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Abstract
Fungal diseases caused by native pathogens and pathogens introduced with planting stock have a
significant impact on exotic plantation forestry in the tropics. Teratosphaeria destructans (formerly
Kirramyces destructans) is a serious pathogen causing leaf, bud and shoot blight diseases of
Eucalyptus spp. in plantations in the sub-tropics and tropics of south-east Asia. This pathogen was
first discovered in Indonesia in 1995 and has subsequently spread to Thailand, China, Vietnam and
East Timor. The biology, ecology and genetics of this important pathogen have not been explored
yet. The objective of this study was, thus, to determine the genetic diversity and movement of T.
destructans throughout south-east Asia using multi-gene phylogenies and microsatellite markers.
Out of nine gene regions only two microsatellite markers detected a very low nucleotide
polymorphism between isolates; seven other gene regions, ITS, β-tubulin, EF1-α, CHS, ATP6 and
two microsatellite loci, reflected genetic uniformity. The two polymorphic molecular markers
resolved six haplotypes among isolates from Indonesia and only a single haplotype elsewhere in
Asia. The low diversity observed among isolates in the region of the first outbreak is as expected for
a small founder population. The spread of a single clone over large distances throughout the region
supports the hypothesis of spread via the human-mediated movement of germplasm.

Introduction
Globally, the steady increase in the demand for fibre coupled with deforestation has resulted in a
rapid increase in plantation area. This is particularly notable in the southern hemisphere and Asia
where productive plantation areas have increased from to 36 to 55 million ha between 1990 and
2005 (FAO 2005). In the southern hemisphere there has been a long tradition of softwood
production in plantations (predominantly Pinus radiata) (Burgess et al. 2001) but in past 20 years
eucalypts have become the major source of fibre for pulping (Turnbull 2000). This has seen an
expansion of the eucalypt plantation industry into new countries and new regions within countries.
Much of the success of exotic plantations forestry into a new area has been due to the use of fast
growing, exotic eucalypts that have left their natural predators behind (Wingfield et al. 2001). The
introductions or movement of pests and pathogens into such plantations should occur naturally at a
rate which is dependent upon their distance to established plantations. If new plantations are

geographically isolated there is no reason why good management could not exclude introduced
pests and pathogens in perpetuity. Of course there are cases, such as the eucalypt rust (Glen et al.
2007), where pests and pathogens have jumped onto eucalypt plantations from native hosts, usually
from within the same plant family, the Myrtaceae (Slippers et al. 2005). However, in reality, there
tends to be gradual increase in the impact and numbers of new pests and diseases; this is not
because they have moved by their own volition, but rather they are moved due to anthropogenic
activities. For example, the number of Teratosphaeria species isolated in temporal surveys
increased with time in Uruguay (Pérez et al. 2009), South Africa (Hunter et al. 2004) and Western
Australia (Jackson et al. 2008). Over the past 20 years the Tree pathology Co-operative Program in
South Africa has documented the almost annual emergence of a new disease, many of which are
known to have originated in Australia, the natural range of most Eucalyptus spp.
(http://www.fabinet.up.ac.za/tpcp).
The clear movement of pests and diseases between continents and countries illustrates the basic
failure of quarantine measures to control such movement either due to lack of resources or
unregulated pathways (Brasier 2008). Perhaps the most troubling aspect of the seemingly unfettered
pathogen movement is that many of these pests and pathogens may have been moved on germplasm
by the same forestry companies whose best interests would have been served by excluding them. It
appears that management places a greater importance on improved growth and productivity and
underplay or ignore the potential impact of pests and pathogens on this productivity, despite years
of evidence to the contrary.
The eucalypt plantation industry in south-east Asia and China is relatively young (Qi 1989).
Eucalypt plantations have been established predominantly in Thailand, Indonesia, Vietnam and
China with the most rapid recent expansion in China. In this study, we follow the movement of a
newly emerged disease, Teratosphaeria destructans, an aggressive and often devastating pathogen
that causes blight of young leaves, buds and shoots of some Eucalyptus spp. This pathogen was first
discovered in northern Sumatra, Indonesia, where it caused serious damage to young leaves of E.
grandis (Wingfield et al. 1996). Since then, T. destructans has appeared in Thailand, China,
Vietnam and East Timor (Burgess et al. 2006a; Old et al. 2003a). Disease occurs on E.
camaldulensis and E. urophylla, as well as E. grandis and various hybrids between these three
species (Burgess et al. 2006a; Old et al. 2003a; b). Eucalyptus spp. are non-native in most of these
countries where they have been used to establish plantations for fibre production. The exception is
East Timor, where T. destructans was found on native E. urophylla (Old et al. 2003a).
Due to the host range and high impact of disease T. destructans was considered a biosecurity threat
to Australia’s plantations and forests. This prompted us to conduct surveys in the sub-tropics and
tropic of northern Australia. In 2005, Kirramyces leaf blight was observed in taxa trials in the
tropical east of Australia, but the causal agent was found to be a new species, T. viscidus (Andjic et
al. 2007b). However, T. destructans was isolated and reported from a taxa trial of non-endemic
eucalypts on Melville Island 50 km north of Darwin in the northern territory (Burgess et al. 2007).
The higher level of nucleotide polymorphism among Australian isolates led to the conclusion that T.
destructans is endemic to Australia, although cryptic in the native environment (Burgess et al.
2007).
The first appearance of the disease in Indonesia was probably the result of an accidental
introduction, perhaps on seeds sourced from Australia or East Timor. Regardless of the origin of the
pathogen, it has been moved rapidly throughout the region reaching isolated areas very quickly. The
only means by which this pathogen could have been dispersed so rapidly is on infected germplasm.
For example T. destructans had been a serious problem since 2002 in Guangxi nurseries. Disease
caused by T. destructans was observed in 2003 in central Guangdong Province and on Hainan Dao
infecting planting stock originating from Guangxi Province. The production of cuttings from

