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HIGHLIGHTS

* The white mold, caused by Sclerotinia sclerotiorum (Lib.) de Bary, is one of the
most important diseases of soybean.

* The study of combining ability estimates indicated that there is variability for
fungus resistance due to non-additive genes action.

* We found evidence of resistance to S. sclerotiorum in crosses and in the parents
involved in a diallel cross.

Abstract: The white mold, caused by Sclerotinia sclerotiorum (Lib.) de Bary, is one of the
most important diseases of soybean. The objective of the present work was to evaluate the
soybean reaction to the fungus S. sclerotiorum, which causes white mold, in a partial diallel
with 50 crosses. The Group | of parents was composed of ten experimental lines with high
grain yield and the group Il consisted in five genotypes with possible resistance to white
mold. Ten plants of each cross in the F, generation and the parents were evaluated for
reaction to fungus infection using the method of inoculation in detached leaves in order to
assess the severity of the disease and to later estimate the combining abilities. Estimates of
the specific combining ability (SCA) was a significant reaction to S. sclerotiorum, indicating
that there is variability for fungus resistance due to non-additive genes action.

Keywords: Glycine max, Sclerotinia sclerotiorum, breeding, phytopathology.
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INTRODUCTION

The first white mold epidemic in soybeans fields in Brazil was reported in the 1970s in the
state of Parana [1, 2]. Subsequently, the pathogen was introduced in the Central Region of
the country in the early 1980s and, more recently, in the North and Northeast regions.
Consequently, it has been the target of research proposals and technology transfer in the
current scenario.

The white mold, also called Sclerotinia stem rot is one of the most important diseases of
soybean. The causal agent is the fungus Sclerotinia sclerotiorum (Lib.) De Bary [sin.
Whetzelinia sclerotiorum (Lib.) Korf & Dumont]. The incidence of the disease has contributed
to the reduction in yield and quality of harvested grains, and it was estimated that this fungus
is present in more than six million hectares of soybeans in Brazil [3].

S. sclerotiorum is one of the most devastating and important plant pathogens, because it
is capable of infecting more than 408 species [4]. One of the most striking features of S.
sclerotiorum is the formation of sclerotia, a structure of resistance that guarantees the survival
of the pathogen in unfavorable environments, which could remain viable for up to 11 years. In
addition, this pathogen may also resist as active mycelium in living (especially in seeds) or
dead tissues and because of this ability to survive, it becomes highly resistant to chemicals
[5,6].

The sclerotia can germinate in two ways, myceliogenic or carpogenic. Myceliogenic
germination is characterized by the growth of hyaline, septate, multinucleated and branched
hyphae, formed from sclerotium micropores. Carpogenic germination is considered the main
cause of epidemics in the field [7]. This germination begins with the growth of fungal cells,
called stipes. These in turn, when exposed to the light, differ in apothecias that release
thousands of ascospores responsible for initiating the disease in the aerial part of the plant.

In soybean, the infection generally occurs at the junction of the stem and petiole,
approximately 10 to 15 cm above soil level, as well as in inflorescences and lateral branches
[8]. The soaked lesions are then rapidly covered by a white mycelium that tends to darken to
black, forming the sclerotia that can be produced internally or externally to host tissues.
These can be released from the plants naturally or be thrown to the ground by the farmer.
When the lesion surrounds the stem, rotting of the lateral stems, pods, leaves and even the
main stem is observed, causing death of the plant. It is important to consider that the
reduction in grain yield can occur even when the severity of the disease is undetectable in the
stems [9].

The period of most vulnerability to infection is from full flowering stage (R2) to the
beginning of full seed stage (R5). In conditions of high humidity and temperature around 20°
C, the fungus can colonize healthy tissues between 16 and 24 hours after infection of the
floral tissue in senescence. The mycelium can remain viable in infected flowers and it
resumes the development when favorable conditions turn back [10].

Currently, no single practice is effective for white mold control. In general, the preventive
and integrated management is the alternative in order to recover the grain yield with high
pathogen infestation [11, 12].

Resistance to S. sclerotiorum in soybean has been evaluated in field, greenhouse and
laboratory conditions and the responses have ranged from high resistance to full
susceptibility [13]. The genetic variability in soybean for resistance to S. sclerotiorum has
already been reported in the literature [7], but little is known about the variability of Brazilian
germoplasm. However, some studies have identified partially resistant genotypes, such as
plant introductions (PI, Plant Introduction) [14,15] and resistant Brazilian cultivars: BRSGO
Caiap6nia [16], EMGOPA313, MSOY6101, EMGOPA316 and BRSGO Milena [17].

The mechanisms of resistance to white mold are associated with physiological (partial)
resistance, and mechanisms of escape, including climatic conditions, precocity of flowering
and morphological traits related to the architecture of the plant. Similar to beans, the
physiological resistance to S. sclerotiorum in soybean is polygenically inherited [18].

It is common among researchers the preference to evaluate the disease in the field, but
there are some difficulties such as uniformity in infected areas, effective infection of an area
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with sclerotia, besides the dependence of favorable environmental conditions for the disease
development. Hence, there are several methods of inoculation in greenhouses and laboratory
to evaluate the response of the soybean plant to the stress caused by the fungus [19].
Therefore, the objective of this work was to identify soybean crosses for resistance to white
mold and to estimate the combining ability for the reaction to the fungus in a partial diallel
scheme.

MATERIAL AND METHODS

A patrtial diallel crossing scheme was made between two groups. The group | consisted
of ten lines of high grain yield potential, broad adaptability and resistance to the most
important diseases and pests, developed by the Department of Genetics, ESALQ-USP, in
Piracicaba — SP. Group Il was formed by five lines with some degree of resistance with white
mold: (BRSGO Caiapbnia, EMGOPA313 and MSOY6101), an experimental line (A4725RG)
and a plant introduction (P1153.282) (Table 1).

Table 1 — Genealogy of the genotypes used as parents of the partial diallel 10 x 5

Groups Genotypes Genealogy
1* USP 14-01-20  Cristalina x IAC-4
2* USP 70.004 (Soc 81-76 x Foster) x (IAC Foscarin 31 x Forrest)
3* USP 70.006 Foster x FT 79- 3408
4* USP 70.010 (IAC Foscarin 31 x Forrest) x (Foster x FT 79- 3408)
5* USP 70.042 (Soc.81-76 x Foster) x Hartwig
1 6* USP 70.057 Kirby x FT-2
7* USP 70.080 (Coker x Primavera) x (Vicosa x IAC-10)
8* USP 70.108 Hartwig x P1 371.611
o* USP 70.109 (IAC-6 x UFV-4) x Hartwig
10* USP 93-05.552 GO 81-8.491 x BR 80-15.725-B
11** MSOQOY 6101 :
12** Pl 153.282
5 13** A4725RG
14%* EMGOPA 313 IAC 7 x (Santa Rosa x GO79-3068)
BRSGO
15%* Caiapbnia Primavera (OCEPAR 3) x BR 85-6356

* Lines developed for high grain yield and wide adaptability (Sector of Applied Genetics to Autogamous
Species, Department of Genetics, ESALQ/USP)
** \WWhite mold resistant genotypes.

Crosses were numbered from 101 to 150 (Table 2).
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Table 2 - Design of the 10 x 5 partial diallel with 50 crosses between ten parents from Group | and five
parents from Group I, with identification numbers varying from 101 to 150.

Group | x Group Il (11) (12) (13) (14) (Bls)sc;o
IN* MSOY6101 PI153.282 A4725RG EMGOPA313 N
Caiaponia
(1) USP14-01-20 I1x11401 1X12102 1X13103 1x14104 1x15105
(2) USP 70.004 2X11106 2X12107 2X13108 2X14109 2X15110
(3) USP 70.006 3X11111 3X12112 3X13113 3X14114 3X15115
(4) USP 70.010 4x11416 412447 4x13115 4x14419 4x15;5
(5) USP 70.042 5x1145 5x1245, 5x13123 5x14154 5x15;,5
(6) USP 70.057 6)(11126 6X12127 6X13128 6X14129 6X15130
(7) USP 70.080 7x11431 7X12132 7X13133 Tx14 434 7x15435
(8) USP 70.108 8)(11136 8X12137 8X13138 8X14139 8X1514o
(9) USP 70.109 X114 9x1214, 9x13143 Ox14 144 9x15145
(10)USP93-05.552 10x11146 10x12147 10x13145 10x14 49 10x15;59

* IN: Identification Numbers of the Crosses

The generations were advanced in field trials to the F3 generation. The F,; seeds were
used for the conduction of all the experiments. Five experiments were planted in a completely
randomized design to evaluate the fungus reaction. In each experiment there were two
replicates, and at each replicate, the 50 crosses were present. In total, each cross was
represented by ten F, plants, where one leaf (experimental plot) from each plant was
analyzed. In addition, three checks (USP14-01-20, USP70.004 and USP70.108), common to
all experiments, were evaluated.

The F, plants were grown in seedling tubes with commercial substrate inside a shaded
place. When the plants reached the V; stage [20], the second trifolium of a plant was
collected. Each one was accommodated in a Petri dish, which was previously prepared with
two sheets of paper towel and on the top, a glass slide was used to support the detached leaf
in order to avoid contact with the wet paper. Thereafter, 10 ml of sterile water was added in
each petri dish.

The inoculum was obtained in the city of ljaci, in Minas Gerais State of Brazil, and it was
replicated in Petri dishes containing potato dextrose agar (PDA) and then incubated at 20 °C
for about five days in the dark in a Biochemical Oxygen Demand Incubator (BOD Incubator).
Mycelial discs with 5mm diameter were arranged on the adaxial surface of the detached leaf.
The Petri dishes with the inoculated leaves, were maintained at 20°C in the dark (BOD).

To measure the infected area, the leaves were photographed at three different times (42,
66 and 90 hours after inoculation), and the images were used to measure the infected area
through the program called QUANT v1.0.1 [21]. The R statistical program was used to
calculate the area under the disease progress curve (AUDPC) in order to summarize the
progress of disease severity [22]. In addition, the resistance of the parents to the fungus was
also tested in an experiment conducted in a completely randomized design, with four
replicates, and proceeded in the same way as the experiment with the crosses. In order to
compare the two groups of parents, a Student’s t-test [23] was performed. The test statistics
is given by the formula below:

Uy — Uz
T = ———
¥ s2
2di 4 Zdz
ny n;

Where:

u, and p, represents the mean of each parent group;

SZ, and S3, represents the variance of each parent group;
n, and n, are the number of individuals in each group.

The general combining abilities (GCA) of the parents and the specific combining abilities
(SCA) of the crosses for the reaction to S. sclerotiorum were estimated according to method 4
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of the Griffing model [24] adapted by [25] for a partial diallel, in order to predict the genetic
potential and the performance of the crosses. Using the GENES program [26], the analysis of
variance of the diallel was performed using the following mathematical model:
YVj=u+ gt gj+ sij+ e
Where:

Y;; is the mean of the cross involving the parent i of group | and the parent j of group II;

u is the general mean of the diallel;

gi is the effect of the general combining ability of the parent i of group I;

gj is the effect of the general combining ability of the parent j of group II;

s;j is the effect of the specific combining ability of the cross between the parents i and

e;j is the mean experimental error.

RESULTS

The area under the disease progress curve (AUDPC) mean of group | was 100.8 cm? and
group |l was 79.84 cm®. The parents with the strongest evidence of resistance were USP
70.080 (75.03 cm?) of group | and MSOY 6101 (64.62 cm?) of group Il (Table 3).

Table 3 — Parents mean values of reaction to Sclerotinia sclerotiorum (AUDPC, cm?), under controlled
conditions of temperature and humidity. F4 generation.

Groups Parents Means (cm?)
1 USP 14-01-20 125.09
2 USP 70.004 128.79
3 USP 70.006 76.592
4 USP 70.010 93.35
5 USP 70.042 107.04
6 USP 70.057 96.99
7 USP 70.080 75.03
8 USP 70.108 113.86
9 USP 70.109 79.45
10 USP 93-05.552 112.10
11 MSOY 6101 64.2
12 Pl 153.282 110.51

Il 13 A4725RG 74.66
14 EMGOPA 313 79.18
15 Caiapobnia 70.25

Comparing the two groups by the t-test and considering the significance at 5% level,
there was a difference between these two groups, confirming that the parents of the group |l
had a higher resistance level compared to group I.

The means of AUDPC, in cm?, refer to the severity of the disease of crosses and are
presented in Table 4.
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Table 4 — Crosses means values of reaction to Sclerotinia sclerotiorum (AUDPC, cm?), under
controlled conditions of temperature and humidity. F, generation.

Parents MSOY 6101 PI1153.282 A4725RG EMGOPA 313 Caiaponia
USP 14-01-20 ;gé.84 ;8332 ;22.97 ;gg.go 322.45
USPT0004 300 0e  sgaca 23747 22366 235.45
USPT0006  1icos  sgrez 18911 286597 27041
USPTOO10 300, s3001  o81o1 239722 247.66
USPT0042  30e  Dar10  2a7ss 298078 2563
USP 70.057 12298.36 ;4211.85 ;4212.76 ;gg.aos 322.83
USP 70.080 121.75 ;gi.el gi?e 522.746 ;S?ZZ
USP70.108 33749 24685 24660  253.263 257,00
USP 70.109 %gé.zs ijcz).ge ;gg.ao 53.649 122.209
USP 93-05.552 ;gg.sg 523.32 523.96 ;gg.m ;28.02

The overall mean was 236.88 cm? This value was higher than that one found for the
parents, probably due to the fact that the fungus became more aggressive throughout the
successive inoculations. The six crosses more resistant to white mold and that presented the
lowest mean AUDPC were 142 (USP 70.109 x Pl 152282), 111 (USP 70.006 x M-Soy 6101),
131 (USP 70.080 x M-Soy 6101), 145 (USP 70.109 x BRSGO Caiap6nia), 133 (USP 70.080 x
A4725 RG) and 113 (USP 70.006 x A4725 RG). The parents USP70.006 (76.59 cm?),
USP70.080 (75.03 cm?), USP70.109 (79.45 cm?) and A4725RG (74.66 cm?) are present in
two crosses out of the six indicated above and possibly these parents provide white mold
resistance alleles. Of the 50 crosses studied, 18 presented averages below the general
average of the crosses, which represents greater resistance.

The Table 5 summarizes the information about the diallel analysis involving the 50
crosses and the 15 parents, in which significance was observed for crossings, and for the
estimation of specific combining ability (SCA).

Table 5 — Analysis of variance of the parents and the crosses from the partial diallel for reaction to
Sclerotinia sclerotiorum (AUDPC, cm?), under controlled conditions of temperature and humidity. F,
generation.

Mean squares

SV DF AUDPC (cm?)
Crosses 49 10972.5 **
GCA Group | 9 7265.1

GCA Group Il 4 8338.9

SCA Ixll 36 12192.0 **
Error 412 4686

Notes: ** significant at 1% probability, for the F test

Estimates of SCA (s;) effects (Table 6) are used to identify crosses that behave relatively
worse, or better, than what is expected based on GCA (g; and g;) estimates.
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Table 6 - Estimation of General (GCA) and Specific Combining Ability (SCA) by Griffing method 4, for
reaction to Sclerotinia sclerotiorum (AUDPC, cm?) in a partial dialel 10 x 5.

MSOY6101 PI153.282 A4725RG EMGOPA313 Caiaponia CCh
GI/GlI (Qic)

101 102 103 104 105 10.61
USP 14-01-20 48.84 -36.01 -2.86 -20.12 10.14

106 107 108 109 110 2.673
USP70.004 49, 28.85  -1.42 22.41 114.91

111 112 113 114 115 -8.756
USP70.006  “5g 67 1366  -38.35  51.88 31.48

116 117 118 119 120 12.26
USP70.010 773, 5.77 3272 -15.95 112.29

121 122 123 124 125 2.378
USP70.042 5, 08 -7.90 1103 -7.710 256

126 127 128 129 130 -7.660
USP70.057  *17 45 1678 1820  -13.44 4.19

131 132 133 134 135 -8.666
USP70.080 ‘5596 4055  -5579  21.001 48.19

136 137 138 139 140 10.65
USP70.108 1 45 3.47 0.27 -0.805 1.34

141 142 143 144 145 2431
USP70.109  gg'1g 67.44  40.88  29.54 61.17
USP 146 147 148 149 150 10.80
93-05552  -11.29 13.80  17.93  -21.07 1.53
GCA (Qie) __ -12.50 4.16 -0.66 6.52 10.80

The parents USP70.109, USP70.006, USP70.080 and USP70.057 from group | and
MSOY6101 and Pl 153282 from group Il contributed the most to the generation of S.
sclerotiorum-resistant offspring, obtaining the lowest @; negative effects. Only the
performance of USP70.006 agreed with previous conclusions based on severity means. The
highest g; positive effects were found in USP93-05.552 and USP70.010 in group |, as well as
in EMGOPA313 and Caiapbnia in group Il, these parents had little contribution to the
formation of combinations with resistance to the pathogen

The crosses with dominance patterns for the resistance were those with negative SCA
estimates, represented by 142 (USP70.109 x P1153.282), 145 (USP70.109 x Caiap6bnia), 111
(USP70.006 x MSOY6101), 133 (USP70.080 x A4725RG) and 131 (USP70.080 x
MSOY6101).

The crosses with the greatest s; positive effects were 141 (USP70.109 x MSOY 6101),
114 (USP70.006 x EMGOPA 313), 101 (USP14-01-20 x MSOY6101), 135 (USP70.080 x
Caiapobnia) and 143 (USP70.109 x A4725RG), showing a pattern of susceptibility to the
fungus. Only two crosses presented absolute values close to zero: 138 (USP 70.108 x
A4725RG) and 139 (USP 70.108 x EMGOPA 313).

The three checks involved in the five experiments are among the most susceptible
parents, T1 (USP 14-01-20) in the first position, T2 (USP 70.004) in the second position and
T3 (USP 70,108) in the third position. When compared to crosses, they are among the 16
most susceptible genotypes. These common checks allowed the joint evaluation of all five
experiments.

DISCUSSION

It is common to find studies in which variation in resistance to S. sclerotiorum among
genotypes is high [14, 19, 27]. Therefore, the pathogen isolates, the inoculation techniques
and the statistical analysis must be chosen correctly, since these are determinants for the
success in the identification of resistant cultivars [28].
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The cultivar Caiapbnia was moderately resistant, and EMGOPA313 was considered
resistant using the same method [17]. There was identified 68 Pls that were partially resistant
in field evaluations, and one of them was Pl 153.282 [29], used in this work. As this Pl has
shown to be more resistant, this fact indicates that the detached leaf method has a positive
correlation with field evaluations as observed in other studies [13, 15]. This is a
non-destructive method, which has the advantage of allowing multiple trials throughout the
years, besides presenting a good environmental control.

A diagrammatic scale was developed to assess soybean white mold severity,
considering this type of inoculation [17]. However, the estimation of the lesion area
guarantees greater precision in the evolution of the disease severity [28, 30].

SCA results from the dominant genetic variance, showing that for the expression of this
character, the additive, dominant and probably epistatic genes actions were important.
Therefore, there is variability for white mold resistance due to the non-additive action of the
genes. The non-additive variance, expressed by the mean squares of SCA, is comparatively
higher than the additive variance. Based on this information, the development of base
populations from genetically superior parents of the two groups is feasible and it can provide
satisfactory gains by the selection of individuals in segregating generations [31]. In a breeding
program, knowledge of the type of gene action that prevails on the genetic basis of a trait is an
important factor [32].

The crosses that presented absolute values close to zero indicate that the crossing
behavior would be in accordance to the expected from the GCA of their parents. On the other
hand, when the s; estimation of a cross has a high absolute value (positive or negative), it
suggests a crossing with performance better or worse than what is expected based on the
general combining ability of the parents [33].

As a conclusion, there were small variations in plant resistance levels to white mold, and
presented evidence of resistance to S. sclerotiorum in crosses and in the parents. The study
of combining ability estimates indicated that there is variability for fungus resistance due to
non-additive genes action.
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