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Abstract: Resistance to cucumber mosaic virus (CMV) strain LS in melon is controlled by the gene
cmv1, which restricts phloem entry. In nature, CMV is commonly found in mixed infections, par-
ticularly with potyviruses, where a synergistic effect is frequently produced. We have explored the
possibility that this synergism could help CMV-LS to overcome cmv1-mediated resistance. We demon-
strate that during mixed infection with a potyvirus, CMV-LS is able to overcome cmv1-controlled
resistance and develop a systemic infection and that this ability does not depend on an increased
accumulation of CMV-LS in mechanically inoculated cotyledons. Likewise, during a mixed infection
initiated by aphids, the natural vector of both cucumoviruses and potyviruses that can very efficiently
inoculate plants with a low number of virions, CMV-LS also overcomes cmv1-controlled resistance.
This indicates that in the presence of a potyvirus, even a very low amount of inoculum, can be
sufficient to surpass the resistance and initiate the infection. These results indicate that there is an
important risk for this resistance to be broken in nature as a consequence of mixed infections, and
therefore, its deployment in elite cultivars would not be enough to ensure a long-lasting resistance.

Keywords: cucumovirus; potyvirus; genetic resistance; mixed infections; melon

1. Introduction

Plant viruses are considered responsible for about half of the emerging infectious
diseases in plants [1]. In nature, plant viruses are frequently found in mixed infections
produced by two or more viruses. However, our perception of this situation is biased
because mixed infections are only reported and studied in cases when the combination
synergistically exacerbates the symptoms caused by either one of the viruses individually
or when other quantifiable effects, such as increases in their titers, are characterized [2].
Considering the virus–virus interactions during mixed infections will help us to understand
the evolution and ecological dynamics of plant viruses [3], and taking mixed infections into
account could be highly relevant for managing resistance against viral plant pathogens.

Cucumber mosaic virus (CMV, genus Cucumovirus, family Bromoviridae) is able to infect
more than 1200 plant species [4]. This ability is provided by its great genetic variability, with
a large number of strains that are divided into two subgroups with about 70% nucleotide
homology between them: subgroup I (further subdivided into IA and IB) and subgroup
II (SGII) [5]. Its genome is composed of three positive single-stranded RNAs (RNA1,
RNA2 and RNA3). RNA1 and RNA 2 encode proteins 1a and 2a, which are involved in
replication, and 2b, which is involved in RNA silencing suppression. RNA3 encodes 3a,
the movement protein (MP), and 3b, the coat protein (CP). In nature, CMV is transmitted
by aphids in a non-persistent manner, with the viral CP being the major determinant of
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the process [6]. In melon, resistance to CMV in the Korean accession PI 161375, which
is the cultivar Songwhan Charmi (SC), is oligogenic and recessive [7] and composed of
one gene, cmv1, which provides full resistance to SGII CMV strains, such as CMV-LS, and
at least two QTLs, which together with cmv1 provide resistance to SGI strains such as
CMV-M6 and CMV-FNY [8,9]. Experiments using a near isogenic line (NIL) that carried
only one introgression from SC including cmv1 in the background of the susceptible melon
cultivar Piel de Sapo (PS), demonstrated that CMV-LS can replicate and move cell-to-cell but
remains restricted to the bundle sheath (BS) cells, providing resistance to phloem entry and
impeding the systemic infection [10]. This restriction is dependent on the viral movement
protein (MP), since both CMV-FNY and a mutant CMV-LS carrying FNY MP can overcome
this resistance [11]. Cmv1 acts as a general gatekeeper for phloem entry, not only in the
accession SC but in all other melon resistant varieties previously tested [12]. This gene
encodes vacuolar protein sorting 41 (VPS41) [13], a protein involved in the intracellular
transport of cargo proteins from the late Golgi to the vacuole, as part of the homotypic
fusion and vacuole protein sorting (HOPS) complex [14]. VPS41 supports CMV infection in
the susceptible melon PS cultivar by organizing transvacuolar strands that could be used
by the virus for its movement towards the plasmodesmata (PD). These strands are nearly
absent in the resistant SC accession [15]. In plants, Arabidopsis thaliana VPS41 is involved in
pollen–stigma interaction and mutants in this protein are frequently sterile [16]; however,
is also involved in vegetative growth [17].

Resistance to CMV-FNY phloem entry in SC is occasionally overcome so that the
virus can produce a mild infection in one or two leaves, depending on the environmental
conditions, although it will never produce a systemic infection. Indeed, during a prelimi-
nary coinfection of CMV-FNY and the potyvirus zucchini yellow mosaic virus strain AG II
(ZYMV-AG II), we observed that the former was able to systemically infect SC, whereas
CMV-FNY alone was unable to do so (not shown). The known synergistic effect between
cucumoviruses and potyviruses [18–21] and the available information concerning the two
viruses suggests that their co-infections can affect resistances and even result in a modifica-
tion of the viral distribution within plant tissues [22,23]. Thus, it was reasonable to think
that CMV could be accumulating more in the coinfected plants than in the single-infected
ones, leading to the hypothesis that during co-infections CMV could more efficiently use
the few transvacuolar strands present in the BS cells of the resistant accession SC to reach
the phloem and develop a systemic infection. This hypothetical scenario would imply
a risk for resistance management, in which the deployment of cmv1 into elite cultivars
would not avoid CMV damage during mixed infections. In this study, we have explored
this hypothesis using a simpler system, the NIL SC12-1-99, which only carries the gene
cmv1, instead of using SC, which carries more than three resistance QTLs [9]. We have also
compared CMV mechanical inoculations, which deliver a larger input of virus into wounds,
with insect-mediated inoculations, which are more similar to infections in nature and have
the potential to inoculate fewer virions but do so directly into different plant tissues.

