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Abstract

Background: In most multicellular organisms, the transforming growth factor-g (TGF-@) signalling pathway is
involved in regulating the growth and stem cell differentiation. Previous studies have demonstrated the importance
of three key molecules in this pathway in the parasitic nematode Haemonchus contortus, including one TGF-(3 type |
receptor (Hc-tgfbrl), one TGF-B type Il receptor (Hc-tgfbr2), and one co-Smad (Hc-daf-3), which regulated the develop-
mental transition from the free-living to the parasitic stages of this parasite. However, almost nothing is known about
the function of the TGF-{ ligand (Hc-tgh-2) of H. contortus.

Methods: Here, the temporal transcription profiles of Hc-tgh-2 at eight different developmental stages and spatial
expression patterns of Hc-TGH-2 in adult female and male worms of H. contortus have been examined by real-time
PCR and immunohistochemistry, respectively. In addition, RNA interference (RNAI) by soaking was employed to assess
the importance of Hc-tgh-2 in the development from exsheathed third-stage larvae (xL.3s) to fourth-stage larvae (L4s)
in H. contortus.

Results: Hc-tgh-2 was continuously transcribed in all eight developmental stages of H. contortus studied with the
highest level in the infective third-stage larvae (iL3) and Hc-TGH-2 was located in the muscle of the body wall, intes-
tine, ovary of adult females and testes of adult males. Silencing Hc-tgh-2 by the specific double-stranded RNA (dsRNA),
decreased the transcript level of Hc-tgh-2 and resulted in fewer xL.3s developing to L4s in vitro.

Conclusions: These results suggested that the TGF-{3 ligand, Hc-TGH-2, could play important roles in the develop-
mental transition from the free-living (L3s) to the parasitic stage (L4s). Furthermore, it may also take part in the pro-
cesses such as digestion, absorption, host immune response and reproductive development in H. contortus adults.
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Background

The transforming growth factor-p (TGF-B) family, con-
sisting of more than 45 proteins with similar homo- or
hetero-dimers containing a cysteine knot structural motif
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the TGF-p family are divided into five groups including
TGEFBs, activins/inhibin, growth and differentiation fac-
tors (GDFs), bone morphogenetic proteins (BMPs) and
mullerian inhibitory factor (MIF) [2, 5]. Different TGE-3
members have highly specific or even opposite functions,
but overlapping functions are still present among them
[2, 5]. Each TGF-p protein can act as a specific ligand and
bind the specific heterotetrameric receptor consisting of
two TGE-f type I receptor and two TGEF-J type II recep-
tor subunits [5], therefore, different TGF- members play
diverse roles in the biological processes of multicellular
animals due to specific signalling transduction.

In the free-living nematode Caenorhabditis elegans,
there are five TGF-f ligands (Ce-DBL-1, Ce-DAF-7, Ce-
UNC-129, Ce-TIG-2 and Ce-TIG-3) involved in regulat-
ing essential development including dauer formation,
body-size determination and male tail morphology [6,
7]. However, so far, only two complete TGF-f signalling
pathways (DBL-1 pathway and DAF-7 pathway) have
been elucidated in detail [7, 8]. The signal transmitting
from Ce-DBL-1 is mainly associated with body size reg-
ulation and male tail development [9, 10], in addition, it
also regulates the innate immunity and lifespan [11-13].
In contrast, Ce-DAF-7 is expressed in ASI neurons and
regulates the dauer/continuous developmental switch
[14, 15]. Besides, Ce-DAF-7 is also involved in the reg-
ulation of longevity, reproduction and fat metabolism
[16-18].

Compared with C. elegans, much less is known about
the TGF-p ligands in parasitic nematodes. TGF-f ligand
homologues were identified from a number of parasitic
nematodes and limited functional studies were carried
out. For example, in the filarial nematodes Brugia malayi
and B. pahangi, two TGF-p homolog-1 genes (Bm-tgh-1
and Bp-tgh-1, respectively) were described as members of
the TGF-p family, revealing that these genes were more
similar to the DBL-1 subfamily members and may play a
role in the molting process in parasites inside the mam-
malian host [19]. Following this work, a homologue of
C. elegans daf-7 was then identified in B. malayi (named
as Bm-tgh-2) [20], which was detectable over the life-
cycle of this filarial parasite with the highest transcrip-
tion in the microfilarial stage [20]. Subsequently, in the
dog hookworm Ancylostoma caninum, two TGE-f ligand
genes (Ac-dbl-1 and Ac-daf-7) were identified and found
that they were involved in regulating the male tail pattern
and developmental arrest, respectively [21, 22]. Mean-
while, three homologues of Ce-daf-7 were cloned from
human and canine parasitic nematode Strongyloides
stercoralis (Ss-tgh-1) and its two close relatives Strongy-
loides ratti (Sr-daf-7) and Parastrongyloides trichosuri
(Pt-daf-7) and were all detected with the highest tran-
scription in the infective third-stage larvae (iL3) [23, 24].
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Regarding these three genes, Ss-fgh-1 was then verified
exclusively transcribed in the iL3 stage by RNAseq, sug-
gesting that Ss-tgh-1 could regulate the iL3 arrest [25].
In addition, the functional conservation of Pt-daf-7
compared with Ce-daf-7 was further assessed by heter-
ologous gene rescue using a C. elegans mutant, reveal-
ing that Pt-daf-7 could not rescue the Ce-daf-7 (e1372)
mutant strain although Pt-daf-7 could be expressed in
the ASI of C. elegans [26].

