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Herein we describe the cloning and characterization of a cDNA encoding an aspartic proteinase from the
root-knot nematode Meloidogyne incognita. Using PCR techniques, a 1471-bp cDNA fragment encoding a
cathepsin D-like (Mi-asp1) transcript was isolated from second-stage larvae mRNA. Its predicted amino
acid sequence comprises a pro-region of 71 amino acid residues and a mature protease of 378 amino
acid residues with a predicted molecular mass of 41.502 kDa. Protein sequence comparisons of Mi-asp1
with GenBank™ (DQ360827) sequences showed 59-71% identity with nematode-specific cathepsin D-like
aspartic proteinases. Southern blot analysis, RT-PCR amplification and EST mining suggest the existence of
a developmentally expressed gene family encoding aspartic proteinases in M. incognita. Mi-asp1 may rep-
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1. Introduction

The endoparasitic sedentary nematodes of the genera Hetero-
dera, Globodera (known as cyst nematodes, CN) and Meloidogyne
(the root-knot nematodes, RKN) are major crop phytopathogens,
causing estimated losses of $125 billion USD annually (Chitwood,
2003). The southern root-knot nematode, Meloidogyne incognita, is
probably the most damaging plant pathogen in the scope of global
agriculture (Trudgill and Blok, 2001), mainly due to its wide host
range, worldwide distribution, apomictic reproduction and high
reproductive rate.

These sedentary plant-parasitic nematodes share some para-
sitism mechanisms, which insure host-tissue invasion and host-
defense evasion (Davis et al., 2004). Parasitism establishment and
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maintenance are based upon several secreted molecules that alter
plant cellular programs, transforming them into enlarged, multi-
nucleate, and metabolically active feeding cells called syncytia in
CN-infected plants or giant cells in RKN-infected plants (Gheysen
and Fenoll, 2002).

Nematicides, crop rotation, bio-control agents, and/or host
resistance have not been successfully deployed against nema-
todes, except in some rare cases (Bird and Kaloshian, 2003). Fol-
lowing the anti-feeding strategy based on inhibition of nematode
digestive enzymes, plant transformation with genes encoding
proteinase inhibitors represents a promising solution (Lilley et al.,
1999a; Lilley et al., 1999b; Atkinson et al., 2001). Several reports
described the characterization of proteinase activities in crude
protein extracts of plant-parasitic nematodes (Lilley et al., 1996;
Michaud et al., 1996) or the isolation of their proteinase genes
(Lilley et al., 1997; Urwin et al., 1997a; Neveu et al., 2003; Frag-
o0so et al., 2005). Several reports demonstrate inhibition of nema-
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tode proteinase inhibition in planta, in vivo or in vitro, respectively,
upon use of proteinase inhibitor genes (Urwin et al., 1997b; Urwin
et al., 1998; Atkinson et al., 2001), inhibition of proteinase gene
expression by RNAi (Urwin et al., 2002) or inhibition of proteinase
activity using a cognate pro-region of nematode proteinase (Silva
etal.,, 2004). In all cases, the nematode digestive enzymes targeted
were serine or cysteine proteinases, since previous studies had
characterized their strong activity in the intestine of plant-para-
sitic nematodes (Lilley et al., 1996). Thus, little attention had been
given to other proteinase classes in plant-parasitic nematode
studies.

Aspartic (or aspartyl) proteinases (AP) are ubiquitously
expressed and participate in several different functions, being a
widely distributed protein superfamily (Coombs et al., 2001) that
share high identity in amino acid sequences with one another
(Wittlin et al., 1999). Animal-parasitic nematodes, trematodes,
apicomplexans, fungus, and arachnids possess APs, which have
major roles in their interaction with the host animal, and are nor-
mally associated with host skin penetration, tissue migration,
immune response evasion, and hemoglobin digestion (Jean et al.,
2001; Williamson et al., 2003a; Morales et al., 2004; Kalkanci et al.,
2005). Aiming to affect plant nematode resistance by plant trans-
formation with anti-parasitic elements and considering the major
importance of APs in animal parasitism, we initiated a molecu-
lar approach to discover AP cDNAs in plant-parasitic nematodes.
Herein we report the first cloning and characterization of an aspar-
tic proteinase cDNA (Mi-asp1) from the southern root-knot nema-
tode M. incognita.

2. Materials and methods
2.1. Growth and collection of M. incognita

Since M. incognita is an obligatory endoparasitic plant nem-
atode, we cultivated it in a host plant, i.e. in tomato (Lycopers-
icon esculentum) inoculated roots. Nematodes were harvested at
three different life stages (eggs, second-stage larvae L2 and adult
females) by standard protocols (Hussey and Barker, 1973). Briefly,
the tomato roots were washed and triturated to separate nema-
tode eggs through a 32 um sieve. This fraction was cleaned by cen-
trifugation in 50% (w/v) sucrose and eggs were collected from the
supernatant through a 32 pm sieve. Pre-parasitic second-stage lar-
vae (L2) were obtained from eggs hatched in vitro. Adult parasitic
females were obtained from infected tomato roots incubated over-
night in 40% (v/v) pectinase followed by digestion of plant tissue
and release of the female individuals therein. The tissue was then
cleared via centrifugation in 40% (w/v) sucrose in order to retain
the females in the supernatant for collection in a 150 pm sieve.

