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Pepino mosaic virus: a successful pathogen that rapidly evolved
from emerging to endemic in tomato crops
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SUMMARY

Taxonomy: Pepino mosaic virus (PepMV) belongs to the Potex-
virus genus of the Flexiviridae family.

Physical properties: PepMV virions are nonenveloped
flexuous rods that contain a monopartite, positive-sense, single-
stranded RNA genome of 6.4kb with a 3" poly-A tail. The
genome contains five major open reading frames (ORFs) encod-
ing a 164-kDa RNA-dependent RNA polymerase (RdRp), three
triple gene block proteins of 26, 14 and 9 kDa, and a 25-kDa coat
protein.

Genome diversity: Four PepMV genotypes, with an inter-
genotype RNA sequence identity ranging from 78% to 95%, can
be distinguished: the original Peruvian genotype (LP); the Euro-
pean (tomato) genotype (EU); the American genotype US1; and
the Chilean genotype CH2.

Transmission: PepMV is very efficiently transmitted
mechanically, and a low seed transmission rate has been dem-
onstrated. In addition, bumblebees have been associated with
viral transmission.

Host range: Similar to other Potexviruses, PepMV has a
rather narrow host range that is thought to be largely restricted
to species of the Solanaceae family. After originally being iso-
lated from pepino (Solanum muricatum), PepMV has been iden-
tified in natural infections of the wild tomato species S. chilense,
S. chmielewskii, S. parviflorum and S. peruvianum. PepMV is
causing significant problems in the cultivation of the glasshouse
tomato Solanum lycopersicum, and has been identified in weeds
belonging to various plant families in the vicinity of tomato
glasshouses.

Symptomatology: PepMV symptoms can be very diverse.
Fruit marbling is the most typical and economically devastating
symptom. In addition, fruit discoloration, open fruit, nettle-heads,
leaf blistering or bubbling, leaf chlorosis and yellow angular leaf
spots, leaf mosaic and leaf or stem necrosis have been associated
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with PepMV. The severity of PepMV symptoms is thought to be
dependent on environmental conditions, as well as on the prop-
erties of the viral isolate. Minor nucleotide sequence differences
between isolates from the same genotype have been shown to
lead to enhanced aggressiveness and symptomatology.

Control: Prevention of infection through strict hygiene mea-
sures is currently the major strategy for the control of PepMV in
tomato production. Cross-protection can be effective, but only
under well-defined and well-controlled conditions, and the effec-
tiveness depends strongly on the PepMV genotype.

INTRODUCTION

Pepino mosaic virus (PepMV) was observed for the first time in
tomato (Solanum lycopersicum) crops in the Netherlands only
a decade ago [European Plant Protection Organization (EPPO),
2000], and is currently a major disease of glasshouse tomato
crops worldwide (Cotillon et al., 2002; French etal., 2001;
Hanssen et al., 2008; Hasiow et al., 2008; Ling, 2006; Ling et al.,
2008; Maroon-Lango et al., 2005; Mumford and Metcalfe, 2001;
Pagéan et al., 2006; van der Vlugt et al., 2000). The economic
impact of PepMV on the tomato industry has been strongly
debated, as the impact largely depends on the structure of the
tomato market, more specifically on the marketability and eco-
nomic value of lower quality fruits, which differs considerably
between growing areas (Jones and Lammers, 2005; Spence
et al., 2006). Furthermore, the large variability in the nature and
severity of symptom display complicates a reliable determination
of the economic impact of PepMV on the tomato industry. In a
questionnaire conducted among Belgian tomato growers, yield
losses caused by PepMV were estimated to be between 5% and
10% in the 2006 growth season and negligible in 2005, whereas
fruit quality losses were more pronounced in 2005 (Hanssen
et al., 2009a). Glasshouse trials conducted in the UK from 2001
to 2003 revealed considerable differences in damage between
subsequent years, with the percentage of downgraded tomato
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fruit caused by PepMV-induced quality loss ranging from 6% to
38%.

In this pathogen profile, we review the current knowledge on
PepMV biology, genome diversity, population dynamics, symp-
tomatology, transmission and control.