Recently, TGF-B ligand homologues were also iden-
tified from four trichostrongyloid nematodes (Helig-
mosomoides polygyrus, Nippostrongylus brasiliensis,
Teladorsagia circumcincta and Haemonchus contortus).
Nevertheless, functional studies have not been conducted
in these nematodes except for detection of the transcript
levels of these genes in their corresponding parasites
[27]. More recently, in H. contortus, three molecules of
the TGEF-p signalling pathway, including one TGE-f type
I receptor (Hc-tgfbrl), one TGE-f type II receptor (Hc-
tgfbr2) and one co-Smad (Hc-daf-3), were identified to
be involved in regulating the developmental transition
from the free-living L3 to the parasitic stage [28—-30]. In
the present study, we extended the previous work and
explored the functions of the TGF-p ligand homologue
of H. contortus (Hc-tgh-2), aiming at illuminating its role
in the regulation of the developmental processes through
the TGF-f signalling pathway in H. contortus.

Methods

Haemonchus contortus strain and its maintenance

The H. contortus Haecon-5 strain was maintained in
goats (3—6 months-old, helminth-free), which were
infected orally with 8000-10,000 iL3s. Eggs were iso-
lated from the faeces of infected goats, and first-stage
and second-stage larvae (L1s and L2s) as well as iL.3s pro-
duced by a co-culture method [31]. Fourth-stage larvae
(L4s) and adults of H. contortus were collected from the
abomasa of infected goats, euthanized with an overdose
of pentobarbitone sodium (Lethobarb; Virbac Pty Ltd,
Peakhurst, New South Wales, Australia) at 8 or 30 days
post-infection, respectively, then all L4s and adults were
extensively washed in physiological saline, and female
and male worms separated prior to snap-freezing in liq-
uid nitrogen and then stored at — 80 °C until use.

Phylogenetic analyses of amino acid sequence data

The amino acid sequences of Hc-TGH-2 (GenBank:
ACQ84508.1) and the homologues from 17 species
(Ancylostoma caninum, Ascaris suum, Brugia malayi,
Caenorhabditis briggsae, Caenorhabditis elegans, Capra
hircus, Danio rerio, Heligmosomoides polygyrus, Homo
sapiens, Mus musculus, Nippostrongylus brasiliensis,
Parastrongyloides trichosuri, Strongyloides stercoralis,
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Strongyloides ratti, Teladorsagia circumcincta, Toxo-
cara canis and Trichinella spiralis; Table 1) were aligned.
Phylogenetic analyses of the aligned sequence data were
conducted using the neighbor-joining (NJ), maximum
parsimony (MP) and maximum likelihood (ML) methods
employing the Jones—Taylor—Thornton (JTT) model [32].
Confidence limits were assessed using a bootstrap pro-
cedure employing 1000 pseudoreplicates for NJ, MP and
ML in MEGA v.6.0 [32]. A 50% cut-off value was imple-
mented for the consensus tree. A TGF-f type II receptor
from C. elegans (GenBank: CCD63118.1) was used as the
outgroup for phylogenetic analyses.

Transcriptional analyses by real-time PCR

Total RNA was isolated from individual developmental
stages of H. contortus (eggs, L1, L2, iL3, male and female
L4s, and male and female adults) using TRIzol (Life Tech-
nologies, Shanghai, China). RNA integrity and yields
were verified by electrophoresis and spectrophotometric
analysis (NanoDrop Technologies, Beijing, China). Com-
plementary DNA (cDNA) was synthesized from RNA
(1 pg) employing the PrimeScript™ RT reagent kit with
gDNA Eraser (Perfect Real Time; Takara, Beijing, China).
Nucleic acids were stored at — 80 °C until use.

