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ABSTRACT

Hannusch, D. I, and Boland, G. J. 1996, Influence of air temperature
and relative humidity on biological control of white mold of bean (Scler-
otinia sclerotiorum). Phytopathology 86:156-162.

The interactions of Sclerotinia sclerotiorum and seven biological con-
trol agents (BCAs) were examined in controlled environments to deter-
mine the influence of selected relative humidities (RH) (90, 95, and 100%)
and air temperatures (20, 24, and 28°C) on biological control of white
mold of bean. All main effects and interactions were significant (P <
0.0001) among the 72 treatments. In the control treatment, lesions of
white mold developed in all environmental treatments but were largest at
20°C x 100% RH, 24°C x 95 and 100% RH, and 28°C x 95% RH. In-
teractions of environment, BCAs, and white mold were highly complex.

Alternaria alternata, Drechslera sp., Mpyrothecium verrucaria, Tricho-
derma viride, Gliocladium roseum, and an unidentified pink yeast were
all highly dependent on environment for efficacy. Changes of 4°C or 5%
RH were associated with variability in disease suppression that ranged
from <25 to 100%. Epicoccum nigrum was comparatively independent
of environment and suppressed disease by 100% in all environments.
Suppression of disease by many of the BCAs was most effective under
environmental conditions that were least conducive for disease. Assess-
ments of biological control efficacy in various environments can be used
to more accurately assess the potential of individual BCAs.

Additional keywords: environmental interactions, Phaseolus vulgaris.

The ascomycete Sclerotinia sclerotiorum (Lib.) de Bary is a
ubiquitous and destructive pathogen, inciting disease on up to
408 plant species (5). Diseases induced by this pathogen, often
collectively referred to as white mold, cause yield losses in nu-
merous cultivated crops, such as sunflower, canola, carrots, and
beans (12,24). Before infecting healthy plant tissues, ascospores
of 8. sclerotiorum require an exogenous source of energy. In white
mold of bean (Phaseolus vulgaris L.), the most common energy
source is senescing flower parts (1,19). After colonization of such
nutrient sources, the pathogen invades adjoining living tissue (2)
and initiates disease.

Several factors are known to influence the colonization of se-
nescing flower petals by S. sclerotiorum. Air temperature, relative
humidity (RH), water potential (9,11,23), and duration of plant
surface wetness (4) affect the germination of ascospores and growth
of mycelium and influence the ability of S. sclerotiorum to col-
onize senescing petals. The pathogen must compete with other
filamentous fungi, bacteria, and yeasts known to inhabit bean and
rapeseed petals. Several of these microorganisms are antagonistic
to S. sclerotiorum (6,7,17,25). In laboratory, growth room, and
greenhouse trials, isolates of Cladosporium cladosporioides (Fresen)
G.A. De Vries, Alternaria alternata (Fr.) Keissl., Drechslera sp.,
Epicoccum purpurascens Ehrenb.:Schlechtend., Fusarium grami-
nearum Schwabe, and F. heterosporum Nees:Fr. reduced the inci-
dence and severity of disease caused by S. sclerotiorum. How-
ever, when these biological control agents (BCAs) were applied
to bean crops in naturally infested field conditions, disease re-
duction varied (18,25).

Discrepancies in the efficacy of biological control between con-
trolled and field environments suggest that environmental factors
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influence the efficacy of BCAs (3,8,10,14). Evaluation of BCAs
in various environments may be a useful method to explain such
discrepancies and to enhance the selection of BCAs for foliar dis-
eases. The objective of this study was to examine the influence
and interactions of seven BCAs, RH, and temperature on the de-
velopment of white mold and the ability of the BCAs to colonize
petals.

MATERIALS AND METHODS

Bean plant cultivation. Bean plants (P. vulgaris cv. Strike) were
grown in a growth room at 22 to 26°C with a 14-h photoperiod at
150 uE ms™', Seeds were planted in either a 1:1 mixture of Pro-
Mix BX (Les Tourbieres Premier Ltee, Riviere du Loup, Quebec)
and Turface (Applied Industrial Materials Corp., Deerfield, IL) or
Metro-Mix 245 (W.R. Grace Co. of Canada Ltd., Ajax, Ontario)
in 180-cm® pots placed in plastic flats (Kord Products, Burling-
ton, Ontario, Canada) and were initially watered with a solution
of 20:20:20 N/P/K fertilizer. The flats were covered with trans-
parent plastic for 4 to 5 days until the seedlings emerged. Plants
were grown until the primary leaves had expanded (approximate-
ly 10 to 14 days) for biological control experiments and until flower-
ing (approximately 4 to 5 weeks) for petal collection.

Collection and sterilization of bean petals. Flower petals at
stages B and C (7) were collected daily until flowering ceased.
The petals were sterilized with propylene oxide gas (16). Aliquots
(2 ml) of propylene oxide at 4°C were pipetted into desiccation
chambers where the petals were arranged in single layers on a
perforated screen. Petals were fumigated in the chambers at room
temperature for 12 to 14 h in a fume hood and then aerated in a
laminar-flow transfer chamber for 1 h. Sterile petals were asep-
tically removed from the chambers using forceps and placed into
sterile petri dishes. Petals were stored at 4°C for up to 4 months
before use.