infested mother stock and poor nursery hygiene resulted in a high proportion of diseased planting
stock. Infected material has been, and continues to be, widely distributed across south China,
reaching isolated parts of south-west Yunnan in 2003, and Fujian Province in 2006, it is still absent
from Guizhou Province (Dell, personal communication).
The aim of this study is to determine if the initial disease outbreak in Indonesia was the result of the
introduction of the pathogen into the region and if Indonesia is the source of the subsequent
introductions in South-East Asia and China using microsatellite markers and multi-gene
phylogenies.

Materials and methods
Fungal isolates and DNA extraction
Eucalyptus leaves infected with T. destructans (Fig. 1) were collected from south-east Asian
countries including Indonesia, China, Vietnam and Thailand on separate visits between 2003 and
2005 (Fig. 2). T. destructans isolation and culture maintenance were performed as in Andjic et al.
(2007a). The fungal mycelium was harvested and placed in 1.5 ml sterile Eppendorf ® tubes.
Harvested mycelium was frozen in liquid nitrogen, ground to a fine powder and genomic DNA
extracted as described previously (Andjic et al. 2007c). All isolates are maintained in the collection
(CMW) of the Forestry and Agricultural Biotechnology Institute (FABI), University of Pretoria,
South Africa. One hundred and five representative isolates, out of a collection of over 200 isolates,
from a range of geographical locations and hosts were selected for this study. These included 12
from Thailand, three from Vietnam, 28 from China and 62 from Indonesia (Table 1).

Figure 1. Leaves infected with Teratosphaeria destructans; a a young E. grandis x E. urophylla
seedling from Indonesia with severe infection, b spore mass on the abaxial leaf surface.

