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Abstract Lycopene content is an important factor for

determining watermelon fruit quality. However, the

low DNA polymorphism among cultivated water-

melon (Citrullus lanatus) has hindered the ability to

establish high quality genetic maps and study the

quantitative trait loci (QTL) controlling the lycopene

content trait. In this study, we successfully constructed

a genetic map of watermelon to determine lycopene

content and other horticultural fruit traits using a F2

population developed from a cross between the two

lines of watermelon LSW-177 and Cream of Saskatch-

ewan. The genetic map contained 16 linkage groups

covering a total length of 2,039.5 cM, which included

37 SSRs (Simple Sequence Repeat) and 107 CAPSs

(Cleaved Amplified Polymorphic Sequences), with all

of the CAPS markers developed from high-throughput

re-sequencing of data from this study. Three CAPS

markers (WII04E07-33,WII04E07-37,WII04E07-40)

caused the F2 population to perfectly co-segregate for

each F2 population plants. We also obtained 12 QTLs

for all of the traits measured. Only one QTL (LCYB4.1)

was detected with a high value of trait variation

(83.50 %) that related to lycopene content and mapped

on Chromosome 4 between CAPS markers WII04E07-

33 and WII04E07-40, which could nearly account for

all of the differences in lycopene content between the

two parental strains. In this study, we highlighted 2,458

CAPS loci that were suitable for primer design with a

polymorphism of 48.9 %, which is approximately a

12-fold increase from previous studies. The present

map and QTLs will facilitate future studies on deter-

mining lycopene content related genes and cloning

watermelon genes, while also providing for useful

markers for breeding for lycopene content.
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Introduction

Lycopene is one of the most important natural carote-

noids found in fruit, which serves many physiological

functions in the human body. As a result, lycopene has

S. Liu � P. Gao � X. Wang � A. M. Baloch � F. Luan (&)

Horticulture College, Northeast Agricultural University,

No. 59 Mucai Street Harbin,

Heilongjiang Province 150030, China

e-mail: luanfeishi@sina.com

S. Liu � P. Gao � X. Wang � A. M. Baloch � F. Luan

Key Laboratory of Biology and Genetic Improvement of

Horticultural Crops (Northeast Region), Ministry of

Agriculture, No. 59 Mucai Street Harbin,

Heilongjiang Province 150030, China

A. R. Davis

South Central Agricultural Research Laboratory,

Agricultural Research Service, The U.S. Department of

Agriculture, Washington, DC, USA

Present Address:

A. R. Davis

HM. Clause, 9241 Mace Blvd, Davis, CA 95618, USA

123

Euphytica (2015) 202:411–426

DOI 10.1007/s10681-014-1308-9



been a focus of international research in various fields

including nutrition, health care products and cosmetics.

Mortensen and colleagues reported that lycopene could

protect DNA and protein from free radical injury to

circumvent health problems caused by free radical

scavenging damage (Mortensen et al. 1997). Lycopene

can also enhance immunity, prevent cancer and protect

the cardiovascular system (Feng et al. 2010). Given these

positive effects, it has been suggested that selectively

breeding to increase lycopene content levels in fruits

could serve as a feasible approach for preventing certain

diseases caused by lycopene deficiency.

Watermelon (Citrullus lanatus L.) is thought to be a

good source of lycopene. Lycopene content in com-

mercial watermelon is approximately 4.87 mg/100 g

of fruit weight (FW). Given its popularity, watermelon

is reported to account for approximately 7 % of the

world’s fruit and vegetable cultivation (Ren et al.

2014). A variation in lycopene content exists among

watermelons of different flesh color (Liu et al. 2009).

Amongst all of the tested watermelons, which included

watermelons of different flesh colors, the white-fleshed

watermelon was considered one of the lowest lycopene

content (approximately 0.1 mg/100 g FW). In contrast,

crimson colored watermelons possessed the highest

content of lycopene (more than 5.78 mg/100 g FW).

Canary yellow and orange-yellow fleshed color water-

melons contained about 1 mg/100 g FW lycopene

content. Overall, lycopene content showed a strong

correlation with the red-flesh color of the watermelon.

Initial studies on lycopene content or flesh color in

watermelon and some other cucurbit crops (such as

melon and cucumber) have focused primarily on the

inheritance of traits without using any molecular

markers and genetic linkage map analysis. The inher-

itance and interaction of different flesh colors in

watermelon have been previously reported (Poole

1994; Shimotsuma 1963; Navot et al. 1990). For all of

the previous studies, the white color was designated as

Wf which was reported to be epistatic to yellow flesh

(B). Canary yellow (C) was dominant to other colors

(c) except white (Wf). In addition, both B and C were

dominant to the red flesh color (Y). Given these findings,

the genotype of Wf_B and Wf_bb gave rise to white flesh

color, while wfwfB_and wfwfbb possessed yellow and

red flesh color, respectively. Henderson and colleagues

reported the allele i-C (inhibition of C and C). i-C was

epistatic to C and generated red flesh even in the

presence of C (Henderson et al. 1998). The red color

(Y) was a single recessive gene and dominant to the

orange (y0) and salmon yellow (y) colors. Gusmini

reported that the watermelon line Dixie Lee and Red-N-

Sweet gave rise to a darker red color called scarlet red,

which was a genetic model distinct from red (Y) (Gus-

mini and Wehner 2006). Both Dixie Lee and Red-N-

Sweet have the same alleles (Scr), which are dominant

single genes. Research has also focused on the origin of

flesh color inheritance in cucumber and melon. Shen

et al. recently reported that the inheritance of cucumber

flesh color traits was quantitative in nature and

controlled by the major gene plus polygene (Shen

et al. 2011). The inheritance of flesh color fit the pattern

of two major genes plus polygene. Cuevas et al.

confirmed the recessive nature of the cucumber color

gene (orange dominant to non-pigmentation) in the

XIS-derived progeny, where two recessive genes

controlled the orange coloration to b-carotene quantity

(QbC) in the mesocarp, whereas one recessive gene

controlled QbC in the endocarp (Cuevas et al. 2010).

