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Highlight 

Virus infections are responsible for substantial yield losses. This study identified a virus 

resistance gene in melon and highlights a new family of Potyvirus resistance genes in plants. 

Abstract 

In plants, introgression of genetic resistance is a proven strategy for developing new resistant 

lines. While host proteins involved in genome replication and cell to cell movement are 

widely studied, other cell mechanisms responsible for virus infection remain 

underinvestigated. Endosomal sorting complexes required for transport (ESCRT) play a key 

role in membrane trafficking in plants and are involved in the replication of several plant 

RNA viruses. In this work, we describe the role of the ESCRT protein CmVPS4 as a new 



susceptibility factor to the Potyvirus Watermelon mosaic virus (WMV) in melon. Using a 

worldwide collection of melons, we identified three different alleles carrying non-

synonymous substitutions in CmVps4. Two of these alleles were shown to be associated with 

WMV resistance. Using a complementation approach, we demonstrated that resistance is due 

to a single non-synonymous substitution in the allele CmVps4P30R. This work opens up new 

avenues of research on a new family of host factors required for virus infection and new 

targets for resistance. 
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Introduction 

Plant viruses are considered to be responsible for half of the emerging infectious plant 

diseases worldwide (Anderson et al., 2004). These pathogens can severely affect the yield and 

quality of crops, and cause substantial economic losses (McKirdy et al., 2002; Gray et al., 

2010). Most of the plant viruses are insect transmitted (Whitfield et al., 2015). One of the 

strategies for controlling viruses while limiting the use of insecticides is the use of genetically 

resistant crops (Gómez et al., 2009; Kaur and Garg, 2014). In plant–virus pathosystems, two 

major groups of resistance are usually considered. Plant viruses are obligate parasites and 

require various host-encoded proteins (host factors) to complete the steps of their life cycle 

(Heinlein, 2015). Therefore, the absence of appropriate host factors or inhibition of the 

interactions between viral proteins and corresponding host factors confers recessively 

inherited resistance (Truniger and Aranda, 2009). The second major type of resistance is 

dominantly inherited. In that case, the interaction between a viral avirulence factor and a host-

encoded resistance protein (R) triggers downstream defense responses, resulting in induction 

of plant immunity (Truniger and Aranda, 2009). It has been suggested that genetic resistance 

pyramiding and mosaic deployment strategies are more sustainable than using a single 

resistance (Mundt, 2014; Djidjou-Demasse et al., 2017). However, the very limited number of 



resistances available against certain viruses limits the development of these strategies. Thus, 

focusing research on new resistance genes is an essential tool to control plant diseases. 

Recessively inherited resistances account for almost half of the 200 virus resistance genes 

known so far in plants (Kang et al., 2005; Garcia-Ruiz, 2019; Mäkinen, 2020). Up to now, the 

vast majority of the recessive resistance genes identified in plants encode eukaryotic 

translation initiation factors (eIFs) (Nieto et al., 2006; Piron et al., 2010; Sanfaçon, 2015; 

Bastet et al., 2017; Shopan et al., 2017). Some other plant cell mechanisms have been 

involved in recessive resistance to plant viruses, mainly in the model plant Arabidopsis 

thaliana, such as mutations in cum1-1 reducing cell to cell movement of Cucumber mosaic 

virus (CMV) or the ethylene-inducible transcription factor RAV2 which is required for 

suppression of RNA silencing by the Potyvirus HC-Pro and Carmovirus p38 viral proteins 

(Yoshii et al., 1998; Endres et al., 2010; Ouibrahim et al., 2014; Wu et al., 2020), but novel 

mechanisms remain to be discovered. In order to extend our understanding of plant–pathogen 

interactions and to identify new targets for the development of resistant cultivars, the 

identification of host factors different from those of the eIF protein family, involved in other 

stages of the viral cycles, is a timely strategy (Nicaise, 2014; Hashimoto et al., 2016). 

In melon (Cucumis melo L., family Cucurbitaceae), genes conferring recessive 

resistance to Melon necrotic spot virus (MNSV; genus Carmovirus) and CMV (genus 

Cucumovirus) have been isolated. They correspond to modifications in the translation 

initiation factor gene eIF4e and the vesicle transport protein SNARE encoded by Vps41, 

respectively (Nieto et al., 2006; Giner et al., 2017; Pascual et al., 2019). A dominant NBS-

LRR-coding gene that controls resistance to Papaya ringspot virus (PRSV; genus Potyvirus) 

has been isolated (Brotman et al., 2013). Complete or partial (quantitative) resistance to 

several other viruses, as well as their inheritance, have been described in melon (Dogimont, 

2011). Nevertheless, the genes responsible for these resistances are not known. 



Amano et al. (2013) identified in cucumber (Cucumis sativus), a species closely 

related to melon, a genetic region responsible for Zucchini yellow mosaic virus (ZYMV; 

genus Potyvirus) resistance. Using a map-based approach, they identified six candidate genes. 

The gene CsVPS4 was identified as the most likely candidate due to two non-synonymous 

substitutions at positions T86C and G99A corresponding to the F29S and M33I amino acid 

changes, respectively, distinguishing resistant and susceptible genotypes, while the other 

genes did not show any substitution or expression modification (Amano et al., 2013). Very 

recently, Soler-Garzón et al. (2021) identified two homologs of VPS4 as the most likely 

candidate genes for resistance to potyviruses in common bean. Interestingly, a non-

synonymous substitution leading to the M33R amino acid change was a candidate for the 

resistance allele bc-4. 

The VPS4 protein belongs to the endosomal sorting complex required for transport 

(ESCRT) endomembrane trafficking mechanism, which has been mainly described in 

mammals and is involved in the formation of vesicles in multivesicular bodies (MVBs), cell 

division, and HIV replication (Perez and Nolan, 2001; Davies et al., 2009; Hwang and 

Robinson, 2009; Schmidt and Teis, 2012). In plants, VPS4 and ESCRT are mainly known for 

the formation of MVBs (Haas et al., 2007), an essential step in protein recycling and 

autophagy. Thus, loss of ESCRT function through VPS4 or other plant genes involved in 

biogenesis of MVBs leads to lethality (C. Gao et al., 2015; Lefebvre et al., 2017). Some 

interactions between ESCRT and RNA plant viruses have been recently reported (Barajas et 

al., 2009; Diaz et al., 2015). VPS4 contains three domains, namely the microtubule 

interacting and transport (MIT) domain, the AAA+ ATPase domain, and the C-terminal 

domain (Scott et al., 2005a; Haas et al., 2007). The MIT domain is characterized by three 

antiparallel -helices (Takasu et al., 2005). 



