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Abstract

Background Melon (Cucumis melo L.) is the model species of the Cucurbitaceae family and an important crop. How-
ever, its yield is primarily affected by viruses. Cucumber mosaic virus (CMV) is particularly significant due to its broad
host range, capable of infecting over 100 plant families. Resistance to CMV in the melon accession Songwhan Charmi
(SQ) is controlled by the recessive gene cmv, which encodes the Vacuolar Protein Sorting 41, involved in vesicle trans-
port to the vacuole. cmvT restricts the virus to the bundle sheath cells and impedes viral access to the phloem, pre-
venting a systemic infection. This phenotype depends on the viral movement protein (MP). However, little is known
about the broader cellular changes that CMV triggers in melon or the specific biological responses that facilitate

or restrict the virus entry into the phloem in susceptible and resistant varieties.

Result We profiled the proteomes of CMV-resistant or susceptible melon genotypes inoculated with CMV-LS or FNY
strains. Analysis of co-abundance networks revealed the rewiring of central biological pathways during different
stages of CMV infection. Upon inoculation, resistant varieties do not trigger any signalling event to the new leaves.
Local infection triggers a general depletion in proteins related to translation, photosynthesis and intracellular trans-
port, whereas only in resistant varieties CMV triggers an increase in lipid modification and phloem proteins. Dur-

ing the systemic infection of susceptible melon plants, there is a strong increase in proteins associated with stress
responses, such as those involved in the ER-associated degradation (ERAD) and phenylpropanoid pathways,

along with a decrease in translation and photosynthesis. Key hub proteins have been identified in these processes.

Conclusions This study is the first comprehensive high-throughput proteomic analysis of CMV-infected melon
plants, providing a novel and detailed understanding of the proteomic changes associated with CMV infection,
highlighting the differential responses between resistant and susceptible genotypes and identifying key proteins
that could be potential targets for future research and CMV management strategies.
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Introduction

Viruses are obligate intracellular parasites that encode
only a few proteins, although some of them carry out
several functions [1]. Consequently, viruses need to sub-
vert the host machinery to redirect the cell metabolism
to favour viral replication and complete their life cycle.
Thus, most factors involved in viral infection are host
proteins, which are used by the virus in different steps of
the viral cycle in a dynamic manner [2]. Shortly after viral
infection, plant viruses manipulate the host physiology
to provide energy resources to favour their replication
and protein synthesis and divert these resources to cell
locations where this replication takes place [3]. At later
stages, the plant responds triggering defence responses
by increasing reactive oxygen species (ROS) and carbo-
hydrate metabolism and respiration to reduce the dam-
age caused and restore as much as possible the normal
cell functions, while reducing photosynthesis [4, 5].
These host immune responses cause symptomatic mani-
festations such as chlorotic lesions or spots, ringspots
and necrotic lesions in infected cells [6].

At a molecular level, physiological processes affected
by viral infection include (i) carbohydrate and amino acid
biosynthesis that might be upregulated or downregu-
lated depending on the virus or the proteins involved in
this process [7], (ii) plant hormone signalling, causing
changes that are related to developmental abnormalities
such as stunting and leaf curling [8], (iii) photosynthe-
sis and photorespiration, which might be a direct effect
of the viruses or a result of infection due to chloroplast
damage [9], (iv) synthesis of pathogen defence proteins,
such as pathogenesis-related proteins, chitinases, peroxi-
dases, among others [10], as well as (v) stress responses
such as the production of ROS that are accumulated in
response to the oxidative stress caused by the infection
and directly participate in cell death pathways [11].

CMYV has the highest host range within plant viruses,
being able to infect more than 1,200 plant species dis-
tributed throughout the globe, colonizing both temper-
ate and tropical ecosystems [12, 13]. Its ability to adapt
to new environments and hosts has resulted in the emer-
gence of numerous strains, which are divided in two
main subgroups (SG), based on their sequence homology,
SG I and SG II. CMV symptoms range from mosaic and
distortion of the leaves to fruit lesions, including chlo-
rosis, leaf deformation and dwarfism depending on the
host and viral strain [14]. Resistance to CMYV is often oli-
gogenic and quantitative [15, 16]. In Cucumis melo, the
model species of the Cucurbitaceae family, few sources
of resistance have been found, most of them oligogenic
and recessive [17—-21]. Resistance found in the accession
PI 161375, cultivar Songwhan Charmi (SC) is also quan-
titative, composed of one major gene, cmvi, providing
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resistance to CMV strains belonging to subgroup II and
at least two QTL that, in coordination with cmvi, pro-
vide resistance to subgroup I strains [22]. Among the
numerous genetic resources already developed [23], a
collection of near-isogenic lines (NILs) generated from
a cross between the CMV-susceptible Spanish cultivar
Piel de Sapo (PS) and the CMV-resistant cultivar SC [24]
allowed to unveil the genetics of the resistance to CMV.
The NIL SC 12-1-99, which carries a cmv1 introgression
from the resistant melon SC in the genetic background of
the susceptible melon PS, is resistant to CMV-LS (from
SG II) and susceptible to CMV-ENY (from SG I) [25].
cmvl allows replication and cell-to-cell movement of
CMV-LS, but it impedes reaching the phloem by restrict-
ing the virus at the bundle sheath cells, thus preventing
a systemic infection. On the other hand, ¢mv1 is unable
to stop phloem invasion of CMV-FNY (SG I), allow-
ing a systemic infection [26]. This difference depends
on the movement protein (MP) of the infecting strain
since a recombinant CMV-LS virus carrying ENY MP
can develop a systemic infection in the cmvI-carrying
SC-12-1-99 melon line [27].

cmvl encodes a Vacuolar Protein Sorting 41
(CmVPS41) [28], a protein involved in the intracellu-
lar movement of cargo proteins from the late Golgi, via
late endosomes or vesicles, to the vacuole as part of the
“homotypic fusion and vacuole protein sorting” (HOPS)
complex [29, 30]. In the susceptible melon plant, VPS41
forms transvacuolar strands that are absent in the resist-
ant plant. These transvacuolar strands are formed by
late endosomes and would be part of the mechanism by
which CMV can move intracellularly inside the BS cells
to reach the plasmodesmata (PDs) facing the phloem
[31]. However, a more precise elucidation of the CMV
infection/resistance mechanisms in melon requires a
broader knowledge of proteins involved in the infection.