Collection and preparation of spore suspensions. Isolates of
A. alternata (B639) and E. nigrum Link (D224) were cultured from
rapeseed petals (16). Drechslera sp. (B10), Myrothecium verru-
caria (Albertini & Schwein.) Ditmar.:Steudel (B24), and Tricho-
derma viride Pers.:Fr. (BC34) were cultured from rapeseed or bean
petals (7). Isolates of Gliocladium roseum Bainier (I710) and an
unidentified pink yeast (Y3) were received from G. Peng, Uni-
versity of Guelph, Guelph, Ontario, Canada. Preconditioned (e.g.,
vernalized) sclerotia of S. sclerotiorum (21) were collected from
overwintered bean stubble at the Arkell Research Station, Arkell,
Ontario, Canada.

Sclerotia of S. sclerotiorum were surface-disinfested in 0.6%
sodium hypochlorite for 2 min, rinsed twice in sterile distilled
water, and placed into moist, sterile silica sand in 9-cm-diameter
petri dishes. Sclerotia were incubated for 3 to 4 weeks at 18°C
with a 14-h photoperiod until carpogenic germination commenced.
Mature apothecia were positioned with their stipes in a thin film
of lanolin jelly in the lid of a 30-mm-diameter petri dish that was
inverted over the bottom of the dish and incubated at room tem-
perature and high RH. Ascospores deposited on the bottom of the
plastic dish were used immediately or allowed to air-dry for 10 to
15 min and stored over calcium chloride at 4°C for up to 10 days
(16). To prepare spore suspensions, sterile water amended with
0.01% Tween 80 (Fisher Scientific Co., Toronto) was added to the
petri dish, and spores were dislodged with a clean artists’ brush.
Ascospore suspensions were poured into sterile 15-ml test tubes.
Spore concentration was estimated using a haemocytometer and
adjusted to 2 x 10° spores per ml.

Most BCAs were cultured on potato dextrose agar under UV
lights (12-h photoperiod; 310 to 420 nm) for 7 to 21 days, except
E. nigrum, which was cultured on V8-juice agar (200 ml of V8
juice, 3 g of CaCO,, 20 g of agar, 800 ml of deionized water) for
the same length of time. T. viride and the unidentified pink yeast
(Y;) were grown under fluorescent lights at room temperature
and in an incubator at 21°C, respectively. Spore suspensions were
prepared by flooding the individual cultures with 3 to 8 ml of
sterile deionized water amended with 0.01% Tween 80 and agi-
tating with a sterile glass rod. Individual suspensions were poured
into sterile test tubes through a single layer of cheesecloth. The
concentration was estimated using a haemocytometer and adjusted
to 2 x 10° spores per ml. The viability of BCAs and S. sclero-
tiorum was determined by the method of Boland and Hunter (6).

Petal inoculations. Seven coinoculum spore suspensions were
prepared by combining 0.5 ml of individual BCA spore sus-
pensions with 0.5 ml of S. sclerotiorum spore suspension in
sterile test tubes. An eighth spore suspension (control treatment)
was prepared by combining 0.5 ml of S. sclerotiorum spore sus-
pension with an equal volume of Tween-amended sterile water.
All suspensions were agitated using a vortex stirrer to ensure
adequate mixing of the coinoculum treatments. Each coinoculum
treatment was added to 20 sterile bean petals in a sterile 15-ml
test tube and gently agitated for 10 s until the coinoculum was
dispersed on the petals. Petals were removed from each tube,
placed into partially covered 90-mm-diameter petri dishes and air-
dried in a laminar-flow transfer chamber for 1 h.

Environmental chambers. Environmental chambers were de-
veloped that maintained selected RHs within Plexiglas chambers
measuring 50 x 50 x 150 cm (13). RH was maintained at 90 +
0.4% and 95 + 0.5% through the use of a micrologger-controlled
ultrasonic mister that cycled between narrow set points. To main-
tain consistent RH, misters were activated at approximately 5-
and 3-min intervals at 90 and 95% RH, respectively. Continuous
leaf wetness was obtained through continuous operation of the ul-
trasonic misters. Air temperatures of 20 to 28 * 0.5°C were main-
tained by regulation of growth room controls.

Bean seedling inoculation and incubation. The environmen-
tal chambers were adjusted to either 90, 95, or 100% RH, and
growth room air temperature was set at 20, 24, or 28°C. The ex-

periment was conducted as a factorial design with three air tem-
peratures (20, 24, and 28°C) x three RH (90, 95, and 100%) x
eight BCAs (including the pathogen control). Because there were
only two environmental chambers, nine individual trials were con-
ducted to complete the nine environmental settings examined. In
preliminary experiments, no significant differences (P = 0.05)
were detected between simultaneous or sequential experiments
conducted in the two chambers (data not shown). Therefore, re-
sults from individual trials were combined for statistical analysis
(22). The entire experiment was repeated once.

