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There are four recognized clonal lineages of the pathogen Phy-
tophthora ramorum. The two major lineages present in North America
are NA1 and NA2. With a few exceptions, NA1 is found in natural
forest ecosystems and nurseries, and NA2 is generally restricted to
nurseries. Isolates from the NA1 and NA2 lineages were used to infect
rhododendron, camellia, and California bay laurel in detached leaf
assays to study the effects of lineage, temperature, and host on
pathogenicity and host susceptibility. Isolates within both lineages
were highly variable in their ability to form lesions on each host. There

was also a tendency toward reduced lesion size in successive trials,
suggesting degeneration of isolates over time. Temperature had a
significant effect on lesion size, with a response that varied depending
on the host and isolate. Phenotypic differences between lineages
appear to be heavily influenced by the representation of isolates used,
host, and temperature. The importance of temperature, host, and
lineage are discussed with respect to disease management, as well as
future range expansions and migrations of the pathogen.

Phytophthora ramorum is an emergent generalist Oomycete
pathogen (Kingdom: Stramenopila) causing sudden oak death in
the United States (62,76), sudden larch death in the United King-
dom (4,73), and ramorum blight in both the United States and Eu-
rope (5,12,34,63,76). The origins of P. ramorum are unknown but
genetic evidence suggests it to be an exotic pathogen introduced to
North America and Europe on multiple occasions via the commer-
cial nursery industry (11,26-28,43,52,53), and potentially originat-
ing from Asia (8). P. ramorum is heterothallic, with two mating
types (Al and A2). Although sexual reproduction is possible, it is
thought to be rare, and the two mating types are generally geo-
graphically separated. The Al mating type is mostly restricted to
Europe (37,60) and U.S. nurseries (29), while only the A2 mating
type is found in North American forests (43,60). However, the A2
mating type has been found in three isolates from Belgian nurseries
(70,74), one of which has since switched mating types from A2 to
Al (9). Expansion of the pathogen population is thought to be
mostly via propagation of asexual clones (26,43,69). Four evolu-
tionary clonal lineages are currently known within P. ramorum:
EUl, EU2, NAI, and NA2 (32,43,67). NA1 and NA2 are restricted
to North America, where the NA1 lineage is generally found in
native forests and nurseries and NA2 isolates are mostly limited to
nurseries. EU1 isolates are concentrated in Europe but have been
found occasionally in U.S. nurseries (33,37). EU2 is currently
limited to Northern Ireland and Western Scotland (67). Lineages
can be discriminated using gene sequences, amplified fragment
length polymorphism, and simple sequence repeat markers
(26,43,44,59,71).
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Several studies have examined the phenotypic differences be-
tween lineages in terms of traits such as spore and colony morphol-
ogy (7,43,75); colony growth rate (7,75); spore production
(51,54,66,75); effect of fungicides (20,40,58); and pathogenicity,
aggressiveness, or host susceptibility (7,15,20,36,39,40,51,66).
Most have shown that there is substantial variability in phenotypic
characteristics of individual isolates. However, assessments of the
overall differences among lineages, if present, have been less con-
sistent. The variety of growth media, inoculation techniques (agar
versus zoospores, wounding versus nonwounding, and detached
leaf versus sapling versus cut log), experimental temperatures, and
isolates used in the disparate studies make it difficult to conclu-
sively determine the existence and nature of phenotypic differences
between lineages, or whether the differences seen are, in fact, an
artifact of the isolates selected to represent each lineage. Finally,
relationships and interactions among host susceptibility, tempera-
ture, and pathogen lineage have yet to be determined, reducing the
power of predictive models.

The majority of host susceptibility studies have focused on ei-
ther a single host and multiple temperatures (20) or multiple hosts
at a single temperature, often using a single or relatively few iso-
lates representative of each lineage (1,15,51). Our objective was to
conduct a more comprehensive study of the effect of lineage, tem-
perature, and host on pathogenicity and host susceptibility.

The NA?2 lineage has been historically confined to nurseries and
has been shown in some studies to be more aggressive (20,51).
Providing more information on the virulence of NA2 and com-
paring it with NA1 is essential to determine whether its spread into
native forests in North America would present an additional or
different threat than that already posed by NAI. Indeed, a plant
infected by an NA2 clone has recently been reported in California
(23), as have some plants outside an infected nursery in Washing-
ton (10), highlighting the need for a better comparative assessment
of virulence of these two lineages.

Our overall objective was to assess variability among popula-
tions of NA1 and NA2 populations. Host susceptibility was first
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assessed using detached-leaf assays performed on rhododendron
and camellia, two ornamental species which are commonly in-
fected in nurseries, with a variety of isolates from both the NA1
and NA2 lineages. Variability among isolates, between lineages,
and between successive trials was also assessed in these studies.
Next, zoospore inoculations of rhododendron and California bay
laurel (Umbellularia californica or simply bay laurel), two species
heavily involved in pathogen spread from nurseries to wild lands
and within wild lands, were conducted at three different tempera-
tures using mixtures of isolates from each lineage to investigate
how lesion development and lesion area are affected by tempera-
ture and lineage in different hosts. To investigate differences
among inoculation methods and among isolates within lineages,
mycelial inoculations of bay laurel leaves were performed using
the same six isolates and temperature regimes.

