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Introduction
The southern root-knot nematode (Meloidogyne incog-
nita (Kofoid & White) Chitwood), can cause serious 
damage to plant growth and yield loss around the world. 
Achieving complete control or eradication of M. incog-
nita is unattainable [1]. Among management techniques, 
nematicides have been effective in controlling nematodes 
in many crops for decades. Many traditional nematicides 
with a broad-spectrum, including fumigants (soil steril-
ant), organophosphates and carbamates (neural toxins), 
have been banned in recent years due to their potential 
harm to the environment and humans [1–3]. Thus, the 
use of M. incognita-resistant cultivars would be a more 
economical and effective approach.

Cucumber (Cucumis sativus L., 2n = 14) is an eco-
nomically important vegetable crop worldwide. It was 
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Abstract
The southern root-knot nematode, Meloidogyne incognita, is a highly serious plant parasitic nematode species that 
causes significant economic losses in various crops, including cucumber (Cucumis sativus L.). Currently, there are 
no commercial cultivars available with resistance to M. incognita in cucumber. However, the African horned melon 
(Cucumis metuliferus Naud.), a semi-wild relative of cucumber, has shown high resistance to M. incognita. In this 
study, we constructed an ultrahigh-density genetic linkage bin-map using low-coverage sequences from an F2 
population generated through the cross between C. metuliferus inbred lines CM3 and CM27. Finally, we identified 
a QTL (quantitative trait locus, QTL3.1) with a LOD (logarithm of the odds) score of 3.84, explaining 8.4% of the 
resistance variation. Subsequently, by combining the results of qPCR (quantitative PCR) and VIGS (virus-induced 
gene silencing), we identified two genes, EVM0025394 and EVM0006042, that are potentially involved in the 
resistance to M. incognita in CM3. The identification of QTLs and candidate genes in this study serve as a basis for 
further functional analysis and lay the groundwork for harnessing this resistance trait.
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cultivated on an area of 2,172,193  ha with a total pro-
duction of 93,528,796 tons in 2021 (http://faostat.fao.
org). However, M. incognita can cause severe yield loss 
of cucumber [4–6]. Among cucumber germplasm acces-
sions, no M. incognita-resistant sources were identified 
and no commercial cucumber cultivars with resistance to 
the nematode are currently available [7–10].

The African horned melon (Cucumis metuliferus 
Naud., 2n = 24) is considered as the wild or semi-wild 
relative of cucumber and highly resistant to M. incognita 
[4, 10–15]. The resistance in C. metuliferus was shown 
to be associated with hindrance of larval development, 
with most second-stage juveniles (J2s) delaying devel-
opment to later stage juveniles and stimulating toward 
maleness, resulting in few nematodes developing to the 
adult female stage [4, 16, 17]. Therefore, compared with 
cucumber or melon, the susceptibility in C. metuliferus 
to root knot nematodes is significantly reduced but not 
completely absent [4, 10]. However, the efforts to trans-
fer the resistance to cultivars by creating viable interspe-
cific hybrids between cucumber and C. metuliferus have 
encountered serious reproductive barriers, resulting in 
failure so far [4, 8, 9, 15]. Specifically, no fruit develop-
ment was observed when C. metuliferus was used as the 
female parent. In crosses where cucumber was used as 
the female parent, only seedless fruits or fruits with non-
viable seed development were observed [8].

In recent years, many researches have been conducted 
in transcriptomic studies on the incompatible interac-
tion between C. metuliferus and M. incognita [17–19]. 
Transcriptomic analysis revealed that multiple signaling 
pathways, such as salicylic acid (SA), jasmonic acid (JA) 
and Ca2+ signaling, play a positive role in the resistance 
[19]. In addition, cytoskeleton-related genes may also 
be involved in resistance [18]. Furthermore, the genes 
related to phenylpropanoid biosynthesis, plant hormone 
signal transduction, and plant-pathogen interaction were 
involved in the resistance in C. metuliferus [17]. How-
ever, the M. incognita-resistant genes in C. metuliferus 
have not been identified yet. In order to harness the resis-
tance, it is important to explore its resistance genes and 
investigate the underlying mechanisms of resistance to 
M. incognita in C. metuliferus.

