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SUMMARY

The resistance to a set of strains of Cucumber mosaic virus (CMV)
in the melon accession PI 161375, cultivar ‘Songwhan Charmi’, is
dependent on one recessive gene, cmv1, which confers total resist-
ance, whereas a second set of strains is able to overcome it. We
tested 11 strains of CMV subgroups I and II in the melon line
SC12-1-99, which carries the gene cmv1, and showed that this
gene confers resistance to strains of subgroup II only and that
restriction is not related to either viral replication or cell-to-cell
movement. This is the first time that a resistant trait has been
correlated with CMV subgroups. Using infectious clones of the
CMV strains LS (subgroup II) and FNY (subgroup I), we generated
rearrangements and viral chimaeras between both strains and
established that the determinant of virulence against the gene
cmv1 resides in the first 209 amino acids of the movement protein,
as this region from FNY is sufficient to confer virulence to the LS
clone in the line SC12-1-99. A comparison of the sequences of the
strains of both subgroups in this region shows that there are five
main positions shared by all strains of subgroup II, which are
different from those of subgroup I. Site-directed mutagenesis of
the CMV-LS clone to substitute these residues for those of CMV-
FNY revealed that a combination of four of these changes [the
group 64–68 (SNNLL to HGRIA), and the point mutations R81C,
G171T and A195I] was required for a complete gain of function of
the LS MP in the resistant melon plant.

Keywords: cmv1, Cucumber mosaic virus, melon, movement
protein, resistance, virulence determinant.

INTRODUCTION

To be able to infect a plant, viruses must interact with the host
products by means of their own virulence factors. This interaction
allows the virus to start or continue its infectious cycle and to
develop disease. For genomes as tightly packed as those of viruses,

it is important and convenient to be able to use all of their gene
products, even in multiple functions, to facilitate the invasion of
the host. Consequently, virulence factors can be either parts of the
viral RNA itself (Albiach-Marti et al., 2010; Díaz et al., 2004) or
gene products of the virus (Choi et al., 2013; Decroocq et al.,
2009; Mansilla et al., 2009; Mochizuki and Ohki, 2011). Cucumber
mosaic virus (CMV) is able to infect more than 1200 species
worldwide from over 100 families (Edwardson and Christie, 1991).
To infect such a number of species, CMV has evolved to develop a
vast genetic diversity (Palukaitis and Garcia-Arenal, 2003). CMV
isolates belong to two subgroups, I and II, defined by their sero-
logical and biological properties, and showing 73%–78%
sequence similarity among them. Subgroup I is also divided into
groups IA and IB, with 92%–94% sequence similarity between
them (Roossinck, 2001). CMV has three genomic and two
subgenomic RNAs. RNA1 encodes the 1a protein with two
domains: a methyltransferase and a helicase. RNA2 encodes the
2a protein, an RNA-dependent RNA polymerase, which, together
with the 1a protein, is involved in the replication of the viral RNA.
RNA2 also encodes the 2b protein, a suppressor of RNA silencing,
which is also involved in long-distance movement. RNA3 is
bi-cistronic and encodes the 3a protein, which is the movement
protein (MP), and the 3b protein, the coat protein (CP). The 2b and
3b proteins are translated from two subgenomic RNAs, RNA4A
and RNA4, respectively (Palukaitis and Garcia-Arenal, 2003). CMV
has also evolved the capacity to use as determinants of virulence
all protein products encoded by its genome, depending on the
host. All CMV proteins have been found to act as determinants of
virulence in different systems (for a review, see Mochizuki and
Ohki, 2011). The 1a protein is involved in the production of necro-
sis in some species of Nicotiana (Divéki et al., 2004) and can be
methylated by a host protein, increasing the spread of CMV (Kim
et al., 2008). In pepper, the helicase domain determines systemic
infection in Cmr1-mediated resistant plants (Kang et al., 2012).
The 2a protein is related to the production of necrotic lesions in
cowpea (Kim and Palukaitis, 1997) and also determines the sys-
temic symptoms in squash by the facilitation of host-specific viral
movement (Choi et al., 2005). The 2b protein determines symp-
toms by interfering with the microRNA pathways (Diaz-Pendon*Correspondence: Email: montse.martin@irta.es
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et al., 2007; Lewsey et al., 2007). The 3b protein (CP) is the most
frequent virulence determinant reported in CMV in different host
systems, in both monocots (Ryu et al., 1998) and dicots (Ryabov
et al., 1999; Salánki et al., 2011; Takahashi et al., 2001; Taliansky
and García-Arenal, 1995; Thompson et al., 2006; Wong et al.,
1999), and often by affecting cell-to-cell movement and/or sys-
temic spread. In cucumber, a role for the CP as the determinant for
long-distance movement was reported using exchanges between
two cucumoviruses. Tomato aspermy virus (TAV) is not able to
infect cucumber systemically, whereas CMV can. Exchanges
between TAV and CMV showed that only the CP of CMV could
complement the lack of movement of TAV in cucumber (Taliansky
and García-Arenal, 1995). The 3a protein is the CMV product less
frequently reported as the determinant of virulence in different
systems. It has been related to the appearance of cyclic symptoms
in tobacco (Gal-On et al., 1996), but also to systemic infection in
squash (Choi et al., 2005) and other cucurbits (Kaplan et al.,
1997), and determines infection in soybean (Hong et al., 2007).
Mutants generated in several domains of the MP affect the patho-
genicity in different hosts, enabling the virus to invade systemi-
cally species or cultivars previously not allowed, or presenting
altered symptoms in normal hosts (Kaplan et al., 1997; Li et al.,
2001), indicating that different domains of the protein are
involved in the determination of the infection in different
hosts.

