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in a mainly parthenogenetic nematode
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Abstract

Asexuality is an important mode of reproduction in eukaryotic taxa and has a theoretical
advantage over sexual reproduction because of the increased ability to propagate genes,
Despite this advantage, hidden signs of cryptic sex have been discovered in the genomes
of asexual organisms. This has provided an interesting way to address the evolutionary
impact of sex in plant and animal populations. However, the identification of rare sexual
reproduction events in mainly asexual species has remained a challenging task. We
examined the reproductive history in populations of the plant parasitic nematode
Xiphinema index by genotyping individuals collected from six grapevine fields using
seven microsatellite markers. A high level of linkage disequilibrium and heterozygous
excess suggested a clonality rate of 95-100%. However, we also detected rare sexual
reproduction events within these highly clonal populations. By combining highly
polymorphic markers with an appropriate hierarchical sampling, and using both
Bayesian and multivariate analysis with phylogenetic reconstructions, we were able to
identify a small number of sexually produced individuals at the overlapping zones
between different genetic clusters. This suggested that sexual reproduction was favoured
when and where two nematode patches came into contact. Among fields, a high degree of
genetic differentiation indicated a low level of gene flow between populations. Rare
genotypes that were shared by several populations suggested passive dispersal by
human activities, possibly through the introduction of infected plants from nurseries. We
conclude that our method can be used to detect and locate sexual events in various
predominantly asexual species.
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Introduction

Reproductive modes are major key factors that shape
how genes are transmitted through generations (May-
nard-Smith 1998; Bengtsson 2003). Asexually is found in
numerous eukaryotic groups (Honnay & Bossuyt 2005;
De Meeus et al. 2007) and can be revealed by several
genetic clues. For purely asexual diploid organisms,
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theoretical models predict that the absence of
genome-wide recombination events should maintain
heterozygosity by avoiding homozygote production.
Heterozygosity can be further increased by independent
accumulations of mutations over both alleles through
generations (Lokki 1976; Pamilo 1987; Judson & Not-
mark 1996; Welch & Meselson 2000). This leads to
strongly negative Fig values (Delmotte ef al. 2002; Bal-
loux et al. 2003), reflecting an excess of heterozygotes
compared to the frequency expected at the Hardy-
Weinberg equilibrium. Additionally, in the absence of
recombination and segregation, the entire genome
behaves as a single cluster of strongly physically linked
genes. Therefore, we can expect strong linkage disequi-
libria among all loci, even those from different chromo-
somes (Balloux et al. 2003; De Meeus ef al. 2006).
Asexual reproduction is thus expected to reduce mul-
tilocus genotype diversity and favour allelic diversity at
neutral molecular markers (Balloux et al. 2003).

When organisms reproduce using partial asexuality,
difficulties arise in estimating the contribution of each
reproductive mode to the evolution of the species using
molecular tools and population genetics indices. For
example, when species reproduce using moderate asex-
uality—defined as more than three or more than 20%
of individuals generated by sexual reproduction per
generation (Balloux et al. 2003; Bengtsson 2003)—popu-
lation genetics indices show no significant differences
from identical but purely sexual populations. The best
indicator of clonality in such populations is multilocus
linkage disequilibrium, since this quantity is unbiased
in panmictic populations and progressively increases as
clonality rate increases (De Meeus ef al. 2006). With
approximately 99% clonality, rare events of sexual
reproduction will translate into a high variance in Fig
over multiple loci (Balloux et al. 2003; De Meeus & Bal-
loux 2005), but clusters of genes maintained through
asexual reproduction will give rise to a strong linkage
disequilibrium (De Meeus & Balloux 2004). Although
these theoretical studies suggest that rare sexual repro-
duction events should have a strong impact on classical
population genetics parameters (such as Fis and linkage
disequilibrium) in species where asexual rate is high,
only a few empirical studies have been conducted so
far (see however Declmotte et al. 2002; Stoeckel et al.
2006; Goyeau et al. 2007).

The nematode phylum is an excellent system to study
the evolutionary biology of mating systems in the meta-
zoans. Their biodiversity is high (26 000 species
described to date, Hugot et al. 2001) and a variety of
mating systems have been described. For non zoopara-
sitic nematodes, the genetic structure of natural popula-
tions has rarely been investigated (for the model
organism C. elegans see however LaMunyon & Ward
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1997; Koch et al. 2000; Graustein et al. 2002; Sivasundar
& Hey 2003, 2005; Barriere & Félix 2005, 2007; Haber et
al. 2005; Cutter 2006; Baille et al. 2008). Although par-
thenogenetic species are common among phytoparasitic
nematodes, previous investigations have focused only
on two amphimictic species (Plantard and Porte 2004;
Picard et al. 2004, Picard & Plantard 2006).

The plant parasitic nematode Xiphinema index has
been reported to reproduce solely through asexual
reproduction (Dalmasso & Younes 1969; Dalmasso
1970). This nematode is thought to have been intro-
duced from the Middle East into Europe and it has
become an invasive agricultural pest. This has great
economic impact in Furopean vineyards because it
transmits the Grapevine fanleaf virus (GFLV) to grapevine
crop (Hewit et al. 1958; Taylor & Brown 1997; Brown &
Weischer 1998; Esmenjaud 2000). Cytological analyses
of its genital apparatus and its ovogenesis sequence
demonstrated that females reproduce by meiotic parthe-
nogenesis without recombination (Dalmasso & Younes
1969; Dalmasso 1970). This case of automictic thelyt-
hoky is equivalent to clonal reproduction and the off-
spring are genetically identical to the mother. However,
males are rarely found in natural populations (1-2%,
Harris 1977), suggesting that sexual reproduction could
be occurring in this species. This organismal evidence
for sexual reproduction (Schurko et al. 2008) does not
necessarily imply sexual recombination among geno-
types in the wild because these males might be
non-functional, as has been shown previously for
the parthenogenetic root-knot nematode Meloidogyne
incognita (Sasser & Carter 1985; Triantaphyllou 1985;
Eisenback ef al. 1991; Karssen 2002; Lunt 2008). Another
indication of potential occasional mating is an anecdotal
observation of few spermatozoa in the uterus of one
X. index female (Luc & Cohn 1982).

