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Abstract The common flesh color of commercially
grown watermelon is red due to the accumulation of
lycopene. However, natural variation in carotenoid com-
position that exists among heirloom and exotic acces-
sions results in a wide spectrum of flesh colors. We
previously identified a unique orange flesh watermelon
accession (NY0016) that accumulates mainly (3-
carotene and no lycopene. We hypothesized this unique
accession could serve as a viable source for increasing
provitamin A content in watermelon. Here we
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characterize the mode of inheritance and genetic archi-
tecture of this trait. Analysis of testcrosses of NY0016
with yellow and red fruited lines indicated a codominant
mode of action as F; fruits exhibited a combination of
carotenoid profiles from both parents. We combined
visual color phenotyping with genotyping-by-
sequencing of an F,.3 population from a cross of
NYO0016 by a yellow fruited line, to map a major locus
on chromosome 1, associated with 3-carotene accumu-
lation in watermelon fruit. The QTL interval is approx-
imately 20 cM on the genetic map and 2.4 Mb on the
watermelon genome. Trait-linked marker was devel-
oped and used for validation of the QTL effect in
segregating populations across different genetic back-
grounds. This study is a step toward identification of a
major gene involved in carotenoid biosynthesis and
accumulation in watermelon. The codominant inheri-
tance of 3-carotene provides opportunities to develop,
through marker-assisted breeding, (3-carotene-
enriched red watermelon hybrids.

Keywords QTL - Carotenoids - Fruit color-
Watermelon - Genotyping-by-sequencing

Introduction

Watermelon is a major vegetable crop, consumed
throughout the world. Watermelon flesh color is a prin-
ciple fruit trait attributed to carotenoids produced and
accumulated in chromoplasts of the flesh cells (Tadmor
et al. 2005). Carotenoids are bioactive organic pigments

@ Springer


http://orcid.org/0000-0003-1766-3401
http://crossmark.crossref.org/dialog/?doi=10.1007/s11032-017-0747-0&domain=pdf
https://doi.org/10.1007/s11032-017-0747-0

146 Page2 of 13

Mol Breeding (2017) 37: 146

naturally produced in plants, but not in mammalian
cells. These compounds are considered important vita-
min precursors and antioxidant molecules, beneficial in
reducing the risk of cardiovascular diseases and cancer
(Gerster 1997; Bramley 2000; Giovannucci et al. 2002).

Watermelon accessions have various flesh colors
controlled by several genes. Major flesh colors are
white, salmon yellow, orange, red, and canary yel-
low (Gusmini and Wehner 2006). Salmon yellow
watermelon flesh color results from accumulation of
pro-lycopene (tetra-cis-lycopene), orange from pro-
lycopene and rarely from f3-carotene, red from ly-
copene, and canary yellow watermelon results from
accumulation of small amounts of xanthophylls and
f3-carotene (Tadmor et al. 2005; Bang et al. 2010).

In contrast with heirloom watermelons that show
wide color variation, most modern watermelon cul-
tivars have red flesh, reflected by the bright red
pigment lycopene. Like in tomato, lycopene is the
predominant carotenoid, constituting 70-90% of to-
tal carotenoids in red flesh watermelons, with an
average of 48.2 mg lycopene per kilogram fresh
weight (Perkins-Veazie et al. 2006). The carotenoids
phytofluene, phytoene, 3-carotene, cis [3-carotene,
lutein, neurosporene, and zeta-carotene may also be
found in the flesh (Tadmor et al. 2005). The lyco-
pene molecule is a symmetrical tetraterpene assembled
from eight isoprene units, and although it is a valuable
antioxidant, it lacks vitamin A activity. The orange
carotenoid pigment 3-carotene is the primary natural
source of vitamin A. 3-Carotene is biosynthesized
through two cyclization events promoted by the en-
zyme lycopene beta-cyclase (LCYB), which creates
beta-rings at both ends of the molecule. When con-
sumed, 3-carotene is cleaved by the intestinal enzyme
[3-carotene 15,15’-monooxygenase into two molecules
of vitamin A.

Several studies have dealt with inheritance of flesh
color in watermelon (Porter 1937; Poole 1944;
Shimotsuma 1963; Henderson 1989; Henderson et al.
1998). Wehner (2007) summarized the flesh color in-
heritance: canary yellow is dominant to all but white
flesh, which is epistatic to canary yellow. A dominance
series of red flesh to orange (pro-lycopene) to salmon
yellow, in that order, has been established. Canary yel-
low is epistatic to coral red flesh (Henderson et al.
1998). Still, the genetics of watermelon flesh coloration
and metabolic pathways are complex and have not been
completely resolved.
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Genetic populations derived from a cross between
different inbred parental lines commonly produce wide
variation in flesh colors, and the flesh colors often differ
in the pericarp, mesocarp, endocarp, and in carpel walls
surrounding the seeds or the vascular tissue of the wa-
termelon fruit. Thus, it is likely that several genes and
biochemical pathways affect pigment expression in dif-
ferent watermelon fruit tissues (Ronen et al. 2000;
Tadmor et al. 2004, 2005; Lewinsohn et al. 2005a,
2005b). Bang et al. (2007, 2010) studied inheritance of
canary yellow and red watermelon flesh color and used
biochemical information and gene sequence data to
identify a SNP in lycopene beta-cyclase (LCYB),
distinguishing between canary yellow and red flesh
watermelons.

