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SUMMARY

FLAGELLIN SENSING 2 (FLS2) encodes a pattern recognition receptor that perceives bacterial flagellin.

While putative FLS2 orthologs are broadly conserved in plants, their functional characterization remains lim-

ited. Here, we report the identification of orthologs in cucumber (Cucumis sativus) and melon (C. melo),

named CsFLS2 and CmFLS2, respectively. Homology searching identified CsFLS2, and virus-induced gene

silencing (VIGS) demonstrated that CsFLS2 is required for flg22-triggered ROS generation. Interestingly,

genome re-sequencing of melon cv. Lennon and subsequent genomic PCR revealed that Lennon has two

CmFLS2 haplotypes, haplotype I encoding full-length CmFLS2 and haplotype II encoding a truncated form.

We show that VIGS-mediated knockdown of CmFLS2 haplotype I resulted in a significant reduction in both

flg22-triggered ROS generation and immunity to a bacterial pathogen in melon cv. Lennon. Remarkably,

genomic PCR of CmFLS2 revealed that 68% of tested commercial melon cultivars possess only CmFLS2 hap-

lotype II: these cultivars thus lack functional CmFLS2. To explore evolutionary aspects of CmFLS2 haplotype

II occurrence, we genotyped the CmFLS2 locus in 142 melon accessions by genomic PCR and analyzed 437

released sequences. The results suggest that CmFLS2 haplotype II is derived from C. melo subsp. melo. Fur-

thermore, we suggest that the proportion of CmFLS2 haplotype II increased among the improved melo

group compared with the primitive melo group. Collectively, these findings suggest that the deleted FLS2

locus generated in the primitive melo subspecies expanded after domestication, resulting in the spread of

commercial melon cultivars defective in flagellin recognition, which is critical for bacterial immunity.
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INTRODUCTION

To combat infections and colonization by phytopathogens,

plants generally employ a two-layered surveillance system

to activate their immune responses. As the first step in

pathogen perception, plants recruit pattern recognition

receptors (PRRs), located mainly at the cell surface, to

recognize conserved features of pathogen-associated

molecular patterns (PAMPs) and therefore initiate so-called

PAMP-triggered immunity (PTI) (Monaghan & Zipfel, 2012).

To detect further invasion of pathogens that are capable of

suppressing PTI successfully, plants have evolved a second

layer of intracellular immune receptors to directly or indi-

rectly recognize pathogen-secreted effector proteins and

activate effector-triggered immunity (ETI) (Yuan et al.,

2021). The initial perception of microorganisms mediated

by PRRs is a fundamental process in plant immunity that

plays a crucial role in defending plants against both adapted

and non-adapted pathogens (Macho & Zipfel, 2014). Plant
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PRRs are mainly comprised receptor-like kinases (RLKs) and

receptor-like proteins (RLPs) (Boutrot & Zipfel, 2017; Couto

& Zipfel, 2016). RLKs generally contain a leucine-rich repeat

(LRR) ectodomain for ligand binding, a single-pass trans-

membrane (TM) domain, and an intracellular kinase

domain, while RLPs usually lack the intracellular kinase

domain (Saijo et al., 2018). The first characterized plant PRR

was the RLK-type PRR FLAGELLIN-SENSITIVE2 (FLS2) in

Arabidopsis thaliana, which is capable of perceiving a bacte-

rial flagellin fragment called flg22 (G�omez-G�omez & Bol-

ler, 2000). Recognition of flg22 by FLS2 triggers multiple PTI

responses including rapid reactive oxygen species (ROS)

production (Wu et al., 2022). Importantly, loss-of-function

Arabidopsis mutants for FLS2 are more susceptible to the

bacterium Pseudomonas syringae pv. tomato DC3000 (Zip-

fel et al., 2004). Moreover, the silencing of FLS2 in tobacco

and soybean led to enhanced susceptibility to P. syringae

strains (Hann & Rathjen, 2007; Tian et al., 2020). All these

findings demonstrate the importance of FLS2 in plant resis-

tance against bacterial pathogens. Although the majority of

plants possess FLS2-like sequences in their genomes

(Cheng et al., 2020), loss-of-function analysis such as gene

silencing and CRISPR-cas9 gene editing has so far been

reported for only very limited FLS2 orthologs as mentioned

(Hann & Rathjen, 2007; Roberts et al., 2020; Tian et al., 2020;

Wu et al., 2022; Zipfel et al., 2004). Especially, the examina-

tion of FLS2 ortholog in cucumber performed by Wu et al.

(2022) using transient expression assay in FLS2-knockout

Nicotiana benthamiana suggested its possible insensitivity

to several kinds of flg22. Thus, it remains unclear whether

cucurbit plants possess functional FLS2 orthologs.

The plant family Cucurbitaceae (cucurbits) comprises

96 genera and approximately 1000 species including com-

mercially important crops such as cucumber (Cucumis sati-

vus), melon (C. melo), squash/pumpkin (Cucurbita spp.),

and watermelon (Citrullus lanatus) (Endl et al., 2018; Ren-

ner & Schaefer, 2016; Rolnik & Olas, 2020). Cucurbit crops

are cultivated worldwide and are mainly valued for their

fruits and seeds, which provide numerous nutrients includ-

ing carbohydrates, proteins, fats, and micronutrients for

the human diet (Ogunbanjo et al., 2016). Yield and quality

of cucurbit crops are seriously threatened by phytopatho-

genic bacteria (Akk€opr€u et al., 2021; Burdman & Wal-

cott, 2012). In particular, angular leaf spot disease caused

by P. syringae pv. lachrymans (Psl ) is prevalent among

cucurbit crops throughout the world and may, for example,

cause 30–60% reduction in cucumber production (Akk€opr€u

et al., 2021; Chai et al., 2020; Khlaif, 1995; Pohronezny

et al., 1978). The symptoms of Psl infection start with the

appearance of small, circular leaf spots; these later develop

into water-soaked, vein-limited, irregular necrotic lesions

on plant leaves or fruits, which can eventually result in

foliar blight or fruit deformity (Olczak-Woltman et al., 2006,

2008).

In this study, we report the identification and func-

tional characterization of FLS2 in cucumber and melon.

ROS generation was detected in both cucumber (cv. Suyo)

and melon (cv. Lennon) upon treatment with the commonly

used P. aeruginosa flg22 peptide, suggesting the presence

in both cucurbit cultivars of a flagellin receptor that can rec-

ognize flg22. The ortholog in cucumber, named CsFLS2,

was identified through a homology search, and its function

was then demonstrated by virus-induced gene silencing

(VIGS) assay, that is, flg22-induced ROS generation was

attenuated in FLS2-silenced cucumber (cv. Suyo) compared

with non-silenced plants. In contrast, we found no clear

FLS2 homolog in the genome database of melon (cv.

