Theor Appl Genet (2013) 126:1783-1791
DOI 10.1007/s00122-013-2092-y

ORIGINAL PAPER

Genetic analysis and mapping of genes for resistance to multiple
strains of Soybean mosaic virus in a single resistant soybean

accession PI 96983

Yongqing Yang - Guijie Zheng - Lu Han -
Wang Dagang - Xiaofeng Yang - Yuan Yuan -
Saihua Huang - Haijian Zhi

Received: 1 April 2012/ Accepted: 25 March 2013 /Published online: 12 April 2013

© Springer-Verlag Berlin Heidelberg 2013

Abstract Soybean mosaic virus (SMV) is one of the most
broadly distributed soybean (Glycine max (L.) Merr.) diseases
and causes severe yield loss and seed quality deficiency.
Multiple studies have proved that a single dominant gene can
confer resistance to several SMV strains. Plant introduction
(PI) 96983 has been reported to contain SMV resistance
genes (e.g., Rsvl and Rscl4) on chromosome 13. The
objective of this study was to delineate the genetics of
resistance to SMV in PI 96983 and determine whether one
gene can control resistance to more than one Chinese SMV
strain. In this study, PI 96983 was identified as resistant and
Nannong 1138-2 was identified as susceptible to four SMV
strains SC3, SC6, SC7, and SC17. Genetic maps based on
783 F, individuals from the cross of PI 96983 x Nannong
1138-2 showed that the gene(s) conferring resistance to SC3,
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SC6, and SC17 were between SSR markers BAR-
CSOYSSR_13_1114 and BARCSOYSSR_13_1136, whereas
SC7 was between markers BARCSOYSSR_13 1140 and
BARCSOYSSR_13_1185. The physical map based on 58
recombinant lines confirmed these results. The resistance
gene for SC7 was positioned between BARCSOYSS
R_13_1140 and BARCSOYSSR_13_1155, while the resis-
tance gene(s) for SC3, SC6, and SC17 were between BAR-
CSOYSSR_13_1128 and BARCSOYSSR_13_1136. We
concluded that, there were two dominant resistance genes
flanking Rsv/ or one of them at the reported genomic location
of Rsvl. One of them (designated as “Rsc-pm”) conditions
resistance for SC3, SC6, and SC17 and another (designated as
“Rsc-ps”) confers resistance for SC7. The two tightly linked
genes identified in this study would be helpful to cloning of
resistance genes and breeding of multiple resistances soybean
cultivars to SMV through marker-assisted selection (MAS).

Introduction

Soybean mosaic virus (SMV) is one of the most destructive
viral pathogens in soybeans and causes significant yield
loss and heavy deficiencies in seed quality. This has led to
considerable research. In the USA, SMV was classified into
seven strains (G1-G7) (Cho and Goodman 1979, 1982).
This classification has recently been updated (Chen and
Choi 2007). In China, SMV has now been grouped into 21
strains (SC1-SC21) (Wang et al. 2003; Guo et al. 2005; Li
et al. 2010).

Three independent single dominant SMV resistance
gene loci were first identified in PI 96983(Rsvi), L29
(Rsv3) and V94-5152 (Rsv4), and mapped to soybean
chromosomes 13, 14, and 2, respectively (Yu et al. 1994;
Hayes et al. 2000; Hayes and Saghai Maroof 2000; Gore
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et al. 2002; Jeong and Saghai Maroof 2004; Saghai Maroof
et al. 2010). In China, although most resistance genes to
different SMV strains have been positioned on soybean
chromosomes 2, 13, and 14, the gene for resistance to SC15
was mapped to chromosome 6 (Yang et al. 2010).
Researchers found that a cluster of disease resistance
(R) genes existed in the vicinity of the RsvI locus (Jeong
et al. 2002) and several candidate R genes belonging to the
nucleotide binding site/leucine-rich repeat family might
confer resistance to most of the seven SMV strains (G1—
G7) (Hayes et al. 2004).

Breeding for resistance to SMV by traditional methods
is a time consuming process because of the requirement to
inoculate plants and assess disease response phenotypes.
Molecular marker-assisted selection has proven to be a
highly efficient strategy for selecting resistant lines (Mudge
et al. 1997; Cregan et al. 1999; Meng et al. 2003).
Recently, high density simple sequence repeat (SSR)
markers were developed based on the whole-genome
sequence of soybeans (Song et al. 2010). Some of these

markers that are tightly linked to R genes have been used to
develop soybean lines resistant to SMV (Ma et al. 2010).

