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Rapid Evolution of Introduced Tree Pathogens Via 
Episodic Selection and Horizontal Gene Transfer 

  Clive Brasier1 

Episodic and Routine Selection 
Routine selection is simply defined as “the ecological constraints experienced by an endemic 
organism that favor a relatively stable but fluctuating population structure over time.” Its antithesis is 
episodic selection, defined as “any sudden ecological disturbance likely to lead to a significant 
alteration in a species’ population structure” (Brasier 1986, 1995). In plant pathogens, examples of 
episodic selection are common in the context of modern anthropogenically driven disturbance 
conditions such as sudden exposure to crop monoculture or to a new fungicide, host, or vector; or 
sudden introduction into a new biogeographic zone; an increasingly frequent event because of 
increasing international trade in plants. 

The introduction of pathogens into new biogeographic zones is the concern of the present paper. 
Such an introduction is a major episodic selection event for any organism, let alone a plant pathogen. 
It can result in sudden release from many of the routine selection constraints experienced in the 
endemic environment; and sudden exposure to new constraints such as new hosts, substrates, 
competitors, parasites, phylogenetic relatives, vectors, and microclimates (Brasier 1995). For this 
reason, every introduced pathogen is an uncontrolled, open-ended experiment in evolution (Brasier 
2008). 

In populations of outcrossing (heterothallic) pathogens, two significant evolutionary processes can 
occur as a result of introduction-mediated episodic selection. One is the emergence of highly fitted 
clones, examples being the clones of the Dutch elm disease pathogens Ophiostoma ulmi and O. novo-
ulmi that spread across Eurasia and North America between 1910 to1930 and 1940 to 1990 
respectively (Brasier 1996, Brasier and Kirk 2000, Brasier et al. 2004a, Mitchell and Brasier 1994). If 
the episodic selection conditions are maintained over the longer term, this process could ultimately 
lead to clonal speciation (Brasier 1995). The second process, and again the particular concern of this 
paper, is rapid evolution via interspecific hybridization. 

Interspecific Hybridization Between Introduced and Resident 
Pathogens 
Novel contact between phylogenetically related introduced and resident pathogens will often result in 
their direct ecological competition for resources. It also provides an opportunity for rapid evolution 
via the transfer of genes between the residents and the immigrants (Brasier 2000b). Sympatric fungi, 
like animals, are likely to exhibit strong genetic or behavioral barriers to inter-specific gene flow as a 
result of prior co-evolution. Allopatric fungi, arising in geographical isolation, may not have evolved 
such barriers. Today, many previously allopatric fungal pathogens are being brought into contact by 
man, especially through inappropriate plant imports (Brasier 2008). Figure 1 shows an increase in 
major tree disease events in the United Kingdom since the mid-1990s, some 25 years after the arrival 
of O. novo-ulmi. Many of these new events are caused by introduced pathogens. 
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Figure 1—Cumulative major tree disease outbreaks in the United Kingdom since 1970. (Courtesy of 
Sandra Denman, Forest Research, UK)  

A variety of factors will influence whether or not contact between two previously geographically 
isolated pathogens will result in hybridization (Brasier 1995, 2000b). These include their level of 
reproductive isolation (both pre-zygotic and post- zygotic); the degree of niche contact between them 
(fig. 2); and the genetic and ecological conditions that will determine whether any hybrids can survive 
in the presence of the parent species. Often, hybrids will need to be fitter than one or both parents to 
become established. Modern conditions of anthropogenically driven environmental disturbance are 
more likely to favor the successful establishment of hybrids. In horticultural nurseries, which these 
days can be infested with non-native pathogens, unusual combinations of introduced and resident 
pathogens may be brought together. The plants themselves may be stressed by the watering and 
chemical regimes and therefore susceptible to pathogens and hybrids that would not normally 
colonize them under natural conditions (Brasier 2008). Plantations of non-native trees may also be 
more susceptible to infection because they are growing ‘off site,’ i.e., under sub-optimal conditions. 
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Figure 2—Genetical and environmental constraints on emergence of species hybrids in fungal 
pathogens. Adapted from Brasier (1995). 