In the present study, we demonstrate the function of VPS4 protein in Potyvirus 

resistance in melon. Using a collection representative of the natural diversity in melon, we 

identified non-synonymous variants of CmVps4 in the MIT domain and assessed their 

susceptibility to the potyviruses ZYMV and Watermelon mosaic virus (WMV). Finally, we 

used WMV as a vector to restore the viral susceptibility in a resistant accession, 

demonstrating the involvement of CmVPS4 in WMV susceptibility in melon. 

Materials and methods 

Plant material and culture conditions 

Natural melon diversity used in this study was provided by the Biological Resources Center 

for Vegetables (CRB-Leg, INRAE) in Avignon, France. A total of 652 accessions of melon 

from different geographic origins, representative of the genetic diversity of the species, were 

used for PCR and high-throughput sequencing. Seedlings used for inoculations and plants 

used for multiplication were grown in an insect-proof greenhouse. Plants inoculated with a 

viral strain were placed into growth chambers over a day/night period of 14 h/10 h at 22 

°C/16 °C. Germination of each accession occurred under the same temperature conditions as 

in the growth chambers except for HSD 2441, HSD 2445, Humaid 93-4, and Humaid 93-10, 

which were incubated at 30 °C half submerged with water for 4–7 d. Plants inoculated with 

genetically modified viruses were placed in a biosecurity level C3 growth chamber over a 

day/night period of 14 h/10 h at 22 °C/16 °C. 

CmVps4 gene extraction, sequencing, and data analysis 

CmVps4 from melons Charentais Monoecious (CM) and TGR-1551 were amplified by 

reverse transcription–PCR (RT–PCR). First leaf samples were frozen in liquid nitrogen. Total 

RNA was extracted with Tri-reagent (Molecular Research Center, Cincinnati, OH, USA) 

following the manufacturer’s recommendations. Reverse transcription was performed with 

SuperScript III Reverse Transcriptase and poly(dT) primer. CmVps4 was amplified using 



Herculase II Fusion DNA polymerase (Agilent) using forward and reverse primers 5′-

ATGTATAGCAATTTCAAGGAGCAAGC-3′ and 5′-TCAACCTTCCTCCCCAAACTC-3′, 

respectively. 

The CmVps4 gene from the melon collection was sequenced using a next-generation 

sequencing (NGS) strategy. Samples from the first leaf were frozen in liquid nitrogen. Each 

sample was ground before adding 140 µl of extraction buffer EBp (200 mM Tris–HCl pH 7.5, 

250 mM NaCl, 25 mM EDTA, and 0.5% SDS) and placed at 50 °C for 10 min. After 

centrifugation at 14 000 g for 5 min, the supernatant was retrieved. DNA was precipitated 

using 120 µl of cold isopropanol. The DNA was pelleted by centrifugation and washed twice 

with 400 µl of 75% ethanol before resuspension in 100 µl of H2O miliQ. 

CmVps4 amplification from the melon collection was performed using five amplicons 

with primer pairs overlapping each exon. Each forward primer had the tag sequence 5′-

TTCCCTACACGACGCTCTTCCGATCT-3′ at its 5′ extremity, whereas reverse primers had 

the tag 5′-AGTTCAGACGTGTGCTCTTCCGATCTG-3′ (Supplementary Table S1). 

Illumina NGS MiSeq sequencing allowed sequencing of each amplicon in a single run 

(Metzker, 2010). Sequenced DNA data were collected in one compiled file. Data 

decompilation was performed using internal software. The assembly was carried out by 

aligning the reads. In addition to the 652 accessions sequenced here, data from the re-

sequencing of 1175 accessions of melons from Zhao et al. (2019) were aligned with the 

DHL92 melon reference genome. 

Viral material and mechanical inoculation 

The virus strains used in this work are WMV-Fr, WMV-FMF00-LL1, and ZYMV-R5A (Luis 

Arteaga and Quiot, 1976; Baker et al., 1992; Granier et al., 1993; Desbiez and Lecoq, 2004; 

Desbiez et al., 2012a). They were propagated using zucchini squash cv. Diamant (Seminis) 

plants. For mechanical inoculations of plants, infected leaves were ground in a mortar with 4 



ml of inoculation solution (EBv) [75 mM Na2HPO4 and 0.2% diethyldithiocarbamic acid 

(DIECA)] per 1 g of fresh weight, 0.5 g of activated carbon, and 0.4 g of carborundum. The 

extracts were gently rubbed onto the cotyledons of young melons at the spreading cotyledon 

stage. The plantlets were rinsed with tap water and incubated in growth chambers. 

Symptom ratings and GFP visualization 

To observe the course of infection in the newly formed tissues, virus inoculation was 

performed at the spreading cotyledon stage. Two rating scales were used for WMV and 

ZYMV following the appearance of the strongest symptoms in a susceptible accession. Both 

scales are based on leaf tissue development following infection: (0) absence of symptoms, (1) 

chlorotic spots on the leaf, (2) mosaic symptoms on the leaves and first blisters, and (3) 

deformation, reduced size, and a large number of blisters. The average score of the three 

youngest leaves was used to determine the score of each plant. A mean score of ≤1 was 

considered resistant. A mean score >1 was considered susceptible. Green fluorescent protein 

(GFP; see below) was visualized on leaves and cotyledons at 6 d after infection, using a 488 

nm laser and a 510/10 nm filter in a dark room. Each experiment was carried out twice 

independently with at least eight plants per accession. Significant differences from control 

were estimated by a Kruskal–Wallis statistical test and indicated by asterisks for P<0.05 (*). 

ELISAs 

For each sample, 0.5 g of the youngest leaves was taken and crushed using a roller press. A 4 

ml aliquot of solution EBv was added to the ground material. The ELISA was carried out with 

the ‘ELISA Reagent set for Potyvirus group (Poty)’ kit (Agdia®) following the 

manufacturer’s protocol. Each experiment was carried out twice independently with a least 

eight plants per accession. Significant differences from control were estimated by a Kruskal–

Wallis statistical test and indicated by asterisks for P<0.05 (*). 

