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SNP bin markers showed significant (P < 0.05) segregation 
distortion across all 11 chromosomes, and 513 (83.3 %) of 
these distorted loci showed distortion in favor of the elite 
watermelon cultivar K3 allele and 103 were skewed toward 
PI 189225. The number of SNPs and InDels per Mb var-
ied considerably across the segregation distorted regions 
(SDRs) on each chromosome, and a mixture of dense and 
sparse SNPs and InDel SDRs coexisted on some chromo-
somes suggesting that SDRs were randomly distributed 
throughout the genome. Recombination rates varied greatly 
among each chromosome, from 2.0 to 4.2 centimorgans per 
megabase (cM/Mb). An inconsistency was found between 
the genetic and physical positions on the map for a seg-
ment on chromosome 11. The high-density genetic map 
described in the present study will facilitate fine mapping 
of quantitative trait loci, the identification of candidate 
genes, map-based cloning, as well as marker-assisted selec-
tion (MAS) in watermelon breeding programs.
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Introduction

Watermelon is an important vegetable crop worldwide with 
production of more than 100 million tons accounting for 
about 7  % of total vegetable production worldwide (FAO 
Stat; http://www.fao.org/). Watermelon, Citrullus lana-
tus (Thunb.) Matsum. & Nakai (2n =  2x =  22) is a dip-
loid species belonging to the family Cucurbitaceae with 
an estimated genome size of 425 Mb (Arumuganathan and 
Earle 1991). The development of genetic linkage maps can 
facilitate the identification of biologically and agronomi-
cally important trait loci and further deployment in crop 

Abstract  Watermelon [Citrullus lanatus (Thunb.) Mat-
sum. & Nakai] is an economically important vegetable 
crop grown extensively worldwide. To facilitate the iden-
tification of agronomically important traits and provide 
new information for genetic and genomic research on this 
species, a high-density genetic linkage map of watermelon 
was constructed using an F2 population derived from a 
cross between elite watermelon cultivar K3 and wild water-
melon germplasm PI 189225. Based on a sliding window 
approach, a total of 1,161 bin markers representing 3,465 
SNP markers were mapped onto 11 linkage groups corre-
sponding to the chromosome pair number of watermelon. 
The total length of the genetic map is 1,099.2 cM, with an 
average distance between bins of 1.0  cM. The number of 
markers in each chromosome varies from 62 in chromo-
some 07 to 160 in chromosome 05. The length of indi-
vidual chromosomes ranged between 61.8 cM for chromo-
some 07 and 140.2 cM for chromosome 05. A total of 616 
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improvement. High-quality and high-density genetic maps 
can also enable further functional genetics and genomics 
studies in this plant species (Jones et al. 2009), leading to 
better understanding of the genetic architecture of complex 
traits.

Recently, much progress  has been made  in  genetic and 
genomic research for watermelon, such as construction of 
expressed sequence tag (EST) libraries (Levi et  al. 2006a; 
Wechter et  al. 2008; Guo et  al. 2011), development of 
bacterial artificial chromosome libraries (Joobeur et  al. 
2006), and genome sequencing (Guo et  al. 2013). In the 
last 20  years, several genetic linkage maps have been 
developed for watermelon using various molecular marker 
systems including randomly amplified polymorphic DNA 
(RAPD), amplified fragment length polymorphism (AFLP), 
simple sequence repeat (SSR), sequence-tagged sites (STS) 
and sequence-related amplified polymorphism (SRAP) 
(Hashizume et al. 1996; Levi et al. 2002a, 2006b; Hashizume 
et al. 2003). Ren et al. (2012a) published a high resolution 
genetic map for watermelon that was constructed using 
698 simple sequence repeat (SSR), 219 insertion–deletion 
(InDel) and 36 structure variation (SV) based on the genome 
sequences of the elite Chinese line 97103 and the wild 
accession PI 296341-FR. The map spanned a total of 800 cM 
with an average distance of 0.8 cM between markers. Sandlin 
et  al. (2012) constructed a single-nucleotide polymorphism 
(SNP)-based genetic map through comparative mapping of 
three separate populations developed from crosses Klondike 
Black Seeded (PI 635609)/New Hampshire Midget (PI 
635617), Strain II (PI 279461)/Egusi (PI 560023) and 
ZWRM50 (PI 593359)/Citroides (PI 244019) and the map 
comprised 378 SNP markers with an average marker spacing 
of 5.1 cM. To create a more saturated map for the species, 
Ren et al. (2014) reported an integrated map based on four 
populations containing 1,339 (698 SSR, 386 SNP, 219 InDel 
and 36 SV) markers. This integrated map provided improved 
resolution, spanning on 798  cM and bringing the average 
distance between markers down to 0.6 cM. However, marker 
density still remains far from saturation and the number of 
markers is relatively few to allow marker-assisted selection 
(MAS) and cloning of genes of interest in watermelon.