Plant introduction (PI) 96983 was described as being
susceptible to strain G7, but resistant to all other North
American strains of SMV that had been described (Cho and
Goodman 1982). Kiihl and Hartwig (1979) observed that
PI 96983 contained a single dominant gene Rsv (now Rsv/)
that regulated SMV resistance. Yu et al. (1994) identified
three markers, SM176, pA186, and pK644a, which were
closely linked to Rsvl, with a genetic distance of 0.5, 1.5,
and 2.1 cM, respectively, in a population derived from a
cross between the resistant parent PI 96983, and the sus-
ceptible parent Lee 68 Gore et al. (2002) mapped more
than 20 markers to a 6.8 cM region around Rsv/ in a PI
96983 x Lee 68 population. Li et al. (2006) identified a
gene Rscl4 conferring resistance to Chinese SMV strain
SC14 and found five SSR markers in chromosome 13 were
closely linked to Rsc/4 in PI 96983.

The objective of this research was to study the inheri-
tance of resistance to four Chinese SMV strains, and to
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Fig. 1 The flow chart of source of materials and procedure of
mapping the resistance genes to Soybean mosaic virus (SMV) strains
SC3, SC6, SC7, and SC17. @ Plants were grown in aphid-greenhouse/
net-house and inoculated with specific SMV strain @ Scoring six SSR
markers on the F,, ® Screening of cross-over points with the six SSR
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map the resistance genes in PI 96983 that confer resistance
to the four strains in a PI 96983 x Nannong 1138-2 pop-
ulation. The results showed that two tightly linked loci in
PI 96983 control the resistance to the four Chinese SMV
strains.

Materials and methods
SMV strains, plant materials, and strategy of mapping

SMV strains SC3, SC6, SC7, SC17, and soybean acces-
sions PI 96983 and cultivar Nannong 1138-2 were provided
by the National Center for Soybean Improvement, Nanjing
Agricultural University. SC3, SC7, and SC17 are prevalent
in the Huang-Huai and Changjiang Valleys, while SC6 is
prevalent in the north of China (Guo et al. 2005; Wang
et al. 2005; Li et al. 2010).

The flow chart of source of materials and procedure of
mapping the resistance genes to SMV strains SC3, SC6,

SC7, and SC17 are illustrated in Fig. 1. A total of 48 Fy,
783 F, plants, and 302 F,.5 lines derived from the cross of
PI 969863 x Nannong 1138-2 was divided into four parts
and used in genetic analysis and mapping of resistance
genes for SMV strains SC3, SC6, SC7, and SCl17,
respectively.

Fifty-eight F, plants with cross-over events between two
of the six markers flanking Rsv/l and Rscl4 were identified
from the 783 F, plants and then self-bred to form 58 F,.5
recombinant lines (RLs). Seedlings from each RL were
divided into four groups and each was inoculated with one
of the four SMV strains, respectively. If any RLs had
identical cross-over points and showed similar reactions to
the four SMV strains, they were classified into the same
RL.

Resistance identification and genetic analysis

PI 969863, Nannong 1138-2 and their Fy, F,, and F,.5 lines
were planted in an aphid-free greenhouse and inoculated

Table 1 Genetic analysis of resistance to SMV strains SC3%, SC6, SC7, and SC17

Strains Parent or No. of plant (lines) Total Expected ratio Xﬁb P
progeny - -
Resistant Segregate Susceptible
SC3 PI 96983 (P,) 23 0 23
F, 12 (10R + 2 N) 0 12
F, 186 (161R + 25 N) 72 258 3 (R + N):IS 1.013 0.314
| 22 [20 (all R) + 2 43 {38 [3R:1S] + 5 [3 18 83 1 (R + N):2[3 0.494 0.781
(R + N)] (R + N):1S]} (R + N):1S]:1S
Nannong 0 18 18
1138-2 (Py)
SC6 PI 96983 (P,) 15 0 15
F, 15 0 15
F, 142 42 184  3R:1S 0.355 0.551
Fos 14 41 13 68  1R:2Heterozygous:1S ~ 2.912 0.233
Nannong 0 22 22
1138-2 (Py)
SC7 PI 96983 (P,) 18 0 18
F, 8 0 8
F, 129 47 176 3R:1S 0.189 0.663
Fo3 15 47 16 78  1R:2Heterozygous:1S ~ 3.308 0.191
Nannong 0 12 12
1138-2 (Py)
SC17  PI 96983 (P)) 25 0 25
F, 13 0 13
F, 120 45 165 3R:1S 0.341 0.559
Fo.3 20 38 15 73 1R:2Heterozygous:1S ~ 0.808 0.668
Nannong 0 21 21
1138-2 (Py)

