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ABSTRACT

Johnston, S. E., Cohen, M. F., Torok, T., Meentemeyer, R. K., and Rank,
N. E. 2016. Host phenology and leaf effects on susceptibility of California
bay laurel to Phytophthora ramorum. Phytopathology 106:47-55.

Spread of the plant pathogen Phytophthora ramorum, causal agent
of the forest disease sudden oak death, is driven by a few competent
hosts that support spore production from foliar lesions. The relation-
ship between traits of a principal foliar host, California bay laurel
(Umbellularia californica), and susceptibility to P. ramorum infection
were investigated with multiple P. ramorum isolates and leaves
collected from multiple trees in leaf-droplet assays. We examined whether

susceptibility varies with season, leaf age, or inoculum position. Bay laurel
susceptibility was highest during spring and summer and lowest in
winter. Older leaves (>1 year) were more susceptible than younger ones
(8 to 11 months). Susceptibility was greater at leaf tips and edges than
the middle of the leaf. Leaf surfaces wiped with 70% ethanol were more
susceptible to P. ramorum infection than untreated leaf surfaces. Our
results indicate that seasonal changes in susceptibility of U. californica
significantly influence P. ramorum infection levels. Thus, in addition to
environmental variables such as temperature and moisture, variability
in host plant susceptibility contributes to disease establishment of
P. ramorum.

The generalist forest pathogen Phytophthora ramorum infects
more than 130 species of plants from 34 genera and causes the
emerging forest disease known as sudden oak death (SOD) in
northern California (Grinwald et al. 2008; Rizzo et al. 2005). This
pathogen is of great concern to foresters, land managers, and the
general public because it causes widespread mortality of dominant
tree species including tanoak Notholithocarpus densiflorus (Hook
& Arn.) and coast live oak Quercus agrifolia (Kelly et al. 2008;
McPherson et al. 2005; Meentemeyer et al. 2004, 2008c; Metz et al.
2011). Ithas spread rapidly since its introduction near San Francisco
Bay in the mid-1990s and now occurs across a broad geographic
range in coastal California and southwest Oregon (Cushman and
Meentemeyer 2008; Meentemeyer et al. 2008a, 2011). Since the
discovery of P. ramorum as the causal agent of SOD, great efforts
have been made to understand environmental and genetic factors
contributing to disease establishment and to develop methods of
managing its progression on tanoak and coast live oak (Frankel
2008; Goss et al. 2009; Grunwald et al. 2008; Hansen 2008;
Kanaskie et al. 2009; Metz et al. 2011; Prospero et al. 2009; Rizzo
et al. 2004). To a lesser extent, the primary evergreen host in
California woodlands, California bay laurel (Umbellularia cal-
ifornica) has been studied to determine its contribution to disease
prevalence (Anacker et al. 2008; Beh et al. 2012; Brown and Allen-
Diaz 2009; Davidson et al. 2005; DiL.eo et al. 2009; Huberli et al.
2012; Kelly and Meentemeyer 2002; Meentemeyer et al. 2008b;
Meshriy et al. 2006). Bay laurel has been identified as a principal
source of pathogen inoculum in redwood-tanoak and mixed
evergreen forests and therefore contributes greatly to disease
establishment and eventually to oak mortality in a large fraction of
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the range of the pathogen in western North America (Anacker et al.
2008; Beh et al. 2012; Cushman and Meentemeyer 2008; Davidson
etal. 2008; Huberli et al. 2012; Meentemeyer et al. 2008b; Tjosvold
et al. 2008).

A host plant susceptibility scale has not been constructed for
P. ramorum as it has for plants subject to invasion by P. cinnamomi
in Australian forests (Shearer et al. 2007). Nevertheless, field
observations suggest that susceptibility of U. californica to
P. ramorum is relatively low. In contrast to N. densiflorus, which
experiences leaf lesions, twig dieback, bark cankers, and mortality,
infections on U. californica are restricted to nonlethal foliar lesions
that usually do not exceed more than one-fifth of the leaf area
(Davidson et al. 2008, 2005; Denman et al. 2005). Cessation of
lesion growth after initial development suggests that preformed
defenses exist in U. californica (Goralka et al. 1996). Laboratory
inoculations on U. californica are often unsuccessful, supporting
this view (Anacker et al. 2008; Huberli et al. 2012). Paradoxically,
the low susceptibility of U. californica contributes toward its role as
principal source of inoculum in California oak woodlands because
mildly infected leaves are not abscised and may serve as an
inoculum reservoir in the following years (Beh et al. 2012).

