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ABSTRACT

Law, T. F., and Milholland, R. D. 1991. Production of sporangia and oospores of Phytophthora
fragariae in roots of strawberry plants. Plant Dis. 75:475-478.

Four cultivars of strawberry with different levels of resistance to Phytophthora fragariae were
inoculated with encysted zoospores of four races of the pathogen. Plants were sampled at
2-day intervals up to 14 days after inoculation, at which time roots were excised and placed
in nonsterile soil leachate for an additional 2- to 10-day incubation. Production of sporangia
by P. fragariae was greatest when roots of susceptible strawberry cultivar Tennessee Beauty
were incubated for a total of 8 days at 15 C after inoculation with isolate NC-1 of race Pf-
2. An incubation period of 2-4 days in nonsterile soil leachate was necessary to induce maximum
numbers of sporangia. Increasing the incubation period in nonsterile soil leachate beyond 2-4
days did not increase the number of sporangia produced. Oospore production was observed
4-6 days after inoculation and increased as the incubation period increased to 12 days. Optimum
temperatures for the production of sporangia of the four races of P. fragariae tested were
12-20 C depending on the isolate. All races of P. fragariae produced more sporangia on roots
of a very susceptible strawberry cultivar than on either moderately susceptible or resistant

cultivars.

Red stele disease of strawberry (Fra-
garia X ananassa Duchesne), caused by
Phytophthora fragariae C. J. Hickman
(7), is a major factor limiting fruit pro-
duction in North Carolina and most
northern states. Roots of infected plants
become necrotic, with a characteristic
reddening of the root vascular system or
stele. Infected plants become stunted,
with reduced runner and fruit produc-
tion. Oospores, not chlamydospores, are
the primary survival structure in the field
(7,11).

There are at least seven pathogenic
races of P. fragariae (10) separated by
their ability to infect and produce
oospores in roots of differential straw-
berry cultivars. Disease severity of sus-
ceptible strawberry cultivars was quanti-
fied by the number of oospores produced
within infected roots (10). It is not known
if host genotype also affects the number
of sporangia produced on strawberry
roots by races of P. fragariae.

Optimum temperatures for production
of sporangia of isolates of P. fragariae
on agar media range from 5 to 17 C
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(2,7,9,15). Quantitative studies to eval-
uate the influence of temperature on pro-
duction of sporangia on strawberry roots
have not been reported. Effect of incu-
bation period on the production of spor-
angia and oospores by P. fragariae in
strawberry roots also has not been de-
termined.

In these studies, we report on the pro-
duction of sporangia by P. fragariae in
roots of strawberry plants as affected by
incubation period, sites of infection, tem-
perature, host genotype, and isolate. The
temporal relationship between produc-
tion of sporangia and oospores in straw-
berry roots is also presented.

MATERIALS AND METHODS

Inoculum sources. Zoospores of iso-
lates NC-1, A-4, A-8, and A-10 of P.
Jragariae, representing races Pf-2, Pf-3,
Pf-5, and Pf-7, respectively (10), were
used as inocula. Inocula were produced
according to the procedure of George
and Milholland (4).

Plant material and inoculations.
Strawberry cvs. Aberdeen, Climax, Sure-
crop, and Tennessee Beauty were used
in the experiments. The susceptibility of
these cultivars was determined in previ-
ous tests (10). Primary runner plants
were removed from stock plants in the
greenhouse, potted in 5-cm-diameter clay
pots containing Metro-mix 220 (W. R.
Grace & Co., Cambridge, MA), sand,
and soil (1:1:1, v/v/v), and placed under
intermittent mist at 25-30 C for 7-10
days to promote root formation. Plants
were removed from the soil and roots
were rinsed thoroughly in tap water and
then spray-inoculated according to the
procedure of Milholland et al (10). A sus-
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pension of nonmotile (encysted) zoo-
spores at 1.8-2.0 X 10* zoospores per
milliliter was used in each test to ensure
that zoospores were deposited on the en-
tire root (4). Because motile zoospores
are attracted up to 40-50 mm from the
root tip of young strawberry roots (15),
this inoculation procedure seemed the
most appropriate.

