
� 2019 P
Association I
ND license (h

Received J
Accepted
1These au
2Correspo
The association between microbial community and ileal gene
expression on intestinal wall thickness alterations in chickens
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ABSTRACT The dynamic development of the animal
intestine with a concurrent succession of microbiota and
changes in microbial community and metabolite spec-
trum can exert far-reaching effects on host physiology.
However, the precise mechanism of mutual response be-
tweenmicrobiota and the gut is yet to be fully elucidated.
Broilers with varying developmental degrees of intestinal
wall thickness were selected, and they were divided into
the thick group (H type) and the thin group (B type),
using multiomics data integration analysis to reveal the
fundamental regulatory mechanisms of gut–microbiota
interplay. Our data showed, in broilers with similar
body weight, the intestinal morphological parameters
were improved in H type and the diversity of microbial
communities is distinguishable from each other. The
beneficial bacteria such as Bifidobacterium breve was
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increased whereas avian endogenous retrovirus EAV-HP
was decreased in the H type compared with the B type.
Furthermore, microbial metabolic potentials were more
active, especially the biosynthesis of folate was improved
in the H type. Similarly, the consolidation of absorption,
immunity, metabolism, and development was noticed
in the thick group. Correlation analysis indicated
that the expression levels of material transport and
immunomodulatory-related genes were positively corre-
lated with the relative abundance of several probiotics
such as B. breve, Lactobacillus saerimneri, and Butyr-
icicoccus pullicaecorum. Our findings suggest that the
chickens with well-developed ileal thickness own exclu-
sive microbial composition and metabolic potential,
which is closely related to small intestinal morphogenesis
and homeostasis.
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INTRODUCTION

The gastrointestinal tract is an indispensable multi-
functional system in the animal body. The surface of
the intestinal mucosa is covered with a single layer of
columnar epithelial cells forming the villus–crypt axis,
which serves as the foundational unit of the intestinal
structure and function. The epithelial type of the
villus–crypt axis mainly includes absorptive cells that
are responsible for transporting and metabolizing nutri-
ents, goblet cells that secrete mucin to form a chemical
barrier, and enterochromaffin cells that produce and
secrete serotonin at the villus (Crosnier et al., 2006;
Gross et al., 2016). LGR5-positive stem cells fuel
intestinal self-renewal capacity and paneth cells secrete
antibiotic peptides and lysozyme; both types of cells
are located at the bottom of Lieberk€uhn crypt.
Besides, paneth cells can maintain stem cell
developmental signals in the same niche (Sato et al.,
2011). The epithelial cells not only maintain the intesti-
nal morphological structure and physiological functions
such as absorption but also orchestrate the core of the
mucosal barrier and homeostasis. Importantly, several
immune cells are also present that coordinate to tolerate
commensal bacteria and prevent pathogen invasion in
the intestine (Peterson et al., 2007).

The intestinal lumen of vertebrates including birds
harbors innumerable microorganisms, and the metage-
nome of the microbial community involving ample meta-
bolic pathways is several times bigger than the size of the
host genome (Hanning and Diaz-Sanchez, 2015). Inter-
estingly, it was found that not only microbes could exist
in digesta but also some special commensal bacteria, for
instance, segmented filamentous bacteria (SFB), could
adhere to the apical surface of ileal epithelial cells
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Table 1.Composition and nutrient levels of the experimental basal
diet.1

Items Composition

Ingredients, %
Corn 51.38
Soybean oil 3.75
Soybean meal 40.71
Calcium hydrogen phosphate 1.86
Limestone 1.24
Sodium chloride 0.35
DL-Methionine (98%) 0.20
Vitamin premix2 0.03
Trace mineral premix3 0.20
Choline chloride (50%) 0.25
Antioxidant 0.03
Total 100

Calculated nutrient level4

Metabolizable energy, MJ/kg 12.31
Crude protein, % 22.00
Lysine, % 1.21
Methionine, % 0.52
Calcium, % 1.00
Available phosphorus, % 0.45

1Diets were in mash form.
2Vitamin premix (1 kg) contained the following ingredients: vitamin A,

50 MIU; vitamin D3, 12 MIU; vitamin K3, 10 g; vitamin B1, 10 g; vitamin
B2, 32 g; vitamin B12, 0.1 g; vitamin E, 0.2 MIU; biotin, 0.5 g; folic acid, 5 g;
pantothenic acid, 50 g; niacin, 150 g.

3Trace mineral premix (1 kg) contained the following ingredients:
copper, 4 g; zinc, 90 g; iron, 38 g; manganese, 46.48 g; selenium, 0.1 g;
iodine, 0.16 g; cobalt, 0.25 g.

4Calculated value based on the analyzed data for the experimental diets.
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(Chichlowski et al., 2007). In recent years, plentiful
studies on chicken intestinal microbiota had emerged;
however, the primary focus of these research studies
has been on the modulating feasibility of breed, age,
feed composition, intestinal segment (mainly cecum),
and pathogenic infection on the bacterial community
(Gong et al., 2007; Schokker et al., 2015; Awad et al.,
2016). In addition to bacteria, symbionts in the
digestive tract also include other taxonomic
microorganisms such as fungi and even viruses. Most
previous studies used the amplicon high-throughput
sequencing technology that is known to better clarify
the bacterial community composition than the tradi-
tional culture-dependent methods. But some of these
studies did not deeply explore microbial metabolism.
Furthermore, the selection of the 16S rDNA variable re-
gion and the use of amplification primers directly affect
the outcome of bacterial diversity (Sun et al., 2013).
The metagenomic approach can more accurately unravel
the changes in the species composition and metabolic
functions of the gut microbiome. However, it is not
frequently used in the small intestine microecosystem
of broilers.

It has been demonstrated that disturbing the compo-
sition of gut microbiota can shape gene expression of
epithelial cells (Yin et al., 2010). The genetic transcrip-
tion levels of mammalian enterocytes in the state of pro-
liferation, differentiation, and inflammation were
impacted by various transcription factors such as
CDX2, NFKB1, and STAT3 (Gao et al., 2009; Jostins
et al., 2012). However, the host gene transcriptional
regulatory network is more elaborate and complex;
therefore, some degree of divergence between different
species may also involve other uncharted transcription
factors. At the same time, noncoding RNA and DNA
methylation can also impair gene expression of
intestinal epithelial cells in varied dimensions leading
to a shift in tissue development, immune reaction, and
even microbial diversity (Jenke et al., 2013; Liu et al.,
2016). To our knowledge, there is no report available
on gene expression on the intestinal thickness of
normal broilers.

