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SUMMARY

Many protease genes have previously been shown to be involved in parasitism and in the development of Steinernema
carpocapsae, including a gene predicted to encode an aspartic protease, Sc-ASP110, which was cloned and was analysed in
this study. A cDNA encoding Sc-ASP110 was cloned based on an expressed sequence tag (EST) fragment from our EST
library. The full-length cDNA of Sc-ASP110 consists of 1112 nucleotides with a catalytic aspartic domain (aa18–337). The
putative 341 amino acid residues have a calculated molecular mass of 37·1 kDa and a theoretical pI of 4·7. BLASTp analysis
of the Sc-ASP110 amino acid sequence showed 45–77% amino acid sequence identity to parasitic and non-parasitic
nematode aspartic proteases. An expression analysis showed that the sc-asp110 gene was upregulated during the late
parasitic stage, L4, and 24 h after induction of in vitro nematodes. A sequence comparison revealed that Sc-ASP110 was a
member of an aspartic protease family; additionally, a phylogenetic analysis indicated that Sc-ASP110 was clustered with
the closely related nematodeSteinernema feltiae. In situ hybridization showed that sc-asp110 was expressed in the bodywalls
of dorsal cells. The upregulated Sc-ASP110 expression revealed that this protease could play a role in the late parasitic
process. In this study, we have cloned and analysed the gene transcript of Sc-ASP110 in S. carpocapsae.
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INTRODUCTION

Steinernema carpocapsae is an insect entomopatho-
genic nematode that is symbiotically associated with
the bacterium Xenorhabdus nematophila. This sym-
biotic complex is considered a promising biological
control agent against a wide range of important
agricultural insect pests (Ehlers, 2001; Kaya et al.
2006). Entomopathogenic nematodes are highly
virulent and usually kill the insect host quickly, and
considerable interpopulation variation has been de-
monstrated (Rosa et al. 2002). The rate of parasitism
and of mortality caused by a nematode strain is both
host- and developmental stage-specific (Hao et al.
2012). Virulence factors from S. carpocapsae are
crucial to the success of this biological control agent
(Shapiro-Ilan et al. 2003). The virulence of the sym-
biotic complex was attributed to the ability of the
bacterium to excrete a large set of toxins and enzymes
(Forst et al. 1997). In S. carpocapsae, virulence
factors that were lethal to insects were identified from
its secreted compounds (Burman, 1982; Laumond
et al. 1989).

Expressed sequence tag (EST) analysis facilitated
the identification of genes encoding proteins that
were released by S. carpocapsae and that were highly
homologous to virulence factors released by other

parasitic nematodes (Hao et al. 2010), including an
aspartic protease. Aspartic proteases have catalytic
aspartic acid residues in their active site clefts;
these proteases include pepsins, renins, cathepsins
D and E and chymosins (Dunn, 2002; Williamson
et al. 2003). Two well-known aspartic proteases
identified in humans are pepsin and renin, but
aspartic proteases have also been identified in various
parasitic species (Antonov et al. 1978). In parasitic
nematodes, aspartic proteases have been associated
with the digestion of host haemoglobin in the
trichostrongylid Haemonchus contortus and in the
hookworms Ancylostoma caninum and Necator
americanus (Williamson et al. 2002). Additionally,
aspartic proteases have been shown to degrade
skin macromolecules and to aid skin penetration in
hookworms, suggesting that the role of aspartic
proteases in nematode parasitism is not limited to
the digestion of haemoglobin (McKerrow et al.
1990). These additional functions of aspartic pro-
teases in hookworms suggest that aspartic proteases
may play a role in the biology of parasitic nematodes
that do not feed on blood, such as Strongyloides
stercoralis, Onchocerca volvulus and Brugia malayi,
in which aspartic proteases have previously been
identified (McKerrow et al. 1990; Jolodar andMiller,
1998). In addition, aspartic proteases have been
found in parasitic nematodes, including Schistosoma
mansoni (Schulmeister et al. 2005), Schistosoma
japonicum (Becker et al. 1995), and the free-living
nematode, Caenorhabditis elegans (Geier et al. 1999).
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In S. carpocapsae, serine proteases are associated
with the invasion of insects (Toubarro et al. 2010) or
with the evasion of insect defences (Balasubramanian
et al. 2009, 2010); a metalloprotease (Jing et al. 2010)
and aspartic proteases have also been described in this
species (Balasubramanian et al. 2012a, b). Although
S. carpocapsae infections in insects are increasingly
frequent, our understanding of the host–parasite
relationship is limited. The main pathogenic mech-
anisms remain unclear, particularly the role of the
nematode compared with the role of the host. How-
ever, little is known about themolecular events taking
place during nematode infection.
Steinernema carpocapsae does not feed on blood;

