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Abstract
In this study we determined protein and gene expression in the caeca of newly hatched

chickens inoculated with cecal contents sourced from hens of different ages. Over 250 pro-

teins exhibited modified expression levels in response to microbiota inoculation. The most

significant inductions were observed for ISG12-2, OASL, ES1, LYG2, DMBT1-L, CDD,

ANGPTL6, B2M, CUZD1, IgM and Ig lambda chain. Of these, ISG12-2, ES1 and both

immunoglobulins were expressed at lower levels in germ-free chickens compared to con-

ventional chickens. In contrast, CELA2A, BRT-2, ALDH1A1, ADH1C, AKR1B1L, HEXB,

ALDH2, ALDOB, CALB1 and TTR were expressed at lower levels following inoculation of

microbiota. When chicks were given microbiota preparations from different age donors, the

recipients mounted differential responses to the inoculation which also differed from the

response profile in naturally colonised birds. For example, B2M, CUZD1 and CELA2A

responded differently to the inoculation with microbiota of 4- or 40-week-old hens. The

increased or decreased gene expression could be recorded 6 weeks after the inoculation of

newly hatched chickens. To characterise the proteins that may directly interact with the

microbiota we characterised chicken proteins that co-purified with the microbiota and identi-

fied a range of host proteins including CDD, ANGPTL6, DMBT1-L, MEP1A and Ig lambda.

We propose that induction of ISG12-2 results in reduced apoptosis of host cells exposed to

the colonizing commensal microbiota and that CDD, ANGPTL6, DMBT1-L, MEP1A and Ig

lambda reduce contact of luminal microbiota with the gut epithelium thereby reducing the

inflammatory response.
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Introduction

Vertebrates are hatched or born with a sterile intestinal tract and colonization is initiated as
early as during hatch or delivery. The gut microbiota then develops furtherwith the most
dynamic changes in young animals and lower fluctuations in healthy adults. We recently char-
acterized the life-timemicrobiota dynamics in egg laying hens [1] identifying an overall pattern
of change that, except for a relative lack of Actinobacteria due to the absence of breast feeding
in the chickens, resembles other animal species including humans [2,3].

The intestinal tract of any host responds to colonization with natural microbiota. For exam-
ple, immunoglobulin production in the intestinal tract is dependent on the presence of micro-
biota since germ-free animals do not produce antibodies [4,5]. In chickens, low level changes
in the amounts of mRNA encoding inflammatory cytokines have been reported between 2 and
5 days post hatch [6]. However, it is unlikely that these are the only host responses to micro-
biota colonization and the gut response to colonization by gut microbiota is far from being
understood. The gut epithelia is covered with a double layer film consisting of mucin 2
(MUC2), IgA, Fc fragment of IgG binding protein (FcGBP), meprin 1A (MEP1A) and different
antimicrobial peptides protecting epithelial cells from direct contact with gut microbiota [7].
However, the processes leading to the development of this protective layer during the initial
phases of microbial colonization are not known.

Chickens represent a usefulmodel for studies on the colonization of the intestinal tract
since eggs and developing embryos are accessible for manipulation. In addition, chickens in
commercial production are hatched from disinfected eggs in an extremely clean hatchery envi-
ronment without contact with their parents. Inoculation of newly hatched chickens with gut
microbiota of donor hens is a procedure with proven efficacy against colonization with patho-
gens [8]. Whilst this indicates the importance of healthy microbiota for the development of gut
immune system, which genes, proteins and biological pathways are induced or suppressed fol-
lowing the colonization with natural microbiota chicken intestinal tract is not known.

In this study we therefore inoculated newly hatched chickens with cecal contents from donor
hens of different ages and determinedprofiles of gene and protein expression in the cecumof
naturally colonized hens and recipients of microbiota inoculation; a process that has not previ-
ously been studied in any system. This approach identified over 250 proteins with expression lev-
els that altered in response to microbiota inoculation.Out of these, putative ISG12-2 protein
(ISG12-2), immunoglobulins, fibrinogen-likedomain (FReD) and cysteine rich scavenger
domain (SRCR) containing proteins were the most prominent. Since FReD and SRCR proteins
were secreted into gut lumen and found as tightly associatedwith gut microbiota, their induction
is likely to be important for the interaction betweenmicrobiota and host within the mucin layer
protecting intestinal epithelial cells from a direct contact with microbiota [7].

Material and Methods

Ethical statement

The animal work in the study was performed in accordance with current Czech legislation
(Animal Protection andWelfare Act 246/1992). The specific experiments were approved by
the Ethics Committee of the Veterinary Research Institute followed by the Committee for Ani-
mal Welfare of the Ministry of Agriculture of the Czech Republic (permit number MZe 1479).
Animal experiments performedwith germ-free and conventional chickens were carried out in
strict accordance with French legislation and the specific protocol for the study on germ-free
chickens was approved by the Val de Loire (N 2013/01/16) Ethics Committee for Animal
Experiments.
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Sampling of chickens of different age and newly hatched chickens

inoculated with microbiota of different composition

In the first experiment, ISA Brown chickens or hens 1, 3, 16, 28 and 42 weeks of age were
obtained from a commercial farm, 3 birds of each age. Besides the characterization of micro-
biota composition and protein expression in their ceca, approx. 0.5 g of cecal content was col-
lected from these birds and resuspended in 5 ml of PBS with 0.05% L-cysteine. After settling
for 5 min the supernatant was decanted and a pool of equal volumes of the extracts from the
donors of the same age was formed and 0.1 ml of this pool was orally applied to newly hatched
chickens. Three chickens were inoculated on day of hatch with cecal microbiota extracts from
donors of different ages and recipients were sacrificed 6 days later for sampling of cecal con-
tents and cecal tissue (Fig 1). Chickens were reared in perforated plastic boxes with free access
to water and the same feed and each experimental or control group was kept in a separate
room. The whole experiment was accomplished on 3 different occasions. First we inoculated
newly hatched chickens with cecal microbiota from 3- and 42-week-old donors, next we

