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Diarrhea is considered to be associated with microbial dysbiosis caused by infection of pathogens but
poorly understood. We herein characterized the colonic microbiota of diarrheal early-weaning piglets
infected with porcine circovirus type 2 (PCV2) and Campylobacter. Campylobacter infection significantly
decreased species richness and Shannon diversity index of colonic microbiota together with a significant
increase in the proportion of Campylobacter and Enterobacteriaceae, whereas no significant difference on
the above indexes was observed in piglets infected with PCV2 compared with healthy piglets. PCV2 and
Campylobacter infection could disturb the homeostasis of colonic microbiota through deterioration of
ecological network within microbial community, and specially Campylobacter performed as a module
hub in ecological networks. The microbial dysbiosis caused metabolic dysfunction and led to a
remarkable reduction in production of short chain fatty acids, following by a higher pH level in colon
cavity. Campylobacter infection disturbed the function of colonic tract barrier observed in terms of sig-
nificant lower relative expression of claudin-1, occluding, and zonula occludens protein-1 genes, and
PCV2 infection induced intestinal inflammation together with a higher permeability of colon. Generally,
these results suggested that PCV2 and Campylobacter infection could induce microbial dysbiosis and
metabolic dysfunction, and cause intestinal disorder, all of which finally were associated to contribute to
the diarrhea of early-weaning piglets.

© 2020, Chinese Association of Animal Science and Veterinary Medicine. Production and hosting
by Elsevier B.V. on behalf of KeAi Communications Co., Ltd. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Diarrhea is the leading cause of child death in many parts of
the world and increases mortality in neonatal and early-weaning
piglets (Bik and Relman, 2014; Yang et al., 2017b). The invasion of
pathogens has the greatest potential to cause microbial dysbiosis
as seen in many animal models (Bik and Relman, 2014;
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Giallourou et al., 2018; Kamada et al., 2013). Diarrhea is consid-
ered to be associated with intestinal disorders in terms of mi-
crobial dysbiosis and an unbalanced interaction between
intestinal microbiota and mucosal immune system (Gresse et al.,
2017), whereas the underlying mechanisms involved in these
processes are poorly understood.

It is well known that intestinal commensal microbiota plays a
crucial role in the nutrition metabolism and immune organ matu-
ration of host and can prevent the invasion of pathogens by
competing for receptors and enteric nutrients, stimulating the
innate immune system, and producing antimicrobial compounds
(Sommer et al., 2017; Valdes et al., 2018). Accordingly, the ho-
meostasis of intestinal microbiota is critical to host health.
Abnormal shift of intestinal microbiota is related to many intestinal
diseases and numerous studies have reported the disturbance in
intestinal microbiota of humans and piglets suffering from
uction and hosting by Elsevier B.V. on behalf of KeAi Communications Co., Ltd. This
censes/by-nc-nd/4.0/).

http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:zhangli@ncu.edu.cn
mailto:ruanzheng@ncu.edu.cn
http://crossmark.crossref.org/dialog/?doi=10.1016/j.aninu.2020.05.003&domain=pdf
www.sciencedirect.com/science/journal/24056545
http://www.keaipublishing.com/en/journals/aninu/
https://doi.org/10.1016/j.aninu.2020.05.003
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.aninu.2020.05.003
https://doi.org/10.1016/j.aninu.2020.05.003


G. Yang et al. / Animal Nutrition 6 (2020) 362e371 363
diarrhea, whereasmost of these studies focused on species richness
and abundance (Gresse et al., 2017; Maharshak et al., 2018; Pop
et al., 2014). However, the stability of microbial ecology system
depends on the number of species and their abundance, as well as
the complex interactions within the community (Coyte et al., 2015;
Yang et al., 2017a). A complicated ecological network is obtained
through interspecific interactions, by which microbiota maintains a
dynamic balance and accomplishes systemic function which con-
tributes to host health (Montoya et al., 2006). Additionally, the
intestinal microbiome serves as an auxiliary metabolic organ and
can express more than 100-fold genes of the host, and these genes
are involved in carbohydrate, energy, lipid, and amino acid me-
tabolisms (Clarke et al., 2014). During these metabolic processes,
microbial fermentation of complex plant-derived polysaccharides
can acquire short chain fatty acids (SCFA) which contribute to the
health of host (Morrison and Tom, 2016). Thus, disturbance of in-
testinal microbial homeostasis can cause microbial metabolic
dysfunction, and previous studies have revealed that bacterial and
viral infections could cause the disruption of beneficial function of
microbial community (Munyaka et al., 2016; Ward et al., 2016).