Materials and Methods

There were three different inoculation experiments conducted
within this study. They are detailed in Table 1, and were conducted
using the methods below.

Isolates. Cultures previously determined by morphology and se-
quence analysis to belong to the NA1 and NA2 lineages, respec-
tively (43), were chosen at random from the Garbelotto Lab culture
collection for detached-leaf trials (Table 2). In total, 15 NA1 pre-
dominantly from bay laurel in forests and 17 NA2 isolates pre-
dominantly from rhododendron in nurseries were used in inocula-
tions (Table 2).

Culture preparation. To ensure viability and standardize cul-
ture age, isolates were taken out of long-term storage and passed
through plant material as follows. Plugs of mycelium of isolates
growing on clarified 10% V8 agar (72) were inoculated onto the
abaxial surface of bay laurel leaves, and incubated in moist cham-
bers at 18°C for 10 days to allow lesions to develop. The pathogen
was reisolated from leaves by excising a small leaf section from
the edge of the lesion and plating it onto PARP selective medium
(pimaricin at 400 pl/liter, ampicillin at 250 mg/liter, rifampicin at
10 mg/liter, and pentachloronitroenzene at 25 mg/liter) (72). Colo-
nies were identified as P. ramorum morphologically and subcul-
tured onto 10% clarified V8 agar. Only cultures exhibiting uniform
colony morphology were used for inoculations, to avoid the use of

Table 1. Summary of inoculation experiments and their conditions®

non-wild-type (NWT) isolates, known to have reduced virulence
(46).

Zoospore inoculum preparation. Five agar plugs of each iso-
late, cut with a 4-mm-diameter cork borer, were evenly distributed
around a 10% clarified V8 agar plate and grown in the dark at 18°C
for 2 weeks. To induce production of sporangia in the resulting
mycelia, the content of each plate was cut into pieces 1 cm? in size
and placed in two empty sterile petri plates. Agar pieces were
flooded with 20 ml of soil tea (dry soil at 10 g/liter, autoclaved for
30 min at 121 psi, then filtered with a sterile 0.2-um Nalgene fil-
ter), and incubated in the dark at 18°C for 2 days. The contents of
the plates were transferred to acid-washed beakers, and zoospore
release was induced by placing the beaker on ice for 30 min, fol-
lowed by incubation at room temperature for 1 h. Zoospores were
quantified using a hemocytometer and diluted to a final concentra-
tion of 5 x 10* zoospores/ml. For each experiment, sporangial
growth and zoospore release were induced for all isolates at the
same time from cultures of the same age.

For camellia and rhododendron single-temperature trials, the
above procedure was done for each individual isolate. For the zoo-
spore inoculation trials of bay laurel and rhododendron at multiple
temperatures, a randomly selected subset of six isolates for each
NA1 and NA2 group was used (Table 2). For the latter trial, spo-
rangia from isolates belonging to the same lineage were combined
to produce a lineage inoculum containing a mixture of all six iso-
lates to try to assess a generalized response of the lineage rather
than an isolate response. The subset was selected at random in
order to represent the range of variation in the lineage, without
bias.

Leaf randomization and incubation. Leaves were labeled and
placed in trays according to a randomized complete block design to
ensure even distribution of leaves and lineages between trays.
Trays were lined with an absorbent mat with 500 ml of distilled
(d)H,O water in the base and overlaid with a grid support for the
leaves. Trays were misted 10 times with dH,O, then closed with an
upturned tray used as a lid, sealed in autoclave bags, and placed
into growth cabinets at the desired experiment temperature (Table
1) for 24 h before inoculations were performed. After inoculation,
trays were misted with dH,O every 2 to 3 days. Total incubation
time was 10 days for all experiments.

Leaves Lesion assessment
Experiment, inoculum, 7' (°C) Species Lineage N Per treatment Total Measure dpi  Trials Analysis
Single temperature
Zoospore
20 Camellia NA1 13 16/isolate 208 Area, presence/absence 10 2 ANOVA,
log
NA2 15 16/isolate 240
Control Soiltea 16 16
Rhododendron  NAl 13 16/isolate 208
NA2 15 16/isolate 240
Control Soiltea 16 16
Total 928
Multiple temperatures
Zoospore mix
12 Rhododendron NA1 6 mixed  10/tree/temp 150 Area, presence/absence 10 2 ANOVA,
log
20 NA2 6 mixed  10/tree/temp 150
24/15 Control Soiltea  1/tree/temp 15
Bay laurel NA1 6 mixed  10/tree/temp 150
NA2 6 mixed  10/tree/temp 150
Control Soiltea  l/tree/temp 15
Total 630
Mycelium
12 Bay laurel NAl 6 10/tree/temp 150 Presence/absence 10 2 GLMM
20 NA2 6 10/tree/temp 150
24/15 Control V8 Agar  1/tree/temp 15

Total

315

2 Abbreviations: T = temperature, N = number of isolates, dpi = days postinoculation, ANOVA = analysis of variance, Log = logistic regression, and GLMM

= generalized linear mixed model.
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Zoospore inoculation. A 40-ul drop of zoospore suspension
was placed on the abaxial surface of each leaf. Control leaves were
inoculated with 40 ul of dH,O. All inoculations were performed
using acid-washed pipette tips and tubes within the growth cham-
bers to avoid subjecting leaves to temperature fluctuations.

