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ABSTRACT
Chen, Y., and Wang, D. 2005. Two convenient methods to evaluate soybean for resistance to
Sclerotinia sclerotiorum. Plant Dis. 89:1268-1272.

Several greenhouse inoculation methods are available to evaluate soybean (Glycine max (L.)
Merr.) for resistance to Sclerotinia sclerotiorum (Lib.) de Bary. Most of these methods are labor
intensive and often produce inconsistent results among the tests. The objective of this research
was to develop a low-cost and high-efficiency greenhouse inoculation method that can generate
a consistent result. We developed a spray-mycelium method in which mycelia were cultured in
liquid potato dextrose broth and homogenized before spraying on the soybean leaves. We also
developed an inoculation method (the “drop-mycelium” method) in which a drop of homoge-
nized mycelium suspension was dropped on the tips of main stems. Inoculated plants were incu-
bated in a greenhouse chamber with 60 to 80% relative humidity. Plant mortality and area under
the wilt progress curve (AUWPC) were used to measure disease severity daily from 3 to 14 days
after inoculation (DAI). Eighteen soybean genotypes, including partially resistant line NKS19-
90 and susceptible line Resnik, were employed in this study. The spray-mycelium method and
the drop-mycelium method were compared with the cut-petiole method in the greenhouse. The
three experiments were a randomized complete block design. Twenty-four plants per genotype in
each experiment were inoculated at V3 growth stage in the greenhouse. Significant differences
(P < 0.05) in disease ratings of plant mortality and AUWPC to Sclerotinia stem rot were found
among 18 tested genotypes. The results obtained with the spray-mycelium and drop-mycelium
inoculation methods were significantly (R > 0.73, P < 0.01) correlated with the results obtained
with the cut-petiole inoculation method for both of the plant mortality and AUWPC. Compared
with the cut-petiole method, the spray-mycelium and the drop-mycelium methods used less
inoculation time and are less expensive in terms of materials. Both of these new methods are low
cost, efficient, and reliable and they can be valuable for large-scale evaluation of germ plasm and
breeding lines for resistance to Sclerotinia stem rot in a greenhouse or other similar facilities.

Sclerotinia stem rot, caused by Scle- moist environmental conditions. Cultural

rotinia sclerotiorum (Lib.) de Bary, is a
major soybean disease in north-central
regions of the United States. In 2004, this
disease caused soybean yield loss of 1.63
million tons in the United States and was
the second most yield-reducing soybean
disease in the country (19). In field envi-
ronments, ascospores of S. sclerotiorum
first land on flowers and germinate when
moisture is adequate. The fungus then
grows and girdles the stem, causing plant
death. The typical foliar symptoms of
Sclerotinia stem rot include necrotic
leaves, bleached stem lesions on stem and
pods, white fluffy mycelia, and black scle-
rotia present on the plant surface and in-
ternally in the stems and pods. The infec-
tions occur mainly in fields during cool,
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factors associated with conditions that
favor infection include irrigation, high
plant population, plant spacing, lush vege-
tative growth, plant height, flowering date,
and maturity date (1,7).

It has been reported that some soybean
genotypes have partial resistance to S.
sclerotiorum (5,6). Physiological resis-
tance and escape mechanisms are involved
in field resistance of soybean to Sclerotinia
stem rot (7). Several inoculation methods
have been developed for evaluation of
soybean for resistance to S. sclerotiorum in
a greenhouse or laboratory, including coty-
ledon inoculation (4,9), excised stem or
detached leaf assay (2,9-12,15,18), cut-
stem inoculation (9,17), oxalic acid assay
(8,13,16), and cut-petiole inoculation (3).
With the cotyledon inoculation method,
cotyledons of 2-week-old seedlings are
inoculated with mycelia plugs and the
plant usually dies within 3 days after in-
oculation. This method failed to distin-
guish susceptible and partially resistant
soybean genotypes when either highly or
weakly aggressive isolates of S. scle-
rotiorum were used (9). With the excised
stem or detached leaf assay, cut apices or
detached leaves are inoculated with myce-

lial disks and lesion lengths are used to
determine the susceptibility of the plants.
Asynchronous initiation of lesion devel-
opment could result in failure to detect
differences between susceptible and par-
tially resistant soybean genotypes (2). With
the cut-stem and the cut-petiole inocula-
tion methods, the plants are wounded prior
to inoculation; this method is not be able
to detect resistance due to preformed struc-
tural barriers. The oxalic acid assay is an
indirect evaluation of resistance through
measurement of stem response to oxalic
acid. Most of these methods are labor in-
tensive and the results can be inconsistent
among the tests (2,6,12,18). The objective
of this research was to develop a low-cost
and high-efficiency inoculation method
that can generate consistent results for
greenhouse evaluation of soybean for re-
sistance to Sclerotinia stem rot.

MATERIALS AND METHODS

Two inoculation methods, spray-
mycelium method and drop-mycelium
method, were tested and compared with a
commonly accepted inoculation method,
the cut-petiole method (3), in a greenhouse
on the campus of Michigan State Univer-
sity, East Lansing. The experimental de-
sign was a randomized complete block
design with three experiments, and 24
plants in each experiment were evaluated.
The three experiments were conducted at
three different times of year: April to May,
May to June, and September to October.

Plant preparation. Eighteen soybean
cultivars with different levels of suscepti-
bility to S. sclerotiorum were chosen for
this experiment (Table 1). Thirty seed per
genotype per replication were planted in a
greenhouse at Michigan State University in
East Lansing. Seed were planted on 9
April, 14 May, and 18 September 2004 for
the three replicated tests. Seed were
planted in moist planting mix (Baccto
High Porosity Professional Planting Mix,
Houston, TX) in 20-by-20-cm plastic pots
with five seeds per pot. The pots were kept
in the greenhouse at a temperature of 18 to
25°C, with illumination by natural sun
light. Four uniform V3-stage plants from
each pot were used for inoculation. Six
pots or 24 plants per genotype were used
for each treatment in each replication.

Isolate and inoculum preparation.
The S. sclerotiorum isolate 105HT pro-
vided by Dr. Glen Hartman (Soybean
Pathogen Collection Center at the United



States  Department of  Agriculture—
Agricultural Research Service at the Uni-
versity of Illinois) was used for inocula-
tions. The culture was maintained by sub-
culturing every 3 weeks at room
temperature on potato dextrose agar (PDA;
Sigma P-2182, Sigma-Aldrich, St. Louis)
medium and a new culture was started
directly from sclerotia every 2 months. All
the sclerotia used for starting the new cul-
tures were collected from soybean plants
infected with isolate 105HT in the green-
house and were kept in a refrigerator at
4°C before use. A single mycelia plug cut
from the culture with a 6-mm-diameter
cork-borer was placed in the center of a
new plate with an approximately 8-mm-
thick layer of PDA (39.0 g of PDA/liter) to
produce inoculum for the cut-petiole in-
oculation method. Each seeded petri plate
was sealed and incubated for 72 h at 22°C
with 10 h of light daily. Five mycelial
plugs cut from the culture also were placed
in a 2,000-ml flask containing 1 liter of
potato dextrose broth (PDB; 24 g of
PDB/liter; Sigma P-6685,) to produce
liquid inoculum for the spray-mycelium
method and the drop-mycelium method.
The inoculated flask was cultured at room
temperature (22°C) for 5 days with shaking
on a G10 GYROTORY shaker (Edison,
NJ) at a speed of 200 rpm. Before inocula-
tion, the mycelia were homogenized in the
culture media by blending for 10 s with
Hamilton Beach blender (Hamilton Beach/
Proctor-Silex, Inc.) and the absorbance of
the suspension was measured at 600 nm
with a Gilford RESPONSE spectropho-
tometer. The optical density of the liquid
inoculum was adjusted to an optical density
at 600 nm (ODggyy) value of 1.5 to 2.0 to
obtain a uniform mycelium concentration
among inocula prepared at different times.

Inoculation methods. In the two new
methods, spray-mycelium method and
drop-mycelium method, homogenized
mycelium suspension was used to inocu-
late noninjured V3-stage soybean plants. In
the spray-mycelium method, homogenized
mycelium suspension was evenly sprayed
on the leaves of soybean plants with a
UIVA+ Micron Sprayer (Bromyard, UK)
at a dosage of 2 liters of inoculum per 432
plants in one replication (average 4.6
ml/plant). In the drop-mycelium method,
homogenized mycelium suspension was
dropped onto the apical meristem of soy-
bean plants at a dosage of approximately 1
ml/plant using a washer bottle or a pipette.
A visible drop of the inoculum was re-
tained on the apical meristem while a
small portion of the inoculum dispersed
downward along the main stem. During the
inoculation with both the spray-mycelium
and the drop-mycelium methods, the con-
tainers containing the mycelium suspen-
sion were shaken frequently to keep the
mycelium evenly suspended.

In the cut-petiole method, mycelial
plugs were used to inoculate injured V3-
stage soybean plants. The mycelial plugs
were prepared as described above. The
inoculation procedure for the cut-petiole
method was identical to that described by
Del Rio et al. (3).

Inoculated plants were incubated in a
plastic chamber with a relative humidity
ranging from 60 to 100%. The plastic
chamber was assembled on a greenhouse
bench 1.2 m wide and 4.9 m long. Metal
pipes 1.9 cm in diameter were used to
build the frame of the chamber 1.2 m wide,
4.9 m long, and 1.2 m high. The chamber
frame was attached to the greenhouse
bench by bolts and nuts. A clear plastic
sheet cut to appropriate size was put over

the frame of the chamber and large binder
clips (5 cm size) were used to hold the
plastic sheets to the frames. The tops of the
greenhouse bench were covered with
Dewitt Weed Barrier fabric, which served
as the bottom of the chamber. The humid-
ity of the chamber was maintained with
two Trion 707TW Centrifugal Atomizers
(Attleboro, MA), one at each end of the
chamber. A timer was used to turn the
atomizers on for 1 min in every 5 min. No
artificial illumination was provided in the
greenhouse and inside the chamber. The
chamber’s temperature, relative humidity,
and light intensity were monitored by On-
set Greenline HOBO U-family Data Log-
gers & Devices (Bourne, MA). The plants
were watered every 2 days.

Disease assessment, data collection,
and analysis. Plants were examined for
wilt beginning 3 days post inoculation. A
plant was considered wilted when the api-
cal meristem fell over and the leaves were
flaccid. The number of wilted plants was
recorded daily until the 14th day following
inoculation. Area under the wilt progress
curve (AUWPC) was used to characterize
the rate of disease progress. The AUWPC
was calculated using the following formula
suggested by Shaner and Finney (14):

Z:’:ll[(yl + y\+l)/ ZKti+1 - ti )

where y; is the number of wilted plants at
time t; and n is the total number of obser-
vations. On the 14th day after inoculation,
the total number of wilted plants was
counted and plant mortality was calcu-
lated.

A single factor analysis of variances was
conducted to test homogeneity of the ex-
periment. The GLM procedure of SAS
(SAS Institute, Cary, NC) was used to
analyze the data collected in the green-

Table 1. Effect of Sclerotinia sclerotiorum on soybean plant mortality and area under the wilt progress curve (AUWPC) using three different inoculation

methods?®

AUWPC Plant mortality (%)
Genotypes” Cut-petiole Spray-mycelium Drop-mycelium Cut-petiole Spray-mycelium Drop-mycelium
A2506 4.27 (6) 0.90 (1) 1.80 (2) 65 (7) 21 (1) 31(2)
Chapman 3.60 (2) 1.60 (2) 2.13(3) 52(2) 36 (2) 36 (3)
Kenwood 94 4.10 (5) 1.77 (3) 4.13 (6) 60 (5) 36 (2) 67 (7)
NKS 19-90 3.03 (1) 2.00 (6) 2.37(4) 44 (1) 39 (4) 39 (4)
Corsoy 79 4.27 (6) 1.80 (5) 4.77 (12) 58 (4) 40 (5) 75 (11)
BSR 101 4.00 (4) 1.80 (4) 1.43 (1) 63 (6) 46 (6) 28 (1)
Hardin 91 4.90 (8) 2.87 (9) 4.77 (12) 69 (8) 53(7) 78 (12)
Vinton 81 4.90 (8) 2.53(8) 5.30 (15) 77 (11) 54 (8) 83 (14)
Colfax 3.97 (3) 2.37(7) 3.57 (5) 55(3) 56 (9) 61 (5)
Conrad 94 5.90 (12) 3.63 (16) 433 (8) 81 (13) 58 (10) 72 (9)
Dunbar 5.20 (11) 3.27 (12) 4.37(9) 73(9) 61 (11) 64 (6)
Elgin 87 6.27 (16) 3.13 (10) 4.13 (6) 79 (12) 61 (11) 72(9)
Jack 6.00 (14) 3.13 (10) 4.63 (11) 82 (14) 62 (13) 69 (8)
Olympus 6.10 (15) 3.30 (14) 5.13 (14) 83 (16) 62 (13) 83 (14)
Resnik 6.43 (17) 3.27 (12) 5.53 (17) 87 (17) 63 (15) 89 (17)
Ciba 3253 7.77 (18) 3.30 (14) 4.57 (10) 93 (18) 65 (16) 81 (13)
Felix 5.17 (10) 3.90 (17) 5.37 (16) 74 (10) 67 (17) 83 (14)
Fairbault 5.93 (13) 4.17 (18) 6.27 (18) 82 (14) 68 (18) 95 (18)
LSDg s 3.33 1.66 2.26 28 21 34

2 Data from the three experiments were combined for analysis; numbers in parentheses indicate the ranking, with 1 being the most resistant.
b Genotypes are listed in the order of ranking based on plant mortality with the spray-mycelium method. NKS 19-90 is a resistant check and Resnik is a
susceptible check. LSD = least significant difference.
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house. Fisher’s least significant difference
(LSD) at 5% significant level was used to
test the differences among genotypes. Cul-
tivars were ranked according to their
means of plant mortality and AUPWC and
correlation coefficients were calculated
from the ranks by the CORR procedure of
SAS.

RESULTS

The temperature inside the plastic
chamber was not controlled and it ranged
from 20 to 38°C. Light intensity inside the
chamber was not controlled, either, and the
daytime light intensity averaged 5,824,
4,798, and 7,954 lux/m? for the April, May,
and September tests, respectively. The
humidity inside the chamber was increased
intentionally with two large-capacity atom-
izers throughout the experiment; the hu-
midity ranged from 60 to 100% inside the
chamber. The leaf surface of the plants
inside the chamber was wet throughout the
experiment.

All infected plants showed typical
symptoms of Sclerotinia stem rot, with
white fluffy mycelia clearly visible on

leaves, apical meristems, and the main
stems by 10 days after inoculation. The
symptoms first appeared 4, 5, and 6 days
after inoculation for the spray-mycelia,
drop-mycelium, and cut-petiole methods,
respectively. On plants inoculated with the
cut-petiole method, lesions reached the
main stem from the cut petiole and caused
wilting when the lesions expanded trans-
versely through the whole diameter of the
main stem. On plants inoculated with the
spray-mycelia method, the first symptom
of Sclerotinia stem rot was gray or light
brown spots scattered on the leaves (Fig.
1A). Some of the spots had white mycelia
growing on the margin of the spot and
others had necrotic spots. The petioles then
turned flaccid and the infected leaves ei-
ther fell off the plant or remained on the
main stem. The main stems were affected
either by mycelia growing through petioles
or secondary infection via infected leaves
touching the stem (Fig. 1B). On plants
inoculated with the drop-mycelium
method, the lesion developed directly
downward from the apical meristem where
homogenized mycelia were dropped (Fig.

1C). When the margin of lesion reached
the first top node, the plant started wilting.

The results of analysis of variance re-
vealed that there was a significant geno-
type effect, but that the experiment—
genotype effect was not significant. There-
fore, the data from the three experiments
were combined in the final analysis. Sig-
nificant differences (P < 0.05) in plant
mortality and AUWPC were found among
the 18 genotypes (Table 1). AUWPC
ranged from 3.03 (NKS 19-90) to 7.77
(Ciba 3253), 0.90 (A2506) to 4.17 (Fair-
bault), and 1.43 (BSR 101) to 6.27 (Fair-
bault) for cut-petiole, spray-mycelium, and
drop-mycelium methods, respectively.
Plant mortality ranged from 44 (NKS 19-
90) to 93% (Ciba 3253), 21 (A2506) to
68% (Fairbault), and 28 (BSR 101) to 95%
(Fairbault)  for  cut-petiole,  spray-
mycelium, and drop-mycelium methods,
respectively (Table 1). The rank correlation
coefficients between AUWPC and plant
mortality among the three inoculation
methods ranged from 0.95 to 0.99 (P <
0.01). Correlation coefficients between the
plant mortalities or AUPWCs obtained

¥y
%)

Fig. 1. A, Early symptom of Sclerotinia stem rot on leaves of soybean plants inoculated with the spray-mycelium method (7 days after inoculation). B, Secondary
infection of the main stems caused by infected leaves that came into contact with the main stem on plants inoculated with the spray-mycelium method (14 days
after inoculation). C, Typical symptom of Sclerotinia stem rot on plants inoculated with the drop-mycelium method (9 days after inoculation).
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with the three inoculation methods were
between 0.63 and 0.81 (P < 0.01; Table 2).
NKS 19-90 (resistant check), BSR 101,
and A2506 had consistently lower plant
mortality and AUPWC, whereas Resnik
(susceptible check), Olympus, and Ciba
3253 had consistently higher plant mortal-
ity and AUPWC no matter which inocula-
tion method was used in the evaluation.

DISCUSSION

Infection of soybean plants by S. scle-
rotiorum is affected by many factors such
as temperature, light intensity, and humid-
ity (12,18). In this study, the temperature
and light intensity were not controlled, but
the humidity was intentionally increased.
Our success in obtaining high plant mor-
talities for susceptible genotypes in all
three tests indicated that humidity might
have played a more important role than
other factors in the infection of soybean
plants by S. sclerotiorum.

Another factor that may affect the infec-
tion of soybean plants by S. sclerotiorum is
the amount of inoculum applied to the
plants. No significant differences were
observed in the results of the three experi-
ments with both the spray-mycelium and
drop-mycelium methods, suggesting that
the difference in the amount of inoculum
applied to the plants in the three experi-
ments was too small to cause significant
difference in fungus infection.

The high correlation between the plant
mortalities or AUPWCs obtained with the
two new inoculation methods and the plant
mortalities or AUPWCs obtained with the
cut-petiole method indicated that spray-
mycelium and drop-mycelium inoculation
methods can substitute for the cut-petiole
inoculation method. The major advantage
of these two new methods is that they re-
quire less time in inoculation and are less
expensive than the cut-petiole method in
terms of materials. The time needed for a
person to inoculate the 18 genotypes with
24 plants per genotype was approximately
0.3, 0.8, and 2.0 h with the spray-
mycelium, drop-mycelium, and cut-petiole
methods, respectively, in our laboratory.
The cost of materials for inoculating the 18
genotypes with 24 plants each was ap-
proximately $8, $2, and $22 with the
spray-mycelium, drop-mycelium, and cut-
petiole methods, respectively. Another

advantage of these two new methods is
that no wounds to the plants are induced
prior to the inoculation. Therefore, resis-
tance due to preformed structural barriers
to infection by the fungus can be evaluated
with these two new methods.

The spray-mycelium method used about
four times more liquid inocula than the
drop-mycelium method. When plants were
inoculated with the spray-mycelium
method, most of the infection started from
the leaves. The infection either extended to
the main stem or the infected leaves fell
and caused secondary infections to the
tissue they touched (Fig. 1B). When plants
were inoculated with the drop-mycelium
method, infection started from the top of
the main stem and moved down along the
main stem (Fig. 1C); thus, secondary in-
fections were much less frequent than with
the spray-mycelium method. Therefore,
the drop-mycelium method should be used
if secondary infection is undesirable.
When a high disease pressure is needed,
such as in the case of large-scale screening
of germ plasm for resistance, the spray-
mycelium method is recommended.

The drop-mycelium method is similar to
the cut-stem method (17) in that both
methods use the top of the main stem as
the inoculation point. One key difference
between the two methods is that the cut-
stem method wounds the inoculated plants
prior to inoculation whereas the drop-
mycelium method does not. With the cut-
stem method, the response is measured by
the lesion length on the main stem,
whereas plant mortalities or AUWPC are
used with the drop-mycelium method.
However, measurement of lesion length on
the main stem can be adopted with the
drop-mycelium method. Our preliminary
study in comparison of the drop-mycelium
method with the cut-stem method showed
that correlation coefficients between these
two methods were 0.64 (P < 0.01) and
0.63 (P < 0.01) for the lesion length and
the plant mortality, respectively (unpub-
lished data).

To obtain value for the plant mortality,
data need to be collected only at 14 days
after inoculation. However, data need to be
collected daily from the third day after
inoculation until 14 days after inoculation
in order to obtain value for the AUWPC.
Our results showed that the plant mortality

Table 2. Rank correlation coefficients among the data obtained with the three inoculation methods®

and the AUWPC obtained with the three
inoculation methods (cut-petiole, spray-
mycelium, and drop-mycelium) were
highly correlated with correlation coeffi-
cients of 0.63 to 0.81 (P < 0.01; Table 2).
Therefore, the plant mortality is recom-
mended as the measurement for the plant
responses to the disease with both the
spray-mycelium method and the drop-
mycelium method.

It has been reported that the correlations
of Sclerotinia stem rot ratings in soybean
between different tests are low (12). In our
study, the analysis of variance revealed
that there was no significant difference
among the three tests conducted at differ-
ent times with either the spray-mycelium
method or the drop-mycelium method,
indicating that consistent results can be
obtained with both methods. The results
obtained with the cut-petiole method also
were consistent among the three tests in
our study. The plants inoculated with the
cut-petiole method were kept together with
plants inoculated with other methods in the
chamber with high humidity in this study.
The high humidity might have helped us
obtain consistent results among the differ-
ent tests.

BSR 101 was included in this study be-
cause it was reported to be susceptible to
Sclerotinia stem rot (6). However, this
cultivar showed partial resistance in our
study. Wegulo et al. (19) also found that
BSR 101 had partial resistance to Scle-
rotinia stem rot in greenhouse tests and
field trails.
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