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The effect of infection of pigs with Ascaris suum on the microbial composition in the proximal colon and
fecal matter was investigated using 16S rRNA gene sequencing. The infection significantly decreased var-
ious microbial diversity indices including Chao1 richness, but the effect on Chao1 in the colon luminal
contents was worm burden-independent. The abundance of 49 genera present in colon contents, such
as Prevotella and Faecalibacterium, and 179 operational taxonomic units was significantly changed as a
result of infection. Notably, infection was also associated with a significant shift in the metabolic poten-
tial of the proximal colon microbiome, where the relative abundance of at least 30 metabolic pathways
including carbohydrate metabolism and amino acid metabolism was reduced, while the abundance of 28
pathways was increased by infection. Furthermore, the microbial co-occurrence network in infected pigs
was highly modular. Two of 52 modules or subnetworks were negatively correlated with fecal butyrate
concentrations (r < �0.7; P < 0.05) while one module with 18 members was negatively correlated with
fecal acetate, propionate and total short-chain fatty acids. A partial Mantel test identified a strong posi-
tive correlation between node connectivity of the operational taxonomic units assigned to b-
Proteobacteria (especially the family Alcaligenaceae) and fecal acetate and propionate levels (r = 0.82
and 0.74, respectively), while that of the family Porphyromonadaceae was positively correlated with fecal
egg counts. Overall, Ascaris infection was associated with a profound change in the gut microbiome, espe-
cially in the proximity of the initial site of larval infection, and should facilitate our understanding of the
pathophysiological consequence of gastrointestinal nematode infections.

� 2019 Australian Society for Parasitology. Published by Elsevier Ltd. All rights reserved.
1. Introduction

Different species of Ascaris roundworms primarily infect
humans and pigs (Taylor et al., 2016). Ascaris lumbricoides is the
most common soil transmitted helminth infecting humans, espe-
cially children in developing countries (Pullan et al., 2014). The
public health impact of A. lumbricoides is estimated to be approxi-
mately 1.31 million daily adjusted life years (Pullan et al., 2014).
Ascaris suum is ubiquitous in swine where it causes important eco-
nomic losses, mostly due to reduced feed conversion and impaired
liver metabolism, and has also been reported to be zoonotic (Miller
et al., 2015). Recent evidence indicates that A. suum is closely
related to A. lumbricoides (Peng and Criscione, 2012), supporting
the use of A. suum as a model of A. lumbricoides infection in
humans.

Ascaris suum infection in pigs induces a typical Th2 immune
response characterized by increased expression of IL4, IL5, and
IL13 genes (Dawson et al., 2005) and eosinophilia (Masure et al.,
2013a). A strong immunity and/or resistance can be readily devel-
oped. For example, an expulsion mechanism termed self-cure can
cause the elimination of most of the L4s from the small intestine
between 14 and 21 days p.i. (Masure et al., 2013b). As a result,
most pigs harbor few or no worms and a small proportion of hosts
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harbor large numbers of worms. This overdispersion distribution
may have relevance in developing effective parasite control strate-
gies. It is well known that the host microbiome profoundly shapes
immunity (Hooper et al., 2012) and a minimal disruption in the
microbiota by parasite reinfection contributes to the restoration
of gastric function in animals which are partially immune to para-
sites (Li et al., 2011). The complex interactions among the host,
host gut microbiome and parasites have important functional
implications. For example, Trichuris muris-induced alterations in
the mouse gut microbiome control parasite numbers in the host
gut via inhibiting subsequent infections, representing a novel par-
asite survival mechanism (White et al., 2018). Furthermore, A.
suum worms release antimicrobial factors, which directly interfere
with bacterial growth and biofilm formation in the host, suggesting
that parasites play a direct role in shaping the microbiome (Midha
et al., 2018). Recent studies show that intestinal worms signifi-
cantly impact the general homeostasis of the host; and that the
interaction between worms and the intestinal microbiome alters
host immunity and inflammation. Other studies have shown that
intestinal helminths markedly change gut microbial composition
and related aspects of host metabolism (Walk et al., 2010;
Broadhurst et al., 2012; Li et al., 2012; Wu et al., 2012; Rausch
et al., 2013; Osborne et al., 2014). Moreover, it is documented that
the extent of host immunity to Ascaris is independent of the adult
worm counts (Urban et al., 1988). It would be intriguing to see if A.
suum-induced changes in the gut microbiome are worm burden-
independent. Partially driven by such curiosity, we attempted to
understand porcine proximal colon and fecal microbial communi-
ties in response to an A. suum experimental infection using 16S
rRNA gene sequencing and bioinformatic tools. We were specifi-
cally interested in identifying microbial co-occurrence patterns
and gut microbiome features that may be strongly correlated with
parasitological and physiological traits as potential targets for
future explorations in microbial ecology engineering.
2. Materials and methods

