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Herein we describe the clon ing and char ac ter iza tion of a cDNA encod ing an aspar tic pro tein ase from the 

root-knot nem a tode Mel o i do gyne incog nita. Using PCR tech niques, a 1471-bp cDNA frag ment encod ing a 

cathep sin D-like (Miasp1) tran script was iso lated from sec ond-stage lar vae mRNA. Its pre dicted amino 

acid sequence com prises a pro-region of 71 amino acid res i dues and a mature pro te ase of 378 amino 

acid res i dues with a pre dicted molec u lar mass of 41.502 kDa. Pro tein sequence com par i sons of Mi-asp1 

with Gen Bank™ (DQ360827) sequences showed 59–71% iden tity with nem a tode-spe cific cathep sin D-like 

aspar tic pro tein ases. South ern blot anal y sis, RT-PCR ampli fi ca tion and EST min ing sug gest the exis tence of 

a devel op men tally expressed gene fam ily encod ing aspar tic pro tein ases in M. incog nita. Mi-asp1 may rep-

re sent a potential tar get for molec u lar inter ven tion for the pur poses of plant–par a sitic nem a tode con trol.

© 2008 Else vier Inc. All rights reserved.
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1. Intro duc tion

The endo par a sitic sed en tary nem a todes of the gen era Het ero

der a, Globo der a (known as cyst nem a todes, CN) and Mel o i do gyne 

(the root-knot nem a todes, RKN) are major crop phy to path o gens, 

caus ing esti mated losses of $125 bil lion USD annu ally (Chit wood, 

2003). The south ern root-knot nem a tode, Mel o i do gyne incog nita, is 

prob a bly the most dam ag ing plant path o gen in the scope of global 

agri cul ture (Trudg ill and Blok, 2001), mainly due to its wide host 

range, world wide dis tri bu tion, apo mic tic repro duc tion and high 

repro duc tive rate.

These sed en tary plant–par a sitic nem a todes share some par a-

sit ism mech a nisms, which insure host-tis sue inva sion and host-

defense eva sion (Davis et al., 2004). Par a sit ism estab lish ment and 
0014-4894/$ - see front matter © 2008 Else vier Inc. All rights reserved.
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main te nance are based upon sev eral secreted mol e cules that alter 

plant cel lu lar pro grams, trans form ing them into enlarged, mul ti-

nu cle ate, and met a bol i cally active feed ing cells called syn cy tia in 

CN-infected plants or giant cells in RKN-infected plants (Ghey sen 

and Fe noll, 2002).

Nem a ti cides, crop rota tion, bio-con trol agents, and/or host 

resis tance have not been suc cess fully deployed against nem a-

todes, except in some rare cases (Bird and Ka losh ian, 2003). Fol-

low ing the anti-feed ing strat egy based on inhi bi tion of nem a tode 

diges tive enzymes, plant trans for ma tion with genes encod ing 

pro tein ase inhib i tors rep re sents a prom is ing solu tion (Lil ley et al., 

1999a; Lil ley et al., 1999b; Atkin son et al., 2001). Sev eral reports 

described the char ac ter iza tion of pro tein ase activ i ties in crude 

pro tein extracts of plant–par a sitic nem a todes (Lil ley et al., 1996; 

Mi chaud et al., 1996) or the iso la tion of their pro tein ase genes 

(Lil ley et al., 1997; Ur win et al., 1997a; Neveu et al., 2003; Frag-

os o et al., 2005). Sev eral reports dem on strate inhi bi tion of nem a-

http://www.sciencedirect.com/science/journal/00144894
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tode pro tein ase inhi bi tion in planta, in vivo or in vitro, respec tively, 

upon use of pro tein ase inhib i tor genes (Ur win et al., 1997b; Ur win 

et al., 1998; Atkin son et al., 2001), inhi bi tion of pro tein ase gene 

expres sion by RNAi (Ur win et al., 2002) or inhi bi tion of pro tein ase 

activ ity using a cog nate pro-region of nem a tode pro tein ase (Silva 

et al., 2004). In all cases, the nem a tode diges tive enzymes tar geted 

were ser ine or cys teine pro tein ases, since pre vi ous stud ies had 

char ac ter ized their strong activ ity in the intes tine of plant–par a-

sitic nem a todes (Lil ley et al., 1996). Thus, little atten tion had been 

given to other pro tein ase clas ses in plant–par a sitic nem a tode 

stud ies.

Aspar tic (or aspar tyl) pro tein ases (AP) are ubiq ui tously 

expressed and par tic i pate in sev eral dif fer ent func tions, being a 

widely dis trib uted pro tein super fam ily (Coo mbs et al., 2001) that 

share high iden tity in amino acid sequences with one another 

(Witt lin et al., 1999). Ani mal–par a sitic nem a todes, trem a todes, 

api com plex ans, fun gus, and arach nids pos sess APs, which have 

major roles in their inter ac tion with the host ani mal, and are nor-

mally asso ci ated with host skin pen e tra tion, tis sue migra tion, 

immune response eva sion, and hemo glo bin diges tion (Jean et al., 

2001; Wil liam son et al., 2003a; Morales et al., 2004; Kalk anci et al., 

2005). Aim ing to affect plant nem a tode resis tance by plant trans-

for ma tion with anti-par a sitic ele ments and con sid er ing the major 

impor tance of APs in ani mal par a sit ism, we ini ti ated a molec u-

lar approach to dis cover AP cDNAs in plant–par a sitic nem a todes. 

