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ABSTRACT

Prospero, S., Griinwald, N. J., Winton, L. M., and Hansen, E. M. 2009.
Migration patterns of the emerging plant pathogen Phytophthora ramorum
on the West Coast of the United States of America. Phytopathology
99:739-749.

Phytophthora ramorum (oomycetes) is the causal agent of sudden oak
death and ramorum blight on trees, shrubs, and woody ornamentals in the
forests of coastal California and southwestern Oregon and in nurseries of
California, Oregon, and Washington. In this study, we investigated the
genetic structure of P. ramorum on the West Coast of the United States,
focusing particularly on population differentiation potentially indicative
of gene flow. In total, 576 isolates recovered from 2001 to 2005 were

genotyped at 10 microsatellite loci. Our analyses of genetic diversity and
inferences of reproductive mode confirm previous results for the Oregon
and California populations, with the strong majority of the genotypes
belonging to the NA1 clonal lineage and showing no evidence for sexual
reproduction. The high incidence of genotypes shared among populations
and the lack of genetic structure among populations show that important
large-scale, interpopulation genetic exchanges have occurred. This
emphasizes the importance of human activity in shaping the current
structure of the P. ramorum population on the West Coast of the United
States.

Additional keywords: simple sequence repeats.

In the last two decades, rapid advances in molecular techniques
have provided novel tools for developing a better understanding
of the population biology and genetics of microorganisms. For
example, neutral genetic markers such as amplified fragment
length polymorphism (AFLP), single nucleotide polymorphism
(SNP), and simple sequence repeats (SSR or microsatellites)
allow characterization of the genetic diversity of plant pathogen
populations (12,48). Based on population genetic data, inferences
can then be made about the origin of a pathogen (native versus
introduced), its reproductive mode (clonal versus recombinant),
and its evolutionary history and potential. Knowing the popula-
tion genetics and dynamics of a pathogenic microorganism may
provide information crucial to the development of sustainable
control strategies (47).

The Oomycete genus Phytophthora currently contains more
than 90 recognized species, most of which are destructive plant
pathogens (16,54). Since the mid 1990s, Phytophthora ramorum
Werres, De Cock & Man in’t Veld has been causing extensive
mortality (sudden oak death [SOD]) of oak species (Quercus spp.)
and tanoak (Lithocarpus densiflorus) in native forest ecosystems
of coastal California and southwestern Oregon (32,34,60). Given
the ecological importance of the main host species of P. ramorum,
SOD can be considered to be a “key threat” to North American
native forests (3,40,59,60). Moreover, in the last several years, P.
ramorum has also been repeatedly isolated from diseased plants
in horticultural nurseries in California (since 2001), Oregon (since
2003), and Washington (since 2003) (22,53,55,64). Trace-forward
surveys have shown that, from 2003 to 2007 through nursery
trade, P. ramorum-infected plants have been shipped from the
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Pacific coast to 32 states across the continental United States,
including states on the East Coast (2,68) (available online by the
California Oak Mortality Task Force [COMTEF]). Unfortunately, it
appears that this pathogen has recently been able to establish in
the Eastern United States, given its repeated recovery from
nurseries or adjacent landscape or riparian environments in two
states (39,68). In Europe, where the heterothallic P. ramorum was
first isolated in 1993, it has mainly been found in nurseries and
woodland gardens and only sporadically on trees (9,71). In both
North America and Europe, P. ramorum is considered to be a
quarantine organism and severe regulations have been adopted in
order to prevent its further spread (32).

Since recognition of the high destructive potential of P. ramorum
on a landscape scale, intense research efforts have been under-
taken to understand its biology and ecology. In 2004, the draft
genome sequence of P. ramorum was completed (available online
by the Department of Energy [DOE] Joint Genome Institute),
providing important new opportunities for genetic studies (27,28,
32,67). Recent molecular analyses based on microsatellites have
revealed that North American and European isolates cluster into
three separate clades (32,37,44). The first clade (EU1 lineage) is
the only clonal lineage found in Europe and is sporadically pres-
ent in North American nurseries, the second clade (NA1 lineage)
is dominant in North American forests and nurseries, and the third
clade (NA2 lineage) has only been observed in a few nurseries in
Washington State and California (37). Clonal lineages differ not
only in mating type (NA1 = A2, NA2 = A2, and EU1 = A1, with a
few exceptions probably representing mating type switch within
the lineage) (69) (A. Chandelier, personal communication) but
also in culture morphology (70), aggressiveness (7), nucleotide
sequences in conserved genes (e.g., mitochondrial cytochrome ¢
oxidase subunit 1) (41), and genetic diversity (37,38). Despite the
sporadic presence of the opposite mating types on both continents
(31,69), the production of sexual spores (oospores), to date, has
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only been observed under laboratory conditions (8,71). Further
support of the idea of a reproductive barrier comes from an analy-
sis of nuclear sequence data, showing that P. ramorum clonal
lineages diverged a long time ago, possibly on the order of
165,000 to 500,000 years (25).

So far, all main studies on the genetic structure of P. ramorum
in North America have focused on two specific geographic popu-
lations: California and Oregon. Ivors et al. (37,38) demonstrated a
higher genetic diversity in California nurseries than in forests and
Mascheretti et al. (45) identified three widespread genotypes as
the probable founders of the California population. Recently, we
showed that the P. ramorum population in Oregon is characterized
by low genetic diversity, with the forest population (Curry
County) being distinctly differentiated from the nursery popula-
tion (57). Only 9 of the 24 genotypes found in the infested forest
in Oregon were also identified in California (45).

The purpose of the present study was to assess the genetic
structure of the overall P. ramorum population on the West Coast
of the United States across California, Oregon, and Washington
with the same microsatellite markers that we previously used to
analyze the Oregon population. The specific objectives we
addressed were to (i) verify if the results obtained for the Cali-
fornia and Oregon populations (e.g., genetic diversity and repro-
ductive mode) are also valid for the overall P. ramorum popu-
lation, (ii) determine if the overall P. ramorum population is
geographically differentiated, (iii) establish if migration between
populations in different states can be detected, and (iv) analyze
the impact of human activity on the overall population structure
of P. ramorum.