Construction of WMV vector and of WMV-CmVps4 clones 



The enhanced GFP (eGFP)-coding sequence was introduced in the pWMV-LL1A clone using 

homologous recombination in the yeast Saccharomyces cerevisiae. First, the pWMV-LL1A 

clone was digested with restriction enzymes NruI (unique site at position 416 in WMV-

LL1A) and AvrII (unique site at position 1476), and the linearized vector without the 417–

1476 fragment was purified from an agarose gel. The eGFP- (Siemering et al., 1996) coding 

region was amplified by PCR with the Pfu DNA polymerase (Promega, France) using primers 

P1-GFP-5 and GFP-HC-3. To re-insert the deleted NruI–AvrII fragment with the GFP 

fragment, an overlapping region in WMV-LL1A was amplified by PCR with primers W-1-

Hind-5 and W-P1-GFP-3, complementary to P1-GFP-5. The P1 and GFP fragments purified 

from the agarose gel as well as the digested pWMV-LL1A were transformed into competent 

yeast YHP501 cells, extracted as described (Desbiez et al., 2012), and used for transformation 

of Escherichia. coli DH5. The presence of the GFP in the resulting clones was confirmed by 

PCR with primers P1-GFP-5 and GFP-HC-3 and sequencing of the GFP-coding region, as 

well as digestion with NcoI and PvuII. 

To build a vector allowing the expression of different proteins, a unique NotI site was 

added in the WMV-FMF00-LL1A clone. Two fragments were amplified with Pfu DNA 

polymerase, using pWMV- LL1A-GFP as a template, with primer pairs (i) W-1-Hind-5 and 

W-P1HC-RV and (ii) W-P1HC-FW+W-1700-3. The two fragments purified from the agarose 

gel and pWMV-LL1A digested with NruI and AvrII were transformed into competent yeast 

YHP501 as above. Yeast DNA extraction, E. coli transformation, and bacterial plasmid DNA 

extraction were as above. The presence of the NotI site in the constructs was checked by 

partial sequencing (Siemering et al., 1996). 

The CmVps4Wt and CmVps4P30R genes were inserted in the viral vector as follows: the 

WMV-LL1A-Not clone was linearized using the unique NotI restriction enzyme. The 

restriction enzyme and undigested plasmids were eliminated using gel migration and the gel 



extract kit from QIAGEN®. The cDNAs of the alleles CmVps4Wt and CmVps4P30R were 

amplified from the accessions CM and TGR-1551, respectively, with primers containing 30 nt 

extensions corresponding to the extremities of the WMV-LL1A-Not linearized plasmid. 

Linear plasmids and the purified PCR fragments CmVps4Wt or CmVps4P30R were transformed 

in the diploid S. cerevisiae yeast strain YPH501. Yeast DNA was extracted as described and 

used for transformation of thermocompetent bacteria E. coli Stellar™ HST08 (Clontech®) 

according to the manufacturer’s recommendations. Liquid culture of the bacteria grown at 37 

°C in LB media for 24 h was used for DNA extraction with the Qiaprep® Extraction Kit 

(Qiagen™). Storage of bacteria was carried out by adding 50% glycerol at a 1:1 volume of 

liquid culture (medium:glycerol) before freezing at –80 °C. The insertion of CmVps4 in the 

constructs was confirmed by PCR amplification using primers 5′-

GGAGATATTCAACACTATTCCC-3′/5′-GTGTCCGGACTGCAGGGACAC-3′ and partial 

Sanger sequencing. 

Inoculation of the WMV-LL1A, WMV-LL1A-GFP, WMV-LL1A-CmVps4P30R, and 

WMV-LL1A-CmVps4Wt cDNAs was performed by biolistic bombardment on zucchini squash 

as previously described (Ueki et al., 2013). In a second step, melon plants were infected by 

mechanical inoculation using infected tissues of zucchini. 

Bio-informatics tools 

The amino acid sequence of Gy14 C. sativus CsVPS4 was obtained from CuGenDB 

(http://cucurbitgenomics.org/). The amino acid sequence of A192-18 C. sativus CsVPS4 was 

obtained from Amano et al. (2013) (GenBank: AB819729.1). The amino acid sequences of 

CmVPS4 from the melon accessions CM, TGR-1551, and Humaid 93-4 come from this study. 

Multiple alignments were performed using Clustal Omega 

(https://www.ebi.ac.uk/Tools/msa/clustalo/). The amino acid sequence of DHL92 C. melo 

CmVPS4 was taken from CuGenDB. Modeling of the MIT domain of CmVPS4 was realized 



using SWISS-MODEL and the picture was extracted from Pdb-Viewer (Guex et al., 2009; 

Bertoni et al., 2017; Bienert et al., 2017; Waterhouse et al., 2018; Studer et al., 2020). 

Results 

VPS4 is highly conserved across cucumber and melon 

To identify homologous sequence of the cucumber CsVps4 gene in melon, we aligned the 

Csa6G152960 gene sequence encoding the CsVPS4 protein from the fully sequenced 

cucumber genome Gy14 with the DHL92 whole melon genome (http://cucurbitgenomics.org/) 

(Huang et al., 2009; Garcia-Mas et al., 2012). We identified the nucleic acid sequence of 

MELO3C021413, sharing 98.1% identity with Csa6G152960. The predicted encoded protein 

from MELO3C021413 shares 99.1% identity with CsVPS4. The gene MELO3C021413 will 

be named herein as CmVps4. CmVps4 mapped to chromosome 11 of melon, in a syntenic 

region to chromosome 6 of cucumber Gy14. The CmVps4 gene is 5597 bp long and comprises 

seven introns and eight exons (Fig. 1A). The predicted protein sequence comprises 433 amino 

acids, and protein structure prediction shows the presence of the three expected VPS4 

domains: MIT, AAA+ ATPase, and C-terminal domains. 

Sequencing of the MIT domain of CmVPS4 in a large collection of 

melon reveals non-synonymous diversity 

In order to identify variations in CmVPS4, we sequenced the coding sequence for the MIT and 

AAA+ ATPase domains of CmVps4 in 652 accessions from all parts of the world 

representative of cultivated and wild melon diversity. The CmVps4 allele carried by the CM 

breeding line (INRAE) was used as a reference and named CmVps4Wt. Sequence alignments 

revealed that most accessions (639/652) carry the CmVps4Wt allele. In the remaining 

accessions (13/652), we identified three different alleles carrying the non-synonymous 

substitutions C88T, C89G, or A119G, which induce the P30S, P30R, or K40R amino acid 



changes, respectively, on the MIT domain (Fig. 1B, C). Alleles carrying P30S, P30R, or 

K40R, namely CmVps4P30S, CmVps4P30R, and CmVps4K40R, were observed in two, four, and 

seven accessions, respectively. 

