of the diet over a period 
of six weeks of restricted feeding (5 % to 10 % below ad libitum intake) on the size and weight of the gastrointestinal organs in slaughter 
weight pigs

Feed:Water ratio (pH)
D

(n = 4)
1:1.5

(n = 4)
1:3

(n = 4)
1:3(pH4)

(n = 4)
SED

Live weight (kg) 75.2a 82.0b 84.5b 81.2ab 4.09
Average daily gain (g/d) 850a 970b 1000b 960b 33
Average daily feed intake (g DM/d) 1836 2051 2170 1872 135
FCR (g/g) 2.16a 2.10ab 2.27a 1.95b 0.067
Carcass weight (kg) 57.5 59.3 60.3 58.5 3.31
Killing out % 76.5a 72.3b 71 b 72 b 1.35
Stomach wt (kg) 0.53a 0.59ab 0.65b 0.59ab 0.073
Stomach Volume (l) 1.2a 1.91ab 2.39b 1.96ab 0.681
Small Intestine length (m) 17.3a 19.3b 19.3b 19.2b 0.108
Small Intestine weight (kg) 1.87a 2.07 2.11 2.21b 0.184

Caecum length (m) 0.279 0.28 0.30 0.28 0.038
Colon length (m) 5.42 5.35 4.97 5.70 0.929
Colon weight (kg) 1.09 1.14 1.13 1.18 0.131
Total Intestinal length (m) 23.0 24.9 24.5 25.2 1.139
Total Intestinal weight (kg) 3.68 3.99 4.07 4.16 0.243
Different superscripts within row differ significantly (P < 0.05).

Figure 1: The effects of offering a standard dry pellet diet (D) or varying the water-to-feed ratio (1:1.5 or 1:3) and pH (1:3(4)) of the diet over 
a period of six weeks of restricted feeding (5 % to 10 % below ad libitum intake) on the predominant villus types (Mouwen, 1971) observed 
in the small intestine mucosa of pigs (Different letters within intestinal section differ significantly P < 0.05).
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extended down the sides to the villus/crypt junction (Figure 2, 
b & d). This effect was noted in the majority of villi in T1:3 
animals, and to a lesser extent in T1:1.5 animals. Abrasion 
damage to the villi tips was frequently observed in D animals 
(Figure 2, a) whilst the incidence of similar damage in wet fed 
animals was considerably less (Figure 2, b). No attempt was 
made to quantify the comparative levels of villus tip damage 
or erosion in this study. The microvilli of the villi in liquid-
fed pigs were observed to be dense and largely intact across 
all areas of the villus surface and although the microvilli of D 
pigs were generally similar to the liquid-fed pigs, in areas close 
to enterocyte erosion microvilli were seen to be less dense 
(Figure 3). 

Villus height and crypt depths

Diet form had an overall effect on villus height (Table 3); 
mean villus heights were between 68 and 95% taller in all 

liquid-fed animals when compared to D pigs (P < 0.05). When 
the three sections were considered individually, although 
liquid-fed pigs had taller villi differences between liquid-fed 
and D animals were not always statistically significant (Table 3). 
In the duodenum T1:3 and T1:1.5 groups were taller than D 
pigs (P < 0.05) whilst in the proximal jejunum the T1:3[4] 
and T1:1.5 groups differed from the D group (P < 0.05). In 
the mid jejunum villi height only differed between the T1:1.5 
group and D animals (P < 0.05). There were no differences in 
crypt depths between treatment groups in the duodenum and 
proximal jejunum, but in the mid jejunum the T1:1.5 group 
crypts were deeper (P < 0.05) than those in the T1:3 and D 
group pigs. Overall crypt depths were deeper in T1:1.5 and 
T1:3(4) group pigs than those of D and T1:3 groups.

A Pearson correlation coefficient of -0.545 (P = 0.036) 
indicated that as villus height increased there were 
commensurate improvements to FCR; the poorest FCR was 
recorded for D fed animals, which corresponded with the 
shortest villi, whilst wet fed animals had greater mean villus 
heights and better FCR. 

