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Population Genetic Analysis Infers Migration Pathways
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Abstract

Recently introduced, exotic plant pathogens may exhibit low genetic diversity and be limited to clonal reproduction.
However, rapidly mutating molecular markers such as microsatellites can reveal genetic variation within these populations
and be used to model putative migration patterns. Phytophthora ramorum is the exotic pathogen, discovered in the late
1990s, that is responsible for sudden oak death in California forests and ramorum blight of common ornamentals. The
nursery trade has moved this pathogen from source populations on the West Coast to locations across the United States,
thus risking introduction to other native forests. We examined the genetic diversity of P. ramorum in United States nurseries
by microsatellite genotyping 279 isolates collected from 19 states between 2004 and 2007. Of the three known P. ramorum
clonal lineages, the most common and genetically diverse lineage in the sample was NA1. Two eastward migration
pathways were revealed in the clustering of NAT isolates into two groups, one containing isolates from Connecticut,
Oregon, and Washington and the other isolates from California and the remaining states. This finding is consistent with
trace forward analyses conducted by the US Department of Agriculture’s Animal and Plant Health Inspection Service. At the
same time, genetic diversities in several states equaled those observed in California, Oregon, and Washington and two-
thirds of multilocus genotypes exhibited limited geographic distributions, indicating that mutation was common during or
subsequent to migration. Together, these data suggest that migration, rapid mutation, and genetic drift all play a role in
structuring the genetic diversity of P. ramorum in US nurseries. This work demonstrates that fast-evolving genetic markers
can be used to examine the evolutionary processes acting on recently introduced pathogens and to infer their putative
migration patterns, thus showing promise for the application of forensics to plant pathogens.
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Introduction

Plant pathogens that have been introduced to a new
environment may be characterized by low genetic diversity due
to a genetic bottleneck experienced during the process of
introduction and establishment, given that only one or a few
genotypes are usually introduced [1-5]. Genetic diversity may also
be lower on the margins of an epidemic or in founder compared to
older populations [6-9]. In some cases the absence of a mating
type may limit the pathogen to clonal reproduction and contribute
to its reduced genetic diversity, yet clonality does not necessarily
prevent continued evolution. Phytophthora infestans, causal agent of
potato and tomato late blight, is a well known example of a plant
pathogen able to adapt while reproducing clonally, as observed by
changing virulence on host cultivars [10]. Stepwise evolution of
new pathotypes in a single clonal lineage has also been observed
for stripe rust of wheat, Puccinia struformis f.sp. tritict, in Australia
and New Zealand [4]. The increasing development and
availability of polymorphic neutral genetic markers have allowed
for detailed exploration of the genetic variation contained within
clonal lineages [11-13].
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Genetic markers are also beginning to be used for forensic
purposes in human pathogens. Microbial forensics is “‘the
detection of reliably measured molecular variations between
related microbial strains and their use to infer the origin,
relationships, or transmission route of a particular isolate” [14].
This approach has been taken to examine high-profile HIV
outbreaks and transmission events [15,16] and characterize
anthrax strains associated with bioterror attacks [17,18]. Forensics
requires a sound scientific foundation, including knowledge of the
genetic diversity within and among populations of the organism of
interest and the evolutionary forces and genetic mechanisms that
shape this diversity [19,20]. The population genetic base required
for forensic work remains weak for many plant pathogens that
pose economic or environmental threats [19].

Phytophthora ramorum, the causal agent of sudden oak death, was
recently introduced to North America and is responsible for the
rapid decline of forest populations of tanoak (Lithocarpus densiflorus)
and coast live oak (Quercus agrifolia) in northern California coastal
forests and parts of coastal southern Oregon [21,22]. P. ramorum is
also a foliar and twig pathogen on common ornamentals, such as
Rhododendron, Viburnum, Pieris, and Camellia. Thus, P. ramorum has
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Author Summary

Sudden oak death, caused by the fungus-like pathogen
Phytophthora ramorum, has caused devastating levels of
mortality of live oak and tanoak trees in coastal California
forests and in urban and suburban landscapes in the San
Francisco Bay Area. This pathogen also causes non-lethal
disease on popular ornamental plants, including rhodo-
dendrons, viburnums, and camellias. P. ramorum was
discovered in California in the late 1990s and is exotic to
the United States. Recently, presence of the disease in
wholesale nurseries in California, Oregon, and Washington
has led to shipments of diseased plants across the US, thus
risking the introduction of the pathogen to other
vulnerable forests. We examined the genetic diversity of
this pathogen in US nurseries in order to better
understand its evolution in nurseries and movement
between states. We found that California populations
were genetically different enough from Oregon and
Washington populations that infestations of the pathogen
found in nurseries in other states could be distinguished as
having originated from California or the Northwest. Our
inferences were consistent with trace forward investiga-
tions by regulatory agencies.

been found in nurseries in North America and Europe, and
nursery shipments have been implicated in the movement of the
pathogen. There is serious concern about the inadvertent transfer
of P. ramorum to other susceptible ecosystems, such as the
Appalachians [23]. P. ramorum has had significant economic and
societal impacts [22,24,25].