Fig 1. Experimental design and sampling strategy. Cecal contents of donor birds of different age were used for the inoculation of newly

hatched (recipient) chickens. Cecal wall and cecal contents were always collected from both donor and recipient chickens and analyzed for

microbiota composition, chicken protein and gene expression in the cecum, and secretion and association of chicken proteins with

microbiota in gut lumen.

doi:10.1371/journal.pone.0163932.g001
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inoculated newly hatched chickens with cecal microbiota from 16- and 28-week-old donors
and during the last sub-experiment we inoculated newly hatched chickens with cecal micro-
biota from 1-week-old donors.

Inoculation of newly hatched chickens with microbiota from 4- or

40-week-old hens

In the second experiment, two groups of ISA Brown chickens, each consisting of 54 newly
hatched chickens, were inoculatedwith cecal extracts of either 4- or 40-week-old donor hens
(representing microbiota from young and old birds) on day of hatch. The third control group
consisted of 54 non-inoculated ISA Brown chickens. In addition, 3 chickens were sacrificedon
day 1 (the day of hatch) serving as a control to all 3 groups. On days 2, 3, 4, 5, 6, 7, 8, 9, 10, 11,
12, 13, 14, 15, 19, 31, 43 and 45 three chickens from each group were sacrificed and samples of
cecal wall were taken into RNALater for qRT-PCR (see below). On days 7 and 43, cecal con-
tents were also collected to check for the microbiota composition by sequencing of 16S rRNA
genes as describedbelow (Fig 1). Finally, 3 eggs at the last day of embryonal development, i.e.
just a day before hatching, were obtained from a local commercial hatchery and cecal tissue of
chicken embryos were collected into RNALater (these samples are designated as collected on
day -1).

Collection of samples from germ free chickens

Three naturally colonized and 3 germ free Leghorn chickens were sacrificed at 56 days of age
and samples of cecal tissue were collected into RNALater for mRNA purification. Both groups
originated from the same specific-pathogen-free(SPF) flock reared at the infectiologyplatform
PFIE (INRAVal de Loire). The germ-free chickens were obtained by hatching and rearing
chickens under sterile conditions as described [9] with somemodifications. The surface of
clean eggs, collected just after laying was sterilized by immersion in 1.5% Divosan for 5 min
and for an additional 3 min just before eggs were transferred into a sterile HEPA-filtered incu-
bator. After 18 days, the surface of eggs was sterilized in 1.25% Divosan for 4 min at 37°C. Eggs
were then transferred in a sterile isolator for hatching, provided with a controlled ventilation
and temperature. Temperature was maintained at 37.5°C for the first week and then reduced
down by one degree per day to a stable temperature of 25°C. Birds were offered ad libitum X
ray-irradiated starter diet from Special Diets Services (Dietex, Argenteuil France) and sterilized
water for the entire duration of the experiment (56 days). The sterility of chickens was con-
firmedweekly by taking fresh fecal droppings which were incubated in tubes containing 10 ml
of sterile brain-heart infusion broth under aerobic and anaerobic conditions. The conventional
chickens were hatched from eggs collected the same day as the eggs for hatching germ-free
chickens but incubated under conventional conditions. After 56 days, the conventional and
germ-free chickens were sacrificed and cecal tissue was collected into RNALater for protein
and RNA purification.

Microbiota characterization

DNA was extracted from cecal contents using QIAamp DNA Stool Mini kit followingmanu-
facturer’s instructions (Qiagen). The purifiedDNA was stored at -20°C until further analysis.
PCR was performedwith forward primer 5’-TCGTCGGCAGCGTCAGATGTGTATAAGAGA
CAG-MID-GT-CCTACGGGNGGCWGCAG-30 and reverse primer 50- GTCTCGTGGGCTCG
GAGATGTGTATAAGAGACA G-MID-GT-GACTACHVGGGTA TCTAATCC-3 0. The
sequences in italics served for index and adapter ligation while underlined sequences represent
sequences recommended for Illumina sequencing over V3/V4 region of bacterial 16S rRNA
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genes [10]. MIDs represent different sequences of 5–12 bp in length used for sample differenti-
ation. PCR amplification and clean up were performed followingmanufacturer’s protocol
using KAPA HotStart kit (Kapa Biosystems). Sequencingwas performed using MiSeq Reagent
Kit v3 chemistry according to the manufacturer’s instructions and the fastq files generated as
an Illumina sequencing output were uploaded into Qiime software [11]. Quality trimming cri-
teria were set to a value of 19, with no mismatch in the MID sequences and maximally 1 mis-
match in the primer sequences. Chimera were identified and excluded by slayer algorithm [12].
The sequences were then classifiedwith RDP Seqmatch with an operational taxonomic units
(OTU) discrimination level set up to 97%. The raw sequence reads have been deposited in the
NCBI Short Read Archive under the accession number SRP078556.

