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Abstract: The majority of invasive plant pathogens have resulted from the introduction of
exotic organisms. However, another mechanism for invasiveness results from hybridization between species. This phenomenon has been documented in plants and animals, but
its role in plant pathology has only recently been recognized. With more than 100 species
of Phytophthora identified to date, and little information regarding their biogeography and
native habitat, Phytophthora hybrids are difficult to detect. Unfortunately, recent taxonomic
surveys for Phytophthora in the nursery, greenhouse and landscape have identified multiple
hybrids involving different parental species. Their spread via the international plant trade
poses significant risks to ecosystems throughout the world.
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Introduction
Plant disease epidemics that result from the introduction of exotic organisms are well-recorded phenomena (Brasier 2008). First documented
with chestnut blight, and later, Dutch elm disease, Jarrah decline, and sudden oak death (SOD), diseases caused by introduced plant pathogens
have changed ecosystems. In the case of Jarrah decline and SOD, Phytophthora species were the causal agents. Unlike other plant disease epidemics, these two introduced Phytophthora species, P. cinnamomi and P. ramorum, have broad host ranges, and are capable of infecting hundreds
of species of plants. Although the spread of P. cinnamomi began in colonial times by unknown means, the primary spread of P. ramorum was
through the nursery industry (Frankel 2008).
Unlike true fungi, which are members of the Kingdom Fungi, Phytophthora species are members of the Kingdom Stramenopila, which includes
everything from large 100-ft (30-m) seaweeds (phaeophytes or brown algae) to diatoms, golden algae, and water molds (Phylum: Oomycota).
Members of the oomycota, often called oomycetes, are diploid (unlike most true fungi, which are haploid) and their cell walls contain cellulose,
whereas those of true fungi are composed primarily of chitin. Oomycetes are fungus-like in that they produce hyphae to invade and colonize a
plant, and possess a life cycle that includes a sexual and an asexual phase of spore production. Phytophthora species are either homothallic (selffertile), having the ability to undergo sexual reproduction with only one individual, or heterothallic, meaning the species requires two mating
types for sexual reproduction (meiosis and recombination), although homothallic isolates have been found in species previously identified as
heterothallic and some homothallic species can outcross (Goodwin 1997). Regardless of whether reproduction is homothallic or heterothallic,
the reproductive outcome is a thick-walled, sexual spore called an oospore, which functions not only as a means to recombine genetic material,
but also as a structure that can survive adverse environmental conditions.
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Phytophthora reproduction also can occur asexually through the
production of sporangia that can germinate directly or develop and
release multiple, motile zoospores that are capable of swimming to a
potential host and forming a cyst that germinates and then penetrates
host tissue. Additionally, chlamydospores can be formed, which are
asexual overwintering structures that are able to persist through mildly
adverse environmental conditions better than sporangia, but not as well
as oospores. These multiple (and elastic) reproductive strategies allow
Phytophthora species to adapt readily to their environments. As a result
of this genetic elasticity, plant pathogens like Phytophthora are notorious for their ability to quickly evolve fungicide resistance (Goodwin
and others 1996) and overcome host plant resistance to exploit new
opportunities (Fry 1982). For example, new races of potato late blight
(caused by P. infestans) quickly destroyed single major resistance
genes in potato (Fry 1982) and widespread resistance to metalaxyl has
rendered the fungicide ineffective in commercial control of late blight
(Goodwin and others 1996).
The multiple reproductive strategies of Phytophthora species may
partially explain their success as important plant pathogens of agricultural and ecological systems and can account for significant losses
due to root rots, crown rots, leaf blights, cankers, and stem dieback
(Leonberger and others 2013; Erwin and Ribeiro 1996). Although many
Phytophthora species have limited host ranges, similar to what is seen
for the causal organisms of chestnut blight and Dutch elm disease,
other Phytophthora species have a very broad host range that includes
a diversity of host plants. These host plants often grow in proximity to
each other in nurseries, greenhouses (Leonberger and others 2013), and
later, in the landscape and forest ecosystem (Hansen and others 2012;
Frankel 2008; Rizzo and others 2002; Zentmeyer 1983).