thus, the role of aspartic proteases in S. carpocapsae
parasitic processes remains unclear. However,
aspartic proteases may be involved in the digestion
of other host macromolecules. Therefore, the goal of
this study is to identify the S. carpocapsae aspartic
protease from expressed genes, to study aspartic
protease gene expression in S. carpocapsae develop-
mental stages and in vitro induced nematodes with
an insect homogenate. This report provides a tran-
scriptional analysis of the putative genes that are
likely associated with nematode parasitism and/or
development. Our results from S. carpocapsae de-
monstrate that transcriptomic and genomic sequence
data can be combined to identify a gene’s function
and that doing so can provide fresh insight into
the genetic mechanisms associated with parasitism.
In the present work, we cloned a putative aspartic
protease gene, sc-asp110, and examined its expression
in different S. carpocapsae developmental stages,
allowing a unique comparison among the parasite’s
life-cycle stages.

MATERIALS AND METHODS

Insect homogenate preparations for induction
and nematode collection

Galleria mellonella were reared with pollen and wax
(1 : 1) in plastic boxes in the dark at 27 °C with 65%
relative humidity (RH). The larvae were collected,
frozen in liquid nitrogen, ground, and homogenized
with 1% Tyrode using a homogenizer (Glas-Col,
USA). The homogenate was centrifuged at 2400 g for
15min at 4 °C; then, the supernatant was collected,
and a 1% antibiotic solution (penicillin, streptomycin
and neomycin; Sigma, USA) was added to 5% of
the supernatant that was used for the nematode
induction. Infective juveniles (IJs) were produced
in G. mellonella larvae, harvested in a white trap
and stored at 10 °C for 1–3 months (Dutky, 1959).
Ten millilitres (25000mL−1) of IJs was surface-
disinfected with 0·5% sodium hypochlorite (bleach)
for 10min followed by washing 3 times with 0·8%
NaCl at room temperature (23±2 °C) and used for
the induction in different defined times.

Total RNA isolation and cDNA synthesis

Total RNA was isolated from the desired nema-
todes using TRIzol (Invitrogen, Germany) accord-
ing to the manufacturer’s instructions. cDNA was
synthesized using the Super Script TM First-
Strand Synthesis System for RT-PCR (Invitrogen,
Germany) according to the manufacturer’s in-
structions.

Full-length cDNA cloning

Sc-ASP110 5′ and 3′ RACE cDNA were obtained
using the SMART™ RACE cDNA Amplification
Kit (Clontech-Takara, UK). Based on the sequence
in the EST library constructed in our laboratory, the
specific primers Sc-ASP110 5′ (5′-GAGTTGAT-
GACCCAGAGGTTGGAG-3′) and Sc-ASP110 3′
(5′-ATCCAGGTCGGCTCCTACAA-3′) were de-
signed for 5′RACE and 3′RACE, respectively. The
PCR conditions were as follows: 94 °C for 5min
followed by 25 cycles at 94 °C for 30 s, 56 °C for 30 s
and 72 °C for 30 s, with a final extension at 72 °C
for 7min. The PCR product was re-amplified for
another 25 cycles. The PCR products were cloned
into the pCR4-TOPO vector (Invitrogen, Germany)
and then transformed into TOP10 cells by heat
shock. The DNA inserts isolated from positive
clones were sequenced (Stabvida, Portugal), and
full-length cDNA was obtained by joining the two
fragments.