2.2. Proteolytic assays

The crude protein extracts of whole M. incognita females were
prepared to evaluate the AP activity with a fluorimetric assay
using the AP-specific substrate N-succinyl-Arg-Pro-Phe-His-
Leu-Leu-Val-Try-MCA (4-methyl-7-coumaryl-amide) and the
AP-specific inhibitor Pepstatin A. Substrate hydrolysis increases
fluorescence, whereas the AP-specific inhibitor decreases it.
Approximately 250mg of females were triturated in 250 ul of
acidic buffer (0.1 M sodium acetate and 0.5% v/v Triton-100; pH
4.8) at 4°C, centrifuged at 14,000g for 15min and the superna-
tant was used as a crude protein extract in the AP activity assays.
The proteolytic reaction was carried out at 37 °C for 30 min in a
final volume of 100 pl of acidic buffer with 10 ul of crude pro-
tein extract, 10 uM substrate, 5% DMSO, 2.5mM DTT and, only
in inhibited samples, 10puM inhibitor, pre-incubated with the
protein extract at 37 °C for 30 min. The reactions were stopped

with 1.9 ml of 0.2 M Na,COs. White proofs were made by adding
protein extract after this last solution. The samples were quan-
tified using a fluorescence reader (DyNA Quant 500, Pharmacia-
Biotech) with excitation and emission wavelengths of 365 and
460 nm, respectively.

2.3. RT-PCR amplification

Total RNA from M. incognita L2 was extracted using an RNeasy
kit (Qiagen) according to the manufacturer’s protocol. Reverse
transcription of total RNA (2 ng) was performed with a d(T)-anchor
primer and AMV-RT (Roche Applied Science), according to the man-
ufacturer’s instructions. PCR amplification was carried out using
the degenerate primers ASP1 (sense, 5'-GGTTCWTCYAATCTBTGG-
3’) and ASP2rev (antisense, 5'-CCMAGRATHCCRTCAAA-3'),
designed based on conserved motifs flanking the catalytic aspartic
residues of known AP sequences. The PCR system (final volume,
25 ul) contained 2.5 U of Tag DNA polymerase (Invitrogen), 2.0 mM
MgCl,, 200 uM of dNTPs and 400 nM of each primer. The PCR pro-
gram consisted of an initial denaturation at 94°C for 1.5min, 30
cycles of amplification at 94 °C for 30s, 45 °C for 45s and 72 °C for
1.5min, followed by a final elongation step at 72 °C for 5min. An
aliquot of the PCR product was then used for a second round of
amplification at the same conditions.

2.4. 5" and 3' RACE

The 5’ end of the cDNA fragment derived by RT-PCR was
amplified by 5" RACE using a 5’/3’ RACE kit (Roche Applied Sci-
ence) according to the manufacturer’s instructions. The antisense
primer Mi-asp4a (5'-GTTAGTCCTGGCTCGCTG-3') was used for
reverse transcription and the antisense primers Mi-asp4b (5'-ACT
CTTGCCAGCCACAC-3") and Miasp4c (5'-GTGATGGAGTAGGCATGC-
3")were used for the firstand second round of a 5’ RACE nested-PCR,
respectively. The first-round 5’ RACE PCR conditions comprised a
denaturation step at 94°C for 1.5min, 30 cycles of 94°C for 45s,
42°C for 45s, and 72 °C for 1.5min, and a final elongation step at
72°C for 5min. The same conditions were used for the second 5’
RACE PCR round, except that the annealing temperature was 52 °C.
Contiguous sequences downstream of the 5’ RACE PCR product
were amplified by 3’ RACE after two rounds of a nested PCR with
specific sense primers designed based on the 5’ RACE-obtained
sequence, named Miasp4d (5’-CATCACCATGTCGATCG-3’) and
Miasp4e (5'-CCGAATGGATACAATGCG-3'). First-round 3" RACE PCR
conditions were as follows: denaturation step at 94 °C for 1.5 min,
30 cycles of 94°C for 30s, 55°C for 30s, 72 °C for 1.5min and final
elongation at 72°C for 5min. The second-round of the 3’ RACE
PCR was performed at the same conditions, but with 35 cycles of
amplification.

2.5. Southern blotting analysis

Genomic DNA from M. incognita eggs (8 ug each) was digested
(with EcoRl, Hindlll, Xbal, Pstl or Nsil), electrophoresed on a 0.8%
agarose gel and transferred to a Hybond N+ nylon membrane
(Amersham Pharmacia Biotech, UK) using standard procedures
(Sambrook et al., 1989). The Mi-asp1 fragment of 1471-bp was
labeled with a-[3?P]dCTP to a high specific activity using the Meg-
aprimer DNA-labeling kit (Amersham Pharmacia Biotech) and used
to probe the blot. The membrane was washed with a stringency of
1x SSC with 0.2% SDS at 65 °C.

