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Phytophthora infestans is a destructive plant pathogen best known
for causing the disease that triggered the Irish potato famine and
remains the most costly potato pathogen to manage worldwide.
Identification of P. infestan’s elusive center of origin is critical to
understanding the mechanisms of repeated global emergence of
this pathogen. There are two competing theories, placing the origin
in either South America or in central Mexico, both of which are
centers of diversity of Solanum host plants. To test these competing
hypotheses, we conducted detailed phylogeographic and approximate Bayesian computation analyses, which are suitable approaches
to unraveling complex demographic histories. Our analyses used
microsatellite markers and sequences of four nuclear genes sampled
from populations in the Andes, Mexico, and elsewhere. To infer the
ancestral state, we included the closest known relatives Phytophthora phaseoli, Phytophthora mirabilis, and Phytophthora ipomoeae, as well as the interspecific hybrid Phytophthora andina. We
did not find support for an Andean origin of P. infestans; rather, the
sequence data suggest a Mexican origin. Our findings support the
hypothesis that populations found in the Andes are descendants
of the Mexican populations and reconcile previous findings of ancestral variation in the Andes. Although centers of origin are well
documented as centers of evolution and diversity for numerous crop
plants, the number of plant pathogens with a known geographic
origin are limited. This work has important implications for our understanding of the coevolution of hosts and pathogens, as well as
the harnessing of plant disease resistance to manage late blight.
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distribution for Phytophthora andina, a phylogenetic relative of P.
infestans (6).
Evidence supporting a Mexican center of origin is substantial,
but inconclusive (4). Two close relatives of P. infestans, Phytophthora ipomoeae and Phytophthora mirabilis, are endemic to
central Mexico (7, 8). P. ipomoeae and P. mirabilis cause disease
on two endemic plant host groups, Ipomoea spp. and Mirabilis
jalapa, respectively. Populations of P. infestans in the Toluca
Valley, southwest of Mexico City, are genetically diverse, are in
Hardy–Weinberg equilibrium, and contain mating types A1 and
A2 in the expected 1:1 ratio for sexual populations (9, 10). Before a migration event from Mexico to Europe in the 1970s (11,
12), only A1 mating types of P. infestans were found worldwide
outside of central Mexico, limiting other populations to asexual
reproduction (13). Tuber-bearing native Solanum species occur
throughout the Toluca Valley (14). Of the R genes that have
been used to confer resistance to strains of P. infestans in potato,
the majority described to date originated from Solanum demissum or Solanum edinense in the Toluca Valley, with some discovered in South America (15).
Significance
The potato late blight pathogen was introduced to Europe in
the 1840s and caused the devastating loss of a staple crop,
resulting in the Irish potato famine and subsequent diaspora.
Research on this disease has engendered much debate, which
in recent years has focused on whether the geographic origin
of the pathogen is South America or central Mexico. Different
lines of evidence support each hypothesis. We sequenced four
nuclear genes in representative samples from Mexico and the
South American Andes. An Andean origin of P. infestans does
not receive support from detailed analyses of Andean and
Mexican populations. This is one of a few examples of a pathogen with a known origin that is secondary to its current
major host.
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T

he potato pathogen Phytophthora infestans, the causal agent
of potato late blight, is the plant pathogen that has most
greatly impacted humanity to date. This pathogen is best known
for its causal involvement in the Irish potato famine after introduction of the HERB-1 strain to Ireland from the Americas
in the 19th century (1). To this day, potato late blight remains
a major threat to food security and carries a global cost conservatively estimated at more than $6 billion per year (2). In
the 1980s, a single asexual lineage named US-1, possibly derived
from the same metapopulation as HERB-1 (1), dominated global populations, whereas a genetically diverse and sexual population of P. infestans in central Mexico led to formulation of the hypothesis identifying Mexico as this pathogen’s center of origin (3,
4). A competing hypothesis argues that the center of origin of the
potato, the South American Andes, is the center of origin of
P. infestans (5). This hypothesis recently gained prominence after
an analysis demonstrated ancestral variation in Andean lineages
of P. infestans (5). Other evidence supporting this hypothesis
includes infection of native Solanum hosts and an Andean
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Results
Population Structure and Mode of Reproduction. Our sample of