Herein we report the first clon ing and char ac ter iza tion of an aspar-

tic pro tein ase cDNA (Miasp1) from the south ern root-knot nem a-

tode M. incog nita.

2. Mate ri als and meth ods

2.1. Growth and col lec tion of M. incog nita

Since M. incog nita is an oblig a tory endo par a sitic plant nem-

a tode, we cul ti vated it in a host plant, i.e. in tomato (Lyc op ers

icon es cu len tum) inoc u lated roots. Nem a todes were har vested at 

three dif fer ent life stages (eggs, sec ond-stage lar vae L2 and adult 

females) by stan dard pro to cols (Hus sey and Barker, 1973). Briefly, 

the tomato roots were washed and trit u rated to sep a rate nem a-

tode eggs through a 32 lm sieve. This frac tion was cleaned by cen-

tri fu ga tion in 50% (w/v) sucrose and eggs were col lected from the 

super na tant through a 32 lm sieve. Pre-par a sitic sec ond-stage lar-

vae (L2) were obtained from eggs hatched in vitro. Adult par a sitic 

females were obtained from infected tomato roots incu bated over-

night in 40% (v/v) pec tin ase fol lowed by diges tion of plant tis sue 

and release of the female indi vid u als therein. The tis sue was then 

cleared via cen tri fu ga tion in 40% (w/v) sucrose in order to retain 

the females in the super na tant for col lec tion in a 150 lm sieve.

2.2. Pro te o lytic assays

The crude pro tein extracts of whole M. incog nita females were 

prepared to eval u ate the AP activ ity with a fluo ri met ric assay 

using the AP-spe cific sub strate N-suc ci nyl-Arg-Pro-Phe-His-

Leu-Leu-Val-Try-MCA (4-methyl-7-coum a ryl-amide) and the 

AP-spe cific inhib i tor Pep sta tin A. Sub strate hydro ly sis increases 

fluo res cence, whereas the AP-spe cific inhib i tor decreases it. 

Approx i mately 250 mg of females were trit u rated in 250 ll of 

acidic buffer (0.1 M sodium ace tate and 0.5% v/v Tri ton-100; pH 

4.8) at 4 °C, cen tri fuged at 14,000g for 15 min and the super na-

tant was used as a crude pro tein extract in the AP activ ity assays. 

The pro te o lytic reac tion was car ried out at 37 °C for 30 min in a 

final vol ume of 100 ll of acidic buffer with 10 ll of crude pro-

tein extract, 10 lM sub strate, 5% DMSO, 2.5 mM DTT and, only 

in inhib ited sam ples, 10 lM inhib i tor, pre-incu bated with the 

pro tein extract at 37 °C for 30 min. The reac tions were stopped 

with 1.9 ml of 0.2 M Na2CO3. White proofs were made by add ing 

pro tein extract after this last solu tion. The sam ples were quan-

ti fied using a fluo res cence reader (DyNA Quant 500, Pharmacia-

Bio tech) with exci ta tion and emis sion wave lengths of 365 and 

460 nm, respec tively.

2.3. RTPCR ampli fi ca tion

Total RNA from M. incog nita L2 was extracted using an RNeasy 

kit (Qiagen) accord ing to the man u fac turer’s pro to col. Reverse 

tran scrip tion of total RNA (2 lg) was per formed with a d(T)-anchor 

primer and AMV-RT (Roche Applied Sci ence), accord ing to the man-

u fac turer’s instruc tions. PCR ampli fi ca tion was car ried out using 

the degen er ate prim ers ASP1 (sense, 59-GGTTCWTCYAATCTBTGG-

39) and ASP2rev (anti sense, 59-CCMAGRATHCCRTCAAA-39), 
designed based on con served motifs flank ing the cat a lytic aspar tic 

res i dues of known AP sequences. The PCR sys tem (final vol ume, 

25 ll) con tained 2.5 U of Taq DNA poly mer ase (Invit ro gen), 2.0 mM 

MgCl2, 200 lM of dNTPs and 400 nM of each primer. The PCR pro-

gram con sisted of an ini tial dena tur ation at 94 °C for 1.5 min, 30 

cycles of ampli fi ca tion at 94 °C for 30 s, 45 °C for 45 s and 72 °C for 

1.5 min, fol lowed by a final elon ga tion step at 72 °C for 5 min. An 

ali quot of the PCR prod uct was then used for a sec ond round of 

ampli fi ca tion at the same con di tions.

2.4. 59 and 39 RACE

The 59 end of the cDNA frag ment derived by RT-PCR was 

ampli fied by 59 RACE using a 59/39 RACE kit (Roche Applied Sci-

ence) accord ing to the man u fac turer’s instruc tions. The anti sense 

primer Mi-asp4a (59-GTTAGTCCTGGCTCGCTG-39) was used for 

reverse tran scrip tion and the anti sense prim ers Mi-asp4b (59-ACT 

CTTGCCAGCCA CAC-39) and Miasp4c (59-GTGATGGAGTAGGCATGC-

39) were used for the first and sec ond round of a 59 RACE nested-PCR, 

respec tively. The first-round 59 RACE PCR con di tions  com prised a 

dena tur ation step at 94 °C for 1.5 min, 30 cycles of 94 °C for 45 s, 

42 °C for 45 s, and 72 °C for 1.5 min, and a final elon ga tion step at 

72 °C for 5 min. The same con di tions were used for the sec ond 59 
RACE PCR round, except that the anneal ing tem per a ture was 52 °C. 

