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Infectivity and sporulation potential of Phytophthora
kernoviae to select North American native plants
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Phytophthora kernoviae exhibits comparable epidemiology to Phytophthora ramorum in invaded UK woodlands. Because
both pathogens have an overlapping geographic range in the UK and often concurrently invade the same site, it is speculated
that P. kernoviae may also invade North American (NA) forests threatened by P. ramorum, the cause of Sudden Oak Death.
This paper addresses the susceptibility of select NA plants to P. kernoviae, including measures of disease incidence and sever-
ity on wounded and unwounded foliage. The potential for pathogen transmission and survival was investigated by assessing
sporangia and oospore production in infected tissues. Detached leaves of Rhododendron macrophyllum, Rhododendron
occidentale and Umbellularia californica, and excised roots of U. californica and R. occidentale were inoculated with
P. kernoviae and percent lesion area was determined after 6 days. Leaves were then surface sterilized and misted to stimulate
sporulation and after 24 h sporangia production was assessed. The incidence of symptomless infections and sporulation
were recorded. All NA native plants tested were susceptible to P. kernoviae and supported sporangia production; roots of
U. californica and R. occidentale were both susceptible to P. kernoviae and supported sporangia production. Qospore pro-
duction was also observed in U. californica roots. The results highlight the vulnerability of select NA native plants to infec-
tion by P. kernoviae, suggest that symptomless infections may thwart pathogen detection, and underscore the importance of

implementing a proactive and adaptive biosecurity plan.
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Introduction

Phytophthora kernoviae is a recently emerged plant path-
ogen in the UK, threatening natural ecosystems including
woodland and native heathland, as well as heritage gar-
dens and national plant collections (Beales et al., 2006;
Defra, 2008). The pathogen was first isolated in late 2003
from a bleeding canker on European beech (Fagus sylvatica)
and foliar lesions on Rhododendron ponticum during
surveys designed to detect woodland invasion by Phy-
tophthora ramorum (Brasier et al., 2005). The known
geographic distribution of P. kernoviae is limited in Brit-
ain, with the highest frequency of forest infestation occur-
ring in southwest England (Defra, 2008). In 2008 the
pathogen was also reported in the Republic of Ireland
(Irish Department of Agriculture, Food & Fisheries,
2009); it has also been recovered from soils in New Zea-
land (NZ) forests and isolated from diseased custard
apple (Anona cherimola) in an abandoned NZ orchard
(Ramsfield ez al., 2009). Historical evidence suggests that
P. kernoviae has been in NZ for over 50 years, although
it has not been associated with forest decline (Ramsfield
etal.,2009).
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In infested UK woodlands, P. ramorum and P. kerno-
viae share similar symptomology and epidemiology
(Defra, 2008). Rhododendron ponticum, an invasive and
undesirable understory woodland plant, supports spo-
rangia production of both pathogens, thereby providing
primary inoculum for infection of neighbouring broad-
leaf trees (Defra, 2008; Webber, 2009). Symptoms of
P. ramorum and P. kernoviae are almost indistinguish-
able, with infection generally resulting in foliar necrosis
and shoot dieback on R. ponticum and bleeding cankers
on F. sylvatica (Defra, 2008). Sporangia are only formed
on hosts with susceptible foliage, whereas trunk cankers
are not known to support sporulation and therefore do
not transmit the pathogens (Defra, 2008). In mixed-spe-
cies woodlands, the majority of P. ramorum and P. kerno-
viae infections are on R. ponticum and associated
F. sylvatica (Brown et al., 2006). Both pathogens cause
symptomless root infections on R. ponticum (Fichtner
et al., 2011), and P. kernoviae infects F. sylvatica roots
(C.M. Brasier, Forest Research, Farnham, UK, personal
communication; E.J. Fichtner, unpublished data).
Phytophthora kernoviae is currently known to cause dis-
ease on 17 plant genera in 12 families, and rhododendron
is the main host involved in pathogen transmission (De-
fra, 2008; Fera, 2010). Because P. kernoviae was only
recently described and has only been studied in invaded
UK woodland and heathland, little is known about the
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potential ecology and epidemiology of the pathogen in
uninvaded systems. Additionally, the fact that the disease
cycles of P. kernoviae and P. ramorum are similar in UK
woodlands highlights concern regarding the potential for
P. kernoviae to inhabit similar niches to P. ramorum in
North American (NA) forests.

