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ABSTRACT

McLaughlin, M. R., Barnett, O. W., Gibson, P. B., and Burrows, P. M. 1984. Enzyme-linked immunosorbent assay of viruses infecting forage legumes.

Phytopathology 74:965-969.

Enzyme-linked immunosorbent assay (ELISA) was adapted for
detection of alfalfa mosaic, bean yellow mosaic (BYMYV), clover yellow
mosaic, clover yellow vein (CYVYV), peanut stunt, red clover vein mosaic
and white clover mosaic viruses. ELISA was versatile, practical and reliable

in indexing forage legumes for viruses, and also differentiated between
BYMV and CYVV. ELISA was well suited for large-scale screening
programs, and its potential was further extended by mailing sensitized
ELISA plates between cooperating laboratories.

Symptom expression in virus-infected forage legumes may vary
from no visible symptoms to severe mosaics with stunting, leaf
deformation, and necrosis (3,4,25). Symptoms caused by different
viruses may be similar and symptoms caused by multiple infections
may be indistinguishable from those caused by single infections.
Indexing methods using indicator hosts (2,10,18), immunodiffusion
tests (14), and serologically specific electron microscopy (11) are
reliable; however, the need for a simpler and faster means of
detecting and identifying several viruses and indexing large
numbers of plants led us to examine the enzyme-linked
immunosorbent assay (ELISA) (7,28,29).

In this paper, we describe use of several sample buffer additives
to minimize nonspecific positive ELISA reactions. We also
describe experiments to discriminate between the closely related
viruses (bean yellow mosaic virus [BYMV] and clover yellow vein
virus [CYVV]) that infect many of the same forage legume species,
are serologically closely related, and are difficult to differentiate
(14,16). The use of ELISA as a survey tool involving the mailing of
sensitized test plates between researchers in different states is also
described. Abstracts of this research have been published
(5,21-23).

MATERIALS AND METHODS

Antisera sources. Antisera to alfalfa mosaic virus (AMV), clover
yellow mosaic virus (CYMV), CYVV, and white clover mosaic
virus (WCMYV) were produced by O. W. Barnett (2). Antiserum to
BYMV-Ky 204-1 (14) was kindly provided by T. P. Pirone
(University of Kentucky, Lexington), that to peanut stunt virus
(PSV, B-2) by S. A. Tolin (Virginia Polytechnic Institute and State
University, Blacksburg), and that to red clover vein mosaic virus
(RCVMV) by R. O. Hampton (USDA, ARS at Oregon State
University, Corvallis). Conjugated antibody preparations of
RCVMYV were cross-absorbed with sap from healthy white clover
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plants extracted (5%, w/v) in PBS-Tween buffer (0.02 M
phosphate, 0.15 M NaCl, 0.003 M KCI, pH 7.3, containing 0.05%
Tween-20). Absorbed conjugate was incubated 1 hr at 5 C and
centrifuged at 6,500 g for 15 min before use in ELISA.

ELISA. The double antibody sandwich ELISA (7) was used with
modifications (20,24). Optimum concentrations of coating and
conjugate were determined experimentally for each antiserum.
Quantitative assays were as described (6,24). Tests with optical
density values (400 nm wavelength) more than double the negative
controls were scored positive. Qualitative tests were judged by
visual comparison with appropriate positive and negative controls.

Comparative tests. Plant tissue samples were ground with
mortar and pestle in PBS-Tween, squeezed through cheesecloth,
and aliquots were tested by ELISA and on indicator hosts.
Phaseolus vulgaris L. ‘Bountiful’ was used for detection of AMV
(necrotic local lesions) and WCMYV (chlorotic local lesions and
systemic mosaic), Chenopodium amaranticolor Coste & Reyn. for
BYMYV and CYVV (necrotic local lesions), C. quinoa Willd. for
CYMYV (chlorotic local lesions and systemic mosaic), and Vigna
unguiculata (L.) Walp. subsp. unguiculata ‘California Blackeye’for
PSV (chlorotic local lesions, systemic vein clearing, and mosaic).
Indicator hosts were inoculated and maintained in the greenhouse
or in plant growth chambers (16-hr day, 11,000 lux, 30 C; 20 C
night), and symptom development was observed for 1-3 wk.

In comparisons of ELISA with latex agglutination tests (LAT)
(1), we used infected plant tissue or purified preparations of
CYMV, CYVV, or WCMYV in PBS-Tween buffer containing 2%
(w/v) polyvinylpyrrolidone (PVP, 40,000 M W).

