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SUMMARY

The multigenic Rsv1 locus in the soybean plant introduction (PI)
‘PI96983’ confers extreme resistance against the majority of
Soybean mosaic virus (SMV) strains, including SMV-N, but not
SMV-G7 and SMV-G7d. In contrast, in susceptible soybean culti-
vars lacking a functional Rsv1 locus, such as ‘Williams82’ (rsv1),
SMV-N induces severe disease symptoms and accumulates to a
high level, whereas both SMV-G7 and SMV-G7d induce mild
symptoms and accumulate to a significantly lower level. Gain of
virulence by SMV-N on Rsv1-genotype soybean requires concur-
rent mutations in both the helper-component proteinase (HC-Pro)
and P3 cistrons. This is because of the presence of at least two
resistance (R) genes, probably belonging to the nucleotide-binding
leucine-rich repeat (NB-LRR) class, within the Rsv1 locus, inde-
pendently mediating the recognition of HC-Pro or P3. In this study,
we show that the majority of experimentally evolved mutational
pathways that disrupt the avirulence functions of SMV-N on Rsv1-
genotype soybean also result in mild symptoms and reduced accu-
mulation, relative to parental SMV-N, in Williams82 (rsv1).
Furthermore, the evaluation of SMV-N-derived HC-Pro and P3
chimeras, containing homologous sequences from virulent
SMV-G7 or SMV-G7d strains, as well as SMV-N-derived variants
containing HC-Pro or P3 point mutation(s) associated with gain of
virulence, reveals a direct correlation between the perturbation of
HC-Pro and a fitness penalty in Williams82 (rsv1). Collectively,
these data demonstrate that gain of virulence by SMV on Rsv1-
genotype soybean results in fitness loss in a previously susceptible
soybean genotype, this being a consequence of mutations in
HC-Pro, but not in P3.

INTRODUCTION

Plants have evolved diverse mechanisms, such as dominant resist-
ance (R) proteins encoded by R genes, to recognize invading

pathogens, including viruses, and to launch a counter-attack (Ding
and Voinnet, 2007; Palukaitis and Carr, 2008). R gene-mediated
recognition is highly specific and typically operates in a manner
described by the ‘gene-for-gene’ hypothesis, where a specific R
protein recognizes, directly or indirectly, a specific pathogen
protein, termed an ‘avirulence factor’ (Bonas and Lahaye, 2002;
Collier and Moffett, 2009; Flor, 1971; Van der Hoorn and Kamoun,
2008). Phenotypically, the recognition of plant viruses by R pro-
teins results in the expression of extreme resistance (ER) or a
hypersensitive response (HR) (Hull, 2002), both of which are con-
sidered to be the consequence of the same recognition event
(Bendahmane et al., 1999). Pathogens, such as bacteria and fungi,
have evolved various strategies to evade recognition, including
the loss or alteration of avirulence factors or the suppression of
resistance responses (Abramovitch et al., 2003; Jackson et al.,
1999; Kvitko et al., 2009; Leach et al., 2001; Luderer et al., 2002;
Schürch et al., 2004; Stahl and Bishop, 2000; Tsiamis et al., 2000).
However, as a result of the multifunctionality of viral gene prod-
ucts, minor alteration of the avirulence determinants is the only
affordable mechanism available to plant viruses to evade R gene-
mediated recognition (Hull, 2002; Kang et al., 2005).

‘Gene-for-gene’ theory predicts that the alteration of a patho-
gen avirulence protein for gain of virulence on an R-genotype
plant is associated with a fitness cost (Flor, 1971). This is mainly
based on the assumption that plant immune systems have evolved
to target proteins with important roles in the pathogen life cycle,
and that avirulence proteins are often pathogenicity factors that
facilitate infection in the absence of a corresponding R gene (i.e.
pathogenicity effectors) (Dodds and Rathjen, 2010). Furthermore,
the ‘guard hypothesis’ proposes that at least some R proteins
detect the activity of these pathogenicity factors in the host cell,
rather than recognize the pathogen proteins themselves (Jones
and Dangl, 2006). However, experimental studies in support of
these predictions are mostly focused on nonviral pathogens that
possess specialized pathogenicity and virulence genes (Kjemtrup
et al., 2000; Leach et al., 2001; Sacristan and Garcia-Arenal, 2008;
Van’t Slot and Knogge, 2002; Vera Cruz et al., 2000). In the case of
plant viruses, limited empirical evidence has been reported, in
particular when progeny viruses derived from infectious cDNA
clones, rather than wild-type populations, served as the inoculum
source (Goulden et al., 1993; Janzac et al., 2010; Jenner et al.,
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2002a, b; Kobayashi and Hohn, 2004; Rolland et al., 2009). The
utilization of progeny viruses derived from cDNA clones is advan-
tageous over wild-type viruses because it minimizes the chance of
second site mutations being included in such analyses (Sacristan
and Garcia-Arenal, 2008). Interestingly, based on theoretical
considerations, a higher cost on pathogenicity in susceptible
hosts has been predicted for gain of virulence on R-genotype
plants for viruses relative to cellular pathogens (Sacristan and
Garcia-Arenal, 2008). In this study, we have taken advantage of
the Soybean mosaic virus (SMV)-Rsv1 pathosystem to investigate
whether gain of virulence on soybean genotypes containing the
Rsv1 locus, or Rsv1-associated R gene(s) (Hayes et al., 2004; Wen
et al., 2013), is associated with fitness loss in SMV-susceptible
soybean cultivars.

SMV, a single-stranded, positive-sense RNA virus, is a species
within the genus Potyvirus belonging to the Potyviridae family. Its
genome, approximately 9.6 kb in length, contains a long open
reading frame (ORF) and a small overlapping ORF known as pipo
(Adams et al., 2005; Chung et al., 2008). On expression, the result-
ant single large polypeptide is processed post-translationally by
three viral-encoded proteinases to yield a number of multifunc-
tional proteins, including helper-component proteinase (HC-Pro)
and P3 (Urcuqui-Inchima et al., 2001). A small ORF embedded
in the P3 cistron (i.e. pipo) has the potential to encode a protein in
the +2 frame in relation to the polyprotein ORF and plays a role in
virus movement (Vijayapalani et al., 2012; Wen and Hajimorad,
2010).