This diversity of hosts is mirrored in species diversity of the genus
Phytophthora, which currently includes more than 100 described
members capable of infecting more than 1000 plant hosts, causing
significant economic and ecological losses around the world (Kroon
and others 2012; Erwin and Ribeiro 1996). Historically, the identification of Phytophthora species was based on morphology. Waterhouse
(1963) developed a key that divided the genus into six groups, based on
host range, sporangium types, antheridium and oogonium morphology,
chlamydospore production, observation of hyphal swellings, optimal
growth temperature, and colony morphology. Many of these characters
are not produced consistently and can be very variable in nature and
in culture. It is not surprising, therefore, that Phytophthora isolates in
culture are difficult to identify to species based solely upon morphology. This difficulty was acknowledged early on, and it was suggested
that naturally occurring interspecific hybrids of Phytophthora, if they
even existed, would be difficult to identify (Brasier 1991). However,
during the last decade, recent advances in molecular techniques and
their incorporation into molecular taxonomy have resulted in a dramatic
expansion of the genus Phytophthora, with the number of recognized
species nearly doubled, and new species and hybrid species identified
regularly (Cooke and others 2000; Kroon and others 2004; Martin and
Tooley 2003; Man in’t Veld and others 2012). This explosive increase
in Phytophthora species identification is due primarily to the application of molecular tools to taxonomy, which has provided greater
resolution and an improved understanding of the species concept
in this genus (Hansen and others 2012; Kroon 2010). In addition to
identifying new species, these molecular techniques have also proven
the putative hybrid nature of atypical strains (Brasier and others 1999;
Brasier and others 2004).
Although most fungi occupy relatively limited geographic ranges
(Ellison and others 2011; Giraud and others 2010), they may have
the potential to occupy much larger ranges if dispersal barriers are
overcome (Springer and Chaturvedi 2010), as they are via nursery
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trade. The dispersal of pathogenic fungi by humans has been linked
to the migration of humans with their plants and animals, and to the
global trade in food and other products (Stuckenbrock and others 2008;
Brasier 2008). Thus the potential for the rapid evolution and spread
of pathogenic species appears to be substantial, posing serious threats
to wild plant and animal species, to food security, and to ecosystem
health (Fisher and others 2012). However, the expansion of geographic
ranges may be only the beginning of large-scale plant disease epidemics
(epiphytotics). The recent identification of new Phytophthora species in the nursery industry (De Cock and Levesque 2004) has been
followed by the identification of hybrids (Bonants and others 2000)
and further dissemination of these new Phytophthora hybrids via the
nursery trade (Man in’t Veld and others 2007). For example, the hybrid
P. nicotianae X cactorum was first identified in the Netherlands, but
now has been found throughout Europe, Hungary, Peru, Taiwan (Érsek
and Man in’t Veld 2013) and in the US (Leonberger and others 2013).
The discovery of widespread Phytophthora hybrids has brought about
a recognition that the introduction of exotic species is not the only
contributor to epiphytotics.

Rise of the Hybrid Phytophthoras
A hybrid refers to an offspring that is the result of breeding between
two different species: A cross between a horse and a donkey results
in a hybrid called a mule; a cross between European honeybees and
African bees resulted in the ‘killer bees.’ In plants, hybrids are regularly
developed to improve specific characteristics in the resulting seeds,
and to protect against deleterious characteristics due to the likelihood
of different alleles (heterozygosity) at a given gene or locus. Between
species, reproductive barriers exist to prevent hybridization from
occurring regularly, as it would most likely result in the wasting of
gametes by producing unadapted offspring. These barriers are usually stronger when the species occur in the same geographic area and
regularly encounter another (sympatry) than when the species have
evolved in isolation (allopatry). Historically, and in the context of
animal evolutionary biology, interspecific hybridization, at least in
nature, is a rare event, but see work in plants (Riesenberg and others
2003) and fungi (Frey and others 1999; Newcombe and others 2000)
for exceptions. In Phytophthora, an organism known for its genetic
elasticity, population studies in greenhouses found only two species
of Phytophthora contributing to the disease outbreaks in the affected
greenhouses, and that asexual reproduction of the pathogens drove
the epidemics (Lamour and others 2003), highlighting the rarity of
hybridization.