Mycelial inoculation. Plugs of agar, 3 mm in diameter, were
cut aseptically from the growing edge of 2-week-old cultures of
each isolate of P. ramorum growing on 10% clarified V8 agar (15
ml of agar per plate). Control plugs of identical size were cut
from a clean 10% clarified V8 agar plate. Plugs were placed
mycelium-down onto the abaxial surface of leaves, surface
cleaned with 70% (vol/vol) ethanol. Plugs were equally spaced
with three plugs on either side of the midvein; six plugs were
added to each leaf (Fig. 1). Control leaves were inoculated with
six plugs of 10% clarified V8 agar. Inoculations were performed
within the growth chambers to avoid subjecting leaves to
temperature changes.

Single-temperature zoospore inoculation of rhododendron
and camellia. Sixteen leaves of both Rhododendron catawbiense
‘Boursault’ and Camellia setsugekka were inoculated with
zoospore suspensions of 13 different NA1 isolates and 15 NA2
isolates (Tables 1 and 2). Sixteen control leaves of each host plant
were inoculated with dH,0. Leaves were incubated in moist tray
chambers, as described above, at 20°C for 10 days.

Multiple-temperature inoculation of rhododendron and bay
laurel. Eleven leaves were plucked from five bay laurel (U1 to US5)
and ‘Cunningham’s White’ rhododendron (R1 to RS5) plants, 24 h
prior to inoculation, for each of the three temperature treatments:
(1) 12°C, (ii) 20°C, and (iii) 24°C during the day (10 h) and 15°C at
night, mimicking the temperature fluctuations in late spring in
coastal California. For each temperature, and each tree, 10 leaves
were inoculated with NA1 or NA2 inocula (either zoospores or
agar plugs) while 1 leaf was used as a control for a total of 105
leaves per temperature per species and 63 leaves from each plant
(21 per temperature). In all experiments, leaves were picked from

Table 2. Phytophthora ramorum isolates used in inoculation experiments

the middle of branches, avoiding the first leaves and any that were
not fully mature as well as the oldest leaves.

The six isolates used for multiple-temperature zoospore inocula-
tions were also used for agar inoculations of detached leaves (Table
2). Two separate trials were conducted, with identical setups, be-
ginning with the isolates obtained from reisolation after passing
through bay laurel.

Leaf assessment. After 10 days of incubation, leaves were re-
moved from the trays and surface sterilized with 70% (vol/vol)
ethanol to remove any residual agar or zoospore inoculum from the
leaf surface. Leaves were scanned using an Epson Perfection 1650
scanner and lesion presence and size were analyzed using Assess
(v. 1.0; American Phytopathological Society, St Paul, MN). Both
total leaf area (in square centimeters), and lesion area (in square
centimeters) were calculated.

For leaves inoculated with zoospores, reisolations were per-
formed from all asymptomatic leaves in the region of the inocula-

Mri66 Mr 147 Mr 93 RHCC 41
Pr 52 Mr209 RHCC 4R Mr 31
Mr 53 Mr 55 Mr 98 RHCC 18

Fig. 1. Locations of agar plug and isolates in mycelial inoculations of bay laurel.

Isolate code Isolation year Country County, State Host isolated from Lineage  Experiment®
A2 2005 United States Marin, CA Notholithocarpus densiflora NA1 T
A28 2005 United States Marin, CA Umbellularia californica NA1 t
A29 2005 United States Marin, CA U. californica NAl ¥
BC 27 2005 United States Santa Cruz, CA U. californica NA1 T
BC8 2005 United States Santa Cruz, CA U. californica NA1 T o*
BO 18 2005 United States Marin, CA U. californica NA1 t
BO 28 2005 United States Marin, CA U. californica NAl ¥
CH 14 2005 United States Marin, CA U. californica NA1 T
CH 25 2005 United States Marin, CA U. californica NAl ¥
DG 1 2005 United States Marin, CA U. californica NA1 t
DG 7 2005 United States Marin, CA U. californica NAl T o*
Mr 53 2004 United States Pennsylvania Camellia (bonsai) NA1 *
Mr 55 2004 United States NAI *
Pr 102 United States Marin, CA Quercus agrifolia NA1 T
Pr52 2006 United States Santa Cruz, CA Rhododendron NA1 T o*
MEP 1570 2004 United States NA2 T
Mr 98 2005 United States Sacramento, CA Rhododendron sp. var. ‘Colonel Coen’ NA2 *
Mr 106 2005 United States Sacramento, CA Camellia 'Emperor of Russia’' NA2 t
Mr 31 2004 United States Washington State Rhododendron sp. var. Capistrano NA2 T*
RHCC 1 2005 United States Sacramento, CA Rhododendron sp. var. ‘Colonel Coen’ NA2 t
RHCC 13 2005 United States Sacramento, CA Rhododendron sp. var. ‘Colonel Coen’ NA2 T
RHCC 18 2005 United States Sacramento, CA Rhododendron sp. var. ‘Colonel Coen’ NA2 T
RHCC 26R 2005 United States Sacramento, CA Rhododendron sp. var. ‘Colonel Coen’ NA2 T
RHCC 31 2005 United States Sacramento, CA Rhododendron sp. var. ‘Colonel Coen’ NA2 t
RHCC 32 2005 United States Sacramento, CA Rhododendron sp. var. ‘Colonel Coen’ NA2 T
RHCC 35R 2005 United States Sacramento, CA Rhododendron sp. var. ‘Colonel Coen’ NA2 T
RHCC 38 2005 United States Sacramento, CA Rhododendron sp. var. ‘Colonel Coen’ NA2 T
RHCC 38R 2005 United States Sacramento, CA Rhododendron sp. var. ‘Colonel Coen’ NA2 t
RHCC 41 2005 United States Sacramento, CA Rhododendron sp. var. ‘Colonel Coen’ NA2 T o*
RHCC 42 2005 United States Sacramento, CA Rhododendron sp. var. ‘Colonel Coen’ NA2 T
RHCC 4R 2005 United States Sacramento, CA Rhododendron sp. var. ‘Colonel Coen’ NA2 T o*
RHCC 7R 2005 United States Sacramento, CA Rhododendron sp. var. ‘Colonel Coen’ NA2 T