2.6. Mi-asp1 gene expression analysis

Total RNA from M. incognita eggs, larvae and females was puri-
fied using the RNAspin mini kit (G&E) according to the manufac-
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turer’s protocol. Reverse transcription reactions were performed
simultaneously by incubation of 3 ug of total RNA from each life
stage in aliquots of the same reagents mix from the SuperScript™
kit (Invitrogen), according to the manufacturer’s protocol. Subse-
quently, the five RT-PCR amplifications were done using aliquots
of the same reagents mix, including the two pairs of specific prim-
ers for f-actin (ActFor 5'-GATCTGGCATCACACCTTCTAC-3' and
ActRev 5'-AGGAAGCTCGTAGCTCTTCTC-3") and Mi-asp1 (Miasp4e
and MiAspEnd 5'-GGGGGTACCGAGCAATTTCAATAAAATCATC-
3’) genes together. For these PCR amplifications, each one of
the three nematode-synthesized cDNAs was added as template
(1 ul) to a reaction mix (24 ul) in separate microtubes. Negative
and positive control reactions were performed using water or
genomic DNA as the template, respectively. The PCR conditions
consisted of a denaturation step at 92 °C for 2 min, 30 cycles at
92 °C for 1min, 55°C for 1 min and 72 °C for 1.5min, and a final
extension step at 72 °C for 5 min.

2.7. Database searching and sequence retrieval for nematode aspartic
proteinases

The nucleotide sequence of Mi-aspl was used as a query in
BLAST searches within the Caenorhabiditis elegans genome at
WormBase (http://www.wormbase.org) and within the plant-par-
asite nematode dbEST at the Nematode Center (http://www.nem-
atode.net). A GenBank™ search at NCBI (http://www.ncbi.nlm.nih.
gov) was also done using as a query combination of words that
specify developmental stage and gene annotation after the Taxon-
omy ID of the RKN (189290).

2.8. DNA sequencing and sequence analysis

The amplified cDNA fragments were cloned into pGEM-T
Easy (Promega) and sequenced in both strands using an auto-
mated ABI DNA sequencer. Comparisons of the cloned cDNA
sequence with other GenBank™ database sequences were per-
formed using BLASTx software (Altschul et al., 1990) from the
NCBI site (http://www.ncbi.nlm.nih.gov). The CDD-Search soft-
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Table 1
Proteolytic assays to detect aspartic proteinase activity in crude extract of M. incog-
nita females.

AP activity White1 A1 Inhibited White2 A2 % Residual

First 59 11 48 29
Extract 55 3 40 29
Media 57 7 50 44 29 15 30
Second 84 6 47 17
Extract 97 5 47 37
Media 90.5 5.5 85 47 27 20 24

ware from the NCBI site was used to make a conserved domains
determination (Marchler-Bauer et al., 2003). Signal peptide and
cleavage-site identification was performed using SignalP soft-
ware (Nielsen et al., 1997) of the Center for Biological Sequence
Analysis  (http://www.cbs.dtu.dk/services/SignalP/). Multiple
sequence alignments were performed using CLUSTAL_W software
(Thompson et al., 1994) and edited using BOXSHADE software
(http://www.ch.embnet.org/software/BOX_form.html). Molecu-
lar mass values and isoelectric points were predicted using the
deduced protein sequence by analysis with Compute pI/MW tool
software available at the Expasy website (http://ca.expasy.org/
tools/pi_tool.html).

3. Results
3.1. Proteolytic assays

As a first step to identifying potential targets for anti-feeding
strategies, we initiated a search for AP activity. Proteolytic activ-
ity was detected in crude protein extracts of M. incognita females
when using acidic buffer and AP-specific substrate (Table 1). This
experiment, conducted in two technical replicates of two biologi-
cal replicates, demonstrated a substantial decrease (~70%) in pro-
teolytic activity when using the AP-specific inhibitor pepstatin A
(Table 1).

EC EC' \\_C
$ - c
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1.6 kb ==

1 kb —

500 bp —

Fig. 1. Cloning of cDNA encoding an aspartic proteinase (Mi-asp1) from Meloidogyne incognita L2 larvae. Agarose gel electrophoresis of DNA products from the second round
of amplifications: (A) 5" RACE PCR. (B) RT-PCR, using different annealing temperatures. (C) 3" RACE PCR.
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Consl
Cons2
Cons3

Fig. 2. Sequence alignment of predicted proteins encoded by RT-PCR cDNAs. The six clones amplified and grouped into the three consensus sequences Cons1 (2 clones),
Cons2 (3 clones, corresponding to Mi-asp1) and Cons3 (one clone). Multiple sequence alignment was performed using CLUSTAL_W. Shading indicates identity (black) or

similarity (gray).

3.2. Cloning and characterization of a cDNA encoding an aspartic
proteinase

RT-PCR amplification of total RNA from M. incognita L2 larvae was
performed using degenerate primers designed to amplify AP con-
served motifs (Beynon and Bond, 1994). These amplifications resulted
in fragments of 300bp that, after sequencing, revealed six different
¢DNAs encoding putative APs (Fig. 1B). Multiple sequence alignment
of these six cDNAs allowed them to be grouped into three consensus
sequences of predicted amino acids (Fig. 2). Two consensus sequences
had high amino acid sequence identity with each other and with AP
sequences from Ancylostoma caninum (76%) and Onchocerca volvulus
(72%), both of which were found in the GenBank™ databases. A third
consensus sequence showed 60% and 56% identity with the first and
second consensus sequences, respectively. Antisense primers were
designed to amplify all three consensus sequences using 5’ RACE,
but only the second one was actually amplified. A 400-bp fragment,
corresponding to a consensus sequence stretch of M. incognita AP,
was isolated and sequenced, revealing an open reading frame (ORF)
contiguous with the previous RT-PCR c¢DNA; however, it lacked a
start codon in frame with the coding sequence (Fig. 1A). Through 3’
RACE, using primers based on the sequence of the 5 RACE product,
a 1471-bp fragment (Fig. 1C) contiguous with the previous was iso-
lated and named Mi-asp1 (Fig. 3).

