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Abstract

Fruit quality is an important component in muskmelon (Cucumis melo L.) breeding due to its direct influence on consumer preference and market value.
The majority of commercial varieties of muskmelon are highly susceptible to various diseases and pests. Consequently, researchers increasingly rely on
wild relatives as critical genetic resources for introgressing resistance in breeding programmes. In this context, the present study aimed to elucidate the
genetic control of eight fruit quality traits: fruit length, fruit diameter, flesh thickness, cavity width, fruit shape index, average fruit weight, total soluble
solids (TSS) and titratable acidity using generation mean analysis. Two inter-varietal crosses were developed involving wild relatives, DSM 132 (C. melo
var. callosus) and DSM 19 (C. melo var. momordica), with a commercial variety, Hara Madhu, as the common recurrent parent. Six segregating populations
(P, P, F,F,BCP,BCP,) were evaluated across multiple seasons (2022-2024). Scaling and joint scaling tests revealed that the additive-dominance
model alone was insufficient, suggesting the involvement of non-allelic interactions. Six-parametric model analysis showed that dominance (h) and
dominance x dominance (/) interactions were most significant for most of the fruit quality traits. Duplicate epistasis was observed for most of the quality
traits, including TSS, average fruit weight, flesh thicknessand titratable acidity, suggesting the potential for heterosis breeding or recurrent selection to
improve these traits. Overall, the present findings provided insights into the genetic architecture of fruit quality traits in muskmelon and paved the way

for the strategic use of wild relatives in breeding programmes.
Keywords: Duplicate epistasis, genetic studies, generation mean analysis, muskmelon, wild relatives

Introduction

Muskmelon (Cucumis melo L., 2n=24) is an important
cucurbitaceous vegetable crop valued for its diverse and
flavourful fruits. It is cultivated worldwide, with production
of 29.54 mt from 1.09 m hectares in 2023 (FAOSTAT 2025).
Globally, India ranks second in production after China,
followed by Iran and Tirkiye, with a production of 1.49
mt from 0.068 m ha and a productivity of only 22.03 t/
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ha (FAOSTAT 2025). Muskmelon possesses exceptional
diversity for fruit traits, such as size, shape, colour, taste,
and biochemical composition (Burger et al. 2006). Owing
to such variation, defining fruit quality in melon is complex
and varies across varietal groups (Fernandez-Trujillo et
al. 2012). Non-sweet melon such as C. melo var. callosus
(kachri) and var. momordica (phut) are consumed immature
as vegetables or pickles, while sweet dessert types from
inodorus, reticulatus and cantalupensis groups are eaten
fresh due to high sugar and aroma. Generally, hot days
and cool nights enhance melon sweetness, aroma and
nutritional quality, whereas rainy seasons reduce it. Melon
is also valued as a healthy food owing to its low calorie, fat
and sodium content and richness in potassium and vitamins
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A and C (Choudhary et al. 2020). However, the cultivation
of a few superior varieties has led to a narrow genetic base,
making the crop more susceptible to pests and diseases
such as Fusarium wilt, powdery mildew, downy mildew,
ToLCNDV, etc. Wild relatives of melon, such as C. melo var.
callosus and var. momordica, possess a reservoir of resistance
genes, adaptability and distinct fruit quality traits absent in
cultivated varieties (Dhillon et al. 2012; Pitrat 2013). Several
of these accessions have contributed to the development
of resistant breeding lines, forinstance, DSM 11 (Choudhary
et al. 2020) and KP4HM-15 for Fusarium wilt (Vashisht et al.
2015) and MR-1 for powdery and downy mildew (Cui et al.
2022). High genetic variability among wild accessions DSM
132 and DSM 19, along with clear differentiation between
sweet and non-sweet melon types using microsatellite
markers, has been reported earlier (Tara et al. 2023, 2024),
highlighting their potential for genetic improvement.
Moreover, these lines have been validated as reliable sources
of TOLCNDV resistance, confirming their genetic uniqueness
and breeding value (Padmanabha et al. 2024).

Despite their value, these wild relatives possess inferior
quality traits, such as low sweetness and high acidity that
interferes with sweetness in cultivated varieties (Choudhary
etal.2020). Moreover, selection based solely on phenotypic
performance is ineffective for polygenic traits like TSS,
acidity and fruit weight, which show continuous variation
(Shashikumar et al. 2016). Hence, understanding the
nature and magnitude of gene action is critical for efficient
introgression of desirable traits into cultivated backgrounds.
Generation mean analysis serves as a robust biometrical
technique to dissect the inheritance of complex traits and
guide suitable breeding strategies. Previous studies on
generation mean analysis in melon have predominantly
focused on cultivated types (Shashikumar et al. 2016;
Ranjitha et al. 2023). However, the introgression of wild
relatives such as C. melo var. callosus and C. melo var.
momordica into elite C. melo var. melo background remains
largely limited. Therefore, the present study aimed at the
elucidation of the nature of gene action in the novel crosses
to assess their potential for genetic improvement of fruit
quality traits in melon.