Transcriptome approaches have been widely used to
study biotic stress responses of plants [32]. However,
mRNA changes might not always correlate with changes
at the protein level. There are only two proteomic stud-
ies in melon, both addressing exclusively the analysis of
phloem proteome, either upon Melon necrotic spot virus
(MNSV) infection or upon CMYV infection. Both use 2D
gel electrophoresis coupled to MS technique, which lim-
its the number of proteins captured [33, 34]. To better
understand the melon response to CMV, here we have
used liquid chromatography-tandem mass spectrometry
(LC-MS/MS) to increase proteome coverage and have
generated protein co-abundance networks for either local
or systemic infection to understand the molecular path-
ways modified upon viral infection. We have compared
the proteome changes in the susceptible PS plant with
those occurring in the resistant SC or the NIL 12-1-99,
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resistant to CMV-LS systemic infection and susceptible
to CMV-ENY. Our results contribute valuable insights
into the molecular pathways involved in CMV infection
in melon.

Material and methods

Growth of plants, viral inoculations and sample collection
The melon genotypes used were the Spanish cultivar Piel
de Sapo (PS), susceptible to CMV, the Korean accession
PI 161375, cultivar “Songwhan Charmi” (SC), resistant
to CMYV, provided by Semillas Fité SA (Barcelona, Spain)
and “La Mayora” research station (Mdlaga, Spain). The
Near Isogenic Line (NIL) SC12-1-99, carrying a short
introgression from SC in the linkage group XII, which
contains the gene cmv1 was reported previously from our
laboratory (25). Melon seeds were treated with 2.5 g/L
Merpan (ADAMA Essentials, Spain) for 5 min, rinsed,
and soaked in water overnight. Seeds were pre-germi-
nated for 3 days at 28 °C with 12 h light (100 pmols/m?
s') / 12 h dark cycles. The seedlings were planted and
grown in a fitotron chamber (Fitotronic Version2, Inkoa,
Spain) under long-day conditions (22 °C, 16 h light; 18
°C, 8 h dark).

CMYV strains LS and ENY were propagated in zucchini
squash (Cucurbita pepo L.) Chapin F1 (Semillas Fité SA,
Barcelona, Spain) in a SANYO MLR-350H growth cham-
ber under the same light/dark conditions. Viral sap from
infected zucchini squash was prepared by grinding new
leaves in 0.2% diethyl dithiocarbamate (DIECA) buffer
with active carbon. Melon cotyledons (7-10 days old)
were rub-inoculated with viral sap. Samples were col-
lected from the same melon plants: cotyledons at 4 days-
post-infection (dpi) (local infection) and new leaves at 15
dpi (systemic infection). Four biologically independent
replicates of local and systemic infections or the cor-
responding mocks were harvested for each plant-virus
combination.

Protein extraction, fractionation and digestion
Frozen melon leaves or cotyledons were ground with
liquid nitrogen. 200 pL urea/DTT extraction buffer
(8M urea, 5 mM DTT, 100 mM Tris, pH 8.5, Carl Roth,
Karlsruhe, Germany) with protease inhibitor cocktail 2
and 3 (20 uL/mL, Sigma, St. Louis, USA) was added to 50
pL of the plant material, mixed, and incubated for 30 min
at room temperature (RT). The supernatant was trans-
ferred after centrifugation (10 min, 10,000x g), and this
was repeated until no pellet remained. Protein concen-
tration was determined using the Pierce 660 nm protein
assay (Thermo Fisher Scientific, Waltham, USA).

For digestion, samples were alkylated with 14 mM
chloroacetamide (Sigma, St. Louis, USA) for 30 min at
RT in the dark, then diluted with 100 mM Tris, pH 8.5,
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1 mM CaCl,. 0.5 pg Lys-C (WAKO, Neuss, Germany)
was added and incubated for 4 h at 37 °C. Samples were
further digested overnight with 0.5 pg trypsin. After
acidification with 20 uL 50% TFA, samples were split for
BoxCar and library samples. For library samples, SCX
fractionation was performed using StageTips with an
ammonium acetate gradient. For BoxCar analysis, pep-
tides were desalted with C18 Empore disk membranes.

Liquid Chromatography with tandem Mass Spectrometry
(LC-MS/MS)

Library samples were analyzed using an EASY-nLC 1200
coupled to a Q Exactive Plus mass spectrometer (Thermo
Fisher Scientific, Waltham, USA). Peptides were sepa-
rated on a 16 cm frit-less silica emitter (New Objective,
75 pum inner diameter) packed in-house with reversed-
phase ReproSil-Pur C18 AQ 1.9 pum resin (Dr. Maisch)
and eluted over 115 min with a segmented linear gra-
dient (5-95% solvent B). MS spectra were acquired in
data-dependent acquisition mode with a TOP15 method.
MS spectra were acquired in the Orbitrap analyzer with
a mass range of 300-1750 m/z at a resolution of 70,000
FWHM, and precursors were selected with an isolation
window of 1.3 m/z. Higher-energy C-trap dissociation
(HCD) fragmentation was performed at a normalized
collision energy of 25. MS spectra were acquired with
a target value of 1075 ions at a resolution of 17,500
FWHM and a fixed first mass of m/z 100. Peptides with
a charge of+1, greater than 6, or with an unassigned
charge state were excluded from fragmentation for MS.
Dynamic exclusion for 30 s prevented repeated selection
of precursors.