MATERIALS AND METHODS

Origin of the P. ramorum isolates. In total, 576 isolates
recovered between 2001 and 2005 were analyzed in this study,
representing the overall P. ramorum population on the West Coast
of the United States (i.e., Oregon, California, and Washington)
(Table 1). Isolates from Oregon were divided into two different
populations according to their origin (i.e., forest [OR-fo] or
nurseries [OR-nu]). Forest isolates were collected in southwestern
Oregon (Curry County) in an area of ~50 km? where an intense
eradication effort has been going on since 2001 (34). Most of the
Oregon isolates (272 from the forest and 51 from nurseries) were
previously analyzed by Prospero et al. (57). The large majority of
the California (CA) isolates were obtained from a broad range of
infected plants (e.g., tanoak; coast live oak, Quercus agrifolia;
California bay laurel, Umbellularia californica; and evergreen
huckleberry, Vaccinium ovatum) in forests and parks located in
seven different counties (from north to south: Humboldt, Men-
docino, Sonoma, Marin, Contra Costa, Alameda, and Santa Cruz).
These isolates were chosen to cover most of the current geo-
graphic range of P. ramorum in California, which encompasses
>10,000 km? (=500 by 30 km). Three California isolates were

recovered from infected rhododendron plants in a nursery in
Sacramento County. In both the OR-fo and CA populations, some
isolates originated from soil samples collected within infested
sites and from streams draining P. ramorum-infested sites. All
isolates belonging to the Washington (WA) population were
collected from symptomatic plants (i.e., Camellia, Rhododendron,
Viburnum, and Pieris spp.) grown in horticultural nurseries
located in seven different counties. Thirty-three CA isolates and
five WA isolates were previously analyzed in the study of Ivors et
al. (37).

DNA isolation. Genomic DNA was extracted from P. ramorum
cultures using a standard cetyltrimethylammonium bromide—
chloroform—isopropanol protocol (72).

AFLP analysis. In all, 45 North American isolates (43 from the
NA1 lineage, 1 from the NA2 lineage, and 1 from the EUI1
lineage), each representing a different microsatellite genotype,
and three additional European isolates not analyzed with micro-
satellites in this study were characterized using AFLP analysis to
link our work to the study of Ivors et al. (38). AFLP analysis was
performed on genomic DNA using the AFLP Microbial Finger-
printing protocol (Applied Biosystems, Foster City, CA) with
slight modifications as described previously (33). Selective poly-
merase chain reaction (PCR) was performed on 1.5 pl of diluted,
preamplified product in a 10-ul reaction volume with 0.5 ul of
Msel-XX primer at 5 uM, 0.5 pl of dye-labeled EcoRI-XX primer
at 1 uM, and 3.75 pl of AFLP core amplification mix (Applied
Biosystems), where Msel-XX/EcoRI-XX corresponds to one of
three primer combinations: AC/AC, GC/AC, and GG/CC as de-
scribed by Ivors et al. (38). PCR products (1.0 pl) were run with
10 pl of loading buffer (9.8 ul of deionized formamide and 0.2 pl
of GeneScan-500 size standard; Applied Biosystems) on a
capillary sequencer (3100 Avant Genetic Analyzer; Applied Bio-
systems). Electropherograms were analyzed using GeneMapper
software (version 3.7; Applied Biosystems) to extract a matrix of
presence and absence of alleles of 100 to 500 bp after visual
inspection for further downstream analysis. All AFLP analyses
were replicated on independent DNA extractions and PCR reac-
tions until all polymorphic alleles could be unambiguously binned
for a final total of eight alleles.

Microsatellite analysis. All isolates were genotyped at 10
microsatellite loci developed previously for P. ramorum (56,57).
The loci were amplified in fluorescent, multiplex PCR following
the protocol of Prospero et al. (57). Loci PrMS43a and PrMS43b
were amplified by the same primer set. Alleles were sized on an
ABI Prism 3100 sequencer (Applied Biosystems) and results
were analyzed using GeneScan and Genotyper software (Applied
Biosystems). Locus PrMS42 was excluded from the population
analyses because of unclear allele pattern (57).

Data analyses. For most genetic analyses, geographical popu-
lations (i.e. OR-fo, OR-nu, CA, and WA) were considered
separately. Multilocus genotypes PrNA2-1 (CA and WA, NA2
lineage) and PrEU1-1 (OR-nu and WA, EUl lineage) were

TABLE 1. Collection data of the four populations of Phytophthora ramorum analyzed in this study

Isolates
Population code Geographic location Origin Year of isolation N
OR-fo (N =302) Oregon, forest (Curry County) Infected plants 2001-2005 235
Streams 2002-2004 33
Soil 2002-2005 34
OR-nu (N = 66) Oregon, nurseries Infected plants 2003-2005 66
CA(N=117) California, forest? Infected plants 2001-2005 109
Streams 2004-2005 6
Soil 2004-2005 2
WA (N=91) Washington, nurseries Infected plants 2003-2004 91

¥ Nursery isolates from Oregon were kindly provided by N. Osterbauer (Oregon Department of Agriculture), the California isolates by M. Garbelotto (University
of California, Berkeley) and D. Rizzo (University of California, Davis), and the isolates from Washington State by A. Wagner and J. Falacy (Washington State

Department of Agriculture).

z Three isolates from California (NA2 clonal lineage) were recovered from infected rhododendron plants in a nursery in Sacramento County.
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excluded from those analyses in which genetic characteristics of
the NA1 lineage were investigated. Given that clonal reproduction
of genotypes may influence data interpretation, most genetic
analyses were conducted with both all isolates of a population and
clone-corrected data sets (i.e., only one representative isolate for
each multilocus genotype).

In each population, genotypic diversity was quantified by the
number of genotypes observed (MGoqy,); the number of genotypes
expected in a sample of N = 54 (MGgy,) (i.e., smallest population
being analyzed); the Stoddart and Taylor’s index G = 1/Zp?,
where p; = observed frequency of ith genotype (63); and the
evenness index Es = (1/A — 1)/(ef’” — 1), where A corresponds to
the Simpson’s index (62) and H”to the Shannon-Wiener’s index
(61). The indices G and E5 (mean values and standard confidence
intervals with bias correction) were calculated using the SAS
macro <jack-boot.sas> whereas MGg,, was calculated using the
macro <Rarefac.C> (30). Differences in the G and E;s values
among populations were tested for significance with boot-
strapping (2,000 resamples, confidence level of 90%). The signifi-
cance of the correlation between number of genotypes shared and
minimal geographic distance between populations was tested by
conducting a Spearman’s rank correlation test. Cluster analysis
was based on allele frequencies observed for either AFLP or
microsatellite loci. The tree based on AFLP data was constructed
using the unweighted pair-group method of averages (UPGMA)
algorithm from Nei’s (51) genetic distance matrix. Statistical sup-
port for tree branches was obtained using 1,000 bootstrapped
samples with Tools for Population Genetic Analyses (TFPGA)
version 1.3 (50). To analyze relationships among microsatellite
genotypes, a matrix of pairwise Cavalli-Sforza and Edwards (10)
distances among all multilocus genotypes was generated with
Populations 1.2.28 (O. Langella, available online by Bioinfor-
matics Organization) and subsequently used to construct a split
network in SplitsTree4 V4.10 (36).

