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Abstract

Key message Widely used rootstock ‘Carolina strongback’ delays female flowering of scion(s). Two stable QTLs
influencing female flowering time and fruiting time across the seasons and years were identified on chromosome 3.
Abstract Inbred lines of Citrullus amarus, a wild relative of cultivated watermelon, are widely used as rootstocks to control
soil-borne diseases for watermelon (Citrullus lanatus) production. The most commonly used watermelon rootstock, ‘Carolina
strongback’ (Syngenta, Basel, Switzerland) flowers weeks later than commercial watermelon cultivars, which delays the
onset of female flowering (DFF) of the scion, leading to an undesirable delay in fruit maturity and harvesting. Understanding
the genetics of DFF in a C. amarus population will facilitate the development of rootstocks with the early flowering habits
preferred for commercial production. A recombinant inbred line population (N =129 lines) developed between C. amarus
lines, USVL246-FR2 and USVL114, was evaluated in field trials in spring and fall of 2022 and 2023 for DFF and days to
fruiting (DFT) after being transplanted into the field. The correlation between DFF and DFT is 0.92. Broad-sense heritabil-
ity of DFF and DFT was 0.23 and 0.31, respectively. Two QTLs influencing both the DFF and DFT across the seasons and
years were identified at 90.5 and 56.0 cM on chromosome 3 and together explained 39.7% variance of DFF. Two additional
QTLs associated with DFF were season-specific with a spring and a fall QTL on chromosome 10 and on the proximal end
of chromosome 3, respectively. Genes coding for putative proteins involved in inducing anthesis, activation and regulation
of FT proteins were identified in the 1.5 LOD interval of the stable major QTLs on chromosome 3.

Introduction

Determinants of crop success, such as biomass production
and yield, are influenced by flowering time (FT) during the
crop growth cycle. The flowering habit of a crop has been
domesticated accordingly to maximize the monetary benefit
of the crop (Cockram et al. 2007). Early FT is a desired
trait in cereal and horticultural crops as it allows more time
to accumulate biomass in floral parts to increase monetary
benefits. In contrast, late FT is desired for biofuel or forage
crops where the economical product is vegetative biomass.
FT and fruit set are crucial fitness traits and influence the
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domestication of horticultural crops (Bliimel et al. 2015).
FT determines the time of fruit set and fruit maturity in
watermelon (Jung and Miiller 2009). Early fruit maturity is
a trait targeted by commercial breeding programs as it helps
reduce input costs (Poland et al. 2009). In watermelon, early
FT is particularly important as the demand and often pur-
chase price for watermelon drastically increases for the US
Independence Day holiday (July 4), where the fruit is com-
monly consumed as part of the celebrations (Garden clip-
pings 2024). If producers do not have the bulk of their fruit
harvested by this date, their annual watermelon profits can
decrease greatly. Thus, early flowering and fruiting lowers
watermelon production risks and can increase grower profits.

Citrullus lanatus includes sweet, red-fleshed edible
watermelon, while Citrullus amarus includes inedible
wild watermelons. Due to decades of preferential selection
for flesh color, sweetness and yield, genetic variation for
biotic and abiotic stress tolerance is narrow among the C.
lanatus species (Levi et al. 2001). Conversely, C. amarus
accessions exhibit high genetic diversity for biotic and
abiotic stress tolerance and are widely used as parents in
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resistance introgression into cultivated watermelon (Bra-
nham et al. 2019a, 2019b; Ganaparthi et al. 2023, 2024;
Rennberger et al. 2023). C. amarus accessions are also
used as rootstocks to control soil-borne diseases such as
Fusarium wilt, pythium root rot and root-knot nematodes
(Keinath et al. 2019; Keinath and Hassell 2014). There are
no resistant watermelon cultivars/hybrids to Fusarium wilt
caused by Fusarium oxysporum f. sp. niveum (Fon) race 2
or root-knot nematode or effective chemical management
options, so the use of resistant rootstocks or abandonment
of infested fields are the only management options (Waldo
et al. 2023.). ‘Carolina strongback’, an inbred line developed
from two C. amarus accessions, is used as a rootstock to
prevent economic losses to Fon race 2 and root-knot nema-
tode (Keinath and Hassell 2014). Along with resistance to
Fon race 2 and root-knot nematodes, rootstocks improve
horticultural traits such as fruit yields and the flesh firm-
ness of fruits produced by the C. lanatus scion (Devi et al.
2020). Rootstocks also influence the flowering time of the
scion. Carolina strongback delays days to female flowering
(DFF) and consequently delays fruit maturity and harvest.
Therefore, understanding the genetics of flowering time in
C. amarus is essential to develop improved rootstocks with
an early flowering habit.

Flowering time is a vital and complex trait in all the major
economic crops; hence, extensive research has been carried
out to understand the genetic architecture and molecular
pathways underlying flowering time in model systems such
as Arabidopsis thaliana and maize (Blazquez et al. 2003;
Shindo et al. 2005; Buckler et al. 2009). QTL mapping with
C. lanatus populations and genome-wide association stud-
ies (GWAS) employing C. amarus accessions have been
undertaken to understand the genetic architecture of FT in
watermelons (McGregor et al. 2014; Gimode et al. 2020;
Katuuramu et al. 2023). QTLs and QTNs influencing DFF
were identified on chromosomes 2, 3,4, 5, 8,9 and 11. QTLs
and QTNs with large allele effects, influencing DFF by five
to ten days, were identified with both the QTL mapping
and genome-wide association studies. However, QTL map-
ping of FT with a C. amarus biparental population has not
reported, hindering marker development for early FT in wild
watermelon. In addition, although watermelons are produced
commercially in two planting seasons (spring and fall) in
the USA, South and Central America, existing studies have
focused solely on FT in the spring season.