Protein and RNA purification from chicken cecal tissue

Samples of chicken cecal tissue (50–100 mg) were used for parallel protein and RNA isolation.
The samples were recovered from RNALater storage, mixed with 1 ml of TRI Reagent (MRC)
and homogenizedwith MagNA Lyser (Roche). Fifty μl of bromoanisole was added to the
homogenate and after centrifugation at 14,000 ×g for 15 min, proteins captured in the lower
phenolic phase were precipitated with acetone. RNA present in upper aqueous phase (500 μl)
was collected and mixed with an equal volume of 70% ethanol. This mixture was applied onto
RNeasy purification columns and washing and RNA purification was performed exactly as rec-
ommended by the manufacturer (Qiagen). One μg of RNA was immediately reverse tran-
scribed into cDNA usingM-MLV reverse transcriptase (Invitrogen) and oligo (dT) primers.

Detection of chicken proteins associated with cecal microbiota

To detect chicken proteins associated with cecal microbiota, the cecal contents (50–100 mg) of
all donor hens and recipient chickens used in the first experiment were resuspended in 2 ml of
0.1% Tween 80, homogenized and centrifuged for 1 min at 50 g. Supernatant was transferred
to a new tube and centrifuged at 4 000 g for 10 min.Washing of bacterial pellet with 0.1%
Tween 80 was repeated 5 times. After the last washing step, the pellet was resuspended in
100 μl of 1% SDS and incubated at 100°C for 1 h. Subsequently, the protein lysate was mixed
with 1.5 ml of TRI Reagent and processed as described above.

Protein mass spectrometry

Protein pellets were dissolved in 300 μl of 8M urea and processed following the FASP protocol
[13] using 10 kDaMWCO Vivacon 500 filtration device (Sartorius Stedim Biotech). Initial
washing of proteins was performedwith 8M urea followed by centrifugation for 12 min at
12,000 g. The reduction of the disulfide bonds was performedwith 10mM dithiothreitol for 15
min at room temperature and acetylation was done with 50mM iodoacetamide for 15 min at
room temperature. After 3 washings with 10mM triethylammonium bicarbonate, trypsin (Pro-
mega) was added at a 1:50 ratio and the digestion proceeded for 16 hours at 30°C.

LC-MS/MS analysis of tryptic peptides was performed using a Dionex UltiMate 3000 RSLC
liquid chromatograph connected to a LTQ-Orbitrap Velos Pro hybrid mass spectrometer
(Thermo Scientific). For each analysis, 5 μg of peptide sample was used. Each sample was sepa-
rated on an EASY Spray C18 column (length 25 cm, I.D. 75 μm, particles 3 μm) using 300 nl/
min flow rate of solvent A (0.1% formic acid) and solvent B (0.1% formic acid in 20/80 H2O/
ACN (vol/vol)) and 150 min long reverse-phase gradient with concentration of solvent B
increasing from 4% to 40%. FromMS spectra (Orbitrap analyzer, 30,000 FWHM resolution,
mass range 390–1700 m/z), the 10 most intensive peptides were fragmented using CID frag-
mentation (normalized collision energy 35) followed by MS/MS scan (LTQ analyzer). Raw
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LC-MS/MS data were analyzed using Proteome Discoverer v1.4. MS/MS spectra identification
was performed by the SEQUEST algorithm using chicken protein sequence database. For each
search, precursor and fragment mass tolerance were 10 ppm and 0.5 Da respectively. Only pep-
tides with a false discovery rate (FDR)� 5% were considered.

Label free quantification

A list of proteins used in subsequent quantification was created by excluding those with low
reproducibility in detection. For this purpose, peptide spectralmatches (PSMs) for each protein
were summed up using values for all the samples of the same group and proteins with total
PSM lower than 5 were rejected. The proteins which were identified in only one chicken
regardless of PSM counts were also excluded from subsequent analysis.

The proteins passing through the initial filtering criteria were arranged according to peak
area in a descending order and peak areas were replaced by ranking, the most abundant being
ranked as 1. Next, a geometricmean of each protein ranking in 3 chicken samples in each
group was calculated. In the additional step we calculated interquartile range (IQR) for proteins
ranked to the same position. Finally, to consider the protein as differentially regulated, differ-
ence in ranking of the particular protein in a certain chicken group must have exceeded 4 fold
of theoretical IQR calculated for particular position and comparison of the groups using
ANOVA followed by Tukey post-test must have showed statistical significance. In recipient
chickens, the change in ranking was related to the ranking of particular protein in one-week-
old donor chickens. Since no one group could be defined as biologicallymeaningful reference
in donor chickens of different age, the change in ranking for particular protein was compared
between the donor groups in which particular protein reached the highest and lowest ranking.

Quantitative reverse transcribed PCR (qRT-PCR)

cDNA was diluted 10× with sterile water prior to the real-time PCR. qRT-PCR was performed
in 3μl volumes in 384-well microplates using QuantiTect SYBR Green PCRMaster Mix (Qia-
gen) and a Nanodrop pipetting station (Inovadyne) for PCRmix dispensing. PCR and signal
detectionwere performed using a LightCycler II (Roche) with an initial denaturation at 95°C
for 15 min followed by 40 cycles of 95°C for 20 s, 60°C for 30 s and 72°C for 30 s. Each sample
was subjected to real time PCR in duplicate and the mean values of the duplicates were used
for subsequent analysis. The Ct values of the genes of interest were normalized (ΔCt) to an
average Ct value of 3 house-keeping genes, glyceraldehyde-3-phosphate dehydrogenase
(GAPDH), ubiquitin (UB) and TATA box binding protein (TBP) and the relative expression
of each gene of interest was calculated as 2−ΔCt. All the primers are listed in S1 Table.

