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Abstract

Aims: To understanéffects of tissue type, growth stagedssoil fertilisers on bacterial endophyte

communites of winter wheat {riticum aestivuntv. Hereward).

Methods: Endophytesvere isolatedrom wheat grown under six fertiliser conditions in thag term
Broadbalk Experiment at RothamstedsearchUUK. Samples were takein May and July from root
and leaf tissues.

Results:Root and leaf communitiedifferedin abundance and composition of endophytes.
Endophytes wermast abundanhin roots andthe Proteobacteria wermostprevalentIn contrast,
Firmicutesand Actinobacterighe Gram positive phylayere most prevalerin theleaves Both
fertiliser treatment and sample time influene@bdndance and relative proportions of each phylum
and genus in the endosphekehigher density of endophytegasfound intheNil input treatment
plants.

Conclusions:Robust isolation techniques and stringent controls are critical for accurate recovery of
endophytesThe plant tissue type, plant growth stage, and soil fertiliser treatment all contribute to the
composition othe endophytic bacterial community in wheBteseresultsshould help facilitate
targeteddevelopment of endophytésr beneficial applications in agriculture.



Introduction

Wheat is an important crop worldwide and Baod and Agricultural Orgasition of the United
Nationspredicts a increasedlemando 746 million tonnes by 2020, 11% above the annual
production recorded during 20082010(OECD/FAO 2011)This increase in productiareeds tde
achieved despite the growing humber of challengesagern agriculture includinggstrictions in the
use of pesticideBarroso 2011)concerns about the availability and environmental impact of
fertiliser inputs(Rees et al. 2013; van Grinsven et al. 2048) the potential negative impaof
climate change on wheat yields and disease spe¢®ienen et al. 2011 he beneficial traits

provided by endophytes magfer a solutiorfor improving wheayields in a sustainable manner

Endophytic bacteria have a particularly close association with plants, existing for at least part of their
life cycle in living plant tissue without inducing symptoms of diséaedoim et al. 2008; Wilson

1995) When endophytes have been studied they have often been shown to promote plant growth
through a number of mechanisms including; phytostimulation, through production of indole acetic
acid or synthesis of theneyme taminocyclopropand-carboxylic acid deaminagde Santi Ferrara

et al. 2012; Glick et al. 2007biofertilisation, through solubilisation of minerg{Supta et al. @12;

Lopez et al. 2012)r bacterial nitrogen fixatiofThaweenut et al. 2010and pathogen control,

through priming of the plant defence syst@onteiro et al. 2012; Pavlo et al. 2011n&da et al.

2012)or production of antimicrobial metabolitRamesh et al. 2009; Ren et al. 2018d

effectively utilise these beneficial traitsvivo, it is imperative that the determinants of endophyte

community structure, colonisation and establishment are fully understood.

The Broadbalk field site at Rothamsted Research provides a unique opportunity to study and compare
wheat associated microbial communities under long term fertiliser treatments. Thbd&kdéeld

experiment was initiated in 1843 to study the influence of fertiliser treatments on the growth and
yields of winter wheatTriticum aestivun Plots receive farm yard manure (FYM) or inorganic

nitrogen applications at levels of 0 to 288 kg N ga* with additional application of phosphate (P),
potassium (K) and magnesium (Mg). Treatments have remained broadly unchanged through the
history of the experiment, although agronomic adjustments such as the introduction of mechanised
ploughing and deloyment of short straw cultivars and pesticides have been made to reflect changes

in modern agricultural practicéRothamsted 2006)

Three possible determinants of endophyte communities within wheat plants are tissgeotyiye,

stageand fertiliser inputsUnderstanding the contributions of thegeterminants should guide



application of endophytes in agriculture. For example, leaf associated endophyte might be targeted for
use in lo-control of foliar pathogendt is important taunderstand the contribution of growth stage to
determine whethesndophytes applied at the start of the season aily tikgersist through the

seasonWe hypothesise that long term soil fertiliser treatments will result in differences in the
endophyte communities between treatmeht& long term nature of the Broadbakperimentused
heremeans any adaptation of endophytes to fertiliser treatments should be detectablenpla, éxa

the low nitrogen input treatment pldteere may be a higher abundance of bacteria capable of nitrogen
fixation. Alternatively, the engphyte population might be determined solely by the plant genotype

and we might see a conserved endophyte population in all plants across the fertiliser treatments.

A number of limitationgor culture independent work guided our choice of a culture roise

approach in this study. Many culture independent studies use a cultured sterility control for molecular
isolation without confirming that the DNA of the nweiable cells has been degraded by the

sterilisation method. This limitation was discussedblius and Triplet€2001)following the

design of their now commonly used primers, 799f and 1492r, to exclude chloroplast 16S rRNA genes.
Removal of the surface tissue by sonication goes some way towardssidgithis problem (as used
effectively by Bulgarelliet al, (2012and Lundberget al, (2012) but appropriate molecular controls

have still not been fully developedoorcontrols for culture independestiudiesmeanthat

rhizospheric or saprophytic bacteria are likely being includedainystudies as putative endophytic
species. Primers used in culture independent studies also have biases for recovery of the bacterial
population(Klindworth et al. 2013)The 16S rRNA gene has become the standard gene for
identification of bacteria, largely due to the availability of wide coverage databases such as the
Ribosomal Database Project. However, variable copy numbke df&S rRNA gene creates biases in
culture independent abundance and diversity stdiesbel et al. 2012)Copy numbers of the 16S

rRNA gene can vary from 1 to 15 copies and unless this variation is normalised the numbers of
sequencing reads from culture independent studies wibeno¢presentative of the number of

endophytic bacterial cells.