The allele CmVps4P30S is carried by the accession PI 161375, originating from Korea. 

The same allele is carried by the completely sequenced DHL92 accession, which derives from 

PI 161375 (Garcia-Mas et al., 2012). The allele CmVps4P30R was found in the four accessions 

TGR-1551, IVT 2365, PI 482398, and PI 482399, all originating from Africa. The accessions 

TGR-1551, PI 482398, and PI 482399 were collected in Zimbabwe, while the precise origin 

of IVT 2365 is uncertain. The allele CmVps4K40R was found in the accessions Humaid 93-4, 

Humaid 93-10, HSD 2441, HSD 2445, HSD 2446, HSD 2447, and HSD 2458, all originating 

from Sudan. Besides these data, we analyzed the resequencing data of 1175 melon accessions 

from Zhao et al. (2019). We identified the allele carried by CM (CmVps4Wt) in 1125 

accessions and the CmVps4P30S allele carried by PI 161375 and DHL92 in 34 additional 

accessions. In 16 accessions, the sequencing data did not cover the CmVps4 gene. No new 

non-synonymous substitutions could be detected among these 1125 melon accessions. 

Using structure prediction of the entire VPS4 protein or the MIT domain only, the 

amino acid changes produced by the three alleles, CmVps4P30S, CmVps4P30R, and CmVps4K40R, 

were located on the second helix of the MIT domain (Fig. 1C), as well as those previously 

identified in cucumber CsVps4F29S/M33I. 

Amino acid changes in the three alleles were not predicted to alter the structure of the 

MIT domain or the entire protein, compared with CmVps4Wt. However, modeling references 

are based on human VPS4, whose MIT domain only shares 26.3%/56.3% identity/similarity 

with that of melon (human HsVPS4A/CmVPS4Wt) (Scott et al., 2005b; Takasu et al., 2005). 

Proline is considered a highly structuring amino acid (MacArthur and Thornton, 

1991). Its replacement by any other amino acid could result in local structural changes in 



CmVSP4P30S and CmVPS4P30R. Moreover, the replacement of a proline by an arginine in 

CmVPS4P30R induces a strong steric obstruction and charge modification, in contrast to the 

replacement of a proline by a serine in CmVPS4P30S (Kobayashi et al., 1990; Ogura et al., 

2004). The replacement of a lysine by an arginine in CmVPS4K40R is considered as a 

conservative modification, despite the hydrophobic properties of lysine and the hydrophilic 

properties of arginine. 

Accessions carrying the CmVps4P30R and CmVps4K40R alleles are 

resistant to WMV 

The melon accession TGR-1551, which carries the CmVps4P30R allele, has been previously 

reported to be resistant to several pests and diseases, including WMV (López-Sesé and 

Gómez-Guillamón, 2000; Yuste-Lisbona et al., 2010; Peng and Walker, 2020). WMV 

resistance in TGR-1551 has been shown to be mainly controlled by a recessive locus mapped 

to chromosome 11. The genetic region involved in WMV resistance comprises >100 

candidate genes so far (Palomares-Rius et al., 2011; Pérez-de-Castro et al., 2019). We located 

CmVps4 in this interval. 

To test the impact of CmVps4 alleles on WMV susceptibility, we inoculated 

accessions carrying the CmVps4P30S, CmVps4P30R, and CmVps4K40R alleles with the WMV-Fr 

isolate (Fig. 2). Twenty days after inoculation, the susceptible control CM showed severe 

mosaic symptoms. PI 414723 was used as the resistant control with a full recovery of 

phenotype 10 d after infection (Gilbert et al., 1994). This resistance is independent of Vps4 as 

PI 414723 carries the Vps4Wt allele. In comparison with CM, accession TGR-1551 showed a 

significant reduction of symptoms as previously reported (Díaz-Pendón et al., 2005) (Fig. 2A, 

B). The phenotype is characterized by an almost complete absence of symptoms, except for 

rare chlorotic spots, which indicate that the virus is present in the plant. The other identified 

accessions carrying the same allele, IVT 2365, PI 482399, and PI 482398, also showed the 



same phenotype with strongly reduced symptom intensity compared with the CM control and 

had rare chlorotic spots, like those observed in TGR-1551 (Fig. 2B). Small variations in 

notations can occur due to differences in plant phenotype and physiology. Thus, some 

chlorotic spots and yellowing can be mistaken for virus symptoms, as can be seen in the 

resistant control. This explains the small difference observed between TGR-1551/IVT 2365 

and PI 482398/PI 482399. The PI 161375 accession, which carries the CmVps4P30S allele, was 

also inoculated with WMV-Fr. It exhibited clear symptoms which distinguished it from TGR-

1551 resistance. 

To evaluate the replication level of the virus in each plant, we measured the capsid 

accumulation in the youngest leaf. The viral load in the different accessions was assessed 20 d 

after inoculation and compared with samples from the susceptible control CM (Fig. 2C). A 

significant decrease in virus accumulation was observed in the four accessions carrying the 

CmVps4P30R allele. These results showed that all the accessions carrying the CmVps4P30R 

allele are resistant to WMV. The substitution identified in the CmVps4 gene, which is present 

in the genetic region involved in WMV resistance in TGR-1551, is thus a major candidate to 

control resistance to WMV. 

Accessions carrying the CmVps4K40R allele have a slow germination rate and need 

specific temperature conditions. As PI 414723 did not germinate in these conditions, we had 

to switch our resistant control to Pastis1, an INRAE breeding line resistant to WMV, which 

carries the Vps4Wt allele. Twenty days after inoculation with WMV-Fr, the accessions HSD 

2441, HSD 2445, Humaid 93-4, and Humaid 93-10, carrying the CmVps4K40R allele, showed 

significantly lower symptoms (Fig. 2D) and a lower viral load compared with CM. They also 

showed a lower viral load (Fig. 2E) compared with CM. The other three accessions HSD 

2446, HSD 2447, and HSD 2458 that carry the CmVps4K40R allele could not be tested due to a 



growth defect under growth chamber conditions. These results show a complete association 

between the resistance to WMV and the presence of CmVps4P30R or CmVps4K40R alleles. 