According to the identified coding sequence of Hec-
tgh-2 [27] (GenBank: FJ391183), one set of primers (Hc-
tgh-2-rtF/R; Additional file 1: Table S1) were designed to
detect the transcriptional level of He-tgh-2 in eight devel-
opmental stages of H. contortus by real-time PCR under
the protocol as follows: 95 °C for 30 s; followed by 40
cycles at 95 °C for 15 s, 60 °C for 15 s and 72 °C for 20 s. A
B-tubulin 8-9 gene (Hc-tub8-9) was set as a reference in
all samples (in triplicate) [43] employing a set of specific
primers Hc-tub8-9-rtF/R (Additional file 1: Table S1).
The data of the real-time PCR were analyzed by compar-
ing with the relative quantities of egg (egg=1) using the
27244 method [44]. A one-way ANOVA was used in the
statistical analysis and each P-value was determined by
post-hoc pairwise comparisons. This assay was repeated
three times.

Prokaryotic expression of Hc-TGH-2 and the localization

of Hc-TGH-2 in H. contortus

According to the analysis on antigen epitopes of Hc-
TGH-2 by the software DNAstar (http://www.dnast
ar.com/), one set of primers (Hc-tgh-2-eF/R) was
designed to amplify the partial cDNA (151-732 bp) of
Hc-tgh-2 under the PCR cycling protocol: 95 °C for 3 min;
followed by 35 cycles at 95 °C for 30 s, 60 °C for 40 s and
72 °C for 20 s; and then 72 °C for 5 min. The amplicon
was inserted into the expression vector pET-28a and
the construct was transformed into E. coli Rosseta-DE3,
then the protein Hc-TGH-2 (51-244 aa) was expressed
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and purified, followed by SDS-PAGE detection. Purified
recombinant Hc-TGH-2 protein (500 pg) was injected
subcutaneously into two rabbits with multiple sites (4
immunizations with a 2-week interval between each
immunization). A pre-bleed was taken from each rabbit
prior to the first injection, while a final bleed was taken
one week after the last immunization. Serum was treated
according to a standard procedure [45]. The serum from
the pre-bleed was designated as negative serum while
the serum from the final bleed was designated as positive
serum. All the sera were analyzed by western blot using
the total protein extracted from adults of H. contortus
with the Total Protein Extraction Kit (Bestbio Company,
Guangzhou, China).

The serum was used to detect the expression patterns
of Hc-TGH-2 in adult males and females of H. contortus
by immunohistochemistry, respectively, as previously
described [29]. In brief, approximately 50 H. contortus
adult males or females were fixed in 4% paraformalde-
hyde (Biosharp, Hefei, China) at 4 °C, respectively. Then
the single worm was dehydrated in a graded ethanol
series (75% for 4 h, 85% for 2 h, 90% for 2 h, 95% for 1 h
once and 100% twice for 30 min) sequentially, followed
by embedding in paraffin. Sections (4 um) were cut and
flattened on polylysine slides, followed by paraffinat-
ing (xylene treated twice for 20 min) and rehydrating in
a series of graded ethanol (100% twice for 10 min; 95%

Table 1 Sequences used for phylogenetic analyses in the
present study

Species GenBank ID Reference
Ancylostoma caninum AAY79430.1 [21]
Ascaris suum ADY41407.1 [33]
Brugia malayi CDQ03041.1 [34]
Caenorhabditis briggsae CAP21409.1 [35]
Caenorhabditis elegans CCD61866.1 4]
Caenorhabditis elegans® CCD63118.1 [36]
Capra hircus XP_017903600.1 [37]
Danio rerio AAN03678.2 [38]
Haemonchus contortus ACQ84508.1 [27]
Heligmosomoides polygyrus ACR27076.1 [27]
Homo sapiens NP_005802.1 [39]
Mus musculus NP_034402.1 [40]
Nippostrongylus brasiliensis ACR27077.1 [27]
Parastrongyloides trichosuri ABQ10586.1 [23]
Strongyloides stercoralis AAV84743.1 [24]
Strongyloides ratti AAT79346.1 [23]
Teladorsagia circumcincta ACR27078.1 [27]
Toxocara canis KHN71899.1 [41]
Trichinella spiralis KRY30333.1 [42]