There are many possible outcomes to fungal interspecific hybridization, as shown in table 1.These 
range from the acquisition of a few nuclear genes or cytoplasmic elements to the emergence of a new 
organism that contains the genomes of both parents. Either way, with fungal pathogens there is a risk 
that the resulting genetic modification will be damaging to the natural environment. Before 1990, 
examples of hybridization between fungal pathogens were very rare. Recently, striking examples 
have occurred in all the major fungal groups, and most especially among tree pathogens. Several of 
the more prominent examples will now be discussed. A basic knowledge of the biology of the 
organisms will be assumed.  

Table 1—Possible outcomes of contact between two previously 
geographically isolated pathogens (see fig. 2)a. 

• No change: no ecological displacement and no interspecific gene transfer. 
• Introgression: acquisition and fixation of genes (also viruses, plasmids) by one or 

both parent species. Example: Ophiostoma ulmi x O. novo-ulmi.  
• Extinction of the ecologically ‘weaker’ species via competition. 
• Extinction of the ‘weaker’ species and genetic modification of the other species via 

introgression. Example: Ophiostoma ulmi x O. novo-ulmi. 
• Emergence of a hybrid swarm: free recombination between two species resulting in 

many genotypes. Optimal phenotypes may emerge via natural selection. Examples: 
the Ophiostoma novo-ulmi subspecies hybrids; Heterobasidion annosum x H. 
irregulare; Melampsora occidentalis x M. medusae. 

• Emergence of an allodiploid or allotetreploid hybrid species: a hybrid with the 
chromosome compliments of both parents. May be stable or give rise to further new 
heteroploid forms via haploidisation or diploidisation. Example: Phytophthora alni, 
subspecies alni. 

 aAdapted from Brasier (1995). The examples given are described in the main text. 
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Emerging Hybrids in the Dutch Elm Disease Pathogens 
(Ascomycetes) 
The intercontinental spread of Dutch elm disease in the last century resulted in two massive 
pandemics on elms across the Northern Hemisphere (fig. 3). It has also provided classic examples of 
hybridization operating at two different taxonomic levels with two very different outcomes: 
introgression and full genetic recombination.  

 
Figure 3—Spread of the pathogens Ophiostoma ulmi and O. novo-ulmi in the two pandemics of Dutch 
elm disease. Adapted from Brasier (2001). 

At the species level, Ophiostoma novo-ulmi, responsible for the current second pandemic of Dutch 
elm disease beginning in the 1940s, has been displacing O. ulmi, responsible for the first pandemic in 
the 1920s to 40s (fig. 3). The two species are rather differently adapted, O. novo ulmi being an 
aggressive pathogen that grows fastest at ~ 22 °C; O. ulmi being a weaker pathogen that grows fastest 
at ~28 °C. Their molecular profiles indicate they are anciently divergent. The geographic origin of O. 
novo-ulmi remains unknown, but O. ulmi may have come from Japan. During the replacement of O. 
ulmi by O. novo-ulmi across Eurasia, a series of remarkable evolutionary events has occurred. These 
can be summarized as follows: 

1. When O. novo-ulmi arrived in Europe (coming from east and west, fig. 3) the resident O. 
ulmi population was highly variable both phenotypically and genetically. Whereas O. novo-
ulmi initially spread as frontal clones of a single vegetative compatibility (vic) type and only 
a single sexual mating type: Mat-2. Hence these frontal clones could not undergo sexual 
reproduction. 

2. O. novo-ulmi and O. ulmi occupied the same ecological niche, coming into close physical 
contact in the breeding galleries of the vector beetles in diseased elm bark. 

3. O. novo-ulmi and O. ulmi are only partially reproductively isolated (at both pre-zygotic and 
post-zygotic levels), probably due to their having evolved allopatrically. Hybrids formed 
between them via sexual crosses. These hybrids were highly unfit and transient, but they 
provided a genetic bridge between O. ulmi and O. novo-ulmi, probably via backcrosses. 

4. Debilitating dsRNA viruses also spread from O. ulmi into the O. novo-ulmi frontal vic 
clones, again as a result of their close contact in the bark phase. The build-up of these viruses 
considerably lowered the fitness of O. novo-ulmi and therefore ‘threatened’ its survival. 
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5. Simultaneously, O. novo-ulmi populations acquired the ‘missing’ Mat-1 mating type allele 
and new vic alleles from O. ulmi via introgression from the hybrids.  

