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ABSTRACT
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Phytophthora species produce sporangia that either germinate directly or release zoospores,
depending upon environmental conditions. Previous Phvtophthora spp. inoculation trials have
used both sporangia and zoospores as the inoculum type. However, it is unknown what impact
propagule type has on discase. Rhododendron leaf disks were inoculated with P. ramorum zo0o-
spores (75, 500, or 2,400 per disk), sporangia (75 per disk), or sporangia plus trifluoperazine
hydrochloride (TFP) (75 per disk), a chemical that inhibits zoospore formation. Combining
results from two different isolates, the highest concentration of zoospores (2,400 per disk) in-
duced a significantly higher percentage of necrotic leaf disk arca (96.6%) than sporangia
(87.6%) and 500 zoospores per disk (88.7%). The sporangia plus TFP treatment had the lowest
necrosis at 47.5%. Rooted rhododendron cuttings had a higher percentage of necrotic leaves per
plant when inoculated with zoospores (3,000 or 50,000 per ml) or cysts (50,000 per ml) than
with sporangia (3,000 per ml) with or without TFP. The percentage of necrotic leaf area was
significantly higher when cysts or zoospores were inoculated at 50,000 per mi than sporangia
without TFP and zoospores at 3,000 per ml. All treatments were significantly higher in the per-
centage of necrotic leaf area than the leaves treated with sporangia plus TFP. This demonstrates
that the full inoculum potential may not be achieved when sporangia are used as the inoculum

propagule.

Phytophthoru specics are known 1o be
destructive and complex plant pathogens.
They produce combinations of different
sexual and asexual propagules depending
upon the species. The most common and
characteristic asexual propagule is the
sporangium (9). Some species have cadu-
cous sporangia that detach easily from the
sporangiophore by wind or water, giving
them the capacity to travel several kilome-
ters to new host plants (2). Sporangia ger-
minate either directly or indirectly by re-
leasing zoospores that subsequently encyst
and germinate. These two different proc-
esses are influenced by temperature
change, relative humidity, the age of spo-
rangia, and substrate (21,28,31). Generally,
at higher temperatures (>14 to 20°C, de-
pending upon the species), direct germina-
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tion occurs in which hyphac emerge
through the wall of the sporangium (18).
At lower temperatures, the sporangial cy-
toplasm cleaves and biflagellate zoospores
are formed (16). The motile zoospores are
relcased from the sporangium and recog-
nize host tissue by chemical, electrical, and
physical propertics (36). The zoospores
encyst, germinate, and penetrate suscepti-
ble host cells.

Phytophthora ramorum has a life cycle
similar to that of other acrial-type Phy-
tophthora spp., such as P. capsici and P,
infestuns. Wind and wind-driven rains are
believed to spread the caducous P
ramorum sporangia within forest canopies
(11) from which it is likely that zoospores
are released from the sporangia and swim
to new infection sites. Davidson et al. (7)
observed abundant zoospores released
from sporangia on infected bay laurel
leaves under natural field conditions dur-
ing rainstorms. In general, it is believed
that infection of plant material via zoo-
spores is the most important pathway in
the disease cycle (18). However, the major-
ity of previously published papers that
involved screening hosts of P. ramorum
used sporangia as the inoculum source
(c.g., 25,32,35). Since a single P. ramorum
sporangium can release, on average, 32
zoospores  (personal observation), the

actual number of potentially infective
propagules derived from sporangia-based
inoculum can be variable, depending upon
the number of sporangia that actually re-
“lease zoospores. It is gencrally assumed

that the majority of sporangia will release
zoospores; however, Judelson and Tani
(20) reported that only 58% of P. infestuns
sporangia released zoospores when tested
under artificial conditions. Factors includ-
ing the solute potential and matric poten-
tial are known to affect sporangia releasing
zoospores (27). It is not known what sig-
nificance sporangia that have not released
zoospores have via direct germination on
disease development.

