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Tobamoviruses induce crop diseases that are responsible for significant economic losses around the world. Like other to-

bamoviruses, Cucumber green mottle mosaic virus (CGMMV) forms highly stable particles that can persist for long peri-

ods on plant debris, in soil and on seed surfaces. These particles serve as a primary source of infection, infecting seedlings

from which the virus can then be mechanically transmitted to other neighbouring plants. Contaminated seeds also pro-

vide a route for the movement of the virus between countries and its introduction into new areas. Effective seed disinfec-

tion treatments and the use of uncontaminated seed may reduce the global prevalence of this virus. Several treatments

based on the use of heat or chemicals have been reported to effectively eliminate CGMMV and other tobamoviruses from

seeds. An evaluation of these treatments on highly contaminated seed lots revealed inconsistent results, which encouraged

the construction of a more accurate detection method that combines morphological, serological, molecular and biological

analyses in one protocol. The detection of viable (infectious) viral particles in seed treated with heat, trisodium phosphate

or a combined treatment, indicates that these treatments are insufficient. The serological detection of CGMMV in the

inner parts of infected seeds provides a possible explanation for the inconsistent efficacy of these treatments.
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Introduction

Diseases caused by viruses belonging to the genus Tob-
amovirus result in severe reductions in fruit yield and
quality, leading to serious economic losses in important
crops such as pepper (Capsicum annum; Wetter et al.,
1984), tomato (Solanum lycopersicum; Broadbent, 1976)
and cucurbits, particularly cucumber (Cucumis sativus),
melon (C. melo) and watermelon (Citrullus lanatus;
Francki et al., 1986; Ryu et al., 2000; Shim et al.,
2005). Tobamoviruses are characterized by their unique
rod-shaped viral particles, c. 300 nm in length, that
include a single positive-sense strand of RNA of
c. 6�4 kb (Ono et al., 1972; Ugaki et al., 1991; Tan
et al., 2000) that encodes replication proteins (126 and
180 kDa), a movement protein (MP, 30 kDa) and a coat
protein (CP, 17 kDa) (Dorokhov Yu et al., 1994). Tob-
amovirus particles are known to be highly stable and can
persist for long periods without a living host, in plant
debris or by adsorbing to a solid-phase clay fraction in
the soil (Lanter et al., 1982; Dornai et al., 1993; Hull,
2002; Varveri et al., 2002). Although tobamoviruses are
not known to be transmitted by any insect vector, they

are efficiently transmitted by mechanical means such as
workers’ hands, clothing and tools (Broadbent &
Fletcher, 1963). Moreover, tobamoviruses are the only
viruses known to be able to survive in an infective state
on the surface of seeds, without invading the inner tis-
sues, for several months to a few years (Orlob & Lorenz,
1968; Hull, 2002; Agrios, 2004).
The tobamovirus Cucumber green mottle mosaic virus

(CGMMV) was first described in the 1930s as cucumber
virus 3 and 4 (Ainsworth, 1935). Since then, the virus has
spread among cucurbit crops worldwide (Vasudeva &
Singh, 1949; Antignus et al., 1990; Alshahwan & Abdalla,
1992; Odintsova et al., 2000; Polischuk et al., 2007; Chen
et al., 2009). The disease symptoms caused by CGMMV
include mottling and mosaic symptoms on leaves and dif-
ferent degrees of fruit mottling or distortion.
In cases of widespread epidemics in cucumber crops,

total yield losses of up to 15% can be observed, espe-
cially when an early infection occurs in a nursery. How-
ever, when the infection is delayed for 6 weeks, the yield
loss may be less significant (Fletcher, 1969). The supply
of primary inoculum may be reduced through the use of
seed disinfection methods, as reported in the literature.
Some of these methods are based on heat treatment at
various temperatures for different periods of time (Kim
et al., 2003). Other methods involve the use of acidic or
alkaline substances, e.g. 10% trisodium phosphate (TSP;
Rast & Stijger, 1987; Cordoba-Selles et al., 2007).
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Since 2007, there have been outbreaks of CGMMV in
different locations in Israel, including in remote areas.
The epidemic began in cucumber greenhouses in the
central part of the country. A year later, the disease
could also be found in greenhouse-grown melons and
watermelons and in open fields in the Arava and Jordan
valleys (southern and eastern parts of Israel, respectively;
Reingold et al., 2013). Interestingly, the disease was also
identified in commercial greenhouses of growers on their
first cycle of growing cucurbits, which points to seed
transmission. In the efforts to identify the source of the
primary inoculum, it was noted that cucurbit seed lots
that had been treated with chemicals or heat were
infected with the virus and served as a source of primary
inoculum. The goals of the current study were: (i) to
examine the efficacy of disinfection treatments that are
widely used on a commercial scale; and (ii) to develop
an extensive protocol for the diagnosis of CGMMV in/
on cucurbit seeds, to reduce the incidence and spread of
the disease to below the economic threshold.

Materials and methods

Preparation of infected seeds

Cucumber seeds
Two-week-old nonparthenocarpic cucumber C. sativus ‘Derben’

plants were mechanically inoculated with extract from
CGMMV-infected plants (Ah isolate, isolated from cucumber,

GenBank accession no. KF155232) that were homogenized in

0�01 M phosphate buffer (pH 7�0; PB7) containing carborundum

(silicon carbide). The inoculated plants were planted in 10-L
pots and placed in a greenhouse covered with 50-mesh netting

to continue growing until the appearance of ripe fruits. Pollina-

tion was carried out by bumblebees (Bombus terrestris; Bio

Bee). Three weeks after mechanical inoculation, leaf samples
(three upper leaves) were collected from each plant and screened

for the presence of CGMMV using CGMMV-specific antibodies

(Antignus et al., 1990) in an enzyme-linked immunosorbent
assay (ELISA; Clark & Adams, 1977). Seeds were collected from

ripe fruits and the presence of CGMMV in those seeds was

determined by an additional ELISA.