Culture studies will inevitably miss a number of the rarerdifictult to culture species in the
community. However is has been observed that most bacteria associated with plants through
moalecular methods are closely related to culturable spéBmienhausen et al. 2013)is also likely

that due to the gmwth conditions and availability of nutrients within the plant, endophytes are likely
to be better adapted to laboratory culture conditions than are general soil bacteria. Use of a culture
dependent method also provides isolates for further detailedatedionisation and plant beneficial

traits.



In this study we first established a rigorous method for isolation of endophytic bacteria from wheat
plants. We then sampled the culturable endophytic community of winter wheat pidtitar

aestivuncv. Hereward) in six treatment plots of the Broadbalk experiment. These data were analysed
for abundance and relative proportion at the phylum and genus level to determine the influences of

tissue type, growth stage, and fertiliser treatment on the endophyticidlbcommunity of winter

wheat.



Materials and methods

Site description and sampling of wheat plants

Broadbalk soil is a flinty, silty, clay loam of the Batcombe series (Chromic LugiSalO
classification). The site is freely draining with a €af 1 °, west to eagtvatts et al. 2006)Soll

organic carbon content varies between-B2 % and clay content varies between#3® %

according to the treatment history of the plot. Rard maure (FYM) treatments have significantly
higher organic carbon and moisture content than plots treated with inorganic fertiliser or with no
fertiliser input(Clark et al. 2012)The cultivated experimental areatloé Broadbalk field site is
approximately 150 m by 320 m. The field is divided longitudinally into fertiliser treatment strips 5 m
wide and transverse sections 23 m long according to agricultural practicek)(Figr the purpose of
this studythetreatnent plots were further divided into three replicate sections 7 m by 5 m with 1 m
discarded from each end of the plot. Plants of wheat cv. Hereward were sampled from Section 6,
growing continuousvheat and receiving no foliar fungicide applications. Plegdsiving six

different fertiliser treatmentdywo without N, two with inorganic N and twaith organic N as FYM
(Table 1),were sampled on ¥IMay 2011 and 18July 2011, corresponding to Zadolowth stages
GS 37 and GS 83 respectively.

At each samjhg event four plats were carefully removed in a zigzag sampfiagtern from each of
the three replicate sections of the six fertiliser treatments. Surface loose soil was kept with the roots to
limit the damage to the root system. Whole plants werepaates] in sealed polythene bags in cool

boxes and stored at 4 °C for processing within the following four day period.

Isolation of wheat endophytes

Roots were carefully washed with tap water to remove surface adhering soil. Each plant was then
sectionednto 5 cm nodal root sections and 5 cm {kamina sections from the top three leaves
(approximately 0.4 FW tissue per samplepamples were twice vortexed in sterile distilled water
(SDW) before sterilisation using an optimised surface sterilisatmregureor field grown wheat
plants:a16 minute wash with agitation in sodium hypochlorite solution (1.6% active chlorine), a rinse
in SDW, a one minute wash in 95% ethanol, followed by three rinses in SDW with agitation. The total
final 50 mL rinse wasetained and pelleted by centrifugation at 3000 x g for 15 minutes at 25 °C to
allow plating of the entire rinse as a robust surface sterility control for each s&apiples with

more than 10 colonies on thentrolplate were discarded as a source d&pve endophytes

(equivalent tagreatetthan 25 CFU g FW remaining on the sample surface May, colonies from



34 of the 72 processed plants were included in further analysis; and,icalalyies from 30 of the 72

processed plants were indkd in further analysis (Tabl2).

Following sterilisation, 1 cm from the end of each sample was removed to discard internal tissue in
which the NaClO may have penetrated. Fresh tissue samples were weighed and 1 ml SDW was added
for every 0.1 g tissue. Samples w@ompletely macerated in SDW using a sterile pestle and mortar,
diluted a further hundredfold, 100 pl plated onto a #/I8A plate and incubated for 6 days at 28 °C.

Plate counts were taken anceadom segment of each plate containingtl® coloniesvas selected

and bacterial colonies were passed through three roundsiéaking to ensure isolation of single

colonies of pure culture before long term storage in 15 % glycef80acC.

PCR amplification of 16S rRNA genes

PCR was performed withW KH E D FW H U L D-CCTACGEBALBG OAGCAG ) Muyzer et al.
1993)and U HCGGGCGGTGTGTACAA)Marchesi et al. 1998; Osborn et al. 2Q@@hich
amplify variable regions V3 to V8 of the 16S rRNA gene in most bacteria. Primers were chosen on
the basis of their high coverage of 16S rRNA genes in the Ribosomal Database Project (atddase
et al. 2009) PCR amplification was carried out in 25 pl reaction volumes containing the following
reagents: 1 x Bioline PCR buffer, 2 mM MgCl uM each primer, 200 uM each deoxynucleoside
triphosphate, 1.25 U Biolin€aqpolymerase, and 1 pl of cell lysate. Cell lysate was created by
suspending a bacterial colony in 200 pl SDW and heating to 95 °C for 5 minutes. Amplification
conditions were as follows: 30 cycles of 95 °C for 1 minute, 55 °C for 1 minute and 72 °C for 1
minute, followed by a final extension at 72 °C for 5 minutes. The total PCR products were separated
on a 1 % agarose gel run at 5 V'tfar 1 hour in 1 x TrishorateEDTA buffer. The gels were
visualised using ethidium bromide staining and photography uiddight and the band at size
equivalent to approximately 1050 bp was excised and purified using a QIAGEN QIAquick Gel
extraction kit (50 pl final elution in SDW).