Many organisms with a major impact on economics
or health exhibit mixed asexual and sexual reproduc-
tion (Milgroom 1996; Taylor ef al. 1999; Tibayrenc 1999).
Rare events of recombination can have a drastic effect
on the reshuffling of genetic material (Burt ef al. 1996;
Bengtsson 2003), and result in the faster spread of viru-
lence genes and emergence of new virulence combina-
tions than through mutation alone (Awadalla 2003).
Accurate knowledge of the clonal reproduction rate in
pathogens populations is thus crucial for efficient con-
trol (Milgroom & Fry 1997; McDonald & Linde 2002).
As the use of chemical nematicides is prohibited in an
increasing number of countries because of adverse envi-
ronmental effects (Abawi & Widmer 2000), increasing
plant host resistance has become the preferred method
of nematode control. A resistant variety of grapevine
has been developed, but its success in agricultural pro-
grams is still being evaluated (Bouquet et al. 2003, 2004;
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Riaz ct al. 2007; Xu ef al. 2008). This method of nema-
tode control may impose a selective pressure on the
nematodes to be able to overcome host plant resistance
(Mtiller 1992; Turner & Fleming 2002).

The patchy spatial pattern of X. index in the soil (Vil-
late ef al. 2008) and its weak ability to disperse actively
suggest that there should be a strong genetic structure
at the field scale. Moreover, as this nematode lives dee-
ply in the soil (Esmenjaud et al.1992; Villate et al. 2008)
and is associated with the perennial vine crop, we sup-
pose no or only very limited passive dispersal through
wind or field machinery among grapevine fields.
Indeed, the absence of a conservative stage during the
nematode life cycle (such as the cyst for cyst nematodes
or egg-masses for root-knot nematodes) renders X. index
individuals susceptible to mechanical impacts and
drought. Passive dispersal can occur via dispersal of
the grapevine plants in nurseries, but nematode-
infected plants are very rare in nurseries because certi-
fied plant material is produced under the severe rules
of a prophylactic scheme. In the absence of both active
and passive dispersal, combined with the non-native
status of this species and probable multiple introduc-
tions, a high genetic differentiation of nematode popu-
lations between grapevine fields are expected.

To describe the population structure and the mating
system of X. index, we genotyped 303 geo-referenced
individuals collected in six grapevine fields of the Bor-
deaux vineyard at seven microsatellite loci. First, we
characterised the mating system of this species using
instantaneous and historical genetic parameters, by the
analysis of linkage disequilibrium, Fis, and the ratio of
multi- vs. single-copy multilocus genotypes. Second, by
combining Bayesian assignment methods, multivariate
analysis and phylogenetic reconstructions, we identified
some individuals as resulting from sexual reproduction
events. Third, by mapping these individuals within the
grapevine fields, we located the occurrence of sexual
events to specific sites. Finally, we characterised the
population differentiation and gene flow at various
scales (area, Chdteau, grapevine field) using hierarchical
Fgr and the analysis of isolation by distance patterns.

Materials and methods

Field sampling and isolation of nematodes from the soil

Populations were sampled from six GFLV-infected
grapevine fields (populations MA, MB, C, H, G, T,
located from 1.2 to 45 km apart), in the Bordeaux wine-
producing region (France) (Fig. 1). MA and MB fields
belong to the same Chdtean in the Medoc vineyard area,
H is in the Pessac area, and G, C and T are in three dif-
ferent Chdteaux in the Saint-Emilion area. MA and C

were sampled in May 2005, T in August 2005, G in
April 2006, H in April 2007 and MB in August 2007. At
each sampling point, a trench (1.5 m long, 0.3 m wide,
1 m deep) was dug with an excavating machine. A 2-L
sample of soil was collected from the side of the trench,
at a depth of 0.5-0.8 m. As X. index was supposed to be
strongly settled, individuals from each grapevine field
were sampled from the 2-L sample of soil’s scale (low-
est) to the plot’s scale (highest).

Nematodes were extracted in the laboratory from 2-L
soil samples, using the method described in Villate
et al. (2008). We recovered 1-16 nematodes per sample.

DNA extraction and microsatellite genotyping

DNA was extracted from each nematode individual
using the method described in Villate ef al. (2009).
Extracted DNA was then stored at -20 °C until PCR
amplification. All individuals were genotyped at seven
microsatellites (Villate et al. 2009). PCR reactions were
carried out following Villate et al. (2009). PCR products
were run on an ABI PRISM® 3130 XL Genetic Analyzer
16 Capillary system and sized with internal lane stan-
dard (500-LIZ} using the program GeneMapper version
3.7 (Applied Biosystems).

Data analysis

Diploid multilocus genotypes (MLGs) represented by
several individuals in the data set were considered as
‘repeated MLGs’. Because clonal reproduction may
affect estimates of genetic diversity and genetic differ-
entiation between populations, all the analyses were
performed both with all MLGs (with) and keeping only
one copy of each repeated MLG (without).

Determination of the reproductive mode. We first assessed
whether the observed genotypic patterns truly
reflected the reproductive mode of the populations or
if they may have resulted from a lack of resolution of
our genetic markers. To estimate if identical MLGs
could be considered as a part of the same asexual
lineage, we estimated the probabilities that two indi-
viduals sharing the same MLG came from sexual
reproduction events. We computed the lower bound
of this probability: Pipjyunbiasea. tnder Hardy-Wein-
berg expectations (Paetkau ef al. 1998), and its upper
bound, Pyps, under strict reproduction between sib-
lings, as recommended by Waits ef al. (2001). For each
population, we calculated the total number of MLGs,
the number of repeated MLGs (numbers of clones),
the number of MLGs represented by a single copy
and the number of individuals per repeated MLG.
Immediate asexual reproduction rate in populations
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Fig. 1 Localization of the study in France and sampling design of Xiphinema index populations in the six grapevine fields, In each
grapevine field, black circles indicate the 2-L sampling points; N, the number of nematodes genotyped, with the mean, median and
minimum and maximum numbers of nematodes per sampling point. The red star locates Bordeaux city. MA and MB fields are in
the Médoc area, H is in the Pessac area, and C, G and T are in the Saint-Emilion area.

was calculated as 1 — (g/N), where g is the number of
different MLGs and N is the number of individuals.
However, the number of different MLGs overestimates
the sexual recombination events because new MLGs
can also come from mutation events. So 1 - (g/N)
should be considered as the lower-bound estimate of
the asexual rate.