2. Materials and Methods
2.1. Plant, Insects and Virus Materials

The melon (Cucumis melo) genotypes used in this study were the Korean accession PI
161375, cultivar Songwhan Charmi, the Spanish type Piel de Sapo, and the NIL SC12-1-99,
which carries an introgression of SC on the linkage group XII that contains the cmv1 gene [8].
Seeds were pre-germinated and grown as described by Guiu-Aragonés et al. [11].

A clonal population of the aphid Myzus persicae, designated MP89 and originally from
the ICA-CSIC (Madrid, Spain), was maintained on tobacco plants (Nicotiana tabacum ‘Xanthi’).

The cucumovirus strain CMV-LS was provided by Professor P. Palukaitis from Seoul’s
Women’s University (Korea) as infectious clones of the three genomic RNAs [24]. The
potyviruses ZYMV-AGII (attenuated strain) and watermelon mosaic virus LL2B3 (WMV-
LL2B3) infectious clones were provided by Prof. A. Gal-On from Volcani Center (Israel) [25]
and Dr. C. Desbiez from INRAE (France) [26], respectively.
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2.2. Viral Inoculations

For CMV-LS inoculations, cotyledons of 7 to 10-day-old melon plants were inoculated
either mechanically or using aphids as vectors. For rub inoculation, sap freshly obtained
from infected zucchini squash Chapin F1 (Semillas Fitó S.A., Barcelona, Spain) was used
as described in [11]. For aphid transmission, experiments were performed essentially as
described in [27]. Apterous adult individuals were collected, starved for 2 h in glass vials
and allowed to acquire the virus on a symptomatic infected leaf for 10 min, before being
transferred manually to the receptor plants with a fine paintbrush until the desired number
of 10 viruliferous aphids were placed on each individual test plant for the inoculation period.
Vector aphids were killed by spraying the plants with Confidor insecticide (imidacloprid
0.08%, Bayer, Leverkusen, Germany). In mixed infections, either cotyledons or the first leaf
were inoculated with CMV-LS and WMV-LL2B3 or CMV-LS and ZYMV-AGII. Individual
inoculations with CMV-LS, ZYMV-AGII or WMV LL2B3 were used as controls. For the
mixed infection with CMV-LS and ZYMV-AG II, cotyledons of 7 to 10-day-old melon plants
were agroinfiltrated with Agrobacterium C58C1 harboring ZYMV-AGII and rub-inoculated
with the fresh sap of CMV-LS after two days post-infiltration (dpi). A visual phenotyping
was performed at 15 and 30 dpi using a 6 degrees scale varying from 0 to 5 according to the
severity of symptoms as previously reported [9]. For the mixed infection with CMV-LS and
WMV-LL2B3, vector-mediated inoculations were performed with viruliferous aphids for
each one of the individual viruses.

2.3. Sampling and RNA Extraction

Samples from inoculated cotyledons were collected after five dpi and leaf discs from
the youngest fully expanded leaf was collected at 15 or 30 dpi. Samples were immedi-
ately frozen in liquid nitrogen and ground for RNA extraction using TRIzolTM reagent
(Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s instructions, including an
additional ethanol precipitation to improve purity. RNA quality was assessed through gel
electrophoresis and quantification was assessed using NanoDrop ND-8000 spectrophotome-
ter. Samples were treated with TURBO-DNAse I (Applied Biosystem, Ambion, CA, USA)
following manufacturer’s instructions and 1 µg of RNA was used for cDNA synthesis using
the SuperScript III Reverse Transcriptase Kit (Invitrogen, Carlsbad, CA, USA) and random
primers (Invitrogen, Carlsbad, CA, USA) following the manufacturer’s instructions.

2.4. Quantification of CMV Viral Load by RT-qPCR

For CMV quantification, absolute RT-qPCR with the standard curve method was used.
To generate the standard RNA curve, a fragment of 1.5 kb located near the 5′ ends of the
viral genomic RNA3 was cloned on pGEMT-Easy (Promega, Madison, WI, USA) under the
control of the T7 promoter. Transcripts were obtained with linearized plasmids as templates
using the MEGAscript T7 kit (Ambion, Austin, TX, USA) and a five-point standard curve
from 10-fold dilutions was built to use as standard.

RT-qPCR was performed on a LightCycler 480 Real-Time PCR System (Roche Applied
Science, Indianapolis, IN, USA) using SYBR Green I Mix (Roche Applied Science, Indianapo-
lis, IN, USA). Cycling conditions were as follows: 10 min at 95 ◦C, 40 cycles of 95 ◦C for
15 s, 20 s at 60–65 ◦C and 72 ◦C for 20 s, followed by a melting curve cycle from 65 to 95 ◦C.
CMV primers (F: CCGGTGAATTGCGCTCTAAA, R: CAAAGAACCCTCAGCATCCG)
were designed using Primer BLAST. The presence of secondary structure was checked with
Oligo Calculator version 3.27 (http://biotools.nubic.northwestern.edu/OligoCalc.html,
accessed on 4 June 2020). The primer specificity was tested by PCR amplification and
agarose gel electrophoresis. For each experiment, three or four biological replicates and
two technical replicates were used.