@ Sequence was used as the outgroup for phylogenetic analyses
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once for 5 min, 90% once for 5 min, 80% once for 5 min,
70% once for 5 min each), then washed with phosphate
buffer solution (PBS) for three times (5 min). Antigens
were recovered by the microwave, then endogenous cata-
lase was eliminated by 3% hydrogen peroxide. The sec-
tions were washed with PBS three times (5 min), then
blocked with 5% bovine serum albumin (BSA) for 20 min
in a humidified chamber. The sections were incubated
with approximately 50 pl polyclonal anti-Hc-TGH-2 anti-
body (positive serum) or negative serum (each at 1:100
dilution) at 4 °C overnight, respectively. The serum was
removed and the sections were washed three times with
PBS (5 min). Then the sections were incubated at 37 °C
for 50 min in anti-rabbit immunoglobulin (IgG) (raised
in sheep) conjugated with fluorescein (Aspen, Chengdu,
China) in the dark. The sections were then washed with
PBS for three times (5 min) to remove the secondary
antibody. After that, the sections were incubated at room
temperature for 5 min in 4, 6-diamidino-2-phenylindole
(DAPI) solution in the dark. The sections were washed in
PBS three times (5 min) again and then assessed in detail
using an epifluorescence microscope (Olympus CX-21;
Olympus, Shenzhen, China). All images were processed
using Adobe Photoshop CS 6.0.

Preparation of double-stranded RNA and RNA interference
(RNAI) in H. contortus

Two sets of specific PCR primers (Hc-tgh-2-sF1/sR1 and
Hc-tgh-2-sF2/sR2) were designed to amplify the coding
sequences of the Hc-TGH-2 functional domain (864 bp)
for constructing two plasmids that were used to syn-
thesize specific dsSRNA (Additional file 1: Table S1) as
previously described [28, 29]. One set of primers (Hc-
tgh-2-sF1/sR1) was tagged with the T7 promoter site in
forward direction and restriction enzyme BamH 1 site
in reverse direction, respectively. Another set of prim-
ers (Hc-tgh-2-sF2/sR2) was tagged with the restric-
tion enzyme BamH I site in forward direction and the
T7 promoter site in reverse direction, respectively. The
sequences of the Hc-TGH-2 functional domain (864 bp)
were amplified by these two sets of specific PCR prim-
ers under the same cycling conditions: 95 °C for 5 min;
followed by 35 cycles of 95 °C for 30 s, 55.4 °C for 30 s,
72 °C for 2 min; and then 72 °C for 5 min. PCR prod-
ucts were then inserted into pTOPO-Blunt Simple vec-
tor (Aidlab Biotechnologies Co., Ltd, Beijing, China)
by a ClonExpress™ II One Step Cloning Kit (Vazyme
Biotech Co., Ltd, Nanjing, China), respectively. The
irrelevant control was a crylAc gene from Bacillus thur-
ingiensis (Bt-crylAc, GenBank: GU322939.1), which has
no homology with any H. contortus gene [28, 29]. The
sequence of Bt-crylAc was cloned using two sets of spe-
cific PCR primers Bt-crylAc-sF1/sR1 and Bt-crylAc-sF2/
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sR2 (Additional file 1: Table S1) under the following
cycling protocol: 95 °C for 5 min; followed by 35 cycles
of 95 °C for 30 s, 55 °C for 30 s, 72 °C for 1 min; then
72 °C for 5 min. PCR products were then inserted into
pTOPO-Blunt Simple vector, as previously described. All
constructs were extracted using plasmid Maxi Kit (Aid-
lab Biotechnologies Co., Ltd) and then were estimated
spectrophotometrically (NanoDrop Technologies) and
stored at —20 °C until use, respectively. The restriction
enzyme BamHI was used to linearize the constructs con-
taining Hc-tgh-2 or Bt-crylAc fragments, respectively,
and the linearized templates were verified by electropho-
resis and spectrophotometric analysis (NanoDrop Tech-
nologies) and used to synthesize single-stranded RNA
(ssSRNA) using a RNA large-scale T7 production system
according to the instruction manual of MEGAscript® T7
Transcription Kit (Ambion, Shanghai, China). An equal
quantity (~500 pg) of sense ssSRNA and antisense ssSRNA
were used to synthesize dsRNA with the treatment of 5x
annealing buffer at room temperature for 2 h. The qual-
ity and yield of ssSRNA and dsRNA were verified by elec-
trophoresis and spectrophotometric analysis (NanoDrop
Technologies), respectively. All RNA was immediately
frozen and stored at — 80 °C until use.