6. As a result the O. novo-ulmi population rapidly diversified into many new vic types via 
sexual recombination (crosses between Mat-1 and Mat-2 types).O. novo-ulmi also acquired 
other O. ulmi genes such as pathogenicity and cell surface hydrophobin genes at this time.  

7. Virus spread in the O. novo-ulmi population was suppressed by a sudden increase in the 
diversity of its vic types.  

8. O. ulmi rapidly became extinct in any one location, declining at circa 10 percent per annum. 
It could not compete with the more aggressive, faster growing O. novo-ulmi. 

9. O. novo-ulmi ‘retained’ the novel Mat-1 and vic genes by fixation but ‘discarded’ other O. 
ulmi DNA that rendered it less fit, such as O. ulmi pathogenicity genes. Figure 4 shows the 
strong negative impact of small amounts of O. ulmi DNA on the fitness of emerging O. 
novo-ulmi introgressants.  

10. Some key references: Brasier 1986, 1988, 1996, 2000a; Brasier and Kirk 2000; Brasieret al. 
1998, 2004a; Buck et al.2002; Et Touil et al. 1999; Masuya et al. 2009; Paoletti et al. 2006; 
Pipe et al. 2000, 2001. For further references see www.forestry.gov.uk/fr/infd-8mraqc. 

 
Figure 4—Influence of introgressed Ophiostoma ulmi DNA on fitness (pathogenicity) of O. novo-ulmi 
isolates. Note that small amounts (2 to 4 percent) of introgressed DNA have a major effect on fitness. 
(M.Paolettii, C.M. Brasier, and K.W. Buck, unpublished data) 

The O. novo-ulmi x O. ulmi interaction illustrates most of the main variables that influence the 
outcome of interspecific hybridization (see fig. 2). It also shows how complex, rapid, and dynamic the 
underlying evolutionary events can be. Ophiostoma ulmi was replaced because it could not compete 
either with the invading O. novo-ulmi or with the ensuing introgressants. Strong selection pressure 
exerted by the deleterious viruses probably favored the survival of the introgressants over the original 
O. novo-ulmi genotypes. It is somewhat ironic that the viruses as well as the Mat-1 and vic genes 
were probably acquired by O. novo-ulmi from O. ulmi via somatic or sexual fusion—rather like a 
sexually transmitted disease. Also, that in Eurasia and North America today O. novo-ulmi now carries 
O. ulmi genes almost by definition, much as Homo sapiens now carries the DNA of H. 
neanderthalensis. Ophiostoma novo-ulmi is no longer the same organism that it was when it was first 
introduced into Eurasia and North America around 70 years ago (fig. 3). 

But that is far from the end of the matter. Another remarkable hybridization event is now 
occurring. Ophiostoma novo-ulmi actually spread across the northern hemisphere as two subspecies 
named americana and novo-ulmi (fig. 5). These differ in colony development, perithecial (sexual fruit 
body) morphology, mean pathogenicity, and molecular profiles (Brasier and Kirk 2001). During the 
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1980s, the distributions of the two subspecies began to overlap along a zone running approximately 
from southern Sweden to southern Italy, with an outlier in southern Ireland (fig. 6). In this zone they 
have come into strong niche contact in the galleries of the vector beetles.  

There is also only a weak pre-zygotic mating barrier between the two subspecies and their sexual 
progeny are highly fit. Fully recombinant hybrid swarms have begun to appear, probably involving 
many further backcrosses and intercrosses (Brasier and Kirk 2010). A recent study has shown that 30 
years on the surviving hybrids in the overlap zones are still very genetically heterogeneous, but now 
exhibit the colony and pathogenicity characteristics of subspecies americana and the perithecial 
characteristics of O. novo-ulmi (C.M. Brasier, unpublished). Evidently a new phenotype of O. novo-
ulmi is emerging from the hybrid swarms under natural selection. Ophiostoma novo-ulmi is 
undergoing yet another evolutionary transformation. If this new phenotype stabilizes and becomes 
widespread it will need to be formally taxonomically recognized. 

 

Figure 5—Spread of the two Ophiostoma novo-ulmi subspecies. Note their recent overlap in western 
Europe. Adapted from Brasier (2001). 

