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Abstract

Co-existence of both mating types A1l and A2 within the EU1 lineage of Phytophthora
ramorum has only been observed in Belgium, which begs the question whether sexual
reproduction is occurring. A collection of 411 Belgian P. ramorum isolates was
established during a 7-year survey. Our main objectives were genetic characterization
of this population to test for sexual reproduction, determination of population structure,
evolution and spread, and evaluation of the effectiveness and impact of control
measures. Novel, polymorphic simple sequence repeat (SSR) markers were developed
after screening 149 candidate loci. Eighty isolates of P. ramorum, broadly representing the
Belgian population, were analyzed using four previously described and three newly
identified polymorphic microsatellite loci as well as amplified fragment length
polymorphisms. SSR analysis was most informative and was used to screen the entire
Belgian population. Thirty multilocus genotypes were identified, but 68% of the isolates
belonged to the main genotype EUIMGI1. Although accumulated mutation events were
detected, the overall level of genetic diversity within the Belgian isolates of P. ramorum
appears to be limited, indicating a relatively recent clonal expansion. Based on our SSR
analysis there is no evidence of sexual recombination in the Belgian population of P.
ramorum. Metalaxyl use decreased the genetic diversity of P. ramorum until 2005, when
the majority of the isolates had become resistant. Most genotypes were site-specific and
despite systematic removal of symptomatic and neighbouring plants, some genotypes
were detected over a period of several years at a single site, sometimes discontinuously,
indicating (latent) survival of the pathogen at those sites.

Keywords: metalaxyl resistance, nurseries, oomycetes, population genetics, Sudden Oak Death,
universal labelling
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Introduction

Phytophthora ramorum is a diploid oomycete plant path-
ogen that was first detected in 1993, causing leaf blight
and twig dieback on Rhododendron and Viburnum nurs-
ery plants in the Netherlands and Germany (Werres
et al. 2001). The same pathogen is also responsible for
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E-mail: kurt.heungens@ilvo.vlaanderen.be

causing extensive mortality on oaks (mainly Quercus ag-
rifolia) and tanoaks (Lithocarpus densiflorus) in California,
killing over 200 000 trees in the Big Sur area alone (Me-
entemeyer ef al. 2008). Since then, the disease, also
known as Sudden Oak Death, has been found in North
America on various native host plants in the forests in
California and Oregon and in nursery stock in over 20
states in the USA and in Canada (Griinwald et al.
2008b). In Europe, P. ramorum has mainly been detected
in ornamental nurseries, especially on Rhododendron,
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Viburnum and Camellia. It has been found in a consider-
able number of EU countries including Belgium, Czech
Republic, Denmark, Estonia, Finland, France, Germany,
Ireland, Italy, the Netherlands, Latvia, Lithuania, Lux-
embourg, Norway, Poland, Portugal, Slovenia, Spain,
Switzerland, Sweden and the UK (Werres et al. 2001;
Moralejo & Werres 2002; De Merlier et al. 2003; Lane
et al. 2003; Herrero et al. 2006; Husson ef al. 2007; Lilja
& Rytkonen 2007). A limited number of trees have been
infected by P. ramorum in Europe (Brasier et al. 2004;
Tracy 2009). In 2003, the first P. ramorum-infected Quer-
cus falcata tree was confirmed in the UK, along with
several Quercus rubra trees in the Netherlands (Brasier
et al. 2004). Genera or species in the family Fagaceae
with susceptible bark (especially Quercus and Fagus) are
considered most at risk of developing potentially lethal
stem cankers (Brasier et al. 2002; Moralejo et al. 2009).
However, the total number of European trees that are
known to have died from P. ramorum is less than 50,
and almost all of these were in the immediate proximity
of infected Rhododendron ponticum plants (Brasier et al.
2004; Tracy 2009).

Three clonal lineages of P. ramorum have been
described, with isolates of the EU1 lineage mainly pres-
ent in Europe, and isolates of the NA1 and NA2 lin-
eages only present in North America (Ivors et al. 2006;
Martin 2008; Griinwald ef al. 2009). P. ramorum is het-
erothallic, having two opposite mating types Al and
A2. With the exception of three Belgian isolates col-
lected in 2002 and 2003, all EU1 isolates are of A1 mat-
ing type (Werres & De Merlier 2003; Griinwald et al.
2009). All NA1 and NA?2 isolates are of A2 mating type,
while EU1 isolates detected in North American nurser-
ies are Al (Hansen et al. 2003; Prospero et al. 2007).
The presence of both mating types at a single site might
lead to genetic recombination and an increase in the
pathogens fitness and host range. The formation of sex-
ual resting spores could also increase the long-term sur-
vival potential of P. ramorum (Griinwald et al. 2008b).
As the EU1 A2 findings were limited and have been
eradicated, the risk for recombination is currently larg-
est in North America, where both mating types have
been found in coexistence although sexual reproduction
has to date not occurred (Griinwald et al. 2008a; Goss
et al. 2009b; Prospero et al. 2009). However, no informa-
tion is currently available regarding sexual recombina-
tion in Europe in situations where isolates of both
mating types coexisted.

Based on the dramatic impact of P. ramorum on certain
tree species in the US and the potential risk for damage
in Europe, the European Community established
emergency phytosanitary measures to prevent the
further introduction and spread of the pathogen in 2002
(Commission Decisions 2002/757/EC, 2004/426/EC, and
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2007/201/EC). Measures include controls on the import
and trade of susceptible plants into and within the EU,
including requirements for plant passports as well as
surveys on specific species of susceptible host plants. In
Belgium, these EU emergency phytosanitary measures
were implemented by the National Plant Protection Ser-
vice (FAVV), which conducted annual (before 2007) to
biannual (after 2006) inspections of all commercial sites
with host plants (>300 sites, with less than 50 nurseries
specialized in Rhododendron or Viburnum production), as
well as parks and forests for symptoms of P. ramorum.
Since 2002, P. ramorum has been detected in approxi-
mately 60 nurseries, and on new Rhododendron plantings
in two public parks and five private gardens (FAVYV,
personal communication). The pathogen has not yet
been detected in forests. The EU-mandated eradication
measures have been put in effect at all sites with
infected plants. This includes destruction of all host
plants within a 2-m radius of the original finding
and extra controls during a 3-month quarantine
period for all remaining host plants in a 10-m radius.
Eradication measures seemed to be quite effective
outdoors and at most nursery sites, as P. ramorum symp-
toms were detected during more than 2 years at only six
sites.

Information on population structure over time is a
basis for assessing pathogen evolution and spread. It
can also help determine whether sexual recombination
has taken place, aid in the evaluation of the efficacy of
emergency phytosanitary measures, and determine the
effect of fungicide treatments on population structure.
A fungicide of specific interest is metalaxyl, as it is
commonly used for control of Phytophthora pathogens in
nursery environments and is well known to impose a
strong selection for resistance on a Phytophthora popula-
tion (Griinwald & Flier 2005; Griinwald et al. 2006).
Resistance to metalaxyl in Phytophthora infestans is
thought to be controlled by a single chromosomal gene,
subject to further regulation by several additional loci
(Gisi & Cohen 1996; Fabritius et al. 1997, Lee et al.
1999). Since metalaxyl was used regularly in Belgium,
populations of P. ramorum might be structured by use
of this fungicide. Studies on the genetic diversity of the
European P. ramorum population based on amplified
fragment length polymorphisms (AFLP) indicated that
the European population consists of mainly unique, clo-
sely related AFLP genotypes (Ivors et al. 2004). Accord-
ing to Ivors et al. (2006), genotypic diversity using
simple sequence repeat (SSR) was even more limited
than with AFLP. Three primer pairs (18, 64 and 82)
were informative and distinguished seven multilocus
genotypes (MGs) within a selection of European iso-
lates, with 86% of the isolates belonging to one main
genotype. Microsatellite-based genotyping of the North
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American populations of P. ramorum was facilitated by
the identification of additional polymorphic SSR mark-
ers by Prospero et al. (2004, 2007). They found that the
2001-2004 P. ramorum forest population in Oregon is
also characterized by low levels of genetic variation and
has all the characteristics of an introduced organism.
All isolates with the A2 mating type belonged to the
same clonal lineage and no sexual recombinants were
found. In contrast to the forest population, the nursery
population of P. ramorum was not dominated by a sin-
gle MG. There was low gene flow and significant differ-
entiation between nursery and forest populations. In
California, Mascheretti et al. (2008) found three widely
distributed MGs of P. ramorum in the native forests and
32 less-broadly distributed MGs that may have evolved
locally at new infestation sites. More recently, Goss
et al. (2009b) studied the entire US nursery population.
They found three clonal lineages with the NA1 lineage
being distributed over much of the continental US. Two
eastward migration pathways were revealed in the clus-
tering of NAT isolates into two groups, originating
either from the Pacific Northwest or California. Popula-
tions remain clonal, despite occasional presence of both
mating types, and appear to be structured by migration,
rapid mutation and genetic drift.

