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Incidence, Spatial Patterns, and Associations Among Viruses  
in Snap Bean and Alfalfa in New York 

Denis A. Shah, Helene R. Dillard, Sudeshna Mazumdar-Leighton, and Dennis Gonsalves, Department of Plant 
Pathology, and Brian A. Nault, Department of Entomology, New York State Agricultural Experiment Station, Ge-
neva 14456 

Beginning in 2000, snap bean (Phaseolus 
vulgaris L.) crops exhibiting virus-like 
symptoms on the foliage (leaf distortion, 
yellow and green mottling, and mosaic) 
were increasing in frequency on a regional 
scale across the northern United States and 
Canada (10,20). These crops also produced 
fewer pods or pods that were either twisted 
or necrotic (hence unmarketable). Across 
the Midwest and northeastern United 
States in 2001, virus infection in some 
late-season processing snap bean fields 
resulted in total yield loss (20). High tem-
perature stress in snap bean during repro-
ductive development can cause floral ab-
scission (33), resulting in reduced pod 
number. High temperatures also disrupt 
fertilization and ovule development, which 
then leads to deformed pods because of 

reduced seed set (36). However, the com-
bination of virus-like symptoms, presence 
of soybean aphid (Aphis glycines Matsu-
mura) at sometimes high numbers, and 
positive serological assays from affected 
fields strongly suggested that the ob-
served symptoms and yield losses repre-
sented an emerging problem of virus epi-
demics, which had been less severe in 
past decades (37). 

The most prevalent viruses found in pre-
liminary serological assays of snap bean 
samples from New York in 2001 were 
Alfalfa mosaic virus (AMV), Cucumber 
mosaic virus (CMV), and the Potyvirus 
genus (10). AMV, CMV, and members of 
the Potyvirus genus are transmitted by 
several species of aphids in a nonpersis-
tent, stylet-borne manner (32). If aphids 
are primarily responsible for spreading 
these viruses into snap bean fields, a likely 
virus source is alfalfa (Medicago sativa 
L.). Alfalfa dominates the central and west-
ern New York agricultural landscape, where 
snap bean production is also concentrated, 
and is a reservoir of several viruses (46), 
some of which are transmissible to bean (4). 
Alfalfa fields typically remain in production 
for 4 to 6 years, sometimes longer, but virus 
incidence in forages tends to fluctuate over 
time and location, either increasing or de-
creasing (7,41). 

Studies on virus spread have demon-
strated gradients in the incidences of 

aphid-transmitted viruses in legumes when 
grown near to virus-infected forages 
(13,17). Another study focusing on aphid 
movement showed that densities of the pea 
aphid (Acyrthosiphon pisum (Harris)) 
alatae in a lima bean field increased im-
mediately after a nearby alfalfa field was 
harvested, suggesting that the aphid mi-
grated from alfalfa to the lima beans (23). 
An increase in the densities of A. pisum 
alatae was observed in dry bean fields 
immediately after adjacent alfalfa fields 
were harvested (45). Therefore, proximity 
to alfalfa could significantly increase the 
risk of virus infection in snap bean. 

Our first objective was to survey com-
mercial alfalfa and snap bean fields in New 
York for the incidences of the aphid-
transmitted viruses AMV, CMV, and Bean 
yellow mosaic virus (BYMV). Alfalfa is a 
host to AMV (46) and BYMV (30). To our 
knowledge, commercial alfalfa fields in 
New York have not been surveyed previ-
ously for CMV; however, in a previous 
study, an isolate of CMV from alfalfa was 
infectious to bean (8). Aphid involvement 
in the transmission of viruses may be re-
flected by aggregated patterns of diseased 
plants (27). Therefore, our second objec-
tive was to quantify the spatial patterns of 
virus-infected plants in the same alfalfa 
and snap bean fields. The third objective 
was to determine whether virus incidence 
in snap beans depended on (i) the prox-
imity of the snap bean field to alfalfa and 
(ii) planting time during the season. The 
time of arrival of aphid vectors can vary 
within a season; therefore, plantings made 
at different times in the season may be at 
different risks to virus infection (16). A 
fourth objective was to determine whether 
there were positive associations among the 
viruses in terms of their presence in in-
fected plants. 

MATERIALS AND METHODS 
Field descriptions. Processing snap 

bean fields in Genesee, Niagara, and Or-
leans Counties in western New York were 
sampled in 2002 and 2003 (Table 1). Most 
fields were planted to the cv. Hystyle. 
Other fields were planted to the cvs. Igloo, 
Zeus, a mixture of Solei and Masai, Lab-
rador, Summit, Hercules, and one fresh-
market cultivar (Storm). The mean field 
size was 13.9 ha (range 3.8 to 23.7 ha) and 
fields typically bordered woods, corn, 
wheat, cabbage, and orchards. Six early-
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planted and six late-planted snap bean 
fields were sampled each year. Early plant-
ings occurred from late May through the 
end of the first week of June, whereas late 
plantings occurred during the first 3 weeks 
of July. Three of the fields in each planting 
bordered an alfalfa field, whereas the other 
three were located >1 km away from all 
leguminous crops. Alfalfa typically bor-
dered only the west side of the snap bean 
fields, with the exception of two locations 
in 2002 and one location in 2003. Alfalfa 
fields averaged 12.1 ha in size (range from 
3.0 to 27.9 ha) and most had been in pro-
duction for 4 to 6 years. 

Sampling and virus assays. Alfalfa 
fields were sampled within 2 weeks of 
snap bean emergence. Eighty plants were 
sampled per field in both years using quad-
rat sampling (26) (2002: 20 quadrats, four 
adjacent plants per quadrat; 2003: 16 quad-
rats, five adjacent plants per quadrat). 
Quadrats were selected arbitrarily within 
fields. Alfalfa fields had not been cut or 
harvested before sampling early in the 
season, whereas one cutting preceded all 
late-season samples. Snap bean fields were 
sampled (16 quadrats per field, five adja-
cent plants per quadrat) when they were at 
the bloom stage. Samples (consisting of 
whole plants) were kept in ice-packed 
coolers while being transported back to the 
laboratory. 