Because the sample sizes among fields varied, we
estimated the allelic richness of each population by the
rarefaction index (EIMousadik & Petit 1996) using
PoruLatioN software version 1.2,30 (available at http://
bicinformatics.org/~tryphon/populations/). In those
analyses, all individuals with amplification failure at
one locus were excluded because a null amplification
may result in an underestimation of allelic richness.

© 2010 Blackwell Publishing Ltd

Weir & Cockerham (1984) Fig values were calculated
using FSrat software version 2.9.3 (Goudet 1995).
Observed and expected heterozygosity were calculated
using GeneClass2 (Piry et al. 2004). Hardy-Weinberg
exact tests were performed using Generor version 4.0
(Rousset 2008) assuming that the alternative hypothesis
H, is a heterozygote excess. Genotypic linkage disequi-
libria among loci were calculated for all populations
and within each population, with or without repeated
MLGs. We tested linkage disequilibrium between loci
after sequential Bonferroni multiple-comparison correc-
tion using FStat 2.9.3. Finally, we estimated the clonal
reproduction rate by comparing the Fig values and asso-
ciated standard errors observed in our six populations
with a plot of Fis and associated standard errors as a
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function of the clonal reproduction rate (Balloux ef al.
2003).

Identification and localisation of individuals generated by
sextal reproduction. To identify clusters of genetically
related individuals without a priori knowledge, we
used a Bayesian method available in the software Struc-
TURE version 2.2 (Pritchard et al. 2000). Although these
assignment methods were originally developed for
purely sexual organisms, empirical studies revealed that
they could identify clusters of individuals in partially
asexual species. This Bayesian approach can thus be
applied to species that do not reach all the theoretical
expectations requested (Kaeuffer et al. 2007) and is
robust to deviations from some assumptions, particu-
larly linkage between loci (Falush et al. 2003). We per-
formed runs without repeated MLGs and used a
number of genetic clusters (K) ranging from 1 to 6. For
each K value, STRUCTURE was run 5 times for 20 000
steps after a burning period of 20 000 steps. The ‘true
K, the most probable number of clusters, was deter-
mined with the ad hoc method proposed by Evanno
et al. (2005). We considered an individual as assigned to
only one cluster if its probability of assignment is
>95%, and an individual as admixed when its probabil-
ity of assignment is >5% in at least two different clus-
ters. We also used InStruct program (Gao et al. 2007),
which assumes linkage disequilibrium. We finally con-
firmed these clusters with a Factorial Correspondence
Analysis (FCA) performed without repeated MLGs,
using GenETix Software version 4.05 (Belkhir ef al. 1996—
2004). The FCA is not a model-based approach and can
thus be trusted whatever the species and its reproduc-
tive mode.

To discriminate if a MLG represented by only one
individual resulted from recombination (sexual repro-
duction) or from somatic mutations (clonality), we com-
puted the allele-sharing genetic distance DAS (Jin &
Chakraborty 1994) between MLGs with PopuLaTion soft-
ware version 1.2.30. We used those distances to build
Neighbour-foining trees of MLGs within and among
grapevine fields. We then considered that the likelihood
that several mutations occurred jointly in the same indi-
vidual, making it different from its related and sur-
rounding individuals, is very low. The genetic distance
between a clone and an individual displaying a single
MLG resulting from mitotic mutation is thus expected
to be lower (ie. variation at a single microsatellite
locus) than between a clone and an individual display-
ing a single MLG resulting from massive recombination
(by meiosis} through sexual reproduction.

For each grapevine field where two clusters and
admixed individuals were identified by Structure, we
wrote a Visual Basic module in order to simulate five

offspring genotypes coming from sexual reproduction
events between individuals of the first cluster and indi-
viduals of the second one. The module was written for
our own purposes and the source code is available on
request. Then, we added these five simulated genotypes
to the data set and computed Neighbour-Joining tree on
the distance DAS between MLGs.

Finally, we confronted the NJ trees with the spatial
repartition of MLGs in the grapevine field and with
MLGs admixed by Structure Software. To visualise the
spatial repartition of the genotypes, we coloured each
individual on both NJ trees and field maps in accor-
dance with its assignment by StrucTure: gray, orange
and green for individuals assigned to cluster 1, 2 and 3,
respectively, and hatched in corresponding colours for
admixed individuals,

Population  differentiation. The pairwise Fer values
between grapevine fields (Weir & Cockerham 1984)
were estimated using Genepor version 4.0 (Rousset
2008). To test for isolation by distance at both scales of
vineyard area and grapevine plot, we used a standard
Mantel test to assess the correlation between genetic
distance (Fsr/(1 - Fgr)) and  geographic distance
between fields (calculated with GSP coordinates [GPS
GS50 Sensor, Leica, 0.5-5 m precision navigation]) and
between sampling points within a grapevine field (mea-
sured with a decametre). These analyses were per-
formed using the Passace software (Rosenberg 2002).
Because we used microsatellites, because X. index is sus-
pected to have low dispersal abilities and because we
had no a priori information to choose between allele
identity and allele-size-based statistics, we tested for all
loci the information content of allele size regarding glo-
bal population structure (Hardy et al. 2003; Kerth &
Petit 2005) using sracepi (Hardy &Vekemans 2002).
Tests were nonsignificant (P > 0.125 for all loci), indicat-
ing that allele sizes did not carry information about
population structure in this data set, and that allele
identity statistics should be used instead (Hardy ef al.
2003).

The spatial distribution of genetic variance was analy-
sed by a hierarchical analysis of molecular variance in
which total genetic variance was partitioned into four
hierarchical levels: (i} among vineyard areas, (ii) among
Chiteaux within the same vineyard area, (iii) among
grapevine fields within a Chdteau, and (iv) among sam-
pling points. These analyses were performed using
HierFstar package (Goudet 2005) for R (R Development
Core Team, 2007), based on the methods described by
Yang ef al. (1998) and following De Meeus & Goudet
(2007). HierFstaT analyses were performed with and
without MLGs. The significance of the hierarchical F
statistics was tested by 1000 randomizations of each
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relevant factor among the entities belonging to the next
level (e.g. nematodes individuals among sampling
point), keeping them separated for other factors (e.g.
grapevine plot).