Materials and methods

Plant material and population development

The experimental material comprised one commercial
muskmelon cultivar, Hara Madhu (C. melo var. reticulatus) and
two wild agrestis melon breeding lines, DSM 132 (C. melo var.
callosus, commonly known as kachri) and DSM 19 (C. melo
var.momordica, commonly referred to as phut). The present
experiment was conducted at the Vegetable Research Farm,
ICAR-IARI, New Delhi, during the summer 2022 to kharif 2024
over six seasons. For the cross, | i.e., Hara Madhu () and DSM
132 (PZ) were crossed to generate F, plants (summer 2022).

The F, were sown (kharif 2022) to generate F, by selfing of
F, and two backcross populations by backcrossing with P,
(BC,P,) and P, (BC,P,). For cross I, i.e,, Hara Madhu (P,) and
DSM 19 (P,) were crossed to generate F, hybrid (summer
2023) and in the following season (kharif 2023), F, seeds were
sown to generate F, BC P, and BC,P, populations.

Field evaluation

The experiment was conducted in arandomized completely
block design (RCBD) with two replications. Standard package
of practices was followed and each plant was self-pollinated
to maintain genetic integrity and avoid cross-contamination.
These six generations (P,P,F,F,BCP, and BCP) forcross|
were evaluated for three seasons, i.e., summer 2023 (season
1), kharif 2023 (season Il) and summer 2024 (season ). For
cross |, in season |, the number of individuals evaluated for
phenotyping was: P, = 10, P,=10, F, = 30, F, = 150, BCP, =
44 and BC P, = 48, including both replications. In season
Il, the respective population sizes were: P, (10), P, (10), F,
(18), F, (120), BC,P, (40) and BC,P, (38). In season I, P, (10), P,
(10), F, (30), F, (154), BC,P, (66) and BC P, (70). For cross I, six
generations (P, P, F,, F,,BC P, and BC P,) were evaluated in
the following two seasons in 2024, during summer (season
1) and kharif season (season lI). In season |, the population
sizes were: P1 (10), P2 (10), F, (16), F, (136), BC1P1 (70)and F, (70),
BC,P, (40) and BC,P, (38). These populations were grown in
open field conditions during the spring-summer season and
in net house conditions during the kharif season.

Data collection

The phenotypic traits were recorded for eight fruit quality
parameters, namely, average fruit weight (g), fruit length
(cm), fruit diameter (cm), flesh thickness (cm), cavity width
(cm), total soluble solids (°Brix), fruit shape index (ratio of fruit
length to fruit width) and titratable acidity. Sex expression
was recorded as monoecious (M) and andromonoecious (A)
during the peak flowering season in both the crosses. The
data was recorded for three seasons for cross | and for two
seasons in cross Il.

Statistical and genetic analysis

Best linear unbiased estimates (BLUEs) were computed to
account for the random effects of replications in segregating
generations and the resulting values were used for genetic
analysis using the ‘Ime4’ package in Multi Environment Trail
Analysis with R (META-R) v6.04 statistical software (Alvarado
et al. 2020). The mean data of the six generations from the
crosses Hara Madhu x DSM 132 (cross |) and Hara Madhu
x DSM 19 (cross Il) were subjected to generation mean
analysis (GMA) to estimate genetic components. Initially,
a scaling test was conducted to check for the presence
of allelic and non-allelic interactions (epistasis). Further,
these mean data were subjected to a joint scaling test to
examine the competence of the simple additive-dominance
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model or to detect epistasis using the chi-square (x2) test.
The six-parameter or di-genic interaction model (Hayman,
1958) was used to estimate the gene effects whenever the
x2 and ABCD scaling test are inadequate. In case x2 and
ABCD scaling test are inadequate, a six-parameter model
is used to estimate genetic effects. This six-parameter
model represents mean effect (m), genetic effects including
additive (d) and dominance (h) and gene interaction effects
comprising additive x additive (i), additive x dominance (j)
and dominance x dominance (/). To test the significance of
the estimated scales (ABCD), joint scaling tests (m, d, h) and
gene effects (m, d, h, i, j, I), students’ t-test was used. The
statistical analysis for the generation mean analysis was
conducted using OP STAT software (Sheoran et al. 1998).

Results and discussion

The analysis of variance (ANOVA) for six generation means
analysis in cross | (Hara Madhu x DSM 132) across three
seasons revealed highly significant variations for all the traits
studied, except for flesh thickness and fruit shape index in
season Il (Table 1). This lack of significance may be attributed
to the fact that muskmelon, being primarily a summer crop,
exhibits optimal trait expression under summer conditions.
The combined (pooled) ANOVA for cross | showed a highly
significant difference for all traits, except fruit shape index.
The non-significance observed for fruit shape index in
both season Il and the pooled analysis may be due to
similar fruit shapes of the parents, with Hara Madhu (P.)
having a round fruit shape and DSM 132 (P,) having a flat,
round fruit, resulting in limited variation for this trait in the
segregating generations. For cross Il (Hara Madhu x DSM 19),
ANOVA across all seasons and pooled data revealed highly

ial v ariety- sweet, high TSS,
andromonoecious

significant genetic variation for all studied traits, confirming
sufficient variability for genetic analysis.