? SMV strains SC3, SC6, SC7, and SC17 were identified by Li et al. (2010)

® The Yates correction factor ¢ = 1/2
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with SMV when the unifoliolate leaves began to unfold.
SMV inoculum for each strain and F, population was
homogenized in a sterile, ice-chilled mortar and pestle in
3-5 ml of 0.01 M phosphate buffer (mixture of sodium
phosphate and potassium phosphate, pH 7.4). Plants inoc-
ulated with 0.01 M phosphate buffer were used as negative
controls. For each F, population inoculated with a specific
SMYV strain, the observations were made 1 week after the
inoculations, and then reactions to each SMV strain were
evaluated at 3-day interval for 3 weeks. Plant reactions to
the strains were classified into three categories (Chen et al.
1991; Liao et al. 2011). Resistant (R): no symptoms or
local necrotic lesions on inoculated leaves; susceptible (S):
typical mosaic; and necrotic (N): systemic necrosis or stem
tip necrosis. In Chi-squared (%?) test, necrotic was deemed
as resistant. x> analyses according to Hatch and Lazaraton
(1991) were performed to test for goodness-of-fit of the
observed vs. expected segregation ratios. y2 = ST I(Eo —

El — 0.5)/E]*, Eo and E are the observed and expected
frequencies, respectively. When the degree of freedom was
1, the Yates correction factor (Yates 1934) was applied in
the x2 calculation. “Pymetrozine” was diluted 2,500 times
and sprayed to avoid cross infection by aphids. The leaves
were collected and the plants were individually harvested
for subsequent resistance identification and analyses.

DNA extraction and SSR marker analysis

DNA was extracted from soybean leaves using the cetyl
trimethyl ammonium bromide method (Saghai Maroof et al.
1984). P1 96983 has been reported to contain Rsv/ and Rsc14
SMV resistance genes on chromosomes 13. The integrated
soybean genetic linkage map (Song et al. 2004) indicated
that Sct_033 and Satt334 flank Rsv/ and Rsc14 (Cregan et al.
1999; Gore et al. 2002; Li et al. 2006). Thus, 133 soybean
SSR markers between Satt334 (BARCSOYSSR_13_1098)
and Sct-033 (BARCSOYSSR_13_1230) were selected from
the BARCSOYSSR_1.0 database developed by Song et al.
(2010), and their polymorphisms between PI 96983 and
Nannong 1138-2 were evaluated. Polymorphic markers
were further used for genotyping of the progenies. PCR was
conducted according to Li et al. (2006) with minor modifi-
cations. SSR primers were synthesized by Invitrogen Bio-
tech Ltd. Co. (Shanghai, China).

Linkage analysis and fine mapping resistance genes

The scores of six SSRs markers and the SMV disease
reaction of the 783 F, plants were used in calculating
genetic distances between the markers and the resistance
genes by JoinMap3.0 software (Van Ooijen and Voorrips

Fig. 2 Genetic linkage map of A - B .
SSR markers and genes resistant BARCSOYSSR_13_1099 BARCSOYSSR_13_1099
to Soybean mosaic virus (SMV) 1.543 1.108
strains SC3, SC6, SC7, and D BARCSOYSSR_13_1114
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SC17. a Linkage map derived 0.799 == 1102 .
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inoculated with SMV strai 1.209 — S
sos b Einf:;g & map dorived 0368 BARCSOYSSR_13_1136 i /-_l:_\ BARCSOYSSR_13_1136
: - __/___”_- -
from the 184 F; plants | \_BARCSOYSSR_13_1140 \ BARCSOYSSR_13_1140
inoculated with SMV strain 2,600 1.989 f
SC6. ¢ Linkage map derived +1— BARCSOYSSR_13_1185
from the 176 F, plants 58D 1124
inoculated with SMV strain SC7 ' —] ] BARCSOYSSR_13_1185 1]  BARCSOYSSR_13_1187
and the putative location for ._;_\_BARCSOYSSR_‘i 3_1187 U
RsvI (Gore et al. 2002).
d Linkage map derived from the C D
165 F, plants inoculated with
SMV strain SC17. Genetic BARCOERRC RN BARCSOYSSR_13_1099
distance in centimorgans (cM) 1445 ___ 2338 —
was calculated using the BARCSOYSSR_13_1114
Kosambi function 4 2 BARCSOYSSR_13_1114
[—The putative location for Rsv1 : P i 7
16717 . 1096 Gene for resistance to SC1
0s52_—| [ 19 028~ BARCSOYSSR_13_1136
0.035 / BARCSOYSSR_13_1140 2589 BARCSOYSSR_13_1140
2026 Gene for resistance to SC7 BARCSOYSSR 13 1185
0827 /- [ \_BARCSOYSSR_13_1185 2142 —
11 _\ BARCSOYSSR_13_1187
\J BARCSOYSSR_13_1187 \J
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2001) using the Kosambi function (Kosambi 1944). The
linkage maps were drawn using Map Draw (Liu and Meng
2003). Twenty-three SSR markers with polymorphisms
between the parents were used in identifying the cross-over
points in the 58 F, individuals which were then used to
make the 58 F,.; recombinant lines (RLs). Genotypes of
the F, plants were determined by corresponding RLs
inoculated with the specific SMV strains. After determin-
ing the response to specific SMV strains, the resistance
gene loci were inferred according to cross-over points and
genotypes.