In the melon accession ‘Songwhan Charmi’ PI 161375 (SC), the
resistance to CMV is oligogenic and recessive (Karchi et al., 1975).
One of the genes involved, cmv1, confers resistance against CMV
strains P9 and P104.82 (Essafi et al., 2009), but not to strains TL
and M6. For these strains, the contribution of two other quantita-
tive trait loci (QTLs), cmqw3.1 and cmqw10.1, which must
act together with cmv1, is necessary to abort the infection
(Guiu-Aragonés et al., 2014). In this report, we show that strains
of subgroup I are able to overcome cmv1-mediated resistance,
which is only effective against strains of subgroup II.We also show
that this resistance does not involve impairment of virus replica-
tion and cell-to-cell movement. As a first step to understand the
interactions taking place between CMV and the resistant melon
line, we analysed the differences between the two subgroups of
strains and identified the MP as the determinant of virulence.
Moreover, we also demonstrated that a combination of three
amino acids and a cluster of five amino acids of the MP, common
to all tested strains of subgroup I, was sufficient to overcome
cmv1-mediated resistance.

RESULTS

cmv1 confers resistance to strains of subgroup II only

As cmv1 confers total resistance to some strains, but not to others,
we tested 11 CMV strains of both subgroups I and II for their

ability to overcome cmv1-mediated resistance to determine
whether there was a correlation of the virulent phenotype with
any of the subgroups. Plants of the resistant line SC12-1-99,
carrying cmv1, were inoculated with sap from strains FNY, I17F,
Ri-8, M6 and Y (belonging to subgroup IA), Pl2 and Co1 (belonging
to subgroup IB) and p104.82, WL, LS and NG (belonging to sub-
group II). All subgroup I (IA and IB) strains were infectious in
SC12-1-99, the line carrying cmv1, starting to produce symptoms
at 7 days post-inoculation (dpi) and developing a full systemic
infection, whereas type II strains were unable to infect systemi-
cally this resistant line. The results are shown only for CMV-LS and
CMV-FNY, the two most commonly experimentally used CMV
strains (Fig. 1). The plants inoculated with CMV-FNY showed the
systemic infection typical of CMV, whereas the resistant line inocu-
lated with CMV-LS was completely asymptomatic. Accordingly,
reverse transcriptase-polymerase chain reaction (RT-PCR) analysis
was able to detect CMV-FNY in SC12-1-99 plants, but failed to
detect CMV-LS in non-inoculated leaves of this resistant line
(Fig. 1b). To test whether this resistance to strains of subgroup II
restricts viral replication or movement from the sites of inocula-
tion, we analysed viral accumulation in cotyledons of PS and
SC12-1-99 melon plants inoculated with either CMV-FNY, as a
member of subgroup I, or CMV-LS, as a member of subgroup II.
Northern blot analysis at 2 and 5 dpi revealed that CMV-LS RNA
accumulation did not differ significantly between the two melon
lines and that, at 5 dpi, the virus accumulated at higher rates
(Fig. 1c). As expected, CMV-FNY RNA accumulated in inoculated
leaves of resistant and susceptible melon lines. This indicated that
replication and cell-to-cell movement of CMV-LS were not
restricted in the resistant SC12-1-99 line, despite the fact that
systemic spread did not occur in these plants.

Therefore, there was a correlation between virulence in the
cmv1 line and subgroup I, indicating that the gene cmv1 confers
resistance to strains of subgroup II only, and that this resistance is
not related to the impairment of viral accumulation in the inocu-
lated cotyledon.

