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CHAPTER I

INTRODUCTION

The soybean (Glycine max)-soybean mosaic virus (SMV)
interaction represents a good model of a host-pathogen sys-
tem with a range of responses and strain-specific resistance
under single dominant gene control in the host. The most
widely used approach to study the mechanism of resistance in
a system is to measure the expression of host defense genes
during development of the pathogenic response, with the hyp-
ersensitive response (HR) being the most widely studied. In
soybeans, this response has been studied with both fungal
and bacterial pathogens but apparently not with viruses
(Ebel, 1986; Collinge and Slusarenko, 1987).

SMV is a potyvirus first observed in the early 1900s
when soybeans were first introduced into the United States
as a crop. It is seed-borne in soybeans and is transmitted
by various species of aphids in a non-persistent manner.
Worldwide, SMV occurs wherever soybeans are grown and causes
reduction in yield and seed quality (Sinclair, 1982).
Resistance is conditioned by a single dominant gene, but
resistance-breaking virus strains exist. SMV isolates have
been classed into seven strain groups, G1-G7, based on the
differential reaction to certain soybean cultivars (Cho and
Goodman, 1979).

The common or type strain of SMV is the least virulent



and resistance to it is controlled by a single dominant
gene, Rsv. Resistant cultivars permit no detectable viral
replication following leaf inoculation with the common
strain, phenotypically show no symptoms and are operation-
ally immune (R response). Cultivars that are susceptible
(rsv) permit replication and systemic spread of the virus
in the plant following inoculation (S response). The sever-
ity of resulting foliar symptoms varies from severe leaf
distortion to mild mosaic, depending on the cultivar and
virus strain. Another type of interaction is that in which
necrosis symptoms are produced by necrotizing strains (N
response).

Previous investigations indicate that five cultivars
resistant to the Gl strain each possess a single dominant
gene for resistance (Kiihl and Hartwig, 1979; Roane et al.,
1983; Buzzell and Tu, 1984; Buss et al., 1989a; Chen et al.,
1991). Genetic analysis of crosses from resistant X
resistant cultivars has demonstrated the lack of segregation
for susceptibility in F, and F3 progenies and indicates with
high probability that the resistance genes in these
cultivars are alleles at the same locus (Chen et al., 1991).

There are numerous types of different necrotic responses
in plants associated with viral infections. The typical type
is the hypersensitive response (HR) in which the plant
specifically recognizes the viruses at the onset of

infection and activates an active defense response that



usually restricts further movement of the virus. However,
sometimes the virus induces necrosis but is not limited to
the initially infected area and is able to move to other
parts of the plant. The soybean Rsv gene:SMV system
differs from typical HR of the well-characterized tobacco
N (Holmes, 1952) or N’ (Weber, 1951) genes:TMV system in
that (i) the necrotic reaction is not totally localized as a
lesion but spreads systemically, and (ii) virus strains are
available that specifically overcome the Rsv gene and
result in phenotypically different responses. The heritibil-
ity of resistance, however, is similar and both segregate as
single dominant genes (Weber, 1951; Holmes, 1952; Buss et
al., 1989a).

However, the phenotypic symptoms of SMV-soybean
interaction system appears similar to those of TMV-tomato
system. Three tomato resistance genes, Tm-I, Tm-2 and
Tm-22 have been identified (Pelham, 1966) which prevent
systemic mosaic symptoms, and respond with either localized
necrosis resulting in resistance, or systemic necrosis
resulting in severe disease depending upon the strain of
inoculating virus, the genotype of the host, and temperature
factors. Upon inoculation with certain strains of TMV,
Tm-2 and Tm-22 resistance genes appears to be allelic
(Pelham, 1966). No strains of TMV have been found to over-
come the resistance of the Tm-22 locus (Fraser, 1990). The

Tm-1 gene in tomato appears to inhibit virus replication



(Watanabe et al., 1987) and the Tm-2 and Tm-22 genes
prevent cell-to-cell spread (Meshi et al., 1987, 1989). The
tomato resistance mechanism is regulated by three distinc-
tive genes at different loci, but both the R and N responses
in certain soybean cv. are regulated by a single dominant
gene. At present nothing is known of the mechanism of the
differential response of soybean to SMV leading to localized
or systemic necrosis or mosaic.