Mean performance of parents, hybrids and progenies
In cross |, P; exhibited superior performance, producing
large fruits (867 g)with high sweetness (10.22 °Brix) (Table 2;
Fig. 1), whereas P, (DSM 132) produced significantly smaller
fruits (386.5 g) with low sweetness/sourness (4.56 °Brix)and
higher acidity (0.32%). The F, hybrid displayed intermediate
traits (429.4 g, 5.85 °Brix), reflecting partial dominance for
P.'s quality traits and smaller size from P,. The F, generation
exhibited inbreeding depression, with reduced sweetness
(5.39 °Brix) compared to F. although fruit weightincreased,
possibly due to genetic recombination. The backcross
generations, BC,P, and BC1P2’ tended to resemble their
respective recurrent parents, for instance, in BC1P1’ traits
such as average fruit weight (522.73 g) and TSS (6.36 °Brix)
were more similar to P,. Conversely, BC,P, leaned towards P,
with values like average fruit weight (456.25 g) and TSS (5.24
°Brix). Similar trends were observed across seasons, although
overall means were lower under less favourable conditions.

In cross Il, across seasons, P, (HM) produced large fruits
887 g), high sweetness (10.86 °Brix), moderate fruit length
10.82 cm) and thick flesh (2.53 cm) (Fig. 2). In contrast, P,
DSM 19) produced heavier fruits (998 g), longer fruit length
21.15 cm) and an elongated fruit shape, but with lower
sweetness (6.34 °Brix). The F, hybrids in this cross exhibited
reduced average fruit weight (773.13 g), intermediate
fruit length (15.7 cm), lower sweetness (6.66 °Brix), and an
oblong fruit shape. As in cross |, F, showed reduced mean
values compared to F,, indicating inbreeding depression.
Both BC,P, and BC P, generations aligned closely with their

(
(
(
(

P,. DSM 132

Wi agrestis, kachri type: non-sweet,
highly acidic, small fruit, monoecious

Fig. 1. Schematic representation of development of six basic generations by crossing Hara Madhu and DSM 132 (cross I), to generate F , F,

BC,P, and BC P,
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Table 1. Analysis of variance for fruit quality traits across seasons and pooled data in two muskmelon crosses
Mean sum of squares
Source of variation  df AFW FL FD FT CcwW TSS FSI TA
Cross I-Hara Madhu x DSM 132
Season |
Genotype 5 66912.27** 5.11** 3.89** 0.29** 0.73** 10.37** 0.01** 0.01**
Replication 1 82.13 0.84 0.53 0.01 0.05 0.03 0.00 0.00
Error 5 1119.23 0.07 0.03 0.01 0.05 0.02 0.00 0.00
Source of variation ~ df AFW FL FD FT cw TSS FSI TA
Season I
Genotype 5 32997.52** 2.45%% 1.18%* 0.04 0.42** 4.92%* 0.01 0.01**
Replication 1 349.70 0.00 0.00 0.00 0.02 0.00 0.02 0.00
Error 5 418.19 0.06 0.08 0.02 0.03 0.07 0.02 0.00
Season Il
Genotype 5 68501.47*** 5.06** 3.74%* 0.31** 0.53** 10.91** 0.01** 0.01**
Replication 1 241.77 0.00 0.00 0.01 0.01 0.00 0.00 0.00
Error 5 465.04 0.03 0.04 0.01 0.03 0.04 0.00 0.00
Pooled
Genotype 5 162369.96** 12.%* 7.86%* 0.52%* 1.46%* 25.34%* 0.01 0.03**
Environment 2 21026.76** 1.79*% 1.04* 0.20* 0.01* 3.45%* 0.01 0.02**
GXE 10 3020.65** 0.31** 0.47** 0.06** 0.13* 0.43** 0.01 0.00
Pooled Error 15 10012.30 0.77 0.71 0.18 0.56 0.63 0.10 0.00
Cross ll-Hara Madhu x DSM 19
Season |
Genotype 5 80095.42** 36.07** 5.99** 0.26** 1.74%* 7.46%* 0.33** 0.01**
Replication 1 22.16 0.00 0.05 0.02 0.02 0.00 0.00 0.00
Error 5 957.87 0.32 0.10 0.02 0.02 0.03 0.00 0.00
Season I
Genotype 5 16667.23** 19.91%* 0.65** 0.04** 0.23** 1.74** 0.35** 0.01**
Replication 1 330.23 0.01 0.23 0.00 0.18 0.02 0.00 0.00
Error 5 630.10 0.08 0.06 0.00 0.03 0.01 0.00 0.00
Pooled
Genotype 5 84448.38** 53.86** 4.46%* 0.23** 1.27%* 8.03** 0.66** 0.01**
Environment 2 216626.82** 55.035** 13.39%* 0.99** 1.44%* 6.08** 0.08** 0.01**
GXE 10 12314.35** 2.13** 2.18** 0.06** 0.71** 1.17%* 0.03** 0
Pooled Error 15 793.98 0.2 0.08 0.01 0.02 0.02 0 0

respective recurrent parents. These findings are consistent
with earlier reports, where F, values were higher than F, due
to inbreeding depression (Shashikumar et al. 2016).