Figure 2. Map showing the localities where leaf material infected with Teratosphaeria destructans
has been observed and collected.
Development of microsatellite markers
To screen for microsatellites, the Fast Isolation by AFLP of Sequences Containing Repeats
(FIASCO) technique (Zane et al. 2002) was applied using the procedures described by (Cortinas et
al. 2006a). DNA was extracted from two Indonesian isolates CMW 19866 and CMW 19832 as well
as CMW 19908 from China and pooled. One μg of genomic DNA was digested with MseI (Biolabs,
New England) and ligated to the adaptor using highly concentrated T4 DNA ligase 2 000 000 U/ml
(Biolabs, New England). The digestion-ligation mixture was incubated overnight at 37°C and the
reaction inactivated at 65°C for 20 min. Five μl of the mixture was used for the PCR following the
method of Cortinas et al. (2006a). After amplification, the PCR products were hybridised to
(GACA)5, (TCC)7, (CAT)5, (TGC)4, (CA)10 and (CT)10 biotinylated probes. Hybridized DNA
complexes were captured on streptavidin magnetic beads (Dynal beads Streptavidin) (DYNAL,
Biocompare, Inc. San Francisco, CA, USA) and DNA was separated by washing and denaturation
steps. Recovered DNA was precipitated and amplified using the MseI-N primer.
Amplified DNA was cloned into the pGEM®-T Eazy Systems (Promega, Madison, USA) following
the manufacturer’s instructions. Bacterial clones were selected, amplified, purified and sequenced
as described by Cortinas et al. (2006a). Primers were developed with the aid of the primer design
software PRIMER 3 (Rozen and Skaletsky 2000) available on the Internet at
http://frodo.wi.mit.edu. Of the 20 primer pairs tested, six produced single, readily amplifiable bands
and these six markers were tested for polymorphism using eight T. destructans isolates;
CMW19855, CMW19892, CMW19864, CMW19837, CMW19845, CMW19831, CMW19833 and
CMW19908.

Table 1. Host and locations of Teratosphaeria destructans isolates considered in this study and the
GenBank accession numbers for the four nuclear gene regions, ITS, β-tubulin, EF-1α and CHS and
the mitochondrial gene region ATP6.

PCR amplification and sequencing
This study included amplification of the complete internal transcribed spacer region 2 (ITS2), part
of the β-tubulin gene region (βT), part of the elongation factor 1α gene (EF-1α), part of the chitin
synthase 1 gene (CHS), part of the ATPase gene (ATP-6) and the microsatellite markers VA-1, VA2, VA-6, VA-13, VA-15 and VA-18. Primers used to amplify these regions and repeat motif of
microsatellites are listed in Table 2. The PCR reaction mixture (25 μl), PCR conditions and
visualisation of products were as described by (Cortinas et al. 2006a) except for the ATP-6 region,
which was amplified using the following conditions: initial denaturation of 7 min at 94°C, followed
by 40 cycles of 45 s at 94°C, 45 s at 45°C, 2 min at 65°C and a final elongation step of 10 min at
68°C. Where amplifications failed, the magnesium concentration was increased to 4 mM, and the
primer concentration were increased to 0.9pmol and the following PCR conditions were used: 7
min at 94°C, followed by 35 cycles of 1 min at 94°C, 1 min at 45°C, 2 min at 72°C and a final
elongation step of 10 min at 72°C. The PCR products were purified with the Ultrabind ®DNA
purification kit (MO BIO Laboratories, Solana Beach, CA) following the manufacturer’s
instructions. Amplicons were sequenced as described previously (Burgess et al. 2005).
Table 2. Primer sets and annealing temperature (AT) used to amplify different regions within
Teratosphaeria destructans.

Results
DNA sequence comparisons
Five gene regions were compared for sequence variation in T. destructans. Previous studies (Andjic
et al. 2007a; b; c; Burgess et al. 2007) have shown no sequence variation in ITS and βT gene
regions between T. destructans isolates from Indonesia and China (Table 1). Thus, only the 12
isolates from Thailand and three isolates from Vietnam were sequenced and compared with
sequences from Indonesia and China. Direct sequencing of PCR amplicons of the ATP6, CHS and

EF-1α gene regions from all 43 isolates showed no sequence variation.
Microsatellite markers
Six of the 20 primer pairs amplified a microsatellite-containing region for all tested representative
isolates of T. destructans. Four of the primer pairs (VA-1, VA-6, VA-13 and VA-15) were
monomorphic among the tested isolates (Table 3)1. Two of the primer pairs (VA-2 containing a TG
repeat and VA-18 containing a CCA repeat) showed a low level of polymorphism (Table 3) and
were amplified and sequenced for the 43 selected isolates. In addition VA-13, which appeared to be
monomorphic, was also sequenced as it contained a long CCA repeat.
Table 3. GenBank Accession numbers for the six microsatellite loci amplified for 8 representative
isolates of Teratosphaeria destructans. For the polymorphic loci VA-2 and VA-18, the allele for
each isolate is given next to the GenBank accession no.