Melon seeds
Ripe melons, C. melo ‘Raanan’, exhibiting typical CGMMV

symptoms were collected from plants in commercial green-

houses. The infection of each melon fruit was confirmed by
ELISA. Seeds were collected from the infected fruits and further

tested for the presence of CGMMV using ELISA.

The infected seeds from both melons and cucumbers were

washed extensively with tap water, incubated overnight (16 h)
in water while being slowly agitated, and then dried on sheets

of paper at room temperature for 24 h before being used in fur-

ther experiments.

Purification of the virus from infected seeds

For each seed analysis, 40 g of seeds (c. 1100–1300 melon seeds

and c. 1400–1600 cucumber seeds) were soaked overnight in

50 mL 0�1 M PB7 with low agitation at 4°C. An additional

equivalent amount of 0�1 M PB7 was added to the swollen seeds

as they were ground in a homogenizer. The homogenized seed

extract was first centrifuged at low speed (10 410 g) for 10 min
and the supernatant was then collected and subjected to high-

speed centrifugation (35 280 g) for 3 h. The obtained pellet was

dissolved in 1 mL 0�01 M PB7. The presence of viral particles in

the purified material was confirmed using transmission electron
microscopy (TEM; Tecnai G2, FEI-Philips), by incubating 5 lL
of the purified sample on a copper grid for 5 min, followed by

uranyl acetate staining for an additional 5 min. Micrographs
were taken using a MegaView III camera operated using ANALY-

SIS software (Soft Imaging System).

Viral RNA extraction

Extraction of viral RNA from purified viral particles
Viral RNA was extracted from purified virus preparations as

described previously (Rosner et al., 1983; Dombrovsky et al.,
2012). Purified virus preparations were incubated with RQ
RNase-free DNase I (Promega) for 1 h at 37°C. This incubation
was followed by proteinase K treatment for 1 h at 37°C. Then,
the viral nucleic acid was purified by extraction with a water-

saturated acid–phenol mixture (Biological Industries). The aque-
ous phase of the preparation was precipitated overnight at

�20°C in the presence of glycogen (Fermentas-Thermo Fisher

Scientific), 0�1 M sodium acetate and isopropanol. The precipi-
tated viral RNA was washed with 75% ethanol and allowed to

air dry for 10 min. The dried viral RNA was then suspended in

40 lL 0�01 M Tris-borate EDTA (TBE) buffer.

Direct extraction of viral RNA from infected seeds
One hundred CGMMV-infected melon seeds (3�2–3�6 g) were

soaked overnight in 10 mL 0�1 M PB7 and then ground. The

homogenate was collected and subjected to low-speed centrifu-
gation at 5000 g for 5 min. RNA was extracted from the clari-

fied solution, as described above (i.e. DNase I digestion

followed by proteinase K treatment) and viral RNA was then

extracted using a commercial kit according to the manufac-
turer’s instructions (Viral RNA Extraction Kit; Bioneer).

Characterization and detection of CGMMV RNA

Ten microlitres of suspended RNA (1–5 lg on average) purified

from virions was separated by electrophoresis on a 1% TBE
agarose gel (100 V for 45 min). In parallel, 5 lg of the purified

viral RNA or RNA extracted directly from 100 seeds served as

a template for a reverse transcription (RT) reaction carried out

using the RevertAid Premium reverse transcriptase enzyme (Fer-
mentas-Thermo Fisher Scientific) and the complementary primer

R-XhoI designed for the CGMMV 30 UTR (50-AAACTC-
GAGTGGGCCCCTACCCGGGGAA-30; at position 6424 nt).

First, the obtained cDNA was amplified in a PCR procedure
using JMR PCR mix (JMR Holdings) and specific primers flank-

ing the coat and/or movement protein genes [F-CP (50-GAT

GGCTTACAATCCGATCAC-30; at position 5762 nt) and R-CP
(50-CCCTCGAAACTAAGCTTTCG-30; at position 6248 nt) or

F-MP (50-CATAGATGTCTCTAAGTAAGGTG-30; at position

4994 nt) and R-CP, respectively]. Then, an additional PCR

amplification was performed to verify the completeness of the
viral cDNA synthesized using the primer pair F-NcoI-50

(50-CCTGCCATGGGTTTTAATTTTTATAATTAAACAAACAA

CA-30; at position 1 nt) and R-SalI (50-AATAGTCGACCCCG

GGGTTCACATAACATTA-30; at position 2623 nt), in order to
amplify the region from 50 UTR to nt 2624. In addition, viral

cDNA was used for long-distance (LD) PCR using the Advan-
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tage 2 Polymerase Mix (Clontech-Takara) and two specific

primers designed on the UTRs at both ends of the CGMMV
genome (F- NcoI-50 and R- XhoI-30). For characterization of the

different PCR products, the obtained mixtures were separated

by electrophoresis in a 1% agarose gel (100 V for 30 min) at

room temperature.

Inoculation of test plants with purified virions or RNA
extracted directly from seeds

Purified virions (40 g batches of seed) and RNA extracted from
seeds (batches of 100 seeds each) were used to inoculate cucum-

ber ‘Beit-Alpha’, melon ‘Arava’ and Nicotiana benthamiana
plants. Inoculum consisted of 10 lL of purified virions taken
from a diluted solution of 20 lL virions in 70 lL TBE, or 5 lL
of viral RNA extract taken from a solution of 10 lL RNA in

40 lL TBE. These were gently rubbed on each plant dusted with

carborundum using a pipette with sterile tips (three or four
plants of each of cucumber, melon and N. benthamiana). The

leaves were carefully washed with tap water (mist) 5 min later.

The status of the infected plants was confirmed by the appear-

ance of typical CGMMV symptoms and validated by ELISA
14 days post-inoculation (dpi).