Restriction fragment length polymorphism (RFLP) analysis

Purified PCR products were digedtseparately with three restriction enzymes, BstU1, Hhal, Rsal
(New England Biolabs). Digestions were completed in 15 L total reaction volume: 1.5 pL 10 x NEB
buffer 4, 0.15 pl BSA (Hhal digestion), 5 pL purified PCR product, 5 U restriction enzyme t8DW

15 pL, and digested at the recommended incubation temperatures for 6 hours. Following digestion the
restriction products were separated on 3 % agarose gels at 2.5 férc3rhours in 1 x Tridorate

EDTA buffer. The gels were visualised using ethidiomomide staining and photography under UV

light. Restriction fragment sizes were compared to a 100 bp ladder between every 6 samples.



The gel images were analysed using TotalLab software (TL120 Nonlinear Dynamics) to assign sizes
to the banding profileand to cluster the RFLP profiles. The groupings were manually confirmed and
grouped into operational taxonomic units (OTUs) defined as a group of endophytes which had

identical banding patterns within each of the three independent enzyme digestions.

Identification of isolates and statistical analysis of data

Representatives of each OTU were selected for partial sequencing of the 16S rRNA gene (purified
PCR product sent to MWG Eurofins for sequencing). Isolates with indistinct RFLP profiles were also
sentfor 16S rRNA gene sequencing. The closest identity for each OTU was established at the genus
level by comparing sequences to the GenBank databases (www.ncbi.nim.nih.gov/blast) using
BLASTN. The partial 16S rRNA gene sequences for representatives of the @bfained in this

study were deposited in the GenBank database under the accession numbe@KA84849740
(Table3). Rarefaction analysis was performed using the free statistical software PAgTaBumer

et al. 2001)

Endophyte population data were analysed using two methods. The first converted the colony
observations to lag (CFU +1) per gram fresh weight of tissue to satisfy assumptions of normality for
the parametd statistical tests used. The second method analysed the raw count data to provide
proportional data for endophyte groups within each plant. Data were analysed using GenStat for
Windows 14th Edition (VSN International).

In the first method a linearixed model was used to analylsg,, (CFU +1) g'FW data accounting

for the design of the study having 3 sulbts within each of the six Broadbalk plots (Nil, Nil plus Mg

P K, 144 N, 288 N, FYM and FYM plus N), such that there were eighteeplstghin totd Each of

these subplots were sampled twice (in May and then in July). This accounted for the random part of
the model used. The model was fitted using the method of restricted maximum likelihood approach
(REML) using a fixed part of the model as Treattfi€issue*Time*Phylum. Where the * indicates

that all main effects and interactions between the model factors should be tested. Model terms of
statistical importance were investigated by comparing predicted means of biological interest using

) LV K H U $ignifcahDdiférence (LSD) test at p = 0.05. Residual plots following this analysis
confirmed that the modelling approach used was valid. Differences at a genus level were viewed
using Correspondence Analysis. Correspondence Analysis (CoA) is sinplrféoming a Principal
Components Analysis (PCA) on both the rows (genera) and the columns (plots or treatments) of the

data matrix in such a way that the components from each analysis can be(Datiigcnd Kempton



1987) The analysis is used to simultaneously display information about the rows and the columns on
the same plot. Ithe present case this allows comparison of similarities between genera, of similarities

between plots, and in particular, associations between genera and plots.

The second modelling approach used a generalised linear model (GLM) to analyse the raw colony
observations from each plant. The proportions of six phyla in each random subset of bacterial colonies
from each plant, where each subset had its own total number of observations, were modelled using a
generalised linear model assuming a binomial disiobuind a logit link function, (log (p/1-p))

where p is the proportion of the total colony observations per plant. The model fitted was
Treatment*Tissue*Time*Phylum where the * indicates that all main effects and interactions between
the model terms shéibe tested. This was performed usintebts due to there being some ever
dispersion, ie. some extra variation in the data than would be expected for a binomial distAbution.
summary of the REML and GLM test statistics is presented in the Supplemdsutizry
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Results

Sampling analysis and summary of OTUs

The cultured bacterial endophytenmmunity of wheat was analysed fwo tissue types (root and

leaf), at two growth stages and under six fertiliser treatments. Culturable endophytic bacteria were
isolated from 34 surface sterile plants in May and 30 surface sterile plants in July 2011. PCR and
RFLP analysis of the 16S rRNA gene for 804 bacterial isplaecaled 28 OTUs¢€eFig. 2 for

agarose gel RFLP profiles for each OTU) which were subsequéetliified to the genus level using
16 rRNAgene sequence analysis (TaB)eOTU incidence values showed that no one OTU was
recovered from all plants sampled. The gehssudomonawas recovered at the highest incidence in
the roots, found in 64 % of pits. The genuBacilluswas recovered at the highest incidence in the

leaves, occurring in 20 % of plants.