Intestinal health has an important influence on ani-
mal growth, disease prevention, and product harvest.
To fully comprehend the intricate phenomenon of
health and disease, a single technique may not suffice
to resolve sophisticated biological events. A compre-
hensive analysis of host transcriptomics and micro-
biome may contribute to health management with
subsequent disease diagnosis and treatment
(Karczewski and Snyder, 2018). Although it has been
noted that the small intestinal thickness of birds at
the same age had a distinct developmental degree,
the detailed mechanism of mysterious alteration of in-
testinal histomorphology still remains unclear. There-
fore, we hypothesized that the modification of
intestinal microbiota and gene profile might be respon-
sible for the divergence in intestinal thickness during
broiler growth. Hence, we used a multiomics integra-
tion approach to compare the gut–microbe
reciprocities of broilers with dissimilar intestinal thick-
nesses and tried to elucidate the mechanisms of micro-
biota modulation to promote gut health and
production performance in future.
MATERIALS AND METHODS

Birds, Diet, and Ethics Guidelines

A total of 400 one-day-old male Arbor Acres broilers
were obtained from a local commercial hatchery and
were reared in 40 cages. A corn–soybean meal–basal
diet was formulated to meet the nutrient requirements
recommended by the feeding standards for broilers in
China (Table 1), and the diet was in mash form. All
the birds were allowed ad libitum access to feed and
water throughout the experimental period. All the
experimental procedures and sample collection
methods in this study were approved by the Animal
Care and Use Committee of China Agricultural
University.
Experimental Design and Sample Collection

At day 28, all the birds were weighed individually, and
120 birds with similar body weight were selected and
euthanized with an injection of 100 mg/kg of pentobar-
bital sodium (Solarbio, Beijing, China) via the wing
vein. The contents of the terminal half of the ileum
(the region of the small intestine extending from Meck-
el’s diverticulum to 2 cm cranial to the ileocecal
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junction) were collected within 3 min of euthanasia,
immediately placed in cryogenic vials, snap frozen in
liquid nitrogen, delivered to the laboratory, and stored
at 280�C until DNA extraction.

Intestinal Histomorphology and Sample
Selection

At day 28, the middle segment of the ileum (1 to 2 cm
in length) from each bird was excised, fixed in 4% para-
formaldehyde immediately after sacrifice, and then
embedded in paraffin. Transverse 5-mm sections were
stained with hematoxylin and eosin, and histomorpho-
logical parameters were examined using an Olympus op-
tical microscope and ProgRes Capture Pro Software
(version 2.7, Jenoptik, Jena, Germany). Afterward, the
thickness of the ileal wall (including the mucosa, submu-
cosa, muscularis, and serosa) was measured. The birds
were ranked from thickest to thinnest by the measured
thickness. The chyme samples from broilers with thick
ileal walls (H type; S9, S15, S24, S41, S71, S84, S86,
S87, S93, and S98) and broilers with thin ileal walls (B
type; S13, S18, S33, S34, S37, S39, S40, S56, S59, S79,
S90, and S95) were used for subsequent analysis.

DNA Extraction

Genomic DNA was isolated from approximately
200 mg of ileal digesta using a commercial kit (QIAamp
DNA Stool Mini Kit, Qiagen Inc., Valencia, CA). The
DNA concentration and purity were determined using
the NanoDrop 2000 spectrophotometer (Thermo Fisher
Scientific, MA) or the Qubit (Thermo Fisher Scientific,
MA). For in-depth microbial depiction, 2 strategies
were adopted: (i) 16S rDNA sequencing for diversity
characterization and (ii) metagenomic sequencing for
species composition and metabolic function.

16S rDNA Sequencing

Purified genomic DNA at a normalized concentration
(20 ng/ml) was used as a template to analyze the micro-
bial communities. The V3-V4 region of 16S rDNA was
amplified using universal eubacterial primers 341F: 50-
CCTAYGGGRBGCASCAG-30 and 806R: 50-GGAC-
TACNNGGGTATCTAAT-30. The PCR products
were purified using a Qiagen Gel Extraction Kit (Qia-
gen, Germany) and then sequenced on the HiSeq2500
platform (Illumina, San Diego, CA) at Novogene, Bei-
jing, China.
Sequences were excluded if they did not meet the

default QIIME quality criteria. The sequence data
were denoised using the denoise_wrapper.py command
within QIIME. The chimeras were identified using the
UPARSE software (v7.0.1001; Tiburon, CA) and
removed. Then, the effective tags were finally obtained
and used for further analyses. UPARSE was used to
identify operational taxonomic units at 97% similarity
on the Bio-Linux platform (NEBC, Oxford, United
Kingdom). Representative sequences were processed
using the QIIME pipeline. Alignment-based lowest com-
mon ancestor (LCA) assignment was carried out based
on the SILVA database. Resampling according to the
minimum sequence numbers across all samples was per-
formed before the downstream analyses. The community
composition provides the classification information at
different taxonomic levels. Alpha diversity and beta di-
versity were analyzed using QIIME (version 1.7.0.355).
The principal coordinate analysis was performed based
on the weighted Unifrac distance and analysis of similar-
ities used the anosim function of the R vegan package
(version 2.15.3; R Foundation, Vienna, Austria) and
ggplot2 software packages. Linear discriminant analysis
effect size (LEfSe) analyses were performed using the
LEfSe tool (http://huttenhower.sph.harvard.edu/
lefse/).
Metagenomic Sequencing

