Genomic Signatures of Coevolution between Nonmodel

Mammals and Parasitic Roundworms
Yibo Hu ®,""*? Lijun Yu,""? Huizhong Fan,' Guangping Huang," Qi Wu," Yonggang Nie," Shuai Liu,"
Li Yan,' and Fuwen Wei*""*>?

'CAS Key Laboratory of Animal Ecology and Conservation Biology, Institute of Zoology, Chinese Academy of Sciences, Beijing, China
*University of Chinese Academy of Sciences, Beijing, China

>Center for Excellence in Animal Evolution and Genetics, Chinese Academy of Sciences, Kunming, China

"These authors contributed equally to this work.

*Corresponding author: E-mail: weifw@ioz.ac.cn.

Associate editor: Guang Yang

Abstract

Antagonistic coevolution between host and parasite drives species evolution. However, most of the studies only focus on
parasitism adaptation and do not explore the coevolution mechanisms from the perspective of both host and parasite.
Here, through the de novo sequencing and assembly of the genomes of giant panda roundworm, red panda roundworm,
and lion roundworm parasitic on tiger, we investigated the genomic mechanisms of coevolution between nonmodel
mammals and their parasitic roundworms and those of roundworm parasitism in general. The genome-wide phylogeny
revealed that these parasitic roundworms have not phylogenetically coevolved with their hosts. The CTSZ and prolyl 4-
hydroxylase subunit beta (P4HB) immunoregulatory proteins played a central role in protein interaction between
mammals and parasitic roundworms. The gene tree comparison identified that seven pairs of interactive proteins
had consistent phylogenetic topology, suggesting their coevolution during host—parasite interaction. These coevolution-
ary proteins were particularly relevant to immune response. In addition, we found that the roundworms of both pandas
exhibited higher proportions of metallopeptidase genes, and some positively selected genes were highly related to their
larvae’s fast development. Our findings provide novel insights into the genetic mechanisms of coevolution between
nonmodel mammals and parasites and offer the valuable genomic resources for scientific ascariasis prevention in both
pandas.
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nonmodel coevolution systems are difficult to be studied
under controlled and temporal dynamic conditions. With
the rapid development of next-generation sequencing tech-
nology, de novo whole-genome assemblies and innovative

Introduction

Coevolution is an important biological driver of species evo-
lution that affects speciation, population differentiation, phe-

notype evolution, and biodiversity maintenance (Woolhouse
et al. 2002). Coevolution includes mutualistic and antagonis-
tic coevolution. Coevolution between plants and pollinating
insects and that between insects and symbiotic fungi are
classic examples of mutualistic coevolution, whereas cases
of coevolution between bacteria and bacteriophages, plants
and pathogenic fungi, and humans and parasites are well-
known examples of antagonistic coevolution. Because the
above coevolution systems are experimentally manipulatable,
the genetic mechanisms of their coevolution have been ex-
tensively studied, including gene-for-gene interactions,
genotype-by-genotype interactions, and multilocus gene-
for-gene interactions (Shan et al. 2007; Brockhurst and
Koskella 2013; Cogni et al. 2016). In contrast, studies on the
genetic mechanisms of coevolution between nonmodel ani-
mals and parasites are rare (Kirkness et al. 2010), because

bioinformatics methods are enabling genome-wide studies
for detecting the molecular mechanisms of coevolution.
However, although the genomes of an increasing number
of parasites are being sequenced (Jex et al. 2011; Tsai et al.
2013; Tang et al. 2014; Schwarz et al. 2015; Zhu et al. 2015;
Wang et al. 2016; Zheng et al. 2019), these genome-level
studies have mainly focused on the genetic bases of parasit-
ism but have not explored coevolution between parasites and
their hosts from the perspective of both sides.

The giant panda roundworm (Baylisascaris schroederi) is
an obligate parasite of giant pandas (Sprent 1968). Wild giant
pandas are infected by B. schroederi at an infection rate of
>50% (Zhang et al. 2011). Research showed that the deaths
of 50% of the examined dead wild giant pandas were due to
roundworm infection, suggesting that roundworm infection
is a major cause of wild giant panda deaths (Zhang et al.
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2008). The red panda roundworm (Baylisascaris ailuri) is an
obligate parasite of red pandas and is also an important cause
of wild red panda deaths (Yang and Wang 2000). Although
the phylogeny and genetic diversity of the giant panda round-
worm and red panda roundworm have been studied based
on mitochondrial DNA markers (Zhou et al. 2013; Liu et al.
2014; Xie et al. 2014), the genetic bases of the adaptation of
the roundworms from both pandas to parasitism remain
unclear. More importantly, the coevolution mechanisms be-
tween pandas and their obligate roundworms remain to be
investigated.

Here, we investigated the genome-level mechanisms of
coevolution between nonmodel mammals and their parasitic
roundworms. We performed the de novo whole-genome se-
quencing and assembly of the giant panda roundworm, the
red panda roundworm, and the lion roundworm Toxascaris
leonina parasitic on tiger and identified the genomic signa-
tures of roundworm parasitism using a comparative geno-
mics method. Then, combined with the host gene expression
profiles through simulating the parasite’s life cycle within the
host, we investigated the protein interaction networks be-
tween host and roundworm. Finally, on the basis of gene
tree topology between host and roundworm, we identified
the genetic signatures of coevolution between nonmodel
mammals and parasitic roundworms. Our findings provide
novel insights into the genomic mechanisms of coevolution
and contribute to understanding the effects of parasitism on
host genome evolution. In addition, this study provides im-
portant genomic resources for scientific ascariasis prevention
in both pandas.

