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ABSTRACT Virus-specific or group-specific antibody
probes to potyviruses can be produced by targeting the immune
response to the virus-specific, N-terminal region of the capsid
protein (29-95 amino acids depending on the virus) or to the
conserved core region (216 amino acids) of the capsid protein,
respectively. Immunochemical analysis of overlapping, syn-
thetic octapeptides covering the capsid protein of the Johnson-
grass strain of Johnsongrass mosaic virus (JGMV-JG) has
delineated the peptide sequences recognized by five polyclonal
rabbit antisera and two mouse monoclonal antibodies (mAbs).
The antibodies characterized were (i) three virus-specific rab-
bit polyclonal antisera and one virus-specific mouse mAb
(1/25) raised against native virus particles, (ii) one polyclonal
antiserum raised against trypsin-derived core particles of
JGMV-JG, (iii) one group-specific polyclonal antiserum raised
against the denatured, truncated coat protein from trypsin-
derived core particles ofJGMV-JG, and (iv) one group-specific
mouse mAb (1/16) raised against native virus particles. The
two epitopes seen by mAb 1/25 occurred at residues 18-27 and
43-52 and overlapped with the two major epitopes seen by the
virus-specific polyclonal antiserum. The group-specifilc epitope
seen in JGMV-JG by mAb 1/16 was also recognized strongly
in potato virus Y. the type member of the potyvirus group. The
multiple epitopes seen by the cross-reactive polyclonal antisera
were distributed across the entire core region of the coat
protein and their relative antibody binding responses varied
between JGMV-JG, potato virus Y, and six other distinct
potyviruses.

Plant diseases are estimated to be responsible for economic
losses worldwide of $60 billion per annum (1). The most
important pathogens are fungi, with plant viruses the second
most important group of infectious agents. Of the 28 plant
virus groups or families the potyvirus group is the largest. It
contains at least 175 independent members and accounts for
about 30% of all viruses known to infect plant species around
the world (2, 3). Potyvirus particles are flexuous rods,
729-900 nm long and -11 nm in diameter, and consist of up
to 2000 subunits of a single protein species (4).

Successful control and eradication of plant virus infections
is dependent on the availability of simple, reliable methods
for plant virus detection and identification. To date, this has
been difficult to achieve for potyviruses due to the large size
of the group, the vast variation between members, and the
lack of satisfactory taxonomic parameters to distinguish
independent viruses from related strains (2-4). Thus, there is
a real need to evaluate new criteria for the identification and
classification of potyviruses.

During investigations on the structural characterization of
the coat proteins of potyviruses we made the following
observations that have implications for potyvirus detection
and classification: (i) distinct potyviruses exhibit coat protein
sequence homology of 38-71% with major differences in the
length (29-95 residues) and sequence of the N-terminal
portion of their coat proteins but high sequence homology
(65%) in the C-terminal three-quarters ofthe coat proteins (5);
(ii) strains of individual viruses exhibit very high sequence
homology (90-99%) (5-8); (iii) the N and C termini of the coat
proteins are surface-located as found for other rod-shaped
plant viruses such as tobamoviruses, potexviruses, and to-
braviruses and can be removed from virions by mild prote-
olysis (8, 9).
These observations suggested that antibodies produced

against the highly conserved core region of the coat protein
should be excellent broad-spectrum probes capable of de-
tecting most, if not all, potyviruses, whereas antibodies
directed to the unique surface-located, N-terminal regions of
the coat proteins should be highly specific and only react with
strains of the one virus (8).

In this paper we describe the characterization of five rabbit
polyclonal antisera and two mouse monoclonal antibodies
(mAbs) targeted to different regions of the coat protein of the
Johnsongrass strain of Johnsongrass mosaic virus (JGMV-
JG). The virus infects the perennial weed Johnsongrass
(Sorghum halepense) as well as the commercial crops such as
sorghum (Sorghum bicolor) and maize (Zea mays). Immu-
nochemical analysis of overlapping synthetic peptides has
allowed us to delineate epitopes in JGMV-JG and establish
the extent to which these epitopes are conserved across other
potyviruses. Such systematic mapping was first described by
Geysen et al. (10) in their analysis of the antigenic regions of
foot and mouth disease virus coat protein VP1 and is ideally
suited to the identification of sequence-dependent linear
epitopes that are the targets of diagnostic reagents.

