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Abstract

Pristionchus pacificus, recently established as a model organism in evolutionary biology,
is a cosmopolitan nematode that has a necromenic association with scarab beetles. The
diverse array of host beetle species and habitat types occupied by P. pacificus make it a
good model for investigating local adaptation to novel environments. Presence of
P. pacificus on La Réunion Island, a young volcanic island with a dynamic geological
history and a wide variety of ecozones, facilitates such investigation in an island
biogeographic setting. Microsatellite data from 20 markers and 223 strains and
mitochondrial sequence data from 272 strains reveal rich genetic diversity among La
Réunion P. pacificus isolates, shaped by differentially timed introductions from diverse
sources and in association with different beetle species. Distinctions between volcanic
zones and between arid western and wet eastern climatic zones have likely limited
westward dispersal of recently colonized lineages and maintained a genetic distinction
between eastern and western clades. The highly selfing lifestyle of P. pacificus
contributes to the strong fine-scale population structure detected, with each beetle host
harbouring strongly differentiated assemblages of strains. Periodic out-crossing gener-
ates admixture between genetically diverse lineages, creating a diverse array of allelic
combinations likely to increase the evolutionary potential of the species and facilitate
adaptation to local environments and beetle hosts.
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. colonization, after which evolution must have continued
Introduction . .. . . . ..
in relative isolation from continental influence. This iso-

Volcanic island chains, which have never been con- lation provides an ecological opportunity for successful

nected to other emerged lands, are ideal for investigat-
ing colonization and local
environments and as such are commonly referred to
as ‘laboratories of evolution’ (Whittaker & Fernandez-
Palacios 2007). Local flora and fauna can only have
been established through long-distance dispersal and

adaptation to novel
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colonizers, as the variety of available ecological niches
facilitates adaptive divergence in association with dis-
tinct local environments. Rapid genetic and phenotypic
diversification in association with ecological shifts has
been demonstrated in a range of taxa within both the
Hawaiian and Galapagos Island chains (e.g. Jordan
et al. 2005; Kleindorfer et al. 2006; Lawton-Rauh et al.
2007; Mathys & Lockwood 2011); the Mascareigne
Island chain has to date received relatively little
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attention despite its classification as one of the world’s
major biodiversity hotspots (Myers et al. 2000).

As the youngest island within the chain, La Réunion
has a landscape shaped by ongoing volcanic activity
and characterized by the steepest altitudinal gradient
and greatest variety of habitats of all the Mascareigne
Islands. Two volcanoes dominate La Réunion, the
extinct Piton des Neiges and the active Piton de la
Fournaise, which reach peaks of 3070 and 2631 m,
respectively (Strasberg et al. 2005). The Piton des Nei-
ges originated as La Réunion emerged from the ocean
approximately 2-3 Ma (Gillot & Nativel 1982) and is
located in the northwest of the island (Fig. 1a). The
three large calderas that dominate the landscape within
this region, leading to dramatic changes in altitude
across short geographic distances, were created during
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the collapse of the centre of the Piton des Neiges fol-
lowing a period of prolonged activity, between 0.35 and
0.13 Ma (Gillot & Nativel 1982). The younger Piton de
la Fournaise originated to the southeast of the Piton des
Neiges approximately 0.53 Ma (Gillot & Nativel 1989).
Thus, the island is characterized by younger southeast-
ern and older northwestern regions (Fig. 1a). Further
demarcation among ‘ecotypes’ is created by prevalent
wind patterns across the island. Specifically, the climate
on the eastern, windward side of the island is character-
ized by high rainfall, while the western, leeward side
has a substantially drier climate. Together, climatic and
geological variables conspire to create a complex of
some 19 habitat types or ‘ecozones’ on La Réunion,

within which species diversity and endemism broadly
differ

(Strasberg et al.  2005). The resulting
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Fig. 1 The geographic distribution of Pristionchus pacificus genetic diversity across La Réunion Island; (a) a topographical map of La
Réunion Island, indicating the sampling localities, the approximate positions of the island’s two volcanoes, the geological divide
between older and younger volcanic regions and the division between wetter and drier climatic zones; (b) a neighbour-joining tree
showing the genetic relationships between strains, constructed using Single tandem repeat (STR) markers in Phylip; (c) a mt haplo-
type network, as constructed using Tcs version 1.21, indicating genetic relationships between strains — the size of the circle is propor-
tional to the frequency of the haplotype, and the length of branches is proportional to the number of mutations inferred between
haplotypes; however, this network is not to scale. Boundaries between major clades are indicated on the mt network. Both the STR
neighbour-joining tree and the mitochondrial haplotype network are colour-coded according to sampling locality.
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environmental gradients and discontinuities across the
island offer considerable opportunity for adaptive
divergence and thought to have led to enhanced differ-
entiation within taxa such as the bird species Zosterops
borbonicus (Mila et al. 2010) and the mosquito species
Anopheles arabiensis (Morlais et al. 2005) and Aedes albo-
pictus (Paupy et al. 2001).

As a cosmopolitan species that inhabits a wide vari-
ety of habitat types and environments, the nematode
species Pristionchus pacificus is a good model for investi-
gating colonization dynamics and adaptive divergence
in an island setting. Pristionchus species have an inter-
esting ecology, being found in necromenic association
with scarab beetles. Following the infestation of a suit-
able beetle host, the nematodes enter an arrested state,
resuming development after host death to feed on bac-
teria growing on the beetle carcass. While the majority
of Pristionchus species show high specificity to a partic-
ular beetle species, P. pacificus is unusually plastic in its
host association and is known to infest several distantly
related beetle species (Herrmann et al. 2006, 2010). On
La Réunion Island alone, where it is by far the most
prevalent Pristionchus species, P. pacificus has been iso-
lated from more than ten beetle species, including both
invasives and endemics (Herrmann et al. 2010). Thus,
this island system provides an opportunity to investi-
gate local adaptation and divergence not only in associ-
ation with a range of ecozones but also in association
with a diverse array of potential host beetle species.

The initial establishment of P. pacificus on La Réunion
and subsequent adaptation to novel environments are
likely to have been substantially influenced by coloniza-
tion and population dynamics. For example, multiple
introductions from diverse sources may increase adap-
tive potential through the generation of high genetic
diversity (Roman & Darling 2007; Dlugosch & Parker
2008); a previous study of P. pacificus found high mito-
chondrial (mt) diversity within La Réunion populations,
suggesting multiple introductions may indeed have
contributed to successful colonization (Herrmann et al.
2010). The reproductive strategy of P. pacificus may also
have contributed to its colonization success; this species
has a hermaphroditic mating system, characterized by a
predominance of self-fertilizing hermaphrodites with
out-crossing only possible through the periodic produc-
tion of males. The ability to self-fertilize and the conse-
quent reproductive assurance may account for the
widespread distribution of this species, which has been
collected from across four continents, including Africa,
Asia, America and Europe (Herrmann et al. 2010).
Indeed, all 4 of the Pristionchus species detected on La
Réunion Island to date are hermaphroditic, despite the
fact that a gonochoristic system with obligate out-cross-
ing and separate males and females is the predominant

and likely ancestral system within the Pristionchus
genus (Mayer et al. 2007). This clear over-representation
of hermaphroditism as a reproductive strategy among
La Réunion Pristionchus species supports the hypothesis
that hermaphroditism confers an advantage in terms of
colonization ability. The frequency and role of out-
crossing in  P. pacificus natural populations are
unknown (Click ef al. 2009); however, the presence of
periodic out-crossing provides the opportunity to inves-
tigate the roles of self-fertilization, out-crossing and
recombination in island colonization and local adapta-
tion.