In nature, P. ramorum requires water to release its spores, which
may be dispersed to different hosts (Judelson and Blanco 2005;
Ochiai et al. 2006). The climate of California limits pathogen
dispersal to the rainy season, which generally lasts from November to
April (Dodd et al. 2008; Fichtner et al. 2005). The host U. californica
occurs in mixed evergreen and redwood forests of California and its
seasonal growth cycle is synchronized with local climate (Huberli
etal. 2012). Bud break and fruit initiation occur in February to April,
when new foliage also emerges. New leaves are produced by the end
of May, when rains typically cease and hot dry conditions begin. Leaf
growth and maturation continues until late autumn, with most leaves
fully developed by November. Initiation of late fall rains typically
precedes flowering, which is usually complete by January.

This paper focuses on susceptibility of U. californica. Several
questions emerge about features of the bay laurel and pathogen
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interaction that should be important characteristics to quantify for
models of disease spread and establishment. Degree of match
between host susceptibility and suitability of the environment for
pathogen growth and reproduction should relate to disease
establishment in nature. During wet years (e.g., 2006; Haas et al.
in press), conditions should be ideal for pathogen reproduction
during late fall and late winter, yet infection levels on U. californica
foliage do not increase significantly until spring (Davidson et al.
2011). During this period, some trees do not become heavily
infected until after they flower and initiate spring growth. This leads
to the question of how season and the phenologic cycle of
U. californica affect susceptibility. Another important characteris-
tic is the proportion of leaves that are susceptible to infection while
increased host susceptibility matches with pathogen activity. While
monitoring trees infected across the geographical range of the
pathogen, it was observed that trees infected for several years had
fewer old leaves (>1 year) than trees recently infected. In addition,
mature leaves seemed to show more symptoms of P. ramorum
infection than newly emerged leaves, and they were also more likely
to abscise (Davidson et al. 2011). This leads to the question of how
susceptibility to P. ramorum varies with leaf age. Another important
characteristic is the area of leaf tissue susceptible to pathogen
colonization. Therefore, assays were performed to determine
whether all parts of a leaf were equally susceptible. Finally,
U. californica leaves from different individual trees vary sub-
stantially with respect to indicators of microbial leaf epiphytes. By
the end of summer, many leaves are covered with a sticky dark layer
of sooty mold. The nature of culturable U. californica leaf epiphytes
and the effect of their removal with an ethanol wipe on P. ramorum
susceptibility were investigated. All of these characteristics should
eventually be integrated into a deeper understanding of environ-
mental effects on host tree characteristics and how these relate to the
likelihood of pathogen success.

This research approach incorporates natural variability among
host trees and among P. ramorum isolates collected across much of
its current range in California. Prior work on P. ramorum hosts
indicates considerable variation in susceptibility, which is at least
partly genetically based (Anacker et al. 2008; Huberli et al. 2006,
2012; Meshriy et al. 2006). Trees used in this study were growing
naturally in mixed-oak woodlands in Sonoma County. Multiple
isolates of P. ramorum were used to avoid potential problems with
lack of replication of host individual by pathogen isolate
combinations. By challenging U. californica leaves with multiple
P. ramorum isolates, results gain greater generality and predictive
power (Abu-El Samen et al. 2003; Chen et al. 2009).

MATERIALS AND METHODS

Pathogen and host sampling. Isolates of P. ramorum were
obtained from symptomatic leaves of the evergreen host U. californica

sampled from 12 localities in central and northern California (Table 1,
Fig. 1). Pathogen strains were isolated by embedding leaf lesions from
symptomatic California bay leaves in cornmeal agar-ARP
(ampicillin at 250 mg liter-!, rifampicin at 10 mg liter-!, and
pimaricin at 10 mg liter-!) agar plates. Spores from resulting
isolates were used to establish isogenic colonies on cornmeal
agar-PARPH (ARP antibiotics plus pentachloronitrobenzene at
50 mg liter! and hymexazol at 25 mg liter-!) agar plates to
inhibit fungal and oomycete contaminants. Each isolate was
transferred to a V8 juice agar plate supplemented with ampicillin
at 250 mg liter-! containing a Van Tiegham cell to remove
bacterial epiphytes from hyphae (Erwin and Ribeiro 1996),
which can confound assays of P. ramorum strain infectivity (M.
Cohen, unpublished data). Axenic P. ramorum isolates were then
transferred back onto cornmeal agar-ARP plates for use as
sources for infection assays or storage. Stored isolates in
subsequent assays were first used to infect leaves and re-
isolated using the above-mentioned method.

