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Abstract 

Background:  The freshwater snail Oncomelania hupensis is the obligate intermediate host for Schistosoma japoni-
cum in China. Transcriptomic examination of snail–schistosome interactions can provide valuable information of host 
response at physiological and immune levels.

Methods:  To investigate S. japonicum-induced changes in O. hupensis gene expression, we utilized high-throughput 
sequencing to identify transcripts that were differentially expressed between infected snails and their uninfected 
controls at two key time-point, Day 7 and Day 30 after challenge. Time-series transcriptomic profiles were analyzed 
using R package DESeq 2, followed by GO, KEGG and (weighted gene correlation network analysis) WGCNA analysis to 
elucidate and identify important molecular mechanism, and subsequently understand host–parasite relationship. The 
identified unigenes was verified by bioinformatics and real-time PCR. Possible adaptation molecular mechanisms of O. 
hupensis to S. japonicum challenge were proposed.

Results:  Transcriptomic analyses of O. hupensis by S. japonicum invasion yielded billion reads including 92,144 anno-
tated transcripts. Over 5000 differentially expressed genes (DEGs) were identified by pairwise comparisons of infected 
libraries from two time points to uninfected libraries in O. hupensis. In total, 6032 gene ontology terms and 149 KEGG 
pathways were enriched. After the snails were infected with S. japonicum on Day 7 and Day 30, DEGs were shown to 
be involved in many key processes associated with biological regulation and innate immunity pathways. Gene expres-
sion patterns differed after exposure to S. japonicum. Using WGCNA, 16 modules were identified. Module-trait analysis 
identified that a module involved in RNA binding, ribosome, translation, mRNA processing, and structural constituent 
of ribosome were strongly associated with S. japonicum invasion. Many of the genes from enriched KEGG pathways 
were involved in lysosome, spliceosome and ribosome, indicating that S. japonicum invasion may activate the regula-
tion of ribosomes and immune response to infection in O. hupensis.

Conclusions:  Our analysis provided a temporally dynamic gene expression pattern of O. hupensis by S. japonicum 
invasion. The identification of gene candidates serves as a foundation for future investigations of S. japonicum infec-
tion. Additionally, major DEGs expression patterns and putative key regulatory pathways would provide useful infor-
mation to construct gene regulatory networks between host-parasite crosstalk.
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Introduction
Schistosomiasis is a zoonotic parasitic disease esti-
mated to affect over 250 million people worldwide [1]. 
It is transmitted by snails infected with worms of the 
trematode genus Schistosoma. Oncomelania hupensis 
(Gastropoda: Rissooidea), mainly distributed in China’s 
Yangtze river basin and its south, is the only intermediate 
host of Schistosoma japonicum, which plays a key role in 
the transmission of schistosomiasis in China [2, 3]. The 
number of Schistosomiasis patients and the burden of 
the disease have dramatically reduced since the establish-
ment of People’s Republic of China (P.R.C), together with 
the national schistosomiasis control strategy shift from 
the morbidity control strategy to an integrated strategy 
in 2004 [4–6]. However, the disease remains endemic in 
some regions and contributes to a major public health 
concern in China. Moreover, there are still O. hupensis 
snails distributed in the ecologically complicated envi-
ronments, such as lakeshore, marshland and mountain-
ous areas. The breeding and spread of O. hupensis is the 
hotbed for the transmission and retransmission of Schis-
tosomiasis, even after elimination.

The life cycle of schistosomiasis is complicated. Its life 
cycle necessitates the presence of an intermediate host-a 
fresh water mollusk [7]. After released from the egg, the 
miracidium, the first larval stage in the life cycle, begin 
to search for its specific intermediate host. It penetrates 
the snail, subsequently multiply asexually into multicel-
lular sporocysts and later into cercarial larvae [8, 9]. The 
S. japonicum miracidium develop into sporocysts larva in 
the O. hupensis within a week. The glands, ganglia, eye 
spots and apical papilla get degenerated in this stage, 
except the ciliated epidermis replaced by neodermis (teg-
ument). After about 30 days infected snails release free 
swimming cercariae in response to sunlight. These can 
penetrate the skin of the mammalian host within 12–24 
h and finally invade the definite host [10, 11]. In addition 
to the parasite itself, it is well-known that the infection in 
O. hupensis depends on many factors, such as parasite-
snail compatibility, environmental aspects, individual 
snail defense capacity and specificity, and so on. Thus, the 
schistosome-snail interaction is a key area of research of 
biomedical significance.