Rsv1, a single locus in the plant introduction (PI) ‘PI96983’,
confers ER against the majority of SMV strains, including SMV-N
(Cho and Goodman, 1979; Hajimorad and Hill, 2001). However,
naturally occurring SMV-G7 and its experimentally evolved
variant, SMV-G7d, overcome Rsv1-mediated ER (Cho and
Goodman, 1979; Hajimorad et al., 2003). Phenotypic responses of
PI96983 (Rsv1) to inoculation with SMV-G7 and SMV-G7d differ,
and are expressed as lethal systemic HR and systemic mosaic,
respectively (Hajimorad et al., 2003). The induction of systemic HR
by SMV-G7 probably represents a weak recognition of SMV-G7 P3
by the Rsv1 locus; however, one cannot exclude the possibility that
it is a consequence of delayed induction of the biochemical and
physiological events required to arrest SMV at the site of infection
(Culver et al., 1991; Dinesh-Kumar et al., 2000; Hajimorad et al.,
2005). Regardless, in interactions with Rsv1-genotype soybeans,
SMV-N is avirulent, whereas both SMV-G7 and SMV-G7d are viru-
lent and are able to spread systemically. Interestingly, in suscep-
tible soybean cultivars lacking a functional Rsv1 locus, such as
Williams82 (rsv1), SMV-N induces severe disease symptoms,
whereas both SMV-G7 and SMV-G7d induce only mild symptoms
(Hajimorad et al., 2003; Zhang et al., 2009).

The P3 protein of SMV-G7 has been identified as the elicitor of
Rsv1-mediated lethal systemic HR (Hajimorad et al., 2005).
However, both HC-Pro and P3 of SMV-N are recognized by the

Rsv1 locus (Eggenberger et al., 2008; Hajimorad et al., 2006,
2008, 2011). By taking advantage of two soybean recombinant
inbred lines (RILs), L800 (3gG2) and L943 (–3gG2), derived from a
cross between PI96983 (Rsv1) and a susceptible soybean cultivar,
Lee68 (rsv1) (Hayes et al., 2004), we have shown recently that P3
from SMV-N is recognized by RIL L800 (3gG2), whereas HC-Pro is
recognized by RIL L943 (–3gG2) (Wen et al., 2013). RIL L800
contains a single PI96983-derived member (3gG2) of an Rsv1-
associated subfamily of nucleotide-binding leucine-rich repeat
(NB-LRR) genes, whereas RIL L943 lacks 3gG2, but contains a suite
of five other NB-LRR genes belonging to the same family (Hayes
et al., 2004; Wen et al., 2013). Thus, the recognition of HC-Pro and
P3 from SMV-N in PI96983 (Rsv1) is mediated by distinct R genes
at the Rsv1 locus. It should be noted that the P3 cistron of SMV, as
in other potyviruses, contains the pipo ORF (Chung et al., 2008;
Wen and Hajimorad, 2010); however, PIPO from SMV-N is not
involved in the triggering of the Rsv1-mediated resistance
response (Wen et al., 2011).

Our main objectives in this study were as follows: (i) to test the
hypothesis that gain of virulence of SMV on Rsv1-genotype
soybean is associated with fitness loss in previously susceptible
soybean genotypes; and (ii) to determine whether fitness loss in
soybean genotypes lacking a functional Rsv1 locus is the result of
gain of virulence mutations in both HC-Pro and P3, or in only one
of the two proteins.

In this article, we have adopted the definitions of ‘virulence’ and
‘pathogenicity’ according to Shaner et al. (1992) and ‘fitness’
according to Holland et al. (1991). ‘Virulence’ is defined as the
ability of an SMV strain, or a variant, to overcome Rsv1-mediated
ER in PI96983 or RIL L800 (3gG2) or to move systemically in RIL
L943 (–3gG2) (Wen et al., 2013), regardless of the phenotypic
expression. ‘Pathogenicity’ is defined as the capability of an SMV
strain, or a variant, to induce severe disease symptoms (i.e. severe
mottling, stunting and leaf distortion) in the universally suscepti-
ble soybean cultivar Williams82 (rsv1), coupled with a large accu-
mulation of virions or viral RNA. ‘Fitness’ is defined as the ability
of an SMV strain, or a variant, to replicate and propagate in
Williams82 (rsv1) based on disease phenotype and the accumu-
lation of the SMV virion or SMV RNA.

RESULTS

Virulence of SMV-G7 and SMV-G7d on PI96983
(Rsv1) is associated with low pathogenicity in
Williams82 (rsv1)

Both SMV-G7 and SMV-G7d, unlike avirulent SMV-N, are virulent
on PI96983 (Rsv1), causing lethal systemic HR and systemic
mosaic, respectively (Fig. 1A). In contrast with interactions with
PI96983 (Rsv1), SMV-N is highly pathogenic in Williams82 (rsv1),
causing severe mottling, moderate stunting and leaf distortion,
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whereas both SMV-G7 and SMV-G7d cause only mild mottling
(Fig. 1B). These phenotypic observations are all in agreement with
previous reports (Hajimorad and Hill, 2001; Hajimorad et al.,
2003; Zhang et al., 2009). It should be noted that the phenotypes
of SMV-N, SMV-G7 and SMV-G7d on Lee68 (rsv1), another univer-
sally susceptible soybean genotype to SMV inoculation, resemble
those on Williams82 (rsv1) (data not shown). The evaluation of
virion and viral RNA accumulations in systemically infected leaves
of Williams82 (rsv1) by antigen-coated indirect enzyme-linked
immunosorbent assay (ELISA) and real-time quantitative reverse
transcriptase-polymerase chain reaction (qRT-PCR), respectively,
showed that SMV-G7 and SMV-G7d accumulated to significantly
lower levels than SMV-N (Fig. 1C,D). Taken together, these obser-
vations suggest that the virulence of SMV-G7 and SMV-G7d on
Rsv1-genotype soybean is associated with fitness loss in Wil-
liams82 (rsv1).