Leaves for susceptibility assays were sampled from mature
U. californica individuals (>10 cm diameter breast height) growing
in mixed-evergreen forests in Sonoma County. Only shade or partial
shade leaves showing no visual symptoms of P. ramorum or other
pathogens and no signs of herbivory or other physical damage were
collected. This cohort of leaves had experienced one or two rainy
seasons in which some leaves became infected and some were
abscised. In all laboratory assays, except the leaf age experiment,
only leaves from the previous emergence year were used. For
example, leaves that emerged during the spring of 2011 were not
used in assays until the next cohort of 2012 leaves had emerged.
Detached leaves were kept in cooled plastic bags until use
in laboratory assays (within 24 h). For some experiments,
U. californica trees from a site in Cloverdale, California were used.
For other experiments, trees from long-term monitoring plots
established by Meentemeyer and colleagues in eastern Sonoma
County were used (Fig. 1, Table 1).

Susceptibility assays. An inoculum droplet method was
employed to quantify leaf susceptibility to P. ramorum. This
method estimates infection incidence rather than severity of an
infection once established (Pariaud et al. 2009). The goal was to
assess effect of leaf characteristics on ability of the pathogen to
initiate infection. In contrast, the leaf-dip method maximizes
probability of infection by immersing leaves in a suspension of
pathogen propagules and quantifies changes in leaf area by
measuring lesion growth (Pariaud et al. 2009; van den Berg et al.
2014). This method is analogous to the approach used by
investigators studying Phytophthora spp. that infect cacao;
these studies revealed that susceptibility measured by the leaf-
droplet method correlated well to susceptibility established by
other methods (Efombagn et al. 2011; Nyassé et al. 1995; Tahi
et al. 2006).

TABLE 1. Sources and sample sizes of Phytophthora ramorum isolates and Umbellularia californica trees tested?®

Experiment Isolates  Inoculum (CFU/ml) Tree population Number of trees Leaves/tree  Total leaves
Seasonal variation (July 2008-2009)

July 2008—June 2009 2,5,7,8 2.7-4.0 x 10* Sugarloaf Ridge State Park 6 4-8 492

July 2009 27 versus 15 months 2,5,7,8 2.4-5.6 x 10* Sugarloaf Ridge State Park 6 8 48
Effect of leaf age

Winter (Dec. 2007) 20 versus 8 months 1,5,6 2.0-23.0 x 104 Cloverdale 6 6 36

Spring (Mar. 2012) 23 versus 11 months 9, 10, 12 3.5-6.4 x 104 Cloverdale 6 12 72
Effect of inoculum position

Fall (Sep. 2008) 5 1.0 x 10* Sugarloaf Ridge State Park 9 2 109

Spring (Mar. 2012) 5, 10, 12 1.7-6.4 x 104 Cloverdale 8 12 96
Effect of epiphyte removal

Spring (Apr. 2012) 5,10, 12 1.8-4.1 x 10* Cloverdale 8 6 48

Winter (Dec. 2012) 9,11, 12 0.2-4.1 x 10* Fairfield Osborn Preserve 8 6 48
Epiphytic fungi on bay laurel NA NA Annadel 23 6 138

