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Summary

SSR markers have become the most popular resource for
studying population genetic variation in eukaryotes. How-
ever, few studies with SSR markers have been carried out
with phytoparasitic nematodes. In this study a primary
survey on EST-SSRs was made utilizing bioinformatics
methods to derive SSRs from expressed sequence tags
(ESTs) of 16 species of PPN, which belong to 7 genera and
5 families. The results showed that trinucleotide repeats
were the most abundant SSRs in coding ESTs, while tetra-
nucleotide SSRs were predominant in non-coding ESTs
and genome sequences. AG/CT, AAC/GTT and (AAAN),
motifs were predominant, and CG/GC, ACT/AGT motifs
were scanty in the ESTs of most genera and species. SSRs
were more abundant in non-coding ESTs than in coding
ESTs. The distribution frequencies of SSR motifs in cod-
ing ESTs, non-coding ESTs and genomes are different.
Our results will provide useful information for screening
SSRs from each genus and species for further genetic study
of phytoparastic nematodes.

Keywords: microsatellites; expressed sequence tags; plant-
parasitic nematodes

Introduction

Phytoparasitic nematodes (PPN) are an important group in
Nematoda. Among the 20,000 species of nematodes de-
scribed so far, about 3000 are parasites of plants (Castag-
none-Sereno, 2002). Many of them are important plant
pathogens such as root-knot, cyst, and lesion nematodes.
Infestations of these nematodes pose a significant agro-
nomic problem, causing yield losses in many important
agronomical plants. PPN may cause US $77 billion of
damage or more worldwide each year (Lambert & Bekal,
2002). Genetic studies can help to understand differences
in pathogenicity and the changes that may occur in nema-
tode populations within fields to overcome plant resis-
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tance.

Simple sequence repeats (SSRs, also called microsatellites)
are effective molecular markers for population genetic
study, and are distributed extensively in both coding and
non-coding sequences of eukaryotic genomes (Tautz &
Renz, 1984). Because SSRs are highly polymorphic, easy
to detect (by PCR), specific, and exhibit codominant
transmission (Powell et al., 1996), they are widely used in
studies of population genetics (Perera ef al., 2000; Viard et
al., 2001), molecular environmental genetics (Schwartz et
al., 2003; Williams et al., 2003), and molecular adaptation
(Saint-Laurent et al., 2003; Storz, 2002). But there have
been relatively few studies on SSRs in nematodes. The
most detailed information comes from studies in the free-
living nematode Caenorhabditis elegans (Haber et al.,
2005) and a few animal parasitic nematodes (Criscione et
al., 2007; Fisher &Viney, 1996; Grillo et al., 2006; John-
son et al., 2006; Otsen et al., 2000). Only a few PPN SSRs
have been developed (De Luca et al., 2002; He et al.,
2003; Plantard & Porte, 2003; Thiery & Mugniery, 2000;
Zhou et al., 2007).

The rapidly expanding databases of ESTs (expressed se-
quence tags) provide available data for developing SSRs.
Mining SSRs from ESTs through bioinformatic methods is
an effective and rapid approach, and could overcome the
costly, time-wasting, and complicated traditional ways of
developing SSRs. Moreover, EST-SSRs have been found
to be significantly more transferable across taxonomic
boundaries than traditional SSRs (Sim et al., 2009; Ellis &
Burke, 2007) and the levels of polymorphism of trans-
cribed EST-SSR regions appear to be similar to those of
genomic-SSR regions (Tehrani et al., 2009). As EST-SSRs
generally have fewer null alleles, greater cross-species
amplification, and less allelic variability than genomic
SSRs, EST-SSRs have been used widely in plant genetic
studies (Aggarwal et al., 2007; Park et al., 2005; Wang et
al., 2007) and population genetic studies (Ellis & Burke,



Table 1. Abundance of SSRs derived from ESTs and non-redundant ESTs of 16 PPN species

