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This study considers the population diversity and structure of Diplodia pinea in South Africa
at different spatial scales from single trees to plantations, as well as comparing infections
on healthy and diseased trees. A total of 236 isolates were characterized using 13 microsa-
tellite markers. Analysis of these markers confirmed previous results that D. pinea has
a high level of gene and genotypic diversity in South Africa, with the latter values ranging
from 6 % to 68 % for the different plantations. The data also reflect a fungus with randomly
associated alleles in populations at local plantation scales and for the population as
a whole. These results suggest that recombination is occurring in D. pinea and that it
most likely has a cryptic sexual state. The study also reveals the sources of endophytic
infection and stress related disease out-breaks as diverse infections that have occurred
over a long time period. In contrast, wound-associated die-back appears to be caused by
clones of the pathogen occurring in narrow time frames.

© 2011 British Mycological Society. Published by Elsevier Ltd. All rights reserved.

Introduction

Diplodia pinea is a haploid, opportunistic plant pathogen
of mostly Pinus spp., but also occasionally found on other

A number of pine species were introduced into South Africa
from Europe in the early 1700’s and to the area known as the
Western Cape Province (Lundquist 1987; Burgess & Wingfield
2001). Since that time, pines have been extensively planted in
the KwaZulu-Natal, Mpumalanga, and Northern Province, as
well as the Eastern and Western Cape Provinces. Concomitant
with the expansion of pine plantations from south to north
along the east coast, there have been reports of disease caused
by the pathogen Diplodia pinea (=Sphaeropsis sapinea). Thus, Dip-
lodia shoot blight and die-back, the disease attributable to this
fungus, was first reported in 1909 from the Eastern Cape, then
in the 1927 in the Northern Province (Lundquist 1987) and sub-
sequently throughout the country (Swart & Wingfield 1991).
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coniferous trees. It has been reported as causing significant
losses to pine stands in many parts of the world (Burgess &
Wingfield 2001, 2002). However, it owes its notoriety to the
extensive damage that it causes after hail damage in South
Africa (Swart et al. 1985; Swart & Wingfield 1991).

Diplodia species like their relatives in the Botryosphaeria-
ceae (Crous et al. 2006; Slippers & Wingfield 2007) are latent
pathogens, mainly causing disease when trees are subjected
to environmental or other stress conditions (Swart &
Wingfield 1991; Smith et al. 1996; Stanosz et al. 1997). The pre-
disposing factors favouring infection by D. pinea include
wounding through hail and pruning, water stress, and other
environmental extremes (Swart & Wingfield 1991; Smith et al.
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2002; Blodgett & Bonello 2003). In South Africa, substantial loss
of timber has resulted from disease caused by D. pinea
following hail damage. Pinus radiata is particularly susceptible
and has been abandoned as a plantation species in areas
receiving summer rainfall where hail is common (Lundquist
1987; Zwolinski et al. 1990; Swart & Wingfield 1991).

Previously, the population diversity of South African
D. pinea (morphotype A) isolates from seed cones has been
studied using Vegetative Compatibility Groups (VCG’s)
(Smith et al. 2000). Subsequently, simple sequence repeat
(SSR) markers and VCGs were used to characterize the diver-
sity of 26 and 54 isolates of this species from South Africa,
respectively (Burgess et al. 2001; Burgess et al. 2004). Because
D. pinea is an introduced pathogen in South Africa, it was sur-
prising that these studies showed a higher genetic diversity in
D. pinea populations in South Africa than those from else-
where in the world (Burgess et al. 2004). However, the sample
sizes used in the SSR analyses were insufficient to establish
whether there was any structure to the South African popula-
tion. While VCGs were useful in these studies to understand
genetic diversity, it was not possible to consider gene flow
and relative relationships between populations (Glass et al.
2000). Most recently, Bihon et al. (2010a) have been used 13
microsatellite markers that confirmed they are a powerful
marker to study population genetics of D. pinea.

