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Pepino mosaic virus on Tomato Seed: Virus Location and Mechanical Transmission 

Kai-Shu Ling, U.S. Department of Agriculture-Agricultural Research Service, U.S. Vegetable Laboratory, Charles-
ton, SC 29414 

Pepino mosaic is an emerging disease of 
tomato (Solanum lycopersicum L.) first 
observed in the Netherlands in 1999 (24). 
However, the causal agent for the disease, 
Pepino mosaic virus (PepMV), a member 
of the genus Potexvirus in the family Flex-
iviridae, was first described in 1980 on 
pepino (Solanum muricatum Aiton) in 
Peru (9). Despite great efforts placed on 
disease prevention through quarantine, 
cultural practice, and sanitization, the dis-
ease is still spreading rapidly in Europe 
(1,4,10,13,17–21,24,25), North America 
(6,13,14), South America (11,22), and Asia 
(26). Thus, PepMV poses a great threat to 
an estimated $400 million greenhouse 
tomato industry in the United States and 
much more around the world. How 
PepMV infection is initiated in a new area 
is not well understood, but tomato seed has 
long been suspected to be one of the key 

components responsible for the worldwide 
epidemic of this disease in greenhouse 
tomatoes. Although PepMV is easily 
transmitted from diseased plants to healthy 
ones through mechanical means, its natural 
transmission, if any, on the germinating 
tomato seedlings from PepMV-contam-
inated seeds is poorly understood. For 
example, with a small number of tomato 
seeds, Salomone and Roggero (21) showed 
no seed transmission of PepMV. In con-
trast, a recent publication (3) claimed to 
have 1.84% seed transmission. Even 
though three of the 168 seedlings were 
described as being positive by enzyme-
linked immunosorbent assay (ELISA) on 
the cotyledon and leaf tissues in the trans-
planting stage, none of the tomato plants 
developed any symptoms. Infectivity of 
PepMV in the three alleged ELISA-
positive plants was also not validated with 
back-inoculation. Thus, the true rate of 
seed transmission from tomato seed, if any, 
remains in question. These conflicting 
results have caused confusion in seed 
health tests and in seed treatment. It is 
therefore important to evaluate the poten-
tial seed transmission using large-scale 
seedling grow-out assays with highly 
PepMV-contaminated commercial tomato 
seeds. 

The objectives of the present study were 
to evaluate the potential seed transmission 
through large-scale seedling grow-out, to 
investigate the efficiency of PepMV trans-
mission through mechanical inoculation 
with tomato seed, and to determine the 

exact location of PepMV on tomato seed, 
floral parts, and fruit tissues. In addition, 
the potential seed transmission of PepMV 
in Nicotiana benthamiana was evaluated. 

MATERIALS AND METHODS 
Seed source and virus culture. The 

seed sample used in this study was a gift 
from an anonymous seed company. This 
commercial tomato seed lot (cultivar un-
known) was originally produced in Chile 
in 2003. A routine seed health assay with 
ELISA showed that this seed lot contained 
PepMV (all 12 subsamples of 250 seeds 
each was positive with a mean absorbance 
value of 1.271 ± 0.150) and was free from 
two other potential seedborne viruses in 
tomato (Tomato mosaic virus [ToMV] and 
Tobacco mosaic virus [TMV]). A virus 
culture was obtained through mechanical 
inoculation of seed extract onto N. ben-
thamiana. When inoculated on tomato 
plants (cv. Horizon), the isolated virus 
induced pepino mosaic–like symptoms 
(yellow mosaic, leaf blister) on tomato. It 
was subsequently determined that this 
virus culture actually contained two ge-
netic variants of PepMV (Ch1 and Ch2), 
and their complete genome sequences have 
been determined (11). 