Southern blotting was performed to estimate the abundance
of AP genes within the M. incognita genome. Samples of equal
amounts of genomic DNA were digested with EcoRI, Hindlll, Xbal
and Pstl, which do not cleave the Mi-asp1 cDNA, and Nsil, which
cleaves it twice, and electrophoresed in agarose gel (Fig. 4A). We
also amplified a fragment of Mi-asp1 gene using as template gDNA
isolated from M. incognita eggs and primers MiaspPro and Mia-
spEnd (Fig. 3), which almost compass the complete extension of
the labeled Mi-asp1 cDNA. PCR product was purified, digested and
electrophoresed showing intron presence with restriction site to
Pstl endonuclease (data not shown).

Considering the EcoRI, Hindlll, and Xbal DNA digestions first,
which do not cut the labeled region of Mi-aspl gene, the first
three lines showed one darker signal, most likely corresponding to
the Mi-asp1 gene, and other fainter signals (three, three and two,
respectively) probably corresponding to other AP genes (Fig. 4B
and C).

On the other hand, the lines with Psil and Nsil DNA digestions,
which cut the labeled region of Mi-asp1 gene, did not show one
darker signal (Fig. 4B). Indeed, the Pstl line showed three bands
with similar darker signal, and three bands with fainter signals.
The Nsil enzyme cleaves Mi-asp1 cDNA at 144 and 968 positions
and generates an 824-bp fragment. Indeed, the last line showed
two darker signals around 1kb, because inserted intron(s) adds

GECTTGETTAGCITCTRITC GICATC KICATTCICGEC KTCATC ACCATETCORTC GARTATCGCTTTCCCOARNTGORATAC ARTOE GTTCARTGOTAG CACAAGTTGETTC ACTCG AACTT
AL VS

CTACGATRTTGCRTGCCTACTCC KTCACAANTRTGACAGCACRARNT CTAGTAGTINTA AAGRTG KT
cr kY norosc L nnK Y

CTARTGCANTGGRCG ANTATATGETC
LnnG ok

"CATGCGARCGAL

NITAGTGAACANTCATCAACTGATG NTIPITATTGAANT
I 5 E ¢ 5 50T b F @K 1 & ¢

120
ST R HHHSRMHHMHHYDPRISLSRMKDTMRSHMLAQY 6GSLETL] o
TIIGCCAACKTCGCCATG NTGCNTTGAGGC CIAGNT' TTGCCCTCITTGCTGAR A AGGAGGGAGGAT AAGTTGANTTTGATGAAG AMAATGCTETGE AANTTGGCGGAGAANTTG ATGAG 240
F A Kk HRHDP AL RRREF ALTFAETEKTETG GG QVYVETFTDETEHNALZYQIGG]E I I K 0
MTGETTAGAANTT ACKTGE KNTGCCC ANTACT NTGGAC CANTTTCANTTGGATCTC CTCCAC AMAACT TCAGCG TR TN TTGRTACAGGCTCITCGA ACCTCTGGEITC CETCTA AAAAG 160
M L R NY M D ANOQ Y Y G PP 1 S5 1 G S5 P PF g N F 5 ¥V 10 ]"@'I' G 5 5 N L W v I 5 K K 120
CARMMATGCAARTCCARNT RTGGAACT FCANTGA AGGET A0
DT K S5 o5 5 Y K Db 6 R KW QI Y 67T 6 5 KM K G 160
TTIETCTCTAMGACACAGTTIEINTIGCCA NPNTTTETETGG CTGGGE AAGAGTITGCTGAGGCTGTCAGCGAGCCAGGACTAACTTITIETAGC TG CTAANTTTGR TG TN TTCTGGET 600
FY S5 K DTy ¢ 1 AN 1 C N AMGQQEF AKE A S EDPGLT FY ALK l"@(i I LG 200
ATGGENT TCCCGG AANTIICTEITICTTCGAGTTCAGE CAGTCTTCCAAC AAATGAITTCCC ARCAANAAGTTCCAGAAC CGETCTTITCCTTCTGGCTTANTAGAGRTC CATRTTCC A AL 120
& KF M E &I 5 ¥V L GY PPNy F OOOR 1T 500K NP EPNYFSPFPYLNERDDPMPY K 240
VITGEAGGGGAANTTACCATTCETGGAACCG NTAAAC GTCGETACGTAG AACCTCTCANTTACACTC CCETTACAAGAA AGGCTT KTTGGE ANTIIA AGATGG ARGGTGTTCAC KA ATTCT HEI
Voo G ok 1T 66T KR oRY N PNy AY WK RGN NS 260
AAAGGEGARARAATTGCCTGETCAAA NTGGATGETGAAGCANTTGCTGACACTGGC A CATCTITANTTGCTGGCC CGAAGGCAC AR TAGAGG AGNTTC AGCNTT KT IIG GGGCAGITTCCT a60
LG FE K 1 A ¢C 0N G ¢ E & 1 & DT 67T 5 L 1A G P K Ao 1 E K &I Y 1 6 &NV P 120
CTCETCTTICCTGATATCGCTCTAGTARN T IGGAGETC NI CATACGTTITCA AAGGATCGOATT ACKTTT T AANTG TG AC A 1060
¥ v s R RY PR LPD T ALY @ GG S5 YV LK GS DY 1 LW NNV T a0
GUANTGGGAMAAMAGTATTIGCTINT CTCGCT I IATGGGANTTG ATCTTC CACC AR AAGTTGGEGANT' TATGOA T TCT TG ETGATETCI T IATAGGCC GIFACT ACACTG T IITCG ATGTT 1200
AN G K S 1 C L s 6 MG D LKoY G LY LGy KGR YT DY A0
GGECAACARCGTATTGGGCTAGCTC AGGCTAGGGGCGARANTT GCACTC CANTTGGUCCACCAGTTAAMAGCTGCRTCAGTGETCGGCGETCTITETIIIGAGE CGGATGCAACTACGGRT 1320
G oo o Ro1G LA QO N R G K N RTOFP TGN KR C T GG R L CKFE DD ANTTD A40
iCTegagagt aaat e aaaaaggaataaacatttatbaaataaatgeaatttacatabatttatctacecabtbaaatbb e 1 440
AhA
14771