 

Figure 6—Known distribution of the two Ophiostoma novo-ulmi subspecies in 1995 (omitting central 
Asia), showing potential hybrid zones. Adapted from Brasier and Kirk (2010) and based on >2,500 
field samples collected by the author. 
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Emerging Hybrids in Melampsora, Heterobasidion, and 
Phytophthora (Basidiomycetes and Oomycetes) 
In the Pacific Northwest of North America, hybrids have recently appeared between the resident 
Basidiomycete rust pathogen Melampsora occidentalis and the introduced M. medusae. Melampsora 
occidentalis occurs naturally on the leaves of the local Populus trichocarpa in the Columbia Valley. 
Melampsora medusae is endemic on P. deltoides in the southeastern United States. A swarm of 
hybrid rust genotypes and morphotypes (‘M. x columbiana’) has emerged as a result of backcrosses 
and intercrosses between the two species on P. trichocarpa (Newcombe et al.2000, Newcombe et al. 
2001). The hybrids show abundant pathogenic variation and commercially produced P. trichocarpa x 
P. deltoids clones are vulnerable to this variation. It is noteworthy that screening using host 
differentials carrying known resistance genes using M. x columbiana hybrids has led to the discovery 
of three new genes for rust resistance in poplar. The long-term evolutionary potential of these hybrids 
is presently unclear.  

In the economically important conifer root rot Basidiomycete Heterobasidion, a wide range of 
hybrids and introgressants between the resident H. annosum and the introduced North American H. 
irregulare have recently appeared on native pines in the Castel Porziano region of southwest Italy 
(Gonthier and Garbelotto 2011, Gonthier et al. 2007). Both species specialize in attacking pines. 
Heterobasidion irregulare may have been imported into the area on pine packing material during the 
Second World War (M. Garbelotto, professor, University of California, Berkeley, personal 
communication). In this case it is especially noteworthy that the hybridization process has included 
the evolution of novel alleles via intralocus recombination. Introgression is mostly occurring 
unilaterally from the resident to the introduced species. Currently it also appears to be occurring 
randomly—by population expansion rather than natural selection—but again, the long-term 
evolutionary potential of this development is unclear. 

In the well-known Oomycete genus Phytophthora, a very aggressive new hybrid species, P. alni, 
has emerged on alder in Europe, possibly as a result of a recent hybridization event in a European 
nursery. Phytophthoras are diploid in the vegetative state but the common hybrid form, P. alni 
subspecies alni, is a near allotetreploid (i.e., with two sets of chromosomes, one from each parent). It 
appears to be sexually sterile (probably due to pairing failures at first meiotic division) and its 
genome, such as its rDNA ITS region profile, is apparently still evolving (Brasier 2003, Brasier and 
Kirk 2001, Brasier et al. 1999, Brasier et al. 2004b, Delcan and Brasier 2001). Phytophthora alni 
subspecies alni is causing serious damage to native riparian alders, especially A. glutinosa, along 
rivers in France, Germany, and the United Kingdom (Gibbs et al. 2003, Jung and Blashke 2004) and 
has now spread to at least 15 neighboring countries.  

The ‘parents’ of P. alni subspecies alni were originally suggested to be taxa close to P. cambivora 
and P. fragariae (Brasier et al. 1999). New evidence suggests otherwise. Two additional 
phenotypically and genetically unique forms of P. alni also occur in Europe, but at low frequency: P. 
alni subspecies uniformis and P. alni subspecies multiformis (Brasier et al. 2004b). Both are only 
weak pathogens on alder (Brasier and Kirk 2000). Since these forms had chromosome compliments 
closer to diploid they were originally suggested to be genetic breakdown products of the allotetreploid 
P. alni subspecies alni. The new evidence, from additional molecular profiling, indicates that these 
two forms are most probably the parents of P. alni subspecies alni (Ioos et al. 2006, 2007a, 2007b). 
This event has therefore resulted in a hybrid that is much more aggressive than either parent. 
Phytophthora alni subspecies multiformis may itself be a product of a reticulation event. 

Conclusions 
The five examples provided illustrate most of the theoretical outcomes of interspecific hybridization 
between fungal pathogens, ranging from genetically modified pathogens to new pathogen species 
(table 1). Similar examples are being reported increasingly in the literature. An increase in the 
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introduction of plant pathogens into new biogeographic areas (by the plant trade and other 
agencies)—episodic selection events—coupled with increasing environmental disturbance, is leading 
to an increase in rapid pathogen evolution via interspecific hybridization.  

