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Plant—parasitic nematodes of the genus Meloidogyne are known to reproduce either by cross-
fertilization (amphimixis), facultative meiotic parthenogenesis or obligatory mitotic partheno-
genesis. Among them, M. incognita, M. arenaria and M. javanica are obligatory mitotic partheno-
genetic species, while M. hapla can reproduce by both cross-fertilization and meiotic partheno-
genesis. Phylogenetic relationships in this genus have been investigated by hybridization of
BamHI-digested genomic DNAs of 18 geographical isolates belonging to six species with three
homologous repeated DNA probes cloned at random from a genomic library of one population of
M. incognita. Due to the repetitive nature of the probes, the autoradiograms exhibited extensive
restriction fragment length polymorphisms (RFLPs) both between and within nematode species.
Genetic distance values estimated from hybridization patterns were analysed by two phylogenetic
tree-building distance methods, respectively based on constant (UPGMA) and varying (FITcH) rates of
nucleotide substitution, and the resulting dendrograms showed a very similar clustering of species
and populations. Comparison of these results with the other sources of phylogenetic data available
for this genus, i.e. cytogenetic, isoenzymatic and mitochondrial DNA (mtDNA) data, revealed
consistency with all but the mtDNA phylogeny. Due to the maternal inheritance of mtDNA, and the
parthenogenetic reproductive mode of these organisms, which excludes any possibility of
horizontal transfer, we conclude that nuclear DNA phylogeny should represent a more likely
evolutionary history of this particular genus, and that interspecific hybridizations between sexual
ancestors may account for the results with mtDNA. Thus the early split off of the mitotically
parthenogenetic species cluster and M. hap/a confirms the amphimictic ancestral mode of
reproduction of root-knot nematodes. Moreover, the existence of polymorphism within each
species at the repeated DNA level is discussed in relation to the adaptative evolution of these
parthenogenetic species.
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Introduction

Nematodes belonging to the genus Meloidogyne,
commonly known as root-knot nematodes, constitute
the most widely distributed group of plant—parasitic
nematodes and a serious damaging pest in many
economically important crops, affecting both yield and
quality of harvests (Sasser, 1979). Among the 55
described species, four are responsible for at least 90
per cent of the estimated crop losses caused by root-
knot nematodes. They are M. incognita, M. javanica
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and M. arenaria from temperate to tropical regions,
and M. hap/a, largely encountered in cooler climates
(Lamberti, 1979).

Early attempts to estimate phylogenetic relation-
ships of root-knot nematodes were based on data from
cytogenetical and biochemical studies. The fact that
most species of the genus are known to reproduce by
facultative meiotic or obligatory mitotic parthenogene-
sis (Triantaphyllou, 1971), along with a chromosome
number varying from 13 to 56, makes the identification
of evolutionary steps more difficult than for sexually
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reproducing (amphimictic) organisms. Nevertheless, it
was deduced from cytogenetics that the parthenogene-
tic species evolved from an amphimictic ancestor, and
that several degrees of polyploidy and aneuploidy
usually accompanied the modifications observed in the
mode of reproduction (Triantaphyllou, 1979; 1985).
Electrophoretic analysis of several enzymes led to the
same conclusion, with a strong divergence observed
between parthenogenetic and amphimictic forms
(Dickson et al., 1971; Dalmasso & Bergé, 1978;
Esbenshade & Triantaphyllou, 1987).

More recently, investigations conducted on mito-
chondrial DNA (mtDNA) divergence between
Meloidogyne species (Powers & Sandall, 1988) showed
a striking discordance with previously published
works: on one hand, intraspecific populations were not
always clustered together, some populations of the
same species being more distantly related to one
another than to populations of other species; on the
other hand, relations between clusters (i.e. split off
order, closeness) showed no consistency with those
commonly accepted by nematologists. These quite
surprising results need to be compared with other data,
in particular at the nuclear DNA level, to elucidate the
molecular evolutionary history of this genus.

