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Evaluation of North American isolates of Soybean mosaic virus for
gain of virulence on Rsv-genotype soybeans with special emphasis
on resistance-breaking determinants on Rsv4
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SUMMARY

Resistance to Soybean mosaic virus (SMV) in soybean is conferred
by three dominant genes: Rsv1, Rsv3 and Rsv4. Over the years,
scientists in the USA have utilized a set of standard pathotypes,
SMV-G1 to SMV-G7, to study interaction with Rsv-genotype soy-
beans. However, these pathotypes were isolated from a collection
of imported soybean germplasm over 30 years ago. In this study,
35 SMV field isolates collected in recent years from 11 states were
evaluated for gain of virulence on soybean genotypes containing
individual Rsv genes. All isolates were avirulent on L78-379 (RsvT1),
whereas 19 were virulent on L29 (Rsv3). On P188788 (Rsv4), 14 of
15 isolates tested were virulent; however, only one was capable of
systemically infecting all of the inoculated V94-5152 (Rsv4). Nev-
ertheless, virulent variants from 11 other field isolates were rapidly
selected on initial inoculation onto V94-5152 (Rsv4). The P3 cis-
trons of the original isolates and their variants on Rsv4-genotype
soybeans were sequenced. Analysis showed that virulence on
PI88788 (Rsv4) was not associated, in general, with selection of
any new amino acid, whereas Q1033K and G1054R substitutions
were consistently selected on V94-5152 (Rsv4). The role of
Q1033K and G1054R substitutions, individually or in combination,
in virulence on V94-5152 (Rsv4) was confirmed on reconstruction
in the P3 cistron of avirulent SMV-N, followed by biolistic inocu-
lation. Collectively, our data demonstrate that SMV has evolved
virulence towards Rsv3 and Rsv4, but not Rsv1, in the USA. Fur-
thermore, they confirm that SMV virulence determinants on V94-
5152 (Rsv4) reside on P3.

INTRODUCTION

Three dominant resistance (R) genes, Rsv1, Rsv3 and Rsv4, confer
resistance in soybean [Glycine max (L.)] to Soybean mosaic virus
(SMV) (Saghai Maroof et al., 2008a). However, it is unknown
whether these genes are present in the elite soybean cultivars
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grown in the USA. These R genes were discovered when a collec-
tion of imported soybean germplasm was screened against a set
of standard SMV pathotypes in the USA (Buzzell and Tu, 1989; Cho
and Goodman, 1979; Kiihl and Hartwig, 1979; Ma et al., 1995,
2002). These pathotypes, SMV-G1-SMV-G7, represented 98 iso-
lates obtained from seeds in the United States Department of
Agriculture (USDA) soybean germplasm collection, originated
from at least 17 countries, and had been grown in glasshouse or
field plots more than three decades ago. The identification of these
pathotypes was based solely on phenotypic reactions on Rsv1
allele-containing soybean differential genotypes (Buzzell and Tu,
1984; Cho and Goodman, 1979). As the soybean accessions from
which these pathotypes were isolated were all of foreign origin, it
is probable that SMV-G1-SMV-G7 did not evolve in the USA, but
in the countries of origin (Cho and Goodman, 1979; Jain et al.,
1992). As such, they may not be true representatives of current
SMV isolates in soybean fields in North America. It should be
noted that SMV is seed and aphid borne in soybean in nature
(Domier et al., 2007) and, similar to any other RNA virus, it is
versatile (Chowda-Reddy et al., 2011; Hajimorad et al., 2003,
2008, 2011; Seo etal., 2011). Hence, as a result of selection
pressures imposed by different soybean cultivars or means of
transmission via seeds or aphids under field conditions, SMV vari-
ants are expected to emerge and or change in prevalence over
time.

The resistance phenotype expressed by soybean genotypes con-
taining Rsv1, Rsv3 or Rsv4 differs on mechanical inoculation with
SMV pathotypes G1-G7. Rsv1, identified originally in P196983
(Kiihl and Hartwig, 1979), confers symptomless resistance
(extreme resistance, ER) against SMV-G1-SMV-G6, whereas Rsv3
conditions ER against SMV-G5-SMV-G7 (Buzzell and Tu, 1989;
Chen et al., 1994; Cho and Goodman, 1979; Gunduz et al., 2002).
SMV-G7 causes stem-tip necrosis in Rsv7-genotype soybeans,
whereas SMV-G1-SMV-G4 provoke systemic necrosis in Rsv3-
genotype soybeans (Buzzell and Tu, 1989; Cho and Goodman,
1979; Gunduz et al., 2000, 2002; Hajimorad et al., 2003). Interest-
ingly, Rsv4 in V94-5125 initially exhibited broad resistance to all
SMV pathotypes G1-G7 (Buss et al., 1997; Ma et al., 1995). This
finding was promising as it gave the impression that durable and
broad resistance against SMV in soybean could be developed by
utilizing Rsv4. However, in a follow-up study by Ma et al. (2002),
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a susceptibility response to SMV-G1 was observed in a soybean
genotype harbouring an Rsv4 allele at 21 days post-inoculation
(dpi). This response was designated as late susceptibility (LS)
because of disease symptom appearance at 21 dpi rather than
7 dpi, which is commonly observed in most SMV-susceptible cul-
tivars. Gunduz et al. (2004) also noticed LS in a different soybean
genotype containing an Rsv4 allele from P188788 in the context of
heterozygosity when mechanically inoculated with SMV-G1.

The underlying mechanisms of resistance conferred by Rsv
genes against SMV also differ. Resistance mediated by Rsv! and
Rsv3 involves active defence pathways, whereas that of Rsv4
appears to be passive and interferes with cell-to-cell and systemic
movements (Gunduz et al., 2004; Hajimorad and Hill, 2001; Zhang
etal., 2009). A strong candidate gene for Rsv! belonging to the
coiled-coil, nucleotide-binding, leucine-rich repeat class of disease
R genes has been identified, and it appears that Rsv3 also belongs
to the same class of R genes (Hayes et al., 2004; Suh et al., 2011).
However, Rsv4 is not genetically similar to Rsv7 or Rsv3 and
appears to belong to a novel class of disease R genes (Saghai
Maroof et al., 2010).

SMV, a single-stranded, positive-sense RNA virus, is a species
within the genus Potyvirus belonging to the family Potyviridae. Its
genome, approximately 10 kb, contains a long open reading frame
(ORF) and a small overlapping ORF, known as ‘pipo’ (Adams et al.,
2005; Chung et al., 2008; Wen and Hajimorad, 2010). On expres-
sion, the resultant single large polypeptide is processed post-
translationally by three viral-encoded proteinases to yield a
number of multifunctional proteins, including helper-component
proteinase (HC-Pro), P3 and cytoplasmic inclusion (Cl) proteins
(Urcuqui-Inchima et al., 2001). The small ORF embedded in the P3
cistron (i.e. pipo) has the potential to encode PIPO in the +2 frame
in relation to the polyprotein ORF, which participates in virus
movement (Vijayapalani et al., 2012; Wei et al., 2010; Wen and
Hajimorad, 2010).