HOST RANGE AND SYMPTOMATOLOGY

As indicated by its name, PepMV was originally isolated in Peru
from pepino (Solanum muricatum) that showed yellow leaf
mosaic symptoms (Jones et al., 1980). Its host range is thought
to be mainly restricted to Solanaceae species (Salomone and
Roggero, 2002; Soler et al., 2002; Verhoeven et al., 2003). In a
survey in central and southern Peru, the virus has been identified
in natural infections of the wild tomato species S. chilense,
S. chmielewskii, S. parviflorum and S. peruvianum (Soler et al.,
2002). Furthermore, by performing mechanical inoculations, the
host range of PepMV has been shown to contain eggplant
(Solanum melongena), potato (Solanum tuberosum) and species
from the genera Nicotiana (e.g. N. benthamiana), Datura (e.g. D.
stramonium), Capsicum (C. annuum) and Physalis (P. floridana)
(Jones et al., 1980; Martin and Mousserion, 2002; Salomone and
Roggero, 2002; Verhoeven et al., 2003). So far, basil (Ocimum
basilicum; Lamiaceae) is the only reported natural host that does
not belong to the Solanaceae, with plants displaying interveinal

chlorosis (Davino et al., 2009). Furthermore, in a survey of 42
native weed species growing in or around tomato production
sites in Spain, PepMV infection was found in 18 weed species,
including those belonging to the Amaranthaceae (e.g. Cheno-
podium murale), Convolvulaceae (e.g. Calystegia sepium),
Brassicaceae (e.g. Diplotaxis erucoides), Boraginaceae (e.g.
Heliotropium europaeum), Asteraceae (e.g. Sonchus tenerrimus),
Plantaginaceae (Plantago afra) and Polygonaceae (Rumex sp.)
(Cérdoba et al., 2004). Interestingly, a recent study has revealed
that co-inoculation with EU (European genotype) and CH2
(Chilean genotype) isolates extended the host range beyond that
of the single isolates (Gomez et al., 2009). More specifically,
neither the EU isolate Sp13, nor the CH2 isolate PS5, could
establish infection in N. glutinosa or N. tabacum, whereas both
host plants appeared to be susceptible on inoculation with a
mixture of the two isolates (Gdmez et al., 2009).

PepMV symptomatology has been most extensively studied in
cultivated tomato. A wide range of symptoms have been asso-
ciated with PepMV infection. Fruit marbling is generally consid-
ered to be the most devastating symptom of PepMV infection as
it diminishes the economic value of the crop, but other fruit
symptoms, such as discoloration (blotchy ripening or flaming)
and the occurrence of ‘open fruit’ (fruit that splits shortly after
setting, such that the seeds become visible), can be similarly
devastating (Fig. 1; Hanssen et al., 2008; Spence et al., 2006).

Fig. 1 Typical Pepino mosaic virus (PepMV) symptoms on tomato: (a) nettlehead of young top leaves; (b) leaf bubbling; (c) yellow spots; (d) fruit marbling; (e)

open fruit; (f) fruit discoloration (flaming).
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Symptoms on vegetative plant parts may comprise nettle-heads
(upper young leaves distorted, serrated and upright with a
reduced surface), leaf blistering or bubbling, chlorosis and yellow
angular leaf spots, but also severe leaf mosaics and even leaf or
stem necrosis (Fig. 1; Hanssen et al., 2009b; Hasiéw et al., 2008;
Hasiow-Jaroszewska et al., 2009a; Roggero et al., 2001; Spence
et al., 2006; van der Vlugt et al., 2000). In addition, it has been
suggested that the so-called ‘tomato collapse’ disease, a sudden
and progressive wilt of tomato which eventually leads to plant
death, is caused by necrosis of the vascular system as a result of
PepMV accumulation (Soler-Aleixandre et al., 2005).

TRANSMISSION

PepMV is efficiently transmitted mechanically (Jones et al.,
1980). The virus is highly contagious in tomato, as it easily
spreads by the standard crop handling procedures in a glass-
house through contaminated tools, hands and clothing and by
direct plant-to-plant contact (Spence et al., 2006; Wright and
Mumford, 1999). Therefore, once the virus enters a tomato pro-
duction facility, the containment of further spread is virtually
impossible and it is usual for all plants to become infected
eventually. It has been shown that bumblebees, often used for
pollination in commercial tomato production, contribute to the
spread of the virus (Lacasa et al., 2003; Shipp et al., 2008). In
infected glasshouse tomato crops, nearly all bumblebees have
been shown to carry PepMV, and vectoring of the virus to non-
infected plants has been demonstrated (Shipp et al., 2008). On
the basis of infection levels in flowers, fruits and leaves, it has
been suggested that the infection occurs first in pollinated
flowers and then spreads to other parts of the plant. Whether
infection occurs through direct injury to the flowers or through
fertilization with infected pollen could not be determined (Shipp
etal., 2008).

Recently, the root-infecting parasitic fungus Olpidium virulen-
tus, which has been implicated in the transmission of several
plant viruses, has been shown to be able to enhance PepMV
spread (Alfaro-Fernandez et al., 2009). In addition, it has been
reported that PepMV can be efficiently transmitted by nutrient
solution in a closed recirculation system, leading to the infection
of healthy tomato plants, although the virus itself was not
detectable directly in the nutrient solution (Schwarz et al., 2009).