P. infestans included 40 isolates from Colombia, Ecuador, and
Peru and 48 isolates from Toluca Valley and Tlaxcala State in
central Mexico (SI Appendix, Table S1). We found 30 multilocus
simple sequence repeat (SSR) genotypes in the Andes sample
and 43 in the Mexico sample. The Mexico sample had slightly
higher mean allelic richness per locus compared with the Andes
sample (6.7 vs. 5.2) after correction for sample size by rarefaction. The mean number of private alleles per locus for the Mexico
sample was more than twice that for the Andes sample (2.1 vs.
0.8). In the Mexico sample, clonality was detected in isolates
sampled from single patches of the indigenous host S. demissum.
The index of association, IA, calculated for clone-corrected data
for the Mexico isolates accepted the hypothesis of sexual reproduction (P = 0.25). In contrast, the hypothesis of no linkage
among markers was rejected for the Andes sample (P < 0.001),
supporting a clonal mode of reproduction.
We inferred population structure based on SSR genotypes
separately for the Mexico and Andes samples of P. infestans,
based on a priori knowledge of their sexual and clonal reproduction, respectively, using structure (32). The Mexico sample
consisted of admixed subpopulations with at least K = 4 underlying groups (Fig. 1A and SI Appendix, Figs. S1 and S2), whereas
the Andes sample consisted of two distinct clusters with very
little admixture (Fig. 1B and SI Appendix, Figs. S1 and S2).
Phylogeographic Root of P. infestans. We used Bayesian multilocus
phylogeographic analysis to infer the geographic location of the
8792 | www.pnas.org/cgi/doi/10.1073/pnas.1401884111
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Support for the alternate hypothesis that P. infestans originated in the Andes is based on a coalescent analysis conducted
by Gómez-Alpizar et al. (5). This analysis used the nuclear RAS
locus and the mitochondrial P3 and P4 regions to infer rooted
gene genealogies that showed ancestral lineages rooted in the
Andes. Furthermore, the Mexico sample harbored less nucleotide diversity than the Andean population. P. andina was identified as the ancestral lineage for the mitochondrial genealogy;
however, P. mirabilis and P. ipomoeae were not included in that
study. P. andina has since been shown to be a hybrid species derived
from P. infestans and a Phytophthora sp. unknown to science (16).
Surprisingly, populations of P. infestans and P. andina are clonal in
South America and are not in Hardy–Weinberg equilibrium (6, 17–
19). Thus, the question of whether P. infestans originated in the
Andes or central Mexico remained unresolved.
Powerful approaches for determining the demographic and
evolutionary history of organisms are now available (20). Many
of these approaches rely on the power of coalescent theory for
inferring the genealogical history of a species based on a representative population sample (21–23). Bayesian phylogeography
uses geographic information in light of phylogenetic uncertainty
to provide model-based inference of geographic locations of
ancestral strains (24). The isolation with migration (IM) model
and associated software uses likelihood-based inference to infer
divergence time between evolutionary lineages (25). Approximate
Bayesian computation (ABC) makes use of coalescent simulations
and likelihood-free inference to contrast complex demographic
scenarios. Each of these methods has proven useful in reconstructing the demography of pests and pathogens (24, 26–29).
The objective of the present study was to reconcile the two
competing hypotheses on the origin of P. infestans using Bayesian
phylogenetics and ABC. We sampled key populations of P. infestans
from central Mexico and the Andes and expanded on the analysis of Gómez-Alpizar et al. (5) by sequencing additional nuclear
loci to assess support for the center of origin across multiple loci.
To determine ancestral state, we added sequences from the sister
taxa P. andina, P. mirabilis, P. ipomoeae, and Phytophthora phaseoli,
all of which belong to Phytophthora clade 1c (30, 31). Finally, we
aimed to reconcile the biology of P. infestans in Mexico with the
findings of Gómez-Alpizar et al. (5) of ancestral variation in
the Andes.
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Fig. 1. Population structure of Mexico and Andes samples of P. infestans
inferred using structure (32). (A) The Mexico sample shows admixed individuals assigned to K = 4 clusters. Isolates collected from patches of
S. demissum are in bold type. Based on the index of association, IA, there is
no evidence of linkage disequilibrium among loci (P = 0.25), consistent with
a sexually recombining population. (B) The Andes sample clusters into K = 2
distinct clades with little or no admixture. The hypothesis of no linkage
among markers is rejected (P < 0.001), indicating a clonal population.