Data analysis and statistics

Principal Coordinate Analysis (PCoA) using proteomic and 16S rRNA sequencing data was
calculated in R and in Qiime, respectively. ANOVA followed by Tukey post-test was used for
the comparison of protein expression in the caeca of conventional and microbiota recipient
chickens. In the real time PCR verifying the protein expression, only passing above threefold
induction or suppression was considered as a threshold since the target genes were selected
from significantlymisregulated proteins. Gene expression in germ-free and conventional
chickens was compared by the Mann-Whitney test. Differences in gene expression in time
dependent experiment were calculated by Kruskal-Walis test followed by Dunn’s post-test
using moving averages from 3 consequent time points from each comparison. In all cases, the
calculations were performedwith R software considering p< 0.05 as significance.

Microbiota—Chicken Cecum Interactions
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Results

Clustering of chickens according to microbiota composition and chicken

protein expression in the cecum

First we examined the interactions between the chicken and the cecal microbiota by monitor-
ing microbiota composition and chicken cecal proteomic profiles in chickens that developed
the microbiota under conventional conditions and in young chicks that were exposed to micro-
biota derived from different age donors. To address this question, we performed two PCoA
analyses using either microbiota composition or chicken protein expression in individual
chickens. Based on microbiota composition, chickens that developedmicrobiota under con-
ventional conditions grouped according to age (Fig 2A). The recipients clustered tightly with
the donor chickens of the respective age group (Fig 2A and (S2 Table). Interestingly, when
proteomic profiles were compared in a similar analysis there were some changes in age-depen-
dent profiles of conventional birds but the recipient chickens grouped into distinct clusters (Fig
2B). The donors and appropriate recipient chickens therefore expressed different proteins
despite having microbiota of similar composition. Notably, the transplantation of microbiota
from 1-week-old, 16- and 28-week-old, or 3- and 42-week-old chickens induced distinct prote-
omic profiles in the 7-day-old recipient chickens (Fig 2B).

Identification of proteins differently expressed in conventionally

colonized donors of different age or recipients inoculated with microbiota

from donors of different age

The proteomic analyses identified 1,409 chicken proteins (S3 Table), of which 81 proteins were
differentially expressed in conventionally colonized birds of different ages and 299 proteins
were differentially expressed in the recipients following inoculationwith microbiota from

Fig 2. Weighted Unifrac PCoA plot based on microbiota composition (A) or chicken protein expression (B) in each

individual chicken or hen. Circles, donor chickens and hens. Triangles, recipient chickens receiving microbiota of donors of

particular age. Colors indicate chickens or hens of particular age in weeks or receiving microbiota from donors of particular age.

doi:10.1371/journal.pone.0163932.g002
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donors of different age (S4 Table). To test whether the proteomic signatures were a conse-
quence of altered transcriptional activity, we targeted analyses on the 40 most up- or downre-
gulated proteins identified in the donors of different age and 60 most up- or downregulated
proteins in the recipients. Since some proteins represented highly regulated targets in both sce-
narios a total of 79 independent qRT-PCRs were applied to this analysis. Targets with more
than 3 fold induction or suppression of mRNA levels in comparison to the expression levels in
one-week-old conventionally colonized chickens included 37 of the 79 targets. Of these, 17
were expressed at higher levels than one-week-old chickens, 12 targets were at lower levels and 8
targets provided conflicting results depending on the experimental groups (Table 1). Expression
of ISG12-2, 2'-5'-oligoadenylate synthetase-like (OASL), constant region of IgM immunoglobulin
(IgM), immunoglobulinλ light chain (Igλ), ES1 protein homolog (ES1), cytidine deaminase
(CDD),MRP-126 protein (MRP126), protein deleted in malignant brain tumor 1-like
(DMBT1-L), angiopoetin related protein 6 (ANGPTL6), hemopexin (HPX), NK-lysin (NKL),
ribonuclease homolog (RSFR) and lysozymeG-like 2 (LYG2) were induced by microbiota origi-
nating from at least 3-week-old chickens. Transcription of these genes increased also with age.
Avidin (AVD), CUB and zona pellucida containing protein 1 (CUZD1) and aldose reductase
(AKR1B10) were induced by microbiota originating from at least 3-week-old chickens but their
expression did not change with age in conventionally colonized birds. Vitellogenin-2 (VTG2)
was the only target where microbiota inoculation failed to induce changes in young chicks but
was regulated according to age, consistent with its function in reproduction [14].

Fructose-bisphosphate aldolase B (ALDOB) was the only gene with decreasing expression
according to age and in recipients of microbiota from different ages while transthyretin (TTR),
calbindin D28 (CALB1), retinal dehydrogenase 1 (ALDH1A1), alcohol dehydrogenase 1C
(ADH1C), aldo-keto reductase family 1 member B1-like (AKR1B1L) and estradiol 17-β-dehy-
drogenase 2-like (HSD17B2-L) were down-regulated in recipients but not in birds of different
ages. On the other hand, expression of β-tropomyosin (BRT-2), hexosaminidase B (HEXB),
cathepsin G (CTSG), ovoinhibitor (OIH) and hemoglobin subunit α-D (HBAD) gradually
decreasedwith increasing age and this effect was independent of microbiota inoculation
(Table 1).

Time-dependent expression in the cecum of recipients colonized by

microbiota from 4- or 40-week-old donor hens

Our results pertaining to the impact of inoculation of microbiota from different age donors
resulted in identification of a range of age-independentmicrobiota-induced changes (Table 1)
raises the interesting issue of how differences observed at 6 day post inoculationmight impact
on further development of the recipient chickens. In the next experiment we therefore verified
and extended our earlier observations by characterization of gene expression in the cecumof
chickens inoculatedwith microbiota of 4- and 40-week-old donors at regular intervals up to
day 45 of life. The influence of inoculationwith gut microbiota on cecal gene expression was
confirmed for 36 genes and 20 the most significantly altered are shown in Fig 3.