Con tig u ous sequences down stream of the 59 RACE PCR prod uct 

were ampli fied by 39 RACE after two rounds of a nested PCR with 

spe cific sense prim ers designed based on the 59 RACE-obtained 

sequence, named Miasp4d (59-CAT CACCATGTCGATCG-39) and 

Miasp4e (59-CCGAATGGATACAATGCG-39). First-round 39 RACE PCR 

con di tions were as fol lows: dena tur ation step at 94 °C for 1.5 min, 

30 cycles of 94 °C for 30 s, 55 °C for 30 s, 72 °C for 1.5 min and final 

elon ga tion at 72 °C for 5 min. The sec ond-round of the 39 RACE 

PCR was per formed at the same con di tions, but with 35 cycles of 

ampli fi ca tion.

2.5. South ern blot ting anal y sis

Geno mic DNA from M. incog nita eggs (8 lg each) was digested 

(with EcoRI, HindIII, XbaI, PstI or NsiI), elec tro pho re sed on a 0.8% 

aga rose gel and trans ferred to a Hy bond N+ nylon mem brane 

(Amersham Pharmacia Bio tech, UK) using stan dard pro ce dures 

(Sam brook et al., 1989). The Miasp1 frag ment of 1471-bp was 

labeled with a-[32P]dCTP to a high spe cific activ ity using the Meg-

apri mer DNA-label ing kit (Amersham Pharmacia Bio tech) and used 

to probe the blot. The mem brane was washed with a strin gency of 

1£ SSC with 0.2% SDS at 65 °C.

2.6. Miasp1 gene expres sion anal y sis

Total RNA from M. incog nita eggs, lar vae and females was puri-

fied using the RNA spin mini kit (G&E) accord ing to the man u fac-
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turer’s pro to col. Reverse tran scrip tion reac tions were per formed 

simul ta neously by incu ba tion of 3 lg of total RNA from each life 

stage in ali quots of the same reagents mix from the Super Script™ 

kit (Invit ro gen), accord ing to the man u fac turer’s pro to col. Sub se-

quently, the five RT-PCR ampli fi ca tions were done using ali quots 

of the same reagents mix, includ ing the two pairs of spe cific prim-

ers for bactin (Act For 59-GAT CTGGCATCACACCTTC TAC-39 and 

Act Rev 59-AG GAAGCTCGTAGCTCTTCTC-39) and Miasp1 (Miasp4e 

and MiA spEnd 59-GGGGGTACCGAGCAATTTCAATAAAAT CATC-

39) genes together. For these PCR ampli fi ca tions, each one of 

the three nem a tode-syn the sized cDNAs was added as tem plate 

(1 ll) to a reac tion mix (24 ll) in sep a rate micro tubes. Neg a tive 

and positive con trol reac tions were per formed using water or 

geno mic DNA as the tem plate, respec tively. The PCR con di tions 

con sisted of a dena tur ation step at 92 °C for 2 min, 30 cycles at 

92 °C for 1 min, 55 °C for 1 min and 72 °C for 1.5 min, and a final 

exten sion step at 72 °C for 5 min.

2.7. Data base search ing and sequence retrieval for nem a tode aspar tic 

pro tein ases

The nucle o tide sequence of Miasp1 was used as a query in 

BLAST searches within the Ca enorh abid itis ele gans genome at 

Worm Base (http://www.worm base.org) and within the plant–par-

a site nem a tode dbEST at the Nem a tode Cen ter (http://www.nem-

a tode.net). A Gen Bank™ search at NCBI (http://www.ncbi.nlm.nih.

gov) was also done using as a query com bi na tion of words that 

spec ify devel op men tal stage and gene anno ta tion after the Tax on-

omy ID of the RKN (189290).

2.8. DNA sequenc ing and sequence anal y sis

The ampli fied cDNA frag ments were cloned into pGEM-T 

Easy (Promega) and sequenced in both strands using an auto-

mated ABI DNA sequencer. Com par i sons of the cloned cDNA 

sequence with other Gen Bank™ data base sequences were per-

formed using BLASTx soft ware (Altsc hul et al., 1990) from the 

NCBI site (http://www.ncbi.nlm.nih.gov). The CDD-Search soft-

ware from the NCBI site was used to make a con served domains 

deter mi na tion (March ler-Bau er et al., 2003). Sig nal pep tide and 

cleav age-site iden ti fi ca tion was per formed using Sig nalP soft-

ware (Niel sen et al., 1997) of the Cen ter for Bio log i cal Sequence 

Anal y sis (http://www.cbs.dtu.dk/ser vices/Sig nalP/). Multiple 

sequence align ments were per formed using CLUS TAL_W soft ware 

(Thomp son et al., 1994) and edited using BOX SHADE soft ware 

(http://www.ch.emb net.org/soft ware/BOX_form.html). Molec u-

lar mass val ues and iso elec tric points were pre dicted using the 

deduced pro tein sequence by anal y sis with Com pute pI/MW tool 

soft ware avail able at the Exp asy web site (http://ca.exp asy.org/

tools/pi_tool.html).

3. Results

3.1. Pro te o lytic assays

As a first step to iden ti fy ing potential tar gets for anti-feed ing 

strat e gies, we ini ti ated a search for AP activ ity. Pro te o lytic activ-

ity was detected in crude pro tein extracts of M. incog nita females 

when using acidic buffer and AP-spe cific sub strate (Table 1). This 

exper i ment, con ducted in two tech ni cal rep li cates of two bio log i-

cal rep li cates, dem on strated a substantial decrease (»70%) in pro-

te o lytic activ ity when using the AP-spe cific inhib i tor pep sta tin A 

(Table 1).