DHL92) released at that time, even though, as mentioned

above, we detected flg22-induced ROS generation in melon

cv. Lennon. We therefore sequenced the genome of melon

cv. Lennon. Remarkably, mapping of the Lennon genome

data and subsequent analyses revealed that this cultivar

has two FLS2 haplotypes, named CmFLS2 haplotypes I and

II. CmFLS2 haplotype II lacks a major region of FLS2 and is

presumed to be nonfunctional, while CmFLS2 haplotype I

encodes a full-length polypeptide. We also revealed the

functionality of CmFLS2 haplotype I by the VIGS assay. Sur-

prisingly, we discovered that many commercial melon culti-

vars lack CmFLS2 haplotype I and therefore cannot elicit

ROS generation upon flg22 treatment. Furthermore, haplo-

type I-silenced melon cultivar plants displayed reduced

immunity to Psl compared with non-silenced plants,

strongly suggesting that the deletion in FLS2 has a negative

impact on immunity traits of commercial melon cultivars.

We then investigated the evolutionary aspects of this

mutation by analyzing 142 melon accessions. This revealed

that the deletion in FLS2 occurred in a primitive landrace of

C. melo subsp.melo and has become prevalent in improved

accessions of this subspecies, including modern Japanese

commercial cultivars. These results provide compelling evi-

dence that human domestication and subsequent selection

have unexpectedly led to a negative impact on melon dis-

ease resistance, although we can now prevent this by the

application of a molecular marker for FLS2 in breeding.

RESULTS

Oxidative burst detection in cucurbits upon flg22

treatment and identification of cucumber functional FLS2

Homologs of FLS2 are thought to be conserved in most

higher plants (Wu et al., 2022). To determine whether

cucurbit crops harbor a functional FLS2 that can perceive

the bacterial flagellin epitope flg22 and therefore trigger

plant immunity, we monitored the oxidative burst induced

by flg22 as a defense marker event in cucumber (cv. Suyo)

and melon (cv. Lennon). After treatment with 1 lM flg22,

leaf discs of both Suyo and Lennon displayed a transient

and rapid ROS burst (Figure 1a). Maximal ROS production
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in Suyo was detected at 14 min after flg22 treatment, while

ROS production in Lennon peaked at 18 min. The finding

that flg22 treatment can trigger ROS production in Suyo

and Lennon strongly suggests the existence of functional

FLS2 in both cucurbit cultivars.

We first attempted to identify the corresponding fla-

gellin receptor in cucumber using BLASTP to search for an

ortholog of AtFLS2. The search identified one strong candi-

date whose protein sequence exhibited 53% identity with

AtFLS2, while other LRR receptor-like kinase proteins in

cucumber displayed less than 39% identity. We named the

candidate CsFLS2. Its amino acid (aa) sequence also

showed identities of 57% with Nicotiana benthamiana

NbFLS2, 48% with rice OsFLS2, 57% with tomato SlFLS2,

and 62% with grapevine VvFLS2 (Figure S1). The putative

CsFLS2 gene (CsaV3_6G051540) has a 3471-bp open read-

ing frame that encodes a 1156-aa protein and contains one

short 269-bp intron at position 3131, a structure that is also

similar to the AtFLS2, SlFLS2, OsFLS2, and VvFLS2 genes

(Trd�a et al., 2014). The deduced CsFLS2 protein contains a

signal peptide, an extracellular LRR domain, a TM domain,

and a serine/threonine kinase domain (Figure S2). Consis-

tent with AtFLS2, SlFLS2, and VvFLS2, CsFLS2 contains 28

tandem repeats in its LRR domain. These findings suggest

that CsFLS2 is a strong candidate for the functional ortho-

log of FLS2 in cucumber.

To obtain further evidence for this, we carried out a

virus-induced gene silencing (VIGS) assay of CsFLS2 in

cucumber (cv. Suyo) using an apple latent spherical virus

(ALSV) vector (Igarashi et al., 2009; Kawai et al., 2014).

We first tested the efficiency of the Agrobacterium

infiltration-based VIGS system in cucumber by silencing

the PDS (phytoene desaturase) gene of cucumber, which

we can evaluate by detecting its bleached phenotype (Igar-

ashi et al., 2009). The third true leaf (counting from bottom

to top) of ALSV-CsPDS-infiltrated cucumber started to turn

white at 16–19 days after infiltration. A highly uniform

white photobleached phenotype then appeared on the

fourth true leaf (Figure S3). A similar result was obtained

for the silencing of the melon PDS gene (CmPDS ) using

the same method (Figure S3), indicating that this Agro-

infiltration-based VIGS system is a feasible way to validate

gene function in both cucumber and melon. Therefore, to

silence CsFLS2 in cucumber (cv. Suyo), a 300-nucleotide

fragment located in the LRR domain of CsFLS2 was

selected for FLS2 silencing in Suyo. Compared to ALSV

Figure 1. flg22-triggered ROS production in cucurbits and functional valida-

tion of cucumber FLS2 receptor.

(a) ROS burst was measured for 60 min in cucumber cv. Suyo (upper) and

melon cv. Lennon (lower) leaf discs after treatment with 1 lM flg22 or dis-

tilled water (DW). The data were collected from three plants for each treat-

ment (n = 3). Values are mean � SD. Total ROS production is represented

as relative luminescence units (RLU). Similar results were obtained from

two additional experiments.

(b) ROS burst detection for 60 min using cucumber cv. Suyo leaf discs col-

lected from the fourth true leaf (counting from bottom to top) of ALSV-EV

or ALSV-CsFLS2 infected plants following treatment with 1 lM flg22. The

data were collected from three plants for each treatment (n = 3). Values are

mean � SD. Total ROS production is represented as RLU. Similar results

were obtained from two additional experiments.

(c) RT-qPCR analysis showing the expression of CsFLS2 transcripts in the

fourth true leaf (counting from bottom to top) of ALSV-EV or ALSV-CsFLS2

infected cucumber cv. Suyo, using primers specific for CsFLS2. Cucumber

Actin was used as the internal control in the reaction for normalization of

gene expression level. The data were collected from three plants for each

treatment (n = 3). Data represent the mean � SD. *P < 0.05. Similar results

were obtained from two additional experiments.
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empty vector (ALSV-EV)-infiltrated cucumber, no growth

defect was observed in ALSV-CsFLS2-infiltrated plants

(Figure S4). We then tested flg22-triggered ROS generation

in CsFLS2-silenced plants and control plants. ROS produc-

tion in CsFLS2-silenced plants was almost abolished but

was clearly detected in the control plants (Figure 1b). We

also confirmed that the transcript level of CsFLS2 was sig-

nificantly reduced in the silenced plants in comparison

with empty vector control plants (Figure 1c). These results

demonstrate that CsFLS2 is a functional ortholog of AtFLS2

and is essential for flg22 perception in cucumber.

