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ABSTRACT

Horner, 1. J., and Wilcox, W. F. 1996. Temporal changes in activity and
dormant spore populations of Phytephthora cactorum in New York apple
orchard soils. Phytopathology 86:1133-1139.

Dormant spore populations of Phytophthora cactorum in three New
York apple orchard soils were measured over a 2-year period using the
SADAMCAP (soil air-dried and moistened chilled and plated) technique.
At all three sites, populations were highest in early spring, declined
steadily throughout the summer and fall, and increased again the follow-
ing spring. Activity, defined as the presence of germinable sporangia or
zoospores in the soil, was assessed and quantified using the “brief bait-
ing” and SCAP (soil chilled and plated) techniques. For brief baiting, soil
samples were flooded and baited with apple cotyledons for 4 h, and then
baits were removed and further incubated in distilled water to determine
colonization. For SCAP, soil samples were flooded and chilled, the
drained water was plated on selective agar, and P. cactorum colonies

were enumerated. There was no activity in field samples collected from
late November to March. The first activity in spring coincided with the
time that soil temperatures exceeded 10°C. In laboratory studies, there
was no colonization of cotyledon baits when air-dried soil naturaily in-
fested with F. cactorum was remoistened, flooded, and baited at tem-
peratures below 10°C. However, following incubation of soil at 22°C to
allow oospore germination and sporangial formation, cotyledons were
infected at temperatures down to 7°C. Once cotyledons were colonized,
the fungus sporulated on leaf margins down to 6°C. In apple orchards,
there was no correlation between measured P. cactorum activity and soil
temperature when only periods above 10°C were considered. Neither
activity nor oospore populations were closely associated with rainfall
over the previous 5 days.

Additional keywords: chlamydospore, epidemiology.

Phytophthora cactorum (Lebert and Cohn) J. Schrét. causes
root, crown, and collar rots of apple trees throughout the world’s
production regions (7,16). Oospores, capable of surviving freez-
ing and air-drying, are the major survival structure for P. cac-
torum in the soil (21,26). However, infection generally occurs
via zoospores released from sporangia, which are formed either
directly from mycelium in host tissue or from germinated
oospores (16). Thus, investigation of seasonal fluctuations in
both the populations of P. cactorum oospores and the activity of
sporangia and zoospores in apple orchard soils may contribute
to elucidation of the biology and ecology of the fungus and the
diseases it causes.

Braun and Schwinn (2) were unable to isolate P. cactorum from
apple orchard soil in Germany during early winter, although the
fungus was detected at other times. In contrast, Sewell et al.
(23,24) were able to isolate P. cactorum from English apple or-
chard soils throughout the year, albeit with lowest frequency in
the winter and only when soils were baited at laboratory temper-
atures. When soil was baited outside at ambient air temper-
atures, P. cactorum was isolated only from April or May until
October, when mean daily air temperatures were above 8°C,
suggesting that sporangia were produced only during this
period. These early investigations of P. cactorum population
dynamics were limited by a lack of accurate and reliable quan-
tification techniques. Furthermore, the technique used (i.e., baiting
with apple fruit) is relatively insensitive and would not have
distinguished between different types of propagules.
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Direct plating procedures used successfully in population stud-
ies of other species of Phytophthora (18,27,28) have been at-
tempted only rarely with P. cactorum (8,20) and generally have
been confounded by the sensitivity of this fungus to hymexazol
(15), a key ingredient in selective agar media used to control fun-
gal contaminants. The recent development of the SADAMCAP
(soil air-dried and moistened chilled and plated) technique (11)
has provided a tool for more detailed and quantitative investiga-
tions of changes in soilborne P. cactorum populations, although it
only measures dormant spore populations (11). Thus, the aim of
this work was to i) develop techniques for assessing and quanti-
fying the active stages of P. cactorum; ii) use these techniques and
SADAMCAP to investigate seasonal fluctuations in dormant
spore populations and activity of the fungus in apple orchard soils;
and iii) relate these fluctuations to environmental parameters such
as temperature and rainfall. Throughout this work, “activity” is
defined as the presence of active propagules such as sporangia and
zoospores; the level of activity is indicated by the enumeration of
these propagules. A summary of this work has been published
previously (10).