Commercial bean cultivars exhibit dif-
ferent symptoms in response to infection 
by the same virus (10). Also, virus-infected 

alfalfa can remain asymptomatic (9). 
Therefore, identification of viruses in these 
crops is difficult without the aid of sero-
logical or molecular diagnostics. Snap 
bean and alfalfa plants were tested for the 
presence of AMV and CMV by enzyme-
linked immunosorbent assay (ELISA; 6) 
based on the double-antibody sandwich 
protocol using commercially available 
antibodies (Bioreba, Switzerland). We also 
assayed the samples by ELISA with com-
mercial BYMV antibodies (Sanofi, 
France). However, we later learned that 
Clover yellow vein virus (ClYVV), which 
also is found in snap bean (18,19) and 
alfalfa (30), cross-reacts serologically with 
BYMV (44). Therefore, we conservatively 
refer to any test positives as members of a 
BYMV/ClYVV complex. Antibodies, 
conjugates, and reagents were used in 
accordance with the manufacturers’ rec-
ommendations, with the following modifi-
cations. To minimize nonspecific positive 
ELISA reactions, plates were blocked be-
fore the conjugation step with 1% (wt/vol) 
nonfat powdered milk in 1× phosphate-
buffered saline (pH 7.4) containing Tween 
20 (0.5 ml/liter). Healthy and infected 
tissues supplied by the same manufacturers 
were included as controls on each plate. A 
sample was considered positive for the 
virus being tested if ELISA absorbance 
readings (405 nm) were at least three times 
that of the mean of the negative controls. 
All alfalfa and snap bean plants were 
tested individually for virus presence. 

Molecular confirmation of AMV and 
CMV. Ten ELISA-positive plants were 
selected arbitrarily from snap bean and 
alfalfa fields in 2002 (CY1, Kelsey, Kludt, 
McCollum1, and Sentiff). Immunocapture 
reverse-transcriptase polymerase chain 
reaction (IC RT-PCR) was done using 
oligonucleotide primers encoding the 
AMV coat protein CPAMVfp: 5′TCCATC-
ATGAGTTCTTCAC3′ and CPAMVrp: 
5′AGGACTTCATACCTTGACC3′ (34), 
and the CMV coat protein gene fragment, 
KOR-RP: 5′AACACGGATTCAAACTGG3′ 
and KOR-FP: 5′GAGTCATGGACAAAT-
CTG3′ (5). Virus-free greenhouse-grown 
plants were used as negative controls. The 
antisera used for immunocapture were the 
same as those used for ELISA. Immuno-
capture and virion release steps followed 
exactly a previously published protocol 
(21) except that RT-PCR was performed 
with a GeneAmp RNA PCR kit (Applied 
Biosystems, Foster City, CA) according 
to the manufacturer’s instructions. The 
amplification regime for each virus con-
sisted of 1 cycle at 94ºC for 2 min fol-
lowed by 35 cycles of denaturation at 
94ºC for 1 min, primer annealing at 55ºC 
for 1 min, and extension at 72ºC for 2 
min on a PTC-100 HB thermocycler (MJ 
Research Inc., Boston). A final cycle of 
extension at 72ºC for 5 min also was in-
cluded. The amplification products were 
visualized by 1.5% agarose gel electro-
phoreses and standard ethidium bromide 
staining (42). 

Table 1. Incidence and spatial patterns of viruses in snap bean plants sampled at the bloom stage in 2002 and 2003a 

 
Year, field 

 
Cultivar 

 
Date planted 

 
Classb 

Proximity 
to alfalfac 

Sampling 
date 

 
AMV 

 
BYMV/ClYVV 

 
CMV 

 
Any 

2002          
CY1 Storm 07 June Early Adjacent 19 July 12.6 5.0 14.4 19.4* 
McCollum1 Zeus 26 May Early Adjacent 12 July 3.8 0.0 33.5 33.5 
Torreyd … … Early Adjacent 05 July 24.9* 31.7* 25.8 61.4 
Kludt Hystyle 02 June Early Remote 19 July 17.5 0.0 27.5* 33.8 
Mill Hystyle 06 June Early Remote 19 July 15.0 10.0 32.5 40.0* 
Mixd … … Early Remote 05 July 22.5* 3.8 30.0 41.3 
CY2 Labrador 12 July Late Adjacent 23 August 15.9* 38.3 39.3* 62.6 
McCollum2 Hercules 02 July Late Adjacent 15 August 44.5* 10.0 61.0* 66.6 
Oak-Ala Hystyle 20 July Late Adjacent 29 August 37.9 21.9 53.6 66.5 
Kelsey Igloo 15 July Late Remote 29 August 35.0* 20.0 52.5 65.0* 
MB Igloo 07 July Late Remote 23 August 32.5 12.5 33.8 56.3 
Sentiff Hystyle 04 July Late Remote 15 August 50.0 43.8 85.0 88.8 

2003          
Buck Hystyle 04 June Early Adjacent 14 July 0.8 1.7 42.5 44.2 
MC Hystyle 03 June Early Adjacent 14 July 1.2* 3.7 13.8* 18.7 
WCH Hystyle 27 May Early Adjacent 08 July 0.0 0.0 0.0 0.0 
BAT Hystyle 30 May Early Remote 14 July 1.3 1.3 8.8* 10.0* 
Gaines Hystyle 29 May Early Remote 08 July 0.0 0.0 0.0 0.0 
Wood Hystyle 04 June Early Remote 14 July 0.0 0.0 28.8* 28.8* 
Asbury Solei and Masai 03 July Late Adjacent 14 August 0.5 4.1 2.0 6.1 
NB Igloo 18 July Late Adjacent 21 August 4.2 6.1 3.9 14.2 
Orch Hystyle 15 July Late Adjacent 21 August 1.3 8.0* 2.5 11.8 
Crick Hystyle 16 July Late Remote 21 August 3.8 10.0* 13.8* 23.8* 
Perry Solei and Masai 03 July Late Remote 14 August 0.0 6.3 1.3 7.5 
YG Summit 10 July Late Remote 21 August 5.0 10.0 3.8 17.5 

a  AMV = Alfalfa mosaic virus, BYMV/ClYVV = Bean yellow mosaic virus or Clover yellow vein virus, CMV = Cucumber mosaic virus, any = infection by 
any of these viruses. Asterisks indicate situations where the binary form of the index of dispersion (D) is significantly greater than 1 (P < 0.05), indicating 
an aggregated pattern of virus infected plants (25). 