To determine the effectiveness of sampling in identifying the total population OTUs, a rarefaction
curve was plotted for each tissue type samplaé. rarefaction curve for the root OTdsarly

reached an asymptote indicating reasonable representatton ©f Us by our sampling (Fig). In

the leaves the rarefaction curves did not reach an asymptote, indicating poorer coverage. This was
likely to be due to the lower number of colonies recovered from these samples (of the 804 colonies
analysed only 184 were recovered from the leaves). As such our sampling of leaf endophytes did not

provide such robust coverage of the rarer OTUs as the root sampling.

Species richness decreased from May to datyfrom root to leaves (TabB. Total abundance of
endophytes was significantly higher in tlo®ts than the shoots (Tablgand there was a small
increase in abundance from May to July in both the rootstemnshoots. At the genus level, the most
abundanOTU remained constaffom May to July(Table3), butthe identity ofotherabundant

genera changed. In the rod®seudomonasemained the most prevalent genus in both May and July
but in May the seconand third most prevalent genera wetavobacteriumandVariovorax in July

this had changed ®hizobiumandPedobacterin the leavesBacillusremained mogprevalent in

both May and July, but the second and third rpostalenigenera changed froPolaromonasand
Pseudomonat® CurtobacteriumandDevosia In this study, sample time was thus shown to also have

influence at the genus level.
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Tissue and phylum interaction

REML analysis of endophyte abundances indicated there was a significant twoevagtioh

between tissue type and phyluRs {o;= 11.55, p < 0.001(Fig. 48). Endophyte abundances in the
leaves were lower than in the roots for all phyla except the Firmiqute® 05, LS[Qos= 0.715.

The GLM analysis of raw colony observations alkowed a significant two way interaction between
tissue type and phylunir{s 450= 2.87, p < 0.001L Thisproportional analysis (Figtb) showed that in
the leaves the Grapositive phyla (Actinobacteria and Firmicutes) were significantly higher in
abundace than the Gramegative phylaf{ < 0.05. Conversely in the roots theproteobacteria
dominated with significantly greater abundance than any other gooup.05 and the Firmicutes

were the least abundant group detected.

Fertiliser treatment, sample time and phylum interaction

REML analysis of endophyte abundance ddwawed a second significant interaction between

treatment and phyla = 11.55, p < 0.001) (Fidn). This indicate that phyla respond differently to

the fertiliser treatments. For example the Actinobacterddwer abundance in plants grown in the

FYM treatment compared to abundance in plants grown in the inorganic N and the nil N treatments.

In contrastthe -proteobacteria occur at a higher abundance in the &iYd/Niltreatmerd than in

the inorganic N treatments. Mean endophyte numbers across all tissue types, sample times and phyla
showed that there was a significantly higher abundance of endophyteNi tértiliser treatment

plot than in the other plotg & 0.013, LSRqs= 0.39) (Fig. 6).

The GLM analysis of the proportions of phyla for the subset of each plate indicated there was also a

further significant interaction, in this case a three vmgraction between sample time, treatment and

phylum (Fs 450= 2.87, p < 0.001) (Fig’a and7b). Inclusion ofsampletime in this interaction

indicates that the relative presence of a given phylum changes between May and July. For example in

the 288 NUHDWPHQW -piQtedlixttaNakake the most prevalent group comprising greater than
RI WKH LVRODWHYV -grétébbadterid cor@prisk @4s Wak 25 % of the isolates. All

other significant (p < 0.05,-test) main effects and interamwis in the REML and GLM analgs were

subsumed by these main significant interactions.
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Correspondence analysis

Associations between fertiliser treatments and the interactions between OTUs (genera) and fertiliser
treatments were examined using correslemce analysis (Fi@). We found that in the roots in May

the endophytic community in the 288 N treatment was not associated with the other treatments. The
fertiliser treatments 144N and Nil + were also segregated froen tettiliser treatments (Fi§a).

There were some associations between specific OTUs and these segregated treatments, 144 N was
associated witlPlantibacterandCurtobacteriumwhereas treatment 288 N had strong associations
with ArthrobacterandAgromycesA number of OTUs also cluse=l close to the origin, indicating

these OTUs were loosely associated with most treatments. Correspondence analysis for the roots in
July showed different associations. Four of the fertiliser treatments, Nil, Nil +, FYM and 288 N,
showed little distinctio, clustering together ahe correspondence plot (F&p). Only the inorganic

144 N and FYM + N treatments showed segregation from the other treatments. 144 N was associated
with PedobacteandMicrobacteriumand FYM + was strongly associated with then@eanadaceae

family (VariovoraxandPolaromona} andPaenibacillus

In the leaves there was a much lower incidence of colonisation and as such the correspondence
analysisplots for May and July (Fig.d8and8d) are less robust than for the roots. The Nil
treatments have no association with each other in May, neither do the two inorganic N treatments, or

the two FYM treatments.