Estimation of gene effects for fruit quality traits
through generation mean analysis

The mean data from both crosses, including individual
seasonal data and pooled data across six generations and
seasons, were subjected to scaling (A, B, C and D) and joint
scaling tests (Table 3). Non-significant allelic interactions
were observed for titratable acidity (season 1) and flesh
thickness (season Il) in cross |, as well as for fruit shape

index (season | and pooled) and titratable acidity (season
I) in cross Il. The remaining seasons showed significant
allelic interactions. Therefore, fruit shape index (FSI) and
titratable acidity (TA) demonstrated inconsistent model fit
across seasons and crosses, with some datasets conforming
to the six-parameter model and others indicating complex
epistatic interactions. This suggests a quantitative and
environment-dependent inheritance pattern for these
traits. In contrast, the remaining traits across both crosses
and all seasons consistently deviated from the additive-
dominance model, reflecting the involvement of non-allelic
gene interactions and epistasis. These findings reaffirm
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Table 2. Generation mean analysis for fruit quality traits across seasons and pooled data in two muskmelon crosses
AFW FL FD FT cw TSS FSI TA
Cross I-Hara Madhu x DSM 132

Season|

P, 867 +£20.77 10.1+£0.17 11.65+0.18 255+005 638+0.11 1022+0.17 0.865+0.01 0.15

P, 386.5+12.61 6.32+0.20 8.96+0.21 156+0.03 573+0.18 4.56+0.08 0.71£0.01 0.32+0.01
F, 429.4+8.71 7.55+£0.16 8.75+0.18 159+0.05 539+0.10 5.85+0.10 0.86 £ 0.01 0.21

F, 5043 +10.11 8.16+0.15 9.37+0.14 1.66+0.03 571+0.09 539+0.07 0.87 £0.01 0.22

BCP, 522.73+18.16 9.22+043 104+0.33 1.82+0.07 62+0.24 6.36 £0.10 0.88 +£0.02 0.19

BC,P, 456.25+21.6 739+£039 8.2+046 156 +0.07 489+026 5.24+0.10 0.91 £0.03 0.27 £0.01
Seasonll

P, 702 +£13.97 9.13+£0.24 10.39+0.21 1.74+0.07 659+0.14 84+£0.15 0.88 £0.01 0.17 £0.01
P, 328 +9.75 571+£0.13 8.12+0.22 1.34+£0.03 53x0.16 3.93+0.11 0.71 £0.01 0.39+£0.00
F, 405.94 +4.85 6.97+0.14 85+0.15 147+0.03 551+0.10 5.04+0.08 0.82 £0.01 0.27 £0.01
F, 417.27 £9.93 729+£0.15 873+0.16 1.5+0.03 553+£0.11 4.98+0.07 0.84 £0.01 0.29 +0.01
BCP, 4263 +11.18 7.92+0.25 9.05+0.20 157+0.03 562+0.16 5.12+0.10 0.87 £0.01 0.26 +0.01
BC,P, 401.83+11.36 7.3+0.22 8.61+0.17 148+0.04 546+0.13 4.48+0.06 0.85+0.02 0.34+0.01
Seasonlll

P, 887 £32.49 10.82+£0.24 11.97+028 253+008 6.61+0.12 10.86+0.14 0.91+0.01 0.12

P, 390 £ 16.12 6.06+0.12 8.52+0.17 1.51+0.04 54+0.14 439+0.12 0.71£0.01 0.3 +£0.01
F, 467.55+7.98 781+£0.14 94+0.2 1.77+0.04 587+0.15 575+0.10 0.84 £0.01 0.24

F, 463.86 + 10.49 76+0.13 8.87+0.14 162+0.03 579+031 541+0.08 0.87 £0.01 0.21

BCP, 501.48 +13.47 837+0.20 9.32+0.18 1.7 £0.04 564+£0.11 5.82+0.07 0.9 £0.02 0.17

BC,P, 408.63+£9.5 729+£0.14 8.11+0.12 147 +0.03 5.06+0.09 5.11+0.07 0.91 £0.02 0.24
Pooled