2 1 Camellia and rhododendron zoospore inoculations at single temperature. * Rhododendron and bay laurel zoospore and agar inoculations at multiple

temperatures.
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tion point. A selection of NA1- and NA2-inoculated leaves which
had visible lesions were also reisolated to confirm presence of the
pathogen. Isolations were made from the center of the lesion, the
edge, and approximately 5 mm from the edge and plated onto
PARP selective medium.

Data analysis. Unless otherwise stated, analyses were per-
formed in JMP (v. 10.0.0; SAS Institute). Data were natural log
transformed and, to account for zero values, the mean lesion area
was added to each value before transformation. Data resulting from
single-temperature zoospore inoculation of rhododendron and ca-
mellia were analyzed by analysis of variance (ANOVA). The de-
pendent variable was lesion area, modeled with a fixed effect of
lineage and random effects of isolate nested in lineage, inoculation
date, and block nested within inoculation date. Standard least
squares and restricted maximum likelihood model fitting were
used. Differences in the transformed lesion area between lineages
at different temperatures were compared by ANOVA, with each
host species modeled separately; isolate within lineage as a random
effect; and temperature, lineage, and the temperature-lineage inter-
action as fixed effects. Leaf area and greenhouse tray (within tem-
perature) were initially included in the model but neither had a
significant effect; therefore, they were ultimately excluded. Where
variances between trials were homogenous, the inoculation date
was included as an effect in the model to compare the two trials.
For zoospore inoculations, lesion presence or absence was modeled
using logistic regressions, with the dependent variable of lesion
presence and fixed effects of lineage, inoculation date, and the
inoculation date—lineage interaction. After agar inoculations of bay
laurel leaves, leaves were scanned and images were visually in-
spected to determine the presence or absence of a lesion at each of

the six inoculation points per leaf. Lesion area was not measured
for this inoculation method, due to limited lesion development and
poorly defined lesion margins. Lesion presence or absence for agar
inoculations at different temperatures was modeled using a gen-
eralized linear mixed model (GLMM), with the dependent variable
lesion presence and fixed effects of temperature, lineage, and the
temperature—lineage interaction. Isolate within lineage and tree
from which leaves were taken were included as random effects.
GLMM analyses were performed using the package lme4 (3) in R
(61).

Results

Single-temperature zoospore inoculation of rhododendron
and camellia. Camellia. There was high variability in lesion sizes
produced on camellia among isolates, with a general trend toward
larger lesions produced by NA1 isolates (mean range: trial 1, 0.03
to 3.71 cm?; trial 2, 0.05 to 3.45 cm?) than NA2 isolates (mean
range: trial 1, 0.13 to 1.43 cm?; trial 2, 0.08 to 0.78 cm?) (Fig. 2).
Lesions were smaller overall in the second trial but NA1 lesions
were still significantly larger than NA2 lesions (Fig. 3B). When
leaves were scored solely for presence or absence of lesions, there
were more lesions present on NAl-inoculated leaves than those
inoculated with NA2 in trial 1; however, the opposite was found in
trial 2 (Fig. 3A). The numbers of NA1 lesions present were not
significantly different between trials but there were significantly
more NA2 lesions in the second trial compared with the first.
When presence or absence data were modeled with a logistic re-
gression, all effects were significant (P < 0.05) (Table 3). ANOVA
performed on the transformed lesion area showed that there was a
significant effect of lineage (F = 34.613, P < 0.0001) (Table 4) and
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Fig. 2. Lesion area (in square centimeters) of isolates from NA1 and NA2 lineages tested on Camellia setsugekka in two separate trials. Error bars are + standard error of the

mean.
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that the random effects of inoculation date and isolate within line-
age contributed to a large amount of the variation in the data
(36.540 and 15.252%, respectively; Table 4).

Rhododendron. Lesion size was highly variable among isolates
inoculated onto rhododendron leaves (Fig. 4). There were signifi-
cantly more lesions on leaves inoculated with NA2 zoospores than
on those inoculated with NA1 zoospores in trial 1 but, in trial 2,
there was no significant difference between lineages (Fig. 5A).
Lineage, isolate within lineage, and inoculation date were all sig-
nificant when lesion presence or absence data were modeled with a
logistic regression (Table 5). The interaction of inoculation date—
lineage was not significant.