Seed transmission of PepMV has been demonstrated in
several studies, with rates up to ~2% depending on the time of
seed harvest, the tomato variety and the seed cleaning or disin-
fection methods applied (Cordoba-Sellés et al. 2007; Hanssen
et al., 2009d; Krinkels, 2001; Ling, 2008). In a recently performed
grow-out trial with over 87 000 seedlings, a seed transmission
rate of 0.026% was found for seeds cleaned according to indus-
try standards without disinfection (Hanssen et al., 2009d). Inter-
estingly, the rate of transmission increased as the interval
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between the infection of the mother crop and seed harvest
increased. Disinfection treatments have been shown to effi-
ciently reduce the seed transmission rate (Cérdoba-Sellés et al.
2007). Although the efficiency of seed transmission is low, the
highly infectious nature of PepMV implies a substantial risk
associated with tomato seeds harvested from an infected crop.
Therefore, strict regulations aimed at eliminating the risk of viral
spread through seeds are in place in the European Union (Com-
mission Decision 2001/536/EC and 2004/200/EC). In addition,
sensitive quantitative TagMan reverse transcriptase-polymerase
chain reaction (RT-PCR) detection methods to screen tomato
seed lots for the presence of PepMV have been developed
(Gutiérrez-Aguirre et al., 2009; Ling et al., 2007). As a conse-
quence of these measures, long-distance dissemination of
PepMV most probably occurs by the transfer of young infected
plants from the nursery to the grower through infected grafts,
cuttings or fruits, and even through seed-to-seedling transmis-
sion (Cordoba-Sellés et al., 2007).

GENOME ORGANIZATION AND DIVERSITY

PepMV belongs to the Potexvirus genus of the Flexiviridae
family. Virions are nonenveloped flexuous rods of 508 nm (Jones
et al., 1980). The positive single-stranded RNA genome is 6.4 kb
in length and consists of five open reading frames (ORFs), 5" and
3’ untranslated regions (UTRs) and a 3" poly-A tail. The ORFs
encode a 164-kDa RNA-dependent RNA polymerase (RdRp)
which contains the characteristic methyltransferase, nucleoside
triphosphate (NTP)-binding and polymerase motifs, three triple
gene block (TGB) proteins of 26, 14 and 9 kDa (assigned TGBp1,
TGBp2 and TGBp3, respectively) and a 25-kDa coat protein
(Fig. 2; Aquilar et al., 2002; Cotillon et al., 2002). Phylogenetic
analyses of replicase, TGBp1 and coat protein amino acid
sequences have revealed that PepMV is closely related to Nar-
cissus mosaic virus (NMV), Scallion virus X (SVX), Cymbidium
mosaic virus (CymMV) and Potato aucuba mosaic virus (PAMV)
(Cotillon et al. 2002). The highest overall nucleotide identities
are with NMV and CymMV (Aguilar et al., 2002). Initially, the
genetic characteristics, symptomatology and host range of dif-
ferent European PepMV isolates showed high similarity, suggest-
ing a common origin of these isolates (Mumford and Metcalfe,
2001; Verhoeven et al., 2003). Nucleotide sequence comparisons
of coat protein genes of 15 isolates originating from different
European countries revealed 99% identity among the isolates,
but these isolates shared only 96%-97% identity with the origi-
nal Peruvian pepino isolate (BBA1137; Mumford and Metcalfe,
2001). Therefore, and because the Peruvian pepino isolate does
not cause symptoms in tomato, European isolates were consid-
ered to be a distinct PepMV type (Mumford and Metcalfe, 2001;
van der Vlugt et al., 2000). A comparative symptomatology and
host range study of 15 PepMV tomato isolates and the original

JOURNAL COMPILATION © 2009 BLACKWELL PUBLISHING LTD MOLECULAR PLANT PATHOLOGY (2010) 11(2), 179-189



182 I. M. HANSSEN AND B. P. H. J. THOMMA

Methyltransferase NTPase / helicase

TGBp2 CP

RdRp 14 kDa 25 kDa

5 (I I .| — C— polyA -3°
_ — &
Replicase TGBpl TGBp3
164 kDa

26 kDa 9 kDa

Fig. 2 Schematic overview of the Pepino mosaic virus (PepMV) genome organization, displaying the encoded gene products (adapted from Cotillon et a/.,
2002). Untranslated regions are shown as light grey bars. CP, coat protein; NTPase, nucleosidetriphosphatase; RdRp, RNA-dependent RNA polymerase; TGBp,
triple gene block protein. The size and overlap of the proteins are proportional to the actual sizes.