As we known, the infection of pathogenic bacteria Campylo-
bacter species and virus porcine circovirus type 2 (PCV2) can cause
gastroenteritis and then further trigger the diarrhea (Kim et al.,
2004; Kirk et al., 2016). Campylobacter infection is one of the
main bacterial causes of diarrhea and of ‘environmental enterop-
athy’ and body growth failure. Campylobacter species like
Campylobacter jejuni and Campylobacter concisus could cause hu-
man diarrhea diseases which originate from piglets via con-
sumption of contaminated meat products (de Vries et al., 2017;
Rosner et al., 2017). Also, PCV2 infection is widespread in swine
industry (Bar�o et al., 2015). Though numerous studies have re-
ported the intestinal microbiota of piglets infected with
Campylobacter and PCV2, these studies mainly focused on its
composition (Burrough et al., 2013; van Sambeek et al., 2016; Yang
et al., 2017b). This study systemically reports the colonic micro-
biota through the assessment of microbial composition, interspe-
cific interactions, functional gene composition, and metabolite of
microbes, and also further explores the relevance with colonic
inflammation of early-weaning piglets infected with Campylo-
bacter and PCV2.

2. Materials and methods

All the experimental procedures used in the study were agreed
by the Committee on Research Ethics of the Department of Labo-
ratory Animal Science, Nanchang University.

2.1. Animals and sample collection

The colonic content samples were collected from healthy (n ¼ 10,
control group) and diarrheal (n ¼ 17) piglets, within 1 week
after weaning, in a piglets farm (Qiyi, Jiangxi province, China) which
reared 30,000 piglets. The selection of diarrheal piglets was based on
a variety of clinical signs including inappetence, vomiting, loss of
weight, and severe watery diarrhea. Among these diarrheal piglets, 8
and 9 individuals respectively came from 2 different rooms with
obvious difference in fecal moisture. The pH in colon cavity was
detected by a pH meter (Mettler toledo, FE28). All the piglets were
sacrificed by euthanasia. The content in themiddle of colon from each
piglet was collected as one sample and frozen at �80 �C.

The presence of pseudorabies virus (PRV), PCV2, classical swine
fever virus (CSFV), porcine epidemic diarrhea virus (PEDV), trans-
missible gastroenteritis virus (TGEV), porcine group A rotavirus
(GAR), and porcine deltacoronavirus (PDCoV) in colon content
samples was detected based on the gene copies of virus using
multiplex and real-time PCR. According to the determining results,
PRV, PCV2, and PDCoV were detected, and the copy number of PRV
and PDCoVwas very low in the piglets (Appendix Table 1). Whereas
the copy number of PCV2 from 9 piglets in the same room was
remarkably higher than that in other piglets (P < 0.05), and the
value for copy number from 9 piglets was 26- and 17-fold in healthy
piglets and another batch of diarrheal piglets, respectively.
Accordingly, these 9 piglets were confirmed to be infected with
PCV2, thus this group is named VI group. Another 8 diarrheal in-
dividuals were classified as unknown pathogen group (PB group).
The healthy piglets were classified as control group.

2.2. 16S rRNA sequencing and colonic microbiota analysis

Qiagen PowerFecal Kit was used to extract DNA from the collected
digesta. The 16S rRNA V3 to V4 region was amplified and barcoded
with fusion primers of 341F and 805R followed by High-throughput
sequencing using the Illumina MiSeq platform. The raw sequences
were sorted according to the barcodes, then chimera sequences were
filtered with UCHIME. Classification of sequences into operational
taxonomic units (OTU) was done at 97% similarity level using QIIME
version 1.9.1 after the removal of low-quality scores (Q score, 20). The
UCLUST method was then used to assign taxonomies to each OTU.
Alpha diversity (number of OTU; Chao1 estimator of richness;
abundance-based coverage estimator [ACE]; Shannon diversity
indices) and beta diversity (Weight UniFrac principal coordinates
analysis [PCoA]) analyses were also performed using QIIME version
1.9.1. Statistical Analysis of Metagenomics Profiles (STAMP) and
Analysis of Similarity (ANOSIM) were respectively employed to
analyze statistical difference in the relative abundance of microbiota
and the whole microbial community by Welch's t-test.

Functional prediction of microbial communities was performed by
PICRUSt (Langille et al., 2013). And then, the non-metric multidi-
mensional scaling (NMDS) and ANOSIM were employed to evaluate
the overall differences in predicted microbial functional composition.
Statistical analysis of microbial functionwas performed using STAMP.
All of the sequencing data are available in the Sequence Read Archive
(SRA) database at NCBI under BioProject ID PRJNA549283 and
accession number SRR9312921, SRR9312920, and SRR9312919.

2.3. Molecular ecological network construction and visualization

Random Matrix Theory (RMT)-based approach was used to
construct molecular ecological network through an open-
accessible pipeline (Deng et al., 2012). The steps involved in con-
struction of 3 networks are as follows. First, the absolute values of
the correlation matrix are taken to obtain a similarity matrix, and
this allows measurement of the degree of consistency between the
abundance distributions of the individual OTU in different samples.
Second, in order to obtain an adjacency matrix, an appropriate
threshold is used for defining network structure, st, which encodes
the strength of the connection between each pair of nodes. Third,
the sub-modules within a large module are detected by fast-greedy
modularity optimization. The visualization of network was per-
formed by Circos and Cytoscape 3.2.0, respectively.