Results

Genome Assembly and Annotation of Three
Roundworm Species

We sequenced the genomes of three roundworm species (i.e.,
the giant panda roundworm B. schroederi, the red panda
roundworm B. ailuri, and the lion roundworm T. leonina par-
asitic on tiger) using the lllumina HiSeq 4000 platform with a
whole-genome shotgun sequencing strategy. In total, we se-
quenced the genomes of B. schroederi, B. ailuri, and T. leonina
at average depths of 449.3 X, 256.3 X, and 229.8 ¥, respectively
(supplementary tables S1-S3, Supplementary Material on-
line). In particular, to obtain a better genome assembly, we
performed PacBio RS Il sequencing of the B. schroederi ge-
nome at an average depth of 13.5x (supplementary table S4,
Supplementary Material online). For the B. schroederi genome
assembly, we applied a combined assembly strategy for
second-generation and third-generation sequencing reads
and obtained a de novo genome assembly with a size of
281.6 Mb and a scaffold N50 of 888.9 kb (supplementary table
S5, Supplementary Material online). For B. ailuri, we per-
formed the de novo assembly of a genome with a size of
2669Mb and a scaffold N50 of 50.6kb, whereas for
T. leonina, we produced a de novo-assembled genome with
a size of 284.8 Mb and a scaffold N50 of 35.5 kb (supplemen-
tary tables S6 and S7, Supplementary Material online).
Benchmarking Universal Sing-Copy Orthologs (BUSCO)
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assessment (Waterhouse et al. 2018) of the genome assem-
blies showed that 87.9%, 80.9%, and 60.4% of the 982 con-
served Nematoda genes were assembled in complete form for
B. schroederi, B. ailuri, and T. leonina, respectively (supplemen-
tary table S8, Supplementary Material online). Compared
with previously published genomes of nematode species
(https://wormbase.org/), the genome assemblies of
B. schroederi and B. ailuri were high quality, whereas the as-
sembly quality of T. leonina was middle level (supplementary
table S9, Supplementary Material online).

The MAKER2 gene annotation pipeline (Holt and Yandell
2011) predicted 13,284, 12,252, and 16,087 protein-coding
genes in the B. schroederi, B. ailuri, and T. leonina genomes,
respectively (supplementary table S10, Supplementary
Material online). The BUSCO assessment of the gene anno-
tations showed that 87.0%, 81.1%, and 62.0% of the 982 con-
served Nematoda genes were annotated as complete for
B. schroederi, B. ailuri, and T. leonina, respectively (supplemen-
tary table S11, Supplementary Material online). Gene func-
tional annotation demonstrated that 93.64%, 93.76%, and
72.00% of the respective gene set could be functionally an-
notated (supplementary table S12, Supplementary Material
online).

Genome Functions Related to Parasitism

Proteases play a critical role in parasitism including the in-
volvement in invading the host by parasite migration through
tissue barriers, degradation of hemoglobin and other blood
proteins, immune evasion, and activation of inflammation
(McKerrow et al. 2006). Protease inhibitors create a safer en-
vironment in the host by inhibiting and regulating protease
activity and immune regulation (Ranasinghe and McManus
2017). Thus, in order to explore the adaptation of round-
worms to parasitism, we identified the protease and protease
inhibitor gene families in the B. schroederi, B. ailuri, and
T. leonina genomes (supplementary tables S13 and S14,
Supplementary Material online). To achieve a better compar-
ison, we also identified the protease and protease inhibitor
gene families in the dog roundworm (Toxocara canis), pig
roundworm (Ascaris suum), and Caenorhabditis elegans
genomes. The results showed that these six nematode species
exhibited similar numbers of protease genes and gene families
(supplementary table S13, Supplementary Material online).
However, in terms of the relative proportions of protease
gene families, the B. schroederi and B. ailuri genomes pre-
sented higher proportions of metallopeptidases (49% and
47%, respectively) (fig. 1b). Metallopeptidases are considered
to be involved in host tissue invasion (Haffner et al. 1998),
ecdysis (Rhoads et al. 1997), and nutrient digestion (Rhoads
and Fetterer 1998). For instance, in Strongyloides stercoralis, it
has been shown that a zinc-endometallopeptidase secreted
by infective larva is used to penetrate the skin of mammalian
hosts (McKerrow et al. 1990). In addition, in A. suum female
adults, the intestine exhibits 3- to 8-fold higher metallopepti-
dase activity than other tissues and fluids, suggesting that this
enzyme shows digestive activity (Rhoads and Fetterer 1998).
Therefore, the higher levels of metallopeptidase found in
B. schroederi and B. ailuri may be utilized to degrade host
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Fic. 1. Genome-wide phylogenetic tree, protease gene family composition, and annotated KEGG pathways for the secretomes of parasitic
roundworms. (a) Phylogenomic tree, divergence times, and gene family expansion and contraction for five parasitic roundworms and three
free-living nematodes. A yellow asterisk indicates a parasitic roundworm and its corresponding host, and a green asterisk indicates a free-living
nematode. Two divergence times (red node) were used as the calibration points for estimating divergence times. (b) The proportions of different
clans of proteases. The mixed type indicates the mixture of the cysteine, serine, and threonine catalytic types. (c) Annotated KEGG pathways for
secretomes. The x-coordinate shows the types of annotated KEGG pathways, and the y-coordinate shows the number of genes for the corre-
sponding KEGG pathways.

tissues and digest special bamboo metabolites. In contrast, protease inhibitor gene families, the B. schroederi, B. ailuri,
the T. leonina genome presented the highest proportion of and T. leonina genomes exhibited fewer protease inhibitor
the TO03 peptidase gene family (ie, gamma- genes and gene families than other nematodes (supplemen-
glutamyltransferase 1)  (supplementary  table  S13, tary table S14, Supplementary Material online).

Supplementary Material online), which is closely related to Excretory/secretory peptides are central to understanding
glutathione metabolism and amino acid absorption parasite-host interactions, because the release of them is as-
(Lieberman et al. 1996; Zhang and Forman 2009). For the sociated with contacting host cytoplasm and interference
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with the host immune system (Gahoi et al. 2019). We pre-
dicted the secretomes of three roundworm species se-
quenced in this study and then compared their annotated
KEGG pathways together with that of Toxo. canis (Zhu et al.
2015). The results showed that more genes related to the
glycosyltransferase and cytochrome P450 pathways presented
in B. schroederi and B. ailuri than in other roundworms (fig. 1c
and supplementary table S15, Supplementary Material on-
line). These two pathways play a key role in neutralizing the
toxic effects of xenobiotics, especially in the detoxification
mechanism for plant secondary metabolites (PSMs; Tiwari
et al. 2016). It has been shown that an ethanolic extract
from leaves of Phyllostachys edulis upregulates the activities
of the cytochrome P450 enzymes CYP1A2 and CYP3A11 and
uridine diphosphate glucuronosyltransferase in the mouse
liver (Koide et al. 2011). Accordingly, the glycosyltransferase
and cytochrome P450 pathways in the secretomes of
B. schroederi and B. ailuri may represent a coping strategy
to detoxify secondary metabolites of the host's bamboo diet.