Cayberg indicated that the green (gf) and white (wf)

flesh in melon are recessive to orange, where the gf and

wf interact epistatically (Clayberg 1992). Bo et al.

reported that the gene controlling QbC was linked to

seven SSR markers on linkage group 3 and that

SSR07706 may have utility as a marker for cucumber

germplasm (Bo et al. 2011). A total of eight genes

encoding carotenoid biosynthetic pathway enzymes

were isolated and characterized by Bang (Bang 2005).

Five were expressed in the flesh and other tissues in

watermelon of different flesh colors but they did not

exhibit obvious differences in gene expression.

Genetic mapping is a powerful tool for detecting genes

of interest and their relationship to phenotypic traits. The

first genetic map of watermelon was constructed by Navot

and colleagues using an inter-specific backcross popula-

tion derived from C. lanatus and C. colocynthis using

isozyme markers distributed in seven linkage groups

(Navot et al. 1990). Hashizume and colleagues con-

structed a comprehensive watermelon linkage map with

the genetic background of a cultivated Japanese C. lanatus

var. lanatus line (H-7) and a non-sweet wild race from

South Africa (SA-1,presumably C. lanatus var.citroides),

for which 447 isozymes, randomly amplified polymor-

phic (RAPD), restriction fragment length polymorphism

(RFLP) and inter-simple sequence repeat (ISSR) markers

were used, spanning 2,384 cM with an average interval

length of 4.3 cM and 11 linkage groups (Hashizume et al.

2003). There have been only two studies that have
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developed recombinant inbred lines (RILs; Ren et al.

2012; Zhang et al. 2004) and which similarly used an

inter-subspecific cross between C. lanatus var. citroides

(PI 296341) and elite C. lanatus var. lanatus inbred lines.

The map by Ren and colleagues included 698 markers

(SSR, InDel and structure variation markers) with an

average distance of 0.8 cM between markers on 11

linkage groups (Ren et al. 2012). Sandlin and colleagues

used three populations (two F2 populations and one

recombinant inbred line) generated from crosses between

two elite cultivars, Klondlike Black Seeded 9 New

Hampshire Midget, which is a wild citron with accession

and ZWRM50 9 PI 244091 (Sandlin et al. 2012). The

lengths of the genetic maps were 1,438, 1,514, and

1,144 cM, respectively, for the three populations. The

three maps were used to construct a consensus map

containing 388 SNP markers. SSR, amplified fragment

length polymorphism (AFLP) and single nucleotide

polymorphism (SNP) markers were used as the main

markers to construct the linkage maps in watermelon

according to previous studies (Zhang et al. 2004; Levi

et al. 2006). However, only a few studies have reported

using CAPS markers as the main markers to construct the

linkage map and detect QTLs in watermelon.

The advent of SNP technology has provided a

powerful tool to create genetics maps (Henry 2008;

Kole and Abbott 2008). However, this was not previ-

ously possible for watermelon due to the lack of

sequence and marker availability. SNP and CAPS

markers have been routinely used in agricultural breed-

ing programs, plants and animal variation studies,

genome mapping and association mapping studies (Kole

and Abbott 2008). CAPS markers were proven to be

useful for increasing marker resolution in cucurbita crops

to identify genes related to plant diseases, but little

attention has focused on flesh color markers for water-

melon (Femandez-Silva et al. 2008; Ling et al. 2009;

Morales et al. 2005; Tezuka et al. 2009; Zhang et al.

2011). Only one CAPS marker (Phe226) has been

identified thus far (Bang et al. 2010), which could

perfectly co-segregate the flesh color phenotype to

distinguish red and canary yellow flesh color.

In this study, we aimed to use CAPS markers to create

a genetic map of watermelon using a F2 population

generated from LSW-177 and COS as well as to detect

QTLs associated with lycopene content, flesh color and

other important horticulture traits, which may serve as a

meaningful step toward studying lycopene content and

flesh color related genes of the watermelon genome.

Materials and methods

Plant materials

A total of 234 F2 individuals were developed from a

cross between LSW-177 (the female parent with a red

flesh color) and Cream of Saskatchewan (short for

‘COS’, the male parent with a pale yellow flesh color).

The material seeds were offered by Angela R. Davis

from the U.S. Department of Agriculture, Agricultural

Research Service, South Central Agricultural

Research Laboratory. LSW-177 is a midseason

monoecious watermelon line, producing an elongated

fruit with red flesh color, dark green rind and dark

green stripes. The Brix content is 7 % in the center and

5.5 % at the edge (Davis et al. 2008). COS fruit is also

a monoecious watermelon line which has a spherical

fruit shape, green rind and dark green stripes, and an

especially pale yellow flesh color. The Brix content is

10 % in the center and 8.6 % at the edge. F1, F2, and

backcross (BC1P1 and BC1P2) populations were

generated in a greenhouse.

Six generations (P1, P2, F1, F2, BC1P1 and BC1P2)

of watermelon were grown in the greenhouse in

XiangFang Experiment Agricultural Station of

Northeast Agricultural University, Harbin

(44�040N, E125�420), China, during the summer of

2013. Two parent and F1 plants were grown in

triplicate with 15 plants each. A total of 234 F2

generation plants were planted in the green house as

part of the experiment design. For analysis, all fruits

were harvested at full maturity between 35 to

40 days after pollination and a single fruit per plant

was harvested. Harvested fruits were cut longitudi-

nally and photographed to evaluate the following

traits: (1) Flesh Color: visual observation was used

to estimate flesh color and scored as 3 for red, 2 for

canary yellow and 1 for pale yellow, (2) Fruit length

and width: measured using a ruler and results were

expressed in centimeters and (3) Brix: a hand

refractometer was used to measure Brix content in

juice squeezed from the central and edge sections of

each fruit, with three samples measured per fruit.

Flesh samples were taken from the central tissue and

four other points around the edge, which were stored

at -80 �C for high-performance liquid chromatog-

raphy (HPLC) analysis. Leaf tissues were collected

and stored individually at -20 �C for genotype

analysis.
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Lycopene analysis

Fruit was sectioned into slices, which was then cut into

smaller pieces. The lycopene extraction method was

performed according to Yuan and colleagues (Yuan et al.

