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Genetic diversity and population structure of
Valdensinia heterodoxa, a potential biocontrol
agent for salal in coastal British Columbia

Jennifer E. Wilkin, Simon F. Shamoun, Carol Ritland, Kermit Ritland, and
Yousry A. El-Kassaby

Abstract: Valdensinia heterodoxa is an ascomycete fungus currently being considered as a potential biocontrol agent
against salal (Gaultheria shallon). To assess its effectiveness and risks as a biocontrol agent, we investigated its
population structure in three geographically separate populations on Vancouver Island and in coastal mainland, British
Columbia. Valdensinia heterodoxa was cultured from infected salal leaves, and single-spore cultures were obtained
prior to DNA isolation. Amplified fragment length polymorphisms (AFLPs) were used to generate individual DNA
fingerprints for each V. heterodoxa isolate. We found low genetic diversity, with just 30 of the 214 loci being
polymorphic. There were many shared haplotypes within each population, and analysis of pairwise kinship coefficients
showed that as spatial distance increased, genetic similarity decreased. Analysis of molecular variance among
populations revealed significant genetic differentiation, with an Fgr of 0.182, suggesting limited gene flow. The
findings suggest that with low diversity and high population differentiation, the effectiveness of V. heterodoxa as a
biocontrol agent to manage salal in forested areas may be limited to localized salal populations or to use in
combination with other control methods.

Key words: Valdensinia heterodoxa, amplified fragment length polymorphism, genetic diversity, population structure,
biocontrol, Gaultheria shallon, salal.

Résumé : Présentement, le champignon ascomycete Valdensinia heterodoxa est considéré un possible agent de lutte
biologique contre la gaulthérie shallon (Gaultheria shallon). Afin d’évaluer son efficacité et les risques liés a son
utilisation en lutte biologique, nous avons étudié la structure de sa population chez trois populations géographiquement
éloignées, sur I’ile de Vancouver et sur le littoral continental de la Colombie-Britannique. Le V. heterodoxa fut isolé de
feuilles de gaulthérie shallon infectées, et des cultures monosporées furent obtenues avant de procéder a 1’isolement de
I’ADN. Le polymorphisme de taille des fragments amplifiés fut utilisé pour générer des empreintes d’ADN
individuelles pour chaque isolat de V. heterodoxa. Nous avons trouvé peu de diversité génétique, seulement 30% des
214 loci étant polymorphes. Chaque population comprenait plusieurs haplotypes communs, et I’analyse par paire des
coefficients de parenté montra que la similarité génétique décroit avec 1’augmentation de 1I’éloignement géographique.
L’analyse de la variance moléculaire parmi les populations révéla une différentiation génétique significative, avec un
Fgp de 0,182, ce qui suggere un flux génétique limité. A cause d’une faible diversité et d’une forte différentiation des
populations, les résultats portent a croire que 1’efficacité du V. heterodoxa comme agent de lutte biologique contre la
gaulthérie shallon en régions forestieres serait restreinte aux populations locales ou a 1’utilisation en combinaison avec
d’autres méthodes de lutte.
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Introduction

Valdensinia heterodoxa Peyronel (Sclerotiniaceae; teleo-
morph Valdensia heterodoxa®) is a parasitic fungus that
causes necrotic leaf spot and defoliation of its hosts. It in-
fects at least 33 plant species in Europe and 17 plant spe-
cies in North America (Aamlid 2000; Redhead 1979). The
most common hosts are ericaceous shrubs that grow under
moist to wet conditions in low to subalpine conditions.
Gaultheria shallon Pursh., commonly known as salal, is a
densely growing perennial evergreen ericaceous shrub na-
tive to the Pacific Northwest, occurring from California to
Alaska (Fraser et al. 1993). In British Columbia, the vigor-
ous growth of salal in harvested regeneration sites has be-
come a problem because it competes with commercially
valuable conifers for light and soil resources, including nu-
trients and moisture, and slows their early establishment.

Much research has focused on trying to determine a reli-
able, cost-effective method to control salal (Prescott 1999).
Biological control may provide an alternative to traditional
control methods such as herbicide treatment, burning, man-
ual brushing, or other means of scarification. A natural
pathogen to salal in British Columbia, V. heterodoxa, has
been identified as a potential biocontrol agent for salal in
managed forests (Shamoun et al. 2000). To control salal,
large amounts of an indigenous pathogen (mycoherbicide)
would be applied to the target plant, causing disease onset
and suppression of the host (Wall et al. 1992). Much work
has been done to investigate the biology, conidia discharge,
inoculum production, and delivery techniques for V. hetero-
doxa (Shamoun and Vogelgsang 2002; Vogelgsang and
Shamoun 2002, 2004).

This study investigates the patterns of genetic diversity in
natural populations of Valdensinia heterodoxa (the anamor-
phic state of the pathogen), in the context of biocontrol, to
help predict the effects of releasing the agent into the envi-
ronment. The anamorphic state of the pathogen consists of
multicelled, star-shaped, asexual macroconidia, termed stauro-
conidia (Redhead and Perrin 1972a, 1972b). Norvell and Red-
head (1994) have suggested that dispersal of V. heterodoxa
occurs primarily through these asexual stauroconidia. Spore
discharge is facilitated by moisture, which causes the ap-
pendages to swell and form a tear-dropped shape that pres-
ses against the substrate (i.e., leaf), propelling the propagule
to a height of 20 cm. Germination occurs radially through
short appressoria (swollen hyphae) that adhere to the host
and promote infection (Redhead and Perrin 1972a; Norvell
and Redhead 1994). Infecting conidia often remain attached
to the center of brown, concentrically ringed necrotic leaf
spots; mature infections are characterized by sclerotia on
the host veins, followed by leaf death and defoliation.