Table 1

Pro te o lytic assays to detect aspar tic pro tein ase activ ity in crude extract of M. incog

nita females.

AP activ ity White 1 D 1 Inhib ited White 2 D 2 % Resid ual

First 59 11 48 29

Extract 55 3 40 29

Media 57 7 50 44 29 15 30

Sec ond 84 6 47 17

Extract 97 5 47 37

Media 90.5 5.5 85 47 27 20 24

Fig. 1. Clon ing of cDNA encod ing an aspar tic pro tein ase (Miasp1) from Mel o i do gyne incog nita L2 lar vae. Aga rose gel elec tro pho re sis of DNA prod ucts from the sec ond round 

of ampli fi ca tions: (A) 59 RACE PCR. (B) RT-PCR, using dif fer ent anneal ing tem per a tures. (C) 39 RACE PCR.

http://www.wormbase.org
http://www.nematode.net
http://www.nematode.net
http://www.ncbi.nlm.nih.gov
http://www.ncbi.nlm.nih.gov
http://www.ncbi.nlm.nih.gov
http://www.cbs.dtu.dk/services/SignalP/
http://www.ch.embnet.org/software/BOX_form.html
http://ca.expasy.org/tools/pi_tool.html
http://ca.expasy.org/tools/pi_tool.html
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3.2. Clon ing and char ac ter iza tion of a cDNA encod ing an aspar tic 

pro tein ase

RT-PCR ampli fi ca tion of total RNA from M. incog nita L2 lar vae was 

per formed using degen er ate prim ers designed to amplify AP con-

served motifs (Bey non and Bond, 1994). These ampli fi ca tions resulted 

in frag ments of 300 bp that, after sequenc ing, revealed six dif fer ent 

cDNAs encod ing puta tive APs (Fig. 1B). Multiple sequence align ment 

of these six cDNAs allowed them to be grouped into three con sen sus 

sequences of pre dicted amino acids (Fig. 2). Two con sen sus sequences 

had high amino acid sequence iden tity with each other and with AP 

sequences from Ancy los toma cani num (76%) and Oncho cerca vol vu lus 

(72%), both of which were found in the Gen Bank™ dat abases. A third 

con sen sus sequence showed 60% and 56% iden tity with the first and 

sec ond con sen sus sequences, respec tively. Anti sense prim ers were 

designed to amplify all three con sen sus sequences using 59 RACE, 

but only the sec ond one was actu ally ampli fied. A 400-bp frag ment, 

cor re spond ing to a con sen sus sequence stretch of M. incog nita AP, 

was iso lated and sequenced, reveal ing an open read ing frame (ORF) 

con tig u ous with the pre vi ous RT-PCR cDNA; how ever, it lacked a 

start codon in frame with the cod ing sequence (Fig. 1A). Through 39 
RACE, using prim ers based on the sequence of the 59 RACE prod uct, 

a 1471-bp frag ment (Fig. 1C) con tig u ous with the pre vi ous was iso-

lated and named Miasp1 (Fig. 3).

South ern blot ting was per formed to esti mate the abun dance 

of AP genes within the M. incog nita genome. Sam ples of equal 

amounts of geno mic DNA were digested with EcoRI, HindIII, XbaI 

and PstI, which do not cleave the Miasp1 cDNA, and NsiI, which 

cleaves it twice, and elec tro pho re sed in aga rose gel (Fig. 4A). We 

also ampli fied a frag ment of Miasp1 gene using as tem plate gDNA 

iso lated from M. incog nita eggs and prim ers Miasp Pro and Mia-

spEnd (Fig. 3), which almost com pass the com plete exten sion of 

the labeled Miasp1 cDNA. PCR prod uct was puri fied, digested and 

elec tro pho re sed show ing intron pres ence with restric tion site to 

PstI endo nu cle ase (data not shown).

Con sid er ing the EcoRI, HindIII, and XbaI DNA diges tions first, 

which do not cut the labeled region of Miasp1 gene, the first 

three lines showed one darker sig nal, most likely cor re spond ing to 

the Miasp1 gene, and other fa in ter sig nals (three, three and two, 

respec tively) prob a bly cor re spond ing to other AP genes (Fig. 4B 

and C).

On the other hand, the lines with PsiI and NsiI DNA diges tions, 

which cut the labeled region of Miasp1 gene, did not show one 

darker sig nal (Fig. 4B). Indeed, the PstI line showed three bands 

with sim i lar darker sig nal, and three bands with fa in ter sig nals. 

The NsiI enzyme cleaves Miasp1 cDNA at 144 and 968 posi tions 

and gen er ates an 824-bp frag ment. Indeed, the last line showed 

two darker sig nals around 1 kb, because inserted intron(s) adds 

Fig. 3. Nucle o tide sequence of the AP Miasp1 cDNA iso lated from Mel o i do gyne incog nita lar vae and its cor re spond ing pre dicted amino acid sequence. The cod ing sequence is 

shown in upper case let ters and the 39 untrans lated region in lower case let ters. The stop codon is under lined and in bold. A puta tive pol y ad e nyl a tion sig nal at the 39 UTR is 

under lined and the con served N-gly co syl a tion site of cathep sin E is dou ble under lined. The sig nal pep tide (pre-region) is in italic and the pro-domain (pro-region) is boxed 

and in bold. Con served motifs of cat a lytic aspar tic res i dues are cir cled and in bold. Black arrows show the ampli fied region to expres sion anal y sis. Grey arrows show the 

ampli fied region used to deter mine restric tion sites in puta tive intron(s) inserted in Miasp1 gene. The Miasp1 sequence was sub mit ted to the Gen Bank™ dat abases under 

acces sion num ber DQ360827.