P, 754.49 + 23.01 9.46+0.21 1044+0.31 2.06+0.07 6.04£0.17 9.46+0.12 0.88 +£0.00 0.16 = 0.00
P, 381.62 +20.59 6.48+0.43 8.66+0.14 1.50+0.03 549+0.10 4.36+0.08 0.76 £ 0.05 0.33 +£0.02
F, 436.33+£2.85 7.50£0.05 8.84+0.05 159+0.02 553+004 550+£0.04 0.85%0.00 0.24 +0.00
F, 460.16 = 3.70 7.73+£0.05 8.96+0.05 1.59+£0.01 559+0.06 5.25+0.03 0.87 £ 0.00 0.24 £ 0.00
BC,P, 476.59 £ 7.58 821+0.13 9.24+0.10 1.64+0.02 560+006 558+0.04 0.88+0.01 0.21 +£0.00
BC,P, 419.80 +5.80 7.58+0.08 8.54+0.07 1.51+0.02 528+005 4.96+0.04 0.90+0.01 0.27 £0.00

Cross ll- Hara Madhu x DSM 19

Season|

P, 887 £32.49 10.82+0.24 11.97+028 253+0.08 6.61+0.12 10.86+0.14 0.91+0.01 0.12

P, 998 +62.02 21.15+063 1026+0.25 1.87+£0.11 569+0.26 6.34+0.11 2.06 +0.05 0.23 +£0.01
F, 773.13£23.16 15.7+048 9.63+0.27 1.92+0.06 561+£0.17 6.66+0.14 1.64 £ 0.04 0.17

F, 536.25+ 16.46 11.67£0.27 8.04+0.14 1.62+0.04 477+0.09 6.05+0.06 147 £0.03 0.19

BCP, 481.78 £ 12.16 9.48+0.23 743+0.11 1.51+0.03 416+0.09 5.89+0.06 1.31+0.03 0.18

BCP, 676.36 + 32.27 1451+£0.59 7.97+0.19 1.75+0.05 437+0.12 5.97+0.07 1.84 +0.06 0.22
Season |l

P 608 + 19.54 735+£0.17 8.29+0.19 169+0.05 501+012 7.79+0.11 0.89 £0.01 0.17

1

P 669.5 +22.74 1571+0.59 7.43+0.22 144+005 441+0.11 552+0.13 2.12+0.06 0.28

2
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F, 553.13+24.39 13.19+0.38 841+0.16 148+0.05 5.15+0.13 5.66+0.12 1.57 £0.04 0.20 £ 0.01
F, 446.5 +11.66 9.31+039 6.93%0.16 1.29+0.03 433+0.11 545+0.08 1.36 +£0.05 0.22 +0.01
BC,P, 445.08 +7.94 841+0.18 7.41+0.12 140+£0.02 452+0.10 6.01+0.07 1.14 +£0.02 0.2
BC,P, 490.23 £ 9.95 11.19+£030 7.86+0.14 148+0.03 486+0.11 5.29+0.05 1.44 = 0.04 0.25
Pooled
P, 670.86 £ 28 944+0.15 9.10x0.36 1.87+0.08 522+020 865+0.22 1.00 +0.03 0.16
P, 727.89 +£40.92 16.70+£0.66 8.36+0.18 1.60+0.04 482+0.09 591+0.04 1.95 +0.05 0.25
F, 615.07 £ 13.46 13.60+0.27 8.46+0.16 1.63+0.02 5.00+0.11 6.10+0.06 1.56 +0.02 0.19
F, 510.19+ 11.12 10.72+0.19 7.71+0.09 1.52+£0.02 459+005 583+005 140+002 021
BC,P, 467.99 + 8.16 9.04+0.16  7.43+0.07 146+0.02 440+0.05 5.82+0.04 1.25+0.02 0.2
BC,P, 562.56 + 17.66 1230+£0.36 7.71+0.10 1.56+0.03 454+0.06 5.65+0.04 1.61+£0.04 0.23

Py, Hara Madhu
 sweet, high TSS,

I

P, DSM 19

Wikl agrestis, phoot type: non-sweet,
highly acidic, big and elongated fruit,
monoccious

x

BC,P,

Fig. 2. Schematic representation of development of six basic generations by crossing Hara Madhu and DSM 19 (cross Il), to generate F , F

BC,P, and BC,P,

the quantitative nature of trait expression in muskmelon
and align with earlier reports by Zalapa et al. (2006),
Pornsuriya and Pornsuriya (2009), and Shashikumar et al.
(2016). Therefore, a six-parametric model or digenic gene
interaction model (m, d, h, i, jand /) was employed to detect
epistasis. The mean effect (m) was significant for both crosses
and all traits studied across all seasons, indicating that the
traits are quantitatively inherited.

