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Abstract

Plant resistance (R) genes direct recognition of pathogens harboring matching avirluent signals leading to activation of defense responses.
It has long been hypothesized that under selection pressure the infidelity of RNA virus replication together with large population size and
short generation times results in emergence of mutants capable of evading R-mediated recognition. In this study, the Rsvl/Soybean mosaic
virus (SMV) pathosystem was used to investigate this hypothesis. In soybean line Pl 96983 (Rsv1), the progeny of molecularly cloned SMV
strain G7 (pSMV-G7) provokes alethal systemic hypersensitive response (L SHR) with up regulation of a defense-associated gene transcript
(PR-1). Serial passages of a large population of the progeny in Pl 96983 resulted in emergence of a mutant population (vSMV-G7d),
incapable of provoking either Rsvl-mediated LSHR or PR-1 protein gene transcript up regulation. An infectious clone of the mutant
(pPSMV-G7d) was synthesized whose sequences were very similar but not identical to the vSMV-G7d population; however, it displayed a
similar phenotype. The genome of pSMV-G7d differs from parental pPSMV-G7 by 17 substitutions, of which 10 are tranglationally silent.
The seven amino acid substitutions in deduced sequences of pSMV-G7d differ from that of pSMV-G7 by one each in P1 proteinase, hel per
component-proteinase, and coat protein, respectively, and by four in P3. To the best of our knowledge, this is the first demonstration in
which experimental evolution of amolecularly cloned plant RNA virus resulted in emergence of a mutant capable of evading an R-mediated
recognition.
© 2003 Elsevier Inc. All rights reserved.
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Introduction since the simultaneous presence of multiple variant ge-

nomes allows rapid selection of mutants better suited to new

One of the common features of RNA viruses is a high
mutation rate, which is attributed mostly to the lack of
proofreading ability of RNA-dependent RNA polymerase
(RdRp) (Drake and Holland, 1999; Steinhauer et al., 1992).
The infidelity of RNA genome replication, together with
large population size, and short generation times, results in
a highly diverse replicating population known as viral qua-
sispecies (Domingo et al., 1985, 2001; Eigen, 1996). It has
been postulated that the genetic heterogeneity within avirus
quasispecies population is advantageous to virus survival,
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environments (Domingo and Holland, 1997; Domingo et
a., 2001). Thisimpliesthat due to the quasi species nature of
RNA viruses they are capable of overcoming selective pres-
suresthat limit their replication. Indeed, increasing evidence
suggests that the quasispecies nature of RNA viruses leads
to selection and emergence of drug resistant (Lech et a.,
1996; Najeraet a., 1995; Pawlotsky, 2000; Pawlotsky et al.,
1998), and antibody escape mutants (Chackerian et a.,
1997; Feuer et a., 1999; Mortara et a., 1998), that create
potential obstacles for control of human viral diseases either
by drug therapy or vaccination.

Plants have developed surveillance systems mediated by
resistance (R) genes to recognize and counterattack invad-
ing pathogens, including viruses (Takken and Joosten,
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2000). The recognition is conditioned through matched
specificity between an R gene and a pathogen avirulence
(Avr) gene, which is achieved by either direct or indirect
interactions (Bonas and Lahaye, 2002; Dangl and Jones,
2001; Flor, 1971). Phenotypically, R-mediated recognition
of a virus harboring an Avr gene results in expression of
either extreme resistance (ER) or a hypersensitive response
(HR) (Hull, 2002). ER and HR are components of the same
defense response, which are activated following R/Avr rec-
ognition (Bendahmane et al., 1999). The arrest of an Awr
virusin ER expressing tissues is associated with the lack of
any visible symptoms, or virus accumulation (Bendahmane
et al., 1999; Hajimorad and Hill, 2001). However, in HR
expressing tissues, the arrest is associated with rapid, local-
ized death of infected and neighboring cells, induction of a
variety of defense-related genes including pathogenesis-
related (PR) proteins, and a wide range of physiological
changes (Hammond-K osack and Jones, 1996). Some of the
features of HR are similar to those involved in innate im-
munity in mammalian and insect systems (Cohn et al ., 2001;
Nurnberger and Scheel, 2001). Perturbation of Avr, or R
genes, occasionally results in virus escape to distant tissues
provoking systemic HR (SHR) (Culver et a., 1991; Dinesh-
Kumar et a., 2000; Kim and Palukaitis, 1997). It has been
postulated that SHR is a consequence of delayed occurrence
of biochemical and physiological events that are associated
with localized HR (Dinesh-Kumar et al., 2000). Thus, SHR
represents a condition in which the resistance isincompl ete.

It has long been proposed that in R-genotype plants, the
error-prone replication of plant RNA viruses together with
large popul ation size and short generation times could result
in emergence of mutants capable of evading R-mediated
recognition. In fact, in several viral pathosystems, passages
of Avr viruses in R-genotype plants under laboratory con-
ditions resulted in emergence of variants capable of over-
coming HR (Macnell and Boxall, 1974; de Jager and Wes-
seling, 1981; Jones, 1982; Khan and Jones, 1989; Paguio et
a., 1988). Wild-type populations of viruses were used in
these experiments and in a few of these studies passaged
through a number of successive local-lesion transfers to
obtain a hiologically pure virus preparation. However, ex-
perimental evidence suggests that such attempts do not yield
agenetically homogeneous virus population (Garcia-Arena
et a., 1984). Thus, the presence of the variants in the
original viral inoculum and their subsequent selection can-
not be excluded. In fact, in two of the pathosystems, when
the initial inocula were replaced with clonal populations
derived from RNA transcripts of cDNA copies of the vi-
ruses, mutants capable of overcoming HR failed to emerge
(Khan and Jones, 1989; Santa Cruz and Baulcombe, 1993).
Hence, these experiments do not convincingly demonstrate
that infidelity of RNA genome replication in R-genotype
plants results in emergence of mutants capable of evading
R-mediated recognition. We used the Rsvl/SMV pathosys-
tem to further investigate this.