Results

Allelic and genotypic diversities

Among the seven microsatellite loci analysed, the allelic
diversity varied between 4 and 7 alleles per locus and
between 13 and 32 alleles per population (Table 1, Sup-
porting Information 1). The MA population (for which
the sample design covered the largest area) displayed
the highest allelic richness, ranging from 22 (for a sam-
ple size of 5) to 32 (for a sample size of 70). The T pop-
ulation (for which the sample design covered the
smallest area) exhibited the lowest allelic richness, rang-
ing from 11.8 (for a sample size of 5) to 13 (for a sample
size of 45).

We found 81 distinct MLGs among the 303 individu-
als genotyped (Fig. 2). There were 53 MLGs repre-
sented by only one individual in the data set (hereafter
called ‘single copy MLG’) and the remaining 250 indi-
viduals shared only 27 MLGs (‘repeated MLGs’). The
highest number of individuals sharing an MLG was 40
(MLG 48 in T population: Fig. 2). Each of the 81 MLGs
was specific to the field of origin, with the exception of
4 MLGs that were shared by two fields (Fig. 2).

Reproductive mode

Clonal diversity. All populations (except T) showed low
Pypy values (Table 2). This indicates that the probabil-
ity that two individuals sharing the same MLG came
from sexual reproduction events is low. Thus, it is
likely that individuals are genetically identical because
they belong to the same asexual lineage. The reselution
of our markers is thus sufficient to ensure that individ-
uals sharing the same MLG are likely to be asexual
clones for all populations except T. In the T population,
Pupy values indicated a 1-10% probability that two
individuals possess the same MLG through sexual
reproduction.

The global g/N [ratio of the number of MLGs (g)
found over the sample size (N)] was 0.27. By using the
immediate rates of asexual reproduction {(estimated as
1 - g/N) to estimate the putative range of effective asex-
ual rate {e.g. ¢ in Balloux et al. 2003), we determined
that around 53-92% of the individuals came from asex-
ual events (Table 2). Twenty-one to 71% of the MLGs
observed in each population were included in a
repeated MLG. The highest genotypic diversities (g/N =
0.39 and 0.47) and the highest numbers of repeated
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MLGs (12 and 5) were found in MA and MB popula-
tions, but these repeated MLGs were represented by
fewer individuals than the repeated MLGs in the other
populations (a maximum of 13 and 16 individuals,
respectively).

Linkage disequilibrium and  genetic  departure  from
panmixia. All pairwise combinations of loci presented
significant linkage disequilibrium when the analysis
included all individuals in a repeated MLGs or only
one individual per MLG (P < 0.01). Over all the 6 popu-
lations, the composite measures of LD (R*) were
0.246 + 0.114 (Table 1).

The values for Fi5, He, Ho, the standard error of Fig
across loci, and the P-values for the heterozygote excess
test are given in Table 1. All populations exhibited sig-
nificant negative overall loci Fis. Thus, there was signifi-
cant excess of heterozygotes in all populations except
for the MA population, which displayed a significant
deficit in heterozygotes, and the MB population, for
which genotypic distributions did not differ from
Hardy-Weinberg expectations (Table 1). The popula-
tions T, C and G exhibited strong negative Fis values
(=—1) that did not vary greatly across loci. The popula-
tion H displayed Fi5 values that varied among loci from
nearly ~1 to nearly +1. Fi5 values in the MB population
were close to 0 with little variation across loci. The pop-
ulation MA displayed a significantly positive Frg value
with a moderate variance among loci.

When placing our observed values on theoretical
curves of Fis and standard error as function of the clo-
nal reproduction rate (Balloux et al. 2003), we obtained
a high corresponding clonality rate ranging from 0.95
for MA to 0.99-1 for other populations (Fig. 3).

Identification of admixed individuals revealing sexual
reproduction events by Bayesian assignment
(Strucrure and InStruct) and by multivariate analysis
(FCA with GENETIX)

The likelihood of clustering estimated by Srructure
peaked at K =3 (Fig. 4). This value corresponded to
the maximum Evanno’s criterion (AK =238.82, In K =
-1939; Supporting Information 2). All individuals of the
populations H and T were assigned only to a single
cluster (Cluster 2; probability of assignment >95%; Sup-
porting Information 3 and Fig. 4). The G population
consisted of 26 individuals displaying MLGs assigned
to cluster 2 (probability of assignment >95%) and of
three individuals displaying the same MLG (common
with the MA population) assigned to cluster 3. The
other populations displayed two kinds of individuals:
individuals assigned to one cluster (probability of
assignment >95%) and admixed individuals (probabil-
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Table 1 Number of alleles observed on each locus in cach population (Na), sample sizes (N), expected (He) and observed (Ho) het-
erozygoties, Fis, probabilities of the Hardy-Weinberg test for a heterozygote excess (p-val), standard error of Fis from a locus to the
other in each population (SE) and measure of linkage disequilibrium LD (R?) and standard deviation SD in each population

