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Abstract

Background: Ascaris lumbricoides causes human ascariasis, the most prevalent helminth disease, infecting approximately 1 bil-
lion individuals globally. In 2019 the global disease burden was estimated to be 754,000 DALYs and resulted in 2090 deaths. In
the absence of a vaccination strategy, treatment of ascariasis has relied on anthelminthic chemotherapy, but drug resistance is
a concern. The propensity for reinfection is also a major challenge to disease control; female worms lay up to 200,000 eggs daily,
which contaminate surrounding environments and remain viable for years, resulting in high transmission rates. Understanding
the molecular mechanisms of reproductive processes, including control of egg production, spermatogenesis, oogenesis and
embryogenesis, will drive the development of new drugs and/or vaccine targets for future ascariasis control.

Methods: Transcriptome profiles of discrete reproductive and somatic tissue samples were generated from adult male and
female worms using lllumina HiSeq with 2 x 150 bp paired-end sequencing. Male tissues included: testis germinal zone, testis part
of vas deferens, seminal vesicle and somatic tissue. Female tissues included: ovary germinal zone, ovary part of the oviduct, uterus
and somatic tissue. Differentially expressed genes (DEGs) were identified from the fragments per kilobases per million reads (FPKM)
profiles. Hierarchical analysis was performed to identify tissue-specific genes. Furthermore, Gene Ontology (GO) and Kyoto Ency-
clopedia of Genes and Genomes (KEGG) analyses were employed to identify significant terms and pathways for the DEGs.

Results: DEGs involved in protein phosphorylation and adhesion molecules were indicated to play a crucial role in
spermatogenesis and fertilization, respectively. Those genes associated with the G-protein-coupled receptor (GPCR)
signaling pathway and small GTPase-mediated signal transduction pathway play an essential role in cytoskeleton
organization during oogenesis. Additionally, DEGs associated with the SMA genes and TGF-f3 signaling pathway are
crucial in adult female embryogenesis. Some genes associated with particular biological processes and pathways that
were identified in this study have been linked to defects in germline development, embryogenesis and reproductive
behavior. In the enriched KEGG pathway analysis, Hippo signaling, oxytocin signaling and tight junction pathways
were identified to play a role in Ascaris male and female reproductive systems.

Conclusions: This study has provided comprehensive transcriptome profiles of discrete A. lumbricoides reproductive
tissue samples, revealing the molecular basis of these functionally important tissues. The data generated from this
study will provide fundamental knowledge on the reproductive biology of Ascaris and will inform future target identi-
fication for anti-ascariasis drugs and/or vaccines.
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Background and spermatogenesis in female and male A. lumbri-

Ascaris lumbricoides is a soil-transmitted helminth
(STH) that cause human ascariasis, especially in tropi-
cal and subtropical regions of the world. Ascariasis has
the highest prevalence of all helminthiases, infecting
approximately 0.8-1.2 billion individuals worldwide,
especially preschool and school-aged children [1]. The
reproductive capacity of Ascaris drives the life cycle
and exacerbates disease transmission where each indi-
vidual female can produce>200,000 fertilized eggs
daily [2]. When the eggs are deposited and incubated in
the soil, they develop into an infective stage (embryo-
nated egg), which can remain viable for several years
despite extreme environmental conditions that may
include periods of extreme temperature fluctuations
and drought; Ascaris eggs are also resistant to chemical
treatment [3]. Control is primarily based on delivery of
anthelminthic therapy to symptomatic patients or peri-
odic mass drug administration in endemic areas. There
is currently no vaccine for human ascariasis. Although
benzimidazoles are effective in treating ascariasis, the
development of drug resistance is a concern [4—6]. As
a result, sustainable future control of ascariasis will rely
on the identification of new molecular targets. Under-
standing the molecular mechanisms of egg production

coides will contribute to the discovery of novel drug
and vaccine candidates. Targeting these tissues will
limit the large number of eggs produced.
Tissue-specific transcriptomics offers an opportunity
to identify gene targets that underlie key functions at
the tissue and cellular level. Transcriptome profiles of
several helminths, generated using microarray or RNA
sequencing (RNA-Seq), have targeted specific tissues
[7-10], stages [11-13] and sexes [14, 15]. Indeed, tran-
scriptome profiles of both germline and somatic tissues
of the pig roundworm Ascaris suum, a closely related
species to A. lumbricoides, have been generated [16]. In
addition to transcriptomics, the microRNA profiles of
male and female A. suum reproductive tissue samples
have also been analyzed, focusing on the regulation
of gene expression [17-19]. Despite this, there are no
equivalent datasets for A. lumbricoides, which would
enable comparative analyses of the molecular mecha-
nisms and gene expression profiles between the two
Ascaris species. As such, transcriptome analysis of A.
lumbricoides reproductive tissue samples will complete
the molecular basis of the genus Ascaris, which may aid
in the establishment of effective control of both related



Phuphisut et al. Parasites & Vectors (2022) 15:477

species that pose zoonotic and anthroponotic threats
[20].

The large worm size and the linear structure of the
reproductive tissue in A. lumbricoides allows for the dis-
section and isolation of the discrete stages of gametogen-
esis in both male and female worms. This study employs
RNA-Seq to generate transcriptome profiles of discrete
reproductive and somatic tissue samples in adult male
and female A. lumbricoides to identify significant differ-
entially expressed genes (DEGs) that can be attributed to
roles in egg production and spermatogenesis. Data gener-
ated in this study will contribute to better understanding
of the molecular mechanisms involved in A. lumbricoides
egg development and spermatogenesis. These insights
will inform future development of target-specific ascaria-
sis control strategies in humans, and potentially in pigs.

Methods

Study area

The study site was located in the Ban Mae Salid Luang
village, Mae Song Sub-District, Thasongyang District
and Tak Province close to the Thai-Myanmar border.
This study was approved by the Human Research Ethics
Committee of the Faculty of Tropical Medicine, Mahidol
University, Bangkok, Thailand (MUTM 2021-020-
01 and MUTM 2021-020-02).

Stool examination

With their assent and consent, a total of 186 participants
with ages ranging from 7 to 17 years were recruited to
provide stool samples for the investigation of A. lum-
bricoides infection. Participants received labeled sample
containers to collect their stools and send them to the
study site for stool examination. Along with collecting
stool samples, data such as age, gender and address were
also collected.

All human stool samples were subjected to the Kato-
Katz method as previously reported [21-23]. In brief, a
stainless-steel sieve (size 40 mesh: 420 pm sieve open-
ing) was used to press individual stool samples, and the
non-retained material was used to fill a kit template with
39.2 mg material. The sample was covered with glycerin-
malachite green-soaked cellophane and firmly pressed
to disseminate the stool across the surface. After 30 min,
the slide was examined under a light microscope. Ascaris
lumbricoides eggs were recorded. All samples were
anonymized.

When utilizing the Kato-Katz method, 32 of the 186
participants had A. lumbricoides-positive stools. Ascaris
lumbricoides-infected participants were treated orally
with a single dose of albendazole (400 mg) according to
WHO guidelines [24]. The medical treatment was deliv-
ered under the physical examination and supervision of
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a medical doctor individually. Patients were monitored
for 1 h at the study site for the appearance of any side
effects from the medication, such as nausea, vomiting,
headaches and dizziness. After the participant returned
home, they continued to monitor any side effects on
their own, and if any were found, they promptly received
medical attention. No patients presented any side effects
at any stage. The results of the stool examination were
reported to the local health-promoting hospitals for fur-
ther investigation and action on the prevention and con-
trol strategy.

Collection of adult A. lumbricoides for RNA-Seq

A total of 32 individuals with A. lumbricoides-positive
stool eggs were approached for treatment, and whole
stools were collected daily for 4 days with their assent
and consent. Adult A. lumbricoides were obtained from
participants after albendazole treatment; infected indi-
viduals collected whole stool in plastic garbage bags daily
for 4 days post-albendazole administration. Since worms
could be expelled at different times from each partici-
pant, the stool was collected immediately after defecation
and transferred to the field laboratory station within 3 h.
At the field laboratory station, adult worms were recov-
ered from the stool sample and rinsed several times with
sterile 0.85% normal saline solution (NSS) to remove
fecal contamination. According to the worm expulsion,
each adult worm collected was examined to ensure its
vitality; 15 of the 39 individual worms that were retrieved
were still viable. To obtain the best quality adult worm for
RNA isolation, only worms that were viable and in good
physical condition were collected. Subsequently, male
and female worms were distinguished morphologically
under a stereomicroscope. Three adult male and three
adult female worms of good quality, which were retrieved
from different participants, were employed in the experi-
ment. Male and female worms were then dissected under
a stereomicroscope to retrieve their somatic and repro-
ductive tissues. Body wall muscles at the anterior region
were used as somatic tissue samples. The reproductive
tissue samples were completely excised and placed in a
Petri dish containing NSS. Four distinct regions with the
male reproductive tissues were dissected: (i) the germinal
zone of the testis (Tg), approximately 5 cm in length from
the tip of the anterior testis; (ii) testis, part of vas defer-
ens (Tv); (iii) seminal vesicle (Sv); (iv) male somatic tissue
(Stm). Four distinction regions with the female reproduc-
tive tissue were dissected: (i) the germinal zone of the
ovary (Og); (ii) ovary, part of the oviduct (Ov); (iii) uterus
(Ut); (iv) female somatic tissue (Stf). The dissection of
somatic and reproductive tissues is shown in Additional
file 1: Figure S1. Note that the distinct regions within the
male and female reproductive tracts, as outlined above,
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were identified based on a previous publication [18]. Dis-
sected tissue samples were immediately frozen on dry ice
and transported back to the main laboratory in Bangkok,
Thailand, where they were stored at — 80 °C prior to RNA
extraction. Six worms in total, three distinct male worms
and three distinct female worms, were used in this study.
Each worm was dissected for four different tissue types
for examination. Therefore, RNA sequencing was per-
formed on a total of 24 tissue samples. Each worm was
taken from a different participant.

