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ABSTRACT: .

The molecular‘interactions‘between the two comoyiruses
cowpea mosaic virus (CPH") and cowpea severe mosalic virua
(CPSMV) co-inoculated in Yjgna unguiculata cultivars Black and
Arlington were examined; both black and Arlington cowpeas were-
"operationally" immune to CPMV infection. The replication of .
each viral genome was studied independently by nucleic acid
hybridization analysis. The hybridization probes were
generated with SP6 and T7 DNA—dependent RNA polymeraseq from
pPGEM vecteérs with CPMV and CPSMV cDNA inserts. The templates
were representative sequences cloned from each RNA of the
bipartite genomes. The accumulation of viral capsid was

‘determined by enzyme-linked immunosorbent assays (ELIS using
monoclonal antibodies which specifically recognized either
CPMV o6r CPSMV. 4
In seedlings inoculated with CPMV alone, the RNAs were

replicated in the "operationally" immune cowpeas Black and
J Arlington; however, the accumulation of RNA wasndglayed
’/con;)gerably when compared to CPMV infection of the
susceptible cowpea variety Blackeye-5. In Black and Arlington
cowpeas, CPMV RNA was. restricted to the primary inoculated
leaves, and the accumulation of capsid‘polypeptides or
infectious virus was not detected in the'immune cowpeas.

Co-inoculation of CPMV and CPSMV in Black and Arlington

seedlings resulted in a delay of the symptoms expressed in

response to CPSMV. All co-inoculated plants eventually

iii
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develQped CPSMV associated symptoms, but 25% Qf\she plants
t . . . t"\‘ \ .
developed secondary leaves uninfected by CPSHV.%Ip\tpe latter

plants, CPSMV was localized in distinct necrotic lesions which

%,

X

formed on the primary inosulated leaves. Experiments'we?é\\
Qerformed to datér&iqf the specific conditions reéuired'fof\’b
qptimal inter ference. The data sqggested that inter ference of
CPéHV replication by CPMV was inifiatéd by a direct N
interaction between the viruses afgthe site of co-infection.
Monoclonal antibodies wereAused to characterize epitopes
of both viruses. Internal and external epitopes were -
identified for both viruses. External epitopes were unique to
each virus, whereas the majority of the internal ebitopes were
common to both vifuses; H;st of the epitdbes wvere
confirmational, (rather than gequential) resulting from amino
afids broyght into closé pfoxlmity by thé secondary and
%ertiary structure df the coat prptein subunits. The
monoglonal antibodies were used to identify antigenic
differeRces betweegmgmﬁty capsids and capsids containing viral

RNA. These differences suggested that packaging of the viral

RNA altered the three-dimensional structure of the capsid.

iv
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~ chapter 1: General Imtroduction

Fourteen viruses have been assigned to the comovirus
group on the basis of similiar particle morphology, ggnomic
organi#atiqn and replication cycle, cytopathological effects
and éerological relatgdness (Stace—Smith, 1981; Bruening,
1978; Francki et al., 1985). Comoviruses have been reviewed
extensively (Van Kammen, 1972; Bruening, 1977; SEace—Smith, 1981;
Francki et al., 1985; Goldbach & Van Kammen, 1985). Cowpea
mosaic virus (CPMV) is the type member of the comovirus
group.

Individual comoviruses have a narrow host range, the
‘majority qf them infecting Leguminaceae, the remainder
infecting plants in tﬁe‘Solanaceace, Cucurbitaceae,
Basellaceae and Cruciferae families. All comoviruses are
transmissible mechanically and many are transmitted, in a non-
.specific manner, by leaf-feeding beetles (Fulton et al., 1987;
Gergerich & Scott, 1988). Seed transmission has been reéorded
at a low (less than 10%), but significant level (Cockbain et
al., 1976).

| Electron micrographs indicate that the viral particles
havé a polyhedral structure, and a diameter of 24 to 30 nm
(Francki et al., 1985). The capsids of all coﬁoviruses
examined are composed of two polypeptides present in equimolar
amouqts. The molecular weights of the capsid proteins of CPMV

-

are 37 kDa and 23 kDa (Wu & Bruening, 1971; Geelen et al.,



1972). A three-dimensional mcdel has been propbsed’fot fhe
structure of CPMV particle having 5:3:2 5ymmetrY} cpnsisting
ofv12 pehtamers of the 37'kDa protein and 20 trimers of‘thé'23
kDa protein at the fivefold and threefold axe$ §f symmeﬁry,
respectively (Crowther et al., 1974; Brueniné,'1977;.Schmidt'
et al., 1?83).. |

Two electrophoretic forms of the 23 kDavprotéin have been'
observéd. Proteolytié cleavage in the host and after virugﬁ
isolation resulted in the loss of a peptide of about 2.5 kDa
from the 23 kDa polypeptide (Niblett &,Semaﬁcik; 1969; Geelen
et al., - 1973). A relationship was inferréd‘between proteolytic
cleavage and increased infectivity basedbon the increased
infectivity of a mutant whic£ was more rapidly cleaved in gigg
(Siler et al., 1976). However, the mu;ationfwas localized in
the sequénces encoding the capsid polypeptides, thus the
decreased infectivity of the mutant could have been relafédfto
;n altered three—dimensionai structure of the mutant virion.
Geelen et al. (1973) presented evidenée'indicat;ng the
infectivity of CPMV is hot dependent on the electrophoretic

< e

forms of the virus.

Comoviruses‘héve a bipartite gefome of plus-sense RNA ’
(ie. the genomic RNA functions directly as a template for
translation). The primary sequence of both RNAs of CPMV-SB has
been determined. RNAl is 5889 nucleotides in length
(Lomonossoff & Shanks, 1983) and RNA2 is 3481 nucleotides in

length (Van Wezenbeek et al., 1983). In addition, both RNAs



have 3’—termini with 150 to 200 nucieotide polyadenyiate
tails, and a smali.vfraly encoded poiypeptide covalently
linked to the 5’-termini (VPg) (Stanley et al., 1978). The
primary structure of red clover mdttie virus (RCMV) has also
been determined (Shanks et al., 1986) and'fouhd to have a
gengmic organization similiar to RNAZ of CPMV. There is very
little seguence homology between RNA1 and RNAZ of CPMV, except
in the 5'- and 3'- non-coding regions.

\

Comoviruses can be separated into three components by
equilibrium centrifugétion: 58 S top component, deyoia of
nucleic acid; 98 S middle component and 118 S boftom
components, each encapsidating one molecule of RNA2 and RNAl,
respectively (Mazzone et al., 1962; Bruening, 1978). Both
middle and bottom components are required for systemic
iﬁfection of plants (Van Kammen, 1968), However, inoculation
of protoplasts with bottomncompénent alone r%sults in the
synthesis of some viral polypeptides, but capsid proteins are
not synthesized. Infection of protoplasts with middle
component .alone does not result in detectable capsid protein
being synthesized (Gbldbaéh et al., 1980; Rezelman et al.,
1982). Therefore, RNAl exhibits limitedﬁindependancez but RNA2
is dependeﬁt oh RNA1l for replication, and both RNA1l and RNA2
are required for the production pf virus particles. The
independent replication of one'RNA cqmponent of a bipartite

virus has been observed in the tobravirus groub also. RNA1l of

the select tobacco rattle vigus is able to replicate and

=
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establish infections in plants and protoplasts (Harfison'&'
Robinson, 1978). Virions are th formed as the coat protein is
encoded by thé‘RNAz.

Mixtures of RNAl and RNA2 of strains of CPMV with
different phenotypes (pseudorecombinants) have been used to
assign specific functions to the individual viral RNAs.
Bruening (1969) used two strains of CPMV differing in top
component production, to demonstrate that the amount of top
component produced was governed by RNA2. De Jager and van
Kammen (1970) confirmed this observation and also associated

the ability of the virus to spread systemically in. plants with
RNA2. Thongmeearkom and Goodman (1978) linked the genetic
control of Symptom expression and serotype to RNAl and RNAZ2 of
cowpea severe mosaic virus (CPSMV), respectively. Local lesion
and systemic symptom expréssion were mapped to both RNAl and

RNA2 (Wood, 1972; De Jager, 1976). Evans (1985) identified a

nitrous acid mutant of CPMV that infected Phaseolus vulgaris,
but not Vigna upguiculata. This host range mutation was linked
to RNA1l.

The mode of polypeptide synthesis by both RNAl1l and RNA2
of CPMV has been elucidated. Both viral RNAs direct the
synthesis of large precursor polypeptides which are cleaved by
a vira11y|encoded protease to smalier, functional viral ‘
proteins (Vos et al., 1988: Figure 1). RNAl is translated as a
single 200 kDa polypeptide, from which intermediates of 170,

110, 84 and 60 kDa are produced. The five final cleavage



producke ére oriented in thé initiai translation prgduct as:
. NH,-32K-58K-4K(VPg)-24K-87K=~EO0H (Rezelman et al.; 1980;
Goldbach & Rezelman, 1983; Wellink et al., 1986). ln'glggg-
transiation of RNA2 fielded two polypeptides (105 and 95 kDa)
with errlapping carboxy-termini (Vos et al., 1984). These
proteins weré furfher processed .to produce 48, 58 and Go‘kDa
intermediates (Franssen et al., 1982). The 60 kDa polypeptide
was cleaved to form. the viral capsid proteins (23 and.37 kDa)
(Wellinkﬂet al., 1987). Viral proteolytic'prbcessing was done
by the 24 kDa protein encoded for by RNAl (Verver et al.,
1987). This proteaée ‘cleaved at glutamine—-glycine and
glutamine—sérine dipeptides. The activity of the 24 kDa
protease was me2ified by the 32 kDa polypeptide also encoded
by RNA 1 to cleave at glutamine-methionine dipeptides (Vos et
al., 1988). Proteolysis required adenosine triphosphate (ATP)
and dithiothreitol (Pelham, 1979). Inhibition“studig;
indicated that the 24 kDa protein was:a thiol-~-type protease
(Pelham, 1979).

4The functions of other virally encoded polypeptides have
been identifiedf Al though RNAl was replicated and expressed
when singularly inoculated to cowpea protoplasts, there was no
systemic spread in seedlings of the viral nucleic acid without
RNAZ2 (Eggen & Van Kammen, 1988). This suggested that RNA2
encodes a polyp?ptide functional in facilitating transport of
the virus. The RNA2 encoded 48 kDa and 58 kDa polypeptides may

have been responsible for this function (Goldbach & Van



Kammen, 1985). It cannot be discounted that viral
encapsidation alone induced systemic spread. Howévef, a 30 kDa
transpoft protein has been suggegted for tobacco mo;aic virus
(TMV) (Zimmern & Hunter, 1983; Meshi et al., 1987), and thé 48
kDa.protein of CPMV has limited homology with the 30 kDa
p;otein of TMV (Meyer et al., 1986). \ \

An RNA-dependent RNA polymerase éunction has been
associated with the 110 kDa precursor polypeptiée encoded for
by RNAl of CPMV (Dorssers et al., 1984; Eggen et al., 1988b).
The viral polymerase was found to be the core protein
associated with two host proteins in a membrane bound
polymerase complex. An gndogenousnRNA—dependent RNA polymerase
has been found in uninfected cowpeas, the activity of which
increases twenty-fold when plants were infected with CPMV |
(Dorssers et al., 1982i. Biochemical and immunological
evidence has shown that the host polymerase was not involved
in virus replicafion. A membrane bound host polymerase was
also identified, but it replicated only short, heterologous,
minus sense strands of viral RNA. It exhibited no preference
for viral RNA témplate and its template in vivo or function
_ havF not been identified (Dorssers et al., 1983; Van Der Meer
et al., 1984). In a similar system, a host encoded RNA- }
dependent RNA polymerase has been purified from cudﬁmbers
infected with cucumber mosaic virus (CMV) (Kumarasamy &

Symons, 1979). This polymerase also synthesized §ma11

heterologous RNA molecules.



The 60 kDa precursor polypeétide from which the VPg .was
cleaved was also membrane bound (Goldbach et al., 1982; Zabel

,et al., 1982). To date, VPg has only been identified
‘ij‘ N

o
b oy

- covalently attached to viral RNA, and not as a free 4 kDa
protein in the cytoplasm of infected cells. The VPg of

i polioqffﬁs ha® been implicated in virus replication (Baron &

K

7 o

Balti@@?e, 1982) where fhe protein may have been attached to
the viral RNAs prior to cleavage from its precursor (reviewed
in Semler et al., 1988). If CPMV VPg functions in a similar
manner during replication, the 60 EDa polypeptide may be‘an .
attachment site in the'host membrane for Qiral’RNA
replication. The magprity of virus replication may be‘membrahe
associated, which is consistent with the large number of
‘membranous vesicles found in plant tissues infected with
comoviruses.

Cytopathological changes in all comovirus infections
Studied were very similiar (Frahcki et al., 1985). The most
common, and visible chahges were large vesiculate inclusions
in the cytoplasm (Van der Scheer & Groenewegen, 1571). They
were composed of interconnected membréne—bound vesicles, which
occupied the majority of the cytoplasm and were surrounded by
mitochondria and chloroplasts. Assembled virus particles have
been observed in the vécuoles, ani/in tube-like protrusions -
extending from the cell wall, which may pass through the
plasmadesmata (Francki et al., 1985). Infection with

fractionated RNAl of’CPMV resulted in the appearance of

1



cytoplasmic inclusions in inoculated .tissue (Rezelman et él.,
1982). Therefore RNAl induceq cytopathological changgs in the
absence of RNAZ. |

" Double-stranded RNA (dsRNA), the replicative form of the
.viral genome, was found to co-sediment with virus inclusion

ik

bodies (Assink et al., 1973). Antibodies specific for non-

-structﬁ}al proteins of CPMV have been used to locate proteins
encoded by fhe viral genome in thercytoplasm;c inclusions
kWellink et al., 1988). Chloramphenicol inhibition of the 70 S
chloroplast ribosomes had no effect on viral brotein
synthesis, but cycloheximide inhibition of the 80 S
cytoplasmic ribosomes inhibited viral protein synthesis (Owens
% Bruening, 1975)1 Therefore, viral replicaﬁion’réquirpd the
protein synthesis machinery of the cytoplasm,'sﬁggesting that
viral replication occurred in the cytdplasm. ‘

Animal picornaviruses aﬁd plant comoviruses have many
similaritfes and sequence homologies, despite very différent
host ranées and biblogical propertiesl Analogous features havé
been recognized between the two virus families in genomic
structure, and modes of replication and translation. In both
virus groups viral replication is located fn virally induced
membranous vesicles. The genomes of comovirﬁses and
picornaviruses are positive sense single-stranded RNA (ssRNA),
with a 5'-1linked VPg and a 3'—polyadenylate’tail. Thé genomes
of both viral groups are translated as large precursor

v

polypeptides which are cleaved by a virally encoded protease -



tolform the functional wviral proteins (Putnak & Phillipg;
1981). 1

Comparison of‘the genomic-organizatiénaand nucieotide‘
sequencés of the genomes of comdviruses and picornaviruses
revealed striking similarities (Kiamura et al., 1981; Nomoto
et al., 1981, Goldbach & Van Kammen, 1985). Picornayiruéeé do
fiot have a split genome, however there is an‘analogoué
arréngement.in the order of the functional domains of the.non—
strqctural vifal'proteins (Franssen et al., 1984).
Considerable amino acid homology exists between the 110 kDa
polypeptide of CPMV and the RNA-dependent RNA polymerases of
poliovirus and foot-and-mouth disease virus (Franssen et al.,
1984). The virally encoded proteases of poliovirus and CPMV
both cleave glutamine-glycine dipeptides (Nicklin et al.,
1986; Vﬁs et al., 1988). These findings indicate there is an
evolutionary rglatedness between these two biologiéally
distinct virus éroups. It is not known which virus group
preceded the other, but the two virus familieé appear to have
evolved from common ancestry (reviewed by Zimmern, 1988).

A number of conserved amino acid motifs have been
identified among the RNA-dependent RNA polymerases of both 
animal and plant RNA viruses, some of these amino acid hofifs
have been identified in the putative RNA-dependent RNA'
polymerase of CPMV (Zimmern, 1988). Recently, homologies t6
these amino acid motifs have been found in eukaryotic and

-

prokaryotic helicases and nucléases {Gorbalenya et al., 1988),



giving rise‘to a:new superfémily of replicative proteips. The
conserved amino acid mopifs within these repiicaseé'ﬁere. |
postulated to form thé functional sites for pyrophosphate,
magnesiﬁm or‘nucleic acid binding (Argos, 19885,Hoggmah,

s

1988) . o ,
| Amépg-the plant virus groups, comoviruses ‘are related
hpré closely to nepov?ruses than ény other. Both virus groups
have a bipartite genome with a 5"-linked VPg ahd a 3'-linked
polyadénylate tail. The RNAs of nepoviruses are alsov// ;
‘translated as ope polypeptide_and processed by cleavage with a

virally encoded protease‘(Mcrris—Krsinich et al., 1983).
However, apart from biological differences, tpe two virug
groupg‘have different capSid structures and genome ;izes
(Goldbadh»& Van Kammen, 1985). Presumably, the primary
structures and nucleotide sequences of viral genomeSffrom_the
" two virus groups is different (Rott et al., 1988), élthough
there may exist distinct regions of homolopy; |

Tobacco etch virus (TEV), a member of the plant potyvirus
‘family, has a single—stranaed RNA (SsRNA) genome epcapsidated
helically in a long flexuous papticle. The genome of TEV is
translated as a single polypeptide (Allison et al., 1986), and
post-translationally cleaved by a virus encoded protease at |
glutamine~serine_or‘gl&tamine—glycine dipeptides (Carrington
et al., 1988). Therefore, properties of the viral’protease are
conserved between unrelated plant viruses and between plant

viruses and other eukaryotic viruses.

N
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Bruening et‘al (1973) observed that in mixed infections

CPMV-SB interfered with the replicatidn of CPSMV-DG when the

two viruses were co- inoculated in cowpeas resistant to CPMV SB -

1nfection This work examined the extent of interference

~between the co—inoculated viruses. The results obtainﬁg
"provided the .basis for postulating a theoretical mechanism to

explain the interference phenomenon To facilitate ‘this work

cDNA clones were prepared from the RNAs of both viral gencomes.
Hybridomas secreting MQnoclonal antibodies for either virus

were isolated and uSed to study the accumulation of virus in

_infected plants. The monoclonal,antibodips were also used to .

characterize the antigenic relatedness of CPMV and CPSMV.

11
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INTRODUCTION: .
- The members ‘of the comovirus family have varying degrees
of seréiogical relatedness (Bruening, 1978; Stace—Smith .
198;). ?he serological relatednes; of CPMV and CPSMV ‘has bee;
~éocumént;q (Agrawal & Maat, 1964; Swaans & Van Kammen, 1973):
These two como&iruses were c}assified originally as &trains of
thg?same virus ngfawal% 1964); hdwever, a re—evalugtion;of
their relatédneSS basedAon thermal inactivation points,
sedimeﬁtation patterns, host range and symptoqology.(éwaads &
;Van Kammen, 1973) led to their current classification as twéw

N

distinct viruses. .
Heterologous mixtures of the middle ;nd bottom components
of these two viruses were not successful in establishing
infectioq& on host plants (Van Kammen, 1968). Compgtition
hybridization experiments showed little homology in nucléotide
sequences between the RNAs of the Nigerian strain of CPMV and
the Vs strain of CPSMV (Swaans & Van Kammen, 1973). Short
segments of 60% homology, at the amino acid level,)havé been
detected between the predicted translatibn products of RNAl of
CPMV and CPSMV (G. Bruening, personal communication). However,
the degree of amino acid sequence homélogy shared by non-
strugtural proteins was not necessarily indicative of i

seroiogical relatedness. Overall, the nucleic acid sequendé

homolqu between RNA2 of the S strain of RCMV and RNA2 of

12
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fCPHV—SB was found to be ng\(Shanks,et al.., 1986)? The regiéns‘
codiﬁgﬁfof viral cépsid*pfo%eins Fontained blocks of 80% and
g;eater homology, yet the vipugés shared ohly distant -
seroiogicglfreiatedness (Gibbs et al., 1968; Stace-Smith,
léal)f The latter cbservaﬁidn was attributed to tﬁe

realization that the majority of epitopes of an antigen have.
seconééry and tertiary structure, and represeﬁt a
discontinuous amino acid sequence (Barlow, 1986).D

Several isolates Sf CPMV have been idgnfified, but few of
these isolates have been compared serologically. However,
isolates from Surinam (SB-isolate), Nigeria, Ken}a and USA

were found to have a close serological relatedness (Van

= Y

JXammen & de Jager, 1978).

Isolates of CPSMV have been divided into four serotypes
i&in et al., 1984). The four sero—gfoups had one common
antigenic determinénf and‘each group was cha;acterized by one
unique Qpitope. Other antigenic determinants were sharéd to
varying degrees among thelsero-groups. CPSMV-~-DG was
characterized .by Beier et al.~(1977), and found to possess
physical and biochemical properties similar to other CPSMV
'isofates. - -

The separation of virus particles into three distinct
bands by equilibriumjdensity gradient centrifugatidn was féung
to be characteristic of ﬁ@éﬁéomovi;uses (Van Kammen,‘1&72).

"The‘pahds corresponded to empty top component, and middle and

~bottoh'bomponents encapsidating viral RNA2Z and RNAl,

13



respécfively. The particles appeared £o be identical-
morphologicélly (Bruening, 1977; Schmidt et al., 1983). Both
middle and bottom éombonents were }equired for systemic
infection of host plants (Bfuening & Agrawal, 1967). CPMV-5SB
typically had an equal ratio of middle to bottom éomponen£
(B;uening, 1969), while CPSMV-DG had é significantly greater'
amount of middle component fhan bottom componént (de Jager,
1979). Toplcomponent of CPMV-SB was less than 5% of the total
virus; while top component compromisea ah even lower
percentage of CPS&!@DG preparatibns. Bruening (1969) suggested.
the formation oé%é%;:component was determined by RNA2 based on
pseudo—récombﬂﬁatioh.experiments, using a wild type strain of
CPMV and a mutant that was deficient for production of top
component. De Jager and Van Kammen (1970) identified a nitrous
acid mutant of CPMV-SB which producedAmore top than middle
component. The mutation was localized to RNA2 by heterologous
recombination with wild-type virus. Since RNA2 also coded for
capsid polypeptides (Pelham, 1979), the formation ofistable,
empty virions could be détermined b§ the primary amino acid
sequence of the cébsid polypeptides.

In order to examine the interaction between these two
viruses in co-inoculated cowpéa 1ines,~it would be-essential
to idéntify either virus indebendent of the othér.-Monoclonal
antibodies have been used to distinguish between éérologically
related viruses in plant sap (Massalski & Harrison, 1987;

- .

Dekker et al., 1988). Therefofe, hybridoma cell lines were

L4

14



generated that -secrete antibodies against CPMVv ';.\vnd CPSMV, -
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METHODS:

Virﬁs and‘plant stocks. CPSMV—DG strain and CPMV-SB strain
were obtained from the laboratory~stocks of G. Bruening. Both
viruses were maintained in the cowpea line llgng,gnggigglggg'
Walp. California Black Eye (BE-5; Vermont Bean Seed Co.).
Viruses were isolated in our laboratory according to published
pfocedures (Bruening, 1969). Primary and secondary leaves of
BE-5 were harvested 7 and 14 days post inoculation,
respectively. Infected tissue was frozen on dry ice and stored
for dp to 1 year at -20 C. All isolation procedﬁres were
performed at 4 C. Frozen tissue was ground in a Waring Blender
with 3 ml per gram of leaves of ice cold grinding buffer (50
mM potassium phosphate, pH 7.0; 2 mM disodium ethylene diamine
tetra-acetate (EDTA), 56 mM 2—mercaptoethanol, 79 mM sodium_
“_\%Picarbonate). The homogenate was filtered through Miracloth

r(CalBiochem). The solids were re—extracfed with 0.5 ml per
gram of leaves of grinding'buffer and again filtered. The
filtrates were combined and centrifuged ap 15,000 g for 10
minutes. The supérnate was collected, and stirred on ice for
20 minutes, with an equal volume of a 1:1 mixtdre of normél
Sutanol and chloroform. The phases were resolved by
centrifugaticen at 7000 g for 10 minutes. The upper aqueous
phaSe was centrifuged again at 15,000 g for 10 minutes. The

recovered supernatent layer was adjusted to 0.2 M sodium

chloride and 7% (w/w) polyethylene glycol (PEG-8000, Sigma),
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and stirred on ice until completely diggq}ved. The solution
was stored for 5 hours to oqernight;

The érecipitate was collected by centrifugation at 8000 g
for 10 minutes. The pellet waé washed with 1 ml of 50 mM
potassium phosphate, pH 7;0; 2 mM disodium EDTA per 20 grams
of leaves. The extract was re-centrifuged, and the supernates
were combined. The virus was recovered by high speed
centrifugation in a 70Ti rotor((Beckman Instruments) for 2
hqurs at 4%,000 rﬁm. Theé virus pellet was resuspended in 50 mM
potassium phosphate, pH 7.0.