With the help of tremendous breakthroughs in molecu-
lar research, the application of next-generation sequenc-
ing (NGS) technology in genomics, transcriptomics, 
epigenomics and metagenomics have been performed 
to drive forward our understanding of many processes 
and potential regulatory mechanisms in schistosomiasis 

involved both the parasite and host. The genome of Biom-
phalaria glabrata published in May 2017 [12], which has 
dramatically improved the efficiency of gene discovery 
in snail. In a recent study Wang et al. tried to determine 
modification of neuropeptides in the snail B. glabrata 
ganglia nervous system before and after infection with 
Schistosoma mansoni miracidia [13]. They found that the 
neuropeptides and precursor proteins, particularly those 
involved in snail reproduction were heavily down regu-
lated and less abundant in prepatent snails compared to 
non-infected snails. For O. hupensis, transcriptomic stud-
ies by RNA-seq have been performed after molluscicide 
treatment. Many genes involved in key processes associ-
ated with biological regulation and innate immunity have 
been identified, which would benefit for elucidating the 
molluscicidal mechanism [14]. Another study by com-
paring the differences in gene expression between the 
hilly and marshland snails revealed that there is a poten-
tial relationship between expression profiling and ecolog-
ical adaptation of the snail that may have implications for 
schistosomiasis control in future [15]. Our team reported 
preliminary analysis of raw data of O. hupensis before and 
after S. japonicum invasion, and 178,436,865 clean reads 
with a Q20 percentage of 87.90% were obtained [16]. 
However, we failed to conduct in-depth analysis due to 
sequence contamination of S. japonicum. Nevertheless, 
the key molecular mechanisms involved in the parasite–
snail interaction, the subsequent larva development, and 
the main molecular events occurring during infection 
establishment in the intermediate host have not been 
investigated so far.

Here, we provide and further analyze global view of the 
transcriptomes at two key time point to determine which 
physiological changes and immune responses occur in 
the snail after infections with S. japonicum miracidia. 
Understanding the pathogen–host interactions and criti-
cal molecular events on these time nodes during infec-
tion establishment in prepatent snails will provide new 
insights for the development of novel markers of detect-
ing infected snails and anti-schistosome strategies.

Methods
Sample collection and preparation
Oncomelania hupensis specimens were originally col-
lected from Guichi district, Chizhou city, Anhui province 
during April 2008 to February 2012 (Fig.  1a). The col-
lected samples were reared in the insectary for a week, 
and confirmed by cercaria shedding test. After excluding 
a natural infection, all snails were used for subsequent 
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investigations. The freshly hatched miracidia were har-
vested from the liver of New Zealand white rabbits as 
describe in [17], then pooled and placed in a container 
with de-chlorinated water. Subsequently, snails were 
separately placed in a 24-well culture plate of de-chlo-
rinated water, and then added 10 miracidia to each well, 
resulting in a snail to miracidia ratio of ~1:10. Snails were 
illuminated under light for 6 –8 h at 25 − 30 °C condi-
tions. Snails were then removed and placed into 20 × 30 
cm trays and cultured. De-chlorinated water was added 
daily to the culture trays to keep the moisture at a relative 
humidity of 85%. Throughout the experiment, snails were 
checked daily and dead ones were removed with forceps 
and counted. Finally, 10 snails were collected at days 7 
and 30 post-infection. Infection was assessed by com-
pression of tissues between two glass plates after remov-
ing of shell and examined under microscope to confirm 
the presence of cercariae or sporocysts (Fig.  1b). The 
snail soft tissues were pooled (at least three replicates), 

and then immediately flash frozen and stored for further 
analysis.