Secreted proteases play important roles in host tissue deg-
radation, feeding, and larval migration in a range of helminths
(McKerrow et al. 2006). Forty-nine, 34, and 37 secreted pro-
teases were found among the secretomes of B. schroederi,
B. ailuri, and T. leonina, respectively (supplementary table
S16, Supplementary Material online, see http://merops.
sangeracuk/ for clan definitions), including relatively high
numbers of metalloprotease clans and serine protease clans.

Phylogenomics and Divergence Time
To understand the evolutionary relationships of these nem-
atode species and their coevolution with host phylogeny, we
constructed a genome-wide phylogenetic tree for eight nem-
atode species: B. schroederi, B. ailuri, and T. leonina sequenced
in this study, and A. suum, Toxo. canis, C. elegans, C. briggsae,
and Pristionchus pacificus whose genomes have been pub-
lished (supplementary table S17, Supplementary Material on-
line). A total of 129,940 protein-coding genes from these eight
species were subjected to gene family analysis, and 24,903
gene families were identified, including 1,444 single-copy
orthologous genes across all eight species. Based on these
single-copy protein-coding genes, the phylogenomic tree
(fig. 1a) showed that B. schroederi and B. ailuri clustered to-
gether, whereas T. leonina and Toxo. canis were phylogenet-
ically adjacent, and A. suum was located in the middle of the
tree. This phylogenetic tree was basically consistent with that
based on mitochondrial genomes (Liu et al. 2014). However,
the phylogenetic topology of these parasitic roundworms was
not consistent with their host phylogeny (fig. 4a), suggesting
that these species have not phylogenetically coevolved with
their hosts.

A divergence time of 6.3 Ma between B. schroederi and
B. ailuri was estimated using two divergence calibration
points (fig. 1a). This divergence time was much later than
that between the giant panda and red panda (47.5 Ma; Hu
et al. 2017), suggesting that the speciation of the roundworms
of both pandas occurred after their hosts’ species divergence.
This result may indicate that the parasitic roundworms have
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evolved slowly because of the relatively stable internal intes-
tinal environment.

Selection Signatures in Obligate Panda Roundworms
The giant panda and red panda are almost exclusive bamboo
feeders, so their obligate parasitic roundworms may have
evolved adaptability to cope with the hosts’ specialized diet.
Based on the previous experimental observations of panda
roundworms under in vitro culture (Wu et al. 1985 Wu
1988), we compared the development time of different
roundworms (fig. 2b). Baylisascaris schroederi exhibited par-
ticularly short times of development into L1 and L2 larvae
in vitro, of only 120 and 273 h at 22°, respectively, whereas
B. ailuri took 239 and 383 h to develop into L1 and L2 larvae
in vitro. Under the same conditions, A. suum exhibited rela-
tively longer times of 366 and 504h (Wu et al. 1985 Wu
1988). Therefore, signatures of common mechanisms related
to faster development rates might be observed.

Based on the phylogenomic tree that we constructed,
three positive selection analyses were performed, which in-
cluded both panda roundworms, only the giant panda round-
worm, or only the red panda roundworm as the foreground
branches (supplementary table S18, Supplementary Material
online). A total of 5,587, 5,963, and 5,948 orthologous genes
were included in these analyses; consequently, 69, 62, and 97
positively selected genes were identified, respectively. Among
these genes, 42, 36, and 55 exhibited homologous gene anno-
tations to C elegans (supplementary tables S$19-S21,
Supplementary Material online). Only the annotated genes
were included in further analysis. Moreover, since we focused
on the common selection signatures of both panda round-
worms, the positively selected genes obtained from the sec-
ond and third analysis strategies were intersected and then
combined with those from the first analysis strategy. As a
result, a total of 49 positively selected genes were obtained
(supplementary table S22, Supplementary Material online).
The functional enrichment results showed that some genes
were significantly enriched in gene ontology (GO) terms re-
lated to nematode larval development (GO:0002119) and
reproduction (GO:0000003) (fig. 2a and supplementary table
$23, Supplementary Material online).