Genomic DNA extraction

Genomic DNA was extracted according to the
method described by Ausbel (1989). Briefly, 1 mL
of IJs was washed 3 times with distilled water and
homogenized in liquid nitrogen. A 500 μL aliquot of
lysis buffer (100 mM Tris–HCl (pH 8·0), 200mM

NaCl, 50mM EDTA, 0·5% SDS and 0·2 mg mL−1

proteinase K) was added to the homogenate. The
solution was heated to 65 °C for 2 h, and the solution
was cooled at room temperature. A 500 μL aliquot of
phenol was added to the solution; then, the solution
was homogenized and centrifuged at 12000 g for
10min at 4 °C. The supernatant was collected, and
420 μL of chloroform and isoamyl alcohol (24 : 1) was
then added. After gentle mixing, the solution
was centrifuged at 12000 g for 10min at 4 °C. Two
volumes of 95% cold ethanol were added to the
supernatant; the solution was incubated at −20 °C
for 1 h and was centrifuged at 16000 g for 10min
to precipitate the DNA. The DNA pellet was then
washed with 2 volumes of 70% ethanol. The DNA
pellet was air dried, resuspended in 50 μL of TE with
RNase (20 μg mL−1) and incubated at 37 °C for 1 h.
The DNA quality and quantity were assessed by
0·8% (w/v) agarose gel electrophoresis and by UV
spectrophotometry, respectively.
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Genomic DNA cloning

To obtain the genomic sequence, DNAwas amplified
by PCR using the gene-specific primers Sc-ASP110-
F (5′-ATGAAGCTGAAGGCCTCCGGC-3′) and
Sc-ASP110-R (5′-TTAAAGGCTGTGGTGGGC-
CTTG-3′) designed from the full-length cDNA.
The thermal cycling conditions were as follows:
94 °C for 5min, followed by 30 cycles at 94 °C for
30 s, 55 °C for 30 s and 72 °C for 1min, with a final
extension at 72 °C for 7min. The PCR product was
confirmed by electrophoresis, cloned into the pCR4-
TOPO vector (Invitrogen, Germany), and then
transformed into TOP10 cells by heat shock. The
DNA inserts in plasmids that were isolated from
positive clones were then sequenced (Stabvida,
Portugal).

Analysis of sc-asp110 gene expression by qRT-PCR

Total RNA was isolated from different nematode
development stages (L1/L2, L3 IJs, L3 haemoce-
lium, L3 gut, L4 and adult) in infected G. mellonella
larvae at 0, 6, 12, 24, 48 and 72 h after induction. The
RNA was reverse-transcribed into cDNA products
and the relative gene expression of sc-asp110 was
quantified by qRT-PCR using 18S rRNA as an
endogenous control. The primers for 18S rRNA
were 18S-F (5′-TGATGAGGAGCTAATCGGA-
AACG-3′) and 18S-R (5′-CACCATCCACCGAAT-
CAAGAAAG-3′). The primers for Sc-ASP110-F
were (5′-GCAAGTCAAACACCTTCAAGCC-3′)
and Sc-ASP110-R (5′-GCGGTCCATCCATACG-
GTAAAG-3′). qRT-PCR was performed using
SYBR green mix according to the manufacturer’s
instructions (Applied Biosystems, USA). The qRT-
PCR conditions were as follows: 95 °C for 10min,
and 60 cycles at 95 °C for 15 s and 60 °C for 60 s.
qRT-PCR data from three replicate samples were
analysed using Relative Manager Software (Applied
Biosystems, USA) to estimate the transcript levels
of each sample using the 2−∆∆ Ct method (Livak and
Schmittgen, 2001).

In situ hybridization

In situ hybridization was performed using nematodes
in the parasitic stage as described by de Boer et al.
(1998), with the following modifications. Nematodes
were fixed in 1× paraformaldehyde at 4 °C for 18 h,
followed by 4 h incubation in 0·1× paraformaldehyde
at 22 °C. Partial digestion with proteinase K
(0·5mgmL−1) was performed at 22 °C for 20min.
Sc-ASP110-F (5′-GCAAGTCAAACACCTTCAAG-
CC-3′) and Sc-ASP110-R (5′- GCGGTCCATCCAT-
ACGGTAAAG-3′) primers were used to amplify
a 287-bp PCR fragment, which was then column-
purified and used as a template in a symmetric PCR
to amplify sense and antisense DNA with primers

Sc-ASP110-F and Sc-ASP110-R, respectively.
Single-stranded Sc-ASP110-specific DNA was
labelled with digoxigenin (Roche, Germany) and
was hybridized overnight at 55 °C under constant
agitation at a dilution of 1 : 10. DIG-labelled
probes were visualized by incubation with alkaline-
phosphatase conjugated anti-DIG antibody (1 : 1000
dilutions) and with NBT/BCIP substrate colour
reactions.

