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INTRODUCTION
Soybean mosaic virus (SMV) is the causal agent of the soybean mosaic disease that is
present in all major soybean production areas of the United States. This disease can greatly
reduce yield, seed quality, and oil content (Cho et al. , 1977; Demski and Jellum, 1975 ; ElArnrety et al., 1985). Although seed size and weight of soybeans can be greatly reduced by
early infection with SMV, late infection has little effect on these components or on soybean
yield (Halbert and Irwin, 1981 ). In spite of the potential negative impacts that SMV can
cause, effective SMV disease control tactics are not routinely employed. Thus, breeding for
resistant cultivars that can reduce or delay the time of infection should provide a significant
yield benefit and enhance net return.
Although there are some resistant cultivars now available for use in the southern United
States, the resistance in these cultivars is strain - specific and no single cultivar is resistant to
all SMV strains (Lim, 1985). Application of the concept of pathogen - derived resistance,
through the use of coat protein (CP) -mediated resistance, is one approach that can be used to
produce plants resistant to virus. In general, transgenic plants that express the CP gene have
reduced symptom severity and delayed symptom expression (Fitchen and Beachy, 1993).
This suggests that this form of resistance may have the potential to reduce the rate of plant to -plant virus spread in the field and thus delay the time of infection (Nutter, 1991 ; Nutter
1993). These effects are similar to those exhibited by plant genotypes found to have ratereducing resistance when individual plants are inoculated with virus (Nutter, 1993).
Rate - reducing resistance works by reducing the temporal rate of plant disease
epidemics, and this form of resistance has played an important role in many Integrated Pest
Management programs to control fungal diseases of field crops (Parlevliet, 1979; Nutter,
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1997). It may be possible to find an analogous type of resistance to plant viruses in soybean
genotypes that would delay symptom appearance and restrict virus replication and
translocation within plants (Fitchen and Beachy, 1993). By genetically engineering and
selecting soybean plants for rate - reducing properties, SMV epidemics may be sufficiently
delayed to provide higher yields compared to the yields obtained when susceptible soybean
genotypes are planted (Ross, 1983). Extreme (strain- specific) resistance has been shown to
break down due to directional selection for new SMV resistance-breaking strains (Cho et al.,
1977). Single rate-reducing resistance genes deployed in fungal and viral pathosystems have
been demonstrated to be effective, durable and to remain strain - nonspecific (Padgett et al.,
1990; Parlevliet, 1979).
In this study, soybeans transformed with the CP gene of SMV strain N were developed in
cooperation with Pioneer Hi-Bred International, Inc. (Johnston, Iowa, USA). Four
homozygous transgenic soybean lines, resistant to SMV in greenhouse tests, were obtained.
It has been hypothesized that transgenic soybean lines can be tested for the presence of rate -

reducing properties prior to field testing in the field . When deployed in the field, rate reducing resistance should be as effective as extreme resistance in reducing yield losses due
to SMV with the added benefit that this form of resistance should remain effective and
durable against all SMV strains.
For the purpose of this thesis, the chimeric gene was designed by Dr. Alan Eggenberger
who also performed the original southern blotting and polymerase chain reaction analyses in
order to screen for transgenic plants in the early stages of this work. Soybean
transformations were performed by Mr. Jeff Townsend, and subsequent characterizations
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were performed by Xinyu Wang in partial fulfillment of the requirements for the MS. degree
in Plant Pathology.

Thesis organization
This thesis consists of a general introduction, a literature review, a research paper, a
general conclusion and acknowledgements. The introduction describes the disease caused by
SMV, and the rationale for the research that was performed. Chapter 1 is a review of the
literature concerning the biology and control of SMV and includes a description of pathogen
-derived resistance in plant virus pathosystems. Chapter 2 presents the introduction, results,
discussion, and methodology of the research conducted to characterize soybean mosaic virus
coat protein-mediated resistance in transgenic soybeans. The conclusion section summarizes
research results and suggests relevant areas that may need further investigation.
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CHAPTER I. LITERATURE REVIEW
Soybean and soybean mosaic disease