2 Isolates were collected within the contiguous range of the pathogen and test trees were located in woodland plots in Sonoma County, California in June 2007* or
April 2010**: Big Sur (1 and 2)*, Santa Cruz (3)*, Boulder Creek State Park (4)*, Castle Rock State Park (5)*, Mill Valley (6 and 7)*, Petaluma (8)*, Sebastopol
(9)*, Annadel State Park (10)**, Jack London State Park (11)*, and Kenwood (12)**.
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For each detached leaf assay, clear plastic boxes with opaque lids
(15 x 30 x 11 cm) were filled with a bed of vermiculite (1 liter)
moistened with de-ionized water (450 ml). Leaves were placed
abaxial side up and inoculated with six 10-ul droplets of encysted
zoospores of P. ramorum. For most experiments, droplets were
placed midway between the midvein and leaf margin (Fig. 2A),
except for the inoculum position experiment (Fig. 2B). Average
diameter of droplets remained stable throughout experiments (mean =
3.44 +0.0.13 mm, n = 6 leaves). One control leaf (with 10-ul droplets
of sterile water) and 6 to 12 test leaves were placed into each box in
random order. Control leaves never produced a lesion. Because
microscopic counts estimate number of spores but not the number of
viable spores (Davidson et al. 2002), a most probable number (MPN)
V8 juice agar plating procedure was used to estimate colony
forming unit (CFU) density for each isolate zoospore suspen-
sion (Alexander 1982). Spore numbers were standardized among
isolates by diluting the spore preparation to 4 to 5 x 105 spores ml-!
and determining MPN value (Table 1). After leaf inoculation, the
boxes were incubated at 20°C for 7 days. At the end of this period,
leaf susceptibility was measured by scoring severity of P. ramorum
infections (Johnston 2009). A single point lesion was scored as a
one. Close examination of the axial leaf surface under a dissecting
microscope was used to confirm that the lesion penetrated the leaf.
Two or more point lesions were scored as a two, and a spot lesion
covering part of the inoculum droplet area was scored as a three.
These lesions were irregular and usually delimited by small veins
within the leaf. A spot completely covering the inoculation site was
scored as a four. A lesion spreading beyond the boundary of the
inoculum droplet was scored as a five. In all experiments, two
replicate boxes were prepared for each treatment combination. To
assure that lesions that formed during experiments were caused by
P. ramorum rather than another pathogen, leaf tissue was excised
from six randomly selected infection sites of each isolate and re-
isolated the pathogen by embedding in PARPH plates. In every case,
this procedure confirmed P. ramorum.

To analyze data, means of the leaf infection score described above
were calculated. This generated an interval level variable with an
underlying normally distributed error variable, allowing us to adopt
parametric statistical analyses of the data (Nyassé et al. 1995). A
mixed model repeated-measures analyses was conducted to analyze

average infection score. Box was specified as subject for mixed
models analyses, and “box” and “tree” were specified as random
effects. In all analyses, tree was also specified as a repeated factor
because one leaf from each tree was included in each box. This
allowed incorporation of box as a blocking factor. For some
analyses, multiple treatments were applied to each leaf and these
included nested within-subjects factors (Moser 2004). To identify
the best model, the best covariance structure was determined by
comparing Akaike information criterion (AIC) values for typical
covariance structures: unstructured, autoregressive, and compound
symmetry (with or without heterogeneous variances). The co-
variance structure with the lowest AIC value was selected before
comparing the ‘full’ saturated model with all main effects and
interaction terms to reduced models using the maximum likelihood
option (ML) in SAS version 9.2 (Kinkaid 2005; Littell et al. 1998).
The overall model with the lowest AIC value was selected and run
using the restricted maximum likelihood option (REML in SAS)
to test fixed effects and interactions. Residuals from all final
models were normally distributed, indicating that the scoring

Fig. 2. Arrangement of six inoculum droplets onto Umbellularia californica
leaves to quantify susceptibility. A, Configuration used for all experiments
except for those to quantify effects of inoculum position. B, Arrangement used
to quantify effects of inoculum position. Droplets were positioned far enough
from the tip that the leaf midvein prevented them from merging.
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Fig. 1. Source locations of Phytophthora ramorum isolates used in inoculation studies (circles). Locations of Umbellularia californica trees within Sonoma County
from which leaves were sampled for laboratory experiments are shown (triangles).
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system described above yielded an interval level response variable
with even differences among scores.