The correspondence analysis indicated that there were associations of specific OTUs to fertiliser
treatments, and these asmtions changed with plant growth stage. In the shoots there was an effect
of fertiliser treatment at both the phylum and genus level, but due to the lower sampling coverage it is

difficult to determine if these are valid trends or sampling effects.
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Discussion

Endophyte isolation

Accurate recovery of endophytes relies entirely on the stringency of the method used; therefore this
study used a carefully optimised surface sterilisation method. This analysis found four phyla
dominating the wheat endosphelReoteobacteria, Bacteroidetes, Actinobacteria and Firmicutes.
These phyla are all known to contain endophytic species and their presence has been confirmed in a
number of culture and molecular stud{Bsilgarelliet al. 2012; Ferrando et al. 2012; Lundberg et al.
2012) In a similar experiment, comparison of cultured endophyte genus richness compared to
cultured rhizosphere genus richness showed that the latter was almost two fold higher (a total of 35
genera irthe endosphere and 60 genera in the rhizosphere; unpublished data, Mauchline, Clark,
Robinson and Hirsch). This demonstrates that the rhizosphere has greater genus richness than the
endosphere even within limitations of culture dependent studies. Thagqeedeulturable bacteria
which are rhizosphereompetenbut are not found in the endosphere indicates either exclusion by the
plant or a lack of bacterial endophytic competencies such as motility or adherence, as reviewed by
ReinholdHurek and Hurek2011)

Analysis of endophyte abundance and relate proportions of phyla

The REML analysis and the GLM analysis both contributed to the conclusions we can draw from
these data. The REML analysis relates to abundance of endophytes within the plant tissue, while the
GLM analysis relates solely to the dla contributions of phyla in the plants, irrespective of

endophyte abundanceéhe GLM analysis therefore has slightly greater sensitivity to distinguish
compositional changes without the variation introduced by differences in abundance of endophytes
acrass treatments and planBoth analysis methods indicated a similar interaction between tissue

type and phylum. The Gram positive phyla, the Firmicutes and Actinobacteria, were high both in
abundance and relative proportion in the shoot tissue. REML @&edygaled a significant

interaction between treatment and phyla. This REML analysis also revealed a significant increase in
endophyte densities in plants grown in the Nil treatment plot. This trend could not be revealed through
the GLM analysisvhich andysed only the relative proportions of phytdowever, the GLM analysis

of proportions revealda further interaction between treatment, phyla and sample time. This time
effect seen for the proportional data indicates that the profile over the treatietésive presence

for a given phylum changes between May and July. In this case the use of proportional data from the

raw counts revealed a trend which was masked by the variation in endophyte abundance.

The influence of tissue type on endophyte commuwi
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Roots and leaves of wheat provide different biological niches and routes of colonisation for
endophytes, it would thus be predicted that there were differences in abundance and community
structure of endophytes in these tissues. As expected, the meataace of endophytic bacteria in

the roots was significantly gresa than in the leaves (Tallleand Fig44d). This has also been found to

be true in other agricultural crops, such as cotton, potato, maize aidalbeann et al. 1997;
JohnstoAMonje and Raizada 2011; Mano et al. 2007; Sessitsch et al.. Fo®&} are a sink for
photosynthetic carbon and are protected from extremes of temperature, solar radiation and moisture
fluctuations, hence may provide recsuitable niches for endophyte colonisation and establishment
than the leaves.

It is interesting that the distribution of phyla differed significantly in the roots and leaves. Leaves may
be colonised from inoculum established in the roots, but theglsarbe colonised directly from
deposition of inoculum onto leaves through rain splash or air dispersal. The leaves had significantly
higher abundances of the Grauositive phyla, the Firmicutes and Actinobacteria, than the other

phyla. Many species of the phyla are endospore forming and it may be that these are better adapted
for survival inthe leaf tissue, surviving the great@riation inenvironmentabtresseandpossibly

better adapted for passage into reproductive tissue and longer term sorseeds.

The influence of sample time on endophyte community

Other studies have shown a reduction in endophyte and epiphyte numbers through the plant growth
seasor{Redford and Fierer 2009} his study showed a slight increase in the total abundance of
endophytes from May to July. However, in this study the wheat plants were well established at both
the points of sanmimg (May and July) and is likely that the largest changes in endophyte abundance
are observed between the seedling and mature stages. It is possible that the regulation of endophyte
numbers is more tightly controlled in the established and maturegpidrdur sample time range was

not wide enough to identify large changes. There was a significant interaction involving sample time
in the GLM analysis of the proportion of phyla in plants. This showed that even at the broader level of
phyla sample timenfluences endophyte community structures. This change through the growth
season was even clearer at the genus level, as shown through correspondence analysis. These changes
between sample times may relate to changes in bacterial niche establishmeptaat trews, to

changes in nutrient availability through the growth season, or to environmental changes between May

and July.

The influence of fertiliser treatment effect on endophyte community
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This study found significantly higher wheat bacterial efgtg abundances in the Nil treatment plot

than the other treatment plots. This is in contrast to the number of soil bacteria inferred from bacterial
16S rRNA genes which showed no significant differences in abundance between these Broadbalk
fertiliser treaments(Clark et al. 2012)There is an increase ielease organic acids into the

rhizospheref nutrient stressed planfsopez Brucio et al. 200@nd thus may be attracting and
supporting higher numbers of endophytes. Alternatively the nutrient stressed plant may harbour more
latent or active @thogens which may appear to elevate endophyte counts. Evolutionary theory has
also suggested that mutually beneficial symbiotic relationships are more likely to develop in poor
quality environmental landscap@&hrall et al. 2006)Thus it may be that the higher abundance of
endophytes is a result of the long term interaction between the endophytes and the pldmwin the
nutrient treatment. Suchanteraction may suggest tretdophytes found in the nutrient stressed

plants are the best candidates for providing endophytic traits beneficial to the host plant.