2.5. Virus Detection by Reverse Transcriptase-PCR

RT-PCR was performed using Superscript III RT (Invitrogen Life Technologies, Carlsbad,
CA, USA) and Taq polymerase (Promega Corporation, Madison, WI, USA) according to
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manufacturer’s instructions. The primers used for detection of CMV were CMV_F: GTTT-
TATTTACAAGAGCGTACG and CMV_R: GAAGCATTCCACATATCGTAC, which amplify
a 1400 nt fragment, and for detection of WMV were WMV_F: AGCAAAGGATCTTTTGGC-
TATG and WMV_R: CACTCACAAAGTTTCTTGAATATG, which amplify a 269 nt fragment.

3. Results
3.1. Mixed Infections Allow CMV-LS to Overcome cmv1-Controlled Resistance without Increasing
Its Accumulation in the Inoculated Cotyledons

The mixed infections by CMV-LS and a potyvirus were studied in melon cultivar
Piel de Sapo (PS), which is susceptible to CMV; the Korean accession PI 161375, cultivar
Songwhan Charmi (SC), which is resistant to CMV; and the NIL SC12-1-99, which carries
an introgression of SC containing the cmv1 resistance gene [8].

Groups of 10 plantlets corresponding to the different plant materials were used.
In a first experiment, symptoms resembling those caused by CMV infections, such as
leaf curling, yellowing and mosaic in the leaves, were observed at 15 dpi in two out of
seven surviving NIL SC12-1-99 plants after double-inoculation, whereas as expected, no
symptoms were shown in those inoculated with only CMV-LS (nine plants). Meanwhile,
the PS controls were fully infected both in single and mixed infections (6 and 10 plants,
respectively). The mixed infected PS controls showed stronger symptoms, whereas all
SC plants showed normal growth and development on both single and mixed infections
(10 plants in each case). Single ZYMV-inoculated PS and NIL 12-1-99 plants showed mild
mosaic corresponding to ZYMV symptoms, whereas SC showed just a mild vein clearing.
Pictures of the symptoms observed in representative plants of the different categories are
shown in Figure 1A. A replica of the experiment was performed, this time reaching 7 out of
10 NIL SC12-1-99 plants with symptoms after double-inoculation, and at the same time, a
higher mortality for PS-infected plants was observed. Thus, CMV-LS was able to overcome
cmv1-mediated resistance in at least some of the plants when infecting in the presence
of the potyvirus ZYMV. To test if an increase in the CMV-LS amount in the inoculated
cotyledons could be accountable for the breakage of resistance, the levels of CMV-LS were
quantified in samples taken from cotyledons after 5 dpi (Figure 1B) and also in newly
developed leaves at 15 dpi for selected plants (Supplementary Table S1), both in single and
mixed infections, in order to monitor the infection during plant growth. No increase in
CMV-LS accumulation was detected in the inoculated cotyledons in the mixed infections
compared with the single CMV-LS-infected ones (Figure 1B). Thus, although the presence
of ZYMV did not lead to an increase in CMV-LS accumulation in the inoculated cotyledon,
cmv1-mediated resistance was overcome. Therefore, this indicates that there is no threshold
of CMV-LS accumulation above which the virus can overcome cmv1 resistance in the NIL
SC12-1-99. The synergistic interaction of both viruses was associated with an increase
in CMV-LS accumulation in systemically infected leaves of PS. However, in the case of
the mixed infection in the NILSC12-1-99 after 15 dpi, despite suffering an evident visual
systemic infection, no correlation was observed between viral load and the presence of
symptoms, whereas in the resistant accession SC, CMV-LS was under the limit of detection
in the equivalent samples (Supplementary Table S1).
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Figure 1. Assessment of viral infection in mechanically inoculated single and mixed infections.
(A) Plants of genotypes PS, SC and NIL SC12-1-99 (NIL) at 15 dpi in either single (CMV-LS or
ZYMV-AGII) or mixed (CMV-LS + ZYMV-AGII) infections. All plants are at the same developmental
stage after germination. Characteristic symptoms of the plants are amplified for one representative
individual plant per each group. (B) Boxplot depicting the accumulation of CMV-LS viral RNA (Log2
CMV-LS copy number/ng of total RNA) in inoculated cotyledons at 5 dpi. Viral RNA was detected
by RT-qPCR. The data are the average of three biological replicates. Boxplot represents the median
and interquartile range (IQR).

3.2. cmv1 Resistance Is Compromised in Mixed Infections Initiated by Aphid Inoculation

Mechanical inoculation is considered to require a viral input higher than the amount
transmitted by aphids, which are the usual transmission vectors of CMV in nature. To know
if the aphid-transmitted CMV-LS would be able to overcome cmv1-mediated resistance
after mixed infection with a potyvirus, we also performed an approach that simulates the
infection in nature by aphids. As the clone ZYMV-AGII has a disabled HC-Pro gene [28,29],
it could not be used for this experiment. Thus, WMV strain LL2B3 was used as a co-infecting
potyvirus instead. For this approach, 10 plants from NIL SC12-1-99, PS and SC were
inoculated either with CMV-LS alone or in combination with WMV using 10 viruliferous
aphids per plant and per virus (therefore, 10 + 10 = 20 aphids for the co-inoculations of
CMV + WMV).