Bioinformatics analysis

Protein motifs were identified using the
Simple Modular Architecture Research Tool
(SMART) (http://smart.embl-heidelberg.de/) and
the Conserved Domain search from NCBI-CD
search with threshold score of 67.835 (http://www.
ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi). The
signal peptide was analysed using the SignalP
program (http://www.cbs.dtu.dk/services/SignalP/),
prediction of non-classical protein secretion-
SecretomeP with threshold score is 0.5 (http://
www.cbs.dtu.dk/services/SecretomeP/), and the
theoretical isoelectric point and the molecular weight
were predicted using the Compute pI/MW program
(http://expasy.org/tools/protparam.html). Sequence
similarities were analysed using the BLAST
program from NCBI (http://www.ncbi.nlm.nih.
gov/BLAST/). A multiple sequence alignment was
generated using the CLUSTAL Win BioEdit 7.0
program. Phylogenetic analysis was conducted using
the MEGA5 program. Homology modelling data
were obtained by the I-TASSER Zhang-Server with
C-score of 1.56 (http://zhanglab.ccmb.med.umich.
edu/), and homology modelling was performed with
PyMOL (http://www.pymol.org/). Protein disulfide
bond connectivity was analysed by DiANNA (http://
clavius.bc.edu/~clotelab/DiANNA/).

RESULTS

Sequence analysis of Sc-ASP110

The full-length cDNA of Sc-ASP110 was deposited
in theGenBank database under the accession number
JX392861. Sc-ASP110 consists of 1112 nucleotides,
with an open reading frame of 1026 bp, a 3-UTR
region of 86 bp and a poly-A signal (AATAAA)
(Fig. 1). The ORF encodes a protein of 341 amino
acid residues (GenBank accession No. AFP21684)
with a typical catalytic aspartic domain (aa 18–337).
The putative mature protein contains 341 amino acid
residues with a calculated theoretical pI of 4·7 and
a molecular mass of 37·1 kDa.

Sequence homology and phylogenetic analysis

A similarity analysis using the NCBI-BLASTp pro-
gram showed that the deduced amino acid sequence
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of Sc-ASP110 has the following similarities: 77%
to Steinernema feltiae (GenBank Accession No.
ACS32298), 65% to Caenorhabditis briggsae CBR-
ASP-1 (XP_002647755), 64% to Caenorhabditis
remanei CRE-ASP-1 (XP_003093500), 64% to
Caenorhabditis brenneri CBN-ASP-1 (EGT51351),
61% to C. elegans ASP-1 (NP_741677), 60% to
S. stercoralis (AAD09345), 60% to Strongyloides
ratti (ACR56785), 56% toParastrongyloides trichosuri
ASP-1 (AAT79343), 48% to C. elegans (AAB06576)
and 45% to C. remanei CRE-ASP-6 (XP_003110463)
(Fig. 2).
To search for a phylogenetic relationship between

Sc-ASP110 and other homologous aspartic pro-
teases, a phylogenetic tree was reconstructed based
on the deduced amino acid sequences from 18
species, including parasitic and free-living nema-
todes. This analysis showed that Sc-ASP110 was

clustered with the aspartic protease of the closely
related parasitic nematode S. feltiae (Fig. 3).

Gene structure of sc-asp110

The sc-asp110 gene was 1073 bp without the
untranslated region (UTR) (GenBank Accession
No. JX499022). The sc-asp110 gene structure con-
sists of two exons and one intron (47 bp) that has
similarity to the aspartic protease gene of S. mansoni
(GenBank Accession No. AJ318869). A typical
(GT-AG) intron splice motif was identified in the
sc-asp110 gene, whereas in S. mansoni, a (GG–AG)
intron splice motif has been described.