In this study, we report on QTL mapping to explore the 
M. incognita-resistance in C. metuliferus using an F2 pop-
ulation. The function of candidate genes in QTL regions 
were identified using qPCR and VIGS. Our results pro-
vide valuable information for mining M. incognita-resis-
tance in C. metuliferus. Furthermore, these candidate 
genes possess a potential application in cucumber breed-
ing programs for conferring resistance to the nematode.

Results
Phenotypic identification and genetic analysis
The gall numbers and Gall Index (GI) were used to mea-
sure susceptibility/resistance of CM3 and CM27 to M. 
incognita (Fig.  1A-C). 40 days after inoculation, the 
average gall numbers and GI on CM3 were ∼29 and 1.2, 
respectively. The number of galls and GI on CM27 roots 
(∼110 and 3.7) were significantly higher than that on 
CM3 roots (P = 0.0171 < 0.05). The results demonstrated 
that CM3 is moderately resistant, rather than com-
pletely resistant to M. incognita. Further, the gall num-
bers and GI of CM3 and F1 did not differ significantly 
(P = 0.8110 > 0.05) (Fig.  1B and C). The results revealed 
that the F1 population was resistant to M. incognita, 
indicating a dominant resistance. In the two F2 popula-
tions, the histogram of GI indicates the resistance is 
quantitative (Supplementary Figure S3). Since the CM3 is 
not completely resistant with a GI between 1 and 2, we 
divided the F2 population lines into two groups, resistant 
(GI = 0,1,2) and susceptible (GI = 3,4,5). The ratio of the 
two groups was in accordance with the expected ratio of 
3:1 (resistant : susceptible) for a dominant locus (Supple-
mentary Table S2).

Sequencing and SNP identification
We resequenced both parents with 10x depth and 200 
F2 individual plants with 5x depth on an Illumina HiSeq 
platform and produced clean data for mining SNPs 
and developing bin markers. In total, 10,071,087 and 
13,630,504 clean reads were generated for the CM3 and 
CM27, respectively. Meanwhile, 7,983,138 clean reads 
were generated for the 200 F2-1 population individuals, 
with more than 85% of the bases higher than Q30 (Sup-
plementary Table S3). By aligning clean reads with the 
reference genome sequence of C. metuliferus (CM27), we 
obtained 224,978 SNPs in CM3, 12,730 SNPs in CM27, 
102,368 SNPs between the parents (Supplementary Table 
S4). Finally, we obtained 3,126 bin markers with a sliding 
window of 15 SNPs (Supplementary Table S5).

Construction of a sequence-based C. Metuliferus genetic 
map
3,126 bin markers were filtered prior to linkage analy-
sis. Then, the remaining 3,028 bin markers were used 
to construct a genetic linkage map. We constructed an 
ultra-dense genetic map consisting of 12 linkage groups 
(LG) with 3,028 bin markers, which covered 1,713.07 cM, 
with an average distance of 0.57  cM between adjacent 
bin markers (Table 1; Fig. 2A, Supplementary Table S6). 
The chromosome-level reference genome of C. metu-
liferus was used to evaluate the quality of the genetic 
map [11]. In a comparison with C. metuliferus chromo-
somes, Spearman’s rank-order correlation coefficients 
for 12 linkage groups ranged from 0.9373 to 0.9984 
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(Fig.  2B, Supplementary Figure S2). These results imply 
that a good syntenic relationship exists between the two 
genomes.

QTL analysis for M. incognita resistance in the F2 
population
To identify the candidate genomic region for M. incog-
nita resistance in C. metuliferus, the IM model in 
MapQTL 6.0 software was used to detect QTLs. We 
identified a 37Kb region on chromosome 03 (chr 03) with 

two bin markers (Block7973 and Block7979) that sat-
isfied the LOD threshold of 3.6 (Fig.  3). The LOD peak 
value was 3.84, with the phenotypic variation of 8.4%. 
The QTL was named QTL3.1. The physical interval of the 
QTL locus was from 25,323,564 bp to 25,360,528 bp on 
chr03. A total of four candidate genes were annotated in 
the QTL3.1 region based on the C. metuliferus reference 
genome [11] (Fig. 3).