Studies involving other Phytophthoru
spp. sprayed zoospores to infect aerial
plant parts to screen for resistance
(5,12,13,25,34). Several exceptions found
in the literature that used P. ramorum zoo-
spores as inoculum for aerial plant parts
dipped the leaves in the suspension
(14,37,39). However, to the author’s know-
ledge, no studies have actually been com-
pleted that directly compare infection by
different propagule types of any Phy-
tophthora spp. It is important to document
if differences do exist between propagule
types so that future experiments can be
consistent while minimizing variability.

Phytophthora ramorum produces both
chlamydospores and sporangia on tissue
(6,33). In general, P. ramorum chlamy-
dospores are regarded as long-term sur-
vival structures that may initiate the poly-
cyclic epidemic, but their impact on
sustaining an epidemic has not been
shown. Although chlamydospores have
been observed on leaf surfaces (6), they
are not easily detached from the mycelium
like sporangia. Thus, it is unlikely that
chlamydospores are significant in increas-
ing secondary inoculum for a polycyclic
epidemic, and they were not included in
this study. Sporangia, on the other hand,
have been observed on the surface of leaf
material and are caducous, thus playing a
major role in spread within a plant and
from plant to plant (6,18).

This study was conducted to determine
what impact P. ramorum sporangia, zoo-
spores, and cysts have on disease devel-
opment of a susceptible host. This was
done by comparing the necrotic leaf area
caused by direct germination of sporangia
or cysts.

MATERIALS AND METHODS
Pathogen isolates and inoculum
preparation. Cultures of P. ramorum were
obtained from P. W. Tooley (USDA-ARS,
Fort Detrick, MD). Phytophthora ramorum
isolates WSDA-1772, 5-C, and PRN-I
were used in different tests throughout the
study. Isolate WSDA-1772 is an A2 mating




type originally isolated from Viburnum
‘Mariesii’ in Oregon. Isolate 5-C is an A2
mating type originally isolated from Cu-
mellia sasanqua ‘Bonanza’ in California.
Isolate PRN-1 is an A1 mating type origi-
nally isolated from Rhododendron sp. in
The Netherlands. All isolates were main-
tained on 20% V8 agar at 20°C in the dark.

Zoospores were prepared by the method
of Mitchell and Kannwischer-Mitchell
(29). Five 4-mm plugs of cach isolate were
added to separate 60-mm plates containing
sterile 20% V8 broth. The cultures were
allowed to grow for 3 days at 20°C in the
dark. The mycelium was rinsed three times
in sterile 0.1 mM 2-[N-morpholino]
ethanesulfonic acid (MES) buffer, pH 6.2
(herein referred to as MES buffer) and then
placed back in the 20°C incubator in the
dark overnight. Zoospores were induced to
release from the formed sporangia by plac-
ing the cultures at 4°C for 30 min and
incubating at room temperature. After 30
to 45 min, zoospores released and the con-
centration was determined by diluting the
suspension in MES buffer, vortexing to
induce encystment, and then counting on a
hemacytometer. The zoospores were di-
luted to the final concentrations by care-
fully pipetting a specific amount in MES
buffer. Motility of the zoospores was veri-
fied after dilution through a dissecting
microscope.

For the leaf disk bioassay, sporangia
were prepared by the method of Tooley et
al. (35). Five-milliliter plugs from the edge
of an actively growing P. rumorum culturc
on 20% V8 agar were removed and placed
in at least two sterile 60-mm-diameter petri
dishes. Enough MES buffer was pourcd
into the dish to reach just below the top of
the plugs. The plates were covered, but not
sealed, and placed at 20°C in the dark
overnight. Sporangia were released from
the mycelium by sealing the plates with
Parafilm and shaking the suspension. The
suspensions of sporangia from multiple
plates for each isolatc were removed by
pipette and combined into a 15-ml conicat
tube. The suspension was mixed, and one-
half of it was transferred to another 15-m]
conical tube. The sporangial concentration
was determined for cach suspension by
mixing well and placing two 25-pl drops
on a glass slide and counting all of the
sporangia. A stock solution of 1.25 mM
trifluoperazine hydrochloride (TFP; Sigma
Chemical Co.) was prepared in sterile
water. The TFP stock solution was added
to one of the sporangial suspensions to
make a final concentration of 12.5 pM.
Sporangia can be prevented from forming
zoospores by exposure to TFP without
preventing direct sporangial germination
(19).