Simple sequence repeat markers were developed
mostly for the US populations of P. ramorum. The num-
ber of SSR primer pairs identified by Ivors et al. (2006)
that are polymorphic for the EUl population are lim-
ited. The transferability of the SSR primers from Pros-
pero et al. (2004, 2007), which are very informative for
the NAT lineage, has not been described for the EU1
lineage. To be able to determine the microsatellite-based
genetic diversity of EU1 isolates, additional polymor-
phic microsatellite markers were needed.

The first objective of this study was to determine the
structure of the Belgian EU1 population based on newly
developed and existing microsatellite markers and com-
pare it with structure based on AFLP analysis. The sec-
ond objective was to analyze the Belgian population,
which is unique in that it also contains three isolates of
A2 mating type, for indications of genetic recombina-
tion. The third and last objective was to relate the data
on genetic diversity with those of isolate geographical
origin, isolation year, host and fungicide resistance, and
use this information to evaluate the success of the eradi-
cation efforts.

Materials and methods

Phytophthora ramorum isolates

Starting in 2002, the Belgian Plant Protection Service
(FAVYV) conducted the EU-mandated annual to biannual

inspections of host plants at nurseries, in public parks,
and in forests for symptoms of Phytophthora ramorum.
Diagnosis of P. ramorum from symptomatic plant
material was done via plating onto semi-selective
pimaricin-ampicillin—rifampicin—pentachloronitrobenzene
agar medium (Jeffers & Martin 1986) and morphological
identification (EPPO 2006) at the Flemish Institute for
Agricultural and Fisheries Research (ILVO) or via real-
time polymerase chain reaction (PCR) (EPPO 2006; Hay-
den et al. 2009) at the Walloon Agricultural Research
Centre (CRA-W), for which each laboratory is I1SO17025
accredited and has the appropriate biosafety infrastruc-
ture. After isolation, cultures were stored on V8 and
corn meal agar (BBL™) at 4 °C and transferred annually
onto fresh medium. All (411) Belgian isolates collected
between 2002 and 2008 were used in this study. The
majority (370 isolates) originated in Flanders, where
most of the ornamental nurseries are located. The
isolates were collected from plants in nurseries (400),
public parks (6) and private gardens (5). Reference
strains from the EU1 clonal lineage consisting of differ-
ent MGs based on Ivors et al. (2006) were obtained from
the laboratories where they had originally been isolated
(Table 1).

Metalaxyl resistance and growth rate

All P. ramorum isolates of Flemish origin were evaluated
for resistance to metalaxyl. Based on Heungens et al.
(2006), isolates were considered resistant to metalaxyl if
no growth was observed from a myecelial plug on V8
agar amended with 1 pg/mL metalaxyl and 10 pg/mL
rifampicin, while normal colony growth (within the
95% confidence interval of the average growth rate of
all isolates) was observed on metalaxyl-free medium.
Plates were incubated at 20 °C in the dark. Growth rate
was determined on V8 agar amended with 10 pg/mL
rifampicin by measuring the colony diameter 7 and
13 days post inoculation (at 20 °C in the dark).

AFLP analysis

A selection of 80 isolates was used for AFLP analysis
following a stratified sample based on isolation year,
host and site. Isolates were grown in 20 mL sterile
Potato Dextrose Broth (ForMedium™') on a rotary sha-
ker (150 rpm) at room temperature for 7-10 days. Myce-
lium was placed onto Whatman grade 1 qualitative
filter paper and washed with sterile distilled water.
Mycelium was transferred into 1.5 mL Eppendorf tubes
and frozen in liquid nitrogen. Genomic DNA was iso-
lated from 100 mg mycelium using the Puregene DNA
isolation kit (Gentra) and eluted in 50 pL. DHS buffer.
DNA samples were stored at —20 °C.
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Table 1 Phytophthora ramorum isolates used in the primary and secondary screening of candidate microsatellite markers polymor-

phic for the EU1 clonal lineage

SSR genotype SSR AFLP

Isolation (Ivors et al. genotype* genotype
Isolate code year Host plant Origin 2006) (ILVO) (ILVO)
PRI483%! 2000 Rhododendron sp. CA, USA US1 — —
PR/D/04/284 2004 Rhododendron ‘Cosmopolitan’ Belgium EU1 EUIMG20 VII
15747 — Rhododendron sp. UK EU6 EUIMGI I
BBA 15/01-11a°" 2001 Viburnum sp. Germany EU2 t I
BBA 15/01-14%W 2001 Viburnum sp. Germany EU7 i I
2N386M° 2002 Viburnum x bodnantense France EU5 EUIMG5 I
2N389"N° 2002 Viburnum tinus France EU3 EUIMG5 VIII
15997¢ — Rhododendron ‘Cheer’ England EU4 EUIMG2 I
PR/D/03/335 2003 Rhododendron sp. Belgium EU1 EUIMGI13 VI
PR/D/06/008 2006 Rhododendron sp. Belgium EU1 EUIMG24 I

*The polymorphisms with marker 64 for isolate 2N389 and with marker 82 for isolate 2N386 and 1574 could not be replicated in this

study.

KI, Kelly Ivors; NS, Nathalie Schenck; SW, Sabine Werres; PG, Patricia Giltrap.
PRI483 = Pr52 = CBS110537 = ATCC MYA-2436; 1574 = CSL 2022689; BBA 15/01-11a = PRI 514 = PRI 679 = PR-01-023; 1599 = CSL

2023125.

t, polymorphic for locus MS18 (218/266) and MS82a (127/133); t, polymorphic for locus MS82a (127/133).

Amplified fragment length polymorphisms reactions
were performed as described by Ivors et al. (2004). Fol-
lowing ligation, DNA was first amplified by PCR using
nonselective EcoRI (E00) (5-GACTGCGTACCAATTC-3)
and Msel (M00) (5-GATGAGTCCTGAGTAA-3) prim-
ers. For the selective PCR, five primer pairs were used
in the analysis: (E00-AC) + (M00-AC), (E00-TA) + (MO00-
AG), (E00-TC) + (M00-AG), (E00-GC) + (M00-AC) and
(E00-GG) + (M00-CC). The products were sized on an
ABI3130 Genetic Analyzer (Applied Biosystems) using
Rox 500 as the size marker. Electropherograms were
scored manually. To test reproducibility, complete anal-
ysis (including independent DNA extractions) of 15 sin-
gle spore isolates was repeated three times with two
primer pairs. Some variability was observed. Conse-
quently, the AFLP reactions of the 80 isolates were
repeated three times and only fragments (ranging in size
from 70 to 600 bp) that could be scored unambiguously
in all replicates per isolate were scored. Such fragments
were scored for presence or absence in all isolates.