Total RNA extraction, library construction and sequencing

Total RNA was isolated from each sample using TRI-
zol Reagent according to the manufacturer’s instruc-
tions (Thermo Fisher Scientific, Waltham, MA, USA).
The quantity and quality of total RNA was determined
using an Agilent 2100 Bioanalyzer (Agilent Technolo-
gies, Palo Alto, CA, USA), NanoDrop (Thermo Fisher
Scientific Inc.), and 1% agarose gel electrophoresis. One
microgram of total RNA with RIN value > 6.5, which
met the quality requirements of the manufacturer, was
processed for library preparation and RNA sequenc-
ing by Vishuo Biomedical (Thailand) Ltd. Briefly, next-
generation sequencing libraries were prepared according
to the manufacturer’s protocol [NEBNext® Ultra™ RNA
Library Prep Kit for Illumina® New England Biolabs
(NEB), Ipswich, MA, USA]. Poly(A) mRNA isolation was
performed using the Poly(A) mRNA Magnetic Isolation
Module (NEB). mRNA fragmentation and priming were
performed using First-Strand Synthesis Reaction Buffer
and random primers (NEB). First-strand cDNA was syn-
thesized using ProtoScript II Reverse Transcriptase, and
second-strand cDNA was synthesized using Second-
Strand Synthesis Enzyme Mix. Following this, the puri-
fied double-stranded cDNA was treated with End Prep
Enzyme Mix to repair both ends and add a dA-tailing in
one reaction, followed by a T-A ligation to add adaptors
to both ends. Next, size selection of adaptor-ligated DNA
was performed using VAHTS DNA clean beads (Vazyme
Biotech Co., Ltd, Nanjing, China), and fragments of
approximately 420 bp (with an approximate insert size
of 300 bp) were recovered. Each sample was then ampli-
fied by PCR for 13 cycles using P5 and P7 primers (see
Additional file 2: Table S1), with both primers carry-
ing sequences that can anneal with flow cells to perform
bridge PCR and the P7 primer carrying a six-base index
that allows for multiplexing. The PCR products were
cleaned up using VAHTS DNA clean beads, validated
using Qsep 100 (Bioptic, Taiwan, China) and quantified
using a Qubit 3.0 Fluorometer (Invitrogen, Carlsbad,
CA, USA). Subsequently, libraries with different indi-
ces were multiplexed and loaded on an Illumina HiSeq
instrument according to the manufacturer’s instructions
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(Ilumina, San Diego, CA, USA). Sequencing was per-
formed using a 2 x 150-bp paired-end configuration, with
6.0-Gb raw data per sample. Image analysis and base call-
ing were conducted using the HiSeq Control Software
(HCS) + OLB + GAPipeline-1.6 (Illumina).

Bioinformatics analysis

Bcl2fastq (v.2.17.1.14) was used to process the original
image data for base calling and preliminary quality anal-
ysis. The quality assessment of the sequencing data was
performed using FastQC (v.0.10.1) [25]. The base qual-
ity scores, expressed in Q Phred. Cutadapt (v.1.9.1), were
used for data filtering to remove the adapter sequences,
5" or 3’ end bases containing N’s or quality values < 20,
and reads that were < 75 bp long after trimming [26].
Subsequently, filtered data were aligned to the reference
A. lumbricoides genome (WormBase ParaSite, BioProject
PRJEB4950, Taxonomy ID 6252). Short-read alignment
was performed using Hisat2 (v.2.0.1) with default param-
eters [27].

Gene differential expression analysis

Read density was used to calculate the level of gene
expression of all genes. Based on the read counts from
HT-seq (v.0.6.1), fragments per kilobases per million
reads (FPKM) were used to calculate gene expression
using the formula outlined below [28]. Since three bio-
logical tissue replicates were performed, Pearson’s cor-
relation was used to calculate the correlation of gene
expression between samples to assess RNA-Seq quality.
Principal component analysis (PCA) was also used to
assess the correlation of gene expression between sam-
ples to reduce data complexity.

Total Exon fragments

FPKM =
(Mapped reads(Millions) x Exon length (kb))

To identify the DEGs of the discrete reproductive
tissue samples, the gene expression level of all genes
(FPKM profiles) of each discrete reproductive tissue was
compared across the tissue samples using the Biocon-
ductor package DESeq2 (v.1.6.3) [29]. Subsequently, sig-
nificant DEGs were identified based on fold change>2
and Q-value (FDR, P-adj) <0.05. Normalized FPKM were
hierarchically clustered to classify DEGs with similar
expression patterns using Pearson’s correlation. Clus-
tered data were graphically depicted (heatmap) using
gplots in the R package.

Gene ontology (GO) and Kyoto Encyclopedia of Genes

and Genomes (KEGG) enrichment analyses

The annotation was carried out using the gene classifica-
tion system, Gene Ontology (GO) database. GO anno-
tation provides a set of dynamically updated standard
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vocabulary to describe the properties of genes and gene
products in the organism. GO contains three ontologies
that describe the molecular function, cellular compo-
nent and biological process of the gene. To identify the
GO terms that were enriched among DEGs against the
transcriptomic background, GO enrichment analysis
was performed using GOSeq (v.1.34.1) [30], based on
an extension of the hypergeometric distribution with a
threshold for filtering overrepresented P-value < 0.05.

Kyoto Encyclopedia of Genes and Genomes (KEGG) is
the primary public pathway database used in this analysis
[31]. Pathway enrichment analysis performed in this sec-
tion is based on KEGG pathway units and used a hyper-
geometric test, with a threshold Q-value of < 0.05, to
identify the pathways of the DEGs that are significantly
enriched against the transcriptome background [32]. The
ratio of the number of genes differentially expressed in
the pathway to the total number of genes in the pathway
(rich factor), Q-value and the number of genes enriched
in the pathway were used to assess the degree of KEGG
enrichment.

Validation of gene expression by RT-qPCR

The top DEGs specific for each cluster were selected
based on top three normalized expression levels within
each cluster to validate the RNA-Seq results. RT-qPCR
was used as follows. A DEG was selected from Tg, Sv
and Ut tissue samples, which are exclusively indicated in
Clusters C, D and E, respectively. If genes were expressed
in groups of tissues, a DEG was selected primarily from
the dominantly expressed tissue as follows: a DEG was
selected primarily from Stf, Tv, Og and Ov tissue samples
as predominantly expressed in the Stf/Stm tissue-specific
(Cluster A), Tv/Tg—tissue-specific (Cluster B), Og/Ov—
tissue-specific (Cluster F) and Ov/Og—tissue-specific
(Cluster G), respectively.

All tissue samples with three biological replicates from
the same samples utilized in RNA-Seq experiments
were used as templates to perform RT-qPCR validation
assays for each representative differentially expressed
tissue-specific gene. In summary for RT-qPCR, initially,
first-strand cDNA was synthesized as follows; total RNA
(1 ug) from each tissue sample was treated with 1 U of
DNase I (Thermo Fisher Scientific) before synthesizing
first-strand cDNA using a RevertAid First-Strand cDNA
Synthesis kit (Thermo Fisher Scientific) according to the
manufacturer’s instructions. Each 20 pL reaction mix-
ture contained 1 pg of total RNA, 1 mM of each dNTP
and 10 pM Oligo (dT) primer (Sigma-Aldrich, Inc., Saint
Louis, MO). The reaction mixture was chilled on ice for
1 min after being incubated at 65 °C for 5 min. The reac-
tion mixture was mixed with 4 pl of 5 x RT buffer and 1
ul of Revert Aid RT, and it was then incubated at 42 °C
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for 1 h. Afterwards, the reaction mixture was incubated
for 5 min at 70 °C. Second, first-strand cDNA was uti-
lized as the template for the SYBR Green RT-qPCR.
Each 20 pl reaction mixture contained 2 pl of first-strand
c¢DNA, 1 x iTaq Universal SYBR Green Supermix (Bio-
Rad Laboratories, Philadelphia, PA, USA) and 300 nM
of each forward and reverse primer. Lastly, amplification
was carried out using a CFX96 Real-Time PCR System
(Bio-Rad Laboratories, Hercules, CA, USA) according to
the following protocol: pre-incubation at 95 °C for 5 min,
followed by 40 cycles of 95 °C for 20 s and 60 °C for
1 min. Melting curve analysis was performed from 65 °C
to 95 °C.

Eukaryotic translation initiation factor 6 (eIF6) and
NADH cytochrome b5 reductase were used as internal
controls to normalize gene expression levels [2, 7]. The
relative gene expression levels were calculated using the
2724 method [33, 34]. RT-qPCR experiments were per-
formed in triplicate. Primer sequences for each target
gene were designed using Primer3Plus (http://www.bioin
formatics.nl/cgi-bin/primer3plus/primer3plus.cgi) with
default parameters (see Additional file 2: Table S1). Prior
to further investigation, each primer pair was verified for
specificity by blasting it against the A. lumbricodes tran-
scriptome database to identify any non-target transcripts
(https://parasite.wormbase.org/Ascaris_lumbricoides_
prjeb4950/Info/Index/).

Results and discussion

RNA sequencing data and quality assessment of discrete A.
lumbricoides reproductive tissues

After quality assessment and trimming, sequences rang-
ing from 40 to 50 million pair-end 150-bp reads were gen-
erated from biological replicates of each tissue sample. As
a result, pooled technical replicates of each tissue sample
yielded over 120 million reads, of which more than 98.0%
of total raw reads passed the quality filter. Furthermore,
approximately 97% and 92% of total nucleotide bases had
Phred quality scores > 20 and 30, respectively, indicating
high read quality; GC content in the clean reads ranged
from 46 to 49% (Additional file 3: Table S2).

More than 75% of all clean reads from almost all tissue
samples were successfully mapped to the A. lumbricoides
reference genome, indicating that no contamination had
occurred and the appropriate reference genome was
selected. Note that one replicate of A. lumbricoides Ut
tissue sample generated a clean read that mapped to the
reference genome at a lower rate than the other tissues
and/or replicates, at approximately 65%, which could
be explained by variation in tissue samples. Consistent
variation in gene expression profiles among tissue sam-
ples would require further investigation, such as analyz-
ing more samples from the same tissues/regions within
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a tissue and/or generating additional reference genomes.
The mappable reads, which ranged from 58 to 81% of the
total clean reads, were uniquely mapped to one location
within the A. [umbricoides reference genome, whereas
the remaining reads were mapped to multiple locations
within the genome (see Additional file 4: Table S3 for raw,
filtered and alignment data statistics). Further analysis of
the distribution of the mappable reads within the refer-
ence genome revealed that>80% of reads were mapped
to the exon region in all tissue samples whereas the
remaining reads were distributed in the intergenic and
intron regions (Additional file 5: Figure S2).