MATERIALS AND METHODS
Viruses. Potyviruses used in this study were bean yellow

mosaic virus (BYMV-S), JGMV-JG, maize dwarf mosaic
virus 0 (MDMV-O, a strain of JGMV) (11), passionfruit
woodiness virus (PWV-TB), potato virus Y (PVY-D), soy-
bean mosaic virus (SMV-V) and tobacco etch virus (TEV-
HAT). The strains of the viruses used, their propagation
hosts, and the methods of their purification were those
described previously (12, 13).

Abbreviations: JGMV-JG, Johnsongrass strain of Johnsongrass mo-
saic virus; BYMV-S, bean yellow mosaic virus; MDMV-O, maize
dwarf mosaic virus 0; PWV-TB, passionfruit woodiness virus;
PVY-D, potato virus Y; SMV-V, soybean mosaic virus; TEV-HAT,
tobacco etch virus; PPV, plum pox virus; mAb, monoclonal anti-
body.
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Antisera. Five rabbit polyclonal antisera (8, 14) and two
mouse mAbs were used. Three of the polyclonal antisera,
JGMV AS-1, JGMV AS-2, and JGMV AS-3, were first,
second, and third bleedings, respectively, of the same rabbit
given a series of injections of native particles of JGMV-JG.
The injections (1 mg of virus per ml per injection) were given
intravenously on days 1, 8, 15, 30, 37, and 59 with a seventh
intravenous injection of a new virus preparation (2 mg of
virus per ml per injection) on day 65. The three bleedings
were taken on days 25, 52, and 74, respectively. The final two
polyclonal antisera (referred to as JGMV core particle AS
and denatured JGMV core protein AS) were raised against
trypsin-derived JGMV-JG core particles and their denatured,
truncated coat protein, respectively. The trypsin-derived
core particles remain as assembled rods but have lost, as a
result of the trypsin treatment, 69 and 18 amino acids from the
N- and C-terminal ends of their coat proteins, respectively
(8). The truncated coat protein was obtained by disassembly
and denaturation of the trypsin-derived core particles with
60% (vol/vol) formic acid and dialysis against water (13). The
antisera to trypsin-derived JGMV core particles and dena-
tured JGMV core protein were prepared by one intramuscu-
lar injection (1 mg/ml per injection) in Freund's incomplete
adjuvant on day 1; this was followed by three further intra-
venous injections (1 mg/ml per injection) on days 15, 29, and
43. Blood was collected 10 days after the last injection. The
mAbs were produced to intact native particles of JGMV-JG
(D.R.H., S. L. Tracy, and D.D.S., unpublished results).
BALB/c mice were immunized by intraperitoneal injection
of 50 ,ug of purified JGMV-JG particles in Freund's complete
adjuvant; this was followed 14 days later by an intravenous
injection of 50 ,g of purified JGMV-JG particles in saline 4
days before cell fusion. Cell fusions, growth of hybridoma
cells, cloning hybridomas, and screening for antibody pro-
duction and antibody isotype were carried out as described
(15).

Western Blotting. Western blotting was performed with
freeze-dried coat protein preparations of the potyviruses and
those of potato virus X and tobacco mosaic virus using
nitrocellulose strips and horseradish peroxidase-conjugated
second antibodies according to the manufacturer's directions
(Bio-Rad) as described (13, 16).

Synthesis and Immunochemical Analysis of Peptides. All
possible overlapping octapeptides as defined from the se-
quences of JGMV-JG and PVY-D (17, 18) were synthesized
on acrylic acid-coated polyethylene rods and tested for
antibody binding by ELISA as described by Geysen et al.
(19).

