Maintenance of Fungal Pathogen Species That Are Specialized
to Different Hosts: Allopatric Divergence and Introgression
through Secondary Contact

Pierre Gladieux,*"" Elodie Vercken,"' Michael C. Fontaine,' Michael E. Hood,” Odile Jonot,’
Arnaud Couloux,? and Tatiana Giraud'

"Laboratoire Ecologie, Systématique et Evolution, Univ. Paris Sud, UMR8079, Orsay, France; CNRS, Orsay, France; AgroParisTech,
Orsay, France

*Department of Biology, Amherst College

3Centre National de Sequencage, Genoscope, CNRS, UMR8030, Evry, France

tThese authors contributed equally to the work and should be considered as sharing first authorship.
*Corresponding author: E-mail: pierre.gladieux@u-psud.fr.

Associate editor: Michael Nachman

Abstract

Sympatry of species that lack complete prezygotic isolation is ideal for the study of how species can be maintained in the
face of potential gene flow. This is particularly important in the context of emerging diseases on new hosts because
pathogen adaptation is facilitated by reduced gene flow from ancestral populations. Here, we investigated divergence and
gene flow between two closely related fungal species, Microbotryum lychnidis-dioicae and M. silenes-dioicae, causing anther-
smut disease on the wide-spread plant species Silene latifolia and S. dioica, respectively. Using model-based clustering
algorithms on microsatellite data from samples across Europe, we identified rare disease transmission between the host
species and rare pathogen hybrids. Using a coalescent-based approach and an isolation-with-migration model, the age of
divergence between the two fungal species was estimated at approximately 4.2 x 10° years. Levels of gene flow were
low and concentrated in very recent times. In addition, gene flow appeared unidirectional from M. silenes-dioicae to
M. lychnidis-dioicae. Altogether, our findings are consistent with a scenario of recurrent introgressive hybridization but at
a very low level and through secondary contact following initial divergence in allopatry. Asymmetry in the direction of
gene flow mirrors previous findings on introgression between the two host plants. Our study highlights the consequences
of bringing closely related pathogens into contact, which is increasing through modern global changes and favors
cross-species disease transmission, hybridization, and introgression by pathogens.
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model in some cases (Kliman et al. 2000) and divergence
with gene flow in others (e.g, Stidler et al. 2005; Zhou et al.
2007; Geraldes et al. 2008; Nadachowska and Babik 2009).

Fungi, and in particular pathogenic species, are valuable
models for the study of speciation through ecological di-
vergence and specialization on different hosts (Giraud
2006; Giraud et al. 2006; Giraud, Refrégier, et al. 2008;
Giraud et al. 2010). The divergence population genetics
framework has been applied to a couple of plant patho-
genic fungi, for which the allopatric model of speciation
with no gene flow was not supported (Stukenbrock
et al. 2007; Gladieux et al. 2010).

Here, we aim to elucidate speciation mechanisms in Mi-
crobotryum violaceum sensu lato (Basidiomycota), in par-

Introduction

Speciation in the face of gene flow in sexual populations
has long been dismissed because it is expected to over-
whelm selection for gene combinations that are locally
adapted to difference resources (e.g., Felsensein 1981; Rice
1984). Methods have been developed recently that use
DNA variation at multiple loci within and between closely
related species to provide insights into the history of spe-
ciation, and in particular the degree and timing of gene
flow. It has thus become possible to test whether diver-
gence occurred in the face of gene flow or without gene
flow (in allopatry) with the potential for gene flow to occur
through secondary contact. This analytical framework,
known as “divergence population genetics” (Kliman
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et al. 2000), estimates parameters of speciation history us-
ing a coalescent approach and enables comparison of the
likelihood of different models of speciation (e.g., Nielsen
and Wakeley 2001; Hey and Nielsen 2004; Hey et al
2004; Hey and Nielsen 2007). Such approaches have been
applied to different organisms, supporting the allopatric

ticular whether sister species on different hosts were
formed and/or are maintained in the face of gene flow. This
fungal species complex is responsible for anther-smut dis-
ease on many plant species in the Caryophyllaceae (Thrall
et al. 1993; Hood et al. 2010). Diploid teliospores of Micro-
botryum are produced in anthers of diseased plants and are
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dispersed by pollinators. Microbotryum violaceum sensu la-
to is composed of several sibling species highly specialized
on their host plants (Lutz et al. 2005; Kemler et al. 2006; Le
Gac, Hood, Fournier, and Giraud 2007; Le Gac, Hood, and
Giraud 2007; de Vienne, Hood, and Giraud 2009). We focus
on the two sister species M. lychnidis-dioicae (Denchev
et al. 2009; called MvSL in Le Gac, Hood, Fournier, and
Giraud 2007) and M. silenes-dioicae (Denchev et al. 2009;
called MvSd in Le Gac, Hood, Fournier, and Giraud
2007), parasitizing, respectively, the plants Silene latifolia
and S. dioica, two closely related host plants with largely
overlapping ranges.

Several aspects of pre- and postmating barriers between
the Microbotryum sibling species have been investigated. In
vitro crosses showed no evidence of assortative mating
among Microbotryum species (Van Putten et al. 2005; Le
Gac, Hood, and Giraud 2007; Refrégier et al. 2010). Artificial
inoculations on plants revealed that hybrids between
M. lychnidis-dioicae and M. silenes-dioicae were viable
and fertile at least through the F, generation (Van Putten
et al. 2003; Le Gac, Hood, and Giraud 2007; de Vienne,
Refregier, et al. 2009). In nature, there is partial premating
ecological isolation between these two fungal species, re-
sulting from differences in the habitat preferences of the
host plants and specificity of pollinators (Van Putten
et al. 2007). This ecological reproductive isolation is, how-
ever, not complete (Goulson and Jerrim 1997; Van Putten
et al. 2007; Minder et al. 2007; Karrenberg and Favre 2008).

The goal of the current study is to assess whether hy-
brids between M. lychnidis-dioicae and M. silenes-dioicae
exist in the field, whether introgression can be detected,
and in this case, whether gene flow appears to have oc-
curred during the speciation process. We collected
Microbotryum samples from natural populations of
S. dioica and S. latifolia, in many locations across Europe,
including some where the two host plants were growing
in sympatry. The specific questions addressed in this study
were the following: 1) are there hybrids between the sister
Microbotryum species parasitizing S. latifolia and S. dioica
plants, in particular where the hosts are sympatric? 2) are
there cross-species transmissions in natural populations,
that is, samples of the Microbotryum species specific to
S. latifolia infecting S. dioica or vice versa? 3) when did
the pathogen species start to diverge? 4) did gene flow
decrease, or increase, or occur continuously during the
divergence process?