Despite its relative rarity, interspecific hybridization has been proposed as a key mechanism in the evolution of invasive species (Ellstrand
and Schierenbeck 2000; Schierenbeck and Ellstrand 2009). The rapid
evolutionary change that results from hybridization has an obvious
and important role in the process in biological invasions (Prentis and
others 2008). Schierenbeck and Ellstrand (2009) reported 35 examples
in 16 plant families in which invasiveness followed interspecific hybridization. Multiple introductions of a non-native species, particularly
from a wide geographic range, may also create opportunities for rapid
evolutionary change through interspecific hybridization (Schierenbeck
and Ellstrand 2009). There is no reason to think this cannot happen
with Phytophthora, and considerable evidence suggests, at least in the
case of alder decline, that it already has (Brasier and others 2004). A
hybrid ultimately described as P. alni, first detected on dying alders and
associated with 10-15% mortality of alders in Great Britain, has spread
throughout Europe. Originally thought to be a hybrid of P. cambivora
and a P. fragariae-like species (Brasier and others 1999), the original
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hybridization event itself is open to conjecture; but agreement exists
that the event was recent, and that P. alni arrived in Britain on infected
nursery stock. It is unknown how this hybrid arrived in Alaska, and
it continues to be a threat to alder species, and other Phytophthorasusceptible trees (Brasier and others 2004).
In 1998, an unknown Phytophthora isolate was recovered from
diseased ornamentals in the genera Spathiphyllum and Primula grown
hydroponically in the Netherlands (Man in ’t Veld and others 1998).
These isolates were described as natural hybrids between P. nicotianae
and P. cactorum (Man in ’t Veld and others 1998). In 2000, additional
atypical Phytophthora isolates were recovered on different hosts. DNA
fingerprinting demonstrated that these isolates were also P. nicotianae x
P. cactorum hybrids and that they likely had emerged through different
hybridization events (Bonants and others 2000). Continuous hydroponic systems with multiple crops provide an ideal environment for
Phytophthora species to co-exist on a variety of different hosts where
they may eventually be able to hybridize (Bonants and others 2000).
Other P. nicotianae x P. cactorum hybrids have been found on loquat
(Eriobotrya japonica) in Taiwan and Peru, but with genetically distinct
isolates (Chern and others 1998; Hurtado Gonzales and others 2009).
Many currently identified hybrids have resulted from interspecific
hybridization within clades of closely related species (Kroon and others
2010). P. nicotianae and P. cactorum are closely related species (Cooke
and others 2000), as are P. hedraiandra and P. cactorum (Kroon and
others 2010). This suggests that the evolution of some Phytophthora
hybrids may have been possible because the two parent species have
not diverged to a point where they are incompatible (Man in ’t Veld
and others 1998). To date, most Phytophthora hybridizations that have
been identified appeared to have occurred between species that evolved
allopatrically in different geographical locations, involving an exotic
and native species, or two exotic species that occupied the same niche
(Érsek and Man in’t Veld 2013).

Hybrid Phytophthoras and
Transgressive Segregation
Within any group of organisms, and especially within the genus
Phytophthora, extraordinary variation exists, and multiple mechanisms
are in place to ensure the organism’s persistence. Within the field of
ecology, two highly polarized viewpoints exist: Hybridization serves
as “a potent evolutionary force that creates opportunities for adaptive
evolution and speciation and provides increased genetic variation and
new gene combinations that promote the development and acquisition
of novel adaptations”; or hybridization contributes little in evolutionary
terms (aside from allopolyploidy), serving as a primarily local phenomenon with only transient effects (Riesenberg and others 2003, p. 1.