MA MB H C M T Z pop
Locus Population N=79 N =49 N =44 N=52 N =30 N=49 N =303
XM3 Na 5 4 2 2 3 6
He 0.603 0.7 0.503 0.489 0.391 0.505 0.532
Ho 0.027 0.771 0.932 0.82 0.267 1 0.636
Fis 0.9561 -0.1017 -0.86%6 -0.6897 0.3216 =1 -0.1015
p-'{JﬂI ok *AA k% LR Ee i EEE Ll
Xilé Na 4 3 1 2 3 2 4
He 0.609 0.608 0 0.129 0.188 0.04 0.262
Ho 1 0.939 0 0.136 0.2 0.041 0.386
Fis —0.6494 —0.5522 — -0.0617 —-0.0642 -0.0105 -0.5308
p-val e b — NS NS NS b
Xi22 Na 3 2 2 3 3 2 4
He 0.671 0.41 0.506 0.575 0.598 0.505 0.544
Ho 0.679 0 1 0.981 0.897 1 0.759
Fis -0.0132 1 -1 -0.7168 -0.5135 -1 -0.3535
}VU{II L2l *d % EEsd % %3 Ez EE il
Xi24 Na 7 3 4 3 2 1 7
He 0.639 0.615 0.67 0.511 0.499 0 0.489
Ho 0.026 0.735 1 0.882 0.862 0 0.584
Fis 0.9601 -0.1963 -0.5016 -0.7401 -0.75 -0.0156
p‘f’ﬂ{ *ad EE A #3t LT iy 3t
Xi27 Na 6 5 2 3 4 2 6
He 0.806 0.753 0.455 0.553 (.536 0.505 0.601
Ho 0.671 0.771 0.962 09 1 0.717
Fis 0.169 -0.0241 1 —-0.7502 -(.6985 -1 —-0.1422
P'Ual L %% L2t EELd %% ENH *Ax
Xi29 Na 3 3 2 2 3 2 4
He 0.279 0.465 0.505 0.498 0.554 0.151 0.409
Ho 0.304 0.286 0.955 0.885 i 0.163 0.599
Fis -0.0906 0.3883 -0.9111 -0.7895 -0.8297 -0.0787 -0.4091
p’vﬂl NS e L2l ok EEed NS *3 %
Xi32 Na 4 3 2 2 4 2 5
He 0.494 0.634 0.506 0.5 0.6 0.505 0.54
Ho 0.329 0.939 1 0.904 1 1 0.862
Fis 0.3357 —0.4874 -1 -0.8214 -0.686 -1 -0.5109
p*T’HI B2 Ext o EE 2 Ll EEE S bR
3 loci Na 32 23 15 17 22 13 36
He 0.586 0.598 0.449 0.465 0.481 0.316 0.481
Ho 0.434 0.634 0.698 0.796 0.732 0.601 0.649
Fis 0.261 -0.061 -0.564 -0.723 —-0.537 —.918 -0.27119
p*?’al NS NS *% ** 3 * £t
SE Fis 0.0655 0.0778 0.119 0.037 0.0795 0.0713 0.0119
Mean LD 0.285 0.129 0.483 0.219 0214 NA* 0.246
SD 0.273 0.146 0.258 0.149 0.119 NA* 0.114

*Measure not available because of the few different genotypes.
P < 0,001, *0.001< P < 0.01, *0.01 < P < 0.05, NS P > 0.05.

ity of assignment is >5% in at least two different clus-
ters). The proportion of admixed individuals is 7.6%
for the MA population, 14.3% for the MB population
and 11.5% for the C population (Supporting Informa-
tion 3). We found the same clustering with InStruct
program (Supporting Information 4).

FCA performed on the whole data set resulting in the
partitioning of individuals into three clouds of points
corresponding to the three clusters identified with
StrucTure. Admixed individuals (as estimated using
Srructure) are located at intermediate positions among
these three groups in the factorial plan (Fig. 5).

®© 2010 Blackwell Publishing Ltd
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Number of Fig. 2 Genotypic diversity in the six X.
Individuzls index populations. Each of the 81 mul-

B0 4 ‘ tilocus genotypes (MLGs) is symbolised
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by two populations are indicated by cir-
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Table 2 Genotypic diversity of X. index populations
MA MB C H G T

Sample size (N) 79 49 52 44 30 49
Number of genotypes (g) 31 23 14 7 6 4
(1 -g/N) 0.61 0.53 0.73 0.84 0.30 0.92
Number of clones (in percentage of genotypes) 12 (39%) 5(22%) 3 (21%) 5 (71%) 4 (67%) 2 (50%)
Number of genotypes not included in a clone 19 18 11 2 2 2
Median number of individuals 4,5 2 3 8 5 23,5
per clone (min-max) 2-13 2-16 3-35 3-17 3-16 7-40
Pup) Unbiaised 1.66e-005 1.9e-005 0.001 0.001 0.0005 0.012
Pyp) s 0.009 0.009 0.033 0.036 0.028 0.102

N, the sample size; g, the number of genotypes; 1 - g/N, the immediate asexual rate; the number of clones and the percentage of
genotypes included in a clone; the number of genotypes not included in a clone; the median, minimum and maximum numbers of
individuals per clone; and Papyunbisiseas the upper and Papysin, the lower bounds of the probability of identity calculated from the
seven microsatellites genotypes in each population are given for MA, MB, C, H, G and T populations.

Identification of admixed individuals revealing sexual
reproduction events by NJ trees.

For most populations, the topology of the NJ unrooted
trees using DAS distances between MLGs are congruent
with the clustering estimated by Srructure (Figs 6-8).
The fact that circles of the same colour (coloured
according to the cluster assigned by StrucTure) are
often found in the same clades in the NJ tree supports
this interpretation. The green, grey and orange clades
will be called ‘parental clades’ hereafter. The branches
corresponding to admixed MLGs identified by Struc-
TURE are located in infermediate position between

© 2010 Blackwell Publishing Ltd

parental clades (for example the location of MLGs 16
through 23 in the MB tree, Figs 6 and 8).

MLGs obtained by simulation of sexual reproduction
events between individuals belonging to different
parental clusters are found at a similar intermediate
position within the trees (Supporting Information 5).
For the H, G and T populations, we observed very
small genetic distances between the few MLGs
observed (see the scales associated to those NJ trees in
Fig. 7). This result is also consistent with our observa-
tion that these 3 grapevine fields had the lowest allelic
diversity (Table 1 and Supporting Information 1). The
H and T populations are composed of one or two major
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Fig. 3 Theoretical curves of the rela-

o 01 "
- tionship between Fis (left graph) and its
024 %-' 00, & standard error (right graph) and the clo-
e o5 d nal rate c (after Balloux et al, 2003).
u . E Observed values for MA, MB, H, C, G
08 * Bone ] and T populations are figured in black
- o E - - dot and dotted lines.
] 3 02
1
: 0?7 atr b o0 T B A T M T e T Inaer
Clanal rata Cionel rata
oo
Lol
o m Cluster2
w Cluster 2
% i Cluster 1
N
o

Fig. 4 Estimated structure of the X. imdex populations for K = 3. Each nematode is represented by a thin vertical line, which is
partitioned into 3 segments representing the individual’s estimated membership fractions in the 3 clusters estimated using Structure.
Populations MA, MB, C, H, G and T are indicated below.