MATERIALS AND METHODS

Orchard soils. Studies were conducted in three apple orchard
soils naturally infested with P. cactorum. Orchard 1 was a block
of ‘Cortland’ on MM 106 rootstock at the New York State Agricul-
tural Experiment Station in Ontario County, NY. In orchard 2 (ad-
jacent to orchard 1), trees were ‘Mclntosh’ on seedling rootstock.
Orchard 3 was a block of ‘Rome’ grown on seedling rootstock in a
commercial orchard in Wayne County, NY, approximately 1 km
south of Lake Ontario. All trees were mature, ranging in age from
25 to 50 years. Soils were described as Ovid, Odessa, and Lima

Vol. 86, No. 10, 1996 1133



silt loams for orchards 1, 2, and 3, respectively. A more detailed
description of these soils is given elsewhere (12).

Quantification of dormant spores. P. cactorum dormant spore
populations were determined using the SADAMCAP technique
(11). Briefly, this involved sieving and air-drying soil, moist incu-
bation under lights for 4 days, and then flooding and chilling for 2
h. Next, the floodwater was drained, collected, vigorously mixed,
incubated at room temperature for 10 min, and plated on PARP
selective agar medium (15) (5 ml of agar/9-cm-diameter plate). P,
cactorum colonies were marked after 20, 28, and 44 to 48 h, and
data were recorded as numbers of colonies per plate to give a
relative estimate of population under a standard set of conditions.
Numbers were not converted to propagules per gram of soil be-
cause of the arbitrary nature and numerous assumptions required
for such calculations (11).

Development of activity assays. Two different procedures were
developed for assaying and quantifying the activity of P. cactorum
(i.e., germinable and infectious sporangia or zoospores in the soil).
The first, which we termed “brief baiting”, involved flooding soil
samples within 1 h of collection from the field and baiting with
cotyledons from 2- to 4-week-old ‘McIntosh’ apple seedlings (14).
In preliminary experiments designed to determine the time re-
quired for zoospore release and infection of the cotyledons, soil
naturally infested with P. cactorum was collected from the top 10
cm in orchard 2, sieved, and air-dried. Five replicate 10-g samples
were then placed in 9-cm-diameter petri dishes, remoistened with
3.8 ml of distilled water (providing a matric potential of
approximately —3.0 kPa), and incubated at 22°C under lights for 96
h to promote oospore germination and sporangial formation (11,14).
Samples were then flooded and baited. After periods of either 1, 10,
15, 20, 30 min, 1, 2, 4, 8, or 24 h, four cotyledons were removed
from each replicate petri dish and distributed singly to each of
four rinsing treatments: (i) no rinse; (ii) double rinse in distilled
water; (iii) 30 s in 50% ethanol followed by double rinse in
distilled water; or (iv) 30 s in 1% sodium hypochlorite followed
by double rinse in distilled water. Following rinsing, cotyledons
were placed individually in 22-mm-diameter cell wells containing
distilled water and incubated at 22°C under lights for 4 days. The
incidence of colonized cotyledons was determined microscopically
by checking for characteristic P. cactorum sporangia growing from
the cotyledon margins (14). Results were similar in a repeat experi-
ment using soil from orchard 1, so data were pooled for analysis.

Additional preliminary experiments were conducted to deter-
mine the minimum time for dormant spores to produce infectious
propagules (presumably zoospores) in flooded soil. Soil collected
from orchard 2 was air-dried for 5 days to kill sporangia (21,26),
and then five replicate 10-g samples in glass petri plates were
each flooded with 60 ml of water at 22°C and baited with 36 apple
cotyledons. At intervals of 1, 12, 24, 32, 36, 40, 44, 48, 60, 72, 84,
and 96 h, three cotyledons were removed from each plate, thor-
oughly rinsed in distilled water, incubated individually in distilled
water in cell wells as described above, and observed microscopi-
cally for the presence of sporangia. Results were similar in a re-
peat experiment using soil from orchard 1, so data were pooled for
analysis.

Based on the results from these experiments with air-dried soils,
the brief baiting assay consisted of placing freshly collected soil
(10 g on a dry weight basis) in a 9-cm-diameter glass petri dish
and flooding with approximately 60 ml of distilled water. (The
dry/fresh weight ratio was determined by oven-drying a 3- to 4-
cm? subsample of soil for 30 min immediately before initiating the
assay.) Cotyledon baits were floated on the floodwater for 4 h,
vigorously rinsed in two changes of distilled water, and placed in
cell wells containing distilled water. The cotyledons were then
incubated at 22°C, and the colonization incidence was determined
microscopically as described above.