b  Fields were classified as early-planted if sown between late May and the first week in June and late-planted if sown during the first 3 weeks of July. 
c  Snap bean fields were either adjacent to an alfalfa field or >1 km from the nearest alfalfa field (remote). 
d  Cultivar and exact planting date were not available. 
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The 750-bp amplification products from 
an infected alfalfa (NY-A) and a snap bean 
(NY-B) plant were cloned into TOPO TA 
cloning vectors according to the manufac-
turer’s instructions (Invitrogen Corp., 
Carlsbad, CA). Six clones containing a 
750-bp insert (three from NY-A and three 
from NY-B) were sequenced on both 
strands using universal M13 forward and 
reverse primers at the NYSAES Sequenc-
ing Facility, Geneva, NY. The AMV coat 
protein (cp) gene sequences along with 
predicted amino acid sequences were 
compared with accessions in the Gen-
Bank database using BLAST similarity 
searches (2). 

Estimating virus incidence. Incidence 
of infection in alfalfa and in snap bean was 
estimated by NxpX /ˆ = , where x is the 
number of plants positive for virus X, and 
N is the number of plants sampled (N = 80 
per field in our study). If no virus-infected 
plants are recovered in an assay it does not 
mean that the incidence of infection is 
zero, because sampling could have missed 
infected plants when incidence is very low. 
If infected plants are assumed to be ran-
domly distributed (not unreasonable when 
incidence is very low), then a 95% confi-
dence interval upper limit for Xp̂  (i.e.,

 
uXp ,ˆ ) is given by (26) 

)/1(
, 05.01ˆ N
uXp −=    (1) 

For the situations in which the virus was 
not detected in the given assay, the esti-
mate of uXp ,ˆ  was 0.037, which means that, 
at the 95% probability level, the incidence 
of virus infection was less than 3.7%. 

Spatial pattern analysis. Quadrat sam-
pling provides data in a form amenable to 
spatial pattern analysis of the incidence of 
virus-infected plants (25). Counts of the 
number of plants per quadrat positive for a 
given virus were used to calculate the bi-
nary form of the index of dispersion (D) 
(15). The index is a measure of whether 
the variance in the number of infected 
plants per quadrat is greater than that ex-
pected assuming infected plants are ran-
domly distributed throughout the sampled 
field. If the occurrence of infected plants 
within a field is random, then D = 1. If D > 
1, infected plants may be spatially aggre-
gated, and one can test statistically the 
deviation of the observed D from its ex-
pected value assuming a random spatial 
distribution (25). 

Planting time and proximity to alfalfa 
effects on virus incidence in snap bean. 
In each year, snap bean fields were classi-
fied according to planting time (pt; early or 
late) and proximity to alfalfa (prox; adja-
cent or remote). Incidence of infection by 
AMV, BYMV/ClYVV, CMV, or by any of 
these viruses was considered as the de-
pendent variable and pt and prox as inde-
pendent variables. Data were analyzed 
using a generalized linear mixed model 
accounting for the binomial properties of 

the dependent variable (22), with pt and 
prox as fixed effects in a two-way facto-
rial. Year and snap bean field were mod-
eled as random effects. The variance due to 
subsampling within fields (i.e., quadrats) 
was included in the model’s covariance 
structure (28). We used the SAS glimmix 
macro (SAS Institute, Cary, NC) to model 
the data. 

Virus incidence in alfalfa. A similar 
statistical model to the one described 
above was used in relating the incidence of 
viruses to sampling year, but with modifi-
cations. In this instance, we fit an inter-
cept-only term for fixed effects, with year 
and alfalfa field as random effects. 

Correlation between virus incidence 
in adjacent alfalfa and snap bean fields. 
If proximity to alfalfa increases the risk of 
virus transmission by aphids to snap bean, 
then one may expect some correlation 
between virus incidence in adjacent snap 
bean and alfalfa fields. Virus incidence data 
for the 12 pairs of adjacent alfalfa and snap 
bean fields sampled over the 2 years were 
analyzed for correlations using Proc Corr of 
SAS. Both the Pearson coefficient and 
Spearman’s coefficient were calculated. 

Virus associations. Within a field, it 
was assumed that the distribution of the 
number of viruses per plant (0, 1, 2, or 3 
viruses per plant) is described by a bino-
mial probability distribution if the number 
of viruses per plant is random (i.e., there is 
no tendency for virus X to be found con-
current with virus Y in the same plant). As 
a preliminary analysis of possible associa-
tions among viruses within individual 
plants, D was calculated for the distribu-
tion of the number of viruses per plant in 
each sampled field. Tests of whether D > 1 
were done as described above. 