Accessions carrying the CmVps4P30R and CmVps4K40R alleles are not 

resistant to ZYMV 

To test the impact of the CmVps4 alleles on ZYMV replication in melon, we inoculated 

accessions carrying the CmVps4P30S, CmVps4P30R, and CmVps4K40R alleles with the R5A 

isolate of ZYMV and compared them with the susceptible control CM (Fig. 3). We used the 

PI 414723 accession as a ZYMV-resistant control. As noted previously, PI 414723 carries the 

same CmVps4 allele as CM (CmVps4Wt). Resistance to ZYMV is conferred by a dominant 

gene (Zym), not linked to CmVps4 (Pitrat and Lecoq, 1984; Adler-Berke et al., 2021). 

Following ZYMV inoculation, accessions carrying the CmVps4P30R allele showed symptoms 

similar to those of the susceptible CM control (Fig. 3A). TGR-1551, PI 482398, and PI 

482399 showed severe typical mosaic symptoms 14 d after inoculation. The accession IVT 

2365 showed symptoms of necrosis and wilting, which may be consistent with a 

hypersensitive immune response leading to the death of infected tissues (Camagna and 

Takemoto, 2018). Similarly, PI 161375, carrying the CmVps4P30S allele, and the accessions 

HSD 2441, HSD 2445, and Humaid 93-10, carrying the CmVps4K40R allele, showed no 

reduction in symptom intensity after ZYMV inoculation compared with CM (Fig. 3B). Only 

the accession Humaid 93-4, which also carries the CmVps4K40R allele, showed a complete 

absence of symptoms. Therefore, the observed ZYMV resistance in only one of the four 

tested accessions cannot be associated with the CmVps4K40R allele. In contrast to the 

CsVps4F29S/M33I resistance allele in cucumber, the CmVps4P30S, CmVps4P30R, and CmVps4K40R 

alleles did not confer resistance to ZYMV in melon under the conditions used and with the 

isolate tested. 



The CmVps4P30R allele in the TGR-1551 accession is responsible for 

WMV resistance 

Next, to determine the impact of the P30R amino acid change of CmVPS4 on the resistance to 

WMV, we proceeded with a functional complementation to restore the WMV susceptibility in 

TGR-1551. For this approach, we used the WMV-LL1A cloned strain adapted for genetic 

transformation (Desbiez et al., 2012). As this WMV strain is a different isolate (WMV-LL1A) 

from that used to phenotype melon accessions in previous experiments (WMV-Fr), we 

checked that inoculation of CM and TGR-1551 with WMV-LL1A induces a viral 

accumulation similar to that observed with WMV-Fr (Fig. 4A). As expected, CM showed a 

high viral load and TGR-1551 showed a greatly reduced viral load compared with CM, after 

inoculation with WMV-LL1A. 

To control the infectivity of the modified virus and the expression of the transgene, we 

used a recombinant WMV strain expressing the GFP (WMV-LL1A-GFP) to infect CM and 

TGR-1551 plants by mechanical inoculation. We compared the number of GFP dots on 

infected cotyledons between both accessions. Six days after inoculation, we observed GFP 

dots on cotyledons of CM and extensive GFP on leaves (Fig. 4B). The dots correspond to 

virus-infected cells expressing GFP. In TGR-1551, we also observed GFP dots on cotyledons 

but no GFP in leaves after 6 d (Fig. 4C). Comparison of the number of GFP dots showed that 

TGR-1551 had a significantly reduced number of dots compared with CM (Fig. 4D). 

Visualization of GFP in plant leaves attested to the expression of the transgene and virus 

infectivity. These data also show that resistance to WMV in TGR-1551 is expressed at an 

early stage of infection and reduces the number of infection sites after mechanical inoculation. 

Finally, for functional complementation, we modified the genome of the viral strain 

WMV-LL1A with CmVps4Wt or CmVps4P30R from the CM and TGR-1551 accessions to 

obtain the constructs named WMV-LL1A-CmVps4Wt and WMV-LL1A-CmVps4P30R, 



respectively. This strategy allows transient expression of VPS4Wt or VPS4P30R in a 

coordinated way with WMV infection. Inoculation of the susceptible cultivar CM with both 

constructs, WMV-LL1A-CmVps4Wt and WMV-LL1A-CmVps4P30R, led to viral accumulation 

in the leaves 20 d after inoculation (Fig. 5A). This result shows that both modified virus 

strains coding for CmVPS4Wt or CmVPS4P30R were able to replicate and infect melon. We did 

not observe a significant difference in the infectivity of the two strains in CM. 

Based on these results, it was possible to assess whether the WMV construct carrying 

the CmVps4Wt allele was able to restore virus susceptibility in the resistant TGR-1551 

accession but not in that carrying the CmVps4P30R allele. Symptoms and virus accumulation in 

TGR-1551 were assessed after inoculation with the WMV-LL1A-CmVPS4Wt and WMV-

LL1A-CmVps4P30R constructs. Plants of accession TGR-1551 showed mosaic symptoms and a 

high viral load 20 d after inoculation with WMV-LL1A-CmVps4Wt, while plants inoculated 

with WMV-LL1A-CmVps4P30R were almost asymptomatic and showed low virus 

accumulation (Fig. 5B–D). These results clearly show that the expression of CmVPS4Wt in 

TGR-1551 is sufficient to restore WMV susceptibility, whereas the expression of the 

CmVPS4P30R protein carrying the single amino acid substitution P30R does not allow efficient 

virus replication. Thus, the CmVps4P30R allele is responsible for WMV resistance in TGR-

1551. 

Discussion 

Plants viruses have small genomes and hijack the plant cellular machinery to complete their 

infection cycle. These cellular mechanisms and underlying genes are all potential targets for 

recessive resistance by loss of susceptibility. Further characterization of the natural variability 

is greatly needed to identify new host factors conferring recessive resistance. In this study, we 

identified CmVPS4 as responsible for recessive resistance to WMV in melon. This gene 

encodes a protein involved in vesicle formation at the MVB compartment. We validated 



CmVps4P30R as a resistance allele both by phenotyping all accessions carrying this allele and 

by expressing the susceptibility allele in the resistant accession TGR-1551. For that, we used 

an infectious clone of WMV as a vector (Fig. 5). Our results demonstrate a major role for 

VPS4 in WMV infection and complement our understanding of the diversity of functions of 

natural resistance genes. 