2012). Frozen samples were ground to a fine juice with a

homogenizer (Bio-Gen Series PRO200, United States)

in centrifuge tubes. Five grams of watermelon juice was

weighed and added to 5 ml of absolute ethanol as a

dehydration treatment and run four times through

vacuum filtration. Lycopene was extracted three times

using 15 ml of methyl alcohol until the eluant became

colorless. Watermelon residues were washed with 2 %

dichloromethane-petroleum ether as soon as the tissue

became white. The lycopene solution was concentrated

using rotary evaporators and samples were dissolved

with 50 ml of moving phase combination of methyl

alcohol: acetonitrile: dichloromethane (10: 25: 15 V/V).

For HPLC analysis, the samples were passed through a

0.22 lm nylon filter and kept at -40 �C in darkness for

no more than 24 h before HPLC analysis. The HPLC

instrument (Waters) with Waters PDA detector 2535 and

Agilent LCZORBAXSB-C18 column (4.6 9 250 mm,

5 l) was used for HPLC analysis as described by Yuan

and colleagues (Yuan et al. 2012). A lycopene authentic

standard (Sigma) was purchased and dissolved using

dichloromethane to get the solution to a concentration of

5 lg/mL. Lycopene was identified by the retention time,

UV–V spectra (at 472 nm) and injection spikes of

lycopene standards (Sigma, USA), which were quanti-

fied by utilizing curves of authentic standards and

BREEZE software (Waters). Lycopene content was

determined as lg/g flesh weight.

DNA preparation

DNA was extracted from young leaf tissues of fifteen

plants from each of the parental lines and F1 gener-

ation. DNA of each F2 generation plant was extracted

individually using a modified CTAB (Hexadecyl

Trimethyl Ammonium Bromide) method as previ-

ously reported (Luan et al. 2008).

Marker analysis and genetic map construction

SSR markers

A total of 449 pairs of watermelon SSR markers

(including 23 pairs of core watermelon SSR marker)

and 556 pairs of melon SSR markers were used for

marker selection. All of the SSR markers were derived

from published literature (Danin-Poleg et al. 2001;

Fazio et al. 2002; Silberstein et al. 2003; Yi et al. 2003;

Gonzalo et al. 2005; Joobeur et al. 2006; Zalapa et al.

2007; Fernandez-Silva et al. 2008; Zhang et al. 2011).

The PCR mixture for SSR amplification contained:

20 ng plant genomic DNA, 8–10 pmol primers,

0.25 mM dNTPs, 10 9 Taq buffer and 1 unit of Taq

polymerase in a total volume of 10 ll. PCR was

performed by preheating samples for 5 min at 94 �C

followed by 35 cycles of 60 s at 94 �C, 60 s at 50 �C,

and 90 s at 72 �C, finishing with post-heating for 5 min

at 72 �C. SSR amplification products were run on 6 %

denaturing polyacrylamide gel electrophoresis and

detected by silver staining.

CAPS markers

CAPS markers were developed by the high-throughput

re-sequencing method. Two of the parental watermelon

strains (LSW-177 and COS) were re-sequenced by

using the IlluminaHiSeq 2000 high-throughput

sequencing platform and 10G of data was the output

from each strain, which covered more than 209 the

watermelon genome. A referenced watermelon genome

was used to assemble the original data by BWA

software (Trust Sanger Institute, Hong Kong, China).

SNP mining of the assembled data was performed by

SAMTOOLS software (Trust Sanger Institute, Hong

Kong, China), extracting 1,000 bp sequence before and

after the SNP locus by self-compiled script on PERL.

CAPS locus mining was detected by SNP2CAPS

software (Inst Plant Genet & Crop Plant Res, Gatersle-

ben, Germany) using sequences contained within the

SNP locus. Results from the bioinformatics analysis

identified 272345 SNPs within the locus between both

parental strains and 142097 CAPS locus by using

SNP2CAPS software. We identified 2458 CAPS loci

that were appropriate for PCR primer design by using

11 restriction endonucleases (EcoRI, BsaHI, HindIII,

MboII, PstI, ScaI, BamHI, MluI, AluI, DraI and PvuI)

(Thermo Scientific, Massachusetts, United States). A

total of 15–25 CAPS loci were evenly distributed on

each chromosome and were chosen for PCR primer

design and PCR products were digested with restriction

endonuclease to verify the authenticity of the CAPS

markers. The PCR reaction mixture was the same as for

the SSR markers and touchdown PCR was performed
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by preheating samples for 7 min at 94 �C, followed by

30 cycles of 60 s at 94 �C, 20 s at 60 �C with step-wise

decrease of 0.5 �C for each cycle and 60 s at 72 �C, as

well as 10 cycles of 20 s at 94 �C, 20 s at 45 �C and 60 s

at 72 �C followed by post-heating for 7 min at 72 �C.

The reaction mixture for the enzyme digestion con-

tained: 5 ll PCR production, 9 ll ddH2O, 0.3 ll

restriction enzyme (10 U/lL), which were then incu-

bated at 37 �C for 1–16 h. Enzyme-digested products

were examined by 1 % agarose gel electrophoresis.

Map construction and QTL analysis

A total of 148 scored markers (40 SSRs and 108

CAPSs) and 234 F2 plants were used to construct

linkage maps using the IciMapping V3.3 software

(Institute of Crop Science Chinese Academy of

Agricultural Sciences, Beijing, China). Markers were

grouped at a minimum LOD score of 3.0 and a

maximum threshold rfs value of 0.35. IciMapping

V3.3 software was used for the Kosambi mapping

function to translate recombination frequency into

map distance. The order of the markers in each linkage

group was determined by the method of maximum

likelihood. The software package Map Chart 2.1

(Plant Research International, Wageningen, Nether-

lands) was used to graphically represent the linkage

groups in the map. QTL analyses were performed

using Icimapping V3.3 software. QTLs and their

significance was calculated using interval mapping

(IM), multiple QTL model (MQM) and permutation

analysis. The QTL threshold base in the permutation

analysis (1,000 permutation at p = 0.05) ranged

between 2.0 and 2.3 for the various traits. A LOD

score of 3.0 was used for detection of QTLs.

Statistical analysis

SPSS 19.0 (SPSS Inc, United States) was used to perform

statistical analysis such as mean, standard deviation, trait

distribution and pairwise correlation analysis.

Results

Trait variations

Phenotypic values and ranges of traits were measured

in the parental strains, F1 generation and F2 population

(Table 1). Simple linear correlations for traits were

measured and the strongest positive correlations were

observed between flesh color and lycopene content

(Table 2).