Two FLS2 haplotypes exist in the melon cultivar Lennon

We next searched for an FLS2 ortholog in melon using the

sequence of CsFLS2. Unexpectedly, a BLASTP search

against the melon (cv. DHL92) reference database (DHL92

v3.6.1) detected only a gene namedMELO3C007152.2, which

likely contains (i) a deleted FLS2-homologous sequence,

lacking most of the LRR, TM, and kinase domains, in the N

terminal region of the predicted protein and (ii) a sequence

unrelated to FLS2 in the downstream region. Therefore, we

re-sequenced melon cv. Lennon, which was shown to

respond to flg22 (Figure 1a). As expected from the fact that

Lennon is an F1 hybrid cultivar, the average allele

frequencies in SNP sites were around 0.5, indicating that

Lennon has a heterozygous genotype in the FLS2 locus of

the DHL92 reference genome (Figure 2a). By further examin-

ing Lennon sequence read alignments to this region, we

observed a local drop of sequence depth coverage

(Figure 2a) and elevated unpaired reads density (Figure 2a)

within the putative pseudogenized FLS2 sequence region (at

chr08:1143516), suggesting a sequence insertion in one of

the haplotypes of Lennon.

To investigate the FLS2 sequence region in Lennon,

we performed genomic PCR using Lennon genomic DNA

as a template and detected two PCR amplicons (Figure 2b),

which were subjected to Sanger sequencing. The longer

amplicon of 3736 bp contained a full-length FLS2 sequence

showing ~96% amino acid sequence identity with CsFLS2,

and we designated this as CmFLS2 haplotype I (Figure 2c;

Figures S5 and S6). On the other hand, the shorter ampli-

con of 759 bp had a sequence identical to the pseudogen-

ized FLS2 sequence in the DHL92 reference genome, and

we designated this as CmFLS2 haplotype II (Figure 2c;

Figure S6). We conclude that melon cv. Lennon has a het-

erozygous genotype at the FLS2 locus; haplotype I encodes

full-length FLS2 and haplotype II encodes a pseudogenized

FLS2 lacking most of the functional domains.

Figure 2. In silico identification of commercial F1 hybrid cultivar “Lennon” FLS2 locus and PCR amplification of cucurbit FLS2s.

(a) Allele frequency (top), paired reads (middle), and unpaired reads (bottom) depth coverage of Lennon against the FLS2 locus in the reference genome DHL92

(v 3.6.1). Sequence reads of Lennon were aligned against the FLS2 locus in DHL92. The average read depth is shown as dashed lines. Yellow lines correspond

to the approximate curve of allele frequency (top) and the approximate curve of paired reads depth coverage (middle), respectively. Positions of forward and

reverse primers used for subsequent genomic PCR are also shown.

(b) Amplification of CmFLS2 and CsFLS2 in melon (Lennon) and cucumber (Suyo). Genomic PCR was performed using the CsCmFLS2_check primer pair.

(c) Schematic diagram of the exon–intron architecture of CmFLS2 haplotype I and haplotype II. Colored boxes represent exon-encoded domains, and the folded

line represents an intron.
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Since the inferred CmFLS2 sequence in haplotype I

shares a similar domain constitution with other FLS2

orthologs (Figure S5), we tested whether this gene is

responsible for Lennon’s ability to respond to flg22. To

silence the CmFLS2 gene in haplotype I, an ALSV-based

silencing vector carrying a 300-bp fragment specific to hap-

lotype I (ALSV-CmFLS2-I) was constructed and introduced

into Lennon. ROS production upon flg22 treatment was

diminished in ALSV-CmFLS2-I-infiltrated plants, but they

showed no growth defect in comparison with empty vector

control (ALSV-EV) plants (Figure 3a,b). We also confirmed

that CmFLS2 expression decreased significantly in the

ALSV-CmFLS2-I-infiltrated plants (Figure 3c). These results

indicate that CmFLS2 haplotype I, but not CmFLS2 haplo-

type II, encodes a functional FLS2 receptor in commercial

melon cultivar Lennon to sense flg22.

The CmFLS2 genotype varies among commercial melon

cultivars and correlates with sensitivity to flg22

As described above, the melon commercial cultivar Len-

non possesses two haplotypes of CmFLS2, while the cul-

tivar DHL92 likely possesses only CmFLS2 haplotype II

and lacks the haplotype I, based on BLASTP analysis

against the genome annotation data. These findings raise

the possibility that the FLS2 genotype differs among

cucurbit cultivars, especially melon cultivars. Based on

the identified CsFLS2 genome sequence data, we

designed a pair of primers to amplify the CsFLS2 gene

from the cucumber cultivar Suyo, which are the same as

the primers used for amplifying CmFLS2. Only one band

of approximately 3.7 kb was amplified, and subsequent

Sanger sequencing of the product confirmed that it is

CsFLS2. Taking advantage of this primer pair, we

attempted to genotype the FLS2 locus in different cucum-

ber and melon cultivars via genome PCR. Twelve addi-

tional commercial melon cultivars and eight additional

commercial cucumber cultivars were investigated. All

eight commercial cucumber cultivars showed a single

band after PCR amplification, whose size was identical to

that of the product from Suyo. This finding indicates that

all tested commercial cucumber cultivars only possess

full-length CsFLS2 (Figure 4a).

To test the possibility that cucumber cultivars have a

CsFLS2 deletion or null allele (given that we would detect

no products in the PCR-based genotyping), in addition to

the full-length CsFLS2 allele, we mapped the sequence

reads of Suyo to the genome of different cucumber acces-

sions. Analysis of the mapping results around CsFLS2

revealed high and averaged read depth coverage, as well

as low unpaired read density in this area (Figure S7). Fur-

thermore, we investigated the CsFLS2 genotype of F1 and

F2 progenies of two cucumber accessions and found that

all tested F2 progeny showed only one band with the same

size as their parents (Figure S8a). All results supported the

idea that full-length CsFLS2 is homozygous in all tested

cucumber cultivars.

Interestingly, CmFLS2 genotype varied among the

tested melon cultivars (Figure 4a). Two melon cultivars

Figure 3. Functional validation of melon FLS2 haplotype I.