For BoxCar samples, the same equipment was used
with MaxQuant Live for acquisition. One full MS scan
was followed by two BoxCar scans. The acquisition con-
sisted of one full MS scan with a mass range of 300—1650
m/z at a resolution of 140,000 FWHM. This was followed
by two BoxCar scans, each consisting of 10 boxes with
1 Da overlap and a scan range from 400-1200 m/z. The
most abundant ions were selected for HCD fragmenta-
tion at a normalized collision energy of 27. Precursors
were selected with an isolation window of 1.4 m/z. MS/
MS spectra were acquired with a target value of 1075 ions
at a resolution of 17,500 FWHM and a fixed first mass of
m/z 50. Peptides with a charge of +1, greater than 5, or
with an unassigned charge state were excluded from frag-
mentation for MS. Dynamic exclusion for 30 s prevented
repeated selection of precursors.

Proteome analysis

Raw data were processed using MaxQuant (version
1.6.3.4) with label-free quantification (LFQ) [35]. MS/
MS spectra were searched with the Andromeda search
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engine against the C. melo version CM4.0 [https://www.
melonomics.net, [36]], including CMV movement pro-
teins and common contaminants. Trypsin specificity was
required, allowing for a maximum of two missed cleav-
ages. Carbamidomethylation of cysteine residues was
set as fixed, while oxidation of methionine and protein
N-terminal acetylation were set as variable modifications.
The match between runs option was enabled. Peptide-
spectrum-matches and proteins were retained if they
were below a 1% false discovery rate (FDR).

Statistical analysis of MaxLFQ values was carried out
using Perseus (version 1.5.8.5). Quantified proteins were
filtered for reverse hits and hits “only identified by site,
and MaxLFQ values were log2 transformed. Next, the
data was separated for a mixed imputation processing:
hits were filtered for 3 valid values in one of the condi-
tions. Then, the data was separated into two sets: one
set containing mostly missing at random (MAR) hits
and the other set containing mostly missing not at ran-
dom (MNAR) hits by filtering the data for 1 valid hit in
each group and splitting the resulting matrices [37]. The
resulting matrix with at least 1 valid hit in each group
was the MAR dataset, the matrix with the hits filtered
out was the MNAR dataset. The missing values of each
dataset were then imputed using different options of the
“imputeLCMD” R package [38] integrated into Perseus:
the missing values from the MAR dataset were imputed
using a nearest neighbor approach (KNN, n=4), the
missing values from the MNAR dataset were imputed
using the MinProb option (q=0.01. tune.sigma=1). After
merging of the imputed datasets two-sample Student’s
t-tests for pair-wise comparisons was performed using a
permutation-based FDR of 5%. The Perseus output was
exported and further processed using Excel. Significant
proteins were filtered by absolute log, fold-change>1
and adjusted P<0.05 using a permutation-based for false
discovery rate.

Elaboration of heatmaps

Heatmaps with hierarchical clustering were drawn with
z-score normalized protein abundances and grouped
according to the Ward.D2 method using the RStudio
pheatmap package.

Elaboration and analysis of co-abundant protein networks
Co-abundant protein networks were constructed from
the imputed datasets of relative intensity abundance
(MaxLFQ) of all detected proteins in LC-MS/MS. Pro-
teome datasets were filtered to exclude proteins that
did not change under any of the treatments (one-way
ANOVA, P<0.05). Then, pair-wise Pearson correlations
were computed to detect significant co-abundant pro-
teins across all treatments (adjusted P<0.05 according
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to the Benjamini—Hochberg correction) to define node
connectivity in each network. The Pearson correla-
tion coefficient (r) cut-off was at the moment where the
resulting network display the lowest density to preserve
the main number of connections (edges) while avoiding
saturation. Network properties were analysed with the
RStudio igraph package and exported to Cytoscape, ver-
sion 3.8.2 [39] for visualization and further analysis. Net-
work communities were detected according to the fast
greedy method [40]. Functional annotation of modules
was based on significant enrichment (adjusted P<0.05,
Fisher’s exact test with Benjamini-Hochberg correction)
in Gene Ontology (GO) terms and Kyoto Encyclopaedia
of Genes and Genomes (KEGG) using the RStudio gpro-
filer2 package [41].