Specifically, the atad-3 protein plays an important role in
upregulating mitochondrial activity during the transition to
higher larval stages. Its null mutant in C. elegans was found to
arrest at developmental stages with low mitochondrial activ-
ity (Hoffmann et al. 2009). Additionally, the null mutant of
pyp-1 exhibits developmental arrest at an early larval stage in
C. elegans, and the larval arrest phenotype is successfully res-
cued by reintroduction (Ko et al. 2007). Thus, the positive
selection of atad-3 and pyp-1 in panda roundworms might
facilitate larval development. In addition, the daf-7 protein is a
regulatory growth factor for dauer larva development and
functions as a gauge of environmental conditions to regulate
energy balance through a neural circuit. In daf-7 mutants of
C. elegans, the perception of depleted food resources leads to
fat accumulation without increasing the feeding rate (Greer
et al. 2008). The positive selection of daf-7 in panda round-
worms might be beneficial for sensing food conditions and
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Fic. 2. Positive selection related to the nutrient utilization and development of the roundworms from giant and red pandas, and positive selection
and unique amino acid substitutions related to parasitism. (a) Two functional categories of positively selected genes in the roundworms from giant
and red pandas. Trees 1, 2, and 3 indicate the first three positive selection analysis strategies, including both panda roundworms, only the giant
panda roundworm, and only the red panda roundworm as the foreground branches, respectively. PSM, plant secondary metabolites. (b) In vitro
development time of L1- and L2-stage larvae of three parasitic roundworms. The x-coordinate shows different temperature conditions and larval
development stages, and the y-coordinate represents the development time (measured in minutes). A yellow asterisk indicates the host of the
corresponding parasite. A lighter color in the column shows the fluctuation range of the development time. (c) GO biological process term
enrichment of positively selected genes and unique amino acid substitutions related to parasitism. Trees 4 and 5 indicate the fourth and fifth
positive selection analysis strategies, which both set all the parasitic roundworms as the foreground branches. Tree 4 only considered the positive
selection of the most recent common ancestor lineage of five roundworms, and Tree 5 considered the positive selection of five roundworm
lineages and their common ancestor lineages. Taking the nath-10 gene as an example, the arrow shows the enriched GO terms related to nath-10,
and the multiple sequence alignments for 44 nematodes were ordered based on their phylogenetic relationships. Yellow represents free-living
nematodes, and green represents parasites. Six amino acid substitutions were unique to all the parasites, with the number in the alignment being
the location of unique amino acid substitutions.
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modulating feeding behavior. In conclusion, these positively
selected genes that are critical for larval development and
reproduction may be involved in the faster larval develop-
ment of B. schroederi and B. ailuri. Ascaris worms have access
to partially digested nutrients in their hosts since they live in
their upper small intestine (Beames and King 1972). Both
giant and red pandas feed on high-fiber bamboo but have
retained a short carnivoran alimentary tract, resulting in a
very low digestive efficiency (Dierenfeld et al. 1982; Wei
et al. 1999, 2015). Selective pressure on genes that increase
larval development speed and nutrient utilization may come
from their hosts’ adverse food sources. Only larvae that pre-
sent stronger viability are able to survive under food shortage
conditions. Accordingly, we inferred that the rapid develop-
ment of panda roundworms may be an adaptation to survive
in a nutritionally deficient host environment. Additionally,
studies have indicated that six positively selected genes in
our data set (fig. 2a) are affected by PSMs such as rotenone,
quercetin, and hydrolyzable tannins, based on RNA-seq and
microarray analyses (from https://wormbase.org/), which
may be related to their hosts’ specialized bamboo diet.

Evolution of Roundworm Parasitism

To identify common selection signatures related to parasitism
adaptation among roundworm genomes, we conducted pos-
itive selection analyses using the fourth and fifth strategies
(supplementary table S18, Supplementary Material online), in
which the parasitic roundworms were set the foreground
branches and free-living nematodes as the background
branches. As a result, we identified 186 and 12 positively se-
lected genes, respectively. Furthermore, we detected the spe-
cific amino acid substitutions of positively selected genes that
are probably related to parasitism. We used the reciprocal
best-hit method to expand the orthologs of the above 196
positively selected genes (supplementary table S24,
Supplementary Material online) from eight species to 87
nematode species (75 parasitic and 12 free-living species; sup-
plementary table S9, Supplementary Material online). Then,
considering possible sequencing errors in these genomic var-
iations, we identified significantly different amino acid sub-
stitutions by calculating the frequency of each amino acid
between the parasitic and free-living nematodes based on the
multiple sequence alignment of each gene and requiring that
a candidate amino acid substitution is shared by at least ten
free-living species and at least 20 parasitic species.
Consequently, we detected 57 genes with 114 such amino
acid substitutions. To identify amino acid substitutions that
stringently discriminate parasitic from free-living nematodes,
we focused on 44 closely related nematodes (fig. 2¢) on the
basis of the above analysis of 87 nematode species, and the
multiple sequence alignment of the above candidate amino
acid substitutions was manually checked. Finally, a total of 34
positively selected genes with 60 unique amino acid substi-
tutions were identified in the parasitic nematodes (supple-
mentary table S25, Supplementary Material online). Five of
these unique substitutions were predicted to be possibly
damaging and one of them was probably damaging to the
protein structure (supplementary table S25, Supplementary
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Material online). GO analyses revealed significant terms in-
volved in embryo development ending in birth or egg hatch-
ing (GO:0009792), reproduction (GO:0000003), nematode
larval development (GO:0002119), hermaphrodite genitalia
development (GO:0040035), and mitotic nuclear division
(GO:0007067) (fig. 2¢ and supplementary table S26,
Supplementary Material online).

Some of these positively selected genes were related to
parasitism adaptation. Parasites often increase their reproduc-
tive potential through the production of great numbers of
eggs. For example, a single Ascaris lumbricoides individual can
produce more than 200,000 eggs per day for several months
(Schmidt et al. 1977). Two genes, smc4 and nath-10, are in-
volved in increasing the offspring number of parasites. The
smc4 protein is involved in mitotic sister chromatid segrega-
tion and localizes to the centromeric region and condensed
chromosomes. It has been suggested that smc4 plays essential
roles in parasite proliferation and transmission (Pandey et al.
2020). The nath-10 protein was also shown to be responsible
for slight increases in the egg-laying rate and the total number
of sperm, affecting the tradeoff between fertility and minimal
generation time (Duveau and Félix 2012). In addition, the ran-
3 protein is required for infection virulence and efficient nu-
clear trafficking (Frankel et al. 2007). A unique amino acid
substitution in this gene in parasites may improve the effi-
ciency of infection, which is the key step for parasite invasion.
On the whole, these positively selected genes may play a vital
role during parasitism adaptation.