To address the potential risk of P. kernoviae to selected
NA native plants, the role of three plant species in sup-
porting infection, sporulation and sexual reproduction of
P. kernoviae was investigated. Foliage of two NA native
rhododendrons, Rhododendron macrophyllum (Pacific
rhododendron) and Rhododendron occidentale (Western
Azalea), as well as Umbellularia californica (California
bay laurel), a foliar host of P. ramorum, were compared
with R. ponticum leaves for susceptibility to P. kernoviae.
Plants were rated for disease incidence, severity and spor-
ulation potential, as well as the degree of symptomless
infection and sporulation. Additionally, the potential sus-
ceptibility, sporulation and oospore production of
P. kernoviae on U. californica and R. occidentale roots
was investigated. To address concerns that new introduc-
tions of P. kernoviae could evade detection in NA diag-
nostic labs, the growth habits of the organism were
compared on the selective media typically used in the UK
versus that used in the USA. The overall goal of this work
was to elucidate the pathogenicity of P. kernoviae to three
key native NA plants and assess the potential role of these
plants in pathogen transmission and survival.

Materials and methods

Source of plants and pathogen isolates

Healthy, symptomless foliage of R. ponticum was col-
lected from the woodland surrounding Alice Holt Lodge
in Farnham, Surrey, England. The Alice Holt site has
no history of infestation with either P. ramorum or
P. kernoviae. Three potted plants of R. occidentale and
five potted plants of U. californica, in approximately 4 L
containers, were purchased from commercial nurseries.
Because potted R. macrophyllum plants were not avail-
able, foliage of R. macrophyllum was collected from each
of two healthy symptomless specimens, labelled 1 and 2,
at Trelissick Gardens, a National Trust property located
near Truro, Cornwall, England.

Two P. kernoviae isolates (ROS SD8 and ROS SD9)
were used for all laboratory inoculations. Isolates were
collected from infested leaf litter in heathland containing
extensive mortality of Vaccinium myrtillus caused by
P. kernoviae.

Inoculation of plant material

Phytophthora kernoviae isolates were grown for 1 week
on carrot agar (CA) at 18°C under a continuous lighting
regime of 12 h white light followed by 12 h black light
(300-400 nm range in wavelength). Three millilitres
deionized water (dH,O) were pipetted onto the surface of
each colony, and colonies were gently scraped with a

glass rod to dislodge sporangia. Sporangia were then
rinsed from plates and the resulting spore suspension was
incubated at 4°C for 45 min to induce zoospore release.
Zoospores were enumerated with a haemocytometer and
a zoospore suspension of 10° zoospores mL™" was used
for all inoculations.

A multifactorial treatment design with two inoculum
levels (non-inoculated control and inoculated), and two
tissue types (wounded and non-wounded) was used. Five
replicate leaves were used in each treatment. Wounded
leaves were cut cross-wise below the leaf tip with a sterile
scalpel, removing approximately 25% of the leaf area.
Leaves were inoculated by dipping the leaf tips or
wounded edges in the zoospore suspension for 30 s, with
50% of the leaf submerged. Uninoculated control leaves
were similarly dipped in dH,O. Leaves were then incu-
bated in moist chambers at 20°C and misted daily for
6 days with sterile dH,O. Moist chambers were com-
posed of clear plastic storage boxes lined with paper tow-
els thoroughly moistened with sterile dH,O. Plastic
storage boxes were covered with plastic cling film to
maintain humidity for the duration of incubation of plant
materials.

Assessment of disease incidence and severity

Six days after inoculation, all leaves were surface steril-
ized in 70% ethanol for 30 s then rinsed three times in
dH,0 and blotted dry. The number of leaves showing
symptoms in each treatment was recorded to determine
disease incidence. Individual leaves were traced onto
semi-transparent paper with the lesion zone(s) carefully
delineated. The lesion components of the tracings were
then carefully excised with dissection scissors and a scal-
pel. The full leaf tracing as well as the excised lesion trac-
ings were weighed on an analytical balance and the leaf
and lesion areas determined by standardizing the weight
per unit area of the paper. Disease severity was deter-
mined by calculating percent lesion area, and differences
in disease severity between hosts and wounded/
unwounded tissue were determined with ANova and a
Waller-Duncan K-ratio test (K = 100). All statistical
analyses were completed using sas statistical software.