DNA library construction was performed following
the manufacturer’s instructions, and libraries were
sequenced using the Illumina Hiseq X Ten instrument.
During the experimental process, the S39 and S56 were
found to be unqualified and deleted for subsequent anal-
ysis. High-quality reads were obtained by filtering low-
quality reads, adapter contamination, or DNA contami-
nation (Gallus gallus, Zea mays, and Glycine max) from
the raw Illumina data. We used SOAP de novo 2 (v2.0)
(Luo et al., 2012) and MetaGene Mark (v.3.38) (Zhu
et al., 2010) to perform de novo assembly and gene pre-
diction, respectively, with the high-quality reads. All
predicted genes were aligned using CD-HIT
(identity . 95% and coverage . 90%) (Fu et al.,
2012) to obtain a catalog of nonredundant genes. To
obtain the relative abundance of each gene, the high-
quality reads from each sample were aligned against
the gene catalog by SOAP2 (identity . 95%). We
aligned the gene catalog against the NCBI-nr database
using DIAMOND (v0.8.22.84) (Buchfink et al., 2015)
and performed taxonomic binning by assigning genes
in the NCBI Taxonomy database using the LCA algo-
rithm (Huson et al., 2011). MetaPhlAn2 (v.2.0)
(Truong et al., 2015) was used to construct species
matrices and analyze microbial community composition,
and HUMAnN2 (Franzosa et al., 2018) was used to
construct metabolic pathway matrices and annotate mi-
crobial functions and metabolic capabilities. Samples
were clustered at the species level and visualized by prin-
cipal component analysis implemented in the ade4 R
package (R Foundation, Lyon, France). Welch’s t-test
was executed between the 2 groups of microbial species
composition and metabolic pathways using STAMP
version 2.1, and the significance analysis was performed
using Welch’s t-test and Bonferroni correction.
Ileal Transcriptome Analysis

To construct the cDNA library, a total of 20 ileal RNA
(H type; S9, S15, S24, S41, S71, S83, S86, S87, S93, and
S98; B type; S13, S18, S33, S34, S37, S40, S59, S79, S90,

http://huttenhower.sph.harvard.edu/lefse/
http://huttenhower.sph.harvard.edu/lefse/


TANG ET AL.1850
and S95) were extracted using TRIzol (Invitrogen,
Carlsbad, CA). The libraries were sequenced on the
HiSeq X Ten platform (Illumina). After removing
sequencing adapters and trimming consecutive low-
quality bases (quality , 20) from both the 50 and 30
end of the reads, high-quality RNA-seq reads were
aligned to the G. gallus genome (assembly Gallus gallus
5.0) using HISAT2 (v2.0.5) with default parameters.
Then, gene expression abundance was quantified by
FPKM (Fragments Per Kilobase of exon per Million
fragments mapped) using String Tie (version 1.3.1c),
and the differentially expressed genes (DEG) between
2 groups were identified using DESeq2 (v.1.20.0) with
a P value , 0.05 and fold change . 2 (Rapaport et al.,
2013), and the false discovery rate (0.05) was used.
The functional protein associations were identified using
String (version 11.0) and the interaction network was
visualized using Cytoscape (version 3.7.1). The KEGG
pathway enrichment analysis of DEG was performed us-
ing R software (version 2.15.3).

Correlation Analysis

The gene transcript matrix and the species composi-
tion matrix were used for Spearman correlation analysis.
First, the Spearman correlation coefficient values of mi-
crobial species abundance and intestinal gene expression
were calculated using the corr.test function of the psych
package (v1.8.12) in R (R Foundation, Evanston, IL),
and the significance was tested and then visualized using
the pheatmap package. The species abundance as a con-
ditional factor was used to explore the mutual response
between the gut and microbe by applying the rda func-
tion in the vegan package, and then, it was used to
perform sorting analysis. The R (0.8 , jRj , 1) and P
value (P value � 0.001) of the influence of condition fac-
tors on sample distribution were calculated using the
envfit function, and then, the conditional factors with
significant effects were selected to perform redundancy
analysis (RDA).

Statistical Analysis

Differences were analyzed for the histomorphological
parameters and body weight in H group and B group
by the independent samples t-test (SPSS 25.0; IBM
Corp., Armonk, NY). Data are presented as
mean6 SEM. The alpha diversity index between groups
was analyzed using the Mann–Whitney U test (SPSS
25.0). The results were shown as median and quartile.
Table 2. Histomorphological parameter and body weight

Item Ileal thickness, mm Mucosal thickness, mm V

H type 1214.20 986.73
B type 822.75*** 662.90***
SEM 51.15 41.41
P-value ,0.001 ,0.001

**P , 0.01, and ***P , 0.001, for B type vs. H type.
1Values are means with SEM (n 5 10–12).
RESULTS

Histological Structure of Ileal Wall
Thickness Alienates in Chickens

Previous data from our laboratory indicated the het-
erogeneity in ileal morphology of the normal broiler pop-
ulation, and the Pearson correlation analysis found that
there was a significant positive correlation between the
ileal wall thickness and body weight (R 5 0.575,
P 5 0.001) at 28 d of age (Supplementary Table 1). As
shown in Table 2, there was no significant difference in
body weight between the 2 phenotypes, but the ileal
thickness in the H type was significantly greater
(P , 0.05) than in the B type. In addition, the ileal
mucosal thickness, villus height, and crypt depth of the
H type were also significantly higher (P , 0.05) than
those of the B type. All experimental birds did not
have visible pathologic changes. Under the light micro-
scope, it was observed that the villus of the H type was
thick, the crypts were closely arranged, and the struc-
tural integrity of enterocytes was intact. In contrast,
the B type had short villus, dilated crypts, and loose con-
nections between the epithelium (Figure 1).

The Microbial Community Diversity
Diminishes in H-Type Birds

To evaluate the diversity of ileal microbiota in the 2
groups, the observed species number and the Shannon
index were calculated using 16S rDNA analysis
(Figures 2A, 2B). The results showed that the observed
species number (P 5 3.09E-06) and the Shannon index
(P 5 3.09E-06) in the B type were significantly higher
than those in the H type. Principal coordinate analysis
was used to distinguish the microbial communities,
and the results illustrated that the PCo1 contribution
value was 81.69% and the PCo2 contribution value
was 8.47%. The 2 phenotypes could be separated from
each other on the PCo1 axis, and samples from the B
type were closely clustered; conversely, H-type samples
were more discrete (Figure 2C). Similarly, analysis of
similarities (R 5 1, P 5 0.001) indicated a striking
distinctness in the similarity of the microbial community
between the groups.
At the phylum level (Supplementary Figure 1A), the

ileal microbiota of broilers was mainly composed of Fir-
micutes, Proteobacteria, and Bacteroides. The propor-
tion of Firmicutes (79.76%) was highest in the H type,
followed by Proteobacteria (18.91%) and Bacteroides
of birds with different phenotype at day 28.1