The second procedure, SCAP (soil chilled and plated), was a
reduced version of SADAMCAP in which the air-drying of soil
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and subsequent 4-day moist incubation period were deleted. Thus,
within 1 h of collection from the field, soil samples were sieved
and transferred to 9-cm-diameter glass petri dishes, flooded with
distilled water, and incubated at 6°C for 2 h. The quantities of soil
and water added to each plate were determined as described for
the brief baiting assay above to give a total of 10 g of soil and 16
ml of water after flooding. After flooding, subsequent water col-
lection and plating steps were similar to those described for
SADAMCAP, except that drained water samples were not diluted
fivefold before plating. Data were recorded as numbers of P. cac-
torum colonies per plate.

Orchard assessments. Temporal changes in dormant spore
populations and activity were assessed in the three apple orchards
described above. Four trial trees were selected in both orchards 1
and 2, and eight trial trees were selected in orchard 3. Only appar-
ently healthy trees were selected for the trial to avoid problems
with tree mortality and population changes caused by host decline
during the trial period. Within the herbicide-treated strip beneath
each tree, four sampling quadrats (80 x 20 cm) were marked out,
with the center of the nearest long edge of each quadrat 0.6 m
from the trunk. Quadrats were arranged approximately at cardinal
points around each tree. At approximately monthly intervals from
July 1993 to August 1995 (except for January to mid-March each
year), one sample core (2-cm diameter X 10-cm deep) was taken
at a randomly predetermined grid point within each quadrat.
Within 1 h of collection, samples were sieved through a 2.36-mm
mesh screen and thoroughly mixed. Half of each soil sample was
air-dried, and the dormant spore population was assessed using the
SADAMCAP technique. The remainder of each sample was
pooled with the other three samples from the same tree for analy-
sis of P. cactorum activity. From the pooled sample, an 11- to 13-g
subsample (equivalent to 10 g of soil on a dry weight basis) was
immediately assayed using the SCAP process. Two additional 10-
g subsamples were assayed using the brief baiting process, with
one subsample subjected to the 4-h incubation at ambient tem-
perature in the field and the other at 22°C in an incubator. Under
the ambient field conditions, samples were buried beneath apple
trees in 8-cm-deep plastic cups so that the orchard soil surface
was just below the top of the cup. Distilled water at the current
field temperature (soil temperature measured at 3-cm depth be-
neath apple trees at 10:00 a.m. on the day of sampling) was used
to flood samples. Cups were covered with a 5-cm-thick sheet of
polystyrene to shield baits from direct solar radiation during incu-
bation. Samples in the 22°C chamber were baited in 2-cm-deep
petri plates flooded with distilled water at 22°C. After both bait
incubation regimes, the eight cotyledons per subsample were re-
moved, incubated in distilled water for 4 days at 22°C, and the
colonization incidence determined as described above. During
spring and early summer in 1994, additional samples to determine
activity were taken midway between regular sample dates using
this same protocol.

At each regular monthly sample time, a 10-cm-deep core was
taken 1 m from the trunk of each sample tree and the gravimetric
water content determined. These data were averaged to give a
mean soil water content at each orchard at each sample time.
Previous experiments indicated that soil-water matric potentials
at given water contents were similar for the three soils (I. J.
Horner and W. E. Wilcox, unpublished data). Daily precipitation
and maximum, minimum, and mean soil temperatures at 5-cm
depth under turf were recorded at the Climatological Reference
Station (no. 3031840) at Geneva, NY, approximately 1.5 km
from orchards 1 and 2 and 50 km from orchard 3. These data
were used to calculate total precipitation and mean temperature
over the 5 days before each soil sampling date. During spring
1994, temperature probes placed at 5-cm depth adjacent to the
sample plots in orchard 1 indicated that soil temperatures were
generally within 1.5°C of those measured at the Climatological
Station.



P. cactorum colony count data from SADAMCAP and SCAP
tests were transformed by natural logarithms and, for each or-
chard, these data and the cotyledon-colonization incidences from
brief baiting tests were analyzed using the General Linear Model
(Minitab Release 9; Minitab Inc., State College, PA). Addition-
ally, mean values for P. cactorum colony count and cotyledon-
colonization incidences were determined for each orchard at each
sample time and regressed against either total rainfall or mean soil
temperature for the 5-day period before each sampling or against
the mean orchard soil water content at the time of sampling.