2.4. SCFA analysis and relative expression of inflammation and tight
junction protein genes

Concentrations of acetate, propionate, butyric, and valeric acids
were analyzed in colonic content by gas chromatography as pre-
viously described (Zhou et al., 2013). Total RNA was extracted from



Table 1
Diversity indices used in this study.

Groups1 Diversity index ECS, %

OTU Chao1 ACE Shannon

Control 6,168 ± 655b 14,392 ± 1,523b 15,488 ± 1,657b 8.02 ± 0.31b 95.0 ± 0.52
PB 3,908 ± 418a 9,690 ± 1,031a 10,306 ± 1,091a 6.05 ± 0.39a 96.9 ± 0.36
VI 4,540 ± 375 ab 10,738 ± 823 ab 11,519 ± 909 ab 7.14 ± 0.34 ab 96.3 ± 0.28

OTU ¼ operational taxonomic unit; ACE ¼ abundance-based coverage estimator; ECS ¼ Good's estimated sample coverage.
a, b Values with different superscripts, within the same column, are significantly different (P < 0.05).

1 Control group, healthy piglets; PB group, piglets infected with Campylobacter; VI group, piglets infected with porcine circovirus type 2.
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colonic tissue and then reverse-transcribed to cDNA by PrimeScript
RT reagent Kit (Takara, Japan). Gene expression of interferon-g
(INF-g), tumor necrosis factor-a (TNF-a), interleukin-6 (IL-6),
Claudin-1, Occludin, Zonula occludens protein-1 (ZO-1), and junc-
tional adhesion molecule-1 (JAM1) genes was measured by real-
Fig. 1. Relative abundance (A) of different microbial classes (�a cutoff value of 0.6%) and b
colon of piglets. p ¼ phylum; c ¼ class; o ¼ order; f ¼ family; g ¼ genus; s ¼ species. Cont
group, piglets infected with Campylobacter. The median value is shown as a line within the
time PCR (Mastercycler ep realplex; Eppendorf, Germany). The
quantitative primer of reference genes is listed in Appendix Table 2.
Based on the cycle threshold (CT) values, 2-▵▵CTmethodwas used to
calculate the genes expression, and the value stood for n-fold dif-
ference relative to the calibrator.
ox plots (B) showing significant variations of relative abundances of microbiota in the
rol group, healthy piglets; VI group, piglets infected with porcine circovirus type 2; PB
box; þ, outlier; *, P < 0.05; **, P < 0.01; *, mean value.



Fig. 2. Weight UniFrac principal coordinates (PC) analysis of the microbial commu-
nities. Control group, healthy piglets; VI group, piglets infected with porcine circovirus
type 2; PB group, piglets infected with Campylobacter.
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2.5. Statistical analysis

Data from alpha diversity indices of microbes, pH, SCFA, and
gene expression were subjected to a one-way ANOVA and the dif-
ferences among the means were tested by Duncan's multiple range
test (SPSS 16.0). The level of significance was set at P < 0.05.
3. Results

3.1. Colonic microbial change in diarrheal piglets

A total of 2,068,064 high-quality sequences were obtained from
the colonic content collected from healthy piglets (control group)
and piglets infected with PCV2 (VI group) and Campylobacter (PB
group), respectively. As shown in Table 1, control group presented
the greatest number of OTU and the highest Chao1, ACE and
Shannon diversity indexes, all of which remarkably differed from
those in PB group (P < 0.05), whereas no significant difference was
observed between VI and control groups.

Nearly all reads were from 5 phyla (relative abundance � 1%),
among which Firmicutes and Bacteroidetes were 2 predominant
phyla in control (69.2% and 20.2%, respectively), VI (74.2% and
13.9%, respectively), and PB (32.3% and 18.1%, respectively) groups
(Appendix Fig. 1). Additionally, Proteobacteria predominated in PB
group (increased from 4.5% to 43.6% compared with control group).
Specifically, control and VI groups were enriched with classes of
Clostridia (53.0% and 54.9%, respectively), Bacteroidia (20.2% and
13.9%, respectively), and Bacilli (14.9% and 16.8%, respectively), and
the predominant classes in PB group were Clostridia (25.3%),
Epsilonproteobacteria (24.5%), Bacteroidia (18.2%), and Gammap-
roteobacteria (17.1%) (Fig. 1A).

The proportions of Campylobacter (increased from 2.3% to
24.1%), Enterobacteriaceae (increased from 1.4% to 14.8%) and Pre-
votella (increased from 3.9% to 10.6%) in PB group were remarkably
higher than those in the other 2 groups (Fig.1B, P < 0.05). Therewas
also a significant reduction in the proportion of Lachnospiraceae
(decreased from 6.6% to 3.0%), and Lactobacillus (decreased from
12.6% to 2.3%) in PB group compared with control group (P < 0.05),
and a significant increase in Megasphaera (increased from 0.4% to
5.7%) presented in VI group compared to PB group (P < 0.05). As
shown in Fig. 2, PCoA analysis suggested that the microbial com-
munity in PB and control groups clustered separately into 2 groups,
whereas themicrobial community in VI groupwas similar with that
in control group. ANOSIM analysis further confirmed the significant
difference in whole microbial community between PB and control
(r ¼ 0.340, P ¼ 0.003), or VI (r ¼ 0.352, P ¼ 0.003) groups.