The RNA interference assay was performed as previ-
ously described [28]. Briefly, H. contortus L3s collected
from faecal culture were exsheathed in 0.1% sodium
hypochlorite/PBS for 30 min at 38 °C, followed by wash-
ing twice in sterile PBS by centrifugation at 600xg
(5 min) at 23 °C and four times in PBS containing antibi-
otic-antimycotic solution (Gibco, Shanghai, China). Then,
the exsheathed L3s (xL3s) were suspended in Earle’s Bal-
anced Salt Solution (EBSS, pH adjusted to 5.2; Sigma-
Aldrich, Shanghai, China) with antibiotic-antimycotic
solution (Gibco) with a final concentration at 33,000 xL3/
ml and incubated with different dsRNA (1 mg/ml). Before
incubation, the Hc-tgh-2 dsRNA, Bt-crylAc-specific
dsRNA (irrelevant control) or nuclease-free water (blank
control) were pre-incubated (separately) with RNasin (8
U) and Lipofectin Reagent (Invitrogen, Shanghai, China)
for 10 min at 25 °C (room temperature), respectively, and
added into 30 pl of EBSS cultures containing xL3s. After
incubation at 37 °C in 20% CO,, for 24 h, 300 larvae were
transferred to 100 pl of fresh EBSS without dsRNA (in
triplicate) and cultured for another 7 days and the repli-
cate cultures were examined by microscopy to count the
numbers of xL.3s and L4s according to the morphological
changes of the buccal capsule [28, 46, 47]. The remain-
ing larvae were collected to isolate RNA for detecting
the transcriptional change of the gene Hc-tgh-2 by real-
time PCR with one set of primers (Hc-tgh-2-rtF/R; Addi-
tional file 1: Table S1). 18S rRNA was used as a reference
marker [48] and the sequences of primers Hc-18s-rtF/R
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are shown in Additional file 1: Table S1. The PCR cycling
protocol used was: 95 °C for 30 s, followed by 40 cycles
at 95 °C for 15 s, 60 °C for 15 s and 72 °C for 20 s. The
efficiency of the PCR was calculated using an established
formula and the real-time PCR data was subjected to
analysis using the 27224 method [44].

Results

Phylogenetic analyses of amino acid sequence data

The amino acid sequence of the TGF-f ligand homologue
of H. contortus (designated as Hc-TGH-2) was obtained
from GenBank (accession number ACQ84508.1 [27]).
Phylogenetic analyses showed that the topologies of
the MP, ML and NJ trees were concordant. Hc-TGH-2
grouped together with homologues from four strongylid
parasitic nematodes including Ancylostoma caninum,
Heligmosomoides polygyrus, Nippostrongylus brasiliensis
and Teladorsagia circumcincta with 100% nodal support,
which formed a cluster (88%) with DAF-7 homologues
of two Caenorhabditis spp. (Fig. 1). This big cluster and
another smaller cluster (100%) containing three TGF-f
ligand homologues from two parasites of the Ascaridata
(Ascaris suum and Toxocara canis) and one parasite of
the Filarioidea (Brugia malayi) grouped together with
82% nodal support (Fig. 1). One TGF-f ligand homologue
from Trichinella spiralis formed a cluster (82%) with four
TGF-p ligand homologues from four metazoans (Capra
hircus, Danio rerio, Homo sapiens and Mus musculus),
which grouped together with 10 selected TGF-f ligand
homologues from strongylid, ascarid and filarial nema-
todes by 83% nodal support, to the exclusion of TGF-$
ligand homologues of three parasitic nematodes (Par-
astrongyloides trichosuri, Strongyloides stercoralis and
Strongyloides ratti) that have an alternative free-living
life-cycle (Fig. 1).

Transcriptional analysis of Hc-tgh-2 in eight different
developmental stages of H. contortus

The relative transcripts of Hc-tgh-2 were detectable in
eight different developmental stages (eggs, L1s, L2s, iL3s,
female L4s, male L4s, adult females and adult males) of
H. contortus (Fig. 2). The transcript abundance of Hc-
tgh-2 was highest at iL3 stage, with significant differ-
ences compared with other developmental stages (F;,
16)=20.11002, P<0.0001, respectively) (Fig. 2). There
was no statistically significant difference among all other
developmental stages except for iL3 (Fig. 2).

Localization of Hc-TGH-2 in H. contortus adults

The coding sequence of truncated Hc-TGH-2 (51-244
aa, 29 KD) was 582 bp in length and expressed in E. coli
Rosseta-DE3 (Additional file 2: Figure S1). The polyclonal
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antibody against rHc-TGH-2 produced by immuniz-
ing rabbits could bind to the native Hc-TGH-2 specifi-
cally (Additional file 3: Figure S2). Using this polyclonal
antibody as a probe in the immunobiochemical assay,
Hc-TGH-2 was detected in the muscle of the body
wall, intestine and ovaries of H. contortus adult females
(Fig. 3a-h). In adult males, Hc-TGH-2 was expressed
in the muscle of the body wall, intestine and testes

(Fig. 3i-p).