Mild to moderate mosaic symptoms were observed in the NIL SC12-1-99 at 15 dpi
in the coinfected plants that were not present in the single CMV-LS- or WMV-inoculated
plants, indicating that using aphid inoculation the potyvirus allowed CMV-LS to overcome
cmv1-mediated resistance. This was confirmed by RT-PCR detection, showing a CMV-LS
specific band in the plants with mixed infection (Figure 2A,B). At 30 dpi, 80% of the plants
presented moderate symptoms in the mixed infection and again, RT-PCR demonstrated that
CMV-LS was present in these systemically infected leaves. In this case, the CMV-inoculated
plant shown in Figure 2B shows a faint band corresponding to CMV, suggesting that some
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CMV-LS had managed to invade the phloem, which is a situation that occurs very scarcely.
Furthermore, the presence of detectable CMV did not correlate with symptoms of viral
infection. At this stage, single WMV-infected NIL SC12-1-99 and PS plants showed mild
curly leaves and mosaic. Neither CMV symptoms nor RT-PCR bands corresponding to
CMV were detected in SC plants, either in single or mixed infection, whereas those plants
produced a systemic WMV infection (Figure 2A,C). Interestingly, the quantification of CMV-
LS in the aphid-inoculated leaves of the NIL SC12-1-99 showed, again, that equivalent
amounts of virus were present in the single and mixed inoculations and that it was barely
detectable in both cases (Figure 2D), again suggesting that a higher accumulation of CMV-
LS was not a requirement to overcome cmv1-mediated resistance. Thus, a CMV-LS input
from the inoculating aphids (likely a very small amount of infective virus) when inoculating
together with a potyvirus would be enough to establish an infection in natural conditions,
overcoming cmv1-mediated resistance. However, even higher viral accumulation in the
inoculated leaf of SC did not produce a systemic infection in this accession, suggesting that
the co-infection with a potyvirus does not allow CMV to overcome the resistance mediated
by all QTLs present in SC genome. PS plants showed symptoms of CMV at 15 dpi both
in a single infection and when combined with WMV. However, in the mixed infection,
more severe symptoms were detected and only half of the plants had survived at 30 dpi.
Correspondingly, both CMV and WMV were detected by RT-PCR (Figure 2A,B). SC did
not show CMV symptoms, but WMV-related symptoms were evident, such as curly leaves
at 30 dpi in the single infection. More interestingly, WMV accumulated at lower levels in
the coinfected NIL SC12-1-99 and in PS and was absent from the SC co-infected plants,
which suggests a negative interaction for WMV in the presence of CMV in all cases that is
stronger in SC (Figure 2C).
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Figure 2. Assessment of viral infection in single and mixed infections inoculated by aphids. (A) Plants
of genotypes PS, SC and NIL SC12-1-99 at 15 and 30 dpi of either single (CMV-LS or WMV-LL2B3) or
mixed (CMV-LS + WMV-LL2B3) infections, as indicated. (B) CMV detection by RT-PCR in newly
developed leaves at 15 and 30 dpi for mock (M) single (C or W) and mixed infections (C + W).
(C) WMV detection by RT-PCR in newly developed leaves at 15 and 30 dpi for mock (M), single (C
or W) and mixed infections (C + W). (D) Boxplots representing the accumulation of CMV-LS RNA
particles (log2 CMV-LS copy number/ng of total RNA) of CMV-LS in the inoculated cotyledons at
5 dpi. The data are the average of three biological replicates. Boxplots represent the median and
interquartile range (IQR).
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Altogether, these results demonstrate that CMV-LS inoculated by aphids in a mixed
infection with a potyvirus can establish a systemic infection in the cmv1-carrying plants,
and this result does not correlate with a higher accumulation of CMV in the mixed infec-
tion plants.

4. Discussion

Our results indicate that CMV-LS can infect resistant melon plants carrying the gene
cmv1 when co-infecting with a potyvirus, whereas it is unable to overcome cmv1-controlled
resistance during a single infection. The preliminary results suggested that this could
be due to the synergistic effect already reported between CMV and potyviruses, where
CMV accumulation could be promoted by the potyvirus [18,30]. However, quantification
of CMV-LS present in the inoculated cotyledons after 5 days post-inoculation showed
a similar amount of CMV-LS in both the single- and co-infected NIL plants. Thus, an
increased virus replication to reach a minimum threshold was not necessary to overcome
cmv1 resistance, suggesting that the synergism between the viruses must be acting at
another level independent of CMV replication. In fact, during a single CMV-LS infection,
local infection is not restricted either in the NIL or in SC, since in both CMV-LS is able to
replicate and move cell-to-cell to reach the veins. However, it is restricted in the BS cells and
is unable to move to phloem cells [10]. Thus, the mechanism by which the potyvirus helps
CMV-LS to overcome cmv1-controlled resistance could be related either to the intracellular
movement within the BS cells or to increasing its ability to cross the PD facing the phloem
cells. In fact, the interface between the BS and phloem is a boundary for systemic movement
in the case of other viruses, such as tobacco mosaic virus in tobacco plants [31], cowpea
chlorotic mottle virus infecting soybean plants [32], red clover mosaic virus in Nicotiana
spp. [33] and for systemic movement of CMV in transgenic tobacco plants expressing the
CMV replicase gene [34]. Likewise, during a normal infection in melon PS, a low amount
of CMV-LS invading the phloem cells was observed compared with the virus present in BS
cells, although it was sufficient to establish a systemic infection [10].

Aphids transmit viruses by inoculating on any part of the leaf where they are probing,
including the blade and sometimes the phloem itself and, with potyviruses, they can
succeed inoculating an amount ranging from 1 to 300 pl of fluid [35,36]. Unfortunately,
there are no equivalent measurements for CMV, a tripartite virus, with its genome packaged
into three separated particles. In this case, it is likely that a larger volume will be needed to
assure delivery of the three components in the same cell, or in functionally complementing
nearby cells, to initiate a productive infection focus. It is important to realize that for
multipartite viruses, an accurate quantification of viral load should consider the “genome
formula”, representing the relative proportion of each individual component [37,38]. Our
experiments demonstrated that when the resistant NIL SC12-1-99, carrying cmv1 gene, was
inoculated by viruliferous aphids, the virus transmitted was able to produce a systemic
infection only when CMV-LS was co-inoculated with a potyvirus, in this case WMV. Despite
the occasional detection of the presence of CMV (faint band in Figure 2B), in our conditions
none of the single CMV-LS-inoculated SC12-1-99 plants resulted in systemic infection.
Given that cmv1-controlled resistance takes place at the level of phloem entry, it could have
been overcome by the aphid probing directly into the phloem; this could have happened
during the single CMV infection as well as during the mixed infection. However, systemic
infection was only produced upon mixed inoculation, suggesting that it was not achieved
by the aphid directly reaching the phloem but, again, was related to the presence of the
potyvirus and not related to over-replication of CMV after the double inoculation. In fact,
both WMV and ZYMV, as well as other viruses including CMV, use many host proteins to
complete their life cycle (for a review see [39]). To invade the phloem, CMV needs to use
VPS41, a protein involved in the secretory pathway that transports cargo proteins from the
trans Golgi network (TGN) to the vacuole. ZYMV and WMV use vacuolar protein sorting
4, an AAA+ ATPase that is part of the endosomal sorting complexes required for transport
(ESCRT) complex and involved in endo membrane trafficking during the endosomal and
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secretory pathways [40,41]. When CMV is unable to use the VPS41 allele present in the NIL
SC12-1-99, the presence of the potyvirus might enable CMV to use an alternative protein to
be transported to the PD facing the phloem to develop a systemic infection. CMV-FNYD2b
mutants, lacking the 2b gene, were unable to invade the phloem in tomato plants, becoming
confined to the BS cells; this restriction was removed when co-infecting with the potyvirus
PVY [30]. This supports the idea that the potyviruses can complement CMV’s inability to
trespass the BS–phloem boundary when CMV is missing the 2b gene or when wild-type
CMV is inoculated into a plant missing a host factor essential for this step, such as VPS41
in the melon NIL SC12-1-99. In this last case, the inability of CMV-LS to invade the phloem
was mapped to the MP, since a chimeric CMV-LS virus carrying CMV-FNY MP was able to
invade the phloem to establish a systemic infection [11]. Thus, more research is needed to
know how potyviruses can support phloem invasion by a mutant CMV-FNYD2b virus or
in a plant able to restrict this step.

Our experiments showed that accumulation of WMV was reduced or eliminated
in both resistant and susceptible melon types during the mixed infection with CMV-LS,
suggesting that the interaction between these two viruses mainly resulted in positive
synergism for CMV and not for WMV. In partial agreement with this observations, tomato
plants co-infected with CMV-FNY and PVY had lower levels of PVY than single PVY
infections at 28 dpi, whereas CMV-FNY was enhanced in the co-infected plants. However,
at 60 dpi, PVY increased in the presence of CMV-FNY, reflecting a dynamic situation [30].
Likewise, a decrease in the potyvirus was observed in mixed infections of tobacco infected
with CMV and PVY [42] and in cucumber infected with ZYMV and CMV [43]. These
apparent contradictions might respond to adaptative changes, in which key elements
could be changes in the genome formula of the multipartite CMV [44]. Further research
would be needed to determine if CMV exhibits such plasticity in different hosts during
mixed infections.

Overall and in practical terms, the results obtained using aphid inoculation indicated
that the deployment of the resistance given by cmv1 into elite cultivars would not be enough
to ensure a long-lasting resistance and that deployment of the other QTL present in the
accession SC should be needed for a more durable strategy of control when other viruses
might be present.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/v15091792/s1, Table S1: CMV viral detection by RT-qPCR and symptoms
in non-inoculated, newly developed leaves from inoculated melon plants at 15 dpi from the two
replica experiments.

Author Contributions: The study was designed by J.J.L.-M. and A.M.M.-H. A.G. performed the
experiments, assisted occasionally by I.F. and J.J.L.-M. A.M.M.-H. prepared the first versions of the
manuscript. All authors have read and agreed to the published version of the manuscript.

Funding: This research received funding from the European Union’s Horizon 2020 research and in-
novation program under Marie Šklodowska-Curie grant agreement no. 793,090 (awarded to AG). This
paper is part of the R&D&I project RTI2018-097665-B-C21 to AMMH, funded by MCIN/AEI/10.13039/
501100011033/ and “ERDF A way of doing Europe” and also of the project PID2019-105692RB-100
to JJLM, funded by MCIN/AEI/10. 13039/501100011033/. CRAG was also supported by grants
SEV-2015-0533 and CEX2019-000902-S, funded by MCIN/AEI/10.13039/501100011033, and by the
CERCA Program, Generalitat de Catalunya.

Institutional Review Board Statement: Not applicable for studies not involving humans or animals.

Data Availability Statement: No new data were created.

Acknowledgments: We thank Fuensanta García for technical help.

Conflicts of Interest: The authors have no conflict of interest.

https://www.mdpi.com/article/10.3390/v15091792/s1
https://www.mdpi.com/article/10.3390/v15091792/s1


Viruses 2023, 15, 1792 9 of 10

References
1. Anderson, P.K.; Cunningham, A.A.; Patel, N.G.; Morales, F.J.; Epstein, P.R.; Daszak, P. Emerging infectious diseases of plants:

Pathogen pollution, climate change and agrotechnology drivers. Trends Ecol. Evol. 2004, 19, 535–544. [CrossRef]
2. Moreno, A.B.; López-Moya, J.J. When Viruses Play Team Sports: Mixed Infections in Plants. Phytopathology 2020, 110, 29–48.

[CrossRef] [PubMed]
3. Alcaide, C.; Rabadán, M.P.; Moreno-Pérez, M.G.; Gómez, P. Implications of mixed viral infections on plant disease ecology and

evolution. Adv. Virus Res. 2020, 106, 145–169.
4. Edwardson, J.R.; Christie, R.G. Cucumoviruses. In CRC Handbook of Viruses Infecting Legumes; Edwardson, J.R., Christie, R.G.,

Eds.; CRC Press: Boca Raton, FL, USA, 1991; pp. 293–319.
5. Palukaitis, P.; Roossinck, M.J.; Dietzgen, R.G.; Francki, R.I.B. Cucumber mosaic virus. Adv. Virus Res. 1992, 41, 281–348.
6. Perry, K.L.; Zhang, L.; Shintaku, M.H.; Palukaitis, P. Mapping Determinants in Cucumber mosaic virus for Transmission by Aphis

gossypii. Virology 1994, 205, 591–595. [CrossRef] [PubMed]
7. Karchi, Z.; Cohen, S.; Govers, A. Inheritance of resistance to Cucumber Mosaic virus in melons. Phytopathology 1975, 65, 479–481.

[CrossRef]
8. Essafi, A.; Diaz-Pendon, J.A.; Moriones, E.; Monforte, A.J.; Garcia-Mas, J.; Martin-Hernandez, A.M. Dissection of the oligogenic

resistance to Cucumber mosaic virus in the melon accession PI 161375. Theor. Appl. Genet. 2009, 118, 275–284. [CrossRef]
9. Guiu-Aragonés, C.; Monforte, A.J.; Saladié, M.; Corrêa, R.X.; Garcia-Mas, J.; Martín-Hernández, A.M. The complex resistance to

Cucumber mosaic cucumovirus (CMV) in the melon accession PI 161375 is governed by one gene and at least two quantitative trait
loci. Mol. Breed. 2014, 34, 351–362. [CrossRef]

10. Guiu-Aragonés, C.; Sánchez-Pina, M.A.; Díaz-Pendón, J.; Peña, E.J.; Heinlein, M.; Martín-Hernández, A.M. cmv1 is a gate for
Cucumber mosaic virus transport from bundle sheath cells to phloem in melon. Mol. Plant Pathol. 2016, 17, 973–984. [CrossRef]

11. Guiu-Aragonés, C.; Díaz-Pendón, J.A.; Martín-Hernández, A.M. Four sequence positions of the movement protein of Cucumber
mosaic virus determine the virulence against cmv1-mediated resistance in melon. Mol. Plant Pathol. 2015, 16, 675–684. [CrossRef]

12. Pascual, L.; Yan, J.; Pujol, M.; Monforte, A.J.; Picó, B.; Martín-Hernández, A.M. CmVPS41 Is a General Gatekeeper for Resistance
to Cucumber mosaic virus Phloem Entry in Melon. Front. Plant Sci. 2019, 10, 1219. [CrossRef]

13. Giner, A.; Pascual, L.; Bourgeois, M.; Gyetvai, G.; Rios, P.; Picó, B.; Troadec, C.; Bendahmane, A.; Garcia-Mas, J.; Martín-Hernández,
A.M. A mutation in the melon Vacuolar Protein Sorting 41 prevents systemic infection of Cucumber mosaic virus. Sci. Rep. 2017,
7, 10471. [CrossRef]

14. Balderhaar, H.J.; Ungermann, C. CORVET and HOPS tethering complexes—Coordinators of endosome and lysosome fusion.
J. Cell Sci. 2013, 126, 1307–1316. [CrossRef] [PubMed]

15. Real, N.; Villar, I.; Serrano, I.; Guiu-Aragonés, C.; Martín-Hernández, A.M. Mutations in CmVPS41 controlling resistance to
Cucumber mosaic virus display specific subcellular localization. Plant Physiol. 2023, 191, 1596–1611. [CrossRef] [PubMed]

16. Hao, L.; Liu, J.; Zhong, S.; Gu, H.; Qu, L.J. AtVPS41-mediated endocytic pathway is essential for pollen tube-stigma interaction in
Arabidopsis. Proc. Natl. Acad. Sci. USA 2016, 113, 6307–6312. [CrossRef]

17. Jiang, D.; He, Y.; Zhou, X.; Cao, Z.; Pang, L.; Zhong, S.; Jiang, L.; Li, R. Arabidopsis HOPS subunit VPS41 carries out plant-specific
roles in vacuolar transport and vegetative growth. Plant Physiol. 2022, 189, 1416–1434. [CrossRef]

18. Wang, Y.; Gaba, V.; Yang, J.; Palukaitis, P.; Gal-On, A. Characterization of Synergy Between Cucumber mosaic virus and Potyviruses
in Cucurbit Hosts. Phytopathology 2002, 92, 51–58. [CrossRef] [PubMed]

19. Takeshita, M.; Koizumi, E.; Noguchi, M.; Sueda, K.; Shimura, H.; Ishikawa, N.; Matsuura, H.; Ohshima, K.; Natsuaki, T.; Kuwata,
S.; et al. Infection dynamics in viral spread and interference under the synergism between Cucumber mosaic virus and Turnip
mosaic virus. Mol. Plant Microbe Interact. 2012, 25, 18–27. [CrossRef]

20. Choi, S.K.; Yoon, J.Y.; Ryu, K.H.; Choi, J.K.; Palukaitis, P.; Park, W.M. Systemic movement of a movement-deficient strain of
Cucumber mosaic virus in zucchini squash is facilitated by a cucurbit-infecting potyvirus. J. Gen. Virol. 2002, 83 Pt 12, 3173–3178.
[CrossRef]

21. Fukuzawa, N.; Itchoda, N.; Ishihara, T.; Goto, K.; Masuta, C.; Matsumura, T. HC-Pro, a potyvirus RNA silencing suppressor,
cancels cycling of Cucumber mosaic virus in Nicotiana benthamiana plants. Virus Genes 2010, 40, 440–446. [CrossRef]

22. Wang, Y.; Lee, K.; Gaba, V.; Wong, S.; Palukaitis, P.; Gal-On, A. Breakage of resistance to Cucumber mosaic virus by co-infection
with Zucchini yellow mosaic virus: Enhancement of CMV accumulation independent of symptom expression. Arch. Virol. 2004,
149, 379–396. [CrossRef] [PubMed]

23. Mochizuki, T.; Nobuhara, S.; Nishimura, M.; Ryang, B.S.; Naoe, M.; Matsumoto, T.; Kosaka, Y.; Ohki, S.T. The entry of cucumber
mosaic virus into cucumber xylem is facilitated by co-infection with zucchini yellow mosaic virus. Arch. Virol. 2016, 161, 2683–2692.
[CrossRef] [PubMed]

24. Zhang, L.; Handa, K.; Palukaitis, P. Mapping local and systemic symptom determinants of Cucumber mosaic cucumovirus in
tobacco. J. Gen. Virol. 1994, 75, 3185–3191. [CrossRef]

25. Gal-On, A.; Meiri, E.; Huet, H.; Hua, W.J.; Raccah, B.; Gaba, V. Particle bombardment drastically increases the infectivity of cloned
DNA of zucchini yellow mosaic potyvirus. J. Gen. Virol. 1995, 76 Pt 12, 3223–3227. [CrossRef] [PubMed]

26. Desbiez, C.; Chandeysson, C.; Lecoq, H.; Moury, B. A simple, rapid and efficient way to obtain infectious clones of potyviruses.
J. Virol. Methods 2012, 183, 94–97. [CrossRef]

https://doi.org/10.1016/j.tree.2004.07.021
https://doi.org/10.1094/PHYTO-07-19-0250-FI
https://www.ncbi.nlm.nih.gov/pubmed/31544593
https://doi.org/10.1006/viro.1994.1686
https://www.ncbi.nlm.nih.gov/pubmed/7975263
https://doi.org/10.1094/Phyto-65-479
https://doi.org/10.1007/s00122-008-0897-x
https://doi.org/10.1007/s11032-014-0038-y
https://doi.org/10.1111/mpp.12351
https://doi.org/10.1111/mpp.12225
https://doi.org/10.3389/fpls.2019.01219
https://doi.org/10.1038/s41598-017-10783-3
https://doi.org/10.1242/jcs.107805
https://www.ncbi.nlm.nih.gov/pubmed/23645161
https://doi.org/10.1093/plphys/kiac583
https://www.ncbi.nlm.nih.gov/pubmed/36527697
https://doi.org/10.1073/pnas.1602757113
https://doi.org/10.1093/plphys/kiac167
https://doi.org/10.1094/PHYTO.2002.92.1.51
https://www.ncbi.nlm.nih.gov/pubmed/18944139
https://doi.org/10.1094/MPMI-06-11-0170
https://doi.org/10.1099/0022-1317-83-12-3173
https://doi.org/10.1007/s11262-010-0460-0
https://doi.org/10.1007/s00705-003-0240-4
https://www.ncbi.nlm.nih.gov/pubmed/14745602
https://doi.org/10.1007/s00705-016-2970-0
https://www.ncbi.nlm.nih.gov/pubmed/27400992
https://doi.org/10.1099/0022-1317-75-11-3185
https://doi.org/10.1099/0022-1317-76-12-3223
https://www.ncbi.nlm.nih.gov/pubmed/8847534
https://doi.org/10.1016/j.jviromet.2012.03.035


Viruses 2023, 15, 1792 10 of 10

27. Domingo-Calap, M.L.; Moreno, A.B.; Díaz Pendón, J.A.; Moreno, A.; Fereres, A.; López-Moya, J.J. Assessing the Impact on Virus
Transmission and Insect Vector Behavior of a Viral Mixed Infection in Melon. Phytopathology 2020, 110, 174–186. [CrossRef]

28. Arazi, T.; Shiboleth, Y.M.; Gal-On, A. A nonviral peptide can replace the entire N terminus of zucchini yellow mosaic potyvirus
coat protein and permits viral systemic infection. J. Virol. 2001, 75, 6329–6336. [CrossRef]

29. Gal-On, A.; Antignus, Y.; Rosner, A.; Raccah, B. Infectious in vitro RNA transcripts derived from cloned cDNA of the cucurbit
potyvirus, zucchini yellow mosaic virus. J. Gen. Virol. 1991, 72 Pt 11, 2639–2643. [CrossRef]

30. Mascia, T.; Cillo, F.; Fanelli, V.; Finetti-Sialer, M.M.; De Stradis, A.; Palukaitis, P.; Gallitelli, D. Characterization of the interactions
between Cucumber mosaic virus and Potato virus Y in mixed infections in tomato. Mol. Plant Microbe Interact. 2010, 23, 1514–1524.
[CrossRef]

31. Ding, X.; Shintaku, M.H.; Carter, S.A.; Nelson, R.S. Invasion of minor veins of tobacco leaves inoculated with Tobacco mosaic virus
mutants defective in phloem-dependent movement. Proc. Natl. Acad. Sci. USA 1996, 93, 11155–11160. [CrossRef]

32. Goodrick, B.; Kuhn, C.; Hussey, R. Restricted systemic movement of Cowpea chlorotic mottle virus in soybean with nonnecrotic
resistance. Phytopathology 1991, 81, 1246–1431. [CrossRef]

33. Wang, H.-L.; Wang, Y.; Giesman-Cookmeyer, D.; Lommel, S.A.; Lucas, W.J. Mutations in Viral Movement Protein Alter Systemic
Infection and Identify an Intercellular Barrier to Entry into the Phloem Long-Distance Transport System. Virology 1998, 245, 75–89.
[CrossRef]

34. Wintermantel, W.; Banerjee, N.; Oliver, J.; Paolillo, D.J.; Zaitlin, M. Cucumber mosaic virus is restricted from entering minor veins in
transgenic tobacco exhibiting replicase-mediated resistance. Virology 1997, 231, 248–257. [CrossRef] [PubMed]

35. Pirone, T.P. Quantity of Virus Required for Aphid Transmission of a Potyvirus. Phytopathology 1988, 78, 104. [CrossRef]
36. Moury, B.; Fabre, F.; Senoussi, R. Estimation of the number of virus particles transmitted by an insect vector. Proc. Natl. Acad. Sci.

USA 2007, 104, 17891–17896. [CrossRef]
37. Michalakis, Y.; Blanc, S. The Curious Strategy of Multipartite Viruses. Annu. Rev. Virol. 2020, 7, 203–218. [CrossRef] [PubMed]
38. Leeks, A.; Young, P.G.; Turner, P.E.; Wild, G.; West, S.A. Cheating leads to the evolution of multipartite viruses. PLoS Biol. 2023,

21, e3002092. [CrossRef] [PubMed]
39. Hipper, C.; Brault, V.; Ziegler-Graff, V.; Revers, F. Viral and cellular factors involved in phloem transport of plant viruses. Front.

Plant Sci. 2013, 4, 154. [CrossRef] [PubMed]
40. Agaoua, A.; Rittener, V.; Troadec, C.; Desbiez, C.; Bendahmane, A.; Moquet, F.; Dogimont, C. A single substitution in Vacuolar

protein sorting 4 is responsible for resistance to Watermelon mosaic virus in melon. J. Exp. Bot. 2022, 73, 4008–4021. [CrossRef]
41. Amano, M.; Mochizuki, A.; Kawagoe, Y.; Iwahori, K.; Niwa, K.; Svoboda, J.; Maeda, T.; Imura, Y. High-resolution mapping of zym,

a recessive gene for Zucchini yellow mosaic virus resistance in cucumber. Theor. Appl. Genet. 2013, 126, 2983–2993. [CrossRef]
42. Palukaitis, P.; Kaplan, I.B. Synergy of Virus Accumulation and Pathology in Transgenic Plants Expressing Viral Sequences; Springer:

Berlin/Heidelberg, Germany, 1997; pp. 77–84.
43. Poolpol, P.; Inouye, T. Enhancement of Cucumber mosaic virus Multiplication by Zucchini Yellow Mosaic Virus in Doubly Infected

Cucumber Plants. Jpn. J. Phytopathol. 1986, 52, 22–30. [CrossRef]
44. Zwart, M.P.; Elena, S.F. Modeling multipartite virus evolution: The genome formula facilitates rapid adaptation to heterogeneous

environments(†). Virus Evol. 2020, 6, veaa022. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1094/PHYTO-04-19-0126-FI
https://doi.org/10.1128/JVI.75.14.6329-6336.2001
https://doi.org/10.1099/0022-1317-72-11-2639
https://doi.org/10.1094/MPMI-03-10-0064
https://doi.org/10.1073/pnas.93.20.11155
https://doi.org/10.1094/Phyto-81-1426
https://doi.org/10.1006/viro.1998.9154
https://doi.org/10.1006/viro.1997.8533
https://www.ncbi.nlm.nih.gov/pubmed/9168887
https://doi.org/10.1094/Phyto-78-104
https://doi.org/10.1073/pnas.0702739104
https://doi.org/10.1146/annurev-virology-010220-063346
https://www.ncbi.nlm.nih.gov/pubmed/32991271
https://doi.org/10.1371/journal.pbio.3002092
https://www.ncbi.nlm.nih.gov/pubmed/37093882
https://doi.org/10.3389/fpls.2013.00154
https://www.ncbi.nlm.nih.gov/pubmed/23745125
https://doi.org/10.1093/jxb/erac135
https://doi.org/10.1007/s00122-013-2187-5
https://doi.org/10.3186/jjphytopath.52.22
https://doi.org/10.1093/ve/veaa022
https://www.ncbi.nlm.nih.gov/pubmed/32405432

	Introduction 
	Materials and Methods 
	Plant, Insects and Virus Materials 
	Viral Inoculations 
	Sampling and RNA Extraction 
	Quantification of CMV Viral Load by RT-qPCR 
	Virus Detection by Reverse Transcriptase-PCR 

	Results 
	Mixed Infections Allow CMV-LS to Overcome cmv1-Controlled Resistance without Increasing Its Accumulation in the Inoculated Cotyledons 
	cmv1 Resistance Is Compromised in Mixed Infections Initiated by Aphid Inoculation 

	Discussion 
	References