To provide such information, and because variation
in repeated sequences frequently occurs in sibling
species (Dowsett & Young, 1982; Singer, 1982), we
cloned at random three homologous repetitive DNA
sequences and used them as probes. Phylogenetic
relationships in the genus Meloidogyne have been estab-
lished on the basis of RFLPs deduced from the hybridi-
zation patterns of genomic DNAs of 18 populations
mainly belonging to the four most damaging species.
Moreover, these results were compared with those pre-
viously obtained by other means, especially from
mtDNA data, in order to provide a more accurate esti-
mation of the phylogeny of root-knot nematodes.

Materials and methods

Nematode populations

The names and geographical origins of samples are
reported in Table 1. They are derived from the INRA
Antibes collection and were identified, at the species
level, according to their isoesterase electrophoretic
pattern (Dalmasso & Bergé, 1978), except for 'Pikine'
and 'Concarneau', which are not yet described and are
presumed to be two new species. This biochemical
characterization, routinely used for specific identification
purposes in nematology laboratories, was performed
on individual females to ensure that no mixture had
occurred during nematode multiplication. Except for

the M. hap/a populations 'La Mole' and Frontignan',
which reproduce by both facultative amphimixis and
meiotic parthenogenesis, and perhaps for the unde-
scribed population 'Concarneau' (for which this infor-
mation is not yet available), all the nematode isolates
used in this study belong to mitotic parthenogenetic
species.

DNA isolation

Juveniles of each population were frozen in liquid
nitrogen, ground by mortar and pestle and total
genomic DNA was extracted from the resulting
powder according to a phenol/chloroform procedure
(Maniatis ci' al., 1982). Following ethanol precipita-
tion, DNA was resuspended in 0.01 M Tris pH 8 and
0.00 1 M EDTA and stored at — 20°C.

Electrophoresis, Southern blot, labelling and
hybridization procedures

Nematode, bacteriophage and plasmid DNAs were
digested using restriction endonucleases purchased
from Boehringer Mannheim and used as recom-
mended by the manufacturer. Electrophoresis of
digested DNA samples and processing for transfer to
nylon membranes were done following standard proce-
dures (Smith & Summers, 1980). DNAs were radio-
actively labelled with 32P by nick-translation (Rigby ci'
al., 1977) or by the random oligonucleotide primer
method (Feinberg & Vogeistein, 1983). All hybridiza-
tions were conducted overnight at high stringency
(6 x SSC, 5 x Denhart's, 0.5 per cent SDS at 65°C for
16 h). After hybridization, filters were washed at 65°C
for 2 h in 2 x SSC, 0.1 per cent SDS and then a further
2 h in 1 x SSC, 0.1 per cent SDS. After post-hybridiza-
tion washes filters were exposed to X-ray film with
intensifying screen at —80°C.

Isolation of repetitive sequences from M. incognita

A A EMBL3 phage library of the 'Côte d'Ivoire' popu-
lation of M. incognita was prepared as described pre-
viously (Castagnone-Sereno et al., 1991) and screened
with 32P-labelled total DNA of the same isolate by in-
situ hybridization (Benton & Davis, 1977). After auto-
radiography, 40 positive clones were selected at
random among those that yielded a strong signal,
indicating that they should contain a repeated DNA
sequence. To identify potential probes, each bacterio-
phage DNA was digested to completion with several
restriction enzymes, fractionated by 1 per cent agarose
gel electrophoresis and transferred onto a nylon filter.
After hybridization of the filters with labelled total
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DNA of the 'Côte d'Ivoire' population, three fragments
were selected, the intensity of their hybridization signal
indicating that they consisted of mid-repetitive DNA.
They were as follows: a 1.7 kb EcoRl/BamHl fragment
(clone 4.3), a 0.9 kb EcoRI/BamHI fragment (clone
13.15) and a 0.8 kb EcoRI/HindIII fragment (clone
18.10). These fragments were recovered from the gel
by electrophoresis through a piece of DEAE paper
according to Dretzen eta!. (1981).