The scope for island biogeographic studies using
P. pacificus is further enhanced by the recent develop-
ment of this species as a model organism in evolution-
ary biology, with a range of readily available genetic,
genomic and transgenic tools (Hong & Sommer 2006;
Schlager ef al. 2009). Recent work has focused on fine-
scale intraspecific natural variation in both developmen-
tal processes and life history traits in P. pacificus. By
integrating these aspects with ecological and population
genetics-based approaches, we can investigate how
adaptive divergence in an island setting drives pheno-
typic change (e.g. Zauner and Sommer, 2007, Mayer &
Sommer 2011) and how such change may be initiated at
the microevolutionary level (Sommer 2009).

We investigate the evolutionary history of P. pacificus
on La Réunion Island with a multilocus approach. We
use 20 microsatellite [Single tandem repeat, or (STR)]
markers designed to cover a representative sample of all
six of P. pacificus’ chromosomes, genotyping a total of
223 strains. In addition, we add a further 196 sequences
to an existing (n = 76) mtDNA data set (Herrmann et al.
2010). Our sampling approach encompasses several bee-
tle species and geographic regions across La Réunion
Island to address the following questions: (i) Is the high
genetic diversity previously detected using mtDNA
(Herrmann et al. 2010), potentially generated by multi-
ple independent colonizations of La Réunion, reflected
in both the STR and extended mt data sets? (ii) Is there
an association between population genetic structure and
either geological or ecological divisions? (iii) Is an associ-
ation between genetic lineages and specific host beetle
species apparent, or do lineages show plasticity in their
beetle association? (iv) Do genome-wide patterns of link-
age disequilibrium (LD) confirm selfing as the predomi-
nant reproductive strategy?

Methods

Sample collection and DNA extraction

Beetle samples were collected from multiple locations
on La Réunion Island (Supplementary material
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Table S1; Fig. 1a) and processed as described in Herr-
mann et al. (2006, 2010). In brief, the carcasses of freshly
sacrificed beetles were placed on individual NGM agar
plates seeded with the Escherichia coli strain OP50. The
plates were monitored daily over a period of up to
6 weeks for the emergence of nematodes. Any single
adult nematodes emerging from the beetle carcasses
were picked individually and placed onto fresh NGM
plates and seeded with OP50. This was continued until
five adult nematodes had been isolated from the beetle
carcass or until eggs or larvae were observed on the
plate, at which point we could no longer be confident
that any adult nematodes observed were from the origi-
nal ‘P0" generation inhabiting the live beetle host. This
protocol was followed in all instances except for three,
for which a total of 7, 10 and 11 nematodes were iso-
lated from individual Oryctes borbonicus beetles.

Isogenic lines were created from all single adult Pris-
tionchus pacificus hermaphrodites by allowing them to
reproduce and maintaining their offspring in culture.
Throughout this manuscript, the term ‘strain’ refers to
these laboratory-maintained isogenic lines. As the iso-
genic lines were maintained in the laboratory by selfing
for at least ten generations, any heterozygosity present
in the original PO generation is expected to have been
eroded. Although there are caveats associated with this
protocol (see Discussion), these were unavoidable for
this study, as extraction from the single PO hermaphro-
dite yielded insufficient DNA for sequencing and STR
genotyping. Species identity was confirmed by sequenc-
ing the small single- ribosomal RNA (SSU) locus
(Mayer et al. 2007).

Sequence data from mt ND6 and ND4L genes was
available for 76 strains from a previous study (Herr-
mann ef al. 2010); in this study, a further 196 strains
(isolated from 17 geographic locations and 11 beetle
species) were sequenced at these loci (see Fig. la and
Table S1), which together form a 760-bp fragment,
using the primers (HZ11896 and HZ11897), extraction
protocol and thermal cycling conditions of Herrmann
et al. (2010). Thus, in total, 272 lines comprise the mt
data set; sequences generated in this study are available
from GenBank, with the accession numbers JN812789-
JN812965.

Developing and genotyping STR markers

Single tandem repeat markers were developed by scan-
ning the Pristionchus pacificus genome using Tandem
Repeats Finder (Benson 1999). Loose and strict methods
were used, with alignment scores of 20 and 50, respec-
tively, and alignment weights of {2, 7, 7} and {2, 3, 5},
respectively. The scan results were screened to elimi-
nate markers included within gene predictions, as iden-
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tified using the web-based resource: http://
Pristionchus.org. Finally, 20 markers were selected so
that all six chromosomes were represented. Pure and
long motifs were preferentially selected, as these are
likely to be more polymorphic. Primers were designed
for the selected markers using PriMER3 version 0.4.0
(Rozen & Skaletsky 2000). Details of the selected mark-
ers and primers are shown in Supplementary material
Table S2.

An M13 tail (5-CACGACGTTGTAAAACGAC-3)
was attached to the 5" end of all forward primers and
labelled for genotyping with one of the following dyes:
6-FAM, VIC, NED or PET (Applied Biosystems, Foster
City, USA). STR amplification was performed in final
volumes of 20 pL, which included 12.5 mm MgCl,,
200 pm ANTPs and primers at concentrations of 0.4 pum.
All PCR were performed with an annealing tempera-
ture of 55 °C. Products labelled with different fluores-
cent dyes were multiplexed and genotyped on an ABI
3730xl, using the internal size standard LIZ-500 and the
ABI GENEMAPPER SOFTWARE version 4.0 (Applied Biosys-
tems).

A total of 223 strains (including 45 from Herrmann
et al. (2010) and 178 new strains), isolated from 15 geo-
graphic locations and nine beetle species, were geno-
typed at their STR loci. Strains for which both mt
sequence and STR data were obtained number 190. (see
Fig. 1a and Table S1). STR genotype data are available
from Dryad, with the accession: doi:10.5061/dryad.
nslstov2.

Population genetic analyses

Diversity statistics. Both STR and mt data sets were
partitioned in three ways, according to: (a) sampling
locality, (b) host beetle species and (c) both host beetle
species and sampling locality. Additionally, where mul-
tiple strains were isolated from one individual beetle,
STR data were divided into beetle-specific partitions
(d). STR variability was estimated for each data parti-
tion according to allelic richness and gene diversity
(Hg), as calculated using ARLEQUIN version 3.0 (Excoffier
& Schneider 2005). To control for the effect of sample
size on allelic richness, rarefied allelic richness was cal-
culated using ADZE version 1.0 (Szpiech et al. 2008). Mt
diversity was estimated using Arlequin, according to
the following statistics: haplotype diversity, nucleotide
diversity (n), mean number of pairwise differences (8)
and the mean number of segregating sites (S).