Materials and Methods

Sample Collection

Analyses were performed on two different types of genetic
markers. We used a microsatellite data set to detect hybrids
and individuals resulting from cross-species disease transmis-
sion (i.e,, “spillover” pathogens; Daszak 2000), and we gener-
ated DNA sequence data to analyze the history of divergence
and gene flow. Most of microsatellite data were originally
generated for a study investigating the phylogeography
of the two Microbotryum species in Europe (Vercken
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et al. 2010). We used the sequence data set to validate
the results on phylogeography obtained using the microsa-
tellite data set (Vercken et al. 2010), but the full analysis of
the genetic structure of the species is described in (Vercken

et al. 2010).
The microsatellite data set consisted in 1,028 individuals
collected across Europe on S. latifolia (n = 677) and

S. dioica (n = 351). This set included the 1,011 individuals
analyzed in (Vercken et al. 2010) plus 17 additional individ-
uals obtained later (detailed sample information and mi-
crosatellite data are available in supplementary table S1,
Supplementary Material online). We included samples
from previously analyzed contact sites between the two
plants S. dioica and S. latifolia, thanks to the sharing of ma-
terial by the authors (Van Putten et al. 2005; Karrenberg
and Favre 2008; Refrégier et al. 2010). We also sampled
additional contact sites between the plant species
(supplementary table S1; Supplementary Material online).

We analyzed population subdivision, selfing rate, diver-
gence, and gene flow, based on DNA sequence data for a re-
duced set of 117 individuals collected on S. latifolia and 43
individuals collected on S. dioica (supplementary table ST,
Supplementary Material online). These individuals were
chosen as a random subsample of the full set without using
prior knowledge on population subdivision but excluding
the first-generation hybrids detected and infections result-
ing from cross-species disease transmission. These two cat-
egories of individuals were excluded because their presence
in a data set can lead to the false inference of gene flow
when species are actually isolated: Cross-species disease
transmission does not constitute recombination between
fungal species and first-generation hybrids do not necessar-
ily lead to long-term introgression, for instance, if the
hybrids are sterile with low viability.

Microsatellite Genotyping and Sequencing
Microsatellite genotyping is described in Vercken et al
(2010). Sequence data were obtained by direct sequencing
of nine noncoding loci (eight autosomal, one mitochon-
drial). Polymerase chain reaction (PCR) primer pairs (see
supplementary table S2, Supplementary Material online)
were designed based on a shotgun sequence library of au-
tosomal DNA (Hood 2005). DNA was extracted as in
Giraud (2004) from anthers full of diploid teliospores,
which will be considered to represent fungal “individuals.”
The PCR program was a touchdown from 58 °C down to
50 °C. Sequencing was performed at the Genoscope on
ABI310 using standard techniques. All polymorphisms were
checked visually from electrophoregrams using Codon
Code Aligner v. 3.0.1 (CodonCode Corporation). The result-
ing contigs were processed with automated shell and Perl
programs and aligned using MAFFT (Katoh et al. 2005) as
implemented in Jalview 9.5 (Clamp et al. 2004). The high
level of homozygosity in the two Microbotryum species
(Giraud 2004) enabled direct sequencing of diploid
teliospores. All indels were excluded from analyses. Sequen-
ces are available from GenBank (accession numbers
HQO019166-HQ020319).
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Identification of Hybrids and Cross-species Disease
Transmission

Hybrids and samples of infections resulting from cross-
species disease transmission were identified using
a model-based Bayesian clustering algorithm. Because Mi-
crobotryum species show high rates of selfing (Hood and
Antonovics 2000; Giraud 2004; Giraud et al. 2005), we used
a method implemented in INSTRUCT (Gao et al. 2007) that
relaxes the assumption of Hardy—Weinberg equilibrium
and uses a Markov chain Monte Carlo (MCMC) to simul-
taneously infer population structure and selfing rates. We
estimated the proportion g of individual genomes originat-
ing in K = 2 clusters (that correspond to the two Micro-
botryum species) using five independent chains, each with
5 X 10° steps, 2.5 x 10° burn-in, a thinning interval of 100
steps, and assuming different starting points. Infections re-
sulting from cross-species disease transmission were iden-
tified as being collected from one plant species but
clustering with samples collected on the other plant spe-
cies: Individuals with g > 0.70 to the other species’ cluster
were considered as spillover individuals. Hybrids were iden-
tified based on inferred mixed ancestry: Individuals with
0.30 < g < 0.70 to their own species’ cluster were consid-
ered as hybrids.

Population Subdivision and Mating System

We used the INSTRUCT program to infer population sub-
division and selfing rates for the two Microbotryum spe-
cies, using only the sequence data set (similar analyses
were performed using the microsatellite data set by
Vercken et al. 2010). The mitochondrial locus mt168
was not included as the method implemented in IN-
STRUCT requires diploid data. We ran ten independent
chains assuming different starting points, each chain with
5 x 10° steps following 1.5 x 10° burn-in and a thinning
interval of 10 steps. Selfing rates were updated using the
adaptive independence sampler. The program was run for
K = 1 to K = 8 clusters for each species, and 30 indepen-
dent runs were performed for each value of K. Results
were analyzed with CLUMPP v. 1.1.2 (Jakobsson and
Rosenberg 2007) using the “Greedy” algorithm with ran-
dom input order and 10,000 permutations. Distinct
modes among runs were identified by finding sets of runs
with less 85% similarity in the G’ pairwise similarity matrix
(“modes” refer to distinct clustering solutions repre-
sented within the set of replicate cluster analyses).
CLUMPP was used again to align outputs of the runs with
the same clustering mode and to provide average cluster
membership coefficients across aligned runs. In cases
where several modes were found, only results of the major
modes are presented.

The extent of multilocus linkage disequilibrium in each
cluster was analyzed using the index of association statistic
¥4 (Maynard-Smith et al. 1993; Agapow and Burt 2001).
The statistical significance of ryq was established using
the program MULTILOCUS by comparing the observed
value of the statistics with the distribution obtained from
data sets for which alleles at each locus are resampled
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without replacement to simulate the effect of linkage
equilibrium (Agapow and Burt 2001).

