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Abstract
Forestry, agriculture, and native ecosystems face ever-increasing threats by invasive species. Not all introduced
species are, however, invasive. In order to establish and persist in a non-native land, introduced species have to
adapt to different environments, unfamiliar food, and predators. There are a number of examples where invasive
species evolved quickly in non-native regions (Brasier 1995, Davis 2009), such as leg size of cane toad (Phillips
et al. 2006) and leaf size of St John’s wart (Maron et al. 2004). Large phenotypic variation has been observed in
clonal lineages of the generalist plant pathogen Phytophthora cinnamomi (Hüberli et al. 2001). Rapid
phenotypic changes in invasive animals and plants are believed to result from selection of existing genetic
variation; in a non-native location, under different selective pressure, different traits from their native range may
be selected. Contribution of de-novo mutations for adaptation is probably not sufficient to explain rapid
phenotypic changes observed in invasive species. De-novo DNA mutations are rare: spontaneous mutation rate
estimated for a plant is only one base substitution per genome per generation (Becker et al. 2011) and nonneutral mutation rate in eukaryotes is approximately 1/300 per genome per generation (Drake 1999). Hence, it is
unclear how an invasive clonal pathogen, which is devoid of genetic variation, will adapt to new hosts and a
new environment. It may be that, in response to environmental stress, invasive clones may generate variation on
which selection acts.
There are several mechanisms proposed for the generation of de novo variation in response to stress. For
instance, adaptive mutation proposes that DNA mutation rates may increase as an immediate and direct
response to selective pressures (Cairns et al. 1988). Environmental stress may also induce epigenetic variation
(Eichten et al. 2011), which is a heritable variation in gene regulation that cannot be attributed to DNA
sequence variation. Transposable elements (TEs), which are mobile genetic elements and are highly mutagenic,
may also be involved in the generation of de novo variation. A typical eukaryotic genome harbors thousands of
TEs; however, their activities are epigenetically suppressed. Stress is known to activate TEs, which may
contribute to genome diversification (Madlung and Comai 2004).
Isolates of Phytophthora ramorum belonging to the NA1clonal lineage display a large variation in colony
morphology and growth rate. In culture, P. ramorum grows in a circular mycelial mat, which is defined as wild
type (wt) (Brasier et al. 2006). However, some NA1 isolates show irregular and fluffy colony types, which are
referred to non-wild type (nwt). Some isolates stop growing upon subculturing, which is referred to early
senescence. Isolates showing nwt morphology are less aggressive on Rhododendron leaves (Elliott et al. 2011).
We have recently shown that dramatic phenotypic variation among P. ramorum isolates is associated with the
host species from which the microbe was originally cultured, but not with multilocus genotypes (Kasuga et al.
2012). Isolates originating from oaks (Quercus spp.) are less virulent on oak seedlings than those originating
from California bay laurel (Umbellularia californica (Hook. & Arn.) Nutt.). Furthermore, oak isolates are more
likely to show nwt phenotype and early senescent phenotype than bay laurel isolates (Kasuga et al. 2012).
Microarray mRNA profiling was conducted to detect gene regulation differences between oak and California
bay laurel isolates. As a result, derepression of hundreds of transposable elements (TEs) and down-regulation of
Crinkler effector homologs were observed in the majority of oak isolates, but this expression pattern was rare in
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isolates from California bay laurel. In some instances, oak and California bay laurel isolates originating from
the same geographic location had identical multilocus genotypes, but had different phenotypes. Because (1) no
genetic subdivision has been detected between California bay laurel and oak isolates, and (2) oak is a dead-end
host and infection is initiated from asexual propagules produced on nearby foliage host such as California bay
laurel, we hypothesized that P. ramorum derived from a foliar host undergoes host-dependent
genetic/epigenetic alterations inside an oak host. The observed phenomenon may be described as host-induced
phenotypic diversification (HIPD); heritable phenotypic changes of the pathogen can occur inside host plants
and the rate of change is host species dependent.
Direct evidence of HIPD and associated genetic/epigenetic alteration need to be established. We examined
phenotypes of re-isolates from artificially inoculated canyon live oak (Quercus chrysolepis Liebm.) with an
isolate displaying wt colony type typical of California bay laurel isolates. Nine months post inoculation, 20
percent of re-isolates (n=67) showed nwt colony phenotype. Both wt and nwt colony types were frequently
recovered from the periphery of a single lesion in the cambium, which indicates a stochastic nature of the
phenotypic conversion. In contrast, the vast majority of isolates obtained from California bay laurel consistently
showed wild type (wt) colony morphology. Global mRNA profiling confirmed that some of the re-isolates
growing in culture showed expression patterns typical for those isolated from oak trunks (i.e., derepression of
TEs and repression of genes belonging to Crinkler effector family).
We have demonstrated that P. ramorum growing in oak undergoes phenotypic conversion; colony phenotypes
and gene expression patterns of California bay laurel isolates were drastically changed after 9 months under the
bark of canyon live oak. Although actual TE transposition and genome diversification are yet to be
experimentally validated, the observed TE activity in re-isolates strongly indicates the occurrence of TEmediated genome diversification in P. ramorum growing in oak hosts. According to an epi-transposon
hypothesis, which is a theory of genome evolution to explain punctuated equilibria observed in the fossil
records of animals, physiological stress, associated with major climatic change or invasion of new habitats,
disrupts epigenetic silencing of TEs, which results in TE reactivation and genome diversification (Zeh et al.
2009). Brasier (1986, 1995) proposed a theory of episodic selection to explain rapid evolution observed in
invasive plant pathogens: species will undergo episodic selection under sudden environmental disturbances such
as geographical transposition, alterations in resource availability, exposure to a new host, and sudden climatic
changes, which may result in the emergence of a highly fitted pathogenic clone or allopatric hybrid. Abiotic
stress as well as interspecific hybridization proposed in the theory of episodic selection are known to cause
transcriptional activation of TEs that may subsequently lead to restructuring of the genome (Madlung and
Comai 2004). The generated genome diversity may then be served as raw material on which episodic selection
can act. The epi-transposon hypothesis provides a molecular mechanism for accelerated evolution and hence
complements the theory of episodic selection. Activation of TEs in suboptimal hosts may thus be a widespread
strategy among invasive pathogens for adaptation and host shifts.
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