Data were examined further for pairwise 
associations among viruses in two ways. 
First, the no three-factor interaction loglin-
ear model (1) was fit to the counts of virus-
infected plants in a given field. This model 
is specified as 

YVVCMVBYMV/ClYVVAMVBYMV/Cl

AMVCMVBYMV/ClYVV

CMVAMVlog

jkik

ijk

jiijk

λλ

λλ

λλλμ

++

++

++=

  (2) 

where ijkμ  is the expected frequency, the 
X
aλ  are parameters for the effects of virus 

Table 3. Mean and associated variances in the incidence of virus infection in alfalfa fields in 2002 and
2003  

 Covariance parameter estimatesa 

Virusb Incidence (%)c Year Field Quadrat 

AMV 41.96 1.596 4.245 1.375 
BYMV/ClYVV 6.56 2.509 0.909 0.828 
CMV 6.69 1.891 3.099 0.997 
Any 65.57 0.791 5.912 1.109 

a  Model-based estimates of the variance in virus incidence between the 2 years, among fields, and
among quadrats within fields. 

b  AMV = Alfalfa mosaic virus; BYMV/ClYVV = Bean yellow mosaic virus, Clover yellow vein virus, 
or both; CMV = Cucumber mosaic virus; and any = infection by any of the aforementioned viruses. 

c  Model-adjusted (accounting for the variances due to year, field, and quadrat) estimates of the inci-
dence of virus-infected plants. 

Table 2. Incidence and spatial patterns of viruses in alfalfa fields, 2002 and 2003a 

 Incidence (%) of plants with 

Year, field AMV BYMV/ClYVV CMV Any 

2002     
CY1 87.5 35.0 8.8* 91.3 
CY2 90.0 10.0 26.3 93.8 
Kludt 40.0* …b 18.8* 48.8* 
McCollum1 46.3 12.5 30.0 68.8 
McCollum2 90.0 11.3 22.5 93.8 
Oak-Ala 17.5 20.0 15.0 40.0 
Sentiff 21.5* 19.0 21.5 49.4 
Torrey 93.8 26.3 5.0 93.8 

2003     
Asbury 11.3 0.0 0.0 11.3 
Buck 95.0 0.0 0.0 95.0 
MC 3.8 1.3 0.0 5.0 
NB 3.8 0.0 0.0 3.8 
Orch 2.5 13.8 5.0 20.0 
WCH 58.8 6.3 72.5* 100 

a  AMV = Alfalfa mosaic virus, BYMV/ClYVV = Bean yellow mosaic virus or Clover yellow vein 
virus, CMV = Cucumber mosaic virus, any = infection by any of these viruses. Asterisks indicate 
situations where the binary form of the index of dispersion (D) is significantly greater than 1 (P < 
0.05), indicating an aggregated pattern of virus infected plants (25). 

b  BYMV/ClYVV was not assayed for in samples from the Kludt field. Incidence is for AMV, CMV or 
both viruses (any) in this field. 
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X, and the XY
abλ  specify the conditional 

dependence of virus X and virus Y. If two 
viruses X and Y are conditionally inde-
pendent, then XY

abλ  = 0. However, there can 
be a strong effect of sample size on the 
inferential procedure, and confidence in-
tervals provide a more useful way of as-
sessing the relevance of any associations 
(1). The 95% confidence intervals (CI) 
were calculated for each pairwise interac-
tion parameter, where possible. If the CI 
includes zero, there is no evidence of asso-
ciation between the viruses. In the second 
method, Fisher’s exact test was used to test 
for significant association in the two-by-two 
tables of counts for virus X and virus Y. 

RESULTS 
Virus incidence and spatial pattern in 

alfalfa. AMV, BYMV/ClYVV, and CMV 
were found in 100, 76.9, and 71.4%, re-
spectively, of the fields for which assays 
were done (Table 2). Virus incidence was 
more variable among fields than between 
years for AMV and CMV, but the reverse 
was found with BYMV/ClYVV (Table 3; 
covariance parameter estimates). Adjusted 
(for quadrat, field, and year variability) 
mean incidences of virus-infected plants 
showed that AMV was the most common 
of the viruses, with BYMV/ClYVV and 
CMV occurring at about the same inci-
dence levels overall (Table 3). Aggregated 
spatial distributions of virus-infected 
plants were observed in 4 of 14 fields 
(Table 2). 

Virus incidence and spatial pattern in 
snap bean. AMV and CMV were present 
in all 12 fields sampled in 2002, and 
BYMV/ClYVV in 10 fields (Table 1). In 
2003, AMV, BYMV/ClYVV, and CMV 
were present in 8, 9, and 10 of 12 fields, 
respectively. Mean incidences of virus-
infected plants were 26.0, 16.4, and 40.7% 
in 2002 and 1.5, 4.3, and 10.1% in 2003 
for AMV, BYMV/ClYVV, and CMV, re-
spectively. Virus incidence was less vari-
able among fields compared with the vari-
ability among quadrats within fields (Table 
4; see covariance parameter estimates), but 
the variance between years was 1.01 to 

3.56 times higher than the variability 
among quadrats within fields. Model-
adjusted (for the influences of quadrat, 
field, and year) mean incidences over all 
sampled fields were 6.66, 6.38, and 
17.20% for AMV, BYMV/ClYVV, and 
CMV, respectively. 

Aggregated patterns of virus-infected 
plants were observed in 8 of 12 fields in 
2002 (Table 1). In 2003, there was evi-
dence of aggregation of virus-infected 
snap bean plants in 5 of 12 fields (Table 1). 

Effect of snap bean planting time and 
proximity to alfalfa on virus incidence. 
After accounting for the variability be-
tween years and among fields, there was 
no evidence that snap bean fields adjacent 
to alfalfa were at an increased risk of in-
fection by any of the viruses we assayed 
for (Table 4). Late-planted fields were 
associated with higher incidences of AMV 
(3.74 versus 10.59%) and BYMV/ClYVV 
(2.42 versus 13.57%) when compared with 
early-planted fields. Within either early or 
late plantings, there were no differences in 
virus incidence between fields that were 
adjacent to or remote from alfalfa (Table 4). 

Correlation between virus incidence 
in adjacent alfalfa and snap bean fields. 
For AMV, BYMV/ClYVV, and CMV there 
was no evidence of correlations (either 
positive or negative) between virus inci-
dence in adjacent alfalfa and snap bean 
fields (Table 5; P > 0.10 in all instances). 
In 2003, there were examples of snap bean 
fields with low virus incidence adjacent to 
alfalfa fields with a comparatively higher 
incidence of infected plants (e.g., AMV in 

Buck and WCH fields). There also were 
instances of low incidences in alfalfa, but 
high incidences by comparison of the same 
virus in the adjacent snap bean fields (e.g., 
CMV in Buck fields). 