Polymorphism and Divergence

DNA polymorphism statistics, measures of divergence, and
tests of neutrality based on the site frequency spectrum
were computed using the libsequence C++ library
(Thornton 2003). Haplotype networks were constructed
using the statistical parsimony method implemented in
TCS 1.21 (Clement et al. 2000). Intraspecific variation
was estimated using haplotypic diversity (Hg), and two es-
timators of the population mutation parameter 4Nu
(where N, is the effective population size and p the neutral
mutation rate): 7, which uses the average number of pair-
wise differences (Tajima 1983) and 0\y, which uses the
number of polymorphic sites (Watterson 1975). The stan-
dard neutral model was tested using Tajima’s D (Tajima
1989), Fu and Li’s D* (Fu and Li 1993), and the HKA frame-
work (Hudson et al. 1987). We performed coalescent sim-
ulations using MS (Hudson 2002) to test for significance of
Tajima’s D and Fu and Li's D*. We used a maximum likeli-
hood ratio method for analyzing polymorphism and diver-
gence in a HKA framework, as implemented in the MLHKA
program (Wright and Charlesworth 2004). For each model,
the MCMC sampler was run for 10° steps, and the starting
value of the divergence time parameter was determined
using a standard HKA test performed in the HKA program
(available from Jody Hey’s website, Rutgers University). We
did not use sequences from outgroups to perform HKA
tests as sequences could not be obtained for all loci (sup-
plementary table S1, Supplementary Material online). Anal-
yses of recombination based on the four-gamete test were
performed using SITES 1.1 (available from Jody Hey’s web-
site, Rutgers University). Genetic differentiation between
species was estimated in DNAsp, using locus-specific Fst
indices calculated from average number of differences
within and between species (Hudson et al. 1992). Signifi-
cance was evaluated based on 1,000 permutations with
the S, statisticc which measures how often the nearest
neighbor of a sequence (in sequence space) is from the
same species (Hudson 2000). Genetic divergence between
species was estimated using the net divergence (D,) (Nei
and Li 1979).

Speciation Models

We used the computer program IMA to estimate param-
eters of an isolation-with-migration model (Hey and
Nielsen 2004). Because IMA assumes that there is no re-
combination within loci and free recombination between
loci, we first determined the longest region without recom-
bination for each locus using the program IMgc (Woerner
et al. 2007). This resulted in the removal of a single hap-
lotype in nu1942 and a single segregating site for both
nu1976 and nu1994 (with 177 and 6 bp of flanking mono-
morphic sequence, respectively). We assigned bounds to
prior distributions of the parameters on the basis of pre-
liminary trial runs. We used Metropolis coupling among 30
chains with a geometric heating (increment parameters: 0.7
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Fic. 1 Hybrids and strains resulting from cross-species disease transmission identified using the model-based Bayesian clustering algorithm
implemented in the INSTRUCT program. (A) Membership proportions (g) in K = 2 clusters were inferred for 1028 multilocus microsatellite
genotype of M. lychnidis-dioica (MvSl) and M. silenes-dioicae (MvSd) collected on Silene latifolia and S. dioica. Each genotype is represented by
a thin bar, partitioned into segments representing membership proportions in each cluster. Hybrids and strains resulting from cross-species
disease transmission (spillover strains) were identified as follows: genotypes with g > 0.70 in the cluster found on the other host species were
identified as spillover genotypes, and genotypes with 0.3 < g < 0.70 in the cluster found on the same host species were identified as hybrids.
(B) Sites where genotypes were identified as hybrids and strains resulting from cross-species disease transmission are represented on a map.

for g1and 0.95 for g2) and a burn-in period of 4 x 10° steps.
We applied the infinite-site model of sequence evolution
for all loci except nuB15, for which we used the Hasegawa-
Kishino—Yano model due to the occurrence of three differ-
ent states at one position. To check for convergence of the
MCMC, we ran the program six times with different ran-
dom seed numbers. For all runs, MCMCs mixed well, with
swap rates and effective sample size values above 25% and
8 x 107 respectively. The average numbers of genealogies
saved during each run was 3.5 x 10% (runs of 35 x 10°
steps) and 65 x 10* (runs of 6.5 x 10° million steps).
To convert parameter estimates to biologically more mean-
ingful units, we used an averaged substitution rate of 8.8 X
102 per bp per year corresponding to the median of es-
timates for nuclear coding loci obtained by Kasuga et al.
(2002). Per locus substitution rates were obtained by mul-
tiplying the averaged per-site rate by the length of each
locus, and the geometric mean of per locus substitution
rates was used for parameter conversion. The mutation
rate is expected to be higher in the mitochondrial genome
than in the nuclear genome (Lynch et al. 2006). Therefore,
only nuclear loci were used in parameter conversion, mak-
ing use of the estimates of the mutation rate scalars for
those same loci. Because mutation rates are expected to
be lower in coding regions, this rate should therefore be
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viewed as a minimal possible substitution rate for our
set of noncoding regions. Microbotryum species undergo
a sexual generation with every disease transmission event
(Giraud, Yockteng, et al. 2008). We used a generation time
of 1 year based on field data (Hood ME, unpublished data).

Results

Species Identification, Hybrids, and Cross-species
Disease Transmission

Clustering analysis of 1,028 pathogen individuals using mi-
crosatellite data revealed clear partitioning of genotypes
in two separate clusters corresponding to their host of
origin: Genotypes found on S. latifolia had a high member-
ship in one cluster (average: 0.95; standard deviation [SD]:
0.15) and genotypes found on S. dioica in the other
(average: 0.94; SD: 0.21) (fig. TA). This dichotomy is con-
sistent with the previous description of Microbotryum
populations found on S. latifolia and S. dioica as two dis-
tinct species, respectively, M. lychnidis-dioicae (MvSl) and
M. silenes-dioicae (MvSd).

Cutoff values on membership proportions revealed the
existence of 15 hybrid individuals in the full data set. More-
over, 32 genotypes were identified as resulting from cross-
species disease transmission, that is, individuals being
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Table 1. Description of Individuals Identified as Resulting from Cross-species Disease Transmission (i.e,, spillover pathogens) or as Hybrids.