ESTs containing SSRs NR ESTs containing SSRs

. . No. %of No.of  counts/ . . Size No. %of  No.of counts/
Species Total ESTs  Size (Mbp) total SSRs Mbp  No. of Contigs No. of Singlets  No. of NR ESTs (Mbp) total SSRs Mbp
M. incognita 20,334 9.53 1,823 8.97 2,155 226.11 2,534 3,270 5,804 3.05 817 14.08 1,004  329.19
M. chitwoodi 12,218 5.15 1,588 13.00 2,016 391.36 1,321 2,338 3,659 1.77 611 16.70 864 488.15
M. javanica 7,587 2.94 959 1264 1,083  368.00 999 2,255 3,254 1.43 499 15.33 585 409.32
M. hapla 24,452 10.51 3,176 1299 3405  323.98 2,999 3,524 6,523 3.34 888 13.61 1,036 310.39
M .paranaensis 3,710 1.72 433 11.67 514 298.96 753 851 1,604 0.81 205 12.78 256 315.54
M. arenaria 5,057 2.34 537 10.62 639 272.95 697 1,867 2,564 1.28 319 12.44 395 308.96
G. pallida 9,020 5.06 1,448 16.05 2,264  447.67 1,192 3,850 5,042 3.37 999 19.81 1,731 514.36
G. rostochiensis 11,851 5.26 1,342 1132 1,574  299.30 2,047 2,246 4,293 2.25 629 14.65 780 346.71
H. glycines 24,444 11.98 2,670 1092 3,139  262.03 3,778 4,680 8,458 4.98 1,187 14.03 1,481 297.49
H. schachtii 2,818 1.34 270 9.58 315 234.62 459 783 1,242 0.65 155 12.48 183 283.09
P. penetrans 1,920 1.09 278 14.48 432 396.75 253 162 415 0.21 45 10.84 50 232.74
P. vulnus 5,812 3.10 585 10.07 677 218.55 373 1,319 1,692 0.94 317 18.74 383 407.59
R. similis 7,380 2.88 556 7.53 598 207.28 1,152 2,658 3,810 1.71 312 8.19 340 198.71
X. index 9,351 5.22 545 5.83 599 114.67 1,223 3,196 4,419 2.82 317 7.17 360 127.62
B. mucronatus 3,193 1.38 133 4.17 142 102.59 426 1,760 2,186 1.00 98 4.48 105 104.63
B. xylophilus 13,340 5.69 452 3.39 503 88.41 2,054 4,277 6,331 3.09 264 4.17 288 93.30
Total 162,487 75.20 16,795 10.34 20,055 266.68 22,260 39,036 61,296 32.69 7,662  12.50 9,841 301.01
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2007; Slate et al., 2007; Wang et al., 2006; Kim et al.,
2008). Furthermore, as EST-SSRs are derived from coding
sequences, they could be involved in regulating gene ex-
pression (Kunzler et al., 1995; Moxon &Wills, 1999), and
the varieties of repeat units might reflect gene expression
(Wells & Warren, 1998).

For the reasons discussed above, a preliminary survey of
EST-SSRs was made based on currently available PPN
EST data. Similarities and differences among EST-SSRs
are summarized. The data provide useful information for
screening SSRs in further study of PPN genetics.

Materials and methods

Sequence data sources

ESTs of all species studied were downloaded from GenBank
(ftp://ftp.ncbi.nih.gov/blast/db, data on October 16, 2009). As
shown in Table 1, a total of 162,487 ESTs were selected from
16 PPN species, belonging to 7 genera and 5 families. The
species are listed as follows: 6 species of Meloidogynidae
[Meloidogyne incognita (Kofoid & White); M. chitwoodi
Golden, O'Bannon, Santo & Finley; M. javanica (Treub); M.
hapla Chitwood; M. paranaensis Carneiro, Carneiro, Abran-
tes, Santos & Almeida; and M. arenaria (Neal)]; 4 species of
Heteroderidae [Heterodera glycines Ichinohe, H. schachtii
Schmidt, Globodera pallida (Stone), and G. rostochiensis
(Wollenweber)]; 3 species of Pratylenchidae [Radopholus
similes (Cobb), Pratylenchus penetrans (Cobb), and P. vulnus
Allen & Jensen]; 1 species of Longidoridae [Xiphinema index
Thorne & Allen]; 2 species of Aphelenchoididae [Bursaphe-
lenchus xylophilus (Steiner & Buhrer) and B. mucronatus
Mamiya & Enda]. In addition, the genome sequences of
Meloidogyne inkognita (Abad et al., 2008) (version WS205,
~82.1 Mb) and M. hapla (Opperman et al., 2008) (version
WS205, ~53.0 Mb) were also downloaded from wormbase
(ftp://ftp.wormbase.org/pub/ wormbase/) for a comparison.