3.2. Ecological network of colonic microbes in diarrheal piglets

The circos plot and ecology network exhibited taxonomic
composition and interspecific interactions within the microbial
community in the colon of piglets (Fig. 3A). The control, VI and PB
networks comprised OTU from 17 classes, among which the
dominant classes were Clostridia, Bacteroidia, and Bacilli
(Appendix Table 3). Numerous edges observed within the circos
and networks presented the interspecies interactions between
different OTU, and gray and red edges respectively indicated
cooperative and competitive microbial interactions. As shown in
Fig. 3B and Appendix Tables 3 and 4, 22 sub-modules (�5 nodes)
were observed in control network, which consisted of 697 nodes
(OTU) and 3,037 edges (including 2,930 Gy and 107 red edges,
respectively), and C1 (131 OTU), C2 (98 OTU), C7 (64 OTU), and C4
(53 OTU) were 4 largest sub-modules (�50 OTU). VI network
contained 740 nodes and 3,160 edges (including 3,140 gray and 20
red edges, respectively) and had 23 sub-modules (�5 nodes),
among which V1(143 OTU), V2 (122 OTU), and V6 (55 OTU) were 3
largest sub-modules. In PB network, 13 sub-modules (�5 nodes)
were observed in the network, which consisted of 694 nodes and
2,765 edges (including 2,166 gray and 599 red edges, respectively)
had 3 largest sub-modules, P1 (140 OTU), P2 (120 OTU), and P3 (118
OTU). In these 3 networks, 81.3% OTU belonged to Clostridia, Bac-
teroidia, and Bacilli, and many OTU from the same class were found
to be clustered within one module. The positive interaction pre-
dominated in these 3 networks, whereas the proportion of negative
interaction was remarkably increased in PB network compared to
control and VI networks, especially in the sub-module P1 and P4.

In the network, the majority of OTU were peripherals, and some
of them served as connectors or module hubs (Fig. 4). As shown in
Table 2, the total number of connectors and module hubs in the VI
and PB networks was much fewer than that in the control network,
and the fewest number was observed in the VI network. Therewere
31 OTU from Bacteroidia, Bacilli, and Clostridia serving as module
hubs, and 3 OTU from Clostridia and Bacteroidia serving as con-
nectors in the control network. In the VI network, the module hubs
and connectors were performed by 14 OTU from Bacteroidia and
Clostridia serving as module hubs. In the PB network, the module
hubs and connectors were performed by 24 OTU from Clostridia,
Bacteroidia, Epsilonproteobacteria, Actinobacteria, Coriobacteriia,
Bacilli, Betaproteobacteria, Spirochaetes and unclassified; notably,
2 OTU (OTU6849 and 14,570) from Campylobacter served asmodule
hubs, and lots of negative interaction were found between
OTU14570 and another 102 OTU.

3.3. Functional predictions of colonic microbiota

NMDS ordination and ANOSIM analysis suggested that micro-
bial functional compositions in the colon of piglets from PB group
significantly differed from those from control (r ¼ 0.551, P ¼ 0.001)
and VI (r ¼ 0.375, P ¼ 0.001) groups (Appendix Fig. 2). Control and
VI groups had similar microbial function, and only several microbial
functional genes proportion related to amino acid metabolism
(taurine and hypotaurinemetabolism and tryptophanmetabolism),
and carbohydrate metabolism (fructose and mannose metabolism)
were remarkably increased in VI group (P < 0.05), which had less



Fig. 3. Circular plot (A) shows the distribution of OTU at different classification levels. Ecological network (B) describes the sub-modules and the interspecific interaction within the
colonic microbial community of piglets. Control group, healthy piglets; VI group, piglets infected with porcine circovirus type 2; PB group, piglets infected with Campylobacter. The
taxonomic levels were class, order, family, genera, and species from the outside to the inside of the circle, respectively.
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proportion of genes involved in cyanoamino acid metabolism,
phenylpropanoid biosynthesis, and starch and sucrose metabolism
(Fig. 5A). Compared to control and VI groups, the colonicmicrobiota
in PB group had more genes involved in glycan biosynthesis and
metabolism (lipopolysaccharide biosynthesis and lipopolysaccha-
ride biosynthesis proteins), energy metabolism (carbon fixation
pathways in prokaryotes, nitrogen metabolism, and oxidative
phosphorylation), carbohydrate metabolism (citrate cycle [TCA],
glyoxylate and dicarboxylate metabolism, and propanoate meta-
bolism), and amino acid metabolism (glutathione metabolism,
lysine degradation, and tryptophan metabolism) (P < 0.05); a sig-
nificant decrease was observed in genes related to carbohydrate
metabolism (amino sugar and nucleotide sugar metabolism,
galactose metabolism, glycolysis/gluconeogenesis, pentose and
glucuronate interconversions, pentose phosphate pathway), amino
acid metabolism (cyanoamino acid metabolism, arginine and pro-
line metabolism, and cysteine and methionine metabolism),
methane metabolism, peptidases, and pyrimidine metabolism
(P < 0.05, Fig. 5B and C). Additionally, fructose and mannose
metabolism in PB group was remarkably suppressed than that in VI
group (P < 0.05).