Sample buffer additives. Purified preparations of CYVV and
WCMYV were mixed with buffer and with buffer homogenates of
healthy red or white clover. Leaf tissue was ground 1:4 (w/v) in
PBS-Tween with or without various combinations of 2.0% (w/v)
PVP, 0.02 M sodium diethyldithiocarbamate (NaDIECA), and
0.02 M 2-mercaptoethanol (2-ME). Effects of additives were
determined by using a 2* factorial set of treatments arranged in
balanced 4 X 4 lattice square designs with five replications.
Treatment means were adjusted for row and column effects in
squares (6,24). Concurrent experiments were conducted for both
viruses with buffer alone, buffer containing white clover sap, and
buffer containing red clover sap.

Mailing ELISA plates. Polystyrene plates were sensitized with
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antibody and rinsed with PBS-Tween. A lid (spent plate) was
placed on each. Plates were sealed inside plastic bags containing
moist paper towels and shipped via first class mail to cooperators,
Healthy and infected plant tissues, either fresh or freeze-dried, were
included with each shipment along with test reagents and
instructions. Cooperators prepared leaf samples and incubated the
charged plates (with lids, inside plastic bag moist chambers)
overnight at 5 C. Plates were rinsed with cold tap water, covered,
resealed in plastic bags and returned by mail for completion of
ELISA. Initial tests of this procedure were made in cooperation
with T. P. Pirone, Lexington, KY. Subsequent tests involved the
cooperation of E. M. Clark and W. C. Johnson, Auburn, AL; B. G.
Harville, Baton Rouge, LA; J. P. Meiners, Beltsville, MD; R. G.
Prattand W. E. Knight, Mississippi State, MS; W. A, Copeand C.
L. Campbell, Raleigh, NC; S. A. Tolin and S. Boatman,
Blacksburg, VA; D. P. Maxwell, Madison, WI; and K. T. Leath,
University Park, PA.

Detection of BYMY and CYVYV in mixtures. Purified BYMV
(Ky 204-1) and CYVYV (Pratt) were tested against homologous and
heterologous antisera. Viruses at 0.1, 1, 5, 10, 25, 50, 75, 100, 125,
250, 500, and 1,000 ng/ml in PBS-Tween were tested in parallel
experiments with each antiserum by using 5 X 5 balanced lattice
square designs with 25 treatments (twelve concentrations of each
virus and one buffer control) and six replications. Corresponding
replicate squares of the parallel experiments were done on opposite
halves of the same polystyrene plates, ie, BY MV antiserum on one
side and CYVV antiserum on the other. Treatment means were
adjusted for row and column effects in squares and plotted as a
function of virus concentration (Fig. 1).

Purified preparations of BYMV (Ky 204-1) and CYVV (Pratt)
were tested in all combinations of concentrations 0, 250, 500, 1,000,
and 2,000 ng/ml against BYMV and CYVV antisera ina 7 X 7
lattice square design with 49 treatments and four replications.
Antisera to BYMV and CYVYV were combined for tests of 0 ng/ ml
of both BYMV and CYVV, thus reducing the number of treatment
combinations from 50 to 49.

TABLE 1. Comparison of symptom expression, indicator host plant assay,
and enzyme-linked immunosorbent assay (ELISA) for detection of alfalfa
mosaic virus (AMV) in Trifolium repens

AMYV detected

Source plants ELISA Host assay"
Symptoms No. + = + =
Mosaic 69 63 6 63 6
Indistinct 18 9 9 8 10
None 43 17 26 17 26

Total 130 89 41 88 42

"Mechanical inoculation of local lesion host, Phaseolus vulgaris ‘Bountiful.’
All AMV infections detected by this method were also detected by ELISA.

TABLE 2. Comparison of indicator host plant assay with enzyme-linked
immunosorbent assay (ELISA) for detection of alfalfa mosaic virus
(AMYV), clover yellow vein virus (CYVV), peanut stunt virus (PSV), and
white clover mosaic virus (WCMYV) in 200 plants of Trifolium repens

Infected plants detected (no.)

Virus Total ELISA Host" Discrepancies
AMV 13 13 1 2
CYVV 54 50 52 6
PSV 112 97 110 17
WCMV 28 20 18 18°

“Mechanical inoculation of Phaseolus vulgaris ‘Bountiful,’ Chenopodium
armaranticolor, and Vigna unguiculata subsp. unguiculata ‘California
Blackeye.’

"Two infections detected by ELISA only.

“Two infections detected by ELISA only, four by host only.

“Two infections detected by ELISA only, 15 by host only.