ELISA for PepMV. A seed health assay 
for PepMV was performed following the 
standard method as recommended by the 
International Seed Health Initiative for 
Vegetables (ISHI_Veg) (published online). 
This standard method recommends con-
ducting an ELISA of 3,000 seeds in 12 
subsamples of 250 seeds. Seeds in each 
subsample were ground to fine powder 
with a Homex 6 homogenizer (BioReba 
AG, Reinach, Switzerland). Tissue extract 
was prepared by soaking the processed 
seed powder in 10 volumes of 1× extrac-
tion buffer (BioReba) on ice with occa-
sional mixing by hand to facilitate the 
release of virus particles into the extraction 
buffer. The source of the antibody used to 
detect PepMV was Agdia (Elkhart, IN). 
Direct antibody sandwich ELISA (DAS-
ELISA) was conducted following the 
manufacturer’s instructions. The absorb-
ance value was taken 1 h after substrate 
hydrolysis at OD405nm in a Spectramax 
Plus384 (Molecular Devices, Sunnyvale, 
CA). A sample was considered positive if 
its absorbance value was at least twice that 
of the mean healthy control of PepMV-free 
tomato seeds. If ELISA detected no 
PepMV in the seed extract, the test was 
concluded. However, if ELISA detected 
the presence of PepMV, then bioassay on 
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N. benthamiana should be performed to 
confirm virus infectivity. 

Bioassay on tomato or N. bentha-
miana seedlings. To evaluate whether the 
virus on the PepMV-contaminated com-
mercial tomato seed could serve as inocu-
lum to initiate virus infection, mechanical 
inoculation experiments were set up to 
determine the efficiency of PepMV infec-
tion on tomato (cv. Horizon) or N. ben-
thamiana seedlings. To prepare for the 
bioassay, seed samples were ground to a 
fine powder with mortar and pestle or us-
ing a Polytron PT10-35 homogenizer (Ki-
nematica AG, Lucerne, Switzerland) in 
(1:10 wt/vol) ice-cold phosphate buffered 
saline (137 mM NaCl, 8 mM Na2HPO4, 
1.5 mM KH2PO4, 2.7 mM KCl, and 7.9 
mM Na2SO3, pH 7.0). To prevent contami-
nation between subsamples, the polytron 
probe was disinfected with triple rinses, 
first in water, followed by 70% ethanol, 
and then water again before use for the 
next sample. Mechanical inoculation was 
done with gentle rubbing on lightly Car-
borundum-dusted (320 mesh grit powder, 
Fisher Scientific, Pittsburgh, PA) leaves of 
N. benthamiana (three to five leaf stage) 
with a cotton swab soaked in the prepared 
seed extract. After washing off excess 
Carborundum, the inoculated plants were 
placed under shade for several hours to 
protect them from direct sunlight damage 
to the inoculated leaves. Gloves were worn 
during inoculation and changed between 
samples to prevent any accidental cross 
contamination between samples. Care was 
taken to maintain space between the tested 
plants, especially immediately following 
inoculation. The inoculated plants were 
subsequently transferred to a greenhouse 
and maintained at 20 to 30°C with 12 to 14 
h natural lighting for the duration of the 
test. The final symptom reading was con-
ducted 4 weeks postinoculation, and sys-
temic leaf tissues from each individual 
plant were collected to confirm the pres-
ence of PepMV by ELISA. 

Seedling grow-out assay. To identify 
any potential natural seed transmission of 
PepMV in tomato, the highly PepMV-
contaminated commercial hybrid tomato 
seed lot described above was used. In two 
separate experiments, a total of 10,000 
tomato seeds were evaluated for seedling 
grow-out. For each experiment, an esti-
mated 5,000 tomato seeds (as determined 
by weight) were divided into 10 subsam-
ples (500 seeds each) and planted on 10 
plastic flat planting trays (28 × 54 cm) in 
commercial potting soil (Metro-Mix 360, 
Sun Gro, Bellevue, WA). Seedlings were 
maintained in a greenhouse (20 to 30°C, 
12 to 14 h natural light) for symptom ex-
pression. Care was taken to avoid or mini-
mize any unnecessary physical contact to 
the germinating seedlings during mainte-
nance, watering, and symptom observa-
tion, although natural contacts among 
seedlings were permitted. Plants were 