Effect of temperature on infection developing from dormant
spore inoculum. To determine the minimum temperature for
dormant spores to germinate and produce infectious propagules,
soil from orchard 2 was baited under three different incubation
regimes at temperatures of 4, 6, 7, 8, 9, 10, 11, 12, and 22°C. For
each temperature and incubation regime, two replicate 9-cm-di-
ameter petri plates were filled with 20 g of soil previously air-
dried for 3 days. Soil was subsequently remoistened with 7.5 ml
of distilled water (to give soil-water matric potential = -3.0 kPa)
and incubated for 4 to 5 days. Each soil plate was flooded and
baited with five apple cotyledons. The presence of P. cactorum
sporangia growing from the margin of baits was determined mi-
croscopically daily up to 8 days, and after 10, 14, and 21 days.
Results were similar when the experiment was repeated using soil
from orchard 1, so data were pooled.

Incubation regime 1. Air-dried soil was frozen for 24 h to en-
sure that no sporangia or zoospores survived (19,21,26). Next, soil
was held dry at the test temperature for 2 days, remoistened with
distilled water (preadjusted to the respective test temperatures),
and incubated for 5 days at the test temperature. Samples were
then flooded with preadjusted distilled water, baited, and further
incubated at the test temperature before determining the incidence
of bait colonization by P. cactorum.

Incubation regime 2. Following air-drying, soil samples were
remoistened with distilled water preadjusted to 22°C, and incu-
bated at 22°C under lights for 4 days to promote oospore germi-
nation and sporangial formation (11,14). Samples were then
placed in an incubator at the test temperature, flooded with water
(preadjusted to the appropriate temperature), baited, and further
incubated.

Incubation regime 3. Following air-drying and moist incubation
at 22°C under lights for 4 days, soil samples were flooded with
water at 22°C, baits were added, and plates were incubated at
22°C for 8 h to ensure infection of baits. Cotyledons were then
rinsed in distilled water, placed in cell wells containing sterile di-
stilled water, and incubated at the test temperature. Additional co-
tyledons were maintained at 22°C and, at hourly intervals from 24
to 36 h from the initiation of baiting, they were microscopically

TABLE 1. Effect of flooding duration/bait exposure time and bait rinse treatment
on infection of apple cotyledons by Phytophthora cactorum

Duration of flooding and bait exposure (min) *

Rinse treatment 1 10 15 20 30 60 120 240 480 1440
No rinse o3 10 10 10 10 10 10 10 10
Distilled water, 2 times o0 7 g8 10 10 10 10 10 10
50% ethanol, 30 s* 0o 0 0 0 2 4 10 10 10 10

1% sodium hypochlorite,30s* 0 0 0 0 0 2 3 6 9 10

* Air-dried soil from apple orchards naturally infested with P. cactorum was
remoistened and incubated at 22°C under lights for 96 h to promote oospore
germination and sporangial formation. Soil was then flooded and immediately
baited with apple cotyledons, which were removed and rinsed after the indicated
exposure times.

¥ Data are the numbers of cotyledons (out of 10) infected by P. cactorum, re-
corded after incubation in distilled water for 4 days following baiting. Data were
pooled from two experiments, in both of which a single cotyledon was sampled
from five replicate petri plates after each exposure period.

* Ethanol and sodium hypochlorite treatments were followed by a double rinse in
distilled water.

checked for the presence of P. cactorum sporangia growing
from the leaf margin.

RESULTS

Dynamics of zoospore release and infection. When samples
of air-dried soil from apple orchards naturally infested with P.
cactorum were remoistened and incubated to promote oospore
germination and sporangial formation, 30% of unrinsed cotyledon
baits removed after 10 min of subsequent flooding were infected,
and 100% were infected when removed after 15 min (Table 1).
Only slightly longer periods of exposure to the flood water were
required for these infection incidences to develop when baits were
rinsed in distilled water following removal. However, when baits
were subsequently rinsed in solutions of ethanol or sodium hypo-
chlorite, no infection was detected before 30- or 60-min exposure
periods, and 100% infection incidences required 120- and 1,440-
min exposures, respectively (Table 1).