Protein Interaction between Nonmodel Mammals
and Their Parasitic Roundworms

Itis generally believed that host—parasite coevolution is based
on antagonism. The host reacts to the presence of symbionts,
mounting a defense against foreign invaders, and successful
symbionts must evolve coping strategies to evade host de-
fense (Schmidt et al. 1977). Host—parasite protein—protein
interactions (PPls) can facilitate the understanding of
molecular-level coevolution between hosts and parasites. In
our study, we constructed PPI networks of five host—parasite
coevolution systems using genome-wide filtered proteomes,
including the giant panda-B. schroederi (GB), red panda—
B. ailuri (RB), tiger-T. leonina (TT), dog—Toxo. canis (DT),
and pig-A. suum (PA) systems. In total, we identified 2,137,
2,669, 3,724, 2,230, and 3,434 PPIs in the GB, RB, TT, DT, and
PA systems, respectively. Among these interactions, 193 PPIs
were identified in all five systems, whereas GB exhibited 546
unique PPIs, RB exhibited 1,256 unique PPIs, TT exhibited
1,309 unique PPIs, DT exhibited 2,083 unique PPls, and PA
exhibited 1,798 unique PPIs (fig. 3b). According to the net-
work topology results, the degree was used as a measure to
rank the importance of proteins in the networks of the five
host—parasite systems (supplementary tables S27-S31,
Supplementary Material online). For example, in the GB sys-
tem (supplementary table S27, Supplementary Material on-
line), the first-ranking protein was ADAM10, which contains a
metalloprotease domain and is highly involved in immune
system (Gibb et al. 2011). The 11th-ranking protein, ERP44, is
related to parasite-induced endoplasmic reticulum stress and
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yellow asterisk indicates the host of the corresponding parasite. (c) The PPl network of the parasite protein CTSZ with host proteins. Darker orange
indicates that this protein appears in all five systems, lighter orange indicates that this protein appears in more than one system, and white
indicates that this protein appears in only one system. Fourteen host proteins displayed in squares were enriched in the MHC-II antigen
presentation pathway. (d) The PPl network of parasite protein P4HB with host proteins. Darker blue indicates that the protein appears in all
four systems, lighter blue indicates that the protein appears in more than one system, and white indicates that the protein appears in only one
system. Thirty-six host proteins shown in squares were enriched in the integrin cell surface interaction pathway.
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contributes to the success of infection (Inacio et al. 2015).
Additionally, we found that the ninth-ranking protein
COL4A6, an important extracellular matrix structural constit-
uent, from the host in the GB system was a positively selected
gene from Hu et al. (2017).

We also identified the specific interaction networks within
the GB and RB interaction systems and the TT and DT inter-
action systems. The GB- and RB-specific networks presented
425 interactions, whereas the TT- and DT-specific networks
exhibited 402 interactions. There were five parasite proteins
(degree > 1) specifically involved in the GB and RB networks
and not in TT and DT networks (supplementary table S32,
Supplementary Material online). Only two parasite proteins
(degree > 1) were specifically involved in TT and DT net-
works and not in the GB and RB networks (supplementary
table S33, Supplementary Material online).

Moreover, we found that all five host—parasite interac-
tion systems included the CTSZ and prolyl 4-hydroxylase
subunit beta (P4HB) proteins among the top ten proteins
ranked by the degree (table 1). The CTSZ protein (cathep-
sin Z) is a lysosomal cysteine protease and a member of
the peptidase C1 family. The corresponding gene was also
under positive selection (supplementary table S24,
Supplementary Material online). We performed func-
tional enrichment analysis for all the proteins from the
host proteomes that interacted with parasite CTSZ and
discovered significant reactome pathways, including

538

MHC class Il antigen presentation pathway (fig. 3¢ and
supplementary table S34, Supplementary Material on-
line). The long-term survival of parasites in the host is
related to modifying and downregulating augmented
host immune responses (Zandman-Goddard and
Shoenfeld 2009). CTSZ presents a strong interaction
with IL-1f and is involved in B/T-cell proliferation and
adhesion of macrophages (Bernhardt et al. 2010). CTSZ-
deficient mice show a reduced efficiency of IL-1f secre-
tion by antigen-presenting cells, leading to a reduction in
Th17 responses (Allan et al. 2017). So, roundworms may
utilize the CTSZ protein to regulate MHC class Il antigen
presentation and immune response of the host.

P4HB has also been indicated as a key protein in other
host—parasite PPI studies (Cuesta-Astroz et al. 2019), consis-
tent with our results. Enrichment analysis identified signifi-
cant reactome pathways such as integrin cell surface
interaction, immunoregulatory interactions between a lym-
phoid and nonlymphoid cells, and antigen presentation, in-
cluding the folding, assembly, and peptide loading of class |
MHC (fig. 3d and supplementary table S35, Supplementary
Material online). Previous studies have shown that P4HB plays
a key role in internalization of certain pathogens (Ali Khan
and Mutus 2014) and induction of phagocytosis (Santos et al.
2009). P4HB is also associated with other pathogens by inhib-
iting entry of viruses such as HIV, dengue virus, or rotavirus
(Calderon et al. 2012; Wan et al. 2012). Therefore, in host—
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Table 1. The List of Top Ten Proteins Based on the Degree Ranking among All Five Host—Parasite Interaction Systems.

Ranking Degree Gene Name Degree Gene Name Degree Gene Name Degree Gene Name Degree Gene Name
GB RB DT T PA

1 203 ADAM10 217 ITGB1 169 P4HB 339 PIK3CA 226 ADAM10

2 150 P4HB 165 ACTB 153 LAMB1 186 PSAP 159 P4HB

3 137 ACTB 165 P4HB 125 HSP90B1 144 CSNK1D 141 LAMC1

4 116 LAMC1 122 SNW1 107 FBXO11 133 P4HB 124 NOTCH1

5 110 HSP90B1 120 HSP90B1 103 RET 98 UBE2A 121 UBE2V2

6 92 CTSz* 98 CTSz* 102 CTSZ* 94 CTSZ* 114 STUB1

7 92 RALA 98 EIF2S2 98 EIF2S3 88 CTSD 99 CTSZ*

8 74 RAB11B 93 EFNB1 96 CTSD 83 HSPG2 98 MBTPS1

9 63 COL4AG* 86 RBMS5 96 CALU 76 TTR 97 PCF11

10 59 C6orf120 82 GusB 96 RALA 75 TMED7 96 RPL37

Note.—GB, giant panda-Baylisascaris schroederi system; RB, red panda-Baylisascaris ailuri system; DT, dog—Toxocara canis system; TT, tiger—Toxascaris leonina system; PA,
pig—Ascaris suum system; P4HB and CTSZ (bold) occurred in all five interaction systems.