For the whole piant bioassay, sporangia
were prepared by transferring a plug of the
P. ramorum isolate to 20% V8 agar plates
and placing in an incubator at 20°C in the
dark. Sporangia were harvested from the

plate after approximately 2 weeks by pour-
ing 5 ml of MES buffer onto the agar sur-
face and gently swirling to release the
sporangia from the mycelium. The suspen-
sion was pipetted off the surfacc into a 15-
ml conical tube. After vortexing, half of
the suspension was transferred to another
15-ml conical tube. The concentration of
sporangia was determined as described
above. The final concentration was ad-
justed to 3,000 sporangia per ml in MES
buffer. A quantity of the TFP stock solution
was added to one of the sporangial suspen-
sions to make a final concentration of 12.5
uM.

Release and inhibition of zoospores
from sporangial suspensions with or with-
out TFP were conducted by exposing an
aliquot of the suspensions to 4°C for 20
min and then incubating at room tempera-
ture for 45 min. Direct germination of
sporangia exposed to TFP was observed
through a compound microscope with a
10x objective lens on a 20% V8 agar plate
containing a sample of the sporangial sus-
pension after 24 h in the dark at 20°C. The
effect of TFP on infection of rhododendron
leaf disks was studied by placing 10 leaf
disks (11-mm-diameter) abaxial side up on
a plastic mesh screen on a moist filter pa-
per in a petri dish. The epidermis of the
abaxial side of each leaf disk was wounded
slightly with a blunt scalpel. Thirty micro-
liters of sterile distilled water or sterile
12.5 pM TEP solution was pipctted onto
the wound site. A 3-mm mycelial plug was
removed from the edge of an actively
growing culture on V8 agar of P. ramorum
isolates 5-C, WSDA-1772, and PRN-1 and
placed mycclium side down in the solution
over the wound site. The plates were
sealed and placed in a 20°C incubator in
the dark for 3 days. The disks were photo-
graphed and the percent necrotic area was
calculated using ASSESS (American Phy-
topathological Society) software. The ex-
periment was conducted twice.

Sporangial discharge. The percentage
of sporangia that released zoospores was
calculated using a procedure modified
from Jones ct al. (17). Detached sporangia
were produced as described above for
isolatcs WSDA-1772, 5-C, and PRN-i
(35). Two 0.5-ml aliquots of each sporan-
gial suspension were transferred to a 24-
well microtiter plate. The plate was placed
at 4°C for 30 min and then transferred to
an incubator at 20°C in the dark. After 4 h,
100 randomly selected sporangia were
observed to assess the percentage of spo-
rangia rcleasing zoospores (i.e., empty
sporangia). The experiment was conducted
three times.

The impact on the sporangia discharging
zoospores after passing through a hand-
pump sprayer was assessed by preparing
two 10-ml aliquots of sporangia (isolate
WSDA-1772) as described above in MES
buffer. One aliquot was poured directly
into a 60-mm petri plate. The other aliquot

was transferred to a hand-pump sprayer
and discharged through the sprayer into
another 60-mm petri plate. The plates were
covered, but not sealed, placed at 4°C for 1
h, returned to room temperature for 1 h,
and observed under a dissecting micro-
scope for release. The percentage of empty
sporangia was determined as described
above. The experiment was conducted
three times.