The MP is the determinant of virulence in
cmv1-mediated resistance

To account for this correlation between subgroups of CMV and
cmv1-mediated resistance, the two subgroups must differ with
regard to the viral factor that determines the virulence in the line
carrying cmv1. The molecular clones of the strains LS (subgroup II)
and FNY (subgroup IA) are available for inoculation and manipu-
lation (Rizzo and Palukaitis, 1990; Zhang et al., 1994) and were
used to produce combinations between the three independent
RNAs of each strain. ‘In vitro’-transcribed RNAs were combined to
produce all pseudo-recombinants (Fig. 2a) and inoculated onto
Nicotiana benthamiana plants to produce a high viral yield for
subsequent inoculation into melon plants. As shown in Fig. 2, the
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only combination that caused virulence in the line SC12-1-99
(cmv1) carried RNA3 from FNY, and RNA1 and RNA2 from LS. The
corresponding complementary combination (RNA3 from LS, and
RNA1 and RNA2 from FNY) was unable to infect the resistant line
SC12-1-99. All combinations shown in Fig. 2 were infectious in PS
and none in SC; therefore, the fitness of the resulting combinations
was not compromised. RT-PCR analysis using primers specific to
the unique RNA confirmed the presence of the correct combina-
tion in the upper leaves (Fig. 2b). Therefore, the determinant that
confers virulence to CMV-FNY (subgroup I) in the presence of the
gene cmv1 was encoded in RNA3.

To further determine which element of RNA3 was responsible
for the phenotype, we generated chimaeras exchanging either the
three untranslated regions [5'UTR, intergenic region (IGR) and
3'UTR] independently, or the two open reading frames (ORFs), MP
or CP genes. To assign a clear role to each region, the chimaeras
were designed to exchange only the exact nucleotides corre-
sponding to each region.As shown in Fig. 3a, a virulent phenotype
was only produced when the MP of FNY was present. Even when
only the MP of FNY (subgroup I) was present in the background of
LS (subgroup II) [clone L3(MPFNY)], the virus was able to over-
come the resistance. It produced the typical mosaic symptoms of
CMV and was detected by RT-PCR in systemically infected leaves
using primers specific for the recombinant chimaera.

Using the program SCRATCH protein predictor (http://
scratch.proteomics.ics.uci.edu/), which predicts domains based on
the predicted secondary structure and relative solvent accessibility

Fig. 1 Symptoms and virus detection in melon
genotypes inoculated with Cucumber mosaic
virus (CMV)-LS (subgroup II) and CMV-FNY
(subgroup I). (a) Symptoms in melon SC
(Songwhan Charmi) harbouring the cmv1 allele,
PS (Piel de Sapo) harbouring the CMV1 allele
and the SC12-1-99 line harbouring the cmv1
allele, inoculated with CMV-LS and CMV-FNY.
Photographs were taken at 20 days
post-inoculation (dpi). (b) Reverse
transcriptase-polymerase chain reaction
(RT-PCR) at 20 dpi for virus detection in the
upper leaves of melon genotypes Songwhan
Charmi (SC), Piel de Sapo (PS) and SC12-1-99
(99); C-, mock-inoculated plant; M1, Lambda
Marker (EcoRI, HindIII); pUC, pUC Mix Marker 8
(Fermentas, Waltham, MA, USA). (c) Northern
blot showing virus accumulation in inoculated
cotyledons of Piel de Sapo (PS) and SC12-1-99
(99) at 2 and 5 dpi.

Fig. 2 The determinant of virulence is in RNA3. (a) Schematic representation
of the genome structure of pseudo-recombinants between Cucumber mosaic
virus (CMV)-FNY (subgroup I) and CMV-LS (subgroup II). CMV-FNY (F1 F2 F3)
is represented in black and CMV-LS (L1 L2 L3) is represented in white.
Results from both reverse transcriptase-polymerase chain reaction (RT-PCR)
and visual symptoms of virus are indicated as infected (+) or non-infected
(–). (b) Infectivity of pseudo-recombinants tested by RT-PCR of the upper
leaves at 20 days post-inoculation (dpi) in melon genotypes Songwhan
Charmi (SC) harbouring the cmv1 allele, Piel de Sapo (PS) harbouring the
CMV1 allele and SC12-1-99 (99) harbouring the cmv1 allele. M, Lambda
marker (EcoRI, HindIII); pUC, pUC Mix Marker 8 (Fermentas, Waltham, MA,
USA); C-, mock-inoculated plant.
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for each residue, we observed that it predicted two well-
differentiated domains in the MPs of the two strains: domain 1
from residue 1 to residue 225 and domain 2 from residue 226 to
residue 279. A close look at the sequence of both MP genes
showed that there was a Bpu1102I restriction site shared by both
strains at nucleotide position 628 (209 amino acids).Therefore, the
Bpu1102I restriction site separates most of domain 1 (209 of 225
amino acids, the remaining 16 residues being identical or much
conserved; see Fig. 4a) from domain 2. Thus, the Bpu1102I site
was used to exchange domain 1 of the gene to obtain clones with
only the 628 5'-terminal nucleotides of the FNY MP coding