The resistance-breaking determinants of SMV on Rsv-genotype
soybeans have been characterized to various extents. The virulence
determinants on Rsv7-genotype soybeans have been mapped to
HC-Pro and P3 by three different experimental approaches, and it
has been shown that concurrent non-synonymous mutations in
both cistrons are essential, and sufficient, for conversion of aviru-
lence to virulence (Eggenberger et al., 2008; Hajimorad et al., 2008,
2011; Wen et al., 2011). The determinants for virulence on Rsv3-
genotype soybeans have been mapped to the Cl protein by two
independent research groups, and it has been shown that a single
amino acid substitution, at a minimum, converts avirulence to
virulence (Seo et al., 2009a; Zhang et al., 2009). However, the
virulence determinants on V94-5152 (Rsv4) have been mapped to
P3 via comparative genomics of naturally occurring virulent and
avirulent SMVs, in which amino acids at the polyprotein positions
1033 (lysine) and 1054 (arginine) were found to be crucial for
virulence (Chowda-Reddy et al., 2011).

Our objectives in this study were as follows: (i) to determine
whether North American isolates of SMV have evolved virulence
towards soybean genotypes containing Rsv1, Rsv3 or Rsv4; and (ii)
to determine whether virulence on Rsv4-genotype soybeans is
reliant on specific amino acids at polypeptide positions 1033 and
1054. In this article, we consider any SMV collected from an open
soybean field in the USA as an American isolate irrespective of
whether it was obtained from elite soybean cultivars grown in
farmers' fields or from breeding lines, including germplasm, grown
in agricultural experimental stations.

RESULTS

Revisiting virulence of the standard SMV pathotypes
on Rsv1-, Rsv3- and Rsv4-genotype soybeans

As expected, SMV pathotypes G1-G7 were all capable of systemic
infection in Williams (rsv) and Essex (rsv) (Table 1). However, only
SMV-G7 and its derivative variant, SMV-G7d, were virulent on
L78-379 (Rsv1) (Buzzell and Tu, 1984; Cho and Goodman, 1979;
Eggenberger et al., 2008; Hajimorad et al., 2003). In agreement
with our previous report (Hajimorad et al., 2003), and contrary to
the reports by Buzzell and Tu (1984) and Chen et al. (1994), both
subcultures of SMV-G7a were incapable of infecting L78-379
(Rsv1) (Table 1). On L29 (Rsv3), SMV pathotypes G1, G2 (N), G4
and G7a were all virulent (Table 1). However, SMV-G3 was aviru-
lent on L29 (Rsv3), irrespective of whether wild-type or progeny
viruses derived from the molecularly cloned genome served as
inoculum sources (Table 1). OnV94-5152 (Rsv4), SMV-G1, SMV-G4
and SMV-G7a were virulent on initial inoculation and caused
systemic infection in at least one plant as early as 14 dpi. When
sap extract from SMV-G7a-infected V94-5152 (Rsv4) was inocu-
lated on additional plants, the majority became infected (Table 1).
On P188788 (Rsv4), SMV-G1-SMV-G4 and SMV-G7a were all viru-
lent on initial inoculation and some induced systemic mosaic in
the majority of plants as early as 10 dpi (Table 1). However, SMV-
G5-SMV-G7 and SMV-G7d were all avirulent (Table 1). The viru-
lence of SMV-G1 on PI88788 (Rsv4) is in agreement with a
previous report (Gunduz et al., 2004). Interestingly, when sap
extract from the infected PI88788 (Rsv4) was inoculated onto
V94-5152 (Rsv4), SMV-G1 and SMV-G4, but not SMV-G2 (N), were
virulent as well (Table 1). These observations suggest that a
number of standard SMV pathotypes are capable of infecting
Rsv4-genotype soybeans; however, the strength of resistance to
SMV in V94-5152 (Rsv4) differs from that of PI88788 (Rsv4).

Virulence of American isolates of SMV on L78-379
(Rsv1) and L29 (Rsv3)

The inoculation of 35 American isolates on L78-379 (Rsv1) showed
that none had evolved virulence (Table 2). By contrast, 19 of 35
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Table 1 Responses of soybean genotypes to mechanical inoculation with standard Soybean mosaic virus (SMV) pathotypes.

Soybean genotype

\V94-5152 PI88788
SMV pathotype* Williams (rsv) L78-379 (Rsv1) 129 (Rsv3) Essex (rsv) (Rsv4)
G1 211%/22 0/ 719 9/9 11/28 [21/8]§ 191/21
G2(N) 1717 0/10 9/10 9/9 0/16 [0/78] 131/20(261/30)
G3** 251/28 0/15 0/31 13/14 0/41 [11/15] 61/19
G4 13t/14 0/11 10/10 14/14 4t/29 [51/7] 13t/13
G5 26/26 0/12 0/8 9/10 0/31 0/12
G6 1717 0/9 0/10 1111 0/32 014
G7 18/18 9/16 0/9 7/9 0/26 0/27
G7att 19t/19 0/12 8/8 717 14/38t(39t/41) 231/47
G7d 19/19 1111 0/10 10/10 0/25 0/27

*Progeny viruses derived from biolistically inoculated Williams82 (rsv) with molecularly cloned genomes of SMV-N (pSMV-N), SMV-G7 (pSMV-G7) and SMV-G7d
(pSMV-G7d) serving as the initial inoculum. SMV-N served as a representative isolate of the G2 pathotype group (Jain et al., 1992). For SMV-G3, progeny viruses derived
from the molecularly cloned genome (pSMV-G3) also served as the initial inoculum. For all the other SMV pathotypes, wild-type viruses in Williams (rsv) served as the
initial inoculum.

The P3 cistron was reverse transcriptase-polymerase chain reaction (RT-PCR) amplified from systemically infected leaves of one of the infected plants and sequenced.
Total number of plants systemically infected/total plants inoculated on primary leaves. The inoculated plants were evaluated at 21 days post-inoculation by
antigen-coated indirect enzyme-linked immunosorbent assay (IELISA). Irrespective of disease symptom expression, all the plants were assayed individually for the
presence of SMV in non-inoculated leaves by IELISA.

§Numbers shown in brackets indicate total number of systemically infected plants/total number of plants inoculated using sap extract from an infected PI88788 (Rsv4)
plant.