Purifying EST data

The stand-alone TRIMEST program of EMBOSS package
(Rice et al., 2000) was used for removing the poly A/T ends
of the EST sequences. The program was run using the
following settings: (i) minimum length of a poly-A tail
(integer) = 4; (ii) number of contiguous mismatches allowed
in a tail (integer) = 1; (iii) write the reverse complement
when poly-T is removed (yes); and (iv) remove poly-T tails
at the 5' end of the sequence (yes). Vector DNA was
screened by CrossMatch (Phil Green, unpublished) using
default parameters. Vector sequences for comparisons were
obtained from GenBank (ftp://ftp.ncbi.nih.gov/blast/db/
FASTA/vector.gz).

EST assembly

The purified ESTs of each species were assembled by
running DNA sequence assembly program CAP3 (Huang
& Madan, 1999) using default parameters. Redundant
ESTs were assembled into ‘contigs’, and unique ESTs
were recognized as ‘singletons’. Thus, non-redundant EST
(NR ESTs) datasets were built.

Classification of coding ESTs and non-coding ESTs

All the NR ESTs were classified into ‘coding’ and ‘non-
coding’ groups by the following steps: (i) Translated into
amino acids in all six open reading frames (ORFs) by
using the GETORF program of EMBOSS package (Rice et
al., 2000) (minimum size 150 nt); (ii) ESTs generating an
ORF of no less than 50 amino acids were recognized as
‘coding’ ESTs; and the remaining ESTs were classified to
be ‘non-coding’ ESTs.

SSR mining

The identification and localization of SSRs were achieved
using SciRoKo (Kofler et al., 2007), searching for the
SSRs containing motifs from 2 to 6 bp (di-, tri-, tetra-,
penta-and hexanucleotide), no less than 5, 4, 3, 3, and 3
repeat times, respectively. SSRs in the pre-assembled
ESTs, non-redundant ESTs, coding ESTs, non-coding
ESTs and genome sequences were derived respectively.

Results

Frequency of SSRs in ESTs of PPN

A total of 162,487 ESTs (total length 75.20 Mbp) of 16
PPN species were selected for SSR mining in this study.
After removing low-quality sequences (poly A/T ends,
vector sequences), SSRs were mined from these pre-as-
sembled ESTs. As shown in Table 1, 20,055 SSR loci were
recognized from 16,795 ESTs (10.34 % of the ESTs), with
an average of 266.68 SSR loci per Mbp. By running the
CAP3 program, 61,296 non-redundant ESTs (including
22,260 contigs and 39,036 singlets, total length 32.69
Mbp) were assembled. A total of 9,841 SSR loci were
mined from 7,662 NR ESTs (12.50 % of total NR ESTs).
An average of 301.01 SSR loci was derived per Mbp.
Although a bias could be induced by the numbers of ESTs
in each species, no clear relationship was observed be-
tween the richness of SSRs and the number of ESTs from
Table 1. Distribution frequencies of EST-SSRs were obvi-
ously different among PPN genera and species. Among
them, G. pallida had the most abundant EST-SSRs
(514.36/Mbp), and B. xylophilus had the fewest
(93.30/Mbp) (Table 1). As shown in Table 2, Globodera
had the highest density (447.2/Mbp), followed in order by
Pratylenchus (375.1/Mbp), Meloidogyne (354.6/Mbp),
Heterodera (296.1/Mbp), Radopholus (198.7/Mbp), and
Xiphinema (127.7/Mbp). Bursaphelenchus had the lowest
density (96.1/Mbp). Within a genus, the distribution fre-
quencies of EST-SSRs were also obviously distinct among
species (Table 1). In the genus Meloidogyne, M. chitwoodi
had an extra high density (488.15/Mbp), much higher than
the other species (308.96-409.32/Mbp). Similarly, the
frequencies of EST-SSRs were also quite different between
G. pallida and G. rostochiensis (514.36/Mbp vs.
346.71/Mbp), and between P. penetrans and P. vulnus
(232.74/Mbp vs. 407.59/Mbp). The differences among
species of Heterodera and Bursaphelenchus, however,
were not so evident.
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Table 4. Frequency of tetranucleotide and pentanucleotide repeats in 7 PPN genera*

Motif  Globodera Bursaphelenchus Meloidogyne

Heterodera

Pratylenchus  Xiphinema Radopholus

Tetra- AAAT(22.62) AAAT(9.05)