Seasonal variation in susceptibility. The susceptibility of
six U. californica trees to multiple P. ramorum isolates was
quantified each month between July 2008 and June 2009 (Table 1).
Isolates were selected based on geographic source and variation in
infectivity as observed in previous laboratory assays. For each
isolate, two boxes were set up with one leaf per tree (n = 6 inoculated
leaves and one control leaf). Number of isolates per month varied
because of differences in suitability for spore production. Leaves
produced during spring 2007, hereafter referred to as the emergence
year, were used throughout the study while they aged (15 months in
2008 to 26 months in June 2009). These data were analyzed using
month and isolate as fixed effects, and box, tree, and the interaction
between tree by isolate and tree by month as random effects. The
final model included fixed effects of month and isolate and random
effects, with a first order autoregressive covariance structure and
heterogeneous variance (arh(1) in SAS). In June 2009, we compared
2007 with 2008 leaves (Table 1). These data were analyzed using the
fixed main effects of leaf age and isolate and random effects of tree
and box, with an autoregressive covariance structure (ar(1) in SAS).

Relationship between leaf age and susceptibility. Two
comparisons of effect of leaf age on susceptibility were made. The
same 6 trees were used in both experiments, but different isolates
were used. In each experiment, mature leaves from the prior
emergence year were compared with leaves that were 1 year older
(Table 1). In the first experiment (December 2007), seven leaves
(six tests, one control) of both age classes were placed into each box,
and six boxes were used (two per isolate). In the second experiment
(March 2012), 13 leaves (12 test, one control) of both age classes
were placed into each box. With two boxes per isolate, this resulted
in twice as many leaves as in the first experiment (Table 1). The
Cloverdale locality, where P. ramorum was not present (in 2007),
was chosen for the first experiment to avoid loss of leaves from the
sampling pool due to infection or abscission during the rainy season.
By the time of the second assay in 2012, P. ramorum was present in
Cloverdale and both emergence cohorts had lost some leaves to
infections and abscissions. To analyze both experiments, models
including leaf age, isolate, and the interaction (fixed effects), and

the random effects of tree and tree by age were evaluated. The first
experiment included a single within subjects factor (tree) and the
best covariance structure was compound symmetry. The second
experiment included two within-subjects factors (tree and leaf age)
and the best covariance structure was unstructured and compound
symmetry (type = un@cs in SAS).

The relationship between leaf age and evidence of P. ramorum
infection for naturally growing trees was also measured. In March
2012, the number of P. ramorum-symptomatic leaves was counted
for 1- to 4-year-old leaves along two branches per tree for 23
U. californica trees in eight localities in Annadel State Park (Fig. 1).
To determine age of leaves, leaves were carefully examined with
respect to position of bud scars, leaf shape and tree architecture. A
mixed model with the fixed effect of leaf age and random effects of
locality, tree nested in locality and interactions with leaf age
(covariance structure = arh(1) in SAS) was used to determine
whether proportion of symptomatic leaves increased with age using
Before analysis; the proportion of leaves was square-root trans-
formed to satisfy assumptions of parametric statistics.

Effect of inoculum position on leaf susceptibility. For
these experiments, the susceptibility of the tip, margin, and middle
of the leaf near the midvein was quantified (Fig. 2B). Nine (first
experiment) or eight (second experiment) inoculated leaves from
different trees were included in each box, and two boxes were
tested. In the first experiment, only one P. ramorum isolate was
tested, but in the second experiment three isolates were tested
(Table 1). Before analysis, the mean infection score of two droplets
per leaf position was calculated. Both experiments were analyzed as
repeated measures designs with fixed effect of inoculum position
and random effects of tree, box, and interactions with inoculum
position. Analysis of the second experiment tested for interactions
between isolate and position and random effects. The final analysis
included tree and inoculum position as within-subjects factors
(type = un@cs in SAS).

Effect of ethanolic leaf wipe on susceptibility. To quantify
the effect of surface microorganisms on U. californica leaf
susceptibility, one half of each leaf, delimited by the midvein,
was gently wiped with 70% ethanol, while the other leaf half was
left as a control. Eight leaves were included in each box and two
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Fig. 3. Seasonal variation in susceptibility of bay laurel leaves inoculated with Phytophthora ramorum in the laboratory. The top panel shows least-square means of
infection score for each isolate (arranged by latitude, see Table 1). Test leaves were sampled from six trees in Sugarloaf State Park and were 15 months old at the
beginning of the study and 26 months at its conclusion. The bottom panel shows precipitation in Sonoma County during the same period.
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boxes were used for each combination of tree and isolate. These data
were analyzed using a repeated measures design with isolate,
treatment, and their interactions as fixed effects, tree and its
interactions with isolate and treatment as random effects, and two
within-subjects factors of tree and leaf treatment (control versus
removal; type = un@cs in SAS).