In addition to inheritance studies of flesh color in
watermelon, a few QTL mapping projects have been
published. Hashizume et al. (2003) found two flesh
color QTL in a biparental population segregating for
red, canary yellow, and white flesh. Two QTL mapping
studies of a population including red, canary yellow, and
pale yellow flesh identified a single QTL on chromo-
some 4 (Liu et al. 2015, 2016). The genetic basis of 3-
carotene accumulation in watermelon flesh has not yet
been studied.

Previously, we discovered an orange watermelon
accession (NY0016) that accumulates [3-carotene as its
major carotenoid (Tadmor et al. 2005). To study the
inheritance of (3-carotene accumulation, we crossed
NY0016 to both red and yellow cultivars. The resulting
hybrids accumulated both parental line carotenoids. A
genetic population segregating for yellow and orange
flesh was densely genotyped to construct a SNP-based
genetic map and identify a QTL associated with water-
melon flesh color and further develop a single nucleo-
tide polymorphism (SNP) marker useful for the fortifi-
cation of watermelon cultivars with 3-carotene.

Materials and methods
Plant materials and field experiment

Parental lines of the mapping population were the f3-
carotene accumulating orange fleshed inbred accession
NY0016 and the canary yellow inbred accession Early
Moon Beam (EMB). An F,.; mapping population
was developed through self-pollination of the
NY0016 x EMB F; and 87 F, plants. Three
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additional lines were used in F; testcrosses to eval-
uate the inheritance of [3-carotene concentration:
the lycopene accumulating, scarlet red-fleshed cul-
tivar, Dixilee (DL); the coral red-fleshed Charleston
Gray (CG); and the pro-lycopene accumulating salmon
yellow accession Orange Flesh Tender Sweet (OFT)
(Fig. 1). For QTL validation, three F2 populations ad-
vanced from the above testcrosses (NY0016 x EMB,
NYO0016 x CG, and NY0016 x DL) were used. Field
experiments were conducted during summer 2016 and
summer 2017 at the Newe Ya’ar experiment farm (32°
43" 05.4" N 35° 10" 47.7" E). For the mapping exper-
iment, ten plants per F,.; family, dependent upon
seed germination, and two plots of ten plants from
the parents and F; were sown on plastic-covered
beds. Row-to-plant density was 190 x 50 cm. QTL

validation experiment included ~ 100 plants per F2
that were subjected to pre-planting genotyping.
These plants were sown in trays and grown in nursery
greenhouse for 30 days until transplanting at the
field. Leaf samples were taken from each F2 plant
at 14 days after sowing and used for DNA extraction
and genotyping. Each plant was tagged at the tray
and this ID was also used at the field to associate
genotype with phenotype. Growing regime followed
common practices for open-field watermelon grow-
ing in this region.

Phenotyping

For the mapping experiment (NY0016 x EMB F,.3),
ten F3 individuals per F,.; family were phenotyped
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Fig. 1 Flesh color and (3-carotene concentration of four test-
crosses of NY0016. Photographs of longitudinal cross-sections
of the parents and F; hybrids are shown on the left and bar plots
of [3-carotene and lycopene concentrations (pg/g fresh weight) on

the right for testcrosses of NY0016 by: a the canary yellow
cultivar, Early Moon Beam (EMB); b the scarlet red cultivar,
Dixilee (DL); ¢ the salmon yellow accession Orange Flesh Tender
Sweet (OFT); and d the coral red cultivar, Charleston Gray (CG)
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for flesh color allowing the determination of segre-
gation or fixation. All fruits were harvested at matu-
rity (~ 72 days post sowing), cut open longitudinally
and visually scored for flesh color. Individual F5 fruit
flesh color was scored as either yellow (Y), orange
(0O), or a mixture (Mix) of yellow and orange and
then numerically recoded as a 0 (Y), 0.5 (Mix), or 1
(O). The average of all F3 individuals from each F,
was used as the fruit color rating of the F,.; families
for QTL mapping. F,.; families were also coded for
flesh color using categorical scale, as follows: Y = all
Yellow, Seg = segregating Y, Mix and O, O = all
Orange and Mix = all Mix. Pictures of all 782 fruits
across the experiment were taken, allowing further
confirmation of flesh color phenotypes during data
analysis. Flesh color was also measured (three reads
per fruit) using a hand colorimeter (Minolta Sensing
Inc., Minolta Chroma Meter Model CR-400, Osaka,
Japan) on representative fruits from F,.; families that
were fixed for flesh color. Batches of flesh tissue
(from 5 to 10 fruits) were collected from these fixed
F,.; families, immediately frozen in liquid nitrogen
and stored at —80 °C. Frozen tissue samples were
used for carotenoid composition analysis using
high-pressure liquid chromatography (HPLC). Carot-
enoids were extracted in hexane:acetone:ethanol
(2:1:1, v/v/v) mixture and separated on a 4-pum
column using a Waters 2695 HPLC apparatus
equipped with a Waters 2998 PDA detector (Mil-
ford, MA) as described previously (Tadmor et al.
2005). Carotenoids were identified by their charac-
teristic absorption spectra and distinctive retention
time. Quantification was performed by integrating
the peak areas with standard curves of authentic
standard and the Waters Empower Pro3 chromatog-
raphy software. For ¢FC./ QTL validation, 1-2
fruits per F2 plant were harvested at maturity for
phenotypic analysis. Fruits were cut open longitu-
dinally and visually scored for flesh color. Images
were taken from all fruits.