root (“root state”) of P. infestans and the Phytophthora clade 1c
species using BEAST (24, 33). For this analysis, we included
a representative global sample including isolates from the nowdiverse populations in Europe (SI Appendix, Table S1). Comparison of different molecular clocks for each sequenced nuclear
locus showed that three of four loci fit a strict clock, in which the
standard deviation of the uncorrelated lognormal relaxed molecular clock indicated no variation in rates among branches. In
contrast, the RAS locus (intron Ras and Ras fragments) showed
high variation in rates among branches and required a relaxed
lognormal molecular clock (SI Appendix, Table S2). The PITG_11126
locus had the highest rate of evolution, whereas β-tubulin (b-tub)
had the lowest substitution rate.
Root state reconstruction produced the highest posterior probabilities for Mexico as the root state of both the P. infestans and
clade 1c datasets (Fig. 2). For each locus independently, posterior
probabilities of a Mexico root were >0.8 for clade 1c (SI Appendix,
Fig. S3). In nearly all of the P. infestans clades, there was an
inferred ancestral connection to Mexico (SI Appendix, Figs. S4–
S8). All of the species in Clade 1c were monophyletic with high
support, except for the hybrid species P. andina as previously
demonstrated (16, 34).
Evolution of P. infestans in the Andes. We found that three out of
four loci had either greater nucleotide diversity or Watterson’s
theta for the Andes sample compared with the Mexico sample
(SI Appendix, Table S3). To better understand the evolution of
the Andes lineages and the relationship between P. infestans in
Mexico and the Andes, we estimated pairwise times since divergence using combined SSR genotypes and nuclear sequence
data using the IMa program (25). Divergence times were estimated between each of the clonal lineages in the Andes sample
(US-1, EC-1, PE-3, and PE-7) and one another and the Mexico
sample (Fig. 3). EC-1, PE-3, and PE-7 produced recent pairwise
divergence times. EC-1 showed the most recent divergence from
US-1 and the Mexico population. The time since divergence of
PE-3 and US-1 was less than that of PE-3 and Mexico. The time
since divergence between PE-7 and Mexico was greater than for
EC-1 or PE-3 from Mexico. The marginal posterior probability
distribution for the divergence time between PE-7 and US-1 was
flat, indicating uncertainty in the history of PE-7.
We further explored scenarios for the evolution of the Andes
lineages by testing a series of alternative models using ABC as
implemented in the DIYABC program (35). We first examined
Goss et al.

P. ipomoeae

MX
0.9

MX

MX

1.0

1.0

P. mirabilis

EC
1.0

P. andina

MX
0.8

Location
Mexico

MX P. infestans

Ecuador

1.0 P. andina

Root state posterior probabiliy

C

Clade 1c
0.5
0.4
0.3
0.2
0.1
0.0

CO EC ES HU MX NL PE SA SW UK US VT

P. infestans
0.20
0.15
0.10
0.05
0.00

CO EC ES HU MX NL PE PO SA SW UK US VT

Fig. 2. Root state probabilities by country inferred using BEAST (33). (A)
Summarized maximum clade credibility phylogeny of Phytophthora clade 1c
species. Colors of branches indicate the most probable geographic origin of
each lineage. Posterior probabilities of major branches supporting the tree
topology are shown below each branch. Root state posterior probabilities indicate that Mexico is the most probable origin of clade 1c (B) and
P. infestans (C ).