P. ramorum is a diploid oomycete, located in the kingdom
Stramenopila along with diatoms, golden-brown algae, and brown
algae [26,27]. Fast-evolving microsatellites in P. ramorum have
confirmed the clonal reproduction of this pathogen and have
proved valuable for examining its population structure
[12,13,28,29]. Three distinct clonal lineages of P. ramorum have
been found in nurseries [28,30]. These lineages appear to have
been evolutionarily isolated for at least 100,000 years [31], which
together with their initial geographic distributions suggests that
there were three introductions of this pathogen to North America
and Europe [32]. The lineages have been given the names NAI,
NA2, and EU1 by consensus agreement within the P. ramorum
research community [33]. The NAI1 lineage has been the most
frequently isolated lineage from US nurseries and is the cause of
oak and tanoak mortality in US forests [13,28]. The EUI lineage
was 1nitially confined to European nurseries, but is now also found
in European parks and North American nurseries [34-36]. The
third lineage, NA2, has only been documented in North American
nurseries [28,36]. P. ramorum is self-sterile; sexual reproduction
requires contact between two different mating types. All tested
NA1I and NA2 isolates have been mating type A2 and EU1 isolates
mating type Al with the exception of rare finds of A2 in Belgium
[37]. Sexual reproduction has not yet been observed in nurseries
where both mating types have been found [34].

Most of the P. ramorum-positive nurseries have been in
California, Oregon, and Washington, where annual inspection
and sampling is required for nurseries that ship interstate and
contain host or associated host plants on the P. ramorum host lists
per the Federal Interim Rule of 2007 (7 CFR 301.92). West Coast
nurseries that ship non-host nursery stock interstate are also
required to be inspected annually. When found, infected plants are
quarantined and destroyed under the authority of the Plant
Protection Act of 2000. P. ramorum has also been found in states
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that received shipments from infected West Coast nurseries. For
example, shipments of millions of potentially infected plants were
made from a large California nursery to over 1,200 nurseries in 39
states in 2004 [25]. When a nursery has been confirmed as infested
with P. ramorum and it has been determined that the nursery
shipped potentially infected P. ramorum host or associated host
plants, the nursery is required to provide to the US Department of
Agriculture’s Animal and Plant Health Inspection Service (USDA
APHIS) a list of all host and associated host plants that were
shipped from the nursery during the preceding 12 months. A
trace forward protocol (http://www.aphis.usda.gov/plant_health/
plant_pest_info/pram/) is implemented to determine whether the
receiving nurseries or landscapes have become infested. Similarly,
a trace back protocol is implemented at the infested shipping
nursery to investigate the potential source of P. ramorum.

Previous studies examining neutral genetic variation in nursery
populations of P. ramorum using mitochondrial DNA sequence,
AFLP, or microsatellites have focused on the broad diversity of a
worldwide sample of P. ramorum isolates [28,30,38] and specifically
on Oregon [13], California [12], or West Coast [29] populations
using isolates collected through 2005. These studies have shown
genetic similarity between 2004 nursery isolates and early
California forest infestations [12] and migration among West
Cloast populations in the first half of this decade [29]. The Oregon
forest population is an apparent exception to the frequent
migration between California, Oregon, and Washington, as it is
genetically differentiated from both California forest and Oregon
nursery populations [13]. Thus far, microsatellites have been the
most informative markers for examining population structure and
migration.

Here we report on the population genetic analysis of P. ramorum
in US nurseries using 279 isolates collected from infected nurseries
from across the US between 2004 and 2007. There is interest in
the P. ramorum community in using genetic markers to link new
detections of P. ramorum in both nursery and wildland settings to
possible sources; therefore, we typed microsatellite loci known to
show variation within and between the P. ramorum clonal lineages
to examine their utility in confirming or contributing to trace
forward and trace back investigations and, more generally, the
potential for forensic analysis of P. ramorum. We specifically address
four major questions regarding nursery populations of P. ramorum:
1) Do nursery populations show genetic diversity and population
structure or are they dominated by a single dominant or founding
genotype? 2) Are West Coast infestations more genetically diverse
than those in other states, as might be expected if infestations are
older and effectively larger in Oregon, Washington, and
California? 3) Have the populations of the West Coast states
changed between 2004 and 2007 in a way that would indicate that
eradication measures have or have not been effective? 4) Can we
use these genetic markers to infer the major migration pathways
and potential sources of recent migrants?

Results

Genetic variation by state and year

All 279 isolates produced multilocus genotypes that could be
unambiguously assigned to one of the three known P. ramorum
lineages and no recombinant multilocus genotypes were observed
that would be indicative of sexual reproduction between lineages.
Thirty-four EU1 isolates and 17 NA2 isolates were identified in the
sample (Table 1). EU1 isolates were found in California (CA),
Oregon (OR), and Washington (WA) and produced two genotypes
(Figure 1), which differed by two repeats at locus 64. OR and WA
isolates were all identical, while all but one of the CA isolates were
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the second genotype. All of the NA2 isolates were from WA and
produced identical genotypes except for one isolate from 2004
(Table 1, Figure 1), which differed by one repeat at both alleles of
locus PrMS43a.

The NALI lineage was the most common and genetically variable
lineage in US nurseries, found in all sampled states. We found 53
different multilocus genotypes among the 228 NAL1 isolates, including
three genotypes with null alleles at PrMS43b (Figure 1, Tables S1 and
S2). Unique to the NAI lineage was apparent uniform homozygosity
at loci PrMS39b, PrMS43a, and PrMS43b. These loci also exhibited
high numbers of alleles among NA1 isolates relative to the other
genotyped loci (Table S1). Loss of heterozygosity was observed for
two isolates at locus PriMS45 and one isolate at locus 64.