Networks and differentiation indices. For the STR data set,
a matrix of pairwise distances between individuals was
constructed using MSANALYSER version 4.05 (Dieringer &
Schlétterer 2003), based on Nei's Chord distance (Nei
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1972). This distance matrix was used to construct a
neighbour-joining (NJ]) tree, using the Neighbor pro-
gram within the PHyLIP version 3.69 (Felsenstein 1989)
package. Owing to the potential for recombination
between multiple nuclear markers, the imposition of a
bifurcating (N]) topology may be misleading. Thus, the
construction of a neighbour-net network, which is likely
to better reflect the history of recombination in the STR
sample, was performed using SPLITSTREE version 4.11.3
(Huson & Bryant 2006). For the mt data set, TCS ver-
sion 1.21 (Clement et al. 2000) was used to estimate a
haplotype network based on the statistical parsimony
algorithm of Templeton et al. (1992). A connection limit
of 95% was applied, and predictions from coalescent
theory were used to resolve ambiguous loops (Temple-
ton et al. 1992; Crandall & Templeton 1993; Crandall
1994; Posada & Crandall 2001). The resulting network
was examined, and the presence of unique haplotypes
(singletons) was identified.

Pairwise genetic differentiation between STR data
partitions, as defined according to partitioning schemes
(a—d), was estimated through Fst and Rgr statistics, cal-
culated in Arlequin. Significance was determined using
1000 permutations. Fsr-based statistics may give biased
and misleading estimates of differentiation, especially
when estimated for highly polymorphic markers such
as STRs (Jost 2008; Heller & Siegismund 2009; Leng &
Zhang 2011). As an additional measure of genetic dif-
ferentiation for comparison with Fsr, Jost's D was calcu-
lated using smocp version 1.2.5 (Crawford 2010). This
latter statistic has been shown to give substantially
more robust inferences than Fgr-derived statistics under
certain conditions (Leng & Zhang 2011); however, all
three measures revealed similar patterns of differentia-
tion for the STR data set. Thus, we refer hereafter only
to our Rgr results and proceeded to mt analyses using
only Fgr statistics, for which we used Arlequin and
evaluated significance based on 1000 permutations.
Finally, exact tests for population differentiation based
on allele/haplotype frequencies (Raymond & Rousset
1995) were performed for both data sets for each of the
partitions (a—c).

The effect of geographic distance on genetic differen-
tiation was estimated through tests of isolation by dis-
tance (IBD). For both the mt and STR data sets, the
Mantel correlation coefficient (Mantel 1967) between the
pairwise geographic and genetic (Fsp/(1-Fst), and
Rer/(1-Rgy) for the mt and STR data, respectively) dis-
tance matrices was calculated using Arlequin, and sig-
nificance was estimated using 5000 permutations.

Analysis of molecular variance. To examine the level of
genetic structure according to sampling locality,
host beetle species and both of these factors combined,

hierarchical analysis of molecular variance (AMovA) was
performed in Arlequin with both STR and mt data sets
partitioned according to schemes (a—c). Additionally,
AMoOvA was performed to examine the effect of geologi-
cal and ecological divisions (Fig. 1a) on levels of genetic
variation. As the majority of the 19 ‘ecozones’ identified
by Strasberg et al. (2005) are represented by only one
sampling site, the ecozone definitions were used to
group sample locations into broader moist and arid eco-
logical divisions. Thus, for AmMovA examining partition
(a), groups were defined according to (i) the division
between the older and younger geological regions of
the island and (ii) the division between the wetter east-
ern and drier western sides of the island (Fig. 1a).
Additionally, to investigate fine-scale population struc-
turing within a sampling locality, AMova was performed
on the subset of strains included in STR partitioning
scheme (d).

Clustering analysis. The Bayesian clustering algorithms
implemented in STRUCTURE version 2.2 (Pritchard et al.
2000) and InStruct (Gao ef al. 2007) were used to
estimate the most likely number of genetic clusters (K)
in the STR data set and to probabilistically assign
individuals to those clusters. InStruct is an extension
to STRUCTURE designed to accommodate selfing
and, rather than assuming random mating and Hardy-
Weinburg equilibrium (HWE) within populations,
avoids potential bias introduced by selfing (Falush et al.
2003) by allowing selfing or inbreeding rates to vary
between clusters. InStruct was used alongside STRUC-
TURE for K values of 1-20 and the results were
compared, as recommended by the authors (Gao et al.
2007). Optimal values of K were determined using devi-
ance information criteria. Five independent MCMC
chains were run in InStruct, each with 1 000 000 itera-
tions, a burn-in of 500 000 generations and a thinning
interval of 100 between retained draws. Burn-in and
MCMC lengths of 10 000 and 100 000, respectively,
were used in STRUCTURE, and convergence of chains
was checked after run completion. For each program,
six replicate runs were conducted for each value of K,
and these were checked for concordance. Replicate runs
of STRUCTURE and InStruct were analysed using
cLumrer version 1.1.2 (Jakobsson & Rosenberg 2007),
which handles differences between replicate runs by
matching clusters and average Q values across them.
Results were graphically displayed using DisTrUCT
version 1.1 (Rosenberg 2004).

Inferences of population structure may be influenced
by departures from neutrality in molecular markers.
Thus, outlier STR loci were identified using BaYEScan
version 1.0 (Foll & Gaggiotti 2008), which uses differ-
ences in allele frequencies between populations to

© 2011 Blackwell Publishing Ltd
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identify loci likely to be under the influence of selec-
tion. BayeScan was run with data partitioned by
schemes (a) and (c). Neutrality was rejected for those
loci at which the log;o (Bayes factor) exceeded 1.5. This
included the following loci when data were partitioned
according to (a): M55, M59, M65, M66 and M69; and
(c): M50, M55, M59, M65 and M66. STRUCTURE and
InStruct were therefore run on both the full data set
and the reduced data set of 14 neutral loci, from
which inferred outlier loci were excluded (see
Table S2).

Linkage Disequilibrium. Repeated self-fertilization leads
to extensive LD across the genome and, as a result, rap-
idly reduces the effective recombination rate (Charles-
worth 2003). To test the hypothesis of genome-wide LD,
the exact test of LD, an extension of the Fisher’s exact
test based on contingency tables, was performed for all
pairs of STR loci using Arlequin. The Markov chain
was run for 100 000 steps, following an initial demem-
orization of 1000 steps. Additionally, the index of asso-
ciation I4, a measure of multilocus LD, was estimated
for the full data set, as well as each of the partitions
according to schemes (a—c). This was performed using
MurtiLocus 13 (Agapow & Burt 2001). Significance was
determined through 1000 randomizations.
Recombination events can also be detected through
inconsistencies in the genetic relationships between
individuals inferred from different molecular markers,
including those that differ in their mode of inheritance
(e.g. Haber et al. 2005). Thus, genetic relationships
inferred using STR markers were compared with those
inferred from mt markers for all strains. Additionally,
STR data were examined to identify any individual
strains with admixed eastern and western clade haplo-

types.

Results

Diversity statistics

All data partitions according to schemes (a—c) showed
some polymorphism across STR loci, and the majority
were also polymorphic at mt loci. For the STR data sets,
the number of alleles per locus ranged from 4 to 49,
with a mean of 14.75 (Table 1). Gene diversity (Hg) ran-
ged from 0.090 to 0.951, with a mean of 0.699. The num-
ber of haplotypes per genetic population ranged from 1
to 78 in the mt data set, depending on the partition
analysed, while mt haplotype diversity (for n > 5) ran-
ged from 0409 to 0.953 (Supplementary material,
Table S3). A total of 194 STR and 74 mt haplotypes
were detected within 223 and 272 individuals,
respectively.