Effect of silencing Hc-tgh-2 on the development of H.
contortus xL3 in vitro

After xL3 was soaked in Hc-tgh-2 dsRNA for 24 h,
the transcriptional level of Hc-fgh-2 was significantly
decreased compared with the blank control (no dsRNA)
and irrelevant dsSRNA control group (Bt-crylAc dsRNA)
(F(z, 6):25.95825, P = 0.0021 and P=0.0026, respec-
tively), and there was no statistically significant difference
between the two control groups (Fig. 4a). In addition,
silencing Hc-tgh-2 resulted in fewer xL3s developing to
L4s in vitro after incubation for another 7 days compared
with any control groups (F, 19=13.01698, P=0.0035
and P=0.0033, respectively) (Fig. 4b).

Discussion
In the present study, extending from our previous work
on molecules in the TGF-p pathway [28-30], the genetic
relationship of a predicted TGF-f ligand of H. contortus
(Hc-TGH-2) with selected homologues from different
metazoan species were analysed. In addition, the tem-
poral transcriptional and spatial expression profiles of its
coding gene (Hc-tgh-2) were explored and its importance
in controlling the development from xL3s (free-living
stage) to L4s (parasitic stage) was also investigated.

Phylogenetic analyses revealed that Hc-TGH-2 was
closer to the DAF-7 homologues of two Caenorhab-
ditis spp. than the TGF-B ligands from metazoans,
which is different from the phylogenetic relationships
of TGF-p receptors from H. contortus (Hc-TGFBR1 and
Hc-TGFBR2) being more distant from those of Caeno-
rhabditis spp. and metazoans [28, 29]. It is likely that
the molecules of the TGF-f signalling pathway from H.
contortus were divergent along with the evolution of this
pathway in parasitic nematodes. It is proposed that the
TGE-P signalling pathway in parasitic nematodes played
a role in maintaining the arrested state [49, 50], however,
the function of TGF- ligand in different parasitic nema-
todes may be different due to the divergent conservation
of the amino acid sequences, especially for those from P
trichosuri, S. stercoralis and S. ratti as they did not group
with the TGF-f ligands of other selected nematodes.

In the present study, the transcripts of Hc-tgh-2 were
detected at eight different developmental stages, the
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Fig. 1 Phylogenetic relationship of Haemonchus contortus Hc-TGH-2 (ACQ84508.1) with other TGF- ligand homologues. The homologues
were from 17 species including Ancylostoma caninum (AAY79430.1), Ascaris suum (ADY41407.1), Brugia malayi (CDQ03041.1), Caenorhabditis
briggsae (CAP21409.1), Caenorhabditis elegans (CCD61866.1), Capra hircus (XP_017903600.1), Danio rerio (AAN03678.2), Heligmosomoides
polygyrus (ACR27076.1), Homo sapiens (NP_005802.1), Mus musculus (NP_034402.1), Nippostrongylus brasiliensis (ACR27077.1), Parastrongyloides
trichosuri (ABQ10586.1), Strongyloides stercoralis (AAV84743.1), Strongyloides ratti (AAT79346.1), Teladorsagia circumcincta (ACR27078.1), Toxocara
canis (KHN71899.1) and Trichinella spiralis (KRY30333.1), a TGF-{ type Il receptor from C. elegans (CCD63118.1) was used as the outgroup for this
phylogenetic analysis. Bootstrap values are shown above or below the branches

results showed that the transcriptional profiles of Hec-
tgh-2 in eggs, iL3s, L4s and adults were consistent with
a previous report [27] and the transcriptional profiles
of Hc-tgh-2 at other developmental stages (L1s and L2s)
were supplemented. In H. contortus, the transcripts
of Hc-tgh-2 were detected in eggs at a lower level and
reached a peak in iL3s (arrested stage), which is simi-
lar to the transcriptional profile of TGF-p ligands from
some parasitic nematodes including A. caninum [21,
22], N. brasiliensis [27], P. trichosuri [23], S. stercoralis
[24] and S. ratti [23], but different from that of Ce-daf-7
in C. elegans [14]. In C. elegans, the transcript abun-
dance of Ce-daf-7 is highest in the L1 stage (prior to the
arrested stage) and lowest in the dauer stage, and it is
deemed that the TGF- signalling pathway controls the
dauer/reproductive developmental choice in C. elegans
[14]. Nevertheless, the arrested stage (iL3s) is inevitable
in parasitic nematodes, thus it may not be necessary for
parasitic nematodes to regulate the process of entry into
the arrested stage. The highest transcript levels of TGF-p