Gene diversity was quantified by the allelic richness averaged
over loci (Ar) and by the expected heterozygosity (Hg) using Fstat
2.9.3.2 (26). Excesses or deficits in genetic diversity were
measured for each population by Wright’s (73) fixation index Fig
(i.e., inbreeding coefficient). Significant deviations from Hardy-
Weinberg equilibrium expectations were evaluated by Fisher’s
exact tests, with unbiased P values estimated through a Markov
chain method (10,000 dememorizations, 100 batches, 5,000 itera-
tions per batch) as implemented in Genepop version 3.1c (58).
The hypothesis of asexual (i.e., clonal) reproduction within the P,
ramorum populations was tested as follows. First, allele patterns
of all multilocus genotypes were checked to detect eventual
recombinant genotypes (i.e., sharing alleles of both the North
American and the European lineages of P. ramorum). Second, the
index of association statistics implemented in Multilocus version
1.3 (1) (http://www.agapow.net/software/multilocus) was used to
test for linkage disequilibrium among loci. To remove the depen-
dency of the statistics on the number of loci analyzed, instead of
I, we used the slightly modified measure ry4. In total, 1,000 ran-
domizations were performed to compare the observed ry values
with that expected under completely random mating (46). Given
the difficulty to detect significant linkage disequilibrium when all
isolates analyzed belong to the same clonal lineage (15,57), for ry
calculation, representatives of genotypes PrNA2-1 (NA2 lineage)
and PrEUI1-1 (EUI lineage) were added to the data sets of those
populations in which these genotypes were not found.

Population differentiation was assessed using three different
approaches. First, Cavalli-Sforza and Edwards (10) genetic dis-
tances between each multilocus genotype (considered as a sample
of two genes) and the four populations were calculated and each
genotype was then assigned to the genetically closest population
(i.e., the population where a genotype should be based on allele
frequencies: expected population) as implemented in Geneclass
2.0 (14). To avoid the bias introduced by counting a current geno-

type in its population (i.e., the population where it has been
found: source population) when estimating allelic frequencies,
assignment of genotypes was performed using the “leave one out”
option (i.e., genotype to be assigned to a population not con-
sidered by the calculation of allele frequencies). Analyses were
conducted only with clone-corrected data sets and excluding
genotypes PrNA2-1 and PrEU1-1. Second, an UPGMA tree based
on Nei’s (51) genetic distance among populations was constructed
using TFPGA. Support for internal branches was obtained using
1,000 bootstrapped samples of the data set. Multilocus genotypes
PrNA2-1 and PrEU1-1 were not included in the original popula-
tions but were used as representative of the NA2 and EUI1
lineages, respectively. Third, the presence of genetic structure was
evaluated by performing an analysis of molecular variance
(AMOVA) (18) with Arlequin version 3.1 (17). For this, two
models were considered in which populations were divided into
two groups. In the first model, populations were grouped accord-
ing to their environmental origin (i.e., forest [OR-fo and CA] and
nurseries [OR-nu and WA]). In the second model, the OR-fo
population was assigned to a group and the OR-nu, CA, and WA
populations were attributed to another group. In both models,
genetic variation was partitioned among groups, among popula-
tions within groups, and within populations. Calculations were
performed using clone-corrected data sets and multilocus geno-
types PrNA2-1 and PrEUI-1 were excluded from the analyses.
The significance of covariance components and fixation indices
was tested with 1,000 permutations.

Gene flow among populations was estimated by performing a
maximum-likelihood-based analysis. Migrate-N 2.4.2 was used to
estimate ®, M, and the amount and direction of gene flow
between populations based on microsatellite data (4,5). Theta is
defined as 4N, u for a diploid system with nuclear microsatellite
loci, where N, is the effective population size and p is the muta-
tion rate per generation and site, whereas M is defined as m/y,
where m is the immigration rate. The number of migrants per gen-
eration was calculated as Nym = ®M/4. The continuous Brownian
motion model was used instead of the discrete stepwise mutation
model to allow for faster parameter estimation for large samples
as specified in the Migrate-N user manual. Because lineages NA1,
NAZ2, and EUI are reproductively isolated and effectively evolv-
ing as separate populations (37,57), Migrate-N analysis was
restricted to only individuals belonging to the NA1 clonal lineage
to satisfy the assumptions of a stepwise mutation or Brownian
mutation model. Resulting populations included CA-fo, OR-fo,
OR-nu, and WA isolates. Data was analyzed with Migrate-N by
using 10 short chains with 5,000 sampled genealogies and 3 long
chains with 50,000 sampled genealogies. Heating was active with
four temperatures (1.0, 1.2, 1.5, and 3.0). The process was
repeated five times. Maximum-likelihood estimates for ® and M
for four independent runs were conducted and are presented as
mean and range of four runs.

RESULTS

AFLP analyses. AFLP analysis was conducted to assess whether
clonal lineages established here correspond to those characterized
previously by Ivors et al. (37,38). Of 108 loci scored, 45 were
polymorphic and selected for analysis. AFLP analysis resulted in
the same three clades characterized previously by Ivors et al.
(37,38) and showed similar placements as microsatellite data (Fig.
1). All clades had strong statistical bootstrap support (>78%). All
further analysis shown below is based solely on microsatellite data.

Genotypic diversity. In total, 72 multilocus microsatellite
genotypes were identified in the P. ramorum population (Appen-
dix 1). The most frequent genotype (PrNA1-56) included 34.5%
of the isolates screened and was only found in the OR-fo popu-
lation (66.2% of the isolates). Thirty-five genotypes (48.6%) were
represented by a single isolate (i.e., frequency of 0.2%). The
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number of genotypes detected in the individual populations ranged
from 13 (OR-nu) to 30 (OR-fo and WA) (Fig. 2). Twenty geno-
types (27.8%) were present in more than one population. The WA
and OR-nu populations showed a higher incidence of genotypes
shared among populations (19 of 30 and 9 of 13, respectively)
than the CA (13 of 29) and OR-fo (7 of 30) populations (Fig. 2).
The highest number of shared genotypes was observed between
the two furthest populations (CA and WA: minimum 590 km, 13
genotypes shared) (Table 2). In both populations, PrNA1-16 was
the most frequent genotype (32.5 and 19.8% of the isolates,
respectively). In contrast, the two Oregon populations had only
two genotypes in common (PrNA1-27 and PrNA1-40). Based on
Spearman’s correlation test, the number of genotypes shared was
not correlated with the minimal distance between pairs of popu-
lations (¢ = 0.8, P = 0.468). The number of genotypes expected in
a sample of N = 54 ranged from 5.4 (OR-fo) to 19.6 (WA) (Table
3). Genotypic diversity quantified with the Stoddart and Taylor’s
index G varied strongly among populations. Based on 2,000 boot-
strapped resamples, differences in G values were significant
between the OR-fo and the other three populations, as well as

between the WA and the other three populations. The values of the
evenness index Es ranged from 0.4 (OR-fo and CA) to 0.7 (OR-
nu) and differences were only significant between the OR-nu and
the other three populations (Table 3).