2.1. Animals and parasitology

Animal experiments were conducted as approved by the Ethical
Committee of the Faculty of Veterinary Medicine, Ghent Univer-
sity, Belgium (Protocol# EC2013/109), which strictly followed
The Institutional Animal Care and Use Committee (IACUC) guideli-
nes and European Animal Welfare Directives. Infection protocols
and sampling were the same as previously described (Zaiss et al.,
2015). Briefly, 20 Rattlerow Seghers hybrid piglets (10 weeks old)
with free access to food and water were inoculated with infective
A. suum eggs, and four other parasite-naïve piglets of the same
age were orally dosed with PBS and served as uninfected controls.
The 20 piglets in the infected group received three doses of 300
infective eggs on three consecutive days via oral inoculation. Para-
site eggs per gram of feces (EPG) were monitored every 2 days
from day 47 post inoculation (pi) onward. At 54 days pi, both
infected and uninfected pigs were sacrificed. Intestinal contents
were collected at �30 cm distal from the junction of the caecum
and proximal colon together with feces and snap frozen in liquid
nitrogen prior to storage at �80 �C until total DNA was extracted.
Short chain fatty acid (SCFA) data were measured previously in a
large study that included the animals used in this study (Zaiss
et al., 2015). The number of A. suum worms present in the small
intestine was counted visually. Of the 20 inoculated pigs, 10 were
selected for this study based on their worm burdens. These pigs
were divided into two groups, those with a relatively high worm
count (worm burden high, WBH; n = 5) and those with low or no
worm count (worm burden low, WBL; n = 5). The mean number
of worms recovered from WBL and WBH was 0.60 ± 0.89 and
128.40 ± 41.73, respectively (±S.D., P value = 1.32 � 10�4). Simi-
larly, EPG for WBL and WBH groups were 30.00 ± 44.72 and
2810.00 ± 2421.88, respectively (P = 3.33 � 10�2). No significant
changes in growth rate or feed intake between WBL and WBH
groups were detected.

2.2. 16S rRNA gene sequencing and sequence analysis

The 16S rRNA gene sequencing was performed as previously
described (Li et al., 2016). Total DNA was extracted from proximal
colon contents and fecal samples using a QIAamp DNA stool kit
(Qiagen, Valenica, CA, USA) with some modifications, including
the addition of a bead-beating step and increasing the lysis tem-
perature to 95 �C for 5 min. The V3-V4 regions of the bacterial
16S rRNA gene were amplified and sequenced using the primers
(forward primer_341/357F: CCTACGGGNGGCWGCAG, reverse pri-
mer_805/785R: GACTACHVGGGTATCTAATCC) on an Illumina
MiSeq sequencer (Li et al., 2016).

The sequence data were preprocessed using MiSeq Control Soft-
ware (MCS) v2.4.1. Raw sequences were first analyzed using
FastQC v. 0.11.2 (http://www.bioinformatics.babraham.ac.uk/pro-
jects/fastqc/) to check some basic statistics such as GC contents
and per base quality score distribution. Raw reads were then fil-
tered and primers were trimmed (Li et al., 2016; Liu et al., 2017).
The processed pair-end reads were then merged using PandaSeq
v2.8 (https://github.com/neufeld/pandaseq) to generate represen-
tative complete nucleotide sequences (contigs) using default
parameters. The overlapping regions of the paired-end read were
first aligned and scored, and reads with low score alignments
and high rates of mismatches (�3 mismatches) were discarded.
Retained quality sequences were analyzed using the Quantitative
Insights into Microbial Ecology pipeline (QIIME v1.9.1, http://qi-
ime.org/), as previously described (Li et al., 2016; Liu et al.,
2017). An ‘‘open reference” protocol in the QIIME pipeline was
used for operational taxonomic unit (OTU) picking. The default
QIIME parameters were used, except that the quality filtering
based on the OTU abundance threshold was lowered to 0.0001%.
The GreenGene database (v13.8) was used for taxonomic assign-
ment (greengenes.lbl.gov). PyNAST (v1.2.2, https://github.com/bio-
core/pynast) was used for sequence alignment. OTU relative
abundance values were then analyzed using the linear discrimi-
nant analysis (LDA) effect size algorithm (LEfSe) (Segata et al.,
2011) to identify taxa and Kyoto Encyclopedia of Genes and Gen-
omes (KEGG) gene families and pathways that display significant
differences between two biological conditions. Furthermore, Phy-
logenetic Investigation of Communities by Reconstruction of Unob-
served States (PICRUSt v1.0.0, http://picrust.github.io/picrust/))
was used with default parameters to predict gene contents and
metagenomic functional information based on the OTU table gen-
erated using the open reference protocol in QIIME. Briefly, the OTU
table was first normalized by dividing each OTU by the known/pre-
dicted 16S copy number by using the PICRUSt work flow: normal-
ize_by_copy_number.py. The gene contents or the abundance of
KEGG Orthology (KO) were predicted from the normalized OTU
table using the work flow: predict_metagenomes.py. The predicted
metagenomic function was further analyzed by collapsing thou-
sands of KEGG orthologs into higher functional categories (path-
ways) (categorize_by_function.py). In addition, specific OTU
contribution to a given function or pathway was identified by
using the work flow: metagenome_contributions.py, as described
previously (Li et al., 2016; Liu et al., 2017). Approximately 570,
693 ± 304, 089 (mean ± S.D.) raw sequence reads per sample were
generated for this study (n = 28). Raw 16S sequences were depos-
ited in the NCBI Sequence Read Archive (SRA accession no.
SRP127199).
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2.3. Network construction and visualization

The global microbial co-occurrence network was constructed
for the proximal colon microbial community of the infected pigs
using a Random-Matrix theory (RMT) based pipeline (http://ieg4.
rccc.ou.edu/mena/) (Deng et al., 2012; Zhou et al., 2011). The OTUs
detected in �50% of all samples were excluded due to a drastic
effect of OTU sparsity on the precision and sensitivity of network
inference (Weiss et al., 2016). A similarity matrix, which measures
the degree of concordance between the abundance profiles of indi-
vidual OTUs across different samples (Zhou et al., 2011), was then
obtained by using Pearson correlation analysis of the abundance
data. A threshold cut-off value (0.88) was automatically deter-
mined by calculating the transition from the Gaussian orthogonal
ensemble to the Poisson distribution of the nearest-neighbor spac-
ing distribution of eigenvalues in the pipeline and then applied to
generate an adjacent matrix for network inference (Deng et al.,
2012). The fast-greedy modularity optimization procedure was
used for module separation. The within-module degree (Z) and
among-module connectivity (P) values were then calculated and
plotted to generate a scatter plot for the network to gain insights
into the topological roles of individual nodes in the network
according to the Olesen classification (Olesen et al., 2011). A Man-
tel test was performed to measure the relationship of the network
topology and physiological traits by calculating OTU significance
and node connectivity (Zhou et al., 2011). The network structure
was visualized using Cytoscape v3.6.1 (https://cytoscape.org/)