In non-inoculated (conventionally colonized) chickens ISG12-2, OASL, ES1, LYG2 and,
β2-microglobulin (B2M) exhibited peak expression in the cecumof 2-day-old chicks.
DMBT1-L, CDD and ANGPTL6 reached their maximal expression at around day 3 to 6 of life
and the first detectable expression of IgM and Igλ was recorded around day 10 (Fig 3). Expres-
sion of all these genes was induced following inoculationwith gut microbiota.With ISG12-2,
CDD and ANGPTL6, the response to the inoculationwith microbiota of 4-week-old chickens
was more pronounced during the first 10 days of life than following the inoculationwith
microbiota from 40-week-old hens. In contrast, the expression of OASL, ES1, B2M and IgM
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were significantly higher in chickens inoculatedwith microbiota of 40-week-old hens, while
CUZD1was induced only by microbiota from 4-week-old chickens, and except for B2M, this
was detectable in recipient chickens older than 10 days (Fig 3).

Table 1. List of genes with induced or suppressed transcript levels (>3-fold) in the chicken cecum inoculated with microbiota of different compo-

sition determined by qRT-PCR.

Gene name MassSpec# D1$ R1/D1* R3/D1 R16/D1 R28/D1 R42/D1 D3/D1 D16/D1 D28/D1 D42/D1

ISG12-2 D&R 0.0269 28.1 360.8 521.6 330.8 596.3 244.7 186.8 30.9 103.6

OASL R 0.0653 6.7 22.9 45.6 39.8 66.7 29.5 15.4 4.9 4.2

IgM D 0.0259 2.8 32.8 20.6 23.8 51.0 21.6 86.8 70.9 87.3

Igλ D&R 0.0001 1.2 14.6 12.7 6.2 24.3 75.5 260.5 149.6 173.0

ES1 R 0.0773 2.0 16.2 15.0 11.0 30.3 2.6 3.1 4.4 1.7

CDD R 0.1809 2.0 28.8 11.5 13.6 18.0 8.7 4.0 7.0 1.7

MRP126 R 0.0010 3.1 17.8 8.6 4.1 70.4 3.9 1.5 3.8 4.1

DMBT1-L R 0.0975 1.4 23.1 8.5 11.0 15.0 5.5 1.9 5.7 1.0

ANGPTL6 R 0.0003 -2.7 12.1 8.0 6.2 8.7 8.2 3.9 9.2 2.1

HPX D 0.0214 -1.5 6.8 3.2 4.3 4.1 3.8 1.6 1.0 10.5

NKL D 0.1797 2.2 3.1 4.0 3.3 4.1 7.9 20.0 14.7 14.2

RSFR R 0.5421 1.2 4.5 2.0 1.4 3.7 3.3 2.2 2.4 3.1

LYG2 R 0.0062 2.1 8.5 12.5 5.8 61.8 7.6 1.7 3.4 1.7

AVD R 0.2488 1.7 2.6 17.3 10.6 45.4 -3.9 2.3 1.1 2.0

CUZD1 D 0.0003 2.0 4.8 4.3 3.7 5.6 4.3 2.3 2.0 1.8

AKR1B10 R 0.0174 8.3 8.0 1.5 5.7 6.2 1.4 -1.5 2.2 -1.3

VTG2 D 0.0007 -1.1 1.6 2.1 1.8 -1.1 2.8 4.5 3.2 208.7

ALDOB D&R 0.7466 -1.6 -11.8 -4.0 -5.5 -7.8 -3.8 -2.7 -3.6 -1.8

TTR D 0.0175 -1.9 -25.4 -49.1 -27.1 -33.1 -2.9 -1.2 -4.1 2.3

CALB1 D&R 10.06 1.2 -10.6 1.8 -5.1 -2.5 -1.7 1.1 -1.3 3.0

ALDH1A1 D&R 8.68 -1.2 -3.1 -3.9 -2.2 -4.4 -2.7 -1.4 -2.0 1.1

ADH1C R 12.66 1.1 -3.7 -4.0 -3.5 -3.9 -2.1 -1.4 -2.2 1.1

AKR1B1L R 0.8796 -1.9 -5.5 -7.6 -12.8 -10.6 -2.5 -2.3 -4.0 -1.9

HSD17B2-L R 4.0512 -1.3 -1.0 -5.4 -3.1 -4.9 -1.6 -2.8 -3.1 -2.1

BRT-2 D 55.3943 1.1 -2.6 -1.0 -1.8 -2.3 -2.1 -3.0 -3.4 -3.5

HEXB D 1.89 1.1 -2.1 -1.1 1.1 -1.1 -5.2 2.1 -3.5 -4.1

CTSG D 0.1682 2.3 1.3 1.6 1.0 -1.2 -1.1 -2.9 -4.4 -4.2

OIH D&R 0.1263 -1.3 -1.3 -1.5 -2.1 -1.4 -1.9 -4.3 -6.6 -4.7

HBAD D 0.1760 1.3 -2.1 -1.9 -1.5 -6.3 -2.8 -19.0 -13.2 -12.1

ATP5O^ R 1.0930 -1.1 1.1 1.4 1.0 -1.0 2.4 1.5 -7.5 1.1

ALDH2 R 9.77 -1.3 -3.0 -2.5 -2.3 -3.5 -1.7 1.0 -1.4 1.4

IFI30^ D 0.4229 -1.1 1.6 1.3 -1.0 1.5 2.2 3.2 2.8 2.5

CELA2A D&R 0.0004 2.8 3.8 2.3 1.5 1.3 3.4 2.1 1.7 2.1

B2M D&R 2.83 -1.1 -1.9 -1.0 -1.5 1.2 2.3 3.4 2.0 5.1

GC^ D 0.0030 -1.0 -2.9 -2.9 -4.2 -9.1 -2.6 -2.4 -2.5 5.0

LOC100857820 R 0.0224 1.2 2.0 -1.0 3.1 1.0 2.8 1.8 4.4 3.9

SERPINH1^ D 1.68 -1.0 -1.1 1.3 -1.1 -1.6 1.1 -1.9 -3.2 -2.2

# D or R indicates whether the particular protein was identified as differently expressed in donors of different age or recipients receiving microbiota from

differently aged donors based on protein mass spectrometry

$ Data indicates reference expression in the caecum of 1-week-old donors detected by qRT-PCR