Each trial (e.g., environmental chamber) consisted of one com-
bination of temperature and RH and included a tray of 32 seed-
lings inoculated with the pathogen and all of the BCAs. The
pathogen and BCAs were inoculated by placing one infested petal
onto each of two primary leaves of four bean seedlings per trial
(eight observations). Bean seedlings were randomly placed within
the environmental chambers, and individual trials were adminis-
tered in a random sequence.

Disease evaluations. In each trial, inoculated plants were incu-
bated for 96 h, the optimum time required for disease develop-
ment according to preliminary experiments (16), and disease was
then assessed. Lesions that formed beneath the infested petals on
the bean leaves were measured using calipers (Manostat, Fisher
Scientific). Petals were examined with a hand-held magnifying
glass to estimate the extent of petal colonization by the BCAs. A
modified Horsfall-Barratt scale (15) of 0 to 11, where 0 = 0% of
the surface area of each petal covered by mycelium or spores of
each BCA and 11 = 100% of the surface area covered, was used
to assess colonization by the BCAs. The colonization of petals by
S. sclerotiorum also was evaluated by rating the amount of my-
celial growth on each petal and the diseased area (if present) us-
ing the modified Horsfall-Barratt scale.

Data analysis. Factorial analyses of variance (ANOVA) of the
lesion diameter data were performed using Statistical Analysis
System software (SAS Institute, Inc., Cary, NC). The repeated ex-
periment was examined for homogeneity of variance prior to pool-
ing of data (22). Horsfall-Barratt values of surface colonization
for each treatment were transformed to percent values, averaged,
and compared statistically. For each BCA/pathogen treatment (in-
cluding the pathogen control), the mean of each environmental
treatment was compared using the protected least significant dif-
ference (PLSD) test (P = 0.05) (Statistix 4.0, Analytical Software,
St. Paul, MN).

RESULTS

All main effects and interactions were significant (P = 0.0001)
among the 72 treatments (three temperatures x three RH x eight
organisms) examined for influence on mean lesion diameter of
white mold on bean. Main effects and interactions for percent
surface colonization of petals by BCAs (SCP) and percent surface
colonization of petals and lesions by S. sclerotiorum (SCPL) also
were significant (P = 0.0001) among all treatments. According to
the ANOVAs for individual BCAs, F values were significant for
all temperature X RH interactions. Therefore, the results are pre-
sented as simple effects for individual fungi.

Influence of environmental variables on white mold. White
mold lesions were formed in the control treatment (inoculum of S.
sclerotiorum applied alone) in all environmental treatments, with
lesion diameters ranging from 1.7 to 42.9 mm (Fig. 1A; Table 1).
Environmental treatments that produced the largest white mold
lesions were 20°C x 100% RH (41.9 mm), 24°C x 95 and 100%
RH (41.2 and 42.9 mm, respectively), and 28°C x 95% RH (40.0
mm). The remaining environments produced lesions less than
15.5 mm in diameter.

Influence of environmental variables on biological control
of white mold. For all of the BCAs, except E. nigrum, RH and air
temperature affected the efficacy of biological control. White mold
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lesions for treatments containing BCAs ranged from 0 mm (sev-
eral BCAs) to 39.9 mm (unidentified pink yeast at 24°C x 95%
RH) in diameter (Fig. 1B to H; Tables 2 to 8). The percent sup-
pression of white mold by BCAs fluctuated from 0 to 100%,
compared to the control treatment inoculated with S. sclerotiorum
alone. The SCPL by S. sclerotiorum and the SCP by BCAs varied
considerably among treatments (Tables 1 to 8).

A. alternata. No white mold lesions were found in five of nine
environmental treatments in which petals were coinoculated with
A. alternata and S. sclerotiorum (Fig. 1B; Table 3). Lesion di-
ameters ranged from 2.4 to 27.1 mm, and disease suppression

TABLE 1. The influence of relative humidity (RH) and temperature (Temp.)
on the development of white mold lesions and the proportion of surface
colonization of petals and lesions on bean leaves by Sclerotinia sclerotiorum®

Lesion Surface colonization

Temp.¥ RH™ diameter*¥ on petal + lesion¥*
€ (%) (mm) (%)

20 90 54b 163 b

20 95 155b 3240

20 100 419a 98.8a

24 90 1.7b 26b

24 95 412a 98.8a

24 100 429a 90.9 a

28 90 24b 85b

28 95 40.0a 93.2a

28 100 6.2b 13.2b

¥ Pathogen treatment applied as spore suspensions at 1.0 x 103 spores per ml.

*Temp. and RH were controlled and monitored using environmental chambers.
Measured Temp. and RH values varied by £0.5°C and £0.5% RH.