The majority of mutational pathways leading to gain
of virulence of SMV-N on PI96983 (Rsv1) result in
fitness loss on Williams82 (rsv1)

It has been shown previously, using a comparative genomic analy-
sis approach involving avirulent SMV-N and virulent SMV-G7, that
an SMV-N-derived mutant, SMV-NR682M+R787I+A947T, harbouring a
single mutation in HC-Pro (R682M) combined with two mutations
in P3 (R787I+A947T), is virulent on Rsv1-genotype soybean
(Eggenberger et al., 2008). However, using an experimental evo-
lutionary approach to directly adapt avirulent SMV-N to virulence
on Rsv1-genotype soybean, Hajimorad et al. (2011) identified dif-
ferent mutational pathways within HC-Pro and P3 leading to
virulence. Nevertheless, all experimentally evolved SMV-N-derived
virulent mutants also harboured mutations in both HC-Pro and P3
(Hajimorad et al., 2011; Fig. 2A). Interestingly, phenotypic com-
parison of these SMV-N-derived virulent mutants on Williams82
(rsv1) showed that all, except SMV-NR682M+R787I+A947T, induced mild
symptoms (Figs 2A and 3A), and accumulated to significantly
lower levels when compared with the parental SMV-N (Fig. 2B).
In contrast with that seen with all other virulent SMV-N-
derived mutants, including SMV-NG319S+K321E+A947V and SMV-
NG319S+K321E+R682M+A947V+K952E+M1157I, the phenotype associated with
SMV-NR682M+R787I+A947T infection on Williams82 (rsv1) was severe
(Figs 2A and 3A; data not shown), and its accumulation was
comparable with that of parental SMV-N (Fig. 2B). Interestingly,
among the SMV-N-derived virulent mutants, SMV-NR682M+R787I+A947T,
unlike all the other mutants, induced lethal systemic HR in PI96983
(Rsv1) (Fig. 3B). It should be noted that SMV-NG319S+K321E+A947V

induced a similar phenotype to that of SMV-NG319S+K321E+A947V+K952E

on PI96983 (Rsv1) (Fig. 3B; data not shown), whereas SMV-
NG319S+K321E+R682M+A947V+K952E+M1157I caused mild stunting and moder-
ate leaf mottling combined with limited systemic necrosis (Fig. S1,
see Supporting Information).

Fig. 1 Phenotypic responses of PI96983 (Rsv1) (A) and Williams82 (rsv1) (B)
to mechanical inoculation with progeny viruses derived from molecularly
cloned Soybean mosaic virus (SMV) strains SMV-N (N), SMV-G7 (G7) and
SMV-G7d (G7d), and comparison of viral accumulations in systemically
infected trifoliate leaves of Williams82 (rsv1) by antigen-coated indirect
enzyme-linked immunosorbent assay (ELISA) (C) and real-time quantitative
reverse transcriptase-polymerase chain reaction (qRT-PCR) (D). The inoculated
plants were maintained in a growth chamber at 22 °C and photographed at
35 days post-inoculation (dpi). The accumulation of viruses was evaluated in
leaflets from systemically infected trifoliate leaves, but harvested at 28 dpi.
Each bar represents the mean values for virions (C) or viral RNA
accumulations (D) from three or two independent experiments, respectively,
each with five replicate plants, with the standard errors indicated. Optical
density (OD at 405 nm) data are net values after deducting the background,
whereas the values for viral RNA accumulation are relative to that of SMV-N
(set to 1.0) after normalization to the quantity of soybean ubiquitin
transcript. Significant differences in the mean value between the
accumulation of SMV-N and SMV-G7, as well as between SMV-N and
SMV-G7d, were determined using Student’s t-test (P < 0.01), and are
indicated by asterisks.
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Gain of virulence mutations in HC-Pro of SMV-N, but
not those in P3, are the determinants of fitness loss in
Williams82 (rsv1)

Simultaneous mutations in both HC-Pro and P3 are essential for
gain of virulence of SMV-N on Rsv1-genotype soybean
(Eggenberger et al., 2008; Hajimorad et al., 2008, 2011; Wen
et al., 2013). To determine whether gain of virulence mutations in
HC-Pro, P3, or both, are responsible for fitness loss on Williams82

(rsv1), we first evaluated the accumulation of SMV-N-derived vari-
ants harbouring one or two nonsynonymous mutations in HC-Pro
in comparison with parental SMV-N (Fig. 4A). Only the accumula-
tion of virions of SMV-NK321E and SMV-NR682M remained comparable
with that of parental SMV-N, whereas the accumulation of the
other remaining HC-Pro mutants, all virulent on L943 (–3gG2)
(Wen et al., 2013), was reduced significantly (Fig. 4A). The pheno-
types of SMV-NK321E and SMV-NR682M on Williams82 (rsv1) resem-
bled that of parental SMV-N, whereas those of the remaining

Fig. 2 (A) Schematic representation of the genomic maps of Soybean mosaic virus (SMV), avirulent SMV-N (avrN) and SMV-N-derived mutants virulent on Rsv1
genotypes (virN1–virN6) containing mutations (red lines) in both HC-Pro and P3 (Eggenberger et al., 2008; Hajimorad et al., 2011). The disease phenotypes
expressed on Williams82 (rsv1) following mechanical inoculation with progeny viruses derived from molecularly cloned genomes are shown on the right-hand side.
The inoculated plants were maintained in a growth chamber at 22 °C until evaluation for their phenotypic responses at 21 days post-inoculation (dpi). (B)
Comparison of the accumulation of virions of avrN with virulent mutants virN1–virN6 using the antigen-coated indirect enzyme-linked immunosorbent assay
(ELISA). Systemically infected leaflets from trifoliate leaves of inoculated Williams82 (rsv1) plants were harvested for comparative analysis at 28 dpi. Optical density
(OD at 405 nm) data are net values after deducting the background. Each bar represents the mean value of virion accumulation from three independent
experiments, each with five replicate plants, with the standard errors indicated. Significant differences between the mean values for avrN and each of the virNs
were determined using Student’s t-test (P < 0.01) and are indicated by asterisks.
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mutants were expressed as mild mottling (data not shown). Inter-
estingly, the K321E mutation in HC-Pro, combined with R945G or
A947V (both mutations in P3; Hajimorad et al., 2011), did not
influence the pathogenicity or accumulation level of SMV-
NK321E+R945G or SMV-NK321E+A947V in Williams82 (rsv1) (Fig. S2, see
Supporting Information; data not shown). It should be noted that
SMV-NK321E remained avirulent on L943 (–3gG2), whereas SMV-
NR682M was virulent; however, SMV-NR682M induced systemic necro-
sis (Wen et al., 2013; data not shown).