Number of

Host Plant/ Coordinate Coordinate Description Description Sample Spillover Number of
Country (N) (E) (for host plants) (for pathogens) Size Strains Hybrids
Silene latifolia
Italy 41.796561 12.752523 Site with mixed genuine and Pure site 6 0 1

putative hybrid S. latifolia

(light pink flowers)
Italy 43.090687 11.754122 Pure site Pure site 2 0 1
Italy 43.543972 11.42175 Pure site Pure site 5 0 2
Switzerland 46.79888916 10.31638908 Contact site PRA in Pure site 15 15 0

Karrenberg and Favre (2008)
France 48.76252365 2.219386101 Pure site Contact site 3 1 1
Silene dioica
Slovenia 46.288244 13.857418 Pure site Pure site 1 1 0
England 51.5866127 —2.372364044  Pure site Pure site 6 0 1
Netherlands  53.1016655 6.498610973  Contact site Ng in Van Putten Contact site 12 6 0

et al. (2005)
Sweden 63.76833344 20.60861206 Pure site Pure site 15 0 6
Sweden 63.80583191 20.35138893 Pure site Pure site 12 9 3

assigned to the cluster corresponding to M. lychnidis-
dioicae (MvSl) while having been collected on S. doica
or reciprocally. Hybrids or spillover pathogens were iden-
tified in 10 different locations distributed throughout
the two species ranges (fig. 1B; supplementary table S1,
Supplementary Material online). Some, but not all, corre-
sponded to identified contact sites between the two host
plants S. latifolia and S. dioica (table 1). The counts of hy-
brids and spillover genotypes were not independent of the
host species (¢ tests: P < 0.01 and P < 0.05, respectively),
with a higher frequency of both categories on S. dioica (hy-
brids: 2.8%; spillover genotypes: 4.6%; n = 351) than on
S. latifolia (hybrids: 0.7%; spillover genotypes: 2.4%; n = 677).

Population Subdivision and Mating System

In the following analyses, we used only DNA sequence data
for a reduced set of 160 individuals from which spillover
genotypes and hybrids were excluded. The INSTRUCT pro-
gram was used to infer population subdivision and selfing
rates of each species. For M. lychnidis-dioicae (MvSl), the
major modes contained the 30 replicates for K < 4 and
at least 26 replicates for K > 5. A clear East/West partition
was observed with K = 2, and setting K = 3 subdivided the
Eastern cluster into Southern and Northern parts (fig. 2A).
Increasing K produced no obvious geographical pattern
and introduced some heterogeneity in individual member-
ship proportions (supplementary fig. S1, Supplementary
Material online). For M. silenes-dioicae (MvSd), a single
mode was found for all models, except K = 3 for which
two modes were found, with 24 replicates in the major
mode. A North/South partition was observed for
M. silenes-dioicae (MvSd) at K = 2 (fig. 2B) but with less
obvious correspondence between the geographic origins
of samples and cluster membership than for M. lychni-
dis-dioicae (MvSl). Increasing K yielded no obvious geo-
graphical pattern and introduced some heterogeneity in
individual membership proportions (supplementary fig.
S2, Supplementary Material online). Based on these results,
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in close agreement with those of Vercken et al. (2010) based
on microsatellite data, we assumed the existence of three
clusters in M. lychnidis-dioicae (MvSl) and of two clusters
in M. silenes-dioicae (MvSd) for all subsequent analyses
taking into account population structure. Selfing rates in-
ferred for each cluster were high in both species (fig. 2).
Multilocus linkage disequilibrium, as measured by the in-
dex of association, was close to zero and not statistically
significant in all clusters (rq values: 0.067 and —0.258 in
M. lychnidis-dioicae [MvSl]; 0.003, —0.004, and —0.026 in
M. silenes-dioicae [MvSd]).

Polymorphism within Species

We observed a very low level of heterozygosity in autoso-
mal sequence loci of both species (H, = 0.022 for
M. lychnidis-dioicae [MvSl], H, = 0.003 for M. silenes-
dioicae [MvSd]), and we therefore used a haploid setting
to analyze data (i.e,, for the few heterozygous loci, one allele
was drawn randomly). Summaries of variation are given in
table 2 (see supplementary fig. S3 for tables of polymor-
phisms, Supplementary Material online). Averaged over
all autosomal loci, M. lychnidis-dioicae (MvSl) had a higher
genetic variation than M. silenes-dioicae (MvSd) (MvSL:
Hy = 0553, ©1 = 0279%, Oy = 0.370%; MvSd: Hy =
0.158; m = 0.045%, Oy = 0.072%), the differences being
significant for Hyq and 7 but not 6\ (Wilcoxon signed-rank
test, P > 0.007, at opmax = 0.05 level after Bonferroni cor-
rection for multiple tests). These differences in levels of var-
iation were also observable in intraspecific comparisons
among clusters, though differences were not significant
(Wilcoxon signed-rank test, P > 0.007, at oy = 0.05 level
after Bonferroni correction for multiple tests; supplemen-
tary table S3, Supplementary Material online). Nucleotide
variation at the mitochondrial locus showed the same
trend as autosomal loci both for interspecific and intraspe-
cific comparisons (table 2). Taken together, these observa-
tions are consistent with M. lychnidis-dioicae (MvSl) having
a higher effective population size than M. silenes-dioicae

463


http://mbe.oxfordjournals.org/cgi/content/full/msq235/DC1
http://mbe.oxfordjournals.org/cgi/content/full/msq235/DC1
http://mbe.oxfordjournals.org/cgi/content/full/msq235/DC1
http://mbe.oxfordjournals.org/cgi/content/full/msq235/DC1
http://mbe.oxfordjournals.org/cgi/content/full/msq235/DC1
http://mbe.oxfordjournals.org/cgi/content/full/msq235/DC1
http://mbe.oxfordjournals.org/cgi/content/full/msq235/DC1
http://mbe.oxfordjournals.org/cgi/content/full/msq235/DC1
http://mbe.oxfordjournals.org/cgi/content/full/msq235/DC1
http://mbe.oxfordjournals.org/cgi/content/full/msq235/DC1
http://mbe.oxfordjournals.org/cgi/content/full/msq235/DC1
http://mbe.oxfordjournals.org/cgi/content/full/msq235/DC1
http://mbe.oxfordjournals.org/cgi/content/full/msq235/DC1