The objectives of our study were to identify stable large-
effect QTLs influencing DFF and days to fruit formation
in a biparental C. amarus population, and identify season-
specific FT QTLs.
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Materials and methods
Plant materials and transplant growth conditions

An Fg.4 RIL population (N =129 lines) segregating for
DFF and DFT after transplantation was developed between
USVL114 and USVL246-FR2 through single-seed
descent, as described by Branham et al. (2019a). The par-
ents are readily available from the USDA-National Plant
Germplasm Repository. USVL114 produces female flow-
ers and fruits 13 days earlier (on average) than USVL246-
FR2. For each field trial, five seeds of each RIL were hand
sown into metro-mix 360 soilless media (Sun Gro Horti-
culture, Agawam, MA, USA) in 50-cell propagation trays.
They were grown in a greenhouse with an average tem-
perature of 25 °C for four weeks. Seedlings were watered
as needed and were fertilized with water-soluble fertilizer
(NPK: 20:20:20) at a rate of 5 g/L (Scotts, Marysville, OH,
USA) on the 14th and 28th day after seeding.

Field experiments

Field studies were carried out at the Coastal Research and
Education Center, Clemson University, Charleston, South
Carolina. Loamy fine sand was the predominant soil type
at the research station. Experiments were carried out in
the spring and fall of 2022 and 2023. RILs, along with the
parents, were seeded the last week of March, and seedlings
were hand transplanted into raised beds in the first week of
April for the spring trials. Fall trials were seeded during
the last week of May, and seedlings were transplanted in
the first week of July. In all the experiments, three plants
per genotype were transplanted onto the raised beds with
3-m spacing between the genotypes and plants within a
genotype were separated by 0.91 m. The experimental
design for all four field trials was a randomized complete
block with two replications with each replication treated
as a block.

The fields were seeded with rye (Secale cereale) in the
winter before each spring experiment. After all spring
trial plots were harvested, the field was cleared, and fall
experiments were planted in the same field. The field
was disked twice before transplantation for all the experi-
ments, and 560 kg/ha of NPK:15-0-12.5 fertilizer was
applied. Raised beds of width 0.9 m were shaped along
the length of the field. Pre-emergent herbicides S-metol-
achlor and halosulfuron were sprayed on the raised beds
and covered with black polyethylene mulch. Plots were
hand-weeded on a weekly basis to reduce competition for
crop growth. Insect and disease pressure were maintained
below the threshold by spraying with chemicals according
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to the Southeastern US Vegetable Crop Handbook (2022).
The vines of each plant were turned three times a week to
maintain separation for data collection.

Phenotypic data collection and statistical analysis:

In all the experiments, three plants per rep (for a total
of six plants) of one hundred and twenty-nine RILs and
the parents were evaluated. The number of days from
transplantation to the opening of the first female flower
(DFF) and to the first appearance of fruit set (DFT) was
recorded for each plant. Female flowers take 2-3 days to
initiate fruit set after successful pollination. Fruit set is
recorded when the ovary swells to three times the size of
non-pollinated ovaries on the same plant.

Three sets of best linear unbiased estimates (BLUEs)
and best linear unbiased predictions (BLUPs) were cal-
culated for DFF and DFT of each genotype: (1) across
spring trials, (2) across fall trials and (3) across all tests.
The BLUEs were obtained using the following model
implemented in Ime4 package (Bates et al. 2015) of R (R
Core Team 2022) with the following formula:

Y=gi+rj+y+8 y+te;

where Y represents the BLUEs of each RIL, g; is the fixed
effect of the ith RIL and r; is the random effect of the jth
rep, y; is the random effect of the kth year/test, g; : y, is
the interaction between ith genotype and kth year/test and
e;; 1s the random error variance. The same model was used
to obtain BLUPs, except that genotype was included as a
random factor. Variances obtained from the BLUPs were
used to estimate heritability. Broad-sense heritability of days
to female flowering and fruiting for spring and fall seasons
and for across the seasons among the RILs in the study were
calculated using the following formula (Piepho and Mdohring
2007):

H? =
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where O'; is the variance due to genotype, GZ is the pheno-

typic variance, ‘7; is the variance of the genotype-by-test or
year interaction, m is the number of test/year (experiments)
and r is the number of replicates per trial. Mean DFF and
DFT of genotypes for spring and fall seasons and across
all tests were obtained with the ‘aggregate’ function imple-
mented in R. Homogeneity of test and season variance was
assessed with the Bartlett test (Bartlett 1937) using the func-
tion ‘Bartlett.test’ in R.