Transcriptome preprocessing and submission
Briefly, total RNAs were extracted separately from three 
different groups, designated as N (N1–N3, naïve stage), A 
(A1–A3, initial infection stage, 7 dpi) and C (C1–C3, late 
infection stage, 30 dpi), respectively, using TRIzol rea-
gent (Invitrogen, USA) according to the manufacturer’s 
protocol. Genomic DNA was removed by treating RNA 
samples with DNase I (Fermentas) prior to cDNA syn-
thesis. RNA quantification and quality were measured by 
the Nanodrop ND-1000 spectrophotometer (Nanodrop 
Technologies, Wilmington, DE), combining with Agilent 
2100 Bioanalyzer and denaturing gel electrophoresis.

Total RNA (3 µg) from each group was prepared 
according to the Illumina protocol as described pre-
viously. In brief, Magnetic beads with oligo-dT were 
used to combine the poly-A of the mRNA for purifying 

Fig. 1  a Geographical location of the sampling site in Guichi district in Anhui province; b overall workflow for collection of non-infected and 
infected O. hupensis. Control group is Group N(naïve stage), while infection group include Group A (initial infection stage, 7 dpi) and Group C (late 
infection stage, 30 dpi)
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the mRNA from the total RNA. Subsequently, poly (A) 
mRNA was chopped into short fragments using diva-
lent cations under elevated temperature. The fragments 
were used to synthesize first-strand cDNA with ran-
dom primers, and first-strand cDNA was transformed 
into double-strand cDNA by using RNase H and DNA 
polymerase I according to the manufacturer’s instruc-
tions. Short fragments of desirable lengths (200–300 
bp) were purified using the QIAquick PCR Extraction 
Kit (Qiagen, Valencia, CA, USA), which was also used 
for continued end repair and ‘A’ base addition. The end-
repaired DNA fragments were ligated with sequencing 
adapters through A and T complementary base pairing. 
AMPure XP beads (Beckman Coulter, Shanghai, China) 
were used to remove unsuitable fragments. The multi-
plexed cDNA libraries were checked using PicoGreen 
(Quantifluor™-STfluorometerE6090, Promega, CA, USA) 
and fluorospectrophotometry (Quant-iT59PicoGreen 
dsDNA Assay Kit; Invitrogen, P7589) and quantified with 
Agilent 2100 (Agilent 2100 Bioanalyzer, Agilent, 2100; 
Agilent High Sensitivity DNA Kit, Agilent, 5067–4626). 
The sequencing library was gradually diluted and quanti-
fied to 4–5 pM and sequenced using the Illumina Next-
Seq™ 500 platform at Shanghai Personal Biotechnology 
Co., Ltd. The transcriptome datasets are available from 
the NCBI Sequence Read Archive (SRA) under accession 
number SRR9598637–SRR9598645.

De novo transcriptome assembly and functional 
annotation
Clean reads were obtained from raw data by removing 
adaptor sequences, low quality reads (Q < 20) and reads 
containing adapter or poly-N with the help of cutadapt 
[18] and fqtrim [19]. De novo assembly of clean data 
was assembled based on clean reads using Trinity [20] 
to generate transcripts. For further analysis, the assem-
bled sequences were searched against the NCBI non-
redundant nucleotide database (Nt), non-redundant 
protein database (Nr) and Swiss-Prot database with an 
E-value < 10−5. For contigs annotated as the same refer-
ences, we removed the shorter fragmented transcripts 
and retained the longest contigs after removing the 
redundancy using RSeQC [21]. In order to exclude the 
contamination of S. japonica’s genome, we used Hisat 
by mapping clean reads onto reference genome and 
genes for data filtering operations. The obtained contigs 
were defined as unigenes. Principal component analy-
sis (PCA) was conducted based on the final set of clean 
datasets obtained from samples representing 3 biologic 
replicates. The expression of each gene was calculated 
according to the reads per kilo bases per million reads 
(RPKM) normalized by log2 transformation and subse-
quently analysed by the DESeq 2 package. The expression 

fold change was calculated in Empirical analysis of digi-
tal gene expression data in R (edgeR) and used to identify 
the unigenes that were differentially expressed between 
paired samples. Genes with expression changes greater 
than twofold between two groups were considered DEGs 
(P-adj < 0.05). GO (gene ontology) annotation of uni-
genes was performed by the Blast2GO program23 [22]. 
The metabolic pathways of the unigenes were predicted 
by Kyoto Encyclopedia of Genes and Genomes (KEGG) 
[23].