the relationships among the lineages EC-1, PE-3, and PE-7.
Model comparison indicated that the PE-3 and PE-7 lineages
have more recent shared ancestry compared with the more
widespread EC-1 lineage (SI Appendix, Fig. S9). We next tested
the relationships of each of these lineages to the Toluca population in Mexico and the US-1 lineage in the Andes (SI Appendix, Fig. S10). Here we used only isolates from the Toluca
Valley, because we know that this population is panmictic (4).
Preliminary analyses showed support for the PE-3 and PE-7
lineages being both closely related and distantly related to the
other lineages.
To better understand this pattern, we included scenarios
containing all possible pairwise admixture events among populations as well as an admixture with an unsampled population
(36) (SI Appendix, Fig. S10). There was relatively strong support
for PE-3 as an admixed lineage. The scenario in which PE-3 is
derived from an admixture event between US-1 and an unsampled population had a posterior probability of 0.67 (Fig. 4A and
SI Appendix, Table S4). All other scenarios had posterior probabilities <0.14, most <0.01. The equivalent scenario for PE-7
also had the highest posterior probability of the tested models
at 0.37, but there was also support for PE-7 emerging from
an admixture event between the Toluca population and the
unsampled population (Fig. 4 B and C and SI Appendix, Table S4).
The relationship of EC-1 to US-1 and the Toluca population was
uncertain as well, with nearly equal support for two scenarios (Fig.
4 D and E and SI Appendix, Table S4). In one scenario, the EC-1
lineage recently diverged from the Toluca population (P = 0.25),
and in the other, EC-1 was an admixture of the Toluca population
and an unsampled population (P = 0.31). Our Andes samples were
highly clonal; thus, we interpret these results as indicating that the
PE-3, PE-7, and perhaps EC-1 lineages formed after a sexual event
between two distinct lineages or populations.
We used the most highly supported scenarios to test more
complex scenarios including all four Andean lineages and
Toluca. Testing all possible admixture events proved to be too
complex with support split among scenarios with various combinations of admixture events. Furthermore, the PE-7 results
from both IMa and DIYABC analyses suggest that this lineage
has a complex ancestry. Therefore, the final scenarios tested
admixture in the evolution of EC-1 and PE-3, and excluded PE-7
(Fig. 5). We found that scenario B, in which EC-1 split from the
Toluca population and PE-3 originated from an admixture event,
had the highest posterior probability of 0.74 (Fig. 4). Notably,
there was minimal support for scenario C, with simple ancestral
divergence of PE-3 (Fig. 5).
Goss et al.