Phenotypic segregation for flesh color

Visual analysis of the flesh color was classified into

three categories. LSW-177 and COS had a red and pale

yellow flesh color, respectively. The F1 generation gave

rise to canary yellow flesh color near to that of the COS

line, suggesting a dominant effect of the pale yellow

parental line. For the F2 population, 234 plants included

red, pale yellow and canary yellow. For all of the F2

generation, 55 plants had red flesh color, 129 plants had

canary yellow flesh color and 50 plants had pale yellow

flesh color. Canary yellow and pale yellow were

classified as one non-red group. As a result, the flesh

color for the six generations was classified into two

color categories by visual observation, which included

the red and non-red groups. Statistical analysis of the F2

color segregation indicated a significant fit for 3:1 ratio

(non-red group: red group; p \ 0.05). Results from the

Chi square goodness-of-fit test of the segregation ratios

in the F2 and backcross populations are shown in

Table 3. Irregular color patterns in the flesh were also

identified, consisting of mixed colors of yellow and red

swirled together in separate sectors or in mixed patterns

in the heart and placental tissues of the fruit. Mixed

colors were classified as canary yellow and pale yellow

if the flesh color was more than 50 % canary yellow and

pale yellow in cross sectional areas, respectively. The

flesh color of the BC1P1 population showed five colors

including red, pale yellow, canary yellow and two kinds

of mixed colors. For the 41 plants of BC1P1 population,

20 plants exhibited red flesh color, while the other 21

plants were non-red flesh color (canary yellow, pale

yellow and two kinds of mixed color), perfectly fitting

the ratio of 1:1. The BC1P2 population showed just two

flesh colors, canary yellow and pale yellow. The ratio of

red color group: non-red color group was 0:40 plants,

which fit the ratio of 0:1. These results indicated that a

single recessive gene determines the red versus non-red

color.

Lycopene content analysis in six generations

HPLC analysis of the lycopene content in the ripe fruit

showed that the LSW-177 strain was rich in lycopene,

Euphytica (2015) 202:411–426 415

123



containing an average of 43.56 ± 0.31 lg/g, which

was much more than 0.23 ± 0.32 and 0.56 ±

0.24 lg/g measured for the COS and F1 generation,

respectively, two strains that nearly lack lycopene

content. According to the HPLC analysis of COS and

F1 generations, we detected a new pigment with a high

content. We speculated that the new pigment was

neoxanthin and lutein or the mixture of both of these

pigments as reported by Bang and colleagues (Bang

et al. 2010). A histogram displaying lycopene content

distribution in the F2 population was shown in Fig. 1.

For the F2 generation, the lycopene content showed a

segregation distortion in the group, ranging from 0.28

to 69.57 lg/g with an average of 12.49 ± 1.19 lg/g.

The segregation of the F2 population significantly

deviated from the normal distribution and consistently

performed in such a way that a single gene genetic

model of inheritance for this trait was observed. For

the BC1P1 population the lycopene content showed a

range from 0.67 to 64.19 lg/g. For the BC1P2

population the lycopene content showed a range from

0.48 to 1.57 lg/g. When visually comparing flesh

color and lycopene content, we observed that the flesh

color was red when the lycopene content was more

Table 1 Mean phenotypic values, standard errors and ranges for traits measured in the parental strains as well as F1 (45 plants)

generation and F2 (234 plants) populations of a cross between LSW-177 and COS strains

Trait LSW-177 COS F1 F2 F2 range

Mean ± SD Mean ± SD Mean ± SD Mean ± SD Minimum Maximum

Lycopene content (lg/g) 43.56 ± 0.31 0.23 ± 0.32 0.56 ± 0.24 12.49 ± 1.19 0.28 69.57

Fruit length (cm) 19.00 ± 0.31 16.4 ± 0.59 18.8 ± 0.44 18.8 ± 0.20 8.1 32

Fruit width (cm) 12.33 ± 0.52 17.65 ± 0.25 16.45 ± 0.44 16.26 ± 0.15 7.7 26.1

Brix content central (%) 7.7 ± 0.30 9.84 ± 0.43 9 ± 0.31 8.24 ± 0.12 7.6 12.7

Brix content edge (%) 6.30 ± 0.30 7.67 ± 0.43 7.05 ± 0.16 6.84 ± 0.10 2.3 10.2

Table 2 Simple linear correlations among traits measured in the LSW-177 and COS cross F2 population

Traits LCYB FC FL FW BCC BCE

LCYB 1

FC 0.91** 1

FL -0.06 -0.1 1

FW -0.04 -0.11 0.71** 1

BCC 0.14* 0.1 0.33** 0.42** 1

BCE 0.17** 0.16* 0.22** 0.27** 0.80** 1

LCYB lycopene content, FL fruit length, FW fruit width, BCC Brix content central, BCE Brix content edge, FC flesh color

* p \ 0.05, ** p \ 0.01

Table 3 Chi square test of the segregation ratio of watermelon

fruit flesh colors in the F1 (45 plants), F2 (234 plants) and BC

populations (41 and 40 plants, respectively, for two different

populations) originating from the cross between LSW-177 and

COS strains

Population Observed non-red (pale yellow

? canary yellow):red

Expected non-red (pale yellow

? canary yellow):red

v2 p

F1 (0 ? 45):0 1:0 0 1

F2 (50 ? 129):55 3:1 0.28 0.59

BC1P1 (9 ? 12):20 1:1 0.02 0.88

BC1P2 (21 ? 19):0 1:0 0 1

Non-red groups include pale yellow and canary yellow
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than 20.19 lg/g. On the other hand, canary yellow and

pale yellow plants showed the same lycopene content

levels throughout the six generations.

Segregation and genetic analysis of other

horticultural traits

Fruit length (FL) and fruit width (FW)

The two parental strains were different from each

other in terms of fruit length and width, with the LSW-

177 fruits averaging 19.00 ± 0.31 cm in length and

12.33 ± 0.52 cm in width, while the COS fruits

averaging 16.40 ± 0.59 cm in length and

17.65 ± 0.25 cm in width (Fig. 2). For the F1 gener-

ation, measured data revealed 18.80 ± 0.44 and

16.45 ± 0.44 cm in fruit length and width respec-

tively, which was close to the high end of the scale for

the parental strains. Among the F2 generation, fruit

lengths ranged from 8.1 to 32 cm, and fruit widths

ranged from 7.7 to 26.1 cm, exhibiting a continuous

distribution, which suggested that the large size fruit

traits exhibit some dominance if there is a non-additive

component.