Assessment of sporangia production

After leaves were surface sterilized and traced, all leaves
were returned to moist chambers, misted with dH,O, and
incubated for 24 h at 20°C. Using a modification of the
protocol of Denman (2008), sporangia production was
assessed on non-wounded leaves. One millilitre of dH,O
was pipetted onto each leaf and leaves were scraped 10
times on each side with a metal spatula. Leaves were
rinsed with 750 uL of dH,O and each sporangia suspen-
sion was collected in a 2 mL microcentrifuge tube. A drop
of cotton blue was added and each suspension was centri-
fuged for 3 min at 1245 g. The supernatant was decanted
and the spores were resuspended in 20 uL. dH,O and vor-
texed for 30 s. Two drops of the suspension (10 uL each)
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were placed on a glass slide and sporangia were counted
under the compound microscope. The number of sporan-
gia produced per square centimetre leaf area and
per square centimetre lesion area was calculated and sta-
tistical differences between sporulation on different
plants were determined with ANOVA using square root
transformed data, and means separated using a Waller—
Duncan K-ratio test (K = 100). The square root transfor-
mation was used because variance in spore count
increased with increasing means (Tukey, 1977).

Reisolation of P. kernoviae from leaves

After sporangia were scraped from leaves, tissue samples
from each leaf were submerged into SMA selective med-
ium (Elliott et al., 1966) and incubated in the dark at
18°C. If lesions were present, samples were excised from
lesion margins; however, in the absence of a lesion, symp-
tomless tissues were sampled. Tissues were randomly
sampled from the inoculated portion of symptomless
leaves, with an aggregation of six small samples totalling
approximately 2 cm” of the leaf. Colonies generally
emerged from plated tissue within 5 days, and were then
subcultured onto CA for confirmation of P. kernoviae
recovery. Presence of sporangia on symptomless leaves,
and isolation of P. kernoviae from symptomless tissue
were recorded.

Assessing oospore presence

Concurrent with reisolation, tissue samples from each
unwounded leaf were excised and each sample was incu-
bated in 2 mL microcentrifuge tubes containing 1-5 mL
of 2-:5 M KOH. After 1 week, KOH was decanted from
tubes and fresh KOH was added to facilitate clearing of
tissue. Foliar tissue remained in KOH for approximately
1 month before observation under the compound micro-
scope. Presence or absence of oospores in foliage was
noted.

Root inoculations

Roots of U. californica and R. occidentale plants were
obtained for susceptibility studies with P. kernoviae.
Roots of R. macrophyllum could not be included in the
trial because containerized plants of this species were
unavailable in UK nurseries. Fine roots were excavated
from pots and rinsed thoroughly with dH,O to remove
all soil and debris. Fine roots were then cut into 4-cm-long
segments, with 20 segments prepared of each species. Ten
root segments of each species were then inoculated by
complete submergence in a zoospore suspension (10°
sporesmL™") for 30 s and the other 10 were similarly sub-
merged in dH,O to serve as an uninoculated control
treatment. Root segments were then incubated in moist
chambers for 7 days at 20°C. After 7 days, all root seg-
ments were scored for symptom development. All root
segments were then surface sterilized in 0-:025% NaOCI
for 5 min (Shishkoff, 2007), and rinsed three times
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in dH,O. Each root segment was then cut in half with a
sterile scalpel, and one half was placed on SMA to deter-
mine infection by P. kernoviae and the other halfin 2-:5 m
KOH to render tissue translucent. Putative Phytophthora
species emerging from root segments were subcultured
onto CA for morphological identification. Roots were
incubated in KOH for approximately 15 days, and then
rinsed with dH,O, stained with aniline blue, and exam-
ined under the compound microscope. Presence of
sporangia and/or oospores on root segments was noted.

Isolation and identification of Phytophthora
kernoviae

In September 2008, 20 R. ponticum leaves showing
symptoms were collected from a P. kernoviae infested
forest near Truro, Cornwall, England. Leaves were then
returned to the laboratory and two circular samples were
excised along the lesion margin using a 1 cm diameter
cork borer. One sample was placed on SMA (Elliott et al.,
1966) and the other on PARP (Erwin & Ribeiro, 1996).
As putative Phytophthora isolates emerged from sam-
ples, they were transferred to CA for morphological iden-
tification. The frequency of P. kernoviae recovery was
compared between tissues placed on SMA and PARP.
Furthermore, differences in macroscopic colony mor-
phology and microscopic hyphal characteristics were
noted. The width of hyphae growing on SMA and PARP
was determined by placing colonized agar on glass slides,
staining with cotton blue, and flattening the sample with
a cover slip. Digital images were then captured at x20
magnification from 10 colonies on each medium. Images
were digitally enlarged, and using ANALYSIS software
(Olympus Soft Imaging Solutions), two measurements of
hyphal width were taken of each colony and the average
width per colony was recorded. A two-tailed #-test with
equal variance was then employed to determine whether
hyphal width was affected by selective culture medium.