At present we may be recording only the ‘tip of the iceberg’: hybridization events associated with 
more overt disease episodes such as epidemics. More subtle events—such as the introgression of one 
or two loci into organisms currently viewed only as a minor threat—are perhaps less likely to be 
recorded unless they lead to a significant change in pathogen behavior.  

Interspecific hybridization between pathogens, whether overt or subtle, must now be considered a 
major genetic risk issue, not only for the biosecurity of our forests and natural ecosystems, but also 
for tree disease resistance breeding programs. It adds another element of uncertainty to disease 
control policy and to practice. How do you breed against an emerging hybrid swarm or against the 
risk of future horizontal gene transfer?  

Unfortunately present international plant health protocol, formulated by the Food and Agriculture 
Organization of the United Nations (FAO) and the World Trade Organization, and operated by 
organizations such as the Animal and Plant Health Inspection System (APHIS) in the United States 
and the Standing Committee on Plant Health in the European Union, has failed to provide an 
acceptable level of protection against the export and import of exotic pathogens; and failed to educate 
the public on the issue (Brasier 2008, Stenlid et al. 2011, Webber 2010). In present circumstances, 
none of the world’s tree populations, whether native or introduced, whether natural or the products of 
sophisticated tree breeding, can be considered secure.  

Literature Cited 
Brasier, C.M. 1986. The population biology of Dutch elm disease: its principal features and some implications 

for other host-pathogen systems. In: Ingram, D.S.; Williams, P.H., eds. Advances in plant pathology. 
Volume 5. London and New York: Academic Press: 55–118. 

Brasier, C.M. 1988. Rapid changes in genetic structure of epidemic populations of Ophiostoma ulmi. Nature. 
332: 538–541. 

Brasier, C.M. 1995. Episodic selection as a force in fungal microevolution with special reference to clonal 
speciation and hybrid introgression. Canadian Journal of Botany. 73: 1213–1221. 

Brasier, C.M. 1996. Low genetic diversity of the Ophiostoma novo-ulmi population in North America. 
Mycologia. 86: 951–964. 

Brasier, C.M. 2000a. Intercontinental spread and continuing evolution of the Dutch elm disease pathogens. In: 
Dunne, C.P., ed. The elms: breeding, conservation and disease management. Boston: Kluwer Academic 
Publishers:  61–72. 

Brasier, C.M. 2000b. Rise of the hybrid fungi. Nature. 405: 134–135.  
Brasier, C.M. 2001. Rapid evolution of introduced plant pathogens via interspecific hybridization. Bioscience. 

51: 123–133. 
Brasier, C.M. 2003. The hybrid alder Phytophthoras: their genetic status, cultural properties pathogenicity, 

distribution and survival. In: Phytophthora disease of alder in Europe. Forestry Commission Bulletin 126. 
London: HMSO: 51–60. 

Brasier, C.M. 2008. The biosecurity threat to the UK and global environment from international trade in plants. 
Plant Pathology. 57: 792–808. 

Brasier, C.M.; Buck, K.W.; Paoletti, M.; Crawford, L.; Kirk, S.A. 2004a. Molecular analysis of 
evolutionary changes in populations of Ophiostoma novo-ulmi. In: Gil, L.; Solla, A.; Oullett, G., eds. New 
approaches to elm conservation. Forest Resources and Systems. 13: 93–103.  

Brasier, C.M.; Kirk, S.A.; Pipe, N.; Buck, K.W. 1998. Rare hybrids in natural populations of the Dutch elm 
disease pathogens Ophiostoma ulmi and O. novo-ulmi. Mycological Research. 102: 45–57. 

Brasier, C.M.; Kirk, S.A. 2000. Survival of clones of NAN Ophiostoma novo-ulmi around its probable centre 
of appearance in North America. Mycological Research. 104: 1322–1332. 



Proceedings of the 4th International Workshop on Genetics of Host-Parasite Interactions in Forestry 
 

141 

Brasier, C.M.; Kirk, S.A. 2001. Designation of the EAN and NAN races of Ophiostoma novo-ulmi as 
subspecies. Mycological Research 105: 547–554. 

Brasier, C.M.; Kirk, S.A. 2010. Rapid emergence of hybrids between the two subspecies of Ophiostoma novo-
ulmi with a high level of pathogenic fitness. Plant Pathology. 59: 186–199. 