QTL mapping

A previously reported genetic map of the RIL population
consisting of 2,174 polymorphic SNP markers developed
from genotype-by-sequencing and KASP markers (Bra-
nham et al. 2019a, b; Ganaparthi et al. 2024) was utilized
for QTL mapping of DFF and DFT. Multiple QTL map-
ping with Haley-Knott regression (Haley and Knott 1992)
was used to identify genomic regions associated with DFF
and DFT in the RIL population. The optimum model with
the highest penalized logarithm of the odds (LOD) score
was determined with the stepwiseqtl function implemented
in the R package ‘qtl’ (Broman and Sen 2009). The LOD
significance threshold was established with 1,000 permuta-
tions using the scantwo function with penalties at @ = 0.05.
Interactions between QTLs were modeled with the option
scan.pairs =T implemented in the scantwo function. LOD
profile figures of all the linkage groups were generated with
the scanone function, adding a single QTL at a time with
the function addqtl to visualize forward model selection.
The argument ‘expandtomarkers =T’ of the lodint function
identified the markers flanking each significant QTL for the
1.5 LOD interval. USVL246-FR2 genome annotations (Wu
et al. 2023) obtained from the CuGenDBv2 database were
used to identify the candidate genes within the 1.5 LOD
interval of each significant stable QTL and determine their
putative protein function.

Results

Variation in days to flowering and fruiting
among the RIL population

Across the years and seasons, mean DFF and DFT was 36.3
and 40.9 for USVL114 and 49.2 and 53.9 for USVL246-
FR2, respectively (Supplementary table). Two RILs had
lower mean DFF than USVL114 and one RIL had a higher
mean DFF than USVL246-FR2 (Fig. 1), indicating trans-
gressive segregation. The lowest number of DFF and DFT
was recorded by RIL 200 (34.9 and 40.2, respectively),
while the highest number of DFF and DFT was recorded
by the RIL 215 (49.7 and 54.5, respectively). The variances
of DFF and DFT were non-homogenous within year, test,
season and replication (P value ranged from < 2e-16 to
0.025). Population line means of DFF ranged from 34.9 to
49.7 with a standard deviation of 2.5 (Table 1), while DFT
ranged from 40.3 to 54.5. The population means for DFF
and DFT did not vary by season (41 and 46 days, respec-
tively, for both the spring and fall). The range of DFF was
29.6 to 47.1 in the spring and 31.6 to 52.1 in the fall. The
correlation between DFF and DFT was high both overall
(0.92) and within each season (spring =0.82 and fall =0.90).
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Fig. 1 Histogram showing the distribution of a Citrullus amarus
mapping population developed between USVL246-FR2 and
USVLI114 a days to appearance of first female flower and b days to
the appearance of first fruit after transplanted into the field across the
spring and fall seasons of 2022 and 2023. Vertical dashed lines indi-
cate the DFF and DFT of the parents; USVL114 and USVL246-FR2

Table 1 Summary statistics for days to female flowering and fruit-
ing of a Citrullus amarus mapping population developed between
USVL246-FR2 and USVL114 after transplanting into the field across
four field seasons at the Coastal Research and Education Center in
Charleston, South Carolina

Trait Mean+ SD Min Max

Days to female flowering (across the trials) 41.1+2.5 349 49.8
46.6 +2.7 403 545
41.1+25 295 472
46.7+2.7 349 526
41.1+3.0 31.6 52.1
464+34 395 5638

Days to fruiting (across the trials)
Days to female flowering (spring trials)
Days to fruiting (spring trials)

Days to female flowering (fall trials)
Days to fruiting (fall trials)

Broad-sense heritability of DFF and DFT across the tests
was 0.23 and 0.31, respectively. Broad-sense heritability was
lower in the spring (DFF=0.21 and DFT =0.37) than the
fall (DFF=0.49 and DFT =0.62) (Table 2).

QTL mapping

QTL mapping was performed for six separate traits: BLUEs
of DFF and DFT for the spring, fall and across all tests.
The optimal multiple QTL mapping (MQM) model with the
highest penalized LOD score was determined for each trait.
A single major QTL was identified on chromosome 3 around
90 cM, consistently across the seasons and years. MQM of
overall DFF BLUE:s (i.e., across all four field trials) identi-
fied two QTLs on chromosome 3 (Fig. 2a). The QTL with
the highest LOD score was identified on chromosome 3 at
90.5 cM and explained 22.7% of phenotypic variance (Vp)
with an additive effect of 1.2 (Table 3). A second QTL was
identified on chromosome 3 at 56.0 cM with an LOD score
of 7.9 and explained 17.0% of V) with an additive effect of
0.99. No epistatic interaction between QTLs was identified.
Similarly, MQM of BLUEs on DFT across the years and
seasons identified two QTLs on chromosome 3. The posi-
tion of identified QTLs on chromosome 3, their phenotypic
variance and additive effects are similar to those identified
for DFF (Table 3).

MQM identified three QTLs on chromosome 3 affecting
the DFF of fall-transplanted watermelons. All three QTLs
identified are on chromosome 3 at different positions, i.e.,
18.0 cM, 58.3 cM and 91.0 cM. Major QTL at 91.0 cM
explained 15.9% of Vp with an additive effect of 1.14.
Minor QTLs at 58.3 ¢cM and 18.0 cM explained 9.1 and
7.2% Vp, respectively. The same three QTLs were identi-
fied with MQM on BLUE:s for DFT for the fall-transplanted
trials (Table 3).