“Ten infections detected by ELISA only, eight by host only.
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Motorized sap extractor. A motorized “leaf squeezer” similar to
machines developed in North Dakota (12) and Europe (8) was
constructed. Leaves were passed between motorized counter-
rotating stainless steel rollers wetted with sample buffer from a
wash bottle, and sap was collected by rinsing with additional
sample buffer. To prevent virus contamination between samples,
rollers were rinsed 7 sec with cold tap water and blotted dry with
paper towelling. This standard method was used for all qualitative
ELISA. Subsequent to this research, similar machines became
commercially available (Piedmont Machine and Tool, Inc., Box
109, Six Mile, SC 29682).

RESULTS

Comparative tests. Sap from virus-infected greenhouse plants
tested by ELISA and indicator hosts, respectively, had dilution end
points as follows: AMV (white clover), 10~ and 107%; BYMV (alsike
clover), 10 and 10%; CYMYV (white clover), at least 10 and 10™;
CYVV (white clover), 10 and 1072 WCMYV (Alaska pea), 10 and
at least 107;and WCMYV (Bountiful bean), 10~ and 107°. Results of
indicator host assays and ELISA for AMV, CYVV, PSV, and
WCMYV in T. repens are shown in Tables | and 2.

In ELISA and LAT with purified virus, we detected CYVV at
100 ng/ ml with ELISA and 10 ug/ml with LAT. The lower limits of
virus detection under optimum routine ELISA conditions were 120
ng/ml for BYMYV and 42 ng/ml for CYVV (Fig. 1).

The reliability of ELISA compared with indicator host assays
and LAT in detecting viruses from field-grown clovers, was also
tested. Host assays and ELISA results agreed for 23 of 27 plants
infected with BYMV, CYVV, WCMYV, or combinations of these
viruses. In two plants BYMYV was detected by ELISA only, and in
two others WCMYV was detected by host assay only. We detected 15
BYMV/CYVV-type infections by host assays but could not
distinguish single and mixed infections, whereas we detected 17
such infections by ELISA and differentiated seven BYMV, one
CYVV, and nine mixed. Results of LAT, done for CYVV and
WCMYV only, agreed with ELISA results for all but one plant, in
which we detected WCMYV by LAT only.

Sample buffer additives. Results are shown in Tables 3 and 4.
Generally, plant sap in the sample buffer decreased the sensitivity
of ELISA. Red clover sap generally had a greater effect than white
clover sap. Strong nonspecific reactions sometimes observed in
ELISA of WCMYV in field-grown red clover did not occur, perhaps
because we used fresh tissue from greenhouse-grown plants. The
presence of NaDIECA in the sample buffer generally improved the

OPTICAL DENSITY (A400)
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Fig. 1. Reactivity of bean yellow mosaic virus (BYMV) and clover yellow
vein virus (CYVV) with BYMV antiserum (solid lines, standard error per
adjusted mean = 0.02) and with CYVV antiserum (dashed line, standard
error per adjusted mean = 0.01) in ELISA. Test amounts were 100 ul of
reactants per well; coating and conjugated antibody concentrations were
2.5 pg/ml and 1.25 pg/ml, respectively. The experimental design is
described in the text.



ELISA results, whereas, other additives and combinations gave
erratic results.

Mailing ELISA plates. In an initial test with BYMV, CYVV,and
WCMYV, no adverse effects due to mailing were observed. Samples
containing virus were accurately identified in all but one instance in
blind tests. In one instance, soybean mosaic virus (SMV) reacted so
strongly with CYVV antiserum that the test was interpreted as
positive for CYVV. During the following 14 mo, 142 plates were
sent in 25 mailings to cooperators in nine states (Table 5). A total of
2,748 plant samples were indexed for three to seven viruses for a

total of 13,649 virus tests; 1,142 of these were positive.

Infected fresh plant material withstood mailing well enough for
use as virus control samples, but some deterioration occurred when
the material remained in the mail longer than 2 or 3 days, especially
during the warmer months. Freeze-dried sap used to avert this
problem was prepared in PBS-Tween-NaDIECA buffer and
reconstituted in distilled water. If reconstituted in PBS-Tween
buffer, the antigenicity of some viruses, especially AMV, was
severely reduced.