© 2011 Blackwell Publishing Ltd

Strains from Grand Etang (GE) harboured the greatest
diversity at STR markers (Hg = 0.633, Ar(5) = 0.912),
while strains isolated from Le Cratere Commersion
(CC) and Plaine des Lianes (PL) harboured the least
(Hg = 0.221 and 0.222; Ar(5) = 0.301 and 0.138, respec-
tively) (Table 1). Mt diversity was also highest for
strains isolated from GE (n = 0.036, 6 = 26.853) and was
lowest within Nez de Boeuf (NB) and Colorado (CO)
strains (1 = 0.006 and 0.006; 6 = 4.692 and 4.500, respec-
tively) (Supplementary material Table S3). With data
partitioned according to host beetle species, strains iso-
lated from Adoretus sp. harboured the greatest STR
diversity (Hg = 0.662, Ar(5) = 2.976), and strains isolated
from Amneidus godefroyi and Marronus borbonicus har-
boured the least (Hg = 0.371 and 0.089; Ar(5) = 1.874
and 1.231, respectively) (Table 1). Strains isolated from
Adoretus sp. also had the greatest mt diversity
(m = 0.034, 6 = 25.118); while strains isolated from Atae-
nius scutellaris, Hoplochelus marginalis and Oryctes borbo-
nicus harboured the least (x = 0.001, 0.013, 0.013; and
6 = 0.857, 9.910, 9.379, respectively) (Table S3). Finally,
of the 30 individual beetles from which two or more
strains were isolated, 28 harboured at least two STR
haplotypes. Within these 28 beetles, diversity was low,
with strains isolated from the same beetle being mono-
morphic at the majority of, but not at all, STR loci.

Networks and differentiation indices

There are no obvious differences in the relationships
inferred through the STR NJ tree and neighbour-net
network. As geographic relationships are easier to visu-
alize in the NJ tree, only the tree is displayed in Fig. la;
the neighbour-net network is available as supplemen-
tary material (Supplementary Fig. S1). All trees/net-
works for both the STR and mt loci reveal four major
clades (Figs. 1b,c and S1), corresponding to the four
worldwide clades identified by Herrmann et al. (2010).
Hereafter, we maintain the nomenclature used by Herr-
mann et al. (2010) and refer to these clades as ‘A’, ‘B/,
‘C’ and ‘D’ (Fig. 1a,b). These distinct clades are sepa-
rated by 20 or more mutational steps (>5% uncorrected
p-distance sequence divergence) in the mt network
(Fig. 2b). The mt clade A includes strains from the east-
ern localities Saint Benoit (SB), GE and Basse Vallée
(BV), whereas the STR clade A is made up exclusively
of strains from SB. In both the STR and mt networks,
clade B is made up exclusively of strains from the cen-
tral volcano plateau (NB and CC), while clade D con-
sists primarily of strains from the east (BV, GE and PL).
Finally, clade C consists largely of ‘western’ strains,
with a small number of ‘eastern” (BV, GE, SB) strains
also represented. Thus, both STR and mt data indicate a
clear pattern of differentiation between eastern and
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Table 1 Population genetic statistics for Pristionchus pacificus STR data, as partitioned by: (a) original geographic collection location;
(b) original host beetle species; and (c) original geographic collection location and host beetle species

Population N Na Ar(5) Ap(5) Hg N

Full data set
Total 224 14.750 3.160 3.160 0.699 2.191 (P < 0.001)

(a) Partitioned data set
Basse Vallée (BV) 9 2.900 2.426 0.428 0.496 4.148 (P < 0.010)
Le Cratere Commerson (CC) 16 1.650 1.588 0.301 0.221 3.003 (P < 0.010)
Colorad o (CO) 12 2.350 2.154 0.682 0.410 5.922 (P < 0.010)
Grand Etang (GE) 16 4.900 2.962 0.912 0.633 4.003 (P < 0.010)
Nez de Boeuf (NB) 13 2.250 1.650 0.416 0.318 1.524 (P < 0.010)
Plaines des Cafres (PC) 25 3.850 2.395 0.481 0.503 2.948 (P < 0.010)
Plaine des Lianes (PL) 9 1.650 1.433 0.138 0.222 1.896 (P < 0.010)
Saint Benoit (SB) 29 4.100 2.404 0.742 0.528 4412 (P < 0.010)
Sans Souci (SS) 10 3.150 2.283 0.334 0.458 3.415 (P < 0.010)
Trois Bassins (TB) 69 7.050 2.414 0.411 0.499 0.806 (P < 0.010)
Trois Bassins Garden (TBG) 7 3.100 2476 0.464 0.468 —-0.190 (P = 0.637)

(b) Partitioned data set
Adoretus sp. 43 7.450 2.976 1.221 0.662 2.805 (P < 0.010)
Ammneidusgodefroyi 24 2.850 1.874 0.811 0.371 2.043 (P < 0.010)
Aphodius sp. 13 2.700 2.375 0.310 0.496 7.819 (P < 0.010)
Hoplia retusa 38 5.350 2.574 0.632 0.556 1.837 (P < 0.010)
Hoplochelus marginalis 23 4.800 2.518 0.683 0.515 1.571 (P < 0.010)
Maladera affinis 18 4.150 2.465 0.518 0.554 4.883 (P < 0.010)
Oryctes barbonicus 58 6.750 2.420 0.576 0.495 1.236 (P < 0.010)
Marronus borbonicus 5 1.150 1.231 0.107 0.089 —-0.167 (P = 0.759)

(c) Partitioned data set
BV Adoretus 9 2.900 2.535 0.406 0.496 4.148 (P < 0.010)
CC Amneidus 16 1.650 1.568 0.232 0.221 3.003 (P < 0.010)
CO Adoretus 5 1.000 1.154 0.478 0.036 —-0.250 (P = 1.00)
CO Hoplochelus 7 1.850 2.098 0.398 0.348 6.384 (P < 0.010)
GE Adoretus 15 4.650 3.024 0.913 0.627 4.151 (P < 0.010)
NB Amneidus 8 2.000 1.699 0.294 0.307 1.740 (P < 0.010)
NB Marronus 5 1.150 1.231 0.107 0.089 —0.168 (P = 0.759)
PC Hoplia 25 3.850 2.502 0.403 0.503 2.949 (P < 0.010)
PL Adoretus 9 1.650 1.466 0.089 0.222 1.896 (P < 0.010)
SB Aphodius 14 3.000 2.462 0.195 0.512 7.819 (P < 0.010)
SB Maladera 15 3.100 2.180 0.308 0.438 3.331 (P < 0.010)
SS Oryctes 10 3.150 2.382 0.448 0.458 3.415 (P < 0.010)
TB Hoplia 11 3.000 2.355 0.326 0.482 2.666 (P < 0.010)
TB Hoplochelus 13 3.550 2.400 0.373 0.466 1.598 (P < 0.010)
TB Oryctes 45 5.750 2.446 0.406 0.469 1.138 (P < 0.010)

STR, Single tandem repeat; 1, sample size; N5, number of alleles.

Rarefied allelic richness, using a maximum standardized sample size of 5 (Ar(5)).
Rarefied private allelic richness, using a maximum standardized sample size of 5 (Ap(5)).
Expected heterozygosity (Hg); Standardized multilocus index of association ().

western localities, with the majority of strains from east-
ern localities falling into clades A, B and D, and the
majority of strains from western localities falling into
clade C (Fig. 1).