INumbers shown in parentheses indicate total number of systemically infected plants/total number of plants inoculated using sap extract from an infected plant of the

same genotype. Thus, these represent second passage of the virus in the same soybean genotype.
**Data are combined results of inoculation using wild-type SMV-G3 or virus progenies derived from the infectious cDNA clone.
T1The data are combined results for SMV-G7a (ATCC PV-624) and SMV-G7a (ATCC PV-724) subcultures.

isolates had evolved virulence towards L29 (Rsv3). The presence of
SMV in each of the infected plants was confirmed by antigen-
coated indirect enzyme-linked immunosorbent assay (IELISA)
(Table 2). Virulence towards L29 (Rsv3) was present among iso-
lates collected from all states, except those from Arkansas and
Ohio (Table 2).

Virulence of American isolates on Rsv4-genotype
soybeans

SMV-IL3 was the only American isolate that infected systemically
all of the inoculated V94-5152 (Rsv4) plants in the initial inocu-
lation. The presence of SMV-IL3 in the systemically infected
leaves was confirmed immunologically as early as 10 dpi
(Table 2; Fig. 1). In addition, 11 other American isolates were
capable of systemically infecting V94-5152 (Rsv4), but mostly
with very low infection rates (Table 2). Isolates AL1, AL3, ArE5,
IA, 1L4, KY, MS4, MS10 and OH each infected systemically a
single V94-5152 (Rsv4) plant, whereas MN and TN2 infected
three of 11 and six of 25 inoculated plants, respectively
(Table 2). Regardless, when sap extract from the systemically
infected leaves of one of the infected V94-5152 (Rsv4) plants
was inoculated again onto V94-5152 (Rsv4), almost all became
systemically infected (Table 2).

© 2012 THE AUTHORS

In contrast with the response of V94-5152 (Rsv4), 14 of 15
American isolates inoculated onto PI88788 (Rsv4) were virulent
and systemically infected the majority of the inoculated plants
(Table 2). ArE5 was the only isolate that failed to infect PI88788
(Rsv4) when sap from Williams served as the inoculum (Table 2).
However, when sap extract from an infected V94-5152 (Rsv4) plant
was used to inoculate PI88788 (Rsv4) plants, they all became
systemically infected (Table 2). Conversely, when sap extracts from
systemically infected leaves of PI88788 (Rsv4) were used to inocu-
late V94-5152 (Rsv4), IL5, TNP and VA isolates, which exhibited
avirulence phenotypes in the initial inoculation, gained virulence
(Table 2).

Comparison of resistance phenotype to SMV in
V94-5152 (Rsv4) versus P188788 (Rsv4)

The standard SMV pathotypes, as well as the American isolates,
widely exhibited virulence on PI88788 (Rsv4), but not on V94-
5152 (Rsv4) (Tables 1 and 2). This observation led us to hypoth-
esize that the phenotype of resistance mediated by Rsv4 differs in
these two soybean genotypes. To test this hypothesis, SMV-N-GUS
was biolistically inoculated onto attached primary leaves of V94-
5152 (Rsv4) and P188788 (Rsv4). Both genotypes allowed virus
replication in the inoculated leaves, evident by B-glucuronidase
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Table 2 Responses of soybean genotypes to mechanical inoculation with American isolates of Soybean mosaic virus (SMV).

Soybean genotype

V94-5152 PI88788
Isolate® Williams (rsv) L78-379 (RsvT) 129 (Rsv3) Essex (rsv) (Rsv4)
AL1 171317 0/9 8/8 10/10 11/15 (181/19)§ 1t/
AL2 17117 0/10 9/9 10/10 014 NDY
AL3 17118 0/10 9/10 9/9 11/15 (131/13) 131/20 (121/12)
AlL4 19/20 0/9 9/9 9/9 0/15 ND
ALS 18/18 0/9 717 9/9 0/14 ND
AL6 18/19 0/ 8/8 8/9 017 ND
ArE1 21/21 0/10 0/10 1M1 0/18 ND
ArE2 19/19 0/ 0/9 10/10 0/14 ND
ArE5 20t/20 0/12 0/9 1M/ 1115 (141/14) 0/23 [111/11]**
ArG2 21121 0/10 0/9 1111 0/14 ND
IA 18t/19 0/12 9/9 5/5 11/16 (161/17) 15t/15
I3 19t/19 0/ 1111 1111 13t/13 (141/14) 11t/11
L4 161/16 0/10 8/8 8/8 11/29 [71/9] 71110
IL5 19/19 0/10 3/7 8/8 0/12 [31/9] 14114
KY 201/20 0/16 12/12 9/9 11/22 [91/10] 10t/11
MN 1717 0/ 9/9 10/10 31/11 (221/23) 10t/12
MS4 401/43 0/35 17117 18/19 11/46 (171/19) 161/30
MS9 12/18 0/10 0/10 17 0/14 ND
MS10 221122 0/8 10/10 9/9 11/14 (151/15) 12t/14
MS11 24125 0/9 0/19 1111 0/16 ND
MS12 24/24 0/10 0/16 9/10 0/16 ND
MS13 18/18 0/9 9/10 717 0/15 ND
OH 20t/20 0/18 0/10 1M1 11/11 (141/15) 81/24 (241/25)
TNP 20/20 0/14 1111 10/10 0/13 [111/15] 14t/15
TN2 39t/39 0/21 17117 18/18 61/25 (291/30) 171123
TN3 13/14 0/10 0/9 9/9 0/15 ND
TN4 15/15 0/11 0/12 8/9 0/16 ND
TN5 17117 0/9 0/9 9/9 0/16 ND
TN6 13/13 0/10 0/9 10/10 0/14 ND
N7 15/15 0/ 0/11 719 0/16 ND
TN8 16/16 0/10 0/10 9/10 0/15 ND
TN9 1213 0/10 0/11 6/8 0/15 ND
TN10 14/14 0/9 0/9 9/9 0/16 ND
VA 37137 0/19 23/23 20/20 0/35 [71/9] 301/31
WI 17119 0/14 9/ 10/10 0/27 ND

*Isolates originated from Alabama (AL1-AL6), Arkansas (ArE1, ArE2, ArE5, ArG2), lowa (IA), lllinois (IL3-IL5), Kentucky (KY), Minnesota (MN), Mississippi (MS4,
MS9-MS13), Ohio (OH), Tennessee (TNP, TN2—-TN10), Virginia (VA) and Wisconsin (WI). All isolates were originally inoculated mechanically to Williams (rsv), systemically
infected leaf tissues were harvested, frozen in the presence of liquid nitrogen and stored at —80 °C until served as the initial inoculum source.

tThe P3 cistron from one of the infected plants was reverse transcriptase-polymerase chain reaction (RT-PCR) amplified and directly sequenced.