The teleomorph (Valdensia heterodoxa®) is characterized
by small, stalked, brown apothecia that arise from sclero-
tized veins of fallen leaves and that release ascospores,
which, while rarely observed in nature, are thought to pro-
duce the initial inoculum in the spring (Norvell and Red-
head 1994). Secondary, single-celled spores reported by
Redhead and Perrin (1972a) in the laboratory were origi-
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nally thought to be asexual phialospores. However, further
research placed V. heterodoxa in the Sclerotiniaceae (Holst-
Jensen et al. 1997, 2004), suggesting that these spores are
spermatia, i.e., haploid spores that are part of the sexual cy-
cle (Drayton and Groves 1952). The type of life cycle pro-
posed for V. heterodoxa by Norvell and Redhead (1994)
follows the epidemic model, which lies between the ex-
tremes of strict clonality and random mating (Maynard
Smith et al. 1993). Annual sexual cycles provide frequent
recombination, followed by an asexual epidemic resulting
in a few successful individuals reproducing clonally and oc-
curring at high frequencies in the population.

In addition to the type of reproductive cycle, the levels of
genetic variability, local differentiation and adaptation to
hosts, and gene flow among populations can potentially
affect the dynamics of both host and natural-pathogen popu-
lations. For proposed biocontrol agents, Canadian federal
regulations require information based upon the most up-to-
date approaches and methodology (Health Canada 2001).
Thus, the objectives of this research were to: (1) investigate
the level of genetic diversity in V. heterodoxa populations of
coastal British Columbia, (2) determine the genetic popula-
tion structure and assess the evolutionary forces affecting
these populations, and (3) discuss the implications of these
results in relation to the potential use of V. heterodoxa as a
biocontrol agent for salal in managed coastal British Co-
lumbia forests.

Materials and methods

Site description and sampling strategy

Salal leaves infected with V. heterodoxa were collected
from Mesachie Lake (ML) and Port Hardy (PH) on Vancou-
ver Island and from Deak’s Peak (DP) on coastal mainland,
British Columbia, during the spring of 2002 (Fig. 1). A
“population” consisted of samples collected from one site.

Because diseased plants displayed a patchy distribution
in natural populations, samples were collected according to
this natural distribution. Moving along a transect, two to
three infected salal leaves were collected from each of five
salal stems within a I-m radius in infection centres
(patches). To ensure that different individuals were sam-
pled, salal stems were collected at least 20 cm apart, a dis-
tance greater than the documented vertical spore-dispersal
distance for V. heterodoxa (Redhead and Perrin 1972a). For
each population, 10 patches of infected salal were sampled,
and within each patch, five different salal stems were sam-
pled, resulting in 50 samples per site.

Isolation procedure

Diseased tissues (0.33 cm?) were surface sterilized in
95% ethanol for 45 s., followed by 10% bleach for 45 s,
and then transferred through three successive rinses of ster-
ile distilled water for 1 min each. Leaf pieces were placed
on potato dextrose agar (PDA, Difco®, Becton Dickinson,
Md., USA) and incubated at 20 °C in the dark. Plugs from
the growing edge of the colony were transferred to salal
PDA (SPDA: PDA, 39 g/L; salal extract, 15 g/L. The salal

2The abbreviated form V. heterodoxa will subsequently refer to the anamorph (Valdensinia heterodoxa), while the teleomorph will be re-

ferred to by its full name.



Wilkin et al.: Valdensinia heterodoxa on salal / genetic diversity / population structure 561

Fig. 1. Map of Vancouver Island and mainland British Columbia showing locations of the three Valdensinia heterodoxa populations
sampled for this study, including Mesachie Lake (ML), Port Hardy (PH), and Deak’s Peak (DP). GMT, Greenwich meridian time.
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extract consisted of 15 g of salal leaves pureed in blender
with deionized water (dH,O) and filtered through cheese-
cloth; the final volume adjusted to 1 L with dH,0]. Cul-
tures were incubated at 20 °C in the dark until sufficient
V. heterodoxa growth was reached.

Once putative V. heterodoxa cultures, displaying typical
discolouration of the medium and slow-growing white my-
celium, were obtained, sporulation was induced by transfer-
ring them to weak-oatmeal agar (oatmeal agar, 15 g/L; agar,
12 g/L; Sigma-Aldrich, Mo., USA) (Vogelgsang and
Shamoun 2002). Single star-shaped spores were isolated un-
der a dissecting microscope and transferred to SPDA plates.
Hyphal tips were then transferred to individual plates. From
each diseased leaf sample that sporulated, three single-spore
isolates were sampled for this study, each considered to be
separate genetic individuals. While 50 samples of infected
leaves collected from field populations were expected to
yield 150 V. heterodoxa individuals per population, only 60
single-spore individuals were collected from ML, 36 from
PH, and 52 from DP because not all cultures sporulated.