Brix

Brix content of both the central and edge of the fruit

was measured within the six generations. COS was

rich in Brix content, averaging 9.84 ± 0.43 and

7.76 ± 0.43 % in both the central and edge regions,

respectively. These levels are more than that measured

from the LSW-177 (7.70 ± 0.30 and 6.30 ± 0.30 %

for central and edge regions, respectively) parental

strain. The F1 generation showed a 9.00 ± 0.31 and

7.05 ± 0.16 % in the central and edge regions,

respectively, for the two traits. For the F2 generation

both of the traits performed a continuous distribution,

a characteristic of quantitative character, indicating

that the Brix content was controlled by polygenes.

Re-sequencing data

A total of 2458 CAPS loci were detected and selected

for primer design using 11 restriction endonucleases.

A total of 227 pairs of CAPS primers were designed

using Primer Premier 5 software (Premier Biosoft

International, Palo Alto, United States). Among the

primers for CAPS markers, PCR amplification showed

that 200 pairs could produce the proper PCR products

(88.1 %). In order to verify the PCR products,

enzymatic digestion reactions were performed. Out

of the 227 pairs of CAPS primers, 110 pairs produced

the correct bands and polymorphisms between the

parental strains, with a rate of 48.5 %. All of the

polymorphic CAPS markers were found to be co-

dominate in the LSW-177, COS and F1 generation.

The fragment lengths of the PCR products ranged

from 966 to 312 bp, while the enzyme-digested

products ranged from 856 to 158 bp. The 110 pairs

of CAPS markers covered 11 chromosomes in water-

melon. According to the re-sequencing data, each

CAPS marker has its location in the watermelon

genome and distributed in the 11 chromosomes so the

CAPS markers could be used as the anchor markers in

the linkage map construction. We also identified some

CAPS loci from the re-sequencing data that were

grouped as chromosome 0, which means that the

CAPS loci did not fit within the 11 chromosomes

analyzed within watermelon but existed in the water-

melon genome. Some primers were designed with the

chromosome 0 sequence data and some designed

primers identified polymorphisms between the LSW-

177 and COS. We grouped these markers into

watermelon chromosomes by the method of linkage

map construction.

Genetic map

Based on the parental strains, diverse polymorphic

markers from a total of 148 polymorphic markers (40

Fig. 1 Separation analysis of lycopene content in the F2

population (234 plants) from a cross between LSW-177 and

COS parental strains
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SSRs, 108 CAPSs) were used to construct a genetic

map using the F2 population. Twenty-three pairs of

core SSR markers reported by Zhang and colleagues

were used for primer selection (Zhang et al. 2011).

Among them, 13 pair of primers showed polymor-

phisms between the two parental strains. Finally, nine

pair of core primers were arranged into eight groups.

The resulting order of markers and map distances

between the markers are shown graphically as linkage

maps in Fig. 3. Using IciMapping V3.3, 144 poly-

morphic markers were produced by 37 SSR and 107

CAPS were mapped on the watermelon linkage map

with four markers being removed. All of the CAPS

markers identified in this study have not been previ-

ously reported. The LSW-177 by COS linkage map

covered 2,039.5 cM and is divided into 11 major and 5

minor linkage groups with an average of 14.16 cM

between markers. According to the CAPS markers, the

5 minor linkage groups were merged into 11 major

linkage groups. The order of the CAPS markers was

compared within the physical map and most of the

distributed markers were the same as the physical

map.

Identification of QTLs for flesh color

The watermelon linkage map was used for the QTL

analysis to identify markers associated with flesh color

and lycopene content as well as flesh color related

traits. Three newly developed CAPS markers

(WII04E07-33, WII04E07-37 and WII04E07-40)

associated with flesh color were detected on chromo-

some 4. Chi square test of the segregation ratios

between red, pale yellow and canary yellow flesh color

using watermelon CAPS markers WII04E07-33,

WII04E07-37 and WII04E07-40 in the F2 population

Fig. 2 Frequency distribution of watermelon fruit traits in a F2 population (234 plants) from a cross between LSW-177 and COS

parental strains. a Fruit length, b Fruit width c Brix content of central part, d Brix content of edge part
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was performed and the results were listed in Table 4.

The QTL related with lycopene content and was

detected on the basis of the three CAPS markers. Four

QTLs associated with flesh color, which included one

major and three minor QTLs that were detected in four

linkage groups (chromosome 3, 4, 6 and 11). The four

QTLs could explain the phenotypic variation, which

ranged from 34.68 to 2.56 % as well as the combined

effects of flesh color, which was 43.68 % of the total

variation. For all QTLs, FC3.1 showed a reduced

additive effect for flesh color in watermelon. A major

QTL (FC4.1) related with flesh color was detected on

chromosome 4, with a LOD (Limit of Detection) score

of 31.77 and total phenotypic variation of 34.68 %.

The QTL FC4.1 was located between the CAPS

marker WII04E07-37 and WII04E07-40 and just

0.2 cM away from the CAPS marker WII04E07-40.

The other minor QTLs associated with flesh color

(FC6.1 and FC11.1) were detected on chromosome 6

and 11 with LOD scores of 3.87 and 2.57, respectively,

with both of them showing an increased additive effect.

Identification of QTLs for lycopene content

Only one major QTL (LCYB4.1) was identified for

lycopene content on chromosome 4, which accounted

for 83.5 % of the total variation and LOD score of 92.3

as well as additive effect of 19.79. The QTL LCYB4.1

was located between the CAPS markers WII04E07-33

and WII04E07-40, which was just 0.35 and 1.5 cM,

respectively, away from the CAPS markers for FC4.1.

These results support that LCYB4.1 is a major QTL

that significantly increased lycopene content in this

population with a strong additive effect. The signif-

icant QTLs for fruit traits were identified by interval

mapping analysis (Table 5).