RESULTS
Contrasting Specificity of Antibody Preparations. As shown

in Fig. la JGMV AS-2 raised against native virus particles of
JGMV-JG was highly specific and reacted only with the two
strains of JGMV. No reaction was observed with the coat
proteins of the five other potyviruses. The mouse mAb 1/25
showed higher specificity than JGMV AS-2 on Western blots
and reacted only with the JG strain ofJGMV and not with the
MDMV-O strain (data not shown). The JGMV core particle
AS gave similar reactivity patterns on Western blots to that
of the JGMV AS-2 but differed in showing weak, but signif-
icant, reactions with some of the other viruses tested (Fig.
lb). The mouse mAb 1/16 produced in the same fusion as
mAb 1/25 (Fig. 1d), and the denatured JGMV core protein
AS (Fig. 1c) exhibited the broadest specificities and reacted
with coat proteins of all potyviruses tested. None of the
polyclonal antisera and the mAbs reacted with plant proteins
or rod-shaped viruses (potato virus X and tobacco mosaic
virus) belonging to other plant virus groups (results not
shown).

(a)

130K

75K -

50K1

39K -#
27KA 2 3

, (b)
130K 4

75K

50Ks~

39K

27KV

17K 2 3

4 5 6 7 8

4 5 6 7 8

(c)

130K-

75K- *

w* L B B - ''X''i~~~~~~~~~J6.

39K-%

2K3 4 5 6 7 8

130K-
75 K-

50K-)
a

39K-v_

27K-j

17K

1 2 3 4 5 6 7 8

FIG. 1. Western blots of six distinct potyviruses. Approximately
5 gg of freeze-dried protein from native virus particles, dissolved in
Laemmli sample buffer and heated for 3 min in boiling water, was
loaded per slot of the gel. (a) Reaction with JGMV-JG AS-2. (b)
Reaction with JGMV core particle AS. (c) Reaction with denatured
JGMV core protein AS. (d) Reaction with mAb 1/16 produced to
native JGMV-JG particles. Lanes 1, prestained Bio-Rad standards;
lanes 2-8, JGMV-JG, MDMV-O strain of JGMV, BYMV-S, PWV-
TB, PVY-D, SMV-V, and TEV-HAT, respectively. The multiple
bands represent higher oligomers and degradation products (8). As
revealed by Coomassie blue staining of the gels after transfer, only
less than half of the coat proteins were actually transferred onto
nitrocellulose under the electrophoretic conditions used. Coomassie-
stained patterns are similar to the pattern shown in c. Molecular
weights are shown on the left.
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overlapping octapeptides that cover the amino acid sequence (Fig. 2). Antibody responses following two injections (scan 1)
of the coat protein of JGMV-JG (17) dramatically illustrates and five injections (scan 2) were almost exclusively restricted
the immunodominance of the N-terminal region of the coat to the N-terminal 70 amino acids with significant responses to
protein when intact virus particles are used as immunogens the central and C-terminal peptide regions occurring only
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particles ofJGMV. PVY peptides were allowed to react with the denatured JGMV core protein AS (scan 8) and the mAb (1/16) to intact particles
of JGMV (scan 9). The numbers along the horizontal axis refer to the first residue of each octapeptide.
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after prolonged antigen boosting (scan 3). As shown in scans
1 and 2, the major virus-specific epitopes for JGMV-JG
recognized by the early bleeding polyclonal antisera were
residues 13-24 and 45-56 with minor epitopes at 1-8, 29-37,
and 58-68 (Fig. 2). These regions are either absent or bear
negligible sequence homology with the corresponding re-
gions of other potyvirus coat proteins (5, 20) and overlapped
substantially with the two epitopes (residues 18-27 and
43-52) seen by the highly specific mAb, 1/25 (Fig. 2, scan 6).
The JGMV core particle AS, though showing similar

Western blot reactions to JGMV AS-2 (Fig. 1 a and b),
displayed a totally different epitope specificity (Fig. 2, scan
4). This JGMV core particle AS showed strong recognition of
only one peptide region, residues 70-79 with weak responses
at 160-168 and 176-186 and minor responses at a few other
regions (Fig. 2, scan 4). The cross-reactive antiserum, dena-
tured JGMV core protein AS, recognized six major and five
minor epitopes in the coat protein core of JGMV-JG (Fig. 2,
scan 5). The major core epitopes involved residues 68-79,
99-109, 107-117, 158-169, 173-185, and 179-189, three of
which correspond to the major and minor epitopes seen by
the JGMV core particle AS. The remaining two overlapping
major epitopes, 99-109 and 107-117, seen by the denatured
JGMV core protein AS did not elicit antibodies in the rabbit
immunized with trypsin-derived core particles, a finding that
is consistent with the prediction that these residues are buried
in the assembled core particle structure (8).
The specificity of the cross-reacting mouse mAb 1/16 was