Soybean mosaic virus (SMV) is a single-stranded posi-
tive-sense RNA virus belonging to the virus family Poty-
viridae. Its genome encodes a single polypeptide, which is
cleaved by three virus-encoded proteases to produce eight to
nine mature proteins (Jayaram et a., 1992). Rsvl, a genet-
ically mapped single dominant gene in soybean line PI
96983 (Yu et al., 1994), confers resistance against all SMV
strains except G7 and G7a (Buzzell and Tu, 1984; Lim,
1985). SMV-G7 induces a lethal systemic hypersensitive
response (LSHR) in Pl 96983, which is associated with up
regulation of the PR-1 protein gene transcript (Hajimorad
and Hill, 2001). According to previous reports (Buzzell and
Tu, 1984; Chen et a., 1994), SMV-G7a causes systemic
mosaic and stunting in Rsvl-genotype soybean; however,
results reported in this communication do not confirm those
observations. Although the phenotype of Rsvl-mediated
resistance against Avr strains of SMV is ER, restricted HR
is induced if the virus is introduced continuously into an
Rsv1-bearing scion from an infected rootstock (Hajimorad
and Hill, 2001). Thus, in a manner that is phenotypically
similar to the potato Rx gene (Bendahmane et a., 1999),
Rsvl confers a two-tiered resistance mechanism against
SMV.

In this article we demonstrate that serial passages of
large population progeny of molecularly cloned SMV-G7
(pPSMV-G7) in Pl 96983 (Rsvl) results in emergence of a
mutant population (vSMV-G7d) capable of evading Rsvl
recognition. For the purpose of this communication, Rsvl
recognition of SMV will be defined as expression of SHR
and up regulation of PR-1 protein gene transcript. The
molecular characteristics of an infectious clone of an indi-
vidual mutant genome (pSMV-G7d) are presented. The
emergence of SMV-G7d provides experimental support for
the notion that the infidelity of RNA virus genome replica-
tion together with large population size and short generation
times under selection pressure generates plant viral mutants
capable of evading R-mediated recognition.

Results

Emergence of an SMV mutant population (vVSMV-G7d)
incapable of inducing LSHR in Pl 96983 (Rsv1)

Early progeny of pSMV-G7 induced mosaic on nonin-
oculated trifoliolate leaves of Pl 96983 about 2-weeks posti-
noculation (wpi); however, at later stages of infection, 3—4
wpi, the systemically infected plants were severely stunted
(not shown) and developed stem, petiole, leaf vein, and leaf
blade necrosis (Fig. 1). Eventually, the necrotic trifoliolate
leaves became desiccated and the stem apex developed
necrosis, leading to partial death of the infected plants (not
shown). These symptoms are consistent with the reported
phenotype of the wild-type population of SMV-G7 in Pl
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Fig. 1. Phenotypic differences in response of soybean line Pl 96983 (Rsv1) to Soybean mosaic virus (SMV) infection. Adaxia (upper lesf) surface of primary leaves were
inoculated with dther buffer (mock), 6.25 ug/leef purified virions of the progeny of pSMV-G7 (pG7), or the newly emerged mutant population (vG7d). Following
inoculation, plants were maintained in a growth chamber (20°C) until a representative lesflet from trifoliolates 1-4 (T1-T4) was photographed 4 weeks postinoculation.
Fig. 4. Phenotypic responses of Pl 96983 (Rsv1), Williams 82 (rsvl), and L78-379 (Rsv1) to inoculation with either buffer (mock), or infectious sap containing progenies
of pSMV-G7 (pG7) and pSMV-G7d (pG7d). Following inoculaion, the plants were maintained in a growth chamber (20°C) until photographed 4 weeks pogtinoculation.
The insart presents an enlarged trifoliolate lesflet of a pG7 systemicaly infected L78—-379 (Rsv1) plant displaying sysemic hypersenstive response (SHR).
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Fig. 2. Western immunoblotting analysis for the accumulation of Soybean
mosaic virus (SMV) coat protein (CP) in Pl 96983 (Rsvl) leaf tissues.
Primary leaves were mechanically inoculated with either buffer (mock),
6.25 pg/leaf of purified virions of the newly emerged mutant population
(vG7d), or the progeny of pSMV-G7 (pG7). Following inoculation, plants
were maintained in a growth chamber (20°C) until a half of a leaflet from
trifoliolate 1-4 (T1-T4) of the virus infected plants or trifoliolate leaflets
3 (T3) of mock-inoculated plants were collected 3 weeks postinocul ation.
Samples from corresponding trifoliolate leaflets of four independent rep-
licate plants were combined; total protein was extracted in 5 volumes (w/v)
of extraction buffer, and 15 ul of each sample was subjected to 12%
SDS-PAGE. Separated proteins were either transferred to nitrocellulose
for immunodetection using antiserum to SMV-CP or stained for the pres-
ence of Rubisco protein by Coomassie brilliant blue.

96983 (Cho and Goodman, 1979; Jayaram et al., 1992; Lim,
1985). The expression of a phenotype characteristic of
SMV-G7 in Pl 96983 by early progenies of pSMV-G7
suggests that the cloned SMV-G7 genome was stable. This
was further supported by the observation that the consensus
sequences of the P3 region, a hypervariable region among
SMV strains and other potyviruses (Jayaram et a., 1992;
Urcuqui-Inchima et al., 2001) in progenies from the fifth
passage, were identical to the corresponding region of their
parental sequences (pSMV-G7) (not shown). However, con-
tinuous passage of large population of the progeny of
pSMV-G7 over along period (about 18—20 months) in Pl
96983 resulted in evolution of a mutant population (vSMV-
G7d), which induced no visible stunting or necrosis in this
soybean genotype (not shown). The first systemicaly in-
fected trifoliolate leaves, however, occasionally developed a
few nonrestricted chlorotic lesions 3—4 wpi, in particular,
when plants were maintained at 20°C. All of the other
systemically infected trifoliolate leaves developed mosaic,
vein banding, and mild leaf distortion (Fig. 1). The systemic
symptoms induced by vSMV-G7d appeared at least 1 week
earlier than those of its progenitor (pSMV-G7) and spread
more rapidly among the trifoliolate leaves of the infected
plants (data not shown). The phenotype of vSMV-G7d in Pl
96983 remained consistent irrespective of the nature of
inoculum (i.e., infectious sap or purified virions). Further-
more, Pl 96983 scions grafted onto vSMV-G7d-infected
Williams 82 (rsvl) rootstocks showed a phenotype similar
to those inoculated mechanically (data not shown). Under
similar conditions, graft inoculation of Pl 96983 with its
progenitor (pSMV-G7) resulted in expression of apica ne-
crosis and the death of all the infected Pl 96983 scions
(Hajimorad and Hill, 2001).