DNA isolation for GBS

Total genomic DNA was extracted from young leaf
tissue of the F, plants and parents using the
GenFEluteTM Plant Genomic DNA miniprep kit (Sigma,
St. Louis, MO). The quality of the DNA was analyzed
by ND-1000 Spectrophotometer (Nanodrop Technolo-
gies, Wilmington, DE) and electrophoresis on a 1.0%
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agarose gel. The concentration of DNA was estimated
using a Qubit® 2.0 Fluorometer (Life Technologies,
Singapore) with a Qubit® dsDNA BR Assay Kit (Life
Technologies, Eugene, OR).

Genotyping of mapping population

Library construction, sequencing, and SNP calling were
performed at the Genomic Diversity Facility at Cornell
University (Ithaca, NY). Genomic DNA was digested
with the restriction enzyme ApeKI to construct 96-plex
libraries following GBS protocols modified from
Elshire et al. (2011) and sequenced on an Illumina
HiSeq 2000/2500. The GBS pipeline of TASSEL
v3.0.174 (Glaubitz et al. 2014) was used to align the
100 bp single-end reads to the Charleston Gray genome
(version 1; downloaded from ftp://www.icugi.
org/pub/genome/watermelon/WCG/v1/) and to call
SNPs. Marker summary statistics were calculated with
TASSEL v5.2.30 (Bradbury et al. 2007) and SNPs with
more than two alleles, 90% missing data or 100% het-
erozygosity were removed from the dataset. Using TAS-
SEL, the remaining SNPs were imputed with the
WindowLD algorithm of the FSFHap imputation plugin
(Swarts et al. 2014) and then recoded and filtered with
the parental genotypes in the ABH plugin, removing
SNPs where the parental genotype is missing, ambigu-
ous or heterozygous. All remaining analysis was
completed in the QTL package (Broman et al.
2003) of R v3.3.1 (R Development core team 2016
). Sets of SNPs with identical segregation patterns
were binned to a single representative per set as
redundant markers provide no additional informa-
tion and slow the analysis. Deviations from expected
Mendelian segregation ratios were identified with a
x° test and false discovery rate (FDR) multiple
testing correction (Benjamini and Hochberg 1995).
Severely distorted SNPs (FDR < 0.001) and single
distorted SNPs in a region following expected seg-
regation ratios were removed because they are most
likely to be genotyping errors. In addition, SNPs
with more than 20% missing data were removed to
ensure high map quality.

Genetic map construction
The filtered binned SNPs were used to construct a

genetic linkage map for the F, population in R/qtl
(Broman et al. 2003). SNPs were formed into linkage
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groups with a minimum logarithm of odds (LOD) score
of 7 and a maximum recombination fraction of 0.35.
The greedy algorithm of the orderMarkers function was
used to determine the marker order requiring the mini-
mal number of crossovers to explain the observed data.
The Lander-Green algorithm (Lander and Green 1987)
was used to estimate the linkage map and genetic dis-
tances were derived from recombination fractions using
the Kosambi mapping function (Kosambi 1943).

QTL mapping

Multiple QTL mapping (MQM) of flesh color using
Haley-Knott regression (Haley and Knott 1992) was
performed in R/qtl (Broman et al. 2003). An optimal
model of highest penalized LOD score (Manichaikul
et al. 2009) was chosen from forward and backward
selection of models from null to ten QTL with interac-
tions using the function stepwiseqtl (Zeng et al. 1999;
Broman and Sen 2009). Penalties for model selection
and genome-wide LOD significance thresholds were
determined with 1000 permutations of the scantwo
function. Flesh color was heteroskedastic with non-
normal residuals so non-parametric QTL mapping
(scanone with model “np,” Kruskal and Wallis 1952;
Kruglyak and Lander 1995) was used to confirm QTL.
Genome-wide single marker analysis of un-imputed
SNP data was performed for initial QTL mapping using
the GLM function in TASSEL v5.2.30 (Bradbury et al.
2007). Candidate genes were identified within the 1.5-
LOD interval of QTL by comparison to the genome
annotation of the Charleston Gray cultivar
(http://cucurbitgenomics.org/organism/4).