Prattatgertttat baaa baaaac aat al e aaaadda aaddaaa aaaada

Fig. 3. Nucleotide sequence of the AP Mi-asp1 cDNA isolated from Meloidogyne incognita larvae and its corresponding predicted amino acid sequence. The coding sequence is
shown in upper case letters and the 3" untranslated region in lower case letters. The stop codon is underlined and in bold. A putative polyadenylation signal at the 3" UTR is
underlined and the conserved N-glycosylation site of cathepsin E is double underlined. The signal peptide (pre-region) is in italic and the pro-domain (pro-region) is boxed
and in bold. Conserved motifs of catalytic aspartic residues are circled and in bold. Black arrows show the amplified region to expression analysis. Grey arrows show the
amplified region used to determine restriction sites in putative intron(s) inserted in Mi-asp1 gene. The Mi-asp1 sequence was submitted to the GenBank™ databases under

accession number DQ360827.
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Fig. 4. Southern blot analysis of the Mi-asp1 gene. Genomic DNA (8 ug) from Meloidogyne incognita was digested and probed with an a-[3?P]-labeled cDNA encompassing the
complete Mi-asp1 cloned. (A) Agarose gel electrophoresis of DNA digested with EcoRI, Hindlll, Xbal, Pstl or Nsil (B) Film exposure for 48 h (C) Film exposure for 14 days. Minus
sign indicates restriction enzymes that do not cut the labeled region of Mi-asp1 gene. Scissors represent enzymes that cut the labeled region of Mi-asp1 gene.

around 200bp to the Mi-asp1 gene region flanked by Nsil restric-
tion sites. Additionally, two very faint bands were noted after film
overexposure probably related to other AP genes (Fig. 4C).

We performed RT-PCR amplification to analyze Mi-asp1 gene
expression during M. incognita developmental life stages using spe-
cific primers for the f-actin and Mi-asp1 genes (Fig. 3). The negative
control with no template did not amplify a fragment (Fig. 5), indicat-

cDNA
Larvae Females

Water

gDNA  Eggs

2 kb _
1.6 kb— :
Mi-aspI
1kb—

b p-actin

400 bp —

Fig. 5. Single microtube RT-PCR assays for Mi-aspl gene expression. Water and
genomic DNA controls validated the RT-PCR analysis. The cDNAs from eggs, L2 lar-
vae and females of Meloidogyne incognita were used as templates for simultaneous
amplification of Miaspland f-actin.

ing the absence of DNA contamination in the PCR reagents. When
genomic DNA was used as a template, a fragment of the Mi-asp1 gene
between 1.6 and 2kb in length was amplified (Fig. 5). When using
cDNAs from eggs, L2 with larvae and females as templates, fragments
of the expected size of 1.3kb, corresponding to the Mi-asp1 cDNA,
were amplified in all tested life stages (Fig. 5). This observed differ-
ence in amplicons suggests that intron(s) might be present within
the Mi-asp1 gene. No fragment larger than 1.3kb corresponding to
the Mi-asp1 gene was detected by RT-PCR amplification, supporting
the absence of gDNA contamination in the cDNA aliquots. The single-
tube reactions did co-amplify the f-actin fragments used for gene
expression normalization. This RT-PCR analysis was conducted in
three biological replicates. Several technical replicates showed sim-
ilar Mi-asp1 amplification levels in M. incognita eggs and L2 larvae,
but the level was higher in adult females (Fig. 5).