Gladieux et al. - doi:10.1093/molbev/msq235 MBE

(A) £ o (B) £
T o o
E . 2 = %
£ g2 29 2 = ¥ o2
c g T 2 2es25 £ =858 | § g 328¢E8
T = £ O £ cpec £ mng 22 S 20o% EY
Q s a
& frs S & 0adét S ém%%ga fir :)gug-nvug'a
100% 100%
50% 50%
0% = - — 0%
10°0'0"W 0°0'0" 10°0'0"E 20°0'0"E 30°0'0"E 10°0'0"W 0°0'0" 10°0'0"E 20°0'0"E 30°0'0"E 40°0'0"E
[~
S ® 60°00"N
®
€] @ &
= €
@) O%é [ G © ce €]
50°0'0"N G & @ @ 50°0'0"N
W, Cg@ @ @ wele)
@O 6 0 & iCee
L 'y ]
| -
e e L} ClusterWi(s=0535) [ | Cluster N (s=0.907)
J— e) I Cluster NE (s=0.881) 40°00"N
G Cluster SE (s=0.943) I Cluster S (s=0.912)

Fic. 2 Population subdivision inferred using the model-based Bayesian clustering algorithm implemented in the INSTRUCT program for 117
and 43 multilocus sequence genotypes of Microbotryum lychnidis-dioica (MvSl) (A) and M. silenes-dioicae (MvSd) (B). Each genotype is
represented by a pie chart or by a thin bar, representing membership proportions in K = 3 and K = 2 clusters.

(MvSd). Only two pairs of polymorphisms incompatible The allele frequency spectrum, as measured by Tajima’s
with a lack of recombination were detected in the loci sur- D (Tajima 1983) and Fu and Li's D* (Fu and Li 1993), gen-
veyed (four-gamete tests, Hudson and Kaplan 1985; table 2), erally conformed to expectations under a standard neutral
suggesting a low level of effective recombination. model of molecular evolution (table 2). Both at the species

Table 2. Summary of Nucleotide Variation within Microbotryum lychnidis-dioicae (MvSl) and M. silenes-dioicae (MvSd).

Locus Species n? ® s K H4® wt (%) 0w (%) R,E  mhits" D' p*
nuB15 Mvsl 9% 601 5 7 0543 0113 0.162 0 1 —0.947 —0.780
Mvsd 36 644 2 3 0367  0.059 0.075 0 0 —0.421 —0.796
nu1942 Mvsl 106 300 8 7 0568 0243 0.509 1 0 —1.259  —2.000
Mvsd 38 289 3 3 0479  0.190 0.247 0 0 —0510 —1.592
nu1976 Mvsl 83 499 5 6 0630 0242 0.210 0 0 0.455 0.015
Mvsd 28 502 0 1 0000  0.000 0.000 0 0 NAJ NAJ
nu1983 Mvsl 74 229 3 3 0608  0.643 0.270 0 0 2.627 0.853
Mvsd 14 230 0 1 0000  0.000 0.000 0 0 NAJ NAJ
nu1994 Mvsl 106 378 12 11 0626 0314 0.606 1 0 —1270  —3.602*
Mvsd 42 385 2 3 0.180  0.048 0.121 0 0 —1.128  —0.843
nu1998 Mvsl 108 379 5 6 0595  0.185 0.251 0 0 —0.557  —0.595
Mvsd 43 381 1 2 0133  0.035 0.061 0 0 —0.042 0.557
nu2008 Mvsl 114 304 9 8 0696 0390 0.563 0 0 -0.751 —0.826
Mvsd 38 321 1 2 0102  0.032 0.074 0 0 —0.222 0.569
nu2032 Mvsl 60 221 4 3 0158  0.103 0.388 0 0 —1.606  —2.407
Mvsd 26 221 0 1 0.000  0.000 0.000 0 0 NAJ NAJ
Average of autosomal loci Mvsl 93 364 6 6  0.553 0.279 0.370 0 0
Mvsd 33 372 1 2 0158  0.045 0.072 0 0
mt168 (mitochondrial locus) MvSI 103 534 2 2 0.177 0.066 0.072 0 0 0.119 0.683
Mvsd 39 534 2 2 0100  0.037 0.089 0 0 —1.098 0.774

# Sample size.

® Locus length in base pair (bp).

€ Number of segregating sites.

4 Number of haplotypes.

¢ Haplotypic diversity.

f Estimators of the population mutation parameter based on the average number of pairwise differences (m; Tajima 1983) and the number of polymorphic sites (O
Watterson 1975), respectively.

& Minimum number of recombination events (Hudson and Kaplan 1985).

" Number of sites with more than two states.

" Tajima’s D and Fu and Li's D* statistics to test for the standard neutral model (Tajima 1989; Fu and Li 1993)
7 Not applicable due to a lack of polymorphism.

P < 0.0125, significant at o, = 0.05 level after Bonferroni correction for multiple tests.
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Table 3. Divergence and Differentiation between
M. lychnidis-dioicae (MvSl) and M. silenes-dioicae (MvSd).

Locus D2 (%)  S°  S° Sat Sot Fst Swt
Mt168 2.068 11 0 2 2 0.975 Fhkx
nuB15 0.226 0 0 6 2 0.720 Fhx
Nu1942 2.158 3 0 8 3 0.907 *hx
Nu1976 0.415 1 0 5 0 0.774 *hkx
Nu1983 0.277 0 0 3 0 0.463 Fhx
Nu1994 0.914 0 1 1 1 0.834 Fhkx
Nu1998 0.292 1 0 5 1 0.727 Fhx
Nu2008 1.356 3 0 9 1 0.865 *hx
Nu2032 0.002 0 0 4 0 0.029 ns
Average 0.856 2 0 6 1 0.699

# Net divergence (Nei and Li 1979).

® Polymorphisms fixed between species.

€ Polymorphisms shared between species.

d Polymorphisms exclusive to M. lychnidis-dioicae (Sy;) and M. silenes-dioicae (S,y).
¢ Population differentiation, measured by Fsr (Hudson et al. 1992), and its
significance, evaluated with the S,,,, statistic (Hudson 2000).

**p < 0.001, ™ P > 0.05.

scale or when intraspecific clusters were analyzed sepa-
rately, a significant deviation from neutral expectation
was observed in a single case (table 2; supplementary table
S3, Supplementary Material online). The standard neutral
model was also tested by comparing ratios of polymor-
phism within species with divergence between species
across loci using a maximum likelihood implementation
of the HKA test (Hudson et al 1987, Wright and
Charlesworth 2004). Likelihood ratio tests revealed that
models with selection did not fit the data significantly bet-
ter than the standard neutral model (supplementary table
S4, Supplementary Material online). Altogether, our anal-
yses do not reveal strong evidence for selection, though
the reduced levels of polymorphism and divergence
may have compromised the statistical power of the tests
(Zhai et al. 2009).