scored for the presence or absence of 
symptoms 4 weeks after seedling germina-
tion. ELISA was used to confirm any latent 
virus infection with composite leaf tissue 
samples. Leaf tissues were collected from 
each seedling and bulked into 20 compos-
ite samples (250 seedlings per sample) and 
processed in 1:10 (wt/vol) tissue extraction 
buffer (BioReba AG) with Homex-6 ho-
mogenizer. Samples were tested in dupli-
cate wells per sample. To eliminate any 
potential escape during the first ELISA, a 
second symptom reading and ELISA were 
conducted 1 week thereafter (total of 5 
weeks postgermination) with newly col-
lected tissue samples. To confirm that the 
ELISA-negative samples contained no 
viable virus particles, bioassay was con-
ducted with a new tissue extract from each 
composite sample by inoculation onto N. 
benthamiana plants. 

Immunocapture real-time reverse 
transcription polymerase chain reaction 
(RT-PCR). To determine the exact loca-
tion where PepMV is likely accumulated 
in different organ tissues from a PepMV-
infected tomato plant, immunocapture 
real-time RT-PCR as described by Ling et 
al. (12) was used to analyze the presence 
of PepMV in tissue samples including seed 
parts (seed coat and embryos from imma-
ture or mature seeds), floral organs 
(stigma, sepal, petal, anther, and anther 
filament) or fruit tissues (seed membrane 
and fruit pulp). Immunocapture sample 
preparation for each tomato tissue was 
performed by incubating the tissue extract 
in PepMV antibody-coated PCR micro-
tubes. The real-time RT-PCR for PepMV 
detection was performed using the same 
conditions as determined previously (12). 
Experiments were repeated at least twice 
for each tissue type. 

Location of PepMV on mature to-
mato seed. For each experiment, a total 
of 3,000 tomato seeds were divided into 
10 subsamples of approximately 300 
seeds each. In order to physically separate 
seed coat from embryo, PepMV-
contaminated tomato seeds were preger-
minated in petri dishes on moist tissue 
paper at 25°C for 5 to 7 days. The seed 
coat (testa) and embryo (including coty-
ledons and root tips) from each germinat-
ing seedling in a subsample were care-
fully separated with a pair of fine-point 
forceps and placed into respectively la-
beled clean tubes. The separated seed 
coat or embryo samples were soaked in 
10% Na3PO4 briefly and triple-washed 
with sterile distilled water to remove any 
remainders of tissue or potential surface-
locating virus particles. To prevent any 
potential contamination between samples, 
tools (forceps) were cleaned by soaking 
them in a 70% ethanol solution and wip-
ing clean before use. The resulting 10 
subsamples of seed coats or embryos, 
respectively, were processed in the ice-
cold phosphate buffered saline for 

ELISA, real-time RT-PCR, and bioassay 
on N. benthamiana plants. 

Location of PepMV on seed parts, flo-
ral organs, and fruits. To investigate the 
virus distribution pattern in various tissues, 
floral organs including stigma, sepal, petal, 
anther, and anther filament from 6 to 10 
flowers in a PepMV-infected tomato plant 
(cv. Horizon) were carefully and cleanly 
dissected and bulked into each individual 
sample for ELISA. Immature seeds were 
extracted from green tomato fruits pro-
duced on the PepMV-infected tomato 
plants. Seed coats and embryos from 
freshly extracted seeds were carefully 
separated. Several tissue types, including 
embryo, seed coat, seed membrane, and 
fruit pulp, were collected individually. To 
avoid cross contamination from fruit juice, 
each isolated seed part (embryo, seed coat, 
and seed membrane) was triple-washed 
with sterile distilled water prior to use for 
tests, including ELISA, real-time RT-PCR, 
and back-inoculation. 

Evaluating N. benthamiana seeds for 
virus transmission. Both ELISA and 
seedling grow-out were used for this 
evaluation. Fresh seeds harvested from 
seed pods of a PepMV-infected plant were 
triple-washed with sterile distilled water. 
Seeds harvested from a healthy N. ben-
thamiana plant were used for controls. In 
ELISA, bulked samples consisting of 100 
N. benthamiana seeds were ground to fine 
powder with a mortar and pestle in tissue 
extraction buffer. Pods and leaf tissues 
collected from the same PepMV-infected 
N. benthamiana plant were also included 
as positive controls. For seedling grow-out, 
approximately 1,000 seeds collected from 
the PepMV-infected N. benthamiana plant 
were planted in the same way as described 
above for tomato seed. ELISA was used to 
rule out any potential latent PepMV infec-
tion on the germinating seedlings. 