Results
Inheritance of resistance to SC3, SC6, SC7, and SC17

The results (Table 1) indicated that after inoculation with
strains SC3, SC6, SC7, and SC17, the resistant parent (PI
96983) showed asymptomatic and the susceptible parent
(Nannong 1138-2) developed a typical mosaic pattern.
About 10 % progeny of the cross between PI 96983 and
Nannong 1138-2 produced systemic necrosis after inocu-
lation with strain SC3. However, no systemic necrosis was
detected in the progeny after inoculation with strains SC6,
SC7, and SC17 including 36 F; plants. However, two of 12
F, plants showed systemic necrosis after inoculation with
SC3 but other 10 F; plants showed no symptoms. The
phenotypic data from F, and F,.; plants infected by SC6,
SC7, and SC17 showed a satisfactory fit (P > 0.05) to
segregation ratios of 3R:1S and 1R:2Heterozygous:1S. For
the F, and F,.; plants inoculated with SC3, the plants
exhibiting necrosis were considered resistant and included
in the resistant class. For both the F, and F,; plants
inoculated with SC3 the data fit (P > 0.05) the expected
segregation ratios of 3:1 (F,) and 1:2:1 (F,.3). These seg-
regation ratios indicated that the resistance of PI 96983 to
each of the four SMV strains was controlled by a dominant

gene(s).

Mapping genes for resistance to the four SMV strains
with SSR markers

Four F, populations with 258, 184, 176, and 165 plants were
used for the mapping of the resistance gene(s). Of the 23
SSR markers polymorphic between PI 96983 and Nannong
1138-2, six markers, i.e., BARCSOYSSR_13_1099, BAR-
CSOYSSR_13_1114, BARCSOYSSR_13_1136, BARCSO
YSSR_13_1140, BARCSOYSSR_13_1185 and BAR-
CSOYSSR_13_1187 that flanked RsvI and Rsc14 were used
to examine for their linkage with the gene(s) for resistance to
the four SMV strains. The results showed that the six SSR
markers were linked to gene(s) resistant to SC3 (Fig. 2a),

Table 2 The disease reaction of R1-R26 to four SMV strains

Disease reaction of RLs

Strain  Control

R22 R23 R24 R25 R26

R12 R13 RI14 RI15 RI16 RI17 RI8 RI19 R20 R21

R8 R9 RI0O RI1

R5 R6 R7

R2 R2 R4

E, P, RI

Py
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P; P1 96983, P, Nannong 1138-2, R, S, and Seg homozygous resistant, homozygous susceptible, and heterozygous resistant, respectively
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<« Fig. 3 Physical map and cross-over points of the 58 recombinant

lines (RLs). a Physical positions of the Rsc-pm and Rsc-ps loci and
SSR markers along Gm13, Rsc-pm and Rsc-ps were resistant to
strains SC3, SC6, SC17, and SC7, respectively. The physical
distances were calculated based on the positions of the SSR markers,
which were developed by Song et al. (2010). b Schematic diagram
showing the possible 26 cross-over events occurring in the S8RLs

SC6 (Fig. 2b), SC7 (Fig. 2c), and SC17 (Fig. 2d). Resis-
tance gene(s) to SMV strains SC3, SC6, and SC17 were
mapped between BARCSOYSSR_13_1114 and BAR-
CSOYSSR_13_1136 (Fig. 2a, b, d), whereas the resistance
gene to SC7 mapped lower on the chromosome between
BARCSOYSSR_13_1140 and BARCSOYSSR_13_1185
(Fig. 2c). The genetic maps suggested that gene(s) that
controlled the resistance to the SMV strains SC3, SC6, and
SC17 might be clustered or might be a single gene, and there
was likely another gene controlling the resistance to SMV
strain SC7. As the sample sizes of four populations were not
large enough for fine mapping, the results needed further
confirmation. Hence, 58 F, plants which had cross-over
events between the SSR markers BARCSOYSSR_13_1099
and BARCSOYSSR_13_1187 were selected from an F,
population and self-pollinated to harvest recombinant lines
(RLs) for further genetic analysis and physical fine mapping.