* Data show fold inductions of median values compared to the expression in 1-week-old donors, in red if induced and in blue is suppressed more than 3 fold

^ ATP5O, ATP synthase subunit O; GC, vitamin D-binding protein; IFI30, γ-interferon-inducible lysosomal thiol reductase; SERPINH1, serpin H1

doi:10.1371/journal.pone.0163932.t001
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The expression of mRNA encoding chymotrypsin-like elastase 2A (CELA2A), BRT-2,
ALDH1A1, alcohol dehydrogenase 1C (ADH1C), AKR1B1L, HEXB, alcohol dehydrogenase 2
(ALDH2), ALDOB, CALB1 and TTRwas suppressed followingmicrobiota inoculation (Fig 3).
HEXB, ALDH2, ALDOB, CALB1 and TTRwere suppressed following the inoculationwith
either 4- or 40-week-old donor microbiota whereas CELA2A, ADH1C and AKR1B1L were
suppressed only following the inoculationwith microbiota from 40-week-old donors (Fig 3).

Microbiota composition in inoculated and conventionally colonized

chickens

To check for the efficiencyof the inoculation and longer term stability of inoculatedmicrobiota
the microbial composition of cecal samples was determined in 7- and 43-day-old chickens that

Fig 3. Expression dynamics of the genes responsive to the inoculation with cecal microbiota. Blue lines, expression in control, non-

inoculated chickens. Red lines, expression in the chickens inoculated with microbiota from 4-week-old donor chickens. Grey lines, expression in

the chickens inoculated with microbiota from 40-week-old donor chickens. Asterisks within the lines indicate significant difference from the

expression in control, non-inoculated chickens. Arrowhead points to the significant differences in the expression in chickens inoculated with

microbiota of 4- or 40-week-old donors. X-axis, age of chickens with -1 meaning the expression on the last day of embryonic development, i.e. a

day before hatch. Y-axis, gene expression normalized to an average expression of 3 house-keeping genes. Data are displayed as moving

average calculated from 3 consequent time points. Statistical significance was calculated by Kruskal-Walis test considering p<0.05 as significant.

doi:10.1371/journal.pone.0163932.g003
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were conventionally colonized or were recipients of 4- or 40-week-old bird derivedmicrobiota.
The weighted PCoA (Fig 4A) analysis as well as microbiota composition at genus level (Fig 4B
and S5 Table) confirmed the different composition in recipient and conventionally colonized
groups. Microbiota of 6-day-old non-inoculated controls was dominated by E. coli. When
chickens from this group reached age of 42 days, they were very similar to chickens inoculated
with microbiota from 4-week-old donors. On the other hand, recipient chickens at 6 and 42
days post inoculationwith microbiota from 40-week-old donors represented the most distinct
groups (Fig 4).

Expression of microbiota-inducible genes in germ-free chickens

Having established changes associated with administration of microbiota from different age
chickens in recipients raised under conventional conditions we considered the impact of rais-
ing chickens in a germ-free environment. To identify which genes were microbiota dependent
and which were regulated according to age in a microbiota-independentmanner we analyzed
gene expression in 56-day-old conventional and germ-free chickens. The qRT-PCR analyses
revealed 6 genes with significantly lower expression in germ-free chickens compared to the
conventionally colonized controls. These included AVD, IgM, Igλ, CALB1, ES1 and ISG12-2
(Table 2).

Identification of bacteria-binding proteins

One of the levels of host-microbe interaction is the binding of host molecules to the surface to
bacteria. Since previous studies with mammalian microbiota have identifiedDMBT1-L, LYG2

Fig 4. Microbiota composition in inoculated and conventionally colonized chickens. Panel A—Weighted PCoA plot based on

microbiota composition in individual chickens at day 6 (small circles) and 43 (large circles) of life. The chickens inoculated with microbiota

from 4-week-old donors are shown in green, from 40-week-old donors in blue and non-inoculated group is in red. Panel B–Composition of

cecal microbiota of the individual chickens shown at genus level. 1 - [Rumnimococcus], 2—Oscillospira, 3—Escherichia, 4—Akkermansia, 5

—Proteus, 6—Faecalibacterium, 7—Blautia, 8—Lactobacilus, 9—Ruminococcus, 10—Coprococcus, 11—Bacteroides, 12—

Parabacteroides, 13—Butyricoccus, 14—Streptococcus, 15—Prevotella, 16—Megamonas, 17—Mucispirillum, 18—Phascolarctobacterium,

19—Succinatimonas.

doi:10.1371/journal.pone.0163932.g004
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and immunoglobulins as proteins interacting with bacteria in extracellular space [4,15,16] next
we employed a proteomics approach to identify which of microbiota inducible chicken pro-
teins might be microbiota-associated proteins in a range of conventionally-colonized (or
donor) chickens and in recipients of different treatments. After ranking the most abundant
proteins adsorbed at the surface of gut microbiota, the ten most abundant from each group
were selected and compared with their ranking in the whole cecal tissue (Table 3).