The vaMV-G7d accumulates efficiently in Pl 96983 (Rsvl)
leaf tissues, but fails to up regulate PR1 protein gene
transcript

The possibility that inability of vSMV-G7d to provoke
Rsvl-mediated LSHR in Pl 96983-infected leaf tissues was
due to its poor accumulation was investigated by both West-
ern immunoblotting and slot-blot hybridization analyses.
The accumulation of vSMV-G7d coat protein (CP), how-
ever, was higher than that of its progenitor (pPSMV-G7) in
trifoliolate leaves 1 and 2 and at a comparable level in all
the other trifoliolate leaves examined (Fig. 2). The accumu-
lation of its genomic RNA was aso consistent with its CP
accumulation (compare Figs. 2 and 3). pSMV-G7 accumu-
lated to avery low level in trifoliolate leaves 1 as compared
to the other trifoliolate leaves from the same infected plants
(Figs. 2 and 3). However, irrespective of the level of virus
accumulation, all pSMV-G7-infected trifoliolate leaflets
displayed necrosis (Fig. 1), which suggests that the induc-
tion of Rsvl-mediated necrosis by pSMV-G7 is concentra-
tion independent. Despite the efficient accumulation of
vSMV-G7d in al of the infected trifoliolate |eaves exam-
ined, and unlike its progenitor (pSMV-G7), it failed to up
regulate the expression of the soybean PR-1 protein gene
transcript in the infected trifoliolate leaves 2—4 (Fig. 3).
Furthermore, none of the infected vSMV-G7d-infected tri-
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Fig. 3. Slot-blot hybridization analysis for accumulation of Soybean mosaic
virus (SMV) RNA and soybean PR-1 (PR-1) protein gene transcript up
regulation in Pl 96983 (Rsvl) leaf tissues. Primary leaves were mechani-
cally inoculated with buffer (mock), 6.25 ng/leaf of purified virions of the
newly emerged mutant population (vG7d), or the progeny of pSMV-G7
(pG7). Following inoculation, plants were maintained in a growth chamber
(20°C) until a half of a leaflet from trifoliolate 1-4 (T1-T4) of the virus
infected or trifoliolate 3 (T3) of the mock inoculated plants was collected
3 weeks postinoculation. Samples from corresponding trifoliolates of four
independent replicate plants were combined; total RNA was isolated and
denatured, and 10 ug was slot-blotted onto a membrane and hybridized
with 32P-labeled cDNA probes.
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Fig. 5. Slot-blot hybridization analysis of accumulation of Soybean mosaic
virus (SMV) RNA and soybean PR-1 protein gene transcript up regulation
(PR-1) in soybean trifoliolate leaves. Primary leaves of Pl 96983 (Rsvl),
Williams 82 (rsvl), and L78-379 (Rsvl) were mechanically inoculated
with buffer (mock) or infectious sap containing progenies of pPSMV-G7d
(pG7d) and pSMV-G7 (pG7). Following inoculation, plants were main-
tained in a growth chamber (20°C) until a leaflet from the third trifoliolate
of infected plants was collected 4 weeks postinoculation. Samples from
corresponding trifoliolate leaflets of four independent replicate plants were
combined; total RNA was isolated and denatured, and 10 ug was sot-
blotted onto a membrane and hybridized with *>P-labeled cDNA probes.

foliolate leaflets displayed necrosis (Fig. 1). However, a
slight up regulation of the PR-1 protein gene transcript was
detected in vSMV-G7d-infected trifoliolate 1, which was
associated with the presence of a few chlorotic lesions on
the leaflet blades.

The infectious clone of SMV-G7d (pSMV-G7d) displays a
similar phenotype to that of the virus population
(VSMV-G7d)

Seven full-length clones of SMV-G7d fused downstream
of the 35S promotor (pSMV-G7d) were tested for infectiv-
ity by biolistic inoculation of Pl 96983. However, only one
of the clones caused infection in the transfected plants and
it displayed a phenotype similar to that of the vSMV-G7d
(not shown). Infectious sap containing progeny of pSMV -
G7d was used to inoculate Pl 96983 (Rsvl), Williams 82
(rsvl), and L78-379 (Rsvl) and plant phenotypes were com-
pared with those inoculated with the progeny of its progen-
itor (pSMV-G7) (Fig. 4). The progenies of both clones
induced indistinguishable symptoms in Williams 82, con-
sisting of very mild mosaic, mild leaf distortion with no
visible necrosis, and without up regulation of the soybean
PR-1 protein gene transcript (Figs. 4 and 5, respectively).
Progeny of pSMV-G7 induced severe LSHR in Pl 96983
(Rsvl) and severe SHR in L78-379 lines (Fig. 4, inset).
Lack of LSHR expression in L78-379 line is possibly due
to genetic differences with Pl 96983 as L78-379 is a near
isoline of Williams (rsv1) containing the Rsv1 allele from PI

96983 (Bernard et a., 1991). It has been shown in other
pathosystems that, in addition to R and Avr gene products,
additional host factors are also required for R-mediated
signaling responses downstream of the recognition event
leading to HR-mediated cell death (Banerjee et al., 2001).
This may be reflected in the differential responses of the
Rsv1-containing Pl 96983 and L78-379 soybean lines. As
expected, Rsvl-mediated recognition of the progeny of
pSMV-G7 in both Pl 96983 and L78-379 was associated
with strong up regulation of the PR-1 protein gene transcript
(Fig. 5). However, the progeny of pSMV-G7d, similar to the
vSMV-G7d population, did not induce necrosis in these two
genotypes and caused only moderate mosaic, mild leaf
distortion (Fig. 4), and no up regulation of the PR-1 protein
gene transcript (Fig. 5). Similar to infection with vSMV-
G7d, the progeny of pSMV-G7d caused a few chlorotic
lesions on the first systemically infected trifoliolate leaf of
Pl 96983 (not shown).