The first candidate gene, EVM0025394 at posi-
tion 25,324,104 − 25,328,367, encodes Lysine 

Fig. 1 Phenotyping of Meloidogyne incognita resistance in CM3, CM27 and F1 population. A Roots of CM3 and CM27 at 40 days post-inoculation (dpi). 
Bar = 2 cm. B and C Average gall numbers (B) and Gall Index (C) of CM3, CM27 and F1 at 40 dpi. Data are presented as means ± standard deviation (SD). 
∗P<0.05; ∗∗P<0.01; ns, not significant (one-way ANOVA following Dunnett’s post hoc test)
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histidine transporter 1. An InterPro analysis indicated 
that EVM0006042 (25,335,818 − 25,338,965) contains a 
295-amino acid von Willebrand factor type A domain. 
EVM0018474 and EVM0028872, located from 25,350,241 
to 25,355,854, 25,356,688 to 25,361,129, are predicted to 
encode COP9 signalosome complex subunit 3 and actin-
related protein 2/3 complex subunit 5 A, respectively.

To further screen possible candidate genes underlying 
the detected QTLs, the CDS sequences of the four candi-
date genes were cloned and sequenced. We then aligned 
the CDS sequences of candidate genes between CM3 
and CM27. Three nucleotide changes (294th A/T, 1146th 
G/C and 609th A/G were found at the 294th, 1146th and 
609th positions of the CDS respectively in EVM0028872, 
EVM0018474 and EVM0025394), which did not change 
their amino acid sequences (Supplementary Figure S4). 
There is no sequence difference in EVM0006042 between 
CM3 and CM27.

qPCR analysis
A qPCR analysis was used to assess the expression of 
these four genes potentially associated with M. incognita 
resistance (Fig.  4). In total, the expression patterns of 
these candidate genes were analyzed three times in CM3 
and CM27 before and after inoculation with M. incognita. 
The expression levels of EVM0028872 and EVM0018474 
did not change following inoculation in the two materi-
als (Fig.  4E-H). In contrast, EVM0006042 expression 
was reduced at 3- and 7-dpi, considerably upregulated in 
CM3 at 14 dpi (Fig. 4C). However, the opposite expres-
sion pattern was found in CM27 at 14 dpi (Fig.  4D). In 
addition, the expression of EVM0025394 in CM3 was sig-
nificantly upregulated from 3 dpi to 14dpi in replicates 1 
and 3, and upregulated between 7dpi and 14dpi in repli-
cate 2 (Fig. 4A). Conversely, the EVM0025394 gene was 
downregulated in CM27 after inoculation (Fig. 4B). These 
results indicated that EVM0006042 and EVM0025394 are 
likely the genes responsible for M. incognita resistance in 
CM3.

Table 1 Construction of Cucumis metuliferus genetic map
LG ID Total Bin Marker Total Distance(cM) Average Distance(cM) Max Gap(cM) Gaps < 5 cM(%)
LG1 149 112.64 0.76 10.48 96.62
LG2 271 168.79 0.62 6.84 99.63
LG3 274 190.71 0.7 9.98 98.53
LG4 116 78.3 0.67 10.67 96.52
LG5 465 160.56 0.35 9.51 99.35
LG6 228 173.83 0.76 8.79 99.12
LG7 207 122.08 0.59 6.94 98.54
LG8 299 126.39 0.42 12.3 99.33
LG9 224 107.04 0.48 14.61 98.21
LG10 181 106.26 0.59 18.91 98.89
LG11 272 181.21 0.67 6.54 99.63
LG12 342 185.28 0.54 7.00 99.41
Total 3028 1713.09 0.57 18.91 98.65