$Total number of plants systemically infected/total number inoculated on primary leaves with sap extract from infected Williams (rsv). The inoculated plants were
evaluated at 21 days post-inoculation by indirect enzyme-linked immunosorbent assay (IELISA). Irrespective of disease symptoms, all the inoculated plants were assayed
individually for the presence of SMV in non-inoculated leaves.

§Numbers shown in parentheses indicate total number of systemically infected plants/total number of plants inoculated with sap extract from an infected plant of the
same soybean genotype. Thus, these represent second passage of the virus in the same soybean genotype.

fINot done.

**Numbers shown in brackets indicate total number of systemically infected plants/total number of inoculated plants when sap extract from PI88788 (Rsv4) was
inoculated on V94-5152 (Rsv4), and vice versa.

(GUS) expression (Fig. 2). However, unlike GUS expression in the
inoculated leaves of Essex (rsv), which extended to the veins, the
infected foci in the inoculated leaves of PI88788 (Rsv4) and V94-
5152 (Rsv4) remained restricted (Fig. 2). Regardless, systemic GUS
expression was detected in the non-inoculated leaves of PI88788
(Rsv4), albeit in a few small foci of infected cells, but not in
V94-5152 (Rsv4) (Fig. 2). Under similar conditions, SMV-N-GUS

caused extensive systemic infection in non-inoculated leaves of
Essex (rsv), evident by efficient GUS expression (Fig. 2). These
observations indicate that Rsv4-mediated resistance affects local
and systemic movements of SMV, in agreement with the findings
by Gunduz etal. (2004). Furthermore, they confirm that the
strength of resistance to SMV differs between V94-5152 (Rsv4)
and PI88788 (Rsv4).

© 2012 THE AUTHORS
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A SMV-IL3 Mock
14 dpi

Fig. 1 Detection of Soybean mosaic virus
(SMV) by immunoprinting. (A) Immunoprints of
non-inoculated trifoliate leaflets from V94-5152
(Rsv4) inoculated on primary leaves with
SMV-IL3 or buffer (Mock) and harvested at
different days post-inoculation (dpi). (B)
Phenotypes of the trifoliate leaflets prior to
immunoprinting.

(rsv) (Rsv4)
Essex V94-5152

P188788

Non-inoculated
Trifoliate leaflets

Inoculated
Primary leaves

Fig. 2 B-Glucuronidase (GUS) expression in soybean leaf tissues following
biolistic inoculation with Soybean mosaic virus (SMV)-N-GUS. Attached
primary leaves were inoculated and tissues were harvested for GUS
expression analysis at 21 days post-inoculation. It should be noted that
SMV-N-GUS was capable of limited systemic infection in PI88788 (Rsv4), but
not in V94-5152 (Rsv4). The arrow points to small foci of infected cells
expressing GUS, which are displayed in the enlarged insert.

Association of 1033K or 1054R with virulence on
Rsv4-genotype soybeans

Chowda-Reddy et al. (2011) identified 1033K and 1054R, located
on P3, as SMV virulence determinants on V94-5152 (Rsv4). To
determine whether the virulence of American isolates as well as
the standard SMV pathotypes on V94-5152 (Rsv4) can be attrib-
uted to these determinants, the P3 cistrons of all the virulent
isolates on Rsv4-genotype soybeans were analysed. The predi-

© 2012 THE AUTHORS

cated P3 amino acid sequences showed that the virulent variant
on V94-5152 (Rsv4) had either lysine at polypeptide position 1033
(isolates ArE5, 1A, OH, G3) or arginine at 1054 (isolates AL1, AL3,
IL3, IL4, IL5, KY, MN, MS4, MS10, TNP, TN2, VA, G1, G4, G7a)
(Table 3). It should be noted that the virulence of SMV-G7a (PV-
724) on V94-5152 (Rsv4) was associated with both Q1033R and
G1054R substitutions, and both were retained in the second
passage (Table 3). The presence of 1033K or 1054R in P3 of viru-
lent variants from V94-5152 (Rsv4) was irrespective of the source
of the inoculum [i.e. sap extracts from Williams (rsv) or P188788
(Rsv4)]. The nucleotide sequences of the P3 cistrons of virulent
viruses from the second passage on V94-5152 (Rsv4) were also
determined. Pair-wise comparison of the deduced amino acid
sequences derived from the first and second passages on V94-
5152 (Rsv4) showed no difference (Table 3). This observation indi-
cates that, once 1033K or 1054R was selected, it became fixed and
remained stable.

Interestingly, P3 of the majority of virulent American isolates
from P188788 (Rsv4), including those of standard SMV pathotypes
G1-G4, did not contain lysine or arginine at polypeptide positions
1033 or 1054, respectively (Table 3). Exceptions were SMV isolates
ArE5, L3, OH and SMV pathotype G7a (ATCC PV-624), which
contained lysine or arginine at polypeptide positions 1033 or
1054, respectively (Table 3). We used two subcultures of SMV-G7a
deposited in the American Type Culture Collection (ATCC) by inde-
pendent researchers and maintained in two different laboratories.
Surprisingly, SMV-G7a (ATCC PV-724) contained glycine, but not
arginine at position 1054. Both SMV-G7a isolates encode
glutamine at polyprotein position 1033.

To determine whether 1033K and 1054R were present in the
initial field isolates, we obtained the nucleotide sequences of P3
cistrons of all virulent American isolates, as well as the standard
SMV pathotypes, from the infected Williams (rsv) tissues, which
served as the initial inoculum source. Pair-wise comparison of the
P3 sequences derived from Williams (rsv) with those of the same
isolates from V94-5152 (Rsv4) showed that none, except SMV-IL3
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1033 1054

Soybean genotype

Soybean genotype

Table 3 Amino acids at polypeptide positions
1033 and 1054 of Soybean mosaic virus (SMV)
isolates deduced from nucleotide sequences of
the P3 cistrons recovered from various soybean