Fine mapping of genes conferring resistance to four
SMV strains

The 58 F, plants with a cross-over event were identified
using 23 SSRs flanking the resistance genes. The F,.5 lines
derived from the F, plants were inoculated with SC3, SC6,
SC7, and SC17. Based on the SSR marker data and the
phenotypic data, the 58 RLs were classified into 26 catego-
ries based on similarity and designated as R1-R26 (Fig. 3
and Table 2). The results showed that R4 and R7 were
homozygous resistant to SC3, SC6, and SC17, but hetero-
zygous resistant to SC7 (Fig. 3 and Table 2). Additionally,
R18 was homozygous resistant to SC7 and R20 was homo-
zygous susceptible to SC7, but both R18 and R20 were
heterozygous resistant to SC3, SC6, and SC17 (Fig. 3 and
Table 2). The genetic analysis of these four RLs indicated
that resistance to SC7 was not allelic with resistance to SC3,
SC6, and SC17. The marker data and resistance phenotypes
of R5, R19, R20, and R21 suggested that the gene for
resistance to SC7 was between BARCSOYSSR_13_1140
and BARCSOYSSR_13_1155, which verified the genetic
map in Fig. 2c. Similarly, R7, R15, and R16 strongly sug-
gested that the locus of resistance to SC3, SC6, and SC17 was
between BARCSOYSSR_13_1128 and BARCSOYSS
R_13_1136.Inthe 58 RLs, resistance to SC3, SC6, and SC17
co-segregated. Genetic and molecular marker analysis of Fy,
F,, and F,.; RL plants and populations indicated that there

were two genes near Rsv/, one controlling resistance to SMV
strains SC3, SC6, and SC17 which we designated as “Rsc-
pm” and the other controlling the resistance to SC7 which we
designated as “Rsc-ps”. Where “R” refers to resistance,
“sc” refers to SMV, “p” indicates PI 96983, and “m” and
“s” refer to resistance to multiple strains (SC3, SC6, and
SC17) or a single strain (SC7), respectively. The designa-
tions simplify reference and further discussion.

Other genes affecting SMV resistance

Results of the resistance indentation (Table 2) showed all
R6 and R9 plants were resistant to the four SMV strains,
which indicated that their corresponding F, were homozy-
gously resistant at the mapped loci Rsc-pm and Rsc-ps.
However, marker data (Fig. 3b) revealed that the corre-
sponding F, of R6 was homozygous susceptible at the Rsc-
ps locus and the corresponding F, of R9 was homozygous
susceptible at the two loci. Similarly, the corresponding F,
of R11 was heterozygous for both the Rsc-pm and Rsc-ps
loci, but all R11 plants were susceptible to all four SMV
strains. The phenotypes of R6, R9 and R11 seemed to con-
tradict their corresponding F, marker data, which indicated
that there may be other genes affecting SMV resistance.

Discussion
Systemic necrosis in the progeny of PI 96983

Kiihl and Hartwig (1979) found that segregation occurred
in the progeny of necrotic F, plants after inoculation with
SMV strain SMV-1 and that heterozygous plants produced
systemic necrosis. In this study of the four SMV strains,
only SC3 induced systemic necrosis in the progeny of PI
96983. However, only two of the 12 F, plants evaluated
produced systemic necrosis after inoculation with SC3.
Additionally, only 25 of 258 F, individual plants showed
systemic necrotic after the inoculation with SC3. Chen
et al. (1991) also found that crosses from PI 96983 and
susceptible parents always have a low frequency of
necrosis plants, but that crosses from the resistance geno-
type “Kwanggyo” usually have a high frequency. It
appears that systemic necrotic expression can vary among
resistance genotypes. In summary, systemic necrosis is a
complex phenotype, which can be influenced by SMV
strains, resistance genes, and the environment.