3.4. SCFA level and inflammation-related and tight junction protein
gene expression

As shown in Table 3, PB group had the lowest concentration of
acetic acid, propionic acid, and butyric acid, all of which remarkably
differed from that in the other 2 groups (P < 0.05). Although control
group had the highest concentration of acetic acid and butyric acid,
it presented no significant difference from VI group (P > 0.05). A



Fig. 4. Zi-Pi plot showing the distribution of operational taxonomic units (OTU) based on their topological roles. Control group, healthy piglets; VI group, piglets infected with
porcine circovirus type 2; PB group, piglets infected with Campylobacter.
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significantly higher content of valeric acid was detected in VI group
compared to control and PB groups (P < 0.05). The highest and
lowest pH in colonic cavity were respectively observed in PB and
control groups, and pH significantly differed from each other
among all groups (P < 0.05). As shown in Fig. 6A, significantly
higher relative expression level of IFN-g and IL-6was recorded in VI
group compared to control group (P < 0.05). The relative expression
level of the claudin-1, occluding, and ZO-1 genes in VI and PB
groups was detected remarkably lower than that in control group
(P < 0.05), and PB group had a higher relative expression level of
ZO-1 than VI group (P > 0.05, Fig. 6B).

4. Discussion

Early-weaning piglets have an immature digestive system, and
thus are susceptible to disease, especially diarrhea, when food
converts from digestible watery milk to a less digestible solid
(Adams et al., 2019; Kiers et al., 2003). Growing evidences from
animal and humans supported that the complex and dynamic mi-
crobial community played a key role in host health (Marchesi et al.,
2016; Sommer et al., 2017; Valdes et al., 2018). Previous studies
have demonstrated that pathogens infection induced host acute
intestinal diseases associated with microbial dysbiosis (Giallourou
et al., 2018; Minamoto et al., 2014). Campylobacter species like
C. jejuni and C. concisus, Gram-negative bacteria, are the most
frequently isolated bacteria in piglets and children under 5 years
with diarrhea (de Vries et al., 2017; Rosner et al., 2017), and PCV2-
induced diarrhea is popular in piglet industry worldwide (Bar�o
et al., 2015). In this study, Campylobacter (increased from 2.3% to
24.1%) was observed to predominate in the colon of piglets in the PB
group, suggesting that Campylobacter infection was responsible for
piglet diarrhea. Besides, the proportion of Enterobacteriaceae was
also observed to increase in the colon together with a significant
reduction in Lactobacillus, consistent with those finding in the
previous studies (Hermann-Bank et al., 2015; Yang et al., 2017b).
However, in the present study, our results suggested that PCV2
infection did not cause a remarkably change in the composition of
microbial community compared with that in heathy piglets,
consistent with the study in piglets inoculated with PCV2 (van
Sambeek et al., 2016). Fecal-oral and oral-nasal were confirmed to
be the most efficient infectious routes of pathogens, including
Campylobacter and PCV2, due to the simultaneous exposure of
susceptible early-weaning piglets to contaminated respiratory,
digestive, and urinary secretions (Nathues et al., 2013; Patterson
et al., 2011; Sinha et al., 2011). Accordingly, fecal-oral route may
be one way of the transmission of Campylobacter and PCV2 infec-
tion in early-weaning piglets farming in this study.

Microbial community, a complicated ecology system, can from a
complex ecological network through interspecies interactions and
maintains its dynamic balance by this network in host gut (Coyte
et al., 2015). Within an ecological network, microbial interactions
may occur because they perform similar or complementary func-
tions or share environmental conditions (Zhou et al., 2011). In the
present study, microbial cooperation dominated in the colon,
which is an important place for microbial fermentation, and
cooperative interaction of microbes could promote the fermenta-
tion metabolism of plant-derived polysaccharides, consistent with
the study on grass carp (Yang et al., 2019). However, mass prolif-
eration of Campylobacter inhibited many other bacterial species,
and this is why the percentage of other taxa decreased in the colon
of piglets infected with Campylobacter. Consistent with our results,
Campylobacter species was observed to be the predominant bac-
terial agent in diarrheal patients infected with Campylobacter (Chi
et al., 2018; de Wit et al., 2001).

In network, peripherals may represent specialists whereas
connectors and module hubs may be related to generalists and
network hubs as super-generalists based on ecological viewpoint
(Olesen et al., 2007). Various species performed their character-
istic roles in the micro-ecology system, in which the keystone
strains served as connectors or module hubs and contributed to
maintaining the stability of network (Kaiser-Bunbury et al., 2010;
Ramos-Jiliberto et al., 2012). Thus, the entire network would be
fragmented if the key species like generalists disappear. In the
present study, a remarkable reduction in the total number of
generalists was observed in ecological network of diarrheic pig-
lets. Accordingly, our results suggested that the infection of PCV2



Table 2
Topological roles of colonic microbiota.