Detection of BYMYV and CYVY in mixtures. Low optical density

TABLE 3. Effect of additives in sample-grinding buffer on detection of clover yellow vein virus (CYVV) by enzyme-linked immunosorbent assay (ELISA)

Adjusted mean optical density (400 nm)

Experiment I'
(buffer only)

Experiment 1I"
(buffer + white clover sap)

Experiment I1I*
(buffer + red clover sap)

Buffer + additives” Virus® No virus Virus No virus Virus No virus
PBS+Tw 1.34 0.03 1.04 0.04 0.09 0.10
PBS+Tw+M 1.45 0.05 1.14 0.04 0.45 0.05
PBS+Tw+D 1.38 0.09 1.23 0.02 0.40 0.08
PBS+Tw+P 0.66 0.00 0.68 0.06 0.20 0.06
PBS+Tw+M+D 1.44 0.06 1.29 0.02 0.19 0.04
PBS+Tw+M+P 0.98 0.02 0.52 0.00 0.43 0.03
PBS+Tw+D+P 0.94 0.04 0.84 0.08 0.41 0.04
PBS+Tw+M+D+P 1.09 0.05 0.89 0.05 0.28 0.03
S.E. +0.04 +0.03 +0.02

*Balanced 4 X 4 lattice square design with five replications for each 2* factorial experiment.
*Phosphate-buffered saline (0.02 M phosphate, 0.15 M NaCl, 0.003 M KCI, pH 7.3) containing 0.05% Tween-20 (PBS-Tw); 0.02 M 2-mercaptoethanol (M);
0.02 M sodium diethyldithiocarbamate (D); and 2.0% polyvinylpyrrolidone, 40,000 MW (P).

“Purified CYVV, 50 ug/ml, 200-ul sample per test well.

TABLE 4. Effect of additives in sample-grinding buffer on detection of white clover mosaic virus (WCM V) by enzyme-linked immunosorbent assay (ELISA)

Adjusted mean optical density (400 nm)

Experiment I'
(buffer only)

Experiment I1"
(buffer + white clover sap)

Experiment 111"
(buffer + red clover sap)

Buffer + additives" Virus® No virus Virus No virus Virus No virus
PBS+Tw 0.15 0.05 0.18 0.04 0.17 0.05
PBS+Tw+M 0.21 0.06 0.14 0.06 0.10 0.05
PBS+Tw+D 0.15 0.05 0.28 0.06 0.27 0.06
PBS+Tw+P 0.16 0.05 0.18 0.06 0.20 0.05
PBS+Tw+M+D 0.21 0.06 0.12 0.05 0.15 0.05
PBS+Tw+M+P 0.21 0.06 0.10 0.05 0.08 0.05
PBS+Tw+D+P 0.15 0.06 0.19 0.05 0.14 0.04
PBS+Tw+M+D+P 0.21 0.06 0.13 0.05 0.07 0.05
S.E. +0.006 +0.009 +0.008

*Balanced 4 X 4 lattice square design with five replications for each 2* factorial experiment.
"Phosphate-buffered saline (0.02 M phosphate, 0.15 M NaCl, 0.003 M KCl, pH 7.3) containing 0.05% Tween-20 (PBS-Tw); 0.02 M 2-mercaptoethanol (M);
0.02 M sodium diethyldithiocarbamate (D); and 2.0% polyvinylpyrrolidone, 40,000 MW (P).

“Purified WCMYV, 50 pg/ml, 200-ul sample per test well.

TABLE 5. Summary of ‘ELISA by mail’ from June, 1978 through August, 1979

Virus infections detected (no.)/ no. tests'

Mailings Plates

State (no.) (no.) AMYV BYMV CYMV CYVV PSV RCYMV WCMV Total
AL 2 8 0/70 0/70 0/70 4/70 nt nt 3/274 7/554
KY 2 8 0/772 12/84 0/72 0/84 3/72 0/72 0/84 15/540
LA 6 18 2/130 3/130 0/60 159/456 94/456 30/196 148/386 436/1,814
MD 1 7 0/77 30/77 0/77 8/77 11/77 0/77 0/77 49/539
MS 5 31 0/651 259/867 0/111 16/867 13/797 0/104 0/111 288/3,508
NC 3 20 10/378 6/378 0/238 59/378 43/378 0/238 17/378 135/2,366
PA 2 3 5/31 4/31 0/17 3/31 0/31 2/31 0/31 14/203
VA 2 18 7/202 18/202 0/202 50/202 24/202 0/202 14/202 113/1,414
Wi 2 29 16/449 21/449 0/449 14/449 10/449 24/449 0/17 85/2,711

Total 25 142 40/2,060 353/2,288  0/1,296 313/2,614 198/2,462 56/ 1,369 182/1,560 1,142/13,649

*Samples included various species of forage and other legumes collected in nature, from experimentally inoculated and naturally infected plants in the field

and from greenhouse collections; “nt” means “not tested.”
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values were observed in heterologous ELISA of BYMVand CYVV
(Fig. 1), thus allowing the determination of heterologous reaction
limits. When mixtures of BYMV and CYVV at known
concentrations were tested and the results interpreted based on the
heterologous reaction limits, accurate interpretations were possible
in 88 of 98 tests. Inaccurate interpretations were associated with
relatively high concentrations of BYMYV in the absence of CYVV
(when reactions were mistakenly interpreted as due to virus
mixtures) and with relatively high concentrations of CYVYV in the
presence of relatively low concentrations of BYMYV (when
reactions were mistakenly interpreted as due to CYVV only).