illus height, mm Crypt depth, mm Body weight, kg

829.81 156.92 1.42
542.47*** 120.43** 1.41
37.15 6.39 0.03
,0.001 0.002 0.953



Figure 1. Observation of intestinal wall morphology in broilers. Representation of the ileal wall of the H type and B type under a light microscope
( ! 40) at day 28, the rectangular frame indicating the villus and the arrow indicating the crypt. Sections were stained with hematoxylin and eosin.
Scale bar 5 250 mm.
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(0.56%). Interestingly, the proportion of Bacteroidetes
(42.55%) in the B type was dramatically high, whereas
Firmicutes (54.23%) and Proteobacteria (0.84%) was
lower. At the genus level (Supplementary Figure 1B),
the percentage of Lactobacillus (59.14%) was highest in
Figure 2. Bacterial community variation in intestinal thickness. (A) The e
biota (97% similarity rate). The values are shown as median and quartile. (B
biota. The values are shown as median and quartile; ***, P, 0.001 (H type
based on the weighted Unifrac distance for all samples, on which the intestina
n5 10; B type, n5 12). (D) The histogram displaying 28 microorganisms wit
effect size. Abbreviation: LDA, linear discriminant analysis.
the H type, followed by Escherichia–Shigella (11.02%),
Streptococcus (4.89%), and Bacteroides (0.22%). How-
ever, compared with the H type, the percentage of Alis-
tipes (18.88%), Bacteroides (17.80%), and
Faecalibacterium (8.90%) was largely increased,
ffect of intestinal thickness on the observed species number in ileal micro-
) The effect of intestinal thickness on the Shannon index in ileal micro-

, n5 10; B type, n5 12). (C) Principal coordinate analysis (PCoA) plot
l thickness (PCo1) made the 2 communities distinctly separated (H type,
h different intestinal thicknesses obtained by linear discriminant analysis



Figure 3. The alterations of species composition in intestinal thickness. (A) Principal component analysis demonstrated all samples at the species
level (H type, n5 10; B type, n5 10). (B) The clustered heat map of representative species in all samples. (C) STAMP analyzed the ileal microbiome
and indicated a total of 7 species with a significant difference (H type, n 5 10; B type, n 5 10).
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whereas Lactobacillus (0.98%), Escherichia–Shigella
(0.28%), and Streptococcus (0.21%) were markedly
diminished in the B type. A total of 28 taxonomic micro-
organisms (LDA . 4) were identified in the ileal micro-
bial communities by using LEfSe, including 9 in the H
type and 19 in the B type (Figure 2D). Contrary to
the B type, the abundance of Bacilli, Lactobacillus,
andCandidatusArthromitus (SFB) in the ileal microbial
community of the H type was extremely elevated, which
could be used as preliminary biomarkers for this group.
The Proportion of Beneficial Bacteria
Expands in H-Type Birds

To further clarify alterations in the ileal microbiome,
the community compositions of groups were analyzed
by metagenomic sequencing. Principal component anal-
ysis was used to compare the community compositions
at the species level. The results showed that the first prin-
cipal component contribution was 62.5%, the second
principal component contribution was 17.9%, and the
third principal component contribution was 6.3%. It
was also observed that the samples of the H type were
tight, whereas B-type samples exhibited large heterogene-
ity. In addition, the 2 groups were able to manifest valid
separation on the PC2 axis (Figure 3A). It was further
found that the ileal contents of broilers primarily con-
sisted of Lactobacillus (80.45% in the H type vs. 79.42%
in the B type), and Lactobacillus crispatus as the domi-
nant species had the highest relative abundance
(52.98% in the H type vs. 68.44% in the B type) at 28 d
of age (Figure 3B). In addition, 8 viruses were detected
at the species level (0.80% in the H type vs. 0.54% in
the B type) includingEscherichia phage phAPEC8, avian
myelocytomatosis virus, UR2 sarcoma virus, avian
endogenous retrovirus EAV-HP (EAV-HP), and Staphy-
lococcus phage ROSA (Supplementary Figure 2). Subse-
quently, comparing the ileal microbiota between
differential types demonstrated that there were 7 kinds
of species with meaningful distinctions (q value � 0.05).
Among them, the relative abundance of Bifidobacterium
breve, Lactobacillus johnsonii, Escherichia coli, Prevo-
tella copri, Lactobacillus reuteri, and Lactobacillus saer-
imneri was increased, whereas the relative abundance of
EAV-HP was reduced in the H type (Figure 3C).
Commensal Bacteria Increase the
Anabolism Pathway in H-Type Birds

The metagenomic sequencing of microbial function po-
tential revealed that the biosynthesis pathway of ileal
microbiota in the H type was significantly more improved



Figure 4. The switches of microbial metabolic potentiality with intestinal thickness. (A) The clustered heat map of microbial metabolic pathways
in all samples, in which the color boxes indicate distinctive metabolic pathways. (B) STAMP analyzed the core metabolic potentialities of the ileal
microbiome in chickens. (H type, n 5 10; B type, n 5 10).
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than in the B type (Figure 4A). Comparing the microbial
metabolic capabilities between phenotypes, a total of 9
metabolic pathways were obtained (q value � 0.05).
The pathways involved in vitamin anabolism were N10-
formyl-tetrahydrofolate biosynthesis (1CMET2-PWY; q
value 5 6.21e-3) and thiamine formation from pyrithi-
amine and oxythiamine (yeast) (PWY-7357; q
value 5 7.61e-3). The 2 pathways related to methionine
anabolism were superpathway of L-methionine biosyn-
thesis (transsulfuration) (PWY-5347; q value 5 8.00e-
3) and superpathway of S-adenosyl-L-methionine biosyn-
thesis (MET-SAM-PWY; q value 5 0.035). One adenine
metabolism–related pathway was adenine and adenosine
salvage III (PWY-6609; q value 5 0.028). Besides, the 4
pathways involved in acylglycerol synthesis were CDP-
diacylglycerol biosynthesis I (PWY-5667; q
value 5 0.033), CDP-diacylglycerol biosynthesis II
(PWY0-1319; q value 5 0.033), phosphatidylglycerol
biosynthesis II (nonplastidic) (PWY4FS-8; q
value 5 0.041), and phosphatidylglycerol biosynthesis I
(plastidic) (PWY4FS-7; q value 5 0.041) (Figure 4B).