@ PLoS Pathogens | www.plospathogens.org

Table 1. Summary of the genetic diversity of P. ramorum nursery isolates by state and year collected.

Sample origin® Year NA1® EU1 NA2 Source®
State Isolates MGs G Es GR AR Isolates MGs Isolates MGs
Alabama (AL) ? 2 2 - - - - 8
Arkansas (AR) ? 1 1 - - - - 8
California (CA) 2004 4 3 - - - - 19

2006 12 7 4.80 0.80 3.85 1.66 3 1
2007 20 4 1.90 0.61 230 1.29 4 2

Colorado (CO) 2004 1 1 - - - - 8

Connecticut (CT) 2004 5 4 3.57 0.92 4.00 1.60 5
2006 1 1 - - - -

Florida (FL) 2004 4 3 - - - - 4,7,8
2006 2 2 - - - -
2007 4 2 - - - -

Georgia (GA) 2004 29 10 4.50 0.66 3.53 1.66 8
Louisiana (LA) 2004 1 1 - - - - 8
Maryland (MD) 2004 1 1 - - - - 8
Mississippi (MS) 2007 1 1 - - - - 7
N. Carolina (NC) 2004 2 1 - - - - 8
New Mexico (NM) 2004 1 1 - - - - 8
Oregon (OR) 2004 5 3 227 0.80 3.00 1.80 6

2005 7 5 4.45 0.93 4.05 1.81 12 1
2006 10 5 3.85 0.85 3.73 1.70 3 1
2007 5 5 5.00 1.00 5.00 1.80 8 1

Pennsylvania (PA) 2004 1 1 - - - - 3
S. Carolina (SC) 2004 2 2 - - - - 8

Tennessee (TN) 2004 1 1 - - - - 8

Texas (TX) 2004 9 7 5.40 0.84 4.29 1.72 8

Virginia (VA) 2004 5 4 357 0.92 4.00 1.80 8
Washington (WA) 2004 29 18 13.79 0.98 4.62 2.15 2 2 2,8

2005 23 1 9.28 0.92 4.42 2.15 2 1
2006 15 10 6.08 0.73 4.34 2.00 1 1
2007 21 8 3.71 0.68 3.27 1.50 4 1 9 1
? 4 3 - - - - 3 1

For each state and year the number of isolates sampled and the number of resulting multilocus genotypes (MGs) for each clonal lineage is given. For NA1 samples with
5 or more isolates, indices of diversity were calculated.

®Diversity indices for NA1 samples: G, Stoddart and Taylor's genotypic diversity index; Es, index of evenness; GR, genotypic richness expected for a sample size of five
isolates; AR, allelic richness expected for a sample size of five isolates.

“Source of isolates: (1) C. Blomquist, California Department of Food and Agriculture; (2) G. Chastagner, Washington State University; (3) M. Garbelotto, University of
California Berkley; (4) R. Leahy, Florida Department of Agriculture and Consumer Services; (5) R. Marra, Connecticut Agricultural Experiment Station; (6) N. Osterbauer,
Oregon Department of Agriculture; (7) M. Palm, USDA APHIS; (8) J. Ristaino, North Carolina State University; (9) D. Rizzo, University of California Davis.

doi:10.1371/journal.ppat.1000583.t001

Sample sizes from many states were very small, e.g. one isolate
from one infested nursery in the state (Tables 1 and S3). For
sample sizes up to about 15 isolates, there was a positive linear
relationship between sample size and number of resulting
multilocus genotypes, such that for the NA1 clonal lineage every
five additional isolates produced around 3 additional multilocus
genotypes (Figure S1). The relationship between sample size and
genotypes changed at higher sample sizes and the number of
multilocus genotypes was instead correlated with the number of
infected nurseries in the state.

The lineages are separated by large genetic distances (Figure 1)
and reproduction appears to be completely clonal [12,13,28],
therefore the three lineages were considered separately. Further-
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Figure 1. UPGMA dendrogram of genetic distance among all
observed multilocus genotypes. Multilocus genotypes (MGs) are
labeled as in Table S2 for NA1 isolates. Only two NA2 and EU1
multilocus genotypes were found. NA1 genotypes with null alleles are
marked with asterisks. Support values greater than 70% using 1,000
bootstrap samples are shown.

doi:10.1371/journal.ppat.1000583.g001

more, the paucity of EUl and NA2 isolates and genotypes
precluded the need for extensive analysis of these lineages and
hence our analyses focused on NAI isolates. We examined the
genotypic diversity, genotypic evenness, and genotypic and allelic
richness of NA1 samples by state and year for those with sample
sizes of five or more isolates (Table 1). Importantly, given the
variation in sample sizes among states, we used rarefaction to
estimate genotypic and allelic richness for a standardized sample
size of five isolates. Interestingly, genotypic richness in the
Connecticut (CT), Georgia (GA), Texas (IX), and Virginia (VA)
samples were at levels seen in the West Coast states. Evenness is
expected to be influenced by differences in sampling intensity, but
tended to decrease over the sampled years in CA and WA. Private
alleles were found in OR, WA, TX, and VA. A larger number of
states produced multilocus genotypes that were not observed
elsewhere (Table S2).

Minimum spanning networks revealed qualitative differences
among states and years for the West Coast (Figure 2). By 2007,
samples from all three states produced relatively compact
networks, indicating that these populations had been limited to a
small number of mostly closely related genotypes. The change
over time was most evident in the Washington networks, in which
there were long chains of genotypes prior to 2007. Private
genotypes were generally on the margins of the networks and
sometimes were only distantly related to the other genotypes,
suggesting that they were either the result of rare mutation events
or were immigrants from locations with intermediate genotypes.