Pearson’s correlation analysis was used to assess RNA-
Seq quality (Additional file 6: Figure S3). The results
indicate that most tissue samples displayed reproduc-
ibility and consistent quality across biological replicates,
but Ut tissue samples had the lowest congruence within
replicates, which, as highlighted above, could be due to
the tissue-specific variation within samples. On the basis
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of the PCA, the sample was divided into six groups,
including (i) Tg tissue, (ii) Tv tissue, (iii) Sv tissue, (iv)
two replicates of Ut tissue, (v) Og, Ov and one replicate
of Ut tissue and (vi) Stf and Stm tissue samples (Fig. 1).
There was clearly a distinct grouping for male reproduc-
tive tissue samples. However, Og and Ov appeared to be
grouped together for female reproductive tissue samples,
with one replicate of Ut tissue merging in this group,
suggesting that they were closely related to the Og and
Ov tissue samples. This might be due to an immature
female adult used in this study, in which the reproduc-
tive organs, especially the Ut tissue, had not fully devel-
oped. In addition, the somatic tissue samples of the male
and female worms were grouped together, demonstrating
a high level of correlation between the transcriptome of
the samples (see Additional file 6: Figure S3 for data on
correlation between samples).

However, the limitations based on the acquisition of
clinical material do not make this surprising. Particularly
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Fig. 1 Principal component analysis (PCA) showed congruence within the replicates of the different samples (replicates for each sample are
indicated by the same color), except one sample of Ut tissue. Male tissue samples include Tg: the germinal zone of the testis; Tv: testis, part of
vas deferens; Sv: seminal vesicle; Stm: male somatic tissues. Female tissue samples include Og: the germinal zone of the ovary; Ov: ovary, part of
oviduct; Ut: uterus; Stf: female somatic tissues. Three biological replicates of each male and female tissue type were analyzed in this study, with each
replicate from a worm derived from a different participant
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the application of anthelmintic treatment of individuals
and the clearance of adult worms limited the quality of
isolated RNA. We highlight that the value of our unique
clinical data and samples needs to be considered in the
context of our human ethical requirements.

Determination of DEGs across the discrete tissue samples

According to a Venn diagram, analysis of expression
indicated overlap in expression (3147 DEGs) among
three male reproductive tissues (Fig. 2). Genes associ-
ated with protein phosphorylation, such as protein kinase
domain-containing proteins and serine/threonine-pro-
tein phosphatases, had overlapped expression in male
reproductive tissues. In two tissue comparisons, 3963
(Tg and Tv), 926 (Tg and Sv) and 426 DEGs (Tv and Sv)
had expression overlap, while only Tg, Tv and Sv tissues
were discovered to particularly express 1570, 2003 and
1062 DEGs, respectively. All female reproductive tissues
showed overlapping expression of 3534 DEGs. There
were 3661 (Og and Ov), 247 (Og and Ut) and 328 DEGs
(Ov and Ut) that had expression overlap in the two tis-
sue comparisons. It was discovered that only Og, Ov
and Ut tissues specifically expressed 1201, 1127 and 556
DEGs, respectively. The complete list of DEGs is shown
in Additional file 7: Table S4. It is interesting to note that
DEGs associated with vesicle-mediated transport, such
as the protein transport protein SEC23, were discovered
to be particularly expressed in the Tv tissue. This pro-
tein is the core component of the coat protein complex
II (COPII) and functions to transport newly synthesized
proteins and lipids from the endoplasmic reticulum (ER)
to the Golgi apparatus in cells for secretion (anterograde
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transport) [35]. Moreover, DEGs (ALUE 0000599901)
associated with COPI (retrograde transport) were dis-
covered to be expressed in the Tv tissue, indicating that
this tissue participates in both anterograde and retro-
grade transport. However, Sv tissue only displayed ret-
rograde transport activity since only the expressed DEGs
(ALUE 0000977901 and ALUE 0001963101) were linked
to COPIL. According to a report, COPI and COPII are
both involved in transport of vesicles during acrosome
development [36], suggesting they may be important for
Ascaris spermatogenesis.

Tissue-specific gene expression patterns

To identify genes preferentially transcribed in specific
tissues, hierarchical clustering was performed using the
FPKM values of all A. lumbricoides protein-coding genes
expressed in the eight tissue samples analyzed. The hier-
archical clustering result revealed that 10,157 DEGs were
identified and classified into seven clusters (A-G) (Fig. 3),
of which DEGs were most classified in Cluster G (2935
DEGs), followed by Clusters B (1988 DEGs), F (1844
DEGs), C (1199 DEGs), A (800 DEGs), E (792 DEGs) and
D (599 DEGs). Clusters C, D and E demonstrated unique
tissue specificity and were specifically expressed in Tg, Sv
and Ut, respectively, whereas Clusters A, B, F and G were
predominantly expressed in more than one tissue and were
observed in Stf/Stm, Tv/Tg, Og/Ov and Ov/Og, respec-
tively. Based on the numbers of DEGs distributed in spe-
cific tissue,>50% of the total DEGs were predominantly
expressed in female reproductive tissue samples (5571
genes, 54.85%), followed by the male reproductive tissue
samples (3786 genes, 37.27%) and male and female somatic

Og Ov

1201 3661 127

247 g 328

556

Ut B

Tg Tv
1570 3963 2003
3147
926 426
1062
Sv
A
shown in Additional file 7: Table S4

Fig. 2 Venn diagram demonstrating the number of DEGs in each tissue type and degree of overlapping in expression of those genes among
the male (A) and female (B) reproductive tissues. Male tissue samples include Tg: the germinal zone of the testis; Tv: testis, part of vas deferens; Sv:
seminal vesicle. Female tissue samples include Og: the germinal zone of the ovary; Ov: ovary, part of oviduct; Ut: uterus. The complete list of DEGs is
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tissue samples (800 genes, 7.88%) (see Additional file 8:
Table S5 for all genes expressed in at least one tissue).

DEGs that are predominantly expressed in Stm and Stf tissue
samples (Cluster A)

Cluster A yielded results that were specific to Stm and Stf
tissue samples. It was expected that expressed genes asso-
ciated with oxidative phosphorylation would be predom-
inant in somatic tissue. These included acetylCoA_hyd_C
domain-containing protein, cytochrome b-cl complex
subunit, cytochrome b561 domain-containing protein,
cytochrome ¢ domain-containing protein, cytochrome c
oxidase subunit 1, cytochrome ¢ oxidase subunit 3 and
succinate dehydrogenase [ubiquinone] flavoprotein subu-
nit and indicated that energy production was the primary
activity in this tissue. Additionally, several genes encod-
ing cytoskeleton structural components (Fig. 3 and Addi-
tional file 8: Table S5) were also dominantly expressed in
this tissue. This was expected since the cuticle and mus-
culature are major structural components of the somatic
tissue. These findings align with the active movement of
the worm in the intestine to protect itself from the weep-
and-sweep response in the expulsion mechanism [37]. In
addition to tubulin, the target for benzimidazole drugs,
other candidates involved in movement and energy gen-
eration should be explored in the future for innovative
anthelminthic chemotherapy.

DEGs that are predominantly expressed in Tv and Tg tissue
samples (Cluster B)

Cluster B was highly expressed in Tv and Tg tissue sam-
ples but was more predominant in Tv. The enriched genes
are associated with protein phosphorylation, including
protein kinase domain-containing protein, serine/thre-
onine-protein phosphatase and tyrosine-protein kinase,
all of which encode protein kinases which are pivotal
regulators of cellular function [38]. When activated, these
signaling enzymes phosphorylate transcription factors
and other intracellular proteins, leading to alteration in
gene expression or other cellular behavior and activities
[38]. Moreover, protein kinases can drive multiple impor-
tant functions in addition to influencing one another
through cross-talk [39]. The role of a serine/threonine
kinase member, vaccinia-related kinase, in Caenorhab-
ditis elegans has been investigated where it was found to
be localized in the germline and early embryos. Mutation
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of C. elegans vaccinia-related kinase resulted in defects
in germline, uterine and vulval development [40, 41].
Consistent with our finding in A. lumbricoides, the genes
encoding serine/threonine kinase and phosphatase were
overrepresented among the sperm-enriched genes in C.
elegans, which suggests an important function during
spermatogenesis [2]. In Schistosoma, inhibitions of sev-
eral protein kinases, e.g., Syk kinase, Src kinase and polo-
like kinases, impaired spermatogenesis and oogenesis,
which have also been proposed as a potential target for
novel therapy [38, 42—44]. Several genes encoding serine/
threonine and tyrosine kinases were found in spermato-
genesis-enriched genes in a study on A. suum germline
transcriptomes [2], which aligns with data presented
here. These potential targets in A. suum and A. lumbri-
coides should be immediately selected and thoroughly
characterized for the development of anthelminthic
drugs. Aside from protein kinases, the genes encoding
major sperm protein (MSP) (Fig. 3 and Additional file 8:
Table S5) were highly expressed in this cluster; these are
structural molecules that have been reported to play a
role in the motility of amoeboid sperm by the regulated
assembly and disassembly of MSP [45, 46].

DEGs that are predominantly expressed in Tg tissue sample
(Cluster C)

Genes in Cluster C were specifically expressed in Tg
tissue, which are involved in the cell-division cycle,
including MCM_N domain-containing protein, DNA
replication licensing factor MCM?7, histone H2A, his-
tone H2B, histone H3, histone H4 and dynein light
chain and myosin_tail_1 domain-containing protein
(Fig. 3 and Additional file 8: Table S5). The strong
expression of these genes might be due to pronuclear
migration and spindle assembly in the cell division
cycle. Furthermore, a set of genes associated with tran-
scription, namely, DNA-directed RNA polymerases,
RPOLA_N domain-containing protein, F-box domain-
containing protein, cleavage and polyadenylation speci-
ficity factor subunit 2, U2 snRNP auxiliary factor large
subunit, transcription initiation factor IIE subunit beta
and C2H2-type domain-containing protein, and a set
of genes associated with translation, namely elF-5a
domain-containing protein, translation factor GUF1
homolog and several isoforms of ribosome domain-
containing protein, were predominantly expressed. The

(See figure on next page.)

but only those that are expressed in at least one tissue

Fig. 3 Hierarchical clustering of Ascaris lumbricoides transcriptome profiles to discrete tissue samples. Male tissue samples include Tg: the

germinal zone of the testis; Tv: testis, part of vas deferens; Sv: seminal vesicle; Stm: male somatic tissue. Female tissue samples include Og: the
germinal zone of the ovary; Ov: ovary, part of oviduct; Ut: uterus; Stf: female somatic tissue. Data from three biological replicates were combined
prior to clustering. Only a few DEG examples were presented in the right box, which revealed DEGs preferentially expressed in particular tissues.
Tissue-specific clusters are labeled A-G on the left and were used for subsequent tissue-specific functional analysis. The number indicates the
normalized expression and ranges from white (no expression) to red (extremely high expression). Additional file 8: Table S5 shows a list of all genes,
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overexpression of these genes suggests that protein syn-
thesis is particularly active in this tissue. Furthermore,
other genes of interest, including several isoforms of
proteasome (proteasome endopeptidase complex, pro-
teasome subunit alpha and proteasome subunit beta as
well as ubiquitin_conjugat_2 domain-containing pro-
tein and E3 ubiquitin-protein ligase) were also highly
expressed in Tg. The ubiquitin-proteasome system
(UPS) is one of the most important proteolytic systems
for protein degradation and is associated with numer-
ous dynamic cellular processes [47]. UPS maintains
protein homeostasis in the male reproductive system to
regulate the progression of spermatogenesis at various
levels [48]. Proteasome and ubiquitin have been pro-
posed as embryonic lethal genes in C. elegans because
of the demonstration that their inhibition causes cell
division arrest to the embryo [49]. Inhibition of protea-
somes has been reported to shorten the longevity of C.
elegans [50]. In this regard, UPS may also be essential
for spermatogenesis and Ascaris viability.