In populations of an organism where a sexual state has not
been found, it is difficult to explain the presence of high geno-
typic diversity (Kohli & Kohn 1998). Populations that repro-
duce only asexually are expected to exhibit a higher degree
of clonality, with few genotypes at higher frequencies (Chen
& McDonald 1996; Kohli & Kohn 1998). The explanation for
the observed high levels of genotypic diversity, despite ex-
pected exclusive asexual reproduction of D. pinea in South
Africa, was that there had been multiple introductions from
a wide variety of sources, consistent with forestry practice in
the country (Smith et al. 2000; Burgess et al. 2004). The possibil-
ity that the genotypic diversity could also result from cryptic
sexual reproduction has, however, not been tested. In this
regard, genetic recombination can be estimated directly by
showing the presence of sexual structures or indirectly by
measuring non-random associations among loci and using
genealogical approaches (Moore et al. 2009).

The aim of this study was to address three key questions
regarding the genotypic diversity of D. pinea in South Africa.
Firstly, to determine how the diversity of the fungus is distrib-
uted spatially, within a single plantation and between geograph-
ically separated plantations. A second aim was to consider
where the fungus reproduces exclusively asexually or whether
an undetected and cryptic sexual cycle might also occur. Finally,
we considered whether there is a distinction between the popu-
lation diversity of isolates associated with disease out-breaks
and those collected as endophytes from healthy pine tissue.

Materials and methods
Sample collection and isolation

Sampling of asymptomatic and symptomatic (die-back) Pinus
patula trees was conducted in the two major pine-growing

provinces or regions of South Africa, namely KwaZulu-Natal
and Mpumalanga (Fig 1). Samples were collected from
branches on 3-5 y-old trees as well as branches, stems, and
cones on mature trees older than 12y of age. Samples from
Balgown were all from asymptomatic trees and those from
the Boston plantation were from trees displaying die-back
after water stress. One segment of a plantation at Seven-
oaks (KwaZulu-Natal province) had suffered hail damage
before sampling and die-back symptoms were obvious on
most of the trees. Samples at this site were thus collected
from die-back symptoms after hail damage. Others from the
Mpumalanga province were collected from a mixture of die-
back and asymptomatic trees. The samples were maintained
at 4 °C in the laboratory and isolations were made within 3 d
after collection.

Isolations were made from stems and branches as described
previously by Stanosz et al. 1997. Cultures were incubated
under continuous light at 25 °C. After 4—6 d of incubation, cul-
tures with a white and fluffy mycelium typical of Diplodia pinea
were sub-cultured onto 2 % Water agar (2% mv™* Biolab agar)
with two autoclaved pine needles on the agar surface to stimu-
late the production of pycnidia. After 2—3 weeks, single spore
isolates or isolates from hyphal tips were made and each of
the cultures is maintained in the culture collection (CMW) of
the Forestry and Agricultural Biotechnology Institute (FABI),
University of Pretoria, South Africa.

DNA extraction, polymerase chain reaction (PCR)
amplification, and separation of SSR loci

Cultures were grown on malt extract agar (MEA) in Petri dishes
for 2 weeks and mycelium was scraped from the surface of the
plates for DNA extraction as described by De Wet et al. (2003).
Thirteen SSR loci were amplified for all isolates as described
previously (Bihon et al. 2010a, b; Santana et al. 2009). Thirteen
fluorescently labelled SSR—PCR products were multiplexed
and 1 pl of these multiplexed PCR products were separated
on ABI Prism 3100 Genetic analyzer. The amplicon peaks
were determined based on the four fluorescent dyes used
and the sizes of the DNA fragments. The mobilities of SSR
products were compared to those of internal size standards

Sabie

Ngodwana

g Lothair
Vryheid

Seven-Oaks
Balgown
Boston

Fig 1 — Locations where samples were collected, MP is
Mpumalanga and KZN is KwaZulu-Natal provinces.
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(LIZ-500) and allele sizes were estimated by GeneScan 2.1 and
GeneMapper 3.7 computer software (Applied Biosystems).