Leaf disk bioassay. Tests were con-
ducted with P. rumorum isolates WSDA-
1772 and PRN-I. Individual healthy, ma-
ture leaves of Rhododendron ‘Cunning-
ham’s White’ were selected from at least
10 separate plants. The leaves were rinsed
in water and blotted dry. Leaf disks were
made with a cork borer (11-mm-diameter).
The surface areas of the disks were not
wounded and were placed abaxial side up
on a plastic mesh screen on a moist filter
paper in a petri dish. Ten disks were placed
in a single petri dish, with two dishes for
each treatment. Sporangial and zoospore
suspensions were prepared as described
above. If necessary, a volume of MES
buffer was pipctted onto the disk surface to
assure that the volume of liquid on each
disk among the treatments was the same.
The different treatment suspensions were
pipetted onto the disk surface so that the
liquid remained as a “bead” on the disk.
The treatments were as follows: (i) MES
buffer plus 12.5 pM TFP (negative con-
trol); (ii) 75 sporangia suspended in MES
buffer; (iii) 75 sporangia suspended in
MES buffer plus 12.5 uM TFP; (iv) 2,400
zoospores in MES buffer; (v) 500 zoo-
spores in MES buffer; and (vi) 75 zoo-
spores in MES buffer. The plates were
covered, sealed, and placed at 20°C in the
dark. Since zoospores are blocked from
forming in sporangia at the concentration
of TFP used in this experiment (19), a
control with zoospores and TFP was not
needed.

After 5 days, photographs of each of the
disks were recorded and the percentage of
necrotic leaf disk surface area was calcu-
lated for each disk using ASSESS and
averaged together. The experiment was
conducted four times for each concentra-
tion and propagule type of each P
ramorum isolate tested.

Comparing methods of cyst applica-
tion. Due to mechanical agitation, active
zoospores cannot be applied via a pressur-
ized sprayer without the risk of encyst-
ment. However, it is more practical to ap-
ply the propagule with a pressurized
sprayer. Since two application methods
were used for the different propagule
types, it was important to verify that the
application method does not significantly
impact the infection process and disease
development. Zoospores of isolate WSDA-
1772 were produced by the methods de-
scribed above and diluted in two 15-ml
aliquots of 50,000 per ml. Both aliquots
were vigorously shaken on a vortex shaker
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to induce encystment. Four Rhododendron
‘Cunningham’s White' cuttings in 5-cm
pots with 10 to 15 leaves per plant were
inoculated on both sides of the leaves with
all of the prepared volume of cysts cither
by a hand-pump sprayer or by applying the
cysts with a paintbrush. Fifteen milliliters
is a sufficient volume to cover all of the
leaves of four rhododendron plants to run-
off. The plants were placed in a dew
chamber with 100% relative humidity at
20°C in the dark. After 6 days, the plants
were removed and the leaves detached
from each plant. The leaves were scanned
using an HP Scanjet 5500C model flatbed
scanner (Hewlett-Packard, Palo Alto, CA).
The percentage of necrotic leaf surface
area for each leaf was calculated using
ASSESS. The experiment was conducted
three times.

Whole plant bieassay. Uniform Rho-
dodendron *Cunningham’s White' rooted
cuttings in 5-cm pots, obtained from a
commercial nursery, were trimmed back to
leave approximately 10 to 20 leaves per
plant. Zoospores were prepared as de-
scribed above and adjusted to one 15-mli
aliquot of 3,000 zoospores per ml and two
15-mi aliquots of 50,000 zoospores per ml
in MES buffer. These concentrations were
chosen because an inoculum level of 3,000
sporangia per ml, found to be adequate for
disease development (35) and used in other
studies (32), could have the potential to
release almost 100,000 zoospores. Hansen
et al. (14) found that an inoculum dose
above 12,000 zoospores per ml did not
change significantly the percent necrosis
of rhododendron leaves. Therefore, a con-
centration of 50,000 zoospores per ml was
chosen based upon a conservative estima-
tion that no less than 50% of the sporangia
would release zoospores in plunta and
would not affect necrosis. One aliquot of
the 50,000 zoospore per ml suspension
was shaken vigorously using a vortex
shaker to induce encystment. The remain-
ing 50,000 zoospore per ml aliquot was
left undisturbed to keep the zoospores
motile. Fifteen milliliter sporangial sus-
pensions with and without TFP were pre-

pared as described above to a final concen-
tration of 3,000 sporangia per ml.

