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ABSTRACT

Tjamos, E. C., and Fravel, D. R. 1995. Detrimental effects of sublethal
heating and Talaromyces flavus on microsclerotia of Verticillium dahliae.
Phytopathology 85:388-392.

Microsclerotia of Verticillium dahliae were not heated or heated in
water with one of three regimes to simulate soil solarization. Regime 1
consisted of 31 C for 10 h followed by 35 C for 14 h. Regime 2 consisted
of 33 C for 10 h followed by 36 C for 14 h. Regime 3 consisted of
35 C for 10 h followed by 38 C for 14 h. Heating for 1-5 days with
regime 1 did not affect the final number of microsclerotia that germinated
but did affect the rate at which they germinated. Additional days of
heating with regime 2 or 3 affected both the number of germinated
microsclerotia and the rate at which they germinated. Of the microsclerotia

that germinated, colonies arising from heated microsclerotia formed sig-
nificantly fewer melanized microsclerotia and melanization of these new
microsclerotia was significantly slower than for those originating from
the nonheated microsclerotia. When microsclerotia were heated as above,
placed in nylon mesh envelopes, and buried in raw soil with or without
the biocontrol agent Talaromyces flavus, there was a synergistic interaction
between the heating and T. flavus resulting in increased mortality of
the microsclerotia. Colonies arising from surviving, previously heated
microsclerotia were slower growing than colonies from nonheated micro-
sclerotia and were slower to form melanized microsclerotia. Sublethal
heating and 7. flavus acted additively to suppress Verticillium wilt of
eggplant. Opportunities for combining sublethal heating with thermo-
philic biocontrol agents are discussed.

Dead fungal propagules placed in natural soil are degraded
quickly by microbes. Living propagules, especially if they are
dormant, are resistant to microbial degradation. Microsclerotia
of Verticillium dahliae Kleb. can survive in a dormant state for
up to 30 yr in agricultural fields. In some cases, propagules are
not killed, but instead are weakened or stressed by sublethal heat
or chemical treatment. These weakened propagules exhibit an
impaired ability to defend themselves from attack by other
microbes (7,19).

Solarization has been used to reduce losses to Verticillium wilt
of tomato, olive, artichoke, Prunus spp., and cotton (14,15,23-26,
28). In some cases, the reduction of inoculum of V. dahlige in
solarized soil was accompanied by a concomitant increase in
populations of biocontrol fungi such as Talaromyces flavus
(Klocker) A. C. Stolk & R. A. Samson (25,27,28). Since the effects
of solarization on populations of V. dahliae often last for 1-3 yr
following a single solarization event, some of the beneficial effects
of solarization may be due to the activities of thermotolerant
antagonists (13,25,27,28).

Talaromyces flavus, which has demonstrated promise in control
of Verticillium wilt on eggplant and potato (4,20,21), is thermo-
tolerant (2). Heating at 70 C for 1 h is used to break ascospore
dormancy (16). Thus, T. flavus is a logical choice for integration
of biocontrol with solarization.

Verticillium dahliae overwinters in plant debris or soil as
microsclerotia. These propagules are able to survive for several
years under adverse environmental conditions in the absence of
host plants (9,18,31). Fumigation, steaming, and solarization have
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been used extensively to lower populations of viable microsclerotia
in soil and to reduce crop losses caused by V. dahliae (28). Micro-
sclerotia of V. dahliae are sensitive to moist heat. At a constant
temperature of 36 C or greater for 41 days this treatment will
result in at least 90% mortality of microsclerotia in soil (12,22,23).
Sublethal heating, however, may weaken the resting structures
of plant pathogenic fungi, resulting in alterations of vital bio-
chemical processes of the pathogen, thus allowing them to be
attacked by soil microbes (6,7).

This research was undertaken to determine heating regimes
necessary to weaken microsclerotia of V. dahliae, parameters
useful in assessing weakening in V. dahliae, and whether or not
these weakened propagules are more vulnerable to biocontrol
by T. flavus. This information can be used to improve, augment,
or develop more efficient integrated controtl of V. dahlige.