Weighted gene coexpression network analysis (WGCNA)
WGNCA approach was applied in this study to find 
gene co-expression modules based on the normalized 
gene expression values for each sample. Samples from 
each group were collected to identify modules that had 
different expression patterns, where each module repre-
sents a group of genes having similar co-expression pat-
terns. Next, the genes from the modules with coefficients 
higher than 0.5 were selected and subjected to GO and 
KEGG enrichment analysis.

Quantification of mRNA expression level
Quantification of nine genes was randomly selected 
and performed by means of qRT-PCR as described 
before (Additional file  1: Table  S1). Total RNA samples 
for quantification of gene expression were the same as 
the samples prepared for cDNA library construction. 
Briefly, the total RNA was extracted using TRIzol Rea-
gent (Invitrogen, USA). 1 μg of total RNA was reverse-
transcribed TaKaRa Super RT Kit. All reactions were 
assayed in three biological and technical replications and 
performed in an ABI-2700 (Applied Biosystems, USA) 
using SYBR Green qPCR kit (Invitrogen, USA), accord-
ing to the manufacturer’s instructions. Forward (F) and 
reverse (R) of specific primers used to amplify genes of 
interest in the qRT-PCR reactions are listed in Additional 
file 1: Table S1. The first step of amplification was dena-
turation at 95 °C for 10 min, followed by 40 cycles with 
15 s at 95 °C and 10 s at 60 °C. Melting curve analysis 
was carried out using following conditions: 1 min at 95 
°C, 65 °C for 2 min and progressive increase from 65 °C 
to 95 °C to ensure that a single product was amplified in 
each reaction. The relative expression level of mRNA was 
normalized to the internal control of O. hupensis 18S and 
calculated by using the 2−ΔΔCt method. Finally, the results 
were statistically analyzed using One-way ANOVA and 
then Post Hoc Multiple Comparisons in SPSS 19.0.

Results
Overview of sequencing data
To achieve a comprehensive view of gene expression 
dynamics of O. hupensis by S. japonicum invasion, we 
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incorporated 9 tissue/carcass samples at two key time 
point and one control sample. After trimming out con-
tamination of S. japonicum (by mapping clean reads to S. 
japonicum’s genome using Hisat), low-quality reads and 
repeats, 56,226 validated transcripts (transcripts could 
be detected in at least 5 samples) were screened from 
total 92,144 transcripts. The size distribution of the reads 
was similar between each two libraries. PCA was also 
performed on the sequencing dataset, which clear seg-
regated the control sample and S. japonicum challenged 
samples (Fig. 2a). Notably, PCA is unable to discriminate 
one sample of later of infection stage. PCA showed one 
sample of later of infection stage (C2) was linearly sepa-
rated. We then computed the Pearson correlation coeffi-
cients between the paired samples, and plotted them as 
the heat maps as shown in Fig. 2b, where the most poorly 
correlated (median pairwise r2 = 0.92) pair was between 
C2 and N3.