Small Intestinal Functions Strengthen in
H-Type Birds

The notable changes in ileal morphology prompted us
to explore the underlying molecular mechanisms
responsible for differences in intestinal thickness
through RNA-seq. Principal component analysis was
performed to identify and visualize the similarity of
gene expression, with the first principal component
contribution being 32% and the second principal
component contribution being 12%. The 2 groups could
be distinguished from each other, and the H-type sam-
ples were closely clustered together (Supplementary
Figure 3). A total of 88,839 transcripts were detected
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in all samples of this study, including 59,470 known an-
notated transcripts and 29,369 novel transcripts. Using
the volcano plot to analyze the DEG (P value , 0.05
and fold change . 2), it was declared that the number
of upregulated genes in the H type was 131 and the
number of downregulated genes was 35. Intriguingly,
most of the downregulated genes were long noncoding
RNA or uncharted transcripts (Figure 5A). The
protein–protein interaction network showed that there
were close interactions between MYD88, SOCS1,
SOCS3, IL8L1, and IL8L2 in intestinal tissues. Mean-
while, SLC6A19, SLC5A1, SLC10A2, TMIGD1, and
CLRN3 were closely linked (Figure 5B). The KEGG
Figure 5. Shapes of gene expression in intestinal thickness. (A) The volcan
represents 1 gene. The golden dots represent upregulated genes in the H type
protein–protein interaction network, showing 51 nodes and 66 edges. Each no
predicted functional protein–protein interactions. The degree of a node indic
core genes to connect with KEGG pathways.
enrichment analysis of differential genes revealed 15
kinds of different pathways (q value , 0.05). Among
them, there were 3 pathways related to intestinal ab-
sorption in the H type, including mineral absorption
(q value 5 0.002), protein digestion and absorption
(q value 5 0.008), and bile secretion
(q value 5 0.033). Meanwhile, there were also several
immunity-related pathways involved in the H type,
such as toxoplasmosis (q value 5 0.003), JAK-STAT
signaling pathway (q value 5 0.007), African trypano-
somiasis (q value 5 0.008), tumor necrosis
factor (TNF) signaling pathway (q value 5 0.015),
and cytokine–cytokine receptor interaction
o plot shows the differential gene expression in 2 groups, wherein each dot
, the purple dots represent upregulated genes in the B type. (B) The hub
de represents a protein, and the links between nodes represent known or
ates its number of links to other nodes. (C) Chord diagram mapping the



Figure 6. The correlational response between gut genes and microbial species. (A) The Spearman correlational heat map of ileal gene expression
and microbial species. (B) The abundance of microbial species as a conditional factor for redundancy analysis (RDA)(m). Each line represents a single
species of microorganism in the coordinate system. The brown dots represent transcriptomic samples of the H type, and the cyan dots represent tran-
scriptomic samples of the B type.
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(q value 5 0.035). Further connecting the differential
KEGG pathway to hub genes, it was discovered that
SLC6A19, SLC5A1, and SLC10A2 responsible for
absorbing neutral amino acids, glucose, and bile acids
were significantly upregulated in the intestinal tract of
the H type. It was further found that MYD88,
SOCS1, and SOCS3 involved in immune signaling
transduction were significantly upregulated in the intes-
tinal tract of the H type (Figure 5C). In addition, the
gene expression level of ELF5 was markedly strength-
ened in the H type compared with the B type.

The Interplay Between Microbial Species
and Ileal Gene Expression

To better understand the relationship between gut
microbiota and host gene transcription, we first per-
formed the Spearman correlation analysis on transcrip-
tomic and metagenomic data. A total of 10 microbes
were found: B. breve, P. copri, Enterococcus faecium,
L. johnsonii, L. saerimneri, Lactobacillus vaginalis,
Butyricicoccus pullicaecorum, Faecalibacterium praus-
nitzii, E. coli, and EAV-HP, which had strongly positive
or negative correlation with a total of 63 host gene ex-
pressions (P , 0.001) (Figure 6A). Among them, B.
breve depicted a significantly positive correlation with
24 genes involved in epithelial function, such as
LOC107056212, MSTRG21689, and SLC17A5, and
showed a significant negative correlation with
MSTRG20669. EAV-HP exhibited a conspicuously
negative correlation with 7 genes, such as FGG,
PDCD1LG2, and WNT7B, which were probably
involved in the regulation of cell fate. Then, using
microbial community composition as the conditional fac-
tor to observe the response of intestinal gene expression
by RDA(m), it was found that the 2 phenotypes of sam-
ples could be dispersed on the RDA1 axis. Nine species of
bacteria showed a positive correlation with ileal gene
expression of H-type samples. However, EAV-HP was
the only 1 species that negatively correlated with the
H type (Figure 6B).
DISCUSSION

Over the past decade, more and more pieces of evi-
dence about the microbial community compositions
and their regulatory influences on host physiology had
surfaced. The succession of microbiome usually starts
at an early stage of neonates with the villus–crypt axis
formation, enterocyte maturation, and gene expression
alteration in mammals and birds (Uni et al., 2000;
Schokker et al., 2015). Small intestinal epithelial cells
could be classified into differentiated types according
to cellular morphology and unique gene markers, which
mainly perform absorption and barrier functions.

Antibiotics growth promoters (AGP) had long been
used as therapeutic or feed additive to prevent bacterial
infections and improve growth performance and animal
welfare. But the abuse of AGP led to the emergence of
resistance and interference with the early colonization,
succession, and function of normal microbiota in the
gut, which is conceded as a serious threat to public
health (Dibner and Richards, 2005). Previously, re-
searchers found that AGP and probiotics as substitutes
can obviously increase the body weight of broilers; how-
ever, inconsistencies exerted on the small intestinal
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structure especially on the villus, which became lower
than those with probiotics or even basal diets (Salim
et al., 2013; Lei et al., 2015). This suggested that
changes in microbiome caused by various elements
could have dissimilar regulatory patterns on epithelial
differentiation and tissue morphogenesis. Moreover,
previous chicken studies in our laboratory found that
despite the normal clinical features in the populations,
a certain proportion of the small intestine, particularly
the posterior ileum, became thinner. This hinted that
the diversity in the intestinal wall development of
broilers might have a tangible connection with
microbiota.