3. Results

3.1. Ascaris infection was associated with a significant reduction in gut
microbial diversity

Rarefaction curve analysis suggested that the sequencing depth
in this study was adequate (Supplementary materials; doi: 10.
17632/zwr6x3f4vy.2). Common a microbial diversity indices such
as Chao1, Phylogenetic Diversity (PD whole tree), Shannon, and
Simpson as well as Pielou’s evenness, were evaluated (Table 1).
Our results suggested that A. suum induced a significant decrease
in various microbial diversity indices, especially in the luminal con-
tents of the proximal colon. For example, Shannon (mean ± S.D.
= 5.96 ± 0.28 for controls, 5.06 ± 0.18 for infected pigs) and Simpson
indices were significantly reduced in the proximal colon contents
by infection (P < 0.05). Similarly, the Chao1 index was decreased
from 1158.00 ± 88.13 (mean ± S.D.) in the control uninfected pigs
to 791.40 ± 66.00 in the infected pigs (P < 0.05). Moreover, the
reduction in Chao1 was independent of worm burden. Compared
with the control group, Chao1 was significantly decreased in the
WBH and WBL groups (Table 1). b-diversity indices were also sig-
nificantly impacted by infection (data not shown).

3.2. Ascaris infection was linked to a significant change in microbial
composition of the porcine gut microbiome

The difference in relative abundances of various taxa between
the uninfected control and infected pigs as well as between WBL
Table 1
Gut microbial diversity indices affected by Ascaris suum infection in pigs.

Index Control WBL WBH

PD whole tree 40.54 ± 1.92 34.03 ± 1.87a 34.08 ± 4.48
Chao1 1158.00 ± 88.13 802.0 ± 69.77a 780.80 ± 121.20a

Shannon 5.96 ± 0.28 5.06 ± 0.19a 5.06 ± 0.33
Simpson 0.94 ± 0.01 0.91 ± 0.01a 0.91 ± 0.01
Pielou’s evenness 0.55 ± 0.02 0.47 ± 0.01a 0.51 ± 0.02

WBL, worm burden low; WBH, worm burden high; PD, phylogenetic diversity.
a P < 0.05 based on an unadjusted t test.
and WBH segregated groups was analyzed using LEfSe (Segata
et al., 2011). The infection was associated with a significantly
greater change in the composition of the proximal colon microbial
community (Fig. 1A) than the fecal microbial community at various
taxonomic levels (Fig. 1B) compared with uninfected controls.
Among the 16 phyla identified from the dataset, the abundances
of two phyla, Spirochaetes and Planctomycetes, were significantly
reduced compared with the uninfected controls (P < 0.05; Supple-
mentary materials doi: 10.17632/zwr6x3f4vy.2). Of note, the
abundance of the phylum Verrucomicrobia was significantly
reduced only in the WBH group, while that of Spirochaetes was
reduced only in the WBL group.

Approximately 49 detected genera were associated with infec-
tion in the proximal colon. The abundance of 12 genera was signif-
icantly altered in both the WBL and WBH groups. Among them, the
abundance of four genera was significantly increased as a result of
infection. For example, the abundance of Megasphaera was signifi-
cantly increased regardless of worm burden (Fig. 2A–C) while the
abundance of Bacillus was repressed in both WBL and WBH groups
(LDA > 2.0; Supplementary Materials (doi:10.17632/zwr6x3f4vy.
2)). At least six genera had significant changes in the abundance
only in the WBH group compared with uninfected controls. For
example, Catenibacterium, Faecalibacterium (Fig. 2B) and Lactobacil-
lus had a significantly increased abundance while abundance of
Phascolarctobacterium decreased. Among 14 genera significantly
changed by infection in the WBL group only (Supplementary Mate-
rials (doi:10.17632/zwr6x3f4vy.2)), 11 had a significantly higher
abundance in uninfected controls while three had a significantly
higher abundance in the WBL group. For example, the infection-
induced increase in the relative abundance of Prevotella (Fig. 2D),
the most abundant genus, and Megamonas, was evident only in
the WBL group. Notably, Acidaminococcus was the only genus with
its abundance significantly increased regardless of the worm bur-
den or sampling site (both in the proximal colon and fecal micro-
bial communities) compared with uninfected controls (Fig. 2A;
Supplementary Materials (doi:10.17632/zwr6x3f4vy.2)).