Divergence between Species

Interspecific divergence and differentiation indexes are
summarized in table 3. Net divergence, corresponding to
the number of nucleotide substitutions that occurred in
each species after splitting, was low between M. lychnidis-
dioicae and M. silenes-dioicae (on average D, = 0.856%),
which is consistent with a recent separation of the two spe-
cies. However, net divergence displayed extensive variation
across loci, with values ranging from 0.002% to 2.158%. The
same pattern is reflected in Fst estimates (average among
loci: 0.699; range: 0.029-0.975).

Table 3 also shows the number of shared polymor-
phisms, exclusive polymorphisms, and fixed differences be-
tween M. lychnidis-dioicae and M. silenes-dioicae. Fixed
differences were present between species at five loci, shared
polymorphisms at one locus, and no locus showed both
kinds of polymorphisms. The low numbers of fixed differ-
ences are consistent with the estimates of divergence and
differentiation in suggesting that the split between the two
species is recent. The low numbers of shared polymor-
phisms indicate that extensive gene flow has not occurred
between the two species. The largest count of fixed
differences was observed at the mitochondrial locus

Downl oaded from https://academni c. oup. conf nbe/ articl e-abstract/ 28/ 1/ 459/ 984863

by CNRS user

on 31 July 2018

mt168 consistent with the lower effective population size
and thus faster sorting of polymorphisms among lineages
of the mitochondrial genome and possibly also with a high-
er mutation rate relative to the nuclear genome (Lynch
et al. 2006). The number of exclusive polymorphisms
was significantly higher in M. lychnidis-dioicae (MvSl) than
in M. silenes-dioicae (MvSd) (Wilcoxon signed-rank test,
P < 0.01), consistent with M. lychnidis-dioicae (MvSl) hav-
ing a higher effective population size than M. silenes-dioicae
(MvSd).

Beyond sharing polymorphism, the two species shared
entire haplotypes at four loci (fig. 3). For the two loci with
the highest number of haplotypes (nuB15, nu1994), this
pattern likely reflects the occurrence of contemporary in-
terspecific gene flow as it seems unlikely that identical hap-
lotypes would be preserved intact between species since
their splitting or since early events of gene flow, even if
the divergence is presumed relatively recent. For the
two other loci, which have very few distinct haplotypes,
the sharing of haplotypes may equally result from a recent
gene flow, from a slow pace of molecular evolution, or from
a short sequence length (<230 bp).

Speciation Models

Although qualitative analyses of patterns of polymorphism
and divergence and clustering results suggested recent in-
trogressive hybridization, it remained possible that histor-
ical gene flow or ancestral variation had contributed to the
low level of fixed differences between M. lychnidis-dioicae
and M. silenes-dioicae. Parameter estimates using an
isolation-with-migration model in the IMA program were
consistent with a relatively recent speciation and with low
interspecific gene flow (fig. 4 and table 4; supplementary
table S5, Supplementary Material online). The most likely
estimate of divergence time was 4.2 x 10° years, though the
marginal posterior probability curve showed a nonzero tail
that prevented a reliable estimation of credibility intervals
(90% highest posterior density [HPD] interval: 1.3 x 10°-
1.2 x 10°). This situation could correspond to a case where
large values of divergence time are more difficult to exclude
due to the low number of shared polymorphism between
species (Storchova et al. 2010). The significant population
subdivision observed in each species is a clear violation of
the assumptions of the isolation-with-migration model,
but simulations showed that this violation has little effect
on parameter estimates even for high levels of population
structure (Strasburg and Rieseberg 2009). In fact, very close
estimates of divergence times were obtained when analyses
were restricted to interspecific pairs of clusters (not
shown). A higher effective population size was estimated
in M. lychnidis-dioicae (MvSl, N, = 1.4 x 10 90% HPD:
1.0 X 10°-1.9 x 10°) than in M. silenes-dioicae (MvSd,
N; = 2.9 x 10% 90% HPD: 1.5 x 10°-5.3 x 10%). Little in-
formation was available to estimate the ancestral popula-
tion size, as illustrated by the flat curve in figure 4, although
a maximal probability was observed at Ny = 1.5 X 10% (90%
HPD: 5.1 x 10°-7.6 x 10°). Using this estimate of the
ancestral size and a value of D,, = 0.87% for average
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Fic. 3 Statistical parsimony networks of haplotypes of Microbotryum lychnidis-dioica (MvSl; gray) and M. silenes-dioicae (MvSd; white). Each
haplotype is represented as a pie chart with surface proportional to the corresponding number of individuals.

interspecific divergence at autosomes, we estimated that
M. lychnidis-dioicae and M. silenes-dioicae began to diverge
approximately 4.7 x 10° years ago (using the relationship
t = (Dyy = 2Nap)/(2u); u = 8.8 X 10~ being the mutation
rate per base pair; t the divergence time; and assuming no
gene flow between species; Gillespie and Langley 1979;
Takahata and Nei 1985). This value is close to the diver-
gence time estimated using previously published sequence
for the 8-tubulin, y-tubulin, elongation factor 1o (4.4 x 10°
years before present [ybp] based on data from Le Gac,
Hood, Fournier, and Giraud 2007).

Estimates of gene flow revealed an asymmetric pattern,
with no gene flow detected from M. lychnidis-dioicae
(MvSl) into M. silenes-dioicae (MvSd) and significant,
though moderate, gene flow from M. silenes-dioicae (MvSd)
into M. lychnidis-dioicae (MvSl) (per generation effective
number of migrant gene copies: 2Nm = 0.099). Consistent
with the overall low levels of gene flow and small differen-
ces in levels of gene flow in both directions, comparison

among nested models using likelihood ratio tests (Hey
and Nielsen 2007) revealed that various models with uni-
directional gene flow, without gene flow, or with symmetric
gene flow were a significantly better fit to the data than the
full isolation-with-migration model (table 5). The likelihood
ratio test was, however, only marginally significant for the
model with no gene flow into M. silenes-dioicae (MvSd, P =
0.019; table 5), which is consistent with the pattern of uni-
directional gene flow inferred from parameter values esti-
mated under the full model. To gain deeper insight into the
history of gene flow between the two species, the posterior
densities of the numbers and times of migration events
were estimated for each locus from the genealogies re-
corded over the course of the MCMC sampler at stationar-
ity (Won and Hey 2005; note that here we refer to
“migration” as the rate at which genes are introgressed into
species). The modal number of migration events was non-
zero only for migrations into M. lychnidis-dioicae (MvSl)
and only for those loci that shared full haplotypes and
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Table 4. Maximum Likelihood Estimates (MLE) and Bounds of the 90% Highest Posterior Density (HPD) Intervals for Parameters® of the

Isolation with Migration Model.