We also examined the minimum spanning networks for other
states represented by five or more isolates to compare them to the
West Coast states (Figure 3). These networks generally showed
populations of closely related genotypes. The most common
multilocus haplotype in each of the four networks corresponded to
one of the two most common multilocus genotypes in the overall
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sample (either MG 1 or 2 in Table S2) and may thus be the
founding genotype. The outlying haplotypes in the networks were
often private genotypes.

We tested for significant genetic variation among West Coast
states and years using analysis of molecular variance. We found
significant variation among years within states, but more variation
among states and within states and years (Table 2). Examination of
CA, OR, and WA individually showed that variation among years
accounted for 0% (P=0.27), 3.0% (P=0.13), and 4.9%
(P<0.0001) of the total variation, respectively. When data were
clone corrected there was significant variation among states but
not among years within states (Table 2).

NA1 population structure and migration

Structure 2.2 and BAPS 5.2 were used to cluster NA1 isolates,
without regard to state or year of isolation, into underlying groups.
The Structure analysis produced the highest likelihood for two
groups (posterior probability that K=2 was 1.00). AMOVA
confirmed significant variation between these groups, which
accounted for 33% of the variation. Ten isolates could not be
assigned to one or the other group with a probability greater than
0.75 and 31 isolates were not assigned with a probability greater
than 0.95 (Figure 4). The optimal partitioning of isolates by BAPS
produced 18 clusters (Figure 5). However, these 18 clusters formed
two overall groups that largely coincided with the two Structure
groups (Figure 5). AMOVA on the BAPS groups indicated that the
two overall groups were responsible for 27% of the variation and
the clusters within the larger groups explained another 27% of the
variation. K-means clustering of individuals based on either allele
frequency or AMOVA also produced the best result for two
groups based on Calinski and Harabasz’s pseudo-F [39].
Differences in group assignment between Structure, BAPS, and
k-means clustering were limited to twelve isolates, all of which
produced low posterior probabilities for group assignment in
Structure. Many states were represented by mostly one group or
the other, but there were also mixed populations (Figures 4 and 6).
Both groups were represented in WA in all years, OR in 2004, CA
in 2006, and GA with high probability. Structure outputs the
overall allele frequencies and frequencies within each resulting
group, which showed that particular loci and alleles were highly
influential in determining group assignments (Table 3). For
example, allele 246 of locus PrMS39b had an overall frequency
0f 0.303, but a frequency of 0.936 in group 2. The influential alleles
differed by only one repeat from each other, suggesting that these
groups may not be robust to repeated and reverse mutation.

The relative rates of immigration to mutation among West
Coast states and from these states castward were estimated using a
coalescent-based approach, as implemented in the program
Migrate. We used a migration model in which the three West
Coast source populations could both send and receive migrants,
but the combined population representing all other states could
only receive immigrants. This migration model is consistent with
nursery industry shipment patterns. The ratio of immigration rate
to mutation rate (m/) tended to be higher for the non-West Coast
sample, but with a large amount of uncertainty in the estimates
(Figure 7). Many of the estimates were not significantly greater
than 1.0, indicating that mutation and drift were often more
important than migration in generating population genetic
variation.

Trace forwards

When a nursery that ships P. ramorum host and associated host
plants out of state is confirmed to be infested with P. ramorum, the
USDA APHIS trace forward protocol is implemented by the
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A California
2004

C Washington
2004

Figure 2. Minimum spanning networks for West Coast NA1 populations. A. California, B. Oregon, and C. Washington. For constructing the
networks multilocus genotypes were collapsed to multilocus haplotypes, which are represented by circles, squares, or diamonds containing the
number of associated isolates and sized in proportion to haplotype frequency. Blue circles and red squares represent the two different groups
identified by Structure. Purple diamonds are haplotypes that could not be assigned to one group or the other with high confidence (>75%
probability). Bolded haplotypes are those that were found in only that state (some haplotypes found only in Washington were seen in multiple years).
Branches are proportional to Bruvo et al.’s [56] genetic distance and are labeled with distance if different than 0.10. Broken lines connect haplotypes
that only differ by null alleles at one locus. Loops in the networks indicate multiple tied minimum spanning trees.
doi:10.1371/journal.ppat.1000583.9002
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B Virginia

C Texas

D Connecticut

Figure 3. Minimum spanning networks for four 2004 NA1 populations. A. Georgia, B. Virginia, C. Texas, and D. Connecticut. Multilocus
genotypes were collapsed to multilocus haplotypes, which are represented by circles, squares, or diamonds containing the number of associated
isolates and sized in proportion to haplotype frequency. Blue circles and red squares represent the two different groups identified by Structure.
Purple diamonds are haplotypes that could not be assigned to one group or the other with high confidence (>75% probability). Bolded haplotypes
are those that were found in only that state. Branches are proportional to Bruvo et al.’s [56] genetic distance and are labeled with distance if different
than 0.10. Loops in the networks indicate multiple tied minimum spanning trees. For GA, TX, and VA the most common haplotype corresponds to MG

1 in Table S2. The most common haplotype for CT is MG 2.
doi:10.1371/journal.ppat.1000583.g003

receiving state(s). Shipping records are obtained for all host and
associated host plants that were shipped in the preceding 12
months. These shipping records are used to conduct inspections to
determine whether receiving nurseries or landscapes have become
infested. Trace forward shipments from P. ramorum infested
nurseries in CA, OR and WA to non-West Coast states resulted
in the detection of P. ramorum in 12 states from 2004 to 2007
(Figure 6). In 2004, all but three of the confirmed trace forward
detections originated in CA. The remaining three were from OR
to CT (2 detections) and MD (1 detection). Additional states
received shipments from P. ramorum infested nurseries; however,

the movement of any infected plants was not determined or
confirmed.