This study showed #t fertiliser treatments altendophyic communities at both thghylum and

genus level. IEndophyte communities were solely determined by plant growth we might expect to

see the endophyte communities grouped by total available nitrogen input. However, the
correspondence analysis did notwstemy notable similarities at the genus level between groups of
treatments by nitrogen input. For example, correspondence analysis at the genus level shows that the
endophytic community in the highest inorganic nitrogen treatment (288 N) is distinctroothén

May, while the Nil+ treatment and the 144 N cluster together. These data might suggest that there are
differences in the endophytic bacterial populations in wheat which are driven by the soil bacterial

community rather than plant growth.

The rdative strength of the influence of soil properties and plant genotype on the endophytic
community varies between plant species and cultivars. In rice it appears that plant genotype is a
stronger determinant of endophytic community than soil type (expta#8.8 % of variation

compared to 36.6 % of variatio(hlardoim et al. 2011)n contrast imArabidopsis thalianaa non

crop species, both Bulgaredt al.,(2012 and Lundbergt al.,(2012 found that soil type has a

stronger influence on the endophytic commuttitan does plant genotype. This nsayggest that

there may be a stronger plant genotype effect for the cultivated crop species which have been bred for

specific agricultural traits.



16

Possible influences of soil properties on endophyte recruitment and community structure

While the conclusionfom this studydemonstrate that tissue type, sample time and fertiliser

treatment all influence the communityucture of bacterial endophytes in wheat, the possible

mechanisms through which fertiliser treatments are altering the endophyte community structure

cannot be separated. It is known that changes in soil properties can lead to changes in the soil bacterial
community(Lauber et al. 2008; Marschner et al. 20083leed this was shown to be true in a recent
comparison of the soil microbial community of the agricultural and woodland plots of the Broadbalk
experimeni{Zhalnina et al. 2013)t follows that where fertiliser inputs change soil bacterial

communities, we might expect to see these changes reflected in the endophytic coif8eghiys

et al. 2004)

It is also known that plants have a directusfice on the soil and rhizosphere microbial communities
(Turner et al. 203) and that fertiliser inputs can alter plant growth responses particularly with respect
to root exudatiorfLopez Brucio et al. 2000Changes in plant root exudates, working with the plant
defence system, may therefore act as a plant mediated selection mechanism for endophyte
colonisation. Thus fertiliser treatments may also be actitigeictly on the endophytic community

through the plant growth response.

This suggests two mechanisms through which fertiliser treatment mathaltendophytic
community Fig. 9):

1) Fertilisers may directly alter the soil bacterial community hencerajtthe available pool from
which bacteria colonise the plant

2) Fertilisers may alter plant growth and/or exudates thereby impacting on recruitment of the
endophytic community

Conclusions

In conclusion, robust isolation techniques and stringent dsrare critical for accurate recovery of
endophytes. As expected there was a significant effect of tissue type on endophyte abundance and on
the relative presence of each phylutithim the endophyte communityhere was a significantly

higher abundance dfacterial endophytes in the Nil treatment plots, a trend not seen in soil bacterial
abundances. This may be the result of increased ryuhgaleficial evolutionary symbnts occurring

in a nutrient poor environment, or may be the results of increaseexuadtes from nutrient stressed

plants. The endophytes in these nutrient stressed plants may provideeimatisial to the host plant.
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In the GLM analysis of the proportions of raw count datafouedan interaction between phylum,

time and treatmeanThis was confirmed in the distinctions shown in the correspondence analysis. It
seems likely that both the wheat growth response and the soil bacterial community contribute to the
composition of the endophytic bacterial community in wheat. This leddyptrtant conclusions for

the application of endophytes to agricultural crops or the management of cultivation regimes to favour
beneficial endophytes. Inoculation of endophytes to soil is unlikely to be successful unless the
endophyte for inoculation sdapted to the plant genotype. Fertiliser applications may also reduce the
effectiveness of applications by reducing the population densftesdophytes in the fertilised

plants. This suggests that there may be a narrower effective niche for appticatidra been

previously suggested and further studies are needed. Augmenting and utiiggegousendophytes

may be the most effective method for application in a field situation and this could be combined with
genetic manipulation for addition of teficial traits to specific endophytic strains
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Table 1 Summary of fertiliser treatments applied to Broadbalk plots for sampling of wheat

plants

Broadbalk plot ~ Annual treatment per hectare

2.1 (FYM +) Farm yard manure (FYM)? and 96 kg N°
2.2 (FYM) FYM?

3 (Nil) Nil (only atmospheric nitrogen deposition)
5 (Nil +) (P)° K Mg®

8 (144N) 144 kg N° (P)® K® Mg®

16 (288 N) 288 kg N° (P)° K® Mg°®

& Farm Yard Manure at 35 t since 1885

® N as ammonium nitrate since 1986

P as 35 kg triple superphosphate applied until 2000
4K as 90 kg potassium sulphate

® Mg 12 kg as Kieserite

Table2 Plants used for endophyte isolation from each fertiliser treatment for May and July. Twelve
plants per treatment (four per subplot) at each growth stagere processed. Samples with ron
sterile controls were discarded. Bacterial isolates were only analysed from plants with sterile surface

controls for both the root and leaf tissue.