The correspondence between SMV resistance genes
found in USA and China

SMV had been classified into 21 strains (SC1-SC21) in
China. Seven SMYV strains (G1-G7) have been identified in
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US (Guo et al. 2005; Li et al. 2010; Wang et al. 2003; Cho
and Goodman 1979, 1982). Possibly this is a result of
differential hosts to SMV being used in China and the US.
The relationships between the 21 SMV strains in China and
the seven strains in the US have not been studied. Ameri-
can researchers found that resistance in soybean to differ-
ent SMV strains were conditioned by a single dominant
gene, for example, Rsv/ in PI 96983 was resistant to G1—
G6 (Cho and Goodman 1982; Yu et al. 1994); Rsv3 con-
ferred resistance to the three most virulent strains G5-G7
(Jeong et al. 2002); and the dominant gene in LR2, later
designated Rsv4 by Hayes et al. (2000) conferred resistance
to SMV strains G1-G7. In China, many SMV resistance
genes which conferred resistance to different Chinese SMV
strains were found (Fu et al. 2006; Li et al. 2006; Wang
et al. 2011a, b; Ma et al. 2011; Yang and Gai 2010). Most
of these have been mapped to chromosomes 2, 13, and 14,
respectively. Rsvl, Rsv3, and Rsv4 have also been mapped
chromosomes 13, 14, and 2, respectively. Some of the
resistance genes in China may be identical to Rsvl, Rsv3,
or Rsv4; however, this needs further research.

Yu et al. (1994), Hayes et al. (2000), Gore et al. (2002)
and Li et al. (2006) used PI 96983 as resistance parent and
mapped the resistance genes Rsv/ and Rsc4 at two closely
linked loci. In the present study, we identified two closely
linked SMV resistance genes Rsc-pm and Rsc-ps on chro-
mosome 13. The physical map of the Rsc-pm locus
(Fig. 3a) showed that the Rsc-pm locus contains the 3gG2
gene which is a strong candidate for Rsvl (Hayes et al.
2004). In addition, comparing the map of Rsc-pm with the
high-resolution map of RsvI (Gore et al. 2002), indicates
that it is likely closely linked to Rsv/, and that the locus we
identified as Rsc-pm may be RsvI. As the Rscl4 locus has
not been fine mapped, the correspondence between Rscl4
and either the Rsc-pm or Rsc-ps could not be judged.

In summary, the correspondence between Rsv/ and the
two loci (Rsc-pm and Rsc-ps) identified in this study should
be further investigated. Although Rsvl had been fine
mapped by many researchers, none of the studies can
definitively confirm the number of genes comprising RsvI.
Possibly, if more than two American strains were used in
conducting similar research to this study, multiple SMV
resistance loci may have been detected.

Other genes closely linked with the two mapped loci
may effect on expression of resistance

Rsvl was formerly described as a single dominant SMV
resistance gene in PI 96983 (Kiihl and Hartwig 1979; Yu
et al. 1994). Observations made by Gore et al. (2002)
contradicted previous genetic data of RsvI. Their results
indicated that “one or more tightly linked genes besides
RsvI conditioned resistance to SMV in PI 96983”. In
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addition, several tightly linked genes regulating diseases
defense also exist in other plants (Ellis et al. 1995; Meyers
et al. 1998; Parniske and Jones 1999; Song et al. 1997). In
this study, the phenotypes of R6, R9, and R11 contradicted
corresponding F, marker data. This was similar to the
previous reports (Gore et al. 2002) and implied that other
genes closely linked with the two mapped loci affected
SMV resistance. In our study, the population of the 23 SSR
markers was not large enough to identify other cross-over
points and, therefore, the presence of other the genes
affecting SMV resistance could not be confirmed.
Sequencing this region in all four lines might be able to
help us finding the genes affecting SMV resistance.

In this paper, we report that two closely linked genes
conferring resistance to different SMV strains were map-
ped to two narrow, but different closely linked intervals.
These results would contribute to cloning and pyramiding
the resistance genes for different SMV strains and help to
breed new soybean cultivars with multiple resistances to
different SMV strains.

Acknowledgments This work was supported by the National Nat-
ural Science Foundation of China (GrantNo.30971815, 31171574),
the National Soybean Industrial Technology System of China (No.
CARS-004) and the Fund of Transgenic Breeding for Soybean
Resistance to Soybean Mosaic Virus (No.2008ZX08004-004). Our
sincere thanks also extended to Mr. Song Q.. from Soybean
Genomics and Improvement Laboratory, USDA-ARS for his pro-
viding the SSR markers primer sequences.