Soybean is one of the most important protein and oil crops grown in the world. Soybean
mosaic disease, endemic in all the major soybean growing regions of the world (Sinclair and
Shurtleff, 1975), was likely introduced into the United States in 1916 along with soybean
plants originating from Asia (Clinton, 1916). The disease was believed to be caused by a
virus, and thus, was named soybean mosaic virus (SMV) by Gardner and Kendrick in 1921 .
In the field, yield losses due to SMV can be as high as 90% (Dhingra and Chenulu, 1980). In
addition, SMV has been shown to reduce soybean seed size, alter oil content, reduce
nodulation and to reduce nodule efficiency (Cho et al., 1977; Demski and Jellum, 1975; ElAmrety et al. , 1985). Seed from infected plants may produce mottled seed coats that can
reduce seed marketing quality.
Symptoms ofSMV vary with soybean cultivar, age ofthe plant at the time of infection,
virus strain, and the environment. Generally, infected plants are slightly stunted and the
internodes may be somewhat shortened. Leaves of infected plans often are asymmetrical and
twisted. Leaf margins may be curled downward at the sides and upward at the tips. Usually,
light and dark areas on the leaves form a mosaic pattern which may later become blistered
(Gardner and Kendrick. , 1921 ; Quiniones, 1968), hence the disease was named soybean
mosaic disease. Mosaic symptoms can be masked at temperatures above 27C and all
symptoms in general are often less apparent in the cultivars currently grown in the midwest
(Conover,1948; Walters, 1963; Nutter et al. , 1998).
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Potyvirus and potyvirus genome
The plant virus family Potyviridae constitutes the largest group of plant viral pathogens
and contains nearly 200 viruses (Barnett, 1991 ). Based on vector transmission, genome
organization, and expression strategies, the family has been divided into the three genera:
Potyvirus, Rymovirus, and Baymovirus. However, two additional genera (Ipomovirus and
Macluravirus) have recently been proposed (Badge et al. , 1997; Barnett, 1992). As the
causal agent of soybean mosaic disease, SMV belongs to the genus Potyvirus.
Members of the genus Potyvirus are aphid transmitted in a non-persistent manner and
are monopartite with flexuous rod morphology. Virus particles range from 650-900 nm in
length and 11-12 nm in diameter. The Potyvirus genome consists of a single-stranded,
positive-sense RNA surrounded by approximately 2000 coat protein (CP) monomeric
subunits (Mr = 30-36 kDa) arranged in a helical configuration. Genome size of viruses in the
Potyvirus genus is about 1Okb and includes a 20 - 120 base polyA tail at the 3' end and a
VPg protein covalently linked to the 5' end (Reichmann, 1992; Shukla et al., 1994). The size
of the VPg varies among members with a molecular weight ranging from 22 kDa to 24 kDa
(Murphy et al., 1990; Laliberte et al., 1992). Besides CP, the VPg is the only protein
detected in the virus particle.
The potyvirus RNA can be directly translated into a single polyprotein of
approximately 35 kDa, which is subsequently processed into several functional proteins by
three proteinases encoded by the virus (Daughtery and Carrington, 1988; Reichmann, 1992).
Nine proteins are encoded by the RNA genome; they are P1: first protein, HC-Pro : helper
component-proteinase, P3: third protein, CIP: cylindrical inclusion protein, 6K: 6 kDa
protein, Nla: nuclear inclusion a, Nib: nuclear inclusion b, CP: coat protein. The potyvirus
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genome also contains 5' and 3' non- translated regions (Jayaram, eta!. , 1992). Numerous
studies have suggested that several of the potyvirus genes are multifunctional .
Studies on tobacco etch and turnip mosaic viruses have shown that the 5' end non translated region has a translation enhancement activity, and that ribosomes may bind to an
internal site within the 5' non - translated region. This is followed by scanning the sequence
for the AUG start codon (Basso eta!., 1994; Carrington and Freed, 1990). The P1 protein
usually acts as a proteinase to catalyze the cleavage between itself and the HC-Pro. The
proteinase domain resides at the C- terminal region. Recent studies also have shown the P 1
may also function to stimulate genome amplification (Verchot et a!., 1991 ; Verchot and
Carrington, 1995). The Nla protein contains two domains; the VPg at theN-terminus is
necessary for RNA replication; and a proteinase domain at the C-terminus catalyzes most of
the proteolytic events necessary to process the C-terminus ofthe polyprotein (Dougherty and
Parks, 1991). The CIP usually accumulates in the infected host cell and comprises the major
component of the cylindrical inclusion body (Dougherty and Heibert, 1980). It is believed
that this protein may be involved in virus replication. Amino acid sequence analysis
indicates that there may be a nucleotide-binding motif in the CIP, and it is believed that this
protein may possess a helicase activity that functions by unwinding RNA during genome
replication (Gorbalenya and Koonin, 1989). The Nib protein is believed to be the RNAdependant RNA polymerase (Domier eta!., 1987). The function of the Nib in the replication
process of potyviruses is poorly understood because purified RNA polymerase that is stable
has been unavailable. The VPg is covalently linked to the 5' end of the potyvirus RNA. It
maps to theN-terminus of the Nla-proteinase and is separated from the C-terminus ofthe
Nla proteinase by a self-cleavage reaction between theN-terminal VPg and the C-terminal
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proteinase domain (Dougherty and Parks, 1991 ). It has been suggested that the VPg may act
as a primer for RNA replication (Reichmann et al., 1992). The 6K protein maps between the
CI and Nla proteins in the polyprotein. This protein may be involved in regulation of
subcellular transport ofNia (Restrepo-Hartwig and Carrington, 1992). Mutation studies have
suggested that the 6K protein is essential for virus replication and may act to anchor the
replication complex to the membrane (Restrepo-Hartwig and Carrington, 1994).
The HC-Pro is believed to have nucleic acid-binding activity (Maia and Bernardi, 1996).
The N -terminus of HC- Pro is postulated to have a "zinc finger" motif. Since this is
characteristic of most transcriptional factors , it has been suggested that theN-terminal
domain of HC- Pro may be involved in virus replication (A trey a et al. , 1992). It is clear that
theN-terminal domain ofHC-Pro functions in aphid transmission by interaction with CP to
bind the virus to mouth parts ofthe vector (Wang et al. , 1996). Also, the C-terminal domain
ofHC-Pro functions as a proteinase, which is responsible for autocatalytic release from the
polyprotein (Carrington et al. , 1989). Evidence from the study of Cronin et al.( 1995)
suggests that HC- Pro may function in virus long distance transport by interacting with CP to
form a complex to facilitate virus long distance movement within plants.
Coat protein (CP), the most widely studied of the potyvirus proteins, has been shown to
have multiple functions. First, it is a structural protein. Second, it is involved in both cell to - cell and long - distance movement of the potyvirus within plants. Different domains in
the CP may have specific roles in both the cell - to - cell and long distance movement ( Dolja

et al. , 1995). Cronin et al. (1995) proposed that HC-Pro and CP may interact to form a
complex that facilitates both virus aphid transmission and long-distance movement within
plants. Successful aphid transmission is dependent upon the conserved amino acid motif
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aspartic acid-alanine-glycine (DAG) near the exposed N-terminus of the CP. The amino acid
glycine in the DAG motif is essential for aphid transmission (Gal-On et al. , 1992). In the
SMV strain N, a change of glycine to aspartate in the third position of the DAG motif causes
the SMV strain N to be non-aphid transmissible (Eggenberger et al., 1989). It is proposed
that the DAG interacts with HC-Pro to allow aphid transmission (Atreya et al. , 1990).
Soybean mosaic virus
As a member of the genus Potyvirus, SMV has characteristics similar to the other
potyviruses. The virus contains a single strand, positive-sense RNA which comprises 5.3%
of the viral mass. It is enclosed by repeating coat protein monomeric subunits with a
molecular weight of about 30 kDa (Hill and Benner, 1980). The RNA of the G2 and G7
strains of SMV has been completely sequenced (Jayaram eta!. , 1992).
SMV particles are flexuous rods about 746 nm long and 11 nm wide (Bos, 1972). The
virus is most stable at pH 6.0. At pH below 4.0 or above 9.0, the virus loses infectivity
(Galvez, 1963). The host range of SMV is very narrow; soybean and bean (Phaseolus
vulgaris L.) are the only know natural hosts (Bos, 1972). SMV can be readily transmitted

mechanically by using infectious sap. It can also be transmitted through infected seeds with
seed infection incidence levels that can be as high as 76% (Tu, 1977). In the field, SMV can
be transmitted by more than 30 species of aphids in a non-persistent manner. One of the
most efficient vectors is the green peach aphid (Myzus persicae) (Lucas and Hill, 1980).
Infected seeds are usually the primary source of inoculum via seed to seedlings transmission
and secondary dissemination occurs by aphid transmission (Hill et al. , 1987).
Based on disease reaction to eight differential soybean cultivars, Cho and Goodman
classified 98 SMV isolates into seven strains; G 1-G7 (Cho and Goodman, 1979). Since then,
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isolates of SMV have been classified into nine strains. These are G 1 through G7, G7a and
C14 (Cho and Goodman, 1979; Hartwig and Keeling, 1982; Buss et al. , 1989).
Host resistance
Breeding for host resistance to SMV appears to be one of the most effective ways to
control the disease caused by SMV. In nature, at least three resistance genes to SMV have
been identified. The first single dominant resistance gene was identified by Kiihl and
Hartwig in 1979. In their study of inheritance of resistance to SMV in the soybean genotypes
PI96983 and Ogden, resistance to SMV strains G2 and G3 in PI 96983 was found to be
controlled by a single dominant allele which they designated as Rsv; resistance in Ogden to
G2 was controlled by another allele at the same locus as Rsv and thus was designated as Rsvt. In 1991, Chen at al changed the symbol of Rsv in PI 96983 to Rsv 1, and Rsv-t in Ogden to