Brasier, C.M.; Cooke, D.; Duncan, J.M. 1999. Origins of a new Phytophthora pathogen through interspecific 
hybridization. Proceedings of the National Academy of Sciences USA. 96: 58–78. 

Brasier, C.M.; Kirk, S.A.; Delcan, J.; Cooke, D.E.; Jung, T.; Man in´t Veld, W.A. 2004b. Phytophthora 
alni sp. nov. and its variants: designation of emerging heteroploid hybrid pathogens spreading on Alnus 
trees. Mycological Research. 108: 1172–1184. 

Buck, K.W.; Brasier, C.M.; Paoletti, M.; Crawford, L. 2002. Virus transmission and gene flow between two 
species of Dutch elm disease fungi, Ophiostoma ulmi and O. novo-ulmi: deleterious viruses as selective 
agents for gene introgression. In: Hails, R.S.; Beringer, J.E.; Godfray, H.C.J., eds. Genes in the 
environment. Oxford, UK: Blackwell Publishing: 26–45. 

Delcan, J.; Brasier, C.M. 2001. Oospore viability and variation in zoospore and hyphal tip derivatives of the 
hybrid alder Phytophthoras. Forest Pathology. 31: 65–83. 

Et Touil, A.; Brasier, C.M.; Bernier, L. 1999. Localization of a pathogenicity gene in Ophiostoma novo-ulmi 
and evidence that it may be introgressed from O. ulmi. Molecular Plant-Microbe Interactions. 12: 6–15. 

Gibbs, J.N.; van Dijk, C.; Webber, J., eds. 2003. Phytophthora disease of alder in Europe. Forestry 
Commission Bulletin 126. Edinburgh: UK Forestry Commission. 82 p. 

Gonthier, P.; Garbelotto, M. 2011. Amplified fragment length polymorphism and sequence analyses reveal 
massive gene introgression from the European fungal pathogen Heterobasidion annosum into its introduced 
congener H. irregulare. Molecular Ecology. 20: 2756–2770. 

Gonthier, P.; Nicolotti, G.; Linzer, R.; Guglielmo, F.; Garbelotto, M. 2007. Invasion of European pine 
stands by a North American forest pathogen and its hybridization with a native infertile taxon. Molecular 
Ecology. 16: 1389–1400. 

Ioos, R.; Andrieux, A.; Marçais, B.; Frey, P. 2006. Genetic characterization of the natural hybrid species 
Phytophthora alni as inferred from nuclear and mitochondrial DNA analyses. Fungal Genetics and Biology. 
43: 511–529. 

Ioos, R.; Panabières, F.; Industri, B.; Andrieux, A.; Frey, P. 2007a. Distribution  and expression of elicitin 
genes in the interspecific hybrid oomycete Phytophthora alni. Applied and Environmental Microbiology. 
73: 5587–5597. 

Ioos, R.; Barres, B.; Andrieux, A.; Frey, P. 2007b. Characterization of microsatellite markers in the 
interspecific hybrid Phytophthora alni ssp. alni, and cross-amplification with related taxa. Molecular 
Ecology Notes. 7: 133–137. 

Jung, T.; Blaschke, M. 2004. Phytophthora root and collar rot of alders in Bavaria: distribution, modes of 
spread and possible management strategies. Plant Pathology. 53: 197–208. 

Masuya, H.; Brasier, C.; Ichihara, Y.; Kubono, T.; Kanzaki, N. 2009. First report of the Dutch elm disease 
pathogens Ophiostoma ulmi and O. novo-ulmi in Japan. Plant Pathology New Disease Reports. 20: 6.  

Mitchell, A.G.; Brasier, C.M. 1994.Contrasting structure of European and North American populations of 
Ophiostoma ulmi. Mycological Research. 98: 576–582. 

Newcombe, G.; Stirling, B.; Mcdonald, S.K.; Bradshaw, H.D., Jr. 2000.Melampsora ×columbiana, a natural 
hybrid of M. medusae and M. occidentalis. Mycological Research. 104: 261–274. 

Newcombe, G.; Stirling, B.; Bradshaw, H.D., Jr. 2001. Abundant pathogenic variation in the new hybrid rust 
Melampsora ×columbiana. Phytopathology. 91: 981–985. 