In cross |, dominance effects (h) for average fruit weight
were significantly negative across all seasons and in the
pooled data, indicating strong non-additive gene action.
Additive effects (d) varied in direction between seasons,
suggesting genotype X environment interaction. In cross
Il, the dominance effect (h) was also significantly negative,
while the additive effect (d) remained non-significant across
all seasons. Previous studies in muskmelon have reported the

oY

involvement of both additive and non-additive gene actions
for this trait (Alvarado and Arzani 2019). The dominance
x dominance interaction (/) was consistently significant
and positive throughout, reinforcing the role of duplicate
epistasis. In cross Il, significant negative dominance effect
(h) and additive x dominance (i) effects, along with positive
dominance x dominance interaction (/), further reinforced
duplicate epistasis as the major governing interaction
for average fruit weight. Previous studies reported
complementary epistasis (Sakulphrom et al. 2017), while
Zalapa et al. (2006) highlighted the involvement of both
dominance and epistatic effect. Similarly, the occurrence
of both duplicate and complementary epistasis in different
crosses was also reported (Shashikumar et al. 2016).

In cross |, fruit length showed no significant gene or
epistatic effects during seasons | and Il. In contrast, season
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[Il and the pooled analysis showed significant negative
effects for the dominance effect (h), whereas the additive
x dominance interaction (/) showed a significant positive
effect, indicating duplicate epistasis. In cross I, no epistatic
interactions were detected. Similar gene interactions
controlling fruit length, primarily due to duplicate epistasis,
have also been reported earlier in muskmelon.

For fruit diameter, exhibited non-significant effects in
cross | during season |, similar to fruit length. However, in
the subsequent seasons and in the pooled data, significant
negative dominance (h) and significant positive dominance
x dominance (/) epistatic interactions were observed. In
cross ll, this trait exhibited significant negative (h) and
significant (/) effects, further supporting the role of non-
additive gene interactions. These consistent patterns across
seasons indicated the predominance of duplicate epistasis
in controlling fruit diameter, which corroborates earlier
findings by Sakulphrom et al. (2017). In cross |, flesh thickness
was influenced by a negative dominance effect (h) and a
positive dominance x dominance epistatic interaction (/)
across all seasons except in season I. A similar pattern was
noted in cross Il. Duplicate epistasis was thus evidentin
both crosses, aligning with previous findings in muskmelon
(Sakulphrom et al. 2017; Javanmard et al. 2018).

For cavity width, no significant genetic effects were
observed in season | of cross I. In both season Ill and
the pooled dataset, only h and / remained significant
withopposite interactions, indicating the presence of
duplicate epistasis. A similar trend was observed in cross Il.
Total soluble solids (TSS) in cross | was strongly influenced
by a significant negative dominance effect (h) and significant
positive dominance x dominance epistatic interaction
(1) across all seasons and in the pooled dataset. Additive
effects were non-significant in seasons | and Il but showed
a significant negative effect in season lll and in the pooled
dataset. A similar trend was observed in cross Il, with non-
significant additive effects acrossall seasons. These results
indicate the prevalence of duplicate epistasis in both crosses,
consistent with earlier findings in muskmelon for this trait
(Javanmard et al. 2018). The influence of dominant gene
effects on TSS was also highlighted by Kamer et al. (2014),
while Javanmard et al. (2018) reported the significance of
additive gene action for this trait.

Fruit shape index (FSI) was non-significant in cross |;
therefore, this trait was not considered for genetic analysis.
In cross I, the dominance effect (h) was consistently positive
and significant across all seasons, indicating the presence
of dominant gene action favouring higher FSI. Season |
showed no significant epistasis, while season Il and pooled
data showed complementary epistasis, primarily driven
by dominant gene effects and their interactions (h and /),
reinforcing the role of non-additive gene action in shaping
FSI. Varying results were reported for the fruit shape index
in muskmelon, and additive gene action.

In cross |, titratable acidity consistently exhibited a significant
dominance effect (h) across all seasons and the pooled data,
indicating the predominance of non-additive gene action.
While nosignificant epistasis was detected in season |, the
presence of significant negative dominance x dominance
(/) in season Il and in pooled data suggests the occurrence
of duplicate epistasis. Similarly, in cross Il, duplicate epistasis
was observed in season | and in the pooled analysis. These
results partially corroborate Silva et al. (2022), who reported
that a major gene with additive and dominance effects,
together with polygenes contributing additive effects,
governed pH and titratable acidity. Their study also involved
a cross between the cultivated variety ‘Vedrantais’ and the
wild accession 'AC-16 (C. melo var. acidulus), highlighting
the significance of wild relatives in acidity-related genetic
studies. However, their analysis was based on additive-
dominant mixed models, which did not partition digenic
interactions. By contrast, our study employed a six-
parameter or digenic interaction model, allowing the
detection of duplicate epistasis, which provides new insights
into the complex genetic architecture of acidity traits. The
historical understanding of melon acidity inheritance has
evolved with the discovery of the So gene for acidity flavour
governed by a monogenic dominant gene, as reported by
Harel Beja et al. (2010). Following this, subsequent studies
mapped this gene to chromosome 8 and rechristened as
PH gene (Cohen et al. 2014). More recent investigations,
however, have reported polygenicand complexinheritance.
For instance, Lee and Kim (2006) reported dominance for
higher acidity with polygenic effects, while Zhang et al.
(2010) demonstrated the involvement of two primary genes
plus polygenes. Our present findings of duplicate epistasis
further support this evolving understanding by revealing
that non-allelic interactions also play an essential role in
regulating titratable acidity, adding an additional layer of
complexity to the inheritance of this important fruit quality
trait.