The soybean-SMV system is a genetically well-defined
system and its study should provide insight to the molecular
basis for host-pathogen interactions, specifically because
genotypes that respond as resistant and necrotic to specific
strains of the virus are available. The overall goal of this
research 1is to describe the molecular, biochemical,
physiological and immunological analysis of interaction
between soybean mosaic virus, a potyvirus, and its primary
host, soybean, and to identify and characterize both the
resistance factors from the soybean and the virulence or
pathogenicity components in the virus. By analogy to other
host-pathogen systems, we have generalized that host defense
responses should be operative in soybean, and have focused
on pathogenesis-related proteins and key biosynthetic
enzymes of Kknown defense-related pathways including
phytoalexin and lignin synthesis, which are produced in the
host-virus combinations involving necrosis (Collinge and

Slusarenko, 1987). Ultimately, we may elucidate that the



mechanism of resistance is by requlation of expression of
defense response genes. The specific objectives of this
research were: 1) to demonstrate the accumulation of soybean
pathogenesis-related proteins, to characterize their
involvement in the process of necrogenesis 1in soybean
infected with SMV, and to define their enzymatic functions;
2) to determine the involvement of the necrotizing strain G4
in inducing key enzymes of the phenylpropanoid, isoflavo-
noid, and lignin pathways; 3) to demonstrate the expression
of 3-hydroxy-3-methylglutaryl coenzyme A reductase in soyb-
ean correlated with Rsv resistance to SMV-Gl; and 4)
to examine the coat protein (CP) heterogeneity of SMV and
the proteolytic nature of this heterogeneity in sodium dode-
cyl sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE)
by comparing immunological properties, peptide maps by tryp-
sin cleavage, and dephosphorylation of CP of SMV by alkaline

phosphatase treatment.



CHAPTER II

LITERATURE REVIEW

2.1 Delineation of SMV strains.

Ross (1969) was the first to note wvariability of the
virus by differing abilities to infect soybean cultivars.
Cho and Goodman (1979) placed over 100 SMV isolates into
seven strain groups by using the soybean cultivars Buffalo,
Davis, Kwanggyo, Marshall, and Ogden selected because they
were operationally immune to the type isolate of SMV. The
reactions were either systemic necrosis (N), systemic mosaic
(S), or resistance (R) in which no symptoms were evident and
no viral replication could be detected. All of the strain
groups, designated G1 through G7, were closely related sero-
logically and produced typical mosaic symptoms on cultivars
(Rampage, Clark) susceptible to the type isolate and 1local
necrotic lesions on Topcrop bean (Cho and Goodman, 1979).
Isolates of SMV from Virginia were characterized and placed
into strain groups Gl1 and G3 (Hunst and Tolin, 1982).

2.2 Genetics of resistance to SMV.

Inheritance of reaction to SMV has been investigated by
various groups using different soybean cultivars and SMV
strains. Inheritance of resistance to SMV and its recent
utilization by plant breeding programs have been reviewed by
Buss et al. (1985, 1989a). Kiihl and Hartwig (1979) reported

that resistance to SMV in PI96983 was governed by a single



dominant allele, Rsv, and that resistance in the cultivar
Ogden was governed by rmﬂ, another allele at the same
locus, which is dominant to susceptibility but recessive to
Rsv. They used Ross’s (1969) strains of SMV later shown by
Cho and Goodman (1979) to belong to G2 and G3 strain groups.
Buzzell and Tu (1984) found that a dominant gene in the cul-
tivar Raiden was at a different locus and labeled it Rsv).
Lim (1985) found additional dominant genes for resistance at
different loci from each other and from Rsv, but since the
relation to Rsv) was not determined, it was not labeled.