In plant cells, and more broadly in eukaryotic cells, the VPS4 protein has been 

involved in the formation of internal vesicles resulting in the formation of MVBs through the 

ESCRT pathway (Piper and Katzmann, 2007; Azmi et al., 2008). The ESCRT complex is a 

multiprotein complex composed of five subunits. The first proteins of this complex are 

recruited to endosomes by lipidic and ubiquitin signals (Kutateladze et al., 1999; Hofmann 

and Falquet, 2001; Prag et al., 2007). Then, each protein is recruited one by one, inducing 

membrane deformation (Henne et al., 2011; Schmidt and Teis, 2012). VPS4 is the final 

component of the ESCRT complex and is essential for the release of vesicles into the 

endosome (Scott et al., 2005a, b; Davies et al., 2008). In recent years, the major role of 

ESCRT proteins in viral infection has been highlighted in plants (Agaoua et al., 2021). The 

replication of most single-stranded positive RNA [ssRNA(+)] viruses has been associated 

with structural changes in intracellular membranes. The viruses form vesicles and quasi-

organelles, made up of viral replication complexes (VRCs), which combine all the elements 

necessary for the replication of viral RNA and the translation of viral proteins (Jiang and 

Laliberte, 2016; Lõhmus et al., 2016; Nagy et al., 2016). VRCs are confined in defined 

structures, increasing the efficiency of replication and preventing the activation of cellular 

defense mechanisms such as recognition of dsRNA during replication (Verchot, 2011; 

Kovalev et al., 2017). Membranes are an integral part of the formation of VRCs. Their origins 

and final destinations are different depending on the virus. Studies seem to show that most 

cell compartments can be a target for the formation of VRCs but that each virus uses a defined 



host compartment (Hwang et al., 2008; Laliberté and Sanfaçon, 2010; Cao et al., 2015; Jin et 

al., 2018). The essential character of the anchoring of ssRNA(+) VRCs in the membrane has 

been demonstrated repeatedly in yeast by knockout approaches of the mechanisms of 

endomembrane trafficking (Panavas et al., 2005; Rapaport, 2005; Nagy et al., 2014; Diaz et 

al., 2015; Cross et al., 2016). In plants, transient inhibition of these mechanisms has shown a 

similar reduction in the efficiency of viral replication (Barajas et al., 2009; Richardson et al., 

2014). 

Plant ESCRT proteins have been shown to directly interact with viral proteins of 

viruses belonging to the families Tombusviridae and Bromoviridae (Barajas et al., 2009; 

Richardson et al., 2014; Diaz et al., 2015; Nagy and Feng, 2021). The VPS4 protein of A. 

thaliana interacts directly with the p33 protein of Tomato bushy stunt virus (TBSV; genus 

Tombusvirus) (Barajas et al., 2014). According to our data, a single amino acid change 

(P30R) in the CmVPS4 protein is responsible for recessive WMV resistance. This suggests 

that CmVPS4 protein modification could prevent an interaction with a so far undetermined 

WMV protein. In potyviruses, VRC formation and membrane deformation have been 

observed associated with endoplasmic reticulum and then moving to chloroplasts (Grangeon 

et al., 2012). VRCs have also been observed in MVBs moving to apoplasta (Movahed et al., 

2019). Therefore, in a resistant plant, this putative interaction would not happen, reducing the 

capability of the virus to induce vesicle formation. However, VPS4 is the final component of 

the vesicle formation mediated by ESCRT proteins and is responsible for the release of 

vesicles (Haas et al., 2007). This indicates that VPS4 alone is not sufficient to induce vesicle 

formation. Thus, other ESCRT proteins could be recruited by WMV to initiate ESCRT 

vesicles, as observed for Brome mosaic virus (BMV; genus Bromovirus), which recruits early 

and late components of the ESCRT (Diaz et al., 2015). Another possibility is that VPS4 may 



be used for the regulation of vesicle formation in order to keep open pores to the cytosol, as 

observed for TBSV (McCartney et al., 2005). 

In this work, we showed a reduced number of GFP dots in the TGR-1551 resistant 

accession after inoculation with a GFP-WMV strain (Fig. 4. This suggests that the number of 

infection sites is reduced and that resistance affects the ability of the virus to replicate in the 

host but does not completely suppress it. We can relate this result to those of Gonzalez-Ibeas 

et al. (2012), who showed that the expression of defense response genes is activated in TGR-

1551 after WMV inoculation. Taken together, these results suggest a scenario in which VRC 

formation and sheltering of WMV in TGR-1551 would not be fully successful, allowing the 

cell to detect the virus and activate its defenses. Finally, although our results reveal a strong 

impact of the P30R substitution encoded by the allele CmVps4P30R on susceptibility to WMV 

in melon, we cannot exclude a role for other genes, as proposed by Pérez-de-Castro et al. 

(2019). 

From two melon collections gathering >1500 accessions from natural and cultivated 

diversity, we identified three alleles presenting an amino acid change in VPS4 (Fig. 1). Two 

of them (CmVps4P30R and CmVps4K40R) showed a strong but not fully resistant phenotype to 

WMV. The last allele (CmVps4P30S) did not show any altered phenotype (Fig. 2). The scarcity 

of the accessions carrying each of these alleles could indicate a recent and independent 

evolution of the allelic forms. WMV-resistant accessions carrying the CmVps4P30R allele were 

collected in Zimbabwe, where WMV has been reported. In contrast, the accessions carrying 

the CmVps4K40R allele, which are also resistant to WMV, originate from Sudan, where WMV 

has not been identified so far (Desbiez and Lecoq, 1997; Kheyr-Pour et al., 2000; Mohammed 

et al., 2012). This suggests that the CmVps4K40R non-synonymous substitution could be 

responsible for resistance to other viruses exerting selection pressure in East Africa and 

induce a serendipitous resistance to WMV. All accessions carrying the CmVps4P30S allele 



originate from Asia, where WMV strains are found (Q. Gao et al., 2015). Since this 

substitution does not induce WMV resistance, following the same scenario, it could be 

involved in resistance to another disease. 