The villus is a finger-like structure formed by the pro-
trusion of the intestinal luminal surface during mucosal
development and constitutes the central part of the
gut wall. This scheme of architecture dramatically in-
creases the mucosal surface area by 10 times, and the vil-
lus height is often used as an important parameter in
evaluating the absorption capacity of the small intestine
in vivo (Walton et al., 2016). Several reports claimed
that the probiotics could improve protein utilization
and defense capacity by promoting the ileal villus height
and the number of neutral goblet cells (Salim et al., 2013;
Martinez et al., 2016). This implied that the
developmental status of the intestinal wall might
improve growth performance in broilers. In this study,
to avoid the distinctness in intestinal histomorphology
caused by unequal body weight, broilers with similar
body weight were selected as subjects. Under the
normal physiological circumstances, epithelial cells
connect through a variety of tight junction proteins
including Zonula Occludens1, Occludin, and Claudins.
These proteins interact with cytoskeletal proteins to
form the junctional complex and ensure the integrity
of the mucosal barrier (Turner, 2009). This, in turn, re-
stricts the entry of microorganisms and food particles
from the intestinal lumen into the internal environment.
It also regulates the absorption and secretion of fluids
and electrolytes (Turner, 2009). However, during intesti-
nal injury, epithelial cells lose their normal morpholog-
ical characteristics and are detached from the
basement membrane, accompanied by massive mono-
cyte infiltration, resulting in loss of the mucosal barrier
(Boussenna et al., 2015). The hematoxylin and eosin
staining showed that the intestinal architecture and
epithelial integrity was intact in the H type, whereas
the villus became short, crypts were dilated, and the
epithelial cells were disconnected in the B type, indi-
cating that the broilers in the H type had a better phys-
ical barrier than the B type. These results illustrated
that the difference in intestinal thickness between indi-
viduals might closely be related to the ability to absorb
nutrients and prevent pathogens.

It is generally believed that richer the alpha diversity
and species composition in microbiota, better will be the
stability in gut microecosystems (Jackson et al., 2016).
Therefore, the alpha diversity can generally be used as
an important indicator to judge health status, disease
progression, and drug treatment (Nowak et al., 2015).
However, our results showed that the diversity in the
H type was lower than that in the B type. Previous
studies in mammals reported that the species diversity
in overweight individuals was reduced, whereas the
short-chain fatty acid (SCFA) production, such as ace-
tate and butyrate, and energy acquisition were
increased, and it is surmised that “specialized micro-
biota” may promote weight gain (Turnbaugh et al.,
2006). This contradiction may be due to the comparative
evaluation of the diversity in varying health status,
behavior, and diet, as well as constitutional variance spe-
cies (Manichanh et al., 2006; Clarke et al., 2014).
Microbial composition of the rearing environment and
gastrointestinal tract varies considerably in poultry
production and can be affected by factors such as age
and production batch (Johnson et al., 2018). Therefore,
we tried to limit many factors such as age, diet, breed,
gender, and house to minimize the fluctuation of the
gut microbiome. Principal coordinate analysis and
ANOMIS analyses showed that there were overall dis-
tinctions in ileal microbiota between the 2 groups and in-
testinal thickness was the main factor affecting the beta
diversity in this experiment, which also indicated the
dominant species composition between the 2 types was
different. Broilers with less gut microbial species may
be more suitable for better feed utilization and weight
gain, and the assessment of gut health and productive
performance in traditional microbiota diversity during
broiler rearing needs to be revised. The ileal bacterial
composition of broilers in this experiment was consistent
with previous reports and also reflected the existence of
“inherent members” during the succession of gut micro-
biota (Xiao et al., 2017). LEfSe analysis showed that
the abundance of Firmicutes and Lactobacillus in the
ileum of the H type ascended, whereas the abundance
of Bacteroidetes and Bacteroides descended. A sharp in-
crease of Lactobacillus in the ileum may be responsible
for the reduction of other species of bacteria and ulti-
mate decrease in the diversity in the H phenotype. It
has been reported that obese individuals had a higher
number of Firmicutes with less number of Bacteroides,
and the overweight phenotype can be obtained by trans-
planting the microbiota from the obese mammal into
germ-free or slim individuals (Ley et al., 2006). As the
activity of bile salt hydrolase between bacteria is not
the same, it can play a vital role in weight change by
regulating key genes involved in lipid metabolism, im-
mune homeostasis, and the circadian rhythm (Joyce
et al., 2014). Lactobacillus acts as an essential indigenous
probiotic in the animal symbiotic system. It can metab-
olize and produce multiple organic acids to reduce the
pH of chyme; thus, it may inhibit the enterobacterium
growth and regulate the gene expression level of epithe-
lial cells. However, it had also been reported that some
lactobacilli such as Lactobacillus salivarius can exert
negative effects on broiler performance (Torok et al.,
2011). We speculated that this inconsistency might be
due to changes in dietary ingredients and animal species
in each trial. In addition, each microbial genus in the gut
includes several species and strains, and there could be
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distinct metabolic functions between the bacteria. In
this study, it was discovered that the abundance of
SFB in the B type was significantly increased. Previ-
ously, researchers had found that SFB can promote the
maturation of B cells and T cells in newborn animals
and can also induce cytokines including IL-23 in the in-
testine to affect the differentiation of Th17 cells in mam-
mals (Schnupf et al., 2015). Liao et al. (2012) reported
that the abundance of SFB in the ileum reached its
peak at 11 D in chickens and then decreased, while the
supplementation of Lactobacillus delbrueckii accelerated
the early colonization of SFB. This suggested that there
might be differences in the intestinal immunity of the 2
types of broilers. These results indicated that although
the diversity of ileal microbiota in the H type decreased,
the specialized bacterial members such as Lactobacillus
and SFB as microbiomarkers could be beneficial to
weight gain and immune development.
The similar microbial species in the 2 groups predicted