Subcloning of M. incognita repetitive sequences in
pUC18

The DNAs of the clones 4.3, 13.15 and 18.10 were
digested, respectively, with EcoRT/BamHI, EcoRI/
BamHI and EcoRl/HindJII, ligated to pUC 18 cleaved
with the same set of enzymes and transformed into
Escherichia co/i strain NM522. Transformants con-
taining plasmids with inserts were selected by plating
on ampicillin-containing plates (100 ug m1') in the
presence of Xgal(24 mg ml') and IPTG(25 mg m1')
and selection of white colonies. The inserts of recombi-
nant pUG 18 were identified by sizing fragments
released upon digestion with the appropriate restric-
tion enzymes.

Analysis of RFLPs data

The three cloned repetitive sequences were used to
probe the digested genomic DNAs of the nematode
populations to be tested, in order to assess their
relatedness. Autoradiograms were examined for varia-
tion in RFLP patterns, only the bands with enough
intensity being taken into account for analysis. Similar-
ity coefficients for all pairwise combinations of RFLP
groups were calculated using the formula

F=2 N/(N+N),

where N = number of bands in genotype x, N =
number of bands in genotype y and = number of
bands shared by genotypes x andy (Nei & Li, 1979).

F ranged from 0 (no shared bands) to 1 (all bands
common to both genotypes). The genetic distance was
deduced from F values according to the formula

d = 1—F.

Dendrograms were generated from the genetic
distance data according to two algorithms: the
unweighted pair grouping using the arithmetic-averag-
ing (UPGMA) method (Sokal & Sneath, 1963) per-
formed with SAS software, and the FITCH program in
PHYLIP package version 3.2 (Felsenstein, 1988), based

on the least square method of Fitch & Margoliash
(1967). The FITCH program from PHYLIP estimates
phylogenies from distance-matrix data under the 'addi-
tive tree' model according to which the distances are
expected to equal the sums of branch lengths between
the species. In contrast to UPGMA, it does not assume a
constant evolutionary clock. Because no assumption is
made on the more ancestral taxon, the tree obtained is
unrooted.

Results

Identification of genomic DNA RFLPs

Several restriction enzymes that recognize hexa-
nucleotide sequences were used, alone or in combina-
tion, to digest the nematode DNAs. All of the enzymes
tested produced complete digests and generated a
broad size range of DNA fragments after electrophore-
sis. After transfer of these fragments to nylon mem-
branes and hybridization with the repetitive probes 4.3,
13.15 and 18.10, it appeared that the RFLP patterns
produced with each enzyme varied in both the number
of well-resolved bands useful for further analysis and
the resolution of the genomic fragments interacting
with the probes (data not shown). As the best and most
reproducible results were obtained with BamHI, this
particular endonuclease was selected for the whole
experiment.

Because of the high copy number of each cloned
sequence in the genome of Meloidogyne spp., and
except for the M. hapla populations, which exhibited
poor signals on the autoradiograms (one or two bands
with low intensity), hybridization with the BamHI-
digested nematode genomic DNAs was good, with the
number of well-resolved bands ranging from 6 to 22
(Table 2). No obvious correlation was detected

(1) between chromosome number and the number of
hybridizing bands for each of the nematodes tested. On
the autoradiograms, the hybridizing area of interest
spread from less than 0.5 kb to about 9 kb, but a strong
signal was always observed from unresolved high
molecular weight fragments located at the top of the
blots. Patterns obtained with each probe showed differ-
ences both between species and between populations.
Two or more populations were assayed for M.