Gene diversity. Only loci PrMS39b, PrMS43a, PrMS43b, and
PrMS45 were variable among the multilocus genotypes PrNA1-1
to PrNA1-70 (Appendix 1), with a maximal number of mutational
steps ranging from 10 (PrMS45) to 22 (PrMS39b). The split
network based on the Cavalli-Sforza and Edwards (10) distance
showed that multilocus genotypes PrNA1-1 to PrNA1-70 grouped
together and were clearly separated from genotypes PrNA2-1 and
PrEU1-1 (Fig. 3). Within the PrNA1-1 to PrNA1-70 clade, multi-
locus genotypes unique to the OR-fo population were not inter-
mingled with genotypes unique to the CA or WA populations. The
four genotypes unique to the OR-nu population were dispersed in
both groups (data not shown). Multilocus genotype PrNA2-1
(lineage NA2), which was recovered from infected plants in
nurseries in CA and WA at four loci (PrMS6, PrMS9, PrMS13,
and Pr9C3) shared alleles with genotypes PrNA1-1 to PrNA1-70.
However, this genotype at three loci had different alleles (PrMS27,

Nei’s (51) genetic distance
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Fig. 1. Unweighted pair-group method of averages cluster of the 45 North American isolates (each representing a different microsatellite multilocus genotype) and
three additional European isolates of Phytophthora ramorum based on Nei’s (51) genetic distance calculated for amplified fragment length polymorphism allele
frequencies. Statistical support for branches (indicated at nodes with support >70%) was obtained using 1,000 bootstrapped samples of the data set. The isolate

Pr102 was used for sequencing the genome of P. ramorum (67).

742 PHYTOPATHOLOGY



PrMS39b, and PrMS43a) and failed to amplify at the loci PrMS21,
PrMS43b, and PrMS45 (Appendix 1). By contrast, multilocus
genotype PrEU1-1 had characteristic allele patterns at all loci
except at locus PrMS43b, where no amplicon was produced
(Appendix 1). This genotype was found in the OR-nu and WA
populations and belonged to the EU1 lineage of P. ramorum (57).

Excluding multilocus genotypes PrNA2-1 and PrEUI-1 from
the calculations, only small variations in allelic richness were
observed among populations (range: 2.3 to 2.6 non-clone-cor-
rected, 2.3 to 2.5 clone-corrected) (Table 3). In all four popula-
tions as well as in the overall population, the observed heterozy-
gosity was significantly higher than the expected heterozygosity,
which indicates significant deviations from Hardy-Weinberg ex-
pectations. The OR-fo population was characterized by the
highest heterozygosity excess (Fis = —0.57) and the OR-nu popu-
lation showed the smallest difference between observed and
expected heterozygosity (Fis = —0.18).

Reproductive mode. None of the multilocus genotypes de-
tected shared alleles of both the North American (A2 mating type)
and the European (A1 mating type) lineage of P. ramorum (Table
3). High levels of linkage disequilibrium among loci were indi-
cated with both non-clone-corrected and clone-corrected data
sets. In all individual P. ramorum populations, as well as in the
overall population, the observed ry value was significantly higher
than the ry value calculated from 1,000 artificially recombined
data sets.

WA (N=91)

Fig. 2. Incidence of Phytophthora ramorum multilocus genotypes in the
Oregon forest (OR-fo), Oregon nursery (OR-nu), California (CA), and
Washington (WA) populations. White sectors represent genotypes unique to
the specific population. Sectors with the same filling pattern indicate geno-
types shared among specific populations.

Population differentiation. In the assignment tests, only 39
multilocus genotypes (40.2%) were assigned to the source popu-
lation (Table 4). Assignments to a nonsource population were
particularly frequent in the WA and OR-nu populations (27 of 28
genotypes and all 12 genotypes, respectively). Only in the OR-fo
population for the majority of the genotypes (86.7%) did the
expected population correspond to the source population. Accord-
ingly, the UPGMA tree based on Nei’s (51) genetic distance
showed that the CA, OR-nu, and WA populations grouped in the
same cluster and were genetically very close (0.03 Nei’s genetic
distance) (Fig. 4). The OR-fo population was clearly differ-
entiated from these three populations with a node appearing in
99% of the bootstrapped samples. Multilocus genotype PrNA2-1
clustered with the four North American populations analyzed but
the genetic distance from them was large (0.82 Nei’s [51] genetic
distance). By contrast, multilocus genotype PrEU1-1 was com-
pletely separated from all North American genotypes. A compara-
tive tree derived from clone-corrected data sets showed quali-
tatively similar results (tree not shown).

In both models of AMOVA structure considered (forest versus
nursery and OR-fo versus OR-nu, CA, and WA), most (>90%) of
the total genetic variance resided within populations (Table 5).
When comparing forest and nursery populations, a significant
proportion of the variance (5.8%) was also detected among popu-
lations within groups, whereas the genetic variation residing be-
tween groups was not significantly different from zero.

Gene flow. Maximum-likelihood-based analysis using Migrate-
N revealed that all populations are well connected in both direc-
tions, with the exception of the OR-nu and OR-fo populations,
where drift is more significant than migration in some Migrate-N
runs although population sizes are roughly equivalent (Table 6).
Given that most values of M (= m/u) were >1, overall, the effect
of migration (m) is slightly larger than the effect of mutation (p).
In all populations, the effective number of migrants per genera-
tion Nom (= ®M/4) was <0.61. This suggests that, even though
migration brings additional genetic variability into populations,
local populations will continue diverging due to the combined
effects of mutation and genetic drift.

DISCUSSION

The levels of genotypic and gene diversity of the overall P.
ramorum population on the West Coast of the United States roughly
correspond to those previously reported for California and Oregon
(45,57). Comparable studies on other forest species of Phytoph-
thora are rare, because most genetic investigations have dealt with
species causing significant economic losses in agricultural crops,
such as P. infestans (13,29), P. sojae (19), and P. capsici (6,42).
Using restriction fragment length polymorphism markers, Linde
et al. (43) showed that, in Australia and South Africa, the popu-
lation of P. cinnamomi, an exotic pathogen of Eucalyptus spp., is
characterized by low genetic diversity. In Europe, a low level of
AFLP diversity was observed in the population of the oak-specific
fine root pathogen P. quercina (11). The results of the present
study support the conclusion of Ivors et al. (38) that the current
genetic structure of P. ramorum probably reflects a genetic bottle-

TABLE 2. Minimal distances (km, above the diagonal) and number of shared
multilocus genotypes (below the diagonal) between pairs of Phytophthora
ramorum populations®