Five plants were inoculated with a 15-
ml suspension for each of the propagule
types and concentrations. A hand-pump
sprayer was used to inoculate the plants
with the cysts, sporangia, and sporangia
plus TFP. The zoospores were applied by
application to each of the lcaves with a
paintbrush. Inoculum was applied to both
sides of the leaves of each plant as evenly
as possible, distributing the total volume
for all five plants. Five noninoculated
plants treated with MES buffer alone were
included as controls.

The plants were placed in a dew cham-
ber with 100% relative humidity at 20°C in
the dark. After 5 days, the plants were
removed and the leaves were detached
from each plant. The leaves were stored at
4°C until they could be processed further,
usually within 2 days. The leaves were
scanned using an HP Scanjet 5500C model
flatbed scanner. The percentage of necrotic
leaf surface area for each leaf, including
the controls, was calculated using AS-
SESS. For the inoculated plants, a leaf was
considered infected if it had a higher per-
centage of necrotic leaf surface area than
the control average. The experiment was
conducted three times.

Statistical analyses. All statistical
analyses were conducted using SAS for
Windows (version 9.1; SAS Institute, Inc.,
Cary, NC). For the leaf disk bioassay,
based on initial ANOVA, there was no trial
effect and so the data were combined. Data
were transformed using arcsine square
root. Transformed data were analyzed by
ANOVA using PROC MIXED. Treatments
were considered fixed effects and isolates
were considered random. Treatment means
were separated using the pairwise option
(PDIFF) in PROC MIXED (P = 0.05).
Nontransformed means are presented for
comparison. A two-factor ANOVA was
used to analyze differences between iso-
lates.

For the whole plant bioassay, based on
initial ANOVA, there was no trial effect
and so the data were combined. The per-

Table 1. Mean percentage of necrotic leaf disk surface area of Rhododendron ‘Cunningham’s White’

inoculated with Phytophthora ramorum”

Treatment® Propagule concentration® Mean £ SEY
Zoospores 2,400 96.6% + 0.01 A*
Zoospores 500 88.7% + 0.16 B
Zoospores 75 80.5% +£0.27C
Sporangia — TFP 75 87.6% + 1.28 B
Sporangia + TFP 75 475% +3.03D

¥ Data from isolates WSDA-1772 and PRN-| were not statistically different and were combined (P =

0.298).

¥ Propagule type of P. ramorum suspended in 0.1 mM 2-[N-morpholinolethanesulfonic acid (MES)
buffer, pH 6.2, used to inoculate rhododendron plants. Trifluoperazine hydrochloride (TFP) was
added (sporangia + TFP) or not added (sporangia — TFP) to suspensions of sporangia before applica-

tion to leaf disks.
* Initial number of propagules per leaf disk.

¥ Mean percentage of necrotic leaf disk surface area was calculated by ASSESS software.
# Values within a column followed by the same letter are not significantly different from each other
according to the pairwise difference option (PDIFF) in PROC MIXED at the 0.05 level.
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centage of infected leaves and percentage
of necrotic leaf surface area were arcsine
square root transformed prior to analysis to
stabilize variance and then subjected to
general linear model (GLM) procedure for
ANOVA. Appropriate transformed means
were separated using Duncan’s multiple
range test (P = 0.05). Nontranstormed
means are presented for comparison.

RESULTS

Zoospores were not observed in any of
the sporangial suspensions containing TFP,
whereas abundant zoospores were released
after chilling in the non-TFP-treated sus-
pensions. No differences were observed in
direct germination of treated and
nontreated sporangial suspensions on V8
agar plates, or in the colony growth result-
ing from the direct germination (data not
shown). TFP did not affect infection of leaf
material as demonstrated by no observed
significant differences in necrotic leaf disk
surface area when the mycelial plugs were
immersed in a TFP solution {(data not
shown).