DNA isolation

Fungal cultures were initially incubated in liquid media
to generate mycelium for DNA isolation. However, with
V. heterodoxa, this resulted in high polysaccharide contami-
nation and DNA that was unsuitable for fingerprinting. Sub-
sequently, cultures were grown on cellophane laid over agar
plates, adapted from Arroyo Garcia et al. (2002) and Niel-
sen et al. (2001). Semi-permeable cellophane (BioRad, Her-
cules, Calif.,, USA) was autoclaved and placed overtop

SPDA plates, using 500 uL of sterile dH,O to adhere the
cellophane to the plates by surface tension. Plugs of the
single-spore isolates were inoculated onto the cellophane
plates and incubated in the dark at 20 °C for 5 days. The re-
sulting mycelial layer was very thin, dry, and papery. My-
celium (10-40 mg) was transferred to a 1.5-mL Eppendorf
tube and immediately frozen in liquid nitrogen prior to stor-
age at —80 °C.

DNA was isolated according to a modified Zolan and
Pukkila (1986) miniprep cetyltrimethylamonium bromide
(CTAB) protocol that was previously applied for sclero-
tineaceous fungi (Holst-Jensen et al. 1997). Optimizing this
protocol for V. heterodoxa resulted in high-quality-DNA re-
covery and low contamination. Using a small amount of
starting material (20 mg of mycelia), and liquid nitrogen to
lightly crush the mycelium once, was critical to the success
of this protocol. Any further grinding resulted in polysac-
charide contamination from which the DNA could not be
separated. An isolation buffer was added to the ground tis-
sue and consisted of: CTAB, 2.5%; polyvinyl pyrrolidone
40 (PVP-40), 1%; NaCl, 1.4 mol/L; ethylenediaminetetra-
acetic acid (EDTA), 0.02 mol/L; Tris—=HCI, 0.1 mol/L; -
mercaptoethanol, 0.5%; Sigma—Aldrich, Oakville, Ont.,
Canada. The tissue was then vortexed for 15 s and incubated
for 30 min at 60 °C. An equal volume of chloroform —
isoamyl alcohol mixture 24:1 was added to the tissue —
buffer solution to extract DNA, and the two combined solu-
tions were vortexed until mixed, then centrifuged at room
temperature for 5 min at 12000 r/min (I r = 2m rad;
15000g) to separate the layers. To reduce polysaccharide
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and protein contamination, only the top portion of the aque-
ous layer was transferred to a new test tube. DNA was pre-
cipitated with ice-cold isopropanol, and the supernatant was
pipetted from the diffuse pellet, which was often associated
with a clear viscous gel (polysaccharides). The pellet was
resuspended in 300 uL of TE buffer (Tris—CL, 10 mmol/L,
pH 8.0, and EDTA, 1 mmol/L). RNA was digested with
RNase A (final concentration of 1 mg/mL, Sigma), fol-
lowed by a second chloroform extraction. The aqueous
phase was collected, and ammonium acetate (5 mol/L) was
added to achieve a final concentration of 1.5 mol/L. DNA
was precipitated by adding 2x volume of ice-cold 95% eth-
anol. The resulting pellets were rinsed in ice-cold 70% etha-
nol. The supernatant was poured off, leaving a small pellet
that was dried and then resuspended overnight in 40 uL. TE
at 4 °C. The concentration and quality of samples was de-
termined by electrophoresis on 2% agarose gels, with
HindIlI-digested A DNA as the molecular weight marker.

Amplified fragment length polymorphism analysis

A list of primers was generated from a literature search
(e.g., Cilliers et al. 2000; Gonzalez et al. 1998; Majer et al.
1996) and tested on V. heterodoxa; only primers producing
clear banding patterns and polymorphisms were selected for
use. To ensure reproducibility, each V. heterodoxa sample
was analyzed twice and only highly repeatable loci were in-
cluded in the analysis. For V. heterodoxa samples, 5 UL of
total DNA was used in each amplified fragment length
polymorphism (AFLP) reaction. The DNA was digested
with EcoRI and Msel, and AFLP was performed following
the protocol developed by C. Ritland (Genetic Data Cen-
tre, University of British Columbia). The final polymerase
chain reaction (PCR) amplification was performed with +2
EcoRI/+3 Msel primers. Four different primer combinations
were employed as follows, where the first primer refers to
EcoRI and the second refers to Msel: AC/CAC, AC/CAG,
AG/CAC, and AG/CAG. The PCR-generated fragments
were separated by electrophoresis with a LI-COR 4200
autosequencer (LI-COR Inc., Lincoln, Nebr., USA). Gels
were analyzed with SAGA-MX for AFLP (LI-COR Inc.),
and bands were scored as present or absent. Raw AFLP data
is available upon request from the corresponding author.