Fig. 2. Sequence align ment of pre dicted pro teins encoded by RT-PCR cDNAs. The six clones ampli fied and grouped into the three con sen sus sequences Cons1 (2 clones), 

Cons2 (3 clones, cor re spond ing to Miasp1) and Cons3 (one clone). Multiple sequence align ment was per formed using CLUS TAL_W. Shad ing indi cates iden tity (black) or 

sim i lar ity (gray).
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around 200 bp to the Miasp1 gene region flanked by NsiI restric-

tion sites. Addi tion ally, two very faint bands were noted after film 

over ex po sure prob a bly related to other AP genes (Fig. 4C).

We per formed RT-PCR ampli fi ca tion to ana lyze Miasp1 gene 

expres sion dur ing M. incog nita devel op men tal life stages using spe-

cific prim ers for the bactin and Miasp1 genes (Fig. 3). The neg a tive 

con trol with no tem plate did not amplify a frag ment (Fig. 5), indi cat-

ing the absence of DNA con tam i na tion in the PCR reagents. When 

geno mic DNA was used as a tem plate, a frag ment of the Miasp1 gene 

between 1.6 and 2 kb in length was ampli fied (Fig. 5). When using 

cDNAs from eggs, L2 with lar vae and females as tem plates, frag ments 

of the expected size of 1.3 kb, cor re spond ing to the Miasp1 cDNA, 

were ampli fied in all tested life stages (Fig. 5). This observed dif fer-

ence in ampli cons sug gests that intron(s) might be pres ent within 

the Miasp1 gene. No frag ment larger than 1.3 kb cor re spond ing to 

the Miasp1 gene was detected by RT-PCR ampli fi ca tion, sup port ing 

the absence of gDNA con tam i na tion in the cDNA ali quots. The sin gle-

tube reac tions did co-amplify the bactin frag ments used for gene 

expres sion nor mal i za tion. This RT-PCR anal y sis was con ducted in 

three bio log i cal rep li cates. Sev eral tech ni cal rep li cates showed sim-

i lar Miasp1 ampli fi ca tion lev els in M. incog nita eggs and L2 lar vae, 

but the level was higher in adult females (Fig. 5).

3.3. Min ing of ESTs encod ing aspar tic pro tein ase from Mel o i do gyne 

spp.

Aim ing to gen er ate a global view of AP diver si fi ca tion and 

expres sion pattern, we per formed a search in the RKN EST data 

banks and found 28 ESTs cod ing for APs (Table 2). Five ESTs encod-

ing APs were found in RKN eggs, two for Mel o i do gyne par ana en sis, 

and one each for Mel o i do gyne chit wood i, Mel o i do gyne java nica, and 

Mel o i do gyne are na ria. Twenty AP ESTs were iden ti fied in RKN L2, 

four for M. incog nita, seven for Mel o i do gyne ha pla and nine for M. 

are na ria. Three AP ESTs were detected in RKN females, one for M. 

ha pla and two for M. incog nita.

Fig. 5. Sin gle micro tube RT-PCR assays for Miasp1 gene expres sion. Water and 

geno mic DNA con trols val i dated the RT-PCR anal y sis. The cDNAs from eggs, L2 lar-

vae and females of Mel o i do gyne incog nita were used as tem plates for simul ta neous 

ampli fi ca tion of Miasp1and bactin.

Fig. 4. South ern blot anal y sis of the Miasp1 gene. Geno mic DNA (8 lg) from Mel o i do gyne incog nita was digested and probed with an a-[32P]-labeled cDNA encom pass ing the 

com plete Miasp1 cloned. (A) Aga rose gel elec tro pho re sis of DNA digested with EcoRI, HindIII, XbaI, PstI or NsiI (B) Film expo sure for 48 h (C) Film expo sure for 14 days. Minus 

sign indi cates restric tion enzymes that do not cut the labeled region of Miasp1 gene. Scis sors rep re sent enzymes that cut the labeled region of Miasp1 gene.
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These AP ESTs were assem bled in 10 clus ters of dif fer ent AP 

genes and/or non-over lap ping regions of the same gene (Table 2). 

The con sen sus sequences of clus ters were com pared to the data-

base for BLASTx searches and were clas si fied as cathep sin D-like 

AP or pep sin-like AP, which are the two groups of nem a tode APs.

Clus ters A1.1 and A1.2 encode dif fer ent pro teins, but are closely 

related, cor re spond ing to pep sin-like APs. The four ESTs of clus ter 

A2 encode an N-ter mi nal pro tein sim i lar to pep sin-like AP. Clus-

ter D cor re sponds to the C-ter mi nal end of pep sin-like AP, with out 

over lap ping regions with clus ter A2 because of a pre dicted 111-bp 

region between them. Clus ter E, despite the high sim i lar ity to plant 

APs, prob a bly encodes a homo log of pep sin-like AP.

Clus ter C, formed by two iden ti cal ESTs, matches with arthro-

pod APs and Mi-asp1 (E-value of 7e-55, and iden tity of 66%). This 

sequence does not encode Mi-asp1, but rather a closely related 

homo log with 80% sim i lar ity over an align ment of 155 amino 

acids. Clus ter H, with only one EST, presents the BLASTx align ment 

with cathep sin D-like APs of Cae no rhab di tis brigg sae and C. ele gans 

(E-value of 7e-25 and iden tity of 53%). Clus ter C and H align with 

the N-ter mi nus of the cathep sin D-like APs.