DNA extraction for microsatellite analysis

For the 80 isolates that were also used for AFLP analy-
sis, DNA was extracted as described above. The geno-
mic DNA of all other isolates was isolated with a fast
DNA extraction method (Kris Van Poucke, personal
communication). Mycelial plugs of an actively growing
culture (7-10 days) on V8 agar were covered with ultra-
pure water in a Petri dish and heated at 750 W in a
microwave oven for 25s. The agar was removed and
the mycelium was transferred into a 1.5 mL microtube
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on ice, containing 10 pL ultra-pure water. After pulveri-
zation in liquid nitrogen, the samples were centrifuged
for 3 min at 20 817 g. The supernatant was used in the
PCR reaction.

Identification of new polymorphic SSR markers

The first set of candidate microsatellite markers were
PCR amplified with the 23 primer pairs designed by
Ivors et al. (2006) that were polymorphic in their primary
test set of eight NA1 and EU1 isolates, but which they
did not test on their complete set of isolates. The second
set of candidate markers were amplified with the 10 pri-
mer pairs described by Prospero et al. (2004, 2007), which
showed polymorphism within the NA1 population but
had not yet been screened for polymorphism within EU1

isolates. The third and last set of candidate microsatellite
markers consisted of 71 dinucleotide, 27 trinucleotide, 11
tetranucleotide, 1 pentanucleotide and 6 hexanucleotide
repeat loci (SSR) that were selected by screening the gen-
ome of P. ramorum (available online at http://genome.
jgi-psf.org/Phyral_1/Phyral_l.download.html) (Tyler
et al. 2006) for repeats. Primers flanking these new loci
were designed using the program PriMER3 with the
following criteria: min. T, = 60 °C, GC content >50%,
primer size 18-21 bp, PCR product size between 100 and
450 bp, and GC clamp = 1. To avoid the costs of genotyp-
ing with individual fluorescently labelled primers, we
used universal fluorescent labelling (Shimizu et al. 2002).
In this three-primer method, detection is based on the
addition of a M1l3reverse (5-CAGGAAACAGCTAT
GACC-3) tag (with no homology with the target
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genome) at the 5-end of the forward primer. This tag
provides a complementary sequence to the universal
fluorescent primer (HEX or FAM-labelled M13), generat-
ing fluorescent products that are sized by capillary
electrophoresis. Efficiency of this method was tested
and optimized by comparing three universally labelled
primers with FAM-labelled primers for microsatellite loci
18, 64 and 82a-b.

Final PCR concentrations were 25 ng template DNA,
200 yv dNTPs, 1 U FastStart Tag DNA polymerase
(Roche Applied Science), 2.0 mm MgCl, and 0.1 um of
each primer. PCR amplifications were performed in
20 pL reaction volumes in a GeneAmp® PCR System
9700 (Applied Biosystems) with an initial denaturation
at 95 °C for 4 min followed by five cycles of 20 s at
95°C, 30s at 60 °C and 1 min at 72 °C; 20 cycles of
20 s at 95 °C, 30 s at 60 °C minus 0.5 °C per cycle, and
1 min at 72 °C; 10 cycles of 20 s at 95 °C, 30 s at 50 °C
and 1 min at 72 °C; and a final extension at 72 °C for
30 min. In some cases, different primer pairs were com-
bined in a multiplex PCR reaction. Five uL. PCR prod-
ucts were first scored for successful amplification on
1.5% agarose gels, and subsequently sized on an ABI
3130 sequencer (Applied Biosystems) using Rox 500 as
size standard. Results were analyzed using Genemap-
per (Applied Biosystems).

For each microsatellite locus, interlineage polymor-
phism between an EU1 (PR/D/04/284) and a NA1 iso-
late (PRI483) was assessed first, as the chance of
interlineage polymorphism was expected to be bigger
than that of intra-lineage polymorphism. Interlineage
polymorphic loci were then analyzed further with a
panel of 8 EU1 isolates that belong to separate MG
groups based on the study of Ivors et al. (2006) or that
showed polymorphism in preliminary screening. Loci
that were polymorphic in these selected isolates were
analyzed in all isolates (Table 1).

To test the reproducibility of our microsatellite sizing,
analysis of the 26 isolates (within the 80 isolates that
were also used for AFLP) that did not belong to the
main EUIMGI genotype was replicated.

To investigate the influence of culture storage on
allele sizes, microsatellites of five isolates were analyzed
in independent DNA extractions conducted in 2002-
2004 as well as in 2008 from annually transferred cul-
tures of these isolates. For isolates 556 and 557, we also
used the DNA extracted by Ivors et al. (2006) as well as
DNA that was recently extracted from these isolates.

DNA sequence determination of polymorphic
microsatellite loci

The DNA sequence of the polymorphic microsatellite
loci ILVOPrMS133 and ILVOPrMS145a—c was deter-

mined as follows. PCR amplification of the loci was per-
formed as described above, but using 50 uL reaction
volumes. The entire PCR product of each microsatellite
locus from isolates BBA 9/95 (=CSL2266 = CBS
101.553 = PD 20019539 = PRI 233 = PRI 653; EUIMGI;
isolated in Germany in 1995 on Rhododendron catawbiense)
and Pr218 (isolated in Sonoma Co., CA on Rhamnus cath-
artica; NA1) were separated on a 2% Nusieve 3:1 Aga-
rose gel (Lonza Bioscience). DNA in excised fragments
was extracted with the Nucleospin Extractll kit (Mache-
rey-Nagel) and cloned using the TOPO TA cloning kit
(Invitrogen). Primer pairs 82 and ILVOPrMS145 ampli-
fied two and three loci, respectively. The alleles that
matched the different loci were determined by first align-
ing the primers to the available genome sequence data
(BLASTn, Altschul et al. 1990). Nested PCR with scaf-
fold-specific primers and the labelled primers allowed
determination of the two alleles at each locus. Genotyp-
ing of P. ramorum progeny (X. Boutet, unpublished data)
was used to determine linkage between the alleles. All
novel SSR loci were confirmed by sequence analysis and
analyzed for expected repeat motif variation.

Statistical and population genetic analyses

All isolates were genotyped using the new polymor-
phic microsatellite loci (82b, ILVOPrMS145a and
ILVOPrMS145c) as well as the four previously described
microsatellite loci (18, 64, 82a and ILVOPrMS133).

Polymorphic information content and expected het-
erozygosity values (Nei 1978) for each locus were calcu-
lated using the Microsatellite toolkit (Park 2001).

To assess the possible evolutionary relationships
among the EU1 P. ramorum MGs, a matrix of genotype
distances was calculated using the method of Bruvo
et al. (2004), taking the repeat number into account. A
minimum spanning network was calculated from the
matrix using MINSPNET (Excoffier & Smouse 1994).
The network was visualized using GRAPHVIZ (http://
www.graphviz.org).