5 The concentration of virus was calcdlated using
absorptivity values for 1 mg/ml of 8.1 at 260 nm (Geelen et
al., 1972). Purity pof virus stocks was confirmea by host range
and RNA hybridization assays. ’

Separation of ;irus components. ApprokXimately 5 mg of virus
was diluted to 0.5 ml in gradient buffer (50 mM potassium
phosphate; 2 mM disodium EDTA, pH 7.0) andilayered onto 11 ml -
of 39% (w/w) caesium chloride in buffer (final concentration
37.3% w/w). The gradient was centrifuged for 36 hours at 4 C
at 36,000 rpm in a SW 40Ti rotorv(Beckman Instruments). Bands
were visualized by diffraction of white light, and collected -
individually by piercing the side of the tube with a syfinge
needle. The gradient fractions containing virus components
were diluted at least ten-fold with gradient buffer and

pelleted by centrifugation at 45,000 rpm for 2 hours. The
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pellets weré resuspended in 50 mM potassium phosphate, pH 7.0.
Concentration of the virus components was caiculated using o
absorptivity values for 1 mg/ml of 6.2 and 10.0 at 260 nm for
middle and bottom virus components, respectively, and 1.28 at

280 nm for top component (Geelen et al., 1972).

Plant extracts.- Cowpeas were infectea with virus and samples
of primary infected leaves were collected 5 to 7 days after
inoculation. A disc of tissue (approximately 100 mg) was taken
with a #10 cork borer and stored at -20 C. Each disc was
homogenized in 600 ul of phospﬁate—buffered saline (PBS: 140

mM NaCl, 1.5 mM KH,PO,, 8 mM Na,HPO,, 2.7 mM KCi, pH 7.4) plus
0.05% Tween-20, 1% ovalbumin (Sigma), aﬁd 0.1%
polyvinyl-pyrrolidone. The sus?ension was centrifuged briefly. §
The supernate was dilutéd 1:100 in extraction buffer and 100 \‘

ul applied to a microtitre plé%e previously coated with the
. /

immunoglobulin fraction from rabbit serum (see below).

Virus particle disruption. Virus particles were subjected to
one of two treatments. In the first procedure, virus was
heated at 65 C for 1 hour in disruption buffer (8 M urea; 0.2%
2-mercaptoethanol, 1% sodium dodecyl sulédfe (SDS)) (Wu &
Bruening, 1971). The soluble product was dial}zqd overnight
against either PBS plus 0.1% 2-mercaptoethanol, or 8 M urea in
PBS plus 0.1% 2-merdqaptoethanol. Protein concentrations were
determined by absorbénce at 280 nm. Samples were further

diluted in PBS as required, and used directly in plate-trapped

18



‘ELISAsL TOVESSess the extent'of virion dis$oqiation indnced by
this procedure, a sample of treaﬁed virus wagyeubjected to gel
filtration chromatography. Approximately 5’mg of protein was
applied to a column of Sephadex G-200 (45 X 2.5 cm)
equilibrated with 5 M urea, 0.2% 2-mercaptoethanol in PBS. The
protein peak was detected by absorbance atl280 nm and protein
concentration in column fractions was determined by the method
of Sedhak and Grossberg (1977). Samples from individual
fractions within the protein peaks were subjected to
denaturingmgel electrophoresis (Laemmli, 1970).

In the alternate disruption method, virus was incubated
overnight at 0 C in 2.65 M guanidine-Hbl, 1.65 M LiCl, 5 mM 2~
mereaptoethanol,'l mM boric acid and 0.5 mM NaOH (Wu &
Bruening, 1971). The precipitete was removed by centrifugation
and the protein was recovered from the supernatent layer by
exhaustive dialysis against dlstilled water at 4 C. The
material that precipitated during dialysis was collected by
centrifugation and redissolved in sample buffer (5 M urea,
0.2% 2—merceptoethanol in one—quarter strength PBS) by
heating at 37 C. ‘Samples of disrupted virus were applied to a
Sephadex G~200 column (90 X 1.5 cm) equilibrated with sample‘
buffer. The peake were detected by absorbance at 280 nm and
tne two protein peaks collected, dialyzed againgl water, and
concentrated by lyophilization. The identification of protefn

peaks as the large and small capsid protein subunits was

confirmed (data not shown) by denaturing polyacrylamide gel

19 .



electrophoresis (Laémmli, 1970). The dried samples were
redissolved in sample buffer and used for plate-trapped

ELISAs.

Ribonuclease treatment of virus. Unfractionated virus and
isolated, intact or disscciated virus components were dialyzed
against TE buffer (10 mM Tris-HCl, pH 7.5; 1lmM EDTA) and
exposed to Ribonuclease Al (1 mg/ml; Sigma) for 30 minutes.

Samples were used for plate- or;antibody—trapped ELISAs.

Immuno-blotting. Samples of virus were disrupted in urea,
SDS and 2-mercaptoethanol as described above. Proteins were
resolved by denaturing gel electfophoresis (Laemmli, 1970) and
the protein transferred to nylon membranes (GeneScreen) by
standard procedures (Burnette, 198£). Electroblotting was done
at 4 C at 250 mA overnig%t in transfer buffer (25 mM Tris-HC1,
pH 8.3; 192 mM Glycine).

Non-specific binding sites were blocked with blocking
buffer (PBS, 0.05% Tween-20, 2% fetal calf serum (FCS)) at
*room temperature for 2-4 hours with gentle agitation. Probing
monoclonal antibodies were added in blocking buffer, and\
incubated ae described above. The antibody dilution used was
selected to give maximum signal relative to background. Bound
monoclonal antibodies were detected with peroxidase-labelled
goat anti-mouse—(IgG & IgM) antibodies (Kirkegard « Perry Lab

Inc ) and substrate solution (0.5 mg 4-chloro-1 naphtol and

" 0.03% hydrogen ‘peroxide in 1:5 methanol : PBS) . Between

20
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incubation with each antibody, the blots were ﬁashed fér %0
minutes: once with PBS plus 0.05% Tween-20 (PBS-tween), thrice.

with blocking buffer, and once with PBS-tween.

Production of rabbit immunoglobulins.. An#iserum was prepared
from-rabbits (New Zealand White) followingvyone subcutaneoJ%
.injection %f 100 ug virus in Freund's complete adjuvant and
three bi-weekly infections of virus in Freund's incomplete
adjuvant. Sera R90 and R94 were prepared from“rabbits
immunized with CPSMV-DG and CPMV-SB, respectively. Serum was
stored at -20 C as a 1:1 solution with glycerol. The serum was
dialyzed égainst PBS and the immunoglobulin fractiodn was

pﬁrified on a column of DEAE-Sephacel (Tremaine et al., 1985a)

before being used for trapping.

~

Production of hybridoma cell lines. The production and
culture of hybridomas was essentially as previously described
(Goding, 1980; 0Oi & Herzenberg, 1980). Balb)c mice (Charles
River) were immunized with four to six bi—weekiy
inéraperitoneal injections of 50 ug virus in Ffeuhd;s
incomplete adjuvant. Three to 5 days before the gusion, fhe
mice were primed with a final injection of\kntigen-without
adjuvant. : | -

All further manipulations were done aseptically in a bio-
hazard léﬁinar—flow hood. Cells were cultured at 37 é in a 0%
CO, environment. The media was supplemented Dulbecco's

Modified Eagles Medium (DMEM, -supplemented with 40 mM sodium
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bicarbonate, 2 mM L-glutamate, 1 mM pyruvate, 35 mg/ml
gentamycin syl fate) plus 10—20% heat-treated (60 C, 30
minutes) FCS. NS-1 myeloma cells were harvested at a log‘phase'
- of growth. The spleens of immunized mige were macerated
'through cheesecloth in DMEM (no FCS) and the cell suspension
collected with a pasteur pipet. The NS-1 and spleen ceils were
centrifuged at 800 g for 10 minutes; the pelleted cells were
resﬁspendgd in DMEM, and the wash repeated twice. The cells
were, combined in a conical centrifuge tube and pelleted. The
supernatant fluid was removed and the slurry of cells agitated
in a tube mixer (Vortex). Cell fusion was done at 37 C by
adding 1 ml of 50% PEG-8000 in DMEM slowly over 1 minute with
a pasteur bipette@ used also to stir the cell pellet. The cqll
pellet was stirred for an additional minute. An additional 1
ml of DMEM was added over 1 minute with stirring, then 7 ml of
DMEM was stirred in-over the next 4 minutes. The suspension
was centrifuged as deséribed above and the supernate
discarded. The pellet\was resuspended in 160 ml of HAT medium
(80% DMEM, 20% FCS, 1.6 mM thymidine, 10 mM hypoxanthine, 0.04
mM aminopterin, S‘mM 4—(2—hydroxye£hy1)—1-
piperazineethanesulfonic acid (HEPES), pH 7.0), fortified with
thymocytes (obtained from two 4 to 6-week old mice, and washed
as described for the spleen cells above). Aliquots (200 ul) of
the suspension were then dispersed into Eight 96-well culture
plates and incubated af 37 C. The approximate ratio of’ spleen

cells to myeloma cells at fusion was 4:1.
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Ten to 14 days post—fusion, the media was removed from
the wells, and feplaced with 200 ul of HT (DMEM, 20% FCS, 1.6
mM thymidine, 10 mM hypoxanthine). Thé plates were re-
incubated fog approximately 2 .days, after which the hybridoma
cultufe fluids were -screened individually for secretion of
desired'antibodies by both an antibody-trapped and a plate-
trapped indirect ELISA as described below. Hybridomas thét
tested positive for desired antibody secretion we§e subjecfed
to a minimum of two cycles ofAlimiting dilutions and
rescreening to ensure monoclonality and sgability of the ceil
lines. Clones which still tested positive were cryo-preserved
in freezing buffer (DMEM, 20% FCS, 10% dimethylsulfoxide) at -
70 C for 24 hours, then transferred to liquid nitrogen for

long-term storage.

Ascites fluid collection. Approximately 10% cells were
collected from culture media and injected intraperitoneally
into 4 to 8 month old mice treated 1 to 2 weeks previous with
Pristane (Sigma). The ascites fluid was collected after 7 to

12 Qays, depending on the rate of tumour deVelopment.

Isotyping of monoclonal antibodies. The sub-isotypes or sub-
classes of antibodies were determined by ELISA. The reagenté
and test antibodies were in Kit form (CalBiochem) and used

according to the manufacturers fecommendations. \

Ouchterlony assay. The double-diffusion immunoassay” was

per formed in 0.7% agar in PBS (Stollar & Levine, 1963).

\
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bicarbonate, 2 mM L-glutamate, 1 mM pyruvate, 35 mg/ml

gentamycin sulfate) plus 10-20% heat~treated (60 C, 30

‘minutes) FCS. NS-1 myeloma cells were harvested at a log'phase'

of growth. The spleens ofﬁimmunized mice were macerated

ithrough cheesecloth in DMEM (no FCS) and the cell suspension

collected with a pasteur pipet. The NS~1 and spleen ceils were
centrifuged at 800 g for 10 minutes; the pelleted cells were
resuspended in DMEM, and the wash repeated twice. The cells
were combined in a conical centrifuge tuge and pelleted. The
supernatant fluid was removed and the slurry of cells agitated
in a tube mixer .(Vortex). Cell fusion was done at 37 C by
adding 1 ml of 50% PEG-8000 in DMEM slowly over 1 minute with
a pasteur pipette, used also to stir the cell pellet. The cell
pellet was stirred for an additional minute. An additional 1
ml of DMEM was added over 1 minute with stirring, then 7 ml of
DMEM was stirred in over the next 4 minutes. The suspension
was centrifuged as described above and the supernate ‘
discarded. The pellet was resuspended in 160 ml of HAT medium
(80% DMEM, 20% FCS, 1.6 mM thymidine, 10 mM hypoxanthine, 0.04
mM aminopterin, 5 mM 4—(2-hydroxye£hyl)—1~ '
piperazineethanesul fonic acid (HEPES), pH 7.0), fortified with
thymocytes (obtained from two 4 to 6~weeg 0ld mice, and washed
as described for the spleen cells above). Aliquots (200 ul) of
the suspension were then dispersed into Eight 96-well culture

plates and incubated at 37 C. The approximate ratio of spleen

cells to myeloma cells at fusion wds 4:1.
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Ten to 14 days post—fusion, the media was removed froh
the wells, and éeplaced with 200 ul of HT (DMEM, éo* FCS, 1.6
mM thymidine, 10 mM hypbxanthine). The plates were re- |
incubated for approxihately 2 days,;after which the hybridoma
culture flulds were screened individually for secretion of
desired'antibodies by both an antibody—trapped and a blate—
trapped indirect ELISA as described below. HybridomésAthét
tested positive for desired antibodf secretion were subjecfed
to a minimum of two cycles of'limiting dilutions and
rescreening to ensure monoclonality ané stability of the ceif
lines. Clones which still tested positive were cryo-preserved
in freézing buffer (DMEM, 20% FCS, 10% dimethylsulfoxide) at -
70 C for 24 hours, then transferfed to liquid nitrogen for

long-term storage. >

Ascites fluid collection. Ap Ximately 10% cells were
collected from culture media arnd injected intraperitoneally
into 4 to 8 month old mice treated 1 to 2 weeks previous With

Pristane (Sigma). The ascites fluid was collected after 7 to

12 days, depending on the rate of tumour deVelopment.

Isotyping of monoclonal antibodies. The sub-isotypes or sub-
classes of antibodies were determined by ELISA. The reagents
and teét antibodies were in kit form (CalBiochem) and used

according to the manufacturers fecommendations. \

Ouchterlony assay. The double-diffusion immunoassay was

performed in 0.7% agar in PBS (Stollar & Levine, 1963).

\
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Antigen (40 ul of virﬁs at 200 ug/ml) was pipetted into wells
adjacent to wells containing 40 ul of serially diluted

antibody solutions in PBS.

ELISA. Three forms of indirect ELISA were used, antibody-
trapped, plate-trapped and liquid-phase competition assays

f)

(Tremaine et al., 1985b)k For the antibody-trapped assay,
rabbit immuhogiébulins were diluted 1:100 in sz; énd 106 ul
was incubated ip;each well of a Linbro microtitre plate (Flow
Laboratories) guernight at 4 C. Plates were washed with tap
water, between each successive binaing step. The plates were
blocked for 2 hours at 37 C with 200 ul of 1% ovalbumin in
PBS-tween. If the sample was to contaih plant extract, 0.1%
soluble polyvinylpyrrolidone was included in the blocking
bﬁffer (Clark et al., 1986). The sample antigen Yas added in
100 ul of blocking buffer and incubated 2 hours at 37 C or
overnight at 4 C. For plate-trapped assays, antigen in the
desired buffer was added diredtly to microtitre plates and
incubated overnight at 4 C. The remainder of the assays were
identical fof both antibody- and plate~trapped ELISAs.
Antibody was added in ;00 ul of blocking buffer and incubated
2 hours at 37 C. The antibody dilution used Qas selected to
give maximum absorbance relative to'background with 30 ug/ml
antigen. Rabbit immunoglobulins were diluted 1:100. Monoclonal
antibodies DG5, DG8, SB3, SB7,’SB8, and SB9 were obtained in

culture fluid and used diluted 1:1 with PBS. Ascites fluid
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containing DG3 was diluted 1:2000; DG4 was diluted 1:4000 and
all others were diluted 1:5000. |
Liquid~phase competition assays were done as described-by
Tremaine et al. (1985a) and Muller et al. (1986). Antigen
and murine monoclonal antibody were incubated together in PBS-
tween overnight at 23 C. Tﬁe concentrafion pf monoclonal
antibody was adjusted to;ﬁive approximately 75% saturation py
plate- or antibody-trapped ELISAs. The reéulting mix was added
(100 ul per well) to microtitre plates with saturating
~amounts of homologoué antigen boun@ ta rabbit immunoglobulins
coated in the wells (;ntibody-trapped liquid-phase competition
assay), or to microtitre plates with saturating amounts of
antigen bound directly to the wellé (pléte—frapped liqguid-
phase competifion assay). The plates were theh incubated 2
hours at 37 C. In this way, a relative measure of the free
murine antibody versus murine antibody bound to the competing

3

antigen was obtained.

In all cases, the quantity of antibody bound was detected
by incubating the plates for 2 hours with 100 ul per well of
eithér goat antimouse-(IgG + IgM) or goat antirabbit-(IgG +
IgM) coﬁjugated to alkaline phosphatase (Kirkegérd &vPérry Lab
Inc.). Colour was developed was based on the conversion ofﬂpé
nitrophenol phosphate to p-nitophenol (Sigma) in 10%
diethanolam}ne—HCl, pH 9.8. Absorbance value; were determined
with a microtitre plate reader (Bio-Tek) and the reported

values are the difference between readings at 405 and 495 nm.
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Each antigen was tested oﬁ one plate with all aﬁtibodies.
- Each experiment consisted of two to three dupligate plates and
the experiments were repeated three times wiéh the exception
of tests with guanidine-HCl1 disrupted virus proteins, these

were only performed twice.

K]
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RESULTS: | ‘ .

»Ceneral characterization of the ménoelenal antibodies. The
tusion and sbreening nrocesses’yielded a number ot hybr idomas -
that were stabLe.npog successive recloning and limiting
dilutiensf Antibodies in subclasses IgG; IgM and IgA were
.optainedit?gﬁles f‘and 2). Each of the antibddies was tested
Eer its agility to cauge the fcrmation of ;isible precipitin
lines in the Ouchterlony double-diffusion assay. A total of
four antibodies (ess, DG7, DG8 and DG11) gave obvious

’“precipitin lines.

Kl

,ﬂ\ Tables 1 and 2 summarize data from antibody- trapped and
“‘\(izjte trapp%g indirect ELISAs. Both homologous and
terologous assay results are presented to indicate the

specificity,of the antibodies in each form of assay.
Monoclonal\antibodies SB2, SB5, DG7, DG9 and DGll exhibited
the greatest,selectivrtg as indicated by much higher assay
yields in homologous ELISAs asvcompared to heterologous
assays. The ability to discriminate between these comoviruses
. was particularly‘evident in antibody—trapped ELISAs. With ‘the
:exception of antibodies éBZ and DG4, the recognition of
antigen and;the ability to discriminate between the viruses
was diminished severely invplate—trapped ELISAs.

The selectivity of seyeral monoclonal antibodief was
examined, and confirmed by lieuid—phasercompetition assays.

The soluble phase most closely approximates the native .virus

o
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TABLE 1. Characterlzation of monoclonal antibodles
produced agalnst CPMV.

"MONOCLONAL . ISOTYPE OUCHTERLONY ELISA RESUL’I‘Sl
ANTIBODY
) _ ANTIBODY-TRAPPED? PLATE-TRAPPEDS
CPMV CPSMV CPMV  CPSMV
SB1 1gG4 - + - + -

° SB2 IgGyH4 - ++++++ + ++++4+ +
5B3 139Gy, - - ~ + +
SB4 19G,, " - ++ + + +
SBS I1gGy), | + ++++ - + -
SB7 IgM - + S+ + +
SB8 IgM - + + + +
SB9 IgM - - - + +

1. The ELISA absorbance readings above background were grouped as

follows: >2.53, ++++++; 2.04 - 2.53, ++++4; 1.54 - 2.03, ++++;
1.04 - 1.53, +++4; 0.54 - 1.03, ++; 0.04 - 0.53, + and < 0.04, -.

2. Plates were coated with homologous rabbit immunoglobulins;
background = 0.080. *

3. Background = 0.095.
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condition (Muller et al., 1956), as binding to polystyrené
plates or antibodies can induce distortion of the antigen
I(Tainer gt al., 1984[. Liquid-phase competition assays
revealed that in this form oﬁ assay, antibodies SBZ,'SBS, DG4
and DG11 were very selective (Figure 1). Antibodies SB4, DG7
and DG9 demonstrated similiar selectivity for ;mmunizing
antigen in this assay (data not shown), These data are
consistent with the plate- and antibody-trapped ELISAs: These
results confirm the isolétion of hybridomas secreting
monoclonal antibodies highly selective for each of the
immunizing comoviruses. Results obtained with rabbit

immunoglobulins are presented for comparison.

Recoénition of viral antigens in plant extracts. One of the
major incentives for the preparation of monocl&nal antibodies
was to develop an assay system that was cépable of
discriminating between serologically related viruses in
extracts of infected plants. Tablg 3 demonstrates the ability
of the panel of monoclonal antibodies to recognize the
appropriate viral immunogen in diluged extracts (1:100) of
virus—infected cowpeas. Undiluted exFracts give a
proportionally higher absorbance value, but for the purposes
of comparison, the diluted values are presented. The non-
specific retention of monoclonal antibodies in sample wells
containing extracts from uninfected plants is very low,
suggeéting that the antigens recognized by the antibodies are

not of host origin. Only antibody DG6 produces an
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TABLE 2. Characterization of monoclonal antibodies
produced against CPSMV.

L.
MONOCLONAL ISOTYPE OUCHTERLONY ELISA RESULTSl
ANTIBODY : 2 3
ANTIBODY-TRAPPED PLATE-TRAPPED
CPMV CPSMV CPMV CPSMV
DG3 igM - + 4 +4 ++
DG4 1gG, - ~ + - +
DG5 IgM - ++ 44 + +++
DG6 IgM - + + - -
DG7 Iga + - +++ + +
DG8 19Gy + - + - -
DGIY 19Gy4 ~ - ++ - +
DG11 IgG,H4 + - +++++4 - +

1. For the ranges of ELISA absorbances, refer to Table 1.

2. Antigen was trapped with homologous rabbit immunoglobulins;
background = 0.050. '

i

3. Background 0.080.



Figure 1. Liquid-phase competition assays demonstrate the
specificity of monoclonal antibodies for the indicated
immunogen. Rabbit antibody data are presented for
comparison. Antibody is incubated with soluble antigen; the
antibody remaining unbound at this time is then allowed to
react with antigen bound to the microtitre plate. The
relative ELISA absorbance is therefore a direct reflectign
of the amount of unbound antibody after the initial
incubation period. Soluble competing antigen: CPMV (e);
CPSMV (o). All assays represented are antibody4trapped
ELISAs.
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unacceptable, high backgrbund vélué in plant extracts, whereas
reasonable relative signai and backgrouhd'values are found in
assays of purified virus (Table 2). This high background in
healthy plant extracts shggests that antibody DG6 may be
against a plant protein contamination of isolated virus. No

further characterization of this antibody was performed.

Sensitivity of virﬁs antigen recognition. The presencé of
antigen in plant samples is routinely assayed via an antibody-
trapped ELISA. To evaluate the utility of these monoclonal
antibodies for such assays, the limits of detection for the
antibody-trapped ELISA were determined. Virus was diluted in
tissue extracts from healthy plants and the mixture assayed
(Figure 2). As anticipated, the sensitivity of ELISA was
highly dependent on the particular antibody employed. Under
these assay conditions, monoclonal antibodies SB2, SB5 and
DG11 enabled detéction of 0.05 ug/ml or more of virus, but
antibody DG4 did not detect virus at less than 5 ug/ml.
(However, if DG4 was employed in a plate-trapped ELISA, the
sensitivity was found to increase significantly to 0.05 ug/ml
(data not shown).) SB4 and DG9 were of intermediate

sensitivity with detection limits of approximately 0.5 ug/ml.

Recognition of altered conformations of viral antigens.

During screening and recloning of hybridomas, the secreted
.

"antibodies were tested for their ability to recognize the

antigen in either an antibody-trapped or a plate-trapped
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TABLE 3. Detection of viral antigens in plant extracts
by antibody-trapped indirect ELISA assays.

MONOCLONAL HEALTHY  CPMV CPSHY HONOCLONAL HEALTHY  CPMV CPSMV

ANTIBODY CONTROL [INFECTED INFECTED ANTIBODY  CONTROL [INFECTED INFECTED
5Bt 0.038 0.067 0.077 DG3 0.077 0.083 0.866h
582 0.033 0.992 0.112 DG4 0.071 0.063 0.127
583 0.063 0.067 0.078 G5 0.088 0.076 0.100
<SB4 0.060 0.434 0.077 D66 0.133 0.114 0.131
5B3 0.060 0.378 0.073 D67 0.064 0.071 0.858
587 0.037 0.061 0.073 068 0.064 0.066 0,137
588 0.070 0.093 0.086 D69 0.064 0.068 0.964
589 0.066 0.066 0.076 DGIt 0.069 0.039 1.794
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indirect ELISA (Tables 1 and 2). Significant differences.
between the recognition of antigen in the antibody-trapped
versus plate-trapped ELISAs were evident. Binding of several
monocional antibodies to antigen was reduced substantially in
a plate—tfapped ELISA relative to an antibody-trapped ELISA.
Anfibody from hybridomas SB4, SB5, DG3, DG7, DG9, and DG1l1
exhibited striking decreases in binding. Conversely, binding
of SBl, SB3 and SB9 increased, although the differences were
not as pronounced. Little or no change was observed with
assays using other antibodies (SB2, SB7, SB8, DG4, DG5 and
DG8) .