Three QTLs influence DFF for the spring-planted fields
and together explained 37.0% of Vp. MQM identified two
QTLs each on chromosome 3 and a single QTL on chro-
mosome 10. Major QTL on chromosome 3 was identified
with an LOD value of 11.1 at 90.0 ¢cM and explained 19.2%
of the variation in the phenotype. QTL on chromosome 10
was identified with a peak LOD score of 3.9 and explained

Table 2 Correlations among female flowering and fruiting of a Citrullus amarus mapping population developed between USVL246-FR2 and
USVLI114 after transplanting into the field across four field seasons at the Coastal Research and Education Center in Charleston, South Carolina

Traits Fruit Spring female flower Spring fruit Fall female flower Fall fruit
Female flower 0.92 0.85 0.72 0.90 0.87
Fruit 0.79 0.84 0.82 0.91
Spring female flower 0.82 0.56 0.60
Spring fruit 0.49 0.54
Fall female flower 0.90
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Fig.2 Logarithm of odds
(LOD) scores for QTL associ-
ated with best linear unbiased
estimates (BLUEs) obtained
from the days to first female
flower appearance after
transplanted into the field for
a Citrullus amarus mapping
population developed between
USVL246-FR2 and USVL114
a across the spring and fall
seasons of 2022 and 2023, b
across the spring season of 2022
and 2023 and c across the fall
season of 2022 and 2023. The
horizontal dashed line indicates
the genome-wide significance
threshold. Forward selec-

tion models for 1-4 QTL are
indicated by color in the figure
legend

Table 3 Quantitative trait loci
(QTL) associated with days to
female flowering and days to
fruiting after transplantation
across the 2022 and 2023 field
seasons, and across the spring
and fall seasons of 2022 and
2023 of a Citrullus amarus
mapping population developed
between USVL2246-FR2 and
USVL114
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Trait Season Chr Position (cM) LOD Peak LOD posi- % V Additive effect
tion (Mb)
DFF Overall 03 90.5 10.10 30.61 22.69 -1.15
DFF Overall 03 56.0 7.88 21.07 16.98 -0.99
DFT Overall 03 91.0 9.46 30.61 22.57 —-1.29
DFT Overall 03 59.5 6.27 23.13 14.10 —-1.01
DFF Spring 03 90.0 11.12 30.61 19.22 -1.10
DFF Spring 03 54.7 6.18 20.12 9.74 —-0.78
DFF Spring 10 10.3 3.94 6.44 8.06 -0.70
DFT Spring 03 91.5 6.70 30.61 19.57 -1.19
DFF Fall 03 91.0 7.27 30.61 15.89 -1.14
DFF Fall 03 58.3 4.34 22.71 9.39 -0.89
DFF Fall 03 18.0 3.73 5.34 7.62 —-0.81
DFT Fall 03 91.5 9.09 30.61 19.66 —1.51
DFT Fall 03 58.5 4.20 22.71 8.29 —-1.03
DFT Fall 03 18.0 3.98 5.34 7.83 -0.99
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Fig.3 Effect plots showing the mean and standard errors for best
linear unbiased estimates (BLUESs) of days to the appearance of first
female flower for genotypic class: AA homozygous for USVL246-
FR2 parent alleles, BB homozygous for USVL114 parent alleles.
Panels depict the genotypes of the SNP with highest LOD scores for

a phenotypic variance of 8.1%. No interaction was found
among the QTLs (Figs. 3, 4).

Inbreed lines with the BB (N =158) allele at QTL3.1
flower approximately three days earlier, on average, than
the lines with the AA (N=069) allele. Similarly, on aver-
age, lines with the BB allele (N=52) at QTL3.2 flower
approximately two days earlier than the lines with AA allele
(N'=76). Thirty inbred lines inherited AA alleles for both
the QTLs (i.e., QTL3.1 and QTL 3.2) showed a mean DFF
of 43.7, while the inbreed lines with BB allele (N =47) for
the same QTLs showed a mean DFF of 39.4. On average,
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CHR03_21073309

CHR03_30618581 & CHR03_21073309

each quantitative trait loci identified across the field trials: a SNP
at the QTL on Chromosome 3 at 90.50 cM; b SNP at the QTL on
chromosome 3 at 56.00 cM; ¢ SNPs at the QTL on chromosomes 3 at
90.50 cM and 56.00 cM

lines with BB alleles for the haplotype representing the two
stable QTLs flowered 4.3 days earlier than the lines with
AA alleles.

Discussion

Flowering and fruiting time are two of the most important
traits targeted in watermelon breeding programs (Wehner
2008). Though wild C. amarus are not commercially grown,
rootstocks of C. amarus are widely used in watermelon



Theoretical and Applied Genetics (2026) 139:3

Page70f10 3

Fig.4 Logarithm of odds
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cultivation. Since the flowering and fruiting behavior of
watermelon rootstock influences the DFF, DFT and fruit
maturity of commercially grown scions, understanding the
genetic nature of DFF and DFT with a C. amarus mapping
population is crucial to develop rootstocks with an earlier
flowering habit (Devi et al. 2020). C. amarus accessions are
also employed in biotic and abiotic stress resistance breeding
in watermelon breeding programs, and information about
the genetic nature of DFF will increase the efficiency of
introgression of targeted traits into a C. lanatus background.