(a) Plant growth comparison between melon cv. Lennon infected with

ALSV-EV (left) and ALSV-CmFLS2-I (right). The photo was taken at 35 days

post-infiltration. Similar results were obtained from two additional

experiments.

(b) ROS burst detection for 60 min using melon cv. Lennon leaf discs col-

lected from the fourth true leaf (counting from bottom to top) of ALSV-EV

or ALSV-CmFLS2-I-infected plants following treatment with 1 lM flg22. The

data were collected from three plants for each treatment (n = 3). Values are

mean � SD. ROS production is represented as RLU. Similar results were

obtained from two additional experiments.

(c) RT-qPCR analysis showing the expression of CmFLS2 haplotype I tran-

scripts in the fourth true leaf (counting from bottom to top) of ALSV-EV or

ALSV-CmFLS2-I-infected melon cv. Lennon, using primers specific for

CmFLS2 haplotype I. Melon Actin was used as the internal control in the

reaction for normalization of gene expression level. The data were collected

from three plants for each treatment (n = 3). Data represent the mean � SD.

**P < 0.01. Similar results were obtained from two additional experiments.

� 2024 The Author(s).
The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,
The Plant Journal, (2024), 119, 1671–1684

Many melon cultivars lack functional FLS2 1675

 1365313x, 2024, 4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/tpj.16895 by C

ochrane Japan, W
iley O

nline L
ibrary on [15/04/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



(Panna and Double guard) had the same two bands as

Lennon and were classified as CmFLS2 haplotype I hetero-

zygous type. Six melon cultivars showed only one short

band with the same size as CmFLS2 haplotype II; we named

them CmFLS2 haplotype I none type. Four melon cultivars

showed only one long band with the same size as CmFLS2

haplotype I, indicating that they only possess CmFLS2 hap-

lotype I, encoding functional full-length CmFLS2. Moreover,

all tested F2 progeny derived from a cross of two melon

cultivars that only showed CmFLS2 haplotype I also dis-

played CmFLS2 haplotype I (Figure S8b), and no progeny

showed a possible CmFLS2 deletion or null allele lacking

any PCR products. Therefore, we categorized this genotype

as CmFLS2 haplotype I homozygous type.

We next investigated the relationship between FLS2

genotypes and flg22 perception using flg22-treated ROS

burst assays. Upon 1 lM flg22 treatment, leaf discs from

all tested commercial cucumber cultivars generated ROS,

Figure 4. Genotyping of FLS2 and flg22 sensitivity in commercial cucumber and melon cultivars.

(a) Genotyping of the FLS2 locus in commercial cucumber and melon cultivars. Ten- to 14-day-old plants were used for genotyping. Genomic PCR was per-

formed using a CsCmFLS2_check primer pair. Genomic PCR in cucumber cultivars only detected full-length CsFLS2 (CsFLS2 homo). Genomic PCR in melon cul-

tivars revealed three types: cultivars showing only the full-length FLS2 band (CmFLS2 haplotype I homo), cultivars showing both full-length and short FLS2

bands (CmFLS2 haplotype I hetero), and cultivars showing only the short FLS2 band (CmFLS2 haplotype I none).

(b) flg22-triggered ROS burst assay in commercial cucumber and melon cultivars. The ROS burst was measured for 60 min using leaf discs of the different culti-

vars after treatment with 1 lM flg22. The data were collected from 12 individual leaf disks from a single plant of each cultivar (n = 12). Values are mean � SD.

ROS production is represented as RLU. Similar results were obtained from two additional experiments.
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which was consistent with their CsFLS2 full-length homo-

zygous genotype (Figure 4b). Leaf discs from CmFLS2 hap-

lotype I homozygous and heterozygous melon cultivars

were able to respond to flg22 (Figure 4b). In contrast, there

was no ROS production upon flg22 treatment in any of the

melon cultivars lacking CmFLS2 haplotype I (Figure 4b),

although these cultivars were still able to respond to the

unrelated fungal PAMP chitin (Figure S9), demonstrating

the occurrence of loss of flg22-sensing ability in these culti-

vars. Taken together, these results indicate that the

CmFLS2 genotype varies among commercial melon culti-

vars and that the presence/absence polymorphism of the

CmFLS2 haplotype I, that is, functional CmFLS2, is corre-

lated with their flg22 perception ability.

CmFLS2 is involved in immunity against Pseudomonas

syringae pv. lachrymans in melon

Loss-of-function analysis of putative FLS2 orthologs

showed that FLS2 is involved in immunity against bacterial

pathogens in Arabidopsis, tomato, tobacco, and soybean

(Hann & Rathjen, 2007; Roberts et al., 2020; Tian

et al., 2020; Zipfel et al., 2004). Since FLS2-mediated flg22

perception was lost in some melon cultivars, we asked

whether functional CmFLS2 (haplotype I) in melon is

involved in basal resistance against bacterial pathogens.

Pseudomonas syringae pv. lachrymans (Psl ) is known to

cause angular leaf spots on cucurbit plants such as cucum-

ber, watermelon, and melon (Newberry et al., 2016).

Because the melon cultivar Lennon has a functional

CmFLS2 haplotype, we performed a Psl inoculation assay

on CmFLS2 haplotype I-silenced Lennon. We first checked

ROS production triggered by flg22 derived specifically

from the Psl strain (flg22Psl) that we later used in the inocu-

lation experiment. Compared with empty vector-infiltrated

Lennon, flg22Psl-triggered ROS production was almost

abolished in the CmFLS2 haplotype I-silenced Lennon

(Figure 5a), indicating that sensitivity to flg22Psl was

severely impaired when CmFLS2 haplotype I was silenced;

in other words, CmFLS2 senses the flg22 epitope of Psl fla-

gellin. We then tested whether this defect affects Lennon’s

immunity to Psl. The fourth leaves of tested plants were

sprayed with Psl suspension. At 4 days post-inoculation

(dpi), the leaves of CmFLS2 haplotype I-silenced plants

showed more severe symptoms than those of empty vec-

tor control plants (Figure 5b). We also measured bacterial

growth by a DNA-based real-time PCR assay (Ross &

Somssich, 2016). Consistent with the disease symptoms,

Psl growth was significantly higher in the CmFLS2-silenced

Lennon plants than in the empty vector control (CmFLS2-

non-silenced) plants (Figure 5c). These results strongly

suggest that full-length CmFLS2, which is essential for

flg22-triggered ROS generation, is involved in immunity

against the bacterial pathogen in the melon commercial

cultivar Lennon.