Multiple infection and associations 
among viruses. In both alfalfa and snap 
bean fields, infection of plants by two or 
more viruses was observed (Tables 6 and 
7), but was observed more frequently in 
the 2002 snap bean fields, partly reflecting 
the lower virus incidences observed in 
2003. There was significant overdispersion 
in the number of viruses per plant (D > 1, 
P < 0.05) in several snap bean fields in 
2002 (Table 7), which indicated possible 
associations among viruses infecting plants. 
There were no such indications in 2003 
based on dispersion statistics (Table 7). 

Loglinear model fitting and Fisher’s ex-
act test indicated that there were signifi-
cant positive associations (P < 0.05) be-
tween AMV and CMV in 10 of the 12 snap 
bean fields in 2002 (Table 8). There was 
no evidence of other associations (AMV-
BYMV/ClYVV or BYMV/ClYVV-CMV). 
No pairwise associations between viruses 
were detected in 2003 snap bean fields. 
Similarly, there were no pairwise associa-
tions between viruses in infected alfalfa 
plants in both years, except for a positive 
association between AMV and CMV in the 
Oak-Ala alfalfa field in 2002 (Table 8). 

Molecular confirmation of AMV and 
CMV. Infection of alfalfa and snap bean 
by AMV and CMV in ELISA-positive 
samples was confirmed by IC RT-PCR 
amplification of a putative 750-bp AMV cp 

Table 4. Covariance parameter estimates and P values for tests of the effects of planting time (pt) and proximity (prox) of snap bean fields to alfalfa on the
incidence of viruses in bean plants sampled at the bloom stage 

 Effect Contrasta Covariance parameter estimatesb 

Virusc ptd proxe pt × proxf EPa–LPa EPr–LPr EPa–EPr LPa–LPr Year Field Quadrat 

AMV 0.003 0.380 0.919 0.030 0.020 0.604 0.452 4.680 0.250 1.315 
BYMV/ClYVV <0.001 0.356 0.207 0.048 0.001 0.163 0.776 1.013 0.769 0.999 
CMV 0.736 0.655 0.648 0.932 0.574 0.995 0.526 2.595 1.460 1.288 
Any 0.100 0.898 0.488 0.475 0.102 0.690 0.557 2.138 0.909 1.316 

a  Contrasts are between fields that were planted early (EP) or late (LP) in the season. Subscripts refer to whether fields were adjacent (a) or remote (r) from
alfalfa. 

b  Estimates of the variance in incidence between the 2 years of sampling (2002 and 2003), variance among fields (24 fields over the 2 years), and the vari-
ance among sampled quadrats within fields (16 quadrats per field). 

c  AMV = Alfalfa mosaic virus; BYMV/ClYVV = Bean yellow mosaic virus, Clover yellow vein virus, or both; CMV = Cucumber mosaic virus; and any = 
infection by any of the aforementioned viruses. 

d  Early plantings were between late May and the first week in June and late plantings occurred during the first half of July. 
e  Snap bean fields were either adjacent to an alfalfa field or >1 km from the nearest alfalfa field (remote). 
f  Interaction term between pt and prox. 

Table 5. Correlation of virus incidence between adjacent alfalfa and snap bean fields 

 Correlation coefficientsa 

Virusb Pearson coefficient P value Spearman’s coefficient P value 

AMV 0.354 0.259 0.288 0.365 
BYMV/ClYVV 0.365 0.244 0.413 0.182 
CMV –0.005 0.987 0.203 0.526 

a  Coefficients were calculated for pooled incidence data from the 12 adjacent alfalfa and snap bean
fields sampled over 2002 and 2003. 

b  AMV = Alfalfa mosaic virus; BYMV/ClYVV = Bean yellow mosaic virus, Clover yellow vein virus, 
or both; and CMV = Cucumber mosaic virus. 
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gene fragment and a putative 650-bp CMV 
cp gene fragment. No amplifications were 
observed from virus-free plants grown in 
aphid-free greenhouses. 

The NY-A and NY-B, AMV cp gene 
sequences were 99% similar, differing in 

only four nucleotides. According to 
BLAST searches of the GenBank nu-
cleotide databases, NY-A and NY-B 
were 98% homologous with AMV strains 
ALALM5, MAARNA4, MAARNA3 L, 
and another AMV strain recently re-

ported from Australia (GenBank acces-
sion no. AF332998). Nucleotide se-
quences were submitted to the NCBI 
GenBank database under accession 
numbers AY340070 (NY-A: alfalfa) and 
AY340071 (NY-B: bean). 

Table 6. Incidence of multiple viruses per plant in alfalfa fields in 2002 and 2003 

 Number of plants witha Overdispersion test statisticsb 

Year, field 0 viruses 1 virus 2 viruses 3 viruses D χ2 P value 

2002        
CY1 7 45 24 4 0.67 53.1 1.000 
CY2 5 52 20 3 0.55 43.1 1.000 
Kludtc 41 31 8 … 1.08 85.3 0.295 
McCollum1 25 39 16 0 0.81 64.0 0.892 
McCollum2 5 52 22 1 0.46 36.4 1.000 
Oak-Ala 48 23 8 1 1.23 96.9 0.084 
Sentiff 40 30 8 1 1.06 82.5 0.341 
Torrey 5 50 25 0 0.43 34.3 1.000 

2003        
Asbury 71 9 0 0 n.a. n.a. n.a. 
Buck 4 76 0 0 n.a. n.a. n.a. 
MC 76 4 0 0 n.a. n.a. n.a. 
NB 77 3 0 0 n.a. n.a. n.a. 
Orch 64 15 1 0 0.99 77.9 0.513 
WCH 0 50 30 0 0.32 25.2 1.000 

a  Eighty plants sampled per field (20 quadrats, four plants per quadrat in 2002 and 16 quadrats, five plants per quadrat in 2003) were assayed for Alfalfa 
mosaic virus (AMV); Bean yellow mosaic virus, Clover yellow vein virus or both (BYMV/ClYVV); and Cucumber mosaic virus (CMV) by enzyme-linked 
immunosorbent assay. 