Discussion

Our analysis of the genotypic diversity of P. ramorum isolates from
US nurseries revealed two genetic groups in the NAI lineage. The
composition of these groups suggests that many of the isolates
collected in non-West Coast states were associated with California
genotypes whereas the Connecticut infestation more closely
resembled Oregon and Washington genotypes. This is in agreement

Table 2. Analysis of molecular variance (AMOVA) among California, Oregon, and Washington samples.

Source of variation d.f. Sum of squares Percentage of variation P Fixation indices
Among states 2 (2) 55.5 (14.7) 16.2 (7.3) <0.001 (0.003) 0.16 (0.07)
Among years within states 8 (8) 23.2 (12.6) 3.1 (—=0.3) <0.001 (ns) 0.04 (—0.003)
Within states and years 289 (147) 418.7 (242.1) 80.7 (93.0) <0.001 (0.015) 0.19 (0.07)

Clone corrected values are shown in parentheses.
doi:10.1371/journal.ppat.1000583.t002
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Figure 4. Clustering of isolates by Structure 2.2 into two underlying groups. For each state isolates are ordered by their probability of
membership in the group common among Connecticut, Oregon, and Washington isolates. The order of the “other states”, from left to right, is AL, AR,
CO, FL, LA, MD, NC, NM, PA, SC, and TN. See Table 1 for state abbreviations.

doi:10.1371/journal.ppat.1000583.g004

with trace forward analyses by USDA APHIS, which established
major shipments of P. ramorum-positive plants from California to
nurseries across the country and smaller shipments from an Oregon
nursery to Connecticut in 2004. The 2004 California shipments also
sent P. ramorum-positive plants to Oregon and Washington, perhaps
explaining representation from both genetic groups in these states’
samples. Migration between all three West Coast states was also
inferred by Prospero e al. [29] based on genotyping of California
forest isolates and Oregon and Washington nursery isolates
collected from 2003 to 2005. Yet, the clustering of isolates into
two groups appeared to be highly influenced by three loci that show
rapid evolution in NA1. This suggests that over time isolates could

mutate between groups and thus grouping based on these markers
may not be robust in the long term. The states with representatives
from both groups tended to be those with higher numbers of
multilocus genotypes and higher genotypic diversities, which could
be explained by either more migration to these states or larger
populations with more opportunities for mutation. For example, the
networks of Washington isolates included chains of genotypes
differing by single mutational steps yet assigned to different groups,
suggesting that these mixed populations could be the result of large
and diverse infestations.

P. ramorum isolates from nineteen states were examined and only
five states were found that did not contain the most common
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Figure 5. Comparison of the genetic groups identified by three clustering algorithms. The UPGMA dendrogram was produced for the 18
clusters identified by BAPS 5.2. The membership of each cluster is indicated to the far right by state, with the number of isolates if greater than one in
parentheses. Pie charts show the group assignment of the isolates in each BAPS cluster by Structure 2.2 (left) and k-means clustering (right). See
Table 1 for state abbreviations.

doi:10.1371/journal.ppat.1000583.9005
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—» 2004 trace forward
——— > 2006 trace forward

Figure 6. NA1 migration pathways. Pie charts show the distribution of the two groups of NA1 isolates, as identified by Structure, among sampled
states. Arrows indicate confirmed P. ramorum-positive nursery trace forwards. Blue arrows are 2004 trace forwards and red arrows are 2006 trace

forwards. There were no confirmed trace forwards in 2005 or 2007.
doi:10.1371/journal.ppat.1000583.g006

genotype in the overall sample (NA1 multilocus genotype 1). Two
of these, Connecticut and North Carolina, produced isolates with
the second and third most common NAT1 genotype, respectively.
This suggests that only a few genotypes may be responsible for
initiating P. ramorum infestations across the US. This is again
consistent with USDA APHIS analysis, which indicated that
shipments of infected plant material occurred only a few times. P.
ramorum 1is also present in nurseries in British Columbia, Canada
[36,40] and there has been movement of the pathogen between
BC and West Coast states every year since 2003 based on USDA
APHIS trace data.

The most genetically variable populations were on the West
Coast, as expected based on the large number of infected nurseries

Table 3. Influential loci and alleles in Structure 2.2 analysis.