DEGs that are predominantly expressed in Sv tissue sample
(Cluster D)

Several genes associated with transmembrane trans-
porter activity were highly expressed in Sv tissue (Clus-
ter D). Moreover, the group of genes with cell adhesion
function, including C-type lectin domain-containing pro-
tein, CA domain-containing protein (cadherin), galectin
and VWFA domain-containing protein, was also highly
expressed in Sv tissue. Adhesion molecules play a cru-
cial role in the early reproduction event, including gam-
ete transport, fertilization, embryonic development and
implantation [51]. The function of these genes is pre-
dominantly required for gamete fusion. As expected,
the high expression of adhesion molecules in this tissue
may indicate that sperm are ready for fertilization [52].
In addition to Sv tissue, adhesion molecules and metallo-
proteases (zinc metalloproteinases) were also detected in
Ut tissue to again facilitate gamete fusion. High expres-
sions of calponin-homology domain-containing protein,
profilin and tubulin alpha chain were also observed in
Sv, indicating that the cytoskeleton supports amoeboid
sperm movement [46].

DEGs that are predominantly expressed in Ut tissue sample
(Cluster E)

Interrogation of Cluster E revealed that genes predomi-
nantly expressed in Ut tissue were primarily focused
on eggshell formation, including chitin-binding type-2
domain-containing protein, col_cuticle_N domain-con-
taining protein and elongation of very long chain fatty
acids protein (Fig. 3 and Additional file 8: Table S5).

Page 10 of 18

While embryo development may be supported by
the expression of the genes including cndl domain-
containing protein, mothers against decapentaplegic
homolog, SPOC domain-containing protein and SUEL-
type lectin domain-containing protein. Interestingly,
mothers against decapentaplegic (Mad) homolog was
discovered in this study. Mad is a vital gene in Drosoph-
ila melanogaster, which contributes to the development
of the early embryo and 15 imaginal discs. Its mutation
can cause embryonic dorsal-ventral patterns and adult
appendage defects [53—55]. The Mad homolog, named
SMA gene, was discovered in C. elegans, and its altera-
tion affects body size and male tail development. The
SMA gene encodes the signaling components of the
transforming growth factor-beta (TGF-B) signaling
pathway, such as sma-2, sma-3 and sma-4. The TGF-
signaling pathway contributes to body size and dauer
formation in C. elegans and is involved in innate immu-
nity, mesoderm and ectoderm patterning, longevity
and fat metabolism [56]. Additionally, it was discovered
that a component of the TGF-P signaling pathway is
localized in reproductive tissue samples [57] and plays
a role in embryogenesis in Haemonchus contortus [58].
The expression of a signaling component in this tissue
was associated with the TGF signaling pathway, imply-
ing that this route is crucial in Ascaris embryogenesis.
Several isoforms of genes encoding peptidases,
including pepsin-I3 domain-containing protein, pep-
sin-I3 domain-containing protein, peptidase S72
domain-containing protein, peptidase_M13 domain-
containing protein and peptidase_M28 domain-con-
taining protein, were expressed in Ut tissue. It has
been reported in C. elegans that peptidases are actively
expressed during embryogenesis and at the first stage
of larval development because of tissue remodeling
and the degradation of the nematode cuticle [59]. Since
peptidases have been proposed as therapeutic and vac-
cine targets, our discovery provides a novel target that
potentially contributes to embryogenesis and could be
employed as a future target for effective control.

DEGs that are predominantly expressed in Og and Ov tissue
samples (Cluster F)

In Cluster F (Og and Ov-specific), genes associated
with the cell-division cycle, including helicase, his-
tone H2A, histone H3, DNA replication licensing
factor MCM7, DNA polymerase, Rad51 domain-con-
taining protein, RECA_2 domain-containing protein
and SMC_N domain-containing protein, were predom-
inantly expressed in Og tissue. Furthermore, upregula-
tion of genes involved in transcription and translation
was observed in this study (Fig. 3 and Additional file 8:
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Table S5). In addition to the groups of genes mentioned
above, the Og tissue highly expressed several genes
associated with protein metabolism (Additional file 8:
Table S5).

DEGs that are predominantly expressed in Ov and Og tissue
samples (Cluster G)

Genes encoding receptors or activators associated with
the G-protein-coupled receptor (GPCR) signaling path-
way and small GTPase-mediated signal transduction
pathway were discovered to be expressed preferentially
in Cluster G (Ov and Og specific), including G_recep_
F1_2 domain-containing protein, G-protein gamma
domain-containing protein, Rab-GAP TBC domain-
containing protein and Rho-GAP domain-containing
protein. Both signaling pathways are associated with
cytoskeletal activity [60, 61]. Rho-GAP (Rho GTPase)
domain-containing proteins act as molecular switches,
transducing signals by switching between an inac-
tive and active GTP-bound state. Signal transductions
through these pathways regulate a range of diverse
cellular functions, including actin cytoskeleton rear-
rangement, regulation of gene transcription, cell cycle
regulation, the control of apoptosis and membrane
trafficking [62, 63]. The Rho GTPase family has been
reported to play a crucial role in cytoskeleton organiza-
tion, and our study discovered that a collection of genes
associated with cytoskeleton structure was expressed
in Ov and Og (Fig. 3 and Additional file 8: Table S5).
The cellular cytoskeleton undergoes significant changes
during oogenesis due to cell migration, membrane
fusion and cytoskeleton remodeling [64], and our
results showed that Rho GTPase may provide a vital
function in these tissues examined. Rho-1 inhibition in
C. elegans caused early embryonic arrest and cytokine-
sis failure, indicating the importance of Rho signaling
at the earliest stages of development [65]. Rho GTPase
inactivation has been reported to cause embryonic
mortality in Drosophila and mice [66]. In this regard,
Rho GTPase may be a promising target for Ascaris drug
development.

Differential gene GO enrichment analysis

The enriched GO Terms of the male reproductive tissue
samples

On the basis of the enriched GO Terms of the male
reproductive tissue samples, 52, 56 and 83 enriched GO
Terms were identified for Tg, Tv and Sv tissue samples,
respectively, relative to the male somatic tissue. Owing to
the large number of enriched GO Terms, groupings were
performed under general terms (Fig. 4). Additional file 9:
Table S6 contains the complete list of enriched GO Terms
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for male reproductive tissue. On the basis of DEGs under
GO Terms, the top three GO Terms for Tg tissue identi-
fied were protein phosphorylation (88 DEGs), phospho-
rylation (78 DEGs) and protein kinase activity (72 DEGs);
those for Tv tissue were ATP binding (224 DEGs), nucle-
otide binding (141 DEGs) and protein phosphorylation
(106 DEGs); those for Sv tissue were an integral compo-
nent of membrane (122 DEGs), membrane (83 DEGs)
and cytoplasm (61 DEGs). When analyzing the top GO
Terms based upon statistical significance (P-value), the
three most significant GO Terms for Tg were protein
kinase activity, phosphoprotein phosphatase activity and
phosphorylation; those for Tv were protein phosphoryla-
tion, protein kinase activity and protein serine/threonine
kinase activity; those for Sv were cytoskeleton, an integral
component of membrane and actin binding.

According to the Go Term findings, both Tg and Tv
tissues presented a set of genes related to protein phos-
phorylation, which included a range of activities: kinase,
phosphoprotein phosphatase, phosphorylation, protein
dephosphorylation, protein kinase activity, protein phos-
phorylation and protein serine/threonine kinase activity.
These findings corroborated the DEG hierarchical clus-
tering, which highlighted that protein phosphorylation,
especially kinase activity, is significantly expressed in Tg
and Tv tissue samples, which is likely to be essential for
spermatogenesis.

The majority of the GO Terms specific to Sv tissue were
associated with carbohydrate metabolism and respira-
tory chain reactions. Genes associated with these func-
tions included phosphogluconate dehydrogenase activity,
NADH dehydrogenase activity, GDP-mannose 4,6-dehy-
dratase activity, mannosidase activity, GDP-mannose
metabolic process, carbohydrate metabolic process, oxi-
dation-reduction process and respiratory chain, implying
a requirement of strong energy output promotes sperm
movement within this tissue.

Based on the functional enrichment in the male repro-
ductive tissues of A. suum [16], our findings were con-
cordant in terms of high phosphatase and kinase activity
in the Tg and Tv tissues. The enrichment of the GO term
"phosphoprotein phosphatase activity" (GO:0004721)
supports the presence of high phosphatase activity, and
the enrichment of three different GO terms describ-
ing kinase activity, such as "protein kinase activity"
(GO:0004672), "kinase activity" (GO:0016301) and "pro-
tein serine/threonine kinase activity" (GO:0004674), sup-
ports the presence of high kinase activity. MSP was also
discovered to be overexpressed in the testis of A. suum.
Our study supported that MSP and MSP domain-con-
taining proteins were both substantially expressed in the
testes. Our study, however, also revealed that genes were
more prominent in the Tg and Tv tissues.
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Furthermore, our findings confirmed the presence
of actin and cytoskeleton activity in the previous study,
which has been reported to be crucial for nematode
sperm motility and activation [46]. This was due to the
enrichment of several different GO Terms that indi-
cated actin and cytoskeleton activity in the Sv tissue,
including “actin binding” (GO:0003779), “actin filament”
(GO:0005884), “actin filament binding” (GO:0051015),
“barbed-end actin filament capping” (GO:0051016),
“cytoskeleton” (GO:0005856), ‘“cytoskeleton organiza-
tion” (GO:0007010) and “motor activity” (GO:0003774).