Broadbalk  Number of plants per subplot which
plot were suitable for furt her analysis of

endophyte isolates

May July

2.1 (3) (1) (0 3) @) 2
2.2 ) (2) (2) (2) (1) (0)
3 2)(2) 4) 0) (2) (3)
5 2) () (3) (2) (0)
8 (C)NENNEN) (3) () (1)
16 ) (1) 2 2) (1) )
Total 34 30

plants
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Table3. OTUs identified to the genus and phylum or subclass level. GenBank accession numbers for
a partial 16S rRNA gene sequence for a representative for each OTU are given. Mean abundance of
OTUs in the root and leaf tissue in May and autyshown as CFU' §W. The number of plants from
which each OTU was isolated, the colonisation incidence value, is indicated in brackets giving a

measure of the variation for each mean.

Mean CFU g~ FW

OTU identity (to Accession Root endophyte Leaf endophyte
OTU  genus level) ° Phylum or group number  May® July® May® July®
OTU 1 Agrobacterium .-proteobacteria JK649707 156 (1) 1694 (2) O 0 o (0)
OTU 2 Bradyrhizobium .-proteobacteria JK649708 33 (1) O o o0 0) o (0)
OTU 3 Brevundimonas .-proteobacteria JK649709 194 (2) 521 (3) O 0) 3 (2)
OTU 4 Caulobacter .-proteobacteria JK649710 28 (1) O O 0 0 o (0)
OTU5 Devosia .-proteobacteria JK649711 250 (3) 1022 (8) 56 (2) 463 (1)
OTU 6 Rhizobium .-proteobacteria JK649712 750 (4) 7377 (17) 28 (1) 60 (2)
OTU 7 Sphingomonas .-proteobacteria JK649713 167 (3) 193 (1) 14 (20 28 (1)
OTU 8 Duganella -proteobacteria JK649714 0 O 597 (2 o0 0) o (0)
OTU 9 Polaromonas -proteobacteria JK649715 306 (3) 4167 (1) 358 (2) O (0)
OTU 10 Variovorax -proteobacteria JK649716 1653 (4) 5916 (12) 22 (1) O (0)
OTU 11 Pseudomonas -proteobacteria JK649718 23074(22) 50295(19) 161 (3) 3 (1)
OTU 12 Serratia -proteobacteria JK649722 986 (2) 3801 (5) O 0) 39 (2

OTU 13 Stenotrophomonas -proteobacteria JK649723 375 (2) O o 0O 0) o (0)
OTU 14 Aeromicrobium Actinobacteria JK649724 56 (1) O ©o 19 (@@ o (0)
OTU 15 Agreia Actinobacteria JK649725 899 (8) 576 (4) 79 (7) 65 (2)
OTU 16 Agromyces Actinobacteria JK649726 139 (3) O 0 6 2) 42 ()
OTU 17 Arthrobacter Actinobacteria JK649727 1102 (5) O 0 3 Q) o (0)
OTU 18 Cellulomonas Actinobacteria JK649728 0 o o0 0o 3 Q) o (0)
OTU 19 Curtobacterium Actinobacteria JK649729 34 (1) 332 (3) O (0) 1100 (4)
0

OTU 20 Glycomyces Actinobacteria JK649730 194 (3) O (0) O o (0)
OTU 21 Microbacterium Actinobacteria JK649731 788 (9) 2819 (12) 39 (2) 208 (4)
OTU 22 Plantibacter Actinobacteria JK649734 19 (1) 611 (20 11 (2) 51 (1)

OTU 23 Rhodococcus Actinobacteria JK649735 444 (4) O O 86 (2 O (0)
OTU 24 Chryseobacterium Bacteroidetes JK649736 28 (1) O © 3 @ o 0)
OTU 25 Flavobacterium Bacteroidetes  JK649737 7847 (11) 781 (4) O 0) 5 1)

OTU 26 Pedobacter Bacteroidetes  JK649738 102 (3) 7024 (4) 94 (1) O 0)
OTU 27 Bacillus Firmicutes JK649739 240 (2) 37 (1) 802 (B) 2638 (7)
OTU 28 Paenibacillus Firmicutes JK649740 0 (0) 1556 (3) 9 1) 90 (3

OTU richness 26 19 18 15
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% mean values calculated from 34 plants

® mean values calculated from 30 plants

¢ Genera identified by sequencing of an approximately 1050bp fragment of the 16S rRNA
gene and named as the closest match using the Segmatch function in the Ribosomal
Database Project (RDP-11)

CFU: colony forming unit

FW: fresh weight of plant tissue

Table4. Total mean endophyte abundances associated with roots and leaves.

Sample Tissue Mean endophyte abundance Standard error
time logl0 (CFU +1 g™ FW)
May Root 4.391 0.112
Leaf 2.174 0.340
July Root 4.642 0.134

Leaf 2.750 0.364
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Fig 1 The Broadbalk long term classical experiment at Rothamsted Research, UK. a)

Schematic of treatments. b) Aerial photograph

Fig 2 RFLP profiles for OTUs 1-28. An approximately 1,050 bp region of the 16S rRNA gene
was amplified using the primers MF and 1389, then digested in separate reactions with the
restriction enzymes, BstU1 (a), Hhal (b) and Rsal(c). Restriction fragments were separated
on a 3 % agarose gel at 2.5 V/cm for 3 hours. 100 bp marker between every 6 samples (M).
Gel lanes with no sample are indicated as a Blank (Bl) lane.