In contrast, when air-dried soil was immediately flooded and
baited without a prior moist incubation period, there was no in-
fection of baits removed (and subsequently rinsed in distilled wa-
ter) within the first 32 h. The first infections by P. cactorum were
noted after flooding for 36 h, and the number of baits infected
increased steadily from this time to a peak after 84 h (Fig. 1). Re-
peated experiments with emphasis on incubation times between
20 and 40 h confirmed that the first infection occurred between 32
and 36 h (data not shown).

Orchard assessments. Dormant spore populations. In all three
orchards studied, the number of P. cactorum propagules detected
by the SADAMCAP technique was highest in the spring and de-
clined steadily throughout the summer to relatively low numbers
by autumn (Fig. 2). In 1994 and 1995 in all three orchards, popu-
lations had returned to relatively high levels by the time the first
samples were taken in early spring (late March/early April). When
the mean orchard P. cactorum colony count for each sampling
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Fig. 1. Effect of flood duration of previously air-dried soils on the incidence
of infection of apple cotyledon baits by Phytophthora cactorum. Five repli-
cate 20-g samples of apple soil naturally infested with P. cactorum were air-
dried for 5 days, flooded at 22°C in glass petri plates, and baited with 36
apple cotyledons each. At the indicated intervals, three cotyledons were
removed from each plate, thoroughly rinsed in distilled water, incubated
individually for 4 days in cell wells containing distilled water, and observed
microscopically for the presence of sporangia to indicate infection. Data
from two such experiments with similar results were pooled. Data points are
the percentage of cotyledons infected (out of 30 total) at each time interval.
The error bar represents a 95% confidence interval.
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date was regressed against mean gravimetric soil water content for
the same date and against total rainfall or mean soil temperature in
the previous 5 days, no significant correlations were found.

Activity. Correlation analyses comparing results from the three
activity assessment techniques (SCAP, brief baiting in the field,
and brief baiting at 22°C) over the 2-year sample period showed
that the respective colony count data and cotyledon-infection inci-
dences were closely correlated (P < 0.001) for all combinations.
There was no significant difference (P = 0.67) between the per-
centage of cotyledons infected when baited at ambient field tem-
peratures or at 22°C. In limited microscopic examinations 24 h
after plating with the SCAP technique, colonies could be traced to
zoospore cysts in all cases in which the colony origin was not
obscured by soil debris (approximately 50% of colonies).

A similar pattern of activity was observed in both years in all
three orchards investigated, although the level of activity in or-
chard 3 was considerably lower than in orchards 1 and 2 (Fig. 3),
which did not differ significantly from each other in analyses us-
ing the Generalized Linear Model. There was no activity before
late March/early April, fluctuating levels of activity throughout
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respectively. When activity data from sample dates with mean soil
temperature less than 10°C were omitted from the analysis,
similar results were obtained. When activity data at each sample
date was regressed (separately for each orchard) against mean
gravimetric soil water content for the same date, relationships
were either nil or slightly negative. When data from sample
dates with soil temperatures less than 10°C were omitted, no
significant relationship between activity and soil water content
was found.

The level of activity detected in 1994 was much higher than that
in 1995, especially over the spring period (Fig. 3). Total rainfall
from April through June was 233.2 and 88.9 mm for 1994 and
1995, respectively. Soil temperatures during the preceding winters
differed greatly in the 2 years, with relatively constant tempera-
tures near 0°C from January to March 1994 (due to continuous
snow cover) and widely fluctuating temperatures (extremes from
-6.0 to +15°C) over the same period in 1995,
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Vol. 86, No. 10, 1996 1137



(Table 2). In contrast, when cotyledon baits were maintained con-
tinuously at 22°C, the first signs of P. cactorum sporangia grow-
ing from the cotyledon margin were observed 30 h after the initia-
tion of baiting. After 33 h, these sporangia appeared mature and,
when chilled at 6°C for 30 min, they released zoospores. At incu-
bation temperatures below 10°C, P. cactorum formed chlamy-
dospores from infected cotyledon margins. These chlamydospores
were terminal, spherical, nonpapillate with diameters that ranged
from 29 to 52 pm (mean 41.7 pm), and not associated with an-
theridia. Thus, they were readily distinguishable from oospores
and sporangia. Chlamydospores became more frequent at lower
temperatures and, at 6 to 8°C, chlamydospores were far more
prevalent than sporangia.