b  Number of viruses per plant is expected to follow a binomial distribution if there are no positive associations among the different viruses. Positive associa-
tions among viruses would inflate the variance in the number of viruses per plant above the binomial variance (i.e., overdispersion). The binary form of the 
index of dispersion (D) is an indicator of possible overdispersion if D > 1 (25). A chi-square test was done to formally test whether D > 1 (25). P values for 
the test are given. Dispersion statistics were not calculable for fields in which no sampled plants were positive for any of the viruses, or where they were
not meaningful because of very low virus incidence (n.a. = not applicable). 

c  Samples from Kludt were assayed for AMV and CMV only. 

Table 7. Incidences of multiple viral infections per plant in snap beans at the bloom stage in 2002 and 2003 

 Number of plants witha Overdispersion test statisticsb 

Year, field 0 viruses 1 virus 2 viruses 3 viruses D χ2 P value 

2002        
CY1 63 8 7 2 1.81 143.0 <0.001 
CY2 31 30 15 4 1.23 97.1 0.081 
Kelsey 28 23 24 5 1.31 103.7 0.033 
Kludt 53 18 9 0 1.25 98.8 0.065 
MB 35 27 18 0 1.08 85.0 0.301 
McCollum1 56 22 2 0 0.94 74.4 0.627 
McCollum2 26 21 28 5 1.29 101.8 0.043 
Mill 48 20 10 2 1.40 110.9 0.010 
Mix 47 22 10 1 1.27 100.0 0.056 
OakAla 26 19 30 5 1.30 102.9 0.037 
Sentiff 9 15 40 16 1.11 87.7 0.235 
Torrey 31 34 14 1 0.99 78.0 0.512 

2003        
Asbury 74 5 1 0 1.25 98.7 0.066 
BAT 72 7 1 0 1.17 92.2 0.146 
Buck 43 36 1 0 0.69 54.9 1.000 
Crick 61 16 3 0 1.11 87.9 0.232 
Gaines 80 0 0 0 n.a. n.a. n.a. 
MC 64 16 0 0 0.87 68.6 0.793 
NB 69 11 0 0 0.92 72.3 0.689 
Orch 71 9 0 0 0.93 73.8 0.645 
Perry 74 6 0 0 0.96 75.9 0.578 
WCH 80 0 0 0 n.a. n.a. n.a. 
Wood 57 23 0 0 0.80 63.0 0.909 
YG 66 13 1 0 1.02 80.7 0.425 

a  Eighty plants sampled per field (16 quadrats, five plants per quadrat) were assayed for Alfalfa mosaic virus (AMV); Bean yellow mosaic virus, Clover 
yellow vein virus, or both (BYMV/ClYVV); and Cucumber mosaic virus (CMV) by enzyme-linked immunosorbent assay. 

b  Number of viruses per plant is expected to follow a binomial distribution if there are no positive associations among the different viruses. Positive associa-
tions among viruses would inflate the variance in the number of viruses per plant above the binomial variance (i.e., overdispersion). The binary form of the
index of dispersion (D) is an indicator of possible overdispersion if D > 1 (25). A chi-square test was done to formally test whether D > 1 (25). P values for 
the test are given. Dispersion statistics were not calculable for fields in which no sampled plants were positive for any of the viruses, or where they were
not meaningful because of very low virus incidence (n.a. = not applicable). 
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DISCUSSION 
Processing snap bean crops in the Mid-

west and northeastern United States have 
suffered substantial yield and quality 
losses in recent years due to the effects of 
viruses (20). In both 2002 and 2003, we 
did observe virus-like symptoms (mainly 
chlorotic spotting, mosaic, and rugosity) 
on the foliage of some plants. In most 
instances, symptoms were either absent or 
impossible to associate unambiguously 
with any specific virus (those we assayed 
for or others). A further complication is 
that snap bean cultivars differ in their 
symptom expression to virus infection, as 
observed with CMV (10). For example, in 
2002, we did not discern any symptoms 
while sampling the Kelsey field (cv. Igloo), 
but 52.5% of the plants were positive for 
CMV when assayed by ELISA. The cv. 
Igloo shows a reduction in leaf size upon 
infection with the CMV-Le strain (A. Tay-
lor, personal communication), but no other 
foliar symptoms. Any reductions in leaf 
size were impossible to discern in the Kel-
sey field at the time of sampling, which 

illustrates the unreliability of visually as-
sessing snap bean for quantitative determi-
nations of virus incidence. 

Aphidborne virus epidemics can be 
quite variable in magnitude over regions 
and seasons (16). We found the same with 
AMV, BYMV/ClYVV, and CMV in snap 
bean in 2002 and 2003. Infection by these 
aphid-transmitted viruses was prevalent in 
snap bean fields, but a striking feature was 
the variability in virus incidence between 
the 2 years. One key factor in aphidborne 
virus epidemics is the time of arrival of 
viruliferous aphids (16). In these same 
fields, alatae of 63 aphid species were 
identified (31), but the dominant species 
(up to sampling at bloom) were the pea 
aphid, corn leaf aphid (Rhopalosiphum 
maidis (Fitch)), and yellow clover aphid 
(Therioaphis trifolii (Monell)). The domi-
nant species were different between years 
and even within the snap bean season. For 
example, the pea aphid and corn leaf aphid 
were prevalent in early-planted fields, 
whereas the yellow clover aphid was more 
common in late plantings. This suggests 

that one or a few species may be largely 
responsible for virus transmission to snap 
bean at any given time, as observed in 
other crops (12,38,39). 