We also evaluated the pathogenicity on Williams82 (rsv1) of
additional SMV-N-derived HC-Pro mutants harbouring single non-
synonymous mutations in HC-Pro (Fig. 4B). These HC-Pro muta-
tions were found to be associated with virulence on Rsv1-
genotype soybean of SMV-N-derived chimeras containing P3
sequences from the virulent SMV-G7 and SMV-G7d strains
(Hajimorad et al., 2008). Except for SMV-NR682K and SMV-NR682G,
which accumulated to levels comparable with parental SMV-N, the
other mutants, all virulent on L943 (–3gG2) (Wen et al., 2013),

accumulated to significantly lower levels in Williams82 (rsv1) com-
pared with parental SMV-N (Fig. 4B). The pathogenicity pheno-
types (i.e. the severity of disease symptoms caused) of all of these
mutants on Williams82 (rsv1) showed a direct correlation with the
level of each virus (data not shown).

To determine whether gain of virulence on RIL L800 (3gG2)
mutations in the P3 cistron of SMV-N, individually or in combina-
tion (Eggenberger et al., 2008; Hajimorad et al., 2011; Wen et al.,
2013), affected pathogenicity on Williams82 (rsv1), we evaluated
a number of SMV-N-derived P3 mutants. Interestingly, the disease
phenotypes of all the SMV-N-derived P3 mutants on Williams82

Fig. 3 Phenotypic responses on Williams82 (rsv1) (A) and PI96983 (Rsv1) (B)
following biolistic inoculation with molecularly cloned SMV-NR682M+R787I+A947T

(virN3), SMV-NK321E+T341I+A947V+V1045A (virN5), SMV-NK321E+T341I+A947V (virN2) and
SMV-NG319S+K321E+A947V+K952E (virN4). The inoculated plants were maintained in
a growth chamber at 22 °C until evaluation at 28 days post-inoculation.

Fig. 4 Comparison of virion accumulation in Williams82 (rsv1) of
SMV-N-derived variants containing mutations in the HC-Pro cistron (A, B) and
P3 cistron (C) using antigen-coated indirect enzyme-linked immunosorbent
assay (ELISA). Plants were inoculated mechanically with progeny viruses
derived from molecularly cloned genomes and maintained in a growth
chamber at 22 °C until trifoliate tissues were harvested at 28 days
post-inoculation. Each bar represents the mean value of virion accumulation
from three independent experiments, each with five replicate plants, with the
standard errors indicated. Significant differences between the mean
accumulation values of SMV-N and each of its derivative mutants were
determined using Student’s t-test (P < 0.01) and are indicated by asterisks.
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(rsv1) resembled that of parental SMV-N (data not shown), and all
accumulated to a comparable level with that of SMV-N (Fig. 4C,
S2). We also evaluated the pathogenicity of two additional SMV-
N-derived P3 mutants on Williams82 (rsv1) with gain of virulence
on RIL L800 (3gG2) mutations in the P3 cistron (Hajimorad et al.,
2011; Wen et al., 2013) (Fig. S2). Both SMV-NR945G and SMV-NP948L

accumulated to comparable levels to that of parental SMV-N, and
induced similar severe phenotypes on Williams82 (rsv1) (Fig. S2;
data not shown).

HC-Pro, but not P3, of the SMV-G7 and SMV-G7d
strains is responsible for the modulation of
pathogenicity on Williams82 (rsv1)

To demonstrate that the genetic determinants of SMV-G7 and
SMV-G7d which reduce pathogenicity on Williams82 (rsv1) also
reside in HC-Pro, but not in P3, we evaluated the pathogenicity of
SMV-G7- and SMV-G7d-derived chimeras. In these experiments,
the pathogenicity of SMV-G7- and SMV-G7d-derived chimeras
containing a precise replacement of the HC-Pro cistron with that
from SMV-N was compared with that of parental viruses (Fig. 5A).
Both the SMV-G7/NHC-Pro and SMV-G7d/NHC-Pro chimeras
induced severe disease phenotypes in Williams82 (rsv1) (Fig. 5A),
and accumulated to significantly higher levels than parental
SMV-G7 and SMV-G7d, irrespective of whether the accumulation
of virions or viral RNA was measured (Fig. 5B,D, respectively). In
the reciprocal experiments, when SMV-N-derived HC-Pro chimeras
containing a precise replacement of the HC-Pro cistron with that
from SMV-G7 or SMV-G7d were inoculated onto Williams82
(rsv1), SMV-N/G7HC-Pro and SMV-N/G7dHC-Pro both induced
mild disease phenotypes (Fig. 5A). Consistent with the disease
phenotypes, their respective virions and RNAs both accumulated
to significantly lower levels than that of parental SMV-N
(Fig. 5B,D, respectively).

To demonstrate that the P3 cistrons of SMV-G7 and SMV-G7d
do not modulate pathogenicity on Williams82 (rsv1), we evaluated
SMV-G7- and SMV-G7d-derived chimeras containing a precise
replacement of P3 with the corresponding region from SMV-N
(Hajimorad et al., 2006). The disease phenotypes associated with
both the SMV-G7/NP3 and SMV-G7d/NP3 chimeras were mild and
similar to that of the parental viruses (Fig. 5A); however, surpris-
ingly, the chimeric viruses accumulated to significantly lower
levels than the parents (Fig. 5C). The lower level of virion accumu-
lation correlated with a lower level of viral RNA (Fig. 5E). In the
reciprocal experiment, the disease phenotypes resulting from the
inoculation of Williams82 (rsv1) with SMV-N-derived P3 chimeras
containing a precise replacement of P3 with the corresponding
region from SMV-G7 and SMV-G7d resembled that of parental
SMV-N (Fig. 5A). However, in this case, no significant differences in
virion or viral RNA accumulation of SMV-N/G7P3 or SMV-N/G7dP3
chimeras were observed in comparison with that of parental

SMV-N (Fig. 5C,E). This is consistent with the unaltered patho-
genicity of the SMV-N-derived P3 mutants on Williams82 (rsv1)
(Figs 4C and S2).