N, (X10%) N, (X10%) Na (X10%) m; (X10°°) m, (X107°) 2N,m, 2N,m, t (x10%)
MLE 29 140 15 0° 0.35 0 0.099 419
Lower 90% HPD 15 98 s® 0° 0.06 135°
Higher 90% HPD 53 193 7,601° 1.84 1.15 1,218°

? Ny, Ny, and N4 are the effective population size of species M. silenes-dioicae (MvSd), M. lychnidis-dioicae (MvSl), and the ancestral population, respectively; m, is the
migration rate from M. lychnidis-dioicae (MvSl) to M. silenes-dioicae (MvSd) per gene copy per generation and reciprocally for m,; 2N,m; is the effective number of migrant
gene copies per generation from M. lychnidis-dioicae (MvSl) to M. silenes-dioicae (MvSd) and reciprocally for 2N,m,; t is the divergence time in years.

® Unreliable estimate or limit due to flat or incomplete posterior probability distribution sampled.

€ Corresponds to the lowest bin on the parameter space and therefore represents zero.

lacked fixed differences between species (fig. 5 and table 3).
This pinpointed these loci that shared full haplotypes as the
cause of the signal of interspecific unidirectional gene flow
and provided further support for the existence of semiper-
meable barriers to gene flow between the two species. Ex-
cluding these loci from the data set removed the signal of
gene flow (not shown). The posterior densities of migration
times suggested that introgressive hybridization at those
loci was recent, as indicated by the clear peaks observed
at the lowest bin of the parameter space (780 generations
ago). This suggests that the rate of gene exchange may have
actually been recently higher than indicated by our esti-
mate of the population migration rate 2Nm that assumes
constant migration over the course of the divergence pro-
cess. Density curves are clearly consistent with a model in
which the two species have diverged without gene flow and
exchanged genes only recently, following a secondary
contact.

Discussion

Analyses of nucleotide and microsatellite variation in
M. lychnidis-dioicae and M. silenes-dioicae yielded insights
into divergence and isolation of this pathogen species pair
in nature: 1) they are well-separated species, largely con-
fined to their respective host species; 2) cross-species dis-
ease transmission and hybrids, however, occur occasionally
and are found with higher frequencies on S. dioica than on
S. latifolia at contact sites for the host plants but also in
sites where a single host species grows; 3) both fungal spe-
cies exhibit low levels of recombination and nucleotide var-

Table 5. Likelihood Ratio Test of Nested Models with Different
Patterns of Gene Flow Compared with the Full Model.

Model® Ln(P)® 2LLR (df)° pd
m; m, 4.1756

m; =0m, 2.0057 43398 (1) 0.019
mym, =0 —7.9523 24.2558 (1) <0.001
M, =0m, =0 —9.6329 27.6171 (2) <0.001
M, =m, 0.8237 6.7038 (1) 0.009

? m, is migration into M. silenes-dioicae (MvSd); m, is migration into M. lychnidis-
dioicae (MvSl); effective population size were the same as for the full model.

® Value obtained from posterior density function estimated under the full model
when maximized over just those parameter that were free to vary under the
model considered.

¢ In-likelihood ratio statistics calculated as the difference between the highest
posterior probability for the full model and the highest posterior probability for
the nested model (df is the number of degrees of freedom).

4 Probability of likelihood ratio test, calculated from a y* distribution or a ¥
mixture distribution for those models that had a parameter fixed at the boundary
of the parameter space (see Hey and Nielsen 2007).
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iation, with an approximately four times higher effective
population size for M. lychnidis-dioicae (MvSl) than for
M. silenes-dioicae (MvSd); 4) the two species undergo high
rates of self-fertilization in natural populations (ca. 0.9
for both); 5) the two species displayed strong population
subdivision, with respectively three and two clusters in
M. lychnidis-dioicae (MvSl) and M. silenes-dioicae (MvSd);
for more detailed phylogeographic analyses see Vercken
et al. (2010); 6) the time of divergence between the two
species was estimated at approximately 42 x 10° ybp;
7) the two species exchanged genes only very recently,
probably after secondary contact and at a higher rate from
M. silenes-dioicae (MvSd) into M. lychnidis-dioicae (MvSl)
than in the reverse direction.

Importance of Considering Sister Species When
Inferring Phylogeographical Patterns
The joint analyses of the close sister species M. lychnidis-
dioicae and M. silenes-dioicae identified hybrids and cross-
species disease transmission, and these two categories of
individuals were removed from the data set for analyses
of population structure (Vercken et al. 2010). The inclusion
of these hybrids and spillover genotypes may have led to the
artifactual suggestion of additional clusters within each spe-
cies. Our study highlights the importance of considering sis-
ter species able to hybridize and cross-infect their respective
host species when inferring phylogeographical patterns. This
may represent a frequent and important concern in phylo-
geographic studies of pathogens given the high number
of sibling species specialized on different hosts and the
observation that host specificity is often not absolute
(Giraud et al. 2006).

Clustering analyses based on the sequenced loci revealed
a clear phylogeographical pattern in each species. The pop-
ulation structure inferred here based on DNA sequences
alone confirmed the results obtained by Vercken et al
(2010) based on microsatellite data: 1) for M. lychnidis-
dioicae (MvSl), the inferred population structure was consis-
tent with recolonization from three distinct refugia in Italian,
Balkan, and lberian peninsulas, 2) for M. silenes-dioicae
(MvSd), results suggested possible recolonization from high-
er latitude refugia. Unlike microsatellite data (Vercken et al.
2010), nucleotide variation did not, however, provide sup-
port for further subdivision within each of the three
M. lychnidis-dioicae (MvSl) clusters. This may simply be
owing to a difference in the resolving power of the two kinds
of markers regarding population structure.
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Low Effective Population Size and Limited
Recombination

Cluster-wide and species-wide nucleotide variation in the
two Microbotryum species was low, as expected for self-
fertilizing species (Charlesworth and Wright 2001). The var-
iation measured in M. lychnidis-dioicae (MvSl) was indeed
comparable with that of other self-fertilizing organisms,
such as Caenorhabditis elegans (Cutter 2006), C. briggsae
(Cutter et al. 2006), or Arabidopsis thaliana (Nordborg
et al. 2005). Also consistent with high rates of selfing in
Microbotryum was the detection of only two pairs of poly-
morphisms in the surveyed loci that were incompatible
with lack of recombination. Low levels of effective recom-
bination are characteristic of highly inbred populations
(Charlesworth and Wright 2001).