The Mantel tests indicated no significant correlation
between geographic and either mt or STR genetic
distances; thus, we find no evidence for isolation-by-
distance effects in our data (P = 0.0582 and 0.351 for mt
and STR data, respectively). Both STR Rgr and mt Fgr

statistics indicated marked and significant differentia-
tion among Pristionchus pacificus populations as defined
according to all three partitioning schemes (Supplemen-
tary material Table S4). With data partitioned according
to sampling locality (and where n < 5), both STR and
mt markers showed localities CC, NB and PL to be
among the most strongly differentiated (mean STR
Rgr = 0.685, 0.617, 0.603; and mean mt Fgt = 0.563,
0.750, 0.630, respectively) and GE to be the least
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Oryctes TB
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Fig. 2 Population genetic structure as inferred using the Bayesian clustering algorithm in InStruct. Each horizontal bar represents a
Pristionchus pacificus strain; the coloured segments of each bar represent the proportion of that strain’s genetic membership to a par-
ticular cluster. The sampling locality and host beetle species from which strains were isolated are indicated. Population genetic struc-

ture schemes are presented for K = 2, 9 and 15.

differentiated (STR Rgr = 0.210, mt Fgr = 0.245). When
data were partitioned according to host beetle species,
strains isolated from A. godefroyi, M. borbonicus and
Maladera affinis were among the most strongly differen-
tiated for both genetic markers (mean STR Rgr = 0.460,
0.663 and 0.445; mean mt Fgt = 0.566, 0.715 and 0.459).
When considered individually, differentiation statis-
tics for strains isolated from different beetle species at
the same location were low and often non-significant
(Table S4). For example, at SB, low but significant dif-
ferentiation was detected between strains isolated from
M. affinis and from Aphodius sp. at both STR and mt
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markers (STR Rgp = 0.105, mt Fgr = 0.105). At Trois Bas-
sins (TB), STR differentiation was also low but signifi-
cant between strains isolated from H. marginalis,
H. retusa and Oryctes borbonicus. Mt differentiation
between strains isolated from different beetle species
within TB was generally non-significant, with only
H. retusa and H. marginalis showing significant (low)
differentiation (Fsy = 0.087) (Table S4). Conversely,
where strains were isolated from the same host beetle
species but from different geographic locations, differ-
entiation indices were mostly significant but low at both
markers. For example, strains isolated from A. godefroyi
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from CC and NB were significantly differentiated at
both markers (STR Rgr = 0.342, mt Fgr = 0.202). The
same was true for strains isolated from H. retusa at
Plaines des Cafres (PC) and TB (STR Rgr = 0.151, mt
Fsr = 0.083) and from O. borbonicus at Sans Souci (SS)
and TB (STR Rst = 0.269, mt Fsr = 0.079) (Table S4).

When considered in the light of geological divides
across the island (Fig. 1la), where n > 5, differentiation
between populations located in younger vs. older
regions of the island was higher on average than differ-
entiation between populations located within younger
or older regions, and populations located in the youn-
ger area were more differentiated than those in the
older (mean Rgr and Fgp = 0.465 and 0.588 for STR and
mt, respectively, for younger vs. older; mean
Rer = 0.440 and Fsr = 0.456 between younger locations;
mean Rgr = 0.215 and Fsr = 0.258 between older loca-
tions). Similarly, populations from locations on the wet-
ter side of the island (Fig. 1a) were more differentiated
than those on the drier side (mean Rgt = 0.395,
Fst = 0.464 between wet locations; mean Rgt = 0.262,
Fsr = 0.239 between dry locations), and differentiation
between populations from wet and dry locations was
higher still (mean Rgr = 0.527 and Fgr = 0.532).

Analysis of molecular variance

AMova of data sets partitioned according to schemes
(a—c) revealed that significant variation was explained
by sampling locality (47.65% of STR variation,
P < 0.001; 50.28% of mt variation, P < 0.001), host beetle
species (36.18%, P < 0.001 for STR; 42.05%, P < 0.001
for mt) and both sampling locality and host beetle spe-
cies combined (49.16%, P <0.001; and 50.18%,
P <0.001) (Tables 2 and 3). Thus, sampling locality
explained a slightly higher level of genetic variance
than host beetle species, for both genetic markers.

The distinction between geologically older and youn-
ger localities did not explain a significant amount of
either STR (7.52%, P =0.182) or mt variation (9.06%,
P =0.070). The classification of localities according to
‘wet” or ‘dry’ (Fig. 1a), however, explained a significant
amount of both STR and mt variation (33.60%,
P < 0.001; 27.38%, P = 0.005) (Tables 2 and 3).

When amova was performed on the STR data set as
partitioned by scheme (d), where beetles harboured
multiple nematode strains, the majority of variation
among strains was partitioned across different beetles
(82.62%, P <0.001). However, significant variation
among strains isolated from the same beetle was also
present (17.38%, P < 0.001), indicating that divergent
strains can infest the same individual host. When
strains from individual beetles were further grouped by
geographic location, the majority of variation was

distributed between individual beetles within locations
(57.13%, P < 0.001), but a significant level of variation
was also distributed between these locations (26.00%,
P < 0.001) (Table 2).

Clustering analyses

There were no obvious differences in the assignment of
individuals to populations as performed in InStruct and
STRUCTURE, using either the full or reduced data sets
(Table S2); therefore, only the results of InStruct using
the full data set are presented graphically in Fig. 2. At
K =2, individuals were confined to two clusters, one of
which consisted almost exclusively of individuals from
the eastern side of the island, while the other included
mostly strains isolated from the west (Fig. 2). These
two clusters correspond to mt and STR clades A, B and
D (east), and C (west), respectively (Fig. 1). The three
geographically defined clusters corresponding to the
central plateau localities CC and NB, the eastern locali-
ties BV, GE and PL, and the eastern locality SB became
apparent as K was increased to six and remained con-
sistent as K was increased up to 15 (Fig. 2). The cluster
comprising localities CC and NB corresponds to clade
B; that comprising localities BV, GE and PL corresponds
to clade D; and that comprising SB corresponds to clade
A (Figs 1a,b and 2). Increasing the number of clusters
from K=6 to K=15 resulted in increased division
among the ‘western’ (clade C) strains, although the
additional clusters showed high admixture and did not
clearly correspond to either host beetle species or sam-
pling locality.

When all loci were included, the optimal number of
clusters identified by both STRUCTURE and InStruct
was K =15, with LnP(D) remaining high for K = 16-20
for both algorithms. For the reduced data set excluding
the outlier loci identified by BayeScan (Table S2), both
STRUCTURE and InStruct identified K = 14 as the opti-
mal number of clusters, with LnP(D) falling off more
sharply for K > 14. Finally, all clusters identified by
InStruct were estimated to have selfing rates of between
0.80 and 0.98.