Allele Group 1 Group 2

Locus Allele® frequency frequency frequency
PrMS39b 246 0.303 0.046 0.936

250 0.443 0.835 0.039
PrMS43a 372 0.206 0.089 0.728

368 0.246 0.492 0.112
PrMS43b 489 0.251 0.218 0.658

485 0.288 0.662 0.221

Only alleles with large representations in one or the other group are shown.
doi:10.1371/journal.ppat.1000583.t003
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that have been found in these states (Table S3), yet we also found
relatively diverse samples when we had five or more isolates from
other states. The observed variation is likely related to the number
of infested nurseries sampled and perhaps also to how long the
infestations went undiagnosed, information that we do not have.
Georgia and Texas had 14 and 11 confirmed positive nurseries,
respectively, which could help explain the observed levels of
variation, but Connecticut had only three and Virginia two
positive nurseries (Table S3). More extensive sampling within
nurseries would be required to elucidate the population structure
in infested nurseries as our results suggest that we did not achieve
saturation in sampling the diversity of nursery populations. In
general, rapid detection and eradication should result in small
effective population sizes and low genetic diversities. As the
genotyping of nursery isolates becomes increasingly routine, more
samples per nursery are being retained for genotyping. In fact,
sampling appeared to be nearing saturation in 2007 for California
and Washington nurseries.

Providing an interesting contrast to the single genotype shared
among many states, we identified 36 NA1 multilocus genotypes that
were unique to a state. Destruction of infected plants should ensure
that populations in individual nurseries do not have the opportunity
to grow large and small populations are subject to genetic drift. The
observed genetic diversity and number of private genotypes suggests
that there is also rapid mutation following the founding of a new
nursery population and litle to no gene flow following initial
introduction. Interestingly, in California, several recently established
P. ramorum forest populations (<5 yrs old) were observed to be as
diverse as older forest populations (>10 yrs) and the genetic distance
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Figure 7. Estimates of relative rates of immigration to mutation (m/p). The ratio of immigration rate to mutation rate was estimated for each
of four populations. Isolates were combined across years for CA, OR, and WA, and combined across both years and states for a population of all non-
West Coast isolates. The migration model allowed the three West Coast populations to both send and receive migrants, but the fourth population to
only receive immigrants. Bars show the maximum likelihood estimate of the parameter for four independent runs of the program Migrate (indicated

by different colors). Error bars indicate 95% confidence intervals.
doi:10.1371/journal.ppat.1000583.g007

among new populations was greater than that observed among older
populations [12], suggesting that a similar process of rapid mutation,
genetic drift, and limited gene flow may characterize newly founded
populations in both forest and nursery environments.

From 2004 to 2007 NA1 populations in West Coast nurseries
appeared to become increasingly dominated by a few closely
related genotypes and in 2007 all three states produced compact
minimum spanning networks. This pattern is particularly striking
for Washington, from which we had the largest numbers of isolates
and observed high genotypic and allelic richnesses, and suggests
that in 2007 there were fewer nodes of infection or earlier
detection and eradication of infections. In fact, West Coast states
had many fewer P. ramorum-positive nurseries in 2007 than in
previous years (Table S3).

Prospero et al. [13] examined P. ramorum isolates from Oregon
nurseries collected in 2003 and 2004, finding four NA1 genotypes
in 2003 and six in 2004. Although each year was dominated by
two closely related genotypes, there were no genotypes in common
between years, which suggested that the 2003 nursery infestations
were eradicated and the 2004 infestations were new introductions.
In our sample of Oregon nursery NAI isolates from 2004 through
2007, we did not find significant genetic variation across years. Of
13 multilocus genotypes found in Oregon, 4 of these were found in
more than one year and 3 additional genotypes differed by one
repeat from a genotype found in multiple years. Thus, some
genotypes may have persisted in Oregon nurseries. However, the
most common Oregon multilocus genotype (NA1 MG 2) was
found in 2004, 2005, and 2006 but not 2007.

California nursery populations were dominated by a single
genotype (NAI MG 1), comprising 20 of the 36 isolates from the
state. Mascheretti et al. [12] found the same dominant genotype in
their nursery sample, which was also a common genotype in the
California forests. This genotype has been observed in nurseries
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since 2004, thus it is either not being eradicated from nurseries or
1s re-colonizing nurseries from forest populations.

Given the levels of heterozygosity observed at most of the
microsatellite loci [13,28] and in the nuclear genome [41], the
consistent homozygosity at loci PrMS39b, PrMS43a, and PrMS43b
1s unexpected. Loci PrMS45 and 64 were also heterozygous in all
but three isolates and had large differences in allele sizes, therefore
this limited homozygosity was likely a result of mitotic recombina-
tion. Mitotic recombination generally refers to crossing-over during
mitosis, which results in the loss of heterozygosity at all loci distal to
the chromosomal breakpoint. Loss of heterozygosity may also be the
result of mitotic gene conversion, in which case only a small segment
of the chromosome is altered. Mitotic recombination is thought to
be responsible for frequent observations of loss of heterozygosity in
P. infestans allozymes [42] and P. cinnamomi microsatellites [11].
Mitotic gene conversion has been observed in P. sojae [43]. Mitotic
recombination or gene conversion may also provide an explanation
for the homozygosity at PrMS39b, PrMS43a, and PrMS43b, where
it must occur at a very rapid rate as these are also fast-evolving loci.
It is also possible that these three loci are hemizygous or
heterozygous for a null allele [11] or that intermediate genotypes
have simply not been sampled.

Mitotic recombination may purge deleterious mutations from
Phytophthora populations in the absence of sexual reproduction and
unmask recessive traits or advantageous new mutations [11,42].
However, the eradication of infections in US nurseries results in
small effective population sizes and populations likely to be
structured by genetic drift rather than natural selection. The major
effect of mitotic recombination on nursery populations may be to
increase the genetic distance between isolates as new mutations are
made homozygous and passed on to asexual progeny. The genetic
diversity among populations that could conceivably be created by
this process may benefit the pathogen in the long term if in the
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future these populations are allowed to grow unchecked, which
would allow natural selection to weed out the more fit
recombinants from the less fit. Meiotic recombination through
sexual reproduction would further benefit these populations by
breaking linkages between beneficial and detrimental mutations.
Limiting the distribution of the EU1 lineage, which is primarily the
Al mating type, and its proximity to NAl and NA2 lineages (A2
mating type) will reduce the possibility of sexual reproduction.