The relative abundance of 179 OTUs was significantly changed
in the infected groups (LDA > 2.0) with 125 OTUs repressed and
54 OTUs elevated. For example, the abundance of 25 of the 29 OTUs
assigned to the family Ruminococcaceaewas significantly repressed
by infection. In contrast, the majority of the 11 OTUs assigned to
the family Veillonellaceae were significantly increased. The change
in abundance of OTUs assigned to the genus Prevotella was some-
what bidirectional; 21 OTUs were significantly repressed while
22 OTUs increased. In addition, the abundance of an OTU (Green-
Gene ID# 529940) belonging to Faecalibacterium prausnitzii was
elevated 4.3 fold by infection (Table 2). The relative abundance of
69 of the 179 OTUs was significantly changed regardless of the
worm burden (Table 2). However, the abundance of 32 OTUs was
significantly changed only in the WBH group (Supplementary
Materials (doi:10.17632/zwr6x3f4vy.2)). For example, the abun-
dance of an OTU (GreenGeneID #332919) assigned to Lactobacillus
agilis was significantly increased only in the WBH group. Of note,
an OTU (GreenGene_ID #86812) assigned to the genus Campy-
lobacter was significantly increased by infection in both the proxi-
mal colon and fecal microbial communities, especially in the WBH
group (Fig. 3).

3.3. Ascaris suum affected the metabolic potential of the porcine colon
microbial community

The PICRUSt algorithmwas used to assess the metabolite poten-
tial of gut microbial communities. The mean number of KEGG gene
families predicted was 4423.36 ± 370.96 in the colon and
4823.79 ± 161.05 in feces. The five most abundant KEGGs in the
proximal colon luminal contents of control pigs were RNA
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Fig. 1. Graphical representation of the taxa significantly impacted by infection of pigs with Ascaris suum. (A) The proximal colon microbiome. (B) The fecal microbial
community.
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polymerase sigma-70 factor, the extracytoplasmic function (ECF)
subfamily (K03088, abundance = 0.71%), iron complex outer mem-
brane receptor protein (K02014, 0.52%), phosphoribosyl aminoim-
idazole carboxamide formyl transferase/inosine monophosphate
(IMP) cyclohydrolase (K00602, 0.38%), penicillin-binding protein
1A (K05366, 0.38%), and outer membrane protein (K06142,
0.37%). The relative abundances of approximately 118 KEGGs iden-
tified were significantly altered as a result of infection, either in the
WBL or the WBH group (LDA > 2.0). For example, the hits assigned
to RNA polymerase sigma-70 factor, ECF subfamily (K03088)



Fig. 2. Select genera significantly impacted by Ascaris suum in the porcine proximal colon microbial community. (A) Acidaminococcus; (B) Faecalibacterium; (C) Megasphaera;
(D) Prevotella. CT, control uninfected pigs; WBL, the infected pigs with low worm burdens; WBH, the infected pigs with high worm burdens. The error bars represent S.D.

Table 2
Select operational taxonomic units in the porcine colon microbiome significantly impacted by infection regardless of worm burden. The number denotes relative abundance
(mean ± S.D.).

OTU ID Control WBL WBH LDA score Annotation (phylum/taxon)

547854 4.73 ± 1.11b 1.59 ± 0.81 1.13 ± 0.96 4.22 Bacteroidetes/Prevotella
353459 2.47 ± 1.25b 0.64 ± 0.51 0.54 ± 0.67 3.96 Bacteroidetes/Prevotella
856235 2.23 ± 0.50b 0.51 ± 0.53 0.26 ± 0.28 3.95 Bacteroidetes/Prevotella
300853 1.63 ± 0.61b 0.32 ± 0.25 0.30 ± 0.33 3.81 Bacteroidetes/CF231
343443 1.51 ± 0.99a 0.25 ± 0.41 0.16 ± 0.33 3.81 Bacteroidetes/Prevotella
1033345 1.09 ± 1.10b 0.01 ± 0.01 0.01 ± 0.02 3.72 Bacteroidetes/ [Prevotella]
28970 0.83 ± 0.91b 0.05 ± 0.05 0.04 ± 0.04 3.63 Bacteroidetes/Prevotella
509621 0.49 ± 0.15b 0.26 ± 0.04 0.20 ± 0.10 3.06 Bacteroidetes/Prevotella copri
605577 0.45 ± 0.05b 0.09 ± 0.07 0.09 ± 0.11 3.24 Firmicutes/Erysipelotrichaceae/p-75-a5
527874 0.43 ± 0.15b 0.97 ± 0.27 1.17 ± 0.50 3.53 Bacteroidetes/Prevotella copri
987581 0.40 ± 0.28a 0.06 ± 0.05 0.02 ± 0.04 3.25 Bacteroidetes/Prevotella
28974 0.40 ± 0.35b 0.01 ± 0.01 0.02 ± 0.02 3.30 Bacteroidetes/Parabacteroides
198502 0.31 ± 0.04b 0.53 ± 0.09 1.23 ± 1.18 3.42 Bacteroidetes/Prevotella copri
302909 0.24 ± 0.17b 0.01 ± 0.01 0.01 ± 0.01 3.05 Firmicutes/Lachnospiraceae
812596 0.21 ± 0.10b 0.04 ± 0.07 0.03 ± 0.04 2.93 Firmicutes/Anaerovibrio
272587 0.17 ± 0.23b 0.93 ± 0.20 1.18 ± 0.16 3.63 Firmicutes/Dialister
918187 0.16 ± 0.10b 0.01 ± 0.00 0.01 ± 0.01 2.87 Bacteroidetes/Parabacteroides
332831 0.15 ± 0.19b 0.00 ± 0.00 0.00 ± 0.00 2.85 Firmicutes/Ruminococcaceae
655793 0.13 ± 0.10b 0.02 ± 0.01 0.01 ± 0.01 2.81 Firmicutes/Ruminococcaceae/Oscillospira
196800 0.13 ± 0.18b 0.00 ± 0.00 0.01 ± 0.02 2.80 Bacteroidetes/Prevotella

a P < 0.05
b P < 0.01 (uninfected control versus infected animals). All OTUs had a significantly different abundance when comparing uninfected control to either worm burden low