DISCUSSION

The findings of the present study demonstrate that the 
growth performance is improved with liquid feeding, reflecting 
the work of others (Jensen and Mikkelsen 1998; Lawlor et al., 
2002; Canibe and Jensen, 2003; Hurst et al., 2008). As carcass 
weights were similar between treatment groups, differences in 
live weight can be partly attributed to the weight and volume 
of the stomach and SI, which were also heavier and larger 
in liquid-fed pigs. However, when the weight of the whole 
gastrointestinal tract and individual organs are adjusted for 
live weight differences between treatment groups cease to be 
statistically different. The fact that the liquid-fed animals in 
the present study did not exhibit larger, heavier guts in relation 
to body weight may be partly explained by an increase in the 
rate of passage (Castle and Castle, 1957) and gastric emptying 

Figure 2: Typical villus of: (a) a dry fed pig displaying a surface 
with slight delineation of the enterocyte borders and typical 
erosion of the enterocytes at the tip of the villus (x500); (b) liquid 
fed pig showing prominent enterocyte outlines with surfaces 
bulging into the small intestine lumen; this effect can be observed 
extending from the villus apex towards the villus base (x 500); (c) 
dry fed pig exhibiting the hexagonal outline of the enterocytes 
with folding of the villus (x1200); and (d) liquid fed pig showing 
the bulging enterocyte surface(x1200).

dc

ba

Figure 3: The microvilli of (a) dry fed pigs and (b) liquid fed pigs 
(x12000).

ba
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(Rayner and Millar, 1990). This may indicate that rate of passage 
is adjusted to maintain equal levels of gutfill or intragastric 
pressure between the diet forms. Although D animals in the 
present study had ad libitum access to water and their water 
intakes were not recorded, Barber et al. (1991) previously 
reported that dry fed animals drink water before and after a 
meal up to an intake comparable with wet fed animals, which 
may also provide the same overall level of gut fill.

During examination the stomachs sampled from D pigs 
exhibited signs of inflammation and mild ulceration. This 
combined with the higher number of goblet cells recorded in the 
intestinal mucosa, the larger amounts of mucus evident in the 
SEM samples, and the abrasion damage to villi tips is suggestive 
of a pathological irritant effect of the D diet. Furthermore, 
these observations are similar to those of Wondra et al. (1995) 
and Regina et al. (1999), who reported increased incidence of 
ulceration in the stomach of pigs fed pelleted diets. DeJong et 
al. (2016) and Mösseler et al. (2012) attributed this increased 
incidence of ulceration in pelleted diets to finer dietary particle 
size, resulting in a more liquid digesta and homogenous pH. 
However, Ayles et al. (1999) reported that particle size did 
not influence the incidence of gastric ulcers, but severity was 
modulated by gastric tissue melatonin concentrations. Mösseler 
et al. (2012) also reported that the addition of water to pelleted 
diets did not reduce the incidence of ulceration, concluding 
that diet structure was more important than water content. In 
contrast, the findings of the current study would suggest that 
the addition of water to pelleted diets may have protective 
effects with regards to the formation of gastric ulcers, but the 
reason for this remains unclear. 

 A natural transformation in the stereomorphological 
features of villi occurs with age (Mouwen, 1971) but other 
factors are responsible for changes in villus form, including 
diet viscosity, fibre, energy intake, hormones and disease. A 

great deal of work has been carried out on the causes of villus 
shape and height changes in weaner pigs (e.g. Mouwen, 1971; 
Cera et al., 1988; Pluske et al, 1996bc; van Beers-Schreurs, 
1998) but similar work in growing pigs is more limited, 
especially studies relating to the feeding of liquid diets. Deprez 
et al. (1987) reported villus height was decreased in growing 
pigs offered dry feed, suggesting that one potential difference 
could be due to levels of feed intake, a known cause of villus 
atrophy especially in young weaner pigs (Pluske et al., 1996bc). 
However, Yang et al. (2001) also reported a trend towards 
taller villi in growing pigs fed wet diets but with identical 
intakes, mirroring the findings of the current study. It has 
been suggested that villi may be damaged/compromised in 
the early weaning stage as a consequence of lack of intestinal 
stimulation, a result of post-weaning anorexia (Lalles et al., 
2007). Liquid feeding may help ameliorate this effect by 
promoting gastric emptying, resulting in increased flow or 
availability of nutrients to the intestine which may stimulate 
an increase in villi height, crypt depth, and subsequent 
absorptive surface area (Vrabcova et al., 2016). 