Rsvl-t. Their study also showed that the cvs. York, Marshall and Kwanggyo each have a
single dominant gene that are alleles at the Rsv1 locus. These were designated as Rsvl-y,
Rsvl-m, Rsvl-k, respectively. Resistance to SMV in soybean genotypes LR1 and PI507389,
also controlled by different alleles at the Rsv 1 locus, has been designated as Rsv 1-s and
Rsvl-n (personal communication with Glen Buss, Virginia Tech., Blacksburg, VA). In 1989,
Buzzell and Tu showed that the necrotic reaction in the cv. Columbia is also conditioned by a
single dominant gene, independent of the locus Rsv 1, and it was designated as Rsv3.
Recently, another independent locus has probably been identified and designated as Rsv4
(personal communication with Glen Buss, Virginia Tech., Blacksburg, VA). By using
molecular markers, the chromosome location ofRsv1 has been identified (Yu et al, 1994).
Data analyses indicated that Rsv 1 is closely linked to the simple sequence repeats marker
SM176 and to restriction fragment length polymorphism markers, pA186, pK644a with

11
distance of 1.5, 2.1 and 0.5 centiMorgans, respectively. Efforts are in progress to map the
Rsv3 and Rsv4 genes (personal communication with Glen Buss, Virginia Tech., Blacksburg,
VA).
Pathogen - derived resistance

Although some SMV resistant cultivars are available, the number of known genes for
resistance is restricted and no resistance has been found to be effective against all known SMV
strains; thus, the widespread use of resistant cultivars is still limited.
Alternatively, genetic engineering of plants for virus disease resistance has provided
potential new approach for the control of virus diseases. These include the expression of
anti-sense viral transcripts, viral satellite RNA, antiviral antibody genes and human
interferon genes in plants (Gadani et al. , 1990). Unfortunately, the development of the
necessary transformation technology for soybean has been particularlly difficult.
Nevertheless, the concept of pathogen - derived resistance may provide an usable nova!
approach to better control virus diseases including SMV. The concept of pathogen- derived
resistance, first proposed by Sanford and Johnson in 1985, suggested that it is possible to
confer plant resistance to pathogens by transforming plants with genes derived from plant
pathogens. That is, plant hosts that express a part of the pathogen genome may provide some
degree of resistance to the pathogen.
The first successful application of the concept of pathogen - derived resistance was
demonstrated by Powell-Abel et al. in 1986. In their study, tobacco plants were transformed
with the tobacco mosaic virus CP gene. Transformed plants exhibited delayed symptom
expression after inoculation with tobacco mosaic virus. This significant finding opened a new
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field of plant research, and subsequently, tobacco mosaic virus has been utilized in a number of
plant pathosystems (Lomonossoff, 1995).
Virus sequences that can confer resistance
Three types of genes have been most widely used for transformation to provide resistance to
viruses. The first viral gene shown to confer resistance to a virus disease was the viral CP gene
ofTMV (Powell-Abel et al. , 1986). Since Powell-Abel' s study, numerous plant species
transgenic for the CP gene have expressed some degree of resistance when challenged with
various viruses. Viral replicase is the second viral gene that has been used to induce resistance
(Golemgboski et al. , 1990). Resistance conferred by the viral replicase gene has been termed
replicase-mediated resistance. The third viral gene that has provided resistance encodes the viral
movement protein. This type of resistance has been termed movement protein-mediated
resistance (Becket al. , 1994). In addition, other regions ofthe plant virus genome can also
provide a resistant phenotype. Such regions include the gene encoding the Nla protease of
potyviruses (Maiti et al., 1993), the HC-Pro ofpotyviruses (Vardi and Sela, 1993) and the 3'
noncoding region of a tymovirus (Zaccomer et al., 1993). It is possible that any part of a viral
genome has the potential to provide pathogen - derived resistance.
Two forms of pathogen - derived resistance to plant virus
Currently, there are two forms of pathogen - derived resistance to plant viruses
(Lomonossoff, 1995). One requires the expression of the protein encoded by the transgene; this
resistance is fairly broad spectrum but generally does not confer immunity, and hence, has been
shown to provide a partial level resistance. This resistance has been termed protein - mediated
resistance. The second form of resistance does not require protein expression and is mediated
by the transcribed RNA; the level of this resistance is often more complete and may confer near
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immunity, but has been shown to be more strain specific compared to protein - mediated
resistance. This resistance has been termed RNA - mediated resistance. In the case of
replicase-mediated resistance, proteins encoded by the transgene generally can not be detected,
and it has been suggested that replicase- mediated resistance may be a form of RNA- mediated
protection (Baulcombe, 1994). In the case of movement protein - mediated protection, protein
expression is required in almost all transgenic plants (Lomonossoff, 1995). In contrast to coat
protein - mediated resistance, coat protein expression is not required and in some cases no coat
protein expression can be detected (Lomonossoff, 1995).
Mechanisms of protein-mediated resistance
Several hypotheses have been proposed for coat protein-mediated resistance when protein is
expressed. This resistance may operate by inhibiting virus disassembly prior to the release of
viral RNA from virus particles. Two models have been proposed to explain how the transgene
derived CP might inhibit the uncoating event at the early stage of virus infection (Register et al. ,
1989; Register and Nelson, 1992). In the first model, the presence of transgene - derived CP in
the cell may shift the disassembly - assembly equilibrium of incoming virus in favor of
assembly to impede virus infection. This model suggests that virus uncoating occurs when local
intracellular conditions kinetically favor virus disassembly; the presence of the CP transgene
may shift disassembly kinetics so that the virus disassembly is no longer favored. The second
model suggests there may be an intracellular site for virus uncoating that may be responsible for
initiating the disassembly of virus particles. The transgene derived CP may block this site prior
to virus infection thereby preventing virus attachment by assembling into virus-like particles.
Specific interactions between the subunits of the transgene CP and the subunits ofthe CP from
the incoming virus may also be involved in these processes (Bendahmane et al., 1997).
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Additionally, the presence of the transgene- derived CP may inhibit virus RNA replication and
long distance movement within plants (Osbourn et al., 1989). It is likely that virus movement
via the vascular system involves virion assembly and disassembly, and the transgene CP may
suppress virus movement via the host vascular system by inhibiting virus disassembly (Saito et