(WBL) or worm burden high (WBH) groups (absolute log10 Linear Discriminant Analysis (LDA) score >2.0 and P < 0.05 based on the Kruskal–Wallis test).
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decreased from 0.71% in the control uninfected pigs to 0.64% in the
infected WBH pigs. The abundance of 14 KEGGs was significantly
changed by infection independent of worm burden. For example,
compared with uninfected controls, the abundances of b-
galactosidase (K01190), lactoylglutathione lyase (K01759), and
putative family 31 glucosidase (K01811) were significantly
decreased in both WBL and WBH groups, while the abundances
of aspartate ammonia-lyase (K01744), sucrose-6-phosphatase
(K07024) and serine/threonine protein kinase, bacterial (K08884)
were significantly increased regardless of worm burden. On the
other hand, phosphomethylpyrimidine kinase (K00941) and anaer-
obic C4-dicarboxylate transporter DcuA (K07791) were among the
KEGGs with a significantly increased abundance only in WBH and
WBL, respectively.
Approximately 58 KO pathways identified in the proximal colon
microbial community were associated with infection. As shown in
Table 3, infection may have a significant impact on a broad range of
biological functions such as amino acid metabolism and biosynthe-
sis, carbohydrate metabolism, DNA repair and recombination, and
fatty acid biosynthesis. Of the 58 pathways involved, eight were
significantly impacted by infection independent of worm burden
(Table 3). For example, compared with uninfected controls, the
number of hits assigned to the pathways named ‘‘Other ion-
coupled transporters” and ‘‘Thiamine metabolism” was signifi-
cantly increased, while the hits assigned to Energy metabolism
and Fructose and mannose metabolism were significantly reduced
in both WBL and WBH groups. However, the reduced number of
the hits assigned to Carbohydrate metabolism by infection was



Fig. 3. Normalized hit counts of an operational taxonomic unit assigned to the
genus Campylobacter. Y-axis values represent the normalized counts of sequence
hits positively assigned to the operational taxonomic unit (GreenGene ID #86812)
that belongs to Campylobacter (per 10,000 total assigned hits). CT, control
uninfected pigs; WBL, the infected pigs with low worm burdens; WBH, the infected
pigs with high worm burdens. The error bars represent S.D.
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observed only in the WBH group. Moreover, the number of hits
assigned to two pathways related to Carbohydrate metabolism,
Fructose and mannose metabolism and Starch and sucrose meta-
bolism, were significantly reduced in microbial communities from
both the proximal colon and feces.
3.4. Microbial co-occurrence network and keystone species identified
in the microbial community in the proximal colon of infected pigs

The global microbial co-occurrence network obtained the RMT-
based molecular ecological network analysis (MENA) pipeline from
the infected samples included 535 nodes and 910 links (Fig. 4). The
network consisted of 53 subnetworks or modules with a high mod-
ularity value = 0.735, significantly higher than those of 100 random
networks. The mean number of nodes per module was 10.1 with
the largest modules containing 79 members. Individual modules
differed in the number of nodes (size) and shape (connections).
Greater than 76.6% of all nodes (OTUs) were included in the top
12 modules. However, more than half of all modules, 33 in total,
contained only two to four members which were generally isolated
with no links to the remaining network.

The majority of the nodes (>95%) in the network were peripher-
als according to the Olesen classification, with low Z and low P val-
ues (Fig. 5). Among those, approximately 80% of all nodes had no
links outside of their own modules (P = 0). A total of 15 nodes
may act as module hubs in the network and were highly connected
and tended to link to other nodes within their own module (a high
Z > 2.5 and a low P � 0.62). These nodes were likely important to
the stable co-occurrence of other microbial taxa within their own
modules and may support the establishment and growth of other
microbes within the module. For example, two OTUs (GreenGene
ID #43305 and #520643) from the family Lachnospiraceae were
sole module hubs for Modules# 6 and 7, respectively. One OTU
Table 3
Altered abundance of eight Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway
regardless of the worm status. The P value was calculated based on the Kruskal–Wallis test.
analysis effect size algorithm. The number denotes the normalized counts of hits positive

Pathway Control Worm burden

Energy metabolism 1.15 ± 0.02 1.11 ± 0.02
Fructose and mannose metabolism 0.92 ± 0.01 0.89 ± 0.01
Histidine metabolism 0.53 ± 0.06 0.44 ± 0.04
Phenylalanine metabolism 0.19 ± 0.02 0.16 ± 0.01
Aminoacyl-tRNA biosynthesis 1.38 ± 0.03 1.42 ± 0.01
Other ion-coupled transporters 1.32 ± 0.01 1.36 ± 0.01
Restriction enzyme 0.22 ± 0.01 0.24 ± 0.01
Thiamine metabolism 0.42 ± 0.01 0.45 ± 0.01
(GreenGene ID #347875), assigned to Prevotella copri, was one of
the four module hubs in Module #1. Module #2, the largest mod-
ule with a total of 79 members, also had three module hubs, all
from the phylum Bacteroidetes. Nine OTUs had low Z (�2.5) and
high P (>0.62) values from the scatter plot (Fig. 5). These OTUs
linked several modules together and acted as connector species.
For example, an OTU that belongs to Lachnospiraceae (GreenGene
ID #205148) and a novel OTU assigned to Ruminococcaceae, both
from the class Clostridia, may act as connectors. The two OTUs
(GreenGene ID #370183 and #578240) from the genera Blautia
and Treponema, respectively, also acted as connectors. Both module
hubs and connectors likely functioned as habitat generalists,
microorganisms with broad environmental tolerances or those
able to metabolize a large diversity of substrates, in the microbial
community, unlike peripherals which were generally specialists
(i.e., those with restricted habitat ranges). No super generalists or
network hubs, i.e., the nodes with high values for both Z (>2.5)
and P (>0.62), were identified in the infection network in this
study.