Fig. 2 Genetic map construction and syntenic relationship analysis. A The genetic map for the F2-1 population derived from a cross between CM3 and 
CM27. Bin markers are located according to genetic distance (cM). B Comparison of the syntenic relationships between the linkage groups and chromo-
somes of C. metuliferus using R software. The dots indicate the bin markers
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Functional verification analysis via VIGs
To further investigate the function of the four candidate 
genes, the expression of EVM0025394, EVM0006042, 
EVM0018474, and EVM0028872 were silenced in 
CM3 through VIGS (Fig.  5A). The efficiency of the 
four target genes silencing was established by qPCR. 
Compared with pV190 control plants, the expression 
of EVM0025394, EVM0006042, EVM0018474, and 
EVM0028872 decreased by approximately 30–80% in the 
silenced plants (Fig. 5B–D). The number of M. incognita-
induced galls and root fresh weight were recorded at 40 
dpi (Supplementary Figure S5). Then, the number of galls 
per gram of roots were calculated (Fig.  5E–G). Overall, 
the number of galls per gram on EVM0025394-silenced 
plants in the three trials were significantly increased 
compared with the control (P < 0.01). Similarly, the roots 
of the EVM0006042-silenced plants contained signifi-
cantly more galls compared with the control (P < 0.05). 
However, the number of galls per gram in EVM0018474- 
and EVM0028872-silenced lines showed no significant 
difference compared with that on pV190 plants. There-
fore, inhibiting the expression of EVM0025394 and 
EVM0006042 could increase susceptibility to M. incog-
nita in CM3.

Discussion
M. incognita has a detrimental impact on the growth 
and development of cucumber, leading to a decrease in 
yield [4–6, 20]. Several studies have demonstrated that 
C. metuliferus, an important wild or semi-wild relative 
of cucumber, exhibits high resistance to M. incognita [4, 
10–15]. In C. metuliferus, it has been observed that only 
a small number of second-stage juveniles (J2) progress 
into later stage juveniles (J3/J4) between 10 dpi and 15 
dpi [16]. This suggests that hindering larval development 
is one potential resistance mechanism [4, 16]. Although 
several transcriptome-based studies have explored the 
resistant mechanisms, the identification of resistance 
genes has not yet been undertaken. Consequently, the 
resistance genes associated with M. incognita resistance 
in C. metuliferus remain unreported [17].

In this investigation, we report that M. incognita resis-
tance in C. metuliferus CM3 may be controlled by a major 
dominant locus. Moreover, we successfully identified 
a QTL (QTL3.1) that contains four candidate genes on 
chr 03. Further qPCR assays on parents determined that 
the expression levels of EVM0025394 and EVM0006042 
were upregulated in the roots of the resistant parental 
CM3 after inoculation, suggesting that these two genes 
are likely responsible for the resistance to M. incog-
nita. To validate this hypothesis, we performed VIGS 
silencing of the four candidate genes, which resulted in 

Fig. 3 Mapping of Meloidogyne incognita resistance candidate genes on chromosome 03 (corresponding to LG5 in Fig. 2B). QTL mapping of M. incognita 
resistance in the F2 population. The blue line represents the LOD score and the red line represents the phenotypic variation. The candidate genes in the 
QTL region are depicted below the mapping interval
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Fig. 4 Analysis of candidate gene expression levels in roots of CM3 and CM27 before and after inoculation with Meloidogyne incognita. A-H The expres-
sion levels of EVM0025394(A-B), EVM0006042(C-D), EVM0028872(E-F), and EVM0018474(G-H) in CM3 and CM27. Relative gene expression was calculated 
according to the 2−ΔΔCt method. The relative gene expression levels were initially normalized to the levels of the beta-actin gene of Cucumis metuliferus, 
followed by further normalization to the samples at 0 dpi. Data are presented as means ± SD. Asterisks indicate statistically significant differences com-
pared with the control (#) (one-way ANOVA following Dunnett’s post hoc test significance, ∗P < 0.05; ∗∗P < 0.01; ns, not significant)
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increased susceptibility of the roots in EVM0025394- and 
EVM0006042-silenced plants to nematodes compared to 
roots transformed with an empty vector. The VIGS analy-
sis further supported the involvement of these two can-
didate genes in conferring M. incognita resistance at this 
specific locus.