al. , 1990). In the case of potato X potexvirus, interaction of the transgene CP with the PVX
origin of assembly may lead to resistance. In potexviruses, the origin of assembly is likely to be
in the 5 'region of the viral genome that encodes the viral RNA dependent RNA polymerase. A
CP interaction has the potential to suppress translation of the viral RNA dependent RNA
polymerase and inhibit virus RNA replication (Sit et al. , 1994).
Most examples of movement protein - mediated protection are based on the expression of a
dysfunctional movement protein. The transgene derived dysfunctional movement protein is
likely to compete with wild type movement protein of the challenging virus for the
plasmodesmata! binding site which allows virus cell - to - cell movement through
plasmodesmata. It is believed that this would inhibit virus movement to induce resistance in
transgenic plants (Lapidot et al. , 1993). The protection conferred by the mutant movement
protein of tobacco mosaic virus has also conferred resistance to viruses of the potex-, cucumo-,
and tobraviral groups in addition to the TMV. This suggests that movement proteins of several
different viruses may interact with the same plasmodesmata! components (Carrington et al. ,
1996).
Mechanisms of RNA-mediated resistance
Numerous examples indicate that RNA-mediated resistance is related to homologydependent gene silencing. Gene silencing is suspected when introduction of a transgene results
in the absence of nuclear transcription or the decreased accumulation of a specific RNA; it can
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occur at transcriptional or post - transcriptional levels (Meyer and Saedler, 1996). Post transcriptional gene silencing may be the cause of RNA-mediated virus resistance in tran&genic
plants, since viral RNA is usually restricted to the cytoplasm (Prins et al. , 1996; Swaney et al. ,
1995). Several models have been proposed to explain the relationship between gene silencing
and virus resistance. They suggest a mechanism for suppressing the accumulation of nucleusderived RNA and virus-derived RNA that is homologous to the transgene. Because RNAmediated resistance is highly strain specific, the mechanism presumably requires a high degree
of sequence specificity. It has been proposed that antisense RNA or complementary RNA,
which are formed by the plant genome-encoded RNA dependant RNA polymerase. may play an
important role in gene silencing (Dougherty and Parks, 1995; Meyer, 1995). The host RNA
dependent RNA polymerase presumably uses the transgenic RNA as a template to produce
antisense RNA or complementary RNA, which has potential to base pair with both transgenic
and viral RNA to form duplex RNA (Schiebel et al., 1993). The formation of duplex RNA may
decrease accumulation of host and viral RNA to induce virus resistance and gene silencing in a
couple ways (Nicholson, 1996; Green, 1993). First, the base paired region of duplex RNA may
render duplex RNA susceptible to degradation by RNAse specific for double - stranded RNA.
Second, conformation of the base-paired region could arrest translation.
Currently, two models have been suggested to explain how the silencing mechanism is
triggered. The first, a quantitative model (Smith eta!. , 1994), assumes that there is a threshold
level of transgene expression that must be exceeded to activate the post - transcriptional RNA
degradation process. In this model, a cytoplasmic system may detect the aberrant RNA or
overexpressed transgene RNAs and induce production of antisense RNA and complementary
RNA to activate the degradation system and cause gene silencing. Gene silencing is induced
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only after the transgene RNA exceeds a presumed threshold level. Therefore, activation of
homology-dependent resistance may be regarded as a secondary response that is triggered by
exceeding some threshold level of transcripts.
The second, or qualitative model, does not require a system to monitor the level of trans gene
expression. Instead, it requires the production of an aberrant RNA that activates the suppression
of viral and transgene RNA accumulation (Dougherty and Parks, 1995; English eta!., 1996). In
contrast to the threshold model, the crucial factor affecting post-transcriptional gene silencng is
qualitative rather than quantitative. In the qualitative model, there may be a feature of the DNA
at or close to the silencing locus that can induce production of aberrant RNA. The mode of
action of aberrant RNA is not clear; it may cause aberrant RNA to be a preferred template for
production of antisense RNA by plant encoded RNA dependent RNA polymerase. Normal
mRNA is presumed to be a less efficient template for RNA dependent RNA polymerase.
Alternatively, the integration of a trans gene, such as a CP gene may induce methylation in the
transgene to cause termination of transcription. The transcript is truncated, aberrant RNA is
produced, and the aberrant RNA can serve as a preferred template for RNA dependent RNA
polymerase to produce antisense RNA. Then the antisense RNA can base pair with
complementary sequences, for example trans gene and viral RNA to induce degradation of both
RNAs (English eta!. , 1996). The idea of a qualitatively controlled aberrant RNA does not
exclude the possibility that a quantitative element may affect gene silencing. Presumably,
production of more aberrant RNA will result in more efficient RNA degradation.
Coat protein-mediated resistance in transgenic plants

Coat protein-mediated resistance is the first successful example to provide proof of the
pathogen - derived resistance concept (Powell-Abel et al., 1986). The CP gene is also the
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most widely used virus gene to confer pathogen - derived resistance to plants. The concept
of coat protein-mediated resistance first came from the natural phenomenon of cross
protection (McKinney, 1929) which showed that infection of a plant with a mild strain of a
virus can protect the host plant from later infection by a severe strain of the same virus.
Subsequently, several studies have indicated that CP plays an important role in the crossprotection phenomenon (Hackland et al., 1994). Furthermore, in most plant virus genomes,
the CP gene is at the 3' terminal end and is the most accessible gene to clone for
transformation.
To date, there are numerous examples of successful CP- mediated resistance. It has been
reported to be successful for several virus groups, including cucumoviruses, alfamoviruses,
potexviruses, potyviruses, etc. (Hackland et al, 1994). Successful host plants exhibiting coat
protein-mediated resistance include tobacco, tomato, alfalfa, potato, papaya, sweet corn,
muskmelon, rice, and sugerbeet (Hackl and et a!., 1994 ). Although this form of resistance has
been shown to be effective in a number of field trials (Fuchs et al. , 1996; Hackland eta!.,
1994), it has also sometimes failed to provide resistance against all strains of a virus
population (Tennant et al. , 1994). In 1996, Diet al. transformed soybean cotyledonary nodes
with the bean pod mottle comovirus coat protein precursor gene, and some of the transgenic
progenies exhibited the resistant phenotype. However, until this time coat protein- mediated
resistance had not been applied to soybean.
It is apparent that the mechanisms of CP-mediated resistance are still not clear.
Althought initially it was believed that expression of CP is required to confer plant virus
resistance, it was later discovered that a high level of expressed CP did not always show a
positive association with a high level of disease resistance. In some cases, the highest level
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of resistance occurred in transgenic plants with no detectable CP expression (Smith et a!. ,
1994; Prins eta!., 1996). Therefore, it is likely that CP-mediated resistance can operate at
both protein and RNA levels, to yeild either protein - mediated resistance or RNA - mediated
resistance. Although several models have been proposed to address the mechanism of coat
protein-mediated resistance, further research is needed to better understand the mechanisms
involved. Such understanding would definitely be useful for applying coat protein-mediated
resistance to the control of virus disease.
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CHAPTER II. CHARACTERIZATION OF SOYBEAN MOSAIC
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Abstract

Soybean plants transformed with the coat protein (CP) gene from soybean mosaic virus,
strain N, were obtained by using Agribacterium tumefaciens mediated transformation.
Four insertion events were detected in T0- plants by polymerase chain reaction and
southern analyses. Self- pollination of plants yielded four homozygous transgenic lines
in the T3 generation. A single CP gene transcript was detected in all four transgenic lines
and western blots showed CP expression in three transgenic lines. The transgenic plants
showed either partial or complete resistance to the virus.
Additional keywords: soybean mosaic virus, pathogen - derived resistance, coat protein
mediated resistance.
Introduction