The arrival of the soybean aphid (24,40) 
coincidentally with virus epidemics in 
snap bean fields on a regional scale raised 
the hypothesis that the virus diseases were 
being spread by Aphis glycines. However, 
in 2002, no A. glycines alatae were trapped 
in either alfalfa or snap bean (31). In 2003, 
the mean cumulative number of A. glycines 
alatae per trap in late-planted snap bean 
was less than five by 19 August (31), and 
all bean fields were sampled by 21 August, 
by which time plants were at bloom stage. 
Thus, it is unlikely that A. glycines was a 
principal vector of virus spread observed 
in snap beans in 2003 up to the time the 
plants were sampled, though a relatively 
large number of A. glycines alatae were 
trapped in the following weeks (31). It is 
possible that A. glycines was responsible 
for further virus spread between bloom and 
sampling in 2003, but we did not assay any 
plants after bloom. 

Table 8. Test statistics for the associations among viruses in snap beans and alfalfa, 2002 and 2003 

 95% Confidence interval for parametera P value (Fisher’s exact test)b 

Year, field AMV-CMV AMV-BYMV/CYVV CMV-BYMV/CYVV AMV-CMV AMV-BYMV/ClYVV CMV-BYMV/ClYVV

Snap bean       
2002       
CY1 (2.60, 6.47) (–2.12, 4.29) (–2.57, 3.84) <0.001 0.137 0.160 
CY2 (0.65, 3.53) (–2.05, 0.75) (–0.22, 1.79) 0.004 0.767 0.140 
Kelsey (1.53, 4.21) (–1.80, 0.93) (–0.88, 1.69) <0.001 0.736 0.479 
Kludtc n.a. n.a. n.a. 0.002 n.a. n.a. 
MB (0.69, 2.78) (–3.39, 1.02) (–3.49, 0.91) <0.001 0.986 0.988 
McCollum1c n.a. n.a. n.a. 0.087 n.a. n.a. 
McCollum2 (1.90, 5.16) (–0.72, 3.62) (–3.11, 1.26) <0.001 0.226 0.627 
Mill (1.14, 4.39) (–1.63, 2.28) (–0.96, 2.36) <0.001 0.344 0.232 
Mix (0.65, 2.91) (–2.09, 3.27) (–2.73, 2.62) 0.002 0.540 0.663 
OakAla (1.46, 3.83) (–2.34, 0.19) (–0.27, 2.14) <0.001 0.908 0.304 
Sentiff …d (–1.67, 0.29) (–0.12, 2.89) <0.001 0.816 0.134 
Torrey (–0.03, 2.24) (–2.55, 0.18) (–1.08, 1.22) 0.051 0.984 0.705 

2003       
Asburye … … … n.a.f 0.063 n.a.f 
BATe … … … 0.088 n.a.f n.a.f 
Bucke … … … 0.450 n.a.f n.a.f 
Crick (–1.17, 3.85) …d (–0.83, 2.69) 0.362 n.a.f 0.302 
YGe … … … n.a.f 0.350 n.a.f 
Alfalfa       

2002       
CY1 (–2.66, 1.90) (–0.75, 2.54) (–0.56, 2.63) 0.790 0.245 0.190 
CY2 (–1.60, 1.78) (–2.54, 1.95) (–0.94, 2.12) 0.650 0.820 0.350 
Kludtc n.a. n.a. n.a. 0.190 n.a. n.a. 
McCollum1 (–1.44, 0.54) (–0.83, 1.91) (–3.56, 0.71) 0.899 0.276 0.978 
McCollum2 (–1.51, 2.86) (–2.86, 0.73) (–3.01, 1.31) 0.422 0.958 0.913 
OakAla (–1.25, 4.33) (–4.32, 0.45) (–0.59, 2.87) <0.001 0.139 0.446 
Sentiff (–1.72, 1.06) (–0.93, 1.68) (–0.93, 1.68) 0.774 0.409 0.409 
Torreye … … … 0.769 0.208 1.000 

2003       
Orche … … … 1.000 1.000 0.453 
WCHe … … … 1.000 0.910 0.875 

a  The 95% confidence intervals for the pairwise interaction parameters in a loglinear model relating counts of infected plants to virus incidence. If the confi-
dence interval includes zero, then there is no evidence of an association. Positive associations are indicated when the confidence interval is on the positive
side of the real number line; x–y represents the pairwise interaction between virus x and virus y. AMV = Alfalfa mosaic virus; BYMV/ClYVV = Bean yel-
low mosaic virus, Clover yellow vein virus, or both; and CMV = Cucumber mosaic virus; n.a. = not applicable. 

b  Fisher’s exact test for independence in two-by-two tables. Positive association between the virus pair x–y is indicated when P < 0.05. 
c  BYMV/ClYVV was not detected in McCollum1 and Kludt snap bean fields, and was not tested for in samples from the Kludt alfalfa field. The loglinear