L Fig. 5 Factorial Correspondence Analy-
sis (FCA) on the first two axis per-
formed using Genetix. Grey, orange and
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MLGs and a few additional genetically close MLGs. We

; : : Localisation xual reproduction events in grapevin
observed a different pattern in the G population, how- of sexi P /openine

ever, which had five genetically close MLGs (assigned fields

to cluster 2) and also three individuals with a more The three methods we used to identify admixed indi-
genetically distant MLG (assigned to cluster 3) that was viduals provided similar results. We then mapped, to
shared with MA population (see the NJ tree for field G, the sampling scheme of each grapevine field, the MLGs
Fig. 8). (numbers in circles, Figs 7 and 8) and their assignment
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to one of the three clusters identified by SrtrucTture
torange, grey and green colours) or to admixed MLGs
identified by Structure (hatched circles). Since the clus-
tering obtained by StrucTure does not provide any
information concerning the genetic relatedness among
MLGs, this map cannot completely depict the spatial
distribution of genetic variability. Therefore, we
included the corresponding NJ tree for each population
next to the map of the sampling design of this popula-
tion. The MLGs appeared spatially clustered according
to the group identified by StrUCTURE d.e. circles of the
same colour were not scattered randomly within the
grapevine fields). For example, individuals assigned to
the green cluster in the MA map were found in one
part of the field and those assigned to the grey cluster
were found in another part of the field. Admixed indi-
viduals were mainly found at the interface between two
clusters and did not appear randomly located (for
example, the MLGs 44-57 in the C field in Fig. 8). The
location of admixed individuals at the interface between
two ‘parental clades’ was observed in most fields where
admixed individuals have been identified (Cf. popula-
tions MA and MC, Fig. 8).

Population differentiation and genetic structure

Hierarchical F-statistics. The matrixes of hierarchical
F-statistics are given in Table 3. With or without

© 2010 Blackwell Publishing Ltd

Fig. 6 Neighbour-Joining trees on the
distance DAS between multilocus geno-
types (MLGs) for the six populations.
Each circle represents a MLG (given by
its number) and is coloured according
to its assignment to clusters estimated
by STRUCTURE. Admixed MLGs are repre-
sented by circle hatched with the two
colours of the two parental clusters. The
four MLGs shared by two populations
are indicated by circles, triangles,
crosses and stars. The geographical ori-
gin is given (MA, MB, H, C, G and T).

repeated MLGs, we obtained significant values (P-
value of 0.001) for FerapevineField/Chitenns FarapevineField/
Arear FGrapevineFieId/Total (differentiation among grape-
vine fields within each Chdtean, each area and total) and
F, SoilVelume/GrapevineField, F SoilVolume/Clidteans SoilVolume/
arear FsaiiVelumesTota (differentiation among soil samples
within each grapevine plot, each Chiteay, each area
and total). No significant differentiation between
vineyard areas and between Chitean was detected
(Table 3).

Genetic  differentiation. Pairwise Fst estimates ranged
from 0.116 to 0.365 (Table 4). At the grapevine field
scale, Fgr estimates between soil samples (nema-
todes grouped by sampling point) ranged from 0 to
0.05 for T (mean distance between soil sam-
ples = 7.2 m), 0 to 0.08 for G (mean distance = 45.7 m),
0 to 0.19 for H (mean distance = 38.5 m), 0 to 0.38 for C
(mean distance =33.6m), 0 to 054 for MB (mean
distance = 258 m) and 0 to 0.76 for MA (mean dis-
tance = 44.5 m).

Isolation by distance. At the scale of the vineyard area,
no significant isolation by distance was found (r, =
0.075, t =0.423, two-tailed P = 0.143). For all popula-
tions, Mantel’s tests showed very low and no significant
correlation between Fgr and geographical distances at
the scale of the grapevine field (Table 5). However, a
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Fig. 7 Neighbour-Joining trees on the
distance DAS between multilocus geno-
types (MLGs) and spatial repartition of
MLGs within each of the grapevine
fields H, G and T. On trees, each circle
represents a MLG (given by its number)
and is coloured according to its assign-
ment to clusters estimated by STRUCTURE.
On grapevine field maps, each nema-
tode individual is represented by a cir-
cle containing its genotype (number)

significant correlation between those two variables was
found in the MA population (two-tailed P = 0.002).

Discussion

In mainly parthenogenetic species, the identification of
rare sexual reproduction events is a challenging task.
The existence of a unique genotype surrounded by
numerous individuals of the same clones in a given
population might result from immigration or mutation
rather than from a rare sexual event. In this study, by
taking advantage of (i) the specificities of the organism
studied (soil-dwelling habit, poor active dispersal abili-
ties and a slow reproductive cycle), (i) an accurate and
spatially determined sampling scheme and (iii) hyper-
variable nuclear markers, we have been able to disen-
tangle the confounding effects of various evolutionary
forces. We demonstrated that this species has a pre-
dominantly asexual mode of reproduction with all the
expected genetic signatures of this mating system

and coloured according to its assign-
ment to clusters estimated by STRUCTURE.
Each set of circles represent nematode
individuals from the same 2-L soil sam-
ple. Triangle and star represent the two
MLGs found in other fields.

(strong linkage disequilibrium and heterozygote excess).
We used two different methods (Fg analysis and the
¢/N ratio) for the quantitative estimation of asexual
reproduction, which determined a clonality rate from
95-99% or 53-92%, respectively. A few individuals
exhibited genetic characteristics suggesting they had
resulted from rare sexual reproduction events. These
individuals were assigned to several ‘parental clades’
and were found at intermediate positions between the
clades in the Neighbour-Joining tree. These characteris-
tics are expected for individuals resulting from recombi-
nation events. Moreover, simulations of MLG resulting
from sexual recombination confirmed these expecta-
tions. Finally, we mapped the geographical location of
all MLGs in each grapevine field. Analysis of the spatial
distribution of MLGs and the genetic distances among
them allowed us to determine that the hybrid individu-
als resulting from sexual reproduction events were
located at the interface between two groups of individu-
als of each ‘parental clade’.