sequence in the background of LS [L3(MP1FNY)] and, likewise, the
complementary clone with the first 628 nucleotides of the LS MP
coding sequence in the background of FNY [F3(MP1LS)]. After
testing the virulence of the resulting clones in the resistant SC12-
1-99 line, the only one that produced systemic infection was the
clone carrying domain 1 of FNY in the background of LS [Fig. 3,
clone L3(MP1FNY)]. Therefore, this indicated that the virulence
was conferred either by one or several residues present in the
N-terminal 209 amino acids of domain 1 of the MP of FNY, or by
the tertiary structure of the protein generated when these residues
were present.

Fig. 3 The determinant of virulence is in the
movement protein (MP). (a) Chimaeric virus
between Cucumber mosaic virus (CMV)-FNY
(subgroup I, represented in black) and CMV-LS
(subgroup II, represented in white) exchanging
untranslated regions (UTRs) and open reading
frames (ORFs) in RNA3. Results from both
reverse transcriptase-polymerase chain reaction
(RT-PCR) and visual symptoms of virus are
indicated as infected (+) or non-infected (–).
IGR, intergenic region. (b) Photographs of virus
symptoms at 20 days post-inoculation (dpi) and
RT-PCR of upper leaves taken at 20 dpi in
melon genotypes Songwhan Charmi (SC)
harbouring the cmv1 allele, Piel de Sapo (PS)
harbouring the CMV1 allele and SC12-1-99
(99) harbouring the cmv1 allele, inoculated with
F3(MP1LS) or L3(MP1FNY). C-, mock-inoculated
plants; M1, Lambda marker (EcoRI, HindIII);
pUC, pUC Mix Marker 8 (Fermentas, Waltham,
MA, USA).

Fig. 4 Comparison of the movement protein (MP) of subgroup I and II strains and amino acid substitutions. (a) Alignment between MPs of strains of subgroups I
and II showing the two domains, Bpu1102I restriction site and location of amino acid substitutions. CMV-FNY and CMV-LS strains are indicated in bold.
Non-conserved amino acids are indicated as ‘*’, semi-conserved amino acids are indicated as ‘.’ and conserved amino acid substitutions are indicated as ‘:’ below
the sequences. (b) Representation and results of single and multiple amino acid substitutions. Amino acids of FNY and LS are indicated in bold and plain lettering,
respectively. The presence of virus in the upper leaves was observed by reverse transcriptase-polymerase chain reaction (RT-PCR) at 21 days post-inoculation (dpi) in
the melon genotypes Piel de Sapo (PS) harbouring the CMV1 allele, Songwhan Charmi (SC) harbouring the cmv1 allele and SC12-1-99 harbouring the cmv1 allele.
+, infected plant; –, non-infected plant.

▶
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Identification of the residues relevant for virulence

A comparison of the MPs of the two strains showed that they were
83.5% identical in residues and 93.1% similar. The comparison of
the corresponding N-terminal 209 amino acids of the two strains
showed that they were 89.5% identical and differed in 22 amino
acids, and that only in five positions were there amino acid
changes with very different chemical properties, more likely to
produce important changes in the final structure. There was a
group of five amino acids that changed as a block at positions
64–68 (SNNLL in LS to HGRIA in FNY), and four unique changes:
R81C, L150T, G171T and A195I.A comparison between the MPs of
the 11 CMV strains belonging to subgroups I and II used above
showed that they were also different in these same five positions,
although, inside subgroup I, there were different residues at posi-
tions MP4 and MP5 in the strains of subgroup IB than in those of
subgroup IA (Fig. 4a). Therefore, the presence of these four resi-
dues, and one group of residues in all subgroup I strains, was a
general feature for all the strains that overcame the resistance
provided by cmv1.

To assign virulence to a particular residue or group of residues,
we performed site-directed mutagenesis in the MP gene of LS to
introduce the corresponding FNY residue. First, we introduced the
mutations in independent clones to test the effect of each change
on virulence, but the inoculation of these mutants into the resist-
ant line 12-1-99 did not produce infection (Fig. 4b). Therefore,
none of the five mutations individually can produce a gain-of-
function mutant able to overcome the resistance provided by
cmv1. Then, combinations of two, three, four and five changes
were generated. Although all were infectious in the susceptible
plant PS, inoculation of these clones into SC12-1-99 resistant
plants revealed that the infectivity of the strain LS was restored
when the changes 64–68 (SNNLL to HGRIA), R81C, G171T and
A195I were present in the same clone (L3-MP3/4/6/7, see Fig. 4b),
producing infection after 10 dpi. Consistently, the clone L3-MP3/
4/5/6/7, carrying the five mutations, was also infectious.The clones
L3-MP3/4 and L3-MP6/7 were not infectious in the resistant line,
indicating that the changes in the cluster 64–68 (SNNLL to
HGRIA), and the point mutations R81C, G171T and A195I, are
required changes to overcome cmv1 resistance, and that these are
the only four mutations required. The mutation L150T was there-
fore dispensable for this phenotype. In all cases, the relevant
fragment of the progeny viruses was sequenced, confirming
that the only mutations present were those introduced for this
experiment.