Data analysis

Valdensinia heterodoxa AFLP fingerprints were analyzed
with Arlequin, version 2.0 (Schneider et al. 2000), and
SPAGeDi, version 1.1 (Hardy and Vekemans 2002). To
compare fingerprints between gels and among populations,
it was assumed that comigrating fragments of the same size
were identical in sequence. Pearson correlations from prin-
cipal components analysis (PCA) in Statistical analysis sys-
tem, version 8.0 (SAS Institute Inc. 1999), was used to
select only those loci that contributed to the observed varia-
tion. Allele frequencies were then calculated for each locus
as the frequency of the observed allele over all samples. Av-
erage gene diversity (the probability that two randomly cho-
sen individuals have different alleles), equivalent to
expected heterozygosity, was determined after correcting
for sample size (Schneider et al. 2000). Genotype diversity,
or number of genetically distinct individuals in a population
(McDonald 1997), was equivalent to haplotype diversity in

Can. J. Plant Pathol. Vol. 27, 2005

this species and is the number of unique haplotypes relative
to the number of individuals in each population.

Distribution of haplotypes and linkage disequilibrium
were analyzed to assess the level of clonality. Analysis of
linkage disequilibrium between pairs of loci was performed
in Arlequin for each population separately and for pooled
samples. The number of pairwise comparisons was calcu-
lated as n(n — 1)/2, where n is the number of loci. To estab-
lish a clonal population structure, the null hypothesis of
random association of loci must be rejected for the majority
of loci pairs (Kohli and Kohn 1998), relying on a modifica-
tion of Fisher’s exact probability test with Bonferroni’s
correction for multiple comparisons. A clonal population
structure may be falsely detected if recombination is
masked by recurring haplotypes. Therefore, clone-corrected
data sets, where each haplotype was represented only once,
were used to account for this.

The genetic structure of the V. heterodoxa populations
was investigated with the analysis of molecular variance
(AMOVA), using Arlequin (Excoffier et al. 1992). Compari-
sons were made among the three populations, and nested
analyses were used to examine the genetic structure imposed
by the patchy distribution of V. heterodoxa. Population dif-
ferentiation was estimated from Fgr, the correlation coeffi-
cients of alleles for genes within populations relative to all
populations, to determine the amount of genetic variability
among populations (Weir and Cockerham 1984; Hardy and
Vekemans 2002). S refers to subpopulations (in this case,
the three populations in the study), and T refers to total
population (all three populations combined). Pairwise popu-
lation Fgr values were also compared.

Correlations between genetic variation and geographic
distance, matrices of population pairwise Fgy, Nei’s D (Nei
1972), and spatial distance were estimated using SPAGeDi.
The Mantel option in Arlequin was then selected to test for
isolation by distance. Within populations, individual pair-
wise spatial and genetic distances, calculated as pairwise
kinship coefficients according to Ritland (1996), were de-
termined in SPAGeDi. Pearson correlations were used to
test whether genetic similarity within populations was re-
lated to spatial distance.

Results

Genetic diversity

The four primer pairs studied yielded 214 scorable loci,
of which 65 were polymorphic, resulting in low overall di-
versity of 30.4% (Table 1). Figure 2 shows a typical
V. heterodoxa AFLP gel with many strong, reproducible,
monomorphic loci. The percentages of polymorphic loci in
each population were 25.2 (54/214) in ML, 23.8 (51/214) in
PH, and 24.7 (53/214) in DP, when based on all 214 loci,
compared with 83.1 (54/65) in ML, 78.5 (51/65) in PH, and
81.5 (53/65) in DP, when based only on polymorphic loci.

To determine the extent of genetic diversity within each
population, PCA was performed on the 65 polymorphic loci
for each population, and a matrix of Pearson correlations
between the principal components and loci was generated.
Loci with high loadings (correlations > 0.55) on principal
components with eigenvalues > 1 contributed the most to
the variation described by the principal components and
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Table 1. Summary of the repeatable and polymorphic loci of
Valdensinia heterodoxa from three populations of British
Columbia, Canada.

Number of loci?

% Polymorphic

Primer pair Total Polymorphic loci
AC/CAC 54 13 24.1
AC/CAG 49 15 30.6
AG/CAC 61 23 37.7
AG/CAG 50 14 28.0

Total 214 65 30.4

“Only loci with allele frequencies greater than 0.05, or less than 0.95,
were included in the analysis to reduce statistical bias introduced by very
rare or very frequent loci.

were selected for analyses. The Pearson correlations from
PCA reduced the 65 loci to 39 in ML, 40 in PH, and 42 in
DP, explaining 92.8%, 90.0%, and 87.1% of the variation,
respectively. Different alleles were used for within-population
analyses to avoid underestimating the level of gene diver-
sity by including less informative loci. Figure 3 shows the
distribution of allele frequencies within each population.
The average gene diversity (H,) was low to moderate within
each population, ranging from 0.314 + 0.160 (ML) and
0.338 = 0.171 (DP) to 0.410 + 0.208 (PH); this was ex-
pected because PH also had the highest haplotype diversity.

To compare the amount of genetic diversity among popu-
lations, PCA was performed again with all populations
combined, and the 65 polymorphic loci resulted in 15 prin-
cipal components with eigenvalues > 1, explaining 83.6%
of the variation. Pearson correlations between the 15 princi-
pal components and the 65 polymorphic loci showed that 32
of these loci had loadings greater than 0.55, and therefore,
contributed the most to the variation observed in the princi-
pal components. These 32 loci were incorporated in all
population-level analyses unless otherwise specified.