We also observed occasional nonspecific reactions with some
greenhouse-grown white clover plants in ELISA of BYMV and
CYVYV (unpublished). No virus could be isolated by sap inoculation
even after concentration of inoculum. Periodic ELISA of the same
plants gave erratic results. Addition of sugars (9) or NaDIECA to
the grinding buffer did not prevent these occasional nonspecific
reactions.

Motorized sap extractor. For qualitative tests, two people could
process 250—500 samples in about 6 hr depending on the number of
viruses to be tested and, therefore, the number of wells to be
charged with each sample. Double rinsing and drying of rollers was
required to prevent carryover of AMYV. Silicone coating on the
rollers made roller washing more rapid, but drying was still
required to prevent carryover.

DISCUSSION

The sensitivity of ELISA relative to infectivity tests varied
among the forage legume viruses tested and with experimental
conditions such as differences in IgG preparations, dilution of
coating antibody, and timing of assay steps.

The reliability of ELISA was generally as good or better than
LAT. Koenig (15) also observed greater sensitivity of ELISA over
LAT. Symptom expression of white clover plants inoculated with
AMYV was not a reliable criterion for determining infection. Testing
by ELISA enabled detection of AMV in symptomless plants (Table
1). Agreement between ELISA and indicator host assays (Tables 1
and 2) was variable, but the ease and speed of ELISA made it the
preferable method for large-scale testing.

Sample buffer additives had marked effects on ELISA (Tables 3
and 4). Inclusion of 2% PVP in PBS-Tween sample buffer, had
little or no effect on detection of WCMYV (Table 4) but was
detrimental insome CYVV tests (Table 3). Although our tests were
done by adding purified virus to extracts of healthy plants, similar
observations of the effects of PVP were made by Mowat (26) for
plants infected with narcissus tip necrosis and narcissus mosaic
viruses. Hill et al (13) tested purified soybean mosaic virus (SMV)
and reported severe aggregation of SMV in PBS-Tween-PVP as
responsible for the apparent decrease in ELISA sensitivity, butalso
observed aggregation in PBS-Tween without PVP and suggested
high salt concentrations may be responsible. In our tests, no single
buffer concoction was optimum for all systems. Whether examined
by analysis of interactions within the factorial arrangement of
treatments, or by comparison of binding ratios as suggested by Hill
etal (13), addition of NaDIECA gave best results overall. Although
buffer containing 2-ME alone or with PVP, or containing
NaDIECA with PVP, gave better results in some tests, the
overriding requirement for simplicity in testing for several viruses
in several plant species caused us to adopt PBS-Tween-NaDIECA
for routine testing of clovers.

High background optical density readings may result from
several unrelated causes, including antibodies to host components.
This problem may be overcome by absorption with healthy host
material (17) or by use of short substrate incubation times.
Ghabrial et al (9) used sugars in the antigen buffer to prevent high
nonspecific background due to lectins. Hill et al (13) used a
secondary ovalbumin coat to lower background, supposedly by
preventing nonspecific adsorption to the plate. We observed that
109% diethanolamine can also cause high backgrounds if stored for
3—4 mo before use.

The use of ELISA by mail offers new dimensions in research
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potential to plant breeders and pathologists not otherwise
equipped for virus detection and identification work (16,19,27).

Distinguishing closely related viruses by ELISA proved
especially useful with BYMV and CYVV. The procedure we
described to distinguish heterologous reactions from reactions of
virus mixtures according to experimentally determined criteria for
heterologous reactions was about 90% accurate within the range of
virus concentrations tested. Although this margin may not be
acceptable for some studies, it is a significant improvement over use
of indicator hosts for separation of BYMV and CYVV.
Complications may arise however, if more than two closely related
viruses need to be distinguished. We found reliable serodiagnosis of
BYMYV and CYVV in mixed infections was possible only from
original plants, and that mechanical or aphid inoculations to
transfer natural or experimentally produced mixed virus cultures
often resulted in loss of one or the other virus.
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