(2) incognita, M. javanica and M. arenaria, and in each
case, a set of species-specific bands was observed,
while some others displayed extensive differences
between geographical isolates of the same species. The
hybridization pattern shown in Fig. 1, obtained with
probe 13.15, is a typical example of polymorphisms
observed between the isolates examined in this study.
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Table 1 Meloidogyne populations used in this study

Population
code Species

Chromosome
number*

Mode of
reproductiont Name (origin)

Mal M. arenaria 2n = 50—54 MtP Espiguette (France)
Ma2 M. arenaria 2n = 54—56 MtP Monteux (France)
Ma3 M. arenaria 2n = 50—54 MtP Am Taoujdate (Morocco)
Mi4 M. incognita 2n =40—43 MtP Côte d'Ivoire (Ivory Coast)
Mi5 M. incognita ? MtP Taiwan (TaIwan)
Mi6 M. incognita 2n = 40—43 MtP Calissane (France)
Mi7 M. incognita 2n =40 MtP INC race 1 (USA)
Mi8 M. incognita 2n =40 MtP INC race 2 (USA)
Mi9 M. incognita 2n =41—43 MtP Valbonne (France)
MilO M incognita 2n =42—43 MtP Guadeloupe (French West Indies)
Mjl 1 M. javanica 2n =46—47 MtP La Reunion (La Reunion Island)
Mj12 M.javanica 2n=46—47 MtP Oualidia(Morocco)
Mhal3 M. hapla n = 16—17 A/MP La Mole (France)
Mhal4 M. hapla 2n =45 MtP Angleterre (England)
Mhal 5 M. hapla n = 16—17 A/MP Frontignan (France)
Mhil6 M. hispanica 2n = 36 MtP Seville (Spain)
Mspl7 Meloidogyne sp. 17 n = 18 ? Concarneau (France)
Msp 18 Meloidogyne sp. 18 2n = 34 MtP Pikine (Senegal)

*2n indicates somatic chromosome number; n indicates haploid chromosome number.
tMtP= mitotic parthenogenesis; MP= meiotic parthenogenesis; A= amphimixis.

Similarity coefficients and cluster analysis

Similarity coefficients and genetic distances were calcu-
lated for each probe and for each pair of populations,
the distance dataset being analysed with UPGMA and
FITCH programs. All the possible combinations between
probes and phyletic methods were assayed, and the
six resulting trees displayed the same topology (data
not shown). For this reason, two synthetic phylogenetic
trees were constructed on the basis of the whole
genetic distance between populations, which was
weighted by the number of bands of each hybridization
pattern according to the following formula:

d'=(n1d1 +n2d2+ n3d3)/(n1 +n2+n3), (3)

where n number of hybridizing bands generated by
probe i, and d1 =distance calculated for probe i.

Two synthetic dendrograms were constructed with
UPGMA and FITCH programs from the resulting distance
matrix (Table 3), which once again shared the same
clustering of species and populations, except for the M.
arenaria 'Espiguette' population (Figs 2 and 3).

Both tree topologies indicated a sharp separation
between parthenogenetic and amphimictic species,
each group being located at the opposite ends of the
dendrograms. Each species for which two populations
at least were tested formed a distinct cluster of the
trees, with only one exception for the FITCH topology. In

that particular case, the 'Espiguette' population
appeared to diverge just before the separation between
M. arenaria and M. javanica groups. The Meloidogyne
hapla cluster remained independent from all other
species on the dendrograms, and the two populations
'La MOle' and 'Frontignan', both reproducing by
meiotic parthenogenesis and/or amphimixis were
undistinguishable (d' =0). The two remaining un-
described species ('Pikine' and 'Concarneau'), each
represented by a single population, were quite distinct
from one another and from the major species. Among
the obligate parthenogenetic species, M. arenaria
and M. javanica were closer to one another than to
M. incognita, while M. hispanica appeared closer to
M. incognita than to the two previous ones. Whole
genetic distances between conspecific parthenogenetic
populations were the lowest in M. javanica
(d'=0.02), followed by M. incognita
and M. arenaria

Discussion

It is clear that the species concept for parthenogenetic
organisms cannot be based upon the reproductive
criterion used for amphimictic forms. But electro-
phoretic analysis of proteins and isozymes, in correla-
tion with morphology, host ranges and karyotypes have
led to the conclusion that the groups described as M.
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Fig. 1 Autoradiogram of BamHI-digested genomic DNAs
N ofMeloidogyne populations hybridized with probe 13.15.