Within the laboratory, synthetic hybridization experiments have been
undertaken to examine the likelihood and outcome of such hybrids
in plants (Riesenberg and others 2003), and in Phytophthora species
(Érsek and others 1995; Goodwin and Fry 1994). In some instances,
the resulting hybrid has had a modification of host range, with a loss
of pathogenicity as compared to the parental isolates, or an additive
effect where the hybrid had the ability to infect hosts of both parents,
which did not have an overlapping host range (Érsek and others 1995;
Goodwin and Fry 1994). Goodwin and Fry (1994) crossed the closely
related P. infestans and P. mirabilis; both have limited host ranges.
These two sympatric Phytophthora species have similar morphology,
growth characteristics in culture and in planta, and high degree of
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genome homology (Kroon 2010). Most of the hybrids lost the ability
to infect the hosts that were infected by the parents. However, a recent
cross between an isolate of P. infestans virulent on potato and tomato
(Solanaceae) and a P. mirabilis isolate virulent on the ornamental plant
four o’clock flower (Mirabilis jalapa) (Nyctaginaceae) produced
F1 and F2 progeny that were pathogenic on tomato, including one F2
isolate that was capable of infecting all parental hosts (Kroon 2010).
Érsek and others (1995) created interspecific hybrids between P. capsici
and P. nicotianae by zoospore fusion and found hybrids could infect
either all previous parental host species (2/3), or none (1/3).
Although many hybrids are not viable, large phenotypic changes are
possible. These changes can drive range expansion, host jumping in the
case of pathogens, and increased virulence (Mallett 2007). Studies of
quantitative traits in segregating hybrid populations often report phenotypes that are extreme or novel relative to those of either parental line
(Goodwin and Fry 1994; Riesenberg and others 2003; Stuckenbrock
and others 2012). These extreme or novel phenotypes are described as
transgressive segregants (Riesenberg and others 1999) and may exhibit
traits (dispersal, resource acquisition, stress tolerance) that allow them
to overcome biotic and abiotic obstacles that constrained the parental
lines. Thus, transgressive segregation can contribute to invasiveness.
This was demonstrated with hybrid Phytophthora isolates from alders
in the UK (Brasier and Kirk 2001). The parents of the hybrids are believed to be P. cambivora and P. fragariae, neither of which is a strong
pathogen of alder. However, the hybrids are highly pathogenic to alder
so have an altered host range compared to either parent.
Transgressive segregation is an important process for generating novel
traits that are heritable in both agricultural and native environments.
Phytophthora species provide almost a model system for studying
these mechanisms, due to the ability of the genus to tolerate different
numbers and combinations of chromosomes, with triploids, tetraploids
and many aneuploid types with odd numbers of chromosomes known
(Goodwin 1997). The genomic plasticity of Phytophthora provides the
genetic playground necessary to avoid potentially deleterious mutations. This plasticity also shelters the genetic material for transgressive
segregation that can result in stable, hybrid isolates with traits that are
very different from either parent (Kroon 2010; Érsek and others 1995).
Transgressive segregation is one means of explaining the expansion
of host range observed with the P. cactorum x hedraiandra isolates in
the US. Originally reported on Rhododendron, and later Viburnum, in
Europe (Man in’t Veld and others 2012) and the US (Leonberger and
others 2013), an isolate of this hybrid was found on bleeding heart
(Dicentra) in a nursery, a host that had not been reported for either
parental species. Koch’s postulates were performed to confirm that the
hybrid could infect the original Dicentra cultivar ‘Luxuriant.’ Since the
parental species were not able to infect the Dicentra host, an expansion
of host range through hybridization was proposed (Leonberger 2010).