Nucleotide and predicted amino acid sequences
of pSMV-G7d differ from its progenitor (pSMV-G7)
by a very limited number of substitutions

Comparative sequence analysis of the full-length infec-
tious clone of pSMV-G7d with that of its progenitor
(pSMV-G7) showed that both genomes consist of 9588
nucleotides excluding the 3’ poly(A) tail. However, pSMV -
G7d differed from its progenitor (pSMV-G7) by 17 nucle-
otide substitutions of which 10 were trandationally silent
(Table 1). No nucleotide substitutions were observed in the
cylindrical inclusion (ClI), 6K, Nla-Vpg, and 3" untransated
regions (UTR) of pSMV-G7d. The 3’-end sequence of the
vSMV-G7d identified by 3" RACE aso was found to be
identical to those of pSMV-G7. In contrast, one nucleotide
substitution was found in the 5" UTR of pSMV-G7d (Table
1), which was originally detected by 5 RACE of the
vSMV-G7d and subsequently incorporated into the primer
G75'd (Table 2). NIb and CP regions each differed by one;
helper component-proteinase (HC-Pro) and Nla-Proteinase
(Nle-Pro) each differed by two; P1 proteinase (P1) differed
by four and P3 differed by six nucleotides (Table 1). How-
ever, nucleotide substitutions resulted in only seven amino
acid exchanges in the entire deduced polyprotein of pPSMV -
G7d; one each in P1, HC-Pro, and CP, and four in P3 (Ta-
ble 1).

The sequences of pSMV-G7d are very similar but not
identical to the consensus sequences of the vaMV-G7d
population

To determine the sequence similarity between pSMV-
G7d and the consensus sequences of the mutant population
(vSMV-G7d), the sequences of the 5’ and 3 portions of the
genome were targeted (Table 3). P1, P3, the N-termini of
HC-Pro and C-termini of NIb, and the entire CP regions of
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Table 1
Nucleotide and amino acid differences between pSMV-G7d and pSMV-G7
Region® Nucleotide Amino acid
Position® pSMV-G7 pSMV-G7d Position pSMV-G7 pSMV-G7d
5 UTR 12 Cc A
(1-131)
P1 322(2) A G 64 Lys Arg
(132-1058) 512 (3) T C
650 (3) A G
872 (3) T C
HC-Pro 1142 (3) C T
(1059-2429) 1546 (2) A G 472 GIn Arg
P3 2501 (3) T C
(2430-3626) 2598 (1) G A 823 va Met
2615 (3) T C
2874 (1) A G 915 Met val
2988 (1) A G 953 Lys Glu
3466 (2) C T 1112 Ala Vval
Cl —° —
(3627-5528)
6K — —
(5529-5687)
Nla-VPg — —
(5688-6257)
Nla-Pro 6281 (3) T G
(6258-6986) 6713 (3) G A
NIb 8363 (3)
(6987-8537)
CcP 8655 (1) G A 2842 va Met
(8538-9335)
3’ UTR — —
(9336-9588)

2The order of SMV genomic regions and their predicted lengths are presented as proposed by Jayaram et al. (1992).
b The positions of mutated nucleotides and amino acids on the SMV genome are based on sequences of SMV strains G7 and G7d (GenBank Accession
Nos. AY 216010 and AY 216987, respectively). Numbers in parentheses show position within the codon.

¢ No difference.

the SMV-G7d population were RT-PCR amplified, directly
sequenced, and compared with the corresponding regions of
its progenitor (pSMV-G7) and pSMV-G7d (Table 3). Se-
guence alignment showed that the P1 region of pSMV-G7d
differed from the homologous region of vSMV-G7d popu-
lation by two nucleotide substitutions, both of which re-
mained trandationally silent (Table 3). Sequences of the
N-terminus of HC-Pro and the C-terminus regions of NIb
and CP of pSMV-G7d wereidentical to those of the vSMV -
G7d population (Table 3). However, the P3 region of
pSMV-G7d differed by one nucleotide substitution from the
consensus sequences of vSMV-G7d, which resulted in one
amino acid substitution at this position (Table 3). The con-
sensus nucleotide sequences of the vSMV-G7d population
at positions 512, 650, and 2874 were al identical to its
pSMV-G7 progenitor sequences (Table 3). The nucleotide

at position 2874 in pSMV-G7d was stable and did not revert
toits parental sequence (pSMV-G7) even after five passages
in Pl 96983 (not shown).

To further study the heterogeneity at position 2874
within the vSMV-G7d population, a portion of the HC-Pro
and P3 genes of the vSMV-G7d population (nucleotides
1988-3206) was RT-PCR amplified using as a template the
isolated virion RNA (from the same stock which pSMV-
G7d was derived from), cloned into pGEM-T, and two
independent clones were sequenced. The segquences of both
the clones were identical to each other and to the consensus
sequences of the vSMV-G7d population (not shown). These
data demonstrate that the sequences of pSMV-G7d are very
similar, but not identical, to the consensus sequences of the
SMV-G7d population and presumably it represents avariant
sequence (Domingo and Holland, 1997).
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Table 2

Sequences of sense and antisense oligonucleotide primers used for reverse transcriptase reactions and PCR amplifications

Primer Sequences® (5'-3") Position® Restriction site
601a GGTCTCCAGTATTTTGTT 601-584

412s GTTTGACCTTGCGTCGCT 412-429

237a GTTTTGCCATCTGAACTGCTT 237-217

3dta GTTTCTAGAGCTCAGCGGCCGCATCGA(T),»0

9269s GCACACTGCAAGGGATGT 9269-9286

3dt-core GTTTCTAGAGCTCAGCGGCCGCATCGATTT Clal
Cl3a GCGGATCCATCTGTAATTGGACTGCATTCA 5526-5506 BamHI
Cl5s GCGGATCCAGTGTTGATGAGATTCAGA 36243642

G75'd GGTAGGCCTTTAAATTAAAACTACCTATAAAGAC 1-23 Dral
Ca3sS ACGCACAATCCCACTATC

Nosa AGACCGGCAACAGGATTCA

1988s GCGCCATTTGGTTATTGG 1988-2005

3263a TGTATTGATAATACCTTGC 3263-3245

4048a CCAAACTTGCTCAATCCTCTC 4048-4028

3584s GGCATTTTTCAGCACAATG 35843602

214s TTCAGGCAGTTCAGATGGCGAAACAA 214-233

2 Nuclectide identical or complementary to SMV sequences are italicized; the recognition sequences for restriction enzymes used for cloning are shown
in bold, and non-SMV sequences are underlined.