Population OR-fo OR-nu CA WA
OR-fo e 90 230 440
OR-nu 2 . 250 20
CA 5 4 .. 590
WA 6 9 13 e

z OR-fo, OR-nu, CA, and WA = populations from Oregon forest, Oregon
nurseries, California, and Washington nurseries, respectively.
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neck which occurred when the pathogen was introduced as clones
belonging to lineages NA1, NA2, and EU1 into North America.
Despite the relatively high number of genotypes detected in
lineage NA1, all were genetically very close; only four micro-
satellite loci showed differences among them and a split network
analysis indicated that they all cluster together. These NA1 geno-
types are likely the descendants of a single P. ramorum individual
(25) or of few very closely related individuals. The other two
genotypes identified (PrNA2-1 and PrEU1-1) had different allele
patterns. Genotype PrEU1-1, which was recovered in North America
for the first time in 2003 in a nursery in Oregon, belongs to the
European clonal lineage and is of A1 mating type (35). In contrast,
genotype PrNA2-1 is similarly of A2 mating type yet is geneti-
cally differentiated from all other North American genotypes.
This genotype belongs to the NA2 lineage described by Ivors et
al. (37) as clade 3 and suggests that total genetic diversity within
the A2 mating type of P. ramorum is higher than the diversity so
far observed within the West Coast population of North America.
Several lines of evidence suggest that sexual recombination is
currently not occurring in the P. ramorum population on the West
Coast of the United States, as previously observed in the Cali-
fornia and Oregon populations (37,38,57). First, despite the pres-
ence of isolates of both mating types, no recombinant genotypes
were observed. Recently, we documented the coexistence of Al
and A2 mating type individuals in the same retail nursery in
Northern California and established that sexual recombination
had not occurred (31). Second, all populations analyzed deviated
significantly from Hardy-Weinberg equilibrium in form of excess
heterozygosity. Negative fixation indices were previously reported
for clonal populations of P. infestans (66), P. cinnamomi (43), and
P. ramorum in Oregon (57). Third, the modified index of associa-
tion value (r4) observed in the four geographic populations and in
the overall population was significantly higher than the value
calculated for artificially recombined data sets, indicating high
within-population levels of linkage disequilibrium. Fourth, nuclear
sequence analysis provided further evidence for ancient diver-
gence of the three clonal lineages, indicating reproductive isola-
tion since before the emergence of modern agriculture (25). Yet,
the same work also established that the ancestors of the extant P,
ramorum lineages were members of a sexually reproducing
population. If sexual reproduction is still possible, the absence of
sexual reproduction in contemporary populations could be due to
the strong disproportion in frequencies of occurrence of the two
mating types. In addition, in nursery environments where both
mating types have been occasionally observed, infected plant ma-

terial is rapidly destroyed, which further reduces opportunities for
sexual reproduction. The coexistence of both mating types in the
same population without sexual reproduction was previously re-
ported for other Phytophthora spp.; for example, for P. cinnamomi
in Australia (15) and for P. infestans in Ecuador (52) and the United
States (24,49). According to Goodwin (23), this situation may be
observed when the two mating types are genetically very different,
when they have different host preferences, or when the migration
bringing them together has occurred too recently for detecting
sexual recombinants. In P. ramorum, the difficulty of producing
viable oospores by crossing tester strains under laboratory condi-
tions (8) may suggest that the mating system is not functional,
possibly because of long isolation of the two mating types (20,25).
The genetic differentiation of the overall P. ramorum popula-
tion on the West Coast of the United States is low, with most
genetic variation residing within geographic populations. The
UPGMA phylogram showed that genetic distances among OR-nu,
CA, and WA populations are very small. The recent study of
Mascheretti et al. (45) on the genetic structure of P. ramorum in
California evidenced extensive genetic variability not only within
but also among populations, suggestive of a limited natural long-
distance spread of the pathogen. Our findings are not necessarily
in conflict with this study. Because we undertook a large-scale,
regional analysis, our samples were chosen to represent the entire
P. ramorum population on the West Coast of the United States
(comprising different sampling years and samples from numerous
locations) and not for a detailed within-state analysis. In Califor-
nia, a lack of structure was only observed among some particular
populations (nurseries and forests) and was explained by a combi-
nation of natural spread (escapes from nurseries) and human-
induced transport of P. ramorum, which ensured gene flow among
some sites (45). Widespread gene flow among geographic popu-
lations may also account for the lack of differentiation observed
in our study. Given fixation of alleles within lineages, it might be
more appropriate to refer to genotype flow rather than gene flow
(47). An indirect evidence of frequent exchanges of genotypes
among geographic populations is the fact that most populations
were composed of genotypes which, based on allele frequencies,
should rather belong to another population. Several factors sug-
gest that human activity and not the spontaneous spread of P.
ramorum 1is responsible for the significant genotype flow ob-
served. First, the large geographic distances (minimum of 20 to
590 km) among populations indicate that there is a mechanism of
long-distance dispersal. In the forest, most new infections arise
within 10 to 500 m of previously infected trees and long-distance

TABLE 3. Indices of genetic diversity and reproduction mode in the four populations (i.e., OR-fo, OR-nu, CA, and WA) and in the overall population of

Phytophthora ramorum

Genotypic diversity?

Gene diversityPd Reproduction mode

Population® N° MGqy," MGg,,* G* ARY Hg% Fis* Rec. MGY re

OR-fo 302 30 5.4 2.2b(1.4-3.0) 04a(02-05) 2425 032(042) -0.57*(-0.20) No 0.10%* (0.09%*)
OR-nu 54 (+12) 12 (+1) 11.8 6.7 a(5.3-8.1) 0.7b(0.6-0.8) 2.3(2.3) 042(046) -0.18*(-0.09) No 0.44%* (0.28%)
CA 114 (+3) 27 (+1) 18.2 6.6 a (4.3-9.0) 04a(02-0.5) 2.6(25) 038045 -0.32*(-0.15) No 0.13%* (0.16*)
WA 87 (+4) 28 (+2) 19.6 12.4 ¢ (9.6-15.3) 0.5a(04-0.6) 25(24) 042045 -0.19*(-0.14) No 0.15% (0.13%)
Total 557 (+19) 70 (+2) 20.2 6.7 (3.9-9.6) 0.1 (0.03-0.3) 2.7(2.6) 0.41(0.46) -0.23*(-0.11) No 0.03* (0.07%*)

" OR-fo, OR-nu, CA, and WA = populations from Oregon forest, Oregon nurseries, California, and Washington nurseries, respectively.

© N = sample size. Values in parentheses consist of isolates belonging to the multilocus genotypes PrNA2-1 and PrEU1-1.

P Multilocus genotypes PINA2-1 (CA and WA) and PrEU1-1 (OR-nu and WA) were excluded from the calculation of the indices of genetic diversity.