We estimated type I and type II errors for scenario B and
found that 65% of the datasets simulated under scenario B
produced the highest posterior probability for scenario B (type I
error, 0.352). Pseudo-observed datasets generated under scenarios
A and C were wrongly assigned to scenario B at frequencies of
0.210 and 0.096, respectively (type II error). Posterior distributions
for parameters were wide, indicating limited confidence in the
parameter estimates.
Discussion
We found multilocus support for a Mexican origin of P. infestans.
Bayesian phylogeographic analysis rooted both P. infestans and
Phytophthora clade 1c in Mexico for each of four nuclear loci. Our
results are consistent with the population biology of P. infestans in
central Mexico and, taken together, point to Mexico as the origin
of this pathogen. These results are supported by the previously
noted pathogen and host characteristics. Specifically, Toluca
populations are sexual, whereas South American populations
of P. infestans are clonal (6, 9, 10, 17–19). Both mating types of
P. infestans are known to have been present since at least the
1960s in central Mexico (37, 38).
The genealogical connections between continents that we
observed in our phylogeographic analysis are consistent with the
movement of P. infestans among widespread potato growing
regions. Migration estimates using microsatellite variation also
support our sequence analysis by showing migration from Mexico
to the Andes, but not from the Andes to Mexico (SI Appendix).
The commercial potato seed trade can explain much of the
current global population structure of P. infestans; however, the
early movements of P. infestans have not been fully reconstructed
(1), and examination of the processes underlying the emergence
of new, highly successful strains is ongoing (3, 39). The diverse
population in central Mexico may be the ultimate source for the
appearance of new strains worldwide (3, 40), although seed potatoes from Europe are behind recent migrations of virulent strains
(41, 42). Detailed genetic reconstruction of global migrations of
P. infestans may be feasible using population genomic data.
We explored the evolution of the Andean lineages and the
relationship between P. infestans in Mexico and the Andes by
testing a series of alternative models using the ABC technique.
Our intention was to determine the timing of divergence of the
Andean lineages and their relationship to the Toluca population
in Mexico. Surprisingly, we found evidence for diversification of
the Andes population as a result of admixture or hybridization.
Because of our limited power to discriminate between models,
we view this analysis as hypothesis-generating. Nevertheless,
even moderate support for hybridization generating novel
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indicate admixture events between the ancestral populations connected by
the horizontal line. Potential changes in population size over time are indicated by changes in line thickness, but line thickness is not proportional to
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has contributed to the genetic variation observed in sampled populations.
(A) For PE-3, the most probable scenario includes an admixture of US-1 and
an unsampled population, leading to the PE-3 lineage. (B and C) For PE-7,
support is split between two scenarios containing an admixture event with
an unsampled population. (D and E) For EC-1, the scenarios with the greatest
support showed a simple divergence from the Toluca population or an admixture between Toluca and an unsampled population. Posterior probabilities for all tested scenarios and their 95% confidence intervals are given in SI
Appendix, Table S4.

explicit treatment of geography in our BEAST analysis did not
require us to make assumptions about population structure, but
rather incorporated the divergent origins of our isolates into
the analysis.
Resolving the origin of P. infestans is important to our understanding of the emergence and reemergence of damaging
pathogens. P. infestans is one of a limited number of agricultural
plant pathogens with a well-characterized center of origin (45).
An expectation of long-term coevolution between a crop and its
host-specific pathogen can mislead one into thinking that the
pathogen originates from the crop’s center of origin; however,
there are other well-documented and suspected instances of
host-jumping by crop pathogens (45–47). P. infestans appears to
be an example of a pathogen originating from wild relatives in
a secondary center of host diversity. Identification of the center
of origin also advances our understanding of pathogen evolution
outside of this region, that is, how the pathogen has changed
after introduction to new environments.
Global populations of P. infestans have undergone rapid
changes owing to both migration and evolution after migration
(39, 48). Knowledge of pathogen diversity and evolution both
within and outside of the center of origin is critical to crop
breeding efforts (49). The long-term success of efforts to breed
late blight-resistant potatoes will require breeders to account
for geographic and evolutionary sources of novel variation in
P. infestans and its hosts.
Materials and Methods