P The positions of oligonucleotides on the SMV genome are based on sequences of SMV strains G7 and G7d (GenBank Accession Nos. AY 216010, and
AY 216987, respectively).

pSMV-G7d is phenotypically and genotypically a unique Chen et a., 1994). To compare the phenotype of pSMV-
variant of SMV G7d with that of SMV-G7a, two isolates of SMV-G7a
(ATCC PV614 and ATCC PV724), which had been depos-

According to the literature, SMV-G7ais the only known ited by two independent sources with the American Type
strain of SMV capable of inducing systemic mosaic without Culture Collection (ATCC), were obtained. However, hone

SHR in Rsvl-genotype soybean (Buzzell and Tu, 1984; of 64 Rsvl-genotype soybean plants mechanically inocu-

Table 3
Nucleotide and amino acid variation among genomic regions of pSMV-G7, vSMV-G7d population, and pSMV-G7d
Nucleotide Amino acid
Region Position pSMV-G7 vSMV-G7d pSMV-G7d Position pSMV-G7 vSMV-GT7d pSMV-G7d
P1 (132-1058)*
322 (2)° A G G 64 Lys Arg Arg
512 (3) T T ce
650 (3) A A G
872 (3) T C Cc
HC-Pro (1059-1614)
1142 (3) C T T
1546 (2) A G G 472 GIn Arg Arg
P3 (2430-3626)
2501 (3) T C C
2598 (1) G A A 823 va Met Met
2615 (3) T Cc C
2874 (1) A A G 915 Met Met va
2988 (1) A G G 953 Lys Glu Glu
3466 (2) C T T 1112 Ala Vva Val
NIb (8321-8534)
8363 (3) A G G
CP (8538-8721)
8655 (1) G A A 2842 Vval Met Met

#Numbers are the length of sequences determined for each region of vSMV-G7d population by direct sequencing of RT-PCR products and were used for
comparison with the corresponding regions of pPSMV-G7 and pSMV-G7d.

b The positions of mutated nucleotides and amino acids on the SMV genome are based on sequences of SMV strains G7 and G7d (GenBank Accession
Nos. AY 216010 and AY 216987, respectively). Numbers in parentheses show position within the codon.

¢ Underlines indicate nucleotide or amino acid variation between vSMV-G7d population and its representative clone pSMV-G7d.
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Table 4
Percentage nucleotide sequence identity of P1* and coat protein (CP)
regions among SMV strains

Isolates pSMV-G7  pSMV-G7d  SMV-N
SMV-G7a (ATCC PV614) 952 (94.8)> 94.7(947)  99.2(99.4)
pPSMV-G7 995(99.9) 955(95.0)
pSMV-G7d 95.1 (94.8)

2 The nucleotide (nt) sequences of P1 region of SMV-G7aPV614 (Gen-
Bank Accession No. AH008455) was limited to the 3’ 873 of 927 nts;
therefore, only this region of P1 was used in all the comparisons.

b Numbers outside and inside parentheses represent percentage nucleo-
tide identity among P1 and CP regions, respectively.

lated with SMV-G7a ATCC PV614 or 76 with ATCC
PV 724 showed infection on the basis of symptom expres-
sion and DAS-ELISA. This was irrespective of using Pl
96983 (Rsvl) or L78-379 (Rsvl) lines. Under similar con-
ditions, 41 of 41 and 28 of 46 Williams 82 (rsvl) soybean
plants mechanically inoculated with ATCC PV614 and
ATCC PV724, respectively, were systemically infected.
To determine genetic similarity of SMV-G7ato SMV-G7d,
the published full-length sequences of CP and the partia se-
quences of the P1 regions of SMV-G7a ATCC PV614 corre-
sponding to nuclectides 186—1058 of the genome (GenBank
Accession Nos. AF200572 and AH008455, respectively) were
compared with the homologous regions of pPSMV-G7, pSMV-
G7d, and SMV-N (GenBank Accession No. D00507). The
percentage sequence identity indicated that SMV-G7a ATCC
PV614 was most similar to SMV-N (ATCC PV 728) (Table 4),
an isolate of strain SMV-G2 (Cho and Goodman, 1979). The
comparison of the respective deduced full-length amino acid
sequences of the CP also showed asimilar pattern (not shown).
To geneticaly compare the two isolates of SMV-G7a with
each other, a portion of the P1 region of SMV-G7a ATCC
PV 724, corresponding to nucleotides 764—1055, was RT-PCR
amplified, sequenced (GenBank Accession No. AY216988),
and compared with the corresponding region of SMV-G7a
ATCC PV614. The sequence aignment showed that both were
identical (not shown), which suggests that the two SMV-G7a
isolates are closdy related. The data demongtrate pSMV-G7d
represents a unique variant of SMV both phenotypicaly and

genotypically.