In Virginia, studies have been focused on determining
the relationship between the resistance genes in the group
of cultivars used by Cho and Goodman (1979) to differentiate
between strains of SMV. Results of inoculating F2 and F3
populations of a series of crosses between Lee68 or Essex
and Marshall, Ogden, Kwanggyo, York and PI96983 with
SMV-VA/G1l have shown that each cultivar has a single dom-
inant gene for resistance and that all resistance genes are
alleles at the same locus (Roane et al., 1983; Buss et al.,
1987). Interestingly, in both field and greenhouse studies,
as many as 10-25% of plants in a segregating population gave
systemic necrosis in response to Gl inoculation. Analysis of
data for best fit to genetic ratios confirms that these
plants should be classed as resistant even though there is
limited viral replication and systemic spread (Roane et al.,

1983; Buss et al., 1987; Buss et al., 1989a,b; Chen et al.,



1991), as is expected in a hypersensitive response (Ponz and
Bruening, 1986). Studies are in progress to inoculate the
various crosses with selected strains to confirm the gene-
for-gene relationship proposed for this system (Roane et
al., 1986). The necrotic response was assumed to be hetero-
zygous for the resistance gene which suggests an incomplete
dominance (Kiihl and Harwig, 1979), and should be classified
as resistant when evaluating segregating populations (Buss
et al., 1989%a,b).

2.3 Characterization of SMV and potyvirus group.

Ribonucleic acid (RNA) was demonstrated to be the
nucleic acid of SMV (Hill and Benner, 1980). The molecular
weight of SMV RNA was estimated to be 3.25 Md by polyacryla-
mide gel electrophoresis using formaldehyde-denatured RNA
(Hill and Benner, 1980) and 3.3 Md using glyoxal-denatured
RNA (Vance and Beachy, 1984a). Polyadenylation at the 3’
terminus of SMV RNA has been identified (Vance and Beachy,
1984a) and described as similar to eukaryotic mRNA’s (Kates,
1970). Vance and Beachy (1984b) immunoprecipitated proteins
from in vitro translation with antibodies to the coat,
nuclear inclusion, and cytoplasmic inclusion proteins to
determine the genome organization. A genomic map of SMV
appears similar to the potyviral general genomic map (Doug-
herty and Hiebert, 1980).

Little work has been done to characterize the SMV

strains other than by their reaction on soybean cultivars.



Hunst and Tolin (1983) showed that SMV-VA/G1l, which induced
a severe mosaic on the soybean cv. Essex, differed ultra-
structurally from mild mosaic-inducing SMV-VA/G3 and Illi-
nois Gl and G3 isolates in that virus particles were not
amassed into cytoplasmic strands as they were with the three
mild strains. They speculated that incorporation of virus
into these strands was a localization mechanism leading to
the tolerant reaction in Essex.

Until recently there was limited information available
on the structure of the potyvirus genome and coat protein
(CP). However with development of the improved biochemical
and molecular tools, some progress has been made to under-
stand the nature of the virus assembly (Shukla et al.,
1988b), the location of antigenic regions of CP (Shukla et
al., 1988b), and the biochemical and biological functions of
potyviral gene products (Berger and Pirone, 1986; Carrington
and Dougherty, 1987a,b; Domier et al., 1987). Complete
genome sequences were first determined for two potyviruses
in 1986 (Allison et al., 1986; Domier et al., 1986).

Earlier work done in our lab initiated the molecular
characterization of SMV-VA/Gl. A cDNA clone containing an
insert of 1443 nucleotides representing the 3’terminus of
the viral RNA genome was obtained (Gunyuzlu et al., 1987)
and its sequence was determined by direct plasmid sequencing
from deleted subclones (Hattori and Sakaki, 1986). Within

this sequence was a single open reading frame of 1119



nucleotides terminating 224 nucleotides from a poly(A) tract
of about 100 A residues. The amino(N)-terminus of the CP
cistron was identified by a glutamine:serine dipeptide
cleavage site 792 nucleotides upstream from the termination
sequence, which would potentially code for a 30kD protein of
264 amino acid residues.