Analysis of sc-asp110 gene expression

The expression level of sc-asp110 was analysed
throughout theS. carpocapsae life cycle in parasitized

  M  K L  K  A  S G  S  Q  H F  I  D  Y Y  D  N  F Y  L  20

  G  N I  T  L  G T  P  A  Q P  F  T  I V  L  D  T G  S  40

  S  N L  W  V  I N  S  Q  C T  S  Q  A C  Q  G  Y P  G  60

  A  P T  K  K  R F  D  E  S K  S  N  T F  K  P  D G  T  80

  P  F S  I  Q  Y G  S  G  S C  D  G  K L  G  V  D T  L  100

  T  F G  G  L  T Y  A  T  Q K  F  G  V S  D  D  I A  D  120

  V  F G  Y  Q  P V  D  G  I L  G  L  G W  P  A  L A  E  140

  D  N V  V  P  P M  Q  N  V L  N  Q  L D  Q  P  L F  T  160

  V  W M  D  R  H V  K  Q  T H  G  G  N G  G  L  I T  Y  180

  G  A V  D  T  Q N  C  D  S Q  V  N  Y V  P  L  T S  L  160

  T  Y W  Q  F  A Q  D  G  I Q  V  G  S Y  K  Y  N R  Q  180 

  D  Q V  I  S  D T  G  T  S Y  L  Y  M P  T  E  V M  E  200

  S  V A  N  E  L G  A  Q  L D  W  D  S D  S  Y  T V  D  220

  C  N G  K  Y  P D  V  N  L I  I  G  G H  K  H  T I  P  240

  S  V E  Y  V  L D  L  G  L G  N  G  K C  T  L  A M  A  260

  G  Q D  T  G  G Y  G  P  S W  I  L  G D  T  F  I R  S  280

1 atgaagctgaaggcctccggctcgcagcacttcatcgactactacgacaacttctacctt

61 ggaaacatcactctcggaacccccgcccagcccttcaccatcgttctcgacaccggaagc

121 tccaacctctgggtcatcaactcccagtgcacctcgcaggcctgccaaggataccccgga

181 gcccccactaagaagcgcttcgacgagagcaagtcaaacaccttcaagcccgacggaact

241 cccttctccatccagtacggatcgggatcctgcgacggaaagctcggagttgacactctt

301 accttcggaggcctcacctacgccactcagaagttcggagtctccgacgacatcgccgac

361 gtgttcggataccagcccgtagacggaatcctcggactcggatggcccgcgcttgccgag

421 gacaacgtcgttccccccatgcagaacgtcctcaaccagctcgatcagcccctctttacc

481 gtatggatggaccgccacgtgaagcagacccatggaggcaacggaggtctgatcacctac

541 ggagccgtcgacacccagaactgcgactcccaagtcaactacgtgcccctcacttcgctc

601 acctactggcaattcgcccaggacggcatccaggtcggctcctacaagtacaaccgccaa

661 gaccaggtcatctccgacaccggcacctcgtacctctacatgcccactgaggtcatggag

721 agcgtcgccaacgagctcggagcccagctcgactgggatagcgactcttacacggtcgac

781 tgcaacggcaagtaccccgacgtaaacctgatcatcggaggccacaagcacactatcccc

841 tcggtcgagtacgtcctcgatctcggcctgggaaacggaaagtgcaccctcgccatggcc

901 ggccaggacaccggcggatatggacccagctggatcctcggagacaccttcatccgctct

961 ttctgccaggtctacgacattggaggaaagcgcatcggtttcgccaaggcccaccacagc
  F  C Q  V  Y  D I  G  G  K R  I  G  F A  K  A  H H  S  300

1021 ctttaaattgtaaacttgtgtctataccaaagatgaaaaataaagcgattctgagtcgtaa
  L  * - - - - - - - - - - - - - - - - - - - - - - - - - - -

1081 aaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaa

Fig. 1. Nucleotide sequence of the full-length cDNA and deduced amino acid sequence of Sc-ASP110. The number on
the left is for the nucleotide sequence, whereas the number on the right is for the amino acid sequence. In the nucleotide
sequence, the polyadenylation signal is underlined. In the amino acid sequence, the aspartyl domain is marked with an
arrow. Catalytic motifs are shaded and active sites are boxed. The asterisk (*) at the end of the amino acid sequences
shows the stop codon.
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G. mellonella larvae by qRT-PCR. The results
showed that this gene is upregulated at the L4 stage
with a small decrease observed at the adult stage,
followed by the L1/L2 stage. A low expression level
was observed at the L3 stage in the gut and at the L3
stage in the haemocelium. No significant gene
expression was detected in the non-induced infective
juveniles (Fig. 4A).