The physical binding of antigen to the polystyrene plate
in a plate-trapped type of immunoassay can cause pronoﬁnced
alteration in particle structure and antigenic character
(Friguet et a1.,.1984; Halk, 1986; Muller et ;l., 1986). Thus,
antibodies SB4, SB5, DG3, DG7, DG9 and DGll were specific for
epitopes that were sensitive to the integrity of the virus
particle; the distortion of virus structure that occurred upon
binding to the plate modified or concealed the respective
antigenic determinants and thereby reduced recognition of the
epitope by antibody. It was also evident that antibodies SB1,
SB3, and SB9 recognized epitopes that were normally shielded
from antibody binding in the intact particle, but were more
accessible as a result of particle deformatioﬁ on binding to
the microtitre plate.

Antibody DG5 bound to CPSE% with similar avidity in both
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antibody- and plate-trapped ELISAs (Table 2). However, DG5
bound to CPMV only in an antibody-trapped ELISA (but wifh _v
lesser affinity compared to CPSMV). In a plate-trapped ELISA,
DG5 did not recognize CPMV. These observations suggested that
DG5 recognized an external epitope of CPSMV. CPMV displayed an
epitope of similiar configuration, but more labile. These
results may have arisen from differences in the primary amino
acid sequence that formed the epitope directly and/or
determined the higher-order structure of the epitope (Al
Moudallal et al., 1985; Motte et al., 1987).

Recognition of virds particles with alteréd confbrmation
was examined further by increasing the severity of protein
denaturation conditions. When virions were incubated with SDS
plus urea, the affinity of the monoclonal antibodies decreased
with some notable exceptions (Tables 4 and 5). SB2 continued
to bind strqngly to the treated virus particleé. The binding
of antibodies SB9 and DG4 i?creased significantly upon
denaturation of CPMV-SB in SDS plus urea. These data suggest
that the epitopes recognized by SB9 and DG4 were shielded by a
relatively stable structure in the intact virion. |

Gel filtration was used to assess the state of virion
disruption induced by exposure to SDprlus urea. This
treatment of either CPMV or CPSMV caused a dramatic change in
the elution profile to components of lower molecular weight
(Figure 3). Intact virions yielded a single peak (maximum

absorbance in fraction 20), while virus treated with SDS plus
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Figure 2. Sensitivity of monoclonal antibodies in antibody-
trapped ELISA. A) CPMV was serially diluted in plant extract
and assayed by ELISA. The antibodies tested were: SB2 (e);
SB4 (M) and SB5 (o). B) Serial dilutions of CPSMV in plant
extract were assayed by ELISA. The antibodies tested were:
DG4 (e); DG9 (M) and DGll (o). The inset axis refers to
antibody DGA4. N ' «
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TABLE 4. Monoclonal antibody binding to altered
virus conformations Iin plate-trapped ELISAs.

MONOCLONAL ELISA RESULTSI
ANTIBODY
DENATURANT
SDS+UREA GUANIDINE
CPMV CPSMV CPMV CPSMV

SB1 + ' - _ + +
SB2 ++++ + ++++++ -
SB3 4 ot é v + ‘ -
SB4 + + - - -
SB5 - - - -
SB7 + + | - -
SB8 + + | + +
SB9 + + , - -

1. For the ranges of ELISA absorbances, refer to

Table 1; background = 0.095.
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"TABLE 5. Monoclonal antibody binding-to- altered
virus conformations in plate-trapped ELISAs.

MONOCLONAL ELISA RESULTS!
ANTIBODY - .
DENATURANT
. SDS+UREA GdANIDINE
CPMV CPSMV - CPMV CPSMV
DG3 ++ T+t o+ +
DG4 - ' ++ ot | ++
%55 + ' +++ ;' + -
DG7 + o+ R -
DG8 - - C -
DG9 - . . - -
D611 - - : - -
1. For the ranges cf ELISA absorbances, refer to

Table 1; background = 0.085.
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ijx
uréa producéd a range of molecular weights suggested by the
broad distribution of protein containiné—fractions,‘with the
maximum occurring at fraction 5%. This behavior implied
éxténsive aggrégatiéq of\the proteins; Wu & Bruening (1971)
showed -that thé la;ge‘bapsid pfotein (VP37) was prone to
aggregatiop,,even in the presence of 8M urea. The integrity of
virions disrupted by exposure to SDS plus urea was also
analyzed by‘eguilibrium—density gradient centrifugation
(Figure 4): The treated virus pérticfﬁs'yielded a single low
density band suggesting that the disrupted virus particles
were devoid of nucleic acid.

Individual column fracfions were tested for the ability
to bind antibodies. Antibédy SB2 recognized protein fractions
representing ;11 molecular weight fractionf of CéMV (Figure
3A); Rabbit antibodies R91 also recognized the entire spectrum
of fractions, in keeping with the poiyglonal nature of this
preparation. Antibodies SB4 and SBS5 were specific for intact
virions, and failed to recognize any of the column fractions.
An identical pattern emerged from_anglysis of CPSMV treated
with SDS plus urea. Antibody DG4 and polyclonal rabbit serum
bound to ail column fractions whiie antibodies DG7, DG9 and
DG11 did not recognize any of the column ffactibns (Figure
3&). Neither SB2 nor DG4 exhibited reactivity in heterologous
assays of column fractions. |

Guanidine is a more powerful protein denaturant than is:

urea-SDS, and is particularly effective in dissociating

M

t
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Figure 3. CPMV (A) and CPSMV (B) were denatured with SDS
plus urea and the products subjected to gel filtration
through Sephadex G200 equilibrated with urea. Aliquots of
the individual fractions were assayed by plate-trapped ELISA
utilizing monoclonal antibodies. (A): SB2 (e), SB5 () and
rabbit antibodies from pool R94 (V). (B): DG4 (e), DGll (o)
and rabbit antibodies from pool R90 (v). Background was <
0.100. Protein was also determined in each fraction by
calibration to a BSA standard. The indicated points
correspond to the elgtion of molecular weight standards: 1)
blue dextran, 2 X 10 2) yellow dextran, 2 X 10 3)
vitamin By,.
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nucleoprotein complexes (Cox, 1968). Only monoclonal
antibodies SB2 and DG4 recognized immunogen after guanidine
treatment (Tables 4 and 5). The ability of these antigenic
determinants fo withstand extensive brotein denaturation
suggests that contiguous epitopes are involved (Sober et al.,
1988). SB2 clearly readted with VP37 subunit &f CPMV with
little or no'recognition of denatured CPSMV proteins (Table
6).

Epitopes were further examined by immuno-blots of
denaturing polyacrylamide gels (Figure 5). Antibodies SB2 and
DG4 reacted in homelogous assays with VP37. Antibodies SB43

SB5, DG7, DG9 and DG11 did not yield a detectable signal.

Selectivity of monoclonal antibodies for denatured virus.

Many of the selected antibodies were able to distinguish
between CPMV and CPSMV in plant sap (Table 3). The degree of
virus disruptionihad a marked influence on the ability of some
" monoclonal antibodies to differentiate between viruses (Figure
6). Antibody SBl discriminated between CPMV and CPSMV only if
virus structure was modified. Structural pertﬁrbation
increased the accessibility of a CPMV epitope, while binding ]
to CPSMV remained unchanged. Antibodies SB4 and DG3 lost their
power of differentiation upon denaturation of thg virus.
Antibody DG3 was of particular interest. With’increasing
degrees of perturbation, the ability to recognize CPSMV
particles diminished, while binding.to CPMV.wvas enhanced. In

SDS plus urea, both viruses bound this antibody\equally. These
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Figure 4. Separation of CPMV-SB viral components by
equilibrium gradient centrifugation. A) Separation of native
virus (T=top, M=middle, and B=bottom). B) Separation of
virus heated in the presence of urea and SDS (D=dissociated
virus).
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TABLE 6. Reactivity of monoclonal antibody
SB2 in plate-trapped ELISAs with virus
proteins disrupted with guanidine-LiCl.

PROTEIN SAMPLE (0.3 Mg/ml) ELISA RESULTS?T
CPMV - DISRUPTED VIRUS ++++++

- LARGE SUBUNIT (VP37)  +++

- SMALL SUBUNIT (VP23) +
CPSMV - DISRUPTED VIRUS . - -

- LARGE SUBUNIT -

\vj////\\ - SMALL SUBUNIT -

™ 1. For the ranges of ELISA absorbances, refer
to Table 1; background = 0.132.



Figure 5. Immunoblots of capsid proteins. Viral Structural
proteins from CPMV and CPSMV were denatured and resolved by
discontinuous polyacrylamide gel electrophoresis.
Representative lanes were stained for total protein while
the remaining lanes were transferred to nylon membranes in a
Western blot. Lanes 1 and 2 contain CPSMV and CPMV
respectively, and were stained with Coomassie Brilliant
Blue. The large (VP37) and small (VP23) subunits are
visible. The two electrophoretic forms of VP23 are clearly
evident. Lanes 3 and 4 contain CPSMV and CPMV respectively
and were incubated with monoclonal antibody SB2. Lanes 5 and
& were CPSMV and CPMV incubated with monoclonal antibody
DG4.
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data suggested that CPMV and CPSMV share a common epitope that
is modified or shielded by neighboring groups in the intact
virus particles of‘CPHV. However, as the degree of |
denaturation of the virus partiole inoreased, the antibody

exhibits preferential binding to CPSMV.

Recognition of separated viral components. The panel of
fifteen monoclonal antibodies were tested for their ability to
distinguish, in homologous binding assays, unfractionated
virus and the individual density components. The vast majority
of monoclonal antibodies bound to the unfractionated virus and
the virus components with equal affinity (data not shown).
However, a subgroup of monoclonal antibodies demonstrated
distinct preferences in their binding patterns for individual
virus compone;ts. In comparing binding affinities of antibody
to top component versus middle or bottom components, thé
concentration at half maximal absorbance was shifted 1 to 2
log units (Figure 7: SB5; Figure 8: DG4, DG9 & DGl1l).
Homologous plate-trapped ELISAs util}zTﬁ@ antibodies SB5, DG9
and DG11 yielded greater absorbance values for middle and
bottom components than for top component. In contrast, plate-
trapped ELISAs with antibody DG4 displayed enhanced signal
strength for top component on a molar basis. No distinction in
binding affinities were observed for any of the viral

components in antibody-trapped ELISAs with antibody DG4. The

data indicated that there was no significant difference in
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Figure 6. Comparison of antibody cross-reactivity with virus
of altered conformations. Shaded bars were ELISA results
~obtained with CPMV antigen, and the open bars were obtained

with CPSMV antigen. These values were derived from Tables 1,
2, 4 and 5. The absorbance values indicated are net

absorbances; the background absorbances was less than >
¢ 0.100.
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Figure 7. A comparison of affinity ELI£$*assays and liquid
phase competition assays using monoclojtal antibodies against
CPMV. Affinity assay (left panel): Each CPMV component is
serially diluted and assayed by plate-trapped ELISA. Liquid-
phase competition assay (right panel): -The monoclonal
antibody is incubated with the indicated antigen; the
antibody remaining unreacted at the end of the reaction
period is allowed to bind to whole virus preparation bound
to microtitre plates pre-coated with homologous polyclonal
antibodies. Antigen: top component (Q); middle component (W)
and bottom component (®). Standard deviation = =/- 10 %.
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recognition of middle versus bottom componenfs b& this group
of monoclonal aﬁtibodies. Thé concentration of virus cdmpohent
at one-half maximum absorbance was constant fér top, middle
and bottom components with antiboay 532 fn plgte— or éntibody—
trapped ELISAs. This was consistent with the previous
concluéien that the epitope recognized by SB2 was displayed on
the virus surface and was not appreciébly altered by subtle
‘virus conformational changes,

~ [

€ ossihilities that the rabbit immugoglobulins used

forﬁtrapﬁfhg preferentially bound one bémponent, or that the

virus components exhibited differential binding to the

.‘polxgﬁyréne microtitre ﬁlates‘were_ipﬁéstigated. Individual
j . ,

*vfgds components were allowed to bind directly to microtitre

! plates, and then challenged with the’ rabbit immunoglobulins;

‘the bound rabRit antibody was then quantitated. The results

<y -

for rall three:virus components were co-linear .(Figure 9),
suggesting that the.virus components bound to the plates and
to the rabbit immunoglobulins with equal affinities.

As previously nqted, binding of antigen to polystyrené
;plates altered the crnformgthn and sﬁbsequently, the
antigenic properties o roteins. To minimize th; influence of
these factors on measurefment of‘éntzbody specificity, liqu%g% .
phgse competition assays were performed, utilizing the
fractionated viral cohponents as competing antigens.

Recognition of unfractionated %ﬁMV in an antibody-trapped

ELISA by antibody SBS5 was more sensitive to inhibition by

48
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Figure 8. A comparison of affinity ELISA and liquid phase
competion assays using monoclonal ‘antibodies against CPSMV.
Affinity assay (left panel): Each CPSMV component is
serially diluted and assayed by plate-trapped ELISA. Liquid-
phase competition assay (right panel): The monoclonal
antibody is incubated with the indicated antigen; the
antibody remaining unreacted at the end of the reaction
period is allowed to bind fo whole virus preparation bound
to microtitre plates pre-coated with homologous polyclonal
antibodies. Antigen: top component (0); middle component (W)
and bottom component (®). Standard deviation = +/- 10 %.
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middle or bottom components than by top component (Figure 7).
This was in accord with the diminished affinity for top
component noted in simple affinity assays. Similarly, binding
of DG4 to CPSMV-DG in a liquid-phase competition assay was
inhibited at lower molar concentratibns of top, than middle or
bottom components (Figure 8), reflecting a greater affinity
for empty capsids. These observations corroborate the results
of the affinity assays. Liquid—phase competition assays with
DG4 were analyzed by blate—trappea ELISA, because DG4 bound
unfractionated CPSMV at 100-fold 'lower concentration in
antibody-trapped compared to plate—trapped ELISAs (Figure 2B).
None of the virus components exhibited preferential
inhibition of the binding of monoclonal antibodies DG9 and
DGil to CPSMV in antibody-trapped, liquid-phase competition
ELISAs, although differences had been observed in the affinity
assays (Figure 8). It has been demonsfrated that DG9 and DG1l1
did not recognize the dissociated virus (Tables 2 & 5). These
observations suggested that the binding of top component, but
not middle and bottom components, to the ELISA plates caused
deformation of the viral component. This, in turn, implied
that encapsidation of RNA stabilized virion conformational
integrity. Strudtdral differences induced by antibody binding
tp a solid support have been demonstrated in other serélogical
assay systems (Taiﬁer et al., 1984; Koeqig & Torrance, 1986).
: ( N
Through the experiments designed to evaluate antibody

recognition of altered virus conformation, SB2 provided a
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Figure 9. A comparison of affinity ELISA and liquid phase
competition assays using rabbit antibodies against either
CPMV or CPSMV. Affinity assay (left panel): Each CPMV and
CPSMV component is serially diluted and assayed by plate-
trapped ELISA. Liquid-phase competition assay (right panel):
The monoclonal antibody is incubated with the indicated
antigen; the. antibody remaining unreacted at the end of the
reaction period is allowed to bind to whole virus
preparation bound to microtitre plates pre-coated with
homologous polyclonal antibodies. Antigen: top component
(0); middle component (®) and bottom component (®). Standard
deviation = +/- 10 %.
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negative control with no differentiation between top, middle

or bottom components in the affinity or the liquid-phase

competition assay, using either plate- or antibody-trapped f\“zj7

ELISAs. | -

3

Early feports of double-diffusion assays (Bruening &
Agrawal, 1967) suggested that rabbit antisera did not ,
distinguish between virus fractions. These observations were
supported by simple dilution curves (Figuge 9). However,
liquid-phase competition assays revealed g difference in
affinity: top > middle, bottom. Differences between dilution
curves and competition assays have been observed in other
protein systems (Muller et al., 1986) and have been attributed
to extensive deformation of thekantigen caused by antibody-
antigen binding (Getzoff et al., 1987). Formation of the
antigen-antibody complex results in conformational changes to
the structure of the antigen, exposing new antigenic sjites on
the viral top component. It has been documented that
immunizing antigens can dissociate when injected into the
animal (Van Regenmortel, 1982), and antibodies are produced
against epitopes not identified in the native structure of the

antigen. These antibodies can result in multiple ﬁQrgllel

lines in Ouchtelony assays (Van Regenmortel & Leiarge, 1973).

Recognition of dissociated viral components by monoclonal
ahtibodies. Monoclonal antibodies SB2 and DG4 have been shown
to recognize antigenic determinants after the unfractionated

virus was Qissociated by heating in the presence of SDS plus
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urea (Fiqures 4 & 5, respectively). The individual top; middle
and bottom components were dissociated by khis procedure and
evaluated for their ability to bind monoclonal antibodies.
Neither»antibod{gsvSBZ nor DG4 demonstraéed a difgerential
affinity for any one of the three dissociated viral
components. This suppofted the understanding that, upon the
encapsidation of RNA, there was no alterati;n in the primary
structure of the capsid‘ﬁroteins. Although these data d4id not
preclude proteolytic cleavage remote from these epitopes, it

was more probable that differences in secondary and tertlary

structure occurred as a consequence of RNA encapsidation.

Effect of ribonuclease treatment on the antigenicity of virus.
The direct participation of RNA in defining antigenic sites
was evaluated. There was no aiteration in the specificity of .
the monoclonal antibodies as a result of ribonuclease
treatment. This was consistent with RNA being completely
shielded within the protein shell. Dissociated virus particles
were also subjected to ribonuclease treatment. Nuclease
digestion did not alter the antigenicity of the dissociated
virus (Table 7), suggesting the RNA did not participate
directly in any of the antigenic determinants recognized‘by
the panel of monoclonal antibodies. Alternatively, the protein
subunits may have bound RNA very tightly and protected short
segments of RNA from nuclease attack. The latter regions, if

they occurred, could be part of the quaternary structure of an
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antigenic determinant. The present data did not distinguish

between these possibilities.
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Table7 . Effect of Ribonuclease Al treatment on the
antigenicity of comoviruses.

TREATMENT! ELISA RESULTS?
Antibody: SB2 R91 DG4 R90

1) undissociated virus:

virus + BSA ++++++ +++++ ++ +H+H+4+

virus + RNase +H+++4 +4+ 44 ++ +++++

11) dissociated virus:

»> TE + RNase; » PBS + + ~ ++
»> TE; » PBS - - - +4+

» TE + RNase; » PBS/urea ++; ++ ++ +++
» TE; » PBS/urea +++ ++ ++ +++
» TE +++++ ++ ++++ ++++
» PBS +++ 4 ++ +++ ++4
» PBS/urea +++ ++ + +++

Unfractionedd intact CPMV at 30 Hg/ml was treated with either
BSA or Ribonuclease Al at 1 mg/ml. Virus was dissociated with
SDS plus urea and then dialysed against the indicated buffer.
See text for buffer composition and assay conditions.

» indicates a dlalysis step.

The ELISA absorbance readings above background were grouped as
follows: >2.53, ++++++; 2.04 - 2.53, +++++; 1.54 - 2.03,
++++; 1.04 - 1.53, +++; 0.54 - 1.03, ++; 0.04 - 0.53, + and
<0.04, ~. Background = 0.090. -

n
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DISCUSSION:

Monoclonal antibodies frequently form the cornerstone of
ELISAs:VAs for many other virds groups, monoclonal antibodies
against two comoviruses provide a means gf distinguishing
between tw; serolégicaily related viruses, and offer increased
sensitivity in evalﬁation of crude plant extracts (Dekk;; et
al., 1988; Massalski & Harrison, 1987; Tograhce et'al.; 1986).

Monoclonal antibodieé have been used successfully for the
antigenic analysis of many viruses (Icenogle et al., 1981;
Koenig & Torrance, 1986; Tremaine et al., 1985a). While
virtually the entire surface of an antigen is available as a
potential epitope (Benjamin et al., 1984; Muller et al.,

986), monoclonal anEibodies permit unique topographic
ééatures to be examined and compared individually.

Treatment of comoviruses with SDS plus urea or guanidine-
lithium chloride compromised the structural integrity of the
particle. However, the ability of the subunit proteins to
reassociate differs dramatically, depending on the method of
virus dissociatién. Denaturat-ion ﬁith SDS plus urea yields
protein aggregates intermediate between individual protein 
subunits and intact virionsu‘The,aggregates eluted as a single
broad peak from gel filtration, énd consisted of both VP23 and
VP37, as indicated by gel electr;phoresis (data not:'shown). In
contrast, ghanidine—lithium chloride allowed individual

protein subunits VP23 and VP37 to be resolved by gel

filtration.
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Several monoclonal antibodies recognized virions
denatured with SDS plus urea, but failed to bind to particles
treated with guanidine-lithium chloride. Antibodies SB2 and
DG4 recognized epitopes not directly involved in the
interaction between subunits.®Moreover, the data indicated
that the sites of SB2 and DG4‘binding’are defined by linear
amino acid sequences. |

The ability of monoclonal antibodies to exhibit
differeptial binding in antibody- and plate-trapped ELISAs is:
a scenario seen with many virus groups (Dekker et al., 1987;
McCullough et al., 1985; Tremaine et al., 1985b). It has been
postulated that the native confo;mation of the antigen is
altered upon binding té the polystyrene plate in a plate-
trapped ELISA. Antibody-trapped ELISA procedures, where the
antigen is bound to a primary, homologous antibody coat, are
preferable for studying the.,antigen in a conformation more
closely related to its native structure (Altschuh et al.,
1985). Thé preferred réactivities of antibodies SB4, SB5, DG6,
DG7, DG8, DG9, and DGll in antibody-trapped compared to plate-
trapped ELISAs is demonstrative of this observation. The
influence that ant'igen conformation exerts on cross-reactivity
must be recognized in designing experimental protocols where
serologically related viruses may be encountered. Present data
and data from other plant virus studies demonstrated that the
assay system can influence the ability of monoclonal

antibodies to distinguish between viruses (Altschuh et al.,
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1985; Dore et al., 1987).

Using the sum of the information presented above,
antibodies were classified in accordance‘with characteristics.
of the}r antigen binding properties. Based on observations of
whether the antibody reacted preferentially with native or
disrupted virions, the antibody recognition sites were
classified as either external or internal sites (i.e..sites
not exposed in the intact, native conform&tion of the virion)
(Table 8). Within the group of external antigenic
determinants, some were stable and unaffected by conditions of‘
protein denaturation. Others were labile; recognition of these
sites was lost by modification of virus structure. These
epitopes were iikely defined by discontinuous amino acid
sequences. It is expected that within any panel of monoclonal
antibodies, many will be specific for discontinuoué sites
(Barlow, 1986). This was clearly demonstrated by monoclonal
antibodies elicited against tobamoviruses (Altschuh et al.,
1985), potexviruses (Koenig & Torrance, 1986) and now for
these representative comoviruses.

Antibody DG5 has unigue characteristics. DG5 bpund to a
stable, external epitope on CPSMV, but recognized a labile,
external epitope on CPMV, indicating the two viruses share an’
external epitope with partial structural homplogy.

The cross-reactivity of a numbernof monoclonal aﬁtibodies
suggested many antigenic sites are conserved. All antibodies

that recognized internal epitopes were cross-reactive, while
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' TABLE @.

EPITOPE

STABLE:

LABILE:

INTERNAL:

Summary of antibody binding activity.