Comparison of this sequence with published sequences of
CPs of other potyviruses, tobacco etch (Allison et al.,
1985a,b), tobacco vein mottling (Domier et al., 1986), pep-
per mottle (Dougherty et al., 1985), sugarcane mosaic (Gough
et al., 1987) and potato virus Y (Shukla et al., 1986),
shows that there is a high degree of homology (>60%) in the
central portion and carboxyterminal (C) end of the protein,
but that the N-terminal region is highly variable. The
recent findings of Shukla et al. (1988a,b,c,d) and of Doug-
herty and coworkers (Allison et al., 1985a; Dougherty et
al., 1985) suggested that the N-terminal and C-terminal
regions are located on the surface of the virus particles
and are the most highly variable between potyviruses and
among strains of the same potyvirus. Based on the SDS-PAGE,
the molecular weights of the CPs of potyvirus group ranged
from 28 to 34 kKD depends on gel concentration used in the
estimation (Hiebert and McDonald, 1973; Moghal and Francki,
1976; Gough and Shukla, 1981). There have been numerous
results on the heterogeneity of the CP of potyviruses. The

reason for the occurrence of multiple bands was a partial

10



degradation of the polypeptide by proteolytic enzymes of
host or microbial origin (Moghal and Francki, 1976). Shukla
et al. (1988b) found that mild trypsin digestion of several
potyviruses removed the variable N-terminal region (29-67
amino acids depending on the virus) and 18-20 amino acids
from the C-terminal region of the CP without destroying the
rod-shaped structure of the virus or its infectivity. For
example, storage at 4°C of a purified preparation of tobacco
etch virus (TEV) was found to change the CP ranging from 32
kD to 26 kD MW (Hiebert et al., 1984), amounting to complete
removal of the surface exposed N and C termini (Shukla et
al., 1988b). Since the N-terminal region contains the virus-
specific epitopes, its gradual removal from particles in
situ would render virus particles containing only nonspe-
cific epitopes. Through the years various approaches have
been applied for the identification and classification of
viruses; serological properties would appear to offer the
most practical tools for detecting viruses in infected
plants (Hollings and Brunt, 1981; Moghal and Francki, 1981).
However, the results reported among large potyvirus group
have been unsatisfactory and inconsistent between related
strains and distinct members. Recently, immunochemical ana-
lysis of native and trypsin-treated particles of potyviruses
has revealed that proteolytic digestion removes the surface
located epitopes that are recognized by the polyclonal

antibodies raised against the whole-virus particles (Shukla
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et al., 1988b). On the other hand, antibodies raised against
the dissociated CP core recognized all 15 different defini-
tive aphid-transmitted potyviruses tested (Shukla et al.,
1988b, 1989). This indicated that core protein sequences of
the CPs are highly conserved throughout the potyviruses.

In contrast to other gene products, the CP is the major
and unique gene product, accounting for 95% of the potyvirus
particle, characteristic amino acid composition, and an
amino acid sequence that shows no significant homology
between different groups of plant viruses (Fauquet et al.,
1986a,b). Therefore, the structural properties of the CP may
be better criteria than other properties for identification
and classification of potyviruses.

The CP may play a role in pathogenesis since changes,
either major or minor, have been detected between strains of
the same virus. It is tempting to speculate that the role
may involve induction of pathogen-related proteins. Fraser
(1983) suggested that the properties of the virus CP may
influence the interaction with the localization mechanism
specified by the N’ gene in tobacco after comparing strains
of TMV with lower thermal stability than the common strain.
The involvement of CP gene sequences in the induction of the
N’ gene HR was demonstated by substituting the CP
gene of the HR-inducing TMV-L strain which does not induce
the N’ gene HR (Saito et al., 1987). It was also possible

that the alteration of single nucleotide in the coat protein
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would induce the HR (Knorr and Dawson, 1988). One possible
assumption for the mechanism of induction of the HR in N’
gene plants is that these plants recognize specific total
three-dimensional structure of the TMV coat protein (Saito
et al., 1989).