also investigated and shown to recognize JGMV-JG peptide
sequences 64-77 and 273-280, with lower responses to
112-119 and 225-235 (Fig. 2, scan 7). Region 64-77 overlaps
with one of the regions (residues 58-70) recognized by the
JGMV AS-2 and AS-3 (Fig. 2, scans 2 and 3), with the major
epitope recognized by the JGMV core particle AS (Fig. 2,
scan 4) and with one of the major epitopes seen by the
denatured JGMV core protein AS (Fig. 2, scan 5). Compar-
ison of the coat protein sequences of seven other potyviruses
(20) shows these potentially cross-reactive epitopes are well
conserved but not identical.

It was of interest to investigate whether all six major core
eiptopes seen in JGMV-JG are recognized in other potyvirus
coat proteins. The overlapping octapeptides for the amino
acid sequences equivalent to JGMV-JG residues 68-79,
99-109, 107-117, 158-169, 173-185, and 179-189 (core
epitopes 1-6) in seven other potyviruses were synthesized
and tested for their ability to bind the cross-reactive dena-
tured JGMV core protein AS. As shown in Fig. 3, these
peptides were not all recognized in the other seven potyvi-
ruses. The major cross-reactive epitopes were core epitopes
2,4,5, and 6. Core epitope 2 was recognized in all potyviruses
tested except SMV-V. Core epitope 4 was recognized
strongly in PWV-TB and moderately in PPV-D, TVMV,
SMV-V, and SMV-N, whereas core epitope 6 was readily
recognized in PVY-D and SMV-N. Core epitope 5 was
recognized weakly in PVY-D, PWV-TB, SMV-V, SMV-N,
and PPV-D, whereas core epitope 3 was only recognized in
one other virus, PWV-TB. Core epitope 1 (residues 68-79)
did not score as a cross-reacting epitope with the denatured
JGMV core protein AS and was not recognized in any of the
other potyviruses tested except SMV-N, where the reaction
was relatively minor. This was surprising, since it overlaps
substantially with residues 64-77, the major epitope seen by
the cross-reacting mAb 1/16, and since the amino acid
residues at positions 64, 65, and 67 are not conserved in
different potyviruses (20).

It was also of interest to examine whether regions corre-
sponding to minor epitopes in JGMV-JG or additional
epitopes are recognized in the coat proteins of other potyvi-
ruses. To this end the 260 overlapping octapeptides that
cover the sequence of the coat protein of PVY-D (18) were
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FIG. 3. Scans of antibody binding to overlapping octapeptides
homologous with the coat protein sequences of eight distinct poty-
viruses at regions equivalent to core epitopes (CE) 1-6 (residues
68-79, 99-109, 107-117, 158-169, 173-185, and 179-189) in JGMV-
JG. The seven other potyviruses and their coat protein sequences are
plum pox virus (PPV-D; ref. 21); tobacco vein mottling virus
(TVMV; ref. 22); PVY-D (18); PWV-TB (7); SMV-V (23); SMV-N
(24); tobacco etch virus (TEV-NAT; ref. 9). The antiserum used was
the rabbit polyclonal antiserum raised against the denatured trun-
cated coat protein from trypsin-derived core particles of JGMV-JG.
The antibody binding for each octapeptide is depicted above the first
residue of that peptide.