MONOCLONAL ANTIBODY

ANTI-CPMV " ANTI-CPSMV
SB2, SB7, SBS8 .DG3, DG4, DG5
SB4, SB5 ) DG7, DG8, DG9, DG1l1

SB1, SB3, SB9
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antibodies against exposed sites represented both cross-’

-

reactive and non-cross- reactive antibodies. This pattern is
similar to many knimal virus systems where the surface
‘antigens tend: to be variable in an attempt to overcome the
'hostis immune system, while the internal or structural
cpmponents-are more highly conserved (Sheshberadaran et al.,
1983; Van Wyke et al., 1984). The conservation of these

—

regions\within clant viruses may reflect important functional
roles inkvirus survival.
- Characteristic of many comoviruses, empty virion shells
cf CPMV can be assembled devoid of viral RNA. Horphologically,ﬂng
'embtf\virionsiyénndt be differeptiated from middle and bottom
»components. The affinity of3this panel of monoclonal
antibocies for the separated.viral components was assessed to
determine if RNA encapsidation altered the three-dimensional
profile of the Virus particle aac consequently, the antigenic
_struct@re of the viral capsid. Antibodies SBS.anduDG4 had a
greatervaffinity for RNAjkontainingAvirions and empty viral
shells, respectively. Incorporation of RNA into the capsid
_modified.theisurface‘antigenicity of the virion. Ribonuclease
’diéestionkhad no effect on these observations. As expected,
the RNA does not directly define the antigenic sites. ]
)Qne poSsibility to account for differences in the ~
antigenic‘behavior»of different viral centrifugal components i
would be the association of v1ra1 capsid protein processing
. with the encapsidation of RNA Further modification of intact
? {, : v o . .
N A 8
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capsids ‘'has been observed, and was the{resulﬁ of proteolytic
cleavage of a fragment from the C-terminal of the small capsid
‘protein (VP23) (Geeien et al., 1972; Kridl & Bruening, 1983;
Niblett & Semancik, 1965). However, all three Qifus cdmpOnentév
were equally suséeptible to this form of proceésing (Siler et
al., 1976), and-the protein patterns obtained through
polyacryiamide gel electrophoresis were identical for top,
middle aﬂd bottom components (Geelen et al,, 1972). Similiar
proteolytic modification of the capsid proteins of CPSMV has
been reported (Thongmeearkom & Goodman, 1978). Mofepyef; low
level neutron scattering suggesfed that there was no major
modification of electron density profiles of the protein
éhells of top, middle and bottom componegﬁ?ﬁgsiiridt et al.,
1983); None of the antibodies generated Eor the'present study
recognized VP23 in immunoblot analysis. Therefore, it was not
feasible tq distinguish between antigenicity of VP23(F) and
VP23(S).

It has been observed, hoﬁeveg, ﬁhat through neutral pH
discontinuous polyacrylamide gel electrophoresis, top
“tomponent could be fesélved from ribonucleoproteins (Siler et
al., 1976). This suggested an altered surface charge, and was
the first indication that the capsid structure of top
¢omponent'méywbe altered with respect to that of middle or
bqttom component?.*

‘Based on immunological evidence, the present work

suggests there is modification of the capsid surface in
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response to RNA encapsidafion. Although these are novel

-

observation§ for the %@moviruses,‘similiar traits have .been
demonstrated in related virus systems. Artificiglly induced -
empty capsids of picornaviruses (Fraésen et alq,71984) showed
def;nite modification of their antigenic determinants
(Icenogle et al.,*1981; Meloen et al., 1979;,§gmbaut et al.,
1982). Circular dichrdoism analysis of the isometric plant
virus turnip yellow mosaic virus prpvided clear evidence:that
encapsidation of RNA was associated with confébrmational

\
changes within the protein shell (Tamburro et al., 1978).

The monoclonal antibodies produced againét CPMV and CPSMV
recognized external epitopes specific for the immunizing
virus, and internal epifbpes, some of which were present on
both of the viruses. The majority of the monoclonal antibodies
recognized antigenic determinants formed by discontinuous
amino acid sequence. The specificity of these monoclonal
antibzgies'was utilized to disfinguish between tbese related
Viruses‘without interference or background signal from the
other. Two monoclonal antibodies, one each specific for CPMV
and CPSMV, exhibited differential binding between fractionated
top, and‘middle and bottom viral components. Therefore,
encapsidation of viral RNA by the capsid polypeptides of both
CPMV and CPSMV apparently alters the three-dimensional

conformation of the viral particles.
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AfNTRODUCTION: \

chinney (1929; demonstrated that infection of a plant
with one strain of a virus can induce resistaneeﬁin the plant
against infection by another strain of the same virus. This
observation has lead to many studies_and numerous theories ro
explain the phenomena of achired resistance, cross-protection
and interference (reviews by:bDodds & Hamilton, 1976; Fraser,
1987; Hamilton, 1980; Zaitlin, 1976).

The terminology pertaining to these biological phenomene'
has been inco;sistent. Therefore, the terms are defined es
they apply in this work. In many examples infection of a plant
with one strain of a virus (inducer virus) protects the same
plant against infec%ipn by another strain of the same virus,
or against infection by a different virus (challenger virus)
(Hamilton, 1980). This is known as acquired reéisthnce; the
plant has gained resistance against the challenger virus as a
result of prior infection by the inducer virus. If the inducer
and challenger virus can be used reciprocally, the term cross-
protection best describes the phenomenon (Hamilton, 1980).

Protection is a measure ef the deiay ef stptoms elicited
by the challenger virus. ‘he extent of protection can be

expressed as: 1) a decrease in the number of lesions

(Thomson, 1959); 2) a decrease in the mean size of the
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lesions (Davis and Ross, 1968); 3) a decrease in the
concentration of challenger virus in the infected plant
(Zaitlin, 1976); or 4) a delay or total prevention in the
expression of symptoms by the challenger virus (Fulton, 1951).

The response initiated by an inducer virus can lead to
either local or systemic acquired resistance. Local acquired
resistance refers to tissue primarilyAinoculang with the
inducer virus showing varying degrees of resiséance to
subsequegt inoculation by the same or a different virus
(Ross, 1961l1a). Sy;teﬁic acquired resistance is the same
phenomenon as the former, only manifested systemically (Ross,
1961b).

In systems exhibiting either acquired resistance or
cross-protection the challenger virus is inoculated after the
inducer virus has initiated replication in the primary
inoculated leaves. If the symptoms caused by the challeﬁger
virus are suppressed when it is co-inoculated with the inducer
,virus, the phenomenon is described as inter ference. The
biological system studied herein is interference. The majority
of systems studied are representative of either acquired
;esistance or cross—-protection; however, there is no reason to'
"assume some of the molecular mechanisms which characterize the
former cannot apply also to the phenomenon of interference.

Initial studies of acquired resistance were conducted
with different strains of the same virus (Fulton, 1951; Thung,

1932), however acquired resistance has since been demonstrated
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using two different viruses (Fulton, 1975; Kassanis et al.,
1974). In general, the extent. of protection agalinst the
challenger strain.was accepted as a reflection of the

relatedness of the two virus strains (Hamilton, 1980). Initial

- v

<
LY

studies examined the biological properties of these mixed
infection experiments. The optimal conditions for many virus
duets exfbiting acquired‘immunityiwere determineq based on
symptom expression (Fulton, 1951), and'fromvthese studies
theories of cross-protection were formulatgd to explain tﬁg
biological observations. It was not until recently that some
of the underlying molecular mechanisms responsible for these
observations have become understood (Hemenway et al., 1988;
Loesch-Fries et al., 1987) .,

Metabolic stress in the plant as a result of’ inducer
Qirus replication\has been suQQESted as- the causé for the’
decreased infectivity of the challenge virus .(Hamilton, 1980).
Although stress has beén éccepted as an underlying condition
in inoculated plants, little or no di;ecﬁdgvidence has been
presented to indicate stress was specifically responsible for
acquired resistance agains; the chqllenging virus. In some
cases of ﬁixed infections a syneréistic increase in the
accumulation of either or both viruses has been reported
(Goddman & Ross, 1974). Furthermore, métabolic stress has not
‘been coordinated with the observed specificity of Ehé

inducer/challenge virus combination.
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Inhibitors induced by virus infection have been

implicated in protecting the infected plant from further
infection (Hamilton, 1980). Acquired res;stance or systemic
resistance was induced in tobacco plants containing the N
gene. Infection of these plants with ‘necrosis—inducing
viruses resulted in the synthesis of pathogenesis-related (PR)
or "b" proteins.(Van Loon & Van Kammen, 1970). PR-proteins
have since been found to accumulate in response to a variety
of stimuli (Gianinazzi & Kassanis, 1974; Van Loon, 1977), in
many different plants (Van Loon, 1985).)Some PR-proteins have
beén localized to the intercellular spaces surrounding virus
induced local lesions (Antoniw & White, 1986; Carr et al.,
1987). Some of the genes coding for PR-proteins have been
identified and characterized (Cornelissen et al., 1987;
Pfitzner & Goodman, 1987), and at least one of these genes
contained the consensus sequence of a heat shock protein
'regulatory element (Pfitzﬁer et al., 1988). The biochemical
activity of some PR-proteins has beéﬁ identified as acidic and
basic¢ 1,3-B-glucanases (Kauffmann et al., 1987) and chitinases
(Hooft van Huijsduijnen et al., 1987). These énzymeé have been
~

identified as components of defence reactions in plants
infected with fungi (Darvill & Albersheim, 1984).

Another inhigitor, unrelated tO’PRLproéeins, has been '
identified in hypefsensitivé &nd §y§temic ti§sue; of‘tobac?o
mosaic virus (TMV) infected tobacco cggté;néng thgﬁu genéh

+ -

(Sela et al., 1966). The antiviral factor (AVF) is a 22 kDa

LR,
2
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phosphoglycoprotein activated, in plants containing the
gene, from a precursor. All Nicotiapng speties synthesized tpe
precursor irrespective of whether they contain the N gene
(Mozes et al., 1978; Sela et al., 1978). Mozes et al. (1978)
suggested AVF interferes with the repliéation of TMV.

Although PR-proteins and AVF are associated with the
acquired resistance induced by necrosis inducing viruses,
there is no evidence to indicate they are the primary cause of
resistance. The expression of PR-proteins and AVF may be parF
of the larger plant response to pathogen invasion, and not aU
specific response to an inducer virus.

Different isolates of tobacco streak virus (TSV), an
ilarvirus, differ in their ability to cross-protect in
Nicotiana clevelapndii (Fulton, 1978). TSV has a ssRNA
}ripartité genome and sediments into three components during
equilibrium density gradient centrifugation. After examining
all possible combinations of middle and bottom components of
different strains, the extent of éymptom expression elicited
by the challeﬁger virus was found to be déterminéd by the
bottdm RNA component of the induc;r virus. This indicated a
viral function was directly involved in overcoming the
acquired resistance established by the challenge virus.

It was postulated that the RNA-dependent RNA polymerase

of the inducer virus may bind.&ﬁﬁ RNA of the challenger virus

and either not be able to replicate it, or not replicate it
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faithfully (Gibbs, 1969). In either éases the genome of the
challenger virus would be tightly bound to a°non~functi§nal
RNA~pfotein complex and be unavailable for replication. There
is no evidence presently to support or reject the involvement
of this mechanism in acquired immunity. Recently a core amino
acid sequence was found in the RNA-dependent RNA polymerases
of many unrei;teq RNA viruses (Zimmern, 1988).
Pseudorecombinants of RNAs of two strains of tobacco rattle
virus have demonstrated that heteroiogous RNA can be
replicated (Robinson, 1977)i

Palukaitis and Zaitlin (1984) proposed a mechanism to
explain cross-protection between two closely related viruses.
They sugge;ted plus-sense RNA-of ££e inducer virus, produced
during virus replication, may hybridize to minus-sense RNA of
the challénger virus. Formation of a stable RNA duplex would
prevent replication of the challenger vigus. The existencerf+
such hybrié structures is not questioned, but demonstration‘of
the mechanism jp yivo was marginally successful (Hemenway,et‘
al., 19883. The anti-sense RNA of potato virus X (PVXB coat
protein gene was expressed in transgehic tobacco plants. The
transformed plants were resistant to inoculation by PVX at low
virus concentrations. Hemenway et al. (1988) postulated that
higher levels of exbressionéof endogenous antiseqsé
transcripts were required. A&i Rezaian et al. (1988) _

transformed tobacco plants with regions of the cucumber mosaic

virus (CMV) genome such that anti-sense transcripts were
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produced. Excess levels of endogenous anti-sense transcripts
were present in the leaves, yet the transgenic plants were
susceptible to infection by CMV. Two possible explanations
could have accounted for the negative results: 1) viral RNA
bound translational‘factors during uncoating making it
unavailable for RNA duplex formation with anti-sense
transcripts; 2) anti-sense transcripts were expressed in the
nucleﬁs but virus replication occurred in the cytoplasm.
However, two other recent discoveries indicated that the
replication of some plant viruses can be regulated by the
formation of anti-sense RNA hybrids (Ali Rezaian & Symons,
1986; Hillman et al., 1987).

CMV is a tripartite ssRNA virus which also encapsidates a
fourth subgenomic RNA coding for the wviral coat protein,
derived from the 3'-end of RNA3. CMV is also associated with a
satellite RNA (sat-RNA) which requires CMV-encoded
polypeptides for its replication. Sat-RNAs associated with
plant Qirgses are cneracterized’by their lack of extensive
nucleotide homzlogy’with the genome of the parent virus
(Francki, 1985). However, Ali Rezaian and Symons (1986) Pound
g?%t short complementary sequences between the sat-RNA and the
coét protein gene on RNA3 and 4 formed stable anti-sense
hybrjids jp vitro. Th;s may be the mechanism by which viral™

4

coat protein synthesis is regulated. There are many examples ~‘

to illustrate the regulation of protein synthesis by the
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hybridization of anti-sense RNAs with éelluiar mRNA§ (Pestka
et al., 1984; Melton, 1985).

Viral sat-RNAs are often responsible for moderating the
symptoms induced by the assogiated virus (Francki, 1985).
Animal viruses also have symptom-modulating RNAs associated
with infection, known as defective interfering‘RNA (DI RNA)
(Lazzarini et al., 1981). Hillman et al. (1987) have -
identifigd DI RNAs associated with tomato bushy stunt virus
(TBSV) which modulates the symptoms induced by the virus. The
DI RNAs associated with TBSV are approximately 400 bases in
leﬁgth and Save slightlf‘different nucleotide sequences. These
saf—RNAs are composed of blocks of sequence homologous to the
parent virus genome. The DI particles appear to be generated
from the genome of TQSV, utilizing a linear copy choice
pattern. of replication by the viral RNA polymerase utilized in
the synthesis of other DI RNAs (Kirkgaard & Baltimore, 1986).
The DI RNAs may interfere with viral replication by
competition for the components of the viral replication
machinery (Barrett &‘Dimmock, 1986); or by forming>a stable
anti-sense RNA hybrid with the viral genome.

De Zoeten and Fulton (1976) postulated a different
mechanism for cross-protection with two strains of TMV. They
theorized that the RNA of the challenger virus was
encapsidated, before it was replicated, by the coat protein of
the inducer virus. Heterologous encapsidation has been

demonstrated in mixed virus infecgions (Dodds & Hamilton,
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1974). However, when cross—p?m&sziigz/ggpep{hents were

repeated using a mutant of the inducing strain of TMV
defective in capsid protein production, cross-protection was
still observed (Sarkar & Smitamana, 1981; Zaitlin, 1976). This
suggested that genomic masking was not the principle mechanism
of cross-protection.

However, there is considerable evidence from other
systems with two closely related vir&ses that the coat protein
of the inducer virus binds to the RNA of the challenger virus,
thereby preventing its replication (Z2innen & Fulton, 1986).
Tobacco plants initially inoculated with sunn-hemp mosaic
virus (SHMV) were resistant to subsequent systemic inoculation
by a necrotizing strain of SHMV (SHMV-n), or RNA isolated
from SHMV-n. These plants were susceptible to infection by the
common strain of TMV (TMV~C), but the severity of infection
was decreased if TMV-C RNA was encapsidated in SHMV coat
protein. Sherwood and Fulton (1982) made similar_observations
using two strains of TMV. Dodds et al. (1985) used the mild
strain of CMV (CMV-S) to protect against secondary infection
by the severe strain of CMV (CMV-P). Acquired resistance was
induced in leaves inoculated with CMV-S and sysfemically
infected leaves; neithér the accumulation of CMV-P virions ror
the dsRNA replicative form of CMV-P could be detected. The

acquired resistance was overcome when protected plants were

challenged with RNA of CMV-P. Both dsRNA and virions of CMV-P
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weré detected, but only in leaves inoculated with the
challenge virus.

) Recently, the gene encoding TMV coat protein has been
expressed in transgenic tobacco plants (Abel et al., 1986;
Nelson et al., 1987a). Approximately 50% of the transformed -
planfs expressing the‘coét proteih gene were resistant to

infection by TMV, and the remainder exhibited a delay in

developing systemic symptoms compared to plants not expressing

- the TMV coat protein gene. Register and Beachy (1988)

transferred the gene coding for TMV coat protein to tobacco
plants, and examined the early stages of TMV infection of
prdtoplasts isolated from transformed plants. Their
observations suggested that the expression of the TMV coat
protein gene in the transformed plants prevented uncoating of -
the infecting virus. The protection could be overcome with
infection by isolated TMV RNA.

Alfalfa mosaic vigus (AMV) is awtripartite ssRNA virus
with a replicative strategy similar to viruses in the
ilarvirus group, the biology of which is distinct from TMV. In
the absence of RNA4, the coat protein of AMV is required to ‘
initiate infection by the viral RNA, and to control viral
transcription (Houwing & Jaspars, 1986). Transgenic plants
expressing AMV coat‘protein gene were resistant to infection
by AMV, and developed systemic symptoms slower than non-
transformed plants (Loesch-Fries et al., 1987; iumer et al.,

1987). The protection could be overcome with infection either
S
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by isolated AMV RNA, or by TMV. Transgenic plants expressfhg

the coat protein gene of TSV (an ilarvirus) were resistant to
\

)

infection by TSV but not AMV (Van Dun et al., 1988). However,
AMV RNA infected the transformed plants but not the |
nontransfofﬁga plants, demonsErating that heterologous coat
protein can maintain virus replicafion but canno£ induée'
acquired resistance, even between two similar Jirhsgs.ﬂplants
transformed with a mutant’ AMV coat protein gene gccumu%ated
cbat protein RNA transcripts at a level similar to plants
trans formed w;th wild~-type coat protein gene; howévef, coat
protein was not expressed. These plants were susceptible to
igfection by AMV, indicating that viral coat protein and not
the‘transcript‘of the gene is resﬁonsible for induéing
acquired immunity (Van Dun et al., 1988).

Potato virus X (PVX)iis the type member of tﬁe potex
virus family. The PV*;SSRNA gepome is encapsidated in a long,
flexuous, rod—éhaped virion assembled'from 5' to 3' and
éisassembled from 3'\to 5' (Lok & Abou Haidar, 1981); both
assembly and disassembly.being opposite to that of TMV
particlés (Shaw et al., 1956). Transgénié topaccd plants
expressing,eitﬁér the coatfprotefn gene of PVX.or an antisense
transcript qf Fhe coat prétein gene were cqnstructed. Both
typés of plénts exhibited, a deléy and reduction ih system}c
symptom develbpﬁént after inoculation with PVX (Hemenway et

al., 1988). Unlike previous examples, inoculation with PVX RNA
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did not break resistance. The data from the above three
examples suggests that the mechanisﬁ by which coat prptein
induces resistance is likely to differ in each case. A single’
hypothesis cannot Teconcile the variation observed in eaéh
system. However, coat protein played an essential role in
establishina acguired resistance agaigst these three viruses.
Viroids are small (250-400 bases), hn—encapsidated,
highly infectious ssRNA molecules, which can induce acquired
immunity against other viroids (Fernow, 1967). A mild strain
of potato spindle tuber viroid (PSTV) prevented the
development of severe symptoms in plants inoculated two weeks
later with a severe strain of PSTV. Niblett et al. (1978), .
demonstrated that a viroid could%induce acquired resistance
against subsequent infection by a% unrelated viroid. Recently,

St

A
interference was demoristrated between-two strains of PSTV, and

Nal J

e

‘between PSTV and hop stunt viroid co~inoculéted to plants as a
cDNA dimer (Branch et al., 1988).

'In plgnts, induction of acquired resistance against
further infection was not restricted to viruses alone (Kuc,
1983). Indculating the roots or infesting the soll of cotton
pkants wiﬁ? a mild gtrain of Ver;ig;lligm albg—g;gum'protected
dé;inst subsequent infection by a severe strain of the fungus
(Schnathors} & Mathre, 1966). Cotton seedlings previously
exposed to spider hites exhibited resistanée to infection by

Verticijllijum dahljae (Karban et al., 1987). A cultivar of

tobacco resistant to TMV infection was inoculated with TMV on
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the- three to four lower leaves, and subseguently the upper
leaves became protected against blue mold caused by

Peronospora tdbacina (Ye & Kuc, 1988).

Little research has been done to investigate the

~induction of acquired reégggance by comoviruses. Two relaged
strains of squash mosaic virus (SMV) were able to induce
regiprogal cross-protection in cantaloupe, but only
unidirectional acquired resistance was observed in pumpkin
(Albersio et al., 1975). The difference was attributed to a
higher ﬁultiplication rate of the mild inducer strain in
pumpkih than in cahtaloupe.

As previously noted, one virus could interfere with the
replication of another when the two viruses were co—inocdlated
on a host plant (Ponz & Bruening, 1986). There are
considerably fewer examples of this phenomenon than of induced
acquired resistaﬂce. In all reported examples of this
phenomenon, the mild protecting or inducing virus did not
induce detectable symptoms on the tes; plant. The U2 strain of
TMV did not induce symptoms on pinto bean; however, U2 co-
inoculated with the TMV strain Ul inter fered with the V
induction oﬁ Ul induced local lesions (Wu & Raépaport, 1961).
The interference between related comoviruses, CPMV and CPSMV,
co-inoculated on hosts resistant to CPMV has been examined

here.

The SB strain of CPMV was infectious when inoculated on
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Vigna unguiculata cv. BE-5, but was nollihfectiousvonv"

' »éultivars Black and Arlington (Beier et al., 1977). Héwevef,
Eastwef& et al. (19835 confirmed very low levels of CPMV RNAA“
‘replication in thevlatfer two cultivars. CPSMV réplicatédAinf;
\all three cultivars with severity of symptom inductién being:A
Arlington > Black > BE-5 (Beier et al., 1977). Only fwo |

' cultivars of co;pgas have exhibited resistance to the

exceptionalﬂ; virulént CPSMV-DG (Rios & Das Neves, 1982)

o ??f,s‘The resisténce to virus infection demonstrated by some

planté'has been studied. Cucumber cv. Elem accumulated one-

tentﬁ:ihe level of CMV than the nearly iSogenic cultivar Bet
Alpha (Nachman et al., 1971). Resistance to bean common mosaic
virus in two cultivars of beans has been examined (Zaumeyer &
Meiners, 1975). A gene (Im-1) has been identified in tomatoes
which regulates resistance to some strains of TMV (Fraser &
Loughlin, 1980). Recently, two poiht mutations were identified
in the genomes of resistance breaking TMV strains (Meshi ét u
\‘ al., 1988). The mutatioﬁs resulted in amino acid changes in
the 130 and 180 kba viral proteins. These amino acid changes
altered the net charge of the viral proteins, suggesting an
electrostatic interaction between the viral proteins and.a
host resistance factor.
The most visible and most studied response of plants to
virus infection is the hypersensitive response (HSR)
(Loebenstein & Stein, 1985; Ponz & Bruening, 1986). The HSR is

characterized by the appearance of necrotic local lesions at
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the site of infection, and often localization of the virus at

‘the‘infection site;’H0wever, the area in which the virus is‘;

localized and the necrotic region ae nofiheCessarilyHCOinciﬁeﬂ
Plant breeders haVe often used the HSRkas a phenotypic genetic
marker in resistance breediné'programs (Patel, 1982). The
inheritance of the trait often follows simple Mendelian
genetics. However, resistance based oﬁithz HSR is often
overcome by spontaﬁeous mutations in the virus (de Jager &
Wesseling, 1981) or by environmental stress (Weststeijn,
1984). e -

The HSR could be induced by bacteria and fungi (Pohz &
Bruening, 1986) as well as by non-pathogenic chemical agents
and stress (Loebenstein & Stein, 1986). A number of'the -
physiological and biochemical chandes iﬁ plant tissues
associated with the HSR were elicited by ethephon treatment ef
the tissues (Van ﬁ;on, 1977). Ethephoh is converted into the
gfowth regulator ethylene in plants.ALarge amounts of ethylene
were detected at a time coineiding with the appearaﬁce of"
necrosis in virus infected hypersensitive plants (Van Loon,
1983). Ecker and Davis (1887) recently demonstrated that
ethylene regulates plant defense genes. Therefore, the HSR is
probably a general defense Qiseoese of plants against
pathogenic or environmental stress.

The HSR was associated with numerous phySiological and

biochemical alterations in the plant tissue. Several
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structural changes were seen in mesophyll cells surrounding

| the‘nécroticbahéé; these cells‘had smaller vacuoles, and more
 cyto§1asﬁvaﬁd ﬁibésohes (Loebenstein & Stéin,~19865,' |
Lignificétion, and‘the depOsitioh of suberin>(Fau1kner‘&
Kimmins; 1975) and callose (Wu & Dimitman, 1970) were among
'the barrier substances found invthe necrotic region resulting
in a general thickening of the cell wall and blocking of the,
plasmodesmata. These mechanical barriers were once thought to
localize virus infection (Esau, 1967), but were later
considered to be the borders of the necrotic lesion (Wu,
1973). Ihcreésed membrane permeability was observed early in
the HSR (Rdzicska et al., 1983). An increase in oxidative
enzyme activities (Wagih & Coutts, 1982) and the appearance of
the PR-proteins (Van Loon, 1983) coincided with the formation
of necrotic local lesions.