Fig. 3 A linkage map of watermelon chromosomes constructed

based on a F2 population of a cross between LSW-177 and COS

parental strains. The names of the markers are shown on the

right of the chromosomes while the intervals of the two markers

are shown on the left. The boxes in the right of the chromosomes

indicate the most likely positions of QTLs identified for

different fruit traits. LCYB lycopene content, FL fruit length,

FW fruit width, BCC Brix content central, BCE Brix content

edge, FC flesh color

Table 4 Chi square test of the segregation ratio between red, pale yellow and canary yellow flesh colored watermelon using CAPS

markers WII04E07-33, WII04E07-37 and WII04E07-40 in the F2 population (234 plants) derived from a cross between ‘LSW-177

(Red flesh color)’ and ‘COS (pale yellow flesh color)’

Marker name Observed red:canary

yellow:pale yellow

Expected red:canary

yellow:pale yellow

v2 p

WII04E07-37 54:110:68 1:2:1 2.31 0.32

WII04E07-40 54:112:67 1:2:1 1.80 0.41

WII04E07-33 54:109:68 1:2:1 2.43 0.30

Euphytica (2015) 202:411–426 419

123



Identification of QTLs for other horticultural traits

Interval mapping analysis identified a total of 12

significant QTLs for the four traits: Brix (central and

edge region), fruit length and fruit width. The number

of QTLs ranged from 1 to 3 per trait. The most

significant QTLs were for fruit width with a LOD

score of[7.

Brix

Three minor QTLs were found to be significant for

Brix content by IciMapping V3.3. The three QTLs

were distributed over two linkages (chromosome 2 and

8). Of the three QTLs, two were for the edge and one

was for the central region of the Brix content. The

three QTLs were for minor loci and no major QTL was

detected. The two QTLs for the edge region of the Brix

content (BCE2.1 and BCE8.1) were located on chro-

mosome 2 and 8, with LOD scores of 2.69 and 2.70,

respectively, and individual effects of 6.14 and 5.27 %

trait variation, respectively. The combined effect was

23.8 % of the total phenotypic variance. An additional

QTL for the central region of the Brix content

(BCC8.1) was found with a LOD score of 3.26 on

chromosome 8, near the locus controlling the length

and width of the fruit. The interval between BCC8.1

and the CAPS marker WIII08E08-8 was 2.3 cM.

Fruit length and width

For fruit length and width, three QTLs were detected

in two linkage groups (chromosome 8 and 11) with

individual effects of 11.33, 5.16, 7.31 % trait varia-

tions, respectively, and a combined effect accounting

for 23.8 % of trait variation. For all of the QTLs,

FL8.1contributed to reduced fruit length and other

QTLs (FL11.1and FL11.2) showed increased effect to

fruit length. FL11.1 was 0.4 cM from the CAPS

marker, WII11E05-59. For fruit width, only one QTL

was detected (FW8.1) with a LOD score of 7.33, which

and accounted for 13.45 % phenotypic variation. This

QTL was 2.1 cM away from the SSR marker

WMU06151.FW8.1 and FL8.1, which were located

in the same region, with both QTLs showing a reduced

effect on fruit length and width.

Discussion

The inheritance of lycopene content and flesh color

An interesting phenomenon found in this study is that

all of the plants in the high-lycopene content group

showed a red flesh color, while the low-lycopene

content group showed either canary yellow and pale

yellow flesh color. Previous reports suggested that a

Table 5 QTLs detected for fruit traits based on interval mapping in the F2 population from the LSW-177 and COS cross

Trait QTL Interval Chromosomes Interval mapping Phenotypic effect

LOD R2 (%) Additive Dominance

Lycopene content (LCYB) LCYB4.1 WII04E07-40–WII04E07-33 4 92.3 83.5 19.79 -18.20

Flesh color (FC) FC3.1 BVWS00048–WII03E09-92 3 3.42 2.56 -0.0006 -0.28

FC4.1 WII04E07-37–WII04E07-40 4 31.77 34.68 -0.01 1.40

FC6.1 W1-178–BVWS00233 6 2.76 3.87 0.17 0.23

FC11.1 WII11E06-58–WII11E05-59 11 3.28 2.57 0.04 -0.28

Fruit length (FL) FL8.1 WMU06151–WIII11E08-8 8 2.74 5.16 -1.06 0.27

FL11.1 WMU05469–WII11E05-14 11 4.25 7.31 0.66 1.47

FL11.2 WII11E06-34–WII11E05-36 11 4.23 11.33 0.11 -2.22

Fruit width (FW) FW8.1 WMU06151–WIII08E08-8 8 7.33 13.47 -1.28 0.25

Brix content central part (BCC) BCC8.1 WMU06151–WIII08E08-8 8 3.26 6.87 -0.68 -0.04

Brix content edge part (BCE) BCE2.1 WII02E05-32–WII02E09-20 2 2.70 6.14 -0.52 0.21

BCE8.1 W1-28–WII08E06-546 8 2.71 5.27 -0.48 0.27

LOD log-likelihood, PVE percent phenotypic variation explained; additive and dominance effect
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single LCYB gene was the determinant of canary

yellow or red flesh color (Bang et al. 2007), although

studies by Henderson and colleagues reported the

presence of a two-gene model for flesh color inheri-

tance (Henderson et al. 1998). The results obtained

herein agree in principle with the single recessive

inheritance model. HPLC analysis indicated that the

segregation of lycopene content in the F2 population

significantly deviated from the normal distribution,

consistent with a single gene genetic model of

inheritance for this trait. This is different from that

of tomato, which also exhibited a high lycopene

content, for which other studies showed that the

lycopene content followed an additive genetic model

of inheritance (Chen et al. 1999; Kinkade and Foolad

2013). Thus, the inheritance of lycopene content in

watermelon appears to be different from tomato.

The color segregation of the F2 progeny in this

study adequately fits a 3:1 ratio in flesh color between

the non-red and red groups as well as the high-

lycopene and low-lycopene content groups, indicating

the action of one major gene for red flesh color and

high-lycopene content. Similar results were also

observed by Bang and colleagues for the gene

(C) controlling canary yellow flesh color, which was

dominant to the red flesh color gene (Y) (Bang et al.

2010). These results suggest that one recessive gene

could control red-flesh color and high-lycopene con-

tent traits.

The lycopene content data from canary yellow and

pale yellow showed that both of the flesh colors have

low-lycopene content but no obvious differences

could be observed between these flesh colors in

lycopene content. We hypothesize that there are other

gene(s) for the canary yellow and pale yellow flesh

color in watermelon. This may be supported by the

report from Bang and colleagues, which showed that a

single recessive gene py operating in the presence of a

dominant allele resulted in the pale yellow phenotype

(Bang et al. 2010).