DISCUSSION

We analysed 11 CMV strains for their ability to overcome cmv1-
mediated resistance in the melon accession SC, and established
that this resistance was only efficient against strains of subgroup

II, whereas strains of subgroup I could infect systemically the
resistant line SC12-1-99. Subgroups I and II of CMV strains have
been defined mainly on the basis of sequences of the CP and
RNA3 5'UTR (Roossinck et al., 1999). A phylogeny based on the
sequence of MP of the 11 strains used in this work confirms that
strains FNY, I17F, Ri-8, M6 and Y belong to subgroup IA, Pl2 and
Co1 belong to subgroup IB, and p104.82,WL, LS and NG belong to
subgroup II (Fig. S1, see Supporting Information). The correlation
of CMV subgroups with traits has only been observed with regard
to temperature and symptoms in tobacco plants (Marchoux et al.,
1976; Zhang et al., 1994). Strains of subgroup I are also called
heat resistant, as they can infect plants at a higher temperature
than can strains of subgroup II, also called heat sensitive
(Marchoux et al., 1976). To our knowledge, this is the first resist-
ance phenotype in which the two subgroups show a different
response to the resistance gene. Subgroups I and II are distributed
worldwide, without any clear prevalence in any geographical area
(Palukaitis and Garcia-Arenal, 2003). However, subgroup IB is
more frequent in East Asia. In this study, we observed that the
presence of a gene, cmv1, in a Korean melon cultivar conferred
resistance against strains of subgroup II only, suggesting that
some selection pressure may have occurred. This selection pres-
sure has involved the selection of a cluster of five residues and
three additional individual residues in the MP, which may possibly
be necessary to maintain a protein structure able to overcome the
resistance conferred by cmv1. More work is needed to understand
the epidemiological significance of this correlation between cmv1
and resistance to strains of subgroup II. In addition, this observa-
tion could allow the development of strategies of breeding to
select melon plants resistant to CMV strains of subgroup II.

The ability to invade a plant systemically involves short- and
long-distance movement and, in both, viral and host factors are
involved.The viral factors are the elements that enable the virus to
overcome plant barriers. The analysis of the determinant of viru-
lence that enables CMV to overcome cmv1-mediated resistance
established that the determinant is in the MP coding region.
Although the most frequent determinant of virulence in CMV is
the CP (Mochizuki and Ohki, 2011), the MP has also been reported
to play the main role in virulence in different hosts. In soybean,
Hong et al. (2007) constructed chimaeras between two strains
(CMV-SC, which was able to infect the cultivar Hyuongo, and
CMV-SD, which was unable), and reported the MP as a determi-
nant that enabled the CMV-SC strain to infect this cultivar. In
cucurbits, the CP and MP have mostly been implicated in viral
spread. The MP has been implicated in slower cell-to-cell move-
ment in the inoculated cotyledons and also in systemic spread in
squash (Choi et al., 2005; Gal-On et al., 1996; Kaplan et al., 1997).
The CP controls systemic infection in squash (Thompson et al.,
2006; Wong et al., 1999) and cucumber (Salánki et al., 2011;
Taliansky and García-Arenal, 1995). Sometimes, the determinant is
not a single gene, but a combination of viral gene products. For
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example, a combination of residues in both the MP and CP deter-
mines viral spread in bottle gourd (Takeshita et al., 2001). In the
CMV–melon system reported here, we did not detect a role for the
CP alone or in combination with the MP in overcoming the resist-
ance provided by cmv1. However, there are at least two other QTLs
that contribute, cooperating with cmv1, to the resistance to strains
of subgroup I in melon (Guiu-Aragonés et al., 2014). The CP (and
other CMV genes) may also be involved in determining the viru-
lence against one or both of these QTLs. Moreover, CMV is thought
to move systemically as particles (Blackman et al., 1998), and
therefore it is likely that the CP has a role in the systemic move-
ment of the strains of subgroup I by interacting with the products
of these QTLs.

Although CMV does not move cell to cell as virions (Kaplan
et al., 1998), the CMV CP is needed for cell-to-cell movement,
together with MP.The two proteins communicate through a region
of 33 C-terminal amino acids of the MP that determine the
dependence or independence of the CP to move the viral genome
(Kim et al., 2004; Nagano et al., 2001). In the melon accession SC,
the CP of CMV-LS is able to move the chimaeric virus LS3(MPFNY)
that carries the MP of FNY, as this virus produces a full systemic
infection. Therefore, the C-terminal region of the MP does not
affect the crosstalk between the two proteins when they belong to
different strains, despite being the most divergent part of this
protein between both strains (Fig. 4a). Moreover, we have shown
that the MP fragment involved in overcoming the resistance of
cmv1 is the N-terminal domain, and therefore interaction with the
CP should not be involved in this phenotype. Indeed, this region of
the MP has been suggested to be involved in host-specific func-
tions in both CMV and Brome mosaic virus (Fujita et al., 1996;
Hong et al., 2007; Li et al., 2001).

We generated a series of mutant clones in the MP of LS by
introducing the corresponding FNY residues, and observed that a
combination of four mutations [the group 64–68 (SNNLL to
HGRIA) and the point mutations R81C, G171T and A195I] is suf-
ficient to overcome the resistance provided by cmv1. As the struc-
ture of the CMV MP has not been resolved, it is difficult to
visualize the impact of these mutations in the folding of the
protein. However, some functional domains have been reported
(Kaplan et al., 1997; Li et al., 2001). There is a hydrophobic core
domain between residues 86 to 108, an RNA-binding domain
between amino acids 174 and 233 (Vaquero et al., 1997) and a
cysteine-rich, putative zinc finger domain between amino acids
126 and 194, with two nucleic acid-binding domains also included
in this region (Sasaki et al., 2006). Mutants in these domains have
revealed implications in MP functions. In this report, the four
changes that together restore the virulence in the cmv1 plant are
dispersed in different domains: MP6 and MP7 are in the putative
zinc finger domain, MP4 is in the hydrophobic core and the group
64–68 (SNNLL to HGRIA) is located outside of putative domains.
MP5, the only change not affecting the gain-of-function pheno-

type, is outside of any predicted domain. The chemical nature of
the mutations introduced in LS MP predicts relevant changes in
the tertiary structure of the protein. For example, the program
SCRATCH protein predictor, mentioned above, predicts three
disulfide bonds in FNY MP and two in LS MP, making the structure
of LS MP more relaxed. The mutation R81C would recover this
disulfide bond and, with it, a more FNY-like tertiary structure of the
MP. FNY MP could possibly interact directly or indirectly with both
the PS CMV1 protein and the resistant SC cmv1 protein to con-
tinue the infection, whereas LS MP would only interact directly or
indirectly with the susceptible PS CMV1 protein to produce a
systemic infection. The conformation of the mutant L3-MP3/4/6/7
would keep the interaction FNY-like, enabling crosstalk with both
the PS and SC alleles of cmv1.

Natural mutations breaking recessive resistances have been
found in a few families, and normally they affect the protein that
interacts with the resistance gene. Most have been found in
members of the Potiviridae family and lie in the viral genome-
linked (VPg) or cylindrical inclusion (CI) genes, which interact
directly or indirectly with eukaryotic translation initiation factor
(eIF)4E or G, the products of the recessive resistance gene (Moury
et al., 2004; Sorel et al., 2014). A single mutation breaking the
resistance to cyvv1 and cyvv2 genes (eIF4E) has also been found
in the P1 of the potyvirus Clover yellow vein virus, although, in this
case, it is not clear how P1 interacts with eIF4E (Nakahara et al.,
2010). A single mutant in Rice yellow mottle virus VPg, a member
of the genus Sobemovirus, is able to break the resistance against
the gene rymv-1 [eIF4(iso)G] (Hébrard et al., 2006). A resistant-
breaking isolate of Melon necrotic spot carmovirus maps to a few
nucleotides in the 3'UTR, the region interacting with eIF4E, the
product of the resistance gene nsv (Díaz et al., 2004; Truniger
et al., 2008). cmv1 has not been isolated to date. However, it will
not be an eIF, as there is no eIF mapping in the cmv1 interval of the
melon genome (Essafi et al., 2009). Moreover, we have shown
that cmv1-mediated resistance does not act at the level of
translation/replication or short-distance movement, as CMV-LS
accumulates in the inoculated cotyledons of the resistant line. The
implication of the MP as the determinant of virulence in the
resistance mediated by cmv1 suggests that it will be related to the
impairment of long-distance movement. Further experiments
aimed at addressing the characterization of this resistance will
determine whether this is the case.