© 2010 Blackwell Publishing Ltd
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Reproductive mode

Evidence for a mainly clonal reproductive mode. The data
observed for all six populations provided evidence that
the main repreductive mode of X. index in the Bordeaux
vineyard is asexual. The estimated immediate rate of
asexual reproduction, 1 - g/N, indicated that between
53% and 92% of the individuals came from asexual
events. The MA and MB populations displayed higher
genotypic diversities, with clone patches composed of
fewer individuals than observed for the other four pop-
ulations. Individuals exhibited a lower immediate rate
of asexual reproduction (1 - g/N) and either no diver-
gence from the Hardy-Weinberg expectation (MB), or a
non significant deficit in heterozygotes (MA). This

© 2010 Blackwell Publishing Ltd

Fig. 8 Neighbour-Joining trees on the
distance DAS between multilocus geno-
types (MLGs) and spatial repartition of
MLGs within each of the grapevine
fields MA, MB and C. Star, triangle,
crosses and circles represent MLGs
found in other fields.

indicates a greater rate of sexual reproduction in MA
and MB populations. In the four other populations, we
found strong significant heterozygote excesses. Two
main hypotheses can explain heterozygote excesses:
selection processes (overdominance and associative
overdominance, Hartl & Clark 1997) or an independent
accumulation of mutations in alleles over time as a con-
sequence of asexual reproduction (Judson & Normark
1996; Balloux et al. 2003). In our case, negative Fis val-
ues were associated with genome-wide linkage disequi-
librium, which are typical signatures of asexual
reproduction (Halkett et al. 2005). Consequently, the
heterozygote excesses we observed are likely to be due
to mutation accumulation over time, as observed in
some other organisms like aphids (Delmotte et al. 2002).
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Table 3 Hierarchical F-statistics (in bold) computed by HierF-
stat and significance of genetic differentiation (in italic) at the
different levels (see text for explanation)

Vineyard Grapevine  Soil
area Chatean  field volume
Without repeated MLGs
Total 0.112ns -0.091s 0207 0.257
0.001 0.001
Vineyard area 0 —0.2351s  0.107 0.164
0.001 0.001
Chateau 0 0 0.277 0.323
0.001 0.001
Grapevine field 0 0 0 0.064
0.02
Soil volume 0 0 0 0
With repeated MLGs
Total 0.114ns -0.116ns 0227 0.364
0.001 0.001
Vineyard area 0 -0.260ms  0.127 0.282
0.001 0.001
Chateau 0 0 0.307 0.429
0.001 0.001
Grapevine field 0 0 0 0.177
0.001
Soil volume 0 0 0 0
Table 4 Fsr between populations of X. index
Fst MA MB H C G i
MA —
MB 0.277 —
H 0.238 0.259 -
c 0.195 0.262 0.116 —
G 0.222 0.212 0.175 0.160 —_
T 0.279 0.365 0.224 0.151 0.270 —

Table 5 Mantel’s correlation values between Fsp/(1 — Fer) and
geographical distances at the scale of the grapevine field (Man-
tel’s statistic rz and two-tailed P-value; see text for explana-
tion)

RZ two-tailed P
MA 0.286 0.002
MB 0.135 0.317
(] -0.075 0.713
H -0.123 0.508
G 0.211 0.429
T -0.166 0.337

Without the segregation of alleles due to sexual repro-
duction, diploid clones become heterozygotes as each
allele copy accumulates independent mutation events at
all loci over time (Lokki 1976; Pamilo 1987; Tibayrenc &

Ayala 2002). This leads to extremely negative values of
Fis (Balloux et al. 2003). We suggest that a heterozygote
excess due to the accumulation of mutations can be
observed over a much shorter timescale if rapidly
evolving molecular markers such as microsatellite loci
are used instead of highly conserved genes.

Rare sexual reproduction events in mainly clonal
populations. The few reports of occurrence of males in
the field {1-2%, Harris 1977) attest to the rarity of sex-
ual reproduction events in populations. Populations C,
H, M and T displayed strongly negative Fi5 with high
variability among loci and high linkage disequilibria for
all loci pairs. This pattern is consistent with a strongly
clonal mode of reproduction with rare events of sexual
reproduction in each generation (De Meeus et al. 2006).
The immediate rate of asexual reproduction ranged
from 53% to 92%, but the observed Fis values are
consistent with a higher degree of clonality. Indeed, by
plotting our observed values of Fi5 and associated stan-
dard errors as functions of the clonal reproduction rate
on the theoretical curves of Balloux ef al. (2003), we
found that the rates of clonal reproduction in our 6
populations were very close to 1 (0.95 for MA, 0.99-1
for the others; Fig. 3).

Spatial distribution of genotypes and localisation of
sexual reproduction offspring

The spatial distribution of different clones is a funda-
mental property of the genetic structure of clonal popu-
lations. To our knowledge, however, there is no
standardized method to characterize the genetic struc-
ture of clonal organisms in space. The Bayesian analy-
ses performed with StrucTURE software assume
panmixia and that each locus is at Hardy-Weinberg
equilibrium and independent of the others, We verified
that this approach is robust to these deviations by per-
forming analyses with only one copy of each MLG and
by obtaining the same results with the AFC performed
with GeNnEeTix, and the NJ trees.

We assumed that single copy MLGs may result from
two different processes: (i) they can result from a punc-
tual mutation and should thus differ from other indi-
viduals at only one locus (a common situation due to
the high mutation rate of microsatellite loci), or (ii) they
can result from a sexual reproduction event and thus
they should differ from other individuals at several loci.
The two hypotheses can be distinguished by the num-
ber of differences between an individual and its nearest
relative in phylogenetic trees, with the individuals
resulting from sexual reproduction being associated
with longer branches (for example, compare the indi-
viduals 25-31 and individuals 16-23 in the NJ tree of

© 2010 Blackwell Publishing Ltd
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population MB in Fig. 8). We found admixed MLGs,
suspected to be offspring of sexual reproduction, only
in the MA, MB and C populations. Confirmation that
these individuals are likely to have resulted from sexual
reproduction was achieved through the analysis of a NJ
tree in which simulated recombinant individuals are
added in observed data sets (see Supporting Informa-
tion 5. All of the admixed MLGs we identified by
StrucTure had longer branches on the NJ trees and were
thus more genetically distant from the others. For the
MB population, MLGs belonging to clusters 2 (individu-
als 25-31) and 3 (individuals 2-15) are grouped in two
sets of genetically close MLGs (Fig. 8). The individuals
within each of these clusters only differ by a couple of
mutations (small DAS distance). The MLGs of admixed
individuals (16-21) shared fewer alleles with the other
individuals in the population (larger DAS distance).
Thus, we conclude that these genotypes come from gen-
ome-wide recombination through infrequent sexual
reproduction.