Sporangial discharge. All three isolates
produced abundant sporangia. The per-
centage of sporangia that released zoo-

_spores after 4 h was 92, 94, and 93% for

WSDA-1772, 5-C, and PRN-1, respec-
tively. Passage of sporangia through a
hand-pump sprayer did not significantly (P
= (.6374) affect zoospore release.

Leaf disk bioassay. There was not a
significant difference in the percentage of
necrotic leaf disk surface area between the
isolates used (P = 0.298) nor an interaction
between isolate and treatment (P = 0.083),
so the data could be combined. The spo-
rangia plus TFP was significantly lower
than all other treatments (Table 1). Inocu-
lation with the highest zoospore concentra-
tion (2,400 per disk) resulted in signifi-
cantly higher necrosis than the other
treatments. The 75 sporangia per disk
without TFP treatment was not signifi-
cantly different than exposing the disks to
500 zoospores. For the control disks inocu-
lated with MES buffer alone, 2.4% of the
disk surface area was necrotic.

Comparing methods of cyst applica-
tion. There was no statistical difference in
leaf infection using either method of appli-
cation of P. ramorum cysts (P = 0.358). In
both methods, 100% of the leaves were
infected, with 69 and 65% of the leaf area
necrotic by method of spraying and hand
painting, respectively.

Whole plant bioassay. The plants in-
oculated with the cysts and the motile
zoospores, regardless of concentration, had
a significantly higher percentage of ne-
crotic leaves per plant than the sporangia
or sporangia plus TFP treatments (Table
2). The mean percentage of leaf necrotic
area was significantly higher in the zoo-
spore and cyst treatment at a concentration
of 50,000 per ml. Zoospores at 3,000 per
ml were equal to the sporangial suspension




without TFP treatment, and both were
statistically greater than the sporangial
suspension with TFP.

DISCUSSION

The result trends from this study were
similar whether whole plants or leaf disks
were used. The data show that without zoo-
spore release, direct germination of P
ramorum sporangia is not as effective in
causing necrosis as an equivalent number of
zoospores. This supports the recommenda-
tion that zoospores or cysts rather than spo-
rangia should be used as the inoculum
propagule when screcning potential hosts
against P. ramorum. as has been utilized for
other Phytophthora spp. (5,24,34).

One drawback mentioned with the use
of sporangia as the inoculum type is the
uncertainty that all sporangia will release
zoospores. In this study, the vast majority
(average of 93%) of sporangia released
zoospores after 4 h when produced at 20°C
in liquid culture, exposed to 4°C for | h,
and returned to 20°C. This is higher than
the number observed for P infestns,
which ranged from 58% (20) to 74% (19),
and P. parasitica, which discharged 73%
of the time (38). For all of these results,
including the present study, these tests
were conducted under ideal conditions that
are unlikely on a lcaf surface. The phyi-
loplane is a complex microenvironment
influenced by microorganisms and leaf
exudations. One aspect of leaf exudations
is the solute potential that is dependent
upon environmental and genetic factors
(23,26). MacDonald and Duniway (27)
demonstrated that the solute potential af-
fects zoospore release from sporangia. In
one study, it was demonstrated that the
host plant affected the release of Plasmo-
para viticola zoospores from sporangia
(22). Temperature of the culture growth
also plays an important role in zoospore
release. In this study, cultures were grown
only at one temperature, 20°C. When
Davidson et al. (7) produced sporangia on
California bay laurel (Umbellularia cali-
JSornica) disks at different temperatures,
large differences between trials in zoo-
spore release after 30 min exposure at 4°C