Results

Lesions were observed on inoculated leaves of R. ponti-
cum, R. occidentale, R. macrophyllum and U. californica,
while uninoculated leaves all remained free of any symp-
toms (Fig. 1). The dark, black lesions on inoculated R. oc-
cidentale were difficult to discern visually due to the lack
of contrast between the lesion and the healthy, glossy,
dark green, wrinkled tissue (Fig. 1b). Similarly, symptoms
on R. macrophyllum foliage could easily be overlooked
because of the small lesion size (Fig. 1¢). Foliar P. kerno-
viae lesions were well defined on U. californica (Fig. 1d).
Because disease severity in wounded and non-wounded
foliage varied significantly between experimental runs,
the results of each run were analysed separately (Fig. 2).
An interaction between wound treatment and plant spe-
cies significantly affected disease severity in both experi-
mental runs (P < 0-:01) (Fig. 2). In the first run, wounded
R. ponticum leaves exhibited significantly higher disease
severity than unwounded (Fig. 2a), but no difference was
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Figure 1 Inoculation of leaves of (a) Rhododendron ponticum, (b) Rhododendron occidentale, (c) Rhododendron macrophyllum and (d)
Umbellularia californica with Phytophthora kernoviae resulted in foliar necrosis. Photographs illustrate uninoculated leaves in the top row and
inoculated leaves in the bottom row. Leaves were inoculated by longitudinally submerging half the leaf in a zoospores suspension of

P. kernoviae (10° spores mL™") and then incubating in moist chambers at 20°C and misting daily for 6 days.

observed between wounded and non-wounded R. ponti-
cum leaves in the second run (Fig. 2b). Disease severity on
wounded and non-wounded U. californica foliage also
deviated between experimental runs (Fig. 2). In the first
run no significant difference was observed in disease
severity between wounded and unwounded foliage
(Fig. 2a), whereas non-wounded leaves exhibited signifi-
cantly higher disease severity in the second run (Fig. 2b).
Disease severity on R. macrophyllum was significantly
lower than on R. ponticum, and generally lower than on
the other inoculated plants (Fig. 2a,b). The two R. macro-
phyllum individuals exhibited similar levels of disease
severity (Fig. 2a,b).

The presence of symptomless infections was deter-
mined by comparing frequency of disease incidence with
frequency of pathogen recovery (Table 1). Symptomless
foliar infections were observed on both individuals of
R.macrophyllum and R. occidentale. Higher disease inci-
dence in wounded compared with non-wounded foliage
was observed on R. macrophyllum (individual 2) over
both experimental runs and on R. occidentale in the sec-
ond experimental run. Inoculated foliage of R. ponticum
and U. californica always exhibited 100% disease inci-
dence and 100% pathogen recovery by isolation.

Sporangia production on individual plant species var-
ied between the two experimental runs; therefore, sporu-
lation data were analysed and presented separately for

run 1 (Fig. 3a,b) and run 2 (Fig. 3c,d). Foliar sporulation
is presented on the basis of sporangia/leaf area (Fig. 3a,c)
and on sporangia/lesion area (Fig. 3b,d). All three NA
native plants supported sporangia production. Rhodo-
dendron occidentale and U. californica supported more
sporangia/leaf area than R. ponticum or R. macrophyl-
lum in both run 1 (P < 0-01) and run 2 (P < 0-0001). In
the second experimental run, both individuals of R. mac-
rophyllum supported fewer sporangia/leaf area than all
other plants tested (P < 0:0001). Sporangia produc-
tion/lesion area was significantly higher on U. californica
and R. occidentale than on R. ponticum and R. macro-
phyllum in the first experimental run (P < 0-0001), but
no significant differences in sporangia production/lesion
area were observed in the second run. Sporangia were
produced on symptomless leaves of R. macrophyllum in
runs 1 and 2 and on a single leaf of R. occidentale inrun 1.
Because calculation of sporangia production per unit
lesion area is impossible for symptomless infections, such
values are not represented graphically when two or more
leaves exhibited symptomless sporulation (Fig. 3b,d).
Phytophthora kernoviae was always isolated from symp-
tomless leaves that supported sporangia production. The
pathogen was never isolated from uninoculated control
leaves.