Soybean mosaic virus (SMV), first discovered in the United States in 1916 (Clinton,
1916), can reduce soybean seed size, oil content and nodule efficiency in soybean (Cho et
al. , 1977; Demski and Jellum, 1975; El-Amrety et al., 1985). Yield losses resulting from
SMV infection can be as high as 90% (Dhingra and Chenulu, 1980). The causal agent, a
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member of the genus potyvirus within the Potyviridae family (Barnett, 1992), is
monopartite with flexuous rod morphology, and is about 746 nm long (Bos, 1972). Like
other potyviruses, SMV contains a single-stranded, positive sense RNA enclosed by
approximately 2000 coat protein monomeric subunits (Dougherty and Carrington, 1988).
The SMV genome is about 10 kb including a poly A tail and a VPg at the 3' and 5' ends,
respectively (Dougherty and Carrington, 1988; Eggenberger et al. , 1988). The viral RNA
can be translated directly into a polyprotein that is predicted to be processed into nine
mature proteins by three virus encoded proteinases (Jayaram et al., 1992). Based on the
reaction to eight soybean differential cultivars, Cho and Goodman classified 98 SMV
isolates into the seven strains G l-G7 (Cho and Goodman, 1979). Since then, isolates of
SMV have been classified into the nine strains, Gl through G7, G7a and C14 (Cho and
Goodman, 1979; Hartwig and Keeling, 1982; Buss et al. , 1989).
Breeding for host resistance to plant viruses is one of the most effective ways to
control diseases they cause. In the case of SMV, resistance in soybean is controlled by
several different genes at the three loci Rsvl , Rsv3 , and Rsv4 ; however, none of these
loci confers resistance to all the SMV strains (Lim, 1985). Since first demonstrated in
1986 by Powell-Abel et al. , pathogen derived resistance (Sanford and Johnson, 1985), in
which plants are rendered resistant to a pathogen when transformed with genes from the
pathogen itself, provides an alternative approach to control virus disease. The viral CP
gene is the first and also the most widely used virus gene to confer pathogen - derived
resistance in plants (Powell-Abel et al., 1986). Although coat protein mediatedresistance, obtained by transforming plants with a virus CP gene, has been successfully
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applied to numerous plants in both greenhouse and field tests (Jongedijk et al. , 1992;
Leclerc and Abouhaidar, 1995; Hammond, 1996), stable coat protein-mediated resistance
has not yet been reported in soybeans. This is, in part, caused by the very low
transformation efficiencies obtained with soybean.
The goal of the research was to develop coat protein-mediated resistance to SMV in
soybeans. We report the successful transformation of soybeans with SMV, strain N, CP
gene. The characterization of four homozygous transgenic lines resistant to SMV
constitutes the first example of stable coat protein-mediated resistance to a virus disease
of soybeans.
Results

Generation of homozygous transgenic soybean plants
One regenerated transformed soybean plant was obtained from Agrobacterium
tumefaciens mediated transformation and was designated as an T0 plant. Southern blot

analysis of soybean DNA from the T, plants showed four independent EcoR I restriction
fragments containing the CP gene. This suggested that the chimeric gene integrated into
four different sites to result in four different insertion events. The four EcoR I fragments,
7.0, 3.0, 3.5, and 5.0 kb are illustrated in Fig. 1.
The T0 plant was self- pollinated and seeds were collected. Plants germinated from
seeds of the T0 plant were designated as T 1 plants and plants germinated from seeds ofT,
plants were designated as T2 plants. Both T, and T2 plants were also self-pollinated and
screened in efforts to identify plants homozygous for the SMV CP gene. To accomplish
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Figure 1. Insertion events obtained in a transformed~ soybean plant. The chimeric SMV
CP gene (Fig.l) was integrated into four different sites in the soybean genome. EcoR I
digestion of genomic DNA produced four different sized restriction fragments which were
demonstrated to contain the SMV CP gene by Southern blotting. Line a represents a 3.5 kb
EcoR I fragment; line b represents a 7.0 kb EcoR I fragment; line c represents a 3.0 kb
EcoR I fragment; lined represents a 5.0 kb EcoR I fragment.

this. PCR was initially used to detect the presence of the transgene in T 1 and T2 plants
(Fig. 2). Southern blot analysis was then used to determin the number of the insertion
events in the PCR positive transgenic plants. Plants positive for the Nod 20a gene
fragment, used as a positive control, did not always contain the CP insertion (Fig.2, lane 6
andll).
To obtain the homozygous transgenic plants, appropriate seeds from 24 T 2 plants
were planted, and seedlings analyzed by PCR and Southern blot analysis were designated
as T, plants. The four insertion events segregated in self- pollinated T 1 and T2 plants
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Figure 2. Detection ofthe presence ofSMV CP gene from transgenic soybean progenies.
Isolated DNA from progenies of transgenic and non-transgenic soybean plants was used
as a template for PCR. Four PCR primers were used. Primers 35S seg and SMV a 8922
were designed to amplify a 500 bp CP gene fragment; primer Nod 20a Rand Nod 20a F
were designed to amplify a 343 bp Nod 20a gene fragment, which served as an internal
positive control. Lane 1, 100 bp DNA ladder; lane 2, PCR products from purified CP
gene; lane 3, non-transgenic control; lane 4- 14, PCR products from transgenic
progenies. Arrows indicate the size of the PCR products.
(Fig. 3) to yield four homozygous transgenic soybean lines with insertion events
designated in table 1 and shown in Fig. 4. In all analyzed T 1, T2 and T3 plants, the 5kb
and 3kb insertion events never segregated independently indicating that these two events
are tightly linked. In the T 2 generation, segregation ratios (number of transgenic plants
with specific insertion event/number of transgenic plants without specific insertion event)
for insertion event 7.0 kb was 25/4, 3.5 kb was 38/ 12, 5.0 kb and 3.0 kb was 67/20. Chi
square analyses showed there was no significant difference between these ratios and the
ratio 3: 1 (data not shown), which indicates these insertion events segregated as a single
gene. Progenies from all transgenic plants have normal phenotypes.
Expression of SMV CP gene in four homozygous transgenic soybean lines
A single transcript of approximately 1000 bp was observed in all four homozygous
transgenic soybean lines using Northern blot analyses (Fig. 5). The expression of
transcript was not associated with the number of the insertion events observed in the four
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Figure 3. Segregation of the SMV N strain CP gene insertion events. In T2 plants,
segregation ratios (number of transgenic plants with specific insertion event/number of
transgenic plants without specific insertion event) for insertion event 7.0 kb was 25/4,
3.5 kb was 38/12, 5.0 kb and 3.0 kb was 67/20.
a Number of transgenic plants with specific insertion events.
b Number of transgenic soybean plants homozygous for CP gene.
c Number of soybean plants heterozygous for CP gene.
d Number of seeds planted for detecting homozygosity of transgenic plants.
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Table 1. Homozygous transgenic soybean lines containing different SMV
CP gene insertion events.
Lines
designation

Border fragment size
(kb)

3-24

7.0, 3.5*

3-3

7.0

6-13

3.5

7b-11

5.0, 3.0*

* Line contains two insertion events.

2
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5

6

7.0 kb ..
5.0 kb •
3.5 kb . •
3.0 kb ..