Fungal isolates from U. californica leaves. Leaves from 23
U. californica trees from eight sites in Annadel State Park were
assayed for identification of epiphytic fungi. Leaves were divided at
the midvein and the area of one half measured using NIH ImageJ
(version 1.440), and the other half discarded. The retained half
leaves were cut into 10 approximately equal pieces and placed in a
50-ml Falcon tube containing 25 ml of 0.1% sterile peptone
solution. After mild vortexing, duplicate plates of 1/10th-strength
PDA supplemented with chloramphenicol at 13 mg liter-! and
ampicillin at 100 mg liter—! were spread with 0.1 ml of 101 dilution
of the peptone suspension from each tree. Plates were incubated at
28°C for 7 days. The array of fungal colonies was surveyed and the
eight most prevalent morphotypes were isolated for sequence-based
identification.

Genomic DNA was extracted with the DNA-EZ kit (GeneRite,
North Brunswick, NJ) and an ~1.5-kb fragment encompassing part
of the 18S, the entire internal transcribed spacer 1 (ITS-1), 5.8S,
ITS-2, and the 5" end of the 28S gene was polymerase chain reaction
(PCR)-amplified using TaKaRa reagents (TaKaRa, Mountain View,
CA) and the primers ITS1F (Lai et al. 2007) and TW 13 (Taylor and
Bruns 1999). The amplicons were purified with the QIAquick PCR
Purification Kit (Qiagen, Valencia, CA) and bidirectionally
sequenced at the UC Berkeley DNA Sequencing Facility. The
returned sequences were edited using the 4Peak software package
(http://nucleobytes.com/4peaks/) and aligned with Clustal Omega
(http://www.ebi.ac.uk/Tools/msa/clustalo/). The consensus se-
quence was then submitted to the NCBI nucleotide database (http://
blast.ncbi.nlm.nih.gov/Blast.cgi) to find the best match based on
sequence identity scores and gene coverage.

RESULTS

Seasonal variation in leaf susceptibility. U. californica leaf
susceptibility declined from late summer through the fall and winter
months before peaking in late spring (Fig. 3). Variation among
months and isolates was highly significant (months Fy; g56=9.9,
P <0.0001; isolates F3 53.0=17.5, P <0.0001). Susceptibility was
high in June 2009 (Fig. 3), but was greater for 2007 leaves than for
2008 leaves (Fy 102 = 4.3, P =0.06).

Relationship between leaf age and susceptibility. In the
first experiment, susceptibility of leaves from the prior emergence
year was greater than the current emergence year (Fig. 4A; F 5 =
43.8, P = 0.0012). Susceptibility of older leaves was greater than
younger leaves in the second experiment (Fig. 4B; F'y 33=47.2, P <
0.005). In the field survey, proportion of symptomatic leaves
increased steadily as leaves aged (Fig. 5; F3 164 =85.4, P <0.0001).

Effect of inoculum position on leaf susceptibility. Susceptibility
was greater at leaf edges than near the center of the leaf and it was
greatest at the leaf tip (Fig. 6A and B). This pattern was strikingly
similar for both experiments, even though they were conducted
using different trees, mostly different isolates, and at a different time
of year (Table 1). This effect was not significant in the first
experiment (f,, = 2.1, P = 0.32), but highly significant in the
second one (F; 69 =33.8, P <0.001).

Effect of leaf epiphyte removal on susceptibility. In both
experiments, leaf surfaces wiped with 70% ethanol were more
susceptible to P. ramorum infection than untreated leaf surfaces
(Fig. 7A and B; first experiment F; 74 = 32.8, P < 0.001, second
experiment F'; 6 9=53.9, P <0.001). The eight most common fungal
colony types isolated from rinses of cut U. californica leaf
fragments were identified and the majority were found to have
closest matching sequence identity to strains in the NCBI database

possessing biocidal activity (Supplementary Table S1). Antago-
nism toward P. ramorum by these isolates was not further
investigated.