Quantitative analysis obtained by qRT-PCR
showed that the maximum expression of the sc-
asp110 gene appeared at 24 h after induction, and

this time point is significantly different from any
other time points (P<0·05). The second-highest
expression levels appeared at 12 and 48 h after
induction, which are significantly different (P<0·05)
from the expression levels at 72 h after induction.
Both quantitative and statistical analyses showed that
the expression level at 24 hwas 4·2-fold higher than at
any other time point analysed; the expression levels at
other time points were as follows: 1·44-fold at 6 h,
3·15-fold at 12 h, 2·73-fold at 48 h and 1·69-fold at
72 h after induction (Fig. 4B).

Fig. 2. Alignment of the amino acid sequence of aspartic protease from Steinernema carpocapsae (Accession No.
JX392861) with aspartic proteases from Steinernema feltiae (ACS32298), Caenorhabditis briggsae (XP_002647755),
Caenorhabditis remanei (XP_003093500), Caenorhabditis elegans (NP_741677), Strongyloides stercoralis (AAD09345),
and Strongyloides ratti (ACR56785). Areas shaded in green followed by blue indicate a high degree of homology (>50%
similarity), and unshaded areas are regions of variability among the proteins. This figure is reproduced in colour online.
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In-situ hybridization

Digoxigenin (DIG)-labelled antisense cDNA probes
were used to localize the expression of sc-asp110.
This antisense probe specifically hybridized to the
sc-asp110 transcripts in the body walls of dorsal cells.
The signal was specific and was reproducible,
indicating a highly specific hybridization signal to
the cDNA target in the dorsal cells (Fig. 5). The
signal was not observed in a parallel hybridization
with the sense cDNA probe.

Homology modelling

The structural homology of Sc-ASP110was obtained
based on the aspartic protease structure of Homo
sapiens (PDB ID: 2v0zC). The Sc-ASP110 protein is
an α and β mixed class protein with 8 helices and 18
beta-strands. Asp37 and Asp 226 are predicted to be

in the active site of the protease, and an active site in a
cleft between subdomains (Fig. 6). The two Asps at
the active site play key catalytic roles and are
conserved among all aspartic family members. In
Sc-ASP110, the DTGS and DTGT catalytic motifs
are located in both N- and C-terminal lobes. Each
motif contributes a catalytic residue of Asp. This
model also shows that Sc-ASP110 consists of three
disulfide bridges between residues C50 and C55, C91
and C322, and C261 and C295; these disulfide
bridges connect short loops and may improve the
protein’s structural stability. The respective positions
of the cysteine residue in disulfide bridges are highly
conserved among the aspartic proteases.

DISCUSSION

Using sequence data from an EST library, three
S. carpocapsae aspartic proteases were identified.

Fig. 3. A molecular phylogenetic tree of Sc-ASP110 was generated by the neighbour-joining (NJ) method using the
MEGA 5 program. An unrooted phylogenetic tree was generated based on the alignment of the amino acid sequences
from 18 animal species. The numbers indicate the frequency with which this node is recovered per 100 bootstrap
replications in a total of 1000. The scale bar indicates an evolutionary distance of amino acid substitutions per position.
The accession numbers of amino acid sequences were as follows: Caenorhabditis brenneri CBN-ASP-1 (EGT51351),
Caenorhabditis brenneri ASP-1 (ACE00320), Caenorhabditis remanei CRE-ASP-1 (XP_003093500), Caenorhabditis
briggsae CBR-ASP-1 (XP_002647755), Caenorhabditis elegans ASP-1 (NP_741677), Caenorhabditis elegans ASP-2
(AAB06576), Steinernema carpocapsae (AFP21684), Steinernema feltiae (ACS32298), Strongyloides stercoralis
(AAD09345), Strongyloides ratti ASP-1 (ACR56785), Caenorhabditis elegans ASP-3 (CAA08899), Caenorhabditis
briggsae CBR-ASP-5 (XP_002635086), Caenorhabditis remanei CRE-ASP-5 (XP_003110542), Caenorhabditis elegans
ASP-5 (NP_505135), Caenorhabditis brenneri CBN-ASP-6 (EGT57061), Caenorhabditis briggsae CBR-ASP-6
(XP_002635088), Caenorhabditis elegans ASP-6 (NP_505133) and Caenorhabditis remanei CRE-ASP-6
(XP_003110463).
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In this study, a 37·1 kDa putative aspartic protease
gene (sc-asp110) expressed by S. carpocapsae was
examined. To understand the role of aspartic pro-
teases in the nematode parasitic process, the
expression of sc-asp110 was analysed during the
development and the parasitism of S. carpocapsae.
The sc-asp110 full-length cDNAwas obtained by the
rapid amplification of the cDNA ends based on an
EST fragment from S. carpocapsae. The EST library
was constructed from parasitic stage nematodes
(Hao et al. 2010). The sc-asp110 gene structure has
two exons and one intron that are quite similar to
the S. mansoni aspartic gene structure. TheC. elegans
genomehas at least 6 aspartic proteases,with a rangeof
exon structures (Tcherepanova et al. 2000; Morales
et al. 2004). Introns were shown to regulate the
expression of the Plasmodium falciparum var genes
(Calderwood et al. 2003) and to play a role in post-
translational processing through alternative gene
splicing (Volkman et al. 2001; Muhia et al. 2003).