Williams V94-5152 PI88788 Williams V94-5152 PI83788 genotypes.*
Isolate (rsv) (Rsv4) (Rsv4) (rsv) (Rsv4) (Rsv4)
Al GInt GIn (GIn) Gln Gly Arg (Arg) Gly
AL3 Gln GIn (GIn) GIn (GIn) Gly Arg (Arg) Gly (Gly)
ArE5 Gln Lys (Lys) [Lys] Ser Ser (Ser) [Ser]
IA Gln Lys (Lys) Gln Gly Gly (Gly) Gly
IL3 Gln GIn (GIn) Gln Arg Arg (Arg) Arg
IL4 Gln GIn [GIn] Gln Gly Arg [Arg] Gly
IL5 ND# [GIn] Gln ND [Arg] Gly
KY Gln GIn [GIn] Gln Gly Arg [Arg] Gly
MN Gln GIn (GIn) Gln Gly Arg (Arg) Gly
MS4 Gln GIn (GIn) Gln Gly Arg (Arg) Gly
MS10 Gln GIn (GIn) Gln Gly Arg (Arg) Gly
OH Gln Lys (Lys) Lys (Lys) Ser Ser (Ser) Ser (Ser)
TNP ND [GIn] Gln ND [Arg] Gly
N2 Gln GIn (GIn) Gln Gly Arg (Arg) Gly
VA ND [GIn] Gln ND [Arg] Gly
G1 Gln GIn [GIn] Gln Gly Arg [Arg] Gly
G2 (N)§ Gln NAS Gln (Gln) Gly NA Gly (Gly)
G3 Gln [Lys] Gln Ser [Ser] Ser
G4 Gln GIn [GIn] Gln Gly Arg [Arg] Gly
G7a (PV-624) Gln GIn (GIn) Gln Arg Arg (Arg) Arg
G7a (PV-724) Gln Arg (Arg) Gln Gly Arg (Arg) Gly

*Positions of the amino acids are based on the genome of SMV-N (GenBank Accession Number D00507).

tAmino acids shown outside of parentheses were identified from systemically infected leaves of Williams (rsv)
or from other genotypes when sap extracts from Williams (rsv) served as the inoculum. Those in parentheses
are from systemically infected leaves when sap extracts from infected tissues of the same soybean genotype
were used as the inoculum (second passage in the same genotype). Those shown in brackets were identified
in the systemically infected leaves when sap extract from PI88788 (Rsv4) was inoculated on V94-5152 (Rsv4),

and vice versa.
$Not done.

§Amino acids shown for SMV-N in Williams (rsv) were deduced from the published nucleotide sequences.

qINot applicable.

and SMV-G7a (ATCC PV-624), contained 1033K or 1054R in the
initial inoculum (Table 3). Interestingly, the nucleotide sequences
of the P3 cistrons of all isolates from PI88788 (Rsv4) were identical
to those amplified from Williams (rsv), except those of SMV-ArE5
and SMV-OH (Table 3). It should be noted that additional passages
of SMV-AL3 and SMV-G2 (N) in PI88788 (Rsv4) did not affect the
residues at either the 1033 or 1054 positions (Table 3). These
observations suggest that lysine or arginine at polypeptide posi-
tions 1033 or 1054, respectively, are associated mostly with viru-
lence on V94-5152 (Rsv4) and to a limited extent on PI88788
(Rsv4).

Impact of amino acid substitutions at polypeptide
positions 1033 or 1054 on the virulence of SMV-N on
Rsv4-genotype soybeans

SMV-N was avirulent on V94-5152 (Rsv4), but virulent on PI88788
(Rsv4), irrespective of whether biolistic inoculation with the

infectious cDNA clone or mechanical inoculation with progeny
viruses replicated in Williams (rsv) was used (Table 1; Fig. 2).
SMV-N-derived progeny viruses from PI88788 (Rsv4), unlike those
of other standard pathotypes or American isolates, were also
avirulent on V94-5152 (Rsv4) (Table 1). The inability of SMV-N to
adapt experimentally to V94-5152 could be a result of its unique
genetic background that influences its evolvability (Montarry
etal., 2011). To determine whether Q1033K or G1054R substitu-
tion is sufficient to confer virulence to avirulent SMV-N on V94-
5152 (Rsv4), SMV-Ngi033¢, SMV-Ng1ossz and SMV-Nq1033k: 610548 Were
constructed and biolistically inoculated onto attached primary
leaves of Rsv4-genotype soybeans. All SMV-N-derived P3 mutants
infected systemically 75%-100% of both Rsv4-genotype soy-
beans as early as 7-10 dpi (Table 4; Fig. 3). Symptoms induced by
SMV-Ngio33k:610s4r ON V94-5152 (Rsv4) were more severe than
those caused by the other two single mutant viruses (Fig. 3).
Apparently, the combination of Q1033K and G1054R has a syner-
gistic or additive effect on virulence, as systemic symptoms
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V94-5152 (Rsv4)

SMV-N-derived mutants
G1054R

SMV-N Q1033K Q1033K+G1054R

PI88788 (Rsv4)
SMV-N-derived mutants
Q1033K+G1054R

SMV-N Q1033K G1054R

Fig. 3 Virulence of Soybean mosaic virus-N and its P3-derivative mutants on
Rsv4-genotype soybeans following biolistic inoculation with cDNA clones.
Attached primary leaves were targeted for inoculation and plants were
photographed at 21 days post-inoculation. The inserts display enlarged
leaflets from systemically infected trifoliate leaves.

appeared more rapidly and the infected plants became severely
stunted. Regardless, the P3 cistrons derived from progeny viruses
in Rsv4-genotype soybeans were identical to those of the parental
plasmids, except those of progenies derived from SMV-Ngigssg in
V94-5152 (Rsv4), in which infection was associated with a
sequence polymorphism at nucleotide position 3265 (Table 4).

SMV-N and its P3-derived mutants also caused systemic infec-
tion in 75%-100% of biolistically inoculated PI88788; however,
the symptoms induced by the mutants appeared more rapidly, as
early as 7-10 dpi (Table 4; Fig. 3). The P3 cistrons of progeny
viruses lacked any in planta-generated new amino acid substitu-
tions. These observations further confirm that SMV-N is intrinsi-
cally virulent on PI88788 (Rsv4). Nevertheless, Q1033K or
G1054R substitution enhanced SMV-N movement and the sever-
ity of symptoms in PI88788 (Rsv4) (Fig. 3). Together, these obser-
vations demonstrate that the avirulence function of SMV-N on
V94-5152 (Rsv4) resides on P3, and a Q1033K or G1054R sub-
stitution is essential and sufficient to convert avrSMV-N to
virSMV-N.
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Table 4 Responses of soybean genotypes to biolistic inoculation with
Soybean mosaic virus (SMV)-N or its derivative P3 mutants.

Soybean genotype

Virus Essex (rsv) V94-5152 (Rsv4) PI88788 (Rsv4)
SMV-N 41/4 0/4 4*%/4
SMV-Ng1o033¢ 4/4 3*/4 4%14
SMV-Ng1o54r 4/4 3*/4 3*/4
SMV-Nq1033k46 10548 4/4 6*/6 4714

*The P3 cistron from systemically infected leaves of one of the plants was
reverse transcriptase-polymerase chain reaction (RT-PCR) amplified and
sequenced.

tTotal number of plants infected systemically/total number inoculated biolisti-
cally on primary leaves with the cDNA clones. The inoculated plants were
evaluated at 21 days post-inoculation by symptomatology and indirect enzyme-
linked immunosorbent assay (IELISA).

fInfection of V94-5152 (Rsv4) with SMV-Ngiosar Was associated with a
sequence polymorphism at position 3265, where both GTA and GCA codons
encoding valine and alanine, respectively, were present at polyprotein position
1045. No newly emerged in planta substitution was observed in the P3 cistrons
of progenies derived from any of the other mutant viruses in the two Rsv4-
genotype soybeans.