The enriched GO Terms of the female reproductive tissue
samples

A total of 50, 43 and 72 GO Terms were identified for
Og, Ov and Ut tissue samples, respectively, relative to the
female somatic tissue. The top three GO Terms for Og
tissue were binding (66 DEGs), actin binding (22 DEGs)
and locomotion (22 DEGs); those for Ov tissue were
binding (66 DEGs), calcium ion binding (41 DEGs) and
transmembrane transport (35 DEGs); those for Ut tissue

were metal ion binding (49 DEGs), structural constituent
of ribosome (30 DEGs) and translation (30 DEGs) (Addi-
tional file 9: Table S6). When analyzing the GO Term
based on P-value, the top three most significant GO
Terms for Og were respiratory chain, cysteine-type pepti-
dase activity and glutamine metabolic process; those for
Ov were cysteine-type peptidase activity, cell cycle and
glycolytic process; those for Ut were cytokinesis, hetero-
trimeric G-protein complex and serine-type endopepti-
dase inhibitor activity. Additional file 9: Table S6 contains
the complete list of enriched GO Terms for female repro-
ductive tissue.

The high activity of cytokinesis indicative of embryo
development within Ut tissue was reflected in the
enriched GO Terms (Fig. 5) associated with structural
components and cytoskeleton organization. Genes
within these GO Terms included barbed-end actin fila-
ment capping, actin binding, microtubule binding,
cytoskeleton, myosin filament and myosin complex.
Furthermore, heterotrimeric G-protein complex was
the second significantly enriched GO Term, indicating
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that genes associated with G-protein complex, including
adenylate cyclase-modulating GPCR signaling pathway,
G-protein beta/gamma-subunit complex binding and
GPCR signaling pathway, were predominantly expressed
in Ut tissue. The GO Term for GPCR activity was also
found in both Og and Ow tissue samples (Fig. 5). Accord-
ing to the results mentioned in the previous section, the
GPCR signaling pathway and small GTPase-mediated
signal transduction pathway may play a pivotal role in
cytoskeleton organization due to cytokinesis. Our finding
highlights the roles of the GPCR signaling pathway and
small GTPase-mediated signal transduction pathway in
cytoskeleton organization [60, 61, 67] due to cytokinesis
in oogenesis and embryogenesis of female reproductive
tissue.

Rosa et al. (2014) discovered that DNA binding and
replication were among the top five enriched GO terms
in the ovary of A. suum [16]. This result was consistent
with our findings, which identified several GO terms
that related to these biological functions in the Og and
Ov tissues, including "nucleosome"” (GO:0000786),
"damaged DNA binding" (GO:0003684) and "cell cycle"

(GO:0007049). This result demonstrated that our
approach was successful in identifying the expected
function in the ovary. Moreover, our finding supported
the presence of phosphatidylinositol signaling in the
ovary of A. suum as the PIPK domain-containing pro-
tein associated with phosphatidylinositol phosphate
kinase activity (GO:0016307) was identified in the Ov
and Og tissues. Phosphatidylinositol signaling has been
reported in the previous study to be necessary for ovu-
lation of in C. elegans [68]. The previous study reported
that “protein binding” (GO:0005515) and “catalytic activ-
ity” (GO:0003824) were associated with the A. suum
uterus. Our findings, however, showed that there were
other GO Terms of Ut tissue that indicated "protein
binding" and "catalytic activity," such as “protein domain
specific binding” (G0:0019904), “sulfuric ester hydro-
lase activity” (GO:0008484), “cysteine-type peptidase
activity” (GO:0008234), “GTP cyclohydrolase I activity”
(G0O:0003934), “hydroxyacid-oxoacid transhydrogenase
activity” (GO:0047988) and “glutamine-fructose-6-phos-
phate transaminase activity” (GO:0004360). This finding
provided a comprehensive view of gene expression in
Ascaris reproductive tissues.
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KEGG enrichment analysis

On the basis of the rich factor (Fig. 6A), the top three
most significant KEGG terms for Tg tissue were the
Hippo signaling pathway — fly (ko04391), phototransduc-
tion — fly (ko04745) and arrhythmogenic right ventricular
cardiomyopathy (ko05412). For Tv tissue, the top three
most significant KEGG terms include the ErbB signal-
ing pathway (ko04012), rheumatoid arthritis (ko05323)
and non-small cell lung cancer (ko05223), whereas the
top three most significant KEGG terms for Sv tissue were
the rapl signaling pathway (ko04015), oxytocin signal-
ing pathway (ko04921) and tight junction (ko04530) (see
Additional file 10: Table S7 for complete list of enriched
KEGG for male reproductive tissue). In female repro-
ductive tissues, the top three most significant KEGG
terms for Og tissue were platelet activation (ko04611),
the oxytocin signaling pathway and the Hippo signal-
ing pathway-fly. Tight junction, apoptosis (ko04210) and
the oxytocin signaling pathway were the top three most
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significant KEGG terms enriched in Ov tissue. The top
three most significant KEGG terms for Ut tissue were
metabolic pathways (ko01100), tight junction and shig-
ellosis (ko05131) (Fig. 6B). The complete list of enriched
KEGG for female reproductive tissue is available in Addi-
tional file 10: Table S7.

The results of the KEGG enrichment analysis indi-
cated that the Hippo signaling pathway-fly was com-
mon to both Tg and Og tissue samples, suggesting
that this pathway is predominantly specific to both
male and female germinal tissue samples. Most of
the genes involved in this pathway of Tg and Og tis-
sue samples were similar, such as actin beta/gamma 1
(ACTB_G1), transcriptional enhancer factor (TEAD),
14-3-3 protein epsilon (YWHAE), serine/threonine-
protein phosphatase 2A catalytic subunit (PPP2C),
serine/threonine-protein phosphatase 2A regulatory
subunit B (PPP2R2) and serine/threonine-protein
kinase LATS1/2 (LATS1_2) (Additional file 11: Figure

Tg tissue

Tv tissue

Sv tissue

Tyrosine metabalism - TNF signalng pathway -
Thyroid cancer -
Smalcell lung cancer -

Rhoumatoid arthits -

Toll and Imd signaling pathway -
Taurine and hypotaurine metabolism -
Sterold biosynthesis -

‘Sphingolipid metabolism -
Rheumatoid arthritis -
Phototransduction — fly -

Porphyrin and chiorophyl metabolism -
Platinum drug resistance -
Pantothenate and CoA biosynthesis -
Pentose and glucuronte interconversions -
Pantothenate and CoA biosynthesis -

Non-small cel lung cancer -

Gene_Number
- [Neomycin, kanamycin and gentamicin biosynthesis -

B
One carbon pool by folate - O Melanoma -
Nucleotide excision repalr - ® o Leishmaniasis -
Nitrogen metabolism - @5 Jak-STAT signaling pathway -
Neomycin,kanamycin and gentarmicin biosynihess - @ Hippo signaiing pathway — muliple species -
Homologous recombination - ®:x Giycosaminoglycan bosynihesis - keratan sufate -
Hippo signaling pathviay - muipl species - Fructoss and mannoso metabolism -
Hippo signaling pathiay ~ fy < Fermoptosis -
Qualue

Fatty acid metabolism - e, Faty acid metabolism -
Fanconi naria patiway - ! €108 signlingpathway -
[ECM-receptor interaction - 078 [ECM-receptor interaction -
D-Glutamine and D-glutamate matabolism - 0s0 D-Gitamine and D—glutamate metabolism -
Collecting duct acid secreton - 025 Cytokine-cytokine racepor ntraction -
Gosaine addiction - Gocaine addiction-

000

Circadian thythm - fly -
Gell adhesion molecules (CAMS) -
C5-Branched dibasic acid metabolism -

Cell adhesion molecules (CAMS) -
C5-Branched dibasic acid metabolism -
Butanoate metabolism -

Butanoate metabolism - Bladder cancer -

- Autophagy - other -
Arginine biosynthesis - Afcan trypanosomiasis -
Antiflate resistance -

Aftcan trypanosormiasis -

Acute myeloid leukernia -
2-Oxocarboxylic acid metabolism -
1.00

Viral myocardits -
Vibrio cholerae infection

Tight junction~

‘Thyroid hormone signaling pathway -
Shigellosis -

Rap1 signaling pathway -
Gene_Number Platelot activation
Phototransduction — fly -

Peroome-
Pentose and glucuronate interconversions - Gene_Number
o Pathogenic Escherichia col infection - @) 10
[ Ouytocinsgnaingpathway - o
o Other types of O-glycan biosynthesis - @
@ Nicotine addiction -
® Leukaeye ransencomolal mgraton- vae
nenza A- i)
Hypertophic cardamyapaty (HCM) -
Qualue Giycosaminaglycan biosynihesis - eratan sulate- o
Fluid shear siress and atherosclerosis - 050
075 Fatty acid metabolism - 025
0s0 EM-recepor meracion- .
. Distod cadamyopaty (OCH) -
ot adnesion moecules CAVS)-
0.00 C5-Branched dibasic acid metabolism -
Bactrial imasionof apiolal ot -
no)-
Apoptosis -