lineages of P. infestans is compelling, given that a new pathogen
of Solanum hosts, P. andina, has been generated via hybridization (16), and that infrequent hybridization among lineages of
P. infestans is suspected to be responsible for novel genotypes
elsewhere (43).
Considering the diversity of Solanum hosts in the Andes, there
is great potential for clonal diversification of P. infestans as
available niches are colonized and rare events contribute to
generation or recombination of variation. There is no evidence
of genetic variation among P. infestans isolates from potatoes in
Peru as recently as the mid-1980s (44). If there were diversity in
P. infestans or clade 1c in the Andes, it must have been limited to
other unsampled hosts. Based on our analyses, we hypothesize
that the Andean diversity in P. infestans has been driven by global
migration together with hybridization among populations established via independent migration events.
Given our results, why did Gómez-Alpizar et al. (5) infer an
Andean origin? First, their mitochondrial coalescent gene tree
included the Andean endemic P. andina, but not the Mexican sister
species, and thus species selection rooted the tree in the Andes. At
the time that the work was conducted, P. andina was not recognized as a hybrid species with two haplotypes derived from two
distinct parental species (16). When we removed P. andina from
their dataset, the location of the root was ambiguous (SI Appendix);
therefore, the mitochondrial loci used in the analysis were not
phylogeographically informative. The root of the P. infestans mitochondrial genome was recently dated to 460 y ago (95% highestprobability density, 300–643), around the time of the Spanish
conquest of the Americas (1). Thus, the two major mitochondrial
haplotypes may be the product of movement of the pathogen
by humans, resulting in the formation of a new population of
P. infestans and the evolution of diverged mtDNA haplotypes
before global expansion of the pathogen some 200 y later.
Second, the coalescent root of the single nuclear locus used by
Gómez-Alpizar et al. is dependent on migration rate (SI Appendix),
which was estimated using the same locus. The RAS gene in
P. infestans has two diverged haplotypes in the first intron. This
creates two diverged clades of haplotypes, one of which is not found
in the Mexican sample. This might have biased the migration rate
estimates for this gene and affected the outcome of the coalescent
analysis. Our analysis of this locus required a relaxed molecular
clock and took an exceptionally long time to converge. Finally,
8794 | www.pnas.org/cgi/doi/10.1073/pnas.1401884111