*indicates positively selected gene.

parasite interactions, P4HB may be utilized by roundworms
to interfere with the host phase of internalizing the exoge-
nous parasites.

Coevolution between Nonmodel Mammals and Their
Parasitic Roundworms

In host and parasite systems, any similarity of phylogenetic
trees must be due to some type of evolutionary interaction
(Lovell and Robertson 2010). For the 193 common PPIs within
the above five interaction systems, only 186 PPIs showed clear
sources of hosts and roundworms for each protein (supple-
mentary table S36, Supplementary Material online). We con-
structed gene trees of 186 pairs of interactive proteins
between hosts and roundworms separately. The results
showed that only seven pairs of gene trees for PPIs had iden-
tical tree topology, that is, C-reactive protein (CRP)-
PLA2G1B, PLA2G7-PLA2G1B, PLA2R1-PLA2G1B, PLB1-
PLA2G1B, IGFBP7-P4HB, MMP8-CTSZ, and QPCT-CTSZ
(fig. 4b and supplementary fig. S1, Supplementary Material
online), among which four pairs had gene tree topology iden-
tical to that of the hosts and three pairs had topology iden-
tical to that of the roundworms. Specifically, for the CRP-
PLA2G1B interaction, CRP from the host is an acute-phase
protein that serves as an early marker of inflammation or
infection (Paul et al. 2012). It can bind to the component
of surface of damaged cells such as phosphocholine and ac-
tivate the immune system and phagocytosis (World Health
Organization 2014). PLA2G1B protein from the roundworm
encodes a secreted member of the phospholipase A2 (PLA2)
class of enzymes. Phospholipases are a group of enzymes that
hydrolyze phospholipids into fatty acids and other lipophilic
molecules. Thus, coevolution may occur because CRP binds
PLA2G1B in a way and it induces the host resistance to the
roundworm during the long-term infection. For the IGFBP7-
P4HB interaction, IGFBP7 is a protein secreted by monocytes
in response to parasite stimulation. In malaria, it can trigger
infected erythrocytes to form the type Il rosettes and escape
phagocytosis. The plasmodium can also sense the protein and
escape phagocytosis through attaching to the infected eryth-
rocytes (Lee et al. 2020). MMPS8 in the MMP8—CTSZ interac-
tion is proved to play a role in the trafficking of lymphocytes
into central nervous system during chronic infection with the

parasite Toxoplasma gondii (Clark et al. 2011). Taken together,
these coevolutionary PPIs may be particularly relevant to the
immune response during the antagonistic coevolution of
hosts and roundworms.

Discussion

Species interactions between hosts and parasites are typical
examples of antagonistic coevolution. In this study, we per-
formed the de novo sequencing of the genomes of three
parasitic roundworms from wild animals. Comparative geno-
mics analysis showed that some genes related to larval devel-
opment and detoxification were under positive selection in
both the giant panda roundworm and red panda roundworm
and that some genes were involved in parasitism evolution. In
particular, we constructed protein interaction networks be-
tween hosts and roundworms through simulating the para-
site’s life cycle within the host in five interaction systems and
found that seven pairs of gene trees for PPIs had the same
topologies for hosts and roundworms. These candidate key
coevolutionary proteins were involved in immune regulation,
providing novel insights into the molecular mechanisms of
antagonistic host—parasite coevolution. Finally, these genome
resources, secretomes, and candidate genes related to para-
sitism and coevolution will be useful for the effective devel-
opment of specific antiparasitic drugs and vaccines, which will
aid in the conservation of these high-profile threatened
mammals.

Materials and Methods

Sample Collection and Species Identification

We collected parasitic roundworm individuals from the fresh
feces of captive giant panda, Chinese red panda, and Amur
tiger individuals. After sample collection, we quickly stored
the roundworms in a refrigerator. To ensure the validity of the
roundworm species used, we performed polymerase chain
reaction amplification of the mitochondrial 12S rRNA gene
for these samples (Niu et al. 2012) and then conducted BLAST
alignment against the NCBI database for species identifica-
tion. The BLAST results showed that the roundworms col-
lected from the fresh feces of captive giant panda, Chinese red
panda, and Amur tiger were B. schroederi, B. ailuri, and
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T. leonina, respectively. We subsequently used these round-
worm individuals for de novo genome sequencing.

De Novo Whole-Genome Sequencing

The genomes of three roundworm species were sequenced
using a whole-genome shotgun strategy. Genomic DNA was
extracted from the whole body tissue of a single roundworm
individual after eliminating the outer cuticle. For the genome
sequencing of the giant panda roundworm, B. schroederi, we
used a combined strategy of second-generation and third-
generation high-throughput sequencing. First, paired-end and
mate-pair libraries with insert sizes of 250-10kb were con-
structed and then sequenced on the Illlumina HiSeq 4000
platform (supplementary table S1, Supplementary Material
online). Second, a 10-kb genome library was constructed and
then sequenced on the PacBio RS Il platform (supplementary
table S4, Supplementary Material online). Because of the low
quantity of the genomic DNA derived from a single round-
worm individual, we used genomic DNA that was directly
extracted to construct the paired-end libraries, but we used
genomic DNA obtained from whole-genome amplification to
construct the mate-pair libraries and PacBio libraries. For the
genome sequencing of the red panda roundworm B. ailuri
and the lion roundworm T. leonina from the tiger, we only
used a second-generation sequencing strategy. Paired-end
and mate-pair libraries with insert sizes of 235-5kb were
constructed and then sequenced on the lllumina HiSeq
4000 platform (supplementary tables S2 and S3,
Supplementary Material online).