EXPERIMENTAL PROCEDURES

Plant and virus materials

The genotypes of melon (Cucumis melo L.) used for the study of the
resistance to CMV were the Korean accession PI 161375 cultivar
‘Songwhan Charmi’ (SC) and the Spanish cultivar Piel de Sapo, line T111
(PS), as resistant and susceptible controls, respectively. The near-isogenic
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line (NIL) SC12-1-99 was derived from the NIL SC12-1 (Essafi et al., 2009),
carrying a shorter introgression of SC on the linkage group XII that con-
tains the cmv1 gene. Seeds were pre-germinated by soaking them in water
overnight and then kept for 2–4 days in continuous light at 28 °C. Seed-
lings were grown in growth chambers (Sanyo MLR-350H, Sanyo Electric
Biomedical Co, Osaka, Japan) in long-day conditions consisting of 22 °C
for 16 h with 5000 lx of light and 18 °C for 8 h in the dark for all infections.

Viruses used in this study were the infectious clones of CMV-LS (L1, L2
and L3, corresponding to RNAs 1, 2 and 3, respectively) belonging to
subgroup II, and CMV-FNY (F109, F209 and F309, corresponding to RNAs
1, 2 and 3, respectively) belonging to subgroup I (Rizzo and Palukaitis,
1990; Zhang et al., 1994). Other CMV strains used were M6 (Diaz et al.,
2003), I17F (Jacquemond and Lauquin, 1988), Ri-8, Co1, Pl2 (Aramburu
et al., 2007) and Y from subgroup I, and NG (Aramburu et al., 2007), WL
(Namba et al., 1991) and P104.82 from subgroup II.

Inoculations and virus detection

Viral inocula were freshly prepared from infected zucchini squash Chapin
F1 (Semillas Fito SA, Barcelona, Spain) and the sap obtained was rub
inoculated onto the cotyledons of 7–10-day-old melon plants. For each
experiment, 8–10 plants of lines SC12-1-99, PS or SC were inoculated.
Infectious RNAs of the pseudo-recombinants and chimaeric viruses were
inoculated onto N. benthamiana leaves. RNAs were generated from 1 μg
of the linearized infectious cDNA clones by ‘in vitro’ transcription using T7
RNA polymerase (Roche Diagnostics, Mannheim, Germany) and Cap
Analog (Roche Diagnostics, Mannheim, Germany) according to the man-
ufacturer’s protocols. Infectious clones from CMV-FNY (Rizzo and
Palukaitis, 1990), chimaeric viruses and amino acid substitution mutant
clones were linearized using PstI. Infectious clones CMV-L1, CMV-L2 and
CMV-L3 were linearized with NotI, HindIII and PstI, respectively (Zhang
et al., 1994).The three transcribed RNAs, without further purification, were
rub inoculated together onto N. benthamiana leaves. Sap produced from
systemically infected leaves was used to inoculate melon cotyledons.
Symptoms in melon plants were scored visually 20 days after inoculation.
Viral detection was performed by reverse transcriptase-polymerase chain
reaction (RT-PCR) from young newly developed leaves. For RT-PCR, RNA
was isolated using TriReagent (Sigma-Aldrich, St Louis, MO, USA) following
the manufacturer’s protocol. RT-PCR was performed using PrimeScript
(Takara Biotechnology, Dalian, China) and Taq polymerase (Promega Cor-
poration, Madison, WI, USA) according to the manufacturer’s instructions,
as reported previously (Essafi et al., 2009). Primers used for RT and PCR are
listed in Table S1 (see Supporting Information). Combinations of primers
from both strains, CMV-LS and CMV-FNY, were used to confirm viral
infection, when necessary. To confirm the amino acid substitution mutants,
the PCR products were sequenced using primer LS3-1F (Table S1).

Northern blot analysis was performed following Díaz et al. (2004).
Briefly, 6 μg of total RNA obtained from inoculated cotyledons were dena-
tured, electrophoresed in 1% agarose gel and vacuum transferred
(VacuGene XL, HealthCare, Friburg, Germany) onto a positively charged
nylon membrane (Roche Diagnostics, Barcelona, Spain). Samples were
crosslinked under UV light (Crosslinker RPN 2500, Amersham Life Science,
Friburg, Germany). For hybridizations, a digoxygenin-11-UTP-labelled RNA
probe was synthesized from a construct (p73) containing partial
sequences of CMV-LS and CMV-FNY CP genes using a digoxigenin-

labelling and detection kit (Roche Diagnostics, Barcelona, Spain). For tran-
scription, the plasmid was linearized with ApaI, and cRNA was synthesized
using SP6 RNA polymerase (Amersham Pharmacia Biotech, Little Chalfont,
Buckinghamshire, UK). Hybridization was performed at 65 °C. Washing
steps and detection with the alkaline phosphatase chemiluminescent sub-
strate CDP-Star (Roche Diagnostics, Barcelona, Spain) were performed as
recommended by the manufacturer.