Development of CAP assay for HB-SNP

Reference-genome (Charleston Gray;
http://cucurbitgenomics.org/organism/4) sequence
surrounding the QTL peak marker was used for
primers design (forward: ACACTGTGGATGCT
TCAAAGQG, reverse: CCTCTTCCAGCTGCTCATC).
DNA from NY0016, EMB and two selected F,
plants, corresponding to F3 families fixed for
yellow and orange flesh, were used for PCR
followed by sequencing of the amplicons. These
four sequences were aligned and the A/G
polymorphism at position Chrl: 8,973,472 bp was
confirmed to distinguish between the parental alleles
and between corresponding segregants. A CAP

assay based on selective digestion of the amplicon
with Eam11041 was used to analyze NY0016xEMB
F, population and confirmed against the GBS data.

Genotyping of the qFC.1 validation material

Three CAP markers were used for genotyping of gFC. 1
QTL validation populations: the HB-SNP CAP marker
was used as described above for genotyping the
NY0016 x EMB F, population. A slightly modified
CAP assay targeting this locus was used to genotype
NY0016 x CG and NY0016 x DL populations. This
assay was developed around the G/A polymorphism at
position Chrl: 9,047,499 that distinguish between
NY0016 and the red lines (CG and DL). Primers for
this marker are as follows: forward: CTTCGCTC
CTCTCTCCATC and reverse: CGCTGATTTGTGAG
AACGC. A 390-bp PCR product selectively digested
with Alw261 to distinguish between parental alleles on
agarose gel. The third marker that was used for the
validation experiment was the CAP assay at the LCYB
gene (CICG04G004090, chr4), according to protocol
adopted from Bang et al. (2007). PCR primers are the
following: forward: ATCTTGCTCGACCTTATGCG
and reverse: CTCTCCAGTCCATAAACACC. PCR
product of 319 bp was selectively digested using BsaHI
restriction enzyme to distinguish between red and non-
red alleles on agarose gel.

Results
Flesh color and carotenoid composition

To evaluate the mode of inheritance of high (3-carotene
accumulation in watermelon fruit, we crossed NY0016
with yellow and red-fleshed tester accessions. Parents
and F;s were grown in parallel, evaluated for flesh color
and measured for carotenoids composition. Codominant
inheritance of flesh color in the cross between “Early
Moon Beam” (EMB), a canary yellow heirloom culti-
var, and NY0016, was supported by multiple lines of
evidence. First, visual observation and hue measure-
ments of the F; hybrid were intermediate between the
parental hues. Second, although little orange pigment
was visible and [(3-carotene concentrations were very
low in the F; (1.13 pg/g FW), both orange and yellow
pigments were clearly produced (Fig. 1a, Table S1). The
F, hybrid of a cross with the scarlet red-fleshed cultivar
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Dixilee displayed a codominant phenotype with red and
orange pigments (Fig. 1b). Codominant inheritance of
lycopene and [3-carotene was also supported by the
intermediate [3-carotene and lycopene concentrations
and hue of the F; compared with parental phenotypes
(Fig. 1b, Table S1). Another testcross was performed
with the orange fleshed heirloom cultivar, “Orange
Fleshed Tender Sweet” (OFT), which accumulates
pro-lycopene as the main fruit pigment. While visual
observation and color measurement did not show a
prominent difference between the parents and F; (as
all are orange fleshed), clear codominance was found
for (3-carotene content as the F; was intermediate to the
parents (Fig. 1c, Table S1). The fourth testcross was
with the coral red-fleshed cultivar Charleston Gray.
Codominant inheritance of flesh color was visually ob-
served and supported by the intermediate concentrations
of lycopene and [3-carotene in the F; compared to the
parental lines (Fig. 1d, Table S1).

Segregation of the high (3-carotene trait in F, and F;.3
populations

The optimal population for genetic mapping of flesh
color required selection of the most appropriate cross
to obtain simple segregation, while avoiding interac-
tions with additional genes affecting carotenoid compo-
sition. Considering the general framework of the carot-
enoid biosynthetic pathway (Fig. 2), we determined that
the best parent to cross with NY0016 would be the
canary yellow accession, EMB, where the coloring pig-
ments are mainly xanthophylls, (3-carotene down-
stream carotenoids (Fig. 2). Both NY0016 and EMB
are homozygotes to the non-red allele at the LCYB gene.
In such a cross, the segregation is expected to reflect
only the variation related to partial or complete inhibi-
tion of the flux at the 3-carotene hydroxylation stage,
leading to the accumulation of 3-carotene. Conversely,
segregants of a cross with a red-fleshed accession would
also segregate to LCYB allelic variation, which inhibits
the carotenoid biosynthesis flux at the lycopene cycli-
zation stage (Bang et al. 2007) and could potentially
interact with {3-carotene accumulation, making the anal-
ysis more complex. The cross between NY0016 and the
canary yellow line EMB was first evaluated on a small
scale for phenotypic segregation at the F, generation
(Fig. STA). Segregants included yellow, orange, and
fruits expressing a mixture of these colors in ratios not
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significantly different from expectations under a single
codominant gene model (¢ test, p value = 0.85).