In situ immunofluorescence labelling of CGMMV in
seed tissues

The seed coats (testae) of CGMMV-infected melon seeds were

separated from the inner seed tissues and each tissue section

was sliced and fixed with 4% formaldehyde and 0�2% glutaral-
dehyde, as described previously (Andeme-Onzighi et al., 2002).
The slices were washed twice using a phosphate-buffered saline

(PBS) solution containing 0�05% Tween-20 (PBS-T), blocked

using PBS with 1% milk (0% fat) for 30 min and then incu-
bated with specific IgG antibodies for CGMMV (Antignus

et al., 1990, 2001) in the PBS–milk mixture overnight at 4°C.
The slices were washed twice with PBS-T and the secondary

antibody, goat anti-rabbit IgG-conjugated Alexa Fluor 488 (In-
vitrogen), was added to the slices in a 1:200 dilution in PBS

and the material was incubated for an additional 3 h at 37°C
with agitation. Then, the slices were washed twice with PBS-T
and kept in PBS in a sealed box. Seeds from ELISA-negative

melons that had been treated with 10% TSP and heat (72°C
for 72 h) served as a negative control. The fluorescence signal

of the slices was detected using confocal microscopy.

Verification of the effectiveness of seed disinfection
treatments

Three disinfection treatments (10% TSP, heat and a combina-
tion of TSP and heat) were evaluated on batches of 40 g of

CGMMV-infected melon seeds or on batches of 100 CGMMV-

infected melon seeds (3�2–3�6 g). In preliminary experiments,
the TSP treatment was applied for 30, 60 and 90 min with

slow agitation, followed by an extensive wash with tap water.

However, because no significant differences were detected in

the ELISA and the bioassay results of these different treatments
(data not shown), in later experiments, only the 30-min treat-

ment was applied. For the heat treatment, the seeds were incu-

bated at 72°C for 72 h. In preliminary work, this procedure

was carried out at different temperatures and over a longer per-
iod. Once the optimal temperature for seed viability was deter-

mined, that temperature was used in all further studies. The

combined procedure started with the TSP treatment, which was

followed by the heat treatment. Molecular (RNA separation on
TBE gel, RT-PCR amplification), serological (ELISA), micros-

copy (TEM), and biological (mechanical inoculation of suscep-

tible plants) analyses were used to evaluate the efficacy of each

disinfection treatment on both scales (40 g batches and 100-
seed batches; Figs 1 & S1).

Viral purification was carried out on batches of 40 g of

untreated or treated seeds (Fig. 1a, left path) and particle mor-
phology was visualized using TEM (Fig. 1b). Then, viral RNA

was extracted from purified particles and subjected to RT-PCR

amplification (Fig. 1c1–c2). In parallel, the same RT-PCR proce-

dures were performed on batches of 100 seeds (Fig. 1a, right
path). In addition, cucumber, melon and N. benthamiana plants

were mechanically inoculated with purified virions obtained

from the 40 g batches or the RNA extracted from the batches

of 100 seeds. Twenty seeds in five replicates (100 seeds in total:
seven infected treated, eight infected untreated and five

CGMMV-free per replicate) were subjected to in situ immuno-

fluorescence labelling.

Results

Detection of CGMMV in infected seeds

Cucumber and melon seeds were collected from
CGMMV ELISA-positive fruits. Presence of CGMMV-
CP in the collected seeds was confirmed by further
ELISA procedures performed on 20 subsamples of 100
cucumber or melon seeds (a total of 2000 cucumber and
2000 melon seeds). Typical tobamovirus particles with
rod-shaped morphology (c. 300 nm in length) were
observed in TEM analyses of samples of purified virions
from 40 g batches of CGMMV-infected cucumber seeds
and 40 g batches of CGMMV-infected melon seeds
(Fig. 2a). Separation of the viral RNA extracted from
purified virions on TBE agarose gel revealed the presence
of a viral RNA fraction with an estimated size of c. 6 kb
(Fig. 2b1). Further detection of CGMMV in seed samples
was carried out by RT-PCR amplification of the genome
fragment encoding the CP and MP genes. Later, the
integrity of the viral genome was analysed by amplifying
the entire genome, yielding an amplicon with estimated
size of 6 kb (Fig. 2b2). The authenticity of the amplicons
was partially verified by nucleotide sequencing of the
regions encoding the CP and MP genes.
Three to four plants of cucumber, melon (5-leaf stage),

and N. benthamiana (3-leaf stage) were also mechani-
cally inoculated with purified virions and extracted viral
RNA. Typical systemic symptoms were observed in these
plants at 7–9 dpi (Fig. 2c) and the presence of the virus
was verified by ELISA.

Detection and localization of CGMMV coat protein in
seed tissues by in situ immunofluorescence labelling

The presence of CGMMV CP subunits in infected
melon seeds was detected using specific CGMMV IgG
antibodies (Antignus et al., 1990) and fluorescently
labelled secondary antibodies (goat anti-rabbit) labelled
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with Alexa Fluor 488. Confocal microscopy revealed
high fluorescence signals in the testa and endopleura
samples from the majority of examined seeds (18/20
seeds; Fig. 3). The seeds that tested positive for the
presence of CP subunits were further examined for the
presence of CGMMV CP within their inner tissues (i.e.
endopleura, embryo). Higher fluorescence signals were
noted in the seed coats (testa and endopleura, the outer
and inner side, respectively), compared to the inner tis-
sues (endosperm; Fig. 3b,d). However, significant differ-
ences in fluorescence signals were identified in the inner
tissue of infected versus uninfected seeds (Fig. 3c,d).
The signal in the inner tissues was located in the endo-
sperm and surrounding layers, but no fluorescence sig-
nal was detected in the embryo/cotyledons of any of
the examined seeds.