pepino isolate BBA1137 confirmed that the pepino isolate dif-
fered from the tomato isolates, as only the pepino isolate (occa-
sionally) caused symptoms in N. tabacum, C. annuum and P.
floridana (Verhoeven et al., 2003). The comparison of the com-
plete nucleotide sequences of two tomato isolates with an
isolate from L. peruvianum (LP-2001), which was symptomless in
tomato, demonstrated that the tomato isolates shared over 99%
identity, whereas they shared approximately 96% identity with
the LP-2001 genome (Soler et al., 2002). In addition, a two-
nucleotide deletion and some polymorphisms were identified in
the 5" UTR, and TGBp3 contained two extra amino acids. These
differences have been suggested to play a role in the differential
biological characteristics (Lopez et al. 2005). At that time, only
part of the sequence of the original PepMV isolate from pepino,
BBA1137, had been determined. As partial sequence comparison
revealed a high identity between LP-2001 and BBA1137, the
sequence of LP-2001 was considered to be a reference for
the original pepino strain. Complete sequence determination
of BBA1137 confirmed that both isolates share nucleotide
sequence homologies of over 99%, and can thus be considered
as isolates from the distinct pepino or Peruvian type of PepMV,
which is further referred to as LP (Pagan et al., 2006).

In 2005, two distinct isolates originating from US tomato
production, designated US1 and US2, were described that shared
only 86% sequence identity (Table 1; Maroon-Lango etal.,
2005). Moreover, they shared only 78% and 81% sequence
identities with the so-called European tomato isolates (Table 1;
Maroon-Lango et al., 2005). As both US isolates caused disease
in tomato, the designation ‘tomato strain’, which had been used
for the European isolates until then, was no longer appropriate,
and most authors started to refer to this group of isolates as
the 'European (tomato) genotype (EU)" (Hanssen et al., 2008;
Maroon-Lango et al., 2005; Pagan et al., 2006; Pospieszny and
Borodynko, 2006). In addition to EU, UST and US2 genotypes, a
divergent genotype was isolated from tomato seeds originating
from Chile, and designated CH2 (Ling, 2006). This CH2 isolate
shared 78%—-80% nucleotide sequence identity with the LP and
EU genotypes and 78% identity with US1 (Table 1). Phylogenetic
analyses revealed two main clusters, one containing the EU and
LP genotypes and the other consisting of the more recently
described US and CH2 genotypes, suggesting two distinct evo-

lutionary routes (Fig. 3). As nucleotide sequence comparisons
suggested that US2 was a recombinant of US1 and CH2, it was
proposed that four PepMV genotypes could be distinguished: the
original Peruvian genotype (LP); the European (tomato) geno-
type (EU); the American genotype US1; and the Chilean genotype
CH2 (Hanssen et al., 2009d).

PEpPMV POPULATION DYNAMICS

Since first appearing in glasshouse tomato crops in the Nether-
lands in 1999, PepMV has rapidly established itself in tomato-
producing countries. An unprecedented, worldwide series of
PepMV outbreaks within just a few years' time was reported,
with disease reports from the UK, France, Italy and Spain, but
also China, Canada and the USA (Aguilar et al., 2002; Cotillon
et al., 2002; French et al., 2001; Jorda et al., 2001; Mumford and
Metcalfe, 2001; Roggero et al., 2001; Yaoliang and Zhongjian,
2003). Initially, all reported outbreaks were caused by the EU
genotype of PepMV and the reported symptoms were rather
mild. However, a study on the genetic structure of the PepMV
population in Spain in 2005 revealed that the population was
more diverse than assumed (Pagan et al., 2006). Although the
EU genotype was dominant in Spanish tomato production, the LP
genotype appeared to be present on the Canary Islands already
in 2000, and US2-like isolates were present in peninsular Spain
in 2004 (Pagan et al., 2006). In addition, the occurrence of mixed
infections with two different genotypes (combinations of EU and
US2-like, and of LP and US2-like), and with intergenotype recom-
binants, was revealed. In 2006, the genetic diversity of the
PepMV population in Belgian glasshouses was studied, revealing
the occurrence of isolates belonging to the EU and CH2 geno-
types, often in mixed infections, and the presence of recombi-
nants (Hanssen et al., 2008). A remarkable finding was the
dominance of the CH2 genotype, which had not been reported in
Europe until then, occurring in 85% of infected crops, whereas
the EU genotype occurred in less than 50% of these crops
(Hanssen et al., 2008). In addition, the majority of recent PepMV
isolates from Dutch and French tomato crops that were geno-
typed belonged to the CH2 genotype (. M. Hanssen et al.,
unpublished data). In 2002 and 2005, two distinct Polish PepMV
isolates were obtained from tomato, and were shown to belong
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Table 1 Nucleotide sequence identities between type isolates of the different Pepino mosaic virus (PepMV) genotypes.

LP (LP2001) CH2 Ust us2
PepMV GENBANK
genotype accession G* Rt T+ C§ G R C G R T C G R T C
EUY AJ438767 95 95 96 97 79 78 79 77 82 81 85 83 79 79 80 77
LP** AJ606361 79 78 80 77 82 81 85 84 79 78 80 77
CH2tt DQ000985 78 77 80 80 90 88 92 99
UsS1#% AY509926 86 87 86 80
Us2## AY509927

*Genome (complete sequence).
tReplicase gene.