Next, we phenotyped 87 F,.3 families that served as
the mapping population for flesh color. Ten fruits per
F,.; family were visually evaluated for flesh color at
mature stage and families were then classified as fixed-
orange, fixed-yellow, fixed-mix, or segregating
(Table S2). The segregation across the F,.; families
was quantitatively different from the frequencies calcu-
lated at the F; (Fig. S1B). The family design allowed us
to better define F, heterozygosity through segregation at
the F,.3, compared to the definition of mixed flesh color
as in heterozygous F, fruits. The observed F.3 frequen-
cies significantly deviated from the codominant single
gene model suggesting possible epistasis involved. QTL
mapping was performed to study the genetic architec-
ture of flesh color in more depth.

Genotyping-by-sequencing, map construction, and QTL
mapping

GBS of'the F, population (N = 87) generated almost 288
million reads which resulted in 32,364 SNPs with an
average depth of 14.5 reads per site. Imputation with
FSFHap reduced the percentage of missing data from
18.9t0 8.9%. A final high-quality set of 3160 filtered
SNPs was subjected to clustering based on segrega-
tion pattern and 1078 binned SNPs were used for
genetic map construction (Table S3) and QTL map-
ping. Most of the genome was well-covered with
average SNP spacing of 0.3 Mb but large gaps of
2.1-6.9 Mb remained. There was no significant
segregation distortion (FDR < 0.05) after multiple
testing correction (Table S3).

The 1078 binned SNPs formed 11 linkage groups, in
accordance with the watermelon 11 chromosomes (Guo
et al. 2013), of 42 to 234 cM for a total map length of
1827.8 ¢cM (Figs. S2 and S3). Linkage groups consisted
of 36 to 152 SNPs separated by an average genetic
distance of 1.7 ¢cM. Large gaps remained in the final
map on linkage groups (named by chromosome) 2 and
6. Our map size of 1827.8 cM is comparable to previous
intra-variety genetic maps of C. lanatus, which have
ranged from 1096 to 3955 cM (Sandlin et al. 2012;
Reddy et al. 2014; Meru and McGregor 2016; Shang
et al. 2016). Bin marker genetic positions were aligned
with physical positions on the Charleston Gray genome
(www.icugi.org). Good co-linearity was obtained and
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Fig. 2 Biochemical pathway of
carotenoid synthesis with relevant
cultivars listed next to the
predominant carotenoid found in
their flesh

genome-wide variation in recombination frequencies
across the genome is visible (Fig. S4).

Genome-wide mapping resulted in identification of a
single major QTL (¢FC.I; P value = 2.8 x 10°°) on
chromosome 1, explaining 37 and 57% of the variation
in flesh color by MQM and by single marker analysis,
respectively (Fig. 3). This QTL was confirmed using
non-parametric QTL mapping. The 1.5-LOD confidence
interval was from 53.5 to 74 ¢cM on the linkage map with
the peak LOD score at 60 ¢cM (Fig. 3b). The most
significant SNP in the single marker analysis, at
8,973,472 bp (hereafter, HB-SNP), was within the 1.5-
LOD interval of the QTL identified through MQM.
Segregation of HB-SNP, the QTL peak marker, at the
F, fitted 1:2:1 Mendelian ratio (22:41:22; chi-square p
value = 0.69), however, the HB-SNP marker association
with phenotypic color classes distribution across F»;
families was not symmetric (Fig. 3c, d); all 22 F,3
families generated from F, individuals that were homo-
zygotes to the EMB allele of HB-SNP (genotype = A)
were fixed for yellow flesh. However, F, individuals
homozygous for the NY0016 allele at the HB-SNP (ge-
notype = G) produced varying F,.; phenotypes; 59% of
the F,.3 families within this genotypic group were fixed
for orange flesh, 36% were segregating, and one F;

GGPP+GGPP
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Z-1SO ll Fps
l zZDs

CRTISO |
Lycopene |——— Dixilee, Chariston-Grey

/3-LCY+£-‘LC/ N;LCY

——
1l

family (5%) was fixed for the mixed (O + Y) phenotype
(Fig. 3d). The same pattern is shown for F, individuals
heterozygous at this marker; only 66% of the F,.; fami-
lies in this genotypic group expressed the expected phe-
notype and segregated for flesh color, 22% were fixed for
yellow flesh, 10% were fixed for orange flesh, and one
F,.; family (2%) was fixed for the mixed (O + Y)
phenotype. These results together with the observed seg-
regation across all F,.;3 families (Fig. S1b), which devi-
ated from a single gene model, suggest the possible
involvement of another genetic factor in regulating (3-
carotene accumulation in this population.