The locus amplified by VA-13 was monomorphic among all 43 isolates (GenBank Accession no.
EF686370-EF686414). However, the loci amplified by VA-2 and VA-18 showed low nucleotide
polymorphism (EF686325-EF686368 and EF686415-EF686458 respectively). The alleles were
coded by the number of repeats (A–C). Three alleles (A–C) were observed for microsatellite marker
VA-2, and two alleles (A–B) were observed for microsatellite marker VA-18 among the 20 isolates
from Indonesia. For both markers, the predominant allele (A) was the only allele in isolates from
China, Thailand and Vietnam (Table 4).
The microsatellite markers VA-2 and VA-18 were then amplified and sequenced for an additional 62
isolates (43 from Indonesia and 19 from China). There were six possible haplotype profiles for the
two polymorphic loci; AA, AB, BA, BB, CA and CB (Table 4). All six haplotypes were found
among the Indonesian isolates. The most common haplotype was AA, followed by AB, BA and CA
with the least common being BB and CB. Only haplotype AA was found among isolates from
China, Thailand and Vietnam (Table 4).
Since the genetic diversity among the sampled isolates was extremely low the phylogenetic analysis
was omitted as it would not make much sense.

Discussion
After an extensive molecular study, the only sequence variation observed among isolates of T.
destructans from south-east Asia and China was in two microsatellite loci. The polymorphism
resulted in the detection of six haplotypes in Indonesia where T. destructans was first reported in

1996. Since 1996, T. destructans has been reported in Thailand, Vietnam and most recently China,
with only a single haplotype being found in all these countries. This data provides clear evidence
that the fungus is a newly introduced pathogen to Thailand, Vietnam and China.
Table 4. Distribution of Teratosphaeria destructans haplotypes between regions as determined from
the multilocus profile generated from the two polymorphic microsatellite loci (VA-2 and VA-18).

It was expected that the microsatellite loci would show more sequence variation compared with
housekeeping genes such as ITS and βT, as microsatellites are highly variable with exceptionally
high mutation rates (Jarne and Lagoda 1996; Kimmel et al. 1996; Levinson and Gutman 1987).
Newly established populations or introduced populations would be expected to have low gene and
allelic diversity, while well-established populations would have higher diversity especially in their
centres of origin (Dutech et al. 2007; McDonald and Linde 2002). If several isolates within a
species are sequenced, a low level of nucleotide substitution in housekeeping genes is commonly
observed among most species in an anamorph stage of Teratosphaeria eg. (Andjic et al. 2010;
Andjic et al. 2007c; Burgess et al. 2006b; Cortinas et al. 2006b; Hunter et al. 2006; Jackson et al.
2008). No sequence variation was found in four genomic genes and one mitochondrial gene (over
2,000 bp of sequence) for isolates of T. destructans from Asia. In addition, four of six microsatellite
loci were monomorphic, while two loci exhibited very low polymorphism among isolates from
Indonesia. Low diversity and evidence of founder effects have been observed in introduced
populations of many eucalypt pathogens, probably reflecting the recent expansion of the industry
world-wide (Hunter et al. 2008; Nakabonge et al. 2008). This is in contrast with high diversity as
often observed in well established pathogens of agricultural crops (Blanke and McDonald 2005;
Groenewald et al. 2008; Stukenbrock et al. 2006). Thus, T. destructans in Indonesia has the
structure of a recently established pathogen and its movement throughout Asia has probably been
clonal.
The leaf and shoot blight disease caused by T. destructans was first observed in the Lake Toba area
of north Sumatra in 1995 (Wingfield et al. 1996). Thus, this is a relatively newly recognised
pathogen of Eucalyptus. After its first appearance in northern Sumatra, it was found in southern
Sumatra and thereafter in Thailand in 2000, Vietnam and East Timor in 2002 (Old et al. 2003b) and
in China in 2003 (Burgess et al. 2006a). Because of the intensity of production of Eucalyptus, it is
unlikely T. destructans would have been in these areas for long without being detected. Thus, the