Improving fruit quality traits remains a major breeding
goal in muskmelon to satisfy customer preferences, industry
norms and dietary requirements. Traits such as average fruit
weight, flesh thickness, total soluble solids and low titratable
acidity content are all quantitatively inherited and governed
by complex gene interactions, as revealed in the present
study. Understanding the nature of gene action is therefore
critical for designing effective breeding strategies. The
predominance of non-additive gene action and duplicate
across several traits highlights the importance of dominance
and gene interactions, indicating that simple selection
in early generations may be ineffective. For traits under
strong dominance control, heterosis breeding or recurrent
selection would be more appropriate, whereas additive
traits could be improved through conventional selection.

Although this study primarily focused on phenotypic
inheritance using generation mean analysis, the results are
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consistent with QTL mapping and marker studies identifying
genomic regions controlling key fruit quality traits in
muskmelon. For example, SSR markers have differentiated
C. melo var. cantalupensis and momordica populations for
horticultural traits (Singh et al. 2015), while SNP-based QTL
mapping has been used to dissect fruit quality variation
(Pereira et al. 2018). Together, these findings reaffirm the
polygenic and environment-dependent nature of fruit
quality traits. Future work should focus on validating the
parental lines used in this study with linked molecular
markersand conducting multi-season evaluations to identify
stable genetic effects. Integrating conventional breeding
with molecular tools will accelerate the development of
nutrient-rich, high-quality muskmelon varieties with broad
adaptability and consumer appeal.

Author’s contribution

Conceptualization of research (HC, RKY, GPM, AK); Designing
of the experiments (HC, RKY, GPM, AUS); Contribution of
experimental materials (HC, RKY); Execution of field/lab
experiments and data collection (KKT); Analysis of data
and interpretation (IG, KKT, DCM, HC ); Preparation of the
manuscript (HC, KKT, IG, AK, AUS).

Acknowledgements

The first author is highly grateful for the financial support
provided in the form of the NFST fellowship under the
Ministry of Tribal Affairs, Government of India. We are highly
thankful to the Director, Joint Director (Education) and Head,
Division of Vegetable Science, ICAR-Indian Agricultural
Research Institute, New Delhi for providing the resources
needed to complete this research.

References

Alvarado G., Rodriguez F. M., Pacheco A., Burguefo J., Crossa J.,
Vargas M.and Lopez-Cruz, M. A.2020. META-R: A software to
analyze data from multi-environment plant breeding trials.
Crop J., 8(5): 745-756.

Akrami M. and Arzani A. 2019. Inheritance of fruit yield and quality
in melon (Cucumismelo L.) grown under field salinity stress.
Sci. Rep., 9(1): 7249.

Burger Y., Sa'ar U., Paris H.S., Lewinsohn E., Katzir N., Tadmor Y.
and Schaffer A.A. 2006.Genetic variability for valuable fruit
quality traits in Cucumismelo. Isr. J. Plant Sci., 54(3): 233-242.

Choudhary H., Yadav R.K. and Maurya S.K. 2020. Principles and
techniques for rapid improvement of muskmelon for yield,
fruit quality and resistance to biotic stresses, In: Accelerated
Plant Breeding (Eds.S.S. Gosal and S.H. Wani, Vol. 2. Springer,
Cham: pp. 373-395.

Cohen S,, Itkin M., Yeselson Y., Tzuri G., Portnoy V., Harel-Baja R.
... and Schaffer A.A. 2014. The PH gene determines fruit
acidity and contributes to the evolution of sweet melons.
Nat. Commun., 5(1): 4026.

Cui H., Fan C,, Ding Z., Wang X., Tang L., Bi Y. ... and Gao P. 2022.
CmPMRI and CmPMrs are responsible for resistance to
powdery mildew caused by Podosphaeraxanthii race 1 in
melon. Theor. Appl. Genet., 135(4): 1209-1222.

Danin-Poleg Y., Reis N., Tzuri G. and Katzir N. 2001.Development
and characterization of microsatellite markers in Cucumis.
Theor. Appl. Genet., 102(1): 61-72.

Dhillon N.P.S., Monforte A.J., Pitrat M., Pandey S. and Singh
P.K. 2012. Melon landraces of India: contributions and
importance. Plant Breed. Rev.,35: 85-150.

FAOSTAT, 2025.Food and Agricultural Organization of the United
Nations.http://www.fao.org/faostat/en/#data/QC (accessed
on 20t July 2025).