Gene and genotypic diversity

For each of the loci, individual alleles were assigned a different
letter. For each isolate, a data matrix of 13 multistate charac-
ters (one for each locus) was compiled (e.g., AABDCGD
DABDDE). The frequency of each allele at each locus for
the entire and clone-corrected populations was calculated,
and allele diversity determined using the program POPGENE
(Yeh et al. 1999) and the equation H=1-3 x2, where x is
the frequency of the k™ allele (Nei 1973). A chi-square test
was conducted to evaluate the differences in the frequencies
of alleles at each locus after removing the duplicated multilo-
cus haplotypes (MLH) (clone correction). Genotypic diversity
(G) was estimated using the equation G = 1/5piz where pi is
the observed frequency of the i genotype in the population
(Stoddart & Taylor 1988).

Population differentiation and clustering

Clone-corrected populations were analyzed using the pro-
gram Multilocus (Agapow & Burt 2000), with an estimate of
Wright'’s, Fsr as § = Q — q/1 — q to calculate population differ-
entiation theta () where Q is the probability that two alleles
from the same population are the same and g is the probability
that two alleles from different populations are the same (Weir
1997). When ¢ =0, allele frequencies between populations are
equal and thus these populations are interpreted as being
identical. However, when =1, frequencies of alleles are
unique to a population and the populations are isolated
from each other sharing no common alleles. The level of dif-
ference between the observed value and 1000 times random-
ized data sets were determined by the probability value at
P <0.05. The null-hypothesis that there is no population dif-
ferentiation was rejected when significant difference between
populations at alpha (P)<0.05 was observed. Gene flow
between populations was also determined using the formula
M=[(1/6) —1]/2 (Cockerham & Weir 1993) where M =gene
flow. Population differentiation or genetic distance and
approximate geographic distances were compared between
populations in order to consider whether there was a correla-
tion between genetic diversity and physical distance.

Population structure was inferred and assigned in STRUC-
TURE 2.2 that clusters individuals into K distinct populations
(clusters) and permits mixed ancestry (Pritchard et al. 2000).
The program was run for 100 000 replicates of Monte Carlo
Markov Chain (MCMC) analysis after an initial burn-in of
20 000 for K ranging from 1 to 15 at 20 iterations. A Cluster
identity of >75 % was used to assign clusters.

Index of association (1,)

Association of alleles for a clone-corrected Diplodia pinea pop-
ulation was inferred by calculating the I, and rBarD (r'D) using
the program Multilocus (Agapow & Burt 2000). The observed
values of I, and r'D were compared to 1000 times randomized
data sets at a P < 0.05 level of significance. When the observed
Io and rD values were significantly different from the

randomized data sets at (P <0.05), the null-hypothesis that
the alleles are randomly associated and the population is
expected to freely undergo recombination, was rejected.
Such a result indicates linkage between the loci, which is
unlikely in this case, or a clonally reproducing population. In
contrast, if the observed I, and r'D fell within the distribution
range, the null-hypothesis of random association of alleles
would be supported.

Analysis of molecular variance (AMOVA)

AMOVA, using 9999 permutations, was conducted to differen-
tiate the sources of variation between and within populations,
as well as between regions or provinces, using the software
GeneAlEx version 6.2 (Peakall & Smouse 2006). The null-hypo-
thesis was that variation within populations, between popula-
tions and among regions is equally responsible for the total
genetic diversity in South African Diplodia pinea strains.

Results
Sample collection and isolation

A total of 238 isolates were obtained from seven locations
(Fig 1). Fifty-nine isolates were collected from Seven-oaks
pine plantation (KwaZulu-Natal province) where most trees
had been damaged by a hail storm and die-back was evident.
In addition, isolates were collected from die-back on trees
after drought stress at Boston (56) and from asymptomatic
trees at Balgown (26) and Vryheid (13). In Mpumalanga prov-
ince, isolates were obtained from samples collected in Sabie
(47), Ngodwana (28), and Lothair (nine), representing a mixture
from trees with die-back symptoms and those from asymp-
tomatic trees.