DISCUSSION

The seasonal trend in dormant spore population detected by the
SADAMCAP technique was very similar in all three trial or-
chards, even though population levels differed greatly among or-
chards. The steady decline in measured populations from the
spring peak throughout the summer was likely because of the
germination of many oospores that produce sporangia during this
period, as reflected in the assayed flushes of activity over the
summer. There was, presumably, also some biological and physi-
cal lysis of oospores as the soils became warm during the growing
season (25). It cannot be determined whether the relatively high
populations recorded at the start of the trial in July and August
1993 represent a peak in population for that year or the continua-
tion of a decline in population from even higher densities in the
spring. The 1992 growing season was extremely wet, which could
have contributed to high levels of P. cactorum in the soil. Since
SADAMCAP measures only populations of germinable oospores
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Fig. 4. Relationship between temperature and activity of Phytophthora cac-
torum in two apple orchard soils. Beneath each of four trial trees in both
orchards | and 2, four 10-cm-deep cores were sampled at approximately
monthly intervals from July 1993 to August 1995, excluding January to mid-
March. Additional samples were taken midway between monthly samplings
during spring 1994. Cores from each tree were pooled and, within 1 h of
collection from the field, subsamples from each tree were flooded and baited
with eight apple cotyledons either in the field (Q) or in a 22°C incubator (+).
After 4 h, baits were removed, rinsed, and incubated in the light at 22°C for 4
days, when infection by P. cactorum was determined microscopically. Data
points are the mean percentage of cotyledons infected by P. cactorum at each
sample time in both orchards plotted against the mean daily soil temperature
(at a 5-cm depth) over the 5 days before sampling, as measured approxi-
mately 1.5 km from the sample orchards.
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(and perhaps chlamydospores) in the soil (11), and oospores form
predominantly within host tissue (21), many such spores would
not be recovered until at least some months after formation. Re-
cently formed spores would be either discarded with roots during
the sieving process or protected within small tissue fragments
(18,29), which could account for the low numbers observed in the
fall despite activity and infection of plant tissues throughout the
summer (12). The high numbers of dormant spores recorded in the
spring probably reflect infections of tree litter and roots that oc-
curred the previous summer or fall and the subsequent release of
oospores into the soil as tissues were physically or biologically
broken down (12). It is also possible that overwintering in the soil
satisfies a chilling requirement for oospore germination (1,2); that
freezing (and associated dehydration) may stimulate oospore ger-
mination, analogous to the air-drying procedure in SADAMCAP
(11); or that winter simply provides a necessary period of oospore
maturation (7). Thus, the lack of correlation between relative oo-
spore population and current soil temperature or moisture level is
not surprising, because of the presumed time lag between produc-
tion of oospores and their detection.

Reports of P. cactorum oospores in soil and various apple tree
tissues are common (6,7), and we consider oospores to be the pre-
dominant dormant spore type measured by the SADAMCAP
technique. There are very few reports of naturally occurring P.
cactorum chlamydospores (3,21). Nevertheless, Darmono and
Parke (3) noted production of chlamydospores by each of 11 P
cactorum isolates incubated at 4°C. Similarly, we noted that
chlamydospores were produced on apple-cotyledon-bait margins
when incubated at temperatures less than 10°C. Thus, chlamy-
dospores should not be discounted as possible contributors to col-
ony counts obtained using SADAMCAP.

We defined “activity” of P. cactorum as the presence of germin-
able sporangia, zoospores, or zoospore cysts in the soil, as these
are the propagules that cause the majority of apple tree infections
(16). To assay such activity, we flooded freshly collected soils for
2 to 4 h and either plated the resultant propagule suspensions
(confirmed to be zoospores) onto selective agar or baited them. In
our previous work (11) and in preliminary experiments with air-
dried soil (Fig. 1), we have shown that, at the temperatures used,
the time required for oospore/chlamydospore germination, spo-
rangium formation, and subsequent release of zoospores exceeds
32 h. In contrast, sporangia that are present when flooding is initi-

TABLE 2. Effect of incubation temperature regime on infection of apple cotyle-
don baits by Phytophthora cactorum

Test temperature (°C)

Incubation regime 4 6 7 8 9 10 11 12 22
¥ g WG .. 810* 66 22
2 e 1414 78 78 66 56 44 23
3 ... 10,14 10,10 78 78 66 55 45 23

¥ Soil naturally infested with P. cactorum was collected from beneath apple trees,
sieved, air-dried, and then incubated and baited with apple cotyledons under
regime 1: at the test temperature, air-dried soil was remoistened with 7.5 ml of
water/20 g of soil, incubated for 5 days, and then flooded and baited.