this experiment, the method for applying
cysts to leaves, by using either a hand-
pump sprayer or a paintbrush, did not af-
fect the percentage of necrotic leaf area.
This comparison could not be done with
zoospores because it cannot be assured that
all zoospores will remain motile when
subjected to conditions of agitation when
passing through a sprayer. In addition, care
must be taken as to the type of pump
sprayer used in application. The applica-
tion pressure and use of carbon dioxide
affected the survival of Phvtophthora nico-
tianae zoospores (3). Secondly, inoculum
levels can be more carefully controlled and
applied homogenously using cysts com-
pared to sporangia because of the uncer-
tainty as to how many or if any zoospores
are released from the sporangia. As men-
tioned above, not all sporangia may release
zoospores depending upon different fac-
tors. Therefore, if sporangia are applied,
actual inoculum potential due to the num-
ber of actual infective propagules released
may vary within an experiment. Using
cysts as the inoculum type would reduce
the error of variable laboratory conditions
affecting zoospore release on the host,
assuring that the full potential of infective
propagules are in contact with the host. In
this study, higher variability in the mean
percentage of necrotic leaf disk surface
area (Table 1) and in the percentage of
necrotic leaves per plant (Table 2) was
observed when sporangia were used as the
inoculum type compared to zoospores or
cysts. Lastly, it is more time-consuming to
produce abundant quantities of sporangia
in concentrations uscful for larger-scale
inoculation trials than cysts. Typical meth-
ods require from 1 to 2 weeks to produce
sporangia for inoculum and may require
centrifugation for adequate concentrations
(35). In contrast, high concentrations of
zoospores can be achieved in liquid cul-
tures in 4 days.

Attempts were made in this experiment
to maintain a constant inoculum volume,
regardless of the inoculum type. This is
important becausc Biles et al. (4) showed
that disease incidence increased with lar-
ger volumes, although the total number of
zoospores was the same. In that same ex-
periment, however, the volume did not
affect lesion size. In the present study, it
appeared, but was not confirmed, that the
liquid suspension of propagules more uni-
formly covered the leaf surfaces when
applied with the hand-pump sprayer than
with the paintbrush. Although not exam-
ined in detail in this study, this is probably
due (o the finer particle droplets emitted
from the sprayer and the waxy composi-
tion of the leaf surfaces. Despite this ap-
parent lack of coverage, no statistical
differences were observed in leaf infec-
tion and necrosis when the application
methods were compared using cysts.
However, when zoospores were applied
using a brush there was an increase in the
number of necrotic leaves per plant, but
not in the percentage of necrotic leaf area,
when compared to the application of cysts
at the same concentration (50,000 per ml)
via the hand-pump sprayer. This demon-
strates that the apparent lack of coverage
cither was not real or did not negatively
affect infection. One explanation for this
difference may be that motile zoospores
were attracted to more susceptible infec-
tion sites on other leaves. Phytophthora
nicotianae zoospores were shown to pref-
erentially target the grooves between
adjacent epidermal cells, demonstrating
that zoospore motility is an important
process in finding favorable infection
sites (15).

A possible explanation for the cyst in-
oculum yielding a similarly high percent-
age of necrotic leaf area as the zoospore
inoculum, despite the lack of motility, is
that the inoculum concentration may have

Table 2. Mean percentage of necrotic Rhododendron ‘Cunningham’s White' leaves per plant and mean
percentage of necrotic leaf area inoculated with different propagules and concentrations of Phy-

tophthora ramorum isolate WSDA-1772

Propagule Mean % (+SE) of necrotic Mean % (+SE)
were observed at the 25°C treatment. Treatment” concentration per mI¥ leaves per plant* of necrotic leaf area?
T.hese factors defnonstrate ,lhat different Sporangia — TFP 3,000 76.1% £ 5.09 C/ 37.6% +3.62B
aspects affect zoospore releasc and that the Sporangia + TFP 3,000 657% + 49| C 25.1% + 3.46 C
full inoculum potential may not be realized ‘Cys[s 50,000 89.0% +2.91 B 56.6% + 3.51 A
when using sporangia alone as the inocu- Zoospores 50,000 97.3% + 1.89 A 66.2% + 3.07 A
lum propagule. Zoospores 3,000 88.9% +3.39 B 41.9% = 4.98 B