MATERIALS AND METHODS

Isolates. Isolate V-1 of V. dahliae (21) was used in all experi-
ments. To obtain microsclerotia, the fungus was maintained in
250-ml Erlenmeyer flasks containing 100 ml of Czapek-Dox broth
(Difco, Detroit, MI). Cultures were shaken continuously at 160 rpm
for 17 days under ambient conditions (21-22 C). To collect micro-
sclerotia, cultures were removed from the shaker and allowed
to stand for 30 min so that microsclerotia settled to the bottom
of the flask. The top layer, containing hyphae and conidia, was
removed by decanting. Microsclerotia were resuspended in 100 ml
of sterile distilled water (SDW) and allowed to settle for 30 min,
and additional floating hyphae and conidia were decanted. The
resuspending and settling procedure was repeated three times.
Microsclerotia were resuspended in 100 ml of SDW and macerated
twice for 1 min each time in an Omnimixer (Sorvall, Newtown,
CN) at full speed. After maceration, microsclerotia were sus-



pended in SDW, allowed to settle for 30 min, and the top layer
decanted off and discarded. This procedure was repeated three
times. The slurry containing the microsclerotia was spread uni-
formly in a thin layer in 9-cm-diameter glass petri plates without
tops, using approximately one plate for each original Erlenmeyer
flask. The slurry was dried in a laminar airflow hood for 1-2 h.
Plates were then covered and transferred to a 30 C incubator
for 30 h to destroy remaining hyphae and conidia. Microsclerotia
from each plate were resuspended in 100 ml of SDW and
macerated twice for 1 min each in an Omnimixer at full speed.
Approximately 10° microsclerotia were suspended in 3 ml of SDW
in a 1.6-cm-wide X 15-cm-tall test tube (1 cm depth). Tubes were
placed in water baths at temperatures representing those found
at 30 cm soil depth during solarization (11,12). Regime 1 consisted
of 31 C for 10 h followed by 35 C for 14 h. Regime 2 consisted
of 33 C for 10 h followed by 36 C for 14 h. Regime 3 consisted
of 35 C for 10 h followed by 38 C for 14 h. Nontreated micro-
sclerotia were held under ambient conditions in water. Micro-
sclerotia were heated for 1, 2, 3, 4, or 5 days in a given regime
with two replicate tubes for each regime X day combination.
Talaromyces flavus isolate Tf-1 was maintained on potato-
dextrose agar (Difco) at 27 C. Ascospores of T. flavus were col-
lected from 3-wk-old plates for use as drenches or for formulation
in prill.

Germination and melanin deposition. Tubes containing treated
microsclerotia were mixed for 30 s on a vortex mixer and 2 ml
of SDW was used to wash microsclerotia from the walls of the
tube into the suspension, resulting in 5 ml total volume for each
tube. Contents of the tube were plated onto a soil extract medium
(17) by spreading 1 ml over the surface of each of five plates.
Plates were incubated in the dark at 21 C and examined daily
for 5 days to record percent germination of microsclerotia. Plates
with microsclerotia from regimes 2 and 3 were examined daily
for 14 days for formation of new, melanized microsclerotia. Differ-
ences among final numbers of germinated microsclerotia and of
new, melanized microsclerotia were determined using analysis of
variance. Differences in the rates of germination and formation
of new, melanized microsclerotia were determined by analysis
of variance on the slopes of the curves. The experiment was
repeated once.

Interaction of sublethal heating with T. flavus. Microsclerotia
were grown and prepared as described above. Microsclerotia were
not heated or were heated for 1 or 2 days with regime 3. Micro-
sclerotia were stored overnight at § C. To facilitate recovery of
microsclerotia from soil, microsclerotia were placed inside nylon
mesh envelopes. Two pieces (approximately 0.5 X 0.5 m each)
of nylon mesh (30 um pore size) (Tetco, Elmsford, NY) were
sewn using nylon thread. Sewing was in a grid pattern with stitch-
ing lines 2.5 cm apart. A second line of stitching was then sewn
approximately 0.5 cm from each original stitching line. The mesh
was then cut between the stitching lines to result in pieces 15 cm
X 15 cm (5 envelopes X 5 envelopes). Glue (Super Strength
Adhesive, 3M, St. Paul, MN) was spread along the stitching lines
to prevent loss of microsclerotia from stitching holes. Micro-
sclerotia were suspended in 150 ml of SDW in a 200-ml beaker
to result in 10° microsclerotia per milliliter. The suspension was
continuously stirred with a magnetic stirrer. One milliliter of this
suspension was inserted into a corner of each envelope using
a syringe with a broad needle (Precision Glide Needle 16G 114,
Becton Dickinson, Franklin Lakes, NJ). The microsclerotia were
deposited in the corner opposite the hole made by the entry of
the needle and the needle hole was sealed with the same glue.
When all envelopes in a block of 25 envelopes contained micro-
sclerotia, the individual envelopes were cut apart.