Gene and genotypic diversity

The 13 SSR markers produced a total of 43 alleles among 236
individuals with a minimum of 18 alleles (Ngodwana) and
a maximum of 29 alleles (Boston). Isolates from Balgown had
28 alleles and those from Sabie 25 alleles. Most of the loci
were polymorphic within plantations (Fig 2). The percentage
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Fig 2 — Differences in genetic structure including number of
alleles, polymorphic loci, and unique alleles for isolates
from five plantations. Lot—Vry represents the population
Lothair and Vryheid.
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of polymorphic loci ranged from 30.8 % in Ngodwana to 92.3 %
in the Boston collections. There were three unique alleles in
Balgown, three in Seven-oaks, two in Lothair—Vryheid and
one each in Boston, Sabie, and Ngodwana (Fig 2). Only nine
of the 43 alleles were shared between all the plantations
(Table 1). The 13 loci each contained two to five alleles when
considering all the isolates. Two alleles from each locus
were dominant within populations, while the rest were rarely
found.

There was high genotype diversity in most of the South
African Diplodia pinea populations sampled and genotype

diversity differed significantly between these populations
(Table 1). The percentage diversity ranged from 6 % at
Seven-oaks to 68 % at Balgown. The lowest genotype diversity
was obtained for the population acquired from hail-damaged
and diseased trees in the Seven-oaks plantation, while the
highest genotype diversity was obtained for a population
from asymptomatic trees at Balgown. Isolates from Boston
that had been collected from die-back symptoms following
drought stress showed 43.7 % diversity. In total, all the isolates
were represented by 122 haplotypes, of which 36.7 % were
detected only once (Table 1). From the clone-corrected

Table 1 — Allele frequencies and genotype diversity by population.

Locus Allele Balgown Boston Seven-oaks Sabie Ngodwana Lot—Vry
SS1 A - - - 0.191 - -
B 0.577 0.036 = = = =
C 0.423 0.964 1.000 0.809 1.000 0.727
D = = = = = 0.273
SS2 A 0.962 0.839 0.017 0.979 = 0.727
B 0.038 0.161 0.983 0.021 1.000 0.227
Cc = = = = = 0.045
SS5 A 0.231 0.268 = = = 0.091
B = 0.268 = 0.021 = 0.045
(¢ 0.769 0.250 1.000 0.723 - 0.773
D = 0.214 = 0.255 1.000 0.091
SS7 A = = 0.034 = = =
B = 0.232 = 0.106 = 0.045
Cc 1.000 0.768 0.966 0.894 1.000 0.955
SS8 A 1.000 0.821 0.966 1.000 1.000 1.000
B = 0.179 0.034 = = =
SS9 A 1.000 0.857 = 0.128 1.000 0.864
B = 0.143 1.000 0.872 = 0.136
SS10 A 0.154 0.214 0.136 0.064 = 0.455
B 0.769 0.643 0.864 0.489 0.692 0.545
Cc 0.077 0.143 0.447 0.308 =
SSs11 A - - 0.017 - = 0.091
B 0.923 0.018 0.203 = 1.000 =
C 0.077 0.982 0.780 1.000 = 0.909
SS12 A 0.038 = 0.017 = = =
B - - 0.017 - - -
Cc 0.038 0.018 0.966 0.255 = =
D 0.846 0.982 = 0.723 0.846 1.000
E 0.077 = = 0.021 0.038 =
F - - - - 0.115 =
SS13 A 0.808 1.000 0.797 1.000 0.192 1.000
B 0.192 = 0.203 = 0.808 =
SS14 A = = 0.017 = = =
B 0.385 0.964 0.983 0.936 1.000 0.955
Cc 0.615 0.018 = 0.064 = 0.045
D - 0.018 = = = =
SS15 A 0.231 = = = = =
B 0.077 0.089 0.153 0.383 0.423 0.136
Cc 0.692 0.911 0.847 0.617 0.577 0.864
SS16 A 0.038 = = = = =
B 0.923 0.179 = = = =
Cc 0.038 = = = = =
D = 0.821 1.000 1.000 1.000 1.000
G 17.789 24.500 3.436 24.275 6.145 11.52
G* 68.421 43.750 5.824 51.648 23.636 52.380
MLH 21 34 20 34 10 15

G = Genotype diversity (Stoddart & Taylor 1988), G* is the percentage maximum diversity = (G/N)*100, where N is the total number of isolates per

population, and MLH.
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populations, Chi-square values indicated that there were
highly significant differences (alpha < 0.001) for gene diversity
at most SSR loci between populations, with the exception of
locus SS8 which was not significantly different (alpha < 0.05)
(Table 2). The Lothair and Vryheid populations were subse-
quently considered collectively because the gene and geno-
type diversities were not significantly different at any of the
SSR loci and the population differentiation (f) was not signifi-
cantly different between them.