Antifolate resistance -
Adherens junction -
2-Oxocarborylic acid metabolism -

ok o ok ofs b ks 1k ds o7 ds o A
RichFactor RichFactor RichFactor
Og tissue Ov tissue Ut tissue
Tyrosine mabotm - Viral myocardiis - Vel myocarats -
Terpencid backbons biosynthesis - Tyosine metabolsm - Viio choloas nection -
Strok bosyniesis - ihtjuncton 4 Tyrosine metaboism -
Rorin sacrtion - Stroid bosyniosis - Tight juction -
Patlot acthaton < Sphingolid metabolm - Thyrcd horone sgnalng pathway -
Protaransducton- Phosphonato and phosphinats metabols - Storod iosynesis -
Phosphonate and phospinate metaboli - Pentose and ghucuronis nercomersions - Shigaloss-
Pancreaticsacreion- oo sgnaing paway - Photokansduction - y -
Oxytocin signaling pathway - ‘Ovarian steroidogenesis - Gene_Number Oxytocin signaling pathway - Gene_Number
Ovarian steroidogenesis - Gene_Number Other glycan degradation - o Neomycin, kanamycin and gentamicin biosynthesis - 10
One carbon pool by folate - Ol One carbon pool by folate - P Mineral absorption - o
Nuootide excieion repeir - o Nucootice oxision rpair - o Metabolcpathways - -
Neomyein, kanamycin and gentamicin biosynthesis - @0 Nicotine addiction - @« Hypertrophic cardiomyopathy (HCM) - @«
Mineral absorption - Neomycin, kanamycin and gentamicin biosynthesis - Hippo signaling pathway - fly -
Hypertrophic cardiomyopathy (HCM) - Qualue Mineral absorption - Hippo signaling pathway -
Homologous recombination - 1.00 Hypertrophic cardiomyopathy (HCM) - Qualue Hepatocellular carcinoma - Qualue
Hiopo signaling patway — fy - Hippo signaling pttway — fy - 075 Giycosaminogiycan blosynhesls - ertan sl - o7
Glycosaminoglycan biosynthesis — keratan sulfate - 0.50 Glycosaminoglycan biosynthesis — keratan sulfate - 050 Glycosaminoglycan biosynthesis - heparan sulfate / heparin - 050
tyoasarinogycan biosyniess - e sullas  hparin- 025 iosynthosis - hoparan suato/ haparin - Frucoss and marnose meiabolism -
Ferroptosis - Fatty acid metabolism - 025 Fatty acid metabolism - 025
Fatty acid metabolism - 000 ECM-receptor interaction - 0.00 ECM-receptor interaction - 0.00
Fancor aneria patway - Diated cardomyopathy (OCM) - Diated carclomyopty (DOM) -
ECM-receptornteracton - Gocane additon - Gicadian thyhm -y -
Ditod carsiomyopaty (OCM) - Gicadian rythm - y - Call adhesion moleculos (CAMS) -
Cortisol sythesis and sscreton - Gell adhosion molecules (CAMS) - Cordias muscl conracion-
Cocaine addicton - G5-Branched dibasi acd metabois - Antythmogericright venticuarcardomyopathy (ARVC) -
Coll ahesion moleculos (CAMS) - Arhyimogeni ight vniricular cardomyopatty (ARVC) - Apoptoss
5-Branched dibasic acid metabolsm - Apoptoss- Attt resitance -
Anifolato ressianco - Aniolateressance - Amino sugar and nuclectd sugar metabotm -
08 os 10 07 08 o' 10 04 06 0’8 10
RichFactor RichFactor RichFactor B

are indicated by different color codes

Fig. 6 Scatter plot of differential gene KEGG enrichment of male A and female B reproductive tissues. RichFactor is on the X axis, while KEGG
pathways are presented on the Y axis. The number of DEGs in the pathway is positively associated with the size of the dot. Distinct Q-value ranges




Phuphisut et al. Parasites & Vectors (2022) 15:477

S4 and Additional file 12: Table S8). The Hippo signal-
ing pathway-fly is the signaling pathway that promotes
cell apoptosis and restricts organ size overgrowth,
indicating that this pathway may be involved in con-
trol during the early phase of germinal cell division in
oogenesis and spermatogenesis. In addition, it has been
reported in C. elegans that the Hippo signaling pathway
is essential for maintenance of apicobasal polarity in
the growing intestine [69].

The oxytocin signaling pathway was indicative of both
male (Sv tissue) and female reproductive tissue samples
(Og and Ov tissue samples) (Additional file 11: Figure
S4). In depth into the pathway, there are six genes that
these tissue samples shared in common, including actin
beta/gamma 1 (ACTB_G1), ryanodine receptor 2 (RYR2),
Ras homolog gene family member A (RHOA), calmodu-
lin (CALM), inositol 1,4,5-triphosphate receptor type 1
(ITPR1) and adenylate cyclase 9 (ADCY9). Although
eight genes are shared by the Og and Ov tissue samples,
but not the Sv tissue [atrial natriuretic peptide receptor A
(ANPRA), calcium/calmodulin-dependent protein kinase
I (CAMK]1), guanine nucleotide-binding protein G(o)
subunit alpha (GNAO), guanine nucleotide-binding pro-
tein G(s) subunit alpha (GNAS), GTPase Kras (KRAS),
serine/threonine-protein phosphatase PP1 catalytic sub-
unit (PPP1C), serine/threonine-protein phosphatase 2B
catalytic subunit (PPP3C) and 5’-AMP-activated protein
kinase, catalytic alpha subunit (PRKAA)], this indicates
that certain genes play a role in Og and Ov tissue.

Furthermore, elongation factor 2 (EEF2), guanine
nucleotide-binding protein G(q) subunit alpha (GNAQ)
and classical protein kinase C alpha type (PRKCA) were
shown to be specific for Og, Ov and Sv, respectively.
Additional file 12: Table S8 contains the complete list of
significant DEGs annotated in KEGG enrichment.

Although oxytocin neuropeptides are strongly impli-
cated in mammalian reproductive and social behaviors,
an oxytocin/vasopressin-like signaling pathway was
identified in sexually dimorphic patterns of C. elegans.
This pathway involves a peptide, nematocin (encoded
by ntc-1) and two receptors (encoded by ntr-1 and ntr-
2), which are associated with the GPCR superfamily [70].
Mutations in the ntc-1 gene or its receptors cause defects
in reproductive behavior, such as mate searching, mate
recognition and mating [71]. As a result, the properties
and functions of the signaling molecules involved in the
oxytocin signaling pathway in Ascaris should be further
investigated to identify prospective therapeutic targets.

Tight junction was another crucial pathway discov-
ered in both male and female reproductive tissue sam-
ples (Additional file 11: Figure S4). Several genes could
be commonly identified in Ov, Ut and Sv tissue samples,
including actin beta/gamma 1 (ACTB_G1), integrin beta
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1 (ITGB1, CD29), myosin heavy chain (MYH), E3 ubig-
uitin-protein ligase NEDD4-like (NEDD4L), Ras-related
protein Rab-8A (RAB8A, MEL) and tubulin alpha.
Additionally, myosin regulatory light chain 2 (MYL2),
Ras-related C3 botulinum toxin substrate 1 (RAC1) and
Ras homolog gene family, member A (RHOA) were dis-
covered in Ov and Sv tissue samples but not in Ut tis-
sue. Although serine/threonine-protein phosphatase 2A
catalytic subunit (PPP2C), 5’-AMP-activated protein
kinase, catalytic alpha subunit (PRKAA, AMPK), atypi-
cal protein kinase C iota type (PRKCI) and Ras-related
protein Rap-1A (RAP1A) were specifically discovered in
Ov tissue, this suggests that those genes play a unique
role in Ov tissue (Additional file 12: Table S8). Accord-
ing to pathway mapping, genes involved in this pathway
are associated with actin assembly, adherens junction
assembly, tight assembly, cell polarity and cell migration,
implying that chromosome organization is active because
of cell division in reproductive tissue.

Validation of gene expression by RT-qPCR

Seven tissue-specific genes were selected as a repre-
sentative of each cluster. All selected tissue-specific
genes demonstrated consistent expression, as revealed
in the hierarchical clustering analysis (Additional file 13:
Figure S5). ALUE_0000279901, ALUE_0002034701,
ALUE_0001490701, ALUE_0000300701,
ALUE_0000531301, ALUE_0000064301 and
ALUE_0001851601 genes were expressed specifically
to Tg, Sv, Ut, Stf/Stm, Tv/Tg, Og/Ov and Ov/Og tissue
samples, respectively. On the basis of our transcriptome
data, RT-qPCR was performed in this study using two
putative housekeeping genes, namely, eIlF6 and NADH
cytochrome b5 reductase genes. However, only the elF6
gene was discovered to display stable gene expression in
all reproductive tissue samples and could be used to nor-
malize target gene expression.

Conclusion

This study generated transcriptome profiles of discrete
reproductive and somatic tissue samples from male
and female A. lumbricoides. On the basis of the FPKM
profiles, gene expression analysis was used to identify
DEGs from each distinct tissue type examined. Hier-
archical clustering analysis identified seven clusters
associated with specific tissues and groups of tissues.
The findings revealed that DEGs involved in protein
phosphorylation were differentially expressed particu-
larly in Tv and Tg tissue samples and played a crucial
role in spermatogenesis. Although DEGs were shared
between Tg and Tv tissue samples, adhesion molecules
were specifically identified in Sv tissue and played a
critical role in the fertilization process. Several DEGs
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associated with the cell division cycle and transcrip-
tion process were identified in Og and Ov tissue sam-
ples. DEGs involved in GPCR signaling pathway and
small GTPase-mediated signal transduction pathway
were discovered to play a crucial role in cytoskeleton
organization due to oogenesis in Ov and Og tissue sam-
ples. DEGs associated with the SMA genes and TGF-
signaling pathway were discovered to be crucial in the
embryogenesis of Ut tissue. Additionally, Hippo sign-
aling, oxytocin signaling and tight junction pathways
were identified to play a role in Ascaris male and female
reproductive systems. Some of the genes discovered in
this study that are related to protein phosphorylation,
the TGEF-signaling system and the oxytocin signaling
pathway have been linked to defects in germline devel-
opment, embryogenesis and reproductive behavior. In
addition to providing the transcriptome profiles of dis-
crete reproductive tissue samples of A. lumbricoides,
the results of this study highlight genes that are likely
to play significant roles in the functions of these impor-
tant tissues. Data generated here will inform appropri-
ate selection of gene targets for therapeutic exploitation
to aid future sustained control of ascariasis.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/513071-022-05602-2.

Additional file 1: Figure S1. The dissection of somatic and reproductive
tissues.

Additional file 2: Table S1. The primer list for constructing library and
validating gene expression.

Additional file 3: Table S2. Sequencing data and quality assessment of A.
lumbricoides discrete tissue samples.

Additional file 4: Table S3. Raw data, filtered data, and data alignment
statistics.

Additional file 5: Figure S2. The distribution of reads in different
genomic regions of somatic and reproductive tissue samples.

Additional file 6: Figure S3. Overall quality assessment of RNA
sequencing.

Additional file 7: Table S4. The complete list of significant DEGs compar-
ing between the tissue samples.

Additional file 8: Table S5. List of all genes for hierarchical clustering of
DEGs.

Additional file 9: Table S6. The complete list of GO Terms significantly
enriched in A. lumbricoides discrete reproductive tissues.

Additional file 10: Table S7. The complete list of KEGG pathway signifi-
cantly enriched in A. lumbricoides discrete reproductive tissues.

Additional file 11: Figure S4. Demonstration of important signaling
pathways, including the Hippo signaling pathway-fly, Oxytocin signaling
pathway and tight junction pathway

Additional file 12: Table S8. The complete list of significant DEGs anno-
tated in KEGG enrichment.