Results and discussion

Resistance to CMV-LS does not trigger any signalling

from local to new tissues in the proteome of new leaves

SC and PS cultivars display antagonistic responses
against CMV infection, being SC resistant and PS sus-
ceptible. However, NIL melon plants, carrying cmvI gene
from SC, display susceptibility to CMV-ENY [27] but
resistance to CMV-LS due to arrest in virus progression
at the bundle sheath [26]. Viral symptoms in susceptible
plants are the typical mosaic in systemic leaves [27, 42].
Since the molecular basis of such plant-virus interaction
is poorly understood, we aimed to investigate the conse-
quences of CMV infection at the protein level in resist-
ant (SC/CMV-LS, SC/CMV-ENY and NIL/CMV-LS) and
susceptible (PS/CMV-LS, PS/CMV-ENY and NIL/CMV-
FNY) melon-virus combinations. To this end, inocu-
lated cotyledons at 4 dpi and in newly developed leaves
at 15 dpi were collected to monitor local and systemic
proteome changes upon infection of the three melon
genotypes with either CMV-ENY or CMV-LS strains.
LC-MS/MS proteomic profiling provided an overall cov-
erage of approximately 5,000 proteins from either local
or systemic infections (Tables S1 and S2). To capture pat-
terns of changes in protein abundance during local and
systemic responses to CMV infections, relative intensity
values of each protein were z-score normalised and used
to draw heatmaps with hierarchical clustering. To get a
first insight into the global strategies of melon plants to
respond to CMV infection, proteome changes were clus-
tered per genotype (SC, PS, NIL) and treatment (mock,
CMV-FNY, CMV-LS). In local responses, proteomes
of SC mock-inoculated and inoculated plants were cer-
tainly homogeneous and clearly separated from those
of NIL and PS, although mock-inoculated PS and NIL
plants could be further discriminated from their inocu-
lated counterparts (Fig. 1A). Hence, despite important
differences in proteome composition due to genotypes,
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singular proteome reconfigurations among melon plants
took place in response to local virus inoculation. On
the other hand, systemic proteome responses for CMV-
susceptible combinations (PS/CMV-ENY, PS/CMV-LS
and NIL/CMV-ENY) were uniform and differentiated
from CMV-resistant combinations (SC/CMV-ENY, SC/
CMV-LS and NIL/CMV-LS) and mock-inoculated plants
(Fig. 1A). Thus, our analysis indicates a general absence
of perturbations at proteome level in new leaves of resist-
ant plants, suggesting an absence of signalling from
inoculated, virus containing, cotyledons to new leaves.
Moreover, the results unveil that the resistance of the
NIL against CMV-LS acquired by the introgression of
cmvl in the PS background does not cause any pay-off in
the systemic tissues (Fig. S1).

However, the molecular mechanisms determining
these distinct responses to CMV-LS and FNY in the
NIL remain elusive. To shed some light into the pro-
teome changes in inoculated NIL plants depending on
the virus strain, we identified differentially abundant
proteins (DAPs) between plants locally or systemically
infected with either CMV-EFNY or LS (absolute log, fold-
change>1, adjusted P<0.05, Student’s t-test). At local
level, the NIL displayed similar number of DAPs in the
presence of both viruses as depicted in the volcano plots
(Fig. 1B), which could suggest a similar number of cells
being infected by both viruses. In systemic infections,
NIL/CMV-ENY showed a substantial proteome shift
(Fig. 1B), with DAPs increasing four times with respect to
the local infection (Table S3) reflecting the strong infec-
tion and the exploitation of host resources in all leaf tis-
sues. In contrast, new leaves of NIL/CMV-LS displayed
no DAPs (Fig. S1), reflecting the lack of systemic infection
and the absence of signalling from inoculated cotyledons
that could be sensed in new leaves. To further investigate
whether the DAPs in NIL/CMV-LS plants were common
to those in SC/CMV-LS inoculated plants, we analysed
the overlap in DAPs. As shown in the Venn diagram in
Fig. 1C, 21 DAPs (8.6% from NIL, 28.4% from SC) were
common in the local infection between SC/CMV-LS and
NIL/ CMV-LS plants, while only one DAP was shared
with PS/CMV-LS plants. This suggests that some of the

(See figure on next page.)
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events taking place in both resistant genotypes upon
inoculation are partially similar (Fig. 1C). In conclusion,
these findings indicate that NIL plants infected with
CMV-LS resemble the resistant SC cultivar at both local
and systemic infection stages. Moreover, despite the local
proteomic response in cotyledons in both SC and NIL/
CMV-LS inoculated plants, there are no signalling events
in new leaves during the systemic infection, where no
DAPs were detected.

Co-abundant proteome networks reflect the rewiring

of central biological processes in melon plants under CMV

infection

Networks of co-abundant proteins under local and sys-
temic infections were constructed to provide a holistic
interpretation of CMV infection based on functional
annotation of communities. Briefly, proteins that did not
significantly change under any of the treatments were
filtered out (P<0.05, one-way ANOVA). Then, pair-wise
correlation of relative intensity values of proteins was
computed to infer connections and accordingly deter-
mine modules of co-abundant proteins. Topologically,
both local and systemic networks showed a similar scale
(500 and 187 nodes), density (0.04) and modularity
(0.4-05, that led to 5 and 6 communities with more than
10 proteins, respectively), but differed in shape (4,696
and 681 edges) and thus average number of neighbours
(18.78 vs 7.28) (Table 1). Interestingly, most proteins in
the network were exclusive in each case (70% and 84% in
the systemic and local infection networks respectively),
suggesting that different players are involved in each
response.

Functional annotation of the protein communities
revealed both shared and unique biological processes
between the networks. As observed in Table 2, while
both the local and systemic networks showed some
enrichment in fundamental processes such as metabo-
lism, translation, carbon fixation, or glycolysis, there were
notable differences in specialized functions. For exam-
ple, certain modules in the local network are enriched
in some processes related to stress, such as response to
toxic substances lipid, nitrogen, and sulfur metabolism,

Fig. 1 Melon proteome changes in response to CMV infection. A. Heatmaps of melon proteome responses to CMV local or systemic infection.
Hierarchical clustering was performed according to the WardD2 method with Z-means of the relative intensity abundance values of each protein
per treatment. SC mock: SC/mock-inoculated. SC FNY: SC/CMV-FNY-inoculated. SC LS: SC/CMV-LS-inoculated. NIL mock: NIL/mock-inoculated.