Paoletti, M.; Buck, K.W.; Brasier, C.M. 2006. Selective acquisition of novel mating type and vegetative 
incompatibility genes via interspecies gene transfer in the globally invading eukaryote Ophiostoma novo-
ulmi. Molecular Ecology. 14: 249–263. 

Pipe, N.D.; Brasier, C.M.; Buck, K.W. 2000. Evolutionary relationship of the Dutch elm disease fungus 
Ophiostoma novo-ulmi to other Ophiostoma species investigated by RFLP analysis of the rDNA region. 
Journal of Phytopathology-PhytopathologischeZeitschrift.148: 533–539. 



GENERAL TECHNICAL REPORT PSW-GTR-240 
 

142 

Pipe, N.; Brasier, C.M.; Buck, K.W. 2001. Two natural cerato-ulmin deficient mutants of Ophiostoma novo-
ulmi: one has an introgressed O. ulmi cu gene; the other has an O. novo-ulmi cu gene with a mutation in an 
intron splice concensus sequence. Molecular Plant Pathology. 1: 379–382. 

Stenlid, J.; Oliva, J.; Boberg, J.B.; Hopkins, A.J.M. 2011. Emerging diseases in European forest ecosystems 
and responses in society. Forests. 2: 486–504. 

Webber, J.F. 2010. Pest risk analysis and invasion pathways for plant pathogens. New Zealand Journal of 
Forestry Science. 40: S45–S56. 

 


	Rapid Evolution of Introduced Tree Pathogens Via Episodic Selection and Horizontal Gene Transfer
	Clive Brasier0F
	Episodic and Routine Selection
	Interspecific Hybridization Between Introduced and Resident Pathogens
	Emerging Hybrids in the Dutch Elm Disease Pathogens (Ascomycetes)
	Emerging Hybrids in Melampsora, Heterobasidion, and Phytophthora (Basidiomycetes and Oomycetes)
	Conclusions
	Literature Cited


<<

  /ASCII85EncodePages false

  /AllowTransparency false

  /AutoPositionEPSFiles true

  /AutoRotatePages /None

  /Binding /Left

  /CalGrayProfile (Dot Gain 20%)

  /CalRGBProfile (sRGB IEC61966-2.1)

  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)

  /sRGBProfile (sRGB IEC61966-2.1)

  /CannotEmbedFontPolicy /Error

  /CompatibilityLevel 1.4

  /CompressObjects /Tags

  /CompressPages true

  /ConvertImagesToIndexed true

  /PassThroughJPEGImages true

  /CreateJobTicket false

  /DefaultRenderingIntent /Default

  /DetectBlends true

  /DetectCurves 0.0000

  /ColorConversionStrategy /CMYK

  /DoThumbnails false

  /EmbedAllFonts true

  /EmbedOpenType false

  /ParseICCProfilesInComments true

  /EmbedJobOptions true

  /DSCReportingLevel 0

  /EmitDSCWarnings false

  /EndPage -1

  /ImageMemory 1048576

  /LockDistillerParams false

  /MaxSubsetPct 100

  /Optimize true

  /OPM 1

  /ParseDSCComments true

  /ParseDSCCommentsForDocInfo true

  /PreserveCopyPage true

  /PreserveDICMYKValues true

  /PreserveEPSInfo true

  /PreserveFlatness true

  /PreserveHalftoneInfo false

  /PreserveOPIComments true

  /PreserveOverprintSettings true

  /StartPage 1

  /SubsetFonts true

  /TransferFunctionInfo /Apply

  /UCRandBGInfo /Preserve

  /UsePrologue false

  /ColorSettingsFile ()

  /AlwaysEmbed [ true

  ]

  /NeverEmbed [ true

  ]

  /AntiAliasColorImages false

  /CropColorImages true

  /ColorImageMinResolution 300

  /ColorImageMinResolutionPolicy /OK

  /DownsampleColorImages true

  /ColorImageDownsampleType /Bicubic

  /ColorImageResolution 300

  /ColorImageDepth -1

  /ColorImageMinDownsampleDepth 1

  /ColorImageDownsampleThreshold 1.50000

  /EncodeColorImages true

  /ColorImageFilter /DCTEncode

  /AutoFilterColorImages true

  /ColorImageAutoFilterStrategy /JPEG

  /ColorACSImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /ColorImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /JPEG2000ColorACSImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /JPEG2000ColorImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /AntiAliasGrayImages false