2.4 Plant defense responses

Pathogenesis-related (PR) proteins: One of the fruitful
areas of plant virus research recently has been the study of
PR proteins. PR proteins were first detected in tobacco leaf
tissue responding hypersensitively to tobacco mosaic virus
(TMV) to form necrotic lesions and localize the virus (van
Loon, 1976). These proteins are characterized by being of
low molecular weight (Antoniw et al., 1980; Redolfi and Can-
tisani, 1984; van Loon, 1985) and having charge differences
which leads to large electrophoretic separations (Pierpoint,
1983). They are extractable at low pH, retain their solubil-
ity (Gianinazzi et al., 1977; Redolfi and Cantisani, 1984;
Van Loon, 1976) and are highly resistant to proteases (Pier-
point, 1983; Van Loon, 1985). In tobacco and cowpea, PR pro-
teins are located outside the cytoplasm in the intercellular
spaces. Carr et al. (1987) localized tobacco PR1l’s extracel-
lularly in Xanthi-nc near necrotic lesions. Parent & Asselin
(1984) detected PR proteins in intracellular fluid of three
species of tobacco and of Chenopodium responding hypersensi-
tively to TMV.

PR proteins have been found in at least 16 plants in

13



response to various local lesion inducing viruses (Van Loon,
1985). The role of the PR proteins is not well understood
but a number of hypotheses have been presented. They may
serve to protect the plant from extensive damage by limiting
the invading pathogen (Van Loon, 1985). The PR proteins have
been proposed to limit multiplication and/or spread of the
virus and to be associated with systemic acquired resistance
(Fraser and Clay, 1983; Van Loon, 1985). Recent reports from
several European laboratories have begun to clarify the
nature of PR proteins and to associate them with plant
defense responses previously identified with response to
fungal- and bacterial-induced stress. In several of these
reports, immunological or cDNA probes have been developed
and have been used to separate PR proteins in a single
species and compare PR proteins of similar size between
species, as reviewed recently by van Loon (1985).

The tobacco PR proteins have been classified into five
groups. Among the best characterized are the PR-1 group,
PR-la, -1b and -1c, which exist as acidic charge isomers
based on serological assay. cDNA clones to tobacco mRNA
encoding acidic PR-1 proteins have been isolated from TMV-
infected tobacco tissue (Cornelissen et al., 1986; Pfitzner
and Goodman, 1987; Cutt et al., 1988; Payne et al., 1988).
The amino acid sequence homology among the three acidic pro-
teins is more than 90 % in the protein-coding region (Pfitz-

ner and Goodman, 1987; Payne et al., 1988). Immunologically
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crossreacting homologues of tobacco PR-1 proteins have been
found in tomato, potato, cowpea, maize and barley (Nassuth
and Sdnger, 1986; White et al., 1987), while another struc-
turally unrelated PR-1 class has been found in parsley
(Somssich et al., 1988).

Acidic PR-P and -Q and two basic proteins have chitinase
activity (Legrand et al., 1987; Hooft van Huijsduijnen et
al., 1987). Four other PR proteins, PR-0, -P, -2 and one
basic protein have g-1,3-glucanase activity (Kauffmann et
al., 1987). Both hydrolytic enzymes have an inhibitory
effect on fungal growth in in vitro experiments (Mauch et
al., 1988), coordinated induction in response to infection,
increased enzyme activities in parallel to development of
necrosis (Kauffmann et al., 1987; Legrand et al., 1987; Kom-
brink et al., 1988), and roles as elicitors of secondary
metabolite synthesis (Keen and Yoshikawa, 1983). Another
strutural class of p-1,3-glucanase, designated PR-Q’, has
been analysed as the basic form which is different from both
the basic, vacuolar form and the acidic, extracellular
forms. This is synthesized as a pre-pro-enzyme and upon mat-
uration the 21 amino acid signal peptide and a 22 amino acid
C-terminal peptide are removed (Payne et al., 1990). The
previous studies led to the speculation that basic isoforms
of B-1,3-glucanase and chitinase are predominantly localized
in the vacuole; whereas, the structurally related acidic

isoforms of both enzymes are secreted into extracellular
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compartment (Kauffmann et al., 1987; Legrand et al., 1987;
Boller, 1988; Van den Bulcke et al., 1989; Mauch and Staehe-
lin, 1989). It has been proposed that the extracellular
forms have an early defense involved in the recognition pro-
cess, while the vacuolar forms function as the last line of
the defense when cell lysis releases the vacuolar contents
into the extracellular compartments (Mauch and Staehelin,
1989).