Genome Assembly and Annotation

For the genome assemblies of B. schroederi, B. ailuri, and
T. leonina, we used SOAPdenovo v2.04 (Luo et al. 2012) to
assemble the genome with lllumina sequencing reads. Then,
we used the GapCloser module within SOAPdenovo?2 to fill
gaps in the scaffolded assembly. Next, we used BLAST to align
the assembled scaffolds against the NR database to filter the
DNA sequences from mitochondria, indigenous microbes,
and hosts. In particular, for the genome assembly of
B. schroederi, we combined the PacBio long sequencing reads.
The PacBio long reads were error corrected by the LSC
method (Au et al. 2012) using the lllumina short reads
from the same individual. Then, we used the PBJelly
(English et al. 2012) and SSPACE-LongRead (Boetzer and
Pirovano 2014) methods to obtain the final genome based
on the PacBio long reads and the above lllumina read-based
scaffolds. We used the BUSCO method to assess the com-
pleteness of these genome assemblies.

We used the MAKER2 annotation pipeline (Holt and
Yandell 2011) to perform protein-coding gene annotation
according to two strategies: protein homology and ab initio
gene prediction. The protein homology input consisted of all
proteins of the pig roundworm A. suum, the dog roundworm
Toxo. canis, and C. elegans from the NCBI database. Ab initio
gene predictions were produced by three programs (SNAP,
Augustus, and GeneMark) within the MAKER2 pipeline.
Then, we assessed the completeness of the gene annotations
using the BUSCO method. Finally, we used the BlastP method
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to perform functional annotations of predicted protein-
coding genes against the NR, GO, KEGG, COG-KOG, and
SwissProt databases.

Prediction of the Protease and Protease Inhibitor Gene
Families and Secretome

Proteases (also called peptidases or proteinases) are enzymes
that catalyze proteolysis and breakdown proteins into smaller
polypeptides or single amino acids. They are involved in a
large class of biological functions and are important in host—
parasite interactions (Malagon et al. 2013). These proteases
are divided into five major classes (aspartic, cysteine, metallo,
serine, and threonine proteases). In our study, proteases and
protease inhibitors were identified and classified into families
by using BlastP against the MEROPS peptidase database
(Rawlings et al. 2016, http://www.ebi.ac.uk/merops), with at
least 60 amino acids matched for each protein. Excretory/
secretory proteins (ie, secretome) were predicted by the
programs SignalP (Petersen et al. 2011), TargetP
(Emanuelsson et al. 2000), and TMHMM (Krogh et al.
2001). Proteins with a signal peptide sequence but without
a transmembrane region were identified as secretome pro-
teins, excluding the mitochondrial sequences.

Gene Family Expansion and Contraction,
Phylogenomic Tree, and Divergence Time Estimation
We used the OrthoMCL v2.0.9 pipeline (Li et al. 2003) to build
gene families for eight nematode species. In addition to the
gene sets of the three roundworm species sequenced in this
study, protein-coding genes from five other nematode spe-
cies, including A. suum, Toxo. canis, C. elegans, C. briggsae, and
P. pacificus, were downloaded from the NCBI database. First,
BlastP was used for the pairwise alignment of protein sequen-
ces between species. Then, OrthoMCL was used to identify
gene families including single-copy orthologous protein-
coding genes. Gene family data from OrthoMCL were intro-
duced into CAFE v3.0 (De Bie et al. 2006) to identify the
expansion and contraction of gene families.

Each single-copy orthologous gene sequence was aligned
and concatenated by the MUSCLE method (Edgar 2004).
ModelTest (Posada and Crandall 1998) was used to estimate
the best-fit substitution model (the GTRGAMMA model).
Then, a maximum-likelihood phylogenomic tree was con-
structed by using RAXML software (Stamatakis 2014) with
1,000 bootstrap replicates. Free-living nematode species
were used as the outgroup. Furthermore, we used the r8s
program (Sanderson 2003) to estimate divergence times be-
tween roundworm species with two calibration points ap-
plied from the TimeTree database (www.timetree.org): the
divergence time of C. elegans and C. briggsae (60.2 Ma) and
the divergence time of C. elegans and P. pacificus (181.0 Ma).

Positive Selection Analysis

Based on the reconstructed phylogenomic tree (fig. 1a), we
performed a positive selection analysis using the branch-site
model of codon evolution with model = 2 and NSsites = 2 in
PAML v4.8 (Yang 2007). We aligned 1:1:1 orthologous genes
using Prank (LOytynoja 2014) and obtained conservative
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information sites with Gblocks (Castresana 2000). We per-
formed five positive selection analyses (supplementary table
S18, Supplementary Material online). The first three strategies
were used to identify the adaptation signatures of panda
roundworms to their almost exclusively bamboo-eating
hosts: 1) the giant and red panda roundworms were set as
the foreground branches, and the pig roundworm, dog
roundworm, and tiger roundworm were set as the back-
ground branches; 2) only the giant panda roundworm was
set as the foreground branch, and the other three species
(pig/dog/tiger roundworms) were set as the background
branches; or 3) only the red panda roundworm was set as
the foreground branch, and the other three species (pig/dog/
tiger roundworms) were set as the background branches. The
fourth and fifth strategies were used to analyze the selection
signals related to the parasitic lifestyle: 4) “#” was used to label
the common ancestor of five parasites (giant_panda/red_-
panda/pig/dog/tiger roundworms) in the phylogenetic tree
file used by PAML, which means that only the selection of the
common ancestor lineage was considered, and C. elegans,
C. briggsae, and P. pacificus were used as the background
branches; 5) “$” was used to label the common ancestor of
the five parasites, and the other settings were identical to (4),
which means that the selection of the common ancestor and
the five parasite branches was considered. Finally, the func-
tional enrichment of these positively selected genes according
to GO terms was performed by the DAVID method (Huang
et al. 2009), with the 1,444 orthologous genes of eight species
as the reference gene set. The significantly enriched category
included at least two genes, and the hypergeometric test was
used to estimate significance (P < 0.05). The FDR method was
further used to correct for multiple testing and estimate g
values, with g < 0.1 being considered significant.