Population differentiation

Population differentiation (6) values differed significantly
(alpha < 0.05) between the six South African populations of
Diplodia pinea (Table 3). Moreover, there was no correlation
between the genetic and geographic distances with r*>=0.07.
High levels of genetic distance were found even between the
most closely situated populations (e.g., Sabie and Ngodwana,
0 = 0.631), but there were also data points with average genetic
distances at greater physical distances (e.g., Sabie and Boston,
6=0.212) (Table 3).

Allisolates of D. pinea from South Africa resided in six clus-
ters when analyzed using the program STRUCTURE 2.2 and
LnK had a maximum of K=6 (Fig 3a & b). This implied that
the entire population represents six sub-populations.
These six groups also reflect the geographic origins of most
of the isolates. However, there were some isolates residing
in a population that did not match their geographic origin.
For example, the Boston population of isolates was separated
into two clusters, one of which included isolates from the
Lothair—Vryheid population.

Ia
In the assessment of random mating for the entire South

African Diplodia pinea population, the I, and rD values were
0.373 and 0.031, respectively, and they all fell within the values

obtained from 1000 randomized datasets (P=0.973 for all
isolates combined) (Fig4). The I, and r D for each of the six pop-
ulations were also not significantly different from those of the
randomized datasets (Table 4), suggesting that the null-hypoth-
esis there is recombination of genotypes is supported.

Molecular variance

Genetic variation for Diplodia pinea isolates was partitioned
within and among populations and provinces using AMOVA.
The result indicated that 55 % of the variation were due to
that among populations and 45 % due to variation within pop-
ulations. There was no contribution to total genetic variation
resulting from variation among regions (Table 5).

Discussion

The results of this study revealed high levels of genetic and ge-
notypic diversity among six spatially separated populations of
Diplodia pinea in South Africa with little gene flow between
these populations (Table 3). The results also suggest that the
high level of genotypic diversity is, at least in part, due to
the presence of a cryptic sexual stage, another form of recom-
bination, or possibly new alleles arising through mutation.
Interestingly, levels of diversity were significantly lower in
a population of D. pinea associated with disease after hail dam-
age, compared to a population derived from endophytic infec-
tions on healthy trees.

The total number of alleles, unique alleles, and percent
polymorphic loci reflect a high level of gene diversity for
D. pinea in South Africa. Nei’s (1973) mean gene diversity (H)
for all of populations was also high, ranging from 0.194 to
0.443. Similarly, there was high genotypic diversity in most
of the populations and overall in the South Africa D. pinea
population, ranging from 6 % to 68 %. This is surprising for
an introduced pathogen that is believed to reproduce

Table 2 — Gene diversities (H ) and contingency chi-square tests for differences in allele frequencies for 13 SSR loci across

clone-corrected populations of D. pinea.

Locus Balgown Gene diversity (H) Chi-square df
Boston Seven-oaks Sabie Nogdwana Lot—Vry

SS1 0.499 0.057 0.000 0.337 0.000 0.320 138.14™* 15
SS2 0.091 0.291 0.095 0.057 0.000 0.320 87.107** 10
SS5 0.363 0.741 0.000 0.372 0.000 0.516 164.646™* 15
SS7 0.000 0.360 0.180 0.208 0.000 0.124 132.66™* 10
SS8 0.000 0.208 0.180 0.000 0.000 0.000 9.738Ns 5
SS9 0.091 0.327 0.180 0.251 0.000 0.320 102.39"* 5
SS10 0.390 0.535 0.420 0.576 0.500 0.480 37.476™* 10
Ssi1 0.172 0.057 0.455 0.000 0.000 0.124 114.88™* 10
SS12 0.331 0.057 0.095 0.455 0.340 0.000 106.12*** 25
SS13 0.363 0.000 0.455 0.000 0.320 0.000 57.12™* 5
SS14 0.472 0.113 0.095 0.161 0.000 0.124 61.37* 15
SS15 0.490 0.291 0.420 0.457 0.500 0.320 36.91"* 10
SSs16 0.177 0.251 0.000 0.000 0.000 0.000 110.11** 15
Mean 0.443 0.438 0.314 0.365 0.194 0.338