The P. ramorum populations were analyzed by year
(2002-2008) and nursery site for all sites where more
than five isolates were detected. Genotypic diversity
was measured by richness, diversity and evenness.
Genotypic richness (NGg,p) was estimated using rare-
faction curves (Griinwald ef al. 2003), giving the
expected number of genotypes in a population of
n =28 (i.e. the smallest population observed). Geno-
typic diversity was calculated using the Stoddart and
Taylor’s index G = 1/%; p,vz, where p; = the observed fre-
quency of the ith genotype (Stoddart & Taylor 1988).
The index Es = (1/A — 1)/ (G- 1), where A corresponds
to Simpson’s index (Simpson 1949) and H’ to Shannon-
Wiener’s index (Shannon & Weaver 1949), was used to
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quantify the genotypic evenness in the population. Con-
fidence intervals of 90% for G and Es values were cal-
culated from 1000 bootstrap samples of the original
distribution in R (R Development Core Team 2008).
Gene diversity was characterized by allelic richness and
was calculated in microsatellite analyzer (Dieringer &
Schlotterer 2003) and corrected for sample size with the
rarefaction method of ElIMousadik & Petit (1996).
Genetic variation within and among populations was
compared using Wright's F-statistics as implemented in
microsatellite analyzer (Weir & Cockerham 1984). Statis-
tical significance of the Fsr estimates was tested with
10 000 randomization replicates per comparison. Mini-
mum spanning networks were constructed for all nurs-
eries where more than four MGs were detected. To
support the hypothesis of clonal reproduction, we ana-
lyzed patterns of linkage disequilibria between loci in
the population using GENEPOP 3.3 (Raymond & Rous-
set 1995). Differences in radial growth rates between
metalaxyl-resistant and metalaxyl-sensitive isolates were
tested for significance using analysis of variance using
staTisTICA version 8.0 (StatSoft, Inc., Tulsa, OK, USA).
The Levene test in statistica and the F-test in MSExcel
were used for testing differences in variance of growth
rate between the years.

Results
Phytophthora ramorum isolates, metalaxyl resistance,
and growth rate characteristics

The 411 isolates of Phytophthora ramorum included in
this study were obtained from either Rhododendron
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(90.5%) or Viburnum (9.5%) plants and represent the
complete isolate collection from the Belgian surveys of
2002-2008. For each identified P. ramorum infection, the
legally defined sanitary measures for eradication were
taken by the Belgian plant protection service. At 61.6%
of all nurseries where P. ramorum has been detected,
epidemics were contained to a single year. At four
Rhododendron nursery sites (labelled A through D)
P. ramorum was detected in more than three out of the
7 years studied. At seven other nurseries where at least
five P. ramorum isolates were obtained, these were
collected during 3 years (nurseries E and F), 2 years
(nurseries G, H, I, ]) or a single year (nursery K).

Metalaxyl resistance and growth rate characteristics
of each year are shown in Table 2. The percentage of
metalaxyl-resistant isolates increased in the period
2002-2005, and decreased again in 2006-2008. Averaged
over all years, metalaxyl-resistant isolates had a signifi-
cantly higher (P =0.0084) radial growth rate
(4.45 mm/day) compared with metalaxyl-sensitive
isolates (4.18 mm/day).

Identification of new polymorphic microsatellite loci
using the candidate primer pairs

Out of the 23 incompletely tested primer pairs from the
study of Ivors et al. (2006), only one primer pair
(ILVOPrMS10) was polymorphic within the subset of
nine European test isolates and none of the primer pairs

described by Prospero et al. (2004, 2007) were polymor-
phic within the panel of our eight EU1 test isolates (sec-
ond screening only). Of the 116 primer pairs we
designed, 109 (94.0%) produced a PCR amplicon. Of

Table 2 Average yearly characteristics of Phytophthora ramorum isolates collected from 2002 to 2008 in Belgium

Metalaxyl =~ Growth rate

Year of Number Viburnum EUIMGI1t resistant (mm/day) Allelic

isolation  of isolates  (%)* (%) (%) (mean + SD)§  richness NGg, G Es

2002 28 429 67.9 321 3.95 + 0.67 2.63 7 2.09 (1.47-2.94)  0.48 (0.39-0.59)
2003 49 12.5 75.5 12.2 3.90 + 0.66 2.56 7 1.73 (1.31-2.20)  0.36 (0.32-0.41)
2004 111 3.6 81.1 52.3 3.87 + 0.66 2.44 5 1.51 (1.29-1.74)  0.35 (0.32-0.39)
2005 55 4.7 80.0 92.7 3.92 + 043 2.38 5 1.54 (1.22-1.88)  0.43 (0.36-0.51)
2006 37 10.0 64.9 86.5 4.19 + 0.26 2.77 7 2.25(1.58-3.08)  0.49 (0.39-0.61)
2007 39 7.9 56.4 75.7 4.16 + 0.19 2.74 8 2.88 (1.98-4.02) 0.51 (0.41-0.63)
2008 92 7.7 50.0 44.1 3.98 + 0.33 2.75 8 3.47 (2.71-4.45)  0.51 (0.43-0.60)
Total 411 9.5 68.6 55.6 3.96 + 0.52 2.61 7 2.08 (1.88-2.31)  0.32 (0.30-0.34)

*Percentage of isolates recovered from Viburnum is relative to the total number of isolates detected with known host plant species
(% Rhododendron = 100 - % Viburnum).
tPercentage of isolates belonging to multilocus genotype group EUIMG1
tPercentage of isolates where colony growth was observed on metalaxyl-containing medium (1 pg/mL).

§Growth rate was determined between 7 and 13 days post inoculation on the nonmetalaxyl-containing control plates.

9 /Allelic richness is averaged across all SSR loci considered.
NGgyp, number of expected multilocus genotypes in a sample of 7 = 28 (i.e. smallest population compared); G, Stoddart and Taylor’s
index (90% confidence interval); Es5, index of evenness (90% confidence interval).

© 2009 Blackwell Publishing Ltd


https://www.researchgate.net/publication/7150494_Microsatellite_markers_identify_three_lineages_of_Phytophthora_ramorum_in_US_nurseries_yet_single_lineages_in_US_forest_and_European_nursery_populations_Mol_Ecol?el=1_x_8&enrichId=rgreq-ca64867d-0b89-4697-9a3b-676044a6576c&enrichSource=Y292ZXJQYWdlOzQwNjgwNDY0O0FTOjk3NTUzMjAyODEwODg3QDE0MDAyNjk5MDQ2NDg=
https://www.researchgate.net/publication/230091995_Isolation_and_characterization_of_microsatellite_markers_in_Phytophthora_ramorum_the_causal_agent_of_sudden_oak_death_Molec_Ecol_Notes_4_672-624?el=1_x_8&enrichId=rgreq-ca64867d-0b89-4697-9a3b-676044a6576c&enrichSource=Y292ZXJQYWdlOzQwNjgwNDY0O0FTOjk3NTUzMjAyODEwODg3QDE0MDAyNjk5MDQ2NDg=

98 A. VERCAUTEREN ET AL.

these, 85 (73.3%) generated polymorphic fragments
between the EU1 and the NA1 isolates. Two (1.7%) of
these primer pairs (ILVOPrMS133 and ILVOPrMS145)
(Table 3) produced polymorphic fragments within the
nine EU1 isolates.

Characterization of the novel SSR loci polymorphic
for the EU1 clonal lineage

Sequence analysis revealed that the new primer pairs
that amplify polymorphic fragments for the EU1 clonal
lineage do indeed amplify microsatellite-containing loci
(Table 4). Differences in size among the amplicons were
due to a different number of repeat units in the microsat-
ellites. Primer pair ILVOPrMS10 amplifies the same locus
as locus 64 and was not used for further genotyping.
Sequencing and BLASTn of locus ILVOPrMS133
revealed that it was identical to GenBank accession nos
DQ641493 and DQ641494. These GenBank accessions
correspond to microsatellite marker PrMS43 (Prospero
et al. 2007). We identified the polymorphism of locus
ILVOPrMS133 but not of locus PrMS43 because the EU1
isolate of the first screening, which is the only one
revealing the polymorphism among the test isolates for
this locus, was not used for primers PrMS43. Interlin-
eage polymorphism had already been demonstrated for

PrMS43, so only the second level screening was per-
formed.