DISCUSSION

To control viral diseases of plants, the deployment of R genes is the
most effective, environmentally friendly and cost-efficient
approach (Hull, 2002; Palukaitis and Carr, 2008). However, the
development of elite resistant cultivars containing R genes is
lengthy and costly; hence, plant breeders strive to select durable R
genes. The durability of R genes against plant viruses, in particular
RNA viruses, appears, at first glance, to be a challenge because of
the plasticity of viruses as a direct consequence of error-prone
replication, large population size and short generation time
(Domingo and Holland, 1997; Drake and Holland, 1999). Never-
theless, factors such as the number of mutations required for gain
of virulence, evolutionary constraints acting against amino acid
substitutions in avirulence factors and the high fitness cost asso-
ciated with gain of virulence contribute to the durability of R
genes (Bornemann and Varrelmann, 2013; Harrison, 2002; Janzac
et al., 2009, 2010).

In proposing the ‘gene-for-gene’ theory, Flor (1971) predicted
that R genes recognizing easily mutable genes of pathogens
would be less durable than those targeting rarely mutated genes.
This is probably a direct consequence of a high fitness cost to the
pathogen for gain of virulence (Leach et al., 2001). Among viral
pathosystems involving R-genotype plants, the Ry gene in potato
against Potato virus Y (PVY) is extremely durable because it rec-
ognizes an element that is essential for virus replication (Mestre
et al., 2003). In the case of the durable potato Rx gene, which is
effective against Potato virus X (PVX), only a single naturally
occurring virulent strain has been isolated worldwide (Moreira
et al., 1980). Here, a requirement for two simultaneous mutations
in the coat protein (CP) of PVX for gain of virulence, and the
associated fitness loss in susceptible hosts as a consequence
(Goulden et al., 1993), possibly have limited the emergence of
virulent strains. Tobacco mosaic virus (TMV) also cannot easily
overcome the N′ gene of tobacco, because the alteration of the
TMV CP required for the evasion of N′-mediated recognition pre-
vents virus assembly, and consequently inhibits systemic move-
ment (Taraporewala and Culver, 1996).

In the SMV-Rsv1 system, SMV-G7 is the only naturally occurring
virulent strain reported from North America to date (Cho and
Goodman, 1979; Khatabi et al., 2012). Elsewhere in the world,
naturally occurring SMV strains virulent on Rsv1-genotype
soybean have emerged only in South Korea, where soybean cul-
tivars containing Rsv1 alleles were planted on a large scale (Choi
et al., 2005). It should be noted that the Rsv1 locus has nine
alleles with various specificities against SMV strains (Moon et al.,
2009). Our main objectives in this study were to determine
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Fig. 5 (A) Schematic representation of the genomic map of Soybean mosaic virus (SMV), parental SMV-N (N), SMV-G7 (G7) and SMV-G7d (G7d), and their
derivative HC-Pro and P3 chimeras, with precise exchanges of each of the two cistrons (Hajimorad et al., 2006; Wen et al., 2013). Williams82 (rsv1) plants were
inoculated mechanically with progeny viruses derived from molecularly cloned genomes, maintained in a growth chamber at 22 °C and the induced phenotypes
shown on the right-hand side were recorded at 21 days post-inoculation (dpi). (B–E) Accumulation levels of parental viruses were compared with their derivative
chimeras using antigen-coated indirect enzyme-linked immunosorbent assay (ELISA) (B, C) or real-time quantitative reverse transcriptase-polymerase chain reaction
(qRT-PCR) (D, E). Leaflets from systemically infected trifoliate leaves were harvested at 28 dpi for comparison. Each bar represents the mean values for virion
accumulation (B, C) or viral RNA (D, E) from three and two independent experiments, respectively, each with five replicate plants, with the standard errors indicated.
Optical density (OD at 405 nm) (B, C) data are net values after deducting the background, whereas those of viral RNA accumulation (D, E) are relative to SMV-N
(set to 1.0) after normalization to the quantity of soybean ubiquitin transcript. Significant differences between the mean values of the parental viruses and their
derivative chimeras were determined using Student’s t-test (P < 0.01) and are indicated by asterisks.
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whether SMV gain of virulence on Rsv1-expressing cultivars is
associated with fitness loss in susceptible soybean cultivars, and
to identify the SMV genetic determinant(s) responsible for loss of
fitness.

Rsv3, another R gene in soybean effective against SMV, also
confers ER and HR to some strains of the virus (Seo et al., 2009a;
Zhang et al., 2009), but virulent strains on Rsv3, unlike Rsv1,
appear to be widespread in the USA and elsewhere (Khatabi et al.,
2012; Seo et al., 2009b; Viel et al., 2009). The strain-specific cyto-
plasmic inclusion (CI) protein of SMV, a genetically variable
cistron, can act as the avirulence factor detected by Rsv3, and
even a single amino acid substitution in CI can functionally
convert a strain from avirulence to virulence (Seo et al., 2009a, b;
Zhang et al., 2009). Interestingly, SMV-N, a highly pathogenic
strain on susceptible soybean, is virulent on Rsv3, whereas the
attenuated SMV-G7 strain is avirulent (Khatabi et al., 2012; Zhang
et al., 2009). Thus, it appears that there is no significant fitness
loss to SMV-N in susceptible soybean as a consequence of gain of
virulence on Rsv3 genotypes. Probably, a lack of a fitness cost in
susceptible hosts, the variability of the CI cistron and a small
number of amino acid substitutions required for gain of virulence,
have collectively contributed negatively to the durability of Rsv3 in
soybean.