ligands in iL3s of parasitic nematodes suggested that the
TGE-B signalling pathway perhaps plays an important
role in the steps behind the process of entering into the
arrested stage, which means that the TGF-f signalling
pathway may prefer to maintain the arrested stage and/
or regulate the recovery of development. It has been
presumed that the recovery of the development of il.3s
is depended on the insulin-like signalling pathway, but
not the TGEF-P signalling pathway [51], thus parasitolo-
gists prefer to believe that the role of the TGF-f signal-
ling pathway is maintaining the arrested stage [49, 50].
However, this viewpoint may not be broadly applied
as the transcript levels of TGF-p ligands in T. circumci-
ncta and H. polygyrus are not highest in iL3s, but peak
in adults and eggs respectively [27]. Furthermore, even in
H. contortus, the transcription levels of the TGF-p type
I receptor gene Hc-tgfbrl was highest in adult females
[28]. Taken together, we propose that the functions of the
TGE-B signalling pathway may have arisen some changes
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Fig. 2 Transcriptional levels of the Hc-tgh-2 gene in eight
developmental stages of Haemonchus contortus. The relative
quantities (compared with egg, egg= 1) are shown as mean

values (£ standard error of the mean, SE). Abbreviations: Egg,

eggs; L1, first-stage larvae; L2, second-stage larvae; iL3, infective
third-stage larvae; L4F, females of fourth-stage larvae; L4M, males

of fourth-stage larvae; AdF, adult females; AdM, adult males. The
statistical analysis showed that ANOVA, F; 15 =20.11002, P<0.0001.
Eggvs L1,P=0.9994; Egg vs L2, P=0.6577; Egg vs iL3, P<0.0001;
Egg vs L4F, P>0.9999; Egg vs L4M, P>0.9999; Egg vs AdF, P>0.9999;
Egg vs AdM, P>0.9999; L1 vs L2, P=0.9090; L1 vs iL3, P<0.0001; L1
vs L4F, P=0.9991; L1 vs L4F, P=0.9997; L1 vs AdF, P=0.9990; L1 vs
AdM, P>0.9999; L2 vs i3, P<0.0001; L2 vs L4F, P=0.6399; L2 vs L4F,
P=0.6924; L2 vs AdF, P=0.6358; L2 vs AdM, P=0.7419; iL3 vs L4F,
P<0.0001;iL3 vs L4M, P<0.0001;iL3 vs AdF, P<0.0001; iL3 vs AdM,
P<0.0001; L4F vs L4M, P>0.9999; L4F vs AdF, P>0.9999; L4F vs AdM,
P>0.9999; L4M vs AdF, P>0.9999; L4M vs AdM, P>0.9999; AdF vs
AdM, P>0.9999. There were significant differences between stages
indicated by different capital letters (a, b) (P<0.01)

or divergence in the evolution of parasitic nematodes.
The mechanisms need to be investigated in the future.

In our opinion, the TGEF-PB signalling pathway may
prefer to regulate the recovery of development in the
arrested stage (iL3s) in H. contortus on account of the
decreased proportion of H. contortus L4s developed from
xL3 with downregulated Hc-tgh-2 induced by RNAIi in
vitro, which is similar to the results of other three key
molecules of the TGF-f signalling pathway in H. con-
tortus studied recently, including a TGF-f type I recep-
tor (Hc-tgfbrl) (28], a TGF-P type II receptor (Hc-tgfbr2)
[29] and a co-Smad (Hc-daf-3) [30]. This is different from
the functions of this signaling in A. caninum [51]. Both
H. contortus and A. caninum are Strongylida nematodes
of clade V [52], however, these two parasitic nematodes
have different routes to infect the appropriate hosts. A
majority (85%) of A. caninum L3s infect the hosts via the
percutaneous route and resume feeding within 48 h post-
infection, a minority (15%) of A. caninum L3s can infect
hosts orally and most larvae could only resume feeding
until they develop to L4s [53]. The resumption of feed-
ing was used as a marker for studying the developmen-
tal resumption in A. caninum after the parasites enter
into the host [51]. However, in H. contortus, L3s can only
infect the host via the oral route and are unable to resume
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feeding until the L3s develop to L4s [54], which means
that feeding resumption may not be a good marker for
studying the developmental resumption of L3s in H. con-
tortus. Therefore, we propose that the TGF-p signalling
pathway in different parasitic nematodes (for example, A.
caninum or H. contortus) may function differently in the
developmental recovery. This needs to be investigated in
the future by in vivo analysis of RNAI treated parasites as
previously described [55], which will provide some ideas
for controlling H. contortus.