We next examined the impact of the natural deficiency

of functional CmFLS2 on melon immunity against Psl. Two

melon cultivars, Harukei-3 and EDISTO 47 (INRA), exhibit-

ing a close phylogenetic relationship (Shigita et al., 2023)

but displaying a distinct CmFLS2 genotype (Table S1),

were selected and inoculated with Psl. As anticipated, the

leaves of Harukei-3 (CmFLS2 haplotype I none) plants dis-

played more severe symptoms than EDISTO 47 (INRA)

(CmFLS2 haplotype I homozygous) plants at 4 dpi

(Figure 5d). DNA-based measurements of bacterial growth

on plant leaves confirmed that the CmFLS2 haplotype I-

lacking cultivar Harukei-3 is more susceptible to Psl than

the CmFLS2 haplotype I homozygous cultivar EDISTO 47

(INRA) (Figure 5e), providing further compelling evidence

that CmFLS2 is critical for melon immunity against bacte-

rial infection.

Evolutionary aspects of CmFLS2 haplotype occurrence

in melon

Although our Psl inoculation assay revealed the impor-

tance of CmFLS2 for immunity against a bacterial patho-

gen in melon, we also found that particular commercial

melon cultivars have lost the functional CmFLS2 gene

(haplotype I). To gain further insights into the occurrence

of loss of functional CmFLS2, we performed PCR-based

genotyping of the CmFLS2 locus using genome DNAs of

142 melon accessions from the Japanese National Agricul-

ture and Food Research Organization (NARO) Genebank

and an additional 15 commercial F1 hybrid cultivars from

different seed companies in Japan (Table S2).

Melon has been divided into two subspecies, C. melo

L. subsp. agrestis (hereafter agrestis) and C. melo L. subsp.

melo (hereafter melo), based on hair features on their ova-

ries (Kirkbride, 1993). Melon accessions can be classified

based on their chloroplast genome or nuclear genome

(Shigita et al., 2023). We here investigated cytoplasm types

based on the chloroplast genome. Melon accessions from

NARO Genebank used in our study were divided into three

cytoplasm types (Ia, Ib, Ic) based on a previous report (Shi-

gita et al., 2023; Figure 6a).

All nine accessions in the Ic-type group, which is exclu-

sively distributed in Africa, only possess functional full-

length CmFLS2 haplotype I (Figure 6a,b). In the Ia-type

group, CmFLS2 haplotype I is also highly conserved: the

occurrence of this haplotype is 91% (126/138) (Figure 6a,b;

Table S1). Notably, 88% (61/69) accessions of the Ia-type

group display CmFLS2 haplotype I homozygous type. Sur-

prisingly, we found that the ratio of CmFLS2 haplotype II

was much higher in the Ib-type group than in the other two

groups. The occurrence of haplotype II is 70% (89/128) in

the Ib-type group, and 66% (42/64) accessions are the

CmFLS2 haplotype I none type that lacks functional

CmFLS2 (Figure 6a,b; Table S1). Notably, Shigita

et al. (2023) and Tanaka et al. (2013) reported an association

� 2024 The Author(s).
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Figure 5. Involvement of CmFLS2 in melon resistance against Psl.

(a) ROS burst was measured for 60 min using melon cv. Lennon leaf discs infected with ALSV-EV or ALSV-CmFLS2-I after treatment with 1 lM flg22Psl. The data

were collected from three plants for each treatment (n = 3). Values are mean � SD. Total ROS production is represented as RLU. Similar results were obtained

from two additional experiments.

(b) Comparison of the symptoms caused by Psl on ALSV-EV-infected and ALSV-CmFLS2-I-infected Lennon leaves. Forty-day-old VIGS melon plants were spray-

inoculated with Psl. Similar results were obtained from two additional experiments.

(c) Measurement of Psl growth on VIGS-treated Lennon. qPCR-based biomass validation was used to quantify Psl growth. The relative abundance of bacteria

compared to plant cells was measured by subtracting the bacterial oprF gene Ct value from the melon Actin gene Ct value (DCT). The data were collected from

three plants for each treatment (n = 3). Data represent the mean � SD. *P < 0.05. Similar results were obtained from two additional experiments.

(d) Comparison of the symptoms caused by Psl on closely related melon cultivars with a distinct CmFLS2 genotype. Melon cultivar EDISTO 47 (INRA) is a

CmFLS2 haplotype I homozygous type, while Harukei-3 is a CmFLS2 haplotype I none type. Twenty-day-old melon seedlings were spray-inoculated with Psl.

Similar results were obtained from two additional experiments.

(e) Measurement of Psl growth on closely related melon cultivars with a distinct CmFLS2 genotype. Melon cultivar EDISTO 47 (INRA) is a CmFLS2 haplotype I

homozygous type, while Harukei-3 is a CmFLS2 haplotype I none type. Similar results were obtained from two additional experiments. The relative abundance

of bacteria compared to plant cells was measured by subtracting the bacterial oprF gene Ct value from the melon Actin gene Ct value (DCT). The data were col-

lected from three plants for each treatment (n = 3). Data represent the mean � SD. *P < 0.05. Similar results were obtained from two additional experiments.
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Figure 6. Occurrence and evolution of the nonfunctional deleted CmFLS2 haplotype.

(a) Maximum likelihood phylogenetic tree of 142 genotyped melon accessions based on 13 099 SNPs and rooted using the three wild Cucumis accessions.

Branch colors represent different cytoplasm types. Highlighted colors of genotyped melon accessions represent CmFLS2 haplotypes. A total of 1000 ultrafast

bootstrap replicates were calculated, and values over 70 were plotted as gray triangles. Scale bar indicates tree distance.

(b) Proportion of each CmFLS2 haplotype among melon accessions in different cytoplasm type groups. Blue and pink represent the proportions of haplotype I

and haplotype II, respectively.

(c) Proportion of each CmFLS2 haplotype among melon accessions in different groups categorized by Liu et al. (2020) and Zhao et al. (2019). Blue and pink rep-

resent the proportions of haplotype I and haplotype II, respectively.
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between cytoplasm types and melon subspecies, that is, Ia-

type and Ib-type accessions largely correspond to agrestis

and melo, respectively. As for Ic-type melon accessions,

they formed a unique clade different from agrestis and

melo (Shigita et al., 2023). Taken together, these results

showed that functional CmFLS2 haplotype I is strongly con-

served among agrestis and the unique African groups,

while the CmFLS2 genotype is more diverse in melo and

the occurrence of nonfunctional CmFLS2 haplotype II was

markedly increased in this subspecies.