Clus ter B cor re sponds to cathep sin D-like APs in C. ele gans 

(E-value of 1e-64 and iden tity of 65%) and encodes 50% of the 

N-ter mi nus of Mi-asp1, as reported here. Clus ter G, com pris ing 

just one sequence, encodes the C-ter mi nus of Mi-asp1, and there-

fore does not match clus ter B. This EST does not appear iden ti cal 

to Mi-asp1 prob a bly because of sequenc ing errors, since all dif-

fer ences were in just one, short region. Clus ter F seems related to 

Mi-asp1, despite a rel a tively low iden tity per cent age (E-value of 

6e-24 and iden tity of 61%). Its only EST con tains one region that 

matches with Mi-asp1 and another region with aden o sine bias 

and nucle o tide rep e ti tion, a char ac ter is tic indi ca tion of prob lem-

atic sequenc ing.

3.4. Char ac ter iza tion of the deduced amino acid sequence of Miasp1

The Miasp1 encodes a pro-region of 71 amino acid res i dues 

and a mature pro tein ase of 378 amino acid res i dues (Fig. 3), with 

a pre dicted molec u lar mass of 41.502 kDa and a the o ret i cal pI of 

5.27. Domain anal y sis of Mi-asp1 by using the CDD-Search (Con-

served Domain Data base) showed an E-value of 7e-105 with a con-

served domain of eukary otic aspar tyl pro tein ase (pfam00026.12). 

An anal y sis using the Con served Domain Archi tec ture Retrieval 

Tool (CDART) indi cated that Mi-asp1 pos sesses a sin gle AP domain 

struc ture. The BLASTp anal y sis of Mi-asp1 showed high sequence 

iden tity with eight pro teins (Table 3) grouped in the sub fam ily 

of nem a tode cathep sin D-like APs (Wil liam son et al., 2003b). 

Such sequences were aligned with Mi-asp1 for fur ther com par-

i sons and func tion pre dic tion (Fig. 6). These nem a tode APs also 

share puta tive sites for disul fide bridges and N-gly co syl a tion sites 

posi tioned as found in ver te brate non-lyso somal cathep sin E (Fig. 

6). On the other hand, some par al og nem a tode APs (pep sin o gen-

like) appeared to be dis tantly related to this group of cathep sin 

D APs.

Since the ampli fied sequence is incom plete at the N-ter mi-

nus, anal y sis with Sig nalP soft ware did not iden tify any pre-

region for Mi-asp1. How ever, after sub mit ting to Sig nalP, the 40 

best matches with Mi-asp1 from BLASTp hits and then align ing 

them all with out their sig nal pep tides (data not shown), we 

could pre dict the puta tive cleav age site at res i dues 5–6 (VSS-IR) 

of the Mi-asp1 sequence. In fact, the two ESTs from M. incog

nita females belong ing to Clus ter B (CF980496 and CF802901) 

encode the N-ter mi nal region (MSKLSLIAIFSLF), which is absent 

in the cloned Miasp1 frag ment, though per fectly con tig u ous 

with a region cov er ing 50% of the Mi-asp1 sequence. The puta-

tive zymo gen acti va tion site that divides the pro-region from the 

mature pro tein ase was pre dicted through sequence com par i sons 

with sev eral nem a tode APs (Fig. 6). Mi-asp1 shares sev eral fea-

tures with the recently defined group of nem a tode cathep sin 

D-like APs (Fig. 6), with one N-gly co syl a tion site, four disul fide 

bridges and con served motifs around the two cat a lytic aspar tic 

res i dues (Fig. 3).

4. Dis cus sion

Sev eral strat e gies based on pro te o lytic inhib i tors of pro tein-

ases, pro-regions of cog nate pro tein ases, spe cific anti bod ies or 

RNA inter fer ence have been tested to inhibit and dis rupt pro tein-

ase activ ity of plant–par a sitic nem a todes. In an attempt to engi-

neer plant resis tance against endo par a sitic nem a todes, we looked 

for potential tar gets. In this con text, we have per formed the pres-

ent stud ies focused on the aspar tic pro tein ase (AP) in the root-knot 

nem a tode (RKN) M. incog nita.

Crude pro tein extracts of M. incog nita females dem on strated AP 

activ ity when using AP-spe cific sub strates and inhib i tors (Table 1), 

moti vat ing AP gene clon ing efforts. Indeed, three cDNAs encod ing 

AP were iden ti fied by RT-PCR ampli fi ca tion of M. incog nita sec ond-

Table 2

Anal y sis of clus ters of root-knot nem a tode ESTs encod ing APs from the Gen Bank™.

EST clus tersa RKN spe cies Life stages Gen Bank™ 

acces sion

BLASTx resultsb

A1.1 pep sin-like M. are na ria L2 CF357960 AAD09345 Stron gy loi

des sterco ral is (3e-05) 