Identification of Unique Amino Acid Substitutions
Related to Parasitism

We focused on the positively selected gene sets obtained
from the fourth and fifth strategies in the positive selection
analysis and applied two steps to screen for unique amino
acid substitutions shared by the parasitic nematodes. First, 87
currently released nematode proteomes (including those of
75 parasitic nematodes and 12 free-living nematodes) were
obtained (supplementary table S9, Supplementary Material
online). Then, the orthologs of positively selected genes in
these nematodes were obtained by the reciprocal best-hit
BLAST approach. Briefly, with these orthologous genes of
C. elegans as a reference, the protein set of each collected
species was BLAST searched against the reference, and recip-
rocal best-hit pairs were considered as orthologs. Next, mul-
tiple sequence alignment was performed for each
orthologous gene using Prank (Léytynoja 2014). To avoid
the impact of high-throughput sequencing errors on the
identification of unique amino acid substitutions, we calcu-
lated the frequency of an amino acid substitution that is
dominant in parasitic roundworm species (i.e, the dominant
amino acid substitution was shared by at least 20 species) and
its corresponding frequency in free-living nematode species
(i.e, the dominant amino acid was shared by at least ten

species). The frequency difference was examined by Fisher’s
exact test. An amino acid substitution with a significant fre-
quency difference (P < 0.001) was considered a candidate
unique amino acid substitution.

Second, to find the most stringent amino acid substitu-
tions that discriminate parasitic from free-living nematodes,
the candidate unique amino acid substitutions identified in
the first step were further manually checked in 44 nematode
species that are phylogenetically closely related, including 37
parasitic and seven free-living nematodes, and the phyloge-
netic tree of these species was derived from International
Helminth Genomes Consortium (2019). The multiple se-
quence alignment results were displayed in accordance
with the order of their evolutionary relationships using
MEGA (Kumar et al. 2016), and the accuracy of the BLAST
results was manually checked for the sequences near the
candidate amino acid substitutions. Therefore, the positively
selected genes related to parasitism were selected only if they
contained amino acid substitutions that met the following
conditions: 1) the amino acid substitutions at the site were
identical among all parasitic species and 2) among all free-
living species, the amino acid substitutions at the site were
different from those among all parasitic species. We used
PolyPhen-2 to predict the functional significance of the amino
acid substitution for each homologous gene to that of
C. elegans (Adzhubei et al. 2010). The functional enrichment
of the filtered gene set for GO terms was tested by the DAVID
method, with the 1,444 orthologous genes of eight species as
the reference gene set. The significantly enriched category
included at least two genes, and the hypergeometric test
was used to estimate significance (P < 0.05). The FDR method
was further used to correct for multiple testing and estimate
q value, with g < 0.1 being considered significant.

Genome-Wide Host—Parasite Protein Interaction
Analysis

Coevolution allows proteins to change with a similar magni-
tude while maintaining their interactions (Bitbol et al. 2016;
Cong et al. 2019). Thus, the functional interactions between
proteins can help to understand the coevolution between
host and parasite. The homology-based method (Soyemi
et al. 2018) (fig. 3a) has been applied to build host—parasite
interactions. For the hosts, we implemented the reciprocal
best-hit BLAST method to find the orthologs of five hosts
(giant panda, red panda, dog, pig and tiger) with the prote-
ome of human as the reference. Moreover, proteins were
filtered to build host—parasite interaction network since not
all proteins are likely to interact with the parasite’s proteins.
According to the life cycle information for Ascaris presented
at https://www.cdc.gov/parasites/, only proteins expressed in
the small intestine and lungs of the host and those located in
the plasma membrane and extracellular region were consid-
ered. The gene expression and amino acid site information
were obtained from the TISSUES and COMPARTMENTS
databases, which provide high-confidence information on tis-
sue expression and cellular localization, respectively (Binder
et al. 2014; Santos et al. 2015).
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For the parasites, we predicted the secretomes of five par-
asitic roundworms (the giant panda roundworm
B. schroederi, the red panda roundworm B. ailuri, the dog
roundworm Toxo. canis, the pig roundworm A. suum, and
the lion roundworm T. leonina parasitic on tiger) (fig. 3a). The
human orthologous genes corresponding to the secretomes
of the parasites were obtained using the reciprocal BLAST
best-hit method. These genes were used for the construction
of host—parasite PPl networks.

The interaction files in the STRING database (Jensen et al.
2009) allow the filtering of PPIs by confidence scores; these
files include several individual evidence channels (neighbor-
hood, gene fusion, cooccurrence, coexpression, experiments,
databases, and text mining) and are further subdivided into
direct and transferred evidence. The transferred evidence is
derived from ortholog transfer performed by the STRING
database itself. To obtain high-credibility PPls, we excluded
those that only exhibited the transferred scores; moreover, we
retained the high-confidence PPIs (combined score > 0.7)
using the recalculated method (Cuesta-Astroz et al. 2019).

Once we obtained the predicted host—parasite PPls, we
used the degree index (number of connections) to reveal
relevant proteins that may play a key role in host—parasite
coevolution. Functional enrichment analysis of Reactome
pathways was performed using the GeneTrail2 method
(Stockel et al. 2016) and took the combined filtered pro-
teomes of the hosts and parasites as background. The signif-
icantly enriched category included at least two genes, and the
hypergeometric test was used to estimate significance
(P < 0.05).

Host—Parasite Coevolution Analysis

Congruence of gene-level phylogenetic trees was used as an
indicator of PPl in two different biological systems such as
hosts and parasites (Lovell and Robertson 2010), thus phylo-
genetic tree test was performed for the common protein
interactions within the five interactive systems. First, we iden-
tified the source of each protein following two rules. For A-B
interaction, one is that if A comes from the filtered proteome
of host, then B must come from the filtered proteome of
roundworm. The other is that A must be present in the
filtered proteomes of the hosts in all five systems, and B
must be present in the filtered proteomes of the roundworms
in all five systems. After identifying the respective sources of
the two proteins in the interactions, we extracted amino acid
sequences and used the Neighbor-Joining method (bootstrap
value of 500) and maximum-likelihood method in MEGA to
construct the phylogenetic tree of the targeted interactive
proteins from the hosts and roundworms separately.

Supplementary Material

Supplementary data are available at Molecular Biology and
Evolution online.
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