Subsequent studies found that the hybrid isolate could infect additional species of native bleeding hearts, including wild bleeding heart
(D. eximia), squirrel-corn (D. canadensis), and Dutchman’s breeches
(D. culcullaria) (Beckerman and Gerberich, unpublished). It has been
hypothesized that Phytophthora hybrids often arise as offspring of two
exotic species or of an exotic and resident species (Man in’t Veld and
others 2007; Érsek and Nagy 2008). In this instance, an exotic and
native Phytophthora were the putative parental species, and yet the
offspring exhibited broader host ranges than either parent (transgressive
segregation), resulting in new host range specialization and increased
pathogenicity and virulence (Brasier 1995).
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The Rhododendron as a Hybrid Zone
A hybrid zone is a location where species or interspecific lines comingle, mate, and produce hybrid offspring (Barton and Hewitt 1989).
Hybrid zones that arise from the mingling of species or intraspecific
lines that were previously isolated geographically may play an important role in invasions. Hybrid zones might also arise as a consequence
of habitat disturbance and/or environmental change, and hybrids can
certainly be found in disturbed habitats (Ellstrand and Schierenbeck
2000; Harrison 1993). However, we propose that nurseries, greenhouses, and landscaping can serve as hybrid zones for Phytophthora
by placing hosts for native and introduced species in close proximity.
The spread of Phytophthora species between production facilities
via plant movement has been documented (Lamour and others 2003)
and is understood to be a means of invasion (Rizzo and others 2002 ;
Brasier and others 2001) for the pathogen. More specifically, we suggest that widely planted species like Rhododendron may themselves
serve as hybrid zones. Rhododendron species (including azaleas,
which belong to the genus Rhododendron), hybrids, and cultivars are
popular and widely planted ornamentals. Within the nursery industry,
rhododendron is recognized as being regularly infected by a number
of Phytophthora species known to cause root rot (P. cactorum, P.
cinnamomi, P. citricola, P. citrophthora, P. cryptogea, P. drechsleri,
P. gonapodyides, and P. megasperma), shoot blight (P. cactorum, P.
citricola, P. citrophthora, P. hedriandra, P. cactorum x hedriandra, P.
nicotianae, P. cactorum X nicotianae, P. ramorum, P. syringae), leaf
spot (P. syringae) and damping off of seedlings (P. cactorum, P. cinnamomi, and P. cryptogea) (Hoitink and Schmitthenner 1974; Benson
and Jones 1979; Erwin & Ribeiro 1996; Werres 2000; Farr and others
1996). In several Phytophthora surveys, rhododendron is commonly
found as the host genus supporting the greatest number of isolates and
diversity of Phytophthora species (Leonberger and others 2013; Yakabe
and others 2009, Schwingle and Blanchette 2008).
Riesenberg and others (2003) found that hybridization can play an
important role in adaptive evolution, but only if fit hybrid genotypes can
escape from “the mass of unfit recombinants” in a hybrid population.
A host plant like Rhododendron can serve as a hybrid zone because it
supports the growth of multiple Phytophthora species without restriction. This lack of selection is necessary for hybridization to occur, for
the establishment of hybrid offspring, and subsequent genotype fixations that are required for new, hybrid populations to evolve. Thus,
Rhododendron species (and others like Viburnum and Pieris) serve as a
hybrid zone, bridge, and Trojan horse of Phytophthora to the landscape,
and are in and of themselves, a critical control point in need of better
management (Parke and Grunwald 2012).
One aspect that drives the success (and the concerns about) fungal
hybridization is that many fungal pathogens undergo recurrent cycles
of asexual reproduction after intermittent sexual cycles. Thus, the
establishment of hybrid species is facilitated by the multiple cycles
of asexual reproduction in a saprophytic stage that provide inoculum
build-up prior to selection for pathogenicity. The mixture of sexual
and asexual reproduction present in many plant pathogens, and especially Phytophthora species, may facilitate the creation of new genetic
combinations and the rapid amplification prior to and after successful
infection of a new host.