In contrast with Rsv3, gain of virulence on Rsv1-genotype
soybean requires multiple simultaneous mutations in both HC-Pro
and P3 (Eggenberger et al., 2008; Hajimorad et al., 2008, 2011;
Wen et al., 2013). Both HC-Pro and P3 are highly variable among
the SMV cistrons (Seo et al., 2009b). However, as shown in this
article, a significant reduction in virus accumulation and disease
symptom amelioration in susceptible soybean cultivars are asso-
ciated with gain of virulence on Rsv1. SMV is transmitted naturally
by aphids and is also seed borne (Domier et al., 2007). In other
viral pathosystems, virus concentration in the source plant has
been shown to influence vector transmission efficiency (Banik and
Zitter, 1990; Gray et al., 1991). Probably, as a result of the fitness
penalty in susceptible soybean, strains of SMV virulent on Rsv1 do
not have an advantage over avirulent isolates with respect to
aphid transmission. It should be noted that HC-Pro is involved
directly in aphid transmission of potyviruses (Urcuqui-Inchima
et al., 2001), and gain of virulence mutations in HC-Pro may also
negatively impact directly its interaction with aphids. Hence, as a
consequence of a requirement for concurrent multiple mutations
in HC-Pro and P3 to evade detection, loss of fitness in susceptible
soybean associated with gain of virulence and, possibly, inefficient
vector transmission of virulent strains, it appears that Rsv1-
mediated resistance will be relatively durable.

The Rsv1 locus is complex and contains distinct R genes which
recognize independently HC-Pro or P3 (Hayes et al., 2004; Wen
et al., 2013). The P3-specific R gene is present in RIL L800 and is
associated with a member (3gG2) of a previously defined family of
NB-LRR genes (Hayes et al., 2004). Interestingly, none of the gain

of virulence mutations in P3 resulted in fitness loss in Williams82
(rsv1), despite the fact that the majority of these mutations con-
ferred virulence to SMV-N on RIL L800 (3gG2) (Hajimorad et al.,
2011; Wen et al., 2011, 2013). On Rsv1-genotype soybean, such as
PI96983 or L78-379, some of these mutations, including R787I,
A947T and A947V, were essential, and played a primary role in
virulence, whereas others, such as R945G, P948L, K952E and
V1045A, played a secondary role (Eggenberger et al., 2008;
Hajimorad et al., 2011; Wen et al., 2013). It should be noted that
all of these SMV-N-derived P3 mutants were virulent on RIL L800
(3gG2) and induced systemic HR (Hajimorad et al., 2011; Wen
et al., 2013). One may argue that the induction of systemic HR by
virulent SMV-N-derived P3 mutants on RIL L800 (3gG2) is an
indication that the P3 structure has not been altered drastically to
evade completely 3gG2-mediated recognition; hence, the mutants
remained as pathogenic on Williams82 (rsv1) as the parental
SMV-N. However, SMV-G7d, unlike SMV-G7, caused systemic mot-
tling on Rsv1-genotype soybean and RIL L800 (3gG2), indicating
that SMV-G7d evades Rsv1-associated R-gene recognition suc-
cessfully (Hajimorad et al., 2003; Wen et al., 2011). Nevertheless,
SMV-G7d, similar to SMV-G7, is poorly pathogenic on Williams82
(rsv1) (Fig. 1; Hajimorad et al., 2003). Interestingly, replacement of
P3 in SMV-G7 and SMV-G7d with the same cistron from SMV-N
not only failed to enhance the pathogenicity of SMV-G7/NP3 or
SMV-G7d/NP3 in Williams82 (rsv1), but, for an unknown reason,
even had a negative impact on the accumulation of the two
chimeras. However, P3 from SMV-G7 or SMV-G7d did not alter the
pathogenicity of SMV-N on Williams82 (rsv1). The P3 sequences of
SMV-G7 and SMV-G7d differ from that of SMV-N by 23 and 27
amino acids, respectively (Hajimorad et al., 2006). These observa-
tions collectively suggest that pathogenicity determinants of SMV
on Williams82 (rsv1) do not reside on P3. Gain of virulence muta-
tion in P3 of another potyvirus resulted in fitness loss on suscep-
tible plants; however, the underlying mechanism remains
unknown (Desbiez et al., 2003). P3 is known to play critical roles
in potyviral replication, including movement, pathogenicity,
virulence/avirulence activities and interacts physically with
HC-Pro, CI and nuclear inclusion b proteins (Cui et al., 2010;
Eggenberger et al., 2008; Hajimorad et al., 2005; Jenner et al.,
2003; Khatabi et al., 2012; Kim et al., 2010; Urcuqui-Inchima
et al., 2001; and references cited therein). Interestingly, all gain of
virulence mutations in P3 are positioned within a short stretch of
amino acids on the SMV-N polypeptide. Among these mutants,
SMV-NA947T is the only mutant with altered P3 and PIPO proteins.
However, it appears that the pipo ORF does not play a role in
virulence on Rsv1-genotype soybean (Wen et al., 2011).

In contrast with substitutions in P3, most gain of virulence
mutations in HC-Pro resulted in fitness loss on Williams 82 (rsv1).
Only one of these mutations is located at the C-terminus at
polypeptide position 682, whereas all the others are clustered at
the N-terminus within a short stretch of 51 residues (polypeptide
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residues 316–367). HC-Pro is 457 amino acids in length and cor-
responds to SMV-N polyprotein residues 309–765 (GenBank
Accession Number D00507). Eggenberger et al. (2008) reported
that the replacement of lysine with methionine at position 682 of
the SMV-N polypeptide, combined with two additional mutations
in P3 (R787I+A947T), conferred virulence to SMV-N on Rsv1.
However, subsequent experimental adaptation of SMV-N to Rsv1-
genotype soybean showed that the mutation at position 682
probably plays a secondary role in virulence (Hajimorad et al.,
2008, 2011). Consistent with this idea, SMV-NR682M, SMV-NR682G

and SMV-NR682K were all virulent on RIL L943 (–3gG2), but pro-
voked systemic HR (data not shown). This observation suggests
that substitution at position 682 does not alter HC-Pro structure
sufficiently to allow SMV-N to completely evade recognition medi-
ated by Rsv1-associated R gene(s) in RIL L943 (–3gG2).