1Triple gene block.

§Coat protein gene.

9fICotillon et al. (2002).
**Lopez et al. (2005).

t1Ling (2006).
++¥Maroon-Lango et a/. (2005).

Fig. 3 Unrooted distance tree of complete nucleotide
sequences from various Pepino mosaic virus (PepMV)
genotypes, including sequences from isolates FR
(Cotillon et al., 2002) and LE2000 (Lopez et al., 2005)
of the EU genotype, isolates CH2 (Ling, 2006) and the
Belgian '2206/06/A1" (Hanssen et al., 2008) of the
CH2 genotype, LP2001 (Lopez et al., 2005) of the LP
genotype, and UST and US2 (Maroon-Lango et al.,
2005). GENBANK accession numbers are indicated in
the figure. The tree was generated using CLUSTALX with
1000 bootstrap values, and visualized using TREEVIEW.

LP2001 AJGDESS!
EUFR AJA3ETET
EU LE200D AJG06359
1000
US1 AYSD926
1000
CH2 DQO000E35 1
US2 AYSDF92T CH2 2206 EF 599605

The scale bar represents 0.1 changes per nucleotide.

to the EU genotype and CH2 genotype, respectively (Pospieszny
and Borodynko, 2006; Pospieszny et al., 2002). Two additional
Polish PepMV strains, isolated in 2007, that differed from the
previously identified PepMV isolates in host range and symp-
tomatology, appeared to belong to the CH2 genotype (Hasiow-
Jaroszewska etal., 2009a). Altogether, these results are
indicative of a shift in the PepMV population, with the EU geno-
type gradually being overtaken by the CH2 genotype. It has been
suggested that the CH2 genotype has a biological advantage
over the EU genotype, as it seems to spread more rapidly within
a crop (Hanssen et al., 2008). This was confirmed by a recent
study on the evolutionary dynamics of the PepMV population in
Spain, in which RT-quantitative PCR analyses in inoculated
tomato plants showed that a CH2 isolate (PS5) accumulated
more rapidly and to higher viral loads than an EU isolate (Sp13)
(Gomez et al., 2009). This study further revealed that PepMV
populations in Spain are composed of isolates belonging to the
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EU and CH2 genotypes, and that the CH2 type is predominant.
Interestingly, EU isolates were shown to persist in mixed infec-
tions, and it was suggested that mixed infections contribute to
the shaping of the population structure (Gémez et al., 2009). In
addition, mutational analyses revealed very few nonsynonymous
substitutions, reflecting strong purifying selection. These results
are in line with the observation that the number of mutations in
the RNA sequence of PepMV isolates throughout a glasshouse
trial period is rather limited, and that most of the mutations that
take place have no clear biological relevance (Hanssen et al.,
2009b).

Recent data on the Belgian PepMV population showed a
further dominance of the CH2 genotype as, in the 2008 growth
season, the EU genotype was detected in only 7% of infected
crops, whereas the CH2 genotype occurred in 90% of infected
crops. Interestingly, the LP genotype was also detected, with an
incidence of 10% (I. M. Hanssen et al., unpublished data). The
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sudden occurrence of the LP genotype in Belgian tomato pro-
duction may perhaps be linked to the use of a mild LP isolate in
the Netherlands for cross-protection in commercial tomato
glasshouses (Hanssen et al., 2009c).

In retrospect, the US2-like sequences reported from Spain
(Pagan et al., 2006) displayed high sequence identity to the later
described CH2 genotype (Ling, 2006), suggesting that CH2,
rather than US2, was present in Spain in 2004, indicating that
the current PepMV CH2 epidemic in Europe had been initiated in
or before 2004. Intriguingly, a recent population study on PepMV
isolates in 31 infected North American glasshouse tomato crops
revealed the occurrence of the EU, US1, US2 and CH2 genotypes,
with a clear dominance of the EU genotype, which was identified
in all 31 crops (Ling et al., 2008). The remaining genotypes were
found only rarely and exclusively in mixed infections. The low
incidence of the CH2 genotype in North America is remarkable,
and might reflect different PepMV dissemination pathways
linked to a different, less intensive structure of tomato growth
facilities in North America relative to Europe, where PepMV is
mainly prevalent in dense glasshouse tomato cultivation areas.
In the American situation, mechanical transmission through
workers or bumblebees may be subordinate to the long-distance
transmission through young plants and seeds.