Among the detected M. incognita-resistance candi-
date genes, EVM0025394 encodes a Lysine histidine 
transporter 1 (LHT1), which is involved in growth and 
development in plants and plant pathogens [21]. In Ara-
bidopsis, AtLHT1 is involved in leaf mesophyll import 
as well as root uptake of acidic and neutral amino acids 
(AAs), both at naturally occurring concentrations and 

Fig. 5 Silencing of the four candidate genes in CM3. A Schematic overview of virus-induced gene silencing of the four candidate genes. B-D Relative 
expression levels of EVM0025394, EVM0006042, EVM0018474, and EVM0028872 in silenced and control (pV190) plants. Relative gene expression was cal-
culated according to the 2−ΔΔCt method. Gene expressions were normalized to the beta-actin gene of Cucumis metuliferus, and subsequently normalized 
to pV190 plants. Data are presented as means ± SD (n = 3/4). *, P < 0.05; **, P < 0.01 (Student’s t-test). E–G Number of galls per gram of virus-induced 
gene-silenced plants 40 days post-inoculation. Data are presented as means ± SD. *, P < 0.05; **, P < 0.01; ns, not significant (one-way ANOVA followed by 
Dunnett’s multiple comparisons test)
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from agricultural soil [22, 23]. Up to now, the role of 
AtLHT1 during pathogen infection has been identi-
fied in several studies. The expression of AtLHT1 was 
induced when the host was infected with various patho-
gens. However, the hypothesis that AtLHT1 regulates 
plant resistance mechanisms is divergent [21]. AtLHT1 
was highly expressed in syncytia and roots when the 
host was infected with biotrophic nematode Heterodera 
schachtii [24]. Additionally, one of the important sub-
strates of AtLHT1, Glutamine (Gln), was observed that 
its level increased in syncytia when compared to unin-
fected roots [25]. Based on the above evidences, AtLHT1 
is associated with nematode infection in host. However, 
lht1-1 mutants did not exhibit increased resistance to 
H. schachtii [24]. Combining expression and functional 
verification results, the mechanism of AtLHT1 regulating 
nematode resistance is uncertain.

Our findings demonstrate that the expression of LHT1 
is upregulated in CM3 after inoculation and the resis-
tance of CM3 is compromised when the expression is 
partially suppressed. Our results indicate that LHT1 may 
act as a positive regulator in defense against M. incognita. 
A notable example of amino acid transporters acting as 
nematode resistance genes is Glyma.18G022400, a gene 
located at the Rhg1 locus that encodes the Rhg1-GmAAT 
in soybean. The amino acid transporter is one of three 
genes which are responsible for the resistance to soybean 
cyst nematode in soybean [26]. This result partially sup-
ports our findings.

Another important candidate gene, EVM0006042, 
encodes a protein of unknown function that contains a 
295-amino acid von Willebrand factor type A domain. 
Limited functional studies on this gene family have 
been conducted in plants. In fact, Von Willebrand factor 
(VWF) is a large, multimeric glycoprotein that is found 
in blood plasma, platelet α-granules, and subendothelial 
connective tissue [27]. The OVATE gene, which is homol-
ogy with human von Willebrand factor genes, is involved 
in making pear-shaped fruits and was discovered in 
tomato “Yellow Pear” [28]. It is evident that this function 
is unrelated to resistance.

In general, the default pathway for M. incognita J2s is 
to enter the root and develop into adult females, which 
can produce about a thousand eggs through mitotic par-
thenogenesis [29]. However, certain conditions, such as 
host stress or nutrient deprivation, can trigger the devel-
opment of adult males [30, 31]. These males will then 
abandon their feeding sites and exit the root as a mecha-
nism to maintain an optimal parasitic load for the popu-
lation’s survival [31, 32]. The presence of resistance genes 
in the host has been identified as one of the masculiniz-
ing influences [33]. Similarly, resistance in C. metuliferus 
was associated with hindrance of larval development 
beyond the second stage, delayed development of larvae 

to adults and stimulation toward maleness [4, 17–19]. 
Here, differential expression of EVM0006042 in CM3 and 
CM27 suggests its involvement in defense against nema-
tode infestation. Further validation through VIGS sup-
ports this hypothesis. Notably, unlike gene EVM0025394, 
the induction of EVM0006042 expression occurs 14 
days after nematode inoculation. At 14 days, about 40% 
M. incognita were developed into females in C. melo, 
while the proportion of females was less than 10% in C. 
metuliferus [34]. Similarly, most of M. incognita have 
developed from J2s into J3/J4 stages in cucumber at 14 
dpi. Contrastingly, in C. metuliferus, the majority of J2s 
remained in the J2 stage at the same time point [18]. 
Therefore, 14 dpi is a pivotal stage in nematode devel-
opment. Taken together with these previous studies, we 
speculate that the identified EVM0006042 is probably not 
associated with early defense mechanisms, but it might 
be implicated in nematode development.