Figure 4. Southern blot analysis of different insertion events in homozygous transgenic
soybean lines. For the analysis, 10 ~J.g of total isolated genomic DNA from transgenic and
non-transgenic soybean plants was digested with EcoR I, and separated on a 0.7%
agarose gel. Separated DNA fragments were transferred to a nylon membrane followed
by hybridization with a 32P-labled SMV CP eDNA. Filters were exposed overnight to
X-ray films . Lane 1, molecular marker (23.1 kb, 9.4 kb, 6.6 kb, 4.4 kb); lane 2 contains
DNA from a non-transgenic plant; lane 3 contains DNA from transgenic line 3-24; lane 4
contains DNA from transgenic line 3-3 ; lane 5 contains DNA from transgenic line 6-13 ;

Lane 6 contains DNA from transgenic line 7b-11. Arrows indicate the molecular weight
of the insertion events.
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Figure 5. Northern blot analysis of SMV CP gene transcripts in homozygous transgenic
lines. The RNA gel was loaded with 10 ~g of total RNA isolated from leaves of
transgenic and non-transgenic plants and blotted on a nylon membrane followed by
hybridization with a 32P-labled SMV CP eDNA. Filters were exposed overnight to Xray films . Lane 1 contains RNA from a non-transgenic plant; lane 2 contains RNA from
transgenic line 3-3; lane 3 contains RNA from transgenic line 6-13 ; lane 4 contains RNA
from transgenic line 3-24; lane 5 contains RNA from transgenic line 7b-11. Arrow
indicates the molecular weight of the RNA transcript of the SMV CP gene.
transgenic lines. For example, although transgenic lines 3-24 and 7b-11 each have two
insertion events, line 3-24 accumulated the highest level of the transcript of the four
homozygous lines as affirmed visually and by NIH image software while line 7b-11
showed the lowest amount of transcript. Western blot analyses demonstrated that CP was
expressed in the three transgenic lines 3-24, 3-3 , and 6-13 (Fig. 6). Line 3-24, which
showed the highest level of transcript also expressed the highest amount of CP. There
was no detectable CP in line 7b-11 , which accumulated the lowest level of CP gene
transcript. Relative to 100 ng and 200 ng of purified SMV CP blotted on the filter, the
amount of CP expressed in the three transgenic lines varied between 10-30 ng, or 0.02%0.06% ofthe total extracted 50

~g

leaf protein.
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Figure 6. Western blot analysis ofSMV CP expression in homozygous transgenic
soybean lines. For the analysis, 50 flg protein extracted from leaves of transgenic and
non-transgenic plants was subjected to SDS-PAGE. SMV CP on imrnunoblots was
detected by chemiluminescence using a polyclonal anti-SMV CP antibody followed by
horseradish peroxidase-conjugated donkey anti-rabbit secondary antibody . Lane I
contains 100 ng of purified SMV CP; lane 2 contains 200 ng of purified SMV CP; lane 3
contains protein from a non-transgenic plant; lane 4 contains protein from line 7b-11 ;
lane 5 contains protein from line 6-13; lane 6 contains protein from line 3-24; lane 7
contains protein from line 3-3 . Arrow indicates the molecular weight of the CP.
Assays for resistance to SMV
To find an inoculum concentration that would cause approximately 50% of the nontransgenic line to become infected, four different concentrations were used for
inoculation. Using the selected concentration of inoculum at 0.54 mg/ml, only one
seedling from transgenic line 6-13 became infected during the 40 - day experimental
period (Table 2). When the inoculum concentration was increased to 0.6 mg/ml, almost
all seedlings from transgenic line 3-3 became infected during the experimental period.
The incubation period in line 3-3 was 15 days as compared with 12 days in the non- transgenic line. Based on the standard deviation, the difference of incubation period
between line 3-3 and non- transgenic control is not significant (Table 3). In the ten
inoculated transgenic plants from line 6-13 , two plants became infected; however, the
incubation period in line 6-13 was 21 days, which was 9 days longer than in the non- transgenic control. In addition, mosaic symptoms expressed in all the transgenic plants
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Table 2. Resistance assay of transgenic soybean lines mechanically inoculated with
soybean mosaic virus (SMV) strain N".
Purified SMV virions (mg/ml)

Plant lines
5.4

0.54

0.054

0.0054

Infection frequencyd
9341 b

5/5

11 /24

2/23

0/20

.)-.)

.., .., c

NDe

0/8

0/8

ND

3-24

ND

0/8

0/6

ND

7b-ll

ND

0/8

017

ND

6-13

ND

1/4

0/3

ND

Transgenic and non-transgenic plants were mechanically inoculated with 10 ~I of purified
SMV diluted to the indicated concentration at stage V2.
b Non-transgenic control
c Homozygous transgenic lines
d Number of plants infected with SMV I total number of inoculated plants 40 days after
inoculation. Infectivity was determined by symptom appearance and ELISA.
• ND = not determined.
a

were less severe than those observed in the non-transgenic control. Transgenic lines 7b11. and 3-24 failed to develop SMV symptoms during the 40-day experimental period.
Although the A405 readings in line 3-24 were a little bit higher (e.g: 0.14 as compared to
0.07 in the healthy control), the value never increased. Also, mechanical inoculation of
non-transgenic plants with sap from the inoculated line 3-24 did not result in infection of
the non-transgenic plants. In all the transgenic and non-transgenic plants, symptom
expression is consistent with the ELISA result.
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Table 3. Resistance assay for transgenic soybean lines mechanically inoculated with
purified soybean mosaic virus (SMV), strain N".
Plant

Infection frequencyd

Incubation periode

lines

CP

CP

(transcripts)

(expression)

9341 b

23/24

12.13 (2.05)g

3-3c

19/20

15.84 (1.98)

+

+

3-24

0120

NDr

+

+

6-13

2/ 10

21.5h

+

+

7b-11

0/20

ND

+

• Transgenic and non-transgenic plants were mechanically inoculated with 10 J.!l of
purified SMV diluted to 0.6 mg/ml at stage V2 .
b Non-transgenic control
c Homozygous transgenic lines
d Number of plants infected with SMV I total number of inoculated plants 40 days after
inoculation. Infectivity was determined by symptom appearance and ELISA.
e Days between the time of inoculation and the time when 50% of the inoculated plants
displayed symptoms.
r ND = not determined.
g Standard deviation
11
Only two of the ten plants exhibited symptoms; therefore, a standard deviation was not
calculated
Discussion
Results of experiments described have shown that transgenic lines 3-3 , 3-24, and 6-13
expressed SMV CP and exhibited resistance to SMV, strain N. It is possible that the
expressed CP in these lines conferred resistance to SMV. Transgenic line 3-24 expressed
the highest level of CP and was, of the three lines, the most resistant to SMV. This result
is consistent with the results of some reports that the level of CP expression was
positively correlated with resistance (Powell- Abel et al. , 1986; Stark and Beachy, 1989).