Primer pair 82 and ILVOPrMS145 produced ampli-
cons corresponding to two or three loci on separate
scaffolds of the genome (Table 4). Four amplicons were
generated with primer pair 82, which is one more than
reported in Ivors et al. (2006). This indicates that at least
two loci are amplified by this primer pair. Aligning the
primers to the genome of P. ramorum reveals three
matching sequences that are located on three different
scaffolds (284, 341 and 703). The progeny data showed
linkage between alleles 137 and 235, and 111 and 127.
Primer 82 I was designed specific to scaffold 341;
amplification gave a 4.6-kb band. Nested PCR resulted
in 127/137 for EU1 and 109/113 for NA1. Hence, the
127 and 137 bp fragments represent the two heterozy-
gous alleles of the microsatellite locus 82a from scaffold
341 and the 111 and 235 bp fragments represent the
two heterozygous alleles of the microsatellite locus 82b
(scaffolds 284 and 703).

Primer pair ILVOPrMS145 generated five bands in
the EU1 isolates and four in the NAT isolate, indicating
that there were at least three loci involved. Aligning the
primer pairs to the genome identified two scaffolds (77
and 2199), each with a single match. Primer pairs spe-
cific to each scaffold were designed (ILVOPrMS145_I:

Table 3 Target loci, primer sequences, and repeat motifs of 11 primer pairs used to amplify the EU1-polymorphic loci of Phytophthora

ramorumnt

Primer pair name Primer sequence (5'-3")*

Locus amplified Repeat motift

18% F: [FAM] TGCCATCACAACACAAATCC 18 (AC)39
R: TGTGCTATCTTTCCTGAACGG
64° F: [FAM] GCGCTAAGAAAGACACTCCG 64 (CD16
R: CAACATGTAGCCATTGCAGG
82F F: [FAM] CCACGTCATTGGGTGACTTC 82a,b (GD14
R: CGTACAAGTCACGACTCCCC
ILVOPrMS133§ F: CAGGAAACAGCTATGACCAATATGCAAAAAGGCAGGAG ILVOPrMS133 (GACA)77
R: CCGCGTAACCTAGTCTGCTC
ILVOPrMS145§ F: CAGGAAACAGCTATGACCTGGCAGTGTTCTTCAACAGC ILVOPrMS145a,b,c (AGCGAQ)15
R: ATTCCCGTGAACAGCGTATC
82 1 F: GGCCTAGTGTGCCAGCTTAC 82a —
R: CGTACAAGTCACGACTCCCC
ILVOPrMS145_1 F: TCCCGATTATCAACACCACA ILVOPrMS145b —
R: ATTCCCGTGAACAGCGTATC
ILVOPrMS145_11 F: CTAATATGCCGCTGGTGGAT ILVOPrMS145a,c —
R: ATTCCCGTGAACAGCGTATC
ILVOPrMS145_111 F: CTAATATGCCGCTGGTGGAT ILVOPrMS145a —
R: TCCATCACGCGTATTGTTGT
ILVOPrMS145_1V F: TCCCGATTATCAACACCACA ILVOPrMS145b,¢c —
R: GTAAGTGGCGGTCCTAACCA

*Forward (F) and reverse (R) primers. Use of a fluorophore (FAM) is specified within primer sequence.
tRepeat motif and the number of repeats in the 7x draft genome sequence of Phytophthora ramorum isolate Pr102.

1Described by Ivors et al. (2006).

§Forward primer includes tag sequence (5-CAGGAAACAGCTATGACC-3") for universal labelling.

© 2009 Blackwell Publishing Ltd


https://www.researchgate.net/publication/7150494_Microsatellite_markers_identify_three_lineages_of_Phytophthora_ramorum_in_US_nurseries_yet_single_lineages_in_US_forest_and_European_nursery_populations_Mol_Ecol?el=1_x_8&enrichId=rgreq-ca64867d-0b89-4697-9a3b-676044a6576c&enrichSource=Y292ZXJQYWdlOzQwNjgwNDY0O0FTOjk3NTUzMjAyODEwODg3QDE0MDAyNjk5MDQ2NDg=

GENETIC STRUCTURE OF P. RAMORUM IN BELGIUM 99

"PAUTULId}AP J0U ‘(ON

"§6/6 V€ e[St [DNLNH JO ejep adouanbag),
"(9002) ‘T& 19 S10A] Aq paureIqo ‘g6,/<CL/H R[0St [DNINH JO ejep aousnbag§

"(L¥2eTcOD pue ‘952eTcOD ‘SHeeccOD ‘FreeccOD ‘052€TcOD sou

UOISSD0R JURGUID) §TTAd 23e[0ST [VN 10J Paureiqo os[e a1am (99z//81 PUe ‘€7Z//81 ‘661//81) >-LSPISINAJOATI P0] Pue (£0¢/1T1) GZ8SINA SnoO] Je safo[[e 10§ ejep aduanbagt
‘sisATeue aduanbas [enjoe WOy SINSat U0 paseq uodidure 93[[0}eSOIIW JO dZIG}

“(£00T) “1v 32 oporenbse £q paaIesqo os[e a1em pue ‘(666°0 < L) 2218 Juawdely 03 [euontodord arem sisaroydondape Areqpdes sa Sunuenbas yNQ uo paseq sazis juswidey
U99MJ9( SIOURIDJI(] “PIepUL)S JZIS sk ()0G X0y pue (swysksorg parddy ‘pe1ergy ue Sursn) sisazoydondspd Areqides woay sjnsar uo paseq uodrduue 9)I[[9)LSOIIU JO JZIG,

4 04¢
be¥eeccdD  L0T LT g9z
I'cL 09¢
7'e 414 7'e (444 L1 LT
69 6¥¢ bi¥eccOD  L6€ €TC L1C L1 91
L1 €ve 69 71T bh8ereetOD 009 91 €91
beFeTcOD 008 S0T 20c  bovTeccdD 001 661 961  b¥ereccdD  00s L81 981 99% an gs1
IGHFISIWAdOATI ASFISWAAOATI VGFISINAdOATT ECISWAAOATT
yuequan) bary  fyp8ue  pSuay yueguoo) bary  FywypSue  p8uay yueguoo) -bary  FypSue p8uay Nueguo) -bary jpSuey ,pSueg
L1 VA4
s 74
69 €ve
be¥cezcOD 0'1e 54 1574 LT 0¥
¥e L£T  h8¥TeTtdD ¢y LE1 8¢l 98 00v §8/z01OA  €8F ¥9¢ 79¢
L'l LT L1 el §F6ce010a L6 v6¢ 86¢ L1 09¢
008 5N 0Ll  §s0ee0tOA  0°0S Ll LZl §gereotdd  00S 0S¢ 7se  §6/zeotdA  00S 0ce 81C
a8 vz8 79 8T
Suegquoo bary typSuet ,pSuay Nuequoo)  -baig pduey L apSueg Nuequoo)  -barg pduey  apSuag Nuequoo) bary jypSue pSuey

(900T ‘1 12 SI0AT) 86,/CCL/HY 2¥E[OST [DNLNH 10 (Aprys
SI) G6/6 Vg 1e[ost [DINTNT 10 sadouanbas a[a[[e Jo sou uoIssadoe yueguon) urpnour ‘Apnis siy) Ul pasn 10] [[2JeSOITW Y312 ay) Jo sapuanbaly pue sozis sy ¥ d[qeL

© 2009 Blackwell Publishing Ltd



100 A. VERCAUTEREN ET AL.

scaffold 77, ILVOPrMS145 II: scaffold 2199). After
nested PCR, the first primer pair resulted in the identifi-
cation of one locus on scaffold 77, which was homozy-
gous in the EUIMGI isolate (199/199) and
heterozygous in the NAI isolate (187/199) and is
labelled ILVOPrMS145b. No polymorphisms were
detected at this locus within the EU1 population. Primer
pair ILVOPrMS145_II amplified four fragments in the
EUl isolate and three fragments in the NA1 isolate. Geno-
typing of P. ramorum progeny (X. Boutet unpublished
data) and analysis of the sequence at the ends of scaffolds
77 and 2199 indicated that the loci were probably in
close proximity. Primers ILVOPrMS145 III and
ILVOPrMS145_IV were designed to amplify the sequence
of the neighbouring loci and determine the matching
alleles. After a nested PCR with the nonspecific primer
ILVOPrMS145, ILVOPrMS145_III amplified two alleles
(187/223) whereas ILVOPrMS145_IV amplified three
alleles (199/205/277) in the EUIMGI isolate. Knowing
that 199/199 is the homozygous locus ILVOPrMS145b),
we determined that in the EUIMGI1 isolate, 187/223
(ILVOPrMS145a) and 205/277 (ILVOPrMS145¢) were the
allele sizes of the second and third locus, while in NA1
the allele sizes of these loci were 187/223 and 187/265,
respectively. All primer pairs used to characterize the mi-
crosatellite loci are shown in Table 3.