Groups1 Topological roles OTU Module number SpeciesPhylogenetic associations

Control Module hub OTU32050 C6 c__Bacteroidia; o__Bacteroidales; f__Prevotellaceae; g__Prevotella; s__
Module hub OTU24026 C7 c__Bacteroidia; o__Bacteroidales; f__Prevotellaceae; g__Prevotella; s__
Module hub OTU23910 C1 c__Bacteroidia; o__Bacteroidales; f__Prevotellaceae; g__Prevotella; s__
Module hub OTU26246 C6 c__Bacteroidia; o__Bacteroidales; f__Prevotellaceae; g__Prevotella; s__
Module hub OTU4283 C3 c__Bacteroidia; o__Bacteroidales; f__Prevotellaceae; g__Prevotella; s__copri
Module hub OTU24053 C7 c__Bacteroidia; o__Bacteroidales; f__S24-7; g__; s__
Module hub OTU4421 C1 c__Bacteroidia; o__Bacteroidales; f__S24-7; g__; s__
Module hub OTU26054 C1 c__Bacteroidia; o__Bacteroidales; f__S24-7; g__; s__
Module hub OTU23764 C7 c__Bacteroidia; o__Bacteroidales; f__S24-7; g__; s__
Module hub OTU30540 C7 c__Bacteroidia; o__Bacteroidales; f__S24-7; g__; s__
Module hub OTU13831 C5 c__Bacilli; o__Bacillales; f__Bacillaceae; g__Bacillus; s__cereus
Module hub OTU39348 C5 c__Bacilli; o__Lactobacillales; f__Streptococcaceae; g__Lactococcus; s__
Module hub OTU795 C1 c__Clostridia; o__Clostridiales; f__; g__; s__
Module hub OTU12118 C4 c__Clostridia; o__Clostridiales; f__Clostridiaceae; g__; s__
Module hub OTU24509 C4 c__Clostridia; o__Clostridiales; f__Clostridiaceae; g__Clostridium; s__
Module hub OTU27959 C8 c__Clostridia; o__Clostridiales; f__Lachnospiraceae
Module hub OTU26235 C4 c__Clostridia; o__Clostridiales; f__Lachnospiraceae; g__; s__
Module hub OTU9606 C2 c__Clostridia; o__Clostridiales; f__Lachnospiraceae; g__; s__
Module hub OTU2044 C3 c__Clostridia; o__Clostridiales; f__Lachnospiraceae; g__; s__
Module hub OTU32308 C1 c__Clostridia; o__Clostridiales; f__Lachnospiraceae; g__Coprococcus; s__
Module hub OTU6466 C2 c__Clostridia; o__Clostridiales; f__Ruminococcaceae; g__; s__
Module hub OTU15446 C2 c__Clostridia; o__Clostridiales; f__Ruminococcaceae; g__; s__
Module hub OTU34926 C1 c__Clostridia; o__Clostridiales; f__Ruminococcaceae; g__; s__
Module hub OTU33464 C13 c__Clostridia; o__Clostridiales; f__Ruminococcaceae; g__; s__
Module hub OTU27901 C1 c__Clostridia; o__Clostridiales; f__Ruminococcaceae; g__; s__
Module hub OTU23766 C9 c__Clostridia; o__Clostridiales; f__Ruminococcaceae; g__Oscillospira; s__
Module hub OTU25632 C1 c__Clostridia; o__Clostridiales; f__Ruminococcaceae; g__Oscillospira; s__
Module hub OTU24620 C1 c__Clostridia; o__Clostridiales; f__Ruminococcaceae; g__Oscillospira; s__
Module hub OTU6745 C2 c__Clostridia; o__Clostridiales; f__Ruminococcaceae; g__Ruminococcus; s__
Connector OTU23082 C9 c__Clostridia; o__Clostridiales; f__Ruminococcaceae; g__Oscillospira; s__
Connector OTU4140 C6 c__Clostridia; o__Clostridiales; f__; g__; s__
Connector OTU18686 C2 c__Clostridia; o__Clostridiales; f__Lachnospiraceae; g__Coprococcus; s__
Connector OTU6252 C7 c__Bacteroidia; o__Bacteroidales; f__S24-7; g__; s__