Fig 3 Rarefaction curves for OTUs at the genus level provided by the RFLP analysis. The
black line represents root endophytic samples. The green line represents leaf endophyte
samples.

Fig 4 Abundance and relative proportions of phyla in the root and leaf tissues. a) Endophyte
abundances (log, , (CFU+1 g-1 FW)) LSDgos = 0.715 b) Relative proportions of phyla LSDg o5

=0.112. The phylum Proteobacteria has been further divided to the subclass level. Standard
errors for predicted means are indicated on bars. Mean values calculated from a total of 64

plants.

Fig 5 Abundance of endophytes within each treatment plot. The phylum Proteobacteria has
been further divided to the subclass level. Standard errors for predicted means are indicated
on bars. Maximum LSDg 45 = 1.714. Mean values are calculated from minimum of 9 plants

per treatment.

Fig 6 Mean abundance of endophytes across all phyla within each treatment plot. Standard
errors for predicted means are indicated on bars. Maximum LSDg o5 = 0.380. Mean values

are calculated from minimum of 9 plants per treatment.

Fig 7 Proportion of observations of each phylum within each treatment plot a) May b) July.
Standard errors for predicted means are indicated on bars. Mean values are calculated from

minimum of 3 plants per treatment.
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Fig 8 Correspondence analysis plots illustrating the associations between soil treatments
and endophytic bacterial OTUs. a) Root associated OTUs sampled in May. b) Root
associated OTUs sampled in July. ¢) Leaf associated OTUs sampled in May. d) Leaf
associated OTUs sampled in July. For each plot the two dimensions describe more than
60% of the total inertia. Additional axis to indicate lines of association have been added in
green. The clusters of treatments and OTUs with little association have been circled near the

origin. Key OTUs are indicated by name.

Fig 9 Schematic of the mechanisms through which fertiliser inputs may influence the
structure of the endophytic bacterial community. Fertiliser inputs may directly alter the soil
bacterial community and hence alter the available bacterial pool for endophyte entry into
roots. Alternatively fertiliser inputs may alter plant root exudates and/or growth thereby
altering recruitment of endophytes by the plant growth response.
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REML test statistics

Table 1 REML estimated variance components

35

Random term Component s.e
Replicate_subplot -0.279 0.125
Replicate_subplot.Sample_time 0.439 0.248
Table 2 REML residdavariance model

Term Estimate s.e.
Residual 1.719 0.173

Table 3 REML mixed effects, sequentially adding terms to fixed model

Fixed term Wald n.d.f. F. d.d.f. F pr.
statistic statistic

Sample_time 1.06 1 1.06 11.7 0.325
Treatment 63.04 5 12.60 4.2 0.013
Phylum 38.04 5 7.63 197.2 <0.001
Tissue 120.29 1 120.29 204.3 <0.001
Sample_time.Treatment 3.60 5 0.72 11.7 0.622
Sample_time.Phylum 8.37 5 1.67 197.2 0.142
Treatment.Phylum 40.47 25 1.62 197.2 0.038
Sample_time.Tissue 1.98 1 1.98 203.6 0.161
Treatment.Tissue 7.98 5 1.60 202.4 0.163
Phylum.Tissue 57.73 5 11.55 197.2 <0.001
Sample_time.Treatment.Phylum 36.94 25 1.48 197.2 0.075
Sample_time.Treatment.Tissue 9.30 5 1.86 199.7 0.103
Sample_time.Phylum.Tissue 8.29 5 1.66 197.2 0.146
Treatment.Phylum.Tissue 33.31 25 1.33 197.2 0.143
Sample_time.Treatment.Phylum.Tissue 33.20 25 1.33 197.2 0.146
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GLM test statistics

Table 4 GLM test statistics for proportions of phyla using the raw count data

Change d.f. Deviance Mean Deviance Approximate
deviance ratio F pr.

Sample_time 1 0.000 0.000 0.00 *
Treatment 5 0.000 0.000 0.00 *
Phylum 5 3.28.193 65.639  18.95 <0.001
Tissue 1 0.000 0.000 0.00 1.000
Sample_time.Treatment 5 0.000 0.000 0.00 *
Sample_time.Phylum 5 53.700 10.740 3.10 0.009
Treatment.Phylum 25 307.243 12.290 3.55 <0.001
Sample_time.Tissue 1 0.000 0.000 0.00 *
Treatment.Tissue 5 0.000 0.000 0.00 *
Phylum.Tissue 5 339.460 67.892 19.61 <0.001
Sample_time.Treatment.Phylum 25  248.683 9.947 2.87 <0.001
Sample_time.Treatment.Tissue 5 3.257 0.651 0.19 0.967
Sample_time.Phylum.Tissue 5 25.185 5.037 1.45 0.203
Treatment.Phylum.Tissue 25 122.098 4.884 1.41 0.091

Sample_time.Treatment.Phylum.Tissue 25 37.880 1.515 0.44 0.993
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