References

Chen P, Choi CW (2007) Characterization of genetic interaction
between soybean and soybean mosaic virus. In: Rao GP (ed)
Molecular diagnosis of plant viruses. Studium Press, Houston,
TX, pp 389-422

Chen P, Buss GR, Roane CW, Tilin SA (1991) Allelism among genes
for resistance to soybean mosaic virus in strain-differential
soybean cultivars. Crop Sci 31:305-309

Cho ER, Goodman RM (1979) Strains of soybean mosaic virus:
classification based on virulence in resistant soybean cultivars.
Phytopathology 69:467—470

Cho ER, Goodman RM (1982) Evaluation of resistance in soybeans to
soybean mosaic virus strains. Crop Sci 22:1133-1136

Cregan PB, Jarvik T, Bush AL, Shoemaker RC, Lark KG, Kahler AL,
Kaya N, VanToai TT, Lohnes DG, Chung J, Specht JE (1999)
An integrated genetic linkage map of the soybean. Crop Sci
39:1464-1490

Ellis JG, Lawrence GJ, Finnegan EJ, Anderson PA (1995) Contrasting
complexity of two rust resistance loci in flax. Proc Natl Acad Sci
USA 92:4185-4188

Fu SX, Zhan Y, Zhi HJ, Gai JY, Yu DY (2006) Mapping of SMV
resistance gene Rsc7 by SSR markers in soybean. Genetica
128:63-69

Gore MA, Hayes AJ, Jeong SC, Yue YG, Buss GR, Saghai Maroof
MA (2002) Mapping tightly linked genes controlling potyvirus
infection at the Rsvl and Rpvl region in soybean. Genome
45:592-599

Guo DQ, Zhi HJ, Wang YW, Gai JY, Zhou XA, Yang CL (2005)
Identification and distribution of strains of soybean mosaic virus



Theor Appl Genet (2013) 126:1783-1791

1791

in middle and northern of HuangHuai Region of China. Soybean
Sci 27:64-68

Hatch E, Lazaraton E (1991) The research manual: Design and
statistics for applied linguistics. Newbury/HarperCollins, New
York

Hayes AJ, Saghai Maroof MA (2000) Targeted resistance gene
mapping in soybean using modified AFLPs. Theor Appl Genet
100:1279-1283

Hayes AJ, Ma GR, Buss GR, Saghai Maroof MA (2000) Molecular
marker mapping of Rsv4, agene conferring resistance to all
known strains of soybean mosaic virus. Crop Sci 40:1434-1437

Hayes AJ, Jeong SC, Gore MA, Yu YG, Buss GR, Tolin SA, Saghai
Maroof MA (2004) Recombination with in a nucleotide-binding-
site/leucine-rich-repeat gene cluster produces new variants
conditioning resistance to soybean mosaic virus in soybeans.
Genetics 166:493-503

Jeong SC, Saghai Maroof MA (2004) Detection and genotyping of
SNPs tightly linked to two disease resistance loci, Rsv/ and
Rsv3, of soybean. Plant Breed 123:305-310

Jeong SC, Kiristipati S, Hayes AJ, Maughan PJ, Noffsinger SL,
Gunduz I, Buss GR, Saghai Maroof MA (2002) Genetic and
sequence analysis of markers tightly linked to the soybean
mosaic virus resistance gene, Rsv3. Crop Sci 42:265-270

Kiihl RAS, Hartwig EE (1979) Inheritance of reaction to soybean
mosaic virus in soybeans. Crop Sci 19:372-375

Kosambi DD (1944) The estimation of map distances from recom-
bination values. Ann Eugen 12:172-175

Li HC, Zhi HJ, Gai JY, Guo DQ, Wang YW, Li K, Bai L, Yang H
(2006) Inheritance and gene mapping of resistance to soybean
mosaic virus strain SC14 in soybean. J Integr Plant Biol 48:
1466-1472

Li K, Yang QH, Zhi HJ, Gai JY, Yu DY (2010) Identification and
distribution of soybean mosaic virus strains in southern China.
Plant Dis 94:351-357

Liao L, Chen P, Rajcan I, Buss GR, Tolin SA (2011) Genetic analysis
of “8101” soybean containing three genes for resistance to
soybean mosaic virus. Crop Sci 51:503-511

Liu RH, Meng JL (2003) Map Draw: a Microsoft Excel macro for
drawing genetic linkage maps based on given genetic linkage
data. Hered 25(3):317-321

Ma Y, Li HC, Wang DG, Liu N, Zhi HJ (2010) Molecular mapping
and marker assisted selection of soybean mosaic virus resistance
gene RSCI2 in soybean. Legum Genomics Genet 8:41-46

Ma Y, Wa DG, Li HC, Zheng GJ, Yang YQ, Li HW, Zhi HJ (2011)
Fine mapping of the Rsc/4Q locus for resistance to soybean
mosaic virus in soybean. Euphytica 181(1):127-135

Meng Z, Zaykin DV, Xu CF, Wagner M, Ehm MG (2003) Selection
of genetic markers for association analyses, using linkage
disequilibrium and haplotypes. Am J Hum Genet 73:115-130