In H. contortus, the muscles of the body wall act as
storage for glycogen, phospholipids and neutral lipids
[56], thus the Hc-tgh-2 may be involved in storage for
glycogen, phospholipids and neutral lipids due to its
expression in the muscle cells of the body wall in adult
worms. The body wall is the first line of H. contortus to be
contacted by the host environment, thus, it is likely that
Hc-tgh-2 may be related to the survival of H. contortus
in the host. A homologue of TGF-f from B. malayi (Bm-
TGH-2) shows a low level of binding ability with mam-
malian receptors [20]. A TGF-f Mimic (TGM) of the
murine parasitic nematode Heligmosomoides polygyrus
was identified to act as a cytokine to exploit an endog-
enous pathway of immunoregulation in the host [57] and
two other TGM members of H. polygyrus show an active
function in an TGF-p bioassay (cell line clone MFB-F11)
that can induct T cell Foxp3 expression [58]. Therefore,
the TGF-p family of parasitic nematodes may take part in
immunoregulation in their host.

In H. contortus adult females and males, Hc-TGH-2
was also strongly expressed in the intestine, which is
an important organ for the digestive system and a good
source for mucosal candidate antigens to induce an
immune response in the host [59, 60], suggesting that
Hc-tgh-2 perhaps plays a role in digestion, absorption
and host immune response. Furthermore, Hc-£gh-2 may
also be involved in the reproductive development due to
the strong expression in gonads (ovaries in adult females
and testes in adult males) of H. contortus. In C. elegans,
the daf-7 mutant worms showed an egg-laying defect
and Ce-daf-7 is identified as a regulator that can expanse
the larval germline progenitor pool [7, 18]. Furthermore,
phylogenetic analyses showed that Hc-TGH-2 was close
to Ce-DAEF-7 of C. elegans, so we propose that Hc-tgh-2
may regulate the germline proliferation and differen-
tiation and the behavior of egg-laying in H. contortus.
Another key molecule of the TGF-p signalling pathway,
Hc-TGFBR2, also strongly expressed in the intestine
and gonads of H. contortus adults [29], implying that the
TGE-pB signalling pathway may play important roles in
the digestive and reproductive systems in adults to facili-
tate the parasites survival and reproduction in the host.
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Fig. 3 The expression patterns of Hc-TGH-2 in Haemonchus contortus adults. a—h, the expression pattern of Hc-TGH-2 in H. contortus adult females
with an exposure time of 2500 ms. i-p the expression pattern of Hc-TGH-2 in H. contortus adult males, with an exposure time of 3000 ms. Positive

serum was the serum from the final bleed after the last immunization (containing the antibody against recombinant Hc-TGH-2), negative serum is
the serum from the pre-bleed before the first immunization (without the antibody of Hc-TGH-2). Abbreviations: i, intestine; o, ovaries; m, muscles of
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Fig. 4 Effect of Hc-tgh-2 dsRNA treatment on the xL3 development of Haemonchus contortus in vitro. a The transcriptional changes of Hc-tgh-2 in H.
contortus after RNAi detected by real-time PCR. b The ratios of L4s developed from xL3s in vitro for another 7 days after RNAI. **P < 0.01
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Conclusions

In the present study, a daf-7-related TGF-p ligand, Hc-
tgh-2, was characterized from the parasitic nematode
H. contortus. Hc-tgh-2 was continuously transcribed
in eight developmental stages of H. contortus with the

highest level in iL3s, and the decreased transcription of
Hc-tgh-2 in xL3s induced by the specific dsSRNA could
retard the development of xL3 to L4s in vitro, suggest-
ing that Hc-tgh-2 could regulate the development from
xL3 to L4 in H. contortus. The immunohistochemical
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results indicated that Hc-TGH-2 was expressed in the
muscle of the body wall, intestine and gonads of adult
stages of H. contortus, suggesting that Hc-tgh-2 may
play important roles in the digestive and reproductive
systems in H. contortus adults. Taken together, TGF-f
Hc-TGH-2 could play an important role in the transi-
tion from the free-living (L3s) to the parasitic stage
(L4), digestion, absorption, host immune response and
reproductive development in H. contortus.
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