AAAC(13.71)  AAAG(1.96)

AAAG(13.53) AAAC(1.47)

AGGG(9.97) AACC(0.73)  AAAG(4.2)

AATG(9.44)  AATC(0.73)

AAAT(64.92) AATT(17.25) ATCC(30.32) AAAG(2.48) AATG(11.69)

AATT(26.81) AAAT(14.22) AAAT(19.92) AATG(2.48) AAAT(11.1)

AAAC(7.02) AATG(11.38) AATG(12.13) AAAC(2.13) AAAC(10.52)

AAAC(5.87) AAGG(11.21) AACC(2.13) AATC(7.60)

AATG(2.4) AAAG(5.69) AAAC(11.26) ACCC(1.77) ATCC(4.68)

Penta- AAAAG(4.63) CCCGG(1.22)

AAAAC(>4.27) AATAT(0.73)

AGGGG(4.1) AAATT(0.49)

AAAAT(4.11) AAAAT(1.42) ACCCC(1.73) AAAAT(1.42) AAAAT(1.17)

AAATT(2.14) AAAAC(1.24) AAAAG(1.73) AATTC(1.06) AAAAG(0.58)

AAAAC(0.94) AAATT(0.71) AAATT(1.73) AGAGG(0.71) AAATT(0.58)

AAAAT(2.67) AAACC(0.49) AAAAG(0.77) AAATC(0.53) AATAC(1.73) AAGTG(0.71) AAAGG(0.58)

*Number in parentheses show frequency of SSRs (counts/Mbp); Only predominant motifs are listed.

Types of EST-SSRs in PPN

Distribution frequencies of different repeat types of SSRs
in PPN genera are shown in Table 2. Trinucleotide repeats
were the most abundant (48.8 % of total), followed by
tetranucleotide repeats (30.1 %) and dinucleotide repeats
(14.8 %). Pentanucleotide and hexanucleotide repeats were
less abundant (4.4 % and 1.8 % respectively). The relation-
ship between the number and the repeat times is shown in
Figure 1. It was obvious that the numbers of SSRs de-
creased with increasing repeat times in all types, except for
dinucleotide SSRs of nine repeat times. This indicated that
SSRs with the fewer repeat times were more abundant.
Distribution frequencies of different SSR motifs in PPN

are shown in Table 3 and Table 4. Among dinucleotide
repeats, AG/CT were prevailing motifs in most genera,
except that AC/GT motifs were abundant in Radopholus,
Pratylenchus and Xiphinema. However, CG/GC motifs are
few in all genera.

For trinucleotide repeats, the most predominant SSRs in
each genus were different, e.g., AAC/GTT motifs in Me-
loidogyne and Globodera, AGG/CCT in Heterodera and
Pratylenchus, AGC/GCT in Radopholus and Heterodera,
ACC/GGT in Xiphinema, and AAG/CTT in Bursaphelen-
chus. The AAC/GTT motifs were the most widely abun-
dant in all genera, and ACT/AGT motifs were scanty in
most genera.

10000
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1000 Q —+— Hexa-
- |
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7 \, L . £
2 & E‘*\ﬁ“ :
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Repeat times

Fig.1 Distribution of different repeat units of SSRs in ESTs of 7 PPN genera
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Table 5. Frequency of dinucleotide and trinucleotide SSR motifs per Mbp ESTs of 16 PPN species