Comparison of AFLP and microsatellite marker
systems and SSR reliability

A total of 222 AFLP fragments were generated with the
five primer combinations that could be scored reliably.
Of these, 13 fragments (5.9%) were polymorphic among
the Belgian P. ramorum isolates and 46 fragments
(20.7%) were polymorphic between the Belgian and the
American isolates. The microsatellite analysis distin-
guished 10 genotypes, with 58 isolates belonging to the
main genotype. AFLP identified only seven genotypes,
with 72 isolates belonging to the most frequent geno-
type. The microsatellite analysis identified eight isolates
that did not belong to the main microsatellite-based
genotype EUIMGTI but still grouped with the most fre-
quent AFLP-based genotype. The AFLP method identi-
fied four isolates that did not group with the most
frequent AFLP-based genotype but belonged to the
main microsatellite-based genotype EUIMG1.

Allele sizes in the SSR analysis were not influenced
by culture storage: no differences were observed
between analyses of old cultures from 2002 to 2004 and
the ones transferred every year on new medium. We
also obtained the same fingerprint patterns with the
DNA wused by Ivors et al. (2006) as with freshly
extracted DNA from the corresponding isolates. As the
SSR analysis identified more polymorphisms and was

very reproducible, all further genotyping was per-
formed using the microsatellite markers.

Genetic diversity of the Belgian P. ramorum population

Microsatellite MGs were determined for the 411 Belgian
isolates using the three previously described and the
two new primer pairs, representing a total of eight
microsatellite loci. Seven of these loci were polymor-
phic, resulting in a total of 30 MGs (Table S1, Support-
ing information). The number of alleles per locus varied
from two to seven (Table S1, Supporting information).
The identity of all polymorphic alleles was confirmed.
The most informative microsatellite loci were
ILVOPrMS145c and 82b, with seven alleles each. The
expected heterozygosity values for the seven loci
ranged from 0.502 to 0.604 and the polymorphic infor-
mation content values ranged from 0.377 to 0.528.

In each year, the Belgian population was dominated
by genotype EUIMGI1 (68% of all isolates) (Table 5).
This genotype is at the centre of the network (Fig. 1).
Other genotypes that were detected during multiple
years at more than one site are EUIMG5 (7.3%),
EUIMG4 (4.1%), EUIMG? (3.4%), EUIMGI18 (3.2%),
EUIMGI13 (1.7%), EUIMG2 (1.2%) and EUIMGI0
(1.0%). They are located close to the centre of the net-
work. Fifteen genotypes were represented by a single
isolate and are mostly found at the margin of the net-
work. Genotypes at the margins of the network were in
most cases site-specific (Fig. 1, Table 6). Some rare
genotypes (such as EUIMGY, EUIMGI12, EUIMGI3,
EUIMG22) are recovered over a period of several years
at the same site, but not necessarily in each year
(EUIMGY) (Table 6). Site-specific divergence is demon-
strated at site D. EUIMG23 and EUIMG24 cluster
together with EUIMGY, the genotype they probably
evolved from based on additional mutations at loci 82b
and 64, respectively (Figs 1 and 2; Table S1, Supporting
information). The minimum spanning networks for
nursery sites A, D and K also indicate local evolution of
new MGs from one or a few founder genotypes (Fig. 2).

In most populations from the 11 Rhododendron nurseries
with multiple (>5 isolates) findings of P. ramorum (A, B, C,
E, I, J and F), EUIMGI1 is dominant and Fsy values
between these populations were not significant (P > 0.05).
However, four nurseries had a P. ramorum population
that was significantly different (sites D, G, H and K) from
the populations where EUIMGTI is dominant.

No indications of sexual or mitotic recombination
were found. First, no homozygous allelic rearrange-
ments were observed at the heterozygous loci. Second,
the levels of heterozygosity are very high (Table S1,
Supporting information). Third, linkage disequilibrium
tests showed linkage between 5 out of 21 pairs of loci
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Table 5 Isolate distribution and average characteristics per year for each multilocus genotype (MG) detected between 2002 and 2008

in Belgium
Isolates Year
Host
% of distribution Metalaxyl-resistant
MG Number  total (% Viburnum)  isolates (%) 2002 2003 2004 2005 2006 2007 2008
EUIMG1 282 68.61 9.33 55.8 19 37 90 44 24 22 46
EUIMG2 5 1.22 80.00 0.0 2 1 1 1
EUIMGS3 1 0.24 0.00 0.0 1
EUIMG4 17 4.14 6.25 100.0 2 1 2 1 1 4 6
EUIMGS 30 7.30 11.54 50.0 2 6 3 9
EUIMG6 4 0.97 25.00 0.0 1 3
EUIMG7 14 3.41 0.00 33.3 1 1 1 11
EUIMGS 1 0.24 0.00 100.0 1
EUIMG9 6 1.46 0.00 100.0 1 1 3 1
EUIMGI10 4 0.97 0.00 25.0 2 1 1
EUIMGI11 1 0.24 0.00 0.0 1
EUIMGI12 3 0.73 0.00 0.0 1 2
EUIMGI13 7 1.70 0.00 42.9 1 2 1 2 1
EUIMGI14 1 0.24 0.00 0.0 1
EUIMGI15 1 0.24 0.00 0.0 1
EUIMGI16 1 024  100.00 0.0 1
EUIMG17 1 0.24 0.00 100.0 1
EUIMGI18 13 3.16 7.69 46.2 4 1 8
EUIMGI19 2 0.49 0.00 50.0 1 1
EUIMG20 1 0.24 0.00 100.0 1
EUIMG21 1 0.24 0.00 100.0 1
EUIMG22 3 0.73 50.00 66.7 1 2
EUIMG23 2 0.49 0.00 100.0 2
EUIMG24 4 0.97 0.00 100.0 4
EUIMG25 1 0.24 0.00 100.0 1
EUIMG26 1 0.24 0.00 100.0 1
EUIMG27 1 0.24 0.00 0.0 1
EUIMG28 1 0.24 0.00 0.0 1
EUIMG29 1 0.24 0.00 0.0 1
EUIMG30 1 0.24 0.00 100.0 1
Total 411 100.00 9.51 55.6 28 49 111 55 37 39 92

(P < 0.05) and all loci display strong negative F;s values
(<=0.667) and Fgr values close to zero (<0.0110).

All genotypes detected on Viburnum host plants were
also detected on Rhododendron, but not always at a com-
parable frequency. For example, 80% of all EUIMG2
isolates were recovered from Viburnum, at four different
sites, while only 9.5% of all isolates were derived from
Viburnum (Table 5). Other MGs detected on Viburnum
were EUIMGI1, EUIMG4, EUIMG5, EUIMGS,
EUIMGI18 and EUIMG22. Of all frequently observed
MGs (>5 isolates), EUIMG?7 and EUIMGI13 were only
detected on Rhododendron host plants. The genetic dif-
ferentiation between populations on Viburnum and Rho-
dodendron was not significant (Fsy = 0.000597).