Discussion

In R-genotype plants, the recognition of pathogens as
intruders is a key for dlicitation of R-dependent defense
responses, which are often, but not always, associated with
localized HR and efficient containment of the pathogen
(Heath, 2000; Shirasu and Schulze-Lefert, 2000). In this
study, it was demonstrated that long-term passage of large
populations of the progeny of the molecularly cloned ge-
nome of SMV-G7 (pSMV-G7) in Rsv1l-genotype soybean
resulted in emergence of a mutant population (vSMV-G7d)

capable of evading Rsvl-mediated recognition. An infec-
tious clone of an individual genome from this population
(PSMV-G7d), despite having limited sequence differences
from the consensus sequences of vSMV-G7d population,
demonstrated similar capability. The ability of pSMV-G7d
to evade Rsvl-mediated recognition was associated with an
unknown proportion of the 17 mutations, with the majority
in transitions, in the entire genome resulting in a total of
seven amino acid substitutions in four of nine proteins.

The “low” rate of mutation accumulation in the genome
of pPSMV-G7d is not surprising, because the virus evolved
under strong selection pressure, and probably negative se-
lection prevented the survival of certain mutations. Tobacco
mosaic virus also accumulated a low level of mutations
when its replication was subjected to a selective disturbance
(Kearney et al., 1999). In the absence of selection pressure,
it has been shown that taxonomically different plant viruses
were capable of generating a tremendous amount of heter-
ogeneity (Schneider and Roossinck, 2001); however, the
biological significance was not demonstrated.

The founder population from which vSMV-G7d was
derived originated from apSMV-G7 biolistically inocul ated
Williams 82 (rsvl) soybean plant. The original inoculum
was homogenous DNA, so the mutation could not be
present in the inoculum. Thus, al the accumulated muta-
tions in vSMV-G7d genome must have been generated de
novo as aresult of virus RdRp error. However, the involve-
ment of recombination during the evolution of vSMV-G7d
cannot be excluded. Recombination is not uncommon
among members of Potyviridae (Bousdem et al., 2000;
Cerveraet d., 1993; Glais et a., 2002; Moury et a., 2002;
Ohshima et al., 2002; Revers et al., 1996). It has been
proposed that recombination is a mechanism utilized by
RNA viruses to counterbalance their high replication error
rate and to rescue functional parental sequences from the
mutated sequences (Nagy and Simon, 1997; Simon and
Bujarski, 1994). Nevertheless, as for any population (Drake
et a., 1998; Tolou et a., 2002), nucleotide substitutions
were the initial source of variation in progenies of pSMV-
G7.

The demonstration that a molecularly cloned genome of
a plant RNA virus can evolve experimentaly to evade an
R-mediated recognition supports the notion that RdRp error
together with large population size and short generation
times coupled with selection pressure is one of the mecha
nisms responsible for emergence of such viral mutants in
plants. Minor modification of the Avr signal by a point
mutation is acommon strategy among plant virusesto evade
R-mediated recognition (Culver et a., 1994; Padgett and
Beachy, 1993). This is mostly due to multifunctionality of
viral genes, hence, point mutation is the only affordable
strategy. Other pathogens, such as bacteria and fungi, intro-
duce diverse mutations into their Avr genes, including point
mutations, insertions, and deletions to avoid triggering R-
mediated resistance responses (Leach et al., 2001).

A large part of the SMV-G7d genome, including ClI, 6K,
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Nla-Vpg, and 3'-UTR, remained mutation free. Except for
6K, the remaining regions of the genome are not conserved
among SMV strains (Jayaram et a., 1992); hence, the virus
tolerates mutations in these regions. Mutation during repli-
cation of aRNA genome is probably arandom event, which
indicates that in the course of the evolution of SMV-G7d,
the selection pressure imposed by the Rsv1-genotype, acted
against accumulation of mutations in these regions. The
perfect sequence identities of these regions with those of its
progenitor (pSMV-G7), however, suggest that these regions
are not involved in induction of Rsvl-mediated LSHR.
Among the regions of the pSMV-G7d genome, P3 and P1
accumulated the highest number of mutations. This is not
surprising as these two regions are the least conserved
among SMV strains (Jayaram et al., 1992), and among other
potyviruses (Urcuqui-Inchima et al., 2001).

The current study was concerned with whether the mu-
tations result in emergence of new variants capable of evad-
ing Rsv1-mediated recognition. Thus, more complex ques-
tions such as the mutation rate of the SMV polymerase, the
dynamic of SMV mutation, and the complexity of the qua-
sispecies structure of the virus were not evaluated. How-
ever, nearly all RNA viruses have extremely high mutation
rates (Drake, 1993; Drake and Holland, 1999; Malpica et
a., 2002), and the ability of taxonomically different plant
RNA viruses as well as satellite RNAs and viroids to gen-
erate quasispecies from molecularly cloned genomes, but
not of known biological importance, has been demonstrated
(Gora-Sochacka et a., 1997; Kearney et al., 1999; Kurath
and Palukaitis, 1990; Kurath and Dodds, 1995; Roossinck,
1997; Schneider and Roossinck, 2001). Such studies, how-
ever, have not been conducted with any member of the
genus Potyvirus, which constitutes the largest and econom-
ically most important genus of plant viruses (Shukla et al.,
1994), in part because the synthesis of infectious clones of
potyviruses has been recalcitrant (Jakab et al., 1997; Johan-
sen, 1996).

The observation that a majority of the mutations in the
pSMV-G7d genome were also present in the consensus
sequence of the vSMV-G7d population suggests that these
mutations have been fixed in the population. With positive
selection, fixation of certain mutations in an evolving RNA
viral population is expected (Smith et al., 1997). However,
of three silent mutations in the P1 gene of pPSMV-G7d, two
were not present in the consensus sequence of the vSMV-
G7d population. Also a G substitution for A in position
2874 of the pSMV-G7d genome was not detected in the
consensus sequence of the vSMV-G7d population or in two
independent clones examined. This mutation is responsible
for change of a predicted valine to methionine in position
915 of the pPSMV-G7d polypeptide located in the P3 region.
High-fidelity Tag polymerase was used for all the RT-PCR
amplifications in this study; thus, it is unlikely that all three
mutations originated in vitro. The observation that no other
mismatches were found el sewhere between pSMV-G7d and
vSMV-G7d consensus sequences, and a large portion of

pSMV-G7d genome is mutation free, supports this conclu-
sion. Therefore, the nucleotide differences between vSMV -
G7d population and pSMV-G7d are more likely indicative
of the quasispecies nature of the vSMV-G7d population.
According to the quasispecies theory, the most adapted
master sequence(s) and closely related variants represent the
fittest members(s) of the swarm of the mutants in any
defined selective environment (Holland and Domingo,
1998). The observation that both vSMV-G7d and pSMV -
G7d are capable of evading Rsv1-mediated recognition sug-
gests that none of these three mutations are critical for
Rsv1-mediated evasion.