**Highly significant difference at P <0.001, NS = non-significant difference at P < 0.05, df = degree of freedom = (Number of alleles—1) * (Number
of populations—1).
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Table 3 — Population differentiations (¢) (above the diagonal) and gene flow (below the diagonal) among D. pinea

populations from different locations in South Africa.

Balgown Boston Seven-oaks Sabie Ngodwana Lot—Vry
Balgown = 0.404™* 0.527** 0.491™* 0.541™* 0.291™*
Boston 0.738 - 0.528"* 0.212"** 0.555"* 0.203"**
Seven-oaks 0.449 0.447 = 0.504™* 0.643™* 0.470™*
Sabie 0.518 1.858 0.492 - 0.631™* 0.361*
Ngodwana 0.424 0.401 0.277 0.292 = 0.664™*
Lot—Vry 1.218 1.963 0.564 0.885 0.253 -

*Indicates significant difference at P <0.05 and ***indicated highly significant different at P < 0.01.

exclusively asexually (McDonald & McDermott 1993;
Milgroom 1996; Taylor et al. 1999). These high levels of gene
and genotypic diversity in D. pinea populations are consistent
with those found previously (Smith et al. 2000; Burgess et al.
2001; Burgess et al. 2004). For example, Burgess et al. (2001)
reported 71 % genotypic diversity in South African popula-
tions. Similar studies using VCG and SSR markers also sug-
gested very high levels of diversity for D. pinea in South
Africa (Smith et al. 2000; Burgess et al. 2004). These results raise
the question as to how such high diversity could have arisen
in the non-mating populations of D. pinea.

Mutation could have played a role in increasing genetic
diversity in D. pinea populations in South Africa over the past
century. However, this source of variation would be expected

A

1.00

tobe smallin terms of the total diversity observed and relatively
short period of time that the fungus has been present in South
Africa (McDonald & McDermott 1993). Potential evidence for
mutation is derived from the private or unique alleles found
in the geographically defined populations of D. pinea. These
alleles might also represent remnants of diversity introduced
since the establishment of plantations into these regions.
Genetic drift and selection would have been expected to elimi-
nate many such unique alleles from the populations over time
(Halliburton 2004), unless they confer a fitness benefit to the
fungus (FitzZSimmons et al. 1997; Milgroom & Cortesi 1999;
Burgess et al. 2004).

In all the local populations considered in this study, as well
as the South African population as a whole, alleles at the
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Fig 3 — Affiliation of individual genotypes of D. pinea as assessed using Structure 2.2 and separated into six discrete vertical
bars that are organized by sampling groups (A) and different K vs LnK values (B). Differences in colour within a vertical bar
(A) indicate a multi-population affiliation of an individual genotype. The higher K vs LnK values represent the most likely

number of clusters of individuals (B).
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PG5 Table 5 — AMOVA of South African D. pinea populations
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2 g variation
=]
g 60 Among regions 1 21.003  21.003 0.000 0%
=
i Among pops 4 230.530 57.632 1.516 55 %
Within pops 230 280.544 1.220 1.220 45 %
20 Total 235 532.076
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Fig 4 — I, of clone-corrected populations of D. pinea in South
Africa. Arrows indicated where the observed I, found from
the 1000 times randomized data sets. P indicated the prob-
ability level we accept the differences. When P < 0.05, the H,
was rejected.