4 Values of Ag, Hg, Fis, and rg4 in parentheses were calculated using clone-corrected data sets.

' Number of multilocus genotypes (MGs) observed. Additional genotypes found which belong to the EU1 and NA2 lineages: OR-nu (+1) = PrEU1-1; CA (+1) =

PrNA2-1; WA (+2) = PrNA2-1 and PrEU1-1.
$ Number of MGs expected in a population of N = 54.
t Stoddart and Taylor’s index (90% confidence interval).

U Genotypic evenness index (90% confidence interval). Values followed by different letters differ significantly based on 2,000 bootstrapped resamples.
v Allelic richness averaged over loci, based on a sample size of N =49 individuals (non-clone-corrected data sets) and N = 10 individuals (clone-corrected data sets).

W Expected heterozygosity.

* Fixation index (i.e., inbreeding coefficient). Statistically significant deviations from Hardy-Weinberg equilibrium are indicated by * (P < 0.001).

¥ Recombinant genotypes (based on allele pattern).

“ Index of linkage disequilibrium among loci. Statistically significant linkage disequilibrium among loci is indicated by * (P < 0.001).
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spread (5 to 10 km) is rarely observed (34,45,60) whereas, in nur-
series, new infections generally occur <1 m from previously in-
fected plants (65). Second, the absence of a significant correlation
between the number of shared genotypes and geographic distance
between populations also indicates the presence of a long-distance
spread mechanism. The highest number of shared genotypes was
observed between the two furthest populations (i.e., California
and Washington). Third, the numerous trace-back and -forward
surveys reveal the movement of infected plants among nursery
settings (55,64). The first trace-backs in 2003 indicated that
infected plant material was shipped from California nurseries to
Oregon and Washington. Therefore, the nursery population of P.
ramorum in California may be the original source from which
originated most genotypes found in Oregon and Washington
nurseries. This hypothesis is supported by the fact that the two
most common genotypes in California (PrNA1-16 and PrNA1-19)
are also frequent in the two nursery populations. Later, movement
of P. ramorum-infected plants most likely occurred also among
Oregon and Washington nurseries because these two populations
(i) are genetically very similar and, (ii) according to a maximum-
likelihood-based gene flow analysis, they are bidirectionally well
connected, which suggests important genetic exchanges in both
directions. Finally, new genotypes probably also evolved locally
from the founder genotype or genotypes because unique
genotypes were identified in both nursery populations. The results
concerning the California population presented in this study were
obtained with isolates coming from infested forests and not from
nurseries. Consequently, because most isolates analyzed were
recovered before 2005, in California until 2004 the same
genotypes may have been present both in the infested forest and
in the nurseries, as previously reported by Garbelotto et al. (21).
To estimate the genotypic diversity of P. ramorum in California

0.1

FrEU-1
PrHAZ-1

EU1 li
B NA2 lineage

NAI lineage

more accurately, a larger number of isolates should be considered,
given the huge distributional range of the pathogen in this state
compared with the infested forest area in southwestern Oregon.
Based on our findings, the forest population in Oregon did not
contribute to the other P. ramorum epidemics on the West Coast
of the United States. This population was dominated by a geno-
type (PrNA1-56) not found elsewhere and presented the highest
incidence of unique genotypes (i.e., nonshared with other popu-
lations). The strong predominance of a single genotype may
partially be due to the sampling design and to the strategy applied
to control the disease. In contrast to California, in the infested

TABLE 4. Results of assignment tests for Phytophthora ramorum genotypes
using a distance-based method (Cavalli-Sforza and Edwards [10] distance,
“leave one out” option)¥

Source population¥

Expected OR-fo OR-nu CA WA
population® (N=30) N=12) (N=27) (N=28)
OR-fo 26 3 5 10
OR-nu 1 0 7 6
CA 2 7 12 11
WA 1 2 3 1
MG (%)* 86.7 0 444 33

Y Analyses were conducted with clone-corrected data sets and by excluding
multilocus genotypes (MGs) PrNA2-1 (California [CA] and Washington
[WA]) and PrEU1-1 (Oregon nurseries [OR-nu] and WA).

* Geographic population where a genotype should be based on allele fre-
quencies (i.e., genetically closest population).

¥ Geographic population where a specific genotype has been found; N =
number of genotypes in each population.

z Percentage of MGs for which the expected population corresponds to the
source population.
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Fig. 3. Split network based on Cavalli-Sforza and Edwards (10) genetic distance of the 72 multilocus genotypes detected in the Phyfophthora ramorum population
on the West Coast of the United States. The solid line encompasses the approximate position of genotypes unique to the Oregon forest population, whereas the
broken line encompasses the approximate position of genotypes unique to the California or Washington populations.
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forest in southwestern Oregon, a very intensive sampling has been
conducted in a relatively small area (=50 km?). In addition, the
chances of build-up and spread of inoculum of rare genotypes
might be severely reduced by the rapid elimination of infected
plants. Eradication efforts probably disadvantage more rare geno-
types than frequent ones. The dominant genotype, which may be
the founder of the forest population in Curry County (57), is
present at very low frequency in California (single isolate at
China Camp State Park, Marin County) (45), from where it could
have been accidentally introduced into southwestern Oregon. The
unique genotypes that we found in the infested forest in Curry
County may have evolved locally from PrNA1-56 through
mutation or mitotic recombination (57). The founder genotype
and most unique genotypes at the loci PrMS39b and PrMS43a
have alleles which are rare in the other three populations (length
of 250 and 377 bp, respectively); therefore, the OR-fo population
appears to be slightly different from the other West Coast popu-
lations, and most genotypes observed in this population were
assigned to this population based on allele frequencies. The 250-
and 377-bp alleles, however, are only one mutational step away
from the dominant alleles in the other populations (length of 246
and 373 bp). For this reason, analyses using Migrate-N indicate
genetic exchanges between the OR-fo population and the other
populations, which could seem in conflict with the other findings.

MNei's (51) genetic distance

The dispersal over long distances from local Curry County geno-
types may have been prevented by the ongoing eradication efforts
and the absence of commercial shipment, as well as a certain
geographic isolation of the infested forest.

In conclusion, our study suggests that human activity can
strongly influence the spread and the population structure of an
emerging plant pathogen. Accepting the hypothesis of a recent
introduction of P. ramorum into the United States, genetic
analyses indicate that large-scale, regional range expansion within
the West Coast resulted mostly from the movement over long
distances of infected plants, as previously suggested by trace-back
and -forward surveys. Consequently, the current P. ramorum
population is basically genetically homogeneous from California
to Washington over a 600-km range. In the future, regular popu-
lation analyses will be necessary to assess the efficacy of quaran-
tine regulations at the local (e.g., nurseries) and regional (e.g.,
between states) scale and to reveal significant changes (e.g.,
presence of recombinant genotypes, changes in the frequencies of
the clonal lineages NA2 and EUI, or appearance of new clonal
lineages) in the single P. ramorum populations and in the overall
population. In addition, such studies would provide basic infor-
mation on the biology of P. ramorum; such as, for example, the
rate at which new alleles and consequently new genotypes emerge
within a clonal lineage.