Efficacy of seed disinfection treatments

The efficacy of two commonly used commercial seed
treatments (Taylor et al., 1961; Rast & Stijger, 1987;
Kim et al., 2003) and a combination of those treatments
were examined. Specifically, the ability of each treatment

to eliminate and inactivate CGMMV in highly infected
melon and cucumber seeds was evaluated.
Seed treatments were performed on batches of 40 g of

infected seed and batches of 100 infected seeds (large-
and small-scale, respectively; Figs. 1 & S1). Each of the
40 g seed samples was analysed using five methods:
ELISA, TEM, RNA extraction and separation, RT-PCR
(for CP and for the complete viral genome) and a biolog-
ical assay. A similar approach was used to examine the
batches of 100 seeds; however, the TEM and RNA sepa-
ration were not used for the analysis of those batches.
In total, 24 large-scale experiments were performed on

40 g batches of CGMMV-infected cucurbit seeds This
consisted of eight experiments involving 10% TSP treat-
ment, eight involving heat treatments and eight involving
the combined treatment. Half of the experiments (four of
each treatment) were conducted on melon seeds and half
on cucumber seeds. All 24 experiments yielded positive
serological results, as detected by ELISA, in both cucum-
ber and melon seeds. Therefore, in order to improve the
accuracy and fidelity of the diagnostic methods, it was
decided to focus only on the CGMMV-infected melon
seeds in further experiments.

(a)

(c1) (c2)

(b)

Figure 1 Schematic representation illustrating the two protocols and the detection methods used in this study. Those methods included

morphological, serological, molecular and biological analyses in two combined protocols for the detection of CGMMV virions, CGMMV CP or

CGMMV RNA in seed lots. (a) Large text boxes and arrows represent the large-scale protocol, in which 40-g batches of seed were used. Small text

boxes and arrows represent the small-scale protocol conducted using batches of 100 seeds each. (b) Transmission electron microscopy (TEM)

image of CGMMV particle morphology. Viral RNA was detected using gel electrophoresis and a bioassay. Viral particles were detected using TEM,

ELISA and a bioassay. The bioassay was based on the mechanical inoculation of three selected susceptible plants (Nicotiana benthamiana,

Cucumis sativus and C. melo) with viral RNA or particles. (c1–c2) Reverse transcription (RT)-PCR amplification of genome fragments or the entire

genome; (c1) primer pairs and amplicon sizes; (c2) primer binding sites on the viral genome.
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Particle morphology

Virion purification was performed using 40 g batches of
treated seed (TSP, heat and combined treatments). TEM
revealed particles with the typical CGMMV morphology
(300 nm in length) in all of the virion samples purified
from seeds that had undergone the different disinfection
treatments (Fig. 4a; summarized in Table 1).

Viral RNA

RNA of the typical size of tobamovirus genomes was
detected in all of the 40 g batches of untreated CGMMV-
infected seeds; viral RNA corresponding to a c. 6�4 kb
band was visible in the TBE gel separation (Fig. 2b1). The
entire viral genome was detected in all of the seeds that had
been treated with 10%TSP and in the heat-treated seeds. In
contrast, this RNAwas not detected in seed that had under-
gone the combined treatment (summarized in Table 1).

Genome amplification

For seed treatments performed on 40 g batches of
infected seeds, RT-PCR was successfully used to amplify
genome fragments of the CP (496 bp; Fig. 4b) gene, CP-
MP (1273 bp) genes and the entire genome (6424 bp).
Moreover, positive amplification of the 50 region down-

stream of position 2623 was also detected. The entire
genome could not be amplified from seeds subjected to
the combined treatment (0/4 repeats), although CP and
MP could be amplified from those seeds (Table 1).
RT-PCR analysis of 100-seed batches of untreated

seeds (control) allowed the amplification of the CP alone,
the CP-MP genes and the entire genome. In the batches
of 100 TSP-treated seeds, the CP-MP genes were detected
in four out of four experiments, but the entire genome
was amplified in only two of four experiments. Dissimi-
lar results were attained from the four replicates of the
heat treatment: in all four experiments, CP-MP genes
were amplified, but the entire viral genome could not be
amplified (0/4; Table 1).

Biological assay

Susceptible test plants were mechanically inoculated with
virions (extracted from 40 g seed batches) or viral RNA
(extracted from 100-seed batches) and grown until symp-
toms developed (10–14 dpi). This system served as a bio-
logical assay to complement and validate the laboratory
analysis.
The examination of the infectivity of virions extracted

from 40 g batches of untreated or treated CGMMV-
infected seeds revealed high percentages of infectivity in
all four replicates of the positive control (untreated; 4

(a)

(c)

(b1) (b2)

Figure 2 Characterization of CGMMV purified from seeds. (a) TEM image of viral particles purified from 40 g of infected melon seed. (b1) Viral RNA

extracted from 40 g of infected seed and separated on a TBE gel (1 lL out of 40 lL suspended RNA). The marked band is the full-length viral

RNA. (b2) One of the five RT-PCR amplicons representing the entire CGMMV genome. (c) Nicotiana benthamiana leaf inoculated with 10 lL of the

40 lL of suspended RNA extracted from 40 g of infected seed.
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(a) (b)

(c) (d)

Figure 3 In situ immunofluorescence: CGMMV-specific antibodies were used to detect the virus in melon seeds. (a) CGMMV-free seed coat, (b)

CGMMV-infected seed coat, (c) inner tissue of a CGMMV-free seed, (d) inner tissue of a CGMMV-infected seed. T, testa; EP, endopleura; C,

cotyledon.

(a) (b)

Figure 4 Detection of CGMMV in 40 g batches of infected melon seeds following treatment. (a) Virions isolated from infected seeds subjected to

the heat treatment, (b) detection of CGMMV by RT-PCR for the viral CP. M, marker; lanes 1–2, untreated, infected seed (positive control); lanes 3–4,

infected seed subjected to the TSP treatment; lanes 5–6, infected seed subjected to the heat treatment; lanes 7–8, infected seed subjected to the

combined treatment; (�) negative PCR control.
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infected plants/4 tested plants, 3/4, 3/4 and 4/4); the
10% TSP treatment (2 infected/4 tested plants) and the
heat treatment (2 infected/4 tested plants, 2/4, 3/4 and 4/
4). A significantly lower level of infectivity (aver-
age = 27%) was detected in the replicates of the com-
bined treatment (1 infected plant/4 tested plants, 1/3, 0/3
and 2/4) (Table 1).
The viral RNA extracts from batches of 100 seeds