The data presented in this communication must be inter-
preted with caution in regard to the durability of R-genes
against plant viruses. The vSMV-G7d emerged as aresult of
experimental evolution of pSMV-G7 after continuous large
population passages in Rsvl-genotype soybean plants.
Large population passage is known to favor the selection of
novel mutants, which have the highest relative fitness
(Clarke et a., 1993; Novella et al., 1995). However, an
evolving plant virus in the environment is continuously
subjected to different genetic bottlenecks. The spread of
SMV under field conditions is dependent on infected seeds
or viruliferous aphids (Hill et a., 1980). SMV-G7 induced
LSHR in Pl 96983 prematurely kills the infected plants.
Thus under field conditions, the survival of an evolving
population of SMV-G7 in an Rsv1-genotype soybean plant,
with a genetic makeup similar to that of Pl 96983, depends
solely on aphid transmission. In contrast to a large popula-
tion passage, aphid transmission results in the transmission
of a few infectious genomes best adapted to the vector
regardless of their fitness to the plant hosts. Thus, in nature,
an emerging virus mutant is faced with adaptive fitness in
both the host and the vector (Pirone and Blanc, 1996). Plant
viruses also often use aternate hosts for survival. These
factors present an additional challenge for evolving viral
mutants. Experimental evidence suggests that the quasispe-
cies structure of plant viruses is host-dependent (Kearney et
a., 1999; Schneider and Roossinck, 2001). Furthermore,
viral mutants evolved to evade R-mediated recognition are
not as competitive as wild-type viruses in susceptible hosts
(Jenner et al., 2002; Goulden et al., 1993). As a result of
complex interactions among plants, viruses, and their vec-
tors, it is not surprising that the mgjority of R-genes de-
ployed against plant viruses have proven to be relatively
durable (Harrison, 1981; Hull, 2002).

Materials and methods

Soybean genotypes, virus sources, inoculation,
and propagation

The soybean (Glycine max) cultivars Williams 82 (rsvl),
line Pl 96983 (Rsv1), and line L78-379 (Rsvl), which is a
near isoline of Williams with the Rsv1 allele from line Pl
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96983 (Bernard et al., 1991), were used in all experiments.
Seeds were obtained from virus-indexed plants and grown
in a greenhouse with supplemental lighting during the win-
ter at 22 to 25°C or in a growth chamber operating at 20°C
with a photoperiod of 18 h. The infectious cDNA clone of
SMV-G7, driven by the 35S promotor (pSMV-G7) (Eggen-
berger and Hill, 1997), was used as the virus source. The
plasmid DNA was coated (3—4 ug of DNA) onto 1.6-um
gold particles (Bio-Rad Laboratories, Hercules, CA) as de-
scribed by Sanford et a. (1993). Hypocotyls of the soybean
Williams 82 (rsvl), an SMV-susceptible soybean cultivar
(Bernard and Cremeens, 1988), were bombarded with the
particles using a PDS-1000 helium gun (Bio-Rad). Biolistic
delivery was done using 1100-PSI rupture disks (Bio-Rad)
and a 6-cm distance to target. Infectious sap from one of the
infected plants was used to mechanically inoculate the car-
borundum-dusted (600 mesh) soybean line Pl 96983 (Rsvl)
as previously described (Hgjimorad and Hill, 2001). Large
population transfers of the virus were done under green-
house conditions by inoculating primary leaves of at least
four young (2 weeks old) Pl 96983 seedlings with sap from
systemically infected Pl 96983 leaf tissues every 3-4
weeks. In each inoculation, sap from systemically infected
trifoliolate leaves of one of the infected plants served as
inoculum. This practice continued until a stable virus pop-
ulation (vSMV-G7d) incapable of inducing LSHR evolved
(about 18—20 months). Passage of vSMV-G7d in Pl 96983
continued for an additional 2 months before the virus was
propagated for purification. SMV was propagated in Pl
96983; virions were purified, and the preparation was dia-
lyzed against 0.05 M Na-borate, pH 8.0 (Hagimorad and
Hill, 2001). The concentration of virions was determined
spectrophotometrically and purified virus was stored at 4°C.
Two isolates of SMV-G7a (ATCC PV614 and ATCC
PV724) were obtained from L.L. Domier (University of
Illinois, USA) and our laboratory collection, respectively.

RNA isolation

Viral RNA was isolated by dissociation of purified SMV
virions in the presence of 1% SDS and 0.5 mg/ml protein-
ase-K (Boehringer Mannheim GmbH, Germany) at 37°C
for 1 h (Vance and Beachy, 1984). The RNA was then
purified using an RNeasy purification kit (Qiagen, Vaencia,
CA) and stored at —85°C. Total soybean RNA was isolated
from liquid nitrogen-frozen leaf tissues kept at —85°C, as
described by Pawlowski et a. (1994). The concentrations of
the isolated RNAs were determined spectrophotometrically.

Immunoassay

Squash-immunoblotting was done as described previ-
oudy (Hajimorad and Hill, 2001). For Western immuno-
blotting, SMV-infected or mock-inoculated soybean |leaf
tissues were pulverized in liquid nitrogen, extracted in five
volumes (w/v) of abuffer containing 0.625 M Tris-HCI, pH

6.0, 2% (w/v) SDS, 10% (v/v) 2-mercaptoethanol, 10%
(v/v) glycerol, and analyzed by 12% SDS-PAGE as de-
scribed (Hajimorad et al., 1996). Separated proteins were
detected by staining with Coomassie brilliant blue or were
transferred to nitrocellulose membranes for immunaoblot
analysis (Hajimorad et al., 1996). Detection of SMV CPin
infected soybean leaf tissues was also done by double-
antibody sandwich enzyme-linked immunosorbent assay
(DAS-ELISA) as described previously (Hajimorad and Hill,
2001).