Seed germination. Seed germination 
was conducted in house or outsourced to a 
commercial seed testing laboratory (e.g., 
STA Laboratories, Gilroy, CA). For each 
germination test, a total of 400 seeds per 
sample (100 seeds per subsample) were 
placed between moist filter papers and 
incubated in a growth chamber (25°C, 16 h 
light period) for the duration of a test (14 
days). Two readings, first at 7 days and 
second at 14 days, were recorded. 

RESULTS 
Seed transmission of PepMV was not 

observed in two large-scale seedling 
grow-out assays. The germination rate for 
this commercial tomato seed lot was pre-
viously determined to be around 98%. 
Using these highly PepMV-contaminated 
tomato seeds, all 12 subsamples of 250 
seeds were positive by ELISA with a mean 
absorbance at 1.271 ± 0.150. A total of 
10,000 seedlings were evaluated in two 
separate seedling grow-out tests (5,000 
seedlings each). None of the 10,000 seed-
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lings in two separate experiments devel-
oped any sign of PepMV infection. Never-
theless, ELISA was performed to deter-
mine whether these germinated seedlings 
were indeed PepMV-free. In the first 
ELISA with 20 bulked samples of 250 
seedlings each, all samples were negative, 
with ELISA absorbance values ranging 
from 0.046 to 0.105 with a mean of 0.071. 
In this test, the healthy cutoff was set at 
0.148, two times that of the mean healthy 
control. The second symptom reading, 
conducted 1 week thereafter, again con-
firmed no virus infection status on all ger-
minated seedlings. A new ELISA with 
freshly collected tissue samples was again 
negative (OD405nm: 0.085 to 0.139 with a 
healthy cutoff at 0.198). N. benthamiana 
plants back-inoculated with tissue extract 
prepared from the germinating seedlings 
showed no virus infection. These negative 
results in the seedling grow-out, in ELISA, 
and in back-inoculation suggested that 
infectious PepMV particles were not pre-
sent in seedling leaf tissues. Although 
PepMV was seedborne, it was not seed-
transmitted in tomato under greenhouse 
growing conditions. 

Efficient mechanical transmission of 
PepMV from tomato seed to tomato and 
N. benthamiana seedlings. Infectivity of 
PepMV on the tomato seed was deter-
mined with bioassay through inoculation 
of N. benthamiana plants. In this test, all 
10 N. benthamiana seedlings inoculated 
with the inoculum prepared from seed 
extract of 250 tomato seeds developed 
typical PepMV infection. Using the same 
seed extract as inoculum, only two of 40 
inoculated tomato plants exhibited virus 
infection (5% infection rate). These results 
indicated that N. benthamiana was more 
easily infected with PepMV than was to-
mato. Therefore, N. benthamiana was used 
as an indicator plant to test for PepMV 
infection. 

PepMV was located in seed coat but 
not in embryo of tomato seeds. Ability 
and efficiency of virus transmission from 
tomato seeds to seedlings are influenced 
by the location of PepMV particles on the 
tomato seed. However, the exact location 
of PepMV on tomato seed parts had not 
been determined. Results from initial ex-
periments in ELISA and bioassays showed 
that under normal germination conditions, 
PepMV was seedborne but not seed-
transmitted to seedlings. However, the 
virus could be effectively transmitted to 
tomato seedlings by mechanical means. 
Evaluating where the virus was actually 
located on tomato seed may help to ex-
plain why PepMV possessed such unusual 
properties in virus transmission. The loca-
tion of PepMV in tomato seed was deter-
mined by serological test, by real-time RT-
PCR, and by infectivity assay. When 
ELISA was performed on samples with 
separated seed coats or embryos, positive 
reactions were observed only from the 

seed coat subsamples (OD405nm ranging 
0.230 to 4.000), while all embryo subsam-
ples were negative (OD405nm ranging 0.051 
to 0.106, the threshold for positive was 
0.150). In real-time RT-PCR, the seed coat 
tissue had a positive reaction (CT: 25.57), 
whereas a negative result (No CT) was 
detected in the embryo tissues isolated 
from the PepMV-infested tomato seeds. In 
addition to the positive reactions in ELISA 
and real-time RT-PCR, virus infectivity in 
seed coat samples was also demonstrated 
on N. benthamiana plants by bioassay. The 
localization of PepMV on the tomato seed 
coat rather than in the embryo likely ex-
plained the reason why PepMV was seed-
borne but not seed-transmitted in tomato 
seeds. 