synthesized and screened with the denatured JGMV core
protein AS. As shown in Fig. 2, scan 8, no new major epitopes
were found. The only major epitopes were those correspond-
ing to core epitopes 2 (residues 63-71) and 6 (residues
142-152) identified in the restricted analysis (Fig. 3). Mod-
erate binding was observed at residues 137-148 (equivalent to
core epitope 5 in JGMV) and at residues 178-187 (equivalent
to the minor core epitope at residues 216-224 in JGMV).
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Weak responses were found at 186-193 (equivalent to a minor
epitope in JGMV) and at the new positions 83-92 and
195-205, regions not recognized in JGMV.
When mAb 1/16 was tested against the PVY-D coat protein

peptides, three of the four regions seen by this antibody in
JGMV-JG were recognized (Fig. 2, scan 9). The major
epitope (residues 27-38) is equivalent to residues 64-75 in the
major epitope (core epitope 1) seen in the JGMV coat protein,
whereas the minor responses at 77-84 and 189-198 overlap or

are equivalent to the minor responses at 112-119 and 223-232
in JGMV, respectively (Fig. 2, scan 7). The single response
with mAb 1/16 at 273-280 in JGMV was not seen with the
corresponding PVY peptide.

DISCUSSION
Serology has been shown to be a very useful criterion for the
identification and classification of members of several plant
virus groups, notably tobamoviruses (25) and tymoviruses
(26). However, to date it has proved most unsatisfactory
when applied to the large potyvirus group as serological
relationships between related strains and distinct members
have been found to be complex and inconsistent (2-5).
We have recently shown that much of this confusion has

resulted from the use of diagnostic antisera that contain
variable proportions of cross-reacting antibodies directed
toward the conserved core region of the virus coat protein (8,
13). The occurrence of these antibodies can be minimized by
careful immunization protocols (8) or they can be removed by
cross absorption (11, 13). These findings highlighted the
importance of using well-characterized diagnostic reagents
for plant virus detection and identification.
The epitope mapping technique employed here is a very

powerful method for characterizing antibody preparations
and assessing the effects of amino acid sequence changes on
epitope reactivity. In this paper we have shown that the
epitopes recognized by broad-spectrum cross-reactive anti-
bodies are distributed across the entire core region of the coat
protein and that their relative contribution to total antibody
binding varies between different potyviruses (Figs. 2 and 3).
Of great interest was the finding that the major region

recognized by the cross-reacting mouse mAb raised against
whole JGMV-JG particles was the major region recognized
by the polyclonal antisera to trypsin-derived core particles of
JGMV-JG and corresponds to core epitope 1 recognized by
the JGMV core protein antisera. The region has the highest
peak of hydrophilicity in the total coat protein and is surface-
located in native virus particles since it includes the two
lysine residues, 67 and 69, which mark the junction between
the trypsin-susceptible N-terminal region and the trypsin-
resistant core (8).
The different recognition of the core epitope sequences

from different potyviruses (Fig. 3) and the reactivity of the
mAbs 1/25 and 1/16 for multiple epitopes (Fig. 2) may reflect
previous observations that many of the residues in linear
epitopes can be substituted and that only a few of the amino
acids are key contact residues (10, 19). Also, it is interesting
to note that mAbs have been found to bind to proteins that
display no significant sequence homology (27, 28).

In this report we have also shown that the epitopes recog-
nized by the virus-specific mAbs and polyclonal antibodies are
linear sequences located in the N-terminal region (residues
1-67) ofthe coat protein, which is known to be exposed on the
surface of native virus particles (8, 9). Surprisingly, these
virus-specific reagents contained no antibodies to peptide
sequences in the C-terminal 18-amino acid residues, which can
also be removed from native virus particles by trypsin treat-
ment (8), or to the conserved core region of the coat protein.
The proportion of antibodies directed toward conformational
epitopes in native virus particles is not known, but these

antibodies would be expected to play a minor role in peptide
binding and Western blot reactions.
The systematic immunochemical analysis technique em-

ployed here has the potential to resolve many of the problems
currently associated with potyvirus serology. It should be
possible to identify the epitopes responsible for the unex-
pected and inconsistent "paired" relationships reported be-
tween independent potyviruses (2-5, 8, 13) and to establish the
cause for the very poor serological cross-reactivity between
pepper mottle virus and strains ofPVY despite their very close
sequence homology (3, 6). In turn it should lead to the use of
synthetic peptides corresponding to defined epitopes, to gen-
erate virus-specific and group-specific serological probes.

In view of the structural similarities in polypeptide folding
and subunit packing among rod-shaped plant viruses (8), our
results with potyviruses may have relevance for members in
the carla-, clostero-, potex-, tobamo-, and tobravirus groups.
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