The factors contributing to PepMV population dynamics are
currently unknown. However, recently, the existence of a popu-
lation bottleneck during seed transmission has been reported,
with an apparent advantage of the EU genotype in transmission
through seeds harvested from a mother crop co-infected by the
EU and CH2 genotypes (Hanssen et al., 2009c). As seed trans-
mission was suggested to be a major dissemination route of
PepMV in 1999 and 2000, before strict sanitary regulations were
in place (Cordoba-Sellés et al., 2007), this putative population
bottleneck might be related to the original dominance of the EU
genotype in European countries.

Recently, the UST genotype has been isolated in the Canary
Islands from glasshouse tomato crops displaying leaf blistering
and mosaic (Alfaro-Fernandez et al., 2008); this is the first time
that this genotype has been isolated in a different location from
that originally reported (North America; Maroon-Lango et al.,
2005).

THE DIVERSITY OF SYMPTOM SEVERITY

The symptom intensity in PepMV-infected tomato crops is
highly variable, ranging from asymptomatic infections to very
severe symptomatology (Hanssen etal., 2008; Jorda etal.,
2001; Soler et al., 2000; Soler-Aleixandre et al., 2005). Observa-
tions in commercial tomato production have led to the hypoth-
esis that environmental conditions play an important role in
symptom severity. Low environmental temperatures and low
light conditions are thought to result in more severe damage

(Jorda et al., 2001). Furthermore, the PepMV-associated ‘tomato
collapse’ is thought to be enhanced by temperature fluctuations
throughout the growth season (Soler-Aleixandre et al., 2005).
PepMV-induced leaf scorching was attributed to a period of
high light intensity followed by a period of dull weather
(Spence et al., 2006). However, a PepMV trial conducted under
high-light conditions in 2003 resulted in considerably more
damage than a trial conducted under lower light conditions in
2001-02 (Spence et al., 2006). Although growers in Belgium
and the Netherlands have confirmed the importance of light
and temperature, the interplay of environmental factors con-
tributing to PepMV damage appears to be complex and remains
to be elucidated.

As the impact of environmental growth conditions and
tomato genotype on PepMV symptom development is not yet
fully understood, it is not clear whether the differences in
symptom display in commercial tomato glasshouses should
also be attributed to the viral isolate that invades the crop. In a
population study conducted in Spanish tomato crops, no corre-
lation between PepMV genotypes and symptomatology was
found (Pagan et al., 2006). In a similar study of Belgian tomato
crops, no significant differences in symptom severity were
detected between EU and CH2 isolates (Hanssen et al., 2008).
However, tomato crops that were simultaneously infected with
isolates of both genotypes showed significantly enhanced
symptom display on all plant parts when compared with crops
infected with a single isolate (Hanssen et al., 2008). Neverthe-
less, increasing evidence is accumulating that shows a clear role
of the viral isolate in PepMV symptomatology. Studies on Polish
PepMV isolates revealed clear differences in host range and
symptomatology of different isolates belonging to the CH2
genotype (Hasiow-Jaroszewska et al., 2009a; Pospieszny et al.,
2008). Three necrotic CH2 isolates sharing over 99% sequence
identity with non-necrotic isolates from the CH2 genotype have
been identified recently (Hasiow-Jaroszewska et al., 2009a). Evi-
dence for a role of the viral isolate in PepMV symptomatology
has also been found in recent glasshouse inoculation experi-
ments (Hanssen et al., 2009b). A CH2 isolate selected on the
basis of mild symptom expression in the crop of origin caused
only mild symptoms in the trial, whereas another isolate with a
sequence identity of 99.4%, which was selected on the basis of
severe symptom display in the crop of origin, caused significantly
more severe symptoms in the same trial, including nettle-head
and a high incidence of premature leaf senescence, open fruit
and fruit flaming. These results demonstrate that minor differ-
ences at the nucleotide level can account for considerable dif-
ferences in symptomatology between isolates that infect crops
under the same conditions. Nevertheless, currently, it remains
unclear which regions of the PepMV genome are important for
symptomatology. The recent development of an infectious clone
derived from a necrotic CH2 isolate is an important step forward
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to elucidate the role of certain regions and residues in PepMV
symptomatology (Hasiéw-Jaroszewska et al., 2009b).