Forthepopulationcodes,seeTable 1.

arenaria, M. incognita and M. javanica are true species,
each of them possessing a unique gene pooi (Dalmasso

— & Bergé, 1983). RFLPs have been used recently for
N taxonomic purposes in the genus Meloidogyne

(Castagnone-Sereno et al., 1991; Piotte et a!., 1992;
Powers & Sandall, 1988; Xue et al., 1992), but assess-
ment of species boundaries among the root-knot
nematodes was not the objective of such investigations.. Nevertheless, phylogenetic information is available

— . from some of these works, even though it was not their
main purpose (Powers & Sandall, 1988) and the results
were fragmentary with respect to the variability of
organisms within that particular taxon (Xue et a!.,
1992). The present study describes evolutionary

—
relationships between populations and species of
nematodes of the genus Meloidogyne, and constitutes
the first report of such information provided on the
basis of genomic repetitive DNA analysis from a large

N collection of isolates including both parthenogenetic
— — and sexual species.

Our results are consistent with existing phylogenies
a deduced from isoenzyme surveys (Dickson eta!., 1971;
a - Esbenshade & Triantaphyllou, 1987) but totally dis-

agree with the one proposed by Powers and Sandall
(1988), based on genetic divergence observed in

- mtDNA. The dendrogram that these authors pro-
posed, as reported in Fig. 4, is mainly characterized by
the following branching: two major clusters distinguish
M. arenaria from the other species; M. javanica and M.
incognita populations are easily distinguished on the1---i— *
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Table 3 Whole genetic distance matrix for the 18 Meloidogyne populations used in this study

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18

1

2 0.18
3 0.32 0.12
4 0.62 0.61 0.59
5 0.58 0.57 0.51 0.17
6 0.45 0.53 0.50 0.09 0.11
7 0.52 0.49 0.49 0.19 0.12 0.07
8 0.43 0.53 0.48 0.10 0.02 0.05 0.03
9 0.55 0.55 0.55 0.16 0.07 0.14 0.09 0.09

10 0.60 0.52 0.48 0.13 0.16 0.06 0.21 0.12 0.18
11 0.27 0.26 0.25 0.66 0.62 0.54 0.58 0.52 0.65 0.54
12 0.29 0.31 0.23 0.66 0.65 0.58 0.58 0.57 0.67 0.58 0.02
13 1.00 0.96 0.94 0.96 0.97 1.00 0.95 1.00 0.96 0.96 1.00 1.00
14 1.00 0.96 0.95 0.95 0.97 1.00 0.96 1.00 0.96 0.96 1.00 1.00 0.33
15 1.00 0.97 0.97 0.97 0.98 1.00 0.97 1.00 0.97 0.97 1.00 1.00 0.00 0.33
16 0.70 0.61 0.65 0.57 0.53 0.45 0.57 0.44 0.56 0.30 0.72 0.70 0.96 0.97 0.97
17 0.91 0.82 0.87 0.65 0.66 0.72 0.75 0.67 0.66 0.65 0.67 0.76 0.95 0.97 0.97 0.72
18 0.76 0.77 0.78 0.82 0.84 0.87 0.73 0.86 0.82 0.80 0.78 0.83 0.89 0.88 0.88 0.87 0.84