Unlike substitution at position 682, the majority of HC-Pro
mutations at the N-terminus, except K321E, resulted in mild mot-
tling in systemically infected RIL L943 (–3gG2) (Wen et al., 2013;
data not shown). Most of the mutations at the N-terminus played
a primary role in experimental adaptations of SMV-N or SMV-N-
derived chimeras containing P3 sequences from SMV-G7 or SMV-
G7d on Rsv1-genotype soybean (Hajimorad et al., 2008, 2011).
Interestingly, SMV-NK321E was the only mutant that displayed a
similar pathogenicity phenotype on Williams82 (rsv1) as that of
parental SMV-N. This is in line with its lack of virulence on RIL 943
(–3gG2) (Wen et al., 2013). Nevertheless, the K321E substitution
is critical for virulence of SMV-N on Rsv1-genotype soybean
(Hajimorad et al., 2011; Wen et al., 2013). Regardless, the func-
tional roles of HC-Pro mutations in virulence on Rsv1-genotype
soybean and in fitness loss on Williams82 (rsv1) remain unknown.
In a number of other potyviral pathosystems, HC-Pro also plays a
role in virus accumulation and symptom expression (Atreya et al.,
1992; Desbiez et al., 2010; Dolja et al., 1993; Gal-On, 2000; Lim
et al., 2007; Shiboleth et al., 2007; Stenger et al., 2006; Wu et al.,
2010). Furthermore, HC-Pro acts at other levels during potyviral
infection, including avirulence activity (Faurez et al., 2012;
Moury et al., 2011; Tian and Valkonen, 2013; Wen et al., 2013),
genome amplification and movement (Kasschau et al., 1997;
Urcuqui-Inchima et al., 2001), suppressor of gene silencing
(Ebhardt et al., 2005; Mérai et al., 2006; Moissiard et al., 2007)
and disease synergism (Shi et al., 1997). In the SMV-Rsv1 system,
it appears that the virulence function of SMV HC-Pro does not
affect its synergistic activity, as transient expression of SMV-G7
HC-Pro via a Bean pod mottle virus-based vector showed that it is
still capable of induction of synergistic disease symptoms in
soybean (Zhang and Ghabrial, 2006). This is in contrast with
HC-Pro from Plum pox virus, in which the protein’s function in
symptomatology and synergism has overlapping determinants
(Sáenz et al., 2001). It should be noted that potyviral HC-Pro is not
the only viral suppressor of gene silencing that serves as a target
for recognition by an R gene (Choi et al., 2004; Kobayashi and

Hohn, 2004; Scholthof, 2006). However, a link between avirulence
activity and suppression of gene silencing activity has been docu-
mented in only two pathosystems (Ishibashi et al., 2011; Ronde
et al., 2013). At present, it remains unknown whether any of the
gain of virulence mutations in HC-Pro of SMV-N impact on its gene
silencing suppression function.

The Rsv1 locus represents an intriguing example of a
co-evolutionary arms race between soybean and SMV. R genes at
the locus have evolved not only to target two genetically unre-
lated SMV cistrons (Wen et al., 2013), but also to ensure cost is
associated with gain of virulence, resulting in co-survival of both
soybean and SMV. This is supported by the phenotype of SMV-G7d
on Rsv1-genotype soybean, as well as on susceptible soybean
genotypes (Hajimorad et al., 2003; Wen et al., 2013). One can
speculate that the Rsv1-associated R gene recognizing P3 (i.e.
3gG2) evolved earlier than the R gene(s) targeting HC-Pro for
recognition. This is mainly because of a lack of significant fitness
loss in susceptible Williams82 (rsv1) as a result of P3 perturbation.
The mechanism(s) of recognition of HC-Pro and P3 by Rsv1-
associated R genes may also differ. However, currently, knowledge
on the interactions between the Rsv1-associated R proteins and
HC-Pro or P3 is lacking, and it is unknown whether perception of
these SMV avirulence factors by the cognate R proteins is via a
direct ligand receptor- (Flor, 1971), guard- (Jones and Dangl, 2006)
or decoy- (Van der Hoorn and Kamoun, 2008) type mechanism.
Scenarios can be envisioned in which any of these mechanisms
could explain gain of virulence mutations that result in loss of
fitness on previously susceptible soybean genotypes as SMV
evolves to avoid recognition. Future research will focus on the
mechanisms of recognition of HC-Pro and P3 by the R proteins
encoded by R genes at the Rsv1 locus.

EXPERIMENTAL PROCEDURES

Viruses, soybean genotypes and inoculation

Molecularly cloned SMV-N, SMV-G7 (AY216010) and SMV-G7d
(AY216987) parental strains, and HC-Pro and P3 chimeras with precise
exchanges of each of the two cistrons among the three viruses, have been
described previously (Hajimorad et al., 2003; Wang et al., 2006; Wen
et al., 2013). SMV-N-derived HC-Pro and P3 mutants containing one or
more nonsynonymous mutation(s) in either of the cistrons, or a combina-
tion of one or more nonsynonymous mutations in both of the cistrons,
have also been described previously (Eggenberger et al., 2008; Hajimorad
et al., 2006, 2008, 2011). Except where stated otherwise, progeny viruses
derived from molecularly cloned genomes, and passaged twice in soybean
(Glycine max) cultivar Williams82 (rsv1), served as the inoculum source. To
prepare a stock of inoculum, unifoliate leaves of Williams82 (rsv1) were
mechanically inoculated with sap extract containing progeny viruses
derived from biolistically inoculated Williams82 (rsv1). Mechanical and
biolistic inoculations were performed essentially as described previously
(Hajimorad and Hill, 2001; Hajimorad et al., 2003, 2008). The inoculated
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plants were kept in a growth chamber at 22 °C with a photoperiod of 16 h
until the first and second fully developed trifoliate leaves were harvested
at 14 days post-inoculation (dpi), combined, pulverized in the presence of
liquid nitrogen and stored at –80 °C. To inoculate plants for comparative
analysis, sap was extracted from the frozen pulverized leaf tissues in the
presence of 50 mM phosphate buffer, pH 7.0, with a ratio of 1:5 (w/v), the
suspension was clarified by centrifugation at 2655 g for 2 min at 4 °C and
20 mL were rub inoculated on each of the unifoliate leaves to be inocu-
lated. Five replicate plants were inoculated with each inoculum in each
experiment. Soybean line PI96983 (Rsv1) was also used in this study
(Bernard et al., 1991).