sequential appearance in countries of the region over a short period of time strongly suggests
anthropogenic movement. The molecular data supports the anthropogenic movement of T.
destructans from Indonesia via infected germplasm or mother plants, most likely linked to the
rapidly growing eucalypt plantation industry. A similar founder effect was observed in the genetic
structure of Mycosphaerella fijiensis in the Latin America-Caribbean region and Africa, and was
attributed to the movement of infected plant material by anthropogenic activities such as food
wrapping with infected leaves (Rivas et al. 2004).
In China, it is most likely that the organism has been disseminated on infected cuttings from mother
stock plants. It is less likely the pathogen has been distributed by spores in air moving from
Vietnam into China, as the more exposed eucalypt nurseries in coastal regions of south China (i.e.
in Hainan Dao, Leizhou Peninsula and Zhangjiang) were free of this pathogen in 2003/4 (B. Dell
unpublished data). Seed contaminated with spores could have been inadvertently introduced into
Guangxi during the China-Australia Eucalypt Afforestation Technical Cooperation Project (ACIAR)
(1981–1989) near Dongmen. However, this seems unlikely as no symptoms of T. destructans were
reported in ACIAR field trials on plantation eucalypts in south China carried out in the 1990’s. One
of these trials, near Kaiping in Guandong Province, was monitored annually for two rotations from
1992 and no defoliation due to leaf disease had occurred (Daping Xu pers. comm.). Thus, in China,
it is likely T. destructans was introduced on cuttings used in the establishment of clonal nurseries.
Variation within the microsatellite loci of the T. destructans isolates from Indonesia indicates recent
mutations or a smaller level of genetic variation in the founder population. This variability within
the pathogen could lead to more pathogenic strains. We believe that while T. destructans has already
been moved around Asia, care should now be taken not to move new genotypes throughout the
region. In addition, forestry companies in the tropics and sub-tropics of South America, Africa and
Australia should import germplasm, including seed from Asia, with extreme care.
In conclusion, this study provides a classic example of the anthropogenic movement of a pathogen
on infected germplasm. The world-wide nursery trade (plants for planting), both legal and illegal, is
considered the major pathway for the movement of pathogens around the world (Brasier 2008).
Whilst legislation in most countries restricts plant movement and requires certification and chemical
treatment, many plant pathogens can exist asymptomatically and escape detection during
inspections. Any industry wishing to protect its investment should enforce the utmost precautions
when obtaining germplasm from other countries or regions.

Acknowledgements
This work was funded in part by the Australian Research Council DP0343600 and DP0664334,
‘Population genetics of fungal pathogens that threaten the biosecurity of Australia's eucalypts’. Vera
Andjic was a recipient of a Murdoch University Doctoral Research Scholarship. We also
acknowledge funding from various grants to the University of Pretoria linked to tree protection
research and a collaborative research agreement linking the University of Pretoria and Murdoch
University. P. Dolok Saribu is thanked for collecting isolates from Indonesia.

References
Andjic, V., Barber, P. A., Carnegie, A. J., Hardy, G E St J, Wingfield, M. J., & Burgess, T. I.
(2007a). A morphological and phylogenetic reassessment of the genus Phaeophleospora and the
resurrection of the genus Kirramyces. Mycological Research, 111, 1184–1198.