VI Module hub OTU899 V14 c__Bacteroidia; o__Bacteroidales; f__Prevotellaceae; g__Prevotella; s__
Module hub OTU15904 V1 c__Bacteroidia; o__Bacteroidales; f__Prevotellaceae; g__Prevotella; s__
Module hub OTU34296 V4 c__Bacteroidia; o__Bacteroidales; f__Prevotellaceae; g__Prevotella; s__copri
Module hub OTU6252 V1 c__Bacteroidia; o__Bacteroidales; f__S24-7; g__; s__
Module hub OTU11210 V4 c__Bacteroidia; o__Bacteroidales; f__S24-7; g__; s__
Module hub OTU38933 V2 c__Clostridia; o__Clostridiales; f__Lachnospiraceae; g__; s__
Module hub OTU20799 V2 c__Clostridia; o__Clostridiales; f__Lachnospiraceae; g__; s__
Module hub OTU25353 V1 c__Clostridia; o__Clostridiales; f__Lachnospiraceae; g__Lachnospira; s__
Module hub OTU30446 V4 c__Clostridia; o__Clostridiales; f__Ruminococcaceae; g__; s__
Module hub OTU31253 V12 c__Clostridia; o__Clostridiales; f__Ruminococcaceae; g__Faecalibacterium; s__prausnitzii
Module hub OTU4632 V5 c__Clostridia; o__Clostridiales; f__Ruminococcaceae; g__Oscillospira; s__
Module hub OTU28229 V6 c__Clostridia; o__Clostridiales; f__Veillonellaceae; g__Mitsuokella
Connector OTU26279 V8 c__Clostridia; o__Clostridiales; f__Ruminococcaceae; g__Oscillospira; s__
Connector OTU1722 V3 c__Clostridia; o__Clostridiales; f__; g__; s__

PB Module hub OTU28900 P9 c__Actinobacteria; o__Bifidobacteriales; f__Bifidobacteriaceae; g__Bifidobacterium; s__
Module hub OTU7457 P5 c__Bacteroidia; o__Bacteroidales; f__Prevotellaceae; g__Prevotella; s__
Module hub OTU20810 P5 c__Bacteroidia; o__Bacteroidales; f__Bacteroidaceae; g__Bacteroides; s__fragilis
Module hub OTU30683 P3 c__Bacteroidia; o__Bacteroidales; f__Prevotellaceae; g__Prevotella; s__
Module hub OTU17670 P3 c__Bacteroidia; o__Bacteroidales; f__Prevotellaceae; g__Prevotella; s__
Module hub OTU26626 P3 c__Bacteroidia; o__Bacteroidales; f__Prevotellaceae; g__Prevotella; s__copri
Module hub OTU6252 P1 c__Bacteroidia; o__Bacteroidales; f__S24-7; g__; s__
Module hub OTU34520 P10 c__Bacilli; o__Lactobacillales; f__Enterococcaceae; g__Enterococcus; s__cecorum
Module hub OTU28884 P2 c__Clostridia; o__Clostridiales; f__Lachnospiraceae; g__; s__
Module hub OTU15258 P1 c__Clostridia; o__Clostridiales; f__Ruminococcaceae; g__; s__
Module hub OTU14922 P1 c__Clostridia; o__Clostridiales; f__Ruminococcaceae; g__; s__
Module hub OTU38258 P1 c__Clostridia; o__Clostridiales; f__Ruminococcaceae; g__; s__
Module hub OTU30678 P1 c__Clostridia; o__Clostridiales; f__Veillonellaceae; g__Phascolarctobacterium; s__
Module hub OTU5386 P1 c__Betaproteobacteria; o__Burkholderiales; f__Comamonadaceae; g__Comamonas; s__
Module hub OTU6849 P4 c__Epsilonproteobacteria; o__Campylobacterales; f__Campylobacteraceae; g__Campylobacter; s__
Module hub OTU14570 P1 c__Epsilonproteobacteria; o__Campylobacterales; f__Campylobacteraceae; g__Campylobacter; s__
Module hub OTU10968 P8 Unclassified
Connector OTU31745 P5 c__Coriobacteriia; o__Coriobacteriales; f__Coriobacteriaceae; g__; s__
Connector OTU14218 P5 c__Bacteroidia; o__Bacteroidales; f__Prevotellaceae; g__Prevotella; s__
Connector OTU8947 P7 c__Clostridia; o__Clostridiales; f__; g__; s__
Connector OTU5328 P3 c__Clostridia; o__Clostridiales; f__Clostridiaceae; g__; s__
Connector OTU21769 P4 c__Clostridia; o__Clostridiales; f__Ruminococcaceae; g__; s__
Connector OTU39111 P7 c__Clostridia; o__Clostridiales; f__Ruminococcaceae; g__; s__
Connector OTU11716 P3 c__Spirochaetes; o__Sphaerochaetales; f__Sphaerochaetaceae; g__Sphaerochaeta; s__

OTU ¼ operational taxonomic unit; c ¼ class; o ¼ order; f ¼ family; g ¼ genus; s ¼ species.
1 Control group, healthy piglets; VI group, piglets infected with porcine circovirus type 2; PB group, piglets infected with Campylobacter.
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Fig. 5. Significant changes in bacterial Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways using the response ratio method at a 95% confidence interval (CI). (A) Control vs.
VI; (B) control vs. PB; (C) VI vs. PB. Control group, healthy piglets; VI group, piglets infected with porcine circovirus type 2; PB group, piglets infected with Campylobacter.
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and Campylobacter notably reduced the number of generalists,
caused the deterioration of the entire network, and finally led to
the dysbiosis of colonic microbiota. Evidence from a recent study
has suggested that ulcerative colitis in human exhibited a bio-
logically relevant dysbiosis of microbial community (Chen et al.,
2017). Furthermore, 2 OTU from Campylobacter performed as
module hubs in the network of piglets infected with Campylo-
bacter, and this again confirmed the key role of Campylobacter in
inducing diarrhea.