PS mock: PS/mock-inoculated. NIL FNY: NIL/CMV-FNY-inoculated. NIL LS: NIL/CMV-LS-inoculated. PS FNY: PS/CMV-FNY-inoculated. PS LS: PS/
CMV-LS-inoculated. Gray: mock-inoculated plants. Red: susceptible combinations. Blue: resistant combinations. B. Volcano plots were generated
according to log, -transformed fold-change and -log,, FDR values. Significantly enriched (red) and depleted (cyan) proteins in NIL/CMV-inoculated
vs non-inoculated plants (local) and in NIL/CMV-FNY vs mock-inoculated plants in systemic infection (systemic). C. Venn diagram of the DAPs
during local infection shared between NIL CMV-LS compared to SC and PS both CMV-LS inoculated (all DAPs with respect to their corresponding
mock-inoculated plants). Volcano plots were generated with an absolute log2 in fold-change > 1 (adjusted P<0.05, Student’s t test)
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and even processes related to virus infection and progres-
sion such as systemic acquired resistance and phloem
development, highlighting the distinct biological roles
that these modules play locally. Conversely, the systemic

PS CMV-LS vs PS mock

network was enriched in secondary metabolism related
to glyoxylate and dicarboxylate metabolism, as well as
phenylpropanoid biosynthesis, RNA binding and protein
degradation and export. This distinction underscores the
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Table 1 Topological analysis of co-abundance networks of
proteins

Local network Systemic
network

Nodes 500 187
Edges 4,696 681
Average number of neigh- 18.78 7.28
bours
Network density 0.04 0.04
Modularity 044 0.53
Modules 5 6

specialized functions of different modules in local versus
systemic networks, emphasizing the unique biological
roles that they fulfil in response to specific conditions.
For the detailed results refer to Table S4. This observa-
tion points to a clear example of specialization in plant
tissues, where different proteins are responsible for simi-
lar biological processes. Specialization of gene expres-
sion across different tissues in melon has been previously
reported, with tissue-specific gene expression patterns
observed, particularly in fruit development and ripening
stages [43].

Resistant melon genotypes reconfigure proteomes

during local CMV Infection by increasing the abundance

of phloem proteins and lipoxygenases related to defence
and systemic signalling

After functionally annotating the communities of co-
abundant proteins in both networks, we used this broad
biological context to map the DAPs and employed a
guilty-by-association approach to better understand their
functions within this broader biological framework [44].
This approach allowed to identify which biological pro-
cesses are relevant in the response to CMV infection.
Specifically, in each network DAPs from six pairwise
comparisons were mapped within each cultivar (PS, SC
and NIL) infected or not with CMV (Table S5). However,
in the local network two pair-wise comparisons were
excluded: PS/CMV-LS vs PS mock-inoculated plants
and NIL/CMV-ENY vs NIL/CMV-LS-inoculated plants,
since the respective DAPs identified (2 and 4 respec-
tively) did not meet the stringent criteria for inclusion
in the highly filtered network (r>0.88), which limited
the ability to assess further CMV’s impact on these com-
parisons. In the local network, there was a generalised
decrease in abundance in processes related to translation,
pigment and secondary metabolite synthesis, and lipid
modification (module 3 in Fig. 2A). Depletion of proteins
in this module could be part of the defence surveillance
that plants have evolved to face viruses, which includes
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among others, a general translation repression at the
beginning of the infection, to counteract the viral need
for the cellular translation machinery [45].

Network communities are governed by local hubs,
i.e., the nodes with the highest connectivity within each
community, and are informative about coordinated pro-
teomic changes. According to this, there are two hubs
decreasing in abundance in this module, a Tubulin alpha
chain (MELO3C009504.2.1), which would be needed for
intracellular transport of virus particles towards PDs [46]
and a 50S ribosomal L3 (MELO3C022485.2.1) a riboso-
mal protein directly involved in translation (Fig. 2B). On
the contrary, in the other modules, the mapped DAPs
reveal a trend of general increase in abundance in all
groups. Notably, there is no decrease in abundance in
proteins in module 3 shared by the groups NIL/CMV-LS
and SC/CMYV and proteins exclusive to SC/CMYV, which
are combinations resistant to phloem entry and systemic
infection, which might suggest that in the resistant com-
binations the amount of virus does not reach a point
where the plants suffer a depletion in proteins devoted to
translation, pigment and secondary metabolite synthesis,
or lipid modification. Exclusive also to these combina-
tions is the increased co-abundance in proteins of mod-
ule 5 (lipid modification, photosynthesis and carbon and
energy metabolism). In this module, three lipoxygenases
(LOX) stand out, one of them is a PLAT (Polycystin-1,
Lipoxygenase, Alpha-Toxin) domain-containing protein
(MELO3C031065.2.1), present in a variety of membrane
or lipid-associated proteins, which has a role in both
biotic [47] and abiotic stresses [48]. LOXs modify lipid
metabolism, which viruses need for their replication and
transport. In the resistant combinations, CMV replica-
tion is still actively ongoing in the few cells invaded on
its way to the veins [27] and therefore proteins involved
in lipid metabolism would still need to be recruited. In
melon LOXs 9 and 13 are induced upon wounding and
fungal infection [49]. They also direct the synthesis of
oxylipins, which are involved in plant defence and sig-
nalling and have been reported as positive regulators of
programmed cell death during diverse viral infections
[50]. LOXs also catalyze the oxygenation of polyunsatu-
rated fatty acids, leading to the production of signalling
molecules that modulate stress responses [51]. Thus,
viral inoculation via wounding during the rub inocula-
tion, as was performed in this study, could have induced
the accumulation of some LOXs. Interestingly, the
PLAT domain-containing protein was also co-abundant
with a phloem protein 2-like Al from module 2, which
was in turn co-abundant with several proteins of the
phloem, such as a 26 kDa phloem lectin, a phloem pro-
tein 2-like A4, and a Sieve elements occlusion B. Addi-
tionally, one of the lipoxygenases was co-abundant with



Real et al. BMC Plant Biology ~ (2025) 25:434 Page 8 of 17

Table 2 Functional characterization of each module for melon local and systemic networks using a GO and KEGG enrichment (Fisher
test; FDR £0.05). Enriched biological processes are orange coloured