While enumerating sporangia produced on foliage,
oogonia and associated antheridia were observed in the

Plant Pathology (2011)
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Figure 2 Disease severity on wounded and non-wounded North American plants is represented over two experimental runs (a and b).

A complete factorial treatment design was implemented, with two wounding treatments (wound and no wound) and two inoculation treatments
(inoculated and uninoculated control). Five plant types were included in the experiment: Rhododendron ponticum, Umbellularia californica,
Rhododendron occidentale, and two individuals of Rhododendron macrophyllum, (1) and (2). Wounds were created by removing the leaf tip
with a sterile scalpel immediately prior to inoculation. Leaves were inoculated by dipping half the leaf in a zoospore suspension of
Phytophthora kernoviae (10° spores mL™") and then incubating in moist chambers at 20°C and misting daily for 6 days. After 6 days, percent
lesion area was determined as a measure of disease severity, and each disease severity datum represents the average of five leaves.
Different letters above bars designate significant differences based on the Waller-Duncan K-ratio test (K = 100).

water rinsed from inoculated U. californica foliage
(Fig. 4a,b). Mature oospores were not observed, but
observations of foliar sporulation were only made 24 h
after leaves were surface sterilized and misted to induce
sporangia production. Qogonia were observed in the
rinse water from two of five inoculated leaves in the first
run of the experiment; no oogonia were observed in the
second experimental run. Neither oogonia nor sporangia
were observed in rinse water from uninoculated leaves.
Additionally no oospores were observed in inoculated
foliage of R. ponticum, R. macrophyllum, R. occidentale
or U. californica that had been cleared with KOH.

Phytophthora kernoviae was isolated from all inocu-
lated roots of U. californica and R. occidentale; no Phy-
tophthora species were isolated from uninoculated roots.
Sporangia were observed on inoculated roots of both
plant species; however, oogonia and mature oospores
were only observed in inoculated U. californica roots
(Fig. 4c,d). The physical location of oospores within
U. californica roots was not readily apparent, although
oospore production appears to be both inter- and extra-
cellular (Fig. 4c,d). Neither asexual nor sexual spores
were observed on uninoculated roots.
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Both SMA and PARP media were effective for
isolating P. ramorum and P. kernoviae from rhodo-
dendron leaves showing symptoms. Phytophthora
ramorum was isolated from 16 of the 20 rhodo-
dendron leaves with symptoms collected at the
P. ramorum-infested site. Twelve of the 16 P. ramo-
rum-infected leaves yielded P. ramorum colonies on
both media; however, three positive isolations were
detected only on SMA and one positive was detected
only on PARP. Phytophthora kernoviae was also
isolated from 16 of the 20 leaves with symptoms
collected at the P. kernoviae-infested site. Of the 16
leaves vyielding P. kernoviae, two were detected on
PARP only. Colonies consisted of dense mycelial
growth on SMA, but were thin and sparse on PARP
(Fig. 5). Individual hyphae of P. kernoviae growing on
SMA were significantly thicker than those growing on
PARP (t < 0-0001), with a mean thickness of 4-79 and
3-:08 um on SMA and PARP, respectively. Though col-
onies of P. kernoviae were thin and sparse on PARP,
the medium supports oospore production. Qospores of
P. kernoviae were either rarely or sparsely produced
on SMA medium.



6 E. ]. Fichtner et al.

Table 1 Summary of disease incidence, pathogen recovery and observation of symptomless infection and sporulation on several North American native

plants inoculated® with Phytophthora kernoviae

Wound Disease Pathogen Symptomless Symptomless
Plant® treatment® incidence® recovery® infection’ sporulation®
Run 1
R. ponticum Non-wound 5/5 5/5 - -
Wound 5/5 5/5 - na
U. californica Non-wound 5/5 5/5 - -
Wound 5/5 5/5 - na
R. macrophyllum (1) Non-wound 5/5 5/5 - -
Wound 5/5 5/5 - na
R. macrophyllum (2) Non-wound 1/5 3/5 + +
Wound 5/5 5/5 - na
R. occidentale Non-wound 4/5 5/5 + +
Wound 5/5 5/5 - na
Run 2
R. ponticum Non-wound 5/5 5/5 - -
Wound 5/5 5/5 - na
U. californica Non-wound 5/5 5/5 - -
Wound 5/5 5/5 - na
R. macrophyllum (1) Non-wound 1/5 1/5 - -
Wound 1/5 2/5 + na
R. macrophyllum (2) Non-wound 2/5 3/5 + +
Wound 3/5 4/5 + na
R. occidentale Non-wound 4/5 5/5 + -
Wound 5/5 5/5 - na

na: not assessed.

