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The study aimed to determine the variability of S. sclerotiorum populations from different soil and ecological conditions of Ukraine.
Using phytopathological and mycological methods, 42 isolates of S. sclerotiorum, the causative agent of white mold, were obtained
from infected soybean, sunflower, dahlia, winter rape and pea plants and stored on potato-glucose agar (PGA). To study sclerotic
productivity, isolates were cultured on PGA in Petri dishes. To identify groups of mycelial compatibility, isolates were grown in pairs
in all possible combinations. To study the pathogenicity of S. sclerotiorum isolates, leaves of winter rape were inoculated with 5 mm
disks of mycelial culture from a five-day-old fungus, and surface areas of lesions on the leaf blade were measured. According to the
results of the study, intensive production of sclerotia is exhibited by isolates of S. sclerotiorum from the population G. The smallest
mass of sclerotia was produced by Bn28 (0.15 g), D21 (0.17 g), and D25 (0.19 g) isolates. Han10 and Han 40 (0.43 g), D26 (0.44
g), and Han 39 (0.46 g) isolates were the most productive. Mass sclerotia produced by all other investigated isolates of S.
sclerotiorum ranged from 0.21 g to 0.37 g. Variability in mycelial compatibility of different combinations of S. sclerotiorum isolates
was also revealed. Isolates obtained from soybean plants (population A) were characterized by the lowest level of mycelial
compatibility-14%. In population C (sunflower), the proportion of isolate pairs characterized by mycelial compatibility was the
largest-67%. All studied S. sclerotiorum isolates obtained from various host plants caused pathological processes on leaves of winter
rape. Han42, Ps37, D21, and Han38 isolates had the lowest levels of pathogenicity. Han8, Han12, Han17, Han16, Gm6, Bn28, and
Ps33 isolates were characterized by moderate pathogenicity. Strong pathogenicity was shown by Han18, D24, Gm2, Hal3, D22,
D27, Hanl4, Ps35, Ps35, Han9, Hanl1, D23, D26, Han39, Gm5, Han20, and Bn32 isolates. Han40, Han10, Gm3, Gm7, Han19,
Han41, D25, Bn31, Gm1, Ps34, Gm4, Bn29, and Bn30 isolates had a very high degree of pathogenicity. The study results revealed
that the fraction of compatible pairs of isolates in different populations ranged from 14 to 67%.
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Introduction

The necrotrophic ascomycete Sclerotinia sclerotiorum (Lib.) de Bary is a cosmopolitan fungus that infects 408 plant species
belonging to 275 different families, causing sclerotiniosis, also known as white mold (Boland & Hall, 1994). This disease leads to a
shortage of oilseeds, legumes, vegetables (Derbyshire et al., 2016; Gulya et al., 2018; Barro et al., 2019; Mamadou et al., 2017;
Kirik et al., 2001) and can cause loss of decorative properties or death of flowering plants (Pikovskyi et al., 2019).

S. sclerotiorum is capable of vegetative and sexual reproduction. The latter occurs via germination of sclerotia with subsequent
formation of mycelium (Lane et al., 2018; Lane et al., 2019), while the former-via carpogenic germination of sclerotia leads to the
formation of apothecia that produce ascospores. As the fungus is homotal, ascospores can support its entire life cycle. Both types of
reproduction lead to the dominance of the clonal population structure. However, asexual reproduction is more common in nature
(Winton et al., 2006). It is known that sexual reproduction (Foley et al., 2016; Willbur et al., 2017) in fungal populations can
increase genetic diversity and adaptability of the pathogen (Hemmati et al., 2009; Attanayake et al., 2014). Aldrich-Wolf L. and
Travers S. (Aldrich-Wolfe & Travers, 2015) studied the genetic variation of S. sclerotiorum in the north-central United States and
found that reproduction among its isolates was primarily clonal. However, genetic recombination in isolates from rape and sunflower
plants was reported.
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The study and identification of mycelial compatibility groups, which are controlled by several loci in fungi, is a typical phenotypic,
macroscopic analysis (Carbone et al., 2009). Konh et al. (1991) indicated that mycelial incompatibility characterizes the inability of
different strains to merge and form one colony and causes cell death and reduced growth of two incompatible colonies. One of the
criteria for detecting clonality is grouping according to mycelial compatibility. If isolates (strains) combine in culture and represent
compatible mycelial groups, they can form anastomoses and generate a single fused colony without a reaction line. They also have
a unique and complex DNA fingerprint (Carbone et al., 1999; Kohn et al., 1991).

Studies conducted in several countries enabled segregation of clonal isolates of S. sclerotiorum into groups of mycelial compatibility
and led to determination of morphological polymorphisms and pathogenic diversity (Dalili et al., 2015; Lehner et al., 2016; Tok et
al., 2016; Sharma et al., 2018; Liu et al., 2018; Rahman et al., 2020). The variability of S. sclerotiorum isolates from the
phyllosphere of plants from different conditions in Ukraine has not been previously explored. Therefore, the study of pathogen
variability in specific soil and climatic conditions is essential for assessing the status of populations of the causative agent of white
mold in plants.

Materials and Methods

The study aimed to determine the variability of S. sclerotiorum populations from different soil and ecological conditions of Ukraine.
Hence, the following goals were set: to characterize the natural populations of S. sclerotiorum according to their ability to produce
sclerotia; to assess mycelial compatibility groups (MCGs); to study the pathogenic properties of fungal isolates obtained from
various host plants and populations.

Laboratory research was conducted in "Mycology and Phytopathology" research laboratory of the National University of Life and
Environmental Sciences of Ukraine. The objects of the study were isolates of S. sclerotiorum, obtained from the phyllosphere of
infected soybean, rape, sunflower and dahlia plants grown under different soil and climatic conditions. First, sclerotia obtained from
infected plants were superficially sterilized in 70% ethyl alcohol for 2 minutes, washed in sterile distilled water, dried between layers
of sterile filter paper, and aseptically transferred into Petri dishes on potato-glucose agar (PGA). Then, they were incubated in a
thermostat at 22-24°C for three days in the dark. From each isolate, tips of hyphal cultures of the fungus were seeded onto
aqueous agar (AA), which was prepared using 1 liter of distilled water and 20 g of agar-agar. After that, the isolates were cultured
on PGA and stored in a refrigerator at 4-5°C for further experiments (Rathi et al., 2018). In total, 42 isolates of S. sclerotiorum were
obtained and divided into populations (Table 1).

Populations | Isolates Crop Isolation site
A Gmil, Gm2, Gm3, Gm4, Gm5, | Soybean Kyiv region, Vasylkiv district
Gm6, Gm7 (Glycine maxL.)
B Han8, Han9, Hanl10, Hanil1l, | Sunflower Zhytomyr region,
Hanl12, Han13, Han14 (Helianthus annuus L.) Popilnyanskyi district
C Han15, Han16, Hanl17, Hani18, | Sunflower Kyiv region, Bila Tserkva
Han19, Han20 (Helianthus annuus L.) district
D D21, D22, D23, D24, D25, D26, | Dahlias Kyiv, Holosiivskyi district
D27 (Dahlia Cav.)
E Bn28, Bn29, Bn30, Bn31, Bn32 Winter rape Kyiv region, Vasylkiv district
(Brassica napus L.)
F Ps33, Ps34, Ps35, Ps36 Ps37 Peas Ivano-Frankivsk region,
(Pisum sativum L.) Horodenka district
G Han38, Han39, Han40, Han41, | Sunflower Kyiv region, Yahotyn district
Han42 (Helianthus annuus L.)

Table 1. Isolates of S. sclerotiorum were obtained from regions of conducted studies.

To study sclerotic productivity, isolates were cultured on PGA in Petri dishes with a diameter of 90 mm in triplicates at temperatures
of 22-23°C. After 30 days, sclerotia were removed from Petri dishes, dried at room temperature for 48 hours, and determined their
number and weight (Morrall et al., 2011).

To assess MCGs, agar disks with a diameter of 5 mm were curved out with a stopper drill from the edge of an actively growing
colony of S. sclerotiorum from a four-day-old isolate culture. Subsequently, the discs were placed in pairs on PGA [Schafer and Kohn
2006]. All possible combinations of isolates were tested. Assessment of compatibility or incompatibility was performed 10 days after
incubation of cultures at a temperature of 24°C. The isolates were classified as compatible when the reaction line was not observed
in the zone of mycelial interaction (Fig. 1a) and vice versa (Fig. 1b) (Kohn et al., 1990).
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Fig. 1. Possible outcomes of mycelial compatibility tests performed on S. sclerotiorum isolates. Key: a) compatible isolates; b)
antagonistic reaction.

To study the pathogenicity of S. sclerotiorum isolates, winter rape leaves (Sokolivsky hybrid grown under controlled conditions)
were used at the rosette stage. The leaves were separated from the parent plant and placed in sterile plastic germination dishes
containing glass rods at the bottom, which were covered with sheets of filter paper that were soaked in sterile water beforehand. 5
mm disks of the mycelial culture from five-day-old fungi grown on PGA were placed in the center of the leaves, on the central vein.
The top of the germination dishes was covered with clear plastic. Inoculated leaves were kept at a temperature of 23 + 2°C, with a
photoperiod of 12 hours (Zanatta et al., 2019). The experiment was repeated four times. Pathogenicity was recorded on the 5th day
of inoculation. Characteristic symptoms of the disease were wet spots saturated with moisture. To assess the pathogenicity of S.
sclerotiorum isolates, the following scale was used (Table 2), which reflects the surface area of the affected leaf blade tissue (Table
2). Statistical analyses of research results were performed in Microsoft Excel.

Impact Lesion surface area, cmM? Degree of pathogenicity
score
0 0 Absent
1 <1 Low
2 1.1-2.0 Medium
3 2.1-29 High
4 >3.0 Very high

Table 2. Scale used for assessing pathogenicity of S. sclerotiorum isolates.

Results and Discussion

Analysis of S. sclerotiorum isolates obtained from different host plants (Fig. 2) revealed differences in their ability to produce
sclerotia, with the number of sclerotia ranging from 8 to 36 pieces (pcs) per Petri dish. Based on the ability to produce sclerotia, S.
sclerotiorum isolates were divided into two groups with moderate, from 8 to 21 pcs and intensive, from 23 to 36 pieces,
productivity. Gm2, Han40, D26, Han41, Han39, Han 19 isolates were part of the latter group, while the remaining 36 isolates
(Han14, Gm3, Han 18, Bn29, Bn31, Han16, Gm4, Han13, Ps36, Gm7, D23, D25, D27, Gm1, Han12, Han20, Bn30, Bn32, Ps33, GmS5,
Han9, Hanl1 , Han15, Han17, D21, Bn28, Ps37, Han38, Han8, Ps34, Ps35, Han42, Gm6, Han10, D24, D22) produced from 8 to 21
sclerotia in the area of the nutrient medium of Petri dish. Most isolate that intensively produced sclerotia belonged to the population
of S. sclerotiorum isolated from sunflower plants in the Kyiv region, Yahotyn district, which indicates a high potential for
accumulation of infectious material.

As for the mass of sclerotia produced by isolates, the figure ranged from 0.15 g to 0.46 g. Bn28 produced the smallest mass of
sclerotia (0.15 g), D21 (0.17 g), and D25 (0.19 g) isolates, while the largest - by Han10 and Han 40 (0.43 g), D26 (0.44 g), and
Han 39 (0.46 g) isolates. For all other studied isolates of S. sclerotiorum, the mass of sclerotia was in the range of 0.21-0.37 g per
Petri dish.
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Fig. 2. Sclerotic productivity of S. Sclerotiorum isolates in vitro.

Significant differences were found in the different combinations of S. sclerotiorum isolates (Fig. 3). Isolates obtained from soybean
plants (population A, Kyiv region) had the lowest level of mycelial compatibility - 14%. Slightly higher compatibility, 29%, was
observed in fungal isolates obtained from sunflower plants (population B, Zhytomyr region). The number of isolates that exhibited
mycelial compatibility in populations E (winter rape, Kyiv region), G (sunflower, Kyiv region, Yahotyn district), D (dahlia, Kyiv), and F
(peas, Ivano-Frankivsk region) was 35%, 38%, 48%, and 49%, respectively. In population C (sunflower, Kyiv region, Bila Tserkva
district), the level of mycelial compatibility was the highest, and it was observed in 67% of isolate pairs.

Number of pairs of isolates, %

compatible B8 incompatible

100

B C D E F G

Populations of Sclerotinia sclerotiorum

Fig. 3. Mycelial compatibility groups of S. sclerotiorum isolates were obtained from different populations.

All 42 studied isolates of S. sclerotiorum obtained from different host plants caused damage to the leaves of winter rape and led to
pathological processes (Fig. 4). The lowest degree of pathogenicity was shown by Han42, Ps37, D21, and Han38 isolates, with
lesion surface area on the leaf blade ranging from 0.7 to 1.0 cm2. Han8, Han12, Hanl7, Han16, Gm6, Bn28, and Ps33 isolates
exhibited moderate pathogenicity. The following isolates of S. sclerotiorum showed strong pathogenicity: Han18, D24, Gm2, Hal3,
D22, D27, Han14, Ps35, Ps35, Han9, Hanl1, D23, D26, Han39, Gm5, Han20, and Bn32. Han40, Han10, Gm3, Gm7, Han19, Han41,
D25, Bn31, Gm1, Ps34, Gm4, Bn29, and Bn30 isolates had a very high degree of pathogenicity.
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Fig. 4. The surface area of lesions caused by S. sclerotiorum isolates on winter rape leaf blades.

The relationship between the number of sclerotia, their mass, and the surface area of lesions on leaf blades was expressed using a
linear equation and the coefficient of determination (R2). Linear correlation was calculated to be statistically significant (10%
significance level). It was found that the surface area of leaf blade lesions was positively correlated with the number of sclerotia in
sunflower isolates in populations B (Y=0.8+0.07X, R2=0.42) and E (Y=-1.0+0.13X, R2=0.53). The coefficient of determination of
the number of sclerotia was 42 to 53%, respectively, with the surface area of lesions on the leaf blades. In S. sclerotiorum isolates
from population A, the surface area of leaf blade lesions decreased with an increase in the number of sclerotia produced (Y=6.2-
0.18X, R2=0.46). The surface area of leaf blade lesions decreased with an increase in sclerotia mass in population F (Y=14.7-35.2X,
R2=0.59) and increased with an increase in sclerotia mass in population E (Y=-1.5+20.2X, R2=0.78). The mass of sclerotia ranged
from 59% to 78% of the determination with the surface area of leaf blade lesions.

Comparison of pathogenicity levels between populations of S. sclerotiorum obtained from different geographical conditions and host
plants showed a difference in the aggressiveness potential of studied isolates (Fig. 5). In populations of A, B, C, and E, no isolates
with weak pathogenicity were found, while their number in the populations D, F, and G was 14.3%, 20, and 40%, respectively.
Isolates with moderate pathogenicity constituted half of the population C. Most isolates in populations B (57.1%) and D (71.4%)
had strong pathogenicity. In turn, isolates with very strong pathogenicity prevailed in populations F and G (40%), A (57.1%) and E
(60%).
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Fig. 5. Level of pathogenicity of isolates in populations of Sclerotinia sclerotiorum obtained from different geographical regions and
host plants.

All 42 investigated isolates of S. sclerotiorum obtained from soybean, sunflower, dahlia, rape, and pea crops, including plants from
geographically remote regions, affected the test object, leaf of winter rape lack of pathogen specialization. The lack of convincing
evidence for the existence of S. sclerotiorum specialization for host plants was also highlighted by Kull L. and co-authors (Kull et al.,
2004). Differences in mycelial compatibility groups and changes in pathogenicity of S. sclerotiorum isolates may be responsible for
different results of the evaluation of varieties' resistance to white mold /n vitro and the field (Kim et al., 1999). In our studies, the
level of antagonistic relationships in mycelial compatibility tests ranged from 33% to 86%, which indicates a high level of pathogen
diversity. The isolates with very strong pathogenicity, which dominated in populations of S. sclerotiorum from pea plants (Ivano-
Frankivsk region, Horodenka district), sunflower (Kyiv region, Yahotyn district), soybean, and winter rape (Kyiv region, Vasylkiv
district), should be considered for the creation of artificial infectious backgrounds. It is advisable to use several isolates and isolates
of S. sclerotiorum from the population obtained from sunflower plants with a high potential for sclerotia production (Kyiv region,
Yahotyn district) can also be used.

Conclusions

Studied populations of fungus S. sclerotiorum were highly variable in their ability to produce sclerotia. The most significant numbers
of sclerotia were produced by Gm2, Han40, D26, Han41, Han39, and Han19 isolates - from 23 to 36 pieces. Han10 and Han 40
(0.43 g), D26 (0.44 g), and Han 39 (0.46 g) isolate had the highest productivity in terms of accumulation of sclerotia mass. The
study results revealed that the fraction of compatible pairs of isolates in different populations ranged from 14 to 67%. Comparison
of pathogenicity levels between isolates in populations of S. sclerotiorum obtained from different geographical conditions and host
plants showed differences in the aggressiveness potential. In populations of A, B, C, and E, no isolates with weak pathogenicity
were found, while their number in the populations D, F, and G was 14.3%, 20%, and 40%, respectively. Isolates with moderate
pathogenicity constituted half of population C. Most isolates in populations B (57.1%) and D (71.4%) had strong pathogenicity;
whist isolates with very strong pathogenicity prevailed in populations F and G (40%), A (57.1%), and E (60%). These results
emphasize the need to monitor pathogenicity in populations of a causative agent of white mold in areas of cultivation of susceptible
crops, which will contribute to the development of effective disease control strategies.
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