Species AAC/ AAG/ AAT/ ACC/ ACT/ AGG/ AGT/ CCG/
AC/GT AG/CT AT/AT CG/GC GTT CTT ATT GGT ACG/CGT AGT AGC/GCT CCT ACT CGG
M. incognita 16.72 18.36 4.26 3.28 102.30 29.18 21.64 10.82 0.98 0.66 4.92 11.15 7.54 1.31
M. chitwoodi 0.00 8.47 14.12 0.00 49.15 48.02 117.52 15.82 0.00 7.91 2.26 7.34 22.60 0.00
M. javanica 10.50 97.26 9.10 0.00 93.06 18.19 25.89 9.10 0.00 3.50 2.80 10.50 15.39 0.00
M. hapla 1.80 20.37 8.69 0.00 46.44 25.77 37.45 11.09 0.00 2.40 2.40 4.19 8.09 0.60
M. 6.16 9.86 3.70 0.00 85.05 28.35 27.12 13.56 0.00 2.47 11.09 14.79 11.09 0.00
paranaensis
M. arenaria 4.69 9.39 5.48 0.00 91.52 18.77 28.16 13.30 0.00 0.00 0.00 14.86 12.51 0.00
G. pallida 27.93 83.79 34.17 11.89 30.01 14.56 12.48 15.15 9.21 0.00 23.18 21.69 12.18 13.97
G. 7.56 17.78 3.11 0.00 39.12 9.33 8.89 10.67 16.00 1.78 33.34 29.78 11.11 22.67
rostochiensis
H. glycines 4.42 30.13 2.01 1.21 26.92 14.86 9.64 11.85 12.86 0.00 32.14 34.55 11.65 9.84
H. schachtii 0.00 21.66 0.00 0.00 27.85 21.66 13.92 9.28 4.64 0.00 35.58 24.75 3.09 6.19
P. penetrans 0.00 23.27 0.00 0.00 37.24 18.62 4.76 0.00 0.00 0.00 27.93 37.24 18.62 0.00
P. vulnus 20.22 12.77 4.26 0.00 28.73 25.54 11.71 20.22 4.26 0.00 21.28 65.98 25.54 11.71
R. similis 9.35 16.36 0.00 0.00 15.20 11.10 12.86 4.68 4.09 0.00 19.29 13.44 9.35 4.09
X index 3.90 2.84 2.84 0.71 5.32 7.44 5.67 14.53 4.25 0.19 9.22 4.61 7.80 4.25
B. mucronatus 2.99 3.99 1.99 0.00 9.96 21.92 0.00 9.96 0.00 0.00 5.98 4.98 6.98 1.99
B. xylophilus 3.24 10.04 4.21 0.00 9.39 19.76 0.97 7.13 0.00 0.97 2.27 3.24 5.18 3.24

Table 6. Total number and frequency of SSR motifs derived from non-redundant ESTs, predicted coding and non-coding ESTgroups, and genome sequences of two plant parasitic nematodes*

Coding ) M. incognita M. hapla
Type Non-coding ESTs . . . .
ESTs Coding ESTs Non-coding ESTs Genome Coding ESTs Non-coding ESTs Genome
1,349 1.784
Di- (42.18) 112 (157.66) [25.2] 98 (32.95)[10.5] 32 (424.17)[43.8] 3,099 (37.75) [11.4] 77 (23.92) [8.2] 27 (228.22) [29.0] (33 m&? 2]
[14.4] . .
4,706 5861
Tri- (147.14) 101 (142.18) [22.7] 557 (187.26) [59.8] 24 (318.13)[32.9] 8,294 (101.03) [30.4] 445 (138.22) [47.2] 17 (143.70) [18.3] (110 wm#mw 7]
[50.1] ’ ’
2,748 14,956
Tetra- (85.92) 211(297.02) [47.4]  239(80.35)[25.7] 16(212.09)[21.9] 12,330(150.19)[45.2] 378 (117.41) [40.1] 43 (363.47) [46.2] (282.1)[60.5]
[29.2] ’ ’
415 (12.98) 1,780
Penta- [4.4] 19 (26.75) [4.3] 27 (9.08) [2.9] 1(13.26) [1.4] 1,845 (22.47) [6.8] 35(10.87) [3.7] 5(42.26) [5.4] (33.57)[7.2]
Hexa- :Mm_ao.umd 2(2.82)[0.4] 10 (3.36) [1.1] 0(0.00) [0.0] 1,726 (21.02) [6.3] 8(2.48) [0.8] 1(8.45)[1.1] 358 (6.75)[1.4]
Total Amoo,woqmov 445 (626.42) 931 (313.00) 73 (967.64) 27,294 (332.48) 943 (292.91) 93 (786.10) 24,739 (466.63)

*Number in parentheses show frequency of SSRs (counts/Mbp). Numbers in square brackets show the percentage of a particular motif in all SSRs of each group.
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As shown in Table 4, AAAT/ATTT was the predominant
of tetranucleotide SSR, and AAAAT/ATTTT, AAAAG/
CTTTT motifs were most abundant among the few penta-
nucleotide SSRs.