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Management to Minimize
Phytophthora
There are several practices that can be taken to minimize the introduction, establishment, spread and potential hybridization of Phytophthora
in the nursery. These practices are conceptually simple, but may be
difficult to implement, First, nursery owners should know the source of
their material and whether common sanitation practices are followed.
Nursery owners should recognize that some plants are more susceptible
to Phytophthora and require greater care. In the forest nursery, these
highly susceptible plants include Fagus, Juglans, Malus, Quercus, and
many conifers, including but not limited to Abies, Chamaecyparis, Picea,
Pinus, Thuja, and Tsuga. Many native understory shrubs are even more
susceptible than trees, especially Ilex, Kalmia, Pieris, Rhododendron,
and Viburnum. This is especially important with Rhododendron and
Kalmia species, which are extremely susceptible to and can tolerate
infection from multiple Phytophthora species. Second, new plants
should be placed under temporary quarantine in a separate area from
regular stock. It is critical to NOT treat them with fungicides effective
against Phytophthora during the quarantine stage; fungicides suppress
and delay symptom development, but will not ‘cure’ infected plants.
Using fungicides at this stage will mask symptoms and allow infected
plants to remain in the nursery instead of being culled. Instead, nursery
owners should observe the quarantined plants for several weeks, and
dispose of any plants showing symptoms of disease by burning (do
not compost). Third, containers should never be placed directly on soil
where Phytophthora may be present; Phytophthora can readily move
from the soil and any debris onto plants. Ideally, nursery ground should
be sloped or well draining with 3 to 4 in (7.5 to 10 cm) of coarse gravel
or rock between the soil and containers. This step raises containers from
the ground, preventing infection from any soil-borne Phytophthora,
and ensures good drainage at the site, to prevent waterlogged soil and
standing water. Drainage tile, or a five-percent slope from gravel, can
provide sufficient drainage to further prevent water from puddling.
Ideally, slopes and tile should drain to irrigation channels that release
water to a central holding pond. Water in this pond should be treated as
containing Phytophthora, and subject to water treatment to minimize
the amount of Phytophthora. Effective methods of treatment include
chlorination, copper/silver ionization, slow sand filtration and ultraviolet radiation.
Finally, weeds, sick plants, or debris that can harbor pathogens
or pests in the nursery and planting beds should be removed. Tools
should be cleaned and sterilized regularly, as well as benches. If pots
are being recycled, be sure to sterilize them between crops. Pots need
to be well scrubbed and disinfected. Ideally, disinfection can be done
with aerated steam via an autoclave; alternatively, use of a commercial
disinfectant, which contains both antimicrobials and detergents (the
detergent breaks down the cell wall to allow the disinfectant to better
penetrate) for effective sterilization, is recommended. Any step that
minimizes the likelihood of Phytophthora establishment minimizes
the possibility of hybridization between species.
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The High Price of Free Trade
The introduction of exotic invasives, including plant pathogens, is
an under-recognized ecological problem caused by the globalization of
commerce. Plant imports in the US increased 33% per decade over the
past 43 years, and the importation of live plants is the most common
pathway for the introduction of non-native plant pathogens, which costs
US taxpayers billions of dollars annually (Liebhold and others 2012;
Aukema and others 2011; Pimentel and others 2005). However, once
here, the problem can extend beyond the scope of the primary introduction due to hybridization events, creating new pathogen diversity, and
new hosts. Hybridization has already been recognized as a mechanism
for invasiveness in plants (Schierenbeck and Ellstrand 2009), and in
Phytophthora species (Brasier and others 2001). Regulatory programs
on a national and international scale need resources to monitor and
restrict “the predictable pathways by which pathogens move” (Hansen
2008 p. 40) and recognize those genera, like Rhododendron, Pieris and
Viburnum, which serve as either reservoirs or even Trojan horses that
promote pathogen spread and hybridization, and monitor these hosts
more closely to minimize risk.
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