Foliage of select plants was inoculated by dipping leaves in a zoospore suspension (10° zoospores mL™").
®Rhododendron ponticum was used as a positive control. U. californica, R. occidentale and R. macrophyllum were selected as potential NA
hosts. The two R. macrophyllum plants (1) and (2) were assessed separately. The specimens of U. californica and R. occidentale were

container-grown and purchased from nurseries.

°Leaves of each plant either remained intact or were wounded by cutting off the leaf tip with a sterile scalpel prior to inoculation.

9dAfter inoculation leaves were incubated in moist chambers at 20°C and misted daily. Disease incidence was assessed after 6 days.
Uninoculated control leaves remained symptomless and are therefore excluded from the table.

®Pathogen recovery was determined by submerging a portion of tissue in SMA selective medium.

fPresence of symptomless infections was determined by assessing the difference between disease incidence and pathogen recovery.

9A plant exhibited symptomless sporulation when sporangia were observed in leaf rinses derived from symptomless leaves. The presence (+)
or absence (-) of symptomless sporulation was only assessed on unwounded leaves.

Discussion

The current body of knowledge on the host range of
P. kernoviae, derived partly from naturally infected
plants in infested UK systems and inoculation studies,
suggests the susceptibility of select NA flora, both in natu-
ral and landscaped areas. Of the known foliar and canker
hosts of P. kernoviae in the UK, several species are widely
used as landscape plants in the United States. For
example, F. sylvatica, the tree species sustaining the vast
majority of canker infections in the UK, is available in a
wide range of cultivars with diverse foliar colours and
morphologies for planting in NA landscapes (Burnie
etal.,1999). American beech (Fagus grandifolia) extends
in its native range across the eastern United States and
parts of eastern Canada (Tubbs & Houston, 1990); how-
ever, its susceptibility to P. kernoviae is not yet known.
Quercus robur, a known canker host in the UK, is widely
used in NA landscape plantings in USDA hardiness zones
3-9 (Burnie et al., 1999). Liriodendron tulipifera, both a
foliar and canker host in the UK, is a North American

native, inhabiting forests from Ontario to Florida (Little,
1979). Infected foliage of L. tulipifera supports sporangia
production (Defra, 2008), suggesting it could play a role
in pathogen transmission in the event that P. kernoviae is
introduced to eastern NA forests.

Because P. kernoviae has been found to infect 17 gen-
era representing 12 families of plants (Fera, 2010),
including several species used in NA landscapes, this
paper seeks to further address the susceptibility of select
NA native flora. Two western NA native rhododendron
species, R. occidentale and R. macrophyllum, were
included in the study because rhododendrons are integral
in transmission of both P. ramorum and P. kernoviae in
infested UK woodlands. California bay laurel, U. califor-
nica, was also included because of its role in the transmis-
sion of P. ramorum and consequent spread of Sudden
Oak Death in California forests (Davidson et al., 2005).
The results of thiswork clearly illustrate that U. californica,
R. occidentale and R. macrophyllum are susceptible to
infection by P. kernoviae, regardless of whether foliage

Plant Pathology (2011)
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Figure 3 Sporangia production was determined on unwounded leaves inoculated with Phytophthora kernoviae. Sporangia production in Runs
1 and 2 are represented in a, b and c, d, respectively. After inoculation, leaves were incubated for 6 days in moist chambers at 20°C, then
surface sterilized with 70% ethanol for 30 s, rinsed and then returned to moist chambers. After 24 h at 20°C, sporangia were scraped off
leaves, counted, and then the average (n = 5) sporangia/leaf area (a and c¢) and sporangia/lesion area (b and d) were determined. Plant
types exhibiting symptomless sporulation on two or more leaves are represented with asterisks (***), and were not included in the analysis of
sporangia/lesion area due to the undefined values. Different letters above bars designate significant differences based on the Waller-Duncan

K-ratio test (K = 100).