In conclusion, our findings would serve as a foundation 
for deciphering the resistance mechanisms of C. metu-
liferus to M. incognita. Current conclusions suggested 
that the resistance of C. metuliferus may be not only 
controlled by typical resistance genes. However, further 
research and confirmation of the functions of these two 
candidate genes are needed, utilizing techniques such as 
transgenic/genome editing technologies.

Conclusions
In this study, we constructed an F2 population using a 
susceptible C. metuliferus inbred line (CM27) and a resis-
tant inbred line (CM3). Genetic analysis revealed that the 
resistance in C. metuliferus CM3 inherited dominantly. 
A QTL on chr 03 was identified. Subsequently, by com-
bining the results of qPCR and VIGS, we identified two 
genes, EVM0025394 (encoding Lysine histidine trans-
porter 1) and EVM0006042 (containing a 295-amino acid 
von Willebrand factor type A domain), which are poten-
tially involved in the resistance to M. incognita in CM3. 
our findings would serve as a foundation for decipher-
ing the resistance mechanisms of C. metuliferus to M. 
incognita. Current conclusions suggest that the resistance 
of C. metuliferus may be not only controlled by typical 
resistance genes. However, further research and confir-
mation of the functions of these two candidate genes are 
needed, utilizing techniques such as transgenic/genome 
editing technologies.

Materials and methods
Plant materials and nematode resistance screening
C. metuliferus accessions CM3 (accession no. PI 202681) 
and CM27 (accession no. PI 482460) from the US 
National Plant Germplasm System (NPGS) were used in 
this study [13]. After multiple generations of self-cross-
ing, two inbred lines were obtained. An F1 population 
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and two F2 populations (F2-1 and F2-2) developed from 
a cross between CM3 and CM27 were used. The original 
seed source of CM3, CM27, F1 population and F2 popula-
tions were provided by Prof. Xingfang Gu of the Depart-
ment of Cucurbits Genetics and Breeding, Institute of 
Vegetable and Flowers, Chinese Academy of Agricultural 
Science. Preparation of nematodes was performed as 
described in previous studies [35, 36].

The two-leaf stage seedlings were inoculated with 
approximately 800 M. incognita second-stage larvae (J2s). 
All seedlings were grown with the seedling substrate 
(peat : vermiculite = 1:1 volume ratio) in a greenhouse 
with day/night temperatures 28/24°C. Approximately 40 
days after inoculation, individual F2 plants, CM3, CM27 
and F1 were scored for their phenotype using a 0–5 gall-
ing index (GI) scale. 0 = no infection; 1 = 1–20% of roots 
galled; 2 = 21–40% of roots galled; 3 = 41–60% of roots 
galled; 4 = 61–80% of roots galled and 5 = 81–100% of 
roots galled (Supplementary Figure S1) [37]. GI was cal-
culated based on the proposition of roots with galls. In 
addition to GI, the gall numbers of CM3, CM27 and F1 
were also counted.

Sequencing library construction and high-throughput 
sequencing
Genomic DNA from young leaves of CM3, CM27 and 
200 F2-1 population plants were extracted via the CTAB 
method [38]. The concentration and quality of DNA were 
determined by using NanoDrop2000 (Thermo Fisher Sci-
entific). DNA libraries (350 bp) for Illumina sequencing 
were constructed according to the manufacturer’s speci-
fications. Then, sequencing was performed on an Illu-
mina HiSeq NovaSeq platform by a commercial service 
(Biomarker Technologies, Beijing, China), with 150-bp 
read lengths.