CAPS markers for linkage map construction

Our linkage map based on the cross between LSW-177

and COS was created with 144 markers. Among them

108 CAPS markers were developed, with the SSR and

CAPS markers being co-dominant. Important horti-

cultural traits, such as Brix content, flesh color,

lycopene content, fruit length and fruit width, could

be analyzed in this linkage map. Thus the present map

may be a useful framework for mapping horticultural

traits in watermelon and for studies on the synteny of

various cucurbita crops.

Linkage map construction in watermelon has been

difficult due to the low DNA polymorphism among

cultivated watermelon. In a previous study, only 3.9 %

of the amplified DNA bands were different from the

parents of commercial hybrid cultivars (Li et al. 2008).

We also used melon SSR markers to screen for

selective primers but the results also suggested a

comparatively low polymorphism (1.6 %). Thus,

identifying new markers through linkage map con-

struction has been a major priority for research in the

watermelon field. In our study, 2458 CAPS loci were

detected to be suitable for primer design using 11

restriction endonucleases, with a polymorphism rate

of 48.9 %, which is a more than 12 fold increase when

compared to the low polymorphism using SSR

selection. The results presented in this study may

therefore provide a promising tool to derive high

quality watermelon linkage maps.

According to our re-sequencing data, each CAPS

marker had its own location distributed in the 11

watermelon chromosomes. As a result, we could

distinguish linkages from chromosome 1 to 11, which

would correspond to the watermelon chromosomes 1

to 11. The order of the CAPS markers in the linkage

map was mostly the same as the distribution of the

sequence data. Five minor linkage groups were

combined with the major linkages according to the

location of the CAPS markers. Gaps between the

minor linkages could be merged using markers

developed in this study. Finally, both the core

watermelon SSR and CAPS markers were used as

anchor points, and both markers were distributed to the

same chromosome. Some CAPS markers designed

from chromosome 0 were also arranged into different

chromosomes in the linkage map. It should be noted

that there were gaps of more than 30 cM between the

markers and some linkage groups. However, this issue

can be resolved if more CAPS markers were devel-

oped in the gap area to enrich the linkage map.

Three CAPS markers associated with red and non-

red flesh color

In our study, three CAPS markers (WII04E07-33,

WII04E07-37 and WII04E07-40) were developed,
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which could perfectly co-segregate with the red and

non-red groups. The three CAPS were on chromo-

some 4 in the watermelon genome, according to the

high-throughput re-sequencing data. Through bioin-

formatics analysis and using high-throughput re-

sequencing data we constructed a physical map of

watermelon. The position of the three CAPS mark-

ers was obtained from the physical map and QTLs

for lycopene content and flesh color were detected

in the intervals of the three markers. The three

newly developed CAPS markers were different from

the CAPS marker reported by Bang and colleagues,

where one CAPS marker (Phe226) was developed to

co-segregate with the canary yellow and red flesh

color phenotype (Bang et al. 2007). This marker was

found by comparing the partial cDNA sequence of

the LCYB in canary yellow to the red watermelon

and subsequently isolated using degenerate PCR

primers and RACE (Bang et al. 2007). Based on re-

sequencing data from the COS and LSW-177

strains, we were able to align the full-length LCYB

cDNA in the region between the two CAPS markers

(WII04E07-33 and WII04E07-40) on chromosome 4.

These results indicated that the intervals between the

three CAPS markers could have genes or loci that

could distinguish between red versus non-red flesh

color that are near the coding region of LCYB and

co-segregate with genes controlling flesh color and

lycopene content.

Two mixed flesh colors were identified in the F2

generation of our study. These mixed colors were also

reported in other studies (Bang et al. 2010; Navot et al.

1990) and thought to be caused by environmental

conditions rather than genetics and developmental

abnormalities. Gusmini and Wehner presumed that

flesh color arose by many genes, with flesh color from

different parts of the mature watermelon being con-

trolled by different genes. It was thought that the

mixed color could be due to genetic recombination or

the expression of a gene regulating flesh color. We

used our three new CAPS markers to genotype all of

the plants in the F2 generation including the mixed

color plants. The results of our study showed that all of

the mixed color watermelons resulted in heterozygous

bands in the F1 generation. Other studies have

suggested that there should be other genes, gene

epistasis effects or environmental conditions that

could underlie the mixed color phenotype (Bang

et al. 2010; Navot et al. 1990).

QTL analysis for lycopene content and flesh color

Breeding for increased lycopene content in water-

melon fruit is an important focus for horticultural

quality, consumer acceptance and human health. Fruit

color and lycopene content are key traits to be

analyzed in watermelon QTL mapping studies. In

our study, lycopene content QTL was identified as one

major QTL on chromosome 4. This QTL was detected

by CAPS marker WII04E07-40 and WII04E07-33 and

was found only 0.35 cM from the CAPS marker

WII04E07-33. The LOD score (92.32) and trait

variation (83.50 %) indicated that the QTL was a

major QTL for lycopene content with a large additive

effect to increase lycopene content.

Prior to this study, little research was focused on

lycopene content QTL analysis in watermelon and the

carotenoid biosynthetic pathway of watermelon was

extrapolated from the carotenoid biosynthesis path-

ways in plants (Isaacson 2002; Isaacson et al. 2004).

Grassi and colleagues reported that the developmental

origins of watermelon were similar to tomato; how-

ever, they still suggested complex and different

regulatory systems for carotinoid biosynthesis path-

ways between these two fruits (Grassi et al. 2013).

Two lycopene cyclases, lycopene b-cyclase (LCYB)

and lycopene e-cyclase (LCYE) could convert lyco-

pene-b or a-carotene with ring structures (Ronen et al.