ANOVA of transformed lesion area found that lineage was not
significant (F' = 2.54, P = 0.1208) and that the random effects of
isolate within lineage and inoculation date contributed a large per-
centage of the variation in the data (15.387 and 5.796%, respec-
tively; Table 6; Fig. 5B).

Results for the two trials were very similar for NA1 isolates but,
for NA2, lesions were generally smaller in the second trial than in
the first, with a few exceptions. For NA1, mean range in trial 1 was
0.14 to 3.96 cm? and in trial 2 was 0.02 to 3.29 cm?; for NA2,
mean range in trial 1 was 0.42 to 5.10 cm? and in trial 2 was 0.31
to 2.44 cm? (Fig. 4). Control lesions were very small, averaging
0.02 +0.004 cm?.

Table 3. Logistic regression results for lesion presence or absence for
single-temperature camellia detached-leaf zoospore inoculation

Multiple-temperature inoculations of rhododendron and bay
laurel. Zoospore inoculations. In bay laurel (Fig. 6A), at both 12
and 20°C, there was a trend toward larger mean lesion area in NA2
than NA1 (12°C: NA1 mean = 2.20 cm? and NA2 mean = 2.41
cm?; 20°C: NA1 mean = 1.86 cm? and NA2 mean = 3.62 cm?) but,
at 24°C, this was reversed, with NA1 lesions larger than NA2
(NAI mean = 1.54 cm® and NA2 mean = 1.13 cm?), although these
differences were not statistically significant. In rhododendron (Fig.
6B) inoculated at 12°C, NA1 and NA2 lesions were generally
small (NA1 mean = 1.42 cm® and NA2 mean = 1.21 cm?) and there
was no significant difference between lineages. At 20°C, lesions
were larger on average than at any of the other experimental tem-
peratures (NA1 mean = 11.45 cm? and NA2 mean = 20.02 cm?),
and NA2 lesions were significantly larger than NA1 (P < 0.05 by
Tukey’s honestly significant difference). The same trend (i.e., NA2
lesions larger than NA1) was observed at 24 and 15°C (NA1 mean
= 7.24 cm? and NA2 mean = 10.14 cm?) although, at this
temperature regime, difference between lineages was not
significant. Lesions at 24°C were overall smaller, on average, than
those at 20°C. Data for both trials showed the same patterns. Only
data for trial 1 is presented in Figure 6 but trial 2 had the same
pattern and statistical significance between groups.

ANOVA showed that overall temperature had a significant effect
on lesion area in both species (bay laurel: P = 0.0001; rhododen-
dron: P < 0.0001; Table 7) but response varied with host species. In
bay laurel, lesions were significantly smaller when incubated at 24
and 15°C compared with results obtained at either the 12 or 20°C
incubation. Rhododendron lesions, instead, were smallest at 12°C

Test, source DF L-R %2 Prob > 2 but indistinguishable between 20°C and 24 or 15°C (Fig. 6).

Lesion presence Pathogen lineage on its own had.no.signiﬁcant effect (P = 0.94).
Lineage 1 21.200 <0.0001* However, there was a marginally significant effect of the tempera-
Isolate (Lineage) 26 194.549 <0.0001* ture-lineage interaction (P = 0.08) in both host species (Table 7).
Inoculation date (InocDate) 1 4.334 0.0374* NA2 zoospores caused larger lesions than NA1 on both bay laurel
InocDate x Lineage 1 17.318 <0.0001* and rhododendron leaves at 20°C but the difference was significant
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0.9 A b = 3
c &~ 31

g 2 T £
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Lineage within trial Lineage within trial

Fig. 3. Camellia detached-leaf zoospore inoculation assay testing lineages NA1 and NA2 in two trials (1 and 2). A, Frequency of lesion presence and B, mean lesion area (in
square centimeters). Error bars are * standard error of the mean. Different letters above bars in each plot indicate statistical difference (Tukey-Kramer honestly significant

difference, P < 0.05).

Table 4. Analysis of variance results for lesion area for single-temperature camellia detached-leaf zoospore inoculation

Test, effect Source DF DF Den F ratio Prob > F Var ratio Var component  Percent of total
Lesion area
Fixed Lineage 1 26.52 34.613 <0.0001*
Random Isolate (Lineage) 0.328 0.059 15.252
Inoculation date (InocDate) 0.785 0.141 36.54
Block (InocDate) 0.036 0.006 1.664
Residual 0.18 46.544
Total 0.386 100
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only in rhododendron. Otherwise, there were no significant differ- 15°C) were scored for the presence or absence of lesions at the six
ences between lineages within temperatures. inoculation points per leaf. The mean number of lesions present on

Agar inoculations of bay laurel. Agar inoculations of un- leaves was between 2.0 and 3.0 at both 12 and 20°C and between
wounded bay laurel leaves at three temperatures (12, 20, or 24 and 1.5 and 2.20 at 24°C (Fig. 7). There was a significant effect of
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temperature (P = 0.00018; Table 8). Bay laurel leaves incubated at
24 and 15°C had significantly fewer visible lesions than those at
the other temperatures. There were no other significant effects
overall, although NA?2 isolates trended toward having more visible
lesions than NAL1 at all temperatures. Furthermore, there were sig-
nificantly more NA?2 lesions at 12 or 20°C than NAI lesions at 24
and 15°C (Fig. 7).