3.3. Mining of ESTs encoding aspartic proteinase from Meloidogyne
spp.

Aiming to generate a global view of AP diversification and
expression pattern, we performed a search in the RKN EST data
banks and found 28 ESTs coding for APs (Table 2). Five ESTs encod-
ing APs were found in RKN eggs, two for Meloidogyne paranaensis,
and one each for Meloidogyne chitwoodi, Meloidogyne javanica, and
Meloidogyne arenaria. Twenty AP ESTs were identified in RKN L2,
four for M. incognita, seven for Meloidogyne hapla and nine for M.
arenaria. Three AP ESTs were detected in RKN females, one for M.
hapla and two for M. incognita.
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Table 2
Analysis of clusters of root-knot nematode ESTs encoding APs from the GenBank™.

GenBank™ BLASTX results®
accession

EST clusters? RKN species Life stages

A1.1 pepsin-like M. arenaria L2 CF357960 AADO09345 Strongyloi-
des stercoralis (3e-05)
26%

CF357948

CF357852

CF357235

CF357186

CF358275 AAD09345 S. sterco-
ralis (5e-09) 29%

A1.2 Pepsin-like M. arenaria L2

CF357624
CF357084
A2 pepsin-like M. hapla L2 CA997489 AAB65878 C. elegans
(4e-07) 29%
BU094921
BU094650
BQ836667
B cathepsin M. javanica Egg BE578940 Mi-asp1 (1e-119) 97%
D-like
M. arenaria Egg BI746532
M. arenaria L2 CF358292
M. incognita L2 AWS829206
AW870930
AW871162
AW783012
M. incognita Female CF980496
CF802901
C cathepsin M. paranaensis Egg CK242497 AAX33731 Blomia
D-like tropicalis (2e-89) 76%
CK242452
D pepsin-like M. hapla L2 CN572742 CAA08899 C. elegans
(4e-08) 30%
E pepsin-like M. hapla L2 BU094593 BAA19607 Cucurbita
pepo (3e-07) 28%
F cathepsin M. hapla Female CN576295 Mi-asp1 (6e-24) 61%
D-like
G cathepsin M. hapla L2 BQ836960 Mi-asp1 (4e-11) 80%
D-like
H cathepsin M. chitwoodi Egg CB931365 CAE65791 C. briggsae
D-like (3e-26) 56%

2 The cluster name and the nematode AP class.
b In parenthesis, the E-value, followed by percentage of peptide sequence iden-
tity.

These AP ESTs were assembled in 10 clusters of different AP
genes and/or non-overlapping regions of the same gene (Table 2).
The consensus sequences of clusters were compared to the data-
base for BLASTx searches and were classified as cathepsin D-like
AP or pepsin-like AP, which are the two groups of nematode APs.

Clusters A1.1 and A1.2 encode different proteins, but are closely
related, corresponding to pepsin-like APs. The four ESTs of cluster
A2 encode an N-terminal protein similar to pepsin-like AP. Clus-
ter D corresponds to the C-terminal end of pepsin-like AP, without
overlapping regions with cluster A2 because of a predicted 111-bp
region between them. Cluster E, despite the high similarity to plant
APs, probably encodes a homolog of pepsin-like AP.

Cluster C, formed by two identical ESTs, matches with arthro-
pod APs and Mi-asp1 (E-value of 7e-55, and identity of 66%). This
sequence does not encode Mi-asp1, but rather a closely related
homolog with 80% similarity over an alignment of 155 amino
acids. Cluster H, with only one EST, presents the BLASTx alignment
with cathepsin D-like APs of Caenorhabditis briggsae and C. elegans
(E-value of 7e-25 and identity of 53%). Cluster C and H align with
the N-terminus of the cathepsin D-like APs.

Cluster B corresponds to cathepsin D-like APs in C. elegans
(E-value of 1e-64 and identity of 65%) and encodes 50% of the
N-terminus of Mi-asp1, as reported here. Cluster G, comprising
just one sequence, encodes the C-terminus of Mi-asp1, and there-
fore does not match cluster B. This EST does not appear identical
to Mi-asp1 probably because of sequencing errors, since all dif-
ferences were in just one, short region. Cluster F seems related to
Mi-asp1, despite a relatively low identity percentage (E-value of
6e-24 and identity of 61%). Its only EST contains one region that
matches with Mi-asp1 and another region with adenosine bias
and nucleotide repetition, a characteristic indication of problem-
atic sequencing.

3.4. Characterization of the deduced amino acid sequence of Mi-asp1

The Mi-asp1 encodes a pro-region of 71 amino acid residues
and a mature proteinase of 378 amino acid residues (Fig. 3), with
a predicted molecular mass of 41.502kDa and a theoretical pl of
5.27. Domain analysis of Mi-asp1 by using the CDD-Search (Con-
served Domain Database) showed an E-value of 7e-105 with a con-
served domain of eukaryotic aspartyl proteinase (pfam00026.12).
An analysis using the Conserved Domain Architecture Retrieval
Tool (CDART) indicated that Mi-asp1 possesses a single AP domain
structure. The BLASTp analysis of Mi-asp1 showed high sequence
identity with eight proteins (Table 3) grouped in the subfamily
of nematode cathepsin D-like APs (Williamson et al., 2003b).
Such sequences were aligned with Mi-asp1 for further compar-
isons and function prediction (Fig. 6). These nematode APs also
share putative sites for disulfide bridges and N-glycosylation sites
positioned as found in vertebrate non-lysosomal cathepsin E (Fig.
6). On the other hand, some paralog nematode APs (pepsinogen-
like) appeared to be distantly related to this group of cathepsin
D APs.