3.5. The correlations between modules and traits

The correlation analyses between module-based eigengenes
and several biochemical measurements were conducted to under-
stand the response of individual modules to infection and subse-
quent physiological changes. In the proximal colon microbial
community of the infected pigs, at least six modules were signifi-
cantly correlated with SCFA or one of their three major compo-
nents, acetate, propionate, and butyrate. Module #5 with 45
members negatively correlated with fecal acetate as well as SCFA
levels, while Module #15 was negatively correlated with fecal pro-
pionate and SCFA levels (P < 0.05). Module #11 had a strong corre-
lation with both acetate and propionate as well as SCFA levels
(r = �0.75; P = 0.01). On the other hand, both Modules #7 and
#10 were strongly correlated with fecal butyrate concentrations
(P < 0.05). The phylum Firmicutes was a predominant feature in
Module #10. Among 20 members in this module, 18 were assigned
to the class Clostridia in the phylum Firmicutes, while nine of the
18 members belong to the family Ruminococcaceae. In another
module that was strongly correlated with butyrate levels (Module
#7), Firmicutes, especially the class Clostridia, also played an
important role. Among the OTUs acting as generalists, two of them
were assigned to the family Lachnospiraceae in the class Clostridia.
However, no modules displayed a significant correlation with the
parasitological parameters of EPG and worm burden.

The relationships between network topology and physiological
and parasitological traits were also assessed by calculating the cor-
relation between the OTU significance (GS), r2 (the square of Pear-
son correlation coefficient) of OTU abundance profiles with traits,
and node connectivity. In infected pigs, the node connectivity of
the OTUs assigned to the phylum Tenericutes and the class Molli-
cutes was significantly (P < 0.05) correlated with GS of the EPG
s associated with Ascaris suum infection in the porcine proximal colon microbiome
The log10 Linear discriminant analysis score was derived from the Linear discriminant
ly assigned to a given pathway (mean ± S.D.).

low Worm burden high LDA score P value

1.08 ± 0.01 2.4700 0.0072
0.88 ± 0.01 2.1346 0.0047
0.42 ± 0.05 2.7229 0.0109
0.15 ± 0.01 2.2202 0.0072
1.43 ± 0.02 2.4591 0.0109
1.38 ± 0.01 2.2515 0.0047
0.25 ± 0.01 2.1278 0.0072
0.46 ± 0.00 2.0924 0.0072



Fig. 4. Visualization of a partial microbial co-occurrence network identified using the fast greedy modularity optimization method in the pigs with Ascaris suum. Select
modules with correlative traits are shown. Nodes represent an operational taxonomic unit Edge (links) with solid lines represent positive connections. Dashed lines represent
negative connections. The colors of nodes indicate the phylum to which the operational taxonomic units belong.

Fig. 5. The scatter plot showing the distribution of operational taxonomic units based on their topological roles in the network in pigs infected with Ascaris suum. Each dot
represents an operational taxonomic unit. Z, within-module connectivity; P, among-module connectivity. The symbols of selected OTUs after the OTU _ID# denote the
phylum to which the OTU was assigned.
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value (r = 0.31 and 0.29, respectively) (Table 4). At the phylum
levels, the node connectivity of the OTUs assigned to Bacteroidetes
and Verrucomicrobia had a significant but marginal correlation
with fecal propionate concentrations (r = 0.16 and 0.50, respec-
tively; P < 0.05). Moreover, the node connectivity of the OTUs in
the class b-proteobacteria (especially the order Burkholderiales
and the family Alcaligenaceae) was strongly correlated with fecal
acetate, propionate, and total SCFA levels (r > 0.75; P < 0.05). No
correlation was detected for worm burden and butyrate in the
study.



Table 4
A partial Mantel test identified strong correlations of select trait operational
taxonomic units (OTU) significance (GS) values and node connectivity of the OTUs
assigned to certain taxa in the proximal colon microbial community of Ascaris suum-
infected pigs. GS is defined as the square of Pearson correlation coefficient (r2) of OTU
abundance profile with traits.

Trait Taxon r P

Acetate Betaproteobacteria (Class) 0.8159 0.0167
Burkholderiales (Order) 0.8159 0.0167
S24-7 (Family) 0.5555 0.0120
Alcaligenaceae (Family) 0.8159 0.0167

Propionate Bacteroidetes (Phylum) 0.1638 0.0100
Verrucomicrobia (Phylum) 0.4962 0.0333
Bacteroidia (Class) 0.1638 0.0090
Betaproteobacteria (Class) 0.7420 0.0333
Bacteroidales (Order) 0.1638 0.0110
Burkholderiales (Order) 0.7420 0.0333
Lachnospiraceae (Family) 0.2070 0.0060
S24-7 (Family) 0.4665 0.0390
Alcaligenaceae (Family) 0.7420 0.0333

Total SCFA Betaproteobacteria (Class) 0.8497 0.0167
Burkholderiales (Order) 0.8497 0.0167
Lachnospiraceae (Family) 0.1019 0.0470
S24-7 (Family) 0.5798 0.0190
Alcaligenaceae (Family) 0.8497 0.0167

Fecal egg count (EPG) Tenericutes (Phylum) 0.3124 0.0230
Mollicutes (Class) 0.2924 0.0280
RF39 (Order) 0.2924 0.0280
Porphyromonadaceae (Family) 0.5550 0.0417