Our results reveal that none of the three CmVps4 alleles induced resistance to ZYMV, 

while their non-synonymous substitutions are located in close proximity to the two non-

synonymous substitutions present in the CsVps4F29S/M33I candidate allele for resistance to 

ZYMV in cucumber (Fig. 3). Using the same approach as we did in this work, the use of a 

ZYMV vector to restore susceptibility in resistant cucumber could determine the involvement 

of CsVps4F29S/M33I in ZYMV resistance. Variations within a single host protein, independently 

responsible for resistance to distinct potyviruses, have been already observed. Associated with 

each other, such substitutions confer resistance to several potyviruses in pea (Bastet et al., 

2019). Thus, we can hypothesize that mimicking the CsVps4F29S/M33I allele could induce 

ZYMV resistance in melon. Moreover, accumulation of CsVps4F29S/M33I and CmVps4P30R 

substitutions in a single allele could induce resistance to both viruses in melon and cucumber. 

All our results point to a novel mechanism of natural recessive resistance. The 

candidate gene approach that we have adopted here can also be used for all the susceptibility 

genes identified, using translational biology or protein interaction approaches. This could 

already be the case for other ESCRT proteins, such as SNF7 or VPS23, which have been 

shown to interact directly with a BMV and TBSV protein, respectively (Diaz et al., 2015; 

Kovalev et al., 2016). Furthermore, the identification of the causative substitutions in CmVps4 

enables directed gene editing by CRISPR/Cas9 to generate melon plants resistant to multiple 

potyviruses and this possibility could also be explored in other crop species. 

Further efforts are needed to determine the molecular mechanism of resistance 

conferred by the CmVps4 gene and its relationship to WMV proteins. The identification and 

cloning of CmVps4 open up the possibility of addressing new questions related to the precise 



mechanism of resistance, such as how and where the interaction between CmVPS4 and viral 

proteins occurs and how the P30R amino acid change is responsible for the induction of 

defense gene expression. Finally, it remains to be seen whether this new knowledge of 

resistance can be transferred to other crop species, such as cucumber and pea, and towards a 

larger spectrum of viruses (Amano et al., 2013; Soler-Garzón et al., 2021). 
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Fig. 1. Structure of the CmVps4 gene and CmVPS4 protein in melon. (A) Intron–exon 

structure of the CmVps4 gene and the predicted encoded protein. The yellow bars represent 

the 5′- and 3′-untranslated regions (UTRs) of the gene. The orange arrows represent the 

coding exons. The gray lines represent introns. (B) Protein alignment of the MIT domain of 

CsVPS4 and CmVPS4 protein variants. Gy14 and A192-18 accessions are from cucumber 

species (Cucumis sativus) and Charentais Monoecious (CM). TGR-1551 and Humaid 93-4 are 

from melon species (C. melo). Underlined amino acids represent variation from at least one 

protein sequence. Only one accession for each non-synonymous variant is represented. (C) 

Three helix structure of the CmVPS4 MIT domain (1–70) prediction. Positions of the 

CmVPS4 variants (P30S/P30R and K40R) are indicated in red. 

Fig. 2. Symptoms and virus accumulation after WMV inoculation in melon. (A) Pictures of 

symptoms after WMV inoculation on leaves of Charentais Monoecious (CM) and TGR-1551. 

(B and D) Mean value of WMV symptoms on a 0–3 scale based on the viral severity of 

symptoms 20 d after WMV inoculation (DAI). (C and E) Average optical density relative to 

WMV accumulation in the youngest leaves at 20 DAI for each accession. Boxplots are 

designed from bottom to top with, respectively, the minimum value, Q1, median, Q3, and 

maximum value. Outliers are represented by filled diamonds. (B) Mean value of WMV 

symptoms on accessions carrying the CmVps4P30R and CmVps4P30S allele (plant numbers per 



accession n≥8) compared with CM. (C) WMV accumulation in accessions carrying the 

CmVps4P30R allele (n≥8). (D) Mean value of WMV symptoms on accessions carrying the 

CmVps4K40R allele (n≥8) compared with CM. (E) WMV accumulation in accessions 

carrying the CmVps4K40R allele (n≥9). Kruskal–Wallis statistical analyses of these data are 

indicated by asterisks according to the significance of differences from the wild type at 

P<0.05 (*). (B and C) CM and PI 414723 were used as susceptible and resistant controls, 

respectively. Both carry the CmVps4Wt allele. (D and E) CM and Pastis1 were used as 

susceptible and resistant controls, respectively. Pastis1 also carries the CmVps4Wt allele. 

Fig. 3. Symptoms displayed after ZYMV inoculation in melon. ZYMV symptom scoring on a 

0–3 scale based on the severity of viral symptoms 14 d after ZYMV inoculation (DAI) 

(0=absence of symptoms; 3=severe mosaic symptoms). Mean values are displayed. 

Charentais Monoecious (CM) and PI 414723 were used as susceptible and resistant controls, 

respectively; both carry the CmVps4Wt allele. (A) ZYMV symptom scoring on accessions 

carrying the CmVps4P30R and the CmVps4P30S alleles (plant numbers per accession n≥8) 

compared with those of CM. (B) ZYMV symptom scoring on accessions carrying the 

CmVps4K40R (K40R) allele (n≥9) compared with those of CM. 

Fig. 4. Virus accumulation and symptoms displayed after WMV-LLA1 and WMV-LLA1-

GFP inoculation in melon. (A) Average optical density relative to WMV-LLA1 strain 

accumulation in the youngest leaves of Charentais Monoecious (CM) and TGR-1551 at 20 d 

after inoculation (DAI) (plant numbers per accession n≥8). Kruskal–Wallis statistical analyses 

of these data are indicated by asterisks according to the significance of differences from the 

wild type of CM at P<0.05 (*). (B and C) Pictures of symptoms on cotyledons and first leaves 

of CM and TGR-1551 at 6 DAI. (D) Average number of GFP dots on mechanically 

inoculated cotyledons at 6 DAI. CM was used as the susceptible control. CM and TGR-1551 

were inoculated with the modified strain WMV-LLA1-GFP (n=32). Boxplots are designed 



from bottom to top with, respectively, minimum value, Q1, median, Q3, and maximum value. 

Outliers are represented by filled diamonds. Kruskal–Wallis statistical analyses of these data 

are indicated by asterisks according to the significance of differences from the wild type of 

CM at P<0.05 (*). 