Local modules Systemic modules

Biological Process 1 2 3 4 5 1 2 3 4 5 6

Common biological processes

Amino acid metabolism - -
Carbon fixation

Gene expression

Generation of precursor metabolites and
energy

Glycolysis

Nucleotide synthesis

Pentose-phosphate pathway

Photosynthesis

Pigment biosynthesis

Protein folding

Protein modification - -
Response to toxic substance

Synthesis of secondary metabolites

Translation

Specific biological processes of local infection

Lipid modification -

Nitrogen metabolism
Oxidation-reduction process
Oxoacid metabolism

Phloem development
Sulphur metabolism
Systemic acquired resistance

Specific biological processes of systemic infection
Glyoxylate and dicarboxylate metabolism -

Phenylpropanoid biosynthesis -

Protein degradation .
Protein export -
RNA binding -
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an uncharacterized protein, that was in turn co-abundant
with several of these phloem proteins (Fig. 2). Why these
lipoxygenases are co-abundant with phloem proteins is
an interesting observation due to the need on the virus
side to reach phloem. Given the lack of virus in the
phloem of resistant combinations, this increase in lipoxy-
genases might be responding to reasons different than the
mechanism of resistance itself. CmVPS41 plays a key role
in cellular trafficking and membrane dynamics, which is
crucial during the viral infection. The differentially accu-
mulated PLAT-domain protein and LOXSs in the resistant
combinations could suggest a link between the resistant
version of CmVPS41 and these proteins. Both the suscep-
tible and the resistant versions of CmVPS41 localize to
the late endosome and to the plasma membrane [31], and
both play a key role in cellular trafficking and membrane
dynamics, crucial during the viral infection. However, the
susceptible CmVPS41 is differentially located in transvac-
uolar strands formed by late endosome, which are absent
in the resistant genotype [31]. This differential localiza-
tion in late endosome structures could trigger the differ-
ential accumulation of PLAT-domain and LOX proteins
in the resistant genotypes which would not finally result
in promoting viral infection.

Finally, a glycosyltransferase was uniquely up-regu-
lated in NIL/CMV-ENY, a susceptible combination, in
module 5. Glycosyltransferases are enzymes that modify
oligosaccharides, proteins and lipids by adding a sugar
residue, which could aid in the viral systemic infection by
stabilizing viral or host proteins. For example, some gly-
cosyltransferases have been differentially accumulated
in a proteome study in N. benthamiana, acting as pro-
viral factors promoting replication during Turnip mosaic
virus infection [52]. In Oryza sativa (rice), glycosyltrans-
ferases are known to modify defence-related compounds,
thereby influencing resistance to bacterial blight [53].
These findings provide valuable insights into the complex
interactions between host proteins and CMV infection,
highlighting their potential roles in plant defence and viral
movement.

Systemic infection provokes increased protein degradation
and phenylpropanoid biosynthesis, while decreasing
translation, energy and photosynthesis

In systemic networks, we failed to map DAPs from CMV-
inoculated resistant combinations, since the few DAPs

(See figure on next page.)
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observed in CMV-inoculated SC plants were not retained
in the filtered network (r=0.95), and in the resistant
CMV-LS-inoculated NIL there were no DAPs (Fig. 1C).
This absence of proteomic changes aligns with previous
results by [26], where the virus did not reach the sys-
temic tissues of resistant plants. On the contrary, Fig. 3A
depicts numerous perturbations in the systemic network
of susceptible combinations, where NIL/CMV-FNY, PS/
CMV-LS, PS/CMV-ENY presented an increase in pro-
teins involved in protein folding, degradation, export
and phenylpropanoid biosynthesis (modules 2, 5 and 6).
Protein folding usually takes place at the endoplasmic
reticulum (ER). However, during stress, it can also hap-
pen in other cellular compartments, where chaperones
and folding factors assist in managing misfolded proteins
[54] After folding, proteins enter the Golgi Apparatus
and the secretory pathway, being led either to degrada-
tion in the vacuole, the PDs or to extracellular vesicles
(EVs) through endosomes or Multi Vesicular Bodies
(MVB) [55]. The observed changes in protein abundance
related to degradation pathways may reflect the involve-
ment of the ER-associated degradation (ERAD) pathway
in CMV infection. The ERAD pathway is involved in
targeting misfolded proteins for degradation at the pro-
teasome via ubiquitination, playing an important role in
protein quality control and stress responses. The Ubiqui-
tin—proteasome degradation system (UPS) is an antiviral
defence system which facilitates the targeting and degra-
dation of viral proteins, as is the case of TMV MP, which
is targeted by the 26S proteasome [55] or during Tomato
bushy stunt virus (TBSV) infection, where a ubiquitin
E3 ligase degrades the replicase, inhibiting viral replica-
tion [56]. However, the UPS system can also be exploited
by viruses to favour the infection by targeting some
host UPS proteins, for example, leading to disruption of
defence-associated hormone signalling [57, 58]. In other
cases, viruses directly use the UPS system in their life
cycle. For instance, Tombusviruses use an ubiquitin-con-
jugating enzyme for replication as part of their replicase
complex [59], while Turnip yellow mosaic virus (TYMV)
uses ubiquitination to target its own replicase, modulat-
ing viral replication [60]. Likewise, some viral MPs are
ubiquitinated and degraded by the proteasome [61], sug-
gesting, in these cases, a role for protecting the cell from
toxic over-accumulation of viral proteins. Thus, we inter-
pret that the increased abundance of proteins related to

Fig. 2 Proteomic changes in local CMV infection. A Network of co-abundant proteins in local CMV-infected leaves. Proteins (nodes) are either circles
or squares (hubs) and co-abundance is represented by edges connecting nodes. Differentially abundant proteins (DAPs) in CMV compared

to mock-inoculated plants are depicted in colours. The functional characterization of each module through GO and KEGG analysis is described.
Protein names of relevant proteins are depicted. CMVs'refer to both CMV-FNY or CMV-LS inoculated cotyledons compared to mock-inoculated
ones. B Hubs in melon local network. Coloured cells follow the same colour code
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degradation observed in susceptible cultivars might be
indicative of CMV manipulating host proteostasis via the
ERAD-UPS pathway.