Evidence for recombination events

The relationships between strains inferred from STR
data were largely similar to those inferred using mt
markers, with the exception of four discrepancies indi-
cating potential recombination/admixture  events
(Fig. 3). Within the STR clade C strains, RS5401, iso-
lated from Adoretus sp. at GE, falls within the mt clade
D. Strains RS5410 and RSA059, also both isolated from
Adoretus sp. at GE, showed the reverse pattern, falling
within STR clade D but mt clade C. Finally, RS5419,

© 2011 Blackwell Publishing Ltd
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Table 2 Percentage of variation (%) of molecular variance attributed to various levels of hierarchical population structure for Pris-
tionchus pacificus STR markers, for analyses characterized according to: (a) geographic sampling locality; (b) host beetle species; (c)

both geographic sampling locality and host beetle species; and (d) individual beetle host

Variance Percentage of

Source of variation d.f. Sum of squares components variation

(a) Test 1 (no structure)
Among populations 14 102346.305 257.52707 V, 47.65 (P < 0.001)
Within populations 433 122531.776 282.98332 V4, 52.35
Total 447 224878.080 540.51039

Fsr: 0.47645

Test 2 (structure: geological; young and old)
Among groups 1 2.4866.879 41.77408 V, 7.52 (P =0.182)
Among populations within groups 13 75789.758 230.01394 Vy, 41.42 (P < 0.001)
Within populations 433 122531.776 282.98332 Vy, 51.05 (P < 0.001)
Total 447 224878.080 615.53066

Fsr: 0.48946, F5:0.44793, Fer: 0.07523

Test 3 (structure: ecological; wet and dry)
Among groups 1 53675.764 211.36664 33.60 (P < 0.001)
Among populations within groups 13 46980.874 134.24704 21.34 (P < 0.001)
Within populations 433 122531.776 282.98332 V,, 44.99 (P < 0.001)
Total 447 224878.080 629.10770

Fsr: 0.54937, F5:0.32136, Fcr: 0.33598

(b)
Among populations 7 73426.034 192.33887 V, 36.18 (P < 0.001)
Within populations 436 147929.488 339.28782 Vy, 63.82 (P < 0.001)
Total 445 221355.523 531.62669

Fsr = 0.36179

(©
Among populations 19 109059.794 264.75614 V, 49.16 (P < 0.001)
Within populations 412 112797.836 273.78115 V4, 50.84 (P < 0.001)
Total 445 221857.630 538.53730

Fsr = 0.49162

(d) Test 1 (no structure)
Among populations 20 77483.524 381.92887 V, 82.62 (P < 0.001)
Within populations 189 15186.038 80.34941 V,, 17.38 (P < 0.001)
Total 209 92669.562 462.27828

Fsr = 0.82619

Test 2 (structure: by sampling locality)
Among groups 6 38828.494 123.92170 V, 26.00 (P < 0.001)
Among populations within groups 14 38655.030 272.26470 Vy, 57.13 (P < 0.001)
Within populations 189 15186.038 80.34941 V. 16.86 (P < 0.001)
Total 209 92669.562 476.53581

Fsr: 0.83139, Fsc: 0.77213, Fer: 0.26005

isolated from Maladera affinis at SB, falls within clade A
of the STR tree/network and clade C of the mt network.
Within the STR data, several strains showed apparently
admixed haplotypes, consisting of both predominantly
eastern and predominantly western alleles (Fig. 3) and
providing additional evidence of potential recombina-
tion events.

The mt data support the occurrence of admixture
events. Specifically, a total of 74 haplotypes were found
from 272 individuals; of these, 41 were singletons
and 33 were shared (Fig. 1c; Table S3). Of the 17
geographic locations, just three [La Saline (LS), but
n =1; CC and NB] did not share haplotypes with other
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locations. The location TB shared the largest number
(ten) of haplotypes with other locations, while GE and
PC each shared seven haplotypes among locations.
Overall, 18 instances of haplotype sharing were within
geographic locations. Six instances of sharing across the
northeast/southwest divide occurred; these involved
the eastern location BV three times, SB twice and GE
four times. Sharing of haplotypes among beetle species
was seen in 15/33 instances (Table S3). For example,
haplotype H9 characterized several strains isolated from
the beetles Adoretus sp., Aphodius sp., H. retusa and
Oryctes borbonicus, while strains with haplotype H29
were found on Adoretus sp., H. retusa, M. affinis and
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Table 3 Percentage of variation (%) of molecular variance attributed to various levels of hierarchical population structure for Pris-
tionchus pacificus mitochondrial sequences (mtDNA ND6 and ND4L), for analyses characterized according to: (a) geographic sampling
locality; (b) host beetle species; and (c) both geographic sampling locality and host beetle species

Variance Percentage of

Source of variation d.f. Sum of squares components variation

(a) Test 1 (no structure)
Among populations 16 1534.224 6.02604 V, 50.28 (P < 0.001)
Within populations 258 1537.296 5.95851 Vy, 49.72 (P < 0.001)
Total 274 3071.520 11.98456

Fgr: 0.50282

Test 2 (structure: geological; young and old)
Among groups 1 346.957 1.12994 V, 9.06 (P = 0.070)
Among populations within groups 15 1187.267 5.37785 Vi, 43.14 (P < 0.001)
Within populations 258 1537.296 5.95851 V. 47.80 (P < 0.001)
Total 274 3071.520 12.46631

Fgc: 0.47439; Fsr: 0.52203; Fer: 0.09064

Test 3 (structure: ecological; wet and dry)
Among groups 1 617.358 3.74534 V, 27.38 (P = 0.005)
Among populations within groups 15 916.865 3.97542 Vy, 29.06 (P < 0.001)
Within populations 258 1537.296 5.95851 V. 43.56 (P < 0.001)
Total 274 3071.520 13.67927

Fsc: 0.40019; Fsr: 0.56441; Fer: 0.27380

()
Among populations 10 1227.627 5.02870 V, 42.05 (P < 0.001)
Within populations 262 1815.519 6.92946 Vy, 57.95 (P < 0.001)
Total 272 3043.147 11.95816

Fsr: 0.42052

©
Among populations 28 1632.979 5.82185 V, 50.18 (P < 0.001)
Within populations 244 1410.160 5.77935 Vy, 49.82 (P < 0.001)
Total 272 3043.139 11.60119

Fsr: 0.50183

STR, single tandem repeat.

Strain Microsatellite | M50 M52 M53 M58 M59 M62 M66 Mitochondrial
clade clade
RSB055 | C 231 212 282 202 192 196 C
RSB057 | C C
RSB073 | C C
RSA045 | C C
RS5409 | C D
D 246 180 200 C
b) 244 196 222 )
A 242 212 190 204 A
A 234 192 188 200 A
A 242 192 200 A
A 214 190 204 A
b) 246 208 196 200 C
A 242 198 190 200 C
RS5406 8] 246 222 196 200 D

Fig. 3 Examples of strains for which there are inconsistencies between genetic relationships as inferred using different molecular
markers, indicating instances of out-crossing and recombination.

O. borbonicus. Haplotype sharing occurred in 12, 11, 9

and 9 instances for O. borbonicus, H. marginalis, Ador- Lmkage dlsequlllbrmm

etus sp. and H. retusa, respectively, while no instances Highly significant pairwise LD (P < 0.001) was detected
of haplotype sharing among beetle species were seen between all pairs of STR loci, indicating extensive LD
for A. godefroyi or M. borbonicus. across the genome. Multilocus LD, as estimated by the

© 2011 Blackwell Publishing Ltd
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standardized index of association I, was highly signifi-
cant for the full data set (I, = 2.191, P < 0.001) and for
the majority of the data partitions with n > 5. Within
sampling localities, I, ranged from 0.806 (P < 0.010) at
TB to 5.922 (P < 0.010) at CO (Table 1).