Chicken proteins enriched the most by binding to the bacterial surfaces in recipient chick-
ens receivingmicrobiota from at least 3-week-old donors included DMBT1-L, angiopoetin

Table 2. Genes differently expressed in the caecum of germ-free and conventional chickens.

Gene name Conventional Germ free* Conv/GF ratio Mann-Whitney

AVD 0.060±0.057 0.00036±0.00103 166 p<0.01

Igλ 0.0096±0.0029 0.000086±0.00015 111 p<0.01

IgM 0.92±0.10 0.035±0.080 26 p<0.01

CALB1 5.78±0.84 1.87±0.468 3.1 p<0.01

ES1 0.19±0.28 0.073±0.0043 2.6 p<0.01

ISG12-2 1.06±0.42 0.49±0.22 2.2 p<0.05

* Data are shown as median±IQR

doi:10.1371/journal.pone.0163932.t002

Table 3. Identification of chicken proteins associated with cecal microbiota.

Rank in bacteria-bound proteins Rank in cecal tissue

D1 & R1 D3-42 R3-42 D1 & R1 D3-42 R3-42 domains#

DMBT1-L 1* 7* 1* 640 453 129 FReD, SRCR

ANGPTL1-L ND 4 2 ND ND ND FReD

ANGPTL6 2* 2* 3* 653 435 127 FReD

DMBT1 7* 3* 4* 154 256 117 SRCR

CDD 14* 35* 5* 972 632 216 FReD

FGL1-L ND 64 6 ND ND ND FReD

MUC13 72* 13* 7* 1194 815 536

AMY2A 4* 5* 8* 567 408 440

LOC422270 60 8 9 ND ND ND

ANPEP 17* 30* 10* 594 1006 587

Igλ ND 1* 18* 460 35 124

MEP1A 24* 6* 29* 1014 964 1283

PIGR ND 9 186 ND ND ND

COX2^ 68* 10* 20* 242 386 506

CPA1 3* 16* 11* 547 1167 1165

SI 6* 26* 17* 1056 949 1066

PRSS2 5* 14* 36* 182 940 918

HBE1^ 10* 66 48 77 93 133

CPB1 9* 18* 63* 619 1256 1233

SLC15A1^ 8 184 145 ND ND ND

* statistically significant difference between rank in bacteria-bound proteins and rank in caecal tissue (Mann–Whitney test, p < 0.05)

# Only SRCR and FReD domains are indicated

ND—Not detected

^ COX2, cytochrome c oxidase subunit 2; HBE1, hemoglobin subunit ε; SLC15A1, solute carrier family 15 member 1

doi:10.1371/journal.pone.0163932.t003
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related protein 1-like (ANGPTL1-L), ANGPTL6, deleted in malignant brain tumor 1
(DMBT1), CDD, fibrinogen like protein 1-like (FGL1-L), mucin 13 (MUC13), amylase 2A
(AMY2A), LOC422270 and aminopeptidaseM (ANPEP). Six of them contained fibrinogen-
like domain (FReD) or cysteine rich scavenger domain (SRCR). LOC422270 protein did not
contain any known protein domain but exhibited partial similarity to β-subunit of meprin A of
Ophiophagus hannah. When we checked for abundance of these proteins in the whole cecal tis-
sue, these ranked to positions 100–600, or were not detectable. The same proteins were found
also as commonly adsorbed to microbiota of donor chickens aged 3 weeks or more though in
older chickens we detected Igλ as the most abundant chicken protein associated with cecal
microbiota. In addition, polymeric immunoglobulin receptor (PIGR) and MEP1A were also
among the 10 most abundant chicken proteins bound to cecal microbiota of 3-week-old or
older chickens.

DMBT1-L, ANGPTL6, DMBT1, AMY2A and CDD were associated also with microbiota of
1-week-old chickens (chickens D1 and R1). However, due to the low expression of microbiota-
inducible proteins in these chickens (Fig 3) or low affinity for binding to cecal microbiota, we
detected additional proteins on the surface of the microbes from these birds including those
most commonly associated with feed digestion including carboxypeptidaseA (CPA1), car-
boxypeptidase B (CPB1), sucrase isomaltase (SI) or trypsin 2 (PRSS2).

Discussion

In this study we determined response of chickens to inoculationwith microbiota derived from
different age donors (and of different composition).We identified 36 genes which were differ-
entially expressed in the cecum at transcript and/or protein levels according to the nature of
the inoculation.Of the genes suppressed by microbiota inoculation,ALDOB is a key enzyme in
metabolism of carbohydrates. Its suppression may indicate a switch of gut epithelium from
metabolism of glucose obtained from blood circulation as main energy source to microbiota-
derived butyrate from gut lumen [17–19]. The suppression of TTR, transthyretin, a transport
protein of thyroid hormones or retinol, is not contradictory to the situation in mammals,
where TTRmRNA was identified in fetal intestinal tissue but not in adult rats [20,21]. The
expression of ALDH1A1 (Retinal dehydrogenase 1) further supports the idea of modified reti-
nal metabolism.Of the microbiota induced genes, IgM, Igλ, ES1, LYG2, MRP126, HPX, RSFR,
AVD, OASL and NKL have also been reported as inducible following infectionwith a range of
pathogens [16,22,23]. Their expression patterns suggest that the host may utilize similar path-
ways in responding to pathogens and in regulating the microbiota.