We next took advantage of public sequence read

archive (SRA) data derived from Liu et al. (2020) and Zhao

et al. (2019) to investigate in silico the distribution of

CmFLS2 haplotypes in more melon accessions belonging

to agrestis or melo. Zhao et al. (2019) further classified

both agrestis and melo into two groups each, relatively

primitive groups (labeled “wild”) and relatively improved

groups (“cultivated”). Similarly, Liu et al. (2020) also cate-

gorized them into landrace and improved groups. All four

agrestis groups mostly possessed the functional CmFLS2

haplotype I only, whereas the melo groups comprised a

mixture of both haplotypes (Figure 6c). Importantly, in

melo accessions, we found that the proportion of nonfunc-

tional CmFLS2 haplotype II was higher in the “cultivated”

group (69%) than in the “wild” group (34%) in the analysis

of SRA data from Zhao et al. (2019) (Figure 6c; Table S3),

possibly suggesting that nonfunctional CmFLS2 haplotype

II generated in a relatively primitive accession expanded to

the relatively improved groups. Consistent with this idea,

we found that the proportion of CmFLS2 haplotype II was

higher in the improved group (65%) compared to the land-

race group (45%) in the analysis of SRA data from Liu

et al. (2020) (Figure 6c; Table S3). We also investigated the

proportion of CmFLS2 haplotype II in commercial F1 hybrid

cultivars and found that it was 75% (42/56) (Figure S10).

Collectively, these findings suggest that nonfunctional

CmFLS2 haplotype II originated in a primitive melo acces-

sion and subsequently expanded to improved melo

accessions, including modern commercial cultivars.

DISCUSSION

Flagellin, the main component of the bacterial flagellum, is

indispensable for motility and is strongly associated with

the infectivity of many pathogenic bacteria (Finlay &

Falkow, 1997; G�omez-G�omez & Boller, 2002; Tans-Kersten

et al., 2001). Therefore, it is unsurprising that many higher

organisms including both animals and plants have acquired

the ability to recognize flagellin as a PAMP to protect them-

selves from bacterial pathogens (Chinchilla et al., 2006;

Felix et al., 1999). The flagellin perception receptor, desig-

nated FLS2, was first identified inA. thaliana (G�omez-G�omez

& Boller, 2000; Zipfel et al., 2004) and functional orthologs

were then found in tomato, rice, soybean, tobacco,

grapevine, and citrus plants through BLAST searching and

subsequent functional analyses including Agrobacterium-

mediated transient expression and the complementation

assay of the Arabidopsis fls2 mutant (Hann & Rathjen, 2007;

Robatzek et al., 2007; Shi et al., 2016; Takai et al., 2008; Tian

et al., 2020; Trd�a et al., 2014).

Here, we identified functional FLS2 orthologs in

cucumber and melon, which is the first report of FLS2

in cucurbit plants. By taking advantage of the identified

cucumber FLS2 sequence, we searched for its homologs in

more cucurbit species by BLASTP. Most of the searched

cucurbit plants, that is, bitter gourd, bottle gourd, chayote,

snake gourd, sponge gourd, watermelon, and wax gourd,

possess an FLS2-homologous gene in their genome

(Figure S11). However, we failed to find homologs that

share more than 40% identity with CsFLS2 in the available

sequence data of plants belonging to the genus Cucurbita.

More research is necessary to reveal whether Cucurbita

spp. possess FLS2.

Notably, melon contains two FLS2 haplotypes:

CmFLS2 haplotype II encodes a protein lacking most of the

LRR, TM, and kinase domains, whereas CmFLS2 haplotype I

encodes a protein in which these domains are intact

(Figures S5 and S6). VIGS assay revealed that CsFLS2 and

CmFLS2 haplotype I are functional orthologs of AtFLS2 in

cucumber and melon, respectively.

Surprisingly, we found that many tested melon culti-

vars lacked CmFLS2 haplotype I (intact and functional

FLS2), even though FLS2 has been shown to be important

for bacterial immunity in several plants (Hann & Rath-

jen, 2007; Roberts et al., 2020; Tian et al., 2020; Zipfel

et al., 2004). In contrast, we found that all tested commer-

cial cucumber cultivars encode only full-length CsFLS2. We

also revealed that the melon cultivars lacking CmFLS2 hap-

lotype I were unable to generate ROS upon flg22 treat-

ment, further supporting the idea that CmFLS2 haplotype I

is a receptor that recognizes flg22 and that flg22 recogni-

tion in melon depends solely on CmFLS2 haplotype I.

Importantly, an inoculation assay using the bacterial

pathogen Psl revealed more severe symptoms and

increased growth of Psl in CmFLS2 haplotype I-silenced

melon (cv. Lennon), indicating that CmFLS2 haplotype I is

required for antibacterial immunity. Consistent with this,

we also found that melon cv. Lennon triggers ROS produc-

tion upon treatment with not only Psl flg22 but also P. aer-

uginosa flg22 peptide. Furthermore, the Psl inoculation

assay on both the CmFLS2 haplotype I homozygous culti-

var EDISTO 47 (INRA) and the CmFLS2 haplotype I none

cultivar Harukei3 also strongly suggested that the deletion

in CmFLS2 haplotype I significantly reduced the immunity

to this bacterial pathogen. These findings clearly suggest

that the loss of functional FLS2 (CmFLS2 haplotype I) has a

negative impact on disease resistance in melon.

We further investigated evolutionary aspects of the

loss of functional FLS2 in melon. For the melon genome,
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genetic diversity has been shown to be significantly

decreased in elite cultivars, most likely as a result of selec-

tion during breeding (Sanseverino et al., 2015). As

described above, melon accessions can be classified based

on their chloroplast genome (Shigita et al., 2023). For cyto-

plasm types based on the chloroplast genome, melon

accessions belonging to Ia-type and Ib-type are suggested

to mostly correspond to agrestis and melo subspecies,

respectively (Tanaka et al., 2013).

PCR-based genotyping of the CmFLS2 locus showed

that a majority of tested Ia-type melon accessions only har-

bor full-length functional CmFLS2 (CmFLS2 haplotype I)

(Figure 6a; Table S1). These results suggest that the FLS2-

dependent flg22 perception mechanism is highly con-

served in agrestis. This idea is further supported by our

informatic analyses of the publicly available data, which

showed that 191 of 192 genotyped agrestis accessions

have only full-length CmFLS2 (Table S3).

In contrast, our PCR-based genotyping revealed that

the CmFLS2-deleted genotype is extremely common in Ib-

type accessions, which predominantly belong to melo.