(small-scale) were highly infective in most of the suscep-
tible plants. The extracts from untreated infected seeds
(positive control) had a 100% infectivity rate (3 infected
plants/3 tested plants, 3/3, 4/4, 3/3). Among the plants
inoculated with extract from seeds subjected to the 10%
TSP treatment, 83�3% infectivity was observed (3/3, 2/3,
2/3, 3/3). Among plants inoculated with extract from
heat-treated seeds, 66�6% infectivity was observed (2/3,
3/3, 1/3, 2/3) and 31�5% infectivity was observed among
plants inoculated with extract from seeds subjected to
the combined treatment (1/4, 0/3, 2/3, 1/3) (Table 1).
The inability of the three seed treatments to eliminate

the infectious capability of CGMMV-contaminated seeds
encouraged further investigation of the location of the
virus within the seed tissues. To that end, the in situ
detection of the CGMMV-CP was carried out in treated
and untreated contaminated seeds (Fig. 5). Immunofluo-
rescence labelling was visualized by confocal microscopy.
This revealed the presence of strong fluorescence signals
in the seed coats and inner tissues, possibly the endo-
pleura and the endosperm, following the different treat-
ments, including the combined treatment (Fig. 5c,d).

Discussion

Since 2007, CGMMV has been identified in different
parts of Israel, including remote areas. The virus has
been found in trellised cucumber and melon growing in
greenhouses and watermelon growing in open fields
(Reingold et al., 2013). This widespread CGMMV epi-
demic encouraged investigation of the role of seeds as a

source of primary inoculum. Several disinfection methods
based on heat (Kim et al., 2003) or chemical treatment
(e.g. 10% TSP; Rast & Stijger, 1987; Herrera-V�asquez
et al., 2009) have been reported to provide satisfactory
control of tobamoviruses in cucurbit (Kim et al., 2003)
and solanaceous seeds such as pepper (Rast & Stijger,
1987) and tomato (Cordoba-Selles et al., 2007). How-
ever, the failure of these disinfection treatments, particu-
larly the chemical treatments, to control CGMMV in
commercial greenhouses and fields in Israel suggested
that, in some cases, the virus may remain infectious even
after treatment.
This tolerance could be explained by the preservation

of the virus in the inner tissues of the seeds (Rast & Stij-
ger, 1987; Genda et al., 2011). This possibility has also
been confirmed indirectly in recent studies that have
reported internal changes in seed morphology following
infection: development of hair-like tissues on melon seed
coats (Lee et al., 2012b) and enlargement of the space
between the endopleura and the endosperm (Lee et al.,
2012a). These morphological and physiological changes
may involve more than the external seed coat absorption
of CGMMV and thus support a new supposition that
CGMMV is present in the inner tissues of the seed and
interacts with the cells of those tissues.
At present, most of the techniques for detecting

CGMMV in seeds rely on the serological method ELISA
(Clark & Adams, 1977; Koenig, 1981) and amplifica-
tion-based methods, specifically RT-PCR and quantita-
tive real-time RT-PCR (qRT-PCR) (Henson & French,
1993; Schoen et al., 1996; Fang et al., 2002). ELISA is
considered to be a robust technique (Sutula et al., 1986)
and it enables the detection of viral CP subunits
(Webster et al., 2004), but it suffers from two main
limitations. The first is the problem of false negatives;
the specificity and avidity of the antibodies used for the
analysis can vary and that variation may be particularly
important when dealing with small amounts of infected
seeds in a large seed lot. According to the International

Table 1 Summary of the effectiveness of seed disinfection treatments in the elimination of Cucumber green mottle mosaic virus (CGMMV)

Analysis

Amount of

seeds

Seed treatment

Control

(untreated)

Chemical (10%

TSP)

Heat (72°C,

72 h)

Combined treatment (10% TSP+heat 72°C,

72 h)

ELISA 40 g + + + +

100 seeds + + + +

Fluorescence

labelling

10 seeds + + + +

TEM 40 g + + + +

RNA 40 g + + + �
PCR for CP-MP 40 g + + + +

100 seeds + + + +

LD-PCR 40 g + + + �
100 seeds + + � �

Biological test 40 g + + + +

100 seeds + + + +

+, presence of CGMMV; �, absence of CGMMV.
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Seed Testing Association (ISTA), proper testing requires
20 batches of 100 seeds each (2000 seeds in total) and
such an analysis will have a detection threshold of 1:99
(1 infected seed: 99 healthy seeds). There is often a low
virus titre following the conventional chemical treatment
and extensive washes performed during the production
of commercial seeds, which help to bring the viral con-
centration below the detection threshold, although viable
viral particles still exist (Sutula et al., 1986; Tuitert,
1990). The second limitation of the ELISA method is the
problem of false positives and, in some instances, corre-
lation between the ELISA results and biological signifi-
cance can be problematic (Sutula et al., 1986; Tuitert,
1990). The possibility of obtaining false-positive or false-
negative ELISA results may lead to situations in which
growers purchase treated seed lots that may be contami-
nated. Moreover, the inability to draw a direct link
between diagnostic results and the degree of virus infec-
tivity is a major obstacle even when more sensitive
molecular-based methods such as RT-PCR or qRT-PCR
(Henson & French, 1993; Schoen et al., 1996; Fang
et al., 2002) are used.
In order to provide a solution for the challenging

problem of how to identify CGMMV infectivity poten-
tial, a protocol was assembled that included serological,

molecular and morphological methods together with a
biological assay, and allowed the validation of the effi-
cacy of seed disinfection treatments (Figs 1 & S1). To
extend the utility of commonly accepted techniques such
as ELISA (Antignus et al., 1990), RT-PCR (Kim et al.,
2003) and qRT-PCR (Hongyun et al., 2008), additional
parameters related to viral infectivity were measured and
calibrated using CGMMV-infected melon and cucumber
seeds.
The combined protocol was designed to deal with

two different quantities of seed: (i) a smaller amount of
100 seeds, which requires more sensitive methods such
as the LD-RT-PCR calibrated in this study, and allows
the analysis of the entire viral genome integrity (Figs 1,
left path & 2b2); and (ii) a larger amount (40 g) of
seeds, which allows the use of more robust methods
that rely on highly concentrated samples, obtained by
virion purification, that serve as starting material for
sequential analyses (Fig. 1, right path). It should be
noted that the larger 40 g protocol provides a wider
examination of seed samples and is more appropriate
for the evaluation of new seed disinfection treatments.
The smaller scale protocol may be more appropriate for
the examination of seed lots before they are released to
the market.