the presence of specific intrinsic species in the ileal con-
tents of broilers. This was distinct from our 16S rDNA
analysis, but it might be due to different technical
methods. It was similar to the previous report on the in-
testinal metagenome of domestic chicken explaining that
Lactobacillus is the dominant species in the small intes-
tine, which may competitively inhibit pathogens by
forming a negative correlation network with several bac-
teria such as Staphylococcus (Huang et al., 2018). We
also detected numerous viruses belonging to Myoviridae
and Retroviridae at the family level. Gut phages gener-
ally encode genes beneficial to bacteria helping host bac-
teria adapt to the external environment, expressing
bacterial virulence factors, and maintaining microbiota
stability and elasticity (Ogilvie and Jones, 2015). This
implies that the phage may affect the composition of
beneficial bacteria and pathogenic bacteria in microeco-
system in a nonhost immunomodulatory manner in the
gut, thereby affecting animal health and disease state.
The Retroviridae contains many widely distributed ani-
mal viruses. Some exogenous retroviruses can be ampli-
fied by a unique replication method using reverse
transcriptase after invading the host cell, and the viral
genome can be inserted into the host chromosome by
integrase. Endogenous retroviruses (ERV) are a class
of viruses that integrate their gene fragments into the
host genome, including that of domestic chickens, and
can replicate, evolve, and coexist with animals (Gifford
and Tristem, 2003). EAV-HP is an ancient endogenous
transcriptional virus that persists in modern poultry,
which is inseparable with the high pathogenic avian
leukosis virus subgroup-J. Wragg et al. (2015) analyzed
several poultry genomes and found that EAV-HP had
approximately 75 integration sites on each bird, and
the related genes revealed that it may be involved in im-
mune regulation and cell adhesion. Change in the abun-
dance of ERV such as EAV-HP in the ileum may induce
the regulation of gene activity and immune signals in the
host cells. Maukonen et al. (2015) reported that the feces
of children with inflammatory bowel disease were char-
acterized by a decrease in the number of bifidobacteria
and lactobacilli, accompanied by an increase in the
expression of proinflammatory cytokines such as IL6.
B. breve can activate the TLR2-MYD88 signaling
pathway in the intestinal CD1031 dendritic cells to pro-
mote IL-10 production, which in turn induces an in-
crease in the number of regulatory T cells (Jeon et al.,
2012). Combined with the aforementioned evidence, B.
breve in the intestinal tract can boost the production
of anti-inflammatory cytokines such as IL-10 and reduce
proinflammatory cytokines levels such as those of IL-6,
thereby improving the immune microenvironment to
maintain the microecological balance. Young et al.
(2012) found that when an aged mouse becomes immu-
nodeficient, murine leukemia virus could be activated
to infect the host and induce tumorigenesis. Interest-
ingly, the partial or complete absence of gut microbiota
may effectively block the ERV infection. Loss of TLR7
which interacts with the viral nucleic acid can directly
lead to ERV activation to produce retroviral viremia,
while the deletion of TLR3 and TLR9 can promote the
integration of ERV into the genome of cells deriving
oncogene failure (Yu et al., 2012). Normally, homeosta-
sis is maintained between the gut microbiota and host
immune system; however, once the local balance is
disturbed, it can lead to dysbiosis and accelerate disease
progression. Although we were unable to determine the
source of ERV in the intestinal contents (exogenous
secretion of enterocytes or exfoliated DNA fragment
reprocessing or even external environment), the afore-
mentioned information suggests that the “denormalized”
microbiota may suppress immunosurveillance and pro-
mote ERV activation in the gut. Our data indicated a
bidirectional response between bacteria, viruses, and
host immune molecules, forming a sophisticated symbi-
otic system that can potentially regulate the intestinal
epithelial cell development and maturation.

The metabolic functions of gut microbiome in poultry
had been reviewed extensively and indicated that the
production of vitamins and amino acids was much higher
in the hindgut than in the foregut (Ferrario et al., 2017;
Huang et al., 2018). In the present study, the ileal
microbial synthesis in the H type was enhanced
compared with that in the B type, especially the
nutrient production pathways such as those of folate
and methionine were enhanced, which could be used
by the animal. We did not measure the actual amount
of metabolites in the ileal chyme; however, the
previous study had reported that bifidobacteria could
synthesize folate in feces, which could be used as a
probiotic to increase the folate levels in serum and the
liver for folate-deficient mice, thereby improving the
physical health (Pompei et al., 2007). The main animal
physiological regulations involving folate are the
following: (i) participation in basic purine nucleotide
biosynthesis; (ii) anti-inflammation, folate supplementa-
tion can reduce the expression of IL1B in the cecal tonsil
and increase the level of serum IgG when young hens are
stimulated by lipopolysaccharide (Munyaka et al.,
2012); (iii) folate produced by microbes might also affect
epigenetic modification as a carbon unit (Mischke and



TANG ET AL.1858
Plosch, 2013). In addition, S-adenosylmethionine can
also act as a methyl donor to influence the degree of
methylation in different DNA regions to regulate tran-
scriptional activity (Mischke and Plosch, 2013). It is
quite evident from the aforementioned information
that several functional nutrients can be synthesized via
the ileal microbiome, which not only can directly ensure
physiologically important metabolic reactions in animals
but also can have potential regulatory effects at the ge-
netic level. Our data also showed an enhanced adenine
metabolism of ileal microbiota in the H type. Huang
et al. (2018) showed that the pathways involved in
nucleotide metabolism, DNA replication and repair,
and transcription were more active in the small intestine
than in the large intestine, partly because the nucleo-
tides were essential components for microorganism pro-
liferation and growth. Besides, the microbial
metabolites such as SCFA can directly act as signaling
molecules to mediate the transformation of epithelial im-
mune activity. A recent study had shown that the
columnar epithelium at the tip of the small intestine vil-
lus expressed a large number of genes involved in purine
metabolism, such as CD73 which acts as an ecto-50-
nucleotidase to convert bacterially derived ATP to aden-
osine (Moor et al., 2018). This suggested that the micro-
biome may prevent the excessive activation of local
inflammation by reducing bacterial ATP as a danger
signal, and this could also promote tolerance to
commensal bacteria; sequentially, it could have been of
benefit for colonization and growth in the H type. These
results indicated that the microbial metabolism which
produced a variety of nutrients beneficial for the host
in the ileum was enhanced, and it might alter the tran-
scriptional regulation of epithelial cells and affect intes-
tinal morphogenesis and immunologic progress.