Distribution of PepMV in tomato seed 
parts, floral organs, and fruits of an 
infected tomato plant. To investigate 
further the pattern of PepMV distribution 
on immature seed and floral organs during 
plant development in a PepMV-infected 
tomato plant, techniques including real-
time RT-PCR, serological test, and infec-
tivity assay were again used for evaluation. 
The results from ELISA showed that im-
mature embryos were free from PepMV 
(OD405nm: 0.08 ± 0.02). Although samples 
from fresh seed coat alone had a positive 
reaction, the absorbance value (OD405nm: 
0.25 ± 0.01) was much lower than that of 
the seed membrane (OD405nm: 1.04 ± 0.40) 
or fruit pulp (OD405nm: 1.63 ± 0.16) ex-
tracted from PepMV-infected tomato fruits 
(Table 1). Real-time RT-PCR also showed 
a negative reaction in the immature em-
bryo (CT: 31.02). Because the threshold 
(CT) of the mean healthy seed tissue was 
32.84 in this test, the CT for a positive was 
arbitrarily set at 30.00. However, positive 
reactions were shown in seed coat (CT: 
25.57), in membrane (CT: 18.49), and in 
fruit pulp (CT: 17.84) (Table 1). Bioassays 

confirmed the infectivity of PepMV in the 
seed coat but not in immature embryos. 
Other maternal tissues such as seed mem-
brane, fruit pulp, and other flower organs 
(including stigma, petal, anther, and anther 
filament) also contained infectious viruses 
(Table 1). 

PepMV was neither seedborne nor 
seed-transmitted in N. benthamiana. In 
addition to the study of seedborne and seed 
transmissibility of PepMV in tomato, simi-
lar experiments were also conducted to 
investigate the seed transmissibility of 
PepMV in the experimental host N. ben-
thamiana. Seeds harvested from PepMV-
infected N. benthamiana plants were first 
evaluated with ELISA. A strong positive 
ELISA reaction was obtained from seed 
pods (OD405nm: 3.46). Even though pre-
liminary ELISA showed a high absorbance 
reading (OD405nm: 1.90) with newly har-
vested seeds (regarded as dirty seed) col-
lected directly from PepMV-infected N. 
benthamiana plants, surface-cleaned seeds 
(triple-water rinses) were actually negative 
in ELISA (OD405nm: 0.04) as well as in 
Bioassay (data not shown). Furthermore, 
none of the germinating seedlings devel-
oped virus infection in a seedling grow-out 
test of over 1,000 seedlings based on 
symptom expression, and tested negative 
in ELISA (data not shown). These results 
showed that, unlike in tomato seeds where 
PepMV was seedborne but not seed-
transmitted, PepMV in N. benthamiana 
was neither seedborne nor seed-
transmitted. This nonseedborne nature of 
PepMV in N. benthamiana was similar to 
the nonseedborne nature of PepMV in its 
originally identified host plant, pepino (9). 