Evaluation of virion accumulation by ELISA

To quantify virion accumulation, ELISA, as described previously by
Malapi-Nelson et al. (2009), was used. Each of the viruses was mechani-
cally inoculated onto five replicate plants, as described above, and the
experiment was repeated three times. To collect tissues for analysis, the
central leaflets from four fully developed trifoliate leaves positioned at the
top of each of the inoculated plants were harvested at 28 dpi. The leaflets
from the same plant were combined, pulverized in the presence of liquid
nitrogen and stored at -80 °C. To prepare antigen, the frozen pulverized
tissues were homogenized in the presence of carbonate buffer, pH 9.6,
with a ratio of 1:20 (w/v), the suspension was clarified by centrifugation
at 2655 g for 2 min at 4 °C, and the supernatant was used as the
antigen. Polyclonal antibodies against the SMV virion (Malapi-Nelson
et al., 2009), and anti-rabbit alkaline phosphatase conjugate (Sigma-
Aldrich, St. Louis, MO, USA), were each used at a dilution of 1:2000 in
phosphate-buffered saline containing 0.05% Tween 20 and 5% nonfat dry
milk, pH 7.4. p-Nitrophenyl phosphate served as the substrate (Sigma-
Aldrich), and the optical density (OD) at 405 nm was recorded with a
Microplate Reader Model 680 (Bio-Rad, Hercules, CA, USA). Significant
differences in the accumulation of viruses were determined using
Student’s t-test.

Evaluation of viral RNA accumulation by qRT-PCR

Each of the viruses was mechanically inoculated onto five replicate plants,
as described above, and the central leaflets from four fully developed
trifoliate leaves positioned at the top of each plant were harvested at
28 dpi. Leaflets from each treatment were combined, pulverized in the
presence of liquid nitrogen and stored at -80 °C. Each experiment was
repeated twice. Total RNA was isolated from ~100 mg of pulverized tissue
using the RNeasy Plant Mini Kit (QIAGEN, Valencia, CA, USA) and quan-
tified using a NanoDrop ND-1000 UV/VIS spectrophotometer (NanoDrop,
Wilmington, DE, USA). Total RNA (500 ng) from each treatment was
reverse transcribed in 20-mL reactions using the high-capacity cDNA
reverse transcription (RT) kit in the presence of random primers (Applied
Biosystems, Foster City, CA, USA). RT reaction was incubated at 55 °C for
30 min, followed by 5 min of incubation at 85 °C. Soybean ubiquitin
transcript was used as an internal control for normalization, and was
quantified using the primers UBI3-for (5′-GTGTAATGTTGGATGTGTTCCC-
3′) and UBI3-rev (5′-ACACAATTGAGTTCAACACAAACCG-3′) (Mazarei
et al., 2007). The SMV primers, directed at CP nucleotide sequences con-
served among SMV-N, SMV-G7 and SMV-G7d, were SMV CP-for (5′-

GCAGCTCTCTCGGGAGTTAACA-3′) and SMV CP-rev (5′-CCTTGCAGT
GTGCCTTTCAG-3′). These nucleotides correspond to sequences 9192–
9213 and 9281–9260 in the SMV-N genome, respectively. Each primer
set amplified a single product, as confirmed by the melting temperature of
the amplicons. qRT-PCR was performed using Power SYBR Green PCR
master mix (Applied Biosystems) according to the manufacturer’s proto-
col. PCRs in triplicate were performed in a 96-well reaction block in the
presence of SYBR Green, essentially as described by Mazarei et al. (2003).
The PCR programme consisted of 20 min at 25 °C, followed by one
cycle of 10 min at 95 °C and, finally, 40 cycles of 3 s at 95 °C, 5 s at 60 °C
and 18 s at 72 °C. The standard curve method was used for relative
quantification, and the accumulation of viral RNAs was normalized to the
quantity of soybean ubiquitin transcripts according to Pfaffl (2001). For
quality assurance purposes, only qRT-PCR assays that resulted in standard
curves with the following parameters were considered: (i) linear standard
curve throughout the measured area; (ii) standard curve slope between
–3.5 and –3.2; and (iii) R2 value above 0.99 (Bustin, 2002). Significant
differences in the accumulation of viral RNA were determined using
Student’s t-test.
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SUPPORTING INFORMATION

Additional Supporting Information may be found in the online
version of this article at the publisher’s web-site:

Fig. S1 The phenotype expressed on soybean plant introduction
(PI) ‘PI96983 (Rsv1)’ following mechanical inoculation with
progeny viruses derived from the molecularly cloned genome of
SMV-NG319S+K321E+R682M+A947V+K952E+M1157I (virN6). The inoculated plants
were maintained in a growth chamber at 22 °C until being
photographed at 21 days post-inoculation.
Fig. S2 Comparison of accumulation levels of virions of SMV-N
(N) with SMV-N-derived P3 mutants or SMV-N-derived mutants

with a single mutation in P3 (R945G or A947V) in combination
with an amino acid substitution in HC-Pro (K321E) in Williams82
(rsv1) using the antigen-coated indirect enzyme-linked immuno-
sorbent assay (ELISA). Plants were inoculated mechanically with
progeny viruses derived from molecularly cloned genomes, main-
tained in a growth chamber at 22 °C until trifoliate leaves were
harvested at 28 days post-inoculation. Each bar represents the
mean value of virion accumulation from three independent experi-
ments, each with five replicate plants, with the standard errors
indicated. No significant differences in the accumulation level of
SMV-N relative to that of each of the mutants were detected by
Student’s t-test (P < 0.01). OD, optical density.
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