Additional file 13: Figure S5. Gene expression level of tissue-specific
genes in A. lumbricoides discrete tissues

Page 16 of 18

Acknowledgements

We gratefully appreciate all the support provided by the local public health

officials at the study site. We thank the Faculty of Tropical Medicine, Mahidol
University, for supporting all facilities and manpower in this study. Our grati-
tude also goes to the Central Equipment Unit, Faculty of Tropical Medicine,

Mahidol University, for facilitating us with all necessary instruments.

Author contributions

OP: Conceptualization, Funding acquisition, Formal analysis, Investigation,
Methodology, Visualization, Writing—original draft, Writing—review & editing.
AP: Investigation. TY: Investigation. DW: Investigation. PC: Formal analysis.

OR: Investigation. AM: Investigation, Supervision, Validation, Writing—review
& editing. GG: Conceptualization, Investigation, Writing—review & editing.

PA: Conceptualization, Investigation, Methodology, Supervision, Validation,
Writing—review & editing. All authors revised the article providing intellectual
input. All authors read and approved the final manuscript.

Funding
This research project was supported by Mahidol University (Basic Research
Fund: Fiscal Year 2021) through Orawan Phuphisut.

Availability of data and materials

RNA-Seq reads have been deposited in the NCBI-Sequence Read Archive (SRA)
database under BioProject: PRINA775847. (https://dataview.ncbi.nlm.nih.gov/
object/PRINA775847 reviewer=haofctjm3ludqgsdjh9iik3fv5r).

Declarations

Ethics approval and consent to participate

Informed assent and consent were obtained from all participants in the
cohort. This study, which included human stool samples, the collection of
A. lumbricoides male and female adult worms, and their examination for
helminth infection using microscopy, was approved by the Human Research
Ethics Committee of the Faculty of Tropical Medicine, Mahidol University,
Bangkok, Thailand (MUTM 2021-020-01 and MUTM 2021-020-02). Informed
assent and consent were obtained from all individuals. The result from the
stool examinations has been reported to health promoting hospitals in the
targeted areas for further action by local medical doctors or heath officers
according to treatment guidelines provided by the Department of Disease
Control, Ministry of Public Health, Thailand [72].

Competing interests
The authors declare that they have no competing interests.

Author details

'Department of Helminthology, Faculty of Tropical Medicine, Mahidol Univer-
sity, Bangkok 10400, Thailand. “Mahidol-Oxford Tropical Medicine Research
Unit, Mahidol University, Bangkok 10400, Thailand. Department of Molecu-
lar Tropical Medicine and Genetics, Faculty of Tropical Medicine, Mahidol
University, Bangkok 10400, Thailand. “School of Biological Sciences, Queen’s
University Belfast, Belfast BT9 5DL, UK.

Received: 23 July 2022 Accepted: 30 November 2022
Published online: 20 December 2022

References

1. Centers for Disease Control and Prevention (CDC). Parasites — Ascariasis.
https://www.cdcgov/parasites/ascariasis/indexhtml. 2022. Accessed 12
Mar 2022.

2. MaX, ZhuY,LiC ShangY, Meng F, Chen S, et al. Comparative transcrip-
tome sequencing of germline and somatic tissues of the Ascaris suum
gonad. BMC Genomics. 2011;12:481.

3. Brown HW. Studies on the rate of development and viability of the eggs
of Ascaris lumbricoides and Trichuris trichiura under field conditions. J
Parasitol. 1927;14:1-15.

4. Furtado LFV, Medeiros CdS, Zuccherato LW, Alves WP, de Oliveira
VNGM, da Silva VJ, et al. First identification of the benzimidazole


https://doi.org/10.1186/s13071-022-05602-2
https://doi.org/10.1186/s13071-022-05602-2
https://dataview.ncbi.nlm.nih.gov/object/PRJNA775847?reviewer=haofctjm3ludqsdjh9iik3fv5r
https://dataview.ncbi.nlm.nih.gov/object/PRJNA775847?reviewer=haofctjm3ludqsdjh9iik3fv5r
https://www.cdcgov/parasites/ascariasis/indexhtml

Phuphisut et al. Parasites & Vectors

20.

21

22.

23.

24.

(2022) 15:477

resistance-associated F200Y SNP in the beta-tubulin gene in Ascaris
lumbricoides. PloS ONE. 2019;14:e0224108.

Humphries D, Nguyen S, Boakye D, Wilson M, Cappello M. The promise
and pitfalls of mass drug administration to control intestinal helminth
infections. Curr Opin Infect Dis. 2012;25:584-9.

Yap P, Du Z-W, Wu F-W, Jiang J-Y, Chen R, Zhou X-N, et al. Rapid re-
infection with soil-transmitted helminths after triple-dose albendazole
treatment of school-aged children in Yunnan, People’s Republic of China.
Am J Trop Med Hyg. 2013;89:23-31.

Gobert GN, McManus DP, Nawaratna S, Moertel L, Mulvenna J, Jones MK.
Tissue specific profiling of females of Schistosoma japonicum by inte-
grated laser microdissection microscopy and microarray analysis. PLoS
Negl Trop Dis. 2009;3:e469.

Luck AN, Anderson KG, McClung CM, VerBerkmoes NC, Foster JM,
Michalski ML, et al. Tissue-specific transcriptomics and proteomics of

a filarial nematode and its Wolbachia endosymbiont. BMC Genomics.
2015;16:920.

Kaletsky R, Yao V, Williams A, Runnels AM, Tadych A, Zhou S, et al.
Transcriptome analysis of adult Caenorhabditis elegans cells reveals tissue-
specific gene and isoform expression. PLoS Genet. 2018;14:e1007559.

. Wang X, Jiang Q Song Y, He Z, Zhang H, Song M, et al. Ageing induces

tissue-specific transcriptomic changes in Caenorhabditis elegans. EMBO J.
2022;41:2109633.

. Preza M, Calvelo J, Langleib M, Hoffmann F, Castillo E, Koziol U, et al.

Stage-specific transcriptomic analysis of the model cestode Hymenolepis
microstoma. Genomics. 2021;113:620-32.

. Bennuru S, Cotton JA, Ribeiro JMC, Grote A, Harsha B, Holroyd N, et al.

Stage-specific transcriptome and proteome analyses of the filarial
parasite Onchocerca volvulus and its Wolbachia endosymbiont. mBio.
2016;7:€02028-16.

. Olson PD, Zarowiecki M, James K, Baillie A, Bartl G, Burchell P, et al.

Genome-wide transcriptome profiling and spatial expression analyses
identify signals and switches of development in tapeworms. EvoDevo.
2018;9:21.

. Phuphisut O, Ajawatanawong P, Limpanont Y, Reamtong O, Nuamtanong

S, Ampawong S, et al. Transcriptomic analysis of male and female Schisto-
soma mekongi adult worms. Parasit Vectors. 2018;11:504.

. Cai P LiuS, Piao X, Hou N, Gobert GN, McManus DP, et al. Comprehensive

transcriptome analysis of sex-biased expressed genes reveals discrete
biological and physiological features of male and female Schistosoma
Jjaponicum. PLoS Negl Trop Dis. 2016;10:0004684.

. Rosa BA, Jasmer DP, Mitreva M. Genome-wide tissue-specific gene

expression, co-expression and regulation of co-expressed genes in adult
nematode Ascaris suum. PLoS Negl Trop Dis. 2014,8:e2678.

. Shao C-C, Xu M-J, Alasaad S, Song H-Q, Peng L, Tao J-P, et al. Comparative

analysis of microRNA profiles between adult Ascaris lumbricoides and
Ascaris suum. BMC Vet Res. 2014;10:99.

. Wang J, Czech B, Crunk A, Wallace A, Mitreva M, Hannon GJ, et al. Deep

small RNA sequencing from the nematode Ascaris reveals conservation,
functional diversification, and novel developmental profiles. Genome Res.
2011;21:1462-77.

. Zagoskin MV, Wang J, Neff AT, Veronezi GMB, Davis RE. Small RNA path-

ways in the nematode Ascaris in the absence of piRNAs. Nat Commun.
2022;13:837.

Betson M, Nejsum P, Bendall RP, Deb RM, Stothard JR. Molecular epidemi-
ology of ascariasis: a global perspective on the transmission dynamics of
Ascaris in people and pigs. J Infect Dis. 2014;210:932-41.

Katz N, Chaves A, Pellegrino J. A simple device for quantitative stool thick-
smear technique in Schistosomiasis mansoni. Rev Inst Med Trop Sao Paulo.
1972;14:397-400.

Sagnuankiat S, Wanichsuwan M, Bhunnachet E, Jungarat N, Panraksa K,
Komalamisra C, et al. Health status of immigrant children and envi-
ronmental survey of child daycare centers in Samut Sakhon province.
Thailand J Immigr Minor Health. 2016;18:21-7.

WHO. Bench aids for the diagnosis of intestinal parasites. 2nd ed. Geneva:
World Health Organization; 2019.

World Health Organization (WHO). Soil-transmitted helminth infections.
https://wwww.hoint/news-room/fact-sheets/detail/soil-transmitted-
helminth-infections. 2022. Accessed 20 Mar 2022.

25.

26.

27.

28.

29.

30.

31

32.

33

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.
46.

47.

48.

49.

50.

51.

Page 17 of 18

Andrews S. FASTQC. A quality control tool for high throughput sequence
data. https://www.bioinformatics.babraham.ac.uk/projects/fastqc/.
Accessed 20 Mar 2022.

Martin M. CUTADAPT removes adapter sequences from high-throughput
sequencing reads. EMBnet J. 2011;17.

Kim D, Langmead B, Salzberg SL. HISAT: a fast spliced aligner with low
memory requirements. Nat Methods. 2015;12:357-60.

Mortazavi A, Williams BA, McCue K, Schaeffer L, Wold B. Mapping and
quantifying mammalian transcriptomes by RNA-Seq. Nat Methods.
2008;5:621-8.

Love MI, Huber W, Anders S. Moderated estimation of fold change and
dispersion for RNA-seq data with DESeq2. Genome Biol. 2014;15:550.
Young MD, Wakefield MJ, Smyth GK, Oshlack A. Gene ontology analysis
for RNA-seq: accounting for selection bias. Genome Biol. 2010;11:R14.
Kanehisa M, Araki M, Goto S, Hattori M, Hirakawa M, Itoh M, et al. KEGG
for linking genomes to life and the environment. Nucleic Acids Res.
2008;36:D480-4.