This finding strongly suggests that the truncated nonfunc-

tional CmFLS2 haplotype II is derived from the melo sub-

species. Furthermore, our analyses of SRA data suggested

that the nonfunctional CmFLS2 haplotype II was more

abundant in the “cultivated” (relatively improved) or

improved melo accessions than in the “wild” (relatively

primitive) or landrace melo accessions (Figure 6c).

Collectively, these results suggested that the propor-

tion of nonfunctional CmFLS2 haplotype II dramatically

increased among the improved subsp. melo accessions in

comparison with the primitive subsp. melo accessions.

Moreover, a majority of current commercial melon culti-

vars harbor CmFLS2 haplotype II (Figure S10). These find-

ings suggest that human domestication likely accelerated

the loss of functional FLS2 in melon cultivars. Although

modern melon cultivars possess diverse domestication

traits, continuous selection for a limited number of desired

traits has resulted in a significant reduction of genetic

diversity in cultivated melons (Zhao et al., 2019). In other

words, melon has undergone severe bottlenecks during

domestication. The low genetic diversity in cultivated

melons is also likely linked to the expansion of the CmFLS2

haplotype II in current commercial melon cultivars.

It is counterintuitive that CmFLS2 haplotype II is pre-

dominant in improved melo accessions, given that it

increases susceptibility to bacterial diseases and appears to

be disadvantageous for melon. Two hypotheses could

explain this enigma. The first proposes a genetic linkage

between CmFLS2 and a gene responsible for some advan-

tageous trait. For instance, a recent study (Oren et al., 2022)

mapped a major QTL for early flowering on melon chromo-

some 8, with the candidate gene (MELO3C007661) located

approximately 3.3 Mb from CmFLS2 in the DHL92 genome

(v3.6.1). Linkage dragging by such a gene could unexpect-

edly contribute to the predominance of CmFLS2 haplotype II

in improvedmelo accessions.

The second hypothesis is that carrying the functional

CmFLS2 haplotype I may no longer confer strong advan-

tages in modern melon cultivation practices, which mostly

take place under intensively controlled environments. In

that situation, FLS2-dependent recognition of bacteria

including non-adapted species might have a negative

impact on the growth of melon by wasting energy unnec-

essarily. We also found that the CmFLS2 haplotype I is

highly conserved in tropical regions of Central America,

Africa, and Southeast Asia (Figure S12). Given the higher

abundance of plant pathogenic bacteria in tropical regions

compared to other regions (Jones & Barbetti, 2012; Mans-

field et al., 2012), the distribution of CmFLS2 haplotypes

may also be linked to regional variability in the risk of bac-

terial diseases. In any case, further studies, including

genetic analyses of the relevant genes and cultivation tests

under different environmental conditions, will be needed

to test these hypotheses and unravel this intriguing puzzle.

In conclusion, our work strongly suggests that human

domestication has led to the loss of a gene involved in

plant immunity against bacterial pathogens. To date, a lim-

ited number of disease resistance genes have been identi-

fied in a few melon accessions. Resistance gene markers

have been developed for genes that confer melon resis-

tance against Fusarium wilt disease, cucumber mosaic

virus, and powdery mildew (Guiu-Aragon�es et al., 2014;

Joobeur et al., 2004; Li et al., 2017; Tezuka et al., 2009). Lit-

tle attention has been paid to developing molecular

markers for melon bacterial resistance genes. Our study

has demonstrated that CmFLS2 genotypes can be easily

investigated across the diverse germplasm panel using the

PCR markers that are based on gene length differences.

Melon breeders will benefit from this information for

germplasm selection and preventing the potential loss of

functional CmFLS2.

EXPERIMENTAL PROCEDURES

Plant materials and growth condition

Cucumber and melon seeds were sown in mixed culture soil (ver-
miculite: peat moss: Kon-pal = 1: 1: 1) and cultured in a growth
chamber or greenhouse at 25°C with a photoperiod of 16 h.

Synthetic peptides

The synthetic peptides we used were as follows: flg22,
QRLSTGSRINSAKDDAAGLQIA; flg22Psl, TRLSSGLKINSAKD-
DAAGMQIA. Each peptide was dissolved in sterile distilled water.

Measurement of ROS

A luminol-based assay was employed to monitor the production
of ROS (Keppler et al., 1989). Leaf discs (diameter, 5 mm) were cut
from true leaves of each cucurbit plant using a cork borer and
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were incubated with distilled water in the dark overnight and were
then placed in a 96-well plate with 50 ll of distilled water. Twelve
individual leaf discs were taken from a single plant. To measure
ROS production triggered by flg22, leaf discs were treated with
50 ll of assay solution containing 400 lM luminol (Sigma–Aldrich;
A8511-5G), 20 lg/ml horseradish peroxidase (Sigma–Aldrich;
P6782), and either 1 lM flg22 (Invitrogen) or 1 lM flg22Psl (Euro-
fins). For measuring ROS production triggered by chitin, leaf discs
were treated with 50 ll of assay solution containing 400 lM L-012
(FUJIFILM Wako Chemicals; 120-04891), 20 lg/ml horseradish per-
oxidase, and 400 lg/ml chitin (Sigma–Aldrich; C9752). Lumines-
cence was detected as relative light units (RLUs) for 60 min using
a Luminoskan Ascent 2.1 (Thermo Fisher Scientific).

Plasmid construction

The sequences of CsPDS, CmPDS, CsFLS2, and CmFLS2 I frag-
ments (300 bp) used for gene silencing were amplified from the
cDNA of cucumber (cv. Suyo) and melon (cv. Lennon) using gene-
specific primer pairs (Table S4). The DNA products and the empty
vector pBICAL2 were double-digested with Xhol and BamHI. The
cut fragments were then ligated with digested pBICAL2 using a
DNA Ligation Kit (Takara). The resultant constructs were desig-
nated as ALSV-CsPDS, ALSV-CmPDS, ALSV-CsFLS2, and
ALSV-CmFLS2-I.

ALSV-mediated VIGS

Each constructed plasmid and the empty vector pBICAL1 were
transformed into Agrobacterium tumefaciens GV3101 (pMP90) by
electroporation (Koncz & Schell, 1986). The transformed Agrobac-
terium was pre-cultured for 2 days at 28°C in dark conditions and
then incubated overnight with shaking in liquid YEP medium con-
taining kanamycin (50 lg/ml), rifampicin (50 lg/ml), and gentami-
cin (50 lg/ml). The bacterial cultures were centrifuged at 3000 rpm
at 4°C for 10 min and then suspended in washing buffer [10 mM
MgCl2, 1 mM MES, 200 lM acetosyringone (pH 5.6)]. After re-
centrifuging at 3000 rpm at 4°C for 10 min, the bacterial pellet was
resuspended in infiltration buffer [10 mM MgCl2, 200 lM acetosyr-
ingone]. Agrobacterium containing pBICAL1 was mixed with each
gene fragment-carrying strain in a 1: 1 ratio in infiltration buffer,
to a final OD600 of 0.3. Agrobacterium preparations were infiltrated
into 8-day-old melon and cucumber cotyledons from the abaxial
surface using a needleless syringe.