The interval between the mean DFF and DFT among the
RIL population is 4-5 days. Pollination, fertilization and
fruit initiation in watermelon takes about 3-5 days. This
study found a strong correlation between days to first female
flower and days to fruiting among the mapping population,
indicating low female flower abortion. DFF in watermelon
has been studied previously with the USDA panel of C.
amarus accessions (Katuuramu et al. 2023) and C. lanatus
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biparental population (McGregor et al. 2014). Mean DFF
was highest among the C. amarus RIL population (41 days)
employed in the current study, followed by the panel of C.
amarus accessions (35 days) (Katuuramu et al. 2023) and
the C. lanatus biparental population (26 days). The growing
period of cultivated and wild watermelon ranges between
80-90 and 110-130 days, respectively (Guo et al. 2015).
Hence, the time to DFF after transplanting is low among
cultivated watermelons. Surprisingly, the average DFF is
35 days after transplantation among C. amarus accessions,
while the average DFF among the current population is 41
DAT. Differences in populations and environmental condi-
tions influence DFF (Turner et al. 2005; Buckler et al. 2009).
Though both studies were carried out in Charleston, SC,
USA, Katuuramu et al. (2023) transplanted seedlings into
the field during the month of May, where mean temperatures
are very suitable for vegetative to flowering phase transition
(Jagadish et al. 2016). The current study was transplanted
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into the field at the beginning of April or July, when average
temperatures and precipitation do not allow for the rapid
transition from vegetative to flowering and fruiting phases.

The heritability of days to female flower in this study
(H2=0.23) was much lower than the heritability reported
for the whole panel of C. amarus accessions (0.75) (Katu-
uramu et al. 2023), however, is comparable to the heritability
reported by McGregor et al. (2014) on a C. lanatus bipa-
rental RIL population (H?=0.23). Though McGregor et al.
(2014) and the current study used RIL populations belong-
ing to different species of Citrullus, both reported low broad-
sense heritability for DFF. Low heritability in the current
study could be due to the evaluation of the RIL population in
two different climates, i.e., spring and fall seasons. However,
the broad-sense heritability for each season separately was
low to moderate (0.21 and 0.49, respectively) but not high
(0.75), as reported by Katuuramu et al. (2023).

The QTL on the distal end of chromosome 3 @ 90.5 cM
(30.6 Mb) was identified as the major QTL across the tests
and seasons; hence, it is a stable QTL influencing DFF and
explained 22.7% V. Two other QTLs identified on chromo-
some 3 influenced flowering behavior in fall-transplanted
tests at 18.0 and 58.3 cM (5.34 and 20.97 Mb). McGregor
et al. (2014) identified three QTLs on chromosome 3 that
were associated with flowering time in a C. lanatus RIL
population. The major QTL beginning of chromosome 3 at
17 Mb explained 44.7% Vj and showed an additive effect
of 2.5 DFF (McGregor et al. 2014). Further fine mapping
identified a single SNP on chromosome 3 at 15.4 Mb with
an allele effect of 11 DFF (Gimode et al. 2020). The major
QTL identified on chromosome 3 in this study was also asso-
ciated with flowering time across C. amarus accessions but
had an additive effect of only -1.2 DFF. This allele effect
size discrepancy among the cultivated and wild watermelon
can be explained by artificial selection for large-effect QTLs
(Dittmar et al. 2016). C. amarus is a population consists of
naturally evolved wild watermelons. On the contrary, edible
red-fleshed watermelon species, C. lanatus are subjected to
artificial selection for agronomical and horticultural traits
during and after domestication. Early flowering habit is one
such agronomical trait targeted during domestication and
by the commercial breeding programs, which might had
let to the selection for a few large-effect QTLs and many
small-effect QTLs. Such large-effect QTLs are absent among
parents employed to develop the mapping population thus
were not found in the current study. Traits important for
domestication and being controlled by a single large-effect
QTL and many small-effect QTLs were identified among
cucurbits (Tzuri et al. 2015).

A total of 215 genes were located within the 1.5 LOD
intervals of the two stable QTLs identified on chromosome
3 at 56.0 and 90.5 cM. The strongest putative candidate
genes within these ranges encode proteins with functional

@ Springer

roles in the transition from the vegetative to reproductive
phase. Candidate gene CaUC03G059780 (chromosome 3 @
56 cM) encodes a Flowering Locus T (FT) protein, which
are well-known flowering time regulated by the photoperiod
and vernalization, and acts as the primary flowering signals
for floral induction in Arabidopsis, Rice and Barley (Faure
et al. 2007; Tsuji and Sato 2024). Gibberellin receptors
mediate gibberellin pathways leading to the activation of
FT, which in turn initiates flowering (Mutasa-Gottgens and
Hedden 2009). In addition, gibberellin signaling is essential
for the normal development of floral structures (Achard et al.
2004). A gene (CaUC03G065560) predicted to encode the
gibberellin receptor GID1C was identified in the QTL inter-
val on chromosome 3 at 90.5 cM (31.16 Mb).

Rootstocks with early flowering habit and Fusarium wilt
race 2 resistance is highly desirable for commercial water-
melon production. Fusarium wilt race 2 resistance and DFF
among the biparental population employed in the current
study were not significantly correlated (P-value=0.27,
rho=-0.09). The five RILs with the lowest DFF are all sus-
ceptible to Fusarium wilt race 2. Therefore, the development
of rootstocks with resistance to Fusarium wilt race 2, root-
knot nematode and early flowering habit may require large
population sizes with extensive phenotyping to combine all
the desired traits into an elite rootstock line.

This study identified two stable QTLs influencing DFF
across the years and seasons. QTLs identified among the C.
amarus population showed small additive effects, indicating
the quantitative nature of the trait. Resistance to Fusarium
wilt race 2 and root-knot nematode are also quantitatively
inherited (Ganaparthi et al. 2024; Waldo et al. 2023), and
genomic selection could be an optimal tool to develop root-
stocks with both resistances and an earlier flowering habit.