Andjic, V., Barber, P. A., Carnegie, A. J., Pegg, G., Hardy, G E St J, Wingfield, M. J., et al. (2007b).
Kirramyces viscidus sp. nov, a new eucalypt pathogen from tropical Australia is closely related to
the serious leaf pathogen, Kirramyces destructans. Australasian Plant Pathology, 36, 478–487.
Andjic, V., Cortinas, M.-N., Hardy, G E St J, Wingfield, M. J., & Burgess, T. I. (2007c). Multiple
gene genealogies reveal important relationships between species of Phaeophleospora infecting
Eucalyptus leaves. FEMS Microbiology Letters, 268, 22–33.
Andjic, V., Pegg, G. S., Carnegie, A. J., Callister, A., Hardy, G. E. S. & Burgess, T. I. (2010).
Teratosphaeria pseudoeucalypti, new cryptic species responsible for leaf blight of Eucalyptus in
subtropical and tropical Australia. Plant Pathology, 59, 900–912.
Blanke, S., & McDonald, B. A. (2005). Migration patterns among global populations of the
pathogenic fungus Mycosphaerella graminicola. Molecular Ecology, 14, 1881–1896.
Brasier, C. M. (2008). The biosecurity threat to the UK and global environment from international
trade in plants. Plant Pathology, 57, 792–808.
Burgess, T., Wingfield, M. J., & Wingfield, B. D. (2001). Simple sequence repeat (SSR) markers
distinguish between morphotypes of Sphaeropsis sapinea. Applied and Environmental
Microbiology, 67, 354–362.
Burgess, T. I., Barber, P. A., & Hardy, G E St J. (2005). Botryosphaeria spp. associated with
eucalypts in Western Australia including description of Fusicoccum macroclavatum sp. nov.
Australasian Plant Pathology, 34, 557–567.
Burgess, T. I., Andjic, V., Hardy, G E St J, Dell, B., & Xu, D. (2006a). First report of
Phaeophleospora destructans in China. Journal of Tropical Forest Science, 18, 144–146.
Burgess, T. I., Barber, P. A., Sufaati, S., Xu, D., Hardy, G E St J, & Dell, B. (2006b).
Mycosphaerella spp. on eucalypts in Asia; new species, new hosts and new records. Fungal
Diversity, 24, 135–157.
Burgess, T. I., Andjic, V., Wingfield, M. J., & Hardy, G E St J. (2007). The eucalypt leaf blight
pathogen Kirramyces destructans discovered in Australia. Australasian Plant Disease Notes, 2,
141–144.
Carbone, I., & Kohn, L. M. (1999). A method for designing primer sets for speciation studies in
filamentous ascomycetes. Mycologia, 91, 553–556.
Cortinas, M. N., Barnes, I., Wingfield, B. D., & Wingfield, M. J. (2006a). Polymorphic
microsatellite markers for the Eucalyptus fungal pathogen Colletogloeopsis zuluensis. Molecular
Ecology Notes, 6, 780–783.
Cortinas, M. N., Burgess, T. I., Dell, B., Xu, D., Wingfield, M. J., & Wingfield, B. D. (2006b). First
record of Colletogloeopsis zuluense comb. nov., causing a stem canker of Eucalyptus spp. in China.
Mycological Research, 110, 229–236.
Dutech, C., Enjalbert, J., Fournier, E., Delmotte, F., Barrès, B., Carlier, J., et al. (2007). Challenges
of microsatellite isolation in fungi. Fungal Genetics and Biology, 44, 933–949.

FAO (2005). Global Forest Resources Assessment 2005; Progress Toward Sustainable Forest
Management. FAO Forestry Paper 147. Food and Agriculture Organization of the United Nations,
Rome. p. 320.
Glass, N. L., & Donaldson, G. C. (1995). Development of primer sets designated for use with the
PCR to amplify conserved regions from filamentous Ascomycetes. Applied and Environmental
Microbiology, 61, 1323–1330.
Glen, M., Alfenas, A. C., Zauza, E. A. V., Wingfield, M. J., & Mohammed, C. (2007). Puccinia
psidii: A threat to the Australian environment and economy-a review. Australasian Plant Pathology,
36, 1–1.
Groenewald, M., Linde, C. C., Groenewald, J. Z., & Crous, P. W. (2008). Indirect evidence for
sexual reproduction in Cercospora beticola populations from sugar beet. Plant Pathology, 57, 25–
32.
Hunter, G. C., Roux, J., Wingfield, B. D., Crous, P. W., & Wingfield, M. J. (2004). Mycosphaerella
species causing leaf diseasein South African Eucalyptus plantations. Mycological Research, 108,
672–681.
Hunter, G. C., Wingfield, B. D., Crous, P. W., & Wingfield, M. J. (2006). A multi-gene phylogeny
for species of Mycosphaerella occurring on Eucalyptus leaves. Studies in Mycology, 55, 147–161.
Hunter, G. C., van der Merwe, N. A., Burgess, T. I., Carnegie, A. J., Wingfield, B. D., Crous, P. W.,
et al. (2008). Global movement and population biology of Mycosphaerella nubilosa infecting leaves
of cold-tolerant Eucalyptus globulus and E. nitens. Plant Pathology, 57, 235–242.
Jackson, S. L., Maxwell, A., Burgess, T. I., Dell, B., & Hardy, G E St J. (2008). Incidence and new
records of Mycosphaerella species within a Eucalyptus globulus plantation in Western Australia.
Forest Ecology and Management, 255, 3931–3937.
Jarne, P., & Lagoda, P. J. L. (1996). Microsatellites, from molecules to populations and back.
Trends in Ecology & Evolution, 11, 424–429.
Kimmel, M., Chakraborty, R., Stivers, D. N., & Deka, R. (1996). Dynamics of repeat
polymorphisms under a forward-backward mutation model - within population and betweenpopulation variability at microsatellite loci. Genetics, 143, 549–555.
Kretzer, A., & Bruns, T. D. (1999). Use of ATP6 in fungal phylogenetics: an example from the
Boletales. Molecular Phylogenetics and Evolution, 13, 483–492.
Levinson, G., & Gutman, G. A. (1987). Slipped-strand mispairing: A major mechanism for DNA
sequence evolution. Molecular Biology and Evolution, 4, 203–224.
McDonald, B. A., & Linde, C. (2002). Pathogen population genetics, evolutionary potential and
durable resistance. Annual Review of Phytopathology, 40, 349–379.
Nakabonge, G., Burgess, T. I., Gryzenhout, M., Roux, J., Wingfield, B. D., & Wingfield, M. J.
(2008). Population structure of the fungal pathogen Holocryphia eucalypti in Australia and South
Africa. Australasian Plant Pathology, 37, 154–161.