DISCUSSION

It is widely recognized that host susceptibility and favorable
environmental conditions play a critical role in the progression of
forest epidemics (Anacker et al. 2008; Cobb et al. 2010; Huberli
et al. 2012; Vaclavik et al. 2010). Ecological impact of an invasive
pathogen may be greatest when conditions favoring pathogen
reproduction coincide with heightened susceptibility of hosts.
Disease spread of P. ramorum occurs during California’s rainy
season, which typically extends from November to April (Rizzo
et al. 2002a, b). Paradoxically, P. ramorum inoculum load does not
increase during the wettest months even when temperatures are
suitable, but rather in late spring (Davidson et al. 2005).

An inoculum droplet method was used to quantify leaf sus-
ceptibility to P. ramorum to assess the effect of leaf character-
istics on ability of the pathogen to initiate infection. In the
seasonality study, an increase in susceptibility of U. californica
to P. ramorum from winter to early summer was observed.
Susceptibility was lowest during winter months but increased
rapidly during spring, concurrent with the natural increase in
inoculum load. While these findings are consistent with the
timing of precipitation being essential for sporulation, results
also suggest that bay laurel physiological condition plays a
greater role in transmission of P. ramorum than is generally
recognized. Huberli et al. (2012) obtained a similar pattern when
testing a greater number of trees against one P. ramorum isolate
and measuring disease severity.

We predict that disease prevalence will be more severe when rains
continue into late spring not only because temperatures are warmer,
but also because U. californica susceptibility in this study continued
to increase until June. In contrast, when rains cease before host
susceptibility increases, it is expected that disease levels remain
low. This is consistent with observations during recent wet and dry
years, especially the short rainy seasons of 2012 and 2013. June
rainfall in California, though rare, may lead to high inoculum loads
and a substantial increase in infection of tanoak and coast live oak
(Davidson et al. 2008, 2011, 2005).

The field observation that older leaves seemed to be more
infected than younger ones was supported in the laboratory and in
the field. Older U. californica leaves were found to be more
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Fig. 4. Effect of leaf age on susceptibility. A, Comparison of 20- versus 8-
month-old leaves from six trees from Cloverdale in December 2007. B,
Comparison of 23- versus 11-month-old leaves from the same trees in March
2012 (isolates are shown in Table 1).
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susceptible to P. ramorum than younger ones. This was true in the
winter, spring, and fall. Some leaves that had been exposed to
rainwater inoculum during winter months were lost to abscission.
Some infections counted during the field survey may have been
caused by organisms other than P. ramorum, yet field counts only
included lesions that were morphologically similar to those that
produce P. ramorum cultures in the laboratory. The presence of
other Phytophthora species in the survey area is known to be very
low (DiLeoetal. 2014). The large late spring increase in susceptibility
demonstrated in the study of seasonal variability was probably not
driven by leaf age alone since the susceptibility of this cohort
decreased in fall, despite increased susceptibility due to leaf aging.
Increased symptoms of P. ramorum infection on older leaves in nature
support this observation and indicate that the likelihood of infection
rises with leaf age. This pattern appears to reverse when examining
juvenile leaves. For example, Hansen et al. (2005) found that
1-month-old leaves of Oregon populations of U. californica showed
more lesion growth than older ones. Increases in susceptibility with
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Fig. 5. Relationship between leaf age and proportion of symptomatic leaves in
the field. Data from 23 trees growing in eight plots in Annadel State Park (n =
1,096 first, n = 1,260 second, n = 679 third, and n = 207 fourth year leaves).
Data shown are least squares means, weighted by number of leaves in each age
class. Letters indicate significantly different means based on SMM multiple
comparisons tests using adjusted degrees of freedom in PROC MIXED.
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Fig. 6. Relationship between inoculum position and susceptibility for leaves
on trees from two localities. Arrangement of inoculation droplets is shown in
Figure 2B. A, Results from nine trees from Sugarloaf Ridge State Park in-
oculated with zoospores from one Phytophthora ramorum isolate. B, Results
from eight trees from Cloverdale inoculated with zoospores from three P.
ramorum isolates (Table 1). Different letters indicate significantly different
means based on SMM multiple comparisons tests.
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leaf age have been observed in other pathosystems, including
Phytophthora species (De Dobbelaere et al. 2010; Tahi et al. 2006).
One implication of this finding is that the inherent resistance of
mature leaves decreases over time, allowing minor infections to
persist in leaf tissue until the leaf is abscised. Analyses of
U. californica leaf secondary chemistry suggest that some com-
pounds decline with increasing leaf age (Goralka et al. 1996); these
compounds may play a role in reduced infection of young mature
leaves. Alternatively, phenological changes in leaf quality to the
pathogen may occur as leaves age. At the stand level, persistence of
the pathogen among years may depend on the presence of low-level
infection in older U. californica leaves.