Two eggplant seeds (Solanum melongea L. cv. Black Beauty)
were planted in soilless potting mix (Pro-Mix BX, Premi¢r Brands,
New Rochelle, NY) in 54 7-cm-diameter plastic pots. Plants were
maintained at 21-25 C in a greenhouse under natural light . After
emergence, plants were thinned to one plant per pot. After 3 wk,
plants were transplanted into 15-cm-diameter plastic pots contain-
ing a nonsterile Glaestown sandy loam (GSL) soil (pH 5.8, 77.8%
sand, 12.6% silt, 9.6% clay). After an additional 3 wk, plants

were transplanted into 27-cm pots containing GSL with or without
envelopes of microsclerotia not heated or heated for 1 or 2 days
under regime 3. Pots were filled approximately one-fourth full
and three envelopes were arranged horizontally in a triangle on
the soil surface. The transplant was placed on top of the triangle
and the pot was filled with GSL.

Microsclerotia received one of three treatments of T. flavus:
no T. flavus, T. flavus in alginate prill, or T. flavus applied as
a drench. In the drenching treatment, 3 ml of 10°/ml ascospore
suspension of T. flavus was placed on each envelope with an
additional 1 ml in the center of the triangle formed by the
envelopes. One week after transplanting, plants in the drenching
treatment received an additional 10 ml of 10°/ml ascospores
poured directly on the soil surface. Alginate prill were prepared
with or without ascospores of T. flavus as previously described
(5) using ground corn cobs as the carrier (Grit-0o-Cobs, The
Andersons, Cob Division, Maumee, OH). For microsclerotia
receiving prill, 0.1 g of prill was divided among the 3 envelopes
in each pot. Prill were placed directly on the envelopes before
transplanting the eggplant seedlings. Envelopes were destructively
sampled at 4 and 8 wk after transplanting. There was a total
of 18 treatments (3 heating regimes X 3 biocontrol treatments
X 2 sampling times) with three pots/treatment.

Sampling. Mesh envelopes with microsclerotia of V. dahliae
were recovered 4 or 8 wk after transplanting. Individual envelopes
were washed under running tap water for 2 min and rubbed slightly
to disperse aggregates of microsclerotia. Microsclerotia were
washed into one corner of each envelope, which was then cut
diagonally. The inside of the envelope was washed out with 10
ml of distilled water and the contents collected in a test tube.
After the suspension settled for 30 min, the top 7 ml was removed
by aspiration. Each suspension was adjusted so that it contained
100-200 microsclerotia per milliliter. One milliliter of each suspen-
sion was plated on a 15-cm-diameter plastic petri plate containing
ethanol-streptomycin agar (ESA), a medium semiselective for V.
dahliae (1). After 10 days incubation at 21 C, the percentage
of microsclerotia giving rise to melanized colonies in each case
was recorded. Data were analyzed by analysis of variance. This
experiment was repeated with oné modification. In the second
experiment, rather than plating 1 ml of the suspension containing
recovered microsclerotia, microsclerotia were washed into a test
tube with approximately 10 ml of distilled water. The contents
of each tube were collected on a 0.45-um pore size filter (Nucle-
pore, Pleasanton, CA). The filter with microsclerotia was placed
in a glass petri plate. Working under a dissecting scope at 30X,
a syringe needle (Precision Glide Needle 26G3/s Becton Dickinson,
Franklin Lakes, NJ) was used to transfer 25 individual micro-
sclerotia to each of two 9-cm-diameter petri plates of ESA (10).
Plates were incubated as previously. After germination, some
microsclerotia with developing hyphae (0.8-cm-diameter plug)
were transferred to ESA and colony diameter was recorded every
2-3 days.

Pathogenicity. Eggplant seeds were planted in soilless potting
mix in 7-cm-diameter plastic pots as above. In previous studies
with T. flavus, prill were added at seeding (4). In this experiment,
for treatments with prill, 0.5 g of prill was placed around each
root ball at transplanting. Plants receiving drenches were drenched
with 10 ml of 10%/ml ascospores at 2, 3, and 5 wk after seeding.
Microsclerotia of V. dahliae were grown as above. Microsclerotia
were heated by placing 100 ml of 2.2-2.5 X 10*/ml microsclerotia
suspension in a 250-ml Erlenmeyer flask. Microsclerotia were not
heated or were heated in a water bath for 1, 2, or 3 days under
regime 3. Microsclerotia suspended in 100 ml of SDW were mixed
in a bread mixer for 1 min into 5 kg (fresh wt) of GSL soil
(Hobart Corporation, Troy, OH) and this soil was mixed with
an additional 50 kg (fresh wt) of GSL soil in a cement mixer
for 5 min to result in 40-45 microsclerotia per gram of soil. Plants
were maintained in a greenhouse under natural light at 21-25 C.
Wilt incidence was recorded every 2-3 days for 93 days. Petioles
were collected from plants with wilt symptoms and were plated
onto ESA to confirm infection by V. dahliae. At the termination
of the experiment, petiole isolations were made from all remaining
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plants. The experiment was repeated once.