Supplementary Information The online version contains supplemen-
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Acknowledgements Clemson University is acknowledged for their
generous allotment of compute time on the Palmetto Cluster. This
publication was made possible, in part, with support from the Clem-
son University Genomics and Bioinformatics Facility, which receives
support from the College of Science and two Institutional Develop-
ment Awards (IDeA) from the National Institute of General Medi-
cal Sciences of the National Institutes of Health under grant numbers
P20GM146584 and P20GM139769.

Author contributions All authors contributed to the study conception
and design. Material preparation, data collection and analysis were
performed by Venkata Rao Ganaparthi, Sandra Elaine Branham and W.
Patrick Wechter. The first draft of the manuscript was written by Ven-
kata Rao Ganaparthi, and all authors commented on previous versions
of the manuscript. All authors read and approved the final manuscript.

Funding Open access funding provided by the Carolinas Consortium.
This work was supported by the USDA National Institute of Food and
Agriculture (Grant No. 2020-51181-32139).


https://doi.org/10.1007/s00122-025-05104-6

Theoretical and Applied Genetics (2026) 139:3

Page9of10 3

Data availability The datasets generated during and/or analyzed during
the current study are included in the supplementary tables.

Declarations

Conflict of interest The authors have no relevant financial interests to
disclose. Corresponding author Dr. Sandra E. Branham serves as an
associate editor for Theoretical and Applied Genetics.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Achard P, Herr A, Baulcombe DC, Harberd NP (2004) Modulation of
floral development by a gibberellin-regulated microRNA. Devel-
opment 131:3357-3365. https://doi.org/10.1242/DEV.01206

Bartlett MS (1937) Properties of sufficiency and statistical tests. Proc
R Soc Lond Ser A 160:268-282

Bates D, Michler M, Bolker BM, Walker SC (2015) Fitting linear
mixed-effects models using Ime4. J Stat Softw. https://doi.org/
10.18637/jss.v067.101

Blazquez MA, Ahn JH, Weigel D (2003) A thermosensory pathway
controlling flowering time in Arabidopsis thaliana. Nat Genet
33(2):168-171. https://doi.org/10.1038/ng 1085

Bliimel M, Dally N, Jung C (2015) Flowering time regulation in crops
— what did we learn from Arabidopsis? Curr Opin Biotechnol
32:121-129. https://doi.org/10.1016/J.COPBIO.2014.11.023

Branham SE, Levi A, Katawczik ML, Wechter WP (2019a) QTL map-
ping of resistance to bacterial fruit blotch in Citrullus amarus.
Theor Appl Genet 132:1463-1471. https://doi.org/10.1007/
s00122-019-03292-6

Branham SE, Levi A, Wechter WP (2019b) QTL mapping identi-
fies novel source of resistance to fusarium wilt race 1 in Citrul-
lus amarus. Plant Dis 103:984-989. https://doi.org/10.1094/
PDIS-09-18-1677-RE

Broman KW, Sen B (2009) Statistics for Biology and Health A Guide
to QTL Mapping with R/qtl. http://www.springer.com/series/2848

Buckler ES, Holland JB, Bradbury PJ et al (2009) The genetic archi-
tecture of maize flowering time. Science (1979) 325:714-718.
https://doi.org/10.1126/SCIENCE.1174276/

Cockram J, Jones H, Leigh FJ et al (2007) Control of flowering time
in temperate cereals: genes, domestication, and sustainable pro-
ductivity. J Exp Bot 58:1231-1244. https://doi.org/10.1093/JXB/
ERMO042

Devi P, Lukas S, Miles CA (2020) Fruit maturity and quality of splice-
grafted and one-cotyledon grafted watermelon. HortScience
55:1090-1098. https://doi.org/10.21273/HORTSCI15045-20

Dittmar EL, Oakley CG, Conner JK et al (2016) Factors influencing
the effect size distribution of adaptive substitutions. Proc R Soc
Lond B Biol Sci 283:20153065. https://doi.org/10.1098/RSPB.
2015.3065

Faure S, Higgins J, Turner A, Laurie DA (2007) The FLOWERING
LOCUS T-like gene family in barley (Hordeum vulgare). Genetics
176:599. https://doi.org/10.1534/GENETICS.106.069500

Ganaparthi R, Rennberger G, Wechter P, et al (2023) Genome-wide
association mapping and genomic prediction of Fusarium wilt
2 race 2 resistance in the USDA Citrullus amarus collection 3
4 Venkata

Ganaparthi VR, Wechter P, Levi A, Branham SE (2024) Mapping and
validation of Fusarium wilt race 2 resistance QTL from Citrullus
amarus line USVL246-FR2. Theor Appl Genet. https://doi.org/
10.1007/s00122-024-04595-z

Gimode W, Clevenger J, McGregor C (2020) Fine-mapping of
a major quantitative trait locus Qdff3-1 controlling flower-
ing time in watermelon. Mol Breed. https://doi.org/10.1007/
$11032-019-1087-z

Guo S, Sun H, Zhang H, Liu J, Ren Y, Gong G et al (2015) Com-
parative Transcriptome Analysis of Cultivated and Wild Water-
melonduring Fruit Development. PLoS ONE 10(6):e0130267.
https://doi.org/10.1371/journal.pone.0130267

https://vegetables.tennessee.edu/wp-content/uploads/sites/167/2022/
01/2022-southeast-us-veg-crop-handbook-reduced-size.pdf
Accessed on 01/10/2022

https://www.clearwaterprogress.com/lifestyle/garden-clippings-
watermelon-on-the-4th-of-july/article_2cd3cdc6-37ed-11ef-
a3d1-cbd766582935 . html#: ~:text=Who%20doesn't%20cra
ve%20an,dripping%20at%20such%20outdoor%20activities.
Accessed on 05/05/2025