Fernandez-Trujillo J. P, Picé B., Garcia-Mas J., Alvarez J. M. and
Monforte A. J. 2011.Breeding for fruit quality in melon.
In:Breeding for fruit quality (Eds. M. A. Jenks and P. J. Bebeli).
pp. 261-278.

Harel-Beja R., Tzuri G., Portnoy V., Lotan-Pompan M., Lev S., Cohen
S. ... and Katzir N. 2010. A genetic map of melon highly
enriched with fruit quality QTLs and EST markers, including
sugarand carotenoid metabolism genes. Theor. Appl. Genet.,
121(3): 511-533.

Javanmard T, Saleh-AbadiF.S.and Bihamta M. R. 2018. Estimation
of some genetic parameters through generation mean
analysis in melon. Indian J. Anim. Res., 52(6): 619-624.

Lee SW. and Kim Z.H. 2006.Inheritance of sour taste in melon
(Cucumismelo). Korean J. Hortic. Sci. Technol., 24: 1-8.
Munshi A.D. and Choudhary H. 2014.Muskmelon./n: Handbook
of Vegetables, vol Il (Eds.: Peter K.V. and Hazra P.). Studium

Press, pp. 271-310.

Padmanabha K., Choudhary H., Mishra G. P., Mandal B., Solanke A.
U., Mishra D.C.and Yadav R. K. 2024. Identifying new sources
of resistance to tomato leaf curl New Delhi virus from Indian
melon germplasm by designing an improved method of
field screening. Genet. Resour. Crop Evol., 71(5): 1911-1933.

Pornsuriya P. and Pornsuriya P. 2009. Study on genetic effects
in fruit shape of oriental pickling melon. J. Agric. Technol.,
5(2): 385-390.

Pereira L., Ruggieri V., Pérez S., Alexiou K. G., Ferndndez M.,
JahrmannT. and Garcia-Mas J. 2018. QTL mapping of melon
fruit quality traits using a high-density GBS-based genetic
map. BMC Plant Biology., 18(1): 324.

Pitrat M. 2013. Phenotypic diversity in wild and cultivated melons
(Cucumis melo). Plant Biotech., 30(3): 273-278.

Sakulphrom S., Chankaew S. and Sanitchon J. 2017.Genetics
analysis and heritability of fruit characters in muskmelon
(Cucumis melo L.) using extreme parental differences.
Agrivita J. Agric. Sci., 40(1): 1-7.

Shashikumar K. T., Pitchaimuthu M. and Rawal, R. D. 2016.
Generation mean analysis of horticultural traits in muskmelon
(Cucumismelo L.). Int. Agric. Sci. Res., 6(2): 399-406.

Sheoran O. P, Tonk D. S., Kaushik L. S., Hasija R. C. and Pannu R. S.
1998.Statistical software package for agricultural research
workers. Recent advances in information theory, Statistics
and Computer Applications by DS Hooda and RC Hasija
Department of Mathematics Statistics, CCS HAU, Hisar, pp
139-143.

Silva, A.E. A.D., Nunes, G.H.D.S,, Silva, J. M. C. D, Nunes, E. W. L.
P., Morais, P. L. D. D., Vieira, A. B. and Correio, R. R. F. 2022.
Inheritance of hydrogen potential (pH) and titratable acidity
in the melon. RevistaCiénciaAgronémica., 53: €20207252.

Singh S., Pandey S., RaghuwanshiR., Pandey V.and Singh M. 2015.
SSR analysis for fruit and quality characters in infra-specific
mapping population of melon. Indian J. agric. Sci., 85(1): 32-7.

Tara K. K., Choudhary H., Yadav R. K., Kumari, J., Mishra, D. C. and



798 Koku K. Tara et al. [Vol. 85, (4 Sppl.)

Shankar, K. 2023. Deciphering genetic variability in melon an inbred line of muskmelon resistant to Fusarium wilt. In:
(Cucumis melo L.) using morphological characters. Veg. Sci., Il International Symposium on Underutilized Plant Species.
50(01): 104-109. 1241: 481-486.

Tara K. K., Choudhary H., Yadav R. K., Kumari J., Mishra D. C. Zalapa J.E., Staub J. E.and McCreight J. D. 2006. Generation means
and Kumar C. 2024. Assessment of genetic diversity and analysis of plant architectural traits and fruit yield in melon.
population structure in melon (Cucumi smelo L.) germplasm Plant Breed., 125(5): 482-487\
using microsatellite markers: Implications towards its varietal ZhangH.,YiH.P, WuM.Z,,WangH.S.,He C.X., Zhang Z.B.and Zhang
improvement. Indian J. Genet. Plant Breed., 84(02): 273-279. X. 2010.Genetic study on sugar and sour traits of melon

Vashisht V. K., Lal T., Sharma S. P.and Thind T. S. 2015b. KP4HM-15: (Cucumis melo L.).Acta Horticulturae, 127-134.