Carotenoids composition was analyzed for 45 F,;
families with fixed uniform flesh color (yellow or or-
ange). As expected, [3-carotene concentration differen-
tiated between the yellow and orange groups and ex-
plained the observed color variation (Fig. 4a). We used
this quantitative data to perform whole-genome map-
ping of (3-carotene concentration. A single QTL was
detected at the same position as gF'C./ on chromo-
some 1 (Fig. 4b). HB-SNP, at the gFC.1 QTL peak,
explained 66% of (3-carotene variation across the
fixed F,.; families (Fig. 4c), providing direct link
between this variant and the biochemical shift toward
[3-carotene accumulation.
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Fig. 3 SNP association with flesh color in an F,.; population of based on the averaged numeric color scores of F5.3 families. Green
watermelon segregating for orange and yellow flesh. a Genome- diamonds illustrates the mean and confidence intervals. d Pheno-
wide scan of flesh color trait using single marker analysis. Dashed typic proportions of flesh color categorical classes across F;.3
gray line represent genome-wide significance threshold. b LOD families for each genotype at the gFC./ QTL peak marker
profile of gF'C.1 QTL using MQM analysis. ¢ Analysis of variance (SNP_8973472)
for the genotypic effect of ¢F'C.1 peak marker (SNP_8973472)
Validation of qFC.1 and epistasis with LCYB locus were mostly mix orange-yellow (Fig. 5a). This result
validates the QTL effect and the possible involvement
To validate the effect of gF'C.1 QTL on flesh color and of'a second locus, essential for 3-carotene accumulation
[3-carotene accumulation, a second season experiment in this cross. We further tested the QTL effect in two
was performed. Three F2 populations derived from orange x red crosses. Since lycopene is upstream to [3-
crosses of NY0016 with the tester lines described above carotene in the carotenoids pathway, it is expected that
(EMB, CG, and DL, Fig. 1, Table S1) were analyzed for red flesh (reflecting blockage of the carotenoid biosyn-
the genotype-phenotype association between the HB- thesis metabolic flux at the lycopene stage) is epistatic
SNP and flesh color. One hundred twenty F2 plants, of over orange (accumulation of high (3-carotene). Analy-
the orange x yellow (NY0016 x EMB) F, population, sis of orange X red populations, therefore, allowed us to
were genotyped using the HB-SNP marker and 1-2 test these assumed epistatic relations and to evaluate the

fruits per plant were visually phenotyped for flesh color. effect of ¢F'C. I under red-fleshed background. Plants in
Strong association was found (p = 1.5 x 10™'%) between two orange x red F2 populations (CG and DL, Fig. 1,
HB-SNP segregation and flesh color. In consensus with Table S1) were genotyped using the HB-SNP marker

the results obtained with the smaller F3 mapping popu- and LCYB marker at the lycopene {3-cyclase gene,
lation (Fig. 3c, d), non-symmetric segregation pattern which was previously reported to be associated with
was observed also on this F2 population; while homo- segregation of red flesh phenotype (Bang et al. 2007).

zygotes to the EMB allele had yellow flesh in 95% of In the NY0016 x CG F2 population, 103 plants were
the plants (22/23), only 52% (14/27) of the homozy- genotyped with the two markers and phenotyped for
gotes to the NY0016 allele were orange and the rest flesh color. LCYB marker showed complete co-
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B-Carotene (pg/g FW)

Flesh color F3

14 R?=0.66

B-Carotene (jg/g FW)

AA Het
HB-SNP

Fig. 4 Analysis of (3-carotene concentration for F,.; families
fixed for yellow or orange flesh. a Comparison between the orange
(O) and yellow (Y) families. Green diamonds illustrates the mean
and confidence intervals. b Comparative whole-genome scans of
flesh color (87 F,.3 families, upper pane) and (3-carotene

segregation with red flesh as all 26 plants that were
homozygotes for the CG allele (red parent) had uniform
red flesh and all other genotypes at this marker were
either yellow, orange, or mixed-color. This association
also confirmed the epistasis of red locus over gFC.1 as
the segregation of the HB-SNP across these 26 uniform
red plants fitted the expected Mendelian 1:2:1 ratio. We
then tested the association of the HB-SNP with flesh
color on the non-uniform red plants. This group (n = 77)
is composed of orange, yellow, and fruits that showed
non-uniform mixture of red, orange, and yellow seg-
ments. We therefore visually scored the presence of
orange and yellow colors in the flesh independently as
two different traits, irrespective of the combined flesh
color. Association of HB-SNP was highly significant for
both phenotypes. Yellow flesh color was observed in all
plants homozygotes for the CG allele and was at low
frequency in plants homozygotes for the NY0016 allele
(p = 6.3 x 1077, Fig. 5b). Presence of orange flesh color
was conversely in high frequency in plants homozygote
for NY0016 and almost absent in plants homozygotes
for CG allele (p = 3.9 x 107, Fig. 5b). In the second
orange X red cross, NY0016 x DL, 89 F2 plants were