The percentage of metalaxyl-resistant isolates
increased 40% each year between 2003 and 2005. This
was correlated with a decrease of allelic richness and a
decrease of genotypic richness (NGgyp), diversity (G)
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and evenness (Es), which increased again each year
after 2005 (Table 2). Genetic differentiation between the
metalaxyl-resistant and metalaxyl-sensitive population
was observed (Fsr = 0.000982; P = 0.00010) as well as
between the populations from 2002 to 2005 vs. 2006 to
2008 (Fsr = 0.002446; P = 0.00010). The decrease of
genetic diversity was also reflected in a significant
(P < 0.05) decrease of the growth rate variance from
2004 to 2006 and an upward trend in average growth
rate from 2003 to 2007.

Discussion
Identification and characterization of EUI-polymorphic
microsatellite loci

As the previously identified markers by Ivors et al.
(2006) and Prospero et al. (2004, 2007) reveal only a
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Fig. 1 Minimum spanning network of all Belgian multilocus
genotypes (30 MGs). Branch sizes are proportional to genetic
distance and surface areas of the circles are proportional to the
numbers of isolates detected. The numbers refer to the multilo-
cus genotypes (Table S1, Supporting information).

limited number of polymorphisms in the EU1 lineage,
extra microsatellite markers needed to be developed.
Finding polymorphic microsatellite markers in a clonal
population characterized by low genetic diversity is
challenging, even when the complete genome sequence
is available (Dutech et al. 2007). A universally labelled
fluorescent primer technique (Shimizu et al. 2002) made
it affordable to test a large set of candidate loci. Screen-
ing of all 149 candidate primer pairs resulted in the
identification of three primer pairs (ILVOPrMSI10,
ILVOPrMS133, ILVOPrMS145) that were polymorphic
within the subset of the nine EU1 test isolates. We also
identified an extra polymorphic locus that is amplified
by primer pair 82 (Ivors et al. 2006). Using this primer
pair, we observed four alleles, corresponding to two
heterozygous loci 82a (127/137) and 82b (111/235),
instead of the described three alleles (111/127/137) at a
single locus 82. Primer pairs ILVOPrMS145 and 82, each
of which amplify at least one hypervariable microsatel-
lite locus, were most informative in our population of
EU1 isolates. The applicability of the new markers was
also tested in the NA1 lineage. Loci ILVOPrMS145a,c
and 82b were polymorphic within four NAT1 isolates
tested (data not shown). These markers should thus
also provide additional resolution during genotyping of
NAL1 isolates.

The SSR analysis was highly reproducible in our lab-
oratory: we consistently obtained the same allele sizing
results. However, some differences were observed with

Table 6 Genetic diversity of Belgian Phytophthora ramorum iso-
lates by nursery and collection year in nurseries with at least
five findings

Nursery
code AR Year MG profile*
A 2,14 2002 (1)
2003 1(4); 11(1); 14(1)
2004 1(19); 12(2)
2005 1(14)
2006 1(2)
2007 1(11); 13(1); 25(1)
2008 1(2)
B 2,09 2004 1(41); 5(2); 18(2); 19(1)
2005 1(13); 13(1)
2006 1(15); 13(1); 22(1)
2007 1(1); 22(1)
2008 1(7); 18(1)
C 2,18 2004 1(6); 17(1)
2006 1(2)
2007 1(2)
2008 1(2); 18(1)
D 2,59 2003 5(1); 7(1); 9(1); 10(2)
2004 5(1); 7(1)
2005 1(1); 9(1)
2006 4(1); 5(1); 23(2); 24(4)
2007 1(1); 4(2); 9(2)
2008 4(4); 5(3); 9(1); 29(1)
E 2,14 2003 1(1)
2004 1(1); 4(D)
2005 1(1); 4(D)
F 2,00 2003 1(14)
2004 1(1)
2005 1(1)
G 2,39 2007 1(1)
2008 1(4); 6(3); 18(1);
19(2); 28(1)
H 2,22 2005 1(1); 5(4); 21(1)
2006 1(1); 5(2)
I 2,00 2003 1(3)
2004 1(3)
J 2,14 2003 1(2); 13(1)
2004 1(3)
K 2,36 2008 1(11); 5(2); 7(11);

18(2); 30(1)

*Microsatellite profile for each nursery and isolation year.
Numbers in bold refer to MG number in MG name (without
EUIMG prefix). Numbers between brackets refer to the
number of isolates.

AR, allelic richness (averaged across years and loci).

the results published by Ivors ef al. (2006). First, primer
pairs 18, 64 and 82 differentiated seven MGs in the
European isolates in Ivors et al. (2006), but allele pro-
files for three out of the seven genotypes (EU3, EU5
and EU6) could not be replicated in this study. The sec-
ond difference related to the different number of loci
amplified with primer pair 82, which may be the result
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18
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of allelic dropout in Ivors ef al. (2006). Interlaboratory
reproducibility problems with microsatellite detection
and sizing were also reported by Pasqualotto et al.
(2007), and attributed to different machines, reagents
and human error. Even though the method is reproduc-
ible and portable, standardization of the process with
DNA of polymorphic reference isolates is recom-
mended.

Although we could identify primer pairs that amplify
two or three loci, this is not necessarily a general phe-
nomenon. When two different amplicons are generated
with one microsatellite primer pair, this usually indi-
cates allele heterozygosity, not allele homozygosity at
two loci. Considering the asexual reproduction of Phy-
tophthora ramorum, the same rare allele could only be
identified in a homozygous state if the same mutation
would happen simultaneously or consecutively in both
alleles. The two homozygous loci PrMS43a and
PrMS43b described in Prospero et al. (2007) are thus
more likely to represent the two heterozygous alleles of
a single locus. This likelihood is further supported by
this study, which identified two isolates with two sepa-
rate genotypes that show this allele profile.

Comparison of AFLP and SSR

Our direct comparison using 80 isolates revealed more
microsatellite-based diversity than AFLP-based diver-
sity. Additionally, microsatellite markers are codomi-
nant and multiallelic, which makes them preferable for
studying the population genetic structure of a diploid
organism. Once sufficient polymorphic markers had
been identified, the technical simplicity and limited cost
of SSR made it our preferred technique. Other genetic
diversity studies of P. ramorum have also shifted from
AFLP (Ivors et al. 2004) to microsatellite analysis (Pros-
pero et al. 2004, 2007, 2009; Ivors et al. 2006; Mascher-
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18

Fig. 2 Minimum spanning networks of
Phytophthora ramorum populations from
nurseries where more than four MGs
were detected (nurseries A, B, D, G and
K). Within each nursery, branch sizes
are proportional to the genetic distance
and surface area of the circles is propor-
tional to the numbers of isolates
detected. The numbers refer to the mul-
tilocus genotypes (Table S1, Supporting
information).

19

22

etti et al. 2008; Goss et al. 2009b). In contrast to our
work, Ivors et al. (2004, 2006) did not observe more
diversity with SSR than with AFLP. Differences
observed among the two studies might be the results of
more stringent allele calling and replication for AFLP
analysis as well as discovery of additional SSR loci in
this study.

Genetic diversity of the Belgian P. ramorum
population

Microsatellite analysis confirmed that all 411 Belgian
isolates belong to the same lineage EU1. All differences
detected between genotypes could be explained by a
stepwise mutation model from a single microsatellite
founder genotype EUIMGI, which is still dominant.
The minimum-spanning network created with the MG
data (Fig. 1) fits this pattern of a clonally expanding
population. Although the overall level of genetic diver-
sity within the EU1 population is small, microsatellite-
based analyses using the previously described and
newly developed primer pairs allowed the distinction
of 30 genotypes. In contrast, the microsatellite markers
from Ivors et al. (2006), would have only distinguished
three previously sampled genotypes (97.1% MG EUI,
2.7% MG EU4 and 0.2% MG EU7) and two novel geno-
types (0.29% MG EUS8 and 1.46% MG EU9). The newly
described polymorphic markers 82b and ILVOPrMS145¢
could, however, be subject to homoplasy given the
rapid mutation rates for relatively young, clonal popu-
lations.