Effects of incubation period on the
production of sporangia and oospores.
Roots of the susceptible strawberry cv.
Tennessee Beauty were spray-inoculated
with isolate NC-1 of P. fragariae from
North Carolina. Inoculated plants were
placed in plastic bags in the dark at 15
C for 48 hr and then removed from the
bags and planted into round plastic cylin-
ders (25 cm wide X 9 cm deep) filled
to a depth of 7.5 cm with Metro-mix
220 that had been saturated with tap
water and the excess drained off. Plants
were placed under fluorescent lights (80
pE-s™'m™, 12-hr photoperiod) at 15 C
for up to 14 days. Three or four infected
plants were removed from the cylinders
at 2-day intervals and 10 root tips (8-10
mm long) per plant were excised and
examined microscopically (X100) for
oospores or eight root tips (50 mm long)
per plant were excised and placed indi-
vidually into each compartment of four-
compartment 100-mm-diameter petri
dishes. Each compartment contained 4
ml of nonsterile soil leachate, and plates
were incubated for up to 10 days at 15 C
to induce formation of sporangia. Soil
leachate was prepared according to the
procedure of George and Milholland (4).
Mature sporangia containing zoospores
on the periphery of each 10-mm sec-
tion of entire 50-mm root segments were
observed microscopically (X40) and
counted every 2 days during the 10-day
incubation period in soil leachate.
Counts of sporangia were taken from
three replicates for the experiment, each
replicate consisting of two petri dishes
containing four root tips (50 mm long).
Sporangia data for each day after inocu-
lation was analyzed by nested analysis
of variance with replicate, petri dishes
within replicate, roots within petri dishes
and replicate, and distance from the root
tip as factors. Qospore data were ana-
lyzed by analysis of variance in a com-
pletely random design with protected
least square difference comparisons of
the means. The experiment was repeated
once with similiar results.

Temperature studies. Roots of Tennes-
see Beauty were inoculated with isolates
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of races Pf-2, Pf-3, Pf-5, and Pf-7 of P.
fragariae. Inoculated plants were incu-
bated for 48 hr in plastic bags, and 10
root segments (8-10 mm long) were
excised from each of three replicate
plants per isolate, placed into individual
petri dishes containing 5 ml of nonsterile
soil leachate, and incubated at temper-
atures of 4, 8, 12, 15, 20, and 24 C. The
number of sporangia per root segment
was determined every 24 hr for 9 days
as described earlier. The experimental
design was a split-plot with temperature
as the main plot factor and isolates within
the chambers as subplots. Analysis of
variance and orthogonal contrasts were
performed on the counts of sporangia
for isolates at the various temperatures.
The experiment was replicated once over
time.

Host genotype and isolate effects.
Roots of cvs. Tennessee Beauty, Sure-
crop, Aberdeen, and Climax were inocu-
lated with isolates of races Pf-2, Pf-3,
Pf-5, and Pf-7 of P. fragariae and
incubated in plastic bags as described
earlier. After a 48-hrincubation, five root
tips (40 mm long) were excised from each
of four replicate plants and placed into
5 ml of nonsterile soil leachate to induce
sporangia. Roots were observed micro-
scopically (X40) 6, 8, and 10 days after
inoculation, and the number of spor-
angia per root segment was recorded.
The experiment was repeated once with
similiar results.

RESULTS

Effects of incubation period on
sporangia and oospores. Under the con-
ditions of our study, mature sporangia
of P. fragariae isolate NC-1, representing
race Pf-2, were first observed on suscep-
tible strawberry roots 6 days after inocu-
lation (Fig. 1) and were greatest after 8
days. The total numbers of sporangia
observed 6, 8, 10, and 12 days after inocu-

lation were 57, 98, 84, and 41, respec-
tively (Fig. 1). Production of sporangia
was similiar (P = 0.05) when roots were
incubated for 2 days in intact roots and
6 days in soil leachate after roots were
excised, for 6 days before excising and
placing in soil leachate for 2 days, or
incubated for 4 days in intact roots and
4 days in soil leachate after roots were
excised (data not shown). No sporangia
were observed on roots after 0, 2, 4, and
14 days of incubation.

Sites of production of sporangia on
inoculated roots were determined during
an incubation period of 0-12 days (Fig.
1). After a 6-day incubation period, sig-
nificantly higher (P < 0.05) numbers of
sporangia were observed within 10 mm
of the root tip than at 20-50 mm from
the root tip. As the incubation period
was increased to 8 days, sporangia were
more uniformly dispersed over the root
segment up to 40 mm from the root tip.
However, relatively fewer mature spor-
angia were observed in the first 10 mm
than were recorded in the same roots
after a 6-day incubation period. After a
10-day incubation period, significantly
fewer sporangia were observed at the
root tip than at 20-40 mm from the tip
(Fig. 1). In addition, mature sporangia
were less apparent at 20 mm than at 30
mm and 40 mm from the root tip (Fig.
1). No sporangia developed at the 40-50
mm site until 8 days after inoculation.
There was a general reduction in the
number of sporangia observed overall
after 12 days of incubation (Fig. 1).

In contrast to a decrease in the number
of sporangia observed as the incubation
period was increased, oospores were ob-
served 4-6 days after inoculation and
increased in number as the incubation
period was increased to 12 days (Fig. 2).