  /CropGrayImages true

  /GrayImageMinResolution 300

  /GrayImageMinResolutionPolicy /OK

  /DownsampleGrayImages true

  /GrayImageDownsampleType /Bicubic

  /GrayImageResolution 300

  /GrayImageDepth -1

  /GrayImageMinDownsampleDepth 2

  /GrayImageDownsampleThreshold 1.50000

  /EncodeGrayImages true

  /GrayImageFilter /DCTEncode

  /AutoFilterGrayImages true

  /GrayImageAutoFilterStrategy /JPEG

  /GrayACSImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /GrayImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /JPEG2000GrayACSImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /JPEG2000GrayImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /AntiAliasMonoImages false

  /CropMonoImages true

  /MonoImageMinResolution 1200

  /MonoImageMinResolutionPolicy /OK

  /DownsampleMonoImages true

  /MonoImageDownsampleType /Bicubic

  /MonoImageResolution 1200

  /MonoImageDepth -1

  /MonoImageDownsampleThreshold 1.50000

  /EncodeMonoImages true

  /MonoImageFilter /CCITTFaxEncode

  /MonoImageDict <<

    /K -1

  >>

  /AllowPSXObjects false

  /CheckCompliance [

    /None

  ]

  /PDFX1aCheck false

  /PDFX3Check false

  /PDFXCompliantPDFOnly false

  /PDFXNoTrimBoxError true

  /PDFXTrimBoxToMediaBoxOffset [

    0.00000

    0.00000

    0.00000

    0.00000

  ]

  /PDFXSetBleedBoxToMediaBox true

  /PDFXBleedBoxToTrimBoxOffset [

    0.00000

    0.00000

    0.00000

    0.00000

  ]

  /PDFXOutputIntentProfile ()

  /PDFXOutputConditionIdentifier ()

  /PDFXOutputCondition ()

  /PDFXRegistryName ()

  /PDFXTrapped /False



  /CreateJDFFile false

  /Description <<



    /BGR <>

    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>

    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>

    /CZE <>

    /DAN <>

    /DEU <>

    /ESP <>

    /ETI <>

    /FRA <>

    /GRE <>



    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)

    /HUN <>

    /ITA <>

    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>

    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>

    /LTH <>

    /LVI <>

    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)

    /NOR <>

    /POL <>

    /PTB <>

    /RUM <>

    /RUS <>

    /SKY <>

    /SLV <>

    /SUO <>

    /SVE <>

    /TUR <>

    /UKR <>

    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)

  >>

  /Namespace [

    (Adobe)

    (Common)

    (1.0)

  ]

  /OtherNamespaces [

    <<

      /AsReaderSpreads false

      /CropImagesToFrames true

      /ErrorControl /WarnAndContinue

      /FlattenerIgnoreSpreadOverrides false

      /IncludeGuidesGrids false

      /IncludeNonPrinting false

      /IncludeSlug false

      /Namespace [

        (Adobe)

        (InDesign)

        (4.0)

      ]

      /OmitPlacedBitmaps false

      /OmitPlacedEPS false

      /OmitPlacedPDF false

      /SimulateOverprint /Legacy

    >>

    <<

      /AddBleedMarks false

      /AddColorBars false

      /AddCropMarks false

      /AddPageInfo false

      /AddRegMarks false

      /ConvertColors /ConvertToCMYK

      /DestinationProfileName ()

      /DestinationProfileSelector /DocumentCMYK

      /Downsample16BitImages true

      /FlattenerPreset <<

        /PresetSelector /MediumResolution

      >>

      /FormElements false

      /GenerateStructure false

      /IncludeBookmarks false

      /IncludeHyperlinks false

      /IncludeInteractive false

      /IncludeLayers false

      /IncludeProfiles false

      /MultimediaHandling /UseObjectSettings

      /Namespace [

        (Adobe)

        (CreativeSuite)

        (2.0)

      ]

      /PDFXOutputIntentProfileSelector /DocumentCMYK

      /PreserveEditing true

      /UntaggedCMYKHandling /LeaveUntagged

      /UntaggedRGBHandling /UseDocumentProfile

      /UseDocumentBleed false

    >>

  ]

>> setdistillerparams

<<

  /HWResolution [2400 2400]

  /PageSize [612.000 792.000]

>> setpagedevice