Flesh Color

B-Carotene

GG

concentration (45 fixed F,.; families, lower pane). Dashed gray
line represent genome-wide significance threshold. ¢ Effect of
qFC.1 peak marker (SNP_8973472) on f3-carotene concentration
across 45 fixed F,.3 families

genotyped and phenotyped. Complete association was
found between the LCYB marker and uniform red flesh
across 25 plants that were homozygote for the DL (red
parent) allele. As in the NY0016 x CG population, the
effect of qFC.1 was masked by the effect of red geno-
type at the LCYB locus. Across the remaining non-
uniform red plants (n = 64), we found significant asso-
ciation of the QTL with yellow (p = 6.8 x 10°°) and
orange (p = 1.2 x 10~"") compositions (Fig. 5¢c).

Annotation of genomic sequence at the QTL interval

The 20.5 ¢cM 1.5-LOD confidence interval corresponded
to a 2.4-Mb region of chromosome 1, which included 184
annotated genes on the Charleston Gray genome
(Table S4). The most obvious candidate gene for associ-
ation with (3-carotene accumulation is the 3-carotene
hydroxylase gene ([3-OHase, Fig. 2), where reduced ac-
tivity is expected to be correlated with accumulation of its
substrate. However, the two annotated homologs of the
gene encoding this enzyme (CICG01G002410,
CICG05G008380) are not located within the gFC.1
QTL confidence interval. Only one carotenoid
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Fig. 5 Association of HB-SNP with flesh color in three F2
populations. Mosaic plots showing proportions of flesh color
categorical classes at the different LCYB and HB-SNP genotypes:
a 120 F2 plants of the NY0016 x EMB cross. Yellow-orange
stripes represent mixed flesh color. EMB—homozygote to

biosynthesis structural gene was found within the QTL
confidence interval, the gene encoding phytoene synthase
(PSY), the first rate-limiting enzyme in the pathway. This
gene is located ~ 1 Mbp away from the QTL peak.
Annotations within the QTL interval identified also
12 putative transcription factors that are potential
candidates, some of which are located at the QTL
peak region (Table S4).

Discussion

The inheritance pattern revealed here, codominance of
orange flesh to scarlet red, coral red, and canary yellow
flesh, are not consistent with the previous studies
summarized by Wehner (2007) (Porter 1937; Poole
1944; Shimotsuma 1963; Henderson 1989; Henderson
etal. 1998). These previous studies found canary yellow
to be dominant to all but white flesh, and scarlet red
dominant to orange flesh. Variation in inheritance of
flesh color between our study and previous reports arise
since the orange parental sources of flesh color variants
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EMB allele, H—heterozygote, NY0016—homozygote to
NYO0016 allele. b 103 F2 plants of the NY0016 x CG cross.
CG—homozygote to CG allele. ¢ 89 F2 plants of the
NY0016 x DL cross. DL—homozygote to DL allele

differed between studies; the previous studies (Gusmini
and Wehner 2006) orange (like OFT, Fig. 1) and salmon
yellow fruited lines result from the accumulation of
different amounts of pro-lycopene, while here we used
the orange-fruited NYO0016 that uniquely accumulates
[3-carotene (Tadmor et al. 2005).

Watermelon biparental families have been genotyped
by GBS in recent years but have been hampered by the
low coverage of GBS and the narrow genetic base of
C. lanatus with identified markers limited to 266 and
389 SNPs (Lambel et al. 2014; Meru and McGregor
2016). The NY0016 parent used in the current study
is atypical from most cultivars and therefore may
represent genetic extreme of C. lanatus variation,
leading to the higher number of informative SNPs
(3160) identified between parental lines, which
allowed the construction of relatively high-density
map for this intra-specific cross.

A two-gene epistatic model is proposed here to ex-
plain the segregation of (3-carotene accumulation in the
mapping population. This model is supported by the
observed frequencies across the F,.; families, partial
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dominance at the main locus (¢FC. 1) interacting with
partial dominance at a second locus resulting in the
four observed phenotypic classes at the F,.; families.
This model would also explain the non-symmetric
association between genotype and phenotype at the
QTL peak marker where homozygote EMB allele
show complete association with yellow phenotype
while both heterozygotes and homozygotes for the
NY0016 allele can produce different phenotypic
classes, depending on the genotype at a second
locus (Fig. 3c, d). Although our data suggests the
action of epistasis, we were unable to detect a sec-
ond locus using stepwise QTL mapping approach
where gF'C.1 was used as a cofactor, likely due to
lack of sufficient statistical power caused by the
small size of our mapping population (N = 87)
(Carlborg and Haley 2004).