Kanehisa M, Goto S. KEGG: kyoto encyclopedia of genes and genomes.
Nucleic Acids Res. 2000,28:27-30.

Schmittgen TD, Livak KJ. Analyzing real-time PCR data by the compara-
tive CT method. Nat Protoc. 2008;3:1101-8.

Livak KJ, Schmittgen TD. Analysis of relative gene expression data using
real-time quantitative PCR and the 2(-Delta Delta C(T)) method. Methods.
2001;25:402-8.

Jing J, Wang B, Liu P. The functional role of SEC23 in vesicle transporta-
tion, autophagy and cancer. Int J Biol Sci. 2019;15:2419-26.

Teves ME, Roldan ERS, Krapf D, Strauss JF Ill, Bhagat V, Sapao P. Sperm Dif-
ferentiation: The role of trafficking of proteins. Int J Mol Sci. 2020,21:3702.
Baska P, Norbury LJ. The role of the intestinal epithelium in the “weep and
sweep”response during gastro-intestinal helminth infections. Animals
(Basel). 2022;12:175.

Walker AJ, Ressurreicdo M, Rothermel R. Exploring the function of protein
kinases in schistosomes: perspectives from the laboratory and from
comparative genomics. Front Genet. 2014;5:229.

Krishna M, Narang H. The complexity of mitogen-activated protein
kinases (MAPKs) made simple. Cell Mol Life Sci. 2008;65:3525-44.
Gorjanécz M, Klerkx EP, Galy V, Santarella R, Lopez-Iglesias C, Ask-

jaer P, et al. Caenorhabditis elegans BAF-1 and its kinase VRK-1 par-
ticipate directly in post-mitotic nuclear envelope assembly. EMBO J.
2007;26:132-43.

Klerkx EPF, Alarcon P, Waters K, Reinke V, Sternberg PW, Askjaer P. Protein
kinase VRK-1 regulates cell invasion and EGL-17/FGF signaling in Caeno-
rhabditis elegans. Dev Biol. 2009;335:12-21.

Beckmann S, Buro C, Dissous C, Hirzmann J, Grevelding CG. The Syk
Kinase SmTK4 of Schistosoma mansoni is involved in the regulation of
spermatogenesis and oogenesis. PLoS Pathog. 2010;6:21000769.

Dissous C, Grevelding CG, Long T. Schistosoma mansoni Polo-like kinases
and their function in control of mitosis and parasite reproduction. An
Acad Bras Cienc. 2011;83:627-35.

Buro C, Oliveira KC, Lu Z, Leutner S, Beckmann S, Dissous C, et al. Tran-
scriptome analyses of inhibitor-treated schistosome females provide
evidence for cooperating Src-kinase and TGF3 receptor pathways con-
trolling mitosis and eggshell formation. PLoS Pathog. 2013;9:e1003448.
Tarr DEK, Scott AL. MSP domain proteins. Trends Parasitol. 2005;21:224-31.
Roberts TM, Stewart M. Acting like actin. The dynamics of the nematode
major sperm protein (msp) cytoskeleton indicate a push-pull mechanism
for amoeboid cell motility. J Cell Biol. 2000;149:7-12.

Lata S, Mishra R, Banerjea AC. Proteasomal degradation machinery:
favorite target of HIV-1 proteins. Front Microbiol. 2018. https://doi.org/10.
3389/fmich.2018.02738.

XiongY, Yu C, Zhang Q. Ubiquitin-proteasome system-regulated protein
degradation in spermatogenesis. Cells. 2022;11:1058.

Zipperlen P, Fraser AG, Kamath RS, Martinez-Campos M, Ahringer J. Roles
for 147 embryonic lethal genes on C.elegans chromosome | identified by
RNA interference and video microscopy. EMBO J. 2001,20:3984-92.
Ghazi A, Henis-Korenblit S, Kenyon C. Regulation of Caenorhabditis
elegans lifespan by a proteasomal E3 ligase complex. Proc Natl Acad Sci
USA. 2007;104:5947-52.

D'Occhio MJ, Campanile G, Zicarelli L, Visintin JA, Baruselli PS. Adhe-

sion molecules in gamete transport, fertilization, early embryonic


https://wwww.hoint/news-room/fact-sheets/detail/soil-transmitted-helminth-infections
https://wwww.hoint/news-room/fact-sheets/detail/soil-transmitted-helminth-infections
https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://doi.org/10.3389/fmicb.2018.02738
https://doi.org/10.3389/fmicb.2018.02738

Phuphisut et al. Parasites & Vectors

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.
67.

68.

69.

70.

71

72.

(2022) 15:477

development, and implantation-role in establishing a pregnancy in
cattle: a review. Mol Reprod Dev. 2020,87:206-22.

Talbot P, Shur BD, Myles DG. Cell Adhesion and fertilization: steps in
oocyte transport, sperm-zona pellucida interactions, and sperm-egg
fusion. Biol Reprod. 2003;68:1-9.

Sekelsky JJ, Newfeld SJ, Raftery LA, Chartoff EH, Gelbart WM. Genetic
characterization and cloning of mothers against dpp, a gene required
for decapentaplegic function in Drosophila melanogaster. Genetics.
1995;139:1347-58.

Matsuda S, Harmansa S, Affolter M. BMP morphogen gradients in flies.
Cytokine Growth Factor Rev. 2016;27:119-27.

O'Connor MB, Umulis D, Othmer HG, Blair SS. Shaping BMP morphogen
gradients in the Drosophila embryo and pupal wing. Development.
2006;133:183-93.

Savage-Dunn C, Padgett RW. The TGF-(3 family in Caenorhabditis elegans.
Cold Spring Harb Perspect Biol. 2017;9:a022178.

He L, Liu H, Zhang B-Y, Li F-F, Di W-D, Wang C-Q, et al. A daf-7-related
TGF-B ligand (Hc-tgh-2) shows important regulations on the develop-
ment of Haemonchus contortus. Parasit Vectors. 2020;13:326.

Ozakman 'Y, Eleftherianos I. TGF-3 signaling interferes with the Drosophila
innate immune and metabolic response to parasitic nematode infection.
Front Physiol. 2019. https://doi.org/10.3389/fphys.2019.00716.

Malagon D, Benitez R, Kasny M, Adroher FJ. Peptidases in parasitic nema-
todes. A review. In: Erzinger GS, editor. Parasites: ecology, diseases and
management. New York: Science Publishers Inc; 2013. p. 61-102.

Xu X. Filling GAPs in G protein- coupled receptor (GPCR)-mediated ras
adaptation and chemotaxis. Small GTPases. 2020;11:309-11.

Xu X, Jin T. ELMO proteins transduce G protein-coupled receptor signal to
control reorganization of actin cytoskeleton in chemotaxis of eukaryotic
cells. Small GTPases. 2019;10:271-9.

Hilbi H, Kortholt A. Role of the small GTPase Rap1 in signal transduction,
cell dynamics and bacterial infection. Small GTPases. 2019;10:336-42.
Branddo MM, Silva-Brand&o KL, Costa FF, Saad STO. Phylogenetic

analysis of RhoGAP domain-containing proteins. Genom Proteom Bioinf.
2006;4:182-8.

Van Aelst L, D'Souza-Schorey C. Rho GTPases and signaling networks.
Genes Dev. 1997;11:2295-322.

Jantsch-Plunger V, Gonczy P, Romano A, Schnabel H, Hamill D, Schnabel
R, et al. CYK-4: a Rho family gtpase activating protein (GAP) required for
central spindle formation and cytokinesis. J Cell Biol. 2000;149:1391-404.
McMullan R, Nurrish SJ. The RHO-1 RhoGTPase modulates fertility and
multiple behaviors in adult Celegans. PLoS ONE. 2011,6:e17265.

Dong C, Wu G. G-protein-coupled receptor interaction with small
GTPases. Methods Enzymol. 2013;522:97-108.

Xu X, Guo H, Wycuff DL, Lee M. Role of phosphatidylinositol-4-phosphate
5'kinase (ppk-1) in ovulation of Caenorhabditis elegans. Exp Cell Res.
2007,313:2465-75.

Lee H, Kang J, Ahn S, Lee J. The hippo pathway is essential for mainte-
nance of apicobasal polarity in the growing intestine of Caenorhabditis
elegans. Genetics. 2019;213:501-15.

Frooninckx L, Van Rompay L, Temmerman L, Van Sinay E, Beets |, Janssen
T, et al. Neuropeptide GPCRs in C.elegans. Front Endocrinol. 2012. https://
doi.org/10.3389/fendo.2012.00167.

Garrison JL, Macosko EZ, Bernstein S, Pokala N, Albrecht DR, Bargmann Cl.
Oxytocin/vasopressin-related peptides have an ancient role in reproduc-
tive behavior. Science. 2012;338:540-3.

Department of Disease Control, Ministry of Public Health. Disease Forcast.
https://ddc.moph.go.th/en/. Accessed 30 Mar 2022.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 18 of 18

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions



https://doi.org/10.3389/fphys.2019.00716
https://doi.org/10.3389/fendo.2012.00167
https://doi.org/10.3389/fendo.2012.00167
https://ddc.moph.go.th/en/

	Transcriptome profiling of male and female Ascaris lumbricoides reproductive tissues
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Background
	Methods
	Study area
	Stool examination
	Collection of adult A. lumbricoides for RNA-Seq
	Total RNA extraction, library construction and sequencing
	Bioinformatics analysis
	Gene differential expression analysis
	Gene ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analyses
	Validation of gene expression by RT-qPCR

	Results and discussion
	RNA sequencing data and quality assessment of discrete A. lumbricoides reproductive tissues
	Determination of DEGs across the discrete tissue samples
	Tissue-specific gene expression patterns
	DEGs that are predominantly expressed in Stm and Stf tissue samples (Cluster A)
	DEGs that are predominantly expressed in Tv and Tg tissue samples (Cluster B)
	DEGs that are predominantly expressed in Tg tissue sample (Cluster C)
	DEGs that are predominantly expressed in Sv tissue sample (Cluster D)
	DEGs that are predominantly expressed in Ut tissue sample (Cluster E)
	DEGs that are predominantly expressed in Og and Ov tissue samples (Cluster F)
	DEGs that are predominantly expressed in Ov and Og tissue samples (Cluster G)

	Differential gene GO enrichment analysis
	The enriched GO Terms of the male reproductive tissue samples
	The enriched GO Terms of the female reproductive tissue samples

	KEGG enrichment analysis
	Validation of gene expression by RT-qPCR

	Conclusion
	Acknowledgements
	References