Additionally, DAPs increased in those susceptible com-
binations were related to phenylpropanoid biosynthesis,
which further highlights the stress response during sys-
temic CMV infection. Phenylpropanoids are critical in
plant defence and stress responses due to their multifac-
eted role in strengthening plant resilience. These com-
pounds function as antioxidants, antimicrobial agents,
and structural components, playing a key role in reinforc-
ing cell walls through the synthesis of lignin and other
polymers [62, 63]. Moreover, their accumulation has been
related also to virus susceptibility and symptom sever-
ity. For example, in Cucurbits, Prunus necrotic ringspot
virus (PNRSV)-infected Cucumis sativus and MNSV-
infected melon plants were enriched in phenylpropanoid
biosynthesis enzymes, correlating in time with symp-
tom development and severity [64]. A similar increase
in phenylpropanoids was observed in Tomato mosaic
virus-infected tomato leaves [65]. However, some studies
have associated phenylpropanoids with milder symptoms
or resistance [66, 67]. For example, a CMV-inoculated
cucumber-resistant variety showed a threefold increase
in a protein related to phenylpropanoid biosynthesis in
comparison with the susceptible C. sativus variety [68].
Likewise, tobacco plants resistant to TMV showed an
increase of phenylpropanoids upon inoculation [69], and
in potato inoculated with a mild isolate from Potato virus
Y (PVY), the mild symptomatology observed correlated
with an increase in phenylpropanoids [70]. Our results
support that, in the case of melon, phenylpropanoid
accumulation in systemic tissues of susceptible plants,
could reflect a plant response to the infection, where the
plant’s efforts to strengthen its defences would be over-
whelmed by the virus, leading to the development of
more severe symptoms, rather than limiting viral replica-
tion or movement.

The DAPs in susceptible cultivars (Fig. 3), also mapped
onto communities involved in energy (module 1) and sec-
ondary metabolism and pigment synthesis (module 4). The
observed decrease in these proteins indicates a disfunction

(See figure on next page.)
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of chloroplasts and photosynthetic pigments, such as chlo-
rophyll. This is often observed during virus infections,
normally leading to the disfunction of Photosystem II and
the induction of viral symptoms such as mosaic and yel-
lowing [71]. During PVY infection in tobacco plants the
HCPro protease interacts with a factor involved in chlo-
roplast division, impairing this function and leading to the
depletion of chloroplast number and enlarged size in the
leaves and the development of chlorotic symptoms [72]. In
tobacco, TMV leads to the depletion of ferredoxin I in the
chlorotic regions, where viral accumulation is increased
[73]. Likewise, CMV CP interacts with ferredoxin I and
disrupts its transport to the chloroplasts reducing the
synthesis of chlorophyll and phytochromes and resulting
in the appearance of chlorosis [74]. In fact, a similar phe-
nomenon was observed in our network, where in module
1, a ferredoxin (Ferredoxin-NADP reductase, chloroplas-
tic, MELO3C013765.2.1), was decreased in abundance in
susceptible cultivars. Thus, our proteome data indicates
that the general mosaic with chlorotic regions in infected
leaves in CMV-infected systemic melon leaves was caused
by the dismantling of the photosystem integrity.

Local hubs in the systemic network were explored to
retrieve further central features in the viral infection.
Thirteen hubs were detected across all modules, and
these consistently changed across all susceptible com-
parisons (Fig. 3B). Among all hubs, MELO3C020563.2.1
(module 5), an ATP-dependent zinc metalloprotease Fila-
mentation temperature-sensitive H (FTSH), decreased
in abundance in CMV-inoculated plants compared to
all mock-inoculated plants. FTSH proteins are criti-
cal for regulating stress responses and maintaining cel-
lular homeostasis by ensuring protein quality [75, 76].
Decreased abundance of MELO3C020563.2.1 in CMV-
inoculated plants might lead to impaired protein deg-
radation, disrupted stress responses, and increased
oxidative damage, all of which could facilitate more effi-
cient viral replication and spread. Alternatively, these
changes could also reflect the plant’s own response to
the viral infection, rather than direct viral effects. In
this case, the reduced abundance of FTSH might indi-
cate a plant-driven response to manage cellular stress

Fig. 3 Proteomic changes in systemic CMV infection. A Network of co-abundant proteins in systemically infected leaves. Proteins (nodes)

are either circles or squares (hubs) and co-abundance is represented by edges connecting nodes. Differentially abundant proteins (DAPs)

in CMV-infected compared to mock-inoculated plants are depicted in colours: red (increased abundance), blue (decreased abundance), and grey
(no changes in protein abundance). The colour darkness scale indicates the presence of the same DAP in one or more pair-wise comparisons:

all comparisons (darkest), 2 comparisons (medium-dark), and one comparison (lighter-shades). The functional characterization of each module
through GO and KEGG analysis is described. Protein names of relevant proteins are depicted. B Hubs in the melon systemic network. S indicates
the susceptible combinations network (PS/CMV-LS, PS/CMV-FNY and NIL/CMV-ENY comparison with their respective mock-inoculated plants); R
indicates the resistant combinations network (SC/CMV-LS, SC/CMV-FNY and NIL/CMV-LS comparison with their respective mock-inoculated plants).