Temporal transcriptome dynamics before and after 
infection
A total of 8189 unigenes were found to be differen-
tially expressed. To investigate gene expression pattern 
change and identify the critical genes in the O. hupensis 
response to S. japonicum invasion, pairwise compari-
sons were performed between each time point (A vs N, 
C vs A and C vs N). Among these unigenes, 2466 were 
downregulated and 3658 were upregulated by |log2Fold-
Change| > 1 (P < 0.05) in group A compared with that in 

group N. 1732 unigenes were downregulated and 4148 
were upregulated in group C compared with that in 
group N. Whereas, only 38 unigenes were downregulated 
and 394 were upregulated in group C compared with 
that in group A. The fold-change ranged from − 11.64 to 
12.95 for the downregulated and upregulated unigenes 
(Additional file  2: Table  S2). Hierarchical clustering of 
the significantly different unigenes (two-way ANOVA, 
FDR-adjusted P-adj value < 0.01) reveals distinct patterns 
of gene expression specific to each of the three groups 
(Fig.  3a). We also found that 205 unigenes overlapped 
among differentially expressed unigenes of paired groups 
(Fig. 3b).

Function analysis of DEGs
Firstly, the annotated genes were searched in the egg-
NOG database to determine their functional classi-
fication macroscopically [24]. To further explore the 
functions of the DEGs, we performed a Gene Ontol-
ogy (GO) and KEGG(Kyoto Encyclopedia of Genes and 
Genomes)enrichment analysis [23, 25]. When group A 
compared with that in group N, nucleolus, axoneme 
and sperm flagellum were the most represented sub-
categories in cellular components; cilium movement 
involved in cell motility, cilium movement and flagel-
lated sperm motility were the most represented in bio-
logical processes; ATP-dependent microtubule motor 
activity, dynein intermediate chain binding and dynein 
light chain binding were most represented in molecular 

Fig. 2  Correlating transcriptomes from three group samples. Group N (N1-N3, naïve stage), Group A (A1–A3, initial infection stage, 7 dpi) and Group 
C (C1–C3, late infection stage, 30 dpi) (a) Principal Components Analysis (PCA) on the whole set samples; (b) pearson correlation coefficient heat 
map on each sample
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function. Subsequently, KEGG pathway enrichment 
analysis for the DEGs revealed that ribosome biogen-
esis in eukaryotes, lysosome and ribosome was the 
top three enriched categories (Fig. 4a). When group C 
compared with that in group N, endoplasmic reticulum 
membrane, nucleolus and endoplasmic reticulum were 
the most represented subcategories in cellular com-
ponents; microtubule organizing center organization, 
cholesterol biosynthetic process and negative regula-
tion of wound healing were the most represented in 
biological processes; aromatase activity, microtubule 
plus-end binding and eukaryotic translation initiation 
factor 2 alpha kinase activity were most represented in 
molecular function. KEGG pathway enrichment analy-
sis for the DEGs revealed that ribosome biogenesis in 
eukaryotes, peroxisome and chemical carcinogen-
esis were the top three enriched categories (Fig.  4b). 
For group C vs group A, in general, only a small part 
of unigenes dysregulated significantly, which prob-
ably reflects the strong reduction in overall transcrip-
tion. Ribosome, cytosolic small ribosomal subunit and 
cytosolic large ribosomal subunit were the most repre-
sented subcategories in cellular components; cell wall 
macromolecule catabolic process, RNA splicing and 
mRNA processing were the most represented in biolog-
ical processes; structural constituent of ribosome, RNA 
binding and arginine kinase activity were most repre-
sented in molecular function. KEGG pathway enrich-
ment analysis for the DEGs revealed that spliceosome 
was the most enriched category (Fig. 4c).

The key gene network associated with infection identified 
by WGCNA
In our analysis, to identify the gene network that was 
highly associated with S. japonicum invasion, we detected 
16 modules by WGCNA based on the RNA-Seq data 
(Fig. 5a). Based on the results above, the green, blue, red, 
black, yellow and tan modules significant correlated with 
group N phenotype, and the grey, salmon and turquoise, 
together with the brown, pink, cyan, and yellow had sig-
nificant relationship with group C and group A pheno-
type, respectively (Fig.  5b). These results indicated that 
genes that had high correlation with the brown module 
were strongly associated with S. japonicum invasion. The 
genes from the modules with coefficients higher than 0.5 
were selected and subjected to GO and KEGG enrich-
ment analysis. We found that GO function terms were 
enriched in RNA binding, ribosome, translation, mRNA 
processing, structural constituent of ribosome (Fig.  5c), 
and spliceosome, mRNA surveillance pathway, RNA 
degradation and pathogenic infection were enriched in 
the KEGG analysis (Fig. 5d), indicating that S. japonicum 
invasion may activate the regulation of ribosomes and 
response to infection-related mechanisms in O. hupensis.