Construction of chimaeric viruses and amino acid
substitution mutants

Chimaeric viruses between CMV-LS and CMV-FNY were generated by
exchanging all the UTRs and ORFs separately. Briefly, overlapping PCR
fragments sharing around 20 nucleotides at the ends were amplified. For
each pair of fragments, the overlapping sequence contained part of LS and
part of FNY. Gel-purified PCR fragments were submitted to chimaeric PCR
performed in two steps. The first eight cycles were based on the tempera-
ture given by the overlapping sequence, usually higher than the tempera-
ture of the remaining cycles, given by the flanking primers. These cycles
amplified the chimaeric PCR generated during the first cycles.The chimaeric
fragments were exchanged in the viral construct using unique restriction
sites. In the cases of ORF exchanges and IGR exchanges, three PCR
fragments were amplified, creating two overlapping regions, and then the
chimaeric PCR assembled the three fragments. All PCRs were performed in
the presence of 0.2 mM deoxynucleotide triphosphates (dNTPs) with Pfu
DNA polymerase (Promega Corporation) and specific primers (Table S2).

Constructs in which the 209 N-terminal amino acids of the MP were
exchanged were generated using restriction sites. In the case of the
construct F3(MP1LS), the chimaeric construct L3(5'UTRFNY) was digested
with Bpu1102I and XmaI, and the fragment was cloned into the same
restriction sites of the construct F309, which carries the whole RNA3 of
FNY, to have only the 209 amino acids of LS in the background of FNY. The
complementary construct L3 (MP1FNY) was performed using the same
approach on the clone F3(5'UTRLS), and cloned using the same restriction
sites on L3. The amino acid substitution mutants introducing specific
residues of MP-FNY into MP-LS were built using a GENEART® Site-
Directed Mutagenesis System (Invitrogen Life Technologies, Carlsbad, CA,
USA), following the manufacturer’s instructions; 20 ng of DNA of plasmid
LS3 were hybridized to the mutagenic primer and allowed to polymerize in
the presence of 0.2 mM dNTPs and Pfu DNA polymerase (Promega Cor-
poration). All mutagenic primers used are listed in Table S3 (see Support-
ing Information). The substitutions were performed independently at five
positions. Multiple amino acid combinations were performed using the
same technique over constructs carrying previously introduced mutations.
Sequences to confirm all chimaeric constructs were analysed using
Sequencher™ version 4.8 (Gene Codes Corporation; Ann Arbor, MI, USA).

MP sequences and alignment

Sequences of the MP genes of all the strains used were obtained by
performing RNA extraction and RT-PCR of infected material, as described
previously (Essafi et al., 2009). The coding sequence of MPs of strains of
subgroup II were sequenced with primers specific for LS (LS3-1F,
5'GTAATCTTACCACTTTCTTTTC; LS3-400F, 5'GTTTCTACGGATGCTGAGG)
and LS3-1400R (5'CTTTCACTACCCACGAAGG). Primers used for strains of
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subgroup I were specific for CMV-FNY (F309-1F, 5'GTAATCTTACCAC
TGTGTGTG; F309-400F, 5'TACTCGAACAGTTTCCACTG) and F309-1400R
(5'GTTAATAGTTGGACGACCAG). Alignment of MPs was performed using
Protein-Protein BLAST 2.2.25.The sequences of the MP of strains FNY, I17F,
Ri-8, Y and LS were identical to the corresponding sequences published in
GenBank: FNY, BAA01396.1; I17F, CAA77064.1; Ri-8, CAJ65583.1; Y,
AAA46419.1; LS, AAD45246.1.

Accession numbers for the new sequences

Accession numbers for the sequences of strains M6, P104.82, WL, Pl2, Co1
and NG in GenBank are KM114893, KM114894, KM114895, KM114896,
KM114897 and KM114898, respectively.
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SUPPORTING INFORMATION

Additional Supporting Information may be found in the online
version of this article at the publisher’s website:

Fig. S1 Phylogenetic tree of the 11 Cucumber mosaic virus (CMV)
strains. FNY, I17F, Ri-8, M6 and Y belong to subgroup IA, Pl2 and
Co1 belong to subgroup IB, and p104.82,WL, LS and NG belong to
subgroup II.
Table S1 Specific combinations of primers used for virus detec-
tion in plants inoculated with pseudo-recombinants, chimaeras
with untranslated region (UTR) and open reading frame (ORF)
exchanges and amino acid substitution mutants.
Table S2 Primers used to generate untranslated region (UTR) and
open reading frame (ORF) exchanged regions.
Table S3 Primers used for site-directed mutagenesis.
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