Sampling Individuals. A sampling of the known global diversity in P. infestans
was obtained from several collaborators (SI Appendix, Table S1). We focused
on assembling two large samples from Mexico (n = 48) and the South
American Andes (n = 40) representing the known diversity from each of
these regions, and included a more moderate global sample of P. infestans
for context (SI Appendix, Table S1).
SSR Typing. Isolates were genotyped using 11 SSR markers as described
previously (39, 50). Given that the individuals varied in ploidy, analysis was
restricted to approaches that can accommodate nondiploid genetics (51).
Population Structure (SSR). Allelic richness was calculated using the ADZE
program (52). Population composition was inferred using structure 2.3 (32)
by testing the number of population clusters (K) between 1 and 20 using
the admixture model for the Mexico and Andes samples (53) and the noadmixture model for the Andes sample. The no-admixture model may be
more appropriate for the Andean population (i.e., Ecuador, Colombia, and
Peru) given a priori knowledge of its clonality (17). Analysis was performed
separately for the two different populations. A total of 10 independent
runs each of 1,000,000 iterations with a burn-in period of 20,000 Markov
chain Monte Carlo (MCMC) iterations were conducted. The results from
structure were postprocessed using Structure Harvester (54). The ΔK
method was used to evaluate the rate of change in the log probability of
data between successive K values, to infer the number of clusters (55).
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Fig. 5. Final three scenarios used to examine the relationships between the
Toluca Valley population and EC-1, PE-3, and US-1 lineages in the Andes by
ABC. Tree schematics are drawn as in Fig. 4. The three scenarios are simple
divergence of populations such that PE-3 is an ancestral lineage (A); emergence of the PE-3 lineage after an admixture of US-1 and an unsampled
population (B); and scenario B plus emergence of the EC-1 by an admixture
between the Toluca population and an unsampled population (C). Scenario
B was the most likely of the three, with a posterior probability of 0.74. The
95% confidence intervals for the posterior probabilities are in brackets.
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DNA Amplification and Sequencing. Nuclear loci were amplified and directly
sequenced as described by Goss et al. (16). A larger fragment of the b-tub gene
was sequenced than that sequenced by Gómez-Alpizar et al. (5). Haplotype
phases of nuclear gene sequences with multiple heterozygous sites were
inferred using PHASE software (51). Inferred haplotypes were confirmed by
cloning PCR products for a subset of genotypes and sequencing inserts. In
several instances, three distinct alleles were recovered from a given individual;
these were the only times when the PHASE-inferred haplotypes were not
validated. In some instances, isolates with three alleles at one locus were
cloned at another locus, and only two alleles were found; thus, it was not
assumed that these isolates had three distinct alleles at other loci.
For the phylogenetic and coalescent-based analyses, we removed indels and
recombinant alleles from the datasets. We used the four-gamete test to detect
signals of recombination, and found recombination in the b-tub, PITG_11126,
and RAS alignments. For PITG_11126, the last 65 nucleotides were excluded
owing to recombination in this region relative to the remainder of the fragment. For b-tub, the signal of recombination was removed when an indel was
deleted from the alignment and isolate PiEC01 was excluded. For the RAS locus,
PiEC07, PiUS11, and PiUS17 were excluded.
The sequences generated have been deposited in GenBank (accession nos.
KF979339–KF980878).
Demographic and Phylogeographic History. We adopted a Bayesian coalescent
approach to investigate divergence and phylogeographic history using BEAST
1.7.4 (33, 60). BEAST implements a method for sampling all trees that have
a reasonable probability given the data. The analysis is based on haplotypes,
and two haplotypes in a given individual may or may not share a most
common recent ancestor. Furthermore, genealogies obtained from BEAST
necessarily estimate how old the common ancestor of these haplotypes
might be for each haplotype (even when haplotype sequences are identical),
resulting in slight branch length variation among identical haplotypes. This
is an expected outcome of coalescent analysis in which identical sequences
at a given locus are expected to show divergence at the genome level. Note
that although branch length variation is observed among identical haplotypes, there is no support for nodes at this level until different haplotype
sequences coalesce to their common recent ancestors, and this branch
length variation should not be interpreted.
To initialize BEAST, we obtained the most likely models of nucleotide
substitution for each alignment using jModelTest 2.1 (61) and ModelGenerator
0.57 (62), and selected the consensus model from these programs (SI Appendix,
Table S5). To ensure adequate sampling of parameters, we conducted the
BEAST analyses with independent MCMC simulations of 200 million iterations for each locus both for P. infestans only and with the other clade 1c
species. Analyses were conducted at least twice to ensure repeatability. For
each MCMC run, we sampled every 10,000 generations and discarded nonstationary samples after 25% burn-in. Effective sample size estimates were
typically greater than 200, and parameter trace plots supported MCMC
convergence and good mixing in each independent run. Multilocus analyses
were also run for P. infestans only and also for all Phytophthora clade 1c
species. For each dataset, models of nucleotide substitution, constant coalescent priors (for the P. infestans dataset) or Yule speciation models (for
the clade 1c dataset) were used as specified priors to improve the calculation
of clock rates, geographic ancestral states, and phylogenetic relationships.
To infer the most likely geographic origin for each clade, we used the discrete
phylogeographic approach as implemented by Lemey et al. (24). This method