26%

CF357948

CF357852

CF357235

CF357186

A1.2 Pep sin-like M. are na ria L2 CF358275 AAD09345 S. sterco

ral is (5e-09) 29%

CF357624

CF357084

A2 pep sin-like M. ha pla L2 CA997489 AAB65878 C. ele gans 

(4e-07) 29%

BU094921

BU094650

BQ836667

B cathep sin  

D-like

M. java nica Egg BE578940 Mi-asp1 (1e-119) 97%

M. are na ria Egg BI746532

M. are na ria L2 CF358292

M. incog nita L2 AW829206

AW870930

AW871162

AW783012

M. incog nita Female CF980496

CF802901

C cathep sin  

D-like

M. par ana en sis Egg CK242497 AAX33731 Blo mia 

trop i cal is (2e-89) 76%

CK242452

D pep sin-like M. ha pla L2 CN572742 CAA08899 C. ele gans 

(4e-08) 30%

E pep sin-like M. ha pla L2 BU094593 BAA19607 Cu cur bi ta 

pepo (3e-07) 28%

F cathep sin  

D-like

M. ha pla Female CN576295 Mi-asp1 (6e-24) 61%

G cathep sin  

D-like

M. ha pla L2 BQ836960 Mi-asp1 (4e-11) 80%

H cathep sin  

D-like

M. chit wood i Egg CB931365 CAE65791 C. brigg sae 

(3e-26) 56%

 a The clus ter name and the nem a tode AP class.
 b In paren the sis, the E-value, fol lowed by per cent age of pep tide sequence iden-

tity.
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stage (L2) lar vae (Fig. 2). Using 59 RACE and 39 RACE strat e gies (Fig. 

1) one of them was iso lated and named Miasp1 (Acces sion No. 

DQ360827). The Miasp1 sequence encodes a puta tive AP zymo-

gen pre sent ing a clas si cal pre-pro-pro tein for mat (Fig. 3). The 

pro-region and the mature pro tein ase of the Miasp1 sequence are 

com plete, with 71 and 378 res i dues, respec tively.

The ampli fi ca tion of three dif fer ent cDNAs by RT-PCR (Fig. 2), 

the hybrid iza tion pattern obtained by South ern blot (Fig. 4), and 

the assem bly of ESTs encod ing APs (Table 2) col lec tively indi cate 

the exis tence of an AP gene fam ily in M. incog nita with at least 

three mem bers and that Miasp1 is prob a bly a sin gle-copy gene, 

like its ortho logs (Tche rep a no va et al., 2000; Jolo dar et al., 2004) 

grouped in Table 3.

Accord ing to Mer ops’ clas si fi ca tion (http://www.mer ops.san-

ger.ac.uk/), nem a tode APs are grouped into two sub fam i lies 

belong ing to the pep ti dase fam ily A1 (i.e., pep sin fam ily) of the 

Clan AA (i.e., aspar tic pro tein ases). The first sub fam ily is nemep-

sin-3 (A01.053), of which the only found is C. ele gans ASP-1. 

The sec ond is nemep sin-2 (A01.068), which is rep re sented by 

C. ele gans ASP-4 and sev eral nem a tode APs (Table 3) cur rently 

reported in the lit er a ture includ ing cathep sin D-like APs. Sev eral 

other nem a tode APs are only grouped as unas signed pep ti dases 

(A01.UPA), includ ing C. ele gans ASP-2, -3, -5, and -6. How ever, 

some of these unas signed pep ti dases pres ent a uni fy ing, com mon 

fea ture, which is a cys teine-rich inser tion of 30–35 amino acids. 

Thus, there is clearly another well-char ac ter ized group, called 

pep sin o gen-like APs (or nemep sins), which includes C. ele gans 

ASP-2 (Ge ier et al., 1999; Tche rep a no va et al., 2000), Hae mon chus 

con tor tus HcPEP-1 (Long bot tom et al., 1997) and HcPEP-2 (Smith 

et al., 2003), N. amer ic anus Na-APR-2 or ne cep sin-I (Wil liam son 

et al., 2003c). Other unas signed pep ti dases have high sequence 

iden tity with each other, but lack the cys teine-rich inser tion, 

such as C. ele gans ASP-5 and 6, B. ma layi BmAsp-1 and BmAsp-3, 

and Stron gy loi des sterco ral is Strong y lo ides pep sin (Gal le go et al., 

1998).

The multiple sequence align ment of pre dicted Mi-asp1 and 

nem a tode cathep sin D-like APs dem on strate some spe cific 

aspects of this group (Fig. 6), includ ing a long pro-region, a puta-

tive N-gly co syl a tion site, puta tive cys teine bonds and a high 

degree of sequence iden tity and sim i lar ity to each other. Some 

Mi-asp1 ortho logs were stud ied in terms of func tional char ac-

ter iza tion and cel lu lar local i za tion (Table 3). Nem a tode cathep-

sin D-like APs lack the con served N-gly co syl a tion site, which is 

known to be impor tant in ver te brate cathep sin D tar get ing to the 

lyso some (Witt lin et al., 1999). Ini tially, they were believed to 

be non-lyso somal (Jolo dar and Miller, 1997; Jolo dar and Miller, 

1998); how ever, it was later found that they do local ize to lyso-

somes (Jolo dar et al., 2004).

Some stud ies have shown that nem a tode AP expres sion is 

devel op men tally reg u lated (Table 3), and prob a bly is the same 

in RKN. From the 28 ESTs encod ing APs found in the data banks 

(Table 2), 14 sequences encode cathep sin D-like APs and 14 

encode pep sin o gen-like APs. This first group has sequences dis-

trib uted in eggs (5 ESTs), L2 lar vae (6 ESTs) and adult females (3 

ESTs), sug gest ing gene expres sion dur ing all life stages. In fact, 

we ampli fied a Miasp1 frag ment using cDNA from eggs, L2 lar vae 

and females (Fig. 5), sug gest ing that all life phases of M. incog

nita may be sus cep ti ble to cathep sin D-like AP inhi bi tion. In con-

trast, the ESTs encod ing pep sin o gen-like APs were all found in L2 

lar vae in the infec tive phase. Despite the absence of expres sion 

anal y sis, these data remain sug ges tive. Some direct involve ment 

of pep sin o gen-like APs in RKN inva sion and migra tion could be 

expected, such as b-1,4-en do glu can ase, xy lan ase and pec tate 

lyase (Cail laud et al., 2008), yet indi rect roles could also be pos-

si ble. The L2 is also a non-feed ing stage (Wyss et al., 1992) that 

obtains energy through the con sump tion of its own lipid reserves 

(Re ver sat, 1981), prob a bly through the gly oxy late path way (McC-

ar ter et al., 2003).