40
In other studies, no relationship between the amount of CP expression and the degree of
resistance has been demonstrated (MacKenzie and Ellis, 1992; Lindbo and Dougherty,
1992). The expressed CP may inhibit virus uncoating during the early stages of infection
(Register et al., 1989; Register and Nelson, 1992) or inhibit virus replication and
movement in the later stages (Osbourn et al. , 1989; Sit et al. , 1994) to confer plant
resistance to the incoming virus.
Transgenic line 7b-11 has the same number of CP gene insertion events as transgenic
line 3-24, which accumulated the highest apparent level oftransgene transcripts and CP.
Unlike line 3-24, line 7b-11 accumulated the lowest apparent transcript level and there
was no detectable CP. Nevertheless, both transgenic lines 7b-11 , and 3-24 expressed a
high degree of resistance to SMV. We suggest that resistance in line 7b-11 may be
conferred at the RNA level.
Two possible explanations may exist for the low level of transcript accumulation in
line 7b-11. First, for some reason as, for example, a position effect, the transcription
efficiency of the CP gene in line 7b-11 is low resulting in apparent reduced or inhibited
transcription in line 7b-11 . Second, although the original transcriptional level may be
high, there may be a cytoplasmic post-transcriptional degradation system which causes
degradation of the trans gene transcripts and leads to a reduced level of RNA transcript,
such as occurs in post - transcriptional gene silencing. Since line 7b-11 is highly resistant
to SMV, and in many cases post-transcriptional gene silencing is related to virus
resistance in transgenic plants (Meyer and Saedler, 1996), we suggested the low RNA
level in line 7b-11 may be the result of post-transcriptional gene silencing, and that
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resistance operates at the RNA level. However, to further test this conclusion, nuclear
run-off analyses should be performed.
Currently two models explain RNA mediated resistance in transgenic plants
(Boogaart et al. , 1998). In the first or quantitative model (Smith et al. , 1994; Starn et al. ,
1997), the amount of trans gene RNA exceeds a threshold level at which a cytoplasmic
degradation system is activated to cause degradation of the transgene RNA and the
incoming virus RNA. In the qualitative model, the presence of a qualitative factor, such
as aberrant RNA, may contribute to the activation of the degradation system (Dougherty
and Parks, 1995). Although transgenic lines 7b-11 and 3-24 both have two insertion
events, the threshold level in line 7b-ll may be lower than that in line 3-24. If
transcription of the trans gene in line 7b-11 exceeds some threshold level, post transcription gene silencing may occur. Alternatively, for some reason such as
methylation of the CP transgene, an aberrant RNA may be produced in line 7b-11 , that
activates a degradation system to result in the low transgene transcript level obtained in
line 7b-ll .
In summary, we suggest the experimental data provide evidence that one construct
induced both RNA- and protein- mediated resistance in the transgenic soybean plants.
This has been reported previously by Pang et al. , (1994) and Vaira et al. , (1995).
Resistance in transgenic lines 3-24, 3-3 , and 6-13 may be mediated at a protein level
while resistance in transgenic line 7b-11 may be mediated at the RNA level. Elucidation
of these mechanisms will assist our understanding of coat protein-mediated resistance to
SMV and the potyviruses.
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Di et al. reported the first transgenic soybean plant expressing a bean pod mottle virus
(BPMV) coat protein precursor gene in 1996, and 3 of 10 T 2 transgenic plants showed
resistance to BPMV. According to the ratio of resistant to susceptible progeny, they
suggested these three plants might be homozygous for the BPMV CP precursor gene.
However, evidence for homozygosity was equivocal because the small sample size used
for resistance testing does not allow unambiguous results. In our experiments, we
obtained four homozygous transgenic soybean plants for SMV CP gene; all of these
plants are resistant to SMV strain N.
Several reports address the potential for recombination among potyvirus (Cervera et
al., 1993 ; Revers et al., 1996). The potential for such events can be of importance in
effort to utilize of pathogen-derived resistance to viruses in the field. In our experiment,
we chose the SMV, strain N, CP gene as the transgene. The conserved amino acid motif
aspartic acid-alanine-glycine (DAG) near the exposed N-terminus of the CP is necessary
for successful aphid transmission of potyviruses (Gal-on eta!. , 1992; Lain et al., 1988).
SMV strain N is not aphid transmissible due to a change in the DAG motif to DAD
(Eggenberger eta!., 1989). If recombination occurs between an invading potyvirus and
the expressed coat protein, the recombinant virus would presumably not be aphid
transmitted.
To confirm the infection status of the transgenic plants by SMV, we also assayed
plants by ELISA. The A405 reading ofthe inoculated line 3-24 was consistently
somewhat higher than the others but did not increase during the experimental period.
Also, mechanical inoculation of non- -transgenic plants with the sap from line 3-24

43
inoculated with SMV did not cause infection of these plants. Since transgenic line 3-24
also expressed the highest level of CP, the higher A405 reading is likely due to
endogenous CP instead of virus infection.
Although SMV infection can cause severe damage of soybean plants, the agronomic
losses depend on the time of infection. Seed size and seed weight of the soybeans is
greatly reduced by early infection of SMV whereas late season infection has little effect
on these components (Halbert et al., 1981 ; Ross, 1969). The four transgenic lines
showed different levels of resistance in greenhouse experiments. In anticipated field
tests, the transgenic lines, especially the ones with a longer incubation period, may delay
replication and/or movement of SMV in infected plants and thus may exhibit rate reducing resistance (Parlevliet, 1979; Nutter, 1997; Nutter and Kuhn, 1993 ; Nutter et al. ,
1998). This may delay the SMV epidemic development sufficiently to reduce field
losses. Selection for extreme resistance has been shown to break down when new SMV
resistance - breaking strains arise (Cho et al., 1977). Single gene rate-reducing resistance
deployed in fungal and viral pathosystems has been demonstrated to remain effective and
durable against all pathogen strains (Padgett et al., 1990; Parlevliet, 1979). Therefore,
thi s form of resistance may also be successful against SMV.
Materials and Methods

Preparation oftransformed soybeans
Plants were transformed with plasmid DP5866 from disarmed Agrobacterium
tumafaciens which contained a chimeric gene incorporating the CP coding sequence of
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SMV, strain N (Eggenberger et al., 1989). SMV strain N is phenotypically identical to
SMV strain G2 as defined by Cho and Goodman (1979). The transformation was
conducted according to the method of Townsend and Thomas (1996). The transferred
chimeric gene contained the CP coding sequence, the cauliflower mosaic virus 35S
promoter, the NOS terminator, and four restriction sites, Hind III , Xba I, Sst I, EcoR I
(Fig. 7).
EcoR I

Xbal

--------~__3_5s__~~L~-------c_P________~L_j~_N__o_s~r---------Hind III

'

Hind III

' lSst I

Figure 7. Diagramatic representation of the chimeric gene constructed to express the
soybean mosaic virus (SMV) coat protein (CP) eDNA. The chimeric gene contains the CP
coding sequence, which is under the control of the cauliflower mosaic virus 35S promoter
(35S) and the NOS terminator (NOS). The EcoR I restriction site was used to detect
different insertion events. Other restriction sites are Xba I, Sst I, and Hind III.