Quatification of DEGs
To validate the reliability of the transcriptome data 
and expression level of the identified unigenes, 
nine unigenes with significantly differential expres-
sion were selected for qRT-PCR as described previ-
ously. The result (Fig.  6) showed that most of samples 

Fig. 3  a Hierarchical clustering of the significantly different unigenes revealed distinct patterns of gene expression specific to each of the three 
groups; b a venn diagram showed the number of overlap between the differentially expressed unigenes in pairwise groups. A stands for Group A, N 
stands for Group N and C stands for Group C
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Fig. 4  Gene ontology and KEGG enrichment analysis of DEGs. a Gene ontology and KEGG enrichment analysis of GEGs from group A compared 
to group N; b gene ontology and KEGG enrichment analysis of GEGs from group C compared to group N; c Gene ontology and KEGG enrichment 
analysis of GEGs from group C compared to group A
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showed similar expression patterns as those revealed 
by our sequencing result. Data are presented as the 
mean ± standard deviation of three replicates. The 
unigene c111154_g1_i2 annotated as “tripartite motif-
containing protein 59-like” has the highest expression 
in group N. While c114278_g1_i2 annotated as “protein 
transport protein Sec61 subunit gamma” and c113049_
g1_i1 annotated as “ATP-binding cassette sub-family F 
member 2-like” has relatively high expression in group 
A and C, respectively. All of the selected genes were 
successfully amplified. However, the expression levels 
of some samples (for example, N1 in group N) by qRT-
PCR were inconsistent with that of sequencing results, 
which might be caused by individual variation, amplifi-
cation efficiency and other unconfirmed factors.

Discussion
The neglected tropical disease of schistosomiasis remains 
one of the most intractable public health concerns, 
which exert serious impact on global disease burden. S. 
japonicum has a complex life-cycle involving two hosts. 
Oncomelania hupensis is of great medical significance 
as it is the unique intermediate host for the transmission 
of schistosomiasis in China. The invasion of O. hupensis 
by S. japonicum can lead to massive physiological and 
immune changes. In this study, we provide a compre-
hensive view of transcriptomic changes by S. japonicum 
invasion. We are interested to find what molecular com-
ponents were modified upon infection, as well as to know 
the corresponding related defense and immune mecha-
nisms in parasite-host interactions.

Fig. 5  WGCNA of differentially expressed genes from transcriptome response of O. hupensis by s. japonicum invasion. a Dendrogram of modules 
identified by WGCNA; b Correlation matrix of module eigengene values and phenotypes; (c) and (d) gene ontology and KEGG enrichment analysis 
of GEGs from the brown module
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The larval stages of S. japonicum generally develop 
within its first intermediate host–O. hupensis. Thus, 
the invasion of trematode may have a negative effect on 
snails due to mechanical cell damage and competition 
on nutrient access. The 7 days and 30 days are the two 
key time points for the success of S. japonicum devel-
opment and infection in the O. hupensis. Generally, the 
S. japonicum miracidium need a week to develop into 
sporocysts larva within the O. hupensis accompanied by 
many organs differentiate and deform. Additionally, free-
swimming cercariae are released from infected snails 
after about 30 days after two rounds of asexual repro-
duction. So these temporal transcriptome changes may 
reflect the difference in the schistosome-snail interaction 
in the initial and later infection stages. In this study, we 
have found that the transcriptome profiles of infected 
group (A and C) were distinctively different from naïve 
group N. Among the three studied groups, group A and 
C showed distinct different gene expression patterns 
when compared to group N; whereas in group C vs group 
A, the difference of significant changed pattern was not 
distinct with great difference. One possible explanation is 
that the interplay between host-parasite intensified dur-
ing the migration of the larval stages of trematodes inside 
O. hupensis at the later stages. We observed that PCA 
showed one sample of later of infection stage (C2) was 