EPG, eggs per gram of feces.
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4. Discussion

Helminth parasites have evolved specific mechanisms that
affect host immunity to ensure their survival (Maizels et al.,
2004). The interaction between gastrointestinal helminth infection
and the intestinal microbiome further complicates the host-
parasite relationship. Recent studies show that Ascaris suum
excretory-secretory products and body fluid possess a broad spec-
trum of antimicrobial properties and play a direct role in shaping
the host gut microbiome (Midha et al., 2018). Furthermore, while
successful parasite infection requires a host microbiota,
infection-induced alterations in the host microbiota in turn control
parasite numbers and may promote the long-term survival of par-
asites, as documented in the mouse – Trichuris muris system
(White et al., 2018). To better understand host-parasite interac-
tions and the pathophysiological relevance of the infection-
induced changes in the pig gut microbiome, we characterized the
structure and function of the proximal colon and fecal microbial
communities in response to infection with A. suum to identify
microbial co-occurrence patterns and keystone species.

Previous studies demonstrated that parasitic helminths signifi-
cantly alter the structure and function of the host gut microbiome
(Li et al., 2012, 2016; Wu et al., 2012; Williams et al., 2017). Infec-
tion of pigs with the whipworm Trichuris suis lead to changes in the
relative abundance of 13% of all genera detected in the proximal
colon microbiome, approximately 26% of related metabolic path-
ways (Li et al., 2012), and 29.8% of gut luminal metabolites. More-
over, the parasite-induced changes in the gut microbiome appear
to be independent of worm burden; changes persist weeks after
worms are spontaneously cleared from the host (Wu et al.,
2012). In this study, a 54 day infection by A. suum was shown to
be associated with a profound change in the microbial composition
of the proximal colon microbiome, altering abundance of three
phyla, Spirochaetes, Planctomycetes and Verrucomicrobia, and
approximately 29% of all genera identified in this study. At the spe-
cies level, the abundances of 105 OTUs were significantly impacted
by infection with a low worm burden while 125 OTUs were chan-
ged by infection in the group with a high worm burden. Among
106 OTUs consisting of the core colon microbiome, 25 OTUs, or
�24%, were significantly altered by infection. Notably, fewer
changes in the abundance of various taxa in the microbial commu-
nity were observed in the feces compared with the proximal colon
contents, probably due to disruption by parasitic larvae and prox-
imity to the site of adult worms in the small intestine.

The pathophysiological relevance of A. suum infection-
associated changes in the microbial composition remains
unknown. It is likely that the changes result in a shift in the meta-
bolism of the gut microbiome, which could affect the metabolic
needs of the host during infection. The abundance of two phyla,
Spirochaetes and Verrucomicrobia, was significantly reduced in
WBL and WBH groups, respectively (LDA > 2.0). These two phyla,
while not among the most predominant in the gut microbial com-
munity, play an important role in the gut microbial ecosystem. The
Spirochaetes spp. are capable of degrading polymers (such as xylan,
pectin and arabinogalactan), and are found to be positively corre-
lated with the apparent hemicellulose digestibility of pigs (Niu
et al., 2015). Species from this phylum invade the colonic epithe-
lium of pigs with swine dysentery (Harris and Glock, 1971), and
pigs experimentally infected with T. suis (Rutter and Beer, 1975).
On the other hand, while not particularly abundant, the species
from Verrucomicrobia persistently reside in the gut and in envi-
ronmental samples. Some members from the phylum Verrucomi-
crobia express polysaccharide hydrolase activities and are
considered potential glycoside hydrolysis generalists in the envi-
ronment (Cardman et al., 2014).

The significant alterations in the proximal colon microbial com-
munity by A. suum infection was also evident at the genus level.
The genus Prevotellawas the most dominant genus in the proximal
colon (Fig. 2), contributing to 79.58% of total sequences in this
study, in agreement with published reports (Lamendella et al.,
2011; Poroyko et al., 2010; Looft et al., 2014; Ramayo-Caldas
et al., 2016; Yang et al., 2016). Ascaris infection tended to increase
Prevotella abundance, but only in the WBL group. This may help
explain a published observation in which A. suum infection induced
an increase in the relative abundance of Prevotella but failed to
reach a statistically significant level when the worm burden was
very high (Williams et al., 2017). Prevotella spp. are generally con-
sidered beneficial bacteria and play a key role in carbohydrate
metabolism with a unique mucin glycoprotein degradation capa-
bility. For example, Prevotella is positively correlated with luminal
secretory IgA concentrations (Mach et al., 2015) and body weight
(Mach et al., 2015; Ramayo-Caldas et al., 2016). Some species uti-
lize xylan, xylose and carboxy-methylcellulose to produce high
levels of SCFAs (Flint et al., 2008; Wu et al., 2011). Previous studies
demonstrated that the relative abundance of Prevotella is associ-
ated with increased fiber intake (De Filippo et al., 2010; Wu
et al., 2011; Koeth et al., 2013). Of the OTUs significantly impacted
by infection, 43 belong to Prevotella while 19 of those can be
assigned to Prevotella copri, which is associated with insulin resis-
tance and improved glucose tolerance (Kovatcheva-Datchary et al.,
2015; Pedersen et al., 2016). A diet rich in non-starch polysaccha-
rides tends to increase the abundance of P. copri in healthy individ-
uals, resulting in an increase in polysaccharide fermenting
capacities (Nilsson et al., 2006, 2008; Johansson et al., 2013;
Kovatcheva-Datchary et al., 2015). Together, our findings support
a hypothesis that A. suum infection may have a broad impact on
gut microbial metabolism, and especially carbohydrate
metabolism.