W... indicates no sporangia were observed after 21 days.

* Data (x,y) are days to first appearance of sporangia on the margin of baits and
days to 50% of baits with sporangia, determined microscopically through 21
days from the commencement of flooding and baiting. There were four soil
plates at each temperature and incubation regime, each baited with five apple
cotyledons. Results from two experiments were similar, so data were combined.

¥ Soil naturally infested with P. cactorum was collected from beneath apple trees,
sieved, air-dried, and then incubated and baited with apple cotyledons under
regime 2: air-dried soil was remoistened and incubated at 22°C for 4 days, and
then flooded and baited at the test temperature.

* Soil naturally infested with P. cactorum was collected from beneath apple trees,
sieved, air-dried, and then incubated and baited with apple cotyledons under
regime 3: air-dried soil was remoistened and incubated at 22°C for 4 days,
flooded and baited at 22°C for 8 h to ensure infection by P. cactorum, and then
baits were removed, rinsed, and incubated at test temperature.



ated release zoospores within minutes (Table 1). Thus, we are
confident that the SCAP and brief baiting techniques did, in fact,
provide a measure of activity as defined above that was not con-
founded by the detection of propagules developing from oospores
or chlamydospores during the assay. It is likely that these tech-
niques measure only the P. cactorum sporangia capable of releas-
ing zoospores (i.e., those of greatest pathological importance),
reportedly only about 15% of the total sporangia in the soil (4).
Thus, the brief baiting and SCAP procedures are potentially useful
tools for detailed studies of the environmental or cultural factors
that affect the activity of P. cactorum and its ability to cause tree
infection.

No activity was detected in orchard soils from late autumn until
early spring. Sporangia and zoospore cysts are killed by freezing
(21), and oospores do not commonly germinate at temperatures
below 10°C (9) (Table 2). Thus, the first activity was detected in
spring at about the time the mean daily soil temperatures reached
10°C or above. In the rare instances when active propagules were
detected and the mean soil temperature for the previous 5 days
was less than 10°C, temperatures had, because of daily fluctua-
tions, periodically been above this threshold. The experiments
baiting naturally infested soil at a range of temperatures (Table 2)
indicated that, subsequent to oospore germination, zoospores
could be released and infect apple cotyledons at temperatures as
low as 6°C. This is consistent with the temperature limit for in-
fection of apple fruits reported previously by Grove and Boal (5).

There was no correlation between measured P. cactorum activ-
ity in apple orchards and temperatures above 10°C. However, in
laboratory experiments with naturally infested soil, the time
elapsed from exposure of baits to flooded soil and production of
sporangia from infected tissue was reduced from 6 days at 10°C to
33 h at 22°C. This short generation time, particularly at warmer
temperatures, indicates the potential for rapid development of
disease epidemics induced by P. cactorum when suitable condi-
tions occur.

The correlation between field activity of P. cactorum and rain-
fall over the previous 5 days was weak, although our sampling
regime, at either 2-week or monthly intervals, may not have been
frequent enough to accurately determine responses to rainfall.
Nevertheless, it is interesting to note that from April to June 1994,
when total rainfall was 233 mm, measured activity of P. cactorum
was considerably higher than that over the same period in 1995,
when mean rainfall was only 89 mm. In studies of the spatial dis-
tribution of P. cactorum in apple orchards, the highest populations
were noted beneath trees in the wettest sites, in particular at the
bottom of the slopes (12).

Apple trees appear most susceptible to infection by P. cactorum
during the spring (13,17,22). Sewell and Wilson (22) reported that
apple trees were very susceptible to P. cactorum from bud break
to early fruit development, with peak susceptibility coinciding
with the “pink bud” stage. Our studies indicated that this period of
peak susceptibility coincided with the period of highest detectable
oospore or chlamydospore populations. P. cactorum was active in
the soil throughout this period, with peak activity coinciding with
late petal fall. Thus, disease development might be particularly
favored in years when a warm spring coincides with periods of
sufficient soil moisture to permit multiple cycles of infection.
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