The resistance of cowpeas to infection by CPMV was shown
to correspond to the appearance of the HSR on some.r251stéht
varieties (Robertson, 1965). Beier et al. (1977) a§sayed over
1000 lines of cowpeas for susceptibility‘to infection by CPMV-
SB. Sixty-five cultivars, including Black and~Arlin ton, were
found to be immune to infection by CPMV-SB at 100 times the
concentration of virus required to uniformly infect
§usceptib1e varieties and the virus could not be transferred
to these cultivars by graft inoculation. The immunity
associated Wwith Arlington was unique. Protoplasts were made

from 54 of the immune cowpea lines and only Arlﬁngton
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protoplasts retained significant resistance to virus ihfection
(Beier et al., 1979; Kiefef étéi,;'19$4). The immuﬁe_fadtor
in Arling;on was inherited as a single dominant trait (Kiefer
‘et al.. 1984). Sanderson et al. (1985) demonstrated that a
constituent of Arliﬁgton extracts inhibited the cleavage of
CPMV-SB RNA2 translation products. Further characterization of
this factor indicated thaf it was proteinaceous and was highly
specific for the 24 EDa protease encoded by'CPMV—SB (cleavage
of the‘ﬁranslation products of CPSMV-DG were not inhibited)
(Ponz ef alp; 1988a; Sanderson et al., 1985).

Bruening et al. (1979) observed that in mixed iﬁf;ctions;
CPMV-5SB interfered with the replication of CPSMV-DG. The
extent qf interference, assayed by the number of’local lesions
“formed on inoculated leaves, was depéndent on the
concentration of CPMV-SB applied. The two viruses had to be
co-inoculated and mixed inoculatio? of CPMV-SB capgid protein
with CPSMV did not cause interferenée. However, qo—inoculation
with CPMV-SB RNA and. CPSMV-DG resulﬁed in interference, unless
the CPMV-SB RNA had been previously irradiated with ultra-
violet light. Therefore, biologically active CPMV-SB RNA was
required for the interference fesponse. Infectious CPMV-SB
particles éould not be recovered from the mixed inoculated
plants, consequently CPSMV-DG was not facilitating the
replication of CPMV~SB in the immune plants.

Ponz et al. (1988b) reported that Arlington, but not BE-
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Sthas iﬁmune’to tobacco ringspot virus (TobRV), a.nepovirus.
"Howeyer, therinhibitor of the 24 kDa protease of CPMV found in
Arlington (Sanderson . et al. 1985) did not inhibit the
protease of TobRV. Furthermore co- inoculation of Arlington,
but not BE-5, with TobRV and CPSMV-DG interfgred with the’
replication of CPSMV—DG The most effective gfotection against
CPSMV-DG replication was not by co- inoculation, but with a
15 minute delay of CPSMV-DG, infection following inoculatidn of
TobRV.‘Thus, the conditions for interference;between TobRV and
CPSMV-DG were similar in several respects wdmpared to the
inter ference between CPMV-SB and CPSMV-DG, but differed in the
timing of the inoculations (Ponz et‘alp,“l988b).

Vigna unguiculatg cv. TVu 470 was is also immune tolCPMV—
SB, with immunity being determined by a single dominant gene
(Sterk & de Jager, 1987). However, protopla#ts from TVJ 470,
like Black, were susceptible W,?S“’“"iﬁ’fection by CPMV-SB. Because |
of the difference in susceptibility of protoplasts to CPMV-SB
from Arlington compared to Black and TVu 470, the mechanism of
resistance to the virus in seeolings may alsc differ. Sterk
and de Jager (1987)§observed interference between CPMV-SB and
CPSMV-Vs co-inoculated on TVu 470. CPMV-SB also interfered
with the replication of SHMV and CMV when co-inoculated on TVu
470, and CPMV-SB interfered with SHMV when co-inoculated on
Arlington (Saaijer-Riep & de Jager, 1988). The replication of

neither SHMV nor CMV Qere impeded when co-inoculated with

CPMV-SB on TVu 1948, a line of cowpea also immune to CPMV-SB,
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but immunity was found to beva.single ge@é_rgdeséivewtfaitl:f
(patei,_1982).‘Thereforé, interfereﬁceﬂby'céﬂvésslﬁay bé |
dependent on fhe mechanism of immunity the.plant has aga;nst
CPMV-SB ‘infection.

The spread d£ comoviruses from primary inoculated cells
to neighborihg cells is postulated to be dependent on the 58
KDa polypgptide encoded by RNA2. When RCMVVRNAI is inoculated'
independently of RNA2 viral RNA replication is restricted to

the primary inoculated cells and does not spread throughout

] La

the primary inoculated leaves. However, co-inoculation of RCMV
RNAl and TMV facilitates the spreéd owaCMV RNA1l «4hroughout
the primary inoculated leaves (Malyshenko et al., 1988);
suggesting that the putative 30 KDa transport pfotein of TMV
initiated the spread of RCMV RNA1L. | |
Interference between CPMV-SB and CPSMV-DG is examined in
- three cuiéivars of Vigpa unguiculata: 1) BE-5, susceptible to
CPMV-SB in both seedlings and protoplast; 2) Black, immune to
CPMV-SB in seedlings and suéceptible to CPMV-SB in
protoplasts; 3) Arlington, immune to éPMV—SB in both seedlings
and protoplasts. Replication of both viruses is examineé
independently by serological and nucleic acid hybridization

-

assays.
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METHODS:

Zirus.and plant stocks. The same ?trains of CPﬁV aﬁd'éPSHV,
and the same cultivars-of Vigna gngglggligi wefe ﬁsed as
described above. SHMV was isolated from a natural infection
{provided by G. Bruening). Seeds of Chinese Red X Iron (CRXI), °
an indicafor plant for CPMV and CPSMV (Bruening et al.: 1979),
were obtained from G. Brueningf A |
Cowpeas were grdwn at 23’C with,fluorescent lig?ting
during a 16 hour daily light p;riod. Prior to inoculatioh the
plants were placed in the dark for 3pproximately 1‘hour.
Leaves dusted with carborundum were inoculated with virus or
viral RNA diluted in inoculation buffer (0.05 M potassium
phosphate, pH 7.0). The inoculated leaves were rinsed with a
spray of distilled water, and returned to the dark for th#rty

. =3
minutes prior to resumption of normal light cycle. o

, )
ELISAS

3
e
=

and CPSMV has _been detailed in Chapter 1. Monoclonal

€ ‘
$§e preparation of monoclonal antibodies against CPMV

antibodies agéinst SHMV were prepared and screened in a
similar manner. Infected plant tissue was assayed for virus
capsid polypeptides. Preparation and analysis of plant
extracts for détermination of virus capsid églypeptides has

been described in Chapter 1. Monoclaonal antibodies SB2, SB5

and DG1ll were used in ELISA analysis.

Viral RNA analysis from plant extracts. Plant extracts were

prepared to examine the replication of viral RNA. A disk of
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‘tissue (apnroiimately'loo mg) was taken with\a #10 cork»borer
and stored at -20 C or’ used fresh Each disc was homogenized
in 425 ul of grinding buffer (0. 2’ H glycine, 0.1 M sodium‘:
phoéphate; 0.6 M sodium chloride; 1%\SDS; 1% 2- .
‘mercaptoethanol). The eolution was extracted with an equal
~volume of phenol and briefly centrifuged to separate the
phases. The aqueous phase was recovered and extracted with =~
200 ul each of phenol and chloroform; and then twice with 400
ul of chloroform.

The extracted aqueous phase was diluted with 1.5 volumes
of 10X SSC (0.15 M trisodium citrate; 1.5 M sodium chloride,
pH 7.2) and bound to Gehe-Screen (GS) hybridization membrane
(New Engiand Nuclear) according to the manufacturer's
instructions, using a slot-blotter (Schliecher & Schuell)).
Briefly, GS was soaked for 10 minntes each in distilied water
and 10X SSC. One-fifth of the plant extract was applied to the
membrane and diluted 1:10 and 1:100 with 10XSSC in the slot-
blotter. The sample was drawn through the GS under vacuum
provided by a water—tap‘ascirator. Each well was washed with
200 ul of 10X SSC under vacuum. Nucleic acid was covalently
bound to GS by cross-linking with UV irradiation as described

below.

Extraction of RNA from virus. RNA was extracted from virus by
modification of the procedure described by Daubert et al.

(1978). All solutions and glassware used in this procedure
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’were autoclavéd. Virus was'dilufed with distilled water to‘i
.qgiﬁi in a finél volume of 1.9 ml and 0.1 ml of 20% SDSlfBDH
'Chem;ééls) was addéd( The solution was heated at 80 C for 90
secoods, then.coolod in an ice-water bath toilower the
temperagu;e of the disoociatedhvirus,solotion below 20 C.\The
solution was adjusted to pH 8, by adding 0.4 ml of buffer (1 Ml
Tris-HC1i340 mM EDTA, pH 8.0). All subsequent manipulations
were done at room. temperature unless otherwise 1hd1oated.
| The solution containing the virai RNA was extracted oith
_tﬁo volumes of water saturated phenol, containing 0.1% 8-
hydroxyquinoline (phenol). Following agitation for 5 minutes,
1 ml of a solution“of chloroform and isoamyl alcohol (24:1)
was added and the mixture was oentrifuged at 10,000 g for 15
>minutes at 4 C. The aqueous phase was removed and extracted
three more timos with: 1) 2 ml of phenol and 2 ml of
chloroform and isoamyl alcohol; 2);1 ml of phenol and 3 ml of
chloroform and isoamyl alcohol; and 3) 4 ml of chloroform and
isoamyl alcohol. One—tenfh volume 3 M sodium acetate (pH 5.0)H
and 2.5 to 3 volumes of 95% ethanol were added. The RNA was -
allowed to precipitate overnight at -20 C.

The precipifate'was collected by centrifugation at 10,000
g for 15 minutes ?t -10 C, -and dried jipn vacuo. The RNA was
dissolved at 4 C in 0.4’m1 of TEN (10 mM Tris-HC1l; 1 mM EDTA;
10 mM sodium chloride; pH 7.6) per 1 mg of original virus
concentration. The RNA was further purified on a 1 ml soin—

column of Sepharose CL-2B-300 (Pharmacia). The matrix was
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paékgﬁ in a 1l ml disposabie'syringe.énd equilibratéd Q&th‘at
least 4 applications of 0.2 ml TEN: The column was cenirifuged
‘at 2,000 g for 2 minutes between additions of buffer, and
sample (Méﬁiatis et a1.;i1982). The purified RNA was
precipitated as above.' “ o

AThé integrity and‘purity of the RNA was determined by
‘electrophoresis in a 1% agarése gel‘containing electrophoresis
buffer (50'mM boric acid; 5 mM stium borate; 10 ﬁM sodium
sulfate) plus 1 mM of methylmercuric,hydroiide (Al fa
ChemiEéls) (Bailey & Dav1dson, 1976). Eiectrophoresis was
performed in a ventilated fume hood. The gelS\were stained for

\'v

15 mindtes in 14 mM 2-mercaptoethanol plus 0. 3 ug/ml of

ethidium bromide and visualized by UV light |
The concentration of RNA was Q§1cu1ated using
]
absorptivity values for 1 mg/ml of 25 at 260 nm (Davis et al

1986).

UV irradiation of viral RNA. Up to 125 ug of p;rified viral

- RNA was dissolved in 200 ul of sterileidigtiilédrwater angd .

placed on a wax membrane (Parafilm) oyerig platewof glassi The
RNA was irradiatéd'at a distance of 10 cm with 1200 uW/cm? of
UV light source (254 nm) for 5 minutes. Degraded Rﬁiéfragmehts
with a poly(A) tail were removed from the total RNA population
by purification on an\oligode cellulose (Type 7;‘Pharmacia)

-

column (Maniatis et al., 1982).

-

Labeling of virus RNA. Viral RNA was 5'-terminal labeled with

=
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,po‘lyn'iici:'vleotiae kinase .(PNK'ase;)_ (Negruk e,ﬁv:al.‘.',f',,lsao). Up sto 2
ug df purified viral RNA was éa:tialiy:dégradéd‘in 10_u1-ofv
ﬁydrolysis'buffgr fs mﬁ?sodiﬁMQGérbonate;'45‘mM deium}{fr )
' bicarbonate; 2 mMEDTA) for 1.5 minutes at 90 C. The solution
was cooled in ice and'the reaction mixture was assembled in-
the stated order: 8 ul of distilled water; 5 ul ofrPNKése.

"™ buffer (100 mM Tris-HCl, pH 7.6; 100 mM dithiothreitol; 100 M
magnesium chloride} 40% glycerol); 12 U of PNKase; BQ'uCi‘b I
gamma_32p—ATP. The mixture wés‘incubated>£of;4§imiputes at 37//

C, and‘stopped with the addifion pf 1 ulef 20%‘SDS and

heét;ng‘for 5 minutes at 65 C. The labeled RNA was recoveréd

rfrom the reaction mixture by purification on a spin-column of

Sephadex G-50-coarse (Pharmacia).

Isolation of M13. Bacteria‘containihé recombinant
pactgriophage M13mpll. (Messing, 1983) werebg:own in 0.5 ml ¥YT
medium (5 g/1 yeast extract; 5 g/l ‘tryptone; 5 g/l‘sodiﬁm
chloride) at 37 C overnight, with aeration. The bacterial
culture was diluted with 10 ml of YT and grown for 3 £o&5
hours¢:Growth was stopped by rapid chilling in an ice-water
bath for 30 seconds. The bacteria were removed from the
vs?luti9nﬂby centrifugation at .7,000 g for 10 minutgs ét_é C.

Pﬁage was precipitated from 8 ml of the supernate with the.
e

A
. A

-

polyethylene glycol-6000 (PEG). The precipitating solution was

“additionAof 2 ml each of 2.5 M sodium chloride and 40% -

mixed by inversion and left to stand for llhour at 4 C. The

precipitated bhage were pelleted at 10,000 g for 15 minutés at

-

[ e
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4 C. The pellet was solubilized in 2 mM Tris-HCl1l (pH 7.5) at 4
C, and re-precipitated with PEG/sodium chloride. The phaée

were stored at 4 C as a PEG precipitate.

Infection of bacteria with M13. Bacteria (JM105 or JM109;
Yanisch-Perron et al., 1985) were grown in 0.5 ml YT

overnight. From the overnight culture 50 ul and 250 ul were

.:transferred to 0.5 ml and 25 ml of YT, respectively. The 25 ml

culture was grown for 6-8 hours, and the 0.5 ml culture was, .

.o

"grown to turbidity. From the.0.5 ml culture 50 ul were again

-

diluted with 0.5 ml of YT the bacteria incubated for‘L;S

hours. The bacterial culture was diluted with four~volﬁmes of

E

YT and split into four equal parts. Each fraction was

EY
inoculated with phage from either: 1) a stab from an M13

plaque; or 2) a PEG precipitate. The bacteria aﬁd phagé were

- tncubated for 3 hours. From the latter culture ‘and the

previously inoculated 25 ml culture 0.2 ml .and 2 ml,

respectively, were transferred to 100 ml dg YT and incubated

overnight. . .

*

Plasmid isolation. Plasmids and the replicative form (RF) of
bacteriophage M13 were purified from b;cterial hosts by an
alkali-lysis procedure (Birnboim & Doifey, 1979), modified by
D'. Schaeffer and K.C. Eastwell (personal communication).
Single bacterial colonies confaining recombinant DNA were
grown in 100 ml of YT media (plus 35 ug/£1 ampicillin for

plasmid DNA). The cultures were placed on ice for 1 hour or
. ? o :
. b
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overnight. The cells were collected by centrifugation a%47000

.g for 10 minutes at 4 C, and resuspended in 25 ml of wash

buffer (10 mM Tris-HCl; 20 mM sodium chloride, pH 7.5). Thé
cells were again collected by centrifugation, the pellet
resuspended in 15 m1 TES (10 mM Tris—HCl,’pH 7.5; SO‘mH
EDTA; 45 mM sodium hydroxide; 20% sucrose) and diluted with 35
ml of lysis buffer (0.18 M sodium hydroxidk® and 1% SDS) prior
to being incubated'for 40 minuteg at 50 C,/with agitation. The
cells were then placed in an ice-water bath for 40 minufes,
with agitation. The cell debris was pfécipitated from the
solution by the rapid addition of 25 ml ice—cold 3M sodium
acetate; 0.3 M acetic acid and incuﬁgted in ice-water for a
further 20 minutes. The precipitated cell debris was removed
by centrifugation at 7,000 g for 30 minutes at 4 C.

The supérnate containing the plasmid was recovered and
extracted with one-half volume each of phenol and chloroform.
The phases were separated by centrifugation at 7,000 g for 10
minutes at 4 C. The aqueous layer was removed andythé DNA
precipitated with an equal volume of isopropanol. The -
precipitated‘DNA was pelleted at 7,000 g for 30 minutes at
room temperature, re-dissolved with a minimal voiume of TEN,
and the isopropanol precipitation repeated. The plasmid was
then further purified on a Sepharose CL-2B-300 spin-column and
stcred as an ethanol precipitate. '

The integrity and purity of the plasmid was determined by

electrophoresis in agarose gels (Maniatis et al., 1982).
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| Oligo;labeling of DNA. Plasmid and restriction‘enzyme'
fragments were labeled to high specific éctivity accordigg to
the procedure described by Feinberg and Vogelstein (1983).
Plasmids were deﬁatured by boilingbin distilled water for 3
minutes and then kept at 37 C. Restriction'ehzyme fragment§
were resolved in low gelling temperature agardse by
electrophoresis, stained with ethidium bromide and visualized
by UV light. The desired bands were excised. The DNA in the
gel matrix was‘aissolvgd and the DNA denatured by boiling in
water for 7 minutes and diluted 1:3 with distilled wa£er prior
to labeling. The labeled DNA was removed from the reaction
mixture by purification on a Sepharose G-50-coarse spin-

column.

Electrophoretic transfer. NucleicAacids in agarose and
denaturing agarose—-methylmercury hydroxide gels were
electroblotted to GS (Bittner et al., 1980). Noﬁ—dénaturingA
agarose gels and the transfer membrane were soaked in
electroblotting buffer (EBB: 0.025 M sodium phosphate, pH 6.5)
for 15 minutes, while unstainéq agarose-methylmercury
hydroxide gels were soaked for 15 minutes each in: 1) EBB plus
14 mM 2-mercaptoethanol; and 2) EBB. Electroblotting was done
for 6 to 16 hours with 250 mA of direct¥current at 4 C. The GS%
membrane with bound nucleic acid was washed in EBB fér 5

minutes.
uv irradiation of filters. Nucleic acid bound to the GS
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membrane was cross-linked to the membrane by UV rradiafion
(Church & Gilbert,»1984). The membrane was placed on é plate
of glass with the nucleic acid—coated side facing up. The‘
membrane was covered with Saran Wrap and irradiated for 10
minutes at a distance of 15 cm with 1200 uW/cm? of UV light
(254 nm) (Church & Gilbert, 1984). The membrane was air dried

and baked for 1 to 3 hours at 90 C.

cDNA éloning of CPMV and CPSMV. Complementary DNA (cDNA)
synthesis was based on the procedure deécribed by Grunstein
and Hogness (1975), and modified by D'Alessio et al. (1987).
Up to 2 ug of purified CPMV and CPSMV RNA in 7.5 ul of
distilled water was dilﬁted with an.equal volume of 40 mM
methylmercury hydroxide. The solution was kept at room
temperature'for 10 minutes, then immersed in liquid nitrogen
until frozen. The reaction mixture for first strandbcDNA-
synthesis (50 mM TrisfHCl, pH 8.0; 75 mM potassium chloride; 3
mM magnesium chldride: 10 mM dithiothreitol; 5 ﬁM each dATB;
dTTP, dCTP, and 4GTP; 70 ug/ml oligp (dT)q9-187 10,000‘U/m1 M-
MLV reverse transcriptase (Bethesda Reseafch Laboratories); 1
uCi a1pha—[32P]—dCTP) was added in a total volume of 50 ul to
the solution before it thawed. The %ixture was incubated at 37
C for 1 hour and the reaction stopped by immersion in an ice-
water bath.

For cDNA clones to be generated by cloning restriction

enzyme fragments, the second strand cDNA'synthesis was carried

90



out in the presence of RNase H (Gubler & Hoffman, 1983). To

the first strand cDNA mfxture were added the ecmpbneg§§:of the

second strand synthesis solution at 4 C in order, fdr:a-final
composition of: 25 mM Tris-HCl, pH8.3; 100 mM potasium
chloride; 5 mM magnessium chloride; 5 mM dithiothreitol; 250
uM each d4ATP, d4TTP, dCfP and 4dGTP; 250 U/ml DNA polymerase 1
(Promega); 8.5 U/ml RNase H (Bethesda Research Laboratories)
in a total volume of 350 ul. The mixture was incubated for 2
hours at 16 C. The reaction was stopped by placing oﬁ ice and
adding 12 ul of 0.5 M EDTA (pH 8.03. The cDNA was pufified

from the other components of the reaction by passing the'

reaction mixture through a spin-column of Sepharose CL-2B-300

and stored overnight as an ethanol precipitate at -20 C.

The precipitated cDNA was collected by centr;fugation and
digested with restriction enzymes according te the
manufacturers epecifications‘(Betheeda Research Lakoratories;
Promega). Restriction enzyme‘fragments were ligateﬁ between
promotefs for the DNA-dependent RNA polymerases §P6 and T7, in
thelplasmid vectors pGEM2 and pGEM42 (Préme§e5 (Melton et al.,
1984). The vector had been linearized with the appropriate
restriction enzyme and dephosphorylated with calf intestinal
phosphatase (Boerhinger-Mannheim) (Maxum & Gilbert, 1980). The
linearized dephosphorylated vector was purified from low gel

temperature agarose (Burns & Beacham, 1983). Restriction

haa

fragments of ebNA and the linearized and dephosphorylated

vector were mixed at a 2 to 1 molar ratio and ligated (Crouce
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et al., 1983). E. ggli strains JM105 or JM109 were transformed
with the ligation product (Peacock et al., 1981).

For cDNA clones to be generated by tailing with terminal
transferase; the first strand cDNA solution was treated as
described aboye, but RNase H ﬁas omitted from fhe second
strand cDNA sxéﬁhesis buffer. The precipitated double-stranded
" DNA was colleéted by centrifugation, dried, and dissolved in
20 ul of TE (10 mM Tris;HCI; 0.5 mM EDTA, pH 7.5). To this
solution were added the following components of the éﬁase‘H
reaction in order, for a final composition of; 20 mM Tris-HC1,
pH 7.5; 10 mM magnesium chloride; 20 mM potassium chloride;
0.1 mM EDTA; 0.1 mM dithiothreitol; 20 U/ml RNase H, in a
total volume of 100 ul. The mixture was incubated for 20
minutes at 37 C, then place on ice and the reaction stopped
with 1 ul of 0.5 M EDTA (pH 8.0). The cDNA solution was
extracted with phenol and chloroform, and ethanol
precipitated. The cDNA was tailed with terminal
deoxynucleotidyl transferase (Land et al., 1981) in a reaction
that contained 100 mM potassium cacodylate (pH 7.2), 2 mM
cobalt chloride, 1 mM dithiothreitol and 0.1 mM 4CTP, in a
final volume of 20 ul. After pre-incubation<of the mixture
for 5 minutes at 37 C, 30 U of terminal deoxynucleotidyl
transferase (Bethesda Research Laboratories) were added and
incubation continued for another 5 minutes at 37 C. The
reaction was stopped with the addition of 1 ul of 0.5 M

disodium EDTA (pH 8.0) and 6 ul of 5 M sodium chloride,
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followed by heating at 65 C for 5 minutes. The failed cDNA was
phenoi and chloroform e§tracted, and separated from the ‘
reaction mixture by passage through a spin-column of Sepharose
CL—ZB—BOO. The purified DNA was conéentrated by ethanol
precipitation. ‘

Tailed cDNh and poly(G)-tailed pUC9 vector (Phafmacia)
were mixed in a molar ratio of 1:1 in 10 mM Tris-HCl (pH 7.5),
1 mM EDTA (pH 8.0), 10 mM ammonium sulfate and 80 mM potassium
chloride, in a total volume of 20 ul. The DNA fragments were
heated in‘a wéter bath for 5 minutes at 65 C. The heat source
was then removed, and the sample cooled in the water bath for
3 hours allowing the DNA fragments to anneal. Competent

bacteria were transformed with the recombinant plasmids.