Position of inoculum on the leaf blade also affected susceptibility.
Previous observations of frequent infections on leaf tips and
margins attributed to pooling rainwater inoculum in these locations
are supported by measurements of their susceptibility in the
laboratory (Anacker et al. 2008; Condeso and Meentemeyer 2007
Davidson et al. 2008, 2005; Meentemeyer et al. 2008b). The
combination of higher susceptibility and concentration of spores in
water droplets suspended on leaf tips and margins probably interact
to produce the observed pattern.

The increased susceptibility to infection detected in 70% ethanol-
treated leaf areas could indicate a protective role for epiphytic
microorganisms, or increased susceptibility due to changes in leaf
surface caused by the ethanol wipe; further experiments would be
needed to directly measure the contribution to resistance, if any, by
epiphytes (Widmer and Dodge 2013). The contribution of naturally
occurring epiphytic fungi to resisting Phytophthora spp. has been
noted in other plant species (Hoopen et al. 2003; Kharwar et al.
2010), but this has not been previously reported for hosts of
P. ramorum. The majority of the closest NCBI database matches for
the isolated fungi have been shown to display antagonism toward
phytopathogens.

These results also suggest a practical application that may help
suppress inoculum buildup in California woodlands: removal of
mature U. californica leaves before the pathogen grows and
produces inoculum. This could be accomplished by an application
of a chemical defoliant at the appropriate time of year. Such an
approach may not be sufficient to prevent the spread of the pathogen
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Fig. 7. Effect of ethanolic wipe on leaf susceptibility. A, Results from eight
trees from Cloverdale inoculated with zoospores from three Phytophthora
ramorum isolates. B, Results from eight trees from Fairfield Osborn Preserve
inoculated with zoospores from three P. ramorum isolates (Table 1). The
treated half of each leaf was wiped once with 70% ethanol prior to inoculation,
while the control half was left undisturbed.



or to remove it, but possibly might slow the progression of oak
mortality in some circumstances.

P. ramorum has killed millions of trees belonging to ecologically
and economically important tree species in California woodlands
(Garbelotto and Hayden 2012; Metz et al. 2012; Ramage et al.
2012). Research efforts have focused primarily on important
questions about epidemiology (Cooke 2007; Filipe et al. 2012;
Hansen et al. 2008; Mascheretti et al. 2009; Prospero et al. 2007;
Rizzo 2006), forest management (Frankel 2008; Garbelotto and
Schmidt 2009; Grinwald et al. 2008; Kovacs et al. 2011; Metz et al.
2011; Rizzo 2006; Rizzo et al. 2004; Vaclavik et al. 2010), and
ecological consequences of the invasion (Brown and Allen-Diaz
2009; McPherson et al. 2010; Meentemeyer et al. 2008b,c; Vaclavik
et al. 2010). Further insights may be gained by developing a greater
understanding of the mechanisms of infection, especially of foliar
hosts that serve as inoculum reservoirs to economically important
canker hosts. Many studies in agricultural systems have docu-
mented similar influences of plant growth physiology (Grunwald
and Flier 2005; Thaler et al. 2004), damage to susceptible tissues
(Bae et al. 2008; Bouwmeester and Govers 2009; Le Berre et al.
2008; Tian and Babadoost 2004), and microbial associates of hosts
on susceptibility to Phytophthora species (Bhadauria et al. 2010;
Brown and Tellier 2011; Ottmann et al. 2009). The studies have also
revealed that plants possess active defense mechanisms to pro-
mote resistance (Colas et al. 2001; Gebhardt and Valkonen 2001;
Huitema et al. 2004; Huitema et al. 2005; Kamoun et al. 1993; Liu
et al. 2005; Soanes and Talbot 2008; Tyler 2002). Results of this
study offer evidence of similar processes in forest ecosystems. An
understanding of these processes is essential for standardizing
methods to assess P. ramorum infectivity and host susceptibility and
may help guide development of methods to limit establishment of
P. ramorum in oak woodlands.
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