linearly separated with two others. We conclude this may 
be caused by the relatively small biological repeat of sam-
ples in the study. To validate our sequencing results, we 
performed qRT-PCR analysis using the RNA sample used 
for RNA-seq. Although some unigenes showed similar 
expression patterns as those revealed by our sequencing 
analysis, however, relative expression level of unigenes 
for N1 from the group N by qRT-PCR were inconsistent 
with the sequencing results. We assumed that this might 
be caused by the experimental conditions, or analyti-
cal error in both small RNA NGS and the qRT-PCR, but 
some other unknown reasons cannot be excluded.

The unavailability of the genome of O. hupensis hin-
ders investigation on the regulation of gene expression 
and regulation. Particularly, some aspects of the biology 
of O. hupensis as well as its relationship to the parasite 
S. japonicum interaction are still poorly explored. Thus, 
this study will greatly assist in better understanding of 
the host-parasite interaction. In our study, the upregu-
lated and downregulated genes of O. hupensis upon S. 
japonicum infection provide a global view of the regula-
tory interactions. Henceforth, comparison of two key 
time point transcriptomes with uninfected stage was 
performed. We found that thousands of genes were dif-
ferentially expressed, and more genes were upregu-
lated following S. japonicum challenge. These findings 

Fig. 6  Validation of gene expression profiles by qRT-PCR and RNA-seq in three different groups. The transcript levels of unigenes were calculated 
relative to the amount of 18 small nuclear after normalization. The real time PCR data with bars represent the mean ± SD from three independent 
experiments. The left y-axis represents the relative gene expression level by qRT-PCR, and the right y-axis indicates relative gene expression level of 
RNA-seq
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are in line with other previous studies on Biomphalaria 
glabrata, which is the major intermediate snail host for 
S. mansoni [26]. For example, 41 open reading frame 
expressed sequence tags (ORESTES) libraries from dif-
ferent tissue types that had either remained unexposed 
or had been exposed to S. mansoni revealed that the 
number of sequences obtained from infected group is 
more than that of uninfected group [27]. Anne E Lock-
yer et al. [28] identified 98 differentially expressed genes 
or gene clusters using snail haemocyte RNA of 2 to 24 
h post-exposure to S. mansoni hybridized to the cus-
tom made cDNA microarray. Also, differential expres-
sion of putative Argonaute, Drosha, Piwi, Exportin-5 
and Tudor genes at different snail developmental stages 
and during infection with S. mansoni were observed. The 
authors found that relative expression of some homolo-
gous genes were significantly upregulated in S. mansoni 
compared to 5 days group [15]. By contrast, only a few 
study focused on the transcriptomic studies in the snail 
O. hupensis, for instance, Zhao et al. have characterized 
the transcriptome profiling of O. hupensis from the two 
distinct habitats and identified thousands of genes that 
show either increased or decreased expression [15]. A 
RNA-Seq experiment revealed that gene expression of 
O. hupensis showed significantly effects exposed to two 
kinds of molluscicides [14]. Together these data demon-
strate the highly dynamic nature of transcriptomic profile 
in response to environment, infection and molluscicide. 
Overall RNA-Seq analysis results characterized 8189 dif-
ferentially expressed unigenes. Among them, 2466 and 
1732 downregulated unigenes, and 3658 and 4148 upreg-
ulated unigenes were found to be differentially expressed 
in group A and C respectively when compared with 
group N. Some DEGs showed significant expression fold-
change value of > 10, and enriched in important GO func-
tion and KEGG pathways terms, such as RNA binding, 
ribosome, translation, mRNA processing, and lysosome, 
spliceosome and ribosome. However, these DEGs should 
be further investigated as potential markers associated 
with detection of S. japonicum in O. hupensis.