For whole plants, the number of necrotic
leaves per plant was higher when zoo-
spores were applied as the inoculum
source, but the percentage of necrotic leal
area was not different from that of cysts.
This lack of difference between zoospores
and cysts is important because there are
advantages to using these propagules as
the inoculum type. First, a hand-pump
sprayer is ideal for applying large amounts
of inoculum in a quick and efficient man-
ner that can easily cover all plant parts. In

¥ Propagule type of P ramorum suspended in 0.1 mM 2-[N-morpholinolethanesulfonic acid (MES)
buffer, pH 6.2. used to inoculate rhododendron plants. Trifluoperazine hydrochloride (TFP) was
added (sporangia + TFP) or not added (sporangia — TFP) to suspensions of sporangia before applica-
tion to plants.

*Propagule concentration in 15 ml applied to five rhododendron plants for each repetition.

* A leaf was considered necrotic if the percentage of necrosis, as determined by ASSESS software, was
greater than the control average (1.3%). Percentage of leaves infected per plant was calculated by
subtracting the number of infected leaves from the total number of leaves and dividing by the total
number of lcaves.

¥ Mean percentage of necrotic leaf area was calculated by dividing the total area of necrosis for an
individual infected leaf into the total area of that leaf as calculated by ASSESS software.

/ Mean values within a column followed by the same letter are not significantly different (P = 0.05)
according to Duncan’s multiple range test.
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been above a threshold needed for disease
development that compensated for the
lack of motility and attraction toward
open wounds. Tooley et al. (35) found
that disease developed on bearberry (Arc-
tostaphylos uva-ursi) and mountain laurel
(Kalmia latifolia *Minuet’) when inocu-
lated with as few as 100 P. ramorum spo-
rangia per ml, which if all discharged
would equal approximately 3,000 zoo-
spores. This study showed that necrosis
occurred on leaf disks when inoculated
with only 75 zoospores. In a field study
involving P. capsici (30), inoculum den-
sity was shown not to be significant in the
final disease incidence, although the data
did show an impact of inoculum density
on the area under the disease progress
curves (AUDPC). The difference in
AUDPC in that study was related most
likely to the higher disease incidence at
the initial recording of data.

Information obtained from this study
helps us understand the epidemiology of
this pathogen in the field. Previous studies
demonstrated that under laboratory condi-
tions, sporangia are produced at tempera-
tures ranging from 5 to 30°C with an op-
timum temperature range of 16 to 22°C
(7.8). Therefore, daily temperature fluctua-
tions between 10 and 22°C, along with a
minimum time of 6 to 12 h of free standing
water (10), should promote sporangia for-
mation and zoospore release, resulting in a
higher rate of infection. In contrast, 25°C
might be a threshold temperature for direct
germination of sporangia versus zoospore
production (7). Thus, based upon results
from the present study, new infections by
P. ramorum could be higher when field
temperatures are below 25°C due to an
increase in zoospore release. This model
fits what was observed in the field in Cali-
fornia. A study by Anacker et al. (1) re-
vealed that symptomatic leaf count of U.
californica was related to mean minimum
annual temperature and the mean annual
precipitation at the field plot level. Phy-
tophthora ramorum populations, as meas-
ured by colony forming units, in the soil
and leaf litter increased in the cooler mid-
dle 10 late rainy seasons (7). These higher
populations are very likely due 0 an in-
crease in zoospore release.

The results presented in this study con-
firm the importance of zoospore release
by sporangia on the leaf surface in regard
to infection and subsequent disease symp-
toms. Although sporangia that do not
release zoospores still infect leaves and
cause leaf necrosis, the number of leaves
that are infected per plant and the mean
percentage of necrotic leaf area are lower
than an equivalent number of zoospores.
This knowledge could lead to research
that is more efficient in developing meth-
ods, either through chemicals or through
integrated pest management options, to
manage and limit the spread of this
pathogen.
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