Analysis of disease progress curves is usually based on popula-
tions of plants and percentage of incidence in each replicate is
recorded. In our experiments, data recorded were binary, that
is, each plant was either diseased or not diseased. Thus, an alterna-
tive data analysis was needed. Data were analyzed using the
LIFETEST procedure in SAS (7). Gehan’s generalized Wilcoxon
test was used to compare survival curves of the various treatment
groups (8). This test gives more weight to early wilting than to
late wilting and thus is more likely to detect early differences
in survival distributions.
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Fig. 1. Relationship of germination of microsclerotia of Verticillium
dahliae to heating. Microsclerotia were not heated or heated 1-5 days
with regime 1 (A) (31 C for 10 h then 35 C for 14 h); regime 2 (B)
(33 C for 10 h then 36 C for 14 h); or regime 3 (C) (35 C for 10 h
then 38 C for 14 h). Microsclerotia were plated onto an agar medium
and germination was recorded for 5 days.
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RESULTS

Effect of sublethal heating on microsclerotial germination. All
microsclerotia that were not heated germinated 1-2 days after
plating. Ninety percent of the nonheated microsclerotia germi-
nated within 24 h and 100% within 48 h after plating (Fig. 1A).
Regardless of the duration of heating, 90% of the microsclerotia
heated under regime 1 (31-35 C) germinated 5 days after plating.
Although additional days of heating with regime 1 did not affect
the number of microsclerotia that had germinated after 5 days,
it did affect the rate at which they germinated (P < 0.0001) (Fig. 1A).
Additional days of heating with regime 2 or 3 affected both the
final number of germinated microsclerotia (P < 0.01) and the
rate at which they germinated (P < 0.0001) (Fig. 1B, C). Under
regime 2 (33-36 C), 90% of microsclerotia heated for 1 day germi-
nated in 5 days while 82, 62, 62, and 50% of those heated for
2,3,4, and 5 days, respectively, had germinated in 5 days (Fig. 1 B).
Five days after plating, 87, 61, 14, 0.9, and 0.2% of microsclerotia
treated for 1 to 5 days with regime 3 (35-38 C), respectively,
had germinated (Fig. 1C).

Effect of sublethal heating on the formation of melanized micro-
sclerotia. Of the microsclerotia that germinated (above), nearly
40% of the colonies arising from microsclerotia in the nonheated
control formed numerous round and melanized microsclerotia
by 3 days (Fig. 2). By 7 days after plating, 75% of the germinated
microsclerotia had formed melanized microsclerotia. In contrast,
only 4% of the colonies arising from microsclerotia that were
heated for 1 day under regime 3 formed melanized microsclerotia
6 days after plating and 119 at 9 days after plating. Compared
with the control, there was at least a 3-day delay in melanin
deposition in colonies arising from microsclerotia heated with
regime 3. When treated with regime 2 for 1 day, 17 and 34%
of germinated microsclerotia produced new, melanized micro-
sclerotia in 6 and 10 days after plating, respectively.

Heating regime (nonheated, regime 2, or regime 3) significantly
affected both the final number of melanized microsclerotia (P
= 0.003) and the rate at which they were produced (P < 0.001).
Additional days of heating with regime 3 also significantly affected
both the final number of melanized microsclerotia (P < 0.01)
and the rate at which melanized microsclerotia were produced
(P =0.001).

Survival in soil. Recovery of microsclerotia of V. dahliae from
envelopes buried in soil with eggplants was difficult due to con-
taminants that grew around the plated microsclerotia and germi-
nation and subsequent melanization were determined microscop-
ically. Melanization of newly formed microsclerotia could be seen
6-7 days after plating. By 10 days after plating, melanized colonies
could be easily observed and recorded. With respect to melaniza-
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Fig. 2. Production of new melanized microsclerotia from germinated
microsclerotia of Verticillium dahliae receiving heat treatments. Micro-
sclerotia were not heated or heated 1-5 days with regime 1 (31 C for
10 h then 35 C for 14 h); regime 2 (33 C for 10 h then 36 C for 14 h);
or regime 3 (35 C for 10 h then 38 C for 14 h). Data reported are for
microsclerotia that germinated.



tion of newly formed microsclerotia, there was a highly significant
(P < 0.0075) and a synergistic interaction between heating and
the presence of T. flavus (Fig. 3). Results from the first and second
samplings were similar and only data from the first sampling
are shown.