Ma 1

Ma2

Ma3

Mj 11

Mj 12

Mi4

Mi6

MilO

Mi5

Mi8

Mi9

Mi7

Mhil6

Mspl7

Mspl8

Mha13

Mha15

Mhal4

Fig. 2 UPGMA phylogenetic tree for the
18 Meloidogyne populations used in
this study, based on distance matrix in
Table 3. For the population codes, see
Table 1.
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Fig. 3 Phylogenetic tree for the 18 Meloidogyne populations used in this study, inferred from FITCHanalysis performed on
distance matrix in Table 3. This topology was chosen among the 536 ones examined by the program. For the population codes,
see Table 1.

tree, and occur quite close to one another; M. hap/a
populations do not form a distinct cluster, one isolate
being more closely related to M. incognita than to other
M. hap/a. Although we did not work with the same
geographical isolates they used, several arguments may
be referred to in order to interpret the intraspecific and
interspecific branchings in our phenograms. The fact that
the M. hap/a populations 'La Mole' and 'Frontignan'
are isolated from all the others is correlated with both
their karyotype (n = 16—17) and mode of reproduction
(meiotic parthenogenesis with facultative amphimixis),
which are different from the other species analysed
(Dalmasso & Bergé, 1975). The fact that the 'Angle-
terre' isolate appears to be quite distinct from the two
previous ones, even if these three M. hap/a populations
are evidently clustered together, can be related to the
same type of characters (2n =45 and mitotic partheno-
genesis). The position of the two undescribed popula-
tions 'Pikine' and 'Concameau' is more difficult to link
to any biological feature, as no extensive karyological
or reproductive data is available. Preliminary experi-
ments indicate that 'Concarneau' should have a haploid
chromosome number close to those of 'La MOle' and

Fig. 4 UPGMA phenogram showing phylogenetic relation-
ships between mitochondrial genomes from 12 Meloidogyne
populations (Powers & Sandall, 1988). As they come from
different geographical origins than those tested in our study,
only the specific codes (the letters) are the same we used (see
Table 1).
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Mill) Mi5

Mj 12

Ma2

Mal Ma3
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'Frontignan' (n= 18), which should imply a sexual
reproductive form. However, additional data are needed
to confirm their cytogenetical position. The hypothesis
that they belong to new species is nevertheless empha-
sized by their morphometrics (G. Germani, personal
communication) and isoesterase patterns (Berthou et
a!., 1990; Dalmasso & Bergé, 1983), both of which are
different from any known forms. The other ramifica-
tions among the mitotic species have already been
suggested by isozyme analyses, and are also in agree-
ment with chromosome numbers (Dalmasso & Bergé,
1978).

As pointed out by Nadler (1990), congruence
among independent studies, based on different
characters, provides reasonable evidence for a parti-
cular phylogenetic estimate. Nevertheless, it is obvious
that no single phylogeny is likely to explain all the
events from various origins connected with hypothe-
tical relationships between Meloidogyne species and
populations. In fact, while the discordance observed here
between nuclear and mtDNA has already been
reported for several organisms, especially when closely
related species have been analysed (Caccone et a!.,
1988; DeSalle & Giddings, 1986; Solignac et a!.,
1986), this is the first time that such a phenomenon
has been described in nematodes. The evidence that
cytoplasmic gene flow (e.g. mtDNA flow) may occur
across species boundaries (Ferris et a!., 1983; Powell,
1983) has suggested an explanation for the discrepancy
observed between the two sorts of data, mtDNA
phylogeny being thus related to interspecific hybridiza-
tion events. Thus, nuclear DNA phylogeny should
better reflect the evolutionary pathway of the genus. This
statement is in agreement with the recent study of
Mann & Brandl(1991), who obtained, on several com-
parative datasets, a better matrix correlation between
mtDNA and nuclear distance measures in taxa with
well-developed mating behaviour. In our case, the fact
that most of the Meloidogyne isolates studied are
parthenogenetic does not allow possibility for recent
hybridization. Interspecific introgression(s) may have
occurred, however, between amphimictic ancestors,
and the extinction of one or several ancestral mtDNA
haplotypes may account for the mitochondrial
phylogeny proposed for these nematodes. Even if the
demonstration of ancient hybridization events is
presently not possible, analysis of both nuclear and
mtDNA of other obligatorily amphimictic (e.g. M.
carolinensis, M. microtyla) and meiotic parthenogenetic
species (e.g. M. naasi, M. exigua) should provide more
information on this particular topic. Nevertheless, the
early split off of the mitotically parthenogenetic species
cluster and M. hap/a confirms the assumption of
Triantaphyllou (1985) on the amphimictic ancestral