The EULI clonal lineage has now been found in all three west
coast states [34], yet detectable genetic diversity in both this
lineage and the NA2 lineage remain low. This could be due to the
hypervariability of several of the microsatellite loci in NA1 but not
EUI and NA2, the more recent introduction of EU1 and NA2 to
North America, and/or smaller population sizes of these lineages
in US nurseries compared to the NAI lineage. The recent finding
of a single nucleotide polymorphism in the mitochondrial DNA of
the NAI lineage implies that this lineage may have a larger
effective population size than the other two lineages [30].

The rapid mutation rates of these microsatellite loci has proven
valuable for population genetic analyses, but poses a challenge for
forensic tracing of P. ramorum when mutation rates are as high as
appears to be the case for the PrMS43a and PrMS43b loci in the
NALI lineage. For example, an isolate of interest may differ from a
suspected source population at one of these loci, thus raising
doubts about their connection. Alternatively, convergence through
repeat or reverse mutations may also have caused some
Washington isolates to cluster with isolates from California and
other states, which could falsely imply a direct connection between
states where there is none. On the other hand, the relative
homogeneity of the EUI and NA2 lineages in US nurseries may
hinder genetic-based tracing of isolates in these lineages.
Nevertheless, our results were consistent with trace forward
analyses and thus these microsatellites should be informative
when used in conjunction with other data. The identification of
more microsatellite loci that exhibit variation within the clonal
lineages would strengthen these inferences [32,44,45].

Continued genotyping of P. ramorum from nurseries will be
necessary to track the movement and diversification of the lineages
and to identify new dominant genotypes, newly introduced
lineages, or recombinant genotypes. As part of our efforts, the
clonal lineage of each P. ramorum isolate genotyped, with
permission from the provider of the isolate, is posted to a public
website along with its county and state of origin at http://
oregonstate.edu/~grunwaln/index.htm. Ongoing genotyping will
also be valuable in evaluating how effective eradication efforts are
in restricting migration, lowering effective population size, and
increasing the effect of genetic drift.

Materials and Methods

Isolates

Isolates of P. ramorum were obtained from scientists with State
Departments of Agriculture, the US Department of Agriculture’s
Animal and Plant Health Inspection Service, universities and research
institutions as new or recurring findings of infected nurseries occurred.
Newly infected sites are subject to federal quarantine and could not be
systematically sampled. Thus sampling intensity likely varied by state.
For example, isolates from non-West Coast states may each represent
one infested nursery, whereas recent samples from OR and WA
include multiple isolates per nursery. Isolates for which we had detailed
host information came from Camellia japonica, C. sasanqua, C. bonsai,
Kalmia latfolia, Laurus noblis, Osmanthus heterophyllus, O. fragrans, Pieris
Japonca, Rhododendron spp., Viburnum tinus, and from soil and water baits.
The 2004 shipments from CA to 39 states contained Camellia species.
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We do not know how many nurseries with recurrent infestations that
were sampled over 2 or more years are represented in our dataset.

Upon receipt, isolates were transferred to cleared 20% V8 agar
medium (200 ml V8 juice; 2 ¢ CaCOs; 30 mg/L -sitosterol
(EMD Chemicals, Inc., San Diego, CA); 15 g agar; 800 ml
deionized water) and stored at 20°C in the dark. All isolates were
handled following the standard operating procedures associated
with corresponding USDA APHIS permits and an exemption
from the Director of the Oregon Department of Agriculture for
work with P. ramorum under containment conditions.

Microsatellite genotyping

Six microsatellite loci were genotyped that had previously shown
variation among isolates within the P. ramorum clonal lineages:
PrMS39b, PrMS43a, PrMS43b, PrMS45 [13], 18, and 64 [28].
These loci are also differentiated between lineages. Three additional
loci that are invariable within lineages, PrMS6, Pr9C3, and
PrMS39a, were also genotyped. Genomic DNA was extracted
from mycelia grown in cleared 20% V8 broth using the FastDNA
SPIN kit (MP Biomedicals LLC, Solon, OH) following the protocol
for yeast, algae, and fungi. Loci were amplified using primers and
protocols as outlined in [28] and [13]. PrMS6, ProC3, PrMS39a
and b, and PrMS45 were amplified using a PCR program of 1 cycle
0f 92°C for 2 min, followed by 30 cycles of 92°C for 30 s, 52°C. for
30 s, 65°C for 30 s, and 1 cycle of 65°C for 5 min. Fluorescent
multiplex PCR reactions were performed in 10-pL volumes with the
following final concentrations: 1 x GenScript PCR Buffer (10 mM
Tris-HCl; 50 mM KCI; 1.5 mM MgCly; 0.1% Triton X-100
buffer), 0.2 uM dN'TPs, 3-6 UM of primer pairs, 0.5 U GenScript
Taq DNA polymerase (Genscript Corporation, Piscataway, NJ),
and 0.5 puLL (~50 ng) DNA template. Loci PrMS43a and b were
amplified using the following PCR program: 1 cycle of 92°C for
2 min, 35 cycles of 92°C for 30 s, 52°C for 30 s, and 72°C for
1 min, and 1 cycle of 72°C for 45 min. The final concentrations of
the reaction mixture for PrMS43 (10 uL volume) were 1x PCR
Buffer, 0.4 uM dNTPs, 0.3 uM forward and reverse primers, 1.0 U
DNA polymerase, and 0.5 pL. DNA template. Loci 18 and 64 were
amplified with the PCR program: 1 cycle of 94°C for 2 min, 30
cycles of 94°C for 20 s, 55°C for 20 s, and 72°C for 30 s min, and 1
cycle of 72°C for 10 min. The final concentrations of the 10 uL
reaction mixture for 18 and 64 were 1x PCR Buffer, 0.2 uM
dNTPs, 0.2 uM forward and reverse primers, 0.5 U DNA
polymerase, and 0.5 uL. DNA template.