DISCUSSION

Interactions of SMV with various soybean genotypes containing
Rsv1, Rsv3 or Rsv4 have been studied extensively in the USA
(Saghai Maroof et al., 2008a). However, a set of standard SMV
pathotypes isolated from imported soybean germplasm three
decades ago, which had probably evolved elsewhere in the world,
was utilized in those studies (Cho and Goodman, 1979; Jain et al.,
1992). Since identification, these SMV pathotypes have been
maintained at various laboratories and subjected to propagation
in different soybean genotypes. Replication of SMV, similar to
other RNA viruses, is prone to a high mutation rate which affects
the heterogeneity of the viral population (Drake and Holland,
1999; Hajimorad et al., 2003, 2008). Furthermore, shifting viruses
between different hosts also affects quasispecies cloud size (Sch-
neider and Roossinck, 2001). Thus, although standard SMV patho-
types have served scientists well in revealing the genetics of
resistance mediated by Rsv genes and their inheritance, they do
not truly represent the current American field isolates with regard
to the evolution of virulence towards Rsv-genotype soybeans. As a
result of the absence of publicly available information on the
deployment of Rsv genes in the elite soybean cultivars grown in
the USA, it is unknown whether SMV is directly subject to positive
selection pressure imposed by any of these R genes.

It is not surprising that all the American field isolates in this
study were avirulent on L78-379 (Rsv7). It has been well estab-
lished that the gain of virulence by an avirulent SMV on Rsv1-
genotype soybeans requires mutations in two cistrons with a
combination of at least three simultaneous amino acid substitu-
tions: two in HC-Pro and one in P3, or two in P3 and one in HC-Pro
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(Eggenberger et al., 2008; Hajimorad et al., 2008, 2011). Else-
where in the world, virulence of SMV on Rsv7-genotype soybeans
has been reported only from South Korea (Choi et al., 2005);
however, the resistance-breaking determinants of these virulent
isolates have not been identified. Interestingly, the Korean isolates
were obtained from soybean cultivars containing Rsv7 or one of its
alleles (Choi et al., 2005). Thus, the prevalence of the Korean
virulent isolates is probably a consequence of direct selection
pressure imposed by Rsv1.

Contrary to the lack of virulence on L78-379 (Rsv7), the majority
of the American isolates were virulent on L29 (Rsv3). SMV field
isolates from Canada and South Korea have also evolved wide-
spread virulence towards Rsv3 (Choi etal., 2005; Seo etal.,
2009b; Viel et al., 2009). The determinants for virulence on L29
(Rsv3) have been mapped to the Cl protein (Seo et al., 20093;
Zhang et al., 2009). This SMV-encoded protein plays a crucial role
in replication and movement (Urcuqui-Inchima et al., 2001).
However, SMV isolates show a high level of diversity in the Cl
cistron (Seo et al., 2009b). It appears that the cost of fitness of
resistance-breaking virulent isolates on Rsv3-genotype soybeans
is not also high, as SMV-N, a virulent strain, is highly pathogenic
on rsv3-genotype soybeans as well (Seo et al., 2009a; Zhang et al.,
2009). Perhaps a combination of these two factors has contributed
to the prevalence of naturally occurring virulent SMV isolates on
Rsv3-genotype soybeans. However, one cannot exclude the possi-
bility that one of the Rsv3 alleles is also present in the elite
soybean cultivars grown which imposes positive selection pres-
sure on SMV evolution towards virulence.

It has been shown previously that the Rsv4 allele in PI88788
(Rsv4) expresses LS in the context of heterozygosity to the stand-
ard SMV pathotype G1 (Gunduz et al., 2004), whereas V94-5152
(Rsv4) displays broad resistance to all the standard SMV patho-
types (Gunduz et al., 2002). In this study, we showed that SMV
pathotypes G1-G4 and G7a, as well as 14 of the 15 American
isolates, were also virulent on PI88788 (Rsv4). Interestingly, P3 of
all virulent isolates, with the exceptions of ArE5 and OH, from
infected P188788 (Rsv4) showed no amino acid substitution when
compared with P3 of the same isolates from Williams (rsv). Direct
biolistic inoculation of SMV-N-GUS or SMV-N also revealed viru-
lence on P188788 (Rsv4) with no amino acid substitution in P3.
However, SMV-N-GUS was inefficient in moving systemically in
PI88788 (Rsv4), probably because of the negative impact of fusion
to GUS (German-Retana et al., 2000). This is mainly because biol-
istic inoculation of SMV-N resulted in efficient systemic infection.
These observations indicate that the Rsv4-mediated resistance
mechanism against SMV that operates in PI88788 (Rsv4) is not as
robust as that of V94-5152 (Rsv4) in preventing systemic move-
ment. This could be a result of the genetic differences between the
Rsv4 alleles in these two soybean genotypes. It should be noted
that the strength of resistance to SMV also varies among soybean
genotypes containing different Rsv7 alleles (Chen et al., 1994; Cho

and Goodman, 1979; Hayes et al., 2004). However, it is equally
possible that the difference in the strength of resistance is a
reflection of difference(s) in the genetic background of PI88788
(Rsv4) and V94-5152 (Rsv4). We have also noticed elsewhere that
the strength of resistance mediated by Rsv7 alleles in PI96983 and
L78-379 differs as well (Hajimorad et al., 2003, 2008, 2011). These
observations support the notion that other host factors probably
influence R-mediated resistance responses (Banerjee et al., 2001).

Despite weakness in the strength of resistance in PI88788
(Rsv4), the observation that systemic symptoms induced by SMV-N
appeared between 21 and 28 dpi, whereas those of SMV-N-
derived P3 mutants occurred at about 7-10 dpi, indicates the
presence of some interference with the systemic movement of the
wild-type virus. Moreover, the inability of SMV-ArE5 and SMV-OH
to infect systemically PI88788 (Rsv4), unless they contained the
Q1033K substitution, also suggests that this soybean genotype
confers strong strain-specific resistance to SMV. The observation
that the replication of SMV in PI88788 (Rsv4) somehow enhanced
virulence on V94-5152 (Rsv4) further supports the existence of
some level of positive selection pressure in this genotype.
However, virulent variants were not represented in the consensus
sequences of P3 cistrons of viral populations recovered from
P188788 (Rsv4). P3 cistrons of virulent isolates on PI188788 (Rsv4)
in the second passage also remained identical to those recovered
in the first passage. In a study published elsewhere, we observed
that replication of an avirulent SMV in L800 (3gG2), a recombinant
soybean inbred line containing a genetic element from the
complex Rsv1 locus, also enhanced the evolution of virulence
towards PI96983 (Rsv1) (Hajimorad et al., 2011).