The colon is one important place that microbes ferment the
non-digestible carbohydrate (Gratz et al., 2019; Flint et al., 2012). It
is well known that microbial fermentation could increase the effi-
ciency of nutrient nutrition for host, nevertheless microbial dys-
biosis could cause its metabolic dysfunction (Bouter et al., 2017;
Haro et al., 2017). As shown here, the carbohydrate metabolism of
colonic microbiome significantly decreased in piglets infected with
Campylobacter due to a mass reduction in relative abundance of
bacteria species from Bacteroidia and Clostridia, both of which
were the main bacteria species fertilizing the non-digestible
Table 3
Short chain fatty acid metabolites and pH in colon of piglets (n ¼ 5).

Groups1 Acetic acid, mmol/L Propionic acid, mmol/L

Control 4.58 ± 0.29b 1.46 ± 0.12b

VI 3.81 ± 0.50b 1.47 ± 0.22b

PB 1.07 ± 0.17a 0.32 ± 0.10a

a, b, c Values with different superscripts, within the same column, are significantly differ
1 Control group, healthy piglets; VI group, piglets infected with porcine circovirus typ
carbohydrate. This result was confirmed by the reduction of SCFA,
the main metabolites of intestinal microbiome, which could pro-
mote barrier function and maintain a healthy and slightly acidic
environment in the colon (Akira et al., 2003). The reduction of SCFA
led to a significantly higher pH in the colon cavity of piglets infected
with Campylobacter in this study. Furthermore, the highest pH was
found in the colon cavity of piglet infected with PCV2, indicating
that its microbial metabolism function also significantly differed
from that in the healthy individuals. Nevertheless, compared to the
healthy piglets, no significant difference in predicted function of
colonic microbiota was observed in piglets infected with PCV2
because the microbial function prediction based on its microbial
compositions, which was similar with that in healthy piglets.
However, the fermentation process depends on a consortium of the
microbiota, which is interdependent with respect to the efficiency
of fermentation (Dearing and Kohl, 2017). Therefore, in the case of
the microbial dysbiosis, the disturbances in speciesespecies in-
teractions resulted in metabolic dysfunction of colonic microbiome
in diarrheic piglets in this study.
Butyric acid, mmol/L Valeric acid, mmol/L pH

0.48 ± 0.04b 0.09 ± 0.01a 6.11 ± 0.12a

0.37 ± 0.10b 0.21 ± 0.05b 6.60 ± 0.14b

0.14 ± 0.03a 0.05 ± 0.01a 7.01 ± 0.10c

ent at P < 0.05.
e 2; PB group, piglets infected with Campylobacter.



Fig. 6. Relative expression of inflammation-related (A) and tight junction protein genes (B) in colon tissue. IFN-g ¼ interferon-g; TNF-a ¼ tumor necrosis factor-a; IL-
6 ¼ interleukin-6; ZO-1 ¼ Zonula occludens protein-1; JAM1 ¼ junctional adhesion molecule-1. Control group, healthy piglets; VI group, piglets infected with porcine circovirus type
2; PB group, piglets infected with Campylobacter. *, P < 0.05; **, P < 0.01.
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Except for nutrient absorption, intestinal epithelial cells also
form an effective barrier against pathogen invasion. However, mi-
crobial dysbiosis could disturb the protective capacity of the in-
testinal barrier, concurrent with an increase in risk of pathogen
invasion (Leclercq et al., 2014; Spiljar et al., 2017). Here, PCV2
infection did induce the inflammation of colon accompanied by a
significant increase in colonic permeability in terms of reduction of
Claudin-1, Occludin, and ZO-1, consistent with the previous studies
on piglets (Kim et al., 2004; Meng, 2013). Similarly, Campylobacter
infection significantly increased intestinal permeability by affecting
the tight junctions, in accordance with previous findings in mouse
and humans (Liu et al., 2018; Mortensen et al., 2016). And thus, the
increase in intestinal permeability in turn would further aggravate
the invasion of PCV2 and Campylobacter, and then led to the diar-
rhea in piglets.

5. Conclusion

Our results suggested that the infection of PCV2 and Campylo-
bacter would induce the microbial dysbiosis in the colon of piglets
by disturbing the interspecific interaction and reducing the number
of generalists within the ecological network, rather than funda-
mentally changing its composition. In particular, Campylobacter
predominated in the colon and served as module hubs in the
network. The microbial dysbiosis caused the metabolic dysfunc-
tion, together with dysfunction of colonic barrier. Therefore, these
findings indicated that the infection of PCV2 and Campylobacter
disturbed colonic microbiota homeostasis and function of colonic
barrier, both of which contributed to intestinal disorders and led to
the diarrhea of piglets.
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