Recently, through the use of next-generation sequencing 
(NGS) technologies, a rapid SNP discovery method, known 
as DArTseq™, was developed utilizing DArT marker 
platform in combination with next-generation sequencing 
platforms (Sansaloni et  al. 2011; Kilian et  al. 2012; 
Courtois et al. 2013; Cruz et al. 2013; Raman et al. 2014). 
DArTseq™ represents a new implementation of sequencing 
of complexity-reduced representations (Altshuler et al. 2000) 
and more recent applications of this concept on the next-
generation sequencing platforms (Baird et al. 2008; Elshire 
et  al. 2011). DArTseq™ has been successfully applied in 
genetic diversity assessment studies (Cruz et al. 2013).

Thus, to increase marker density and expand marker 
resources for watermelon, we demonstrate high-throughput 
SNP discovery using DArT-Seq™ method resulting in a 
high-density genetic linkage map for watermelon based on 
corresponding SNP markers.

Materials and methods

Plant material and DNA isolation

An F2 population of 144 plants derived from a cross 
between elite watermelon cultivar K3 (female) and wild 
watermelon germplasm PI 189225 (male) was used to gen-
erate the linkage map. Genomic DNA was extracted from 
freeze-dried leaves of each F2 plant and parent using the 
CTAB method as modified by Ren et  al. (2012b). DNA 
quality and concentration were determined by electro-
phoresis in 0.8 % agarose gel with a λDNA standard and 
ND-1000 spectrophotometry (NanoDrop, Thermo sci-
entific, Wilmington, DE, USA) and were normalized to 
30–50 ng/μl.

High‑throughput genotyping using the DArT‑Seq™ 
method

A high-throughput genotyping method using the DArT-
Seq™ technology (Sansaloni et al. 2011) was employed to 
genotype the F2 population. Restriction enzymes PstI and 
MseI were selected as enzyme combination for genomic 
complexity reduction. DNA samples are processed in 
digestion/ligation reactions principally as per Kilian et  al. 
(2012), but replacing a single PstI-compatible adapter 
with two different adapters corresponding to two different 
restriction enzyme (RE) overhangs. The PstI-compatible 
adapter was designed to include Illumina flowcell attach-
ment sequence, sequencing primer sequence and “stag-
gered”, varying length barcode region, similar to the 
sequence reported by Elshire et  al. (2011). The reverse 
adapter contained the flowcell attachment region and MseI-
compatible overhang sequence. Only “mixed fragments” 
(PstI–HpaII) were effectively amplified in 30 rounds of 
PCR using the following reaction conditions: 1  min at 
94 °C for initial denaturation; 30 cycles each consisting of 
20 s at 94 °C for denaturation, 30 s at 58 °C for annealing 
and 45 s at 72 °C for extension; and finally a 7 min exten-
sion step at 72 °C. After PCR, equimolar amounts of ampli-
fication products from each sample of the 96-well micro-
titer plate were bulked and applied to c-Bot (Illumina) 
bridge PCR followed by sequencing on Illumina Hiseq 
2500. The sequencing (single read) was run for 77 cycles. 
Sequences generated from each lane were processed using 
proprietary DArT analytical pipelines. In the primary 
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pipeline, the FASTQ files were first processed to filter 
poor-quality sequences, applying more stringent selection 
criteria to the barcode region compared to the rest of the 
sequence. Thus, the assignments of the sequences to spe-
cific samples carried in the “barcode split” step are more 
consistent. Approximately 2,500,000 (±7  %) sequences 
per barcode/sample are used in marker calling. Finally, 
identical sequences are collapsed into “fastqcall files”. 
These files are used in the secondary pipeline for DArT 
PL’s proprietary SNP calling algorithms (DArTsoft14). 
To get the physical positions of the corresponding SNP 
markers, the sequences of the corresponding DNA frag-
ments were BLASTed against a local database containing 
the watermelon reference genome sequence of 97103, with 
an expected value (E)  <  e−10 and minimum base identity 
>70 % as blast criteria. Sequences for the genomes 97103 
were obtained through http://www.icugi.org/cgi-bin/ICuGI/
genome/index.cgi?organism=watermelon.

Bin map construction

Prior to the bin map construction, the SNP data that were 
not homozygous in both parents as well as proportion of 
missing data greater than 70  % were discarded. Due to 
potential sources of sequence errors and restrictions on the 
maximum number of markers that can be analyzed in Join-
Map software, the SNP data were analyzed for genotype 
calling recombinations using a sliding window approach 
(Huang et al. 2009). Briefly, the consecutive genotypic SNP 
data was scanned with a window size of 15 SNPs and a step 
size of 1. Windows with 15 or more SNPs from either par-
ent were considered to be homozygous for an individual, 
while those with less were classified as heterozygous. Adja-
cent windows with the same genotypes were combined into 
blocks based on the recombinant breakpoints and the phys-
ical position of each SNP marker and a bin map was gener-
ated and presented by using Perl scripts.

Genetic linkage map construction

Resulting bins on each chromosome were treated as genetic 
markers and analyzed for linkage using JoinMap version 4.1 
(Van Ooijen 2011). Linkage group (LG) were established and 
the marker order within each linkage group were determined 
using the maximum likelihood (ML) mapping algorithm 
(Jansen et  al. 2001). