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Diplodia pinea (syn. Sphaeropsis sapinea) is a well-known latent pathogen of Pinus spp. with a worldwide distribution.
As such, this fungus is native where pines are endemic in the northern hemisphere and it has been introduced into all
countries of the Southern Hemisphere where pines are exotic. The newly described D. scrobiculata (formerly known as
the B morphotype of D. pinea) is thought to have a much more limited distribution. D. scrobiculata was first reported as
an endophyte and weak pathogen of P. banksiana, where it was found to coexist with D. pinea. Diplodia scrobiculata is
now known to have a much broader distribution in Northern America and Europe. In this study, seven Simple Sequence
Repeat (SSR) markers were used to evaluate genetic diversity and gene flow between populations of D. scrobiculata.
Results indicate a strong geographic isolation between populations of D. scrobiculata from different regions in North
America, with unique alleles fixed in the different populations. The data fits the isolation by distance model indicating
limited dispersal. Geographic isolation in combination with isolation by distance suggests prolonged reproductive
isolation. Intensive collections of endophytes from native P. radiata in California have yielded only D. scrobiculata and
not the significantly more pathogenic D. pinea. SSR analysis of three populations of D. scrobiculata from native P.
radiata identified many shared alleles among the populations and moderate to high gene flow between them. The three
Californian populations are distant and distinct from populations of D. scrobiculata from elsewhere. Under stress
conditions, P. radiata is known to be very susceptible to D. pinea in plantations in the Southern Hemisphere. Native

P. radiata is currently experiencing severe stress due to pitch canker caused by Fusarium circinatum. Such stress would
provide ideal conditions for an associated outbreak of D. pinea. Thus, it is critical to prevent the movement of D. pinea

into the last remaining native stands of P. radiata.

INTRODUCTION

Monterey pine (Pinus radiata) is native to California
and two islands in the Pacific Ocean off the west coast
of Baja California (Fig. 1), where less than 7000 ha now
exist in five discrete populations (Lavery 1986, Moran,
Bell & Eldridge 1988, Libby 1997). In its native range,
P. radiata is not an impressive timber species. However,
P. radiata has been extremely successful as an exotic in
the southern hemisphere with 3.4 M ha of commercial
plantations in South Africa, Australia, New Zealand,
and Chile (Balocchi, Ahumada & Ramirez 1998).
Conservation of the genetic diversity of P. radiata is
important because of its limited natural distribution
and the economic importance of this species in exotic
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plantation forestry. P. radiata has high interpopulation
genetic diversity (Moran et al. 1988) and it is, therefore,
important to conserve genetic material from all popu-
lations. Fusarium circinatum (the pitch canker patho-
gen) has recently emerged as the causal agent of a
devastating disease of P. radiata in its natural en-
vironment in California (Devey, Matheson & Gordon
1999). The loss of susceptible trees may ultimately limit
the genetic diversity of native P. radiata, especially if
only the small percentage of resistant trees survive to
populate these forests in the future.

Diplodia pinea (syn. Sphaeropsis sapinea) is a well-
known pathogen of Pinus spp. in many parts of
the world (Punithalingam & Waterson 1970, Swart,
Wingfield & Knox-Davies 1985, Zwolinski, Swart &
Wingfield 1990, Burgess & Wingfield 2002). In Southern
Hemisphere plantations, P. radiata is known to be
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Fig. 1. Natural distribution of Pinus radiata (after Moran
et al. 1988).

particularly susceptible to D. pinea when planted off-site
in regions with summer rainfall, hail, drought or water-
logging (Marks & Minko 1969, Thomson 1969, Gibson
1979, Lundquist 1987, Zwolinski et al. 1990, Davison,
Tay & Peroni 1991, Burgess & Wingfield 2001).

Diplodia pinea occurs commonly on native Pinus spp.
and the relatively recent discovery of its endophytic
nature suggests it is present in pines wherever they grow
(Petrini & Fisher 1988, Stanosz et al. 1995, Smith ef al.
1996, Burgess, Wingfield & Wingfield 2001a, Flowers
et al. 2001), although it is not known if it is native to all
regions or if it has been introduced by the activities of
man. D. pinea was thought to be a single species con-
sisting of at least three morphotypes (Palmer, Stewart
& Wingfield 1987, Hausner et al. 1999, Stanosz, Swart
& Smith 1999, de Wet et al. 2000, Burgess, Wingfield &
Wingfield 2001b, Zhou, Smith & Stanosz 2001).
However, a recent study using multiple gene genealo-
gies, has led to the description of a new species, D.
scrobiculata, to accommodate the ‘B’ morphotype (de
Wet et al. 2003). This separation of cryptic species fits
well with what is known of the biology of the two
species. D. pinea is a virulent pathogen found through-
out the world (Burgess & Wingfield 2002, Burgess,
Wingfield & Wingfield 2004), whereas D. scrobiculata
has a more limited range, principally the North-Central
USA, and has low levels of pathogenicity (Palmer et al.
1987, Blodgett & Stanosz 1997). Where their ranges
overlap, the two morphotypes have been found to co-
exist on the same pine species and trees (Palmer ez al.
1987).

Burgess et al. (2001b) developed and tested 11
polymorphic SSR markers on 40 isolates of D. pinea,
representing what were then known as four different
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morphotypes. At each of the loci, different alleles were
amplified from what are now known as the two discrete
species, D. pinea and D. scrobiculata. Further studies
were conducted to determine the origin of D. pinea in
southern hemisphere plantations of P. radiata (Burgess
et al. 2004). However, the allelic diversity of this
pathogen was found to be extremely limited and geno-
types were shared across continents and between the
northern and southern hemispheres. This result raises
important questions about the biological role of endo-
phytes as latent pathogens and their associations with
their hosts in native forests.

Due to the extensive association of D. pinea with P.
radiata, both as an endophyte and a pathogen, in exotic
Southern Hemisphere plantations, it was assumed that
this pathogen would also be associated with P. radiata
in its native range in California. However, initial in-
vestigations resulted in isolation of only D. scrobiculata
from P. radiata in California (Burgess et al. 2001a),
suggesting that D. pinea may not be a resident in native
populations. This is of concern, because P. radiata in its
native range is already threatened by loss of habitat to
development, diminished regeneration due to fire sup-
pression and accelerated mortality due to pitch canker.
If D. pinea represents another potential exotic pathogen
of P. radiata, its introduction could add significantly to
the challenges already facing an economically import-
ant species with a limited natural distribution. To
clarify the association between D. pinea and P. radiate a
more intensive survey was undertaken in California.
Molecular markers were used firstly to identify
Diplodia sp. isolated from P. radiata in California and
secondly to compare these populations with those from
elsewhere.

MATERIALS AND METHODS
Fungal isolates

Isolates from three populations of Diplodia scrobiculata
were collected from within the native range of this
fungus in North America. From northern California,
22 isolates were collected in 1998 (CAL3) and 12 iso-
lates were collected in 2000 (CAL2) from Pinus radiata
at Pebble Beach, Monterey, and 18 isolates were from
the Cambria population of P. radiata (CAL1). In ad-
dition there were 20 isolates from P. patula in Southern
Mexico (MEX) and 20 isolates were collected from
various Pinus spp. around the Great Lakes region of
eastern USA and Canada (NCA). An additional six
isolates of a Diplodia sp. were obtained from diseased
P. ponderosa at 1go, California.

SSR-PCR

DNA was extracted following the protocol of Raeder &
Broda (1985) as described previously (Burgess et al.
2001b). SSR-PCR was performed on all isolates with
seven of the 12 fluorescent-labelled markers, SS1, SS2,
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SS3, SS4, SS7, SS8, SS9 described previously (Burgess
et al. 2001b), except that 0.25 U Expand High™ Fid-
elity Taq polymerase (Roche Biochemicals, Alameda,
CA) was used following a PCR protocol also described
previously (de Wet et al. 2003). SS6 and SS10 were
omitted because they are monomorphic among isolates
of D. scrobiculata (Burgess et al. 2001b). SS5, SS11 and
SS12 were excluded as they are polymorphic in single
repeat regions, giving rise to 1 bp polymorphisms that
are difficult to distinguish (Burgess et al. 2001b).

Fluorescent-labeled SSR PCR products were sep-
arated on an ABI Prism 377 DNA sequencer as pre-
viously described (Burgess et al. 2001b). Allele size was
estimated by comparing the mobility of the SSR pro-
ducts to that of the TAMRA internal size standard as
determined by GeneScan 2.1 analysis software (Perkin
Elmer, Applied Biosystems, Forster City, CA) in con-
junction with Genotyper 2 (Perkin Elmer).

The identity of the isolates collected from P. pon-
derosa was determined by amplifying locus SS9 and
visualizing amplicons on a 1% agarose gel along with
PCR products from reference strains of D. pinea and D.
scrobiculata. D. pinea yields a region 30 bp larger than
D. scrobiculata and this can clearly be seen on the gel.

Gene and genotypic diversity

For each isolate, a data matrix of multistate characters
was compiled by assigning each allele at each of the
seven loci, a different letter (e.g. EDBACLA). The
frequency of each allele at each locus was calculated,
and gene diversity determined, using the program
POPGENE (Yeh, Yang & Boyle 1999) and the equa-
tion H=1-—) x,? where x; is the frequency of the kth
allele (Nei 1973). Chi-square tests for differences in
allele frequencies were calculated for each locus across
clone corrected populations (Workman & Niswander
1970). The Bonferroni correction was applied to sig-
nificance levels of all %2 tests (Weir 1997).

Each genotype was assigned a number and genotypic
diversity (G) was estimated (Stoddart & Taylor 1988)
using the equation G=1/) p,* where p; is the observed
frequency of the ith phenotype. To compare G between
populations, the maximum percentage of genotypic
diversity was obtained using the equation G = G/N * 100
where N is the population size (Chen, Boeger &
McDonald 1994).

Population differentiation

Population differentiation, theta (0), was calculated for
clone corrected populations in Multilocus (Agapow &
Burt 2000) using an estimate of Wright’s Fgr, as 0=
O —q/1 —q where Q is the probability that two alleles
from the same population are the same and ¢ is the
probability that two alleles from different populations
are the same (Burt ef al. 1997, Weir 1997). Two popu-
lations with the same allele frequencies, 6 =0, are con-
sidered to be identical, whereas populations sharing no
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alleles (8=1) are considered completely isolated. The
statistical significance of 6 was determined by compar-
ing the observed value to that of 1000 randomized
datasets in which individuals were randomized among
populations. A significant P value (P<0.05) means
that the null hypothesis of no population differen-
tiation can be rejected. Gene flow (M) or the number of
migrants exchanged between populations each gener-
ation to give the observed 6 value, where M =(1/6)/2
(Cockerham & Weir 1993).

Isolation by distance

To test for isolation by distance (Slankin 1993) esti-
mates of genectic distance between clone corrected
poulations (Nei 1978) in POPGENE (Yeh ef al. 1999)
were correlated with geographical distance (measured
in approximate km) and log geographic distance using
matrix correlation methods based on the Mantel test
(Manly 1997) in the IBU 1.2 program (Bohonak 2002).
The analysis was conducted using all five populations.
The strength of the isolation by distance relationship
was determined with reduced major axis (RMA)
regression using 10 000 replications (Bohonak 2002).

Mode of reproduction

The index of association (/4) was used to measure
multilocus linkage disequilibrium for each population
and for all populations combined (Maynard Smith
et al. 1993). I, was calculated for the clone corrected
population containing only one representative of each
genotype. The tests were performed on a data matrix of
7 multistate characters using the program Multilocus
(Agapow & Burt 2000). The expected data for a 1000
randomly recombining data sets was calculated and
compared with the observed data. Where the observed
data fall within the distribution range of the re-
combined data, then the hypothesis that the population
was undergoing recombination cannot be rejected. If
the observed data fall outside the distribution range
with a significant P value (P <0.05), the population is
most likely clonal.

RESULTS
Segregation of SSR alleles

The SSR markers produced 41 alleles across the 7 loci
examined (Table 1). Of these, only 3 were shared by all
populations. There were 15 alleles in the CAL1 popu-
lation, 13 alleles in the CAL2 population, 13 alleles in
the CAL3 population, 17 alleles in the NCA population
and 21 alleles in the MEX population (Table 1). Some
alleles were unique to specific populations of Diplodia
scrobiculata (Table 1). There were 13 unique amongst
the Californian populations, 8 unique alleles in the
MEX population and 7 unique alleles in the NCA
population (Table 1).
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Table 1. Allele size (bp) and frequency at 7 loci (SS1-4, 7-9) for
Diplodia scrobiculata populations collected from California
(CALI1, CAL2 and CAL3), Mexico (MEX) and north-central
America (NCA).

Locus Allele CAL1 CAL2 CAL3 MEX NCA
SS1 326 - - 0.136  0.050  0.050
361 - - - 0.250  0.950
342 - - 0.046  0.050 -
444 0.055 - - - -
468 0.945 1.000  0.818 0.250 -
508 - - - 0.400 -

SS3 182 - - - 0.150  0.450
184 1.000  1.000  1.000  0.800  0.550
186 - - - 0.050 -

SS7 383 0.667 - - - -
387 0.056 - - - -
394 0.277  0.667 0909 - -
396 - 0.333  0.091 0.050 -
401 - - - - 0.650
404 - - - - 0.300
409 - - - - 0.050
411 - - - 0.500 -
415 - - - 0.250 -
419 - - - 0.150 -
423 - - - 0.050 -

SS9 236 1.000 1.000 1.000 - 0.050
237 - - - - 0.950
238 - - - 1.000 -
No. Isolates 18 12 22 20 20
No. Alleles 15 13 13 21 17
No. Unique 5 1 0 8 7
Alleles
Polymorphic 4 4 4 6 6
loci
H 0.223  0.191 0.153  0.349  0.303

The presence of unique alleles influences the gene
diversity of the populations. The mean total gene
diversity across the all populations of D. scrobiculata
was 0.518. This was much higher than the values
observed for the individual populations; 0.223 for the
CALI1 population, 0.191 for CAL2, 0.153 for CAL3,
0.349 for the NCA population and 0.303 for the MEX
population (Table 1).
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Table 2. Diplodia scrobiculata genotypes as estimated from
multilocus profiles generated from the 7 SSR loci. Genotypes
were distributed among populations collected from California
(CAL1, CAL2 and CAL3), Mexico (MEX) and north-central
America (NCA).

Genotype CALI1 CAL2 CALS3 MEX NCA

CMS1 1 4 1
CMS2-5

CMS6 1

CMS7
CMS8
CMS9
CMS10
CMSI11-13
CMS14
CMSI15-16
CMS17
CMS18
CMS19-22
CMS23 2

CMS24 1
MMS25-40 1
MMS41

MMS42-43 1
NMS44-55

NMS56-57

—_ 0 = =
—_— e = W

—_— W L= N

Q-

N 18 12 22 20 20
N(g) 10 8 10 19 14
G 7.2 5.6 2.7 18.2 9.1
G (%) 40 46 12 90 46

N, number of isolates.
N(g), number of genotypes.
G, Genotypic diversity (Stoddart & Taylor 1988).

G, % maximum diversity.

In general, the genotypic diversity (G) of the D.
scrobiculata populations was moderate (40% for
CALL, 46% for CAL2 and 46% for NCA) or high
(90% for MEX) (Table 2). Diversity in the CAL3
population was low (12 %) due to the predominance of
a single genotype (13 of the 22 isolates). Genotypes
were shared among the three populations from
California (Table 2). However, no genotypes were
shared among populations of D. scrobiculata from
different regions (Table 2).

The six isolates from P. ponderosa in California
amplified a band equivalent to that of known reference
isolates of D. pinea and obviously larger than those
observed for D. scrobiculata. Thus, these isolates were
found to be D. pinea (data not shown) and they were
not studied further.

Population differentiation and gene flow

Amongst clone corrected Californian populations of
Diplodia scrobiculata, the values obtained for y? tests
indicate significant differences (P <0.05) in gene diver-
sity at only two of the loci, SS7 and SS8 (Table 3). On
closer examination, gene diversity does not differ sig-
nificantly at any loci between the populations collected
in different years at Pebble Beach (CAL2 and CAL3)
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Table 3. Gene diversity (H) and contingency x? tests for differences
in allele frequencies for the 7 polymorphic SSR loci across clone
corrected populations of Diplodia scrobiculata, from (A) all three
California populations, (B) populations CAL2 and CAL3.

Gene diversity (H) A B
Locus  CALI CAL2 CAL3 af 2 df
SS1 0.18 0.00 0.49 8.3 6 32 2
SS2 0.42 0.22 0.00 34 4 12 2
SS3 0.00 0.00 0.00 - - - -
SS4 0.00 0.22 0.49 9.1 2 34 1
SS7 0.54 0.47 0.35 16.9%2 9 03 1
SS8 0.78 0.69 0.49 25.6* 14 48 3
SS9 0.00 0.00 0.00 - - - -
N 10 8 10
Mean 0.27 0.23 0.25

3 Stars indicate significant (P <0.05) %* values.

Table 4. Gene diversity (H) and contingency y? tests for differences
in allele frequencies for the 7 polymorphic SSR loci across

clone corrected populations of Diplodia scrobiculata from

different regions.

Gene diversity (H)

Locus CALI1 CAL2/3 MEX NCA df
SS1 0.18 0.36 0.70 0.13 68.5%4 15
SS2 0.42 0.13 0.39 0.00 23.2% 6
SS3 0.00 0.00 0.34 0.49 14.3* 6
Ss4 0.00 0.49 0.10 0.34 25.8% 3
SS7 0.54 0.46 0.68 0.56 143.1* 33
SS8 0.78 0.60 0.28 0.80 121.0* 39
SS9 0.00 0.00 0.00 0.13 107.8* 6
N 10 14 19 14

Mean 0.27 0.25 0.26 0.28

2 Stars indicate significant (P <0.05) %* values.

(Table 3). A comparison of populations from different
regions (CAL2 and CAL3 combined), indicate highly
significant differences in gene diversity at all seven SSR
loci (Table 4).

As indicated by results of 2 tests, theta values
between the two Pebble beach populations (CAL2 and
CAL3) were not significant, indicating little population
differentiation. Alternatively, 0 values between all
other populations are highly significant (P <0.05)
(Table 5).

Isolation by distance

Significant isolation by distance (Mantel test, P <0.05)
was observed between the five populations of D.
scrobiculata when genotypic diversity was compared
with log geographic distance. The strength of the
relationship was moderate with the RMA regression
accounting for 72 % of the variance.

Reproductive mode

For the entire data set including all genotypes across
all populations, the 75 of the observed data was
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Table 5. Pairwise comparisons of population differentiation ()
(above the diagonal) and gene flow (below the diagonal) among
Diplodia scrobiculata populations from California (CALI1, 2 and 3),
Mexico (MEX) and north-central America (NCA). Values obtained
are for clone corrected populations.

CALI CAL2 CAL3 MEX NCA
CALI1 - 0.128* 0.257%%* 0.441%** 0.555%**
CAL2 3.40 - 0.092 0.477%** 0.554%%*
CAL3 1.45 4.93 - 0.500%** 0.502%**
MEX 0.63 0.55 0.50 - 0.499%**
NCA 0.40 0.40 0.50 0.50 -

2 For 0 values, stars indicate significance of %* values; * P<0.05,
*Hkk P <0.001.

significantly greater than that for the randomized data
set (Fig. 2E) giving the appearance of clonality.
Conversely, the I, of the observed data did not
differ significantly from the values obtained for the
recombined data set for all the individual Diplodia
scrobiculata populations (Fig. 2A-D). Thus, the null
hypothesis that alleles are freely recombining within
each of these reproductively isolated populations,
either now or historically, could not be rejected.

DISCUSSION

Populations of Diplodia scrobiculata had high allelic
diversity, and they separated into groups based upon
their geographic origin, within which there seems to be
a recent history of recombination. Two populations
collected from the same location in Pebble Beach,
California, in different years were very similar and y*
tests indicate no differences in allelic frequencies at any
loci. A population from another location in California,
did vary significantly from the Pebble Beach population
at two loci, and could not be combined with the other
Californian populations. However, this population was
more similar to the other Californian population than
it was to populations from other regions.

Genotypic diversity was high and no multilocus
genotypes were shared between populations from dif-
ferent geographic regions. Unique alleles are fixed in
the various regions, gene flow was low and there is
considerable genetic distance between populations
from the different regions. Rare alleles are important
indicators of isolated populations and genetic drift and
low gene flow (Leung, Nelson & Leach 1993). The data
fits the isolation by distance model indicating that the
further apart two populations, the greater the differ-
ence between them, as would be expected by limited
long-distance dispersal.

For the entire data set, including all genotypes of
D. scrobiculata across all populations, the I, of the
observed data was significantly greater than that for the
randomized data set giving the appearance of clonality.
This is a classic example of the importance of first
dividing data sets for a species into individual popu-
lations before conducting such tests as the /5 (Taylor,
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Fig. 2. Histograms of the frequency distribution representing
multilocus disequilibrium estimate /5 for 1000 randomized
datasets. (A) CALI1, (B) CAL2/3 (C) Mexico, (D) north-
central America and (E) all populations combined. Results
were compared with the observed dataset (arrows).

Jacobson & Fisher 1999). In the combined data, the
predominance of unique alleles and the very different
gene frequencies in the different populations biases the
test giving the impression that the species is clonal.
However, when divided into the separate populations
based on geographic origin, each population of
D. scrobiculata was found to have a history of recom-
bination. There has been limited genetic exchange
between populations of D. scrobiculata, as reflected by
the fixation of alleles in different populations. This
suggests a history of recombination and/or mutation,
and perhaps the presence of a cryptic sexual stage. No
sexual structures have been reported for this fungus,
but we are not aware of any concerted attempts to find
them. In contrast, considerable efforts have not suc-
ceeded in finding the sexual state of D. pinea anywhere
in the world (M. J. Wingfield, unpublished). This may
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indicate that D. pinea has forsaken sexual repro-
duction, which would be consistent with the clear evi-
dence of clonality in this species (Burgess et al. 2004).
Alternatively, the data presented here argue for recent
recombination in D. scrobiculata and consequently a
focused effort in California could very well lead to the
discovery of a sexual state in this species.

In its native range, P. radiata appears to be exclus-
ively associated with D. scrobiculata. However, only D.
pinea is known to have been introduced to southern
hemisphere pine plantations (Swart ez al. 1991, Stanosz
et al. 1999, de Wet et al. 2000, Burgess & Wingfield
2001, Burgess et al. 2001a, Burgess et al. 2004). The
origin of D. pinea populations in exotic plantations was
impossible to determine due to the lack of equivalent
unique alleles in native populations (Burgess et al.
2004). In studies on human fungal pathogens, it has
been possible to determine the origin of isolates due
to unique alleles, which characterize reproductively
isolated populations (Burt et al. 1997, Geiser, Pitt &
Taylor 1998, Koufopanou et al. 2001). This approach
would be applicable to D. scrobiculata, for which
unique alleles exist in geographically isolated popu-
lations. However, D. scrobiculata appears not to have
moved with its host P. radiata to southern hemisphere
plantations. D. scrobiculata has been reported in
Europe (Stanosz et al. 1999), but it has yet to be de-
termined whether or not this is part of its native range.

In north central USA, D. pinea and D. scrobiculata
coexist on Pinus banksiana (Palmer et al. 1987, Palmer
1991, Blodgett & Stanosz 1997). P. radiata forms
associations with D. pinea in exotic plantations but
apparently only with D. scrobiculata in its native range.
As both species are present in California, it is puzzling
that P. radiata in its native range is apparently exclus-
ively associated with D. scrobiculata. Perhaps in
California, the P. radiata niche is occupied by D. scro-
biculata to the exclusion of D. pinea. Alternatively, D.
pinea might be a more recent introduction to California
and as such it has not yet spread to native P. radiata. It
is also possible that our sampling was insufficient to dis-
cover infections of D. pinea on native P. radiata. How-
ever, this seems unlikely, given that elsewhere D. pinea
is recovered from virtually every tree sampled. Conse-
quently, if D. pinea was present on P. radiata, we would
have expected to encounter it, at least occasionally.