mode of reproduction of root-knot nematodes, which
is a necessary step to confirm our hypothesis.

The phyletic interpretations were performed with
classical distance methods, which fit a dendrogram to a
matrix of pairwise distances between populations. The
phylogeny preferred is the one that minimizes the
discrepancy between the expected distance for each
pair and the observed one. Even if methods based on
genetic distances derived from restriction data are
likely to produce erroneous trees, the consistency
observed here, with three independent repetitive
sequences used as probes, may be preliminary evi-
dence of their efficiency. In addition, considering the
wide range of distances involved in our study (i.e.
between M. hap/a and the parthenogenetic species), it
can be concluded that our phylogenetic estimations are
robust (Tateno et a!., 1982; Jin & Nei, 1991). As the
exact evolutionary pathway of these organisms is still
unknown, we considered both cases of constant and
varying evolutionary rates in the analysis of genetic
distance data (UPGMA and FITCH programs, respectively).
The algorithm used in the UPGMA method would work
perfectly if the data were generated by a clock-like
evolution, while the FITCH one does not assume a
molecular clock (Felsenstein, 1988). Comparison of
the two tree topologies obtained from our data showed
that they were largely concordant, apart from the
clustering of the M. arenaria 'Espiguette' population.
The UPGMA topology, with all M. arenaria populations
clustered together, is in better agreement with previous
knowledge, notwithstanding the large isoenzymatic
variability found in that particular species (Dalmasso &
Berge, 1983; Esbenshade & Triantaphyllou, 1987).
Therefore, and whatever the molecular evolution
process involved in the Meloidogyne genome, it seems
that the molecular clock hypothesis may fit better than
that of a varying evolution rate. Such evidence is
very weak, however, and sequence data are stongly
needed to provide more accurate information on that
point.

Intraspecific variation at the enzymatic level in
Meloidogyne species is generally very low. This is
supported by the fact that enzymes are produced via
the expression of genes often highly conserved between
closely related taxa, and representing only a minor
fraction of the total genome, while non-coding regions
are more abundant and submitted to extensive evolu-
tionary changes (McLain et a!., 1987). The genomic
targets of the probes used in this study are middle-
repetitive sequences whose hypothetical functions
remain to be determined. Even if no information is
available on the structure and organization of these
particular regions, the intraspecific polymorphism
observed in our study, especially among M. arenaria
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and M. incognita isolates, may be correlated with their
repetitive nature, taking into account their potential
variability. As unambiguous identification of these
parasites is an essential step for successful management
practices, one could imagine that these results might be a
starting point for the production of kits for reliable
characterization of field populations (Piotte et at.,
1992). Such variability within parthenogenetic animal
species has already been described, in particular for the
brine shrimp Artemia parthenogenetica, in which
numerous clonal genotypes occurred within a popula-
tion despite obligate parthenogenesis (Browne &
Hoopes, 1990). Genotypic variation within asexual
lineages of plants has also been documented (e.g.
Taraxacum officinale: King & Schaal, 1990; Richards,
1989). Although no molecular mechanism can now be
referred to, mutational events associated with somatic
recombination may be involved to explain this pheno-
menon (Das et at., 1990; Gal et at., 1991). Whatever
the precise mechanism, it may subsequently influence
the evolution of the genome of Meloidogyne partheno-
genetic species, considering their widespread distri-
bution and very large host range.
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