Frequencies of dinucleotide and trinucleotide SSR motifs in
each species are listed in Table 5. The distribution of dinuc-
leotide repeat types was basically consistent among species.
AG/CT motifs were predominant and CG/GC motifs were
scarce in all species except for G. pallida (11.89/Mbp). The
distribution tendency of trinucleotide repeats in the species
within a genus was basically consistent. AAC/GTT motifs
were more abundant than other SSR motifs in species of
Meloidogyne, except that AAT/ATT motifs were more
predominant in M. chitwoodi (117.52/Mbp). ACG/CGT and
CCG/CGG motifs were scanty in most species of Meloido-
gyne. In Globodera, AAC/GTT were the most abundant
motifs, and ACT/AGT motifs were rare. CCG/CGG motifs,
however, were abundant in Globodera. AGC/GCT and
AGG/CCT motifs were predominant in Heterodera. AGG/
CCT and AAC/GTT were predominant motifs in the two
species of Pratylenchus. In R. similis, AGC/GCT motifs
were abundant. While no ACT/AGT motifs were found in
the above three genera. ACC/GGT motifs were predominant
motif in X. index. The distribution tendency of SSR motifs
was very similar in the two species of Bursaphelenchus,
with AAG/CTT motifs predominant and ACG/CGT absent.

SSRs distributed in coding and non-coding ESTs

By the use of the GETORF program in the EMBOSS
package, NR ESTs were classified into ‘coding’ and ‘non-
coding’ ESTs according to the minimum length of 50 amino
acids of the translated sequences encoded in all 6 ORFs. A
total of 56,468 coding ESTs (92.12 % of total) and 4,828
non-coding ESTs (7.88 % of total) were identified.

A total of 9,369 SSRs in coding ESTs and 445 SSRs in non-
coding ESTs were derived. The abundance of SSRs in non-
coding ESTs was much higher than that in coding ESTs
(626.42/Mbp vs. 293.79/Mbp). Trinucleotide motifs were
predominant in coding ESTs (50.1 % of total), while
tetranucleotide motifs were more abundant than trinucleo-
tide in non-coding ESTs (47.4% vs. 22.7 %). Dinucleotide
motifs were abundant in non-coding ESTs (Table 6). Of
these, AG/CT, AAAT/ATTT and AATT/AATT motifs were
greatly increased. The frequency of trinucleotide motifs
changed little in non-coding ESTs. The frequencies of SSRs
in coding ESTs were similar to those in NR ESTs (Table 7).

A comparison of EST-SSRs and genomic SSRs

Of the PPN species used in this study, whole genome data
for M. incognita and M. hapla are available now. We made
a survey of SSRs in the two nematodes genomes and com-
pared them with the SSRs detected in ESTs. A total of
27,294 SSRs were detected in the M. incognita genome
(1/3.01kb) and 24,739 SSRs were detected in the M. hapla
genome (1/2.14kb). The SSR types are listed in Table 6.
Unlike the SSRs in NR ESTs, tetranucleotide SSRs were
more extensively distributed in both the PPN genomes
(45.2 % in M. incognita and 60.5 % in M. hapla). There

were followed by tri-, bi- and pentanucleotide SSRs in that
order. The distribution frequency of motifs is shown in
Table 7. In both genomes, AT-rich SSRs (AT/AT,
AAT/ATT, AAAT/ATTT and AATT/AATT) prevailed,
while CG-rich SSRs (CG/GC, ACG/CGT and CCG/CGQG)
were rare. AG/CT and AAC/GTT were also abundant
SSRs in the two genomes.

Comparing the distribution of SSRs in genomes with those
in NR ESTs of the two species, it was shown that there are
many differences between them (Table 6 and 7). This is
because the EST data are from only small parts of the geno-
mes, and many SSRs exist in the non-coding sequences.

Discussion

Similarity and diversity among the EST-SSRs in PPN
Based on our data, many and varied EST-SSRs occur in
PPN. Although a bias maybe exist owing to differences in
numbers of ESTs among species and genera, we still can
discern some generalities. The similarities and differences
in type and distribution frequencies of EST-SSRs motifs
among PPN genera and species were correlated with the
known relationships among the taxa. For closely related
taxa, more similarities occurred and fewer differences. For
example, differences among genera were more evident
than differences among species within a genus. The genera
Heterodera and Globodera are both cyst nematodes and
fewer differences between them were found. For sister
species B. mucronatus and B. xylophilus, the frequencies
and types of EST-SSRs were very similar, despite the fact
that B. xylophilus had more ESTs (Table 1).