Temperature effects on production of
sporangia in strawberry roots. The great-
est number of sporangia per root segment
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Fig. 1. Number of sporangia observed at various distances from the root tip in 50-mm root
segments of susceptible strawberry cv. Tennessee Beauty 6, 8, 10, and 12 days after inoculation
of the entire length of root with a suspension containing 2 X 10* encysted zoospores of race
Pf-2 of Phytophthora fragariae per milliliter. The incubation period consisted of 2 days in
plastic bags immediately after inoculation with 0-12 additional days of incubation in nonsterile
soil leachate. No sporangia were produced 2, 4, or 14 days after inoculation. Means of the
number of sporangia per root section are for eight roots per replicate and three replicates
per distance per day. Bars with same letter at each day incubation are not significantly different
(P = 0.05) by Waller-Duncan’s k-ratio ¢ test; k = 100, df = 8, n = 24.
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was produced by isolate NC-1 of race
Pf-2 at 15 C (Fig. 3). Optimum tem-
peratures for single isolates of A-4, A-
8, and A-10, representing races Pf-3, Pf-
5, and Pf-7, were 12, 15, and 20 C,
respectively. Production of sporangia by
all isolates was reduced at 4 and 24 C,
and no sporangia were produced by any
isolate at 28 C. The isolate of race Pf-
2 produced more sporangia per root
segment than the other isolates tested at
4-24 C (Fig. 3). Fewer (P = 0.0001)
sporangia were produced by the isolate
of race Pf-7 than were produced by
isolates of races Pf-2 or Pf-3 at most
temperatures tested. Few sporangia were
produced by the isolate of race Pf-5
relative to Pf-2 and Pf-3, but the number
of sporangia produced by the isolate of
Pf-5 did not differ (P = 0.05) from those
produced by the isolate of race Pf-7
(Fig. 3).

Genotype and isolate effects. Higher
numbers of sporangia were produced on
roots of highly susceptible Tennessee
Beauty by all isolates of P. fragariae
tested than were produced on the other
host genotypes (Table 1). Similiar num-
bers of sporangia were produced on
roots of Aberdeen, Surecrop, and Cli-
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Fig. 2. Production of oospores and sporangia
of race Pf-2 of Phytophthora fragariae in 10-
mm root segments of susceptible strawberry
cv. Tennessee Beauty after 0-14 days of incu-
bation at 15 C. Roots were inoculated with
a suspension of encysted zoospores of P. fra-
gariae at 2 X 10* zoospores per milliliter.
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Fig. 3. Sporangial production by isolates of
races Pf-2, Pf-3, Pf-5, and Pf-7 of Phytoph-
thora fragariae on roots of susceptible straw-
berry cv. Tennessee Beauty at 4, 8, 12, 15,
20, and 24 C. Roots were inoculated with a
suspension of encysted zoospores of P. fra-
gariae at 1.8-2.0 X 10° zoospores per milliliter.
Means of the number of sporangia per root
are for 10 root segments per replicate and three
replicates per temperature and represent cum-
ulative totals of sporangia per root segment
over a 9-day incubation period.



max regardless of which race was tested
(Table 1).

DISCUSSION

We describe and quantify the chrono-
logical development of sporangia and
oospores in roots of strawberry plants
infected with P. fragariae. Sporangia first
were observed on 50-mm root segments
6 days after inoculation and reached
maximum numbers 8 days after inocu-
lation. Mussel and Fay (12) observed
sporangia on roots of strawberry seed-
lings 4-6 days after inoculation when
held at day temperatures of 14-16 C and
night temperatures of 11-13 C, and
Wynn (15) noted that sporangia formed
on roots of cv. Blakemore 5 days after
inoculation. However, these studies did
not quantify sporangia over time or de-
fine optimum incubation times for pro-
duction of sporangia.

In our study, a period of 2-4 days in
nonsterile soil leachate was necessary to
induce maximal numbers of sporangia
when the fungus was allowed to grow
and develop for 2-10 days after inocu-
lation. Few or no sporangia were formed
when the incubation period consisted of
4-14 days in intact roots with no time
in nonsterile soil leachate (T. F. Law,
unpublished data). Agents in non-
sterile soil leachate are known to stim-
ulate sporangia formation with other
species of Phytophthora (1,3). However,
we also observed that maintenance of
roots in soil leachate beyond 4 days for
the total incubation period generally
caused a decrease in the number of spor-
angia produced. It is possible that bac-
teria in nonsterile soil leachate may have
caused a degradation of sporangia over
time (3).