DISCUSSION 
This paper reports that PepMV is a 

seedborne, but not seed-transmitted virus 
on tomato. The mechanical transmission of 

Table 1. Virus distribution in tomato seed parts, floral organs, and fruits in a Pepino mosaic virus
(PepMV) infected tomato plant 

Tissue types ELISAx Real-time RT-PCRy Bioassayz 

Embryo 0.08 (–) 35.40 (–) – 
Seed coat  0.25 (+) 29.84 (+) + 
Seed membrane 1.04 (++) 18.49 (+) + 
Fruit pulp 1.63 (++) 17.84 (+) + 
Stigma 2.03 (+++) 24.94 (+) + 
Sepal 1.81 (++) 16.71 (+) + 
Petal 1.91 (++) 16.54 (+) + 
Anther 2.04 (+++) 16.79 (+) + 
Anther filament  1.59 (++) 24.19 (+) + 
Healthy check 0.08 (–) 35.00-No CT – 
Threshold for positive 0.16 35.00  
PepMV-leaf 3.88 (++++) 16.04 (+) + 

x Enzyme-linked immunosorbent assay. Average absorbance values from duplicate wells of each sam-
ple were presented. (–): <0.160; (+): 0.161-1.000; (++): 1.001-2.000; (+++): 2.001-3.000; and 
(++++): 3.001-4.000. Threshold for a positive ELISA (OD405nm: 0.160) was twice that of the average 
health check. 

y Immunocapture real-time reverse transcription–polymerase chain reaction (RT-PCR) was conducted 
as described (12), the threshold for positive (+) was arbitrarily set at CT = 35.00 based on the range 
of CT values on the healthy tissue sample controls. 

z Bioassay was conducted by mechanical inoculation of each tissue extract onto two Nicotiana ben-
thamiana plants, which were observed for symptom expression under greenhouse conditions. 
–: without infection; +: with infection. 
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PepMV from virus-containing seeds to 
seedlings is likely responsible for initiating 
a new infection on tomato. To my knowl-
edge, this is the first report to determine 
the localization of PepMV in tomato seed 
coat but not in the embryo. The unusual 
seedborne nature of PepMV in tomato seed 
may be due to its hairy seed coat structure, 
because the same virus was not shown to 
be seedborne either in N. benthamiana 
(this study) or in pepino (9). Although 
efforts were made during the seed coat and 
embryo tissue separation step to clean out 
any remaining fruit pulp tissue through 
triple rinsing with sterile distilled water of 
the isolated seed coats, it is possible that 
some small pieces of fruit pulp or gelati-
nous seed membrane tissue may still stick 
to the seed coats. Nevertheless, this sur-
face-locating nature of PepMV on tomato 
seeds makes it possible for seed treatment 
(3). 

There have been some conflicting re-
sults regarding the seed-transmissibility of 
PepMV in tomato. With a small number of 
seeds, Salomone and Roggero (21) ob-
served no seed transmissibility in seedling 
grow-out tests. A recent report by Cor-
doba-Selles et al. (3), however, reported 
1.84% seed-to-seedling transmission of 
PepMV. In the present study using over 
10,000 highly PepMV-contaminated com-
mercial tomato seeds for seedling grow-out 
tests in a greenhouse, no seed to seedling 
transmission of the virus was detected. The 
conclusion of no seed to seedling transmis-
sion of PepMV was supported by the nega-
tive ELISA on the naturally germinating 
seedlings and no positive infection through 
back-inoculation to N. benthamiana plants. 
In the study conducted by Cordoba-Selles 
et al. (3), back-inoculation was not used to 
recover infectious PepMV from the 1.84% 
ELISA-positive seedlings. Furthermore, 
because authors in that study did not pre-
sent the ELISA absorbance value on virus 
titers from the positive seedlings, direct 
comparison with the present study was not 
possible. The present study is in agreement 
with that of Salomone and Roggero (21) 
with the conclusion of no true seed to 
seedling transmission during normal seed-
ling germination. However, the present 
study also showed that with the ease of 
mechanical transmission of PepMV from 
tomato seeds to seedlings, the virus con-
taminated seed could potentially serve as a 
source of initial virus inoculum. 