(a) (b)

(c) (d)

Figure 5 In situ immunofluorescence: CGMMV-specific antibodies were used to detect the virus in treated melon seeds. (a) CGMMV-positive seed

coat, (b) CGMMV-free seed coat, (c) CGMMV-infected seed coat observed among seed that had received the combined (chemical + heat) treatment,

(d) inner tissue from a CGMMV-infected seed that had received the combined treatment. T, testa; EP, endopleura; ES, endosperm; C, cotyledon.
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The results here clearly demonstrate that two common
seed treatments, 10% TSP and heating to 72°C for 72 h,
do not fully inactivate CGMMV in seeds. Each of the
detection methods used in this study, ELISA, TEM, RT-
PCR and the complementary biological assay, detected
the presence of the virus in treated seeds (Table 1).
Based on these results, it is concluded that these com-
mon seed treatments do not provide effective control of
CGMMV in melon and cucumber seeds. According to
the results of the biological assay, the combined treat-
ment of 10% TSP for 30 min followed by 72°C for 72 h
is more effective than either treatment used alone, but
even so, ELISA and RT-PCR both detected the presence
of CP subunits in seeds subjected to the combined
treatment.
Interestingly, N. benthamiana was found to be the

preferable test plant, as it develops CGMMV symptoms
more rapidly and clearly than other plant species
(Fig. 2c). Viral infection could be confirmed in N. benth-
amiana within 5–7 dpi. The high sensitivity of N. benth-
amiana to different plant viruses has been well described
previously (Voinnet et al., 1999; Yang et al., 2004;
Senthil et al., 2005).
Comparison between the combined protocol and a sin-

gle analysis (ELISA, RT-PCR or qRT-PCR) commonly
used in official diagnostic laboratories, demonstrated that
the combined protocol provides more accurate and reli-
able results regarding the efficacy of the disinfection
treatments. For instance, ELISA-negative seed lots may
be capable of inducing symptoms on test plants in a bio-
logical assay (Haase et al., 1989; Klerks et al., 2001;
Menzel et al., 2003). These findings demonstrate the
importance of using several techniques to test a single
seed lot.
The complexity of the efficacy of seed disinfection

treatments is also reflected in the diverse patterns of
infectivity observed when treatments are applied on dif-
ferent seed lots; a treatment may be fully effective on
one lot and ineffective on a different lot. This inconsis-
tent efficacy can be explained by the presence of the
virus in inner tissues of the seed, a situation that occurs
irregularly in seed lots (Broadbent, 1965). The presence
of the virus in inner tissues could be due to transmission
by pollination and subsequent infection of the embryo,
but that phenomenon has not been observed for tobam-
oviruses (Hull, 2002; Genda et al., 2011). On the other
hand, in cases of early infection, a high titre of virus can
be detected in the fruits, and the formation of seeds in
this highly infected environment can lead to the accumu-
lation of virus in the inner parts of the seed (Chitra
et al., 1999).
Based on the results presented here, all the tested seed

disinfection treatments (heat, TSP and a combination of
the two) were found to be insufficient for eliminating the
infectivity of CGMMV from contaminated seed lots; the
use of the combined protocol prevents misinterpretation
regarding the efficacy of the examined treatments (Du-
hyun & Jungmyung, 2000; Kim et al., 2003) by forcing
a dipper examination of the seeds.

The ideal approach for disease control should be based
on a sensitive and accurate diagnostic analysis of com-
mercial seed lots to guarantee the use of tobamovirus/
CGMMV-free seed. Despite the reliability of the biologi-
cal assay, this technique, when it stands alone, may suf-
fer from false negative results, especially when dealing
with low virus titre. Moreover, the biological assay
requires at least 7–9 days post-inoculation, greenhouse
space, monitoring environment and pest management
control. Hopefully in the near future, application and
improvements of LD-RT-PCR for integrity genome
detection could join the classical biological assay and
advance the detection potential.
Meanwhile, CGMMV-contaminated seed lots should

be eliminated until new protocols or methods for effi-
cient disinfection are discovered. Avoiding early infection
through the use of CGMMV-free seeds and effective seed
treatments will help to decrease the rate of early infec-
tion and minimize yield losses.
In conclusion, commercial seed treatments need to be

re-examined regularly, in order to verify their efficacy. It
is hypothesized that the efficacy of seed treatments may
be influenced by the percentage of infected seeds in the
treated lot which may be affected by several parameters:
(i) CGMMV infection within the parental lines; (ii) the
number of CGMMV-infected plants in the seed produc-
tion area; and (iii) the time and mode of inoculation
within the seed production area, i.e. whether the inocula-
tion proceeded by mechanical means (on mature or
young plants) or via CGMMV-contaminated pollen. In
order to properly evaluate the feasibility and efficacy of
cucurbit seed disinfection techniques for the control of
CGMMV, further study directed toward the identifica-
tion of the mode of virus preservation and seed transmis-
sion, as well as the location of the virus within the seed
tissues, is required.

Acknowledgements

This work was supported by the Chief Scientist, Israel
Ministry of Agriculture, project number 132-1479. Con-
tribution number 533/13 from the Agricultural Research
Organization, The Volcani Center, Bet Dagan, Israel.

References

Agrios G, 2004. Plant Pathology, 5th edn. San Diego, CA, USA:

Academic Press.

Ainsworth GC, 1935. Mosaic disease of cucumber. Annals of Applied

Biology 22, 55–67.