HOST RESPONSES TO PEPMV

Global transcriptional profiling, for instance with the use of
micro-arrays, can provide an insight into the cellular biology of
the host on pathogen infection (van Baarlen et al., 2008; Quirino
and Bent, 2003; Wise et al., 2007). As viruses establish infection
in plants by exploiting the cellular components of the host,
viruses can induce a wide range of alterations in host gene
expression (Whitham et al., 2003). To date, micro-array studies
have been undertaken for a limited number of viral interactions
with their hosts (Whitham et al., 2006; Wise et al., 2007). In most
compatible plant-virus interactions, a general virus-induced host
gene repression occurs shortly after infection (Maule et al.,
2002). However, genes related to cell death, cell rescue, defence,
ageing and stress are often induced in response to viral infection
(Marathe et al., 2004; Senthil et al., 2005; Whitham et al., 2003).
Another important virus-induced host response is the induction
of the RNA silencing machinery of the plant, which degrades or
modifies viral RNAs to block the translation of viral proteins
(Baulcombe, 2004). This virus-induced post-transcriptional gene
silencing (PTGS) mechanism involves the processing of viral
double-stranded RNA (dsRNA) by Dicer-like enzymes (DCL) into
small interfering RNAs (siRNAs), which are subsequently incor-
porated into protein complexes containing endonucleolytic
Argonaute enzymes (Ding and Voinnet, 2007). PTGS is thought
to be the mechanism behind the long-known ‘recovery’ phenom-
enon, first described by Wingard (1928), who observed that the
upper leaves of tobacco plants infected with tobacco ringspot
virus were asymptomatic and resistant to secondary infection
(Baulcombe, 2004; Ratcliff et al., 1999). Host-adapted viruses
have evolved strategies to counteract PTGS in their hosts by
encoding viral suppressors of RNA silencing (Ding and Voinnet,
2007). As viruses are inducers, suppressors and targets of the
RNA silencing mechanism, virus-induced symptom development
in infected plants can be influenced by siRNA pathways in many
different ways (Baulcombe, 2004), for example by perturbation
of the endogenous microRNA (miRNA) function (Whitham et al.,
2006). Moreover, it has been shown recently that virus resistance
induced by a nucleotide binding-leucine-rich repeat (NB-LRR)-
type disease resistance gene is mediated by Argonaute4-
dependent inhibition of translation of virus-encoded proteins
(Bhattacharjee et al., 2009). Therefore, PTGS components appear
to be key factors in both compatible and noncompatible plant—
virus interactions.

A custom-designed Affymetrix tomato GeneChip array (Syn-
genta Biotechnology, Inc., Research Triangle Park, NC, USA),
which contains probe sets to interrogate over 22 000 tomato
transcripts (van Esse et al., 2007), was used to study changes in
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the tomato transcriptome in response to inoculation with mild
and aggressive PepMV isolates of the CH2 genotype (I. M.
Hanssen et al., unpublished data). Over-representation analysis
demonstrated a severe down-regulation of host genes involved
in photosynthesis and energetic processes on PepMV infection,
whereas defence and stress responses were clearly induced. This
reinforces the notion that, like bacteria and fungi, compatible
viruses induce basal plant defence, although the mechanism to
recognize the pathogen is likely to be different (Ascencio-Ibafez
et al., 2008; Whitham et al., 2006). Intriguingly, the induction of
defence and stress responses was stronger and more persistent
in plants that were inoculated with the aggressive CH2 PepMV
isolate when compared with plants that were inoculated with
the mild CH2 isolate, although viral loads were similar (I. M.
Hanssen et al., unpublished data). Interestingly, DCL2, a key
factor in antiviral PTGS, was strongly induced by the aggressive
isolate and only moderately induced by the mild isolate. In addi-
tion, several Argonautes were differentially regulated, suggest-
ing that PTGS plays an important role in the interaction between
PepMV and its host tomato. Nevertheless, these defence
responses did not result in PepMV containment. Moreover, these
results suggest that some of the symptoms provoked by the
aggressive isolate may be caused by a more elaborate host
defence response or, perhaps, a more severe perturbation of the
plant miRNA function through PepMV-encoded silencing sup-
pressors that have not yet been identified.

Another interesting observation is that PepMV infection
results in the differential regulation of genes that code for
several key enzymes in the flavanoid and lycopene biosynthesis
pathway (I. M. Hanssen et al., unpublished data). This may pos-
sibly explain the impact of the virus on fruit symptoms, such as
fruit marbling and flaming. Although the use of microarrays has
made it possible to profile changes in transcriptional activity of
thousands of genes simultaneously, to link expression profiles to
biological pathways as they occur in the cell remains a challenge
(van Baarlen et al., 2008). Therefore, functional analysis of can-
didate genes is needed to reveal their role in viral defence and
symptomatology.

CONTROL STRATEGIES

Sources varying from moderate to full resistance have been
identified in specific wild Solanum accessions, including S.
pseudocapsicum, S. chilense, S. peruvianum and S. habrochaites
(Ling and Scott, 2007; Soler-Aleixandre et al., 2007). In particu-
lar, the resistance that segregates in accession LA1731 from S.
habrochaites is thought to be promising, because segregants of
this accession display resistance against the CH1, CH2 and EU
PepMV genotypes (Ling and Scott, 2007). As the introduction of
the identified resistance into cultivated tomato by breeding is a
time-consuming process, commercial resistant varieties are not
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yet available. Therefore, prevention through hygiene currently
remains the most important strategy for the control of PepMV in
commercial tomato production. However, as a result of the high
infectivity of the virus, the prevention of infection through
hygiene measures is a challenge, especially in dense tomato-
growing areas.