The exon/intron structure of aspartic proteases in
invertebrates is highly varied (Morales et al. 2004).

Sc-ASP110 was predicted to contain 341 amino
acid residues with a molecular mass of 37·1 kDa
and an isoelectric point of 4·7. In Sc-ASP110 signal
peptide was not found and this might be non-
classical secretory proteins. Non-classical secretory
proteins are exported via an endoplasmic reticulum/
Golgi-independent pathway to perform extracellular
functions. The non-classical secretion pathway has
close relation with cell multiplication, immune
response and pathogenic infection was described
(Nickel, 2003). The putative S. carpocapsae aspartic
protease with signal peptide Sc-ASP113 has a
molecular mass of 44·7 kDa with a theoretical
pI of 5·1, whereas Sc-ASP155 has a molecular
mass of 23·8 kDa with a theoretical pI of 5·0
(Balasubramanian et al. 2012a, b). In addition, the
Angiostrongylus cantonensis and theC. elegans aspartic
proteases were predicted to have molecular masses of
46 kDa (Hwang et al. 2010) and 42·7 kDa, respect-
ively (Tcherepanova et al. 2000).

We used a BLASTp multiple amino acid
sequence alignment of the putative S. carpocapsae
aspartic protease Sc-ASP110 and found that Sc-
ASP110 shares high sequence identity with aspartic
proteases of other nematodes, including: S. feltiae
(77%);C. briggsae (65%);C. remanei (64%);C. brenneri
(64%); S. stercoralis (60%); S. ratti (60%); C. elegans
(60%); P. trichosuri (58%); C. briggsae (47%); and
S. ratti (44%). These high homologies suggest
that Sc-ASP110 has catalytic activity in the active
site, thus confirming a common characteristic of
aspartic proteases (Szecsi, 1992). However, Sc-
ASP110 has 39·2% identity to Sc-ASP113 and
12·6% identity to Sc-ASP155, thus suggesting that

Fig. 4. Determination of the homogenate-induced
expression of Sc-ASP110 by PCR amplification. (A)
qRT-PCR analysis of the expression in nematode life-
cycle stages (IJ(R), Infective juvenile resistant; L3 (hem),
L3 in haemocelium; L3 (gut), L3 in gut). (B) qRT-PCR
expression in induced and non-induced nematodes. The
expression ratios were calculated according to the 2−∆∆Ct

method. Bars represent the S.D.s of three independent
replicates. In both assays, the 18S gene was used as an
endogenous control.