Screening of CPMV and CPSMV libraries. The cDNA libraries of
CPMV and CPSMV described above and those generated from
restriction enzyme fragments of CPMV and CPSMV cDNAs
previously cloned into the bacteriophage veg:;r M13mpll were
screened fof clones hybridizing specifically to a single RNA
~of the bipartite viral genome of eithef CPMV or CPSMV. (The
latter M13 libraries were provided by XK.C. Eastwell.) Colonies
and plaques containing,sequenées homologous to CPMV or CPSMV
were identified by hybridization with 5'-terminal labeled
viral RNA. |

Bacterial cells containing cDNA libraries -in plasmids

were grown overnight at 37 C on YT media plus 35 ug/ml

ampicillin. The colonies were reblica plated onto 0.45 um
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nitrocellulose (NC: Schleicher &Véchuell), and thebNC with
bound bacterial cells was layered over a plate of selectidn
media and grown for 6 to 8 hours at 37 C. The cDNA libraries
in M13mpll were amplified in JM101 or JMle,_and plaques were
lifted onto NC. Bacteria in the colony and plaque 1lifts were
lysed and theif DNA bound to the NC (Grunstein & Hogness,

- 1975). Filter papersl(Whatman 3MM) were soaked with each of
the four disruption buffers: 1) 10% SDS; 2) 0.5 M sodium
hydroxide, 1.5 M sodium chloride; 3) 0.5 M Tris-HCl, 1.5 M
sodium chloride, pH 8.0; and 4) 25 mM sodium phosphate, 2 mM
EDTA, pH 7.4. The NC disks were placed sequentially on each of
the four buffer soaked filter papers for 10 minutes, then air
dried and baked in a vacuum oJen for 2 hours at 95 C. Prior to
pre-hybridization, bacterial and phage debris wés removed by
washing the filters in wash buffer (50 mM Tris-HCl: 1 M sodium
chloride; 1 mM EDTA, pH 810) for 1 hour at room temperature,

with moderate agifation.

Subcloning of restriction enzyme fragments. Recombinant
M13mpll RF and pUC9 plasmiﬁs containing sequences homologous
to the genomes of CPMV ahd CPSﬁV were digested with suitable
restriction enzymes. Res£riction eniyme ffagmeﬁtélwere |
resolved by eiectrophqresi§ in low gel témperatuf; agarose and
the desired bands recovered (Burns & Beacham, 1983). The *

plasmid vectors pGEMZAand pGEM4Z were linearized with the

appropriate restriction enzyme and dephosphorylated. Recovered
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restrictioh ehzy@e fragments and linearized, dephoéphdrylatea
vector wereapikea at a ratio of 1:2, and ligated. Competent
bacteria We;é transforhed with the ligation pro&uct. Bacteria-
containing clones complementary to CPMV and CPSMV were
identified by allowing repficated NC to‘hybridizewith 57~
terminally labeled viral RNA as described above.

The orientgtion éf the cloneq in the transcription
vectors was détermined by hybridizing transcripts generated by
SP6 and T7 DNA-dependent RNA polymerase réaction to
electroblofs of gels-containing positive sense viral RNA.

A recombinant plasmid containing a sequence homologous to
18S RNA cloned q§pm Costaria costata (kindly proVided by Dr.
Debashish Bhattacharya) was digested with restriction enzyme
(Eco Rl). The desired 1.91 kilobase fragment was subcloned to

PGEM4Z (as described above).

DNA sequencing. DNA inserts in pUC9, pGEM2 and pGEMA4Z
were sequenced by the dideoxyfibonucleotide method (Sanger et
al., 1977). Components of the sequencing reaction were
obtained as a package and conditions fecr the sequencing
reactions were according to the manufacturer's instructions
(Promega); except. reacti;ns with the large fragment of DNA
polymerase were incubated at 42 C. DNA sequence was analyzed

with the Pustell sequence analysis program (IBI).

Synthesis of SP6 and T7 transcripts. SPé and.T7 transcripts

of cloned fragments were synthesized using a protocol modified
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ffom Mélton et al. (1984). All soiutions and plasticware used
in the reaction were sterilized. Recombinant plasmids were
linearized with a.éuitable restrictioﬁ enzyme‘toApermit the
synthesis of either plus or minusysense RNA franScripts.

Up to 1 ug of linearized DNAgwas dissolved in 3 ul 6f
distilled .water and denatured“by heating at 6$_C for 10
minutes. The reaction components were then added in order:. 2.0
4l of 100 mM dithiothreitol; 4 ul of ribonucleotide
triphosphates (2.5 uM each of ATP, GTP and UTP; 20 uM CTP, pH
7.0); 4 ul of 5% transcription buffer (200 mM Tris-HCl, pH
7.5; 30 mM magnesium chloride; 10 mM spermidine;150 mM sodium
‘chloride):; 10-50 uCi alpha—32P—CTP; 10 U of SP6 (Promega) or
5 U T7 DNA-dependent RNA polymerase (Promega or New England
Biolabs). The reaction mixture was incubated for 1 hour at

37 C. The DNA template was degraded by the addition of RNase-
free DNase 1 (Promega) at a concentration of 1 U/ug DNA, and
the reaction incubated for 15 minutes at 37 C. The reaction
was stopped by heating for 5 minutes at 65 C. The labeled
- transcripts were recovered from the reaction mixture by

purification on a Sephadex-G50-coarse spin-column.

Hybridization of nucleic acids. All hybridization procedures
were modifications of the protocol outlined by the
manufacturer of GS. Hybridization membranes with bound,nucl;ic
acids were pre-hybridized and hybridized in 1 ml hybridization
buffer/3 cm? GS (50 mM Tris-HC1, pH 7.5; 1 M sodium chloride;

serum albumin; 0.2% polyvinyl—pyrrolidone (molecular weight

96 \



40,000); 6.2% ficoli (molecular weight’400,000); 0.1% sodium
pyrophosphate; 1% SDS; 50% deionized formamide; 10% (w/v)
dextran sulfate; 0.1 mq/ml’of sonicated salmon.sperm,DNA).
Hybridizations were incubated for 12 to 18 hours in heating
baths with agitation. For hybridization the‘labeled probe was
added to the pre-hybridization solution at 500,000 cpm/ml.-The
specific conditions for hybridization and washing varied
depending on the hybrids being formed:

A) DNA:DNA hybridizations. Pre-hybridization and
hybridization were performed at 50 C. The filters were washed
with: two washes in 2X SSC, 5 minutes each at room
temperéture; three washes in 2X SSC and 1% SDS, 20 minutes
each at 65 C; and three washes in 0.1X SSC and 0.1% SDs, 20
minutes each at room temperature. -

B) DNA:RNA hybridizations. Pre-hybridization and
hybridization were done at 55 C. The filters were washed with:
two washes in 2X SSC, 5 minutes each at room temperature; .
three washes in 2X SSC and 1% SDS, 20 minutes éach af 65 C;
three washes in 0.1X SSC and 0.1% SDS, 20 minutes each at 50
C; three washes in 0.1X SSC and 0.1% SDS, 20 minutes each at
room temperature.

C) RNA:RNA hybridizations. Pre-hybridization and
hybridization were incﬁbated at 60 C. The filters were washed
with: two washes in 2X SSC, 5 minutes each at room
temperature; three washes in 0.1X SSC and 0.1% SDS, 20 minutes

each at 65 C; three washes in 0.1X SSC and 0.1% SDS, 20
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minufes each at room temperature; 2X SSC and 1 ug/ml RNase A
(Sigma) for 10 minutes at room temperatﬁre; and 0.1X‘SSC;and
0.1% SDS for 40 minutes at 50 C.

The dried membraneé‘were autoradiographed on XAR-5 or XK

film (Kodak).
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RESULTS:

cDNA synthesis. RNAs burified from CPMV and CPSMV were
denqturéd with methylméfcury hydroxide and used as templates
for the synthesis of cDNA. Methylmercury hydroxiae reagts
" reversibly with the N-H bonds of uridine and guanidine
involved in Watson-Crick base pairing, thereby effectively e
denaturing the RNA moiecule‘(Bailey & Davidson, 1976):f ‘ i ?j
Cbmpounds_with reactivelsulthGryl groups (ég. 2- ~ |
mercaptoethanol and dithiothreitol) completely reverse the
denaturation process (Siﬁﬁ%on; 1964). Methylmercury hydroxide
has been used as a denaturant of RNA for agarose gel ‘
elecfrophoresis (Bailey & Davidson, 1976; Lehrach ét al.,
1977), for in vitro transiatidn of mRNA (Moo;; & Sharp, 1954)
and for cloning of yeast dsRNA (Skipper, 1983).

Approximately 20% of the cDNA synthesized per reaction
co-electrophoresed with viral RNA iﬁ an agarose-methylmercury
hydroxide gel, indicating that near full-length cDNAs were
being synthesized. Electrophoresis of cDNA digested with

various restriction enzymes produced multiple, distinct bands

’ﬁﬁ agarose gels (data not shown).

Viral RNA cloning. Clones with sequence complementary to
RNA1l and RNA2 of CPMVQ and RNAl of CPSMV were identified in
, A
the cDNA libraries maintained in M13mpll. The libraries were

screened by hybridization of 5'-terminal labeled viral RNAs to
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;iaque l1ifts. Clones were Selecteé wﬁich hybfidiied'to only
one of the viral ?NAS of either CPMV or CPSMV, but not both,
These sequences were subcloned i;to the multiple cloning  .
region of the Eranécriptioh vector pGEM2 (Melton et al.,
1984). Three disfinct clones were idenfified:»l) pG2SB1, a 310
base Sau 3AI fragment of CPMV RNAl cloned into the Bam HI site
of pGEM2; 2) pG2SB2, a 342 base Tag I fragment of CPMV RNAZ
cloned into the Acc. T site of the vector, and 3) pG2DG1, a 740
base Taqg I fragmenE of CPSMV RNA1l cloned into the Acc I site
of the vector. !

A clone homologous to CPSMV RNA2 was selected from the
plasmid cDNA library,’épnstfucted by cloning restriction
fragments generated from the cDNA of the viral RNA into
PGEM4Z. The cloné of CPSMV RNA2, pG4ZDG2, was an 845 base Bgi
IT restriction enzynme ffagmenticloned into a homologous
restriction enzyme site in the‘multiple cloning region ofiFhe

vector.

The SP6 and T7 DNA-dependent RNA polymerases were used to

@ [

generate RNA transcripts complemehtary to the clones. These
tfanscripts wéfe hybridized to electroblots of the genomes of
CPMV and CPSMV to determine the orientation of the cione and
to confirm that each clone hybridized to a single RNAiof
either CPMV or CPSMV (Figure 10). Clones pG2SB1, pG2SB2,
pG2DGl and pG42DG2 were_transcribed with RNA pbiymeraéé T7.,
SP6, T7 and T7, respectively, to generate RNA‘compiementary to
positive-sense viral RNA. |

»
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4‘F}gure.10. Minus sense transcripts of viral clones (A),

pG2SB1; (B), pG2SB2; (C), pG2DGl; (D), pG42ZDG2) vere
hybridized to the genomes of CPMV (lane 1) and CPSMV (lane
2). Lane 3: RNA extracted from uninfected BE-5 cowpeas.
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The sequence of each clone was defermined by the chain
termination method (Sanger et al.,'1977) using prime;s A
complementary to tge SP6 and T7 promotefeliﬁxégﬂyz_epd}pGEﬁ;é:J
(Figure 11). Clones of CPMV RNAl and RNA2 QefgLéi;ghed,Qifh
the published sequences of the viral genome.(Lemonossoff &
Shanks, 1983; Van Wezenbeek et al., 1983). Clones pG2SBl and
pG2SB2 corresponded to bases 3547 to 3857 of CPMV RNAl and
1622 to 1964 of CPMV RNA2, respectively. The nucleotide
sequences at the 5'-end and 3'-end of the CPSMV clones were
determined. However, the latter clones cannot be localized on
the CPSMV genome ae the complete sequence of the CPSMV genome
is unknown. TheAsequepces of the CPSMV clones were compared in
blocks of 7 nucleotides to the sequence of the genome of CPMV,
and analyzed for regions of 50% or greater homology. Regions
of homology were not found. The latter was not unexpected
because CPSMV clones were purified on the basis that they did

not hybridize to CPMV.

Replication of CPMV in cowpea seedlings. As a fouedation for
further studies, the accumulation of CPMV RNA was determined
in the susceptible cowpea variety BE-5 inoculated with 250
ug/ml intact CPMV (Figure 12). The accumulation of positive-
sense viral RNA was determined in plant extracts at various
time intervals post infection (p.i.). In BE-5, the quantity of
viral RNA recovered from inoculated plants increased |
dramatically between 2 days and 5 days p.i. The viral RNA

content of the inoculated leaves continued to increase up to

P
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Figure 11. Partlal sequences of CPMV and CPSMV clones.

. — S5Spé promoter

cPMv RNA1l 5'-GATCTCTTGTGATAGCACACATTGGTGGGAAGCACAAGATTGTGGGTGTT

(pG2SB1) CATGTTGCTGGTATTCAAGGTAAGATAGGATGTGCTTCCTTATTGCCACC
ATTGGAGCCAATAGCACAAGCGCAAGGTGCTGAGGAATACTTT-. ..

... -ATCTTCTGGAGTGGCTATGGTAGCAGGACTCAAACAAGGAGTTTACATCC
ATTACCCACAAAAACAGCGCTAGTGGAGACCCCCTCCGAGTGGCATTTGG
ACACACCATGTGACAAAGTTCCTAGCATTTTAGTTCCCACG-3'

T7 promoter ¢—

—% T7 promoter

CPMV RNA2! 5'-CGAGTTTTGTTGTCCAAGGCTATGGCTGGTGGTGATGTGTTATTGGATGA

(pG2582) GTATCTCTATGATGTGGTCAATGGACAAGATTTTAGAGCTACTGTCGCTT

. TTTTGCGCACCCATGTTATAACAGGCAAAATAAAGGTGACAGCTACCACC
AACATTTCTGACAACTCGGGT.TGTTGTTTGATGTTGGCCATAAATAGTGG
TGTGAGGGGTAAGTATAGTACTGATGTTTATACTATCTGCTCTCAAGACT
CCATGACGTGGAACCCAGGGTGCAAAAAGAACTTCTCGTTCACATTTAAT
CCAAMNCCCTTGTGGGGATTCTTGGTCTGCTGAGATGATAAGT -3

5

Sp6 promoter @——

—® Sp6 promoter
"CPSMV RNA1 5'-CGACCCCAAAAAATTTGATTTGGGTGATGGTTCACGTAGTGGCCATCGCC
{pG2DG1) TGnATAGACGGTTTTTCGCCCTTTGACGTTGGAGTCCACGTTTCTTTAAT
AGTGGACTCTTGTTCCAAACTGGAACAACACTCAACCCTATCTCGGGCTA
ATTCTTTTGATTTATAAGGGATTTTGCCGATTTCGGAACCACCATCAAAC
AGGATTTTCGCCTGCTGGGCAAATCC~. ..

... -CGGATAACAATTTCACACAGAAACAGCTATGACCATAATTACGCCAAGCT
TGGCTACNGGTCGTACACCGTCTTAATACCAGCTGTATAGNTCACGCAAA
TCGTTTTCCGGTGACCGTTTTCCCACACCTTTTGTATATATACTTGT-3"' "

T7 promoter <+

— Sp6 promoter

CPSMV RNA2 5'-TTGTTGGAGTTGAACTGGTTACTGATCCGGACCAGGGGGCAGTTTCTGTA
(pG42DG2) TTGAGCAGCAGTCCAGTAGCAAATTTGCTACGCACAGCGGCTTGGANGTG
TGGAAACCTGCATGTTAAAGTTGTTATGACTGGAGAGTTACTA-. ..

... —AAAGTCGTAGAAAACATAGAGTGAATCCAGAATACTTGGATCCCTGTTAG
GCAGTTGCCCAATCTGGACAGACACAGCAGGTTTGGAATAAGATC-3"

T7 promoter 4——

3596
3646
3689

3765
3815
3856

1671
1721
1771

1821

1871
1921
1963

50
100
150
200
226

643
693
740

50
100
143

800
845

1. Clones of CPMV RNA1l and RNA2 correspond to bases 3547 to 3856 and

1622 to 1963, of the respective viral RNAs.

>
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Figure 12. Replication of CPMV RNAl (A) and RNA2 (B) in
inoculated and secondary leaves of Blackeye-5 cowpeas. CPMV
RNA1l and RNA2 were assayed for with minus sense ssRNA

" transcribed from pG2SBl1 and pG2SB2, respectively. The second
column represented a 1/10 dilution of the first column.
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Figure 13. Replication of CPMV RNAl (A) and RNA2 (B) in ' .
inoculated leaves of Black and Arlington cowpeas. CPMV RNA1l
and RNA2 were probed .with minus sense ssRNA transcribed from
pG2SB1l and pG2SB2, respectively. The second column ‘
represented a 1/10 dilution of the first column. Extracts
from uninfected plants did not hybridize to the probes.
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14 days p.i. No estimations were performed affer ii.days p.i.
Lecause of the rapid onset of senescence. Viral RNA was found
- to accumulate in secondary leaves.

| The accpmulatipn of CPMV RNAs were also assayed 1h the
immune cowpea cultivars Black and Aflington (Figufe413). Viral
RNA replicafion was delayed considerably relative to thé
replication in BE-5. A net accumulation of viral RﬁAvvas not'- 
detected uﬂtil after 5 days p.1. (Figure 13). Viral RNA'was
not detected in secondary leaves (data not shown). The viral
RNA bresent at 2 days p.i. was apparently residual inoculum. .
The amount of RNA recovered continded to decline to that
illustrated for 5 days p.i. Trials where all three cowpea
cultivars were inoculated with 75 ug/ml CPMV gave parallel
resﬂits (data not shown). Viral RNA was visualized in RNA
preparations extracted 14 days p.i. from BE-5, Black and
Aflington cowpeas infected with CPHV (Figure 14). Eastwell et
al. }1983) detected the double-stranded RNA replicativé form
of CPMV RNAs in Black and Arlingtoﬂ cowpeas.

The accumulation of minus sense viral RNAs, the
replicative forms of the viral genome, was not examined due
to the sensitivity of the assay employed. Conditions for the
analysis of virus replication were optimized to examine the
replication of the viral genome in single plants at various
times p.i., whereas previous exper iments examining the

accumulation of minus sense viral RNAs required 50 g of tissue

per sample (Eastwell et al., 1983).
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Thé;acéumulation ofVCPMV capsid polypeptides was ekamined
at various time'intervals p.i.lin BE-5, Black aﬁd_Arlington
éeedlings inoculated with 75 ug/ml ‘and 250 ug/ml o{iintadi
CPMV (Figure 15), or inoculated with 50 ué/ml and 250 ug/ml of
isolated CPMVkRNA (Figure 16). Plant extracts were assayed by
an antibody—trappedeLISA uSing monoclonal antibodies SB2 and
SES; Monoclonalvantibody SB5 bound oniy intact virus capsid,

while monoclonal antibody SB2 bound intact and dissociated

capsid polypeptides (Chapter 2). Therefore, capsid

- polypeptides Qoulqlhave been detected by monoclonal antibody

SB2 if they were translated but not assembled to form an
1hfectious virus pafticle. CPMV capsid polypéptidés did not
accumulate in eithef'Black or Arlington cowpeas. The
absorhances recorded using monoclénal antibody SBS'were
greater compared to valugs recorded using monoclonal antibody
SB2 because SB5 had a greater affinity for antigen than SB2
(Chapter 2). In some of the CPMV infected plants, capsid
polypeptides werepdetected 2 days or less p.i., and were
presumed to be the inoculating virus. Residiaal inoculuh was
also observed in nucleic acid hybridization experiments
(Figuré 13). Viral capsid proteins were not detected in crude-
sap extracts of Black and Arlington examined by polyacrylamide'
gel electrophoresis (as described by Evans, 1985},

Symptoms were not pbserved on Black and Arlington cowpeas

inoculated with CPMV. Sap expressed from infected Black and

Arlington seedlings was inoculated to BE-5 and the indicator
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Figure 14. Analysis by denaturing agarose gel
electrophoresis of CPMV replication 14 days p.i. .in :
different varieties of cowpeas. Lanes 1, 2 and 3: 5.0 ug RNA
extracted from uninfected Blackeye-5, Black and Arlington ’
cowpeas, respectively. Lane 4: 0.5 ug of RNA extracted from
BE-5 cowpeas infected with CPMV. Lanes 5 and 6: 1.0 ug of
RNA extracted from Black and Arlington cowpeas infected with
CPMV. Lane 7: 0.2 ug of RNA extracted from CPMV.
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Figure 15. Accumulation of CPMV in Blackeye-5 (A & D), Black:
(B & E), and Arlington (C & F) cowpeas determined by
antibody-trapped ELISA, using monoclonal antibodies SB2 (e)
and SBS5 (w). Plants were inoculated with 75 ug/ml (A-C) or
250 ug/ml (D-F) of CPMV. Each point represents an average of
six test plants. Background < 0.100.
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Figure 16. Accumulation of*ﬁ%MV in Blackeye-5 (A-B) and
Black (C-D) cowpeas determined by antibody-trapped ELISA,
using monoclonal antibodies SB2 (e) and SB5 (M). Plants were
inoculated with 50 ug/ml (A & C) and 250 ug/ml (B & D) of
CPMV ssRMA. Each point represents an average of six test

-~ plants. Background < 0.100. _
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cowpea CR#I.kThe indicator plants‘were assayed for virus
infection on the basis of an antibody- trapped ELISA (Table 9).
Infectious CPMV was not transmitted from either Black or
Arlington cowpeas. Furthermore, CPMV could not be purified
from either Black or Arlington by the pro?edure used to

recover CPMV from BE-5. ' )

Modulation of symptom expression in co-inoculated plants. The
symptoms induced in Black and’Arlington cowpeas co-inoculated
with CPMV and CPSMV were different from the symptoms induced
in these cowpeas fingularly inoculé%ed with CPSMV. Initially;‘
variations in symptoms were used to assess the extent of
inter ference in the replic§tion qf CPSMV when co—inocqlated
with CPMV. Inoculation of Black or Arlington seedlings with a
minimum of 1.0 ug/ml of CPSMV resulted in 100% of the
inoculated plants developing symptoms. Large areas of necfosis
were visible 3 to 4 days p.i., followed 6 to 8 days p.i. by
vascular necrosis and collapse. Symptom expression was
accelerated by increasing the temperature in the growth
chamber above 25 C. Vasiular collapse in Arlington seedlings
was universal and irrevocable; however, approximately 5% of
fhe collapsed Black cowpeas developed secondary leaves with
chlorotic lesions after 21 days p.1i.. Epoculatlon of Black andv
Arlington cowpeas with CPMV did not result in visible symptom
expression..

Co-inoculation of Black and Arlington cowpeas with CPMV

and CPSMV resulted in a 2 to 3 day delay in the appearance of
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" Table 9. Blo-assay- of sap from Blackeyé;s; Black and Arlingtdn
- cowpeas inoculated with CPMV.

1nocuLum?t

Healthy BE-5
Healthy Blk

Healthy Arl

CPMV
CPMV
CPMV

CPMV

Healthy,/BE-5
Healthy Blk

Healthy Arl

CPMV
CPMV
CPMV
CPHV

1.

ASSAY ANTIBODY-TRAPPED ELISAZ
PLANT
o SB2 SB5
NS

BE-5 e _ |

BE-5 - -

iBE—S - -
infected BE-5 BE-5 +++ ++++
infected Blk BE-5 - -
infected Arl BE-5 - -
purifled virus BE-5 . +++ ++4+

CRXI - -

CRXI - -
infected BE-5 CRXI e et
infected Blk CRXI 7 - -
infected Arl CRXI : - -
purified virus CRXI +++ +}++
Blackeye-5 (BE-5), Black (BLK) and Arlington (Arl) cowpeas

were initially inoculated with 75 ug/ml of CPMV-SB.
Fourteen days post inoculation, 0.2 mg.of primary leaves
were pulverized in an equal volume (w/v) of inoculation
buffer (50 mm potassium phosphate, pH 7.0), and bloassayed
for CPMV infectivity on BE-5 and an indicator plant,
Chinese Red X Iron (CRXI).

Infection of BE-5 and CRXI was assayed by antibody trapped
ELISA using monoclonal antibodies SB2 and SB5. Absorbance
at 405 nm was determined: 0.000-0.100 = ~; 0.101-0.250 = +;
0.251-0.500 = ++; 0.501-1.000 = +++; >1.001 = ++++.

Background < 0,100,
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Figure 17. Co-inoculated Black cowpeas with infected (a) and
uninfected (b) secondary leaves, twelve days p.i. Primary

inoculated leaves of plants with uninfected secondary leaves
show distinct necrotic lesions. Seedlings were co-inoculated
with 75 ug/ml CPMV apd 7.5 ug/ml CPSMV. '
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CPSMV symptoms on all the inoculated plants. An average of

25% of the co-inoculated plants developed distinct necrotic
lesions and grew symptomless secoqgafy leaves. The remainder
of the plants developed large areaé of necrosis and suffered
vascular collapse b} 9 to 10’days p.i. (Figure 17).
Interference was considered to be complete in plants that
developed symptomless secondary leaves. The distinct necrotic
lesions which formed on the latter plants appeared to restrict

further migration of CPSMV in the plant.