Genotyping and genetic map construction
Raw reads were filtered and mapped to the C. metuliferus 
genome using the Burrows-Wheeler Aligner software [11, 
39]. Duplicates were marked with Samtools, and GATK 
was used for local realignment and base recalibration 
[11, 39]. A SNP set was generated by combining GATK 
and Samtools SNP calling analyses [40]. Polymorphic 
SNPs between the parents were selected. The SNPs with 
less than 4x coverage in either parent were removed. The 
obtained SNPs were scanned by sliding on the genome 
with 15 SNPs as a window and one SNP as a step. The 
windows were genotyped as ‘aa’ or ‘bb’ when the number 
of aa-type or bb-type in the window was > 12; otherwise, 
it was genotyped as ‘ab’. SNPs without recombination 
were consolidated into one bin marker. Subsequently, the 
bin markers exhibiting abnormal patterns, low coverage, 
or obvious segregation distortions were filtered out. Only 
markers exceeding 10 Kb in length were retained, and bin 

markers with abnormal base and segregation distortion 
(P < 0.01) were removed.

The selected bin markers were used to construct the 
genetic linkage map as described previously [41]. Bins 
were used as markers to construct a high-density genetic 
map. Marker loci were assigned to linkage groups (LGs) 
based on their genomic positions. Modified logarithm 
of odds (MLOD) scores were calculated to validate 
marker reliability. HighMap strategy was employed for 
marker ordering and error correction [42]. The collinear-
ity between genetic map and physical map was analyzed 
via R software and AllMaps [43]. The default parameters 
were selected when using the above software.

QTL detection
Map-based QTL analysis was performed using interval 
mapping (IM) implemented by MapQTL6.0 software 
with IM methods [44]. The permutation test option (1000 
permutations) within MapQTL was applied to determine 
the significance threshold for the LOD. The genome-
wide threshold for determining QTL significance in 
terms of LOD was 3.6 at 95% confidence interval in F2-1 
population.

RNA isolation, cDNA preparation, and quantitative real-
time PCR
Leaves or roots were sampled and frozen in liquid 
nitrogen. Total RNA was isolated using a MiniBEST 
Plant RNA Extraction kit (Takara, Dalian, China). The 
extracted RNA was subjected to cDNA synthesis and 
RT-qPCR analysis employing a PrimeScript RT reagent 
kit with gDNA Eraser and TB Green Premix Ex Taq II 
(Takara). RT-qPCR amplifications were performed as 
previously reported [36]. The RT-qPCR results were ana-
lyzed using the 2−ΔΔCt method [45]. The beta-actin gene 
of C. metuliferus was used as an internal control [18]. The 
experiment was carried out with three biological repli-
cates, each with three or four technical replicates.

Virus-induced gene silencing (VIGS)
The function of the candidate genes was further analyzed 
using VIGS. The VIGS vector, pV190, has been used for 
functional verification in several Cucurbitaceae crops 
successfully [46–50]. Briefly, 300-bp coding sequence 
fragments of the candidate genes were separately cloned 
into the pV190 vector. Then, the constructs were intro-
duced into A. tumefaciens strain GV3101 as described 
previously [47, 48]. Two cotyledons of one/two-leaf-stage 
C. metuliferus seedlings were infiltrated with one of the 
A. tumefaciens strains using a syringe. The gene expres-
sion level in VIGS plants was detected via qPCR. Plants 
with significantly downregulated expression were next 
used to inoculate with nematodes.
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Nematode assays in silenced seedlings
The nematode assays were performed as previously 
described with slight modifications [35]. The silenced 
seedlings were grown in plastic pots filled with peat and 
vermiculite (peat : vermiculite = 1:1 volume ratio). Three 
evenly distributed 5-cm deep holes were created around 
the roots of the seedlings. Subsequently, 200 J2s were 
added to each hole using a pipetting gun, resulting in a 
final inoculation of 600 J2s per seedling. After 40 days, 
the number of galls and root fresh weight were measured 
and recorded, the plants transformed with empty pV190 
vector acted as control. The VIGS validation of three 
independent trials were performed, and each trial con-
tained 11– 44 plants.

Primers
Primer design was performed using the online software 
Primer3Plus (Primer3Plus - Pick Primers). All primers 
used in this study were listed in Supplementary Table S1.

Statistical analysis
All data were recorded using Microsoft Excel. Statistical 
analyses were performed using GraphPad Prism and the 
statistical package IBM SPSS Statistics software.
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