Coloured cells follow the same colour-coded changes as in the network (A)
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Fig. 3 (Seelegend on previous page.)

and protein quality under viral pressure, possibly aim-
ing to conserve energy or modulate protein turnover in
the face of infection. Hubs in modules 2 and 5 increased
in abundance and included MELO3C009453.2.1, a

monodehydroascorbate reductase involved in oxidore-
ductase activity [77], and MELO3C011416.2.1, an alpha-
1,4-glucan-protein synthase UDP-forming, as well as
MELO3C005643.2.1, a thaumatin-like protein [78], and
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MELO3C009826.2.1, a carboxypeptidase involved in
proteolysis [79, 80]. Both the Thaumatin-like protein
and the Carboxypeptidase have been found among the
altered proteins also in Novakova et al., 2020 [68] (For
additional common proteins between these two stud-
ies, see Table S6). Thaumatin-like proteins (TLPs), found
enriched in systemically infected susceptible plants, are
associated with defence and stress responses in plants
under several biotic stresses [81-83] and more spe-
cifically, seem to play a relevant role during virus infec-
tions. For example, TLPs were induced in tobacco upon
TMV infection [84] and a TLP was found in a pro-
teome of CMV-infected cucumber [68]. Furthermore,
a Thaumatin-like protein was identified as an interac-
tor of the CMV 1a protein, involved in replication, and
with the MP and coat protein, both involved in the viral
movement [85]. Additionally, out of the hubs in module
1, MELO3C017044.2.1, a glyceraldehyde-3-phosphate
dehydrogenase (GPDH) was down-regulated in the sys-
temic leaves of the susceptible combinations NIL/CMV-
ENY and PS/CMV-LS, a trend also observed in previous
studies on tomato transgenic plants resistant to CMV
[86] and in cucumber plants, where GPDH was differen-
tially accumulated in the resistant cultivar [68].

Collectively, our proteome analysis contributes to sus-
tain that CMV infection in new leaves of susceptible
cultivars induces significant proteomic changes charac-
terized by enhanced protein abundance related to deg-
radation pathways and phenylpropanoid biosynthesis
and decreased abundance in proteins related to transla-
tion, energy and photosynthesis, indicating the readiness
of the plant to deplete energy-producing pathways and
enhance pathways related to defence against stress. The
observed shifts in hub proteins further reveal the intri-
cate network of responses in CMV-infected plants, high-
lighting the interplay between ERAD, phenylpropanoids,
and the broader stress response.

Resistant and susceptible melon cultivars have protein
abundance differences in local tissues but not in systemic
tissues

Although heatmap analysis provided a first approach to
understanding proteomic patterns between cultivars
(Fig. 1A), we aimed to map differential abundance in
order to more precisely compare proteome differences
among genotypes. To explore this, we investigated pro-
teomic differences in the systemic and local networks
from different genotypes (PS, NIL, and SC). At cotyle-
dons, the different cultivars showed some DAPs, whereas
the new leaves of the different genotypes did not pre-
sent any. As depicted in Fig. 4, in cotyledons most DAPs
belong to differences between PS or NIL compared to
SC and those differences in abundance were mapped
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in proteins that participate in the synthesis of second-
ary metabolites, photosynthesis and phloem develop-
ment (module 2). Among the DAPs, there are two hubs
that increase in abundance in module 2, a Diphospho-
mevalonate decarboxylase (MELO3C012357.2.1), an
enzyme involved in sterol isoprenoid backbone bio-
synthesis, and IAA-amino acid hydrolase ILR1-like 88
(MELO3C009504.2.1), an enzyme that regulates Auxin
response and thus, is involved in several developmental
events in the plant. Interestingly, the three LOXs, includ-
ing the PLAT-containing protein, and phloem proteins,
in modules 2 and 5, were more accumulated in PS and
NIL than in SC (Fig. 4). However, as shown in the CMV
networks in Fig. 2, these proteins were differentially accu-
mulated in the resistant combinations upon inoculation,
suggesting that their expression could be enhanced as a
response to the virus in the resistant combinations, as
part of a fine-tuning of the complex molecular response
during local infection. A few proteins are uniquely
decreased in NIL compared to SC in module 1, involved
in detoxification, metabolism, and regulatory processes.
While these proteins may not be directly related to
defence, their reduction in NIL but not in PS may result
from interactions between the cmvlI introgression and
the PS genome, leading to subtle shifts in metabolic and
regulatory pathways. Overall, DAPs common between PS
and NIL compared with SC, could be due to sharing most
of their genome except the introgression carrying the
cmvl gene from SC. Instead, module 3, devoted, among
others, to translation, remains mostly unchanged, indi-
cating that most proteins are equally accumulated in all
genotypes, which confirms that the general depletion of
proteins in this module observed upon CMV inoculation
(Fig. 2) was due to the local infection. For the complete
list of DAPs between genotypes, see Table S7.

General conclusions

This study marks the first comprehensive high-through-
put proteomic analysis of CMV-infected melon plants,
extending beyond earlier work [33], using a more
sophisticated methodology. By systems-wide network
analysis we have successfully visualized and summa-
rized integrated proteomic data, reported CMV-asso-
ciated protein modules and identified key hub proteins
that could serve as molecular targets for understand-
ing and managing CMYV infection. Our findings reveal
distinct proteomic responses in resistant versus sus-
ceptible melon plants. In the case of local infection,
resistant plants exhibit pronounced phloem-related
defence mechanisms and enhanced lipid modification.
In contrast, susceptible plants demonstrate broader
disruptions, including decreased translation efficiency,
reduced pigment and secondary metabolite synthesis,
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and altered lipid modifications. Later, only the systemic
tissues from susceptible plants present substantial pro-
teomic perturbations, characterized by an increased
abundance of proteins involved in degradation path-
ways such as the ER-associated degradation (ERAD)
pathway and phenylpropanoid biosynthesis, reflecting
high viral replication and associated stress responses.
This study provides a novel and detailed understanding
of the proteomic changes associated with CMV infec-
tion, highlighting the differential responses between
resistant and susceptible genotypes and identifying
potential targets for future research and CMV manage-
ment strategies.
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