Old, K. M., Pongpanich, K., Thu, P. Q., Wingfield, M. J. & Yuan, Z. Q. (2003a). Phaeophleospora
destructans causing leaf blight epidemics in South East Asia. 8th International Congress of Plant
Pathology, 2–7 Feb 2003. Christchurch, New Zealand. Volume 2 - Offered papers: p. 165.
Old, K. M., Wingfield, M. J., & Yuan, Z. Q. (2003b). A Manual of diseases of eucalypts in southeast asia centre for international forestry research. Indonesia: Bogor.
Pérez, C. A., Wingfield, M. J., Altier, N. A., & Blanchette, R. A. (2009). Mycosphaerellaceae and
Teratosphaeriaceae associated with Eucalyptus leaf diseases and stem cankers in Uruguay. Forest
Pathology, 39, 349–360.
Rivas, G. G., Zapater, M. F., Abadie, C., & Carlier, J. (2004). Founder effects and stochastic
dispersal at the continental scale of the fungal pathogen of bananas Mycosphaerella fijiensis.
Molecular Ecology, 13, 471–482.
Rozen, S., & Skaletsky, H. (2000). Primer3 on the WWW for general users and for biologist
programmers. In S. Krawetz & S. Misener (Eds.), Bioinformatics methods and protocols in the
series methods in molecular biology (pp. 365–386). Totowa: Humana Press.
Qi, S. (1989). Eucalyptus in China. Beijing: Chinese Forestry Publications.
Slippers, B., Stenlid, J., & Wingfield, M. J. (2005). Emerging pathogens: fungal host jumps
following anthropogenic introduction. Trends in Ecology & Evolution, 20, 420–421.
Stukenbrock, E. H., Blanke, S., & McDonald, B. A. (2006). Global migration patterns in the fungal
wheat pathogen Phaeosphaeria nodorum. Molecular Ecology, 15, 2895–2904.
Turnbull, J. W. (2000). Economic and social importance of eucalypts. In P. J. Keane, G. A. Kile, F.
D. Podger, & B. N. Brown (Eds.), Diseases and pathogens of eucalypts (pp. 1–10). Melbourne:
CSIRO Publishing.
White, T. J., Bruns, T., Lee, S., & Taylor, J. (1990). Amplification and direct sequencing of fungal
ribosomal RNA genes for phylogenetics. In M. A. Innes, D. H. Gelfand, J. J. Sninsky, & T. J. White
(Eds.), PCR protocols: A guide to methods and applications (pp. 315–322). San Diego: Academic.
Wingfield, M. J., Crous, P. W., & Boden, D. (1996). Kirramyces destructans sp. nov., a serious leaf
pathogen of Eucalyptus in Indonesia. South African Journal of Botany, 62, 325–327.
Wingfield, M. J., Slippers, B., Roux, J., & Wingfield, B. D. (2001). Worldwide movement of exotic
forest fungi especially in the tropics and Southern Hemisphere. Bioscience, 51, 134–140.
Zane, L., Bargelloni, L., & Patarnello, T. (2002). Strategies for microsatellite isolation: review.
Molecular Ecology, 11, 1–16.