/\\Qp{imal conditions for interference. Experiments were
conducted to determine the optimal conditicns for ipterference
of CPSMV replication by CPMV. Plaﬁts were visually assayed fof
symptom development and/or by ELiSA for virus replication
14 days p.i. unless otherwise stated. (Not all of the |
following experiments were conducted in both Black and
Arlington cowpeas due to a shortage of Arlington cowpea
seeds.)

Black and Arlington cowpeas were co-inoculated with 75
ug/ml of CPMV and 7.5 ug/ml of CPSMV at various stages of
plant developmenEl Initial observations indicated optimal
inter ference would be observed if plants were inoculated when
the secondary leaves had grown to a length greater than 2 cm
(Table 10). However, 47% of those plants with uninfected
secondary leaves at 14 days p.i. succumbed to vascular
collapse by 21 days p;i. When plants were inoculated before

the secondary leaves had formed or before the secondary leaves
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were greater than 1 cm in iength, all the plants with
uninfected secondary leaves at 14 days p.i. survived to 21
days p.i.. Therefore, Black and Arlington cowpéas were

inoculated after the secondary leaves héd formed, but before
they were longer than 1 ém.

Black cowpeas were inoculated with 75 ug/ml of CPMV and |
various concentrations of CPSMV to determine the ratio of
CPMV:CPSMV most efficient for interference. A concentration of -
CPSMV was chosen that resulted in vascular collapse of 100% of
the seedlings singularly inoculated with CPSMV_because.the ’
distinction between successful and unsuccessful interference
was defined as the proportion of co-inoculated plants which
developed uninfected secondary leaves compared to plants which
suffered vascular collapse. Concentrations of less than 7.5
ug/ml of CPSMV did not result in universal vascular collapse
of inoculated Black.seedlings (Table 11). Similarly,
inoculation with 7.5 ug/ml of CPSMV was required to induce
vascular collapse in 100% inoculated Arlington seedlings (déta
not shown). Previously published experiments with Arlington
seedlings had indicated a ratio of 75 ug/ml of CPMV to 7.5
ug/ml of CPSMV was the optimal ratio for interference
(Bruening et al., 1979). Consequently, a ratio of 75 ug/ml
CPMV to 7.5 ug/ml of CPSMV was determined to be the most
sultable for interference for further experiments (Table 11).

: ’

The effect of the time interval between inoculation of

Black and Arlington cowpeas with CPMV and CPSMV was evaluated
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(Table 127, Pfaptsvwere'initially.inocuiated with 75 ug/ml of

CPMV followed by inoculation with 7.5 ug/ml of CPSMV at

various times. The results indicated that plants have to be
co-inoculated for optimal interférence;vBruening et al. (1979)'
conducted similar expefiments with Arlington seedlings,‘but'
hadiobserved a more gradual decrease in the effiéiency of
ihtefference with respect to an,incgeasing interyals between

CPMV and CPSMV inocﬁlation. In the presént»experiment with B
Black seedlings, the leaves initially inoéulated with CPMV |
were thoroughly rinsed'with'distilled water and blotted dry

‘with papef towel prior to inoculatioﬂ"with CPSMV, ensuring

that residual CPMV was not co-inoculated witﬁ CPSMV. This

combined with differences in the response of

Black and Arlington cowpeas to viral igoculation, may account

for the dramatic decrease in interference when CPMV and CPSMV

are sequentially inoculated in Black seedlings, even with a

brief time delay.

Co-inoculation with various compoﬁents of CPMV and CPSMV.

Top, middle and bottom components of CPMV were fractionated by
equilibrium density gradient centrifugation, and co—inocﬁlated
individually with CPSMV to Black and Arlington.éowpeas. Only
the bottom component (containing RNAl) of CPMV interferred
with the replication of CPSMV. Neither middle (containing
RNA2) nor top (empty capsid) components of CPMV were able to
attenuate the replication of CPSMV in Black or Arlington |

cowpeas (Table 13).
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.. The bottom component of CPMV interferred more efficiently
with the replication of CPSMV than unfractionated virus. The
average number of necrotic local lesions formed ‘on the primary
leaves of Arlington seedlings co- inoculated with CPMV—bottom
component and CPSMV was one-tenth the ‘number of lesions when
plants were co-inoculation with unfractioneted CPMV and CPSMV
(Table 13). Therefore, RNAl of the bottom component of CPMV
determined the extent of interference with CPSMV replication
in co-inoculated plants. - 4

The efficiency of purified CPMV RNA relative to>CPMV
virions in interfering with the replicetion of CPSMV in Black
seedlings was determined (Table 14). Plants were inoculated
with: 1) 75 ug/ml of CPMV and either 7.5 ug/ml or 1.0~qg/m1 of
CPSMV; or 2) 15 ug/ml of CPMV RNA and either 1.5 ug/ml o; 0.2
ug/ml of CPSMV RNA. In a parallel experiment, Black cowpeas
were inoculated with the same molar concentrations of CP§MV
and CPSMV RNA; 100% of the inoculated plants exhibited
ZVascular‘collapse (Taole 14, experiments 1 & 2). In co-
inocula n experiments, CPMV RNA interferred more efficientiy
w;tn‘;;Z:j\ENﬂ/;han CPMV interferred with CPSMV.

An experiment was conducted to determine whether isolated
CfSMV and CPSMV RNA were equally susceptible to interference
by CPMV RNA. Purified CPMV RNA (15 ug/ml) and 1.0 ug/ml of
CPSMV were co-inoculated on Black cowpeas. This ratio
represents a 25:1 molar ratio of CPMV:CPSMV. Interference was

,obser&éd in 25% of the inoculated plants (data not shown)
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Table 13 . Co-inochlation of Black and Arlington cowpeas with
CPSMV and fractionated components of CPHV '

INocuLuM® LOCAL
LESION "PLANTS
NUMBER
2
Black™
CPMV /CPSMV ~ ND?
CPMV-top comp./
CPSMV ND
CPMV-middle comp./
CPSMV ND
CPMV-bottom comp./
CPSMV ND
Arlington

CPMV/CPSMV 4
CPMV-top comp./
CPSMV 18
CPMV-middle conp./
CPSMV 18
CPMV-bottom comp./
CPSMV 0.4

1. Unfractionated CPMV and CPSMV were inoculated at 75 ug/ml
and 7.5 ug/ml, respectively. Fractionated viral components
Plants were assayed 14

were inoculated at 37.5 ug/ml
days post infection.

2. ND= not determined.
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SURVIVING -

16

24

24

b

TOTAL NUMBER .
OF PLANTS
INOCULATED

64
55

68

67 .

42

42

36

67

PERCENT

SURVIVING

25

36

21

36



Table 9. Bio-assay of sap from Blackeye-5, Black and Arlington
cowpeas inoculated with CPMV. ‘

INocuLupm! : ASSAY ANTIBODY-TRAPPED ELISAZ

PLANT '
SBZ SB5

Healthy BE-5 BE-5 - -
Healthy Bilk BE-5 - -
Healthy Aril BE-5 - =

CPMV infected BE-5 BE-5 E et P
CPMV infected Blk BE-5 - -

CPMV infected‘Arl BE-5 - -

CPMV purified virus | BE-5 +++ : +++
Healthy BE-5 CRXI - g
Healthy Blk . CRXI .- -
Healthy Arl CRXI - | -

CPMV infected BE-5 CRXI ‘+++ +++
CPMV infected Blk CRXI - A - -

CFHV infected Arl CRXI | - -

CPMV purified virus CRXI +f+ ++++

1. Blackeye-5 (BE- 5), Black (BLK) and Arlington (Arl) cowpeas

were initially inoculated with 75 ug/ml of CPMV-SB.
Fourteen days post inoculation, 0.2 mg of primary leaves
were pulverized in an equal volume (w/v) of inoculation
buffer (50 mm potassium phosphate, pH 7.0}, and bioassayed
for CPMV infectivity on BE-5 and an indicator plant,
Chinese Red X Iron (CRXI).

2. Infection of BE-5 and CRXI was assayed by ahtibody trapped

ELISA using monoclonal antibodies SB2 and SB5. Absorbance
at 405 nm was determined: 0.000-0.100 = -; 0.101-0.250 = +;

0.251-0.500 = ++; 0.501-1.000 = +++; >1.001 = ++++.
Background ¢ 0.100.
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compared to 90% of the plants co—inoculated with 15 ug/ml of

CPMV RNA and 0.2 ug/ml of CPSMV RNA. Therefore, co-inoculation e

of purified CPMV RNA and CPSMV RNA yielded more effective
.interferehce than co-inoculation of CPMV RNA and intact CPSMV.
The purified CPSMV RNA may have been less infectious than

encapsidated CPSMV RNA on a molar basis (Beier & Bruening,

1976) and consequently less effective. However, in the present

study, a significant difference in infectivity between
purified yiral RNA and virus was not observed (data not

shown) .

Accumulation of viral RNAS and capsid polypeptides within
individual co-inoculated cowpeas. Black seedlings were
inoculated with 7% ug/ml CPMV and 7.5 ug/ml CPSMV. Plants were
individually tagged at the time of inoculation, and the same
plahts were sampled at various times p.i.. At 14 days p.i. the
plants were classified as either having uninfected secondary
leaves (ie..interfefence) or infected secondary leaves (ie.
vascular collapse). Replication of viral RNA in both groups of
plants was analyzed by nucleic acid hybridization using probes
complementary to positive-sense viral RNAs (Figure 18). Plant
extracts were also probed with an RNA transcript complementary
to 185 RNA cloned from Costaria costata. Probing the plant
extraéts for sequence transcribed from the plant genome
confirmed that each extract contained app;Bximately the same
iamount of nucleic acid. For comparison, the replication of

CPSMV in Black and Arlington seedlings in the absence of CPMV
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was also analyzed (Figure 19). Plants were inoculated with 7.5
ug/ml of CPSMV and indi&idqal plants werevsampled as outiihed
above. 7 ’ |
In Black and Arlington seedlings singularly‘inoculated,_
with CPSMV, both viral RNAs were actively replicating by 4
days p.i. In co-inoculated Black cowpeas which had either
infected or uninfected secondary leaves, CPSMV replication was
detectable by 4 or 6 days p.i., respectivelyi CPMV replication

in both grqup‘of plants was similar and reflective of CPMV

replication in singularly inoculated Black seedlings (Figure

13). Although symptom expression was delayed in all mixed

inoculated Black seedlings, the pattern of CPSMV replication

in plants with infected secondary leaves paralleled CPSMV

replication in singularly inoculated plants. The onset of
active CPSMV replication in plants with uninfected secondary
leaves relative to plangs with infected secondary leaves was
delayed by 4 days. Thus, not only has symptom expression been
delayed, but replication of the CPSMV genome has also been
delayed by an identical period of time.

Primary leaves qf co-inoculated Black and Arlington
seedlings were assayed for CPSMV- and CPMV;protein
accumulation at various times p.i. (Figure 20). Primary leaves
of plants with uninfected or infected secondary leaves were
assayed separately by an antibody-trapped ELISA using
monoclonal antibodies SB2 and DGl1l. CPMV capsid grotein‘was

detected in neither Black nor Arlington seedlings. In
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Figure 18. Comparison of the accumulation of CPMV and CPSMV
plus sense ssRNA in the '‘primary co-inoculated leaves of
Black cowpeas. Samples A,C,E,G and I, represeni plants with
uninfected secondary leaves; samples B,D,F,H and J,
represent plants with infected secondary leaves. CPSMV RNAl
(A,B), CPSMV RNA2 (C,D), CPMV RNAl (E,F), CPMV RNA2 (G,H)
and 18s rRNA were assayed for with minus sense ssRNA
transcribed from pG2DGl, pG42DG2, pG2SBl, pG2SB2 and pG4218,
respectively. The second and third columns are 1/10 and
1/100 dilutions of the first column, respectively.
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Figure 19. Accumulation of CPSMV plus sense ssRNA in primary
inoculated leaves of Black (A,C) and Arlington (B,D)
cowpeas. RNAl (A,B) and RNAZ2 (C,D) were assayed with minus
sense ssRNA transcripts from pG2DGl and pG42DG2,
respectively. The second and third columns are 1/10 and
1/100 dilutions of the first column, respectively.
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Arlington seedlings with uninfected secondary leavei; CPSMV
protein accumulation in the inoculated leaves Qas dépressed
and delayed by 2 days p.i. compared to plants'that déveloped
infected secondary leaves. However, no difference wasﬁobserved
in the accumulation of CPSMV protein between‘Black seedlings
with infected or uninfeéted'secondary leaves. The accumulation
of CPSMV protein in singularly inoculated Black-.-and Arlington
cowpeas mirrpred the patterns and concentrations of CPSMV
protein accumulation in co-inoculated plants with infected
secondary leaves.

By 14 days p.i. co-inoculated Black seedlings had eithér
collapsed or developed symptomless secondary leaves. .pnl26
Samples of secondary leaves from both classes were assayed for
the presence of CPMV and CPSMV RNA by hybridization with
probes complementary to positive-sense viral RNA (Figure 21).
CPMV RNAs were not detected in samples from eifher collapsed
or symptomless leaves. CPSMV RNAs were dgfected in all the
extracts from collapsed leaves, but not in extracts from

-symptomless secondary légves. The secondary leaves from both
group of plants were similiarly amalyzed for the accumulation
of virus by ELISA (data not'shown). The results were identical
to those obtained with nucleic acid hybridization analysis.
Therefore, in plaﬁ s with uninfected trifoliates CPSMV is
localized in the pr}méry inoculated leaves.

It was observed that on the primary inoculated leaves Qf

Black and Arlington seedlings which had uninfected secondéry
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Figure 20. Comparison of virus accumulation in Black (A) and
Arlington (B) cowpeas which produced uriinfected (U) or
infected (SI) secondhry leaves. Plants were co-inoculated
with 75 ug/ml CPMV and 7.5 ug/ml CPSMV. Virus was assayed
for by antibody-trapped ELISA using monoclonal antibodies
SB2 (CPMV in U (e¢) and SI (m) plants) and DG11 (CPSMV in U
(0) and SI (Q) plants). Black (A) and Arlington (4) cowpeas
were inoculated with 7.5 ug/ml of CPSMV for comparison (C).
Each point represents an average of the same five test
plants, identified at the time of initial inoculation.
Background

< 0.100.
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leaves distinct necrotic lesions developed while the rest of-
the leaf was symptomless. This was in contrast to thellarge;“
& | .;nigﬁggularly §haped necrotic areas found on the primary Cod

inoculated leaves of plants with infected secondary leaves
(Figure 17). Inoculated primary leaves of c:iinoculateé Black
cowpeas were sampled 14 days p.i., and analyzed for viral RNA
replication as outlined above (Figure 22). Samples of primary
leaves were collected’from: A) necrotic tissue of plénts with
infected secbndary leaves; B) necrotic lesions of plants with
uninfected secondary leaves; and C) symptoﬁiess tissue of
'plants with uninfected secondary leaves. CPMV RNAs were not
detected in any of the plant extracts. CPSMV RNAs were
detected in samples A and B, but not in sample C. Similiar
samples from co-inoculated Blaék and Arlington cowpeés were
collected and analyzed for viraliprotein accumulation by an.
antibody-trapped ELISA. Identical results were obtained (Table
15). Thus, interference by CPMV in the replication<of CPSMV

confined the latter virus to distinct areas in co-inoculated

primafy leaves.

Requirement of inféctious CPMV RNA for interference. Purified
CPMY RNA was rendered-non—infectiousbby UV irradiation. The
irradiated R@% was examined by denaturing agarose gel
electrophoresis and foﬁhd to be degraded to lengths of
approximately 1000 gg 20Q0 bases (data not shown). The

degraded RNA_was assayed for infectivity on Blackeye-5

129



Figure 21. Comparison of the accumulation of plus sense-
CPSMV RNA1l (A) and RNA2 (B) between, symptom-free (1-6) and
collapsed (7-12) secondary leaves of Black cowpeas co-
inoculation with CPMV and CPSMV. RNAl and RNA2 were assayed
for with minus sense ssRNA transcribed from pG2DG1l and .
pG42DG2, respectively. Each plant sample was probed.with a
minus sense ssRNA transcript of 18s rRNA (C), 'to ensure a
uniform concentration of all samples. Plants were assayed 14
days p.i.. The second and third columns are 1/10 and 1/100 -
dilutions of the first column, respectively. o\
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Figure 22. Comparison of the accumulation of plus sense
CPSMV RNA1 (A) and RNA2 (B) in primary leaves of Black
cowpeas co—inoculated with CPMV and CPSMV. Samples 1-7:
represent primary leaves of seedlings with infected
secondary leaves. Samples 8-14: represent necrotic lesions
on primary leaves of seedlings with uninfected secondary
leaves. Samples 15-21: represent symptom-free regions on
primary leaves of seedlings with uninfected secondary
leaves. Samples 22-23: represent healthy plant tissue. RNA1l
and RNA2 were assayed for with minus sense ssRNA transcribed
from pG2DG1l and pG42ZDG2, respectively. Each plant sample was
probed with a minus sense ssRNA transcript of 18s rRNA (C),
to ensure a uniform concentration of all samples. Plants
were assayed 14 days p.i.. The second and third columns are
1/10 and 1/100 dilutions of the first column, respectively.
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cowpeas. Residual bioloéical activity was not observed in the“f;'”

irradiated RNA. Furthermore, interference was th observed
when irradiated CPMV RﬁA was co—inoculated with CPSMVKRNA on
Blaék seedlings (Table 16). Other investigators have also
reported that the genome of Efe interfering virus had to be
biologically active (Bruening et al., 1979; Saaijer—-Riep & de
Jager, 1988; Sterk & de Jager, 1987).

Pélukaitis and Zaitlin (1984) speculated that replicated
positive sense RNA of the interfering virus would hybridize to
minus sense RNA ‘of the challenging virus. To investigate w
further, CPMV RNA was degraded by UV-irradiation, aﬁd the RNA
was separated into poly(A)-tailed and non—polykA)—tailed
fragments by'oligo—dT cellulose chromatography. The
fractionated CPMV RNA was mixed with CPSMV RNA and annealed as
described above for the annealing of 4CTP tailed cDNA with
dGTP tailed vector:- The mixture was co-inocglated on Black
cowpeas (Table 16). Ne;ther the poly(A)-tailed nor the non-
poly(A)-tailed fraction of CPMV RNA interferred with the
replication of CPSMV RNA. Thé results indicated that neither
small fragments of CPMV RNA nor fragments enriched for 5' or
3' termini could interfere with CPSMV replication in Black
cowpeas. The genome of the inducing virus was required to be
biologically active (fable 16) in contrast to the observation
that CPMV replication was maximal after interference had

already been established.
Sequence of the 3'-terminal of CPSMV RNA. If the mechanism of
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Table 15. Distribution of CPMV and CPSMV in primary infected
leaves of Black and Arlington cowpeas co-inoculated with CPMV and

CPSMV.
LEAF SAMPLE!

OF PLANTS

Black

systemically infected

co-inoculated leaves-
necrotic lesions

co-inoculated leaves-
"healthy" areas

Arlinaton
systemically infected

co-inoculated leaves-—
necrotic lesions

co-inoculated leaves-
"healthy" areas

" leaves

leaves

NUMBER OF PgSITIVE
TEST PLANTS

CpPMV

L=/

CPSMV

42

34

22

TOTAL NUMBER

ASSAYED

42
34

39

24

1. Plants were co-inoculated with 7.5 ug/ml CPSMV and 75 ug/ml

CPMV. Tissue was sampled 14 days post ‘infection.

2. Plant samples were assayed for CPMV and CPSMV by antibody-
trapped ELISA using monoclonal antibodies SB2 and DG11,
respectively. A positive result represents a-value greater

than uninfected controls (< 0.100).
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Table 16. Effects of UV-irradiation on the ébillty of CPMV ssRNA
to interfere with the replication of CPSMV ssRNA in Black

cowpeas.

INocuLuml 'SURVIVING?2 TOTAL NUMBER PERCENT
PLANTS OF PLANTS SURVIVING
INOCULATED
CPSMV 1 11 9
CPSMV/CPMV; UV- 7 11 64

CPSMV/CPMV;, UV+
unfractionated 1 10 10

CPSMV/CPMV; UV+
non-binding to

0ligo-dT~cellulose 2 10 20
CPSMV/CPMV; UV+

bound to ‘

0ligo~-dT-cellulose 2 10 20
1. CPSMV and CPMV ssRNA were 1lnoculated at 0.5 ug/ml and 10

ug/ml, respectively.

2. Plants were assayed 14 days post infection.
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‘inter ference postulated by Paiukaitis and Zaitlin (1984)
applied to the present system,Aregions of homology would be
expected between the 3'-termini of CPMV and CPSMV genomic
‘RNAs. The 3'-termini of CPSMV RNAl and RNA2 were cloned, their
nucleotide sequences elucidated and compared with the
sequences at‘thev3'—termini of CPMV RNAl and RNA2 (Figure 23).
To ensure that the 3'-termini of the CPSHV RNAs were
represented in the clones, 0ligo-d(T) primed cDNA was tailed
with deoxycytidine using terminal deoxynucleotidyl transferase
and ligated to deoxyguanidihe tailed vector. Clones specific
to either RNA1l or RNA2 were selected by hybridization to

electroblots 6f the viral RNA.

The 3'-terminal 70 nucleotides of CPSMV RNA1l and RNA2
share 67% ﬁomology compared to’81% homology between the 3'-
terminal 70 nucleotides of CPMV RNAl and RNA2 (Lomonossoff &
Shanks, 1983; Van Wezenbeek et al., 1983) and RCMV RNAl and
RNA2 (Shanks et al., 1986) RNAs. There is a sequence of
homology common to both RNAs of all three viral genomes:

Ux(U/A)xxxU{U/A)UU (Figure 23).

Interference as a genetic trait of the plant. An experiment

was conducted to determine if subsequent generations of Black
cowpeas which exhibit interference carry a predisposition to

CPMV interference in the replication of CPSMV. Black cowpeas

were co-inoculated with 75 ug/ml of CPMV and 7.5 ug/ml of

CPSMV. At 21 days p.i., samples from plants with visually
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Figure 23. Comparison of the 3'-terminal sequences of RNAl and
RNA2 of CPSMV.

A. 3'-terminal sequences of RNA1l and RNA2 of CPSMV. The sequences
have been aligned to maximize regions of homology.

RNA1

RNA?2

RNA1

RNAZ

CAGCUUUAGCUGUGUAACGGGCUAGUUUAGAAUUAAUUUAUAAARAUGUGC
i N I o I O O O O N O O O A 51
UCCUCAGUCCUGAAUAACCUGGCA UUUUCGCCCAAUUUAU AAAAU UAU

AAUGU AAGUGAUUAUGUGACCUUU AAGUGUUCAGGUGUUCUU CUUUUpolyA
FEET R I i b rrer v rertd 101
AAUGUGUGAUUGUUGUGUGA UUUCUAG UAACAUGUUAUUACUUUUpolyA

B. 3'-terminal sequences of the genomes of three comoviruses. The
sequences have been aligned to maximize regions of homology.
The 10 nucleotides situated adjacent to the polyA tract share
a reglton of homology (Ux(UA)xxxU(UA)UU).

CPMV RNA1l AACAACAAAAAUAUGUGUUUUUAUU-polyA

Lihr 1 RN

CPMV RNA2 GACACAAAAAGAUUUUAAUUUUAUU-polyA

RCMV RNA1 UAU GUGAUAAAGUUUGUGUUUAUU-polyA

el Fererer  rerrertd

RCMV_ RNA2 UAUUGCUUUAAAGUU AUGUUUAUU-polyA

CPSMV RNA1l AAGUGUUCAGGUGUUCUU CUuUU-polyA

I RN RN

CPSMV RNA2 CUAG UAACAUGUUAUUACUUUU-polyA
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bhealthy secondary leaves were analyzed by ELISA for:CPSHV.
Plants testing negative were repotted, ahd retested 4 weeks
later for CPSMV. Initially, of the 127 plant co-inoculated, 44
plagts had uninfected secondary leaves. After the second
screening 40 plants were maintained and grown to seed. Sixty-
eight Biack seedlings which‘were the first generation from
plants that were not of those sYstemically infected by CPSMV,
were co-inoculated with CPMV and CPSMV (as above). Sikteen
plants had uninfected secondary leaves 21 days p.i. The first
generation seedlings were analyzed for CPMV replication by
ELISA 14 days p.i.. CPMV was not found ‘in any of the 68
seedlings. Therefore, a predisposition to interference was hot

carried through to surviving generations.