different loci were randomly associated. This result is consid-
ered evidence of recombination as has been shown in other
fungi (Geiser et al. 1994; Arie et al. 2000; Groenewald et al.
2008; Pérez et al. 2010). No sexual structures have been
observed in D. pinea, despite the fact that it has been studied
intensively for more than a century (Swart & Wingfield
1991). However, spermatia-like spores were observed in this
fungus (Wingfield & Knox-Davies 1980; Palmer et al. 1987) sug-
gesting that it most likely has a cryptic state. Parasexuality,
one of the mechanisms of mitotic genotype recombination
in fungi (Milgroom 1996; Taylor et al. 1999) cannot be consid-
ered as a potential reason for the allelic recombination in D.
pinea, because all reported parasexual recombination has
been between individuals of the same VCGs. In D. pinea there
is a high diversity of VCGs (Burgess et al. 2001) and parasexual
recombination between them is unlikely. Hence, our results
suggest that D. pinea may have a rare, cryptic sexual state in
its life cycle. This would be reasonable explanation for the
high levels of genotypic diversity observed in South Africa,
and elsewhere, in this apparently asexual (Burgess et al.
2004) fungus.

A higher level of genetic variation was observed in endo-
phytic populations of D. pinea, compared to populations
obtained from die-back symptoms after hail damage. Isolates
with the highest level of genotype diversity (68.4 %) were from
asymptomatic Pinus patula trees at Balgown, while the lowest
levels of diversity were observed for isolates obtained from
die-back trees after a hail storm (e.g., in Seven-oaks at
5.8 %). Only one site was sampled after hail damage and
more sampling should be done to substantiate this

Table 4 — Observed I, and r'd values of each populations.

Population Ia rd P

Seven-oaks -0.111 -0.012 0.727
Boston —0.012 —0.001 0.525
Balgown 0.00002 0.0000002 0.468
Sabie —0.063 —0.008 0.684
Ngodwana —0.259 —0.087 1.000
Lot—Vry —0.213 —0.027 0.837

observation. However, these results can be explained by the
fact that endophytic communities of D. pinea result from nu-
merous individual infections over the life-time of trees. Fur-
thermore, this diverse endophytic community is involved in
causing disease when plants are under stress in the absence
of wounding. When wide-scale concurrent wounding occurs
such as during hail storms, additive infections from asexual
conidia leading to disease could occur resulting in a more uni-
form population. Consistent with our results, Dakin et al.
(2010) reported that all eight isolates of Neofusicoccum australe
from asymptomatic Agonis flexuosa were in different VCGs,
while 26 isolates from a cankered tree included 11 VCG's.
This would suggest that wounding is involved in the infection
process because it provides an easy entry for D. pinea (Flowers
et al. 2006). An alternative explanation for the lower diversity
of the fungus after hail damage or in cankers could be compe-
tition and selection among the endophytic strains. Strains
that are relatively active at the time when trees are stressed
(Smith et al. 2002) would grow faster and take over large
portions of the tree than strains that are in an opposite man-
ner. Moreover, level of virulence between strains could make
differences in genetic diversity.

Genetic diversity was significantly differentiated between
all populations. STRUCTURE analyses indicated that, isolates
resided in six distinct populations, which were mostly consis-
tent with the geographic origins of the isolates. Furthermore,
AMOVA analysis showed that 55 % of the variation were dis-
tributed amongst populations. These data suggest that little
gene flow occurs between populations in plantations, even
those that are geographically relatively close to each other
(approximately 65 km). This low rate of gene flow between
populations might be explained by the fact that the conidia
of D. pinea are spread mainly by rain splash (Swart et al.
1987; Swart & Wingfield 1991) and hence have limited poten-
tial for long distance dispersal. This main mode of spread
was inferred from the fact that in months of the year where
there was no rainfall, virtually no conidia were collected
inside plantations (Swart et al. 1987). There was, however,
some evidence of movement of genotypes between popula-
tions, such as those from Boston and Lothair and Vryheid.
These exceptions most likely reflect occasional long distance
dispersal due to human intervention by moving infected
wood, cones or live plants.

This study has shown that new genotypes of D. pinea are
generated via cryptic recombination that results higher geno-
typic diversity of South African populations. Furthermore, the
study has provided new insights into the role of endophytic
infections and wounds in disease out-breaks. The exact
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mechanism giving rise to recombination in D. pinea will re-
quire intensive further study. We suggest that there is
a need to support the evidence of natural recombination by
characterizing genes associated with mating and presence of
sexual structure in nature.
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