Haley CS, Knott SA (1992) A simple regression mhod for mapping
quantitative trait loci in line crosses using flanking markers.
Heredity 69:315-324

Jagadish SVK, Bahuguna RN, Djanaguiraman M et al (2016) Impli-
cations of high temperature and elevated CO2on flowering time
in plants. Front Plant Sci 7:166037. https://doi.org/10.3389/
FPLS.2016.00913/PDF

Jung C, Miiller AE (2009) Flowering time control and applications in
plant breeding. Trends Plant Sci 14:563-573. https://doi.org/10.
1016/J. TPLANTS.2009.07.005/ASSET/9908BES51-8F12-4C82-
ACA9-07FFC337837D/MAIN.ASSETS/GR2.JPG

Katuuramu DN, Levi A, Wechter WP (2023) Genetic control of flow-
ering time and fruit yield in citron watermelon. Front Plant Sci
14:1236576. https://doi.org/10.3389/FPLS.2023.1236576

Keinath AP, Hassell RL (2014) Suppression of Fusarium wilt
caused by Fusarium oxysporum f. sp. niveum race 2 on grafted
triploid watermelon. Plant Dis. https://doi.org/10.1094/
PDIS-01-14-0005-RE

Keinath AP, Patrick Wechter ¥ W, Rutter WB, Agudelo PA (2019)
Cucurbit Rootstocks Resistant to Fusarium oxysporum f.
sp. niveum Remain Resistant When Coinfected by Meloi-
dogyne incognita in the Field. https://doi.org/10.1094/
PDIS-10-18-1869-RE

Levi A, Thomas CE, Wehner TC, Zhang X (2001) Low Genetic Diver-
sity Indicates the Need to Broaden the Genetic Base of Cultivated
Watermelon

McGregor CE, Waters V, Vashisth T, Abdel-Haleem H (2014) Flower-
ing time in watermelon is associated with a major quantitative trait
locus on chromosome 3. J Am Soc Hortic Sci 139:48-53. https://
doi.org/10.21273/JASHS.139.1.48

Mutasa-Gottgens E, Hedden P (2009) Gibberellin as a factor in floral
regulatory networks. J Exp Bot 60:1979-1989. https://doi.org/10.
1093/JXB/ERP040

Piepho HP, Méhring J (2007) Computing heritability and selec-
tion response from unbalanced plant breeding trials. Genetics
177:1881-1888. https://doi.org/10.1534/genetics.107.074229

Poland JA, Balint-Kurti PJ, Wisser RJ et al (2009) Shades of gray:
the world of quantitative disease resistance. Trends Plant Sci

@ Springer


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1242/DEV.01206
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.1038/ng1085
https://doi.org/10.1016/J.COPBIO.2014.11.023
https://doi.org/10.1007/s00122-019-03292-6
https://doi.org/10.1007/s00122-019-03292-6
https://doi.org/10.1094/PDIS-09-18-1677-RE
https://doi.org/10.1094/PDIS-09-18-1677-RE
http://www.springer.com/series/2848
https://doi.org/10.1126/SCIENCE.1174276/
https://doi.org/10.1093/JXB/ERM042
https://doi.org/10.1093/JXB/ERM042
https://doi.org/10.21273/HORTSCI15045-20
https://doi.org/10.1098/RSPB.2015.3065
https://doi.org/10.1098/RSPB.2015.3065
https://doi.org/10.1534/GENETICS.106.069500
https://doi.org/10.1007/s00122-024-04595-z
https://doi.org/10.1007/s00122-024-04595-z
https://doi.org/10.1007/s11032-019-1087-z
https://doi.org/10.1007/s11032-019-1087-z
https://doi.org/10.1371/journal.pone.0130267
https://vegetables.tennessee.edu/wp-content/uploads/sites/167/2022/01/2022-southeast-us-veg-crop-handbook-reduced-size.pdf
https://vegetables.tennessee.edu/wp-content/uploads/sites/167/2022/01/2022-southeast-us-veg-crop-handbook-reduced-size.pdf
https://www.clearwaterprogress.com/lifestyle/garden-clippings-watermelon-on-the-4th-of-july/article_2cd3cdc6-37ed-11ef-a3d1-cbd766582935.html#:~:text=Who%20doesn't%20crave%20an,dripping%20at%20such%20outdoor%20activities
https://www.clearwaterprogress.com/lifestyle/garden-clippings-watermelon-on-the-4th-of-july/article_2cd3cdc6-37ed-11ef-a3d1-cbd766582935.html#:~:text=Who%20doesn't%20crave%20an,dripping%20at%20such%20outdoor%20activities
https://www.clearwaterprogress.com/lifestyle/garden-clippings-watermelon-on-the-4th-of-july/article_2cd3cdc6-37ed-11ef-a3d1-cbd766582935.html#:~:text=Who%20doesn't%20crave%20an,dripping%20at%20such%20outdoor%20activities
https://www.clearwaterprogress.com/lifestyle/garden-clippings-watermelon-on-the-4th-of-july/article_2cd3cdc6-37ed-11ef-a3d1-cbd766582935.html#:~:text=Who%20doesn't%20crave%20an,dripping%20at%20such%20outdoor%20activities
https://doi.org/10.3389/FPLS.2016.00913/PDF
https://doi.org/10.3389/FPLS.2016.00913/PDF
https://doi.org/10.1016/J.TPLANTS.2009.07.005/ASSET/9908BE51-8F12-4C82-ACA9-07FFC337837D/MAIN.ASSETS/GR2.JPG
https://doi.org/10.1016/J.TPLANTS.2009.07.005/ASSET/9908BE51-8F12-4C82-ACA9-07FFC337837D/MAIN.ASSETS/GR2.JPG
https://doi.org/10.1016/J.TPLANTS.2009.07.005/ASSET/9908BE51-8F12-4C82-ACA9-07FFC337837D/MAIN.ASSETS/GR2.JPG
https://doi.org/10.3389/FPLS.2023.1236576
https://doi.org/10.1094/PDIS-01-14-0005-RE
https://doi.org/10.1094/PDIS-01-14-0005-RE
https://doi.org/10.1094/PDIS-10-18-1869-RE
https://doi.org/10.1094/PDIS-10-18-1869-RE
https://doi.org/10.21273/JASHS.139.1.48
https://doi.org/10.21273/JASHS.139.1.48
https://doi.org/10.1093/JXB/ERP040
https://doi.org/10.1093/JXB/ERP040
https://doi.org/10.1534/genetics.107.074229