Since the amplified sequence is incomplete at the N-termi-
nus, analysis with SignalP software did not identify any pre-
region for Mi-asp1. However, after submitting to SignalP, the 40
best matches with Mi-asp1 from BLASTp hits and then aligning
them all without their signal peptides (data not shown), we
could predict the putative cleavage site at residues 5-6 (VSS-IR)
of the Mi-asp1 sequence. In fact, the two ESTs from M. incog-
nita females belonging to Cluster B (CF980496 and CF802901)
encode the N-terminal region (MSKLSLIAIFSLF), which is absent
in the cloned Mi-asp1 fragment, though perfectly contiguous
with a region covering 50% of the Mi-asp1 sequence. The puta-
tive zymogen activation site that divides the pro-region from the
mature proteinase was predicted through sequence comparisons
with several nematode APs (Fig. 6). Mi-asp1 shares several fea-
tures with the recently defined group of nematode cathepsin
D-like APs (Fig. 6), with one N-glycosylation site, four disulfide
bridges and conserved motifs around the two catalytic aspartic
residues (Fig. 3).

4. Discussion

Several strategies based on proteolytic inhibitors of protein-
ases, pro-regions of cognate proteinases, specific antibodies or
RNA interference have been tested to inhibit and disrupt protein-
ase activity of plant-parasitic nematodes. In an attempt to engi-
neer plant resistance against endoparasitic nematodes, we looked
for potential targets. In this context, we have performed the pres-
ent studies focused on the aspartic proteinase (AP) in the root-knot
nematode (RKN) M. incognita.

Crude protein extracts of M. incognita females demonstrated AP
activity when using AP-specific substrates and inhibitors (Table 1),
motivating AP gene cloning efforts. Indeed, three cDNAs encoding
AP were identified by RT-PCR amplification of M. incognita second-
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Table 3
Characterization of aspartic proteinases belonging to the subfamily nematode-specific cathepsin D-like proteins (A01.068 or nemepsin-2, by MEROPS).
Nematode (lifestyle) Sequence names  Accession Identity/E-value Localization Developmental stage and/ References
numbers Subcellular Histological or function
Caenorhabditis briggsae Hypothetical pro- CAE61399  64.073%, 1.2e-128 — — — Unpublished

(free-living nematode) tein

Necator americanus Na-APR-1 necep- CAC00543  65.144%, 3.4e-128 —
(animal parasite) sin Il
Caenorhabditis elegans  asp-4 R12H7.2 NP_510191 64.524%,8.9e-128 Cytoplasm and

Intestine, amphids and
excretory/secretory
glands

Intestine, hypodermis,

L3 and adult Hemoglobin,
serum and skin proteins
digestion

Late embryogenesis and

Williamson et al.
(2002)

Syntichaki et al.

(free-living nematode) lysosome muscle and neurons early L1 Neurodegene- (2002)
ration
Ancylostoma ceylanicum Ay-APR-1 AceyASP AAO022152  63.593%,9.6e-127 — — — Unpublished
(animal parasite)
Brugia malayi (animal ~ BmAsp-2 BAC0O5689  62.061%, 6.6e-121 — — — Unpublished
parasite)
Ancylostoma caninum  Ac-APR-1 Acaspl ~ AAB06575  59.859%,4.9e-116 — Intestine, amphids and L3 and adult Hemoglobin, Williamson et al.
(animal parasite) excretory/secretory glands serum and skin proteins ~ (2002)
digestion
Onchocerca volvulus Ov-APR AAD00524 59.950%, 1.2e-110  Lysosome Intestine, hypodermis, and Mature oocytes, early Jolodar et al.
(animal parasite) reproductive organs morulae and adult. Diges- (2004)
tion, oogenesis, embryo-
genesis and degeneration
Heterodera glycines Hgg-33 AAL78216  71.282%, 3.4e-65 Lysosome Intestine — Gao et al. (2001)

(plant parasite)

Identities and identities and E-values were measured by pairwise comparisons of overlapping-region between Mi-asp1 and each protein sequence.

stage (L2) larvae (Fig. 2). Using 5’ RACE and 3’ RACE strategies (Fig.
1) one of them was isolated and named Mi-asp1 (Accession No.
DQ360827). The Mi-asp1 sequence encodes a putative AP zymo-
gen presenting a classical pre-pro-protein format (Fig. 3). The
pro-region and the mature proteinase of the Mi-asp1 sequence are
complete, with 71 and 378 residues, respectively.

The amplification of three different cDNAs by RT-PCR (Fig. 2),
the hybridization pattern obtained by Southern blot (Fig. 4), and
the assembly of ESTs encoding APs (Table 2) collectively indicate
the existence of an AP gene family in M. incognita with at least
three members and that Mi-asp1 is probably a single-copy gene,
like its orthologs (Tcherepanova et al., 2000; Jolodar et al., 2004)
grouped in Table 3.