Probes and dlot-blot hybridization

A cloned fragment of a soybean PR-1 protein gene (Gen-
Bank Accession No. A1930866) was PCR-amplified with
vector-specific T7 and T3 primers, gel-purified, and ream-
plified in the presence of [3?P]dCTP to generate a cDNA-
labeled probe as described by Hajimorad and Hill (2001). A
probe against soybean 18S ribosomal RNA (Eckenrode et
a., 1984) was synthesized with a random-primed DNA
labeling kit (Life Technologies) according to the manufac-
turer’s instructions. The SMV probe was PCR synthesized
in the presence of [**P] dCTP using SMV specific primers
3584s and 4048a (Table 2) and supercoiled plasmid pSMV -
G7d as atemplate. Thisregion of SMV genome s identical
between pSMV-G7 and pSMV-G7d. Unincorporated nucle-
otides were removed using Probe Quant G-50 Microcol-
umns (Pharmacia, Piscataway, NJ). RNA denaturation, slot-
blot hybridization, and detection of hybridization signals
were performed as described (Hajimorad and Hill, 2001).
Images were reformatted for publication with Adobe
PhotoShop (Adobe Systems, San Jose, CA, USA).

The vaMV-G7d RNA 5" and 3'-end sequences

A rapid amplification of cDNA ends kit (5'-full RACE
core set kit, Takara Shuzo Co., Ltd., Japan) was used to
determine the 5'-end sequences of vSMV-G7d RNA. Puri-
fied virion RNA was primed with 5’-phosphorylated primer
601a (Table 2) and reverse transcribed according to instruc-
tions of the manufacturer. Following RNase H treatment
and ethanol precipitation, the first-strand cDNA product
was self-ligated using T4 RNA ligase and used as atemplate
for PCR amplification in the presence of primers 412s and
237a (Table 2) and LA Taq polymerase (Takara). The gel-
purified (Sambrook et al., 1989) PCR product was ligated
into pPGEM-T (Promega, Madison, WI, USA) and cloned.
Plasmid DNA from two independent clones was sequenced
with vector-specific T7 and Sp6 primers. To determine the
3" -end sequences, purified vSMV-G7d RNA was reverse
transcribed in the presence of primer 3dta (Table 2) using
Superscript reverse transcriptase (Gibco-BRL) according to
the manufacturer’s recommendation. Following RNase H
treatment, the first-strand cDNA was PCR amplified in the
presence of the primers 9269s and 3dt-core (Table 2) using
LA Taq polymerase. The gel-purified PCR product was
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ligated into pGEM-T and cloned and plasmid DNA from
two independent clones were sequenced as above.

Consensus sequences of the viral population

The genomic regions of interest were reverse transcribed
(RT) in the presence of antisense SMV-specific primers
using as templates viral RNA isolated from purified virions
or total RNA isolated from systemically infected soybean
leaf tissues. The RT products were subsequently used as
templates for PCR amplification of the targeted regions in
the presence of SMV-specific primers. The PCR products
were purified by using a Qiaguick PCR purification kit
(Qiagen) and directly sequenced using SMV -specific prim-
ers.

Synthesis of full-length infectious clone of SMV-G7d
(PSMV-G7d) and screening for infectivity

The plasmid vector used for cloning SMV-G7d was
pBR322 (Bolivar et a., 1977), modified to contain the 35S
promoter and NOS terminator from pAGUSL (Skuzeski et
al., 1990). The polylinker between the promoter and termi-
nator contained a Sul site at the start of transcription,
followed by BamHlI, Dral, and Clal sites.

Two overlapping cDNA fragments were reverse tran-
scribed in the presence of primers 3dta and Cl3a (Table 2)
using SuperScript reverse transcriptase. The 5’-region cor-
responding to nucleotides 1-5526 was PCR amplified using
primers G75'd and Cl3a (Table 2). The product was di-
gested with Dral and BamHI and ligated into Stul/BamHI-
digested plasmid vector. ElectroMax DH5q«-E cells (Gibco-
BRL) were transformed by electroporation using a
MicroPulser (Bio-Rad). Positive transformants were identi-
fied by PCR amplification using primers Ca35S (a sense
primer specific to the 35S promoter) and 237a (Table 2) and
verified by restriction digest analyses. The 3'-region of the
genome, corresponding to nucleotides 3624-9588 and the
poly(A) tail, was PCR amplified using primers C15s and
3dt-core (Table 2), digested by Sall and Clal, and ligated
into apool of similarly digested plasmid vector downstream
of the 5'-region. Primers 9269s and Nosa (a reverse nopa-
line synthase transcription terminator primer; Table 2) were
used for PCR screening of the transformants. Selected plas-
mids containing the full-length genome of SMV-G7d
(PSMV-G7d) were purified using QiaPrep Spin MiniPrep
Kit (Qiagen) and tested for infectivity on Pl 96983 by
particle bombardment as described above. The presence of
SMV in symptomatic plants was verified by squash-im-
munoblotting (Hajimorad and Hill, 2001).

Sequencing, assembly, and analysis
Sequencing was done at the lowa State University DNA

Sequencing and Synthesis Facility. Both strands of super-
coiled plasmid of pSMV-G7 and pSMV-G7d were se-

guenced using primers Nosa and Ca35S (Table 2) to initiate
sequencing of (+) and (—) strands, respectively. Other
primers were designed and synthesized as information
emerged and sequencing was completed using a primer
walking approach. The sequences were edited by Factura
(Applied Biosystem, MA, USA), assembled by Autoassem-
bler software (Applied Biosystem), and analyzed by using
the DNA Star package and the Wisconsin package version
10.2 (Genetic Computer Group, Madison, WI, USA).

The sequences of pSMV-G7 and pSMV-G7d arein Gen-
Bank as Accession Nos. AY 216010 and AY 216987, respec-
tively. Partial sequences of P1 and HC-Pro regions of SMV-
G7a isolate ATCC PV724 ae dso in GenBank as
Accession Number AY 216988.
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