Allele frequencies varied considerably among loci, al-
though most loci had allele frequencies < 0.3, and relatively
few loci had frequencies > 0.7, particularly for DP. PH had
the most alleles with moderate frequencies (0.4—0.6). The
average gene diversity over all loci was low, where ML had
the lowest (0.231 + 0.121), PH had the highest (0.288 +
0.150), and DP was intermediate (0.263 + 0.137).

Low haplotype diversity, or high similarity, was observed
within and among populations. The removal of loci in-
creased the level of similarity recorded and decreased sensi-
tivity: more shared haplotypes were detected when the
number of loci was reduced from 65 to 32 (Table 2). With
32 loci, ML had the lowest haplotype diversity (46.7%),
while PH, although having a number of haplotypes compa-
rable with those noted in other populations, had the highest
haplotype diversity (80.6%) (Table 2). The difference be-
tween the observed and expected haplotype diversities was
significant (y? test, p < 0.05). With 65 loci, no haplotypes
were shared among populations; however, when 32 loci were
analyzed, haplotype 50 occurred numerous times in both
PH and DP, and haplotype 11 was found repeatedly in all
three populations (Table 3).

Haplotype diversity can be further assessed by comparing
the number of shared V. heterodoxa haplotypes isolated

Fig. 2. Section of a typical amplified fragment length
polymorphism (AFLP) gel emphasizing the strong,
monomorphic loci observed in all three populations of
Valdensinia heterodoxa at Mesachie Lake (ML), Port Hardy
(PH), and Deak’s Peak (DP), British Columbia, Canada. Lanes
between populations are markers (50- to 700-bp molecular size).
Arrows indicate polymorphic loci.
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from each salal stem collected. For example, in 8 of the 21
salal stems sampled from ML, all three V. heterodoxa indi-
viduals collected from the same salal stem had identical
haplotypes, while only 4 stems shared no common V. hetero-
doxa haplotypes. The average percentages of shared
haplotypes for V. heterodoxa individuals from the same
salal stem were 68.3 for ML, 53.0 for DP, and 19.5 for PH.

Population structure

In all three populations, geographically proximal individ-
uals had high kinship coefficients (Fig. 4), and kinship de-
clined with distance. A steep drop-off in correlations past
1.5 m, particularly in DP, showed that individuals were more
genetically similar within patches than among patches.

The distribution of haplotypes within a population can in-
dicate the degree of population structure and further clarify
the relationship between genetic similarity and geographic
distance. For each population, individuals were plotted on X
and Y coordinates, according to their locations within each
population, and each unique haplotype was given a number
(Table 3). Haplotypes were usually shared among isolates
from the same salal stem and within sampling patches (see
Fig. 5 as an example). In ML, all individuals in the last
patch of the population shared haplotype 28, compared with



564

Can. J. Plant Pathol. Vol. 27, 2005

Fig. 3. Distribution of allele frequencies for within-population analyses of three populations of Valdensinia heterodoxa from British
Columbia, Canada. The number of loci used for each population were: Mesachie Lake (ML), 39; Port Hardy (PH), 40; and Deak’s

Peak (DP), 42.
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Table 2. Comparison of the number of unique haplotypes, and
of haplotype diversity, for 65 and 32 AFLP loci, in three
populations of Valdensinia heterodoxa from Mesachie Lake
(ML), Port Hardy (PH), and Deak’s Peak (DP), British
Columbia, Canada.

Haplotype diversity (%)

Number of unique

Population, n haplotypes Observed Expected

65 Loci

ML, 60 38 63.3 97.6+0.8

PH, 36 33 91.7 99.5+0.8

DP, 52 41 78.8 98.9+0.6
Total, 148 112 75.7 99.5+0.2

32 Loci

ML, 60 28 46.7 95.3+1.3

PH, 36 29 80.6 98.6=x1.1

DP, 52 32 61.5 96.1+1.4
Total, 148 86¢ 58.1 98.7+0.3

Note: AFLP, amplified fragment length polymorphism.

“The sum of unique haplotypes over all three populations is 89, but
taking into account the two haplotypes shared between populations, the
actual total number of haplotypes is 86.

individuals in the middle patch, which had four different
haplotypes (Fig. 5).

To assess the level of population structure and genetic
differentiation among populations, PCA was performed, and

ordination of the first two principal components, which
accounted for 25.8% of the variance, revealed somewhat
isolated clusters from each population as well as a cluster
comprising mainly individuals from populations PH and DP
(Fig. 6). As well, significant variation was detected among
populations, with an Fgr value of 0.182 (AMOVA, p <
0.0001), where 81.8% of the variation was within popula-
tions (Table 4). An additional nested AMOVA was con-
ducted to assess the genetic structure imposed by the patchy
distribution of V. heterodoxa (Table 4). Samples from 27
patches were obtained over all three populations. When
AMOVA was repeated to include this patchy distribution,
only 11.7% of the variation was due to differences among
populations, 50.3% of the variation occurred among groups
within populations, and 38.0% of the variation was within
groups (p < 0.0001, Table 4). While there were significant
differences among populations, most of the variation was
due to differences among groups within populations.