Three isolates were used as positive controls in identification of
the three clonal lineages and to ensure consistency among runs: PR-
04-001 (aka 2027.1, lineage NA1 from Curry County, Oregon), PR-
04-020 (aka 03-74-D12-A, EU1 from an Oregon nursery), and PR-
04-015 (aka wsda3765, NA2 from a Washington nursery). PCR
products were sized using capillary electrophoresis on an 3100
Avant Genetic Analyzer (Applied Biosystems, Foster City, CA)
using the internal size-standard LIZ 500 (Applied Biosystems).
Results were analyzed using GeneMapper 3.7 software packages
(Applied Biosystems). Genotyping was replicated for a subset of
solates with independent DNA extractions, PCR, and sizing of
fragments. Reproducibility of novel allele sizes was confirmed.

Analysis

Genetic distances among all identified multilocus genotypes were
calculated over eight of the nine loci using Wright’s modification of
Roger’s genetic distance [46,47] as implemented in the program
TFPGA [48]. PrMS39a was excluded from the calculation because
it was invariable in NAI isolates and did not amplify in the other
two lineages. Null alleles were coded as missing data. A UPGMA
dendrogram was inferred from the distance matrix and visualized
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using MEGA version 4 [49]. Bootstrapping of data was conducted
in TFPGA using 1,000 permutations.

For the NAI lineage and states and years with sample sizes of at
least five isolates, we estimated multilocus genotypic diversity using
Stoddart and Taylor’s index G [50], multilocus genotypic evenness
(the distribution of genotypes in a sample) using the index Fs
[51,52], and multilocus genotypic richness and allelic richness
(average number of alleles per locus) corrected for sample size
using rarefaction as implemented in ADZE [53].

Analysis of molecular variance (AMOVA) [54] was conducted
using Arlequin 3.1 [55] to test for significant variation among
years in CA, OR, and WA. The analyses used the standard data
setting and 10,000 permutations.

In order to examine genetic distances among isolates as measured
by mutational differences, rather than mutation plus mitotic
recombination, we collapsed the data to the haploid state. Three
loci, PrMS39b, PrMS43a, and PrMS43b, were consistently
homozygous. Loci 18 and 64 had two distinct size classes of alleles
and only the larger of the two was variable among isolates for both
loci. Thus when collapsed to haploid, the larger allele was retained.
Three additional isolates appeared to exhibit mitotic recombination
rather than mutation at otherwise uniformly heterozygous loci.
These were two WA 2004 isolates (locus PrMS45) and a SC 2004
isolate (locus 64), multilocus genotypes 49, 53, and 35, respectively
(Tables S1 and S2). These isolates were excluded from the haploid
data set. PrMS45 was monomorphic across remaining NAI isolates
and PrMS6 and Pr9C3c were invariable within NAT.

To examine the relationships among isolates, minimum
spanning networks were constructed using the genetic distance
of Bruvo et al. [56], which incorporates microsatellite repeat
number. Here, a distance of 0.10 is equivalent to one mutational
step (one repeat) but larger distances do not strictly correspond to a
given number of mutational steps. Genetic distance matrices were
calculated for the three West Coast states for all available years
and for the 2004 samples from CT, GA, TX, and VA using the
haploid dataset. MINSPNET [57] was used to generate minimum
spanning networks from genetic distance matrices. All tied trees
were included in the network, which was visualized using the neato
program in the Graphviz package [58].

To examine genetic structure in the NAI sample, the clustering
programs Structure 2.2 [59,60] and BAPS 5.2 [61] were run using
the haploid data set. For Structure 2.2 we used the no admixture
model, because the NAI lineage appears to be completely clonal,
and assumed that allele frequencies among populations were
correlated. However, very similar results were obtained using the
admixture model and independent allele frequencies. Lambda was
set to 1.0 and 100,000 MCMC replicates were used after a burn-in
of 20,000. The number of underlying groups (K) was varied from 1
to 5 and replicated five times. The posterior probability of the most
likely K was calculated assuming a uniform prior as described in the
Structure 2.2 documentation. Genetic mixture analysis was run at
the individual level in BAPS 5.2 for maximum number of
populations (K) from 2 to 31, replicated 3 times. A UPGMA
dendrogram of the resulting clusters was produced using Net’s
distance as implemented by the program. AMOVA was conducted
on the resulting Structure and BAPS clusters. Structure and BAPS
results were also compared to those obtained from k-means
clustering of individuals as implemented in Genodive [62], which
does not assume Hardy-Weinberg equilibrium within populations.
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