Many tomato growers, especially in the Netherlands, have
chosen to inoculate their crops with a mild PepMV isolate in an
attempt to protect their crops from severe damage on natural
infection by an aggressive isolate based on cross-protection
(Hanssen et al., 2009a; Spence et al., 2006). In addition to the
cross-protection effect which is aimed for, many growers feel that
an infection early in the growing season is less harmful than an
infection that occurs later in the growing season. In support of
this, glasshouse trials conducted in the UK from 2001 to 2003
showed that the time of infection had an impact on PepMV-
associated damage, as inoculations in May were more damaging
than inoculations in February (Spence et al., 2006). In addition,
from a questionnaire conducted among Belgian tomato growers,
it seems that early infections result in less damage than late
infections (Hanssen et al., 2009a). Whether this is a result of plant
age, the activation of PTGS-based plant defences, resulting in
(partial) recovery, or climate conditions has not been clarified.
Although disease symptoms in infected crops sometimes
decrease or disappear after a certain period, the virus remains
detectable even in asymptomatic plant parts. However, a recent
cross-protection study based on glasshouse trials revealed that
efficient cross-protection against an aggressive isolate belonging
to the CH2 genotype could only be achieved by pre-inoculation
with a mild isolate from the same genotype. By contrast,
enhanced symptom severity was observed when plants were
pre-inoculated with a mild isolate belonging to the EU or LP
genotype (Hanssen et al., 2009¢c). These results suggest that
the PepMV cross-protection efficacy largely depends on RNA
sequence identity, as shown for other plant-virus interactions
(Desbiez and Lecoq, 1997; Wang et al., 1991; Yeh and Gonsalves,
1984). The role of PTGS in cross-protection was demonstrated by
the observation that two viral constructs derived from different
viruses, but sharing a common sequence, could suppress each
other when co-inoculated in plants (Ratcliff et al., 1999). It has
been suggested that cross-protection is mediated by the pre-
activation of the siRNA-induced silencing complex, thus inhibiting
replication of the challenge isolate (Gal-On and Shiboleth, 2006).

Thus, although cross-protection can be efficient, the enhanced
symptom severity in the case of limited nucleotide sequence
identity between protector and challenge isolate undermines the
potential of cross-protection as a general PepMV control strat-
egy. Cross-protection can only be used successfully in areas in
which one single PepMV genotype is dominant, provided that
continuous monitoring of the PepMV population is performed
and that strict hygiene measures are undertaken.

Future strategies to combat PepMV epidemics in tomato pro-
duction might also include transgenic approaches. Coat protein-
mediated resistance (CPMR), by which the expression of the viral
coat protein confers resistance, could be an efficient strategy.
However, the protection efficiency obtained ranges from immu-
nity to the delay or attenuation of symptoms, and the mecha-
nisms are not fully understood (Prins et al., 2008). In addition,
the expression of replicase or dysfunctional movement proteins
in transgenic plants can sometimes lead to resistance or
symptom attenuation (Golemboski et al., 1990; Lapidot et al.,
1993). A more promising strategy could be the introduction of an
inverted repeat (IR) transgene, derived from viral sequences, into
the plant genome. The generation of long dsRNA precursors from
these IR fragments will induce siRNAs and the PTGS machinery,
thus conferring sequence-specific antiviral resistance (Prins
et al., 2008).

CONCLUSION

Since first appearing in protected tomato crops in Europe in
1999, PepMV has displayed a high potential to adapt to diverse
environmental conditions. In only a few years’ time, not only the
original EU genotype, but also the more recently described CH2
genotype, have become established in tomato-producing regions
worldwide, and a recent shift in the PepMV population reveals a
dynamic interplay between the different PepMV genotypes and
their host. Symptoms can be very diverse in terms of both sever-
ity and nature. Although recent studies have shown that small
differences in nucleotide sequence can account for large differ-
ences in biological properties and host responses, the host
and viral factors that play a role in symptom severity remain
unknown. Functional studies using host and viral mutants could
identify viral factors that have an impact on the biological char-
acteristics and increase our understanding of the host responses
to PepMV infection. Unravelling the role of PTGS and viral-
encoded silencing suppressors in differential symptom severity
may shed light on the interplay between different genotypes in
mixed infections, and thus may contribute to the further devel-
opment of a sound cross-protection strategy. Although resis-
tance sources have been identified in wild tomato species,
commercial resistant varieties are not yet available and PepMV
control is largely restricted to hygiene measures. However, cur-
rently applied prevention strategies often fail, demonstrating
that our understanding of PepMV dissemination pathways is still
too limited to contain the spread of the virus.
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