Our results showed that the number of upregulated
genes in the H type was more than in the B type, hinting
a noteworthy difference in intestinal function. Enrich-
ment analysis declared that there was a disparity in ileal
absorption between the groups, and the expression levels
of multiple solute carrier (SLC) family members were
increased in the H type. Major members of the SLC fam-
ily can act as cotransporters to assist the movement of
vital substances such as inorganic ions, amino acids,
lipids, and monosaccharides across the cellular mem-
brane using ionic gradients formed by sodium or hyd-
rion, dysfunction of which can lead to different kinds of
diseases (Bai et al., 2017). It had previously been re-
ported that using a microarray to analyze the duodenum
with differences in feed utilization efficiency displayed
many genes involved in nutrient uptake in broilers
(Lee et al., 2015). In contrast, we used RNA sequencing
to discover many long noncoding RNA and unknown
transcripts, although their biological functions need to
be further explored. However, the current information
suggested that the alteration of nutrient transports
involved in absorption might turn to be one of the
main reasons for the distinct growth rate. Interestingly,
it was also found that a lot of gene expressions involved
in immunity were upregulated in the small intestine of
the H type. Although the effects of different immune
genes on intestinal microbiota are not completely consis-
tent (Thoene-Reineke et al., 2014), it had been reported
that deletion of MYD88 generated a decrease in microbe-
induced expression of the colonic antibacterial peptide
gene and an excessive increase of SFB in the ileum, but
compared with germ-free mice, the colonic antiviral
genes in a conventional animal were markedly increased
accompanied with norovirus infection (Larsson et al.,
2012). As an important negative feedback regulator in
the JAK-STAT signaling pathway, SOCS1 can play an
important role in inhibiting the excessive immune
response. It has been found that SOCS1 did not have
complete coincident effect with IL-10 in maintaining in-
testinal immune tolerance to microorganisms (Chinen
et al., 2011). The intestinal tract can reduce the occur-
rence of excessive inflammation by maintaining remark-
able immune surveillance, tolerance, and defense to
establish commensalism in the H type. It had been estab-
lished that ELF5 is an important transcription factor
playing a key role in the development of the mammary
gland, and a recent study had shown that ELF5 can
also act as a core switch to determine the trophoderm
stem cell fate and gene regulatory network (Latos
et al., 2015). There is barely any detailed evidence about
ELF5 on the development of normal intestinal epithelial
cells, and we speculated that the intestinal thickness
might be related to ELF5 and its interaction network.
Intriguingly, apart from MYD88 increase in the Toll-
like pathway, we also observed strengthening of the
TLR3 expression. Unlike other usual TLR members us-
ing MYD88 as an adaptor, TLR3 uses TRIF, in the
MYD88-independent manner, as an adaptor to induce
interferon beta (INFb), presenting a unique role in
host antiviral defense. TLR3 was also able to sense the
dsDNA released from damaged tissue to initiate stem
cell regeneration (Nelson et al., 2015). Multiple molecu-
lar interactions can play an important role in maintain-
ing epithelium development and immune function.
Overall, genes involved in absorption, immunity, and
metabolism were upregulated in the ileum of the H
type, which seems to be more beneficial for animal health
and welfare.
The shifts in the microbial composition induce a valid

effect on intestinal gene expression and alterations in the
transcriptional activity, which can ultimately shape mi-
crobial community. However, the inseparable interac-
tion between the host and microbiota still remains
elusive. The correlation analysis in this study indicated
that the symbiotic bacteria such as B. breve and Lacto-
bacillus were positively correlated with the genes
involved in substance transport and immune regulation,
yet these genes had a negative correlation with EAV-
HP. SLC17A5 acts as a transporter to efficiently carry
sialic acid or glucuronic acid and when mutated can
cause severe infant sialic acid storage disease. It was
found that salivary gland cells secreted nitrate into
saliva through SLC17A5, reducing the nitrate concen-
tration in serum (Qin et al., 2012). The nitrate can be
transformed to nitrate via the oral microbiota, which
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then enters the stomach to produce nitric oxide, and can
protect the gastric mucosa from stimulation (Qin et al.,
2012). Recent proofs elucidated that the extracellular
sialidase could help Bifidobacterium bifidum to enhance
carbohydrate utilization and adhesion to enterocytes
(Nishiyama et al., 2017). The combination of SLC17A5
and B. breve exhibits a highly positive correlation, sug-
gesting that B. breve may use similar mechanisms to
use sialic acid secreted by epithelial cells to increase colo-
nization and growth in intestinal habitats. Alterations in
the expression of specific genes such as SLC17A5 in the
intestinal epithelium could form a host-selective pressure
to remodify the corresponding symbiotic microorgan-
isms, which may initiate feedback to regulate the host
transcriptional networks. Taweechotipatr et al. (2009)
isolated a variety of lactic acid bacteria from healthy hu-
man stool and found that different strains exert inconsis-
tent effects on immune regulation and L. saerimneri can
effectively reduce TNFa production to inhibit inflamma-
tion. Our data showed that L. saerimneri demonstrated
a significant positive correlation with several immune
molecules such as SOCS1 and SOCS 3, suggesting that
L. saerimneri might play a part in relieving inflamma-
tion through SOCS1- and SOCS3-related signaling in
broilers. We also found that B. pullicaecorum, an anaer-
obic indigenous species present in the hindgut contents
of chickens, showed a positive correlation not only with
transporters such as SLC6A19 and SLC10A2 but also
with CCL28. B. pullicaecorum possesses the ability to
produce SCFA such as butyrate, which is believed to
ameliorate pathological damage caused by Clostridium
perfringens and reduce the number of Escherichia–
Shigella in the ileum, thereby promoting broiler growth
(Eeckhaut et al., 2016). CCL28 not only acts as a chemo-
kine to attract plasma cells to specific mucosal sites but
also performs as a broad-spectrum antibacterial mole-
cule against bacteria and Candida albicans (Hieshima
et al., 2003). This study confirmed that B. pullicaecorum
may transform the mucosal microenvironment by
increasing the number of transporters to promote the ab-
sorption of neutral amino acids and bile salts and stimu-
lating secretion of immune effectors. The RDA indicated
that the microbial community was able to distinguish
between host gene expressions. At present, most of the
experimental data are being derived from germ-free or
knock-out model animals by cross-sectional studies.
However, microbial compositions and metabolites are
constantly changing during normal animal development.
Therefore, it cannot entirely uncover the causal relation-
ship between the host and microbiome without spatio-
temporal analysis in the future. In a word, our results
indicated that the genes involved in absorption and im-
munity in the gut had a compact mutual response with
the microbial members and metabolites.
In conclusion, broilers with a well-developed ileal

thickness have reducedmicrobiota diversity in the lumen
and increased abundance of beneficial bacteria coupled
with active community anabolism, thus enhancing the
absorption and immune function of epithelial cells.
This study provides a theoretical basis for potential
probiotic exploitation and application to improve intes-
tinal health and microecological strategies.
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