Both cathep sin D-like and pep sin o gen-like APs from ani mal–

par a sitic nem a todes have been strongly cor re lated with diges-

tion of host hemo glo bin, skin and/or other tis sues (Brind ley et al., 

2001; Brink worth et al., 2001; Morales et al., 2004; Wil liam son et 

al., 2003a). How ever, nem a tode APs are also involved in sev eral 

other cel lu lar pro cesses, such as egg hatch ing and ecdy sis (Mas ler 

et al., 2001), oogen e sis (Jolo dar et al., 2004), embryo gen e sis (Jolo-

dar et al., 2004; Syn tichaki et al., 2002), fat body his tol y sis (Ra boss i 

et al., 2004), aging mech a nisms and necrotic cell death related to 

neu ro de gen er a tion (Samara and Ta vern ara kis, 2003).

The impor tance of APs in plant–nem a tode inter ac tions needs to 

be fur ther eval u ated. There fore, inhib i tory strat e gies tar get ing APs 

Table 3

Char ac ter iza tion of aspar tic pro tein ases belong ing to the sub fam ily nem a tode-spe cific cathep sin D-like pro teins (A01.068 or nemep sin-2, by MER OPS).

Nem a tode (life style) Sequence names Acces sion  

num bers

Iden tity/E-value Local i za tion Devel op men tal stage and/

or func tion

Ref er ences

Sub cel lu lar His to log i cal

Cae no rhab di tis brigg sae 

(free-living nem a tode)

Hypo thet i cal pro-

tein

CAE61399 64.073%, 1.2e-128 — — — Unpub lished

Ne ca tor amer ic anus  

(ani mal par a site)

NaAPR1 ne cep-

sin II

CAC00543 65.144%, 3.4e-128 — Intes tine, amph ids and 

excre tory/secre tory  

glands

L3 and adult Hemo glo bin, 

serum and skin pro teins 

diges tion

Wil liam son et al. 

(2002)

Cae no rhab di tis ele gans 

(free-living nem a tode)

asp4 R12H7.2 NP_510191 64.524%, 8.9e-128 Cyto plasm and 

lyso some

Intes tine, hypo der mis, 

muscle and neu rons

Late embryo gen e sis and 

early L1 Neu ro de gen e- 

r a tion

Syn tichaki et al. 

(2002)

Ancy los toma cey lan i cum 

(ani mal par a site)

AyAPR1 Ace yASP AAO22152 63.593%, 9.6e-127 — — — Unpub lished

Bru gia ma layi (ani mal 

par a site)

BmAsp2 BAC05689 62.061%, 6.6e-121 — — — Unpub lished

Ancy los toma cani num 

(ani mal par a site)

AcAPR1 Acasp1 AAB06575 59.859%, 4.9e-116 — Intes tine, amph ids and 

excre tory/secre tory glands

L3 and adult Hemo glo bin, 

serum and skin pro teins 

diges tion

Wil liam son et al. 

(2002)

Oncho cerca vol vu lus  

(ani mal par a site)

OvAPR AAD00524 59.950%, 1.2e-110 Lyso some Intes tine, hypo der mis, and 

repro duc tive organs

Mature oocytes, early  

mor u lae and adult. Diges-

tion, oogen e sis, embryo-

gen e sis and degen er a tion

Jolo dar et al.  

(2004)

Het ero der a gly cines 

(plant par a site)

Hgg33 AAL78216 71.282%, 3.4e-65 Lyso some Intes tine — Gao et al. (2001)

Iden ti ties and iden ti ties and E-val ues were mea sured by pair wise com par i sons of over lap ping-region between Mi-asp1 and each pro tein sequence.

http://www.merops.sanger.ac.uk/
http://www.merops.sanger.ac.uk/
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could be tested against all phases of RKN. Subsequent stud ies are 

still nec es sary to local ize the tis sue and sub cel lu lar expres sion of 

Miasp1, to define its sub strates, and to deter mine its role in plant 

par a sit ism or nem a tode phys i ol ogy.

Fig. 6. Multiple sequence align ment of pro-mature Mi-asp1 from Mel o i do gyne incog nita with other nem a tode cathep sin D-like aspar tic pro tein ases. Align ment was per-

formed using CLUS TAL_W and edited with BOX SHADE. The AP sequences used to align with Mi-asp1 are from Ancy los toma cey lan i cum (AAO22152), Ancy los toma cani num 

(AAB06575), Ne ca tor amer ic anus (CAC00543), Cae no rhab di tis brigg sae (CAE61399), Cae no rhab di tis ele gans (NP_510191), Bru gia ma layi (BAC05689) and Oncho cerca vol vu lus 

(AAD00524). Shad ing indi cates iden tity (black) or sim i lar ity (gray). The ver ti cal line sep a rates the pro-region from the mature pro tein ase. The con served N-gly co syl a tion site 

of cathep sin E is boxed, aspar tic acid res i dues of active site are marked (.), pre dicted disul fide bonds are num bered and sequence align ment gaps (–) are also shown. The 

num ber ing does not con sider the pre-region (sig nal pep tide).
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