Studies with transgenic plants constitutively expressing
PR-1 or -S have failed to show any direct involvement in the
resistance to viruses or insects, or to present a necrotic
symptom (Linthorst et al., 1989; Cutt et al., 1989). Another
recent observation has shown other PR proteins, such as
B-1,3-glucanase and chitinase, accumulated in tobacco leaves
not undergoing necrosis as well as in leaves undergoing
necrosis, suggesting these proteins were not sufficient to
induce the formation of necrotic lesions associated with
hypersensitivity (Godiard et al., 1990).

Phenylpropanoid, isoflavonoid and lignin pathway induc-
tion: In the incompatible interaction between soybean and
fungal pathogens (Phytophthora megasperma f.sp.
glycinea) in which active defense mechanisms are induced,
the accumulation of phytoalexins (glyceollin) appears to
play a definitive role in the expression of resistance (Hahn
et al., 1985; Bonhoff et al., 1986 a,b; Bhattacharyya and

Ward, 1987). Studies on the elicitation of post-infectional
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defense mechanism in soybean have focused on the induction
of phytoalexin accumulation upon inoculation with fungal
spores or hyphae (Hahn et al., 1985; Bonhoff et al.,
1986a,b; Bhattacharyya and Ward, 1986, 1987) or treatment
with different types of elicitors (Keen et al., 1983). Phy-
toalexin accumulation was also elicited by a number of non-
specific, abiotic stresses or wounding the plant (Kochs et
al., 1987). The molecular mechanisms underlying operation in
relation to phytoalexin induction in biologically stressed
plant cells have been intensively reviewed (Dixon et al.,
1983). The marked but transient increase in the rates of
synthesis of phytoalexin biosynthetic enzymes concomitant
with the onset of phytoalexin accumulation has been demon-
strated (Borner and Grisebach, 1982; Lawton et al., 1983a,b;
Bhattacharyya and Ward, 1987; Kochs et al., 1987; Latunde-
Data et al., 1987). The transient increase in enzyme synthe-
sis reflects increases in the levels of the corresponding
mRNA activities (Ryder et al., 1984; Lawton et al., 1983a,b;
Bell et al., 1984; Cramer et al., 1985a,b; Tepper et al.,
1989). Phenylalanine ammonia lyase (PAL) is a key requlatory
enzyme of plant metabolism catalyzing the first reaction in
the biosynthesis from L-phenylalanine of several compounds
including phytoalexins (antobiotics), anthocyanin pigments
and lignins (Dixon et al., 1983; Jones and Porter, 1986).
Chalcone synthase (CHS) is a key regulatory enzyme catalyz-

ing the first reaction of a branch pathway specific to fla-
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vonoid and isoflavonoid biosynthesis (Dixon et al., 1983).
Chalcone isomerase (CHI) catalyses the stereospecific iso-
merization of chalcones to their corresponding (-)flavanones
(Hahlbrock et al., 1970).

In contrast to phytoalexin accumulation, induced ligni-
fication of cell walls was not elicited by a range of
abiotic treatments, but occurred in response to pathogens
(Pearce and Ride, 1980). It has been proposed as a struc-
tural defense mechanism of disease resistance (Vance et al.,
1980; Moerschbacher et al., 1988). Peroxidase has been
implicated in diverse physiological processes such as wound
healing (Espelie et al., 1986), pathogen defense (Hammer-
schmidt et al., 1982), and lignification (Grisebach, 1981;
Lagrimini and Rothstein, 1987). The anionic isozyme has been
shown to catalyze efficiently the polymerization of the cin-
namyl alcohols into lignin invitro (Mdder and Fiissl, 1982).

In case of viral infections, it is not known how these
compounds influence virus entry, replication, and cell-to-
cell movement. Tobacco plants infected with TMV have been
shown to have a marked increase of PAL activity in the hyp-
ersensitive response, however the induction of further path-
ways against viral infection is not well evidenced or is

only partially characterized (Ponz and Bruening, 1986).
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