It was estimated that approximately 
18% of the described plant viruses are 
seed-transmitted in one or more hosts (8). 
Transmission of viruses through seed can 
be of considerable ecological significance 
for virus perpetuation, dissemination, and 
survival through years in seed storage. 
Virus perpetuation by infected seed is 
seemingly the perfect survival strategy 
since it serves as a protective link between 
crop-growing seasons. However, it is pru-
dent to distinguish between seedborne 

viruses in general and viruses that depend 
upon seed-transmission for perpetuation. 
Depending on the situation, the rate of 
seed-transmission alone may not be a good 
indicator of epidemiological significance 
for the virus. Even though PepMV is not 
seed-transmitted, with the ease of me-
chanical transmission of the virus, any 
direct or indirect contact to a healthy to-
mato plant with a PepMV-contaminated 
tomato seed could potentially result in 
initiating a virus infection in a new facility 
or even in a new area. A new virus strain 
could also be introduced in this way to an 
area where PepMV is already endemic. 
Therefore, in commercial greenhouse to-
mato production, it is extremely critical to 
plant certified PepMV-free tomato seeds as 
the first preventive measure in disease 
management. 

In order to make an accurate assessment 
in the significance of tomato seed in the 
epidemiology of PepMV in tomato, it is 
necessary to reiterate the terms seedborne 
and seed-transmission. Seedborne means 
the virus is carried on seeds (either as a 
contaminant or in the seed coat) but does 
not necessarily infect the seedlings germi-
nated naturally from the virus-contam-
inated seeds. Seed-transmission means the 
virus (usually located in embryo) is capa-
ble of infecting the naturally germinating 
seedlings (5,8,16). The presence of virus in 
seed, even in the embryo, does not always 
lead to seedling infection. One exception 
to this is in the case of TMV, where the 
virus is carried as a contaminant on the 
surface of tomato and pepper seeds that 
can infect seedlings during germination 
and early growth (16). It is likely that a 
seedborne virus may initiate the infection 
of the germinating seedling through 
wounds caused by the germination process 
or by mechanical means. In the case of 
PepMV, because a natural virus infection 
was not found in the germinating tomato 
seedlings, the initial virus infection may be 
initiated through mechanical means, in-
cluding the handling of seedlings with 
dirty hands or tools that had come to con-
tact with PepMV-containing seeds. Once a 
new virus infection is established, secon-
dary transmission of PepMV could be 
facilitated from plant to plant through 
many of the hands-on activities in a green-
house tomato production cycle. 

Since PepMV-specific antibody can de-
tect the presence of virus coat protein from 
either infectious or nonviable virus parti-
cles, a positive ELISA result can only pro-
vide an indication for the presence of 
PepMV on the seed. Bioassay with me-
chanical inoculation onto an indicator 
plant (N. benthamiana) is a crucial step in 
a seed health assay to determine PepMV 
infectivity. This is especially important 
when treated seed samples are used. For a 
seedborne but not seed-transmitted virus 
like PepMV, an ELISA-positive seed sam-
ple does not necessarily mean that the seed 

is not safe to plant, especially if the seed 
had been treated previously. Nonviable 
virus particles in a treated seed sample 
could still produce a positive reading when 
tested in ELISA. If this is the case, a seed 
sample with a positive ELISA reading may 
actually pose no risk of virus transmission. 
Nevertheless, presence of a false-positive 
ELISA reading would be undesirable for 
the certification of virus-free seed. The 
true virus infectivity, however, can be de-
termined with a bioassay through me-
chanical inoculation of seed extract on the 
indicator plant, such as N. benthamiana. 
The data presented in this study clearly 
support the notion that PepMV is a seed-
borne but not seed-transmitted virus. For 
such a virus, a seedling grow-out test 
would yield no infection on germinating 
seedlings. A false negative reading would, 
however, have a serious consequence in 
potentially introducing PepMV into a new 
area. Similar to the situation with TMV in 
tomato and pepper seed (2,16,23), with its 
efficient mechanical transmission, a virus-
contaminated tomato seed lot can still 
serve as a source of initial virus inoculum 
for PepMV. Whole-seed serological assays 
are therefore not suitable to estimate the 
rate of seed transmission because viral 
presence in the seed coat relates little to 
virus transmission from seeds to seedlings 
(7,15). Therefore, it is extremely important 
to conduct a bioassay through indexing of 
the ELISA-positive seed samples onto N. 
benthamiana or even tomato seedlings. 
Presence of PepMV can be evaluated with 
symptom expression on inoculated N. ben-
thamiana plants and confirmed with 
ELISA as suggested by ISHI_Veg for seed 
health test of tomato seed for PepMV. 
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