3 Page100f10

Theoretical and Applied Genetics (2026) 139:3

14:21-29. https://doi.org/10.1016/J. TPLANTS.2008.10.006/
ASSET/B2B6F5A8-E0F0-41BB-9713-819A632E7A52

R Core Team (2022) R: A Language and Environment for Statistical
Computing. R Foundation for Statistical Computing, Vienna.

Rennberger G, Branham SE, Wechter WP (2023) Genome-wide asso-
ciation study of resistance to Pseudomonas syringae in the USDA
collection of Citrullus amarus. Plant Dis. https://doi.org/10.1094/
PDIS-04-23-0795-RE

Shindo C, Aranzana MJ, Lister C et al (2005) Role of FRIGIDA and
FLOWERING LOCUS C in determining variation in flowering
time of Arabidopsis. Plant Physiol 138:1163—1173. https://doi.
org/10.1104/PP.105.061309

Tsuji H, Sato M (2024) The function of florigen in the vegetative-
to-reproductive phase transition in and around the shoot apical
meristem. Plant Cell Physiol 65:322-337. https://doi.org/10.1093/
PCP/PCAE001

Turner A, Beales J, Faure S et al (2005) Botany: The pseudo-response
regulator Ppd-H1 provides adaptation to photoperiod in barley.
Science (1979) 310:1031-1034. https://doi.org/10.1126/SCIEN
CE.1117619/SUPPL_FILE/TURNER.SOM.PDF

Tzuri G, Zhou X, Chayut N et al (2015) A ‘golden’ SNP in CmOr
governs the fruit flesh color of melon (Cucumis melo). Plant J
82:267-279. https://doi.org/10.1111/TPJ.12814

@ Springer

Waldo BD, Branham SE, Levi A et al (2023) Distinct genomic loci
underlie quantitative resistance to Meloidogyne enterolobii 2 gall-
ing and reproduction in Citrullus amarus

Wehner TC (2008) Watermelon. In: Prohens J, Nuez F (eds) Vegetables
I. Handbook of Plant Breeding, vol 1. Springer, New York, NY.
https://doi.org/10.1007/978-0-387-30443-4_12

Wilson RN, Heckman JW, Somerville CR (1992) Gibberellin is
required for flowering in Arabidopsis thaliana under short days.
Plant Physiol 100:403-408. https://doi.org/10.1104/PP.100.1.403

Wu S, Sun H, Gao L et al (2023) A Citrullus genus super-pangenome
reveals extensive variations in wild and cultivated watermelons
and sheds light on watermelon evolution and domestication. Plant
Biotechnol J 21:1926-1928. https://doi.org/10.1111/PB1.14120

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.


https://doi.org/10.1016/J.TPLANTS.2008.10.006/ASSET/B2B6F5A8-E0F0-41BB-9713-819A632E7A52
https://doi.org/10.1016/J.TPLANTS.2008.10.006/ASSET/B2B6F5A8-E0F0-41BB-9713-819A632E7A52
https://doi.org/10.1094/PDIS-04-23-0795-RE
https://doi.org/10.1094/PDIS-04-23-0795-RE
https://doi.org/10.1104/PP.105.061309
https://doi.org/10.1104/PP.105.061309
https://doi.org/10.1093/PCP/PCAE001
https://doi.org/10.1093/PCP/PCAE001
https://doi.org/10.1126/SCIENCE.1117619/SUPPL_FILE/TURNER.SOM.PDF
https://doi.org/10.1126/SCIENCE.1117619/SUPPL_FILE/TURNER.SOM.PDF
https://doi.org/10.1111/TPJ.12814
https://doi.org/10.1007/978-0-387-30443-4_12
https://doi.org/10.1104/PP.100.1.403
https://doi.org/10.1111/PBI.14120

	Mapping flowering time QTLs in watermelon wild relative Citrullus amarus
	Abstract
	Key message 
	Abstract 

	Introduction
	Materials and methods
	Plant materials and transplant growth conditions
	Field experiments
	QTL mapping

	Results
	Variation in days to flowering and fruiting among the RIL population
	QTL mapping

	Discussion
	Acknowledgements 
	References