This study also identifiedmicrobiota-induced changes for a range of novel genes in cecal tis-
sue including ISG12-2, CDD, DMBT1-L, ANGPTL6 or CUZD1. CUZD1 (CUB and zona pel-
lucida-like domain-containing protein 1) was induced in the cecal tissue of chickens inoculated
with microbiota of 4- but not 40-week-old donor hens. There is little functional information
with CUZD1 except for the fact that anti-CUZD1 antibodies are used as a marker of inflamma-
tory bowel disease in humans [24]. ISG12-2 was induced by microbiota inoculation and was
also expressed at lower levels in germ-free compared with conventional chickens. Hence, the
expression of ISG12-2 is directly dependent on microbial presence in the caecum. ISG12-2
localizes to mitochondria and its orthologue in mammals induces human cancer cells to
become resistant to TRAIL-mediated apoptosis [25–27]. Interestingly, the renewal of senescent
enterocytes in the crypt–villus axis is also controlled by TRAIL [28], therefore induction of
ISG12-2 in the cecal tissue may protect enterocytes from TRAIL-mediated apoptosis following
microbiota-mediated changes in the intestine.
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The last group of microbiota induced proteins comprised CDD, DMBT1-L and ANGPTL6.
All of these proteins contain FReD domain (DMBT1-L in combination with an SRCR domain)
and such proteins were reported to be involved in aggregation.Mouse DMBT1, using its SRCR
domain, directly binds and aggregates a variety of bacteria including E. coli, Lactobacillus casei,
Prevotella intermedia and Bacteroides fragilis [29–31]. The FReD domains also bind and aggre-
gate bacteria by saccharide binding [32,33]. In invertebrates, FReD containing proteins repre-
sent an evolutionary ancient defense mechanism whosemain function is to agglutinate
bacteria [34]. However, these proteins may also bind and aggregate food particles.

The identification of a range of upregulated proteins in the cecal tissue led us to consider the
host proteome that was directly bound to the gut microbiota. MEP1Ametalloproteinase, FReD
or SRCR domain containing proteins and immunoglobulins were tightly associated with

Fig 5. A model summarizing the interactions between the cecal microbiota and the chicken host during the early days of life. Chickens hatch

with a sterile intestinal tract and the cecal epithelial cell metabolism is dependent on glucose from the circulation. Glycolytic enzymes like ALDOB are

therefore highly expressed at Day 1 post hatch. Following cecal colonization, short chain fatty acids (SCFA) are produced by gut microbiota. This results

in a switch from glucose to SCFA metabolism and decreased ALDOB expression. Cecal colonization also leads to epithelial cell exposure to bacterial

components such as LPS or flagellin (both PRR-agonists). These induce upregulation of ISG12-2 which decreases the rate of epithelial cell apoptosis.

Subsequently the chicken host responds to microbial colonization by increased expression of proteins with aggregative functions and meprin 1A protease

(MEP1A) which cleaves bacterial fimbria. Bacterial aggregation or fimbria cleavage prevents extensive contact of commensal microbiota with chicken

epithelial cells and uncontrolled inflammation (Day 5). From day 10 of life, immunoglobulins are produced in the chicken cecal tissue and IgA is

translocated to the cecal lumen where it interacts with the microbiota (Day 15). Hence, our data can be summarized as a sequential set of interactions

between the chicken ceca and the colonizing microbiota that affect both parties.

doi:10.1371/journal.pone.0163932.g005
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microbiota in gut lumen. MEP1Ametalloproteinase is capable of cleavage of bacterial type I
fimbria thus reducing bacterial adhesion to gut epithelium [35]. DMBT1 binds a number of
chicken endogenous proteins such as secretory IgA, surfactant proteins A and D, complement
factor C1q, lactoferrin, albumin or MUC5B [36–42]. The likely biological function of bacteria-
adsorbed host proteins is to crosslink microbiota within the complex molecular network in the
mucus and reduce their contact with enterocytes.With increasing age, the non-specific aggre-
gative function of FReD and SRCR containing proteins is complemented by the secretion of
IgA that may further shape the microbiota populations. Based on these observationswe pro-
pose a hypothesis whereby cecal epithelial cells in the 1-day-old chicks that received no donor
microbiota utilize glucose from blood circulation. Following microbiota colonization, entero-
cyte metabolism switches from utilization of glucose to butyrate or other short chain acids pro-
duced by gut microbiota. In addition, commensal bacteria induce ISG12-2 which protects host
cells from extensive apoptosis. To reduce inappropriate contact between cecal microbiota and
chicken epithelial cells, MEP1A and SRCR and FReD domain proteins are induced and
secreted into gut lumen where these proteins adhere to the surfaces of gut microbiota. Micro-
bial composition is finally shaped by secretion of immunoglobulins (Fig 5).

In conclusion we demonstrate that a single inoculation of microbiota on the day of hatch
dramatically affects the cecal proteome of recipient chicks and that the nature of these changes
is dependent upon the composition of the microbiome inoculation. The least dramatic changes
were observed following inoculationwith 1-week-oldmicrobiota which are dominated by fac-
ultative anaerobes of phylum Proteobacteria whilst microbiota from older chickens are domi-
nated by strict anaerobes [1]. These changes are long-lived and evident in recipients at 45 days
of age, beyond the production period of broiler chickens. Early inoculationwith microbiota
represents an effectiveway of modulating the physiology of the host and reducing susceptibility
to infection. Therefore these approaches have real potential to reduce the use of antibiotics in
farmed animals, particularly in the poultry industry where production practices remove mater-
nal microbiota interactions. Our work also has implications for other species where micro-
biome manipulation may result in substantial health benefits, not just in veterinary species but
also in the human medicine.
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