Alshahwan IM, Abdalla OA, 1992. A strain of Cucumber green mottle

mosaic virus (CGMMV) from bottlegourd in Saudi-Arabia. Journal of

Phytopathology 134, 152–6.

Andeme-Onzighi C, Sivaguru M, Judy-March J, Baskin TI, Driouich

A, 2002. The reb1-1 mutation of Arabidopsis alters the

morphology of trichoblasts, the expression of arabinogalactan-

proteins and the organization of cortical microtubules. Planta 215,

949–58.

Antignus Y, Pearlsman M, Benyoseph R, Cohen S, 1990. Occurrence of

a variant of Cucumber green mottle mosaic virus in Israel.

Phytoparasitica 18, 50–6.

Plant Pathology (2015) 64, 245–255

Seed disinfection treatment for CGMMV 253



Antignus Y, Wang Y, Pearlsman M, Lachman O, Lavi N, Gal-On A,

2001. Biological and molecular characterization of a new cucurbit-

infecting tobamovirus. Phytopathology 91, 565–71.

Broadbent L, 1965. The epidemiology of tomato mosaic XI. Seed-

transmission of TMV. Annals of Applied Biology 56, 31.

Broadbent L, 1976. Epidemiology and control of Tomato mosaic virus.

Annual Review of Phytopathology 14, 75–96.

Broadbent L, Fletcher JT, 1963. The epidemiology of tomato mosaic IV.

Persistence of virus on clothing and glasshouse structures. Annals of

Applied Biology 52, 233–41.

Chen HY, Lin SM, Chen Q et al., 2009. Complete genomic sequence of

a watermelon isolate of Cucumber green mottle mosaic virus in

northern China. Bing Du Xue Bao 25, 68–72.

Chitra TR, Prakash HS, Albrechtsen SE, Shetty HS, Mathur SB, 1999.

Infection of tomato and bell pepper by ToMV and TMV at different

growth stages and establishment of virus in seeds. Journal of Plant

Pathology 81, 123–6.

Clark MF, Adams MJ, 1977. Characteristics of the microplate method of

enzyme-linked immunosorbent assay for the detection of plant viruses.

Journal of General Virology 34, 475–83.

Cordoba-Selles MDC, Garcia-Randez A, Alfaro-Fernandez A, Jorda-

Gutierrez C, 2007. Seed transmission of Pepino mosaic virus and

efficacy of tomato seed disinfection treatments. Plant Disease 91,

1250–4.

Dombrovsky A, Sapkota R, Lachman O, Antignus Y, 2012. Eggplant

mild leaf mottle virus (EMLMV), a new putative member of the genus

Ipomovirus that harbors an HC-Pro gene. Virus Genes 44, 329–37.

Dornai D, Mingelgrin U, Frenkel H, Barjoseph M, 1993. Direct

quantification of unadsorbed viruses in suspensions of adsorbing

colloids with the enzyme-linked-immunosorbent-assay. Applied and

Environmental Microbiology 59, 3123–5.

Dorokhov Yu L, Ivanov PA, Novikov VK et al., 1994. Complete

nucleotide sequence and genome organization of a tobamovirus

infecting cruciferae plants. FEBS Letters 350, 5–8.

Duhyun K, Jungmyung L, 2000. Seed treatment for Cucumber green

mottle mosaic virus (CGMMV) in gourd (Lagenaria siceraria) seeds

and its detection. Journal of the Korean Society for Horticultural

Science 41, 1–6.

Fang Y, Wu WH, Pepper JL et al., 2002. Comparison of real-time,

quantitative PCR with molecular beacons to nested PCR and culture

methods for detection of Mycobacterium avium subsp.

paratuberculosis in bovine fecal samples. Journal of Clinical

Microbiology 40, 287–91.

Fletcher JT, 1969. Cucumber green mottle mosaic virus, its effect on

yield and its control in the Lea Valley, England. Plant Pathology 18,

16–22.

Francki RIB, Hu J, Palukaitis P, 1986. Taxonomy of cucurbit-infecting

tobamoviruses as determined by serological and molecular

hybridization analyses. Intervirology 26, 156–63.

Genda Y, Sato K, Nunomura O, Hirabayashi T, Tsuda S, 2011.

Immunolocalization of Pepper mild mottle virus in developing seeds

and seedlings of Capsicum annuum. Journal of General Plant

Pathology 77, 201–8.

Haase A, Richter J, Rabenstein F, 1989. Monoclonal antibodies for

detection and serotyping of Cucumber mosaic virus. Journal of

Phytopathology 127, 129–36.

Henson JM, French R, 1993. The polymerase chain reaction and plant

disease diagnosis. Annual Review of Phytopathology 31, 81–109.

Herrera-V�asquez JA, C�ordoba-Sell�es MC, Cebri�an MC, Alfaro-

Fern�andez A, Jord�a C, 2009. Seed transmission of Melon necrotic spot

virus and efficacy of seed-disinfection treatments. Plant Pathology 58,

436–42.

Hongyun C, Wenjun Z, Qinsheng G, Qing C, Shiming L, Shuifang Z,

2008. Real time TaqMan RT-PCR assay for the detection of

Cucumber green mottle mosaic virus. Journal of Virological Methods

149, 326–9.

Hull R, 2002. Matthews’ Plant Virology, 4th edn. San Diego, CA, USA:

Academic Press.

Kim SM, Nam SH, Lee JM, Yim KO, Kim KH, 2003. Destruction of

Cucumber green mottle mosaic virus by heat treatment and rapid

detection of virus inactivation by RT-PCR. Molecules and Cells 16,

338–42.

Klerks MM, Leone GO, Verbeek M, Van Den Heuvel JF, Schoen CD,

2001. Development of a multiplex AmpliDet RNA for the

simultaneous detection of Potato leafroll virus and Potato virus Y in

potato tubers. Journal of Virological Methods 93, 115–25.

Koenig R, 1981. Indirect ELISA methods for the broad

specificity detection of plant viruses. Journal of General Virology 55,

53–62.