uses the geographic locations of the samples to reconstruct the ancestral states
of tree nodes, including estimation of the root state posterior probability.
Maximum clade credibility (MCC) trees were obtained using TreeAnnotator and
visualized in FigTree 1.3.1. The bar plots for the posterior probability of the
root state were created with the ggplot2 package (63) using R statistical
computing and graphic language (59). Maximum clade credibility trees were
obtained for each locus as well as for multigene analyses.
Divergence Times Under Isolation with Migration. IMa version 2.0 was used to
estimate divergence times for each pair of Andean lineages and between
Andean lineages and the Mexican population (64). The data used were the 4
nuclear loci and 8 of the 11 SSR loci. Two SSR loci that did not conform to the
stepwise mutation model (D13 and G11) and one SSR locus that was nearly
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monomorphic (Pi33) were excluded. The infinite sites model was used for all
nuclear loci. Initial maxima for uniform prior distributions of the parameters
were as follows: population size (q), 15.0; divergence time (t), 0.5; migration
rate (m), 1.0. Runs including the Mexican sample were also performed using
larger priors for q (20.0) and t (1.0), and similar results were obtained. The
option of running the burn-in and recording periods for indefinite durations
was chosen to ensure stabilization of likelihoods before the end of the burnin and adequate sampling of the posterior distribution. Metropolis coupling
was implemented using the geometric increment model and 80 chains with
geometrical increment parameters of 0.97 and 0.3.
ABC. We evaluated alternative scenarios for the evolution of the Andean
P. infestans lineages in a systematic stepwise manner using ABC with
DIYABC version 1.0.4.45 (35). ABC has been used to estimate parameters
for complex evolutionary models for which likelihoods are difficult or
practically impossible to compute (65, 66). The DIYABC program simulates
coalescent genealogies under user-specified evolutionary models using
parameters drawn from prior distributions and compares statistics summarizing various aspects of the simulated data with those of the observed
data. The similarity of summary statistics between observed and simulated
datasets is used to calculate posterior probabilities of competing evolutionary models and posterior distributions of parameters. In effect, models
that generate datasets with summary statistics close to the observed data
have higher probability. We used this method to evaluate posterior probabilities for alternate scenarios representing different possible evolutionary
relationships among P. infestans populations in Mexico and the Andes. The use
of ABC to evaluate alternate scenarios has been questioned owing to potential
problems with using summary statistics, but DIYABC incorporates tests that
address many of these concerns (67, 68). In particular, confidence in model
choice can be evaluated empirically by calculating type I and II errors using
pseudo-observed datasets.
To narrow the number of evolutionary scenarios tested against one another, we used four sets of scenarios to inform a final fifth set of scenarios. We
grouped the Andes isolates by clonal lineage to tease apart the evolutionary
history of each lineage. Isolates were assigned to a clonal lineage based on
a previously determined RG-57 fingerprint (3) and confirmed with SSR
genotypes grouped using structure and k-means clustering (69). We first
simulated the three different possible relationships among the Andean
lineages EC-1, PE-3, and PE-7 (SI Appendix, Fig. S9) using the settings in
SI Appendix, Table S6A. We next examined 15 alternative relationships for
the US-1 lineage, the Toluca population, and each of the Andean lineages in
turn (SI Appendix, Fig. S10 and Table S6B). Although the US-1 lineage has
had a global distribution, for these analyses we used only US-1 isolates
collected in the Andes, because our focus was on the genetic variation and
evolution history of the Andes population. Based on the results of preliminary analyses, these scenarios included admixture events between lineages as well as admixture with an unsampled population.
Finally, we used the scenarios with the highest posterior probabilities to
construct three final scenarios (Fig. 4 and SI Appendix, Table S6C). This final
set tested admixture events generating the EC-1 and PE-3 lineages relative
to a scenario with no admixture. We removed the PE-7 lineage from this
final analysis, because there were too many plausible admixture events
behind the emergence of this lineage.
We tested prior distribution settings with small numbers of simulations
by running a principal components analysis on the summary statistics and
comparing the overlap of the simulated and observed data. Posterior
probabilities and 95% confidence intervals were estimated by polychotomic
weighted logistic regression on 1% of the simulations, as implemented in
DIYABC. Model checking was conducted for the final three scenarios by estimating type I and type II errors. In short, 500 pseudo-observed datasets (pods)
were generated according to each evolutionary scenario using parameters
drawn from the same prior distributions as used for the simulated genealogies.
The posterior probability of each scenario was calculated for each pod. Type I
error was estimated as the proportion of pods for which the correct scenario
did not receive the highest posterior probability. Type II error was calculated as
the proportion of pods erroneously assigned to a given scenario.
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The mode of reproduction was assessed by evaluating observed linkage
among loci against expected distributions from permutation using the index
of association, IA, as proposed by Brown et al. (56) and applied in multilocus
(57). IA was calculated using the poppr package (58) in R (59) separately for
the Mexico and Andes samples and evaluated with 2,000 permutations using
clone-corrected data.
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