Data on pathway analysis provided another piece of evidence
that carbohydrate metabolism in the proximal colon microbial
community may be significantly impacted by A. suum infection.
As many as nine repressed KEGG pathways related to carbohydrate
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metabolism were associated with infection (Table 4), including
starch and sucrose metabolism, and fructose and mannose meta-
bolism. Together, these results suggested that A. suum infection
was associated with impaired abilities of the proximal colon
microbiome to utilize carbohydrates. While subsequent experi-
mental validation using global metabolomics is still needed, we
hypothesize that dietary supplements with readily fermentable
carbohydrates may help restore or even enhance the function of
the microbiota in parasite-infected pigs. Indeed, feeding pigs with
probiotic bacteria during A. suum infection can prevent the reduced
glucose absorption in the small intestine that normally facilitates
worm expulsion (Solano-Aguilar et al., 2008). Furthermore, the
means to restore microbiome function may contribute to the repair
process of the colonic epithelium damaged by infection. This in
turn could enhance protective immunity and reduce inflammation
through a restored capacity for mucin biosynthesis (Van der Sluis
et al., 2006) and subsequent worm expulsion through epithelial
cell turnover (Zaiss et al., 2006). These findings further support
the use of diets rich in highly fermentable carbohydrates as a
nematode control strategy in pigs (Petkevicius et al., 2007).

In this study, our data demonstrated that A. suum infection was
associated with a significant change in the relative abundance of
dozens of taxa in the proximal colon microbial community. More-
over, the infection also had a significant impact on gut microbial
diversity. Infection was associated with a significant reduction in
species richness such as Chao1, which was in a good agreement
with previous observations in other host-parasite systems (Walk
et al., 2010; Lee et al., 2014; Giacomin et al., 2015). The decline
in microbial diversity was worm burden-independent and became
evident even in the worm-free pigs, which result from immunity-
mediated strong worm expulsion (Roepstorff et al., 2011). The con-
temporary concept of biodiversity encompasses not just traditional
species-centric indices such as richness and evenness as well as
phylogenetic diversity (PD), but also species interactions (Olesen
et al., 2007). This paradigm shift has led to the use of network anal-
ysis to identify microbial co-occurrence patterns and species
interactions.

The myriad microbial species in a complex microbial commu-
nity are linked by phylogenetically or functionally related species
or modules. Regrettably, the OTUs detected in <50% of samples
were excluded from this study due to a drastic effect of OTU spar-
sity on the precision and sensitivity of network inference (Weiss
et al., 2016). Among the 778 input OTUs, the majority (523) had
one or more interactions with other OTUs, forming a global net-
work with 910 links. This network was highly modular, with a total
of 53 modules, displaying typical small-world behaviorial charac-
teristics. These distinct modules, likely resulting from close inter-
actions of phylogenetically or functionally related OTUs, may
have important implications in understanding functional diversity
in the gut microbial community in helminth-infected pigs. Indeed,
at least six modules that displayed strong correlations with SCFA
concentrations were identified. One of the notable features of these
modules was the concentration of OTUs belonging to the class
Clostridia, which are known to produce SCFA. For example, Module
#10 was strongly correlated with butyrate. Seventeen of the 20
OTU nodes from this module were from Clostridia, including one
of the most important butyrate-producing bacteria, Faecalibac-
terium prausnitzii.

The network analysis also identified OTUs with different topo-
logical roles in the network (Fig. 5). The classification based on
two of the topological properties, within-module degree (Z) and
among-module connectivity (P), may facilitate an understanding
of the ecological function of certain keystone species in the gut
microbial community. A targeted manipulation of generalists, such
as those module hubs or connectors, using pre- or probiotics or
antibiotics, may have a higher chance of success as one of the
microbial community engineering strategies. For example, a partial
Mantel test identified a strong correlation between node connec-
tivity of the OTUs assigned to the family Porphyromonadaceae
(in the class Mollicutes) with EPG (Table 4). It is conceivable that
the EPG trait can be modulated by targeted network elimination
or disruption of OTUs assigned to Porphyromonadaceae.

Accumulated evidence has established a solid link between par-
asitic infection and subsequent bacterial or viral infections, in addi-
tion to direct pathophysiological damage to the host by the former
(Mansfield and Urban, 1996; Li et al., 2012; Wu et al., 2012). For
example, T. suis initiates an interaction with gut resident bacteria
to induce muco-hemorrhagic enteritis (Mansfield and Urban,
1996). Moreover, worm-induced modulation of mucosal immunity
may directly contribute to the accumulation or infectivity of bacte-
ria at the site of worm attachment. In humans, Campylobacter
jejuni colitis is associated with concomitant whipworm infection
(Shin et al., 2004). Furthermore, the T. suis-induced increase in
Campylobacter in the proximal colon of pigs is worm count-
dependent (Wu et al., 2012). In this study, we provided further evi-
dence that A. suum infection may be associated with an increased
risk of secondary bacterial infection. The relative abundance of
an OTU assigned to the genus Campylobacter was significantly
increased in pigs with high worm burdens, suggesting that worms
are able to modulate host immunity to increase the local coloniza-
tion of pathogenic bacteria. Furthermore, understanding the mech-
anisms of interactions between parasitic infection and subsequent
bacterial and viral infections has important practical implications
as previous reports indicate that A. suum infection compromises
the efficacy of a bacterial vaccine (Steenhard et al., 2009). Together,
these findings enhance our understanding of the pathophysiologi-
cal consequences of helminth infection in humans and animals.
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