Estimates of the population mutation parameter indi-
cated an approximately four-fold lower effective population
size in M. silenes-dioicae (MvSd) than in M. lychnidis-dioicae
(MVSL). A previous study found a similar ratio in effective
population size between the two host plant species (Filatov
et al. 2001), suggesting that the same factors may be respon-
sible for this pattern in both the plant and the pathogen.
Unidirectional introgressive hybridization and higher habitat
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availability are other factors that may have contributed to
the higher effective population size of M. lychnidis-dioicae
(MvSL). Although S. dioica grows in forest margin habitats
and naturally maintains small population size, S. latifolia
is typically a ruderal or agricultural weed with large popula-
tions (Baker 1948). Assuming equal disease frequencies on
both hosts, the lower effective size of the pathogen on
S. dioica may result from the smaller number of available
plants of this species. The development of agriculture
may also have increased differences in effective population
size by raising the surface of habitats available for S. latifolia
and its anther-smut pathogen while causing a decline in
S. dioica and its anther-smut pathogen through the conver-
sion of forests into agricultural fields.

Gene Flow and Mode of Speciation

Few hybrids were detected in natural populations, confirm-
ing that M. lychnidis-dioicae and M. silenes-dioicae are two
well-isolated species despite largely overlapping geographic
ranges and frequent sympatry (Le Gac, Hood, Fournier, and
Giraud 2007; Denchev et al. 2009). Some gene flow was,
however, identified, as previously suggested (Van Putten
et al. 2005). Posterior densities of migration times clearly
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supported very recent gene flow events, whereas no evi-
dence for ancient gene flow was found. The finding of
cross-species disease transmission and hybrids on both
host plant species and full haplotype sharing at variable loci
are also consistent with ongoing gene flow between the
two species. Altogether, these results support a scenario
in which the two species experienced introgressive hybrid-
ization through secondary contact following initial diver-
gence in allopatry.

The time of splitting between the two species was esti-
mated at approximately 42 x 10> ybp, corresponding to
the lonian Stage (Middle Pleistocene). Results from previ-
ous studies suggest that S. dioica and S. latifolia likely di-
verged well before their associated pathogens (9.9 x 10°
to 1.1 x 10’ ybp, using lowest and highest maximum likeli-
hood estimates of N, from Taylor and Keller (2007) and
divergence time scaled by N, from Filatov et al. (2001)).
One hypothesis for the time lag between speciation in
plants and in pathogens is a host shift. A single ancestral
species of the fungus may have been initially infecting a sin-
gle host species and shifted to the other, for instance, dur-
ing an interglacial period. Repeated retreats of S. dioica and
S. latifolia in separate glacial refugia during the last hundred
thousand years may have facilitated divergence in the path-
ogen, by allowing extended periods of allopatry. A study
based on host-parasite cophylogenies in fact showed that
Microbotryum evolved through frequent host-shifts, and
preferentially to closely related hosts (Refrégier et al. 2008).
An alternative hypothesis is that a single species of Microbo-
tryum infected the two host species since their divergence
without pathogen speciation until 42 x 10° ybp.

Despite largely overlapping ranges and a lack of intrinsic
premating barriers between M. lychnidis-dioicae and
M. silenes-dioicae, we found a low frequency of hybrids
and low levels of gene flow. This suggest that a combination
of high levels of self-fertilization, differences in habitats,
preferences in host plant pollinators and postzygotic iso-
lation may be sufficient to impose strong limit on interspe-
cific gene flow since secondary contact (Giraud, Yockteng,
et al. 2008). In addition, experiments of hybridization be-
tween M. lychnidis-dioicae and M. silenes-dioicae suggested
that a strong selection for homozygous genotypes in F, and
subsequent generations might prevent long-term intro-
gression (de Vienne, Refregier, et al. 2009).

We postulate that the beginning of hybridization and
introgression between the two species of the pathogen
have coincided with the onset of agriculture. Previous stud-
ies on hybridization between S. dioica and S. latifolia indeed
suggested that contact sites between the two plant species
were associated with habitat disturbance and that human
activities probably significantly increased the incidence of
secondary contacts between the two Silene taxa (Baker
1948; Karrenberg and Favre 2008). In addition, the two
species likely recolonized Europe at different times, delay-
ing opportunities for secondary contact. Silene latifolia pre-
sumably spread northwards as a follower of agriculture and
therefore considerably later than S. dioica that spread to-
gether with deciduous forests relatively early during the
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postglacial period (Taylor and Keller 2007; Prentice et al.
2008). The hypothesis that there would not have been am-
ple opportunities for hybridization and introgression until
recent times provide an additional explanation to the low
level of gene flow inferred. Human disturbance of habitats
may also have influenced the direction of interspecific gene
flow. Mirroring our findings of unidirectional gene flow
from M. silenes-dioicae (MvSd) into M. lychnidis-dioicae
(MvSI), Minder et al. (2007) found unidirectional introgres-
sion of chloroplastic DNA haplotypes from S. dioica into S.
latifolia. Asymmetrical gene flow may be associated with
the fact that the two taxa of plants and pathogens mate
in disturbed sites that resemble more to typical S. latifolia
sites (Karrenberg and Favre 2008). Another possibility
might be that pathogen hybrids have a lower fitness on
S. dioica than on S. latifolia, which is supported by exper-
imental studies (Le Gac, Hood, and Giraud 2007).

Concluding Remarks

Altogether, our results on the level and timing of gene flow
between the anther-smut pathogens infecting S. latifolia
and S. dioica are consistent with a scenario of recurrent
introgressive hybridization but at a very low level and
through secondary contact following initial divergence in
allopatry. Such a scenario could be general among Micro-
botryum species and would be consistent with the lack of
intrinsic preference for intraspecific crosses and for gradual
increase in postzygotic isolation with genetic distances be-
tween the species (Le Gac, Hood, and Giraud 2007; de
Vienne, Refregier, et al. 2009).

Supplementary Material

Supplementary tables S1-S5 and figures S1-S3 are available
at Molecular Biology and Evolution online (http://www
.mbe.oxfordjournals.org/).
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