Fig. 5. Virus accumulation after WMV-LLA1-CmVps4Wt and WMV-LLA1-CmVps4P30R 

inoculation in melon TGR-1551. (A) Average optical density relative to accumulation of 

modified WMV-LLA1-CmVps4Wt and WMV-LLA1-CmVps4P30R strains in the youngest 

leaves of Charentais Monoecious (CM) at 20 DAI (plant number per accession n≥11). (B and 

C) Illustrative pictures of symptoms on TGR-1551 after inoculation by WMV-LLA01-

CmVps4P30R and WMV-LLA01-CmVps4Wt, respectively. (D) Virus accumulation in the 

TGR-1551 resistant accession after inoculation by the modified strains WMV-LLA1-

CmVps4Wt and WMV-LLA01-CmVps4P30R (plant number inoculated per strain n≥11). 

Boxplots are designed from bottom to top with, respectively, minimum value, Q1, median, 

Q3, and maximum value. Outliers are represented by filled diamonds. Kruskal–Wallis 

statistical analyses of these data are indicated by asterisks according to the significance of 

differences at P<0.05 (*). Each population has been compared two by two. Absence of an 

indication corresponds to no significative difference. 
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Figure 1: Structure of the CmVps4 gene and CmVPS4 proteins in melon.

(A) Structure intron-exon of the CmVPS4 gene and the predicted encoded protein. The yellow bars represent

5’ and 3’ UTR regions of the gene. The orange arrows represent the coding exons. The grey lines represent

introns. (B) Protein alignment of the MIT domain of CsVPS4 and CmVPS4 protein variants. Gy14 and A192-18

accession are from cucumber species (Cucumis sativus) and Charentais Monoecious (CM). TGR-1551 and

Humaid 93-4 are from melon species (C. melo). Underlined amino acids represent variation from at least one

protein sequence. Only one accession for each non-synonymous variant is represented. (C) Three helix

structure of the CmVPS4 MIT domain (1-70) prediction. Position of the CmVPS4 variants (P30S/P30R and

K40R) are indicated in red.



Figure 2: Symptoms and virus accumulation after WMV inoculation in melon.

(A) Pictures of symptoms after WMV inoculation on leaves of Charentais Monoecious (CM) and TGR-1551. (B and D)

Mean value of WMV symptoms on a 0 to 3 scale based of the viral severity of symptoms 14 day after WMV

inoculation (DAI). (C and E) Average optical density relative to WMV accumulation in youngest leaves at 14 DAI for

each accession. (B) Mean value of WMV symptoms on accessions carrying the CmVps4P30R allele (plants number per

accession n≥8) compared to CM. (C) WMV accumulation in accessions carrying the CmVps4P30R allele (n≥8). (D) Mean

value of WMV symptoms on accessions carrying the CmVps4K40R allele (n≥8) compared to CM. (E) WMV accumulation

in accessions carrying the CmVps4K40R allele (n≥9). Kruskal–Wallis statistical analyses on these data are indicated by

asterisks according to the significance of differences from the wild type at P <0.05 (*). (B and C) Charentais

Monoecious (CM) and PI 414723 were used as susceptible and resistant controls. respectively; both carry the

CmVps4Wt allele (D and E) Charentais Monoecious (CM) and Pastis1 were used as susceptible and resistant controls.

respectively. Pastis1 also carries the CmVps4Wt.
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Figure 3: Symptoms displayed after ZYMV inoculation in melon.

ZYMV symptom scoring on a 0 to 3 scale based on the severity of viral symptoms 14 days after ZYMV

inoculation (DAI) (0 = absence of symptoms; 3 = severe mosaic symptoms). Mean values are displayed.

Charentais Monoecious (CM) and PI 414723 were used as susceptible and resistant controls. respectively;

both carry the CmVps4Wt allele. (A) ZYMV symptom scoring on accessions carrying the CmVps4P30R and the

CmVps4P30S alleles (plants number per accession n≥8) compared to those of CM. (B) ZYMV symptom scoring

on accessions carrying the CmVps4K40R (K40R) allele (n≥9) compared to those of CM.



0

0.5

1

1.5

2

2.5

3

CM
WMV-LLA01

TGR-1551
WMV-LLA01

O
p

ti
ca

l d
en

si
ty

CM TGR-1551

A

N
u

m
b

er
 o

f 
G

FP
 d

o
ts

D
B CM

C TGR-1551

Figure 4: Virus accumulation and symptoms displayed after WMV-LLA1 and WMV-LLA1-GFP inoculation in

melon.

(A) Average optical density relative to WMV-LLA1 strain accumulation in youngest leaves of Charentais

Monoecious (CM) and TGR-1551 at 20 days after inoculation (DAI) (plant number per accession n≥8). Kruskal–

Wallis statistical analyses on these data are indicated by asterisks according to the significance of differences

from the wild type CM at P <0.05 (*). (B and C) Pictures of symptoms on cotyledons and first leaves of CM and

TGR-1551 at 6 DAI. (D) Average number of GFP dots on mechanically inoculated cotyledons at 6 DAI. CM was

used as susceptible control. CM and TGR-1551 were inoculated with the transformed strain WMV-LLA1-GFP

(n=32). Kruskal–Wallis statistical analyses on these data are indicated by asterisks according to the significance

of differences from the wild type CM at P <0.05 (*).
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Figure 5: Virus accumulation after WMV-LLA1-CmVps4Wt and WMV-LLA1-CmVps4P30R inoculation in melon

TGR-1551

(A) Average optical density relative to transformed WMV-LLA1-CmVps4Wt and WMV-LLA1-CmVps4P30R strains

accumulation in youngest leaves of Charentais Monoecious (CM) at 20 DAI (plant number per accession n≥11).

(B and C) Illustrative pictures of symptoms on TGR-1551 after inoculation by WMV-LLA01-CmVps4P30R and

WMV-LLA01-CmVps4Wt respectively. (D) Virus accumulation in the TGR-1551 resistant accession after

inoculation by the transformed strains WMV-LLA1-CmVps4Wt and WMV-LLA01-CmVps4P30R (plant number

inoculated per strain (n≥11). Kruskal–Wallis statistical analyses on these data are indicated by asterisks

according to the significance of differences at P <0.05 (*). Each population has been compared two at two.

Absence of indication corresponding to no significative difference.