Many endophytes, including D. pinea, are thought to
be seed borne and are consequently present within the
plant from the time it germinates (Redlin & Carris 1996).
A recent study of endophytic associations of pines in-
dicated that, although D. pinea is an endophyte, it is
seldom present in nursery stock, but rather enters the
tree after out-planting (Ganley, Brunsfeld & Newcombe
2003). In a native environment, seeds generally germi-
nate and seedlings grow in close proximity to adult
trees and endophytic associations would probably form
earlier than observed for nursery stock. This could ex-
plain how D. scrobiculata, a known endophyte of adult
P. radiata, by its proximity to native germinating
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seedling, preferentially infects and inhabits the endo-
phytic niche of these seedlings, thus excluding D. pinea.

Although we have confirmed the presence of D. pinea
in California, it may a recent introduction. Prior to the
intervention of humans, natural barriers such as the
Rocky Mountains and the arid south-western US may
have resticted D. pinea to eastern US, as appears to
have been the case for F. circinatum (Gordon, Storer &
Wood 2001). Likewise, D. pinea may not be a native to
Mexico, which would be consistent with the fact that
the native Mexican pine, P. patula is very susceptible to
die-back caused by D. pinea (Gibson 1979, Zwolinski
et al. 1990). Similarly, P. radiata which appears not to
be associated with D. pinea in its native range, is highly
susceptible to this pathogen in the exotic environment
(Laughton 1937, Marks & Minko 1969, Thomson
1969, Lundquist 1987).

Why D. pinea was widely introduced to exotic plan-
tations, whilst another endophyte, D. scrobiculata, was
not, is an intriguing question. If D. pinea is a seed en-
dophyte and D. scrobiculata is not, then D. pinea could
have been introduced to the southern hemisphere on
seed of commonly planted species such as P. patula.
However, the only evidence of D. pinea being isolated
from seed is when the cones have been lying on
the ground (Fraedrich, Miller & Zarnoch 1994).
Alternatively, it has been well documented that the first
pines introduced by European colonialists were species
from Europe, such as P. pinea and P. sylvestris, which,
for example, were well established in South Africa by
1714 (Legat 1930). These initial pine introductions were
not as seed but as seedlings and may have been infected
with D. pinea when they were introduced. Importantly,
seedlings of these same European pine species were also
planted by colonialists to North America, which could
have served to introduce D. pinea from what may have
been its aboriginal home in Europe. In principle, this
hypothesis could be tested using molecular markers,
but those currently available reveal insufficient diver-
sity in populations of D. pinea to be useful in this
application (Burgess et al. 2004).

Although D. pinea appears not to be associated with
native P. radiata, it is found elsewhere in California
on species such as P. ponderosa. Thus, the introduction
of D. pinea to P. radiata forests from elsewhere in
California should be considered a threat to this species,
which is already severely impacted by the pitch canker
pathogen, Fusarium circinatum (Devey et al. 1999).
Currently, D. pinea is regarded as a resident pathogen
in California and as such it is not subject to quarantine
restrictions. Thus, there are no regulatory barriers to
movement of infected hosts or other inoculum sources
to areas that may currently be free of the pathogen.

In summary, D. scrobiculata was found associated
with pines across North America, alone or in com-
bination with the closely related species D. pinea.
Diplodia pinea is more pathogenic than D. scrobiculata
and may originally have been confined by geographical
barriers, such as the Rocky Mountains, to Eastern
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North America or even Europe. Diplodia pinea is
widespread with high gene flow between populations,
probably assisted by human movement of exotic pines
around the world, whereas populations of D. scrobi-
culata are reproductively isolated with little gene flow
between them, indicating barriers to the movement of
the pathogen. In its native environment, P. radiata ap-
pears to be exclusively associated with D. scrobiculata,
most likely because of the proximity of germinating
seedlings to adult trees. Thus, D. scrobiculata may
occupy this niche to the exclusion of D. pinea in native
P. radiata forests. In exotic locations, where D. scrobi-
culata is absent, P. radiata is almost uniformly infected
by D. pinea and trees subject to stress are often dam-
aged or killed by this pathogen. It is tempting to
speculate that the presence of D. scrobiculata in exotic
plantations would moderate the impact of D. pinea, but
it is not clear this has occurred in the US where both
species are found.
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