Identification of transformants
Initially, To plants were analyzed for presence of the transgene by polymerase chain
reaction (PCR). For the PCR, primer Nod20aF (TGACACATTGCAGCTCAC) and
primer Nod20aR (GATGGCA TGAGACAATCC) were designed to amplify a 342 bp
fragment of the soybean Nod20a gene to serve as a internal positive control. Primer 35S
seg (ACGCACAA TCCCACTATC) and primer SMV a8922
(CTCTCCA TCCATCATCAC) were designed to amplify a 500 bp fragment including
the 5' end of the CP gene (from nucleotide 8536 to 8940, Jayaram et al. , 1992) and
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upstream segment of vector pBI 121 (Jefferson et al. , 1987). The mixture for the assay
was prepared by mixing 11J.l of soybean DNA with 10 pmol each of the four primers, 2 !J.l
Takara ExTag buffer, 1.6 !J.l Takara dNTP mix, and 0.1 !J.l Takara ExTag (Takara Shuzo
Co., Otsu, Shiga, Japan) on ice. Then, PCR was conducted using a PCR program at 94 C,
2 mins ; 25 cycles at 94 C, 20s; 50 C, 30s; 68 C, 30s followed by a I 0 min incubation at
68

c.
Southern blot analyses were used to confirm the insertion events identified by PCR

analysis. Total soybean DNA was isolated from newly expanded soybean leaves
according to Saghai-Maroof et al. , (1984). The isolated DNA was digested with 2 units/
j.lg ofEcoR I at 37 C for 14 hand separated electrophoretically on an agarose gel at 30V
for 14 hr. The separated DNA fragments were transferred to a GeneScreen Plus nylon
membrane (DuPont, Boston, MA) according to Chomczynski and Mackey, 1994 and
hybridized with 32P-labeled CP eDNA prepared by using a Pharmacia ready-to-go
labeling kit (Pharmacia Biotech, Piscataway, NJ). The CP eDNA 50 ng was added to a
ready-to-go reaction tube and mixed with 50 j.J.Ci of 32P labeled dCTP, and then
incubated at 37 C for 15 mins. The prehybridization and hybridization was done
according to the manufacturers instructions. Prehybridization was conducted by
incubating membrane in prehybridization buffer containing I 0% SDS, 10% dextran
sulfate (MW 500,000), and 5.8% NaCl at 65 C for 1 hour. Hybridization was done by
mixing the probe with the DNA, in the same buffer used for prehybridization, at 65 C
overnight.
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Analysis of gene expression
Northern blot analyses were used to detect the CP transcripts in the transgenic
soybean plants. Total soybean RNA was isolated from soybean young leaves according
to Logemamn and Willmitzer (1987). The RNA (10 J..Lg) was separated on a 1.0% agrose
gel containing 30% formaldehyde and transferred to a GeneScreen Plus nylon membrane
(DuPont, Boston, MA) according to Chomczynski and Mackey (1994). The
prehybridization and hybridization was done according to the manufacturer' s instructions.
Prehybridization was conducted by incubating the membrane in a prehybridization
solution containing 1% SDS, 10% dextran sulfate (MW 500,000), and 50% deionized
formamide at 50 C for 1 hour. Hybridization was done by mixing the probe with the
RNA in the same buffer used in prehybridization at 50 C overnight. The probe used was
the same as used for the Southern blotting.
Western blots followed by ECL chemiluminescence (Amersham Life Sciences,
Buckinghamshire, England) was used to detect expression of the SMV CP gene in the
transgenic soybean plants. Soybean protein was extracted according to Powell-Abel et al.
(1986) and protein concentration was determined by the method of Bradford (1976). A
mixture of 50 J..Lg of extracted protein was mixed with Laemmli sample buffer at 1: 1 ratio
(Laemmli, 1976), boiled for 5 min, and separated by electrophoresis on a 12.5%
polyacrylamide slab gel. After transfer to a nitrocellulose membrane (Amersham Life
Sciences, Buckinghamshire, England), detection was with anti-SMV polyclonal primary
antibody and horseradish peroxidase conjugated goat anti-rabbit secondary antibody
(Amersham Life Sciences, Buckinghamshire, England), used at 0.1 J..Lg/ml and I :200,000
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dilution, respectively. The reaction products were detected by chemiluminescence
according to the manufacturer' s instructions (Amersham Life Sciences,
Buckinghamshire, England).
Analysis of plants for resistance to SMV
To assess resistance of soybean plants to SMV, soybean plants were mechanically
inoculated with purified SMV strain N (Eggenberger et al. , 1989; Hill and Benner, 1980)
at soybean growth stage V2 (Fehr and Caviness, 1977). Inoculation was performed by
placing 10 J.ll of inoculum on one newly expanded leaflet that had been previously dusted
with Carborundum (600 mesh). Plants, in a growth chamber operating at 22 C with a 16
hr day length and light intensity of 3.0 x 300 J.lmolm·2sec·\ were observed for 40 days and
time of symptom appearance and symptom severity were recorded. Plants with
appearance of light and dark areas on the newly expanded leaves are judged as symptom
positive. ELISA was done to confirm visual results. For the ELISA, plants were
sampled every four days after the appearance of the first symptom. Two leaf disks,
weighing about 0.02 g, were taken from the newest expanded leaf and grounded in 300 J.ll
PBS buffer and centrifuged at 15,000 rpm for 5 min. Then supernatant (100 J.ll /well) was
added to two wells for each sample on an Immulon 1 plate (Dynatech laboratories, Inc.,
Chantilly, Virginia). The assay, a biotin avidin ELISA (Hill and Durand, 1986), was
performed at 27 C. The anti - SMV monoclonal antibody S4 (Hill et al., 1989) was used
as a capture antibody at a concentration of 1 J.lg/ml, biotinylated anti-SMV rabbit
polyclonal antibody at 1 J.lg/ml, and alkaline phosphatase conjugated extravidin (Sigma
Chemical Co. St. Louis, MO) was used at a dilution of 1:40,000. Detection was with p-
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nitrophenyl phosphate in diethanolamine buffer at a concentration of 1mg/ml.
Appropriate concentrations of immunoreagents was determined by calculation of
maximum PIN (Hill et al. , 1981)
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CONCLUSIONS
Soybean mosaic virus (SMV) can cause soybean mosaic disease on soybean crops
wherever soybeans are grown. At the present time, effective SMV disease control tactics
are not routinely employed. Traditional breeding for host resistance to SMV appears to
be one of the most effective ways to control SMV, but naturally occurring resistance
genes are not effective against all virus strains. Based on the concept of pathogen derived
resistance, we genetically engineered soybeans for resistance to SMV . Our study
constitutes the first example of stable coat protein-mediated resistance to control virus
disease in soybean. It is also among the first to demonstrate that soybean plants can be
genetically engineered for pathogen resistance.
In cooperation with Pioneer Hi-Bred International Inc. we first developed soybean
plants transformed with the CP gene ofSMV, strain N, and obtained four homozygous
transgenic soybean lines. A single CP gene transcript was detected in all four transgenic
lines and western blots showed CP expression in three lines. The second part of our work
was to characterize the resistance of the transgenic lines. Our results indicated that all the
four transgenic lines exhibited different degree of resistance to SMV infection.
Currently, two forms of pathogen-derived resistance are believed to occur in virus
resistant transgenic plants. One form of resistance is protein-mediated, and the other
form is RNA-mediated. Our results indicated that both mechanisms are likely working in
our transgenic plants. To further test our conclusions, additional experiments, such as
nuclear run-off analyses, need to be performed.
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It is possible that all four homozygous transgenic lines will be useful for developing

rate-reducing resistance in future field tests to quantify the effectiveness of the resistance
in the field.
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