In contrast with PI88788 (Rsv4), resistance to systemic move-
ment of SMV in V94-5152 (Rsv4) is robust. Nevertheless, 12 of the
35 American isolates caused systemic infection inV94-5152 (Rsv4);
however, the majority infected only a single plant. Without excep-
tion, P3 of all virulent variants on V94-5152 (Rsv4) contained
R1033K or G1054R substitutions. The P3 sequences of SMV-IL3 and
SMV-G7a (ATCC PV-624) were unique, as they were identical when
recovered from Williams (rsv), P188788 (Rsv4) or V94-5152 (Rsv4).
This suggests that SMV-IL3 and SMV-G7a (ATCC PV-624) evolved
virulence elsewhere, where 1054R was selected and became fixed.
SMV-IL3 was isolated from breeding plots (Domier et al., 2003),
whereas SMV-G7a has been retained in laboratories since its
identification (Buzzell and Tu, 1984). It is likely that the virulence of
SMV-G7a (ATCC PV-624) has evolved experimentally as a result of
inadvertent exposures to Rsv4-genotype soybeans during mainte-
nance. This is mainly because SMV-G7a (ATCC PV-724), which was
maintained in another laboratory, contained 1054G.

Regardless, it appears that the virulent variants derived from 11
other American isolates were selected under our experimental
conditions because of strong Rsv4-mediated selection pressure in
V94-5152. However, the origin of the mutations essential for gain
of virulence is unknown. It is possible that such variants existed as
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a small subpopulation in each of the field isolates, but were
rapidly selected in V94-5152 (Rsv4). It is equally possible that, on
transfer of each of these isolates to Williams (rsv), such mutations
emerged in this host, but remained as a small subpopulation
because of a lack of selection pressure. In our previous study on
SMV/Rsv1 pathosystems, we also noticed that replication of an
avirulent SMV, or its derivative chimeras, in Williams82 (rsv)
enhanced the emergence of virulent variants on Rsv1-genotype
soybeans (Hajimorad et al., 2008, 2011). This was despite the
absence of any detectable mutation in the consensus nucleotide
sequences of such viral populations from Williams82 (rsv) (Haji-
morad et al., 2008). However, one cannot exclude the possibility
that, in the current study, the virulent variants emerged in the
primary leaves of V94-5152 (Rsv4). Inoculation of SMV-N-GUS
showed that the resistance mechanism mediated by the Rsv4
allele in V94-5152 (Rsv4) allows for replication at the site of
inoculation.

Unlike SMV field isolates, progeny viruses derived from cDNA
clones of SMV-N, SMV-G7 and SMV-G7d failed to adapt experi-
mentally to V94-5152 (Rsv4). Our numerous attempts to adapt
SMV-N to V94-5152 (Rsv4), using sap extracts from the infected
PI88788 (Rsv4), also failed. It is probable that there is greater
heterogeneity in viral populations of the field isolates when com-
pared with those derived from molecularly cloned genomes. Com-
plexity in viral populations of field isolates has been demonstrated
for another potyvirus (Maliogka et al., 2012). Thus, it is probable
that variants with 1033K or 1054R evolved under field conditions,
but were selected under our experimental conditions because of
the presence of a strong positive selection pressure. The observa-
tion that the virulence of some of the isolates on V94-5152 (Rsv4)
was enhanced on replication in PI88788 (Rsv4) probably indicates
that this Rsv4-genotype soybean amplified an existing subpopu-
lation consisting of virulent variants, but not to a detectable level
in the consensus sequences.

In conclusion, SMV field isolates were detected with virulence
on Rsv3- and Rsv4- genotype soybeans, but not on Rsv7-genotype
soybeans, in the USA. It appears that one of the determinants for
virulence on V94-5152 (Rsv4) (1054R) has already been fixed in
the P3 cistron of SMV-IL3 and one of the subcultures of the SMV
standard pathotype G7a (ATCC PV-624). The only other naturally
occurring virulent isolate of SMV on V94-5152 (Rsv4) has been
reported from Canada, which encodes 1033K (Chowda-Reddy
et al., 2011). Scanning the full-length P3 cistrons of more than 75
SMV isolates available in GenBank for the presence of 1033K or
1054R showed that Chinese strains C13, C16 and 4469-4 also
harbour 1054R (Accession Numbers GQ491075, GQ491078 and
HM590055, respectively) (Yang et al., 2011); however, the viru-
lence of these isolates on V94-5152 (Rsv4) is unknown. Regard-
less, it appears that substitution at position 1054, relevant to
virulence on V94-5152 (Rsv4), is more frequent than at 1033.
American field isolates that initially lacked 1033K or 1054R were
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capable of rapid adaptation to V94-5152 (Rsv4), in which G1054R
rather than R1033K was selected in P3 of the majority. Recon-
struction of Q1033K or G1054R in avirulent SMV-N showed that
each of these substitutions is essential and sufficient to confer
virulence on V94-5152 (Rsv4). In general, it seems that Rsv4-
mediated resistance against SMV is not strong; hence, it will
probably not be durable if deployed alone. The durability of resist-
ance mediated by R genes against plant viruses has been attrib-
uted to a number of mutations required for gain of virulence
(Harrison, 2002). To develop durable and broad resistance to SMV
in soybean, stacking the three Rsv genes together seems to be the
best approach (Saghai Maroof et al., 2008b; Shi et al., 2009).

EXPERIMENTAL PROCEDURES

Viruses

Subcultures of the standard SMV pathotypes G1, G3—-G6 and G7a (ATCC
PV-624 and PV-724) were obtained from J. H. Hill (lowa State University,
Ames, 1A, USA) and L .L. Domier (University of Illinois, Urbana, IL, USA).
Progeny viruses from biolistically inoculated Williams82 (rsv) derived from
pSMV-N, pSMV-G7 and pSMV-G7d (GenBank Accession Numbers D00507,
AY216010 and AY216987, respectively) (Hajimorad et al., 2003; Wang
et al., 2006) served as sources for the standard SMV pathotypes G2, G7
and G7d. In addition to wild-type SMV-G3, progeny viruses from biolisti-
cally inoculated Williams82 (rsv) with pSMV-G3 (Kanematsu et al., 2001)
also served as inoculum. pSMV-N-GUS has been described previously
(Wang et al., 2006).