model, as well as Fisher’s exact tests involving BYMV/ClYVV, were not applicable (n.a.). 
d  Standard error for the estimated parameter was zero. 
e  Loglinear model could not be fit or did not converge because of relatively low virus incidences. 
f  Fisher’s exact test not applicable (n.a.) because there were no cases of infection by both viruses of the x–y pair. 
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A second key factor in aphidborne virus 
epidemics is source magnitude (16). 
Source magnitude is a function of virus 
incidence, field size, and plant density in 
the field. Because alfalfa is a high-density, 
major acreage crop in western New York, 
we hypothesized that proximity to alfalfa 
would increase the risk of virus infection 
in snap bean. All viruses (AMV, 
BYMV/ClYVV, and CMV) were prevalent 
in alfalfa, but the mean incidence of AMV 
was six times higher than the mean inci-
dence of either BYMV/ClYVV or CMV. 
There was a marked variability in virus 
incidence among alfalfa fields for AMV 
and CMV. We found no evidence for an 
increased risk of virus infection in snap 
bean adjacent to alfalfa among the fields 
surveyed in 2002 and 2003; nor was there 
a correlation between virus incidence in 
alfalfa and adjacent snap bean. Of the 
dominant aphid species trapped (31), al-
falfa is not a host for A. glycines or R. 
maidis, but it is colonized by Acyrthosi-
phon pisum and T. trifolii. There were no 
differences in abundance or temporal pat-
terns of aphid dispersal between alfalfa 
and adjacent snap bean fields and dispersal 
rates were relatively constant without 
marked periods of sudden increases (31). 
This suggests that alatae are dispersing 
equally to alfalfa and adjacent snap bean 
(not en masse from alfalfa to adjacent snap 
bean), and is supported by the evidence 
from the virus assays. For example, the 
WCH snap bean field was adjacent to an 
alfalfa field with incidences of infection of 
58.8% by AMV and 72.5% by CMV, yet 
none of the snap bean plants sampled at 
bloom were positive for virus infection. 
The same pattern was seen with AMV in 
the Buck adjacent snap bean and alfalfa 
fields. In the same Buck fields, no alfalfa 
samples tested positive for CMV, yet 
42.5% of plants in the adjacent snap bean 
field were positive for CMV. It appears 
that alatae are dispersing over distances of 
several kilometers (31). Nevertheless, 
prevalence of aphid-transmitted viruses in 
alfalfa, combined with its large acreage, 
does strongly suggest this crop being a risk 
factor for virus epidemics in snap bean. 

Among the viruses we tested for in snap 
bean, the mean incidence of CMV was the 
highest, which is of concern because CMV 
can negatively impact bean pod quality and 
yield (14,37,51). Moreover, we found that 
the risk of CMV infection was the same 
for early- and late-planted snap bean. The 
risk of infection by AMV was higher in 
late-season snap bean compared with the 
earlier plantings, and co-infection of plants 
by AMV and CMV was significant in 10 
snap bean fields (all in 2002). However, 
experiments done in Wisconsin demon-
strated that snap bean plants co-infected 
with AMV and CMV did not show more 
severe foliar symptoms than plants inocu-
lated with CMV alone (10). Preliminary 
tests done in New York and Wisconsin on 

commercially available snap bean cultivars 
found that none were immune to CMV 
(10). In the long term, attempts are being 
made in New York to develop CMV-
resistant snap bean cultivars from inter-
specific crosses between snap bean and 
scarlet runner bean (11). Short-term strate-
gies such as reflective mulches (47), row 
covers (50), and mineral oils (29) have 
been used successfully in some vegetable 
crops to manage aphid vectors in order to 
reduce or delay infection by viruses. Un-
fortunately, these strategies are not practi-
cal for growers in the Northeast when one 
considers the margin of return on snap 
bean. Isolating susceptible crops from 
known virus sources is another recom-
mended strategy for reducing the incidence 
of virus infection (49). However, it is not 
likely that this strategy should work, be-
cause our study demonstrated that isolation 
from putative sources of viruses (alfalfa) 
did not decrease the risk of virus infection. 
Similarly, biological control is not a prac-
tical strategy for managing viruses in snap 
bean because viruliferous, noncolonizing 
aphids spread nonpersistent viruses within 
a matter of seconds. Faced with no other 
alternative, some snap bean growers in 
New York have been applying organo-
phosphates, carbamates, and pyrethroids in 
the hope of killing aphids before they 
spread viruses (B. A. Nault, personal ob-
servation). This strategy does not work 
against viruses spread in a nonpersistent 
manner (35,48). 

In the short and intermediate term, iden-
tifying tolerance to aphid-transmitted vi-
ruses in existing commercial cultivars and 
the effective deployment of those cultivars 
within current planting schedules is the 
most promising solution. Nearly 90% of 
the processing snap bean acreage in New 
York is devoted to large round green beans 
(= large sieve size), whereas the remainder 
is a mix of medium and small whole green 
beans (= medium to small sieve sizes) and 
yellow and wax beans of all sizes (M. 
Gardinier, personal communication). Proc-
essors predetermine planting schedules and 
cultivars before the season begins and 
growers typically plant multiple cultivars 
over the season. Although growers are 
willing to replace a virus-sensitive cultivar 
with a virus-tolerant cultivar, the replace-
ment must be within the same-sized snap 
bean (i.e., substitute one large round green 
bean cultivar with another, but not with a 
medium or small bean). Another important 
consideration that affects the substitution 
of a virus-sensitive cultivar for one that is 
tolerant is that processors strongly prefer 
specific cultivars (even though they are 
virus sensitive) because they have superior 
characteristics for processing. Conse-
quently, widespread abandonment of virus-
sensitive cultivars is highly unlikely. 

Our study provides a useful baseline on 
the status of virus infection in snap bean in 
New York over a 2-year period following 

the first major epidemics in the Northeast 
and Midwest. The data we present in this 
article are only a preliminary step in eluci-
dating the biology of virus epidemics in 
snap bean. Further experiments are needed 
to determine the virus transmission effi-
ciencies of the major aphid species found 
in snap bean. Information also is needed 
on the relationship between vector activity 
and the temporal progression of virus in-
fection in commercial fields. The role of 
alfalfa and other large-acre forages as virus 
sources needs to be clarified. One ap-
proach is to verify whether the viruses can 
infect snap bean after mechanical inocula-
tion with virus-infected alfalfa sap. On 
another level, IC RT-PCR and nucleotide 
sequence analysis can be extended beyond 
corroborating serological results to quanti-
fying the similarity between virus popula-
tions (or quasipopulations) in alfalfa and 
snap bean (3). Multiple viruses per plant 
appears to be common (10; this study); 
therefore, multiplex RT-PCR as developed 
for other plant virus–crop systems (43) 
would be of valuable assistance in snap 
bean virus epidemiology. Finally, tolerant 
cultivars need to be identified. Then, these 
pieces of information must be integrated 
into a strategy to best mitigate virus spread 
in snap bean. If successful, a similar ap-
proach may prove useful for the manage-
ment of aphid-transmitted viruses in other 
legume crops such as soybean and dry 
bean. 
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