According to Merops’ classification (http://www.merops.san-
ger.ac.uk/), nematode APs are grouped into two subfamilies
belonging to the peptidase family A1 (i.e., pepsin family) of the
Clan AA (i.e., aspartic proteinases). The first subfamily is nemep-
sin-3 (A01.053), of which the only found is C. elegans ASP-1.
The second is nemepsin-2 (A01.068), which is represented by
C. elegans ASP-4 and several nematode APs (Table 3) currently
reported in the literature including cathepsin D-like APs. Several
other nematode APs are only grouped as unassigned peptidases
(AO1.UPA), including C. elegans ASP-2, -3, -5, and -6. However,
some of these unassigned peptidases present a unifying, common
feature, which is a cysteine-rich insertion of 30-35 amino acids.
Thus, there is clearly another well-characterized group, called
pepsinogen-like APs (or nemepsins), which includes C. elegans
ASP-2 (Geier et al., 1999; Tcherepanova et al., 2000), Haemonchus
contortus HcPEP-1 (Longbottom et al., 1997) and HcPEP-2 (Smith
et al., 2003), N. americanus Na-APR-2 or necepsin-I (Williamson
et al., 2003c). Other unassigned peptidases have high sequence
identity with each other, but lack the cysteine-rich insertion,
such as C. elegans ASP-5 and 6, B. malayi BmAsp-1 and BmAsp-3,
and Strongyloides stercoralis Strongyloidespepsin (Gallego et al.,
1998).

The multiple sequence alignment of predicted Mi-asp1 and
nematode cathepsin D-like APs demonstrate some specific
aspects of this group (Fig. 6), including a long pro-region, a puta-
tive N-glycosylation site, putative cysteine bonds and a high
degree of sequence identity and similarity to each other. Some

Mi-asp1 orthologs were studied in terms of functional charac-
terization and cellular localization (Table 3). Nematode cathep-
sin D-like APs lack the conserved N-glycosylation site, which is
known to be important in vertebrate cathepsin D targeting to the
lysosome (Wittlin et al., 1999). Initially, they were believed to
be non-lysosomal (Jolodar and Miller, 1997; Jolodar and Miller,
1998); however, it was later found that they do localize to lyso-
somes (Jolodar et al., 2004).

Some studies have shown that nematode AP expression is
developmentally regulated (Table 3), and probably is the same
in RKN. From the 28 ESTs encoding APs found in the data banks
(Table 2), 14 sequences encode cathepsin D-like APs and 14
encode pepsinogen-like APs. This first group has sequences dis-
tributed in eggs (5 ESTs), L2 larvae (6 ESTs) and adult females (3
ESTs), suggesting gene expression during all life stages. In fact,
we amplified a Mi-asp1 fragment using cDNA from eggs, L2 larvae
and females (Fig. 5), suggesting that all life phases of M. incog-
nita may be susceptible to cathepsin D-like AP inhibition. In con-
trast, the ESTs encoding pepsinogen-like APs were all found in L2
larvae in the infective phase. Despite the absence of expression
analysis, these data remain suggestive. Some direct involvement
of pepsinogen-like APs in RKN invasion and migration could be
expected, such as B-1,4-endoglucanase, xylanase and pectate
lyase (Caillaud et al., 2008), yet indirect roles could also be pos-
sible. The L2 is also a non-feeding stage (Wyss et al., 1992) that
obtains energy through the consumption of its own lipid reserves
(Reversat, 1981), probably through the glyoxylate pathway (McC-
arter et al., 2003).

Both cathepsin D-like and pepsinogen-like APs from animal-
parasitic nematodes have been strongly correlated with diges-
tion of host hemoglobin, skin and/or other tissues (Brindley et al.,
2001; Brinkworth et al., 2001; Morales et al., 2004; Williamson et
al., 2003a). However, nematode APs are also involved in several
other cellular processes, such as egg hatching and ecdysis (Masler
et al., 2001), oogenesis (Jolodar et al., 2004), embryogenesis (Jolo-
dar et al., 2004; Syntichaki et al., 2002), fat body histolysis (Rabossi
et al.,, 2004), aging mechanisms and necrotic cell death related to
neurodegeneration (Samara and Tavernarakis, 2003).

The importance of APs in plant-nematode interactions needs to
be further evaluated. Therefore, inhibitory strategies targeting APs
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Fig. 6. Multiple sequence alignment of pro-mature Mi-asp1 from Meloidogyne incognita with other nematode cathepsin D-like aspartic proteinases. Alignment was per-
formed using CLUSTAL_W and edited with BOXSHADE. The AP sequences used to align with Mi-asp1 are from Ancylostoma ceylanicum (AA022152), Ancylostoma caninum
(AAB06575), Necator americanus (CAC00543), Caenorhabditis briggsae (CAE61399), Caenorhabditis elegans (NP_510191), Brugia malayi (BAC05689) and Onchocerca volvulus
(AAD00524). Shading indicates identity (black) or similarity (gray). The vertical line separates the pro-region from the mature proteinase. The conserved N-glycosylation site
of cathepsin E is boxed, aspartic acid residues of active site are marked ('), predicted disulfide bonds are numbered and sequence alignment gaps (-) are also shown. The
numbering does not consider the pre-region (signal peptide).

could be tested against all phases of RKN. Subsequent studies are Mi-asp1, to define its substrates, and to determine its role in plant
still necessary to localize the tissue and subcellular expression of parasitism or nematode physiology.
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