The long-standing and complicated host-parasite 
interaction necessities the needs to study the molec-
ular and cellular mechanisms involved in the snail 
physiological and immune response against schisto-
some infection. In recent years, a number of conserved 
signaling pathways and immune-related effectors 
have been identified in molluscs, especially in Biom-
phalaria glabrata, but few have been reported in O. 
hupensis. Guo et  al. reported the functional proper-
ties of hemocyanin of O. hupensis, and showed that 
OhH exhibited o-diphenoloxidase activity after lim-
ited proteolysis, and shared carbohydrate epitopes 

with glycoconjugates of S. japonicum [29]. Then, in 
2012, Zhang et al. identified three goose-type (g-type) 
lysozymes from expressed sequence tags (ESTs) of a 
gastropod O. hupensis [30]. Thioredoxin peroxidase 
(TPx) gene of O. hupensis was cloned and expressed, 
and the recombinant TPx protein shows a certain anti-
oxidant activity [31]. Interestingly, in our study, we 
also found a homologue of thioredoxin domain-con-
taining protein (unigene75336, participating in protein 
processing in endoplasmic reticulum related pathway) 
was significantly up-regulated in group A and group 
C with high fold change (above 5). MIF, a homologue 
of mammalian macrophage migration inhibitory fac-
tor, which is a constitutively expressed pleiotropic 
regulator in the host’s antimicrobial defense system 
and stress response, have successfully identified and 
functionally characterized from O. hupensis (OhMIF). 
Huang et al. found that found that OhMIF displays sig-
nificantly increased expression in snails following chal-
lenge with S. japonicum. Furthermore, Knockdown of 
OhMIF significantly reduced the percentage of phago-
cytic cell populations in circulating hemocytes [32]. 
Lately, Zhao et  al. [33] identified 16 Toll-like recep-
tors (TLRs) in O. hupensis. Of note, after S. japonicum 
challenge, the expression levels of all of the OhTLRs 
were significantly up-regulated at 6 h post-challenge, 
while they were inhibited and fluctuated at later time 
points in haemocytes and in other tissues. Addition-
ally; they further determined that Three OhMyD88 
genes were highly expressed and up-regulated in 
haemocytes at the early time-point after S. japonicum 
challenge. Another study found that both the expres-
sion of OhTRP14 and ROS level increased significantly 
in snails following challenge with S. japonicum [34], 
which play a crucial role in the regulation of signaling 
pathways of NF-κB, mitogen-activated protein kinases 
(MAPKs), and apoptosis triggered by TNF-α. Similarly, 
we observed that a homologue of Toll-like receptor 2 
(unigene86937, participating in Toll-like receptor sign-
aling pathway) was significantly up-regulated both in 
group A and group C when compared with Group N. 
Using GO and KEGG databases, many unigenes were 
mapped to key processes associated with biological 
regulation and innate immunity pathways, such as Toll 
and Imd signaling pathway, PPAR signaling pathway, 
Ubiquitin mediated proteolysis pathway, and Ribo-
some biogenesis in eukaryotes.

The number and fold change of genes demonstrates 
the complex and dynamic transcriptome regulation in 
O. hupensis. However, further investigation into the 
varied expression of genes in different tissues at differ-
ent time-point after S. japonicum challenge, combing 
with the critical signal pathways involved, will improve 
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our understanding of gene function and regulation in 
physical response and innate immunity of O. hupensis.

Conclusion
To investigate the possible defense mechanism of O. 
hupensis by S. japonicum invasion, we utilized high-
throughput sequencing to identify transcripts that 
were differentially expressed between infected snails 
and their uninfected controls. Both at the early and 
late stages of infection, we obtained many DEGs, which 
were then subject to GO, KEGG and WGCNA analysis. 
We identified some important immune signal and phys-
iological processes pathways that likely responded to S. 
japonicum invasion at pre-patent stage. Taken together, 
results from this study will provide a valuable addi-
tion to for future investigations of infection-induced 
immune response and physiological variation in the O. 
hupensis and snail–schistosome interactions at a sub-
stantial level.
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