I T T T
1.200 0.900 0.600

0.300

99

0.000

62 OR-nursery

90 Washington

NA1 lineage

California

76

100

OR-forest

NA2 lineage

EU1 lineage

Fig. 4. Unweighted pair-group method of averages tree of the analyzed populations of Phytophthora ramorum based on Nei’s (51) genetic distance calculated by
considering all isolates sampled. Statistical support for branches (indicated at each node) was obtained using 1,000 bootstrapped samples of the data set.

TABLE 5. Results of analyses of molecular variance (AMOVA) with 10 microsatellite loci of Phytophthora ramorum from four populations (OR-fo, OR-nu, CA,

and WA)Y

Model of structure” Source of variation Percentage of variation Fixation indices P value

Forest (OR-fo, CA) vs. nursery (OR-nu, WA) Among groups -1.5 -0.014 ns
Among populations within groups 5.8 0.06 <0.001
Within populations 95.7 0.04 <0.001

OR-fo vs. OR-nu, CA, and WA Among groups 8.7 0.09 ns
Among populations within groups 0.5 -0.006 ns
Within populations 91.8 0.08 <0.001

¥ OR-fo, OR-nu, CA, and WA = populations from Oregon forest, Oregon nurseries, California forest, and Washington, respectively; ns = not significant (P > 0.05).
“ Analyses were conducted by using clone-corrected data sets. Multilocus genotypes PrNA2-1 (CA and WA) and PrEU1-1 (OR-nu and WA) were not included in

the calculations.

TABLE 6. Gene flow between four populations of Phytophthora ramorum (CA, OR-fo, OR-nu, and WA)*

M estimates for sink populations

Source population (©] CA OR-fo OR-nu WA
CA 0.98 (0.94-1.02) 1.19 (0.5-2.0) 1.24 (0.8-1.5) 1.40 (0.8-2.8)
OR-fo 1.03 (0.98-1.07) 2.50 (2.1-3.0) 0.84 (0.4-1.2) 1.29 (0.6-1.6)
OR-nu 0.98 (0.90-1.04) 1.523 (1.1-2.3) 0.58 (0.4-0.9) 1.13 (0.5-1.5)
WA 0.98 (0.96-1.01) 1.27 (0.5-2.3) 1.20 (0.7-1.4) 1.31 (0.7-1.8)

% CA, OR-fo, OR-nu, and WA = populations from California forest, Oregon forest, Oregon nurseries, and Washington, respectively. The mean maximum
likelihood estimate and corresponding range observed in four independent Migrate-N simulations for @ = 4N,, where N,u is the effective population size and u is
the mutation rate per generation and per site, and for M (scaled number of migrants m/u), are given. The effective number of migrants (N,m) can be calculated as
®M/4. Source (donor) populations are shown in rows and sink (recipient) populations in columns. Only isolates belonging to the NA1 clonal lineage were

included in the analysis.
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Appendix 1. Allele patterns (sizes in bp) of the 72 multilocus genotypes of Phytophthora ramorum identified on the West Coast of the United States (Oregon, California, and
Washington)

Prospero et

Genotype al. (57)* MS13 MS9 MS6 ProC3 MS21 MS27 MS39b MS43a MS43b MS45 LineageY
PrNAI1-1 172/187 149/176 165/168 216/226 2471247 213/213 210/210 377/377 486/486 167/187 NA1
PrNA1-2 PrOR32 172/187 149/176 165/168 216/226 2471247 213/213 242/242 373/373 486/486 167/187 NAl
PrNAI1-3 172/187 149/176 165/168 216/226 2471247 213/213 246/246 345/345 486/486 167/187 NAl
PrNA1-4 172/187 149/176 165/168 216/226 2471247 213/213 246/246 357/357 486/486 167/187 NAIl
PrNAI1-5 PrOR31 172/187 149/176 165/168 216/226 2471247 213/213 246/246 357/357 490/490 167/187 NAl
PrNA1-6 172/187 149/176 165/168 216/226 2471247 213/213 246/246 365/365 486/486 167/187 NAIl
PrNA1-7 172/187 149/176 165/168 216/226 2471247 213/213 246/246 365/365 490/490 167/187 NAl
PrNA1-8 172/187 149/176 165/168 216/226 247/247 213/213 246/246 369/369 478/478 167/187 NA1
PrNA1-9 172/187 149/176 165/168 216/226 2471247 213/213 246/246 369/369 482/482 167/187 NAl
PrNAI1-10 172/187 149/176 165/168 216/226 247/247 213/213 246/246 369/369 486/486 167/187 NA1
PrNAI1-11 PrOR30 172/187 149/176 165/168 216/226 2471247 213/213 246/246 369/369 490/490 167/187 NAIl
PrNAI1-12 172/187 149/176 165/168 216/226 247/247 213/213 246/246 369/369 494/494 167/187 NA1
PrNA1-13 172/187 149/176 165/168 216/226 2471247 213/213 246/246 369/373 486/486 167/187 NA1
PrNAI1-14 172/187 149/176 165/168 216/226 2471247 213/213 246/246 373/373 482/482 167/187 NAl
PrNA1-15 172/187 149/176 165/168 216/226 2471247 213/213 246/246 373/373 486/486 167/167 NA1
PrNAI-16 PrOR20 172/187 149/176 165/168 216/226 2471247 213/213 246/246 373/373 486/486 167/187 NAl
PrNA1-17 172/187 149/176 165/168 216/226 2471247 213/213 246/246 373/373 486/490 167/187 NA1
PrNAI1-18 172/187 149/176 165/168 216/226 2471247 213/213 246/246 373/373 490/490 167/167 NAl
PrNAI1-19 PrOR29 172/187 149/176 165/168 216/226 247/247 213/213 246/246 373/373 490/490 167/187 NA1
PrNA1-20 172/187 149/176 165/168 216/226 2471247 213/213 246/246 373/373 494/494 167/187 NAIl
PrNA1-21 PrOR22 172/187 149/176 165/168 216/226 247/247 213/213 246/246 373/373 /- 167/187 NAl
PrNA1-22 PrOR24 172/187 149/176 165/168 216/226 2471247 213/213 246/246 373/377 486/486 167/187 NAIl
PrNA1-23 172/187 149/176 165/168 216/226 247/247 213/213 246/246 373/377 490/490 167/187 NA1
PrNA1-24 172/187 149/176 165/168 216/226 2471247 213/213 246/246 3771377 478/478 167/187 NA1l
PrNA1-25 172/187 149/176 165/168 216/226 2471247 213/213 246/246 3771377 482/482 167/187 NAl
PrNA1-26 172/187 149/176 165/168 216/226 2471247 213/213 246/246 377/377 486/486 167/187 NAl
PrNA1-27 PrOR19 172/187 149/176 165/168 216/226 2477247 213/213 246/246 3771377 490/490 167/187 NAl
PrNA1-28 PrOR21 172/187 149/176 165/168 216/226 2471247 213/213 246/246 377/377 /- 167/187 NAl
PrNA1-29 172/187 149/176 165/168 216/226 2471247 213/213 246/246 381/381 478/478 167/187 NAIl
PrNA1-30 172/187 149/176 165/168 216/226 2471247 213/213 246/246 381/381 482/482 167/187 NA1
PrNA1-31 172/187 149/176 165/168 216/226 2471247 213/213 246/246 381/381 486/486 167/187 NAIl
PrNA1-32 172/187 149/176 165/168 216/226 247/247 213/213 246/246 385/385 486/486 167/187 NAl
PrNA1-33 172/187 149/176 165/168 216/226 2471247 213/213 246/246 -/~ 478/478 167/187 NAl
PrNA1-34 172/187 149/176 165/168 216/226 247/247 213/213 246/250 377/377 486/486 167/187 NAl
PrNA1-35 PrOR16 172/187 149/176 165/168 216/226 2471247 213/213 250/250 357/357 486/486 167/187 NAIl
PrNA1-36 172/187 149/176 165/168 216/226 247/247 213/213 250/250 365/365 482/482 167/187 NA1
PrNA1-37 172/187 149/176 165/168 216/226 2471247 213/213 250/250 365/365 486/486 167/187 NA1
PrNA1-38 172/187 149/176 165/168 216/226 2471247 213/213 250/250 365/365 490/490 167/187 NAl
PrNA1-39 172/187 149/176 165/168 216/226 2471247 213/213 250/250 369/369 482/482 167/187 NA1
PrNA1-40 PrOR25 172/187 149/176 165/168 216/226 2471247 213/213 250/250 369/369 486/486 167/187 NAIl
PrNA1-41 172/187 149/176 165/168 216/226 2471247 213/213 250/250 369/369 4907490 167/187 NA1
PrNA1-42 172/187 149/176 165/168 216/226 2471247 213/213 250/250 369/373 486/486 167/187 NAl