Discussion

Analyses based on 194 STR and 74 mt haplotypes
detected from 223 and 272 strains, respectively, found
substantial genetic variation and population structure
within La Réunion Pristionchus pacificus. This manifested
in the presence of highly significant differentiation indi-
ces and a low degree of haplotype sharing among pop-
ulations. Approximately 15 subpopulations characterize
the P. pacificus ‘meta-population’, and these are further
defined by ecological and/or geological constraints,
which have generated contrasting patterns in the east
and west of the island. The patterns observed in this
small island setting are markedly distinct from the low
genetic diversity and lack of structure detected among
global populations of Caenorhabditis elegans (Rockman &
Kruglyak 2009), the hermaphroditic nematode with
which, owing to their similar life cycle and status as
model organisms in evolutionary biology, P. pacificus is
commonly compared. Rather, population genetic pat-
terns detected in P. pacificus would seem more similar
to those reported in the partially selfing hermaphroditic
killifish species Kryptolebias marmoratus, which shows
high genetic diversity and strong population structure
over a range of spatial scales (Tatarenkov et al. 2007).
Their contrasting population genetic patterns suggest
that, despite their similar life cycle and reproductive
system, P. pacificus and C. elegans have very different
evolutionary histories.

Four major clades or lineages on the island are identi-
fied based on the STR/mt networks and InStruct group-
ings. The high genetic distances between these four
major clades (>20 mutational steps/>5% uncorrected
p-distance sequence divergence between clades at mt
loci) and the concordant patterns of differentiation at
unlinked mt and nuclear markers suggest a long period
of isolation with consequent divergence through genetic
drift. While strong diversifying selection could lead to
rapid divergence at nuclear markers linked to those
under selection, this would not be reflected by high levels
of concordant differentiation at mt loci. Thus, the most
likely explanation for the patterns of differentiation
observed is that, as proposed by Herrmann et al. (2010),
multiple invasions of La Réunion Island from genetically
distinct global populations of P. pacificus have generated
the rich genetic diversity detected on the island. The
alternative hypothesis of a single early colonization
would require a period of isolation on La Réunion Island
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sufficient to drastically limit gene flow and lead to exten-
sive differentiation at unlinked neutral markers. Given
the relatively young age of La Réunion Island (2-3 Ma),
this seems unlikely. Presence of highest genetic diversity
and lowest differentiation from other locations, coupled
with it being a location for which admixture between mt
and STR eastern and western haplotypes occurs, high-
lights GE (Fig. 1a) as the potential entry point for incom-
ing strains. Alternatively, this location may have served
as a refuge in historical times. From GE, high genetic
diversity resulting from multiple introductions may have
favoured the successful subsequent colonization of
P. pacificus, through increased evolutionary potential
aiding adaptation to the island’s wide variety of local
environments (Roman & Darling 2007; Crawford & Whit-
ney 2010).

The rich genetic diversity characterizing La Réunion
P. pacificus is mnot, however, distributed uniformly
across the island; the four major clades differ markedly
with respect to their geographic distribution and gen-
eral pattern of differentiation. Clade C includes strains
sampled from locations across the island, but with a
higher proportion sampled from the west, whereas
clades A, B and D have more limited and primarily
eastern distributions. While strains within clades A, B
and D each fall into stable InStruct groupings, the
strains within clade C are divided into multiple groups
at the optimal K-value (Fig. 2), suggesting greater heter-
ogeneity and population structure in clade C. Because
the four major clades most likely result from indepen-
dent colonizations, the relative timing of invasion
events may explain the differences in distribution and
differentiation. An early colonization of La Réunion
would have allowed for substantial dispersal across the
older western part of the island and the consequent
structure and widespread western distribution of clade
C observed today, whereas more recent eastern coloni-
zation of the island by the remaining three lineages
would have left little time for dispersal to other geo-
graphic regions. Clade C was revealed through analysis
of a worldwide selection of strains to be almost exclu-
sive to La Réunion (Herrmann et al. 2010). Assuming
the considerable diversity within clade C has evolved in
situ on La Réunion, this supports placing the coloniza-
tion event for this lineage at an earlier date than that of
the other clades.

Differential colonization events through time are not
the only potential factors that may have limited the dis-
persal of eastern lineages. The lack of evidence for an
association between geographic distance and genetic
differentiation suggests that the clear genetic break
between eastern and western sampling localities, as evi-
denced by the InStruct groupings at K =2 (Fig. 2), is
caused by some barrier to dispersal between these
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geographic regions, rather than by isolation with geo-
graphic distance per se. The distribution of clade A
strains (e.g. at localities BV, PL and GE) suggests a dis-
tinct pattern of dispersal across large geographic dis-
tances within the east of the island, but a failure to
disperse to western localities. The substantial level of
variation explained by grouping populations according
to ‘wet’ and ‘dry’ climatic zones suggests a role for
ecology in limiting dispersal and driving differentiation.
Local adaptation, together with geological boundaries
created by ongoing volcanic activity, may drive rapid
phenotypic and genotypic divergence between climatic
zones, as shown by the spatially structured patterns of
genetic and metabolic rate variation within springtail
(Cryptopygus antarcticus) populations on the 1-Ma-old
Marion Island (McGaughran et al. 2010). On La
Réunion, local adaptation to the distinct climates on the
wet eastern and arid western sides of the island is pro-
posed to have driven differentiation between popula-
tions of mosquitoes (Paupy et al. 2001, Morlais et al.
2005). It is possible that similar processes are influenc-
ing genetic structure in La Réunion P. pacificus, with
eastern lineages being poorly adapted to the arid
western climate and clade C strains being better able to
tolerate the western ecological conditions.

The distinction between geological volcanic regions
on La Réunion provides an additional potential expla-
nation for the observed pattern of east-west differentia-
tion. Although current geological classifications
(Fig. 1a) do not explain a significant amount of genetic
variation, the precise location of geological barriers is
likely to have changed substantially throughout the
islands” dynamic volcanic history. Geological barriers
originating during the period of intense volcanic activ-
ity around 0.53 Ma (Gillot & Nativel 1989a,b) may have
limited the dispersal of more recent colonizers but may
not have been present during the colonization of La
Réunion by clade C haplotypes.

Because the most likely mode of P. pacificus dispersal
is via the movements of their beetle hosts, any climatic
differences/geological boundaries may be shaping nema-
tode distribution indirectly, by limiting the movements
of their beetle hosts. Association of certain genetic lin-
eages with specific host beetle species may also explain
differences in the distribution of nematode lineages,
owing to differential dispersal capacities and distribution
ranges of the host beetles. Host specificity in nature
would lead to enhanced differentiation between isolated
populations and may be maintained via mechanisms
such as differential chemoattraction of certain lineages
to specific hosts (A McGaughran, K Morgan and R ]
Sommer, unpublished data). Differential host preferences
would lead to differences in the local environments expe-
rienced by strains, such as the assemblage of bacteria

feeding on the beetle carcass and the habitats frequented
by the hosts and may lead to selection-driven phenotypic
differentiation between strains (e.g. Mayer & Sommer
2011). However, the evidence for an association between
genetic structure and host beetle species is not entirely
clear. The aMova results show a significant amount of
variation is explained by host beetle species, and some
specificity in the beetle host association across genetic
clades A, B and D is apparent. For example, clade A and
clade B strains are only found in association with Aphodi-
us sp. and Maladera affinis, and A. godefroyi and M. borbo-
nicus, respectively, and clade D is primarily made up of
strains isolated from Adoretus sp. located at multiple,
geographically distant sampling localities. Because La
Réunion Adoretus and Aphodius ssp. are known to consti-
tute species complexes, however, it is not known
whether all strains isolated from each of these genera are
from one or from several species.