Only one structural carotenogenesis gene, PSY,
was found within the 2.4 Mbp QTL confidence in-
terval. PSY is the first enzyme in the carotenogenesis
pathway and is not directly involved in the enzymatic
steps where 3-carotene is substrate or product. How-
ever, SNP in PSY gene was previously shown to
enhance provitamin A carotenoids accumulation in
cassava (Welsch et al. 2010) and a splicing mutation
in PSY gene of habanero pepper was shown to cause
orange coloration in fruits (Kim et al. 2010). These
results indicate on the possible effect of variation in
this gene on the activity of other structural enzymes
in the carotenoids pathway. Therefore, while PSY is
located at the distal part of our QTL confidence
interval (1 Mb away from the QTL peak), it cannot
be excluded as a candidate gene. Twelve putative
transcription factors, that are also potential candi-
dates, were identified within the QTL interval, some
of which are located at the QTL peak region. Recent
studies of gene expression during fruit maturation in
watermelon support a central role of transcriptional
regulation in determining carotenoid profiles. How-
ever, thus far, no transcriptional regulator of caroten-
oid accumulation was found in watermelon. Two
recent studies examined carotenoid profiles and ex-
pression levels of carotenoid biosynthetic genes in
different colored watermelon fruits at a series of
developmental stages and found coordinated up and
down-regulation at different stages by fruit color (Lv
et al. 2015; Wang et al. 2016). The authors suggest
that carotenoids profiles in mature watermelon fruits
are determined through differential transcriptional

regulation of carotenoid metabolic genes. Guo et al.
(2015) completed a genome-wide comparative tran-
scriptome analysis between red and white fleshed
watermelon accessions and found significant expres-
sion level differences in several carotenoid biosyn-
thetic genes indicating a role of complex regulatory
networks during fruit development. Fruit carotenoids
accumulation in various crops has been shown to be
regulated mainly at the transcriptional level (Ronen
et al. 1999, 2000), still, a carotenogenesis regulating
transcription factor has not been identified yet as the
major causal gene of fruit color variation.

A codominant cleaved amplified polymorphic
(CAP) marker based on HB-SNP polymorphism
was developed (Fig. S5) in order to further study
the interactions of this QTL with other color genes
and to start introducing the high (3-carotene allele
into elite red-fleshed lines. Using this marker, we
validated the QTL in a second season experiment
where three F2 populations were analyzed for asso-
ciation of HB-SNP with flesh color (Fig. 5). In addi-
tion to another experiment with F2 of the
orange X yellow cross (NY0016 x EMB), the QTL
was also validated on orange x red crosses. As ex-
pected, the red X orange crosses introduced more
complexity to color segregation and expanded the
color classes observed. Through genotyping of the
locus associated with lycopene accumulation
(LCYB, Bang et al. 2007) in parallel to the HB-
SNP, we were able to demonstrate the epistasis be-
tween LCYB and gFC.1 QTL, where, as expected,
homozygotes to the red allele at LCYB displayed
uniform red flesh color and mask the effect of
qFC.1 QTL. The significant effect of ¢FC.1 QTL
on flesh color in these red x orange populations
(Fig. 5) provide another independent validation for
the involvement of this locus in watermelon [3-
carotene accumulation. The HB-SNP marker will
further be used to construct a secondary mapping
population aimed at mapping the epistatic locus
using a selective phenotyping approach. Through
genotypic selection of large number of F, segregants,
derived from the NY0016 x EMB cross, which are
homozygous for the NY0016 allele at the HB-SNP,
we will be able to analyze a population that is ex-
pected to segregate for yellow-orange flesh color
phenotypes, mostly independent of gF'C.7 QTL caus-
al gene. This population is expected to provide suf-
ficient statistical power to search for the putative
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second locus, involved in watermelon (3-carotene
accumulation.

Codominant inheritance of 3-carotene with red and
yellow carotenoid pigments was supported by chemical
and genetic analyses. A major QTL for color and pigment
accumulation was identified and mapped using a high-
density genetic map in a population segregating for or-
ange and yellow flesh. The QTL confidence interval does
not include any obvious candidate gene; however, it
includes several transcription factors, some of which are
located at the QTL peak, suggesting the possible involve-
ment of transcription factors in watermelon fruit f3-
carotene accumulation. Our results suggest involvement
of second locus acting epistatically with the gF'C.1 QTL.

The results of this study are a first step toward
uncovering the genetic basis of {3-carotene accu-
mulation in watermelon with the ultimate goal of
combining high levels of (3-carotene and lycopene
for improved nutrition. Based on annotations of the
Charleston Gray genome at the QTL interval, we
suggest that transcriptional regulation may play a
key role in [3-carotene accumulation in watermelon
flesh. Thus, future analyses of this trait could cre-
ate new insights into the transcriptional regulation
of carotenogenesis genes, which would be of wide
interest and could be beneficial to additional carot-
enoid accumulating agricultural crops.
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