PrNA1-43 PrOR26 172/187 149/176 165/168 216/226 247/247 213/213 250/250 373/373 478/478 167/187 NAl
PrNA1-44 PrOR13 172/187 149/176 165/168 216/226 2471247 213/213 250/250 373/373 482/482 167/187 NAIl
PrNA1-45 PrOR27 172/187 149/176 165/168 216/226 247/247 213/213 250/250 373/373 482/482 167/167 NA1
PrNA1-46 PrOR4 172/187 149/176 165/168 216/226 2471247 213/213 250/250 373/373 486/486 167/187 NAl
PrNA1-47 PrOR14 172/187 149/176 165/168 216/226 247/247 213/213 250/250 373/373 4907490 167/187 NA1l

PrNA1-48 172/187 149/176 165/168 216/226 2471247 213/213 250/250 373/373 494/494 167/187 NAIl
PrNA1-49 172/187 149/176 165/168 216/226 2471247 213/213 250/250 373/377 4781482 167/187 NAIl
PrNA1-50 PrOR12 172/187 149/176 165/168 216/226 2471247 213/213 250/250 377/377 466/466 167/187 NA1
PrNAI1-51 PrOR5 172/187 149/176 165/168 216/226 2477247 213/213 250/250 3771377 4781478 167/187 NAl

PrNA1-52 PrOR6 172/187 149/176 165/168 216/226 2471247 213/213 250/250 377/377 482/482 167/187 NAl
PrNA1-53 PrOR28 172/187 149/176 165/168 216/226 2471247 213/213 250/250 3771377 482/482 167/167 NAIl
PrNA1-54 PrOR2 172/187 149/176 165/168 216/226 2471247 213/213 250/250 377/377 486/486 167/167 NA1

PrNA1-55 172/187 149/176 165/168 216/226 2471247 213/213 250/250 373/377 486/486 167/187 NAIl
PrNA1-56 PrOR1 172/187 149/176 165/168 216/226 2477247 213/213 250/250 377/377 486/486 167/187 NAl
PrNA1-57 172/187 149/176 165/168 216/226 2471247 213/213 250/250 3771377 486/486 187/187 NAIl

PrNA1-58 PrOR3 172/187 149/176 165/168 216/226 247/247 213/213 250/250 377/377 4907490 167/187 NA1
PrNA1-59 PrOR7 172/187 149/176 165/168 216/226 2471247 213/213 250/250 3771377 494/494 167/187 NAl
PrNA1-60 PrOR11 172/187 149/176 165/168 216/226 247/247 213/213 250/250 377/377 506/506 167/187 NA1l
PrNA1-61 172/187 149/176 165/168 216/226 2471247 213/213 250/250 377/381 486/486 167/187 NA1
PrNA1-62 PrOR8 172/187 149/176 165/168 216/226 2477247 213/213 250/250 381/381 486/486 167/187 NAl
PrNA1-63 PrOR9 172/187 149/176 165/168 216/226 2471247 213/213 250/250 381/381 490/490 167/187 NA1
PrNA1-64 PrOR17 172/187 149/176 165/168 216/226 2471247 213/213 250/250 381/381 506/506 167/187 NAl

PrNA1-65 PrOR15 172/187 149/176 165/168 216/226 2471247 213/213 250/250 381/381 /- 167/187 NAl
PrNA1-66 PrOR18 172/187 149/176 165/168 216/226 2471247 213/213 250/250 385/385 486/486 167/187 NAl
PrNA1-67 172/187 149/176 165/168 216/226 247/247 213/213 250/250 385/385 486/486 167/167 NA1
PrNA1-68 172/187 149/176 165/168 216/226 2471247 213/213 254/254 369/369 486/486 167/187 NAIl
PrNA1-69 PrOR10 172/187 149/176 165/168 216/226 247/247 213/213 254/254 377/377 486/486 167/187 NAl
PrNA1-70 172/187 149/176 165/168 216/226 2471247 213/213 254/254 3771377 486/490 167/187 NAIl
PrNA2-1 172/187 176/176 165/168 216/216 —/- 210/216 145/151 1717171 —/- —/- NA2
PrEUI-1 PrOR33 187/187 149/170 165/165 218/224 247/256 216/216 136/140 146/146 /- 163/187 EU1

* Name adopted by Prospero et al. (57).
¥ Phytophthora ramorum lineages according to Griinwald et al. (38).
% No PCR amplicons were produced.
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