Meyers BC, Chin DB, Shen KA, Sivaramakrishnan S, Lavelle DO,
Zhang Z, Michelmore RW (1998) The major resistance gene

cluster in lettuce is highly duplicated and spans several
megabases. Plant Cell 10:1817-1832

Mudge J, Cregan PB, Kenworthy JP, Kenworthy WJ, Orf JH, Young
ND (1997) Two micro satellite markers that flank the major
soybean cyst nematode resistance locus. Crop Sci 37:1611-1615

Parniske M, Jones JDG (1999) Recombination between diverged
clusters of the tomato Cf-9 plant disease resistance gene family.
Proc Natl Acad Sci USA 96:5850-5855

Saghai Maroof MA, Soliman KM, Jorgensen RA, Allard RW (1984)
Ribosomal DNA spacer-length polymorphisms in barley: men-
delian inheritance, chromosomal location, and population
dynamics. Proc Natl Acad Sci 81:8014-8018

Saghai Maroof MA, Tucker DM, Skoneczka JA, Bowman BC,
Tripathy S, Tolin SA (2010) Fine mapping and candidate gene
discovery of the soybean mosaic virus resistance gene, Rsv4.
Plant genome 3:14-22

Song WY, Pi LY, Wang GL, Gardner J, Holsten T, Ronald PC (1997)
Evolution of the rice Xa2! disease resistance gene family. Plant
Cell 9:1279-1287

Song QJ, Marek LF, Shoemaker RC, Lark KG, Concibido VC,
Delannay X, Specht JE, Cregan PB (2004) A new integrated
genetic linkage map of the soybean. Theor Appl Genet 109(1):
122-128

Song QJ, Jia GF, Zhu YL, Grant D, Nelson RT, Hwang EY, Hyten
DL, Cregan PB (2010) Abundance of SSR motifs and develop-
ment of candidate polymorphic SSR markers (BAR-
CSOYSSR_1.0) in soybean. Crop Sci 50:1950-1960

Van Ooijen JW, Voorrips RE (2001) JoinMap(R) 3.0, Software for
the calculation of genetic linkage maps. Plant Research Inter-
national, Wageningen

Wang XQ, Gai JY, Pu ZQ (2003) Classification and distribution of
strains of soybean mosaic virus in middle and lower Huanghuai
and Changjiang river valleys. Soybean Sci 22:102-107

Wang YW, Zhi HJ, Guo DQ, Gai JY, Chen QS, Li K, Li HC (2005)
Classification and distribution of strains of Soybean mosaic virus
in northern China spring planting soybean region. Soybean Sci
24:263-268

Wang DG, Ma Y, Yang YQ, Liu N, Li Song YP, Zhi HJ (2011a) Fine
mapping and analyses of RSC8 resistance candidate genes to
soybean mosaic virus in soybean. Theor Appl Genet 122:555-565

Wang DG, Ma Y, Liu N, Yang ZL, Zheng GJ, Zhi HJ (2011b) Fine
mapping of resistance to soybean mosaic virus strain SC4 in
soybean based on genomic-SSR markers. Plant Breed 130:653-659

Yang QH, Gai JY (2010) Identification, inheritance and gene mapping
of resistance to avirulent soybean mosaic virus strain SC15 in
soybean. Plant Breed. doi:10.1111/.1439-0523.2010.01797.x

Yates F (1934) Contingency table involving small numbers and the >
test. Suppl J r Stat Soc 1(2):217-235

Yu YG, Saghai Maroof MA, Buss GR, Maughan PJ, Tolin SA (1994)
RFLP and micro satellite mapping of a gene for soybean mosaic
virus resistance. Phytopathol 84:60-64

@ Springer


http://dx.doi.org/10.1111/j.1439-0523.2010.01797.x

	Genetic analysis and mapping of genes for resistance to multiple strains of Soybean mosaic virus in a single resistant soybean accession PI 96983
	Abstract
	Introduction
	Materials and methods
	SMV strains, plant materials, and strategy of mapping
	Resistance identification and genetic analysis
	DNA extraction and SSR marker analysis
	Linkage analysis and fine mapping resistance genes

	Results
	Inheritance of resistance to SC3, SC6, SC7, and SC17
	Mapping genes for resistance to the four SMV strains with SSR markers
	Fine mapping of genes conferring resistance to four SMV strains
	Other genes affecting SMV resistance

	Discussion
	Systemic necrosis in the progeny of PI 96983
	The correspondence between SMV resistance genes found in USA and China
	Other genes closely linked with the two mapped loci may effect on expression of resistance

	Acknowledgments
	References