Hancock (1996) reported that the entire genome would
accept simple sequences repeats in a concerted manner
when the genome size increased. In our study, this was not
exactly the case. The M. incognita genome (~82.1Mb) is
larger than the M. hapla genome (~53.0Mb) and there were
more SSRs in the former than in the latter (27, 294 vs.
24,739). However, the frequency of SSRs in the former
was obviously lower than in the latter (332.48 wvs
466.63/Mbp) (Table 6). Table 8 lists the published genome
sizes of PPN and the abundance of EST-SSR. Based on the
present data it is difficult to verify whether the diversity of
EST-SSRs in PPN was related to genome size or to charac-
teristics related to parasitism of the PPN species. This
could be clarified in future studies that included more
genomic sequences of PPN.

Comparison of SSRs distributed in different data sets

ESTs are mainly composed of coding sequences, while the
largest part of genome is composed of non-coding regions.
Because the selection pressures acting on coding and non-
coding sequences are different, it has been suggested that
the diversity of SSRs in ESTs might be different from that
in other genome regions (Chakraborty et al., 1997; Han-
cock, 1995). Our results supported this suggestion. We
compared SSRs derived from coding ESTs, non-coding
ESTs and whole genomes. The distribution frequencies of
SSR motifs are very different. Non-coding ESTs (UTRs,
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mainly) are much richer in SSR loci than are coding ESTs
and genomes (Table 6). Tetranucleotide SSRs were the
most abundant type in non-coding ESTs and genomes,
while trinucleotide SSRs were most frequently located in
coding ESTs (Table 7). The results are consistent with SSR
distribution in coding and non-coding sequences of C.
elegans and other animals (Toth et al., 2000).

Comparison of EST-SSRs in PPN with C. elegans and
other eukaryotes

Our results showed that the average abundance of SSRs in
NR ESTs of PPN (1/3.32kb) was much less than that of the
coding sequences of C. elegans (1/1.38kb) (Li et al,
2004). But if the mononucleotide repeats are included
(=10bp), the average abundance of SSRs in NR ESTs of
PPN could be 1/1.35 kb (data not shown), a figure more
similar to that of the coding sequences of C. elegans.

In PPN, as in other studies, AG/CT motifs were the most
predominant dinucleotide types and GC/CG repeats were
extremely rare. As reported, AG/CT motifs were abundant
in C. elegans (Li et al., 2004) and in the exons of mamma-
lia and embryophyta (Hancock, 1995), whereas, GC/CG
repeats were rare in many animal genomes (Katti et al.,
2001). AAC/GTT were the most abundant motifs in PPN,
the same as reported in the studies of other eukaryotic
genome sequences (Toth e al., 2000; Katti et al., 2001).
Interestingly, ACT/AGT motifs were rare in most PPN
genera. This may be attributed to the presence of a stop
codon (UGA) in transcription (Toth et al., 2000). For tet-
ranucleotide SSRs, AAAT/ATTT motifs were the prevail-
ing tetranucleotide repeats in coding ESTs, non-coding
ESTs and genomes (Table 7). Even though we could not
absolutely exclude a false reading of poly-A tails by ma-
chine, we accepted it as a fact, because the same finding
was reported in other studies, viz. that (AAAN), SSRs
prevailed in exons of C. elegans, human, fungi, and em-
bryophyta (Toth et al., 2000; Katti et al., 2001; Subra-
manian ef al., 2003).

Future study of EST-SSRs in PPN

Although EST-SSR diversity does not fully represent the
SSR diversity of the whole genome, it has been verified
that SSR markers from either coding or non-coding se-
quence could produce very similar estimates of population
differentiation (Woodhead ef al., 2005). In addition, EST-
SSRs could be more conserved among species in the same
lineage, allowing cross-species transferability and a lower
frequency of null alleles; and they could more likely ap-
pear as a single copy in the genome, alleviating the multi-
ple-band problem (Liewlaksaneeyanawin et al., 2004).
Thus, EST-SSRs markers could be applied widely in the
study of PPN population genetics. Although we have not
provided the information about regions flanking the
microsatellites, the information about SSR motif types and
density in each genus and species can be used for SSRs
screening and further study. With more EST and genome
data, more information about PPN SSRs will be available,
including types and frequency, mechanisms for developing

SSRs, roles in regulating gene expressions and evolution,
etc. We hope in future studies, people can identify SSRs
related to genes involved in parasitism and pathogenicity
of phytoparasitic nematodes.
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