Population pairwise Fgp and Nei’s D showed that there
were significant differences among all populations (p <
0.0001). The greatest differences were between ML and PH
(Fgr = 0.266, D = 0.103) whereas PH and DP were the
most similar (Fgr = 0.116, D = 0.063, Table 5). When com-
paring spatial distances, ML and DP were the closest
(1.152°), followed by ML and PH (3.842°), and PH and DP
were the furthest (4.412°, Table 5). However, ML and PH
are both on Vancouver Island and are separated from DP by
the Straight of Georgia, suggesting that populations are
more differentiated north to south than east to west. The re-
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Table 3. List of haplotypes and their frequencies, based on 32 loci, observed in each of three
populations of Valdensinia heterodoxa from Mesachie Lake (ML), Port Hardy (PH), and Deak’s Peak

(DP), British Columbia, Canada.

Mesachie Lake Port Hardy Deak’s Peak
Haplotype No. Frequency Haplotype No. Frequency Haplotype No. Frequency
1 3 114 2 114 5
2 2 29 1 504 7
3 1 30 1 57 1
4 1 31 1 58 2
5 1 32 2 59 1
6 2 33 1 60 1
7 1 34 1 61 1
8 2 35 1 62 1
9 3 36 2 63 3
10 1 37 1 64 1
114 4 38 1 65 1
12 1 39 1 66 1
13 2 40 1 67 1
14 3 41 1 68 1
15 1 42 3 69 1
16 3 43 3 70 1
17 5 44 1 71 2
18 1 45 1 72 1
19 1 46 1 73 1
20 1 47 1 74 1
21 6 48 1 75 1
22 1 49 1 76 1
23 1 504 1 77 1
24 1 51 1 78 1
25 1 52 1 79 1
26 1 53 1 80 2
27 1 54 1 81 1
28 9 55 1 82 1
56 1 83 6
84 1
85 1
86 1
Total number of haplotypes
28 29 32
Total frequency
60 36 52

“Haplotype occuring in more than one population.

sults of a Mantel test comparing spatial distances to
pairwise Fgr values over 1000 permutations were not sig-
nificant (p = 0.678).

Linkage disequilibrium

Linkage disequilibrium characterizes the extent to which
alleles are correlated among loci. In clonal populations
compared with nonclonal populations, high linkage disequi-
librium is expected since recombination reduces linkage
disequilibrium in nonclonal populations. Table 6 shows the
number of pairwise associations observed in each of the
three populations. Less than 20% of the comparisons were
significant (i.e., linked); ML had the fewest unlinked loci
(Table 6). Tests on the pooled data set showed that the ma-
jority of loci were linked across all populations (Table 6).

The number of significant associations between pairs of loci
was greater when all samples were used than in the clone-
corrected subset.

Discussion

Evidence for clonality

The abundance of identical haplotypes detected within
populations of V. heterodoxa is a strong indication of clonal
population structure (Taylor et al. 1999). From the AFLP
fingerprints generated in this study, 36 haplotypes were
identified. Relatively few loci had distinctive haplotypes, so
that if these differences arose through mutation, the actual
number of haplotypes would be even less. It has been sug-
gested that mutation rate is elevated in predominantly clonal
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Fig. 4. Scattered plots and Pearson correlations (r) of pairwise kinship coefficients and geographic distance for three populations of
Valdensinia heterodoxa from British Columbia, Canada: (a) Mesachie Lake. (b) Port Hardy. (c) Deak’s Peak. All correlations were
significant (p < 0.0001).
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Fig. 5. Map of Valdensinia heterodoxa population from Mesachie Lake, British Columbia, Canada, showing the location of each
haplotype with a distinctive symbol. Clusters of haplotypes reflect naturally occurring patches. Haplotypes were based on the 32 loci
used to analyze all populations. Numerical labels refer to identification numbers of haplotypes, and their repetition reflects the
frequency of each haplotype (see Table 3).
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Fig. 6. Ordination of the first two principal components explaining 38.2% of the variation observed on 32 polymorphic loci over all
three populations of Valdensinia heterodoxa from Mesachie Lake (ML), Port Hardy (PH), and Deak’s Peak (DP), British Columbia,
Canada.
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populations (Milgroom 1996). Also, analysis of linkage dis- probability of linkage between two loci is low, this also in-
equilibrium showed that, on average, 15% of loci pairs had dicates that clonality is strong in these populations. When

nonrandom associations of alleles. Given that the a-priori populations were corrected for asexual replicates (i.e., re-
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Table 4. Analysis of molecular variance in three populations of Valdensinia heterodoxa from
Mesachie Lake (ML), Port Hardy (PH), and Deak’s Peak (DP), British Columbia, Canada.

Sum of Variance
Source of variation df squares components % Variation
Population level
Among populations 2 96.108 0.910 18.2
Within populations 145 593.622 4.094 81.8
Total 147 689.730 5.004 100
Nested level”
Among populations 2 96.108 0.587 11.7
Among groups within populations 24 363.724 2.518 50.3
Within groups 121 229.898 1.900 38.0
Total 689.730 5.004 100

Note: All p < 0.0001 based on 1023 permutations.

“For the nested analysis, populations were divided into groups based on patches observed in natural

populations.

Table 5. Matrix of population pairwise genetic distances (Fgp
above diagonal, Nei’s D above diagonal in parentheses, and
spatial distance” below diagonal) for three populations of
Valdensinia heterodoxa from Mesachie Lake (ML), Port Hardy
(PH), and Deak’s Peak (DP), British Columbia, Canada.