Oospores developed 4-6 days after
inoculation in roots of susceptible straw-
berry cv. Tennessee Beauty. Goode (6)
also observed that the early stages of
oospore development occurred about 4
days after inoculation. In our studies, the
number of oospores per root segment
increased as the incubation period in-
creased, reaching peak production after
12 days. This coincided with a significant
decline in the number of sporangia pro-
duced on strawberry roots. We con-
clude that production of sporangia of P.
Jragariae may decline or cease after
approximately 10 days as oospores ma-
ture in strawberry roots. Production of
sporangia of other species of Phytoph-
thora decreases with increasing culture
age under axenic conditions (13).

The site of infection by P. fragariae
on susceptible strawberry roots appeared
to be within 10 mm from the root tip
because more sporangia were produced
initially in this area of the root, although
the entire root was inoculated. According
to Wynn (15), germ tubes from zoospores
penetrated resistant cultivars as readily
as susceptible cultivars and penetrated
at any point along the length of a sec-

Table 1. Number of sporangia’ produced by isolates of four races of Phytophthora fragariae
p 4

on roots of selected strawberry cultivars

Race
Cultivar Pf-2 Pf-3 Pf-5 Pf-7
Tennessee Beauty 772 a* 46.9 a 250a 13.7a
Aberdeen 152b 04D 8.2 ab 0 b
Surecrop 0.5b 02b 49b 0 b
Climax 0 b 0 b 0 b 0 b

*Means of five-root replicate, 12 replicates per treatment, represent the cumulative number
of sporangia per 50-mm root segment at 6, 8, and 10 days after inoculation.

* Means for isolate and cultivar followed by the same letter within columns are not significantly
different (P > 0.05) by Waller-Duncan’s k-ratio ¢ test; k = 100, df =42, n = 12.

ondary root. In contrast, Goode (6)
showed that penetration by encysted zoo-
spores of P. fragariae occurred only
within 5 mm of the root tips. Goode (6)
also observed that advancing hyphae of
P. fragariae grew away from the zone
of penetration and became confined to
the vascular system of the root in
susceptible strawberry cultivars. As the
incubation period increased, hyphae in
cortical cells in the zone of penetration
became devoid of protoplasm. We ob-
served that sporangia developed at in-
creasing distances from the root tip as
the incubation period was increased, and
further production of sporangia declined
or ceased in portions of the root closer
to the root tip where sporangia had been
formed during earlier incubation peri-
ods. Preliminary studies in which only
the root tips (10 mm) of intact roots (70
mm long) were inoculated with encysted
zoospores showed that oospores devel-
oped within the vascular system of the
root up to 50 mm from the point of
inoculation after a 14-day incubation
period (T. F. Law, unpublished data).
Based on our observations of systemic
growth of P. fragariae in strawberry
roots, we are conducting histological
studies to determine the rate of coloni-
zation and development of P. fragariae
in the roots of susceptible and resistant
host genotypes.

Minimum, optimum, and maximum
temperatures for production of spor-
angia of P. fragariae in strawberry roots
were within or slightly higher than the
temperatures reported for production of
sporangia in vitro by other workers
(2,7,9,15). The two isolates of races Pf-
2 and Pf-5 had an optimum temperature
of 15 C, whereas the optimum temper-
atures for isolates of races Pf-3 and
Pf-7 were 12 and 20 C, respectively.
These low temperatures optimal for pro-
duction of sporangia on roots support
the observation that red stele disease of
strawberry is most severe in cool, moist
soils (5,14).

High numbers of sporangia were pro-
duced in roots of susceptible Tennessee
Beauty by the highly virulent isolate of
race Pf-2 and the weakly virulent isolate
of race Pf-3. The other highly virulent
isolate used in this study, race Pf-5, and
the other weakly virulent isolate of race
Pf-7 produced very few sporangia on the

roots of Tennessee Beauty. Maas (8) also
observed few sporangia produced by a
highly virulent isolate on agar cultures,
but a weakly virulent isolate used in his
test produced abundant sporangia. Our
isolate of race Pf-5 (A-8) also produced
few sporangia on Aberdeen, Surecrop,
and Climax. These results were unex-
pected, as these cultivars were rated as
highly susceptible to race Pf-5 when
oospore formation in roots was used as
an index of disease severity (10). Simi-
larly, few sporangia were formed on
roots of Surecrop by the isolate of race
Pf-2 and on roots of Aberdeen by the
isolate of race Pf-3, although both
cultivars were determined to be suscep-
tible to these respective races in the
earlier study (10). Apparently, produc-
tion of sporangia of P. fragariae and
virulence are not correlated. The number
of oospores formed in roots of suscep-
tible strawberry cultivars, therefore,
appears to be a better measurement of
virulence of P. fragariae isolates (10).
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