was wounded prior to inoculation. Disease severity on
wounded and non-wounded U. californica leaves varied
between experimental runs, with wounded leaves exhib-
iting either equal or lower lesion area than unwounded
leaves. In a similar study focused on foliar susceptibility
to P. ramorum, disease severity on wounded and non-
wounded U. californica foliage also varied between
experimental runs (Denman et al., 20035). In the P. ramo-
rum study, the observed variability on U. californica was
hypothesized to result from differences in the physiologi-
cal condition of the host tissue (i.e. leaf age and/or posi-
tion in canopy), or genetic diversity in plants purchased
from the nursery (Denman et al., 2005). Such factors may
have also influenced susceptibility of U. californica to
P. kernoviae; however, further studies are needed to
directly address factors influencing foliar susceptibility in
the P. kernoviae pathosystem.

All three NA natives supported sporangia production,
and U. californica and R. occidentale support at least the
same level of sporulation seen in R. ponticum, the inva-
sive plant associated with transmission of the pathogen in
UK woodlands. Although the observed sporulation
potential of P. kernoviae on U. californicaand R. occiden-
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tale is either similar or higher than on R. ponticum, infec-
tion of R. ponticum can result in massive inoculum loads
at the ecosystem level simply because the invasive nature
of the plant provides ample foliage as a platform for inoc-
ulum production. Consequently, R. ponticum removal is
the primary strategy for inoculum and disease manage-
ment in infested UK woodlands. Similarly, long-term
investigations of thinning and removal of U. californica
for management of P. ramorum in Sudden Oak Death-
infested forests are currently underway (Valachovic
etal.,2008; Swiecki & Bernhardt, 2010).

Because introduction of P. kernoviae to the United
States may result in a high-consequence plant disease out-
break, a recovery plan was produced as part of the
National Plant Disease Recovery System (NPDRS) called
for in Homeland Security Presidential Directive Number
9 (HSPD-9) (Benson et al., 2009). Two of the five key ini-
tiatives outlined in the plan call for enhanced ability to
detect pathogen introduction and accurately identify the
pathogen, while another initiative calls for an assessment
of the susceptibility of NA native species. The results of
this work illustrate several factors that may curtail or
impede rapid detection of an introduction of P. kernoviae



8 E. ]. Fichtner et al.

Figure 4 Production of sporangia, oospores and oogonia were observed on Phytophthora kernoviae-inoculated foliage (a and b) and roots
(c and d) of Umbellularia californica. Foliar sporulation was assessed after 24 h in moist chambers at 20°C. Oogonia (a and b), sporangia

(a and b), and zoospores (b) were observed in spore suspensions gathered from inoculated U. californica leaves. Sporangia and oospores
were observed on the surface of inoculated U. californica roots (c). Mature intracellular oospores (d) were also observed in inoculated

U. californica roots.

Figure 5 Phytophthora kernoviae colonies exhibit thick, dense
growth on SMA medium (left) and sparse, thin growth on PARP
medium (right).

to NA. Foliar symptoms of P. kernoviae on U. californica
are identical to those of P. ramorum (Rizzo & Garbelot-
to, 2003). Consequently, an introduction of P. kernoviae
to a well-documented, heavily infested P. ramorum site in
California may escape notice while disease survey empha-
ses are placed on documenting spread of Sudden Oak
Death into new areas. Also, symptoms of P. kernoviae on
R. occidentale are difficult to discern due to the colour
and texture of the foliage, and lesions produced on
R. macrophyllum are generally unnoticeable (<15% of
the total leaf area). While there is no monitoring program
in place for P. kernoviae in the United States, the most

likely opportunities for identification of P. kernoviae
introduction is through samples sent for general diagnosis
to the National Plant Diagnostic Network, or through
the nationwide stream monitoring system for P. ramorum
in US forests (Benson et al., 2009). However, Benson
et al. (2009) remark that Phytophthora samples isolated
in diagnostic clinics are rarely identified to species level
due to cost limitations. Additionally, streamwater is
heavily infested with a diversity of Phytophthora species
(Huang et al., 2009; Sutton et al., 2009; Reeser et al.,
2011) thereby diluting the relative concentration of each
species on baits or on filter paper. Identification of new
species may therefore be operationally limited by the vol-
ume of isolates and the goal of identifying and enumerat-
ing a specific pathogen (i.e. P. ramorum). Another
limitation in confirming presence of P. kernoviae in the
United States is the sparse growth pattern of the pathogen
on PARP, the selective medium typically used for Phy-
tophthora isolation in the United States. While P. kerno-
viae produces dense mycelial growth on SMA, it
produces thin, sparse growth on PARP. The morphology
of P. kernoviae on PARP resembles the sparse growth of
Pythium species; consequently, positive isolations may
be discarded as plate contaminants.