The lack of clear clustering of P. pacificus haplotypes
according to host species within a sampling locality and
the generally low or non-significant levels of differentia-
tion between strains isolated from different beetle spe-
cies contrast with the afore mentioned amova results.
This apparent discrepancy may be caused by the inter-
action between host beetle species and sampling local-
ity, i.e. distinguishing between the effects of host beetle
species and geography on population structure is diffi-
cult, owing to the differing distribution ranges of beetle
species. For example, the high differentiation of strains
from localities NB and CC may be a result of specificity
of clade B strains to their host beetles, A. godefroyi and
M. borbonicus, or it may be due to local adaptation to
the cooler, high-altitude climatic conditions that charac-
terize the central plateau localities (Fig. 1a). Strains in
clade B isolated from either of their taxonomically dis-
tinct beetle hosts show little differentiation, suggesting
a lack of strong specificity with respect to beetle species
per se. However, all strains from M. borbonicus have, to
date, been isolated from one beetle specimen; more
extensive sampling of this and other potential host bee-
tle species within the region is clearly necessary. A
degree of plasticity with respect to host species is sup-
ported by the apparently recent association of clade C
strains with novel invasive species. Maladera affinis and
H. marginalis are recently invasive species of La
Réunion and thought to have colonized the island from
Asia and Madagascar, between 800 and 1800 and dur-
ing the 1970s, respectively (Vercambre et al. 1991; Che-
ke & Hume 2008). Despite their recent invasion, both
beetle species harbour strains from clade C, which is
also associated with several endemic La Réunion beetle
species and has an early inferred colonization date. This
suggests the recent association of clade C strains
with novel invasive beetle species (in the case of

© 2011 Blackwell Publishing Ltd



BIOGEOGRAPHY OF LA REUNION P. PACIFICUS 263

H. marginalis, within the last 50 years). Association with
novel hosts may represent spurious founding events
akin to the colonization of new geographic areas in
other species. Such founding events may lead to non-
adaptive genotype-host associations, as some genotypes
may have by chance encountered a new beetle species
(with distinct habitat breadth) first.

Patterns of genetic diversity across the island are
influenced not only by adaptive and/or extrinsic forces
such as dispersal and host beetle ecology but also by
the levels of out-crossing within populations. Strong
levels of LD across all six chromosomes, resulting from
reduced effective recombination following repeated sel-
fing (Charlesworth 2003), clearly support self-fertiliza-
tion as the predominant mode of reproduction.
However, close examination of genotypic data reveals
evidence of periodic out-crossing and recombination.
The clustering algorithm implemented in InStruct esti-
mated selfing rates of between 80% and 96%, leaving
low but significant levels of out-crossing. The observed
high genetic diversity within P. pacificus would seem
surprising given the species’ mainly selfing lifestyle.
However, even rare instances of out-crossing within
predominantly selfing populations can result in the
rapid generation of vast genotypic diversity. Extensive
population genetic surveys of the plant species Arabid-
opsis thaliana, for example, have revealed that despite
the predominance of selfing in this species, levels of
polymorphism are not substantially depleted (Nordborg
et al. 2005). Specifically, out-crossing followed by
repeated generations of selfing can create large arrays
of novel allelic combinations across the genome,
through the generation of sets of naturally recombinant
inbred lines (Siol et al. 2008). Periodic out-crossing
between genetically divergent strains (for example,
from eastern and western lineages), as is evidenced
from the observed patterns of admixture at location GE
(Fig. 3), would seem especially important. Thus, despite
their apparently low periodicity, out-crossing events,
coupled with the presence of distinct genetic lineages
originating from multiple introductions, may play a
vital role in adaptation to novel and harsh environ-
ments, through the generation of novel allelic combina-
tions on which natural selection can act (Anderson
et al. 2010).

An estimation of the level of heterozygosity in natural
populations would also give an indication of the fre-
quency of out-crossing, because heterozygosity is rap-
idly eroded by repeated generations of self-fertilization.
Because this study used isogenic lines that had been
maintained in the laboratory by selfing for several gen-
erations, an estimation of heterozygosity in the natural
populations was not possible; however, this will be an
interesting area for future study. It is possible that the

© 2011 Blackwell Publishing Ltd

maintenance of isogenic lines through selfing may have
influenced population genetic patterns, through the
biased loss of certain alleles in heterozygotes owing to
selection against deleterious alleles at linked loci,
although such deleterious alleles are likely to be rare in
natural populations. The concordance between popula-
tion genetic patterns at mt loci, which would be unaf-
fected by this bias, and those at autosomal loci indicates
that the major conclusions of this study are robust.

Self-fertilization is also likely to be responsible for
fine-scale population structure seen at the level of indi-
vidual hosts; our sampling of multiple strains from
individual beetles revealed each beetle to be an ‘island’,
harbouring closely related but non-identical popula-
tions of individuals that are strongly differentiated
from those on other hosts. This is likely to be the result
of repeated generations of self-fertilization, resulting in
differential fixation of variants introduced by mutation
or migration with occasional out-crossing, hence
increasing differentiation between localized popula-
tions. The observed fine-scale population structure pro-
vides an additional explanation for the high genetic
diversity observed within sampling localities; each loca-
tion comprises sets of highly differentiated units with
variation maintained by repeated selfing and reduced
effective recombination. With the exception of Oryctes
borbonicus, which has an infestation rate of over 90%
(Herrmann et al. 2010), the majority of beetle species
sampled for this study show lower than 20% infesta-
tion rates at most sampling sites (unpublished data).
Despite this, nematode-positive beetles tend to be
infested with multiple strains, suggesting either that
long-term persistence and reproduction take place on
the individual beetle host or that populations of P. pac-
ificus aggregate and infest beetle hosts together.
Because P. pacificus strains maintain an arrested ‘dauer’
state of development on the beetle host, ceasing repro-
duction until the host death, the latter explanation
seems more likely.

The ability of P. pacificus to tolerate a wide variety of
environments and its co-dispersal with a variety of bee-
tle species make it a good model species for investigat-
ing the complex effects of environmental, ecological and
geological factors on local adaptation and genotypic
evolution. Here, we demonstrate how differential colo-
nization and host associations have achieved a richly
diverse pattern in P. pacificus, of isolated populations
potentially subjected to independent selective effects. In
concert, elements of life history strategy of P. pacificus,
such as the hermaphroditic mating system with occa-
sional out-crossing, have resulted in a system whereby
the effects of geological and climate barriers associated
with volcanic island systems can become exacerbated,
further contributing to significant genetic differentiation
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among isolated nematode populations. Combining an
island system with the highly complex nature of genetic
partitioning in P. pacificus, coupled with the expansive
genetic, genomic and transgenic toolkit (Hong & Som-
mer 2006) available for this species, provides us with a
unique opportunity. On La Réunion Island, we can
unite ecological, genetic, developmental and popula-
tion-based approaches to begin to disentangle the intri-
cacies of the evolutionary history of P. pacificus.
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