& 2
Co-inoculation of plants with CPMV, CPSMV and SHMV. Saaijer-

Riep and de Jager (1988) demonstrated that CPMV interferes
with the replication of SHMV in Arlington seedlings. The two
viruses were co-inoculated at approximately the same
concentration for optimal interference. An experiment was
conducted to determine the effect of SHMV on the interference
phenomena between CPMV and CPSMV (Table 17).

Black and Arlington cowpeas were inoculated with three
different concentration§ of SHMV, 75 ug/ml of CPMV and 7.5
ug/ml of CPSMV. Represené@tive plants from each group were
assayed 14 days p.i. for tb9 presence of SHMV and CPMV by

electron microscopy and/or by antibody-trapped ELISA using

monoclonal antibodies specific for SHMV and CPMV. SHMV was
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detected in all assayed plants; CPMV was not detected in any

of the assayed plants. Inter ference by CPMV in the replication

of CPSMV was not affected by SHMV iﬂ Black cowpeas, except
when a high concentration (200 ug/ml) of SHMV was co-

inoculated. In ArliAgton cowpeas, hoéever, the presence of
SHMV prevented CPMV interference of CPSMV replication, even at .

a low concentration (5 ug/ml) of SHMV.

Acquired systemic resistance induced by CPMV. Historically.
research on mixed virus infections has examined the ability of
an inducing virus to protect a plant against subseqﬁent
infection by a challenge virus (Fraser, 1987; Hamilton, 1980).
Ekpe;ﬁments were conducted to determine if primary inoculation
with CPMV would iﬁduce immﬁnity against CPSMV infection of the
secondary leaves.

J The primary leaves of Black cowpeas ;ere.inoculated with
75 ug/ml and 250 ug/ml of CPMV, and the secondary leaves
challenged witﬁ either 1 ug/ml or 7.5 ug/ml of CPSMV (Table
18). For comparison, CPSMV was inoculated on the secondary
leaves of previously uninfected plants. In all examples of
sequential co-inoculation, the symptoms indwced in secondary

leaves by CPSMV infection were noticeably reduced compared to

singular infection of secondary leaves by CPSMV.

Inter ference in BE-5 cowpeas. BE-5 cowpeas were susceptible
to infection by both CPMV and CPSMV (Beier et al., 1977)

(Figure 24). When BE-5 seedlings were co-inoculated with 200
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ug/ml of CPMV and 5.8 ugiml of CPSMV, both viruses accumulated
in primary,ihoculated tissue and secondary leaves (Figures 24
and 25). However, when plants were co-inoculated with 40 ug/ml
of CPMV RNA and 1.2 ug/ml of CPSMV RNA, the feplication of |
CPSMV in primary inoculated leaves was depressed (Figure 24).
The p;imary 1eaves of some of the plants ‘co-inoculated with
purified viral RNAs expressed symptoms characteristic of only
CPMV infection. Other co-inoculated plants expressed symptoms
typical of infection by both viruses. Samples of primary and
secondary leaves were collected from both groups of plants and
analyzed by ELISA for CPMV and CPSMV (Figure 25). CPSMV was

either not detected or detected at a greatly reduced
concentration in both the primary and the secondary leaves oi
plants which expressed only symptoms cheracteristic of CPMV
infection. Both CPMV and CPSMV were detected in all the leaf =

samples collected from plants expressing symptoms

characteristic of infection by both viruses.
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Table 18. Challenge by CPSMV of secondary leaves of plants with
primary leaves infected by CPMV.

first set of trifoliates,

were challenged with CPSMV.

INocuLuM? NUMBER OF PLANTS
EXHIBITING VARIOU
PRIMARY SECONDARY SYSTEMIC SYMPTOMS
LEAF LEAVES
A B C D
Experiment #1
—————- 1 ug/ml CPSMV 19 0 1 2
75 ug/ml CPMV 1 ug/mIKCPSHV 9 3 6 0
250 ug/ml CPMV 1 ug/ml CPSMV 6 3 7 2
—————— . 7.5 ug/ml CPSMHV 15 1 3 0
75 ug/ml CPMV 7.5 ug/ml CPSMV 7 7 q 2
250 ug/ml CPMV 7.5 ug/ml CPSMV 8 q q 3
Experiment #2
—————— 1 ug/ml CPSMV 8 2 0 0
—————— 7.5 ug/ml CPSMV 12 1 0 0
15 ug/ml CPMV -
ssRNA 1 ug/ml CPSMV 6 3 2 18
15 ug/ml CPMV ‘
ssRNA 7.5 ug/ml CPSMV 7 3 8 2
- 1. The primary leaves were inoculated with CPHVA and the

approximately 2-3 cm in length,

2. Symptoms induced by challenge of secondary leaves with
CPSMV were catagorized: A, total vascular collapse; B, > 5
necrotic local lesions per challenged leaf; C, <( 5 necrotic

local lesions per challenged leaf;

D, no visible sign of

necrotic local lesions on challenged leaves.
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Figure 24. Comparison of virus accumulation-in BE-5 cowpeas
singularly and gco-inoculated with CPMV and CPSMV virus or
RNA. BE-5 was co-inoculated with: (A) 200 ug/ml CPMV virus
and 5.8 ug/ml CPSMV virus; (B) 40 ug/ml CPMV ssRNA and 1.2
ug/ml CPSMV ssRNA. Viral capsid proteins of CPMV (@) and
CPSMV (#) were estimated by ELISA. For comparison, BE-5 was
inoculated with: (C) 200 ug/ml of CPMV virus (v) or 40 -
ug/ml of CPMV ssRNA (¥); (D) 5.8 ug/ml of CPSMV virus (A) or
1.2 ug/ml of CPSMV ssRNA (a). Each point represents an
average of six test plants. Background < 0.100. )
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Figure 25. Accumulation of CPSMV and CPMV in secondary
leaves of BE-5 cowpeas co-inoculated with CPSMV (F4 and CPMV
(Cp. (A), secondary leaves of plants singularly inoculated
with either CPSMV or CPMV ssRNA; (B), secondary leaves of
plants co-inoculated with CPSMV and CPMV; (C), secondary
leaves of plants co-inoculated with CPSMV and CPMV ssRNA;
(D), primary leaves of plants singularly inoculated with
either CPSMV or CPMV ssRNA; (E), primary leaves of plants
co-inoculated with CPSMV and CPMV ssRNA exhibiting only
symptoms characteristic of CPMV infection; (F), secondary
leaves of' plants co-inoculated with CPSMV and CPMV ssRNA
exhibiting only symptoms characteristic of CPMV infection.
(Plant sample numbers from (E) and (F) represent the same
plant.) Plants were assayed fourteen days post infection by
antibody-trapped ELISA using monoclonal antibodies SB2 and
DG11. Background < 0.100.
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~ DISCUSSION:

The'repliéationvef CPMV was examined in the
"operatiOnally" iﬁmune cowpeas Black and Arlington. Lowxlevels
of CPMV RNA accumulation were detected inkthe plants;'howevef,
the concomitant accumulation of.Qiral capsid polypeptides was
not detected. Beier et al. k1957) identified sixty—ﬁive
varieties of Vigpna ungquicnrlata, including Black and‘Aelinéton;
as "operationally immune" to infection by CPMV when inoculeted
with a virus concentration one hundred times that required to
uniformly infect a susceptible variety (ie. 250 ug/ml).ﬂPiants
were assayed on the basis gf symptom development and the
ability to\identify infectious virus in inoculated plants. The
definjtion'of "operational immunity" was:modified to exclude
virus replicationd at low levels not detectable by these
criteria (Ponz et al.,‘1988a0. Eastwell et al., (1983)
identified low levels of’the double-stranded RNA replicatiee
form qf'CPMV (Shanks et al., 1985) in infected Black and
Arlington seedlings. ) \

Neither infectious virus nor viral capsid polypeptides
were detected in eitherﬂg}eck or Arlington seedlings
inoculated with CPMV. CPMV RNA was translated as a single,
large polypeptide precursor, and cleaved into smaller,
functional polypeptides by a ZQ kDa protease encoded on viral

-
RNA1l (Verver et al ., 1987). The specificity of the 24 kDa

protease was modulated by a 32 kDa protein, also encoded on

viral RNAl (Vos et al., 1988). The 24 kDa and 32 kDa
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polypeptides together cleaved between Gln and Met amino acid
residues; the same cleavage site required to separate 60 kDa
capsid polypeptide intermediate from the precursor polypeptide
enched 5y RNA2 (Vos et al., 1988). Extracts of Arlington
protoplasts contain a specific proteinaceous agent which
inhibits cleavage of the RNA2 polypeptide precurSor at the
Gln-Met cleavage site (Sanderson ét al., 1985). Therefore, it
would have been uneﬁpected to detect CPMV 23 kDa and 37 kDa
capsid polypeptides }n Arlington seedlings,‘It was not
détermined if'théfga kDa polypeptide precursor of the capsid
proteins was present in plant extracts. However, the 60 kDa
polypeptide could have.been uﬁknowingly detected in ELISA of
inoculated cowpeas because monoclonal antibody SB2 bound an
epitope on the coat protein of CPMV composed of contiguous
amino acid residués. SB2 bound the épitope whether the virus
was in a native or denatured configuration. -

Genetic crosses between Arlington and'Blackeye—S .
seedlings'indicated that the inhibitor of CPMV replication is
inherited as a single dominant character (Kiefer et al.,
1984). Many traits of the immunity in Black cowpeas behaved in
parallel fashion, suggesting th%; a single dominant character

resent in Black cowpeas.

A

for CPMV resistance may also be
However, itrcannot be discounted that there are separate gene
funétions canferring immunity against CPMV infection in Black
seedlings. More detailed anaiysis revealed a number of

additional factors that displayed complex patterns of heredity
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that may have contributed to immunity in Arlington seedlings
(Ponz et al., 1988a). |

Experiments were per formed to challenge hypotheses
explaining the interference in the replication of CPSMV when
CPMV and CPSMV are co-inoculated in cowpeas immune to
infection by CPMV. The efficlency of interference declined
rapidly as the time between CPMV and CPSMV inoculation was
increased. This suggested that CPMV did not induce a
persistent 4 nce mechanism in the primary inoculated leaf
which laterajzéh;iffused in the leaf and interfered with
CPSMV replication at an adjacent site. However. Black and
Arlington cowpeés inoculated with CPMV exhibited acquired
systemig resistance aga;nst subsequent seéondary ‘infection by
CPSMV. Symptdms induced by systemically‘inoculated CPSMV were
attenuated but not delayed, compared to symptom expression in
primarily uninfected cowpeas (Table 18). The protective effect
of acquired systemic resistance was minor relative to fhat of
interferencé.‘

The direct involvement of capsid proteins in the
protection of plants by secod&ary virus infection has been .
implicated by classical crogé—protection experiments (Dodds et
al., 1984; Horikoshi et al., 1987). Horikoshi et al. (1987)
provided evidence that the coat protein of brome mosaic virus
(BMV) inhibited transcription of BMV RNA jin vitro. Moreover,
they were able to demonstrate that the coat protein did not

hat

react with the replicase coaﬁlex directly, but rather formed a
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stable complex with the RNA, thuq blocking transcription. If
this situation reflects interference or cross-protection jip
vive, accumulation of the coat protein of the inducing virus
would be required. This has ngt been observed in Black or ’
Arlington cowpeas infected with CPMV,

Results involving transgenic plants exbressing tpe coat
protein gene have echoed the central role of the coat protein
in protecting plants against subsequent virus infection
(Hemenway et al., 1988; Loesch-Fries et al., 1987; Nelson et
al., 1987; Turner et al., 1987{ Van Dun et al”., 1987). The
presence of actively expressed coat protein gene offered
resistance to PVX, AMV and TMV (Hemenway et al., 1988; Loesch-
Fries et al., 1987; Nelson et al., 1987, respectively). In
systems examining protection against AMV and TMV the ‘
protecting effect of the coat protein was nullified if the.
challenge inoculum consisted of isolated RNA, rather than
intact virions. These data suggested that the uncoating of the
viral RNA was blocked. Resistance was overcome in transgenic
plants expressing the coat érote%n of PVX when inoculated Qith
isolated RNA. In this case, apparently coat protein Qaé not
involved in blocking uncoating of the inoculating virus;
however, coat protein may have regulated an early event in
virus replicatidn. Furthermore, it was demonstrated that the
" genetic background of the transgenic plants influenced the

efficiency of the protection offered by the expression of .the

éoat protein gene (Nelson et al., 1987). The. induced
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resistance to virus infection in transgenic systemic hosts for
TMV was efféctively overcome by inoculation with isolated TMV
RNA rather than intac¢t virions. In contrast, TMV RNA was much
less efficient in eétabiishing an infection in transgenic
plants with a local lesion heritage.

Together, these data suggested that in systems where the
coat protein gene is expressed in transgenic plants either
uncoating of the viral RNA was blocked (TMV and AMV) or aa

early event in viral replication was regulated by the coat

proéein (PVX). As noted above, these hypotheses cannotjbe
extended to CPMV/CPSMV as coat protein did not accumulated in
inoculated plants and inoculation with isolated RNA was at
least eq;ally as effective as inoculation with intact virions
for eStablishing intérfgrence (Table 14). Furthermoré, the
nucleic acid free top component of CPMV when co-inoculated
with CPSMV did not interfere in the réplica:Eon of CPSMV. Thus
CPMV doeé not follow‘emerging patterns of cross-protection or:
interference demonstrated 19 other plant systems. This
conclusion reinforces. the unique nature of virus-virus
interactions of CPMV/CPSMV compa;ed to other systems.

"Two possible mecﬁanisms or a combination thereéf are
envisioned to explain the effect of CPMV on the replication of
CPSMV: 1) CPMV induced a local plant defence mechanism in the
area of infection; 2) transcription or translation of CPMV RNA
directly affected CPSMV replication.

in co-inoculated plants CPMV may have induced the

4
P
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formation of the necrotic local lesions associated with
interference. In mixed inoculated plants with uninfected
secondary leaves, CPSMV was localized in the necrotic local
lesioﬁs formed on the primary inoculated leaves. More
extensively negrosis was observed on primary leaves sihgularly
inoculated with CPSMV, but no symptoms were associated with
singular inoculation by CPMV. Therefore, necrosis was
apparently induced by CPSMV, but co-infection with CPMV
retarded the replication of CPSMV.

Initially it was assumed that CPMV RNA hybridized with a
complementary sequence in CPSMV RNA. Recently, it was
demonstrated that a satellite RNA of CMV contains anti-sense
regions complementary to the viral coat protein gene (Rezaian
& Symons, 1986): A role for these anti-sense RNA regions in
the regulation of viral coat protein synthesis was )
hypothesized. In the present system it was demoﬁstrated that
interference was ;;;%Slished pfior to significant replication
of pousilive sense RNA'of the inducing virus. HoweQer. it could
not bebdiscounted with certaiﬁty that a region of the genome
of the inducing virus in the inoculum did not hybridize to the
challenge virus and interfere with its replication. 1In co-
inoculated cowpeas, CPMV RNA had not accumulated to a
significant concentration throughout the plant at the time
when interference was established. Eggen and Van Kammen (1988)
suggested replication of CPMV was concentrated at the membrane

bound replicase. A significant concentration of CPMV RNA at
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the localizea site of viral replicatioﬁ may have precipitated
the formation of RNA-RNA hybrids with CPSMV RNA, thus
preventing or\delaying the replication of CPSMV.

.
Alternatively, an RNA-RNA hybrid could have beeﬁ formed with
the inoculating RNA of CPMV. However, iﬁterference was not
observed when plants were co-inoculated with CPSMV RNA and
either poly(A)+ fraéments of CPMV RNA or biologically inactive
(ie. UV-irradiated) CPMV RNA. Furthermore, duplex formation
between CPMV and CPSMV would likely reduce the amount of CPMV
available for replication (as well és reducing CPSMV), but no
effect on CPMV replication is observed.

Alternatively, translation product(s) gEﬁCPMV may be
required to initiate the interference response. It was
demonstrated that co-inoculation of CPSMV with CPMV RNAl but
not CPMV RNA2 was sufficient for interference. Eggen and Van
Kammen (1988) suggested that the 170 kDa precursor polypeptide
translated from RNA1l binds to the cytoplasmic membrane forming
a membrane-bound replication complex (replicase). Viral RNA
would bind to the replication complex prior to transcription
of the RNA. CPSMV- RNA may form an abortive complex with the
CPMV replicase to sequester the infecting CPSMV RNA and retard
the replication of CPSMV. Eventually, in some plants, residual
CPSMV replication saturated the CPMV replicase and normal
CPSMV replication resumed after a time delay. The plants would
ekhibit vascular collapse, as did plants singularly inoculated
with CPSMV. ngever, in a minority of the co-inoculated plants

>4
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CPSMV replication would be delayed Sufficienﬁly to allow the
defence response of the plant to confine the. virus at the site
of inoculation.

For many positiye—sense single-stranded RNA viruses, the
replicase recognition sequence was located at the 3'-terminal
of the viral RNA (BAhlquist et al., 1984; Ali Rezaian et al.,
1984). Furthermore, Morch et al. (1977) demonstrated
experimentally the competition for specific nucleotide binding
sites by the replicase. The replicase of turnip yellow mosaic
virus could be effectively inhibited jin vitro by the addition
of RNA transcripts homologous to the 3'-end of the viral
genome. Transcripts from other regions of the genome were not‘
inhibitory. The rqplicas; recognitiop seq@ence of CPMV and
CPSMV RNA is unknown, although a homologous region has been
identified af the 3' terminal of the RNAs three comoviruses
(Figure 23). |

It has been demonstrated that Arlington extracts
contained an inhibitor of the proteolytic processing of the
gln-met cleavage site of the CPMV RNA2 polyprotein (Ponz et
al., 1988a; Sanderson et al., 1985). The CPMV RNAl polypeptide
contains similar Gln-Met cleavage sites ihétﬂpresumably would
also Be cleaved. The successful replication og viral RNA
required processing of the RNAl polyprotein, the process would
have been aborted becauée of thé protease inhibitor in immune
éowpeas {Sanderson ef ai., 1985).

The 1e0e1 of CPMV replication was not increased in co-
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inoculated Black and- Arlington cowpeas, thus it was assumed
the protease of CPSMV could not be substituted for the
inhibited protease of CPMV. It has not been determined whether
the 24 kDa protease and the 32 kDa protein of CPSMV can
faithfully cleave the precursor polypeptide translated from
CPMV RNA2. However, Goldbach and Krjit (1982) demonstrated
that the 32 kDa protein and/or the 24 kDa protease of CPMV
could not cleave the precursor polypeptide translatéd from
CPSMV ﬁNAZ,

An alternative mechanism to explain thé)interference of
CPSMV replication by CPMV is the non-specific cleavage of the
CPSMV precursor polypeptide by the 24 kDa protease of CPMV.
Goldbach and Krijt (1982) observed that the 24 kDa protease or
a combination of the 24 kDa protease and the 32 kDa protein of
CPMV caused an "irregular" cleavage in the precursor
polypeptide translated from CPSMV RNA2. It was not determined
if a similar cleavage sight existed in CPSMV RNAl. Such an
""jrregular" cleavage of CPSMV precursor polypeptide(s) would‘
certainly have delayed the expression of CPSMV:symptoms.
However, whether there would be enough CPMVip;otease to
interfere in the replication of CPSMV sufficiently to allow
the plant necrosis to limit virus spread, would again be
determined by a probability dependent on the environment in
the specific infection site.

In conclusion, it has been observed that CPMV interfered

in the replication of CPSMV when co#%inoculated to cowpeas
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resistant to infectiop by CPMV (Black and Arlington). The
interference phenomenon was also observed in BE-5 cowpeas, a
cultivar suscéptible to CPMV infection, when the ratio of co-
inoculated inducing virus (CPMV): challenge virus (CPSMV) was
increased eight-fold. By all meaéures (RNA and protein{ CPMV
can inhibit CPSMV replication in cultivars susceptible or
immune to CPMV, but in either case, the extent of CPMV
replication is unaffected by CPSMV. Although, viral coat
protein was demonstrated as the central component in
establishing crossiprotection in other viral systems, the
accumulation of CPMV coat protein was not observed in Black
and Arlington cowpeas. The precise mechanism responsible for
the~inq§rference phenomenon could not be elucidated at
present. However, it was postulated that CPMV interferred in
the early stages of CPSMV replication. Detailed analysis of
the interference response required further experiments using
transgenic cowpeas expressing either anti-sense transcripts or

viral proteins encoded by specific regions of the CPMV genome.
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APPENDIX A: -

The results from Tables 1,'2, 4, 5 and 6 presented as

numerical values with standard deviations.

Outline of Statisﬁical Methods.

Assayg invelving mopoclopnal antibodies: all points were
replicated four times per experiment, aﬁd each experimént was
repeated a minimum of three times. The méan value of the
results for each point was determined per experiment. A mean
was calculated from the mean values determined from homologous
exper iments, and the standard deviation was calculated£for the

mean values obtained from individual experiments.‘
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TABLE 1. Characterization of monoclonal antibodies

produced against CPMV-SB.

ANTIBODY~-TRAPPED!
CPSMV

CPMV
. 128
.722

\

.091

.087 -

.901
. 217
149

074

\.

0.
0.

0.

0.

105

191

.101
.294
. 095

. 235

131

109

PLATE-TRAPPED?

0

2.

0.

0.

0.

CPMV
. 311
293
302
. 382
. 209
. 187
159

208

Plates were coated with homologous rabbit
Background = 0.080. Standard deviation

MONOCLONAL
ANTIBODY
SB1 0
SB2 2
SB3- 0
SB4 1
SBS 1
SB7 0
SB8 0.
SB9 0.
immunoglobulins.
= +/- 8.5 %
Background = 0.0

95.

176

Standard deviation =

CPSMV
0.114
0.163
0.222
0.309
0.095
0.239
0.131

Nt
0.207

+/- 9.0 %.



TABLE 2. Characterization of monoclonal antibodies

produced against CPSMV-DG.

MONOCLONAL ANTIBODY-TRAPPED! PLATE-TRAPPED?

ANTIBODY CPMV  CPSMV CPMV  CPSMV
DG3 0.168 1.527 0.686 0.718
DG4 0.069 - 0.524 0.081 0.532
DG5S 0.886 1.638° 0.153 1.460
DG7 0.079 1.260 0.192 0.352
DG8 0.096 0.181 0.109 0.109
DG9 | 0.052 0.745 0.074 0.318
DG11 0.059  2.914 0.094 0.378

-

Plates were coated with homologous rabbit
immunoglobulins. Background = 0.050. Standard deviation
= +/- 6.5 %

Background = 0.080. Standard deviation = +/- 9.0 %,

i
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TABLE 4. Monoclonal antibody binding to altered virus

MONOCLONAL
ANTIBODY

SB1
SB2
SB3
SB4
SB5
SB7
SB8
SB9

conformations in plate-trapped ELISAs.

ABSORBANCE!

DENATURANT

- CPMV-SB  CPSMV-DG

0.

2.

0.

0.

o .

0.

0.

SDS+UREA
198

05a

128
.187 0
.099 0
.203 0
. 225 0
419

0.

090

183

183

.175
.096
. 243

.238

552

Backgroud = 0.095. Standard deviation

178

GUANIDINE

CPMV-SB CPSMV-DG

0.

3.

0‘

+

211
000
.168
.116
.119
112
.132
120

/- 10 %

0.

0.

197

134

.109
.108
. 106
.107
. 126

.103



TABLE 5. Monoclonal antibody binding to altered virus

conformations in plate-trapped ELISAs.

MONOCLONAL ABSORBANCE?!
ANTIBODY
DENATURANT
SDS+UREA GUANIDINE
CPMV-SB CPSMV-DG CPMV-SB CPSMV-DG
DG3 0.853 0.848 0.301 0.140
DG4 0.086 0.978 0.187 0.735
DGS 0.353 1.197 0.122 0.114
DG?7 0.129 0.130 0.139 0.115
DG8 0.087 0.089 0.120 0.096
DG9 0.061 0.064 - 0.108 0.094
DG11 0.071 0.075 0.108 0.091

Backgroud = 0.085. Standard deviation = +/- 10 %
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TABLE 6. Reactivity of monoclonal antibody
SB2 in plate-trapped ELISAs with virus
proteins disrupted with guanidine-LiCl.

PROTEIN SAMPLE (0.3 ug/ml) ABSORBANCE!
CPMV-SB ~ DISRUPTED VIRUS 3.000

-~ LARGE SUBUNIT (VP37) 0.897

~ SMALL SUBUNIT (VP23) 0.183
CPSMV-DG - DISRUPTED VIRUS 0.103

- LARGE SUBUNIT 0.124

- SMALL SUBUNIT 0.132
BUFFERED BLANK - 0.132

1. Standard deviation = +/- 12 %.
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