An additional major challenge to both intercepting
P. kernoviae-infected plant material at NA points of entry
and early detection of introductions is the potential for
P. kernoviae to infect host tissues without symptoms.
The high frequency of symptomless infections of both
P. ramorum and P. kernoviae on Rhododendron
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‘Cunningham’s White’ trap plants was first reported in
2007 (Denman et al., 2008; Denman et al., 2009). Subse-
quently P. kernoviae was found to incite symptomless
root infections on R. ponticum in UK woodlands (Ficht-
ner ef al., 2011). The present study further demonstrates
the potential for P. kernoviae to cause symptomless infec-
tions on foliage of R. occidentale and R. macrophyllum,
and on roots of U. californica and R. occidentale. Addi-
tionally, sporangia were produced on the roots of both
U. californica and R. occidentale, suggesting the poten-
tial for underground sporulation.

Phytophthora kernoviae is a recognized threat to NA
native ecosystems, and the United States nursery indus-
try, valued at approximately $4-6 billion (Benson et al.,
2009). The results of this work demonstrate not only the
susceptibility of select NA native plants, but also the
potential for these plants to support pathogen sporula-
tion and subsequent disease transmission. Additionally,
U. californica foliage and roots support oospore produc-
tion of P. kernoviae suggesting that the pathogen can
reproduce sexually on this host. In invaded UK forests,
P. kernoviae is considered more aggressive towards trees
than P. ramorum (Defra, 2008), but the relative potential
impact of each of these pathogens on NA ecosystems is
not yet known. The competitive dynamics between the
asexually reproducing P. ramorum and P. kernoviae on
U. californica foliage is not known, but is a topic worthy
of further investigation. Restrictions are in place for
importation of nursery stock from infested areas (Benson
et al., 2009); however, the frequency of symptomless
infections combined with the fact that the geographic ori-
gin of P. kernoviae is unknown may render point of entry
detection difficult. As research findings fill gaps in knowl-
edge of pathogen biology and disease epidemiology, the
United States Recovery Plan and regulatory strategies
implemented by APHIS must also evolve and adapt to
enhance the efficacy of efforts to promote national biose-
curity. Improved communication between the forestry,
horticulture and regulator communities is key to success-
fully thwarting the introduction of P. kernoviae, and
other as yet unknown invasive species, for protection of
both NA’s natural areas and the forestry and nursery
industries.

Though the results of the current study underscore the
potential risk of P. kernoviae to select NA native plants,
the potential impact of introduction of P. kernoviae to
native ecosystems worldwide should also be considered.
While considering the extent of unknown hosts of
P. kernoviae, it is also wise to highlight the risk of the
pathogen to ecosystems where R. ponticum, a known
host, is native. While R. ponticum is an invasive species in
western Europe and the UK, it is a post Plio-Pleistocene
relict and native understory component of Euxinian for-
ests (south of the Black Sea) and riparian forests in the
southern Iberian Peninsula (Mejias et al., 2007). Native
populations of R. ponticum on the Iberian Peninsula are
in decline and riparian forests in the Aljibe Mountains
constitute a refuge for the species. The persistence
of R. ponticum and other relict species in this
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meso-Mediterranean climate is dependent on mainte-
nance of community structure in riparian forests (Mejias
etal.,2007); consequently, a disturbance caused by path-
ogen introduction may jeopardize the persistence of a
unique ecosystem harbouring relict taxa. Additionally, it
should be considered that R. ponticum is a member of the
Rhbododendron subsection Pontica, which contains four
species native to southwest Eurasia (including R. ponti-
cum), two species native to southeastern North America
(including R. catawbiense, a known host of P. kernoviae),
and two species in western North America, including
R. macrophyllum (Milne, 2004). A phylogenetic analysis
of Rhododendron subsection Pontica classified R. ponti-
cum in the same monophyletic clade as other known hosts
of P. kernoviae, including R. macrophyllum and R. ca-
tawbiense (Milne, 2004). Given the results of this work
and the known susceptibility of members of the subsec-
tion Pontica, further directed host range testing should be
conducted to better assess the potential risk of P. kerno-
viae introduction to as yet uninvaded ecosystems.
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