Discussion

P. ramorum is an emergent generalist pathogen (31,39) and has
been found to be capable of infecting a large number of hosts
(2,12,24,36,65). Consequently, strict plant movement restrictions
are imposed in the areas where the disease is present. In North
America, this is with the aim of limiting the spread of the forest
populations of the pathogen and to prevent outbreaks of lineages
such as NA2 and EU1 which, until recently, have not been reported
from plants outside nurseries in California (10). The recent finding
of an NA2 isolate on an infected plant in California (23) is a com-
pelling reason to comprehensively assess differences in aggressive-
ness between the two clonal lineages.

There have been a number of published trials aimed at testing
pathogen aggressiveness and host susceptibility and at comparing a
variety of other phenotypic traits between clonal lineages and iso-
lates (1,7,15,20,35,36,40,41,51,54,58,64,65). However, these indi-
vidual trials have not included a representative population of

Table 5. Logistic regression results for lesion presence or absence for
single-temperature rhododendron detached-leaf zoospore inoculation

Test, source DF L-R 2 Prob > x?
Lesion presence
Lineage 1 4.544 0.0330*
Isolate (Lineage) 26 124.081 <0.0001*
Inoculation date (InocDate) 2 34711 <0.0001*
InocDate x Lineage 1 0.545 0.4606

isolates or a range of hosts and temperatures simultaneously. In
this study, we examined the differences between the North
American lineages NA1 and NA2 on rhododendron, bay laurel,
and camellia at different temperatures, using a larger number of
isolates and replications. Zoospore and mycelial inoculations were
performed without wounding in order to allow an assessment of
the ability of the pathogen to survive on and infect the host, which
may have more relevance when trying to model the factors
affecting the risk of infection spread in natural ecosystems and
nurseries. Some studies have shown that zoospore inoculations do
not always produce significant infection (14) but we did not find
this to be the case, and deem the ability of the pathogen to infect
host tissue in the absence of a wound an important phenotypic trait
for measuring pathogenicity. After initial infection, P. ramorum
progresses to a necrotrophic phase, inducing the necrotic lesions
necessary for sporulation and, thus, transmission. Such hemibio-
trophic pathogens have been shown to mobilize host defenses for
this purpose (45,48); indeed, the production of elicitins has been
demonstrated to play a strong role in P. ramorum aggressiveness
(50,51). Because lesions play a critical role in transmission, the
presence and size of lesions is a valuable proxy for the severity of a
particular host—pathogen interaction. For the host-temperature—
lineage trials, we used a zoospore suspension comprising a mixture
of inoculum from six randomly selected isolates. This was done
with the objective of assessing a generalized response to each of
the different lineages.

P. ramorum clonal lineages are thought to have arisen due to
allopatric isolation in the native range of the pathogen (11,26,43).
One would expect interlineage differences to develop due to lack
of recombination among isolated lineages. Variation may also be
driven by selection and adaptation to local environmental condi-
tions and interactions between host and pathogen. Other plant path-
ogens and Phytophthora spp. have shown differences in phenotype
between clonal lineages in terms of growth rate, spore size, latent
period, and aggressiveness (6,17,78). Previous comparative studies

Table 6. Analysis of variance results for lesion area for single-temperature rhododendron detached-leaf zoospore inoculation

Test, effect Source DF DF Den F ratio Prob > F Var ratio Var component Percent of total
Lesion area
Fixed Lineage 1 30.57 2.5474 0.1208 .. .. .
Random Isolate (Lineage) 0.196 0.049 15.387
Inoculation date (InocDate) 0.074 0.019 5.796
Block (InocDate) 0.005 0.001 0.430
Residual 0.250 78.387
Total 0.319 100.000
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have shown NA2 and EUI to behave very similarly, while other
studies reported that NA2 isolates were more aggressive than NA1
(7,20,51). Although the clonal lineages appear to differ in their
epidemiological attributes, these studies used a limited set of pa-
rameters, and results were not necessarily sufficiently consistent to
use the traits as predictors of lineage. Our results show that, with
an appropriate representation of isolates, the outcome may vary
depending on host. In camellia, NA1 was more aggressive than
NA2, demonstrating a strong host-lineage interaction. This interac-
tion may explain differences in spread rates when outbreaks are
driven by different hosts, as in the case in Oregon (major infectious
host is tanoak), California (major infectious host is California bay
laurel), and the United Kingdom (major infectious host is larch).
Our results are in contrast to the work of Elliot et al. (20), in which
NA2 isolates were found to be more aggressive than NA1 on al-
most all the host species tested, including camellia (with the excep-
tion of Vitis spp.). This discrepancy could be due to the smaller
number of isolates used by Elliot et al. (20) and highlights that,
whereas susceptibility of a host species can be tested using one or a
few isolates, comparative analyses aimed at understanding variabil-
ity among pathogen (and host) individuals require a larger and
appropriate representation of isolates.