SMV field isolates from Alabama, Arkansas, lllinois, lowa, Kentucky,
Minnesota, Mississippi, Ohio, Virginia and Wisconsin were provided by J. .
Murphy (Auburn University, Auburn, AL, USA), I. E. Tzanetakis (University of
Arkansas, Fayetteville, AK, USA), L. L. Domier, J. H. Hill, S. A. Ghabrial
(University of Kentucky, Lexington, KY, USA), B. E. Lockhart (University of
Minnesota, St. Paul, MN, USA), S. Sabanadzovic (Mississippi State Univer-
sity, Mississippi State, MS, USA), M. G. Redinbaugh (Ohio State University,
Columbus, OH, USA), S. A. Tolin (Virginia Tech, Blacksburg, VA, USA) and C.
R. Grau (University of Wisconsin, Madison, WI, USA), respectively. SMV
isolates from Tennessee were collected from soybean grown at the East
Tennessee Research and Education Center (Fajolu et al., 2010). All field
isolates were obtained from systemically infected leaves of naturally
infected soybeans, except for WI from Wisconsin which was recovered
from newly emerged seedlings when seeds from a breeding line produced
in Wisconsin were grown in a growth chamber. The infected leaves origi-
nated from either elite soybean cultivars or breeding lines, including
soybean germplasm, grown in experimental plots. All isolates were
mechanically transferred to Williams (rsv) and the infected tissues were
stored at —80 °C. None of the isolates subjected to single local lesion
cloning or sap extract from systemically infected leaves of Williams (rsv)
served as the initial inoculum.

Soybean genotypes

Williams (rsv), Williams82 (rsv) and Essex (rsv), all universally susceptible
to SMV, L78-379 (Rsv7), a near isoline of Williams containing the Rsv7
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allele derived from PI96983 (Bernard et al., 1991), L29, a Williams isoline
containing Rsv3 derived from Hardee (Gunduz et a/., 2000), V94-5152, an
Essex isoline containing the Rsv4 allele from P1486355 (Buss et al., 1997),
and PI88788, containing an allelic R gene to SMV at the Rsv4 locus in
V94-5152 (Gunduz et al., 2004), were used in this study.

SMV inoculation and detection

Plants were inoculated mechanically or biolistically. For mechanical inocu-
lation, sap extract in 50 mm phosphate buffer, pH 7.0, was rub inoculated
onto carborundum-dusted (600-mesh) primary leaves (Hajimorad and Hill,
2001). For biolistic inoculation, infectious cDNA clones were inoculated
onto fully expanded attached primary leaves, as described previously
(Hajimorad et al., 2003, 2008). The inoculated plants were maintained in a
growth chamber operating at 22 °C with a photoperiod of 16 h until
evaluation for infection based on symptoms and indexing of non-
inoculated leaves by IELISA or reverse transcriptase-polymerase chain
reaction (RT-PCR) (Hajimorad et al., 2008; Malapi-Nelson et al., 2009).
Each of the inoculated plants, irrespective of symptom expression, was
assayed individually for the presence of SMV by IELISA. Histochemical
assay of GUS expression was performed according to Jefferson (1987).
SMV was also detected by immunoprinting of leaf tissues to nitrocellulose
membrane with polyclonal antibodies against SMV coat protein, using
Fast Red TR/Naphthol AS-MX as the precipitin substrate, according to the
manufacturer’s instructions (Sigma-Aldrich, St. Louis, MO, USA).

Construction of SMV-N-derived P3 mutants by
site-directed mutagenesis

To generate pSMV-Ngo33«, primer N-3296a (Table S1, see Supporting Infor-
mation) served as the mutagenic primer. PCR-derived amplicons were
synthesized in the presence of primers N-3296a and SMV-2271s, and
pSMV-N served as the template. The amplicons were digested with Kpnl
and Spel and ligated into pSMV-N to generate pSMV-Ngo33¢. To construct
PSMV-Ng1osar and pSMV-Nqo3sk-c1osar, primer N-3221s served as the muta-
genic primer (Table S1). PCR products were synthesized in the presence of
primers N-3892a and N-3221s (Table S1), and pSMV-N served as the
template. Subsequently, the amplicons were digested with Spel and Sall
and ligated into pSMV-N and pSMV-Ng1033¢ to generate pSMV-Ngigs4z and
PSMV-Nq1o33k:6105ar, TeSpectively. The presence of the introduced muta-
tion(s) and the absence of any unwanted PCR-generated substitution in
each of the cDNA clones were verified by sequencing the entire amplified
regions. The infectivity of the mutants was tested by biolistic inoculation.
The stability of the introduced mutations in the progeny viruses was
verified following RT-PCR amplification of the P3 cistron from systemically
infected leaf tissues, followed by analysis.

RNA extraction, RT-PCR and sequencing

Total RNA was isolated from systemically infected leaves using an RNeasy
Plant Mini Kit (Qiagen, Valencia, CA, USA). To generate nucleotide
sequences of the P3 cistron, total RNA was reverse transcribed using
10-mer random primers in the presence of SuperScript reverse tran-
scriptase Ill (Invitrogen, Carlshad, CA, USA), as instructed by the manu-

facturer. Primers SMV-2030s and SMV-3910a (Table S1) were used for PCR
amplification of the P3 cistron in the presence of Ex Tag polymerase
(Takara Bio, Madison, WI, USA), and RT-generated products served as the
template. The amplicons were purified with a QIAquick-PCR Purification
Kit (Qiagen) and sequenced using primers SMV-2271s and SMV-2919s
(Table S1). Sequencing was performed at The University of Tennessee DNA
Sequencing Facility and sequences were edited, analysed and aligned
using Vector NTI (Lu and Moriyama, 2004). The full-length nucleotide
sequences of the P3 cistrons of virulent variants of the following patho-
types or field isolates from V94-5154 (Rsv4) were deposited in GenBank
under the following Accession Numbers; SMV-G1 (JQ915063), SMV-G4
(JQ915064), SMV-G7a (ATCC PV-624) (JQ915065), SMV-AL1 (JQ915066),
SMV-AL3 (JQ915067), SMV-ArE5 (JQ915068), SMV-IA (HQ845726), SMV-
IL3 (HQ845727), SMV-IL4 (JQ915069), SMV-IL5 (HQ845728), SMV-MN
(HQ845729), SMV-MS4 (HQ845730), SMV-MS10 (HQ845731), SMV-OH
(HQ845732), SMV-TN2 (JQ915070) and SMV-VA (HQ845733). Near full-
length sequences (short of 21 and 12 nucleotides at the 5" and 3’ ends,
respectively) of a virulent variant of SMV-KY and SMV-TNP on V94-5152
(Rsv4), determined by bidirectional sequencing of overlapping RT-PCR
fragments and using a primer walking approach, are also deposited
in GenBank under Accession Numbers HQ845736 and HQ845735,
respectively.
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