Quantitative RT-PCR and quantitative PCR

To detect FLS2 gene expression in VIGS plants, cucumber or
melon RNA was isolated from fourth true leaves (counting from
bottom to top) using an RNeasy Plant Mini Kit (QIAGEN) and
reverse transcribed using Takara Prime Script RT Master Mix
(Takara Bio). The cDNA was then subjected to qPCR reactions
using Takara TB Green Premix Ex Taq (Tli RNaseH Plus). The
PCR reaction involved an initial denaturation at 95°C for 30 sec
followed by 40 cycles of 95°C for 5 sec and 60°C for 30 sec, using
a CFX Connect Real-Time PCR Detection System (Bio-Rad).
Lennon- and Suyo-specific primer pairs (Table S4) were used to
detect FLS2 expression. Relative gene expression was calculated
by deducting the Ct value of an internal control gene from that of
the target gene and represented as 2(�ΔCt). Melon Actin
(MU51303) and cucumber Actin (CsaV3_2G018090) were used as
the internal control in each reaction for normalization of gene
expression level in RT-qPCR for Lennon and Suyo, respectively.
Quantitative PCR to evaluate Psl growth on plants used a DNA-
based real-time PCR assay, as described previously (Ross &
Somssich, 2016). Briefly, DNA for quantification of Psl growth on

melon was extracted using the DNeasy Plant Mini kit (QIAGEN)
and then subjected to qPCR with the same conditions as
described above. An oprF gene-specific primer pair (Table S4)
was used to measure Psl biomass in plants. By subtracting the Ct
value of the oprF gene from that of the melon Actin gene (DCT),
the relative abundance of bacterial cells in relation to the quantity
of plant cells was monitored.

Statistics

Statistical significance was determined using a two-tailed t-test in
each experiment and is represented by asterisks; *P < 0.05,
** < 0.01.

Genome analysis of melon cv. Lennon

Genomic DNA of Lennon was extracted from fresh cotyledons
using a DNeasy Plant Mini kit (QIAGEN) and sequenced on the
Illumina NovaSeq 6000 platform, generating 150-bp paired-end
reads. To search for the FLS2 gene, the obtained sequence reads
were mapped to the reference genome DHL92 (v 3.6.1) (Garcia-
Mas et al., 2012) using BWA v0.7.17 (Li & Durbin, 2009) and SAM-
tools v1.15.1 (Li et al., 2009). IGV v2.7.2 (Robinson et al., 2017) was
used to visualize and confirm the read mapping result.

Genotyping of FLS2 in cucurbits

Genomic DNA was extracted from the cotyledon of each cucurbit
plant using the DNeasy Plant Mini kit (QIAGEN), and the bulk DNA
of four individuals of each accession was used as the template for
genome PCR. Genome PCR was performed using KOD One PCR
Master Mix (TOYOBO) with the following program: 2 min at 94°C
followed by 35 cycles of 10 sec at 98°C, 5 sec at 65°C, and 20 sec at
68°C. The primer pair CsCmFLS2_check_Fw/CsCmFLS2_check_Rv
(Table S4) was used to amplify the FLS2 locus in cucumber and
melon. PCR products were loaded on 1% agarose gels.

P. syringae pv. lachrymans (Psl) infection assay on melon

The Psl strain MAFF301315 (MAFF Genebank) was grown on
NYGA medium (per liter: 5 g peptone, 3 g dried yeast extract,
20 ml glycerol, 1.5% agar) and pre-cultured for 3 days at 28°C in
dark conditions. The strain was then incubated in 10 ml NYGA liq-
uid medium for 16 h at 28°C with shaking. For inoculation of Psl
on ALSV-EV and ALSV-CmFLS2I plants, the bacterial culture was
centrifuged and resuspended in 1 mM MgCl2 and adjusted to
4 9 108 cfu/ml. After adding 0.04% Silwet L-77 to the prepared
bacterial suspension, about 2 ml per leaf was spray-inoculated
onto the surface of the fourth true leaves (counting from bottom
to top). The treated plants were put into a plastic box (six plants
per box) under artificial lighting with 45% relative humidity at 24–
25°C for 1 h. The box was then closed to maintain 100% relative
humidity and kept under the long-day condition with 16 h illumi-
nation per day. After 72 h, the lid was opened, maintaining the
plants under the same condition but with 45% relative humidity
for 24 h. Inoculation results were observed at 4 days after inocula-
tion. Forty-day-old Lennon VIGS plants were used for Psl spray
inoculation. For inoculation of Psl on melon cultivars EDISTO 47
(INRA) and Harukei3, we used a lower concentration of Psl inocu-
lum for spraying because the seedlings used for this experiment
were younger than for Psl inoculation on gene-silenced plants.
The bacterial culture was centrifuged and resuspended in 1 mM
MgCl2 and adjusted to 5 9 107 cfu/ml. After adding 0.01% Silwet
L-77 to the prepared bacterial suspension, about 0.5 ml per leaf
was spray-inoculated onto the upper surface of the first true
leaves. The conditions for bacterial infection and observation were

� 2024 The Author(s).
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the same as mentioned above. Twenty-day-old melon plants
were used for Psl spray inoculation.

Phylogenetic analysis

The accessions shown in Table S1 were used to construct a phylo-
genetic tree (Figure 6a). These accessions were selected to encom-
pass the genetic diversity of each group of cytoplasm type
(Tanaka et al., 2013). The phylogenetic tree was constructed as
described previously (Shigita et al., 2023).

Genotyping of CmFLS2 using SRA data

We used Sequence Reads Archive (SRA) data randomly selected
to cover at least 10% of the accessions from each group shown in
Liu et al. (2020) and Zhao et al. (2019) (Table S3). BWA v0.7.17
was used for mapping the SRA data to CmFLS2 haplotypes I and
II. The resulting alignments were subsequently assessed for cover-
age using SAMtools v1.15.1. By examining the coverage of each
haplotype, we assessed the presence or absence of each haplo-
type in corresponding accessions (if the breadth coverage reached
90% or higher, it was regarded as the presence of that haplotype).
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