In the current study although villi height was greater in liquid 
fed pigs crypt depths did not differ between treatments in the 
duodenum or proximal jejunum, although mean overall crypt 
depth was greater in 1:1.5 and 1:3(4) groups. Yasar and Forbes 
(1999) also observed increased villus height when feeding wet 
diets to poultry, and that crypt depths also remained unchanged 
between wet and dry diets. However, they also found that 
crypt cell proliferation rates were substantially reduced in wet 
diet animals and suggested that this could give considerable 
energy and nitrogen savings in gut maintenance. However, this 
does not explain why villus height was comparatively longer 
in wet fed animals. As mentioned previously in the current 
study abrasion damage to villi tips was frequently observed in 
D animals, whilst the incidence of similar damage in wet fed 
animals was considerably less. If enterocyte erosion from the 

Table 3: The effects of offering a standard dry pelleted diet (D) or varying the water-to-feed ratio and pH of the diet over a period of six 
weeks of restricted feeding (5 % to 10 % below ad libitum intake) on mean villus height, crypt depth and goblet cell numbers at three 
positions in the small intestine of pigs

Feed:Water ratio (pH)
D

(n=4)
1:1.5
(n=4)

1:3
(n=4)

1:3(pH4)
(n=4)

Villus height (µm)
Duodenum 219 ± 20.4a 410 ± 29.5b 347 ± 49.7b 316 ± 26.5ab

Proximal jejunum 199 ± 57.8a 333 ± 57.5b 261 ± 27.4ab 382 ± 30.0b

Mid jejunum 143 ± 84.5a 396 ± 88.6b 341 ± 65.1ab 366 ± 47.1ab

Overall 188 ± 27.6a 366 ± 60.5b 317 ± 12.8b 354 ± 23.5b

Crypt depth (µm)
Duodenum 172 ± 19.5 247 ± 24.4 209 ± 40.2 211 ± 21.5
Proximal jejunum 151 ± 67.3 212 ± 48.6 145 ± 12.7 236 ± 14.1
Mid jejunum 182 ± 93.0a 350 ± 24.0b 201 ± 4.1a 275 ± 54.3ab

Overall 175 ± 42.7a 269 ± 23.2b 185.2 ± 11.2a 241 ± 16.5b

Goblet cells
Duodenum 7.4 ± 0.66a 3.5±0.72b 5.3±0.53b 4.5±0.32b

Values are presented as means ± sem. Within row means with different superscripts are significantly different, P < 0.05.
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villus apex on dry diets is high, it is probable that villi height 
and absorptive function may be compromised as migrating 
enterocytes might not have differentiated and matured 
sufficiently to express full absorptive capacity. 

A number of studies have reported on the beneficial effects 
that organic acids have on weaning pigs, these include lowering 
of gastric pH resulting in improvements to proteolysis (Mayer, 
1994; Partanan and Mroz, 1999; Suiryanrayna and Ramana, 
2015), providing a rapidly utilised energy source for intestinal 
and extra-intestinal tissues (Ferrara et al., 2017), as well as 
providing antibacterial activity (Partanen and Mroz, 1999) and 
modulation of gut specific immune responses (Lee et al., 2007). 

In the current study the addition of an organic acid to a wet 
diet (1:3(4)) improved feed conversion ratio when compared to 
a non-acidified wet diet (1:3). This improvement has been noted 
in a number of trials and attributed to enhanced proteolysis 
in the stomach due to a reduced pH (Mayer, 1994; Partnenen 
and Mroz, 1999). In contrast, Lee et al. (2007) reported no 
improvement in growth performance or feed efficiency of 
weaned pigs offered diets supplemented with organic acids. 
Furthermore, this lack of effect was also reflected in intestinal 
morphology as the addition of an organic acid did not affect 
villi height or crypt depth in the study of Lee et al. (2007). 

CONCLUSIONS

In conclusion, changes in villus form, surface morphology 
and villus height point to a substantial increase in the 
surface area of the SI for digestion and absorption in liquid-
fed animals, which is further modified by the inclusion of 
an organic acid to the diet, and may explain differences in 
production performance.
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