Population Mesachie Lake  Port Hardy  Deak’s Peak
Mesachie Lake — 0.266 0.161
(0.103) (0.089)
Port Hardy 3.842° — 0.116
(0.063)
Deak’s Peak 1.152° 4.412° —

“Spatial distance was measured as latitude and longitude in degrees.

peated haplotypes were removed), the level of linkage dis-
equilibrium was only slightly reduced.

Other factors may cause apparent nonrandom associa-
tions within a population (Milgroom 1996). Population sub-
division is the major one, being caused by localized genetic
isolation arising from ecological or biological barriers
(Maynard Smith et al. 1993; Taylor et al. 1999). However,
this study involved fine-scale sampling over a small area
unlikely to evolve local differentiation. Also, while growth
of V. heterodoxa is dependent on a host, salal was ubiqui-
tous, so any structuring was not due to barriers imposed by
host discontinuity (Wilkin et al. 2005; see also Wilkin (2004)
for comparison of genetic diversity between V. heterodoxa
and salal). However, this does not preclude the effects of
host resistance or susceptibility on the distribution of
V. heterodoxa. As well, researchers in Sweden have ob-
served a positive correlation between the amount of nitrogen,
specifically glutamine, and the level of Valdensia hetero-
doxa infections. They proposed that nutrient composition
affects the distribution and abundance of Valdensia hetero-
doxa infections on Vaccinium myrtillus L. (Strengbom et al.
2002, 2003).

While V. heterodoxa populations show a clonal popula-
tion structure, indicating that reproduction is mainly by
asexual spores, other patterns of variation are consistent
with some recombination and, hence, sexual reproduction.
The small number of differences that separate haplotypes
could be due to mutation; however, the lack of linkage dis-

Table 6. Association between pairs of loci® within three
populations of Valdensinia heterodoxa from Mesachie Lake
(ML), Port Hardy (PH), and Deak’s Peak (DP), British
Columbia, Canada.

No. of No. of pairwise % Significant
Sample isolates  comparisons comparisons®
Mesachie Lake
All 60 741 12.7
Clone-corrected 32 741 7.4
Port Hardy
All 36 780 13.7
Clone-corrected 32 780 10.3
Deak’s Peak
All 52 861 18.1
Clone-corrected 37 861 14.3
Pooled 148 496 46.4

“Analysis based on 39 loci for Mesachie Lake, 40 for Port Hardy, 42
for Deak’s Peak, and 32 for the pooled population.

"The corrected p values were 0.000 067 5, 0.000 064 1, and 0.000 058 1
for Mesachie Lake, Port Hardy, and Deak’s Peak, respectively.

equilibrium between the majority of loci pairs indicates the
presence of significant recombination. This is also evident
from observation, in natural populations, of sexual struc-
tures (Redhead 1974) suggesting that meiosis occurs, indi-
cating that the potential for recombination exists. Thus, in
addition to asexual reproduction, genetic exchange must
also occur to generate both the lack of linkage disequilib-
rium and the extent of unique haplotypes observed. Recom-
bination resulting even from rare sexual events can be
sufficient to generate diversity in populations (Burt et al.
1996). While unexplored mechanisms may contribute to the
variation noted among haplotypes within V. heterodoxa
populations, the most likely is that sexual reproduction is
relatively frequent. This supports the lifecycle proposed by
Redhead (1974), which predicted annual sexual reproduc-
tion, and suggests that V. heterodoxa populations do follow
an epidemic population model.

Population structure and gene flow
The PCA found groups of differentiated individuals in
each population and also indicated that individuals from PH
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and DP were more similar to each other than to individuals
from ML. Fgp values were moderate relative to other fungi
for both pooled (0.182) and hierarchical (0.117) AMOVA.
For example, in an AFLP study on the haploid ascomycete
Epichloe festucae Leuchtmann et al., an Fgr of 0.197 be-
tween two populations 41 km apart was reported (Arroyo
Garcia et al. 2002).

Genetic drift, mutation, selection, and a predominantly
clonal mating system all contribute to local adaptation and
differentiation among fungal populations. Gene flow dis-
rupts local adaptation and promotes genetic exchange
among populations (Slatkin 1987). As well, if V. heterodoxa
was applied as a biocontrol agent, gene flow could facilitate
the spread of the biocontrol among isolated populations.
Gene flow can be estimated directly from the number and
breeding success of migrants, and also from the geographic
distribution of variation among populations (Slatkin 1987).
However, this can be difficult with fungal populations be-
cause they use multiple modes of reproduction and have al-
ternative methods for genetic exchange (Anderson and
Kohn 1998). Ideally, populations should be monitored over
time to determine the average values for gene flow, which may
be more evolutionarily relevant (McDermott and McDonald
1993), but this is not usually feasible. While a direct mea-
sure of gene flow may be obtained by observing segregation
in sibling ascospores derived from sexual reproduction,
V. heterodoxa apothecia are rarely seen (Redhead 1974).
Therefore, the results from the present study provide only
an indication of gene flow, and given the observed similari-
ties among all three populations studied, there was likely
considerable historic gene flow among populations. The
higher Fgp value recorded between ML and PH may indi-
cate less gene flow between these two populations. As well,
V. heterodoxa populations in the field were discontinuous,
and not all suitable habitats were colonized, which may in-
dicate local adaptation or restricted gene flow. To obtain
more definitive evidence of direct gene flow, genetic mark-
ers that could identify individuals or private alleles found in
only one population, such as microsatellites, should be used
and monitored over time to determine if the private alleles
or individuals appear in other populations.