Variable susceptibility to P. ramorum has been observed within
four major, relatively intensively studied hosts: rhododendron,
tanoak, California bay laurel, and coast live oak (14,18,38,41).
However, these studies used only one or two isolates. We found
that there was high variability between the isolates that we used to
inoculate rhododendron, some of which proved to be far more
pathogenic than Pr52 or Pr102, two of the standard isolates used in

previous inoculation studies. Given the amount of variability
among isolates found in this and other studies, the vulnerability of
some host species, or at least the range or spectrum of such sus-
ceptibility, may have been underestimated. In our analyses, we did
not find any appreciable differences in susceptibility among plants
of the same species but it is important to keep in mind that the
analysis of within-host species variability was not a major goal of
this study and, consequently, the number of individual plants per
species in our study was limited.

Mycelial inoculations of bay laurel leaves were performed to as-
sess variability within lineages as well as among lineages across
temperature regimes. Although the comparison is complicated by
the different modes of infection, the results mirrored those ob-
tained with zoospore inoculation but with less variability overall.
This is as would be expected, considering that mycelial inocula-
tions bypass the zoospore encystment and germination steps,
whereas the pathogen is already established in the plugs used as
inoculum for mycelial tests and has a reservoir of energy. Spores of
foliar pathogens commonly use stomata entry points point for in-

Table 8. Single-term deletion details for generalized linear mixed model of
infection success or lesion presence of mycelial plugs on bay laurel at three
temperatures®

Variable DF AIC LRT Prob > x?
Temperature 2 1,185 17.29 0.00018*
Lineage 1 1,172 2.38 0.123
Temperature x Lineage 2 1,172 0.243 0.89

4 See text for model details.

Table 7. Analysis of variance of Lesion area (cm’) caused by zoospore suspension inoculations of both bay laurel and Rhododendron at multiple

temperatures®
Test, effect Source DF SS F ratio Prob > F
Bay laurel
Fixed Temperature 2 4.118 9.385 0.0001*
Lineage 1 0.001 0.006 0.9395
Temperature x Lineage 2 1.147 2.615 0.0768
Random Tree 4 2.433 N/A N/A
Rhododendron
Fixed Temperature 2 49.705 35.604 <0.0001*
Lineage 1 0.073 0.105 0.7461
Temperature x Lineage 2 3.768 2.699 0.0707
Random Tree 4 12.99 N/A N/A
2 N/A = not applicable.
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fection (77). The relatively high rate of failed infection from myce-
lial inoculations in nonwounding inoculations may have arisen
from the lack of a mechanism in mycelia to seek out stomata for
entry points.

Overall, we found that temperature had a significant effect on le-
sion size but that the response varied depending on the host. At
20°C, the optimal temperature for P. ramorum growth in vitro (76),
the susceptibility of both rhododendron and bay laurel was very
similar. There was some variability among isolates used to inocu-
late rhododendron but, generally, NA2 produced larger lesions than
NA1 in both hosts at this temperature. At day and night tempera-
ture of 24 and 15°C, respectively, a common temperature regime in
coastal California in late spring, lesion sizes were reduced in both
hosts equally but, at 12°C, there was a significantly decreased
quantitative susceptibility in rhododendron compared with bay
laurel leaves, as shown by the smaller size of lesions on the former
species. Interestingly, this suggests that different hosts may have a
more labile relationship between susceptibility and temperature
than previously thought. A significantly different response of
clonal lineages to temperature has been shown for P. infestans (57).
Synchrony has been observed between P. ramorum and hosts
where sporulation by the pathogen and flushing by the host are
both delayed at higher elevations and decreasing temperatures (16),
and P. ramorum infection success has been related to phenology of
the host (19). This is further evidence of the importance of tem-
perature in the host—pathogen relationship. Other studies with P.
ramorum have found close correlation in the responses of hosts,
implying little host specialization by the pathogen (39); however,
these were conducted at single temperatures and consequently did
not reveal these differences between hosts. The majority of sus-
ceptibility trials are conducted at 18 to 20°C, the optimal tempera-
ture for P. ramorum growth and sporulation in vitro; however, as
shown by the variable host responses at the few temperatures in-
cluded in our experiments, it is clear that a range of temperatures
should be tested to gain full insight into host susceptibility.

The temperature-host interaction found here indicates that lat-
itudinal and altitudinal gradients may have different effects on the
rates of spread depending on host: in our case, for instance,
whereas California bay laurel appears to be a viable host at cool,
intermediate, and warmer temperatures, rhododendron was found
to be a poor host at cooler temperatures. We hypothesize that the
lack of spread of P. ramorum in natural settings of Northern conti-
nental Europe may be due, in part, to the long cooler periods char-
acteristic of that region combined with the presence of rhododen-
dron as the single major infectious host thus far. However, the
spread of P. ramorum in southern Europe, where cold spells are
shorter, may indeed be mediated by rhododendron. Conversely, the
presence and infection of other infectious hosts in northern Europe
may result in more successful outbreaks, were these hosts to act
like California bay laurel. It is imperative to test susceptibility of
widespread European or Eastern North American hosts at cool
temperatures to improve our prediction of risk associated with
outbreaks of P. ramorum outside of California, Oregon, and the
British Isles, where infestations are currently underway.