Pathogenicity tests. At 49 days after planting (median wilt inci-
dence for many treatments), all but three treatments were similar
to the healthy control (Fig. 4). At the same time, the healthy
controls and microsclerotia heated for 3 days were different from
the disease control (P < 0.02). All other treatments were similar
to the nonheated microsclerotia (disease control) although there
was a trend (P < 0.07) for all treatments with 7. flavus prill
suppressing wilt as well as the combination of microsclerotia
heated for 3 days and plants drenched with T. flavus. There was
no overall interaction between heating and T. flavus (P < 0.32).

DISCUSSION

Sublethal heating of microsclerotia of V. dahliae had detri-
mental effects on germination of microsclerotia as well as on
the rate of melanization of newly formed microsclerotia and the
final percentage of new microsclerotia that became melanized.
A key enzyme(s) involved in the production of melanin in V.
dahliae is inactivated by heating at 40 C for 35 min (30). Possibly,
sublethal heating inactivates this enzyme or disrupts its activity.
Melanin functions in the defense of microsclerotia from microbial
attack (3,10) as well as in protection of microsclerotia from
ultraviolet irradiation (10). Thus, reductions in the percentage
of microsclerotia that become melanized and reduced rates of
melanin deposition would be expected to result in increased
susceptibility to attack by biocontrol agents.

Freeman and Katan (7) demonstrated that Fusarium oxy-
sporum f. sp. vasinfectum propagules are weakened by sublethal
heating. Lifshitz et al (19) also showed the effect of sublethal
heating on sclerotia of Sclerotium rolfsii. The levels of heat used
in our experiments were sufficient to cause some loss of viability.
It is plausible to envisage that the remaining, viable microsclerotia
were weakened and that the weakening was expressed as reduced
melanin deposition and pathogenicity, and increased susceptibility
to T. flavus.

The additive effects on disease incidence and the synergistic
interaction of sublethal heating with the biocontrol fungus T.
Sflavus offer new opportunities for integrated disease control.
Because of the levels of heat generated, plants cannot be grown
during solarization (11) and the land is out of production for
1-2 mo. By combining sublethal solarization with biocontrol, it
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Fig. 3. Effect of heating and the biocontrol fungus Talaromyces flavus
on production of melanized microsclerotia. Microsclerotia were not heated
or heated 1-2 days at 35 C for 10 h then 38 C for 14 h. Microsclerotia
were then placed in nylon mesh envelopes and placed on soil. Talaromyces
flavus was applied as a drench or alginate prill to the envelopes. Envelopes
were covered with additional soil and a 6-wk-old eggplant was transplanted
into the pot. Microsclerotia were recovered and plated on an agar medium.
Germinated microsclerotia were observed for production of new, melan-
ized microsclerotia.

may be possible to keep the land in production by using a plastic
that generates lower temperatures than those usually used in
solarization. Applying preparations of 7. flavus to soil prior to
plastic mulching for solarization may facilitate establishment of
the antagonist in the solarized soil. This may have particular
importance for perennial crops such as olive. Alternatively, it
may be possible to reduce the length of time that the soil is covered
by conventional solarization plastics if the solarization is com-
bined with thermotolerant biocontrol agents. There is convincing
evidence that T. flavus and other potential thermotolerant natural
populations of bioantagonists are able to survive solarization and
increase after solarization (25,27,28) and 7. flavus readily
colonizes solarized soils (29). Work is in progress to determine
if sublethal metham sodium and other stressing agents cause
similar responses in V. dahliae and thus offer additional oppor-
tunities for integrated control of Verticillium wilt diseases.
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Fig. 4. Effect of sublethal heating of microsclerotia of Verticillium dahliae
and the biocontrol fungus Talaromyces flavus on incidence of Verticillium
wilt of eggplant. Microsclerotia were not heated or heated 1-3 days with
regime 3 (35 C for 10 h then 38 C for 14 h). (A) Wilt incidence over
time for plants not receiving the biocontrol fungus T. flavus. (B) Disease
progress for plants receiving drenches with T. flavus prior to transplant
into Verticillium-infested soil. (C) Disease progress for plants receiving
prill of T. flavus at transplant.
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