The age of V. heterodoxa populations in British Columbia
is unknown. However, the species was not documented in
British Columbia until 1970 (Redhead and Perrin 1972a), so
populations may be relatively young, which could explain
the high degree of monomorphism and the moderate degree
of differentiation. However, if monitoring over time did re-
veal limited gene flow, depending on the level of recombi-
nation, the populations could become more differentiated.
This was also hypothesized by Linde et al. (2002) who sug-
gested that, because of relatively recent colonization (centu-
ries ago), populations of Mycosphaerella graminicola
(Fuckel) J. Schrét. have not yet reached an equilibrium
between gene flow and drift, such that the source and tem-
poral scale of the observed gene flow could not be deter-
mined. It would be interesting to compare V. heterodoxa
from British Columbia to isolates from other parts of Can-
ada to assess the level of differentiation among these re-
gions and investigate the age of these populations.

The dispersal mechanisms in V. heterodoxa may also in-
dicate a reduced potential for gene flow. Since reproduction

in V. heterodoxa is asexual for most of its life cycle (Red-
head and Perrin 1972a), the predominant dispersal mode
would be via the large stauroconidia, which, because of
their limited dispersal, would lead to localized structure
within populations. The dispersal distance of the sexually
produced ascospores is unknown, but since apothecia have
been observed growing only on fallen leaves, it was pre-
dicted that they are discharged onto new leaves and provide
the initial inoculum at the beginning of the season (Norvell
and Redhead 1994). If this is the case, their dispersal could
also be limited to localized areas. The secondary spores re-
ported by Redhead and Perrin (1972a), likely spermatia,
may have the greatest potential for migration and gene flow
in V. heterodoxa. Although they have been recorded only in
the laboratory, and despite the fact that their contribution in
natural populations is unknown, their small size suggests
that they could travel over great distances (Redhead and
Perrin 1972a).

The expected relationship of genetic distance increasing
with spatial distance was observed within each of the three
V. heterodoxa populations. The patchy distribution of
V. heterodoxa in the field reflects that individuals within the
same patch (less than 1.5 m apart) were more genetically
similar than individuals in different patches, and that groups
from the same section of the population were more similar
to each other than to more distant groups. Among popula-
tions, a Mantel test was not significant (p = 0.7), suggesting
that the differences between populations could not be ex-
plained by geographic distance. However, it may be that
geographic separation between populations was not great
enough to result in a significant correlation, although it
could also be a function of the low power of the Mantel
test. Qualitative comparison of the matrices suggests that
there is some relationship between genetic and spatial
distance, particularly when the geographic barriers are con-
sidered (Table 5). For example, the strong genetic differen-
tiation between ML and PH reflects their latitudinal
separation, though they are both on Vancouver Island.

Biocontrol implications

In considering the release of a biocontrol agent into the
environment, the potential implications are usually not of
too much concern when the control strategies are directed
against nonindigenous plants. However, salal is native to the
area and has many important roles in the ecosystems. For
example, salal is food for many birds, animals, and microor-
ganisms (Fraser et al. 1993) and is a traditional staple for
First Nations people of costal British Columbia (Pojar and
MacKinnon 1994). As a result, it becomes important to
consider what may happen to the residual salal populations,
particularly since the goal of the mycoherbicide manage-
ment strategy is not to eradicate entire host populations, but
rather to suppress them (Wall et al. 1992).

One major concern is that continued application of highly
virulent pathogen strains will select for resistant plant
strains, depending on the amount of gene flow and migra-
tion among founder populations (Slatkin 1987; McDermott
and McDonald 1993). As the host recolonizes an area, it
will do so with these resistant genotypes, making it more
difficult to achieve control and necessitating the develop-
ment of more virulent natural strains. If there is high gene
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flow among host populations, than it may facilitate the
spread of the biocontrol, making it’s containment more dif-
ficult. As well, gene flow from the biocontrol agent to natu-
rally occurring populations of the pathogen may introduce a
rare virulent gene into the environment and alter the bal-
ance of extant evolutionary processes, increasing the ability
of local pathogen populations to colonize the host (Becker
et al. 2005; Hintz et al. 2001; Templeton et al. 1979). Val-
densinia heterodoxa has many hosts other than salal, in-
cluding Vaccinium species, some of which, such as
blueberries, are of considerable economic value in British
Columbia. Thus, before this pathogen is considered for ap-
plication as a biocontrol agent, pathogenicity testing should
be performed with various isolates of V. heterodoxa on salal
collected from different geographic regions to test their effi-
cacy, some of which has been done (Vogelgsang and
Shamoun 2004). This testing should also extend to second-
ary hosts of V. heterodoxa, such as Vaccinium species.

Analyzing the risks of releasing a mycoherbicide from a
population genetics perspective reinforces the importance of
investigating population structure and provides a baseline
for retrospective comparisons to the actual effects of releas-
ing a mycoherbicide into the environment.
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