The individuals within each clonal lineage are nearly identical
with respect to the neutral genetic markers used to define the line-
ages. However, there was significant phenotypic variability among
isolates in both lineages. Other studies have also observed signifi-
cant variability among isolates (39,40,64,75) and, in some cases,
greater variability among NAI isolates than NA2 was observed
(7,20). In contrast, we found similar variability among isolates
within both lineages. We also found that there was a tendency to-
ward reduced lesion size in successive trials using the same iso-
lates, possibly indicating some kind of degeneration of the patho-
gen over time or a strong effect of time on inoculation results. We
found some variation in the degree of degeneration among individ-
ual isolates in different trials; however, reduction in lesions size
between trials was more or less consistent for both lineages overall.
There is some evidence that the time of year can have an effect on
the results of nonwounded zoospore inoculations (13,14) but these

trials occurred in relatively quick succession during the same sea-
son; therefore, we believe this to be an unlikely source of variation
in this case. Other studies have also found differences between
inoculation trials (7,34,54).

Phenotypic instability has been described in cultures for P. ra-
morum where wild-type (WT) NAL isolates degenerated into NWT
phenotypes, defined by reduced growth rates, aggressiveness, and
atypical colony morphology, more readily than those from the NA2
or EU1 lineages (7,20,46). The greater variability in the NA1 line-
age isolates than NA2 has been attributed to the high frequency of
NWT isolates in that lineage (7). However, there is recent evidence
that, within NA1, host provenance plays a major role in transition
from WT to NWT, potentially due to epigenetic mechanisms
(39,46). Additionally, it has been suggested that phenotypic insta-
bility may be influenced by a culture’s age, its growing environ-
ment (7,42,49), and the accumulation of genetic mutations in long-
lived cultures (71).

The majority of NA1 isolates in this study were originally iso-
lated from bay laurel, while all but one of the NA2 isolates were
originally from rhododendron in nurseries, the exception being a
single isolate from camellia (Mr106). Interestingly, one of the NA1
isolates that consistently produced the smallest lesions in both
trials on rhododendron and camellia was Pr102, which was the
only isolate that was originally isolated from coast live oak (46)
(the other was Pr52, originally isolated from a rhododendron host
in 2006). Similarly low aggressiveness has been found when Pr102
was used in other studies (20,40). Although Pr102 exhibited WT
growth, its reduced aggressiveness and provenance are traits shared
with NWT isolates, indicating that there may by some relationship
or causation, or that Pr102 is an isolate in transition.

Although it is not yet known how common these NWT pheno-
types may be in natural populations, or how and why they develop,
this information is vital for defining lineage traits. The cultures
used in our experiments were all passed through leaf material at
the same time prior to inoculation to ensure that cultures were
viable, and only cultures that appeared to be healthy and relatively
uniform in colony appearance (i.e., behaving like the WT pheno-
type) were used, in order to avoid biasing results by the use of
isolates that had degenerated in culture. The inclusion or exclusion
of NWT isolates in inoculation studies undoubtedly affect the over-
all assessment of the NA1 lineage’s performance for certain traits
but we do not yet know if this will represent the natural population
more or less accurately. Interestingly, despite the altered morphol-
ogy of NWT isolates, a lack of apparent effect on the production
and size of sporangia in NWT isolates has been reported (7). How-
ever, more recent evidence suggests that the NWT phenotype de-
velops over time (46). Consequently, even if the ability of the path-
ogen to gain access to the host via spores is not reduced in NWT
phenotypes, they may yet produce smaller lesions once inside the
host and, hence, reduce disease severity.

Several implications arise from the results presented here. First,
if the NA2 lineage were to migrate from its nursery populations to
forest ecosystems, our current models (47,55,56) may have vastly
underestimated the potential impact of this pathogen. Second, the
interactions of host with pathogen lineage and temperature docu-
mented in this study indicate that rates of spread may differ de-
pending on lineage and host available in natural ecosystems. These
findings indicate that establishment of the NA2 lineage in Califor-
nia, where only the NA1 lineage is present in forests, could likely
result in higher disease severity due to the higher susceptibility of
California bay laurel (the major infectious host in that region) to
NA2 isolates to zoospore infections. Currently, no regulations are
enforced within the 14 infested California counties to prevent the
introduction of NA2, EU1, and EU2 isolates (2). The risk associ-
ated with the introduction of EU lineages is even greater, due to the
fact that they are of opposite mating type and, thus, sexual repro-
duction might occur. Establishment of a sexual population might
lead to quicker adaptation through recombination and to the pro-
duction of oospores known to survive at low temperatures (25). For
example, oospores of P. infestans at its center of origin are thought
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to serve as the species’ primary inoculum and survival structures
(22,30). In any case, emergence of any of the novel lineage in U.S.
forests is expected to increase the negative impact of sudden oak
death.

We conclude from our results that the phenotypic differences be-
tween lineages are heavily influenced by the representation of iso-
lates used, host, and temperature. This highlights the need for the
use of multiple isolates in susceptibility trials and the need for
caution when interpreting results of inoculation studies. More com-
prehensive testing of larger samples of isolates and a wider range
of hosts and environmental variables are required. Delineating how
these factors interact to shape phenotype is vital for management
of the pathogen and for constructing models of disease epidemiol-
ogy. The work on the optimal temperatures for P. ramorum spor-
ulation and growth (21,76) has helped to inform predictive disease
models (55,68) and management strategies; however, lineage and
isolate variability in relation to host populations and environmental
conditions should also be incorporated for more comprehensive
models. These additional trials are needed to make predictions of
the range and impact of the disease in the future, especially in the
face of climate change altering the geographic range of the patho-
gen.
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