Fig. 5. Hybridization of digoxygenin-labelled antisense
cDNA probes (dark staining) to Sc-asp110 transcripts
accumulating exclusively within the body walls of the
dorsal cells of Steinernema carpocapsae. (A) Control;
(B) Expressed full nematode; (C) Enlarged expressed
nematode (arrows indicate the location of mRNA
expression).
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the Sc-ASP110 protein is quite different from the
previous 2 S. carpocapsae aspartic proteases re-
ported (Balasubramanian et al. 2012a,b). A phyloge-
netic reconstruction analysis of other aspartic
proteases, including those aspartic proteases belong-
ing to the parasitic and non-parasitic nematodes,
clustered Sc-ASP110 with the aspartic protease of a
nematode of the same genus, S. feltiae.
Many nematodes secrete aspartic proteases,

although the secretion functions of the aspartic
protease during nematode development remain un-
clear. The function of aspartic proteases in the
nematode may be complex because proteases are not
only involved in larval development but also play a
role in the invasion process (Yang et al. 2009). We
studied the expression profile of sc-asp110 during
different stages of the nematode life cycle and the
infection time course. The qRT-PCR data showed
that sc-asp110 transcripts had high expression levels
in the L4 stage, followed by the adult stage, thus
supporting the conclusion that sc-asp110 may func-
tion in the development of parasitism, particularly in
nutrition by hydrolysing host tissues. In S. mansoni,
the aspartic protease is over expressed in the gut of
the adult female, which suggests that the primary
function of this enzyme is in the digestion of
haemoglobin (Brindley et al. 2001). Similarly, the
H. contortus putative aspartic protease is almost
exclusively expressed in L4 larvae and in adult
worms (Longbottom et al. 1997). So far, we found
three distinct aspartic protease genes transcribed
by S. carpocapsae, which we termed sc-asp113, sc-
asp155 and sc-asp110; sc-asp113 and sc-asp155 are
highly expressed in the L3 stage inside the gut

(Balasubramanian et al. 2012a,b). The qRT-PCR
data revealed dramatic differences in the expression
profile of these genes. The sc-asp110 expression
levels in the nematode increased significantly at 24 h
after induction, followed by 12 and 48 h after
induction, thus suggesting that sc-asp110 is an
inducible gene with a time-dependent expression.
In contrast, the sc-asp113 and the sc-asp155 aspartic
protease genes were upregulated in nematodes at
6 h after induction (Balasubramanian et al. 2012a,b).
Furthermore, sc-asp110 was induced by insect
tissues, thus supporting the previous hypothesis
that this protease participates in the late phase of
parasitism, when the nematode is established in the
host cavity.
In situ hybridization showed that digoxigenin-

labelled anti-sense probes generated from S.
carpocapsae cDNA specifically hybridized with
transcripts in the body walls of dorsal cells, but the
gland cells that are the source of the signal in this
nematode could not be determined. No hybridiz-
ation was observed with the control sense cDNA
probes. The presence of signal peptides from the
deduced amino acid sequences of Sc-ASP113 and
Sc-ASP155 confirmed aspartic protease mRNA
expression in the oesophageal glands of subventral
cells. Similarly, the presence of signal peptides from
the deduced amino acid sequences of BX-VAP-1, -2
and -3, and the detection of their corresponding
mRNA expression in the oesophageal glands
suggested that protease is secreted from the stylet
of the nematode Bursaphelenchus xylophilus (Lin
et al. 2011). Notably, the remarkable conservation of
similar mechanisms of infection in plant and animal
parasitic nematodes has been described previously
(Bellafiore et al. 2008). The proteins and metabolites
secreted from the oesophageal glands (subventral
and dorsal glands) of parasitic nematodes are
thought to be responsible for compatibility
(Hussey, 1989), while the secretory proteins from
its oesophageal glands are considered to play
essential roles in both infection and pathogenicity
(Kikuchi, 2008). In the deduced amino acid se-
quence of Sc-ASP110, no signal peptide was found
by either the predictions of classical or non-classical
protein secretion analysis. Although the molecular
properties of the S. carpocapsae aspartic protease
have been studied in detail, the physiological roles
of aspartic protease inside the parasite body have
not yet been examined; therefore, its physiological
roles remain unclear. However, Sc-ASP110 may be
involved in physiologic processes such as tissue
invasion, feeding, embryogenesis, host immune
evasion and nematode survival in the host. The
data presented here are the initial step to under-
standing the role of the Sc-ASP110 aspartic protease
in the parasitism of S. carpocapsae. Further analysis
should help us to understand the biological functions
of this interesting aspartic protease.

Fig. 6. Modelling structure of Sc-ASP110. Sc-ASP110
α-helix and β-sheets arrangement, with predicted active
site residues. Amino acid numbers of Sc-ASP110 are
based on the full-length sequence (N, C, terminal).
This figure is reproduced in colour online.
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