Lanter JM, Mcgurie JM, Goode MJ, 1982. Persistence of Tomato mosaic

virus in tomato debris and soil under field conditions. Plant Disease

66, 4.

Lee SY, Lee C, Kim J, Jung HY, 2012a. Application of optical coherence

tomography to detect Cucumber green mottle mosaic virus (CGMMV)

infected cucumber seed. Horticulture Environment and Biotechnology

53, 428–33.

Lee SY, Win NKK, Cho DM, Lee SH, Jung HY, 2012b. Cucumber green

mottle mosaic virus (CGMMV) can induce hair-like tissues on genus

Cucumis seeds. Scientia Horticulturae 146, 76–80.

Menzel W, Zahn V, Maiss E, 2003. Multiplex RT-PCR-ELISA compared

with bioassay for the detection of four apple viruses. Journal of

Virological Methods 110, 153–7.

Odintsova TI, Andreeva EN, Pukhal’skii VA, Musolyamov AK, Egorov

TA, 2000. Structural analysis of the coat protein of cucumber green

mottle mosaic virus. Biochemistry-Moscow 65, 571–7.

Ono T, Inoue H, Okada Y, 1972. Assembly of rod-shaped virus in vitro:

reconstitution with cucumber green mottle mosaic virus protein and

tobacco mosaic virus RNA. Proceedings of the National Academy of

Sciences, USA 69, 3680–3.

Orlob GB, Lorenz PR, 1968. Survival of tobacco mosaic virus in space.

Phytopathology 58, 2.

Polischuk V, Budzanivska I, Shevchenko T, Oliynik S, 2007. Evidence for

plant viruses in the region of Argentina Islands, Antarctica. FEMS

Microbiology Ecology 59, 409–17.

Rast ATB, Stijger CCMM, 1987. Disinfection of pepper seed infected

with different strains of Capsicum mosaic-virus by trisodium

phosphate and dry heat treatment. Plant Pathology 36, 583–8.

Reingold V, Lachman O, Koren A, Dombrovsky A, 2013. First report of

Cucumber green mottle mosaic virus (CGMMV) symptoms in

watermelon used for the discrimination of non-marketable fruits in

Israeli commercial fields. New Disease Reports 28, 11.

Rosner A, Ginzburg I, Bar-Joseph M, 1983. Molecular cloning of

complementary DNA sequences of citrus tristeza virus RNA. Journal

of General Virology 64, 1757–63.

Ryu KH, Min BE, Choi GS et al., 2000. Zucchini green mottle mosaic

virus is a new tobamovirus; comparison of its coat protein gene with

that of kyuri green mottle mosaic virus. Archives of Virology 145,

2325–33.

Schoen CD, Knorr D, Leone G, 1996. Detection of potato leafroll virus

in dormant potato tubers by immunocapture and a fluorogenic 50

nuclease RT-PCR assay. Phytopathology 86, 993–9.

Senthil G, Liu H, Puram VG, Clark A, Stromberg A, Goodin MM, 2005.

Specific and common changes in Nicotiana benthamiana gene

expression in response to infection by enveloped viruses. Journal of

General Virology 86, 2615–25.

Shim CK, Han KS, Lee JH, Bae DW, Kim DK, Kim HK, 2005. Isolation

and characterization of watermelon isolate of Cucumber green mottle

mosaic virus (CGMMV-HY1) from watermelon plants with severe

mottle mosaic symptoms. Plant Pathology 21, 167–71.

Sutula CL, Gillett JM, Morrissey SM, Ramsdell DC, 1986. Interpreting

ELISA data and establishing the positive–negative threshold. Plant

Disease 70, 722–6.

Tan SH, Nishiguchi M, Murata M, Motoyoshi F, 2000. The genome

structure of kyuri green mottle mosaic tobamovirus and its comparison

with that of cucumber green mottle mosaic tobamovirus. Archives of

Virology 145, 1067–79.

Plant Pathology (2015) 64, 245–255

254 V. Reingold et al.



Taylor RH, Grogan RG, Kimble KA, 1961. Transmission of tobacco

mosaic virus in tomato seed. Phytopathology 51, 837–42.

Tuitert G, 1990. Assessment of the inoculum potential of Polymyxa

betae and Beet necrotic yellow vein virus (BNYVV) in soil using the

most probable number method. Netherlands Journal of Plant

Pathology 96, 331–41.

Ugaki M, Tomiyama M, Kakutani T et al., 1991. The complete

nucleotide sequence of cucumber green mottle mosaic virus (SH strain)

genomic RNA. Journal of General Virology 72, 1487–95.

Varveri C, Vassilakos N, Bem F, 2002. Characterization and detection of

Cucumber green mottle mosaic virus in Greece. Phytoparasitica 30,

493–501.

Vasudeva SR, Singh J, 1949. A new strain of Cucumis virus. Indian

Phytopathology 2, 180–5.

Voinnet O, Pinto YM, Baulcombe DC, 1999. Suppression of gene silencing:

a general strategy used by diverse DNA and RNA viruses of plants.

Proceedings of the National Academy of Sciences, USA 96, 14147–52.

Webster CG, Wylie SJ, Jones MGK, 2004. Diagnosis of plant viral

pathogens. Current Science 86, 1604–7.

Wetter C, Conti M, Altschuh D, Tabillion R, Vanregenmortel MHV,

1984. Pepper mild mottle virus, a tobamovirus infecting pepper

cultivars in Sicily. Phytopathology 74, 405–10.

Yang SJ, Carter SA, Cole AB, Cheng NH, Nelson RS, 2004. A natural

variant of a host RNA-dependent RNA polymerase is associated with

increased susceptibility to viruses by Nicotiana benthamiana.

Proceedings of the National Academy of Sciences, USA 101, 6297–

302.

Supporting Information

Additional Supporting Information may be found in the online version of

this article at the publisher’s web-site.

Figure S1 Protocol for the detection of Cucumber green mottle mosaic

virus (CGMMV) infectivity in large or small scale of cucurbit seeds.
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