EUIMGI is widespread in Belgium and probably
evolved into new genotypes somewhere in Europe.
Genotypes like EUIMG2, EUIMG5, EUIMG?,
EUIMGI13 and EUIMGIS8 are also common in Belgium
and probably were derived first from EUIMGI1 and
spread through Europe via nursery shipments of Rhodo-
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dendron and Viburnum. Rare genotypes are subject to
genetic drift and can disappear from local populations.
The human-induced bottleneck due to the eradication
efforts can thus lead to extinction of the least abundant
genotypes. A second hypothesis provided by Mascher-
etti et al. (2008) is that during the unfavourable season,
populations of the pathogen crash to endemic levels
and individual genotypes need to re-colonize infested
sites at the beginning of the growth season. These sea-
sonal variations offer an advantage to already estab-
lished genotypes during the re-colonization process and
may cause the extinction of rare genotypes through
drift. A similar reduction of population size may occur
during the winter months in nurseries.

If a rare genotype is introduced into a nursery where
no other genotype is present and if it can reach a popu-
lation size that can overcome the human-induced and
natural bottlenecks, unique populations can be formed,
as is observed in sites D, H and K. Sites that have a
large population of a dominant genotype may also
receive more frequent phytosanitary surveys, and the
resulting eradication efforts may then further decrease
the chance of survival of rare genotypes. The formation
of new populations that are different in composition
from the founder population was also observed in Cali-
fornia (Mascheretti et al. 2008) and was explained by
rare long-range movement of the pathogen and local
generation of new genotypes through stepwise muta-
tion.

Most common genotypes were detected on both host
species. However, three common genotypes were corre-
lated with either Viburnum or Rhododendron. This was
probably caused by the different nursery trade path-
ways of Viburnum and Rhododendron plants. The
decrease in the number of findings on Viburnum after
the first year is partially caused by changes in grower
practices, where growers stopped producing the more
sensitive cultivars such as Viburnum x bodnantense
‘Dawn’.

Analysis of the Belgian P. ramorum population for
indications of sexual reproduction

Microsatellite analysis of the Belgian isolates revealed
no evidence for sexual reproduction, even though both
mating types were present in Belgium in 2002 and 2003
and the mating system of P. ramorum is functional (X.
Boutet, unpublished data). All MGs found in the Bel-
gian population can have evolved by stepwise mutation
from a clonally reproducing founder population, proba-
bly composed of a single genotype (EUIMG1). Further-
more, all loci display strong negative Fis values, Fsr
values close to zero, and significant linkage disequilib-
ria at several loci, indicating that the population in

purely clonal and most likely to be epidemic (de Meeus
et al. 2006). The high levels of heterozygosity also indi-
cate clonality (Birky 1996; Balloux et al. 2003). The two
sets of chromosomes behave as two distinct haplo-
types, which are independently accumulating muta-
tions. Allelic gene copies at a locus can thus become
highly divergent if mechanisms such as mitotic recom-
bination are not active. It is possible that some chro-
mosomal rearrangements were missed because of the
low number of loci analyzed. However, the number of
loci used was sufficient to demonstrate recombination
in 76% of all progenies analyzed (X. Boutet, unpub-
lished results). The exclusion of sexual reproduction in
the P. ramorum populations in Europe and North
America was also reported by Ivors et al. (2004, 2006),
Mascheretti et al. (2008), Prospero et al. (2004, 2007,
2009) and Goss et al. (2009b). Goss et al. (2009a) pro-
vide evidence for ancient divergence in the genome of
P. ramorum based on extensive analysis of nuclear
genes, showing evidence for reproductive isolation.
Clonal reproduction is very common in heterothallic
Phytophthora species and both mating types can coexist
in some areas without mating, even when sexual
recombination is functional. This has been demon-
strated for P. cinnamomi as well as for Phytophthora infe-
stans (Mosa et al. 1993; Miller et al. 1997; Linde et al.
1999; Dobrowolski et al. 2003).

When comparing the sizes of the two EUI alleles
with those of the two NAL1 alleles for each of the 109
microsatellites observed during the first screening, the
divergence between the two alleles at the same locus
within the same lineage is in most cases exceeding the
divergence between the EUl and NAT lineage, the so-
called Meselson effect (Welch & Meselson 2000). This
information indicates that in the past, asexual reproduc-
tion was probably also the main way for P. ramorum to
survive. This is in line with the evidence for ancient
divergence and lack of recent sexuality in the genome
of P. ramorum described by Goss et al. (2009a).

Effect of metalaxyl use and isolation year on the
genetic diversity

The use of metalaxyl played a role in the current popu-
lation structure of P. ramorum. When P. ramorum was
first detected in 2002, metalaxyl was a very effective
fungicide for control of P. ramorum (Heungens et al.
2006) and was frequently used in nurseries to control
the disease. However, once resistance became wide-
spread, the recommendation not to use the fungicide
was made. The use of metalaxyl most probably resulted
in a decrease of the genetic diversity because most
genotypes were represented by a limited number of iso-
lates, and therefore had a reduced chance of developing
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resistance compared with the dominant genotype, even
if resistance to this fungicide develops quickly (Dowley
& O’Sullivan 1981). Selection was in favour of the resis-
tant isolates until 2005, when metalaxyl was no longer
effective and its use was limited. The percentage of sen-
sitive isolates increased again, together with the allelic
and genotypic diversity. Evolution in plant pathogen
populations due to fungicide resistance is a common
phenomenon and can have an important impact on
management (Milgroom & Fry 1988; Staub 1991; Gisi &
Cohen 1996; Griinwald et al. 2006). The sampling and
analysis of the P. ramorum population also revealed this
here. However, the extensive use of fungicides as a
result of the P. ramorum control measures probably had
an unnoticed but similar impact on the populations of
other Phytopthora species present in the Rhododendron
nurseries such as Phytopthora citricola and Phytopthora
cactorum, and may therefore have broader implications.
An upward trend in average growth rate and a signifi-
cant reduction in growth rate variance from 2004 to
2006 indicate selection for faster-growing isolates. The
increase in growth rate is correlated with the increase
in metalaxyl resistance. Indeed, metalaxyl-resistant iso-
lates had a significantly larger growth rate than the sen-
sitive isolates. However, the decline in metalaxyl-
resistant isolates in the absence of metalaxyl in some
nurseries where resistance was quite general suggests
that resistance has a cost. Similar results were observed
in studies with P. infestans in Ireland (Dowley & O’Sul-
livan 1985) and the Netherlands (Davidse et al. 1989).
Therefore, the increased growth rate of resistant isolates
may be caused by the compensatory effects of addi-

tional mutations selected in the resistant background.
The downward trend in growth rate in 2008 can be
explained by the detection of slower-growing and met-
alaxyl-sensitive isolates of P. ramorum in nurseries
where P. ramorum was previously not detected.

Evaluation of eradication efforts

The persistence of rare genotypes in specific sites dem-
onstrates that eradication of P. ramorum in nurseries is
not always successful. Latent survival of the pathogen
seems to be the main reason. Indeed, direct evidence
for latent survival was provided via the intermittent
absence of a unique genotype at a specific site
(EUIMGY). Survival in potting media has been sug-
gested by Tjosvold et al. (2009) as a means for latent
survival, complicating the eradication effort and ques-
tioning its potential. The unsuccessful eradication effort

is in conflict with the situation in Oregon (Prospero
et al. 2007): nursery genotypes in 2004 were not the
same as those in 2003, making the authors conclude
that the 2004 findings were from new introductions.
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Differences could be due to different plant production
systems, different eradication measures or simply the
difference in survey period in the two studies.
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