2000). As a result, a likely candidate gene for color

determination between red and other flesh color in

watermelon could be the gene immediately down-

stream of the lycopene synthesis pathway (Bang

2005). In the COS strain and the F1 generation, we

detected a new pigment by HPLC analysis as reported

by Bang and colleagues (Bang et al. 2010). We

speculated that this new pigment could be neoxanthin

or lutein. According to the re-sequencing data, the

sequence between the two CAPS markers WII04E07-

33 and WII04E07-40 detected the lycopene content

QTL LCYB4 from BLAST analysis. Blast analysis

results demonstrated that lycopene b-cyclase (Lcyb)

mRNA, LCYB-red allele and complete cDNAs were

detected in the same region between the two CAPS

markers. In melon, seven genes from the carotenoid

biosynthetic pathway have been previously mapped

(Cuevas et al. 2008, 2010), and five were re-mapped to

similar locations with different markers, as reported by

Harel-Beja and colleagues (Harel-Beja et al. 2010).

Identifying the gene and functional polymorphism
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underlying this position may further shed light on the

carotenoid biosynthetic process.

One major and three minor QTLs for flesh color

were mapped in our study on chromosome 3, 4, 6 and

11, respectively. The major QTL for flesh color

(LOD = 31.77) with trait variation of 34.68 % was

located on chromosome 4, which mapped to the same

region as the lycopene content QTL. Co-localization

of the major QTL for flesh color and lycopene content

is a reflection of a single locus determining the role of

lycopene content and flesh color in watermelon fruits.

Unlike lycopene content, we detected four QTLs

related to flesh color in watermelon, which indicated

that there were many genes in the carotenoid biosyn-

thetic pathway that control pigment content and flesh

color. Previous studies in cucurbit crops suggested that

no single gene controlled flesh color. Harel-Beja and

colleagues reported 11 QTLs for orange flesh color

and carotenoid content in melon using a RIL popula-

tion derived from two subspecies of Cucumis melo L.:

PI 414723 (subspecies agrestis) and ‘Dulce’ (subspe-

cies meld) (Harel-Beja et al. 2010).

Hashizume and colleagues mapped the red flesh

color locus in watermelon using a comprehensive

linkage map on chromosome 2 and 8, which was not

detected in the cross between LSW-177 and COS F2

population (Hashizume et al. 2003). The QTL related

with red flesh color was identified using a cross

between red and yellow flesh genotypes. QTL at

chromosome 2 and 8 were associated with the

presence and absence of flesh carotenoids, while the

LSW-177 and COS F2 population was established

from a cross of red and pale yellow flesh color. Some

studies showed that genetic manipulation of the

quantity of b-carotene in cucumber and melon fruit

(endocarp and mesocarp) was controlled by at least

two recessive genes (Clayberg 1992; Cuevas et al.

2010). It was suggested that the LG6 in melon QTL

may contain a gene that stimulates the carotenoid

metabolic pathway in general, leading to the formation

of b-carotene (Monforte et al. 2004; Cuevas et al.

2008). These additional QTLs suggest an accumula-

tion of carotenoid regulators at this locus, which may

lead to increased carotenoid levels in cucurbit crops.

The fact that QTLs for both flesh and lycopene were

mapped to the same region on chromosome 4 suggests

that chromosome 4 may contain a gene that stimulates

the lycopene metabolic pathway and lycopene in

general, which may be controlled by the same (or

closely linked) gene. A potential limitation of this

study is that our study only detected lycopene content

QTL in watermelon but did not reveal other pigment

QTLs from the carotenoid biosynthetic pathway.

However, measuring the content of other pigments

in watermelon flesh could alleviate this limitation.

Although preliminary, our study clearly identified the

location of the lycopene content gene in the water-

melon genome.

QTL analysis for other horticulture traits

Brix is a common measurement for predicting fruit

sugar content and was shown to strongly correlate

with sugar accumulation (Zhang et al. 2006). The

three QTLs we detected were for minor QTLs

accounting for just 6.87, 5.14 and 5.27 % trait

variations, respectively. According to the segrega-

tion observed in the F2 population, it is possible that

there was a major gene controlling Brix content. On

chromosome 8 we detected two QTLs associated

with Brix content, which was similar to results from

another study (Sandlin et al. 2012). Our study

presents two QTLs that may be the main loci

controlling gene expression of Brix content, based

on previous studies (Guo et al. 2006). Harel-Beja

and colleagues detected six QTLs for sugar content

in melon that interacted in an additive manner to

account for nearly all of the differences in sugar

content between the two parental strains (Harel-Beja

et al. 2010).

Fruit size has been well studied in many plants but

seldom in watermelon. Fruit size or fruit shape index is

influenced by fruit length and fruit width. To our

knowledge fruit length and width can be diverse as

well as ultimately affect fruit weight and size. Perin

and colleagues detected seven QTLs for fruit shape

(Perin et al. 2002), and seven QTLs in melon

(Monforte et al. 2004). In our studies, we detected

three QTLs related to fruit length and one QTL related

to fruit width. The fruit width associated QTL (FW8.1)

was a major QTL on chromosome 8. FL11.1 and

FL11.2 were located on chromosome 11 of the same

chromosome as previously reported for the fruit length

QTL in watermelon (Sandlin et al. 2012). FW8.1 and

FL8.1 were mapped to the same region and similar to

previous reports (Perin et al. 2002; Sandlin et al. 2012)

suggesting that some regions or genes may control

both traits.
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In this study, Brix content, fruit length and fruit

width were analyzed by taking advantage of the

linkage map. All of the QTLs for the four traits were

detected and had a continuous distribution, suggesting

the quantitative character quantitative trait of the F2

population. It is possible that polygenic control by a

few genes determines the four traits in the cross

between LSW-177 and COS population.

In the plant genome, many QTLs exist in clumps,

and this phenomenon also appeared in our study. For

chromosome 8, 3 QTLs (FL8.1, FW8.1 and BCC8.1)

associated with fruit length, fruit width and Brix

content (central region) were detected in the same

region (between markers WMU06151 and WIII08E08-

8). Further correlation analysis demonstrated that the

three traits had a high positive correlation. For the

three traits (Brix content, fruit length and fruit width)

in our early SSR primer selection, all of the detected

QTLs had relatively low LOD values (2.74 to 7.33)

due to the exploitation of low CAPS marker numbers

and limited SSR polymorphism between the two

parental strains. Lambel and colleagues successfully

used the selective genotype analysis as an efficient

method to locate genes for Fusarium oxysporum race1

resistance in watermelon (Lambel et al. 2014). Given

our findings, developing more CAPS markers or the

selective genotype analysis reported by Lambel and

colleagues can be applied to future studies.
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