Localisation of sexual reproduction in grapevine fields. By
taking advantage of the limited active dispersal of X.
index, we were able to localise sexual reproduction
events in the field. We achieved this goal by creating a
map of MLGs resulting from recombination and those
assigned to ‘parental clades’. This map and the genetic
relationship among MLGs determined by the NJ trees
confirm our hypothesis concerning the mating system
and gene flow within grapevine fields. First, the loca-
tion of the individuals assigned to each parental clade
appeared highly structured in space. This observation is
congruent with the aggregative spatial pattern of X.
index (Villate ef al. 2008). Moreover, admixed individu-
als that are likely to have resulted from sexual repro-
duction events based on the NJ trees were mostly
localised to the physical interfaces between two paren-
tal clades in the field. Because the genetic signature of
recombination is more easily detected when reproduc-
tion occurs between genetically more distantly related
individuals, individuals resulting from sexual reproduc-
tion events can be more easily identified in such inter-
faces. Moreover, there is an overrepresentation of single
copy MLGs in those interface areas. This could be due
to the fact that a single sexual reproduction event in
those areas may have generated numerous genetically
unique individuals. Environmental stress is known to
initiate sexual reproduction in a broad range of species
that normally undergo asexual reproduction (Bell 1982;
Harris 1989; Dubnau 1991; Kleiven et al. 1992; Gemmil
et al. 1997; Dacks & Roger 1999). For example, faculta-
tive outcrossing in C. elegans has been showed to be
favoured in starvation conditions (Morran et al. 2009).
The overlapping of two X. index patches could create

© 2010 Blackwell Publishing Ltd

stressed conditions that could favour male production
and outcrossing,.

Genetic differentiation at different spatial scales

Limited gene flow between grapevine fields and between areas
through passive dispersal. Analyses performed with
HierFstar revealed a strong effect of grapevine fields
and of sampling point on the genetic structure of
X. index (P-value = 0.001). There was a significant dif-
ferentiation among grapevine fields. However, the
observation of a few MLG shared by two populations
(Figs 2, 6, 7 and 8) suggests that passive dispersal of
nematodes through wine growing activities could have
occurred at a low frequency. Biological and ecological
traits of X. index suggest that passive dispersal may be
a rare event. This nematode lives deep in the soil and
thus cannot be dispersed by wind or water and can
only rarely be disturbed by field machinery. Its rela-
tively large size makes it sensitive to mechanical manip-
ulation and the hydric stress that occurs when earth is
turned upside down. Passive dispersal through
replanted grapevines from nurseries is a more likely
explanation for the observed pattern. Grapevine plants
in the Bordeaux vineyard region come from the same
nurseries. So if the observed pattern was due to con-
tamination from nursery plants, we would expect a
lower genetic differentiation between nematodes popu-
lations from different chiteaux or grapevine fields. But
the pattern observed could still be due to the introduc-
tion of nematodes from nursery, considering the com-
bined effect of ancestral polymorphism (ancient
introduction) and high mutation rates at the microsatel-
lite loci investigated.

An alternative explanation to recent migration is that
the MLGs shared between populations reveal ancestral
polymorphism that has been conserved independently
in those pairs of populations. However, this explanation
has a low likelihood as each ‘shared MLG’ is different
for each pair of populations sharing a common MLG.

Strong  genetic  structure due fo the limited active
dispersal. No isolation by distance was observed at the
grapevine field scale for most populations, but we found
a strong differentiation between sampling points within
the same grapevine field. This pattern is consistent with
limited capacities of active dispersal leading to a patchy
spatial distribution within grapevine fields (Villate ef al.
2008). The clonal reproductive mode may also explain
the absence of isolation by distance pattern and the
strong genetic differentiation observed (consequences of
the Meselson effect at the population scale). We did find
a significant correlation between Fst and geographical
distances at the scale of the grapevine field in the MA
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population. It is possible that this is because of the
higher rate of sexual reproduction in this population.
Finally, the variable number of MLGs observed among
populations could also reflect a variation in the age of
the populations. In the youngest populations, an insuffi-
cient number of generations may have occurred to
produce any isolation by distance pattern.

Inicidence of the reproductive mode in pathogen
populations

Control strategies implemented against parthenogenetic
pests might be different from those used for sexual spe-
cies. Multiple genes underlie the mechanisms involved
in adaptation to pesticide or host resistance plants. The
occurrence of sexual reproduction in X. index popula-
tions should have profound consequences for prophy-
lactic policies against this nematode with regard to the
development and use of resistant rootstocks. According
to McDonald & Linde (2002), pathogen populations
with a high evolutionary potential (mixed reproduction
system, high potential for genotype gene flow, large
effective population size and high mutation rate) are
more likely to overcome genetic resistance than patho-
gen populations with a low evolutionary potential
(strict asexual reproduction, low potential for gene flow,
small effective population size and low mutation rates).
In this way, the rare occurrence of sexual reproduction
in X. index is expected to favour more rapid adaptation
to chemical or host-based strategies for controlling this
pest.

By taking advantage of the biology of the nematode
X. index, combined with highly polymorphic markers
and an accurate sampling strategy at a suitable scale,
we have been able to identify and locate individuals
resulting from sexual reproduction in a mainly parthe-
nogenetic species. The simulation approach we used to
generate genotypes of individuals resulting from sexual
reproduction confirms our interpretation that individu-
als located at intermediate positions in unrooted trees
can be considered to have resulted from sexual repro-
duction. Although the combination of both geographical
and genetic data is an old quest for population geneti-
cists, this aim has not yet been realized due to a lack of
suitable methods. A new method proposed by Guillot
et al. (2005) or Manel et al. (2007) represents significant
progress in this area. The combined analyses of phylo-
genetic trees and a map of sampling designs could be
another way to achieve this goal (see for example Biek
et al. 2007). In our study, we not only have mapped
genetic clades onto a sampling design, but we have also
been able to accurately locate a particular biological
process: rare reproduction events in a mainly partheno-
genetic species. We suggest that this method could also

be developed for other asexual species. Fungi or plants,
in which mating systems are often variable and com-
plex, could also be investigated with this method.
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