* Mean lesion diameters on bean seedlings were recorded 96-h postinoculation.
Significant main effects and interactions were detected in all treatments (P =
0.05).

¥ Values not followed by a common letter are significantly different at P < 0.05
according to least squares difference test. Data are the pooled results of two
trials.

* Surface colonization of petals was determined 96-h postinoculation using a mod-
ified Horsfall-Barratt scale of 0 to 11, where 0 = 0% and 11 = 100% of surface
of petal and lesion colonized by S. sclerotiorum. Values were transformed to per-
cent values for statistical analysis.

TABLE 2. The influence of relative humidity (RH), temperature (Temp.), and
Alternaria alternata on the development of white mold lesions caused by
Selerotinia sclerotiorum on bean leaves and the proportion of surface col-
onization of petals and lesions coinoculated with A. alternata and §. sclero-
tiorum®

Surface colonization¥+*
Lesion A. alternata S. sclerotiorum
Temp." RHY diameter*"Y on petal on petal + lesion
(&)] (%) (mm) (%) (%)
20 90 00c 143 ¢cd 1.2b
20 95 12.1b 274d 148b
20 100 27.1a 48d 68.1a
24 90 00c 188¢cd 13b
24 95 24c 48.8b 72b
24 100 152b 11.5¢d 146b
28 90 00c¢ 31.6be 1.2b
28 95 00¢c 51.2b 1.2b
28 100 00c 86.0a 1.2b

¥ Biological control agent (BCA) and pathogen treatments applied as a 50:50
spore suspension at 2.0 x 10° spores per ml.

wTemp. and RH were controlled and monitored using environmental cham-
bers. Measured Temp. and RH values varied by £0.5°C and £0.5% RH.

* Mean lesion diameters on bean seedlings were recorded 96-h postinocu-
lation. Significant main effects and interactions were detected in all treat-
ments (P = 0.05).

¥ Values not followed by a common letter are significantly different at P < 0.05
according to least squares difference test. Data are the pooled results of two trials.

“ Surface colonization of petals was determined 96-h postinoculation using a mod-
ified Horsfall-Barratt scale of 0 to 11, where 0 = 0% and 11 = 100% of surface
of petal or surface of petal and lesion colonized by §. sclerotiorum. Values were
transformed to percent values for statistical analysis.

varied between 22.1 and 100% compared to the control treatment.
A. alternata completely suppressed the development of white mold
lesions at all levels of RH at 28°C and at 90% RH at 20 and
24°C. The fungus was least suppressive (22.1 and 35.3%, respec-
tively) at 95 and 100% RH at 20°C. A. alternata had a greater
SCP than the SCPL for S. sclerotiorum in all treatments in which
control was near 100%. Petal colonization by A. alternata was

TABLE 3. The influence of relative humidity (RH), temperature (Temp.), and
Drechslera sp. on the development of white mold lesions caused by
Sclerotinia sclerotiorum on bean leaves and the proportion of surface col-
onization of petals and lesions coinoculated with Drechslera sp. and S. scler-
otiorum®

Surface Colonization?*

Lesion Drechslerasp.  §. sclerotiorum
Temp.¥ RH™ diameter*¥ on petal on petal + lesion
©) (%) (mm) (%) (%)
20 90 00c 65¢c lLdc
20 95 00c 95¢ 1.2¢
20 100 15.1ab 51.1b 477 a
24 90 00¢ 32¢ 1.2¢
24 95 232a 17.2¢ 286b
24 100 7.0b,c 77.2ab 72c¢
28 90 00¢c 195¢ 12¢
28 95 l6¢ 61.7ab 13¢
28 100 00¢ 783 ¢ 1.2¢

¥ Biological control agent (BCA) and pathogen treatments applied as a 50:50
spore suspension at 2.0 x 107 spores per ml.

“Temp. and RH were controlled and monitored using environmental cham-
bers. Measured Temp. and RH values varied by £0.5°C and £0.5% RH.

* Mean lesion diameters on bean seedlings were recorded 96-h postinocu-
lation. Significant main effects and interactions were detected in all treat-
ments (P = 0.05).

¥ Values not followed by a common letter are significantly different at P < 0.05
according to least squares difference test. Data are the pooled results of two
trials.

* Surface colonization of petals was determined 96-h postinoculation using a mod-
ified Horsfall-Barratt scale of 0 to 11, where 0 = 0% and 11 = 100% of surface
of petal or surface of petal and lesion colonized by S. sclerotiorum. Values were
transformed to percent values for statistical analysis.

TABLE 4. The influence of relative humidity (RH), temperature (Temp.), and
Epicoccum nigrum on the development of white mold lesions caused by Scler-
otinia sclerotiorum on bean leaves and the proportion of surface colonization
of petals and lesions coinoculated with E. nigrum and S. sclerotiorum”

Surface colonization¥+#

Lesion E. nigrum S. sclerotiorum
Temp.¥ RHY diameter*Y on petal on petal + lesion
<) (%) (mm) (%) (%)
20 90 0.0a 447 cd 1.2a
20 95 0.0a 223de 1.2a
20 100 0.0a 97.5a 1.2a
24 90 00a 103e 1.2a
24 95 00a 572¢ 1.2a
24 100 0.0a 90.7 a,b 1.2a
28 90 00a 163e 1.2a
28 95 0.0a 60.5¢ 1.2a
28 100 0.0a 64.8 b,c 1.2a

¥ Biological control agent (BCA) and pathogen treatments applied as a 50:50
spore suspension at 2.0 x 10° spores per ml.

*Temp. and RH were controlled and monitored using environmental cham-
bers. Measured Temp. and RH values varied by £0.5°C and £0.5% RH.

* Mean lesion diameters on bean seedlings were recorded 96-h postinocu-
lation. Significant main effects and interactions were detected in all treat-
ments (P = 0.05).

¥ Values not followed by a common letter are significantly different at P < 0.05
according to least squares difference test. Data are the pooled results of two
trials.

“ Surface colonization of petals was determined 96-h postinoculation using a mod-
ified Horsfall-Barratt scale of 0 to 11, where 0 = 0% and 11 = 100% of surface
of petal or surface of petal and lesion colonized by . sclerotiorum. Values were
transformed to percent values for statistical analysis.
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highest at 28°C x 100% RH, while the greatest SCPL by S. scler-
otiorum was at 20°C x 100% RH.

Drechslera sp. White mold lesions developed in four of nine
environmental treatments in which petals were coinoculated with
Drechslera sp. and S. sclerotiorum (Fig. 1C; Table 3). Lesion di-

TABLE 5. The influence of relative humidity (RH), temperature (Temp.), and
Gliocladium roseum on the development of white mold lesions caused by
Sclerotinia sclerotiorum on bean leaves and the proportion of surface col-
onization of petals and lesions coinoculated with G. roseum and S. sclero-
tiorum®

ameters ranged from 1.6 to 23.2 mm, and disease suppression
ranged from 43.6 to 100%. White mold lesions were largest (15.1
and 23.2 mm) at 20°C x 100% RH and 24°C x 95% RH, re-
spectively, and consequently, these treatments were associated with
the least suppression of disease (64.0 and 43.6%). White mold was

TABLE 7. The influence of relative humidity (RH), temperature (Temp.), and
Trichoderma viride on the development of white mold lesions caused by
Sclerotinia sclerotiorum on bean leaves and the proportion of surface col-
onization of petals and lesions coinoculated with T. viride and S, sclero-
tiorum"

Surface colonization¥+*

Surface colonization¥*

Lesion G. roseum §. sclerotiorum Lesion T. viride S. sclerotiorum
Temp." RHY diameter®Y on petal on petal + lesion Temp.¥ RH™ diameter*¥ on petal on petal + lesion
©) (%) (mm) (%) (%) ©) (%) (mm) (%) (%)
20 90 0.0c 360 1.6b 20 90 82b 29c¢ 13.6b
20 95 8.9b,c 1.2b 17.0b 20 95 00c 25¢c 12b
20 100 153b 11.3a 416a 20 100 23.1a 45¢ 434 a
24 90 0.0c 33b 1.3b 24 90 00c 1.5¢ 34b
24 95 289a 3.1b 498a 24 95 99b 52c¢ 140b
24 100 316a 75ab 484 a 24 100 00c 334b 1.2b
28 90 L3¢ 31b 122b 28 90 00c 1.5¢ 15b
28 95 55bc 6.3ab 133b 28 95 00c 49.1 a,b 1.2b
28 100 0.0c 6.3ab 1.2b 28 100 00c¢ 56.5a 1.2b

* Biological control agent (BCA) and pathogen treatments applied as a 50:50
spore suspension at 2.0 x 10° spores per ml.

*Temp. and RH were controlled and monitored using environmental cham-
bers. Measured Temp. and RH values varied by +0.5°C and +0.5% RH.

* Mean lesion diameters on bean seedlings were recorded 96-h postinocu-
lation. Significant main effects and interactions were detected in all treat-
ments (P = 0.05).

¥ Values not followed by a common letter are significantly different at P <
0.05 according to least squares difference test. Data are the pooled results
of two trials.

* Surface colonization of petals determined 96-h postinoculation using a mod-
ified Horsfall-Barratt scale of 0 to 11, where 0 = 0% and 11 = 100% of
surface of petal or surface of petal and lesion colonized by the BCA and §.
sclerotiorum, respectively, Values were transformed to percent values for
statistical analysis.

TABLE 6. The influence of relative humidity (RH), temperature (Temp.), and
Mpyrothecium verrucaria on the development of white mold lesions caused
by Sclerotinia sclerotiorum on bean leaves and the proportion of surface col-
onization of petals and lesions coinoculated with M. verrucaria and S. scler-
otiorum’

¥ Biological control agent (BCA) and pathogen treatments applied as a 50:50
spore suspension at 2.0 x 105 spores per ml.

“Temp. and RH were controlled and monitored using environmental cham-
bers. Measured Temp. and RH values varied by +0.5°C and +0.5% RH.

* Mean lesion diameters on bean seedlings were recorded 96-h postinocu-
lation. Significant main effects and interactions were detected in all treat-
ments (P = 0.05).

¥ Values not followed by a common letter are significantly different at P <
0.05 according to least squares difference test. Data are the pooled results
of two trials.

* Surface colonization of petals determined 96-h postinoculation using a mod-
ified Horsfall-Barratt scale of 0 to 11, where 0 = 0% and 11 = 100% of
surface of petal or surface of petal and lesion colonized by the BCA and §.
sclerotiorum, respectively. Values were transformed to percent values for
statistical analysis.

TABLE 8. The influence of relative humidity (RH), temperature (Temp.), and
an unidentified pink yeast (Y3) on the development of white mold lesions
caused by Sclerotinia sclerotiorum on bean leaves and the proportion of sur-
face colonization of petals and lesions coinoculated with Y; and S. sclero-
tiorum

Surface colonization¥*

Surface colonization¥*

Lesion M. verrucaria 8. sclerotiorum Lesion Yeast S. sclerotiorum
Temp.¥ RH¥ diameter*¥ on petal on petal + lesion Temp.¥ RHY diameter*"Y on petal on petal + lesion
© (%) (mm) (%) (%) (©€) (%) (mm) (%) (%)
20 90 54b 25¢ 75b 20 90 39c¢c 49¢ 134b
20 95 0.0b 1.7¢ 16b 20 95 122¢ 409 a 99b
20 100 6.0b 539ab 16.7b 20 100 34.1ab 1.2¢ 855a
24 90 0.0b 1.7¢ 1.2b 24 90 0.0c 25.1b 13b
24 95 349 a 1.2¢ 70.5a 24 95 399a 40c 703 a
24 100 0.0b 51.2ab 1.2b 24 100 37.7ab 15¢ 78.8a
28 90 00b 29c¢ 1.2b 28 920 24c¢ 102¢ 32b
28 95 0.0b 36.4b 12b 28 95 2730 6.1c 66.5a
28 100 0.0b 64.0a 12b 28 100 03c 12¢ 20b

¥ Biological control agent (BCA) and pathogen treatments applied as a 50:50
spore suspension at 2.0 x 10° spores per ml.

¥Temp. and RH were controlled and monitored using environmental cham-
bers. Measured Temp. and RH values varied by +0.5°C and +0.5% RH.

* Mean lesion diameters on bean seedlings were recorded 96-h postinocu-
lation, Significant main effects and interactions were detected in all treat-
ments (P = 0.05).

¥ Values not followed by a common letter are significantly different at P <
0.05 according to least squares difference test. Data are the pooled results
of two trials.

* Surface colonization of petals determined 96-h postinoculation using a mod-
ified Horsfall-Barratt scale of 0 to 11, where 0 = 0% and 11 = 100% of
surface of petal or surface of petal and lesion colonized by the BCA and §.
sclerotiorum, respectively. Values were transformed to percent values for
statistical analysis,
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¥ Biological control agent (BCA) and pathogen treatments applied as a 50:50
spore suspension at 2.0 x 10° spores per ml.

*“Temp. and RH were controlled and monitored using environmental cham-
bers. Measured Temp. and RH values varied by +0.5°C and +0.5% RH.

* Mean lesion diameters on bean seedlings were recorded 96-h postinocu-
lation. Significant main effects and interactions were detected in all treat-
ments (P = 0.05).

¥ Values not followed by a common letter are significantly different at P <
0.05 according to least squares difference test. Data are the pooled results
of two trials.

* Surface colonization of petals determined 96-h postinoculation using a mod-
ified Horsfall-Barratt scale of 0 to 11, where 0 = 0% and 11 = 100% of
surface of petal or surface of petal and lesion colonized by the BCA and §.
sclerotiorum, respectively. Values were transformed to percent values for
statistical analysis.




suppressed most effectively (83.7 and 96.1%) at 24°C x 100%
RH and 28°C x 95% RH. In all other environmental treatments,
Drechslera sp. completely suppressed white mold. At all tem-
peratures, SCP by Drechslera sp. was most apparent at 95 and
100% RH, whereas SCPL by S. sclerotiorum was most evident at
20°C x 100% RH and 24°C x 95% RH.

E. nigrum. In all environmental conditions tested, E. nigrum
prevented lesion formation by S. sclerotiorum (Fig. 1D; Table 4).
E. nigrum aggressively colonized the petals of all treatments but
was least prevalent (<45% of petals colonized) at 20°C x 95% RH
and 24 and 28°C x 90% RH. At 20°C x 100% RH, an average of
97.5% of petal surfaces was colonized by E. nigrum. S. scleroti-
orum was not visible on petals or lesions of any treatments when
coinoculated with E. nigrum.

G. roseum. When bean petals were coinoculated with G. ro-
seum and S. sclerotiorum, white mold lesions formed in six of
nine environmental treatments (Fig. 1E; Table 5). Lesion diam-
eters ranged from 1.3 to 31.6 mm. At 20°C x 100% RH and 24°C
x 95 and 100% RH, lesion diameters of 15.3, 28.9, and 31.6 mm
were observed, respectively. Generally, the smallest lesions were
formed in all RH at 28°C and in all temperatures at 90% RH.
White mold suppression ranged from 26.4 to 100%. G. roseum
suppressed white mold entirely at 90% RH x 20 and 24°C and
100% RH x 28°C; and by 86.2% RH at 95% x 28°C. In all en-
vironmental conditions examined, the SCP by G. roseum was
never greater than 12%. Colonization of petals and lesions by §.
sclerotiorum when coinoculated with G. roseum was greatest at
environmental treatments similar to those that produced the lar-
gest lesions in the control treatment (Tables 1 and 5).

M. verrucaria. White mold lesions formed in only three of nine
environmental conditions tested when petals were coinoculated
with M. verrucaria and S. sclerotiorum (Fig. 1F; Table 6). Lesions
developed under environmental conditions similar to those that
produced the largest white mold lesions in the control treatment
(20°C x 100% RH, 24°C x 95% RH, and 20°C x 90% RH). Lesion
diameters ranged from 5.4 to 34.9 mm. In the three environmental
treatments in which white mold did develop, disease was sup-
pressed by 85.8% at 20°C x 100% RH, but the two remaining envi-
ronmental treatments had less than 16% suppression of white mold.
In all other environmental regimes, M. verrucaria completely sup-
pressed white mold. Colonization of petals by M. verrucaria was
most extensive at all temperatures when the RH was 100%, as well
as 28°C x 95% RH. Surface colonization of petals and lesions by S.
sclerotiorum only occurred at 20°C x 100% RH and 24°C x 95% RH.

T. viride. White mold lesions were formed in only three of nine
environmental treatments when petals were coinoculated with 7.
viride and S. sclerotiorum (Fig. 1G; Table 7). Lesions formed in
the environmental treatments of 20°C x 100% RH, 24°C x 95%
RH, and at 20°C x 90% RH. Where white mold lesions devel-
oped, T. viride suppressed white mold by 76.0% at 24°C x 95%
RH but by less than 45% for the other treatments. In all other
environmental regimes, the BCA completely suppressed white mold.
Surface colonization of petals by T. viride was most prevalent at
24°C x 100% RH and 28°C x 95 and 100% RH. Colonization of
petals and lesions by S. sclerotiorum only occurred at 20°C x 90
and 100% RH and 24°C x 95% RH.

Unidentified pink yeast. Lesions of white mold developed in
eight of the nine environmental treatments when petals were co-
inoculated with the yeast and S. sclerotiorum (Fig. 1H; Table 8).
Lesion diameters ranged from 0.3 to 39.9 mm, and disease sup-
pression ranged from 0 to 100%. The greatest white mold control
(100 and 94.6%) was achieved at 24°C x 90% RH and 28°C x
100% RH, respectively. White mold was not controlled (0 to 3%
disease suppression) at 28°C x 90% RH and 24°C x 95% RH,
respectively. When coinoculated with the yeast, S. sclerotiorum
colonized the petals and lesions most extensively during con-
ditions of high humidity (295% RH). Petal colonization by the
BCA was most prevalent at lower humidities.

DISCUSSION

These studies provide important new information on the influ-
ence of environment on disease caused by S. sclerotiorum and on
the interaction of these variables with BCAs. To our knowledge,
this is the first report that S. sclerotiorum was able to form lesions
on bean seedlings when RH was less than 100%. Although bean
petals were consistently air-dried prior to being placed on bean
seedlings and the chambers quickly reached equilibrium (13),
white mold lesions developed at all of the RH and air temperature
settings examined. In addition, S. sclerotiorum was able to grow
saprotrophically at these environmental settings, as indicated by
the SCPL assessments. Observations during the experiments did
not indicate any visible moisture around the inoculated petals at
90 or 95% RH, although such observations would be expected to
identify only condensation or small droplets of water. RH sensors
were located within the canopy of the seedlings, where they ac-
curately measured the RH of air within this region. Small dis-
crepancies may exist between measurements within this region
and the boundary layer surrounding the inoculated petals on the
foliar surface, depending on the net radiative flux of the foliar en-
vironment.

More than 14 h of continuous plant surface wetness previously
was thought to be required for infection by S. sclerotiorum in
field conditions (1,4). In the present study, S. sclerotiorum pro-
duced lesions greater than 40 mm in diameter at 95% RH x 24
and 28°C but less than 16 mm at 95% RH x 20°C. This pattern
was opposite to that at 100% RH, which produced lesions greater
than 40 mm at 20 and 24°C and less than 10 mm at 28°C. These
discrepancies in the environmental conditions required for white
mold of bean likely are due to differences in experimental methods
(e.g., field versus controlled environments) and a more accurate
control of RH in the present experiments. The ability of S. scler-
otiorum to initiate disease at 90 and 95% RH is an important
consideration in the development of disease prediction models and
should be taken into account when assessing the influence of
environment on disease.

The influence of air temperature on white mold was similar to
previous reports. Temperatures of 15 to 25°C were optimal for
lesion development, and lesions did not form at 30°C (1,4). In our
study, the influence of temperature on disease was similar except
for the interaction of temperature with RH where small lesions
developed at 28°C in 100% RH but larger lesions developed at
28°C in 95% RH. The temperature and RH treatments chosen for
this study represent ranges that commonly occur in field envir-
onments in southern Ontario and include known temperature and
moisture requirements for white mold.

Two patterns of disease suppression by the BCAs were evident
in this study. In most cases, including A. alternata, Drechslera
sp., M. verrucaria, T. viride, G. roseum, and the unidentified pink
yeast, the efficacy of biological control was dependent on envir-
onmental conditions. For many of these BCAs, disease suppres-
sion ranged from <25 to 100% within the nine environmental
treatments examined. Relatively small changes in air temperature
or RH (e.g., 5°C or 4% RH) often produced dramatic changes in
disease suppression. These results establish that most of the BCAs
examined in this study were highly responsive to environmental
factors and also would be expected to produce variable results in
field environments.

A second pattern of disease suppression displayed by one of
the BCAs, E. nigrum, was that efficacy of biological control was
independent of the environmental conditions examined. In this
treatment, disease was completely suppressed at all environmental
settings. It is unclear why the efficacy of E. nigrum was unaffected
by these environments, but different mechanisms of action, such as
antibiosis, may be responsible. Studies on the mechanisms of action
of E. nigrum have reported that both competition and antibiosis
may be important in disease suppression (6,7,20,26,27,28).
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One important trend was observed in the efficacy of biological
control for all of the BCAs, except E. nigrum. Suppression of
disease was most effective under environmental conditions that
were least conducive for disease. For example, nearly 100% con-
trol of white mold was observed at 28°C x 100% RH. However,
the lesions that formed in this environment in the control treat-
ment were small. Many of the BCAs were most effective under
environmental conditions considered marginal for the pathogen
(e.g., small lesion diameters in control treatment). However, be-
cause control treatments for the BCAs were not included in the
experimental design, the relative influence of temperature and RH
on the BCAs alone is not available for comparison. Almost all of
the BCAs were least effective under the same environmental con-
ditions that resulted in the largest lesion diameters in the control
treatment.

E. nigrum and A. alternata, two BCAs that have significantly
suppressed white mold in field conditions (18), also suppressed
white mold by 100% in the most optimal conditions for disease in
the present study, 24°C x 95% RH. All the BCAs evaluated in
this study previously have been shown to suppress disease under
conditions of 24 to 28°C x 100% RH and, therefore, were se-
lected for continued evaluation. However, according to the results
of this study, only E. nigrum and A. alternata provided adequate
control of white mold under conditions favorable for disease.
Thus, environmental assessments of potential BCAs can provide
an additional method for selection of effective BCAs.

The surface colonization of petals by the BCAs and the surface
colonization of petals and lesions by S. sclerotiorum provided a
measurement of response of the organisms to temperature, RH,
and coinoculation treatments (e.g., competition). The SCP for some
BCAs, such as A. alternata, T. viride, and Drechslera sp., in-
creased with increasing temperature, whereas the SCP for Drechs-
lera sp. and A. alternata increased with increasing RH. The
SCPL by S. sclerotiorum was closely related to the size of lesions
formed, and the SCP by many of the BCAs was closely related to
the degree of disease suppression. For example, treatments that
had high SCPL values (24°C x 95% RH, 28°C x 95% RH, 20°C
x 100% RH, and 24°C x 100% RH) often coincided with treat-
ments in which the largest white mold lesions occurred. Con-
versely, treatments that had high SCP values often coincided with
small lesion diameters. As mentioned previously, there was little
relationship between SCP by E. nigrum and disease control. Sta-
tistical correlations were not conducted because of the significant
interactions among all of the variables. These results support the
hypothesis that competition for senescing bean petals as infection
sites may be the mechanism of action for many, but not all, of the
BCAs used in this strategy of biological control (6).

- The results of this study establish that S. sclerotiorum can in-
cite disease under conditions of high RH and that extended per-
iods of plant surface wetness are not required to incite white mold
of bean. Interactions of environment, BCAs, and white mold are
highly complex. Most of the BCAs examined were highly depen-
dent on environment for efficacy, but the effectiveness of E. ni-
grum was comparatively independent of environment. Evaluations
of potential BCAs in environmental conditions that are marginal for
disease can overestimate their potential efficacy. Finally, assess-
ments of biological control efficacy in various environments can be
used to more accurately assess the potential of individual agents.
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