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Abstract The frequency of soybean white mold
(Sclerotinia  sclerotiorum, SWM) outbreaks has
increased since 1978, and this disease is currently
considered to be the second most important cause of
soybean yield loss worldwide. We have studied SWM
in stems of soybean cultivar Maple Arrow, which
shows partial resistance to SWM, in an attempt to
identify the quantitative trait loci (QTLs) underlying
soluble pigment(s) content, which is associated with
SWM resistance. A SWM-susceptible cultivar, Hefeng
25, was crossed with Maple Arrow, and 149 Fs.¢
recombinant inbred lines were subsequently advanced
through single-seed-descent. A total of 109 simple
sequence repeat (SSR) markers were used to constructa
genetic linkage map. Three QTLs for soluble pigment
content in soybean stems associated with the resistance
to SWM, namely, Qsp-1 (Satt502-Sat_159), Qsp-2
(Sat_156-Satt251), and Qsp-3 (Satt525-Satt233), were
identified in 2007 and 2008 and located onto linkage
groups Dla+-q, B1 and A2, respectively. The pheno-
typic variation (R?) explained by these QTLs ranged
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from 6.29 to 15.37%. These three QTLs were not
significantly related to known QTLs associated with
escape resistant mechanisms. The use of these QTLs in
marker-assisted selection may contribute to improved
soybean resistance to SWM.
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Introduction

Soybean white mold (Sclerotinia sclerotiorum, SWM),
also known as Sclerotinia stem rot, was first identified
in Ontario, Canada in 1946 (Koch and Hildebrand
1946; Hildebrand 1948). The frequency of SWM
outbreaks has increased since 1978, spreading over the
entire world (Hine and Wheeler 1970; Signoret et al.
1975; Thompson and van der Westhuizen 1979; Grau
et al. 1982; Cline and Jacobsen 1983; Boland and Hall
1986). This widespread occurrence has been attributed
to the rotation of soybean in fields with a history of
SWM of other crops (Grau et al. 1982; Phipps and
Porter 1982), the favorable climate in soybean growing
regions (higher humidity, cooler temperatures), and
changes in cultural practices, such as decreased row
spacing and/or the use of crop irrigation (Grau and
Radke 1984). SWM is currently considered to be the
second most important cause of soybean yield loss,
surpassed only by soybean cyst nematode (Wrather
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et al. 1997). Current strategies, such as increased row
spacing and reduced irrigation before and during crop
flowering (Grau and Radke 1984) and biocontrol
(Fernando et al. 2005), have not been effective in
controlling this disease. A biotechnological approach
consisting of the transformation of soybean with the
germin gene, encoding the oligomeric protein oxalate
oxide (Ox0O), which oxidizes oxalic acid to carbon
dioxide and hydrogen peroxide (H,0,), does provide
an effective means of controlling this disease
(Donaldson et al. 2001). However, the legal obstacles
to commercially growing transgenic soybean in most
countries have limited this application. Hence, the
selection of endogenously resistant cultivars and
germplasm may be an alternative method to control
SWM (Steadman 1979; Grau 1988).

To date, there is no known soybean genotype that
is completely resistant to SWM (Boland and Hall
1987; Chun et al. 1987; Nelson et al. 1991; Gondran
and Leclercq 1993; Kim et al. 1999). The genetics of
differential resistance among soybean cultivars sug-
gests a multi-locus model (Kim and Diers 2000), and
both physiological resistance and escape mechanisms
have been found to contribute to partial resistance in
field trials. Escape mechanisms include early flower-
ing and maturity, less lodging, and an upright, open
canopy, and one or more of these mechanisms have
been shown to be significantly associated with control
of this disease (Boland and Hall 1987; Nelson et al.
1991; Kim et al. 1999; Kim and Diers 2000). Partial
resistance can provide economically feasible disease
control, and is one of breeding objectives in many
soybean improvement programs.

Breeding for SWM resistance is difficult partly
because of the low association between field and
laboratory tests of resistance (Boland and Hall 1987;
Wegulo et al. 1998; Kim and Diers 2000) and
because resistance is often due to disease-avoidance
traits rather than physiological resistance (Sutton and
Deverall 1984; Boland and Hall 1987; Kim et al.
1999; Kim and Diers 2000). Molecular markers offer
a faster and more accurate approach to breeding
programs, since selection can be based on genotype
rather than only on phenotype. The use of molecular
markers for indirectly selecting important agronomic
traits, or marker-assisted selection (MAS), can
improve the efficiency of conventional plant breeding
programs. Cregan et al. (1999) and Song et al. (2004)
developed an integrated genetic linkage map of
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soybean that contains 1849 markers in one or more
of five different populations and aligns the molecular
linkage groups (MLGs) into a consensus map of 20
MLGs. These 20 MLGs correspond to the 20 pairs of
soybean chromosomes (Zou et al. 2003), and this
information had greatly facilitated MAS in soybean
breeding.

Few recent studies have attempted to map quanti-
tative trait loci (QTLs) associated with SWM resis-
tance. Delaney et al. (1997) used a F, population of
Williams 82 x Corsoy 79 to analyze SWM resistance
using randomly amplified polymorphic DNA (RAPD)
markers and showed that one QTL on linkage group
(LG) E was associated with SWM resistance. Kim and
Diers (2000) reported three QTLs on LGs C2, K, and M
associated with SWM resistance in a Williams
82 x S19-90 Fs-derived population. Of these, two
QTLs were also significantly associated with disease
escape mechanisms, such as plant height, lodging, and
date of flowering. Arahana et al. (2001) identified 28
putative QTLs for SWM resistance on 15 different LGs
in five recombinant inbred line (RIL) populations by
crossing Williams 82, a susceptible cultivar, with each
of five cultivars that exhibited partial resistance:
Corsoy 79, Dassel, DSR173, S19-90, and Vinton 81.
Guo et al. (2008) analyzed the QTL for SWM
resistance using two backcross populations, showing
that four genome regions (Satt411-Satt369 on MLGE,
Satt269-AW 186493 on MLG F, Satt463-Satt323 on
MLG M, and Satt581-Sattl153 on MLG O) were
associated with SWM resistance.

It is important to have stable phenotypic data for
QTL mapping studies (Beavis 1998). However, the
phenotypic data reported in many earlier studies
often varies dues to different inoculation methods
and different experimental conditions (controlled
environment vs. field conditions (Wegulo et al.
1998). The method for measuring soluble pigment(s)
content in the stem, based on the oxalic acid
reaction, was developed by Wegulo et al. (1998) and
produces consistent results in both controlled envi-
ronmental and field conditions. Although soluble
pigment(s) content in the stem has been found to be
representative of a component of resistance to
SWM, the effectiveness of this method using soluble
pigment(s) content has proven useful in screening
SWM resistance in soybean germplasm (Wegulo
et al. 1998) and common bean (Kolkman and Kelly
2000).
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In the study reported here, phenotypic data on
soluble pigment(s) content in the stem, as reflected by
the plant absorbance (PA) value, which is based on
the OXO reaction, was used to identify the QTLs
associated with SWM resistance in Fs.c and F5.; RIL
populations from a cross between soybean cvs.
Hefeng 25 x Maple Arrow.

Materials and methods
Plant material

The mapping population, consisting of 149 Fs.¢ RILs,
was advanced by single-seed-descent (SSD) from the
cross of Hefeng 25 and Maple Arrow. Soybean cv.
Hefeng 25 (the reference PA value for soluble pigment
content was 0.004), developed by the Agricultural
Academic Institute of Heilongjiang Province, China, is
susceptible to SWM, and cv. Maple Arrow (reference
PA value is 0.100) has partial resistance to SWM
(Boland and Hall 1987).

Evaluation of disease symptoms and agronomic
traits

The results of a preliminary experiment showed that
the amount of a pink pigment dissolved in OxO from
cv. Maple Arrow stems was greater than that in cv.
Hefeng 25 stems (data not shown). In 2007 and 2008,
the RILs and their parents were grown in the green-
house in 50-cm-diameter buckets (six plants of one
genotype or RIL per bucket; three buckets per
replication) with three replications, in a randomized
complete block design. The PA value was evaluated
using the method described by Wegulo et al. (1998). At
the V1 or V2 growth stage, the plant stem was severed
approximately 0.5 cm above soil level, completely
defoliated, and placed immediately in 13 x 100-mm
test tubes containing 5 ml 40 mM oxalic acid (one
stem per test tube). The PA value was measured for
five of the plants in each bucket within each replicate
of RILs. Test tubes containing soybean stems were
arranged vertically in test tube racks and incubated at
20°C in under a 12/12-h ( light/dark) photoregime.
After 48 h, 4 ml of the OxO in each test tube was
transferred to a 5-ml cup, and the PA value was
determined in a Perkin Lambda 35 spectrophotometer
at 518 nm (Perkin—Elmer, Foster City, CA).

Plant height (PH), node number on the main stem
(NN), number of pods per plant (PN), seed number
per plant (SN), seed weight per plant (SW), maturity
(MA), flowering time (FT), protein content (PC), and
oil content (OC) were also measured. The PC and OC
were measured using an quality analysis system
instrument (Inframatic 8620; Perten, Segeltorp, Swe-
den). Each trait was measured on five plants in each
bucket within each replicate of RIL.

Simple sequence repeat marker analysis

Total DNA of plants was isolated from frozen-dried
leaf tissue using the CTAB method (Doyle and Doyle
1990). The simple sequence repeat (SSR) analysis
was performed with primers developed by Cregan
et al. (1999). The PCR analysis was performed in
20-pl reaction volumes containing 2 pl genomic
DNA (25 ng/pl), 1.5 MgCl, (25 mM), 0.3 pl
dNTP mixtures (10 mM), 2 pl 10x PCR buffer,
2 ul SSR primer (2 uM), 0.2 pl Taqg polymerase
enzyme (10 U/ul), and 12 pl double distilled water.
The amplification profile was 2 min at 94°C, followed
by 35 cycles of 30 s at 94°C, 30 s at 47°C, 30 s at
72°C, then 5 min at 72°C. After amplification, the
PCR product was mixed with loading buffer [2.5 mg/ml
bromophenol blue, 2.5 mg/ml diphenylamine blue,
10 mM EDTA, 95% (v/v) formamide], denatured for
5 min at 94°C, and then put on ice for 5 min. The
denatured PCR products were separated on a 6% (w/v)
denaturing polyacrylamide gel and visualized by silver
staining (Trigiano and Caetano-Anolles 1998).

Data analysis

Broad-sense heritability of PA was computed as h> =
h/ (h§ + hZ/n) where h; and h; are the estimates of
genetic and residual variance, respectively, derived
from the expected mean squares of the variance, and
n is the number of replications (Blum et al. 2001).
The correlations between the PA value and the other
agronomic traits in Fs., RIL population of Hefeng
25 x Maple Arrow were analyzed using the SAS
procedure PROC.COR.SAS (SAS Institute, Cary,
NC), and the frequency distribution of PA in RILs
was analyzed using the SAS procedure PROC.Shap-
iro-Wilk.SAS.

Mapmaker/EXP ver. 3.0b (Lander et al. 1987) was
used for the genetic linkage analysis. The genetic
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linkage map was constructed using Mapchart ver. 2.1
(Voorrips 2002). The QTLs were analyzed using
QTL Cartographer ver. 2.0 (Zeng 1993) with the
composite interval mapping (CIM) module (Basten
et al. 1996). The window size was 5 cM (Haldane
units), and the walk speed was 1 cM. The threshold
of the LOD score for evaluating the statistical
significance of QTL effects was determined by
1000 permutations using the Zmapqtl program in
QTL Cartographer (Churchill and Doerge 1994). A
LOD value corresponding to an experiment-wise
threshold of @ = 0.05 was used to declare a QTL as
significant. The estimate of the QTL position was the
point of maximum LOD score in the region under
consideration.

Results
Phenotypic analysis of SWM resistance

The resistance to SWM in Hefeng 25 x Maple
Arrow RILs showed a continuous frequency distri-
bution, ranging in PA value from a low of 0.001 to a
high of 0.143 in 2007 and from a low of 0.001 to a
high of 0.137 in 2008 (Fig. 1, Table 1). Cultivars
Hefeng 25 and Maple Arrow differed significantly in
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Fig. 1 Frequency distribution of the plant absorbance (PA)
value in 2007 and 2008 in the 149 Fs.¢ and Fs.; lines of cross
Hefeng 25 x Maple Arrow. The PA values of the parents are
shown and their positions indicated by arrows. RIL recombinant
inbred lines
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terms of PA values (0.004 in 2007 and 0.005 in 2008
for Hefeng 25; 0.096 in 2007 and 0.100 in 2008 for
Maple Arrow) (Table 1). Both the skewness and
kurtosis values of the PA value were less than 1.0,
suggesting that the segregation of this trait fits a
normal distribution model (Table 1). The PA value
between the 2 years was significantly correlated at
the 0.05 level (R = 0.9426). The other agronomic
traits also showed normal distributions with limited
skewness and kurtosis (data not shown). The broad-
sense heritability of PA value was 0.42 in 2007 and
0.44 in 2008.

Correlation analysis between the PA value
and associated agronomic traits

Correlations among all the traits indicated that SWM
resistance, as measured by PA value, was positively
correlated with MA and FT at P < 0.01 and nega-
tively correlated with SW per plant and SN per plant
at P < 0.01 (Table 2).

Among the traits significantly correlated with PA
value, MA and FT were also positively correlated with
NN of the main stem, PN, SN per plant, and SW per
plant (SW) at P < 0.01. Seed weight per plant and PC
were negatively correlated with OC (Table 2).

Linkage analysis

A total of 600 SSR markers were used to screen
polymorphisms between the two parents. One hun-
dred and nine polymorphic SSR markers (18.5%)
were mapped onto 19 LGs according to Cregan et al.
(1999) and Song et al. (2004). The developed map
encompassed 1848.34 cM, with an average distance
of 16.96 cM between markers (data not shown).

Quantitative trait locus analysis of the PA value

Three QTLs associated with soluble pigment content in
the stems, Qsp-1 (Satt502-Sat_159), Qsp-2 (Sat_156-
Satt251), and Qsp-3 (Satt525-Satt233), were identified
and located onto MLG Dla+q, Bl1, and A2, res-
pectively (Fig. 2). Qsp-1 explained 12.55 and 10.39%
of the phenotypic variation in 2007 and 2008, respec-
tively and Qsp-2 explained 6.29 and 8.94%, respec-
tively. Qsp-3 explained 7.99% of the phenotypic
variations in 2008.



Euphytica (2010) 172:49-57

53

Table 1 Statistical analysis of the plant absorbance value for parents and the RIL population in 2007 and 2008

Year Parents (cvs.) RIL
Hefeng 25 Maple Arrow Range Average CvV Skewness Kurtosis BSH

2007 0.004 0.096 0.004-0.143 0.037 0.31 0.077 —0.631 0.42
2008 0.005 0.100 0.002-0.137 0.038 0.27 0.069 —-0.771 0.44
RIL recombinant inbred line, CV coefficient of variation, BSH broad-sense heritability
Table 2 Correlation analyses between PA value and associated traits based on 2-year mean phenotypic values

PA PH NN PN SN SW MA FT PC ocC
PA 1
PH 0.12 1
NN 0.21 0.48%*%* 1
PN 0.22 0.13 —0.17 1
SN 0.53%* —0.22 0.35 0.45%* 1
SwW 0.34%* —-0.13 0.18 0.60%* 0.05 1
MA —0.60%* 0.06 0.27* 0.38%* 0.37%* 0.44%* 1
FT —0.56%* 0.09 0.53%* 0.45%* 0.58%* 0.67%* 0.84%* 1
PC 0.17 —0.18 0.23 0.10 0.21 0.38%* 0.12 —0.12 1
oC 0.02 0.14 0.03 0.07 0.10 —0.42%* 0.40%* 0.37%* —0.45%* 1

PA plant absorbance, PH plant height, NN node number of main stem, PN pod number, SN seed number per plant, SW seed weight
per plant, PC protein content, OC oil content, MA maturity, FT flowering time

Significant at * P < 0.05, ** P < 0.01 level

Fig. 2 The locations of
three quantitative trait loci
(QTLs) associated with
soluble pigment content in
soybean stems. Marker
names are listed to the right
of the chromosome, and the
distances centiMorgans are
indicated on the left
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Quantitative trait locus analysis of related
agronomic traits

A total of 19 QTLs associated with ten related traits
of soluble pigment content, including PH, NN of
main stem, PN, SN per plant, SW per plant, PC, OC,
MA, and FT, were identified and anchored on eight
linkage groups (MLG DIb+w, MLG F, MLG D2,
MLG C2, MLG I, MLG C1, MLG M, MLG O)
(Table 3).

Two QTLs associated with PH were identified on
MLG D1b+w (Satt579-Satt282) and MLG I (Satt419-
Satt127) and found to explain 8.09 and 9.82% of the
phenotypic variability (Table 3). Three QTLs associ-
ated with NN were identified on MLG D2 (Satt458-
Satt154), MLG C2 (Satt376-Satt286), and MLG 1
(Satt419-Satt127) and explained 6.13-22.57% of the
phenotypic variability. Four QTLs associated with PN

were identified on MLG D2 (Satt256-Satt458), MLG I
(Satt292-Satt354), MLG N (Satt460-Satt079), and
MLG C1 (Satt565-Satt180) and explained 2.49-11%
of the phenotypic variability. Two QTLs associated
with SN were identified on MLG D1b+W (Satt189-
Satt350) and MLG C1 (Satt180-Satt524) and
explained 5.99 and 10.28% of the phenotypic vari-
ability. Three QTLs associated with SW were iden-
tified on MLG M (Satt150-Satt201), MLG D2
(Satt256-Satt458), and MLG CI1 (Satt565-Satt180)
and explained 7.08-20.29% of the phenotypic vari-
ability. QTLs associated with MA and FT were found
in the same regions between Satt072 and Sat_069 of
MLG D1b+W, with the one for MA explaining 13.57
and 21.66% of the associated trait phenotypic vari-
ability in 2007 and 2008, respectively, and that for FT
explaining 10.47% in 2008 (Table 3). The QTL
associated with PC and OC is listed in Table 3.

Table 3 Analysis of QTL

associated with traits related Trait QTL MLG Marker interval Year LOD R? (%)
with the PA value PH gPH-1 DIb+W Satt579-Satt282 2008 2.46 8.09
PH qPH-2 F Sat_133-Satt335 2007 2.53 9.82
NN gNN-1 D2 Satt458-Satt154 2007 2.15 22.57
2008 5.97 9.74
NN gNN-2 c2 Satt376-Satt286 2008 12.05 6.79
NN gNN-3 I Satt419-Satt127 2007 227 17.03
2008 345 6.13
PN gPN-1 D2 Satt256-Satt458 2007 2.04 6.54
PN gPN-2 I Satt292-Satt354 2007 2.11 9.85
2008 2.53 2.49
PN gPN-3 c2 Satt460-Satt079 2007 3.16 11.00
PN qPN-4 cl Satt565-Satt180 2007 2.23 7.58
SN gSN-1 DIb+W Satt189-Satt350 2007 225 8.95
2008 3.89 10.28
SN qSN-2 cl Satt180-Satt524 2007 2.58 8.15
2008 10.75 5.99
SW qSW-1 M Satt150-Satt201 2007 2.29 7.08
2008 5.94 11.34
SW qSW-2 D2 Satt256-Satt458 2008 2.39 7.46
SW qSW-3 Cl Satt565-Satt180 2007 2.63 20.29
2008 8.94 10.28
é&? Ult‘; “fifi ?riisio%ﬁ oc qCO-1 DIb+W Satt282-Satt428 2007 16.34 524
MLG molecular linkage cP qCP-1 o} Satt550-Satt345 2008 7.34 8.70
group MA qMA-1 DIb+W Satt072-Sat_069 2007 10.34 13.57
* R? is r phenotypic 2008 7.89 21.66
variability explained by the FT qFD-1 DIb+W Satt072-Sat_069 2008 578 10.47

marker locus
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Discussion

A number of studies have demonstrated that SWM
can cause yield losses equal to those caused by the
soybean cyst nematode, phytophthora root rot, and
stem rot under the appropriate environmental condi-
tions (Arahana et al. 2001; Grau et al. 2004). With
each 10% increase in disease incidence, yield reduc-
tions have been found to average between 170 and
330 kg ha™! (Hoffman et al. 1998). Partial resistance
to these disease organisms can provide economically
feasible disease control and is one of breeding
objectives in soybean resistance improvement pro-
grams, given that there is at yet no soybean cultivar
that demonstrates complete resistance to SWM (Kim
and Diers 2000). The partial SWM resistance of
soybean cv. Maple Arrow has been extensively
reported (Boland and Hall 1987), and this cultivar
has attracted the attention of plant breeders as the
means to gaining an understanding of the resistance
mechanisms and for transferring this resistance into
commercial cultivars in northeastern China. Because
resistance against SWM in soybean is difficult to be
evaluated based on phenotype alone, we believe that
increasing the selection intensity by the MAS of
genotypes carrying the trait of soluble pigment
content in stems (referred to as PA value) will lead
to improved selection gain. To the best of our
knowledge, little information is currently available
on the QTL analysis of SWM resistance using PA
methodology.

The levels of soluble pigments in soybean stems
have generally been found to be inversely related to
disease incidence in the field (Wegulo et al. 1998).
Although the soluble pigment has not yet been
isolated and characterized, the presence of anthocy-
anins in it is highly likely based on the similarity in
color between the observed pigment and a number of
anthocyanin pigments that have been isolated and
characterized (Harborne 1965, 1967; Hrazdina 1982).
Anthocyanins, a group of pigments widely distributed
in plants and responsible for the pink, red, scarlet,
mauve, violet, and blue colors (Harborne 1965, 1967,
Hrazdina 1982), are products of the flavonoid bio-
synthesis pathway (Harborne 1965, 1967, 1976;
Hrazdina 1982; Deikman and Hammer 1995). They
have also been reported to be involved in disease
resistance (Biehn et al. 1968a, b; Harborne 1976;
Hammerschmidt and Nicholson 1977; Kraft 1977;

Muehlbauer and Kraft 1978; Kumar et al. 1991). In an
earlier study carried out by our group, 21 germin-like
genes, encoding the oligomeric protein OxO, which
can oxidize OxO to carbon dioxide and H,0O, and
confer SWM resistance, were cloned from cv. Maple
Arrow (data not shown). The association between
germin or germin-like genes and soluble pigment in
resistant cv. Maple Arrow conditioning on OxO is
being presently investigated.

We identified three QTLs (Qsp-1, Qsp-2, and Qsp-
3) that significantly affected the resistance to SWM
based on the PA value. The phenotypic variation
contributed by these QTLs was 12.55 and 6.29% in
2007 and 10.39, 8.94, and 15.37% in 2008, respec-
tively. QTL Qsp-1 has not been reported earlier,
while QTLs Qsp-2 and Qsp-3 fell into the same
location as a QTL identified in a study that used other
inoculation methods (Arahana et al. 2001; Guo et al.
2008). Selecting a resistance cultivar to SWM was
difficult because of the interaction between escape
mechanisms and physiological resistance (Arahana
et al. 2001). Escape mechanisms, including flowering
date, lodging, canopy architecture, and maturity, have
all been shown to be significantly associated with
disease severity (Boland and Hall 1987; Nelson et al.
1991; Kim et al. 1999), similar to the results of this
study (Table 2). These escape mechanisms are influ-
enced by environmental conditions, which makes the
resistance of this cultivar variable. Hence, it was
important to ascertain the proportion of physiological
resistance and escape mechanisms in SWM resistance
for selecting the resistance cultivar. The correlation
between PA and the main agronomic traits was
significant at the 0.01 levels in this study (Table 2).
The three QTLs associated with SWM resistance in
this study were not significantly associated with
escape mechanisms (Fig. 2, Table 3), indicating that
these three QTL affect resistance directly, rather than
through escape mechanisms.

The environmental variability associated with field
studies makes it difficult to obtain good estimates of
resistance due to failure of the disease to develop,
especially when the weather conditions are hot and
dry. Markers tightly linked to resistance QTLs would
facilitate plant breeders in their search to identify
resistant soybean lines on the basis of genotype,
maximizing the effectiveness of selection. Although
the phenotypic variance explained by these resistance
QTLs in this study was relatively small, combining
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these resistance QTLs in one cultivar could also be an
important step towards improving soybean resistance
to SWM. Resistance QTLs whose alleles exert smaller
effects on phenotype may also be manipulated more
effectively (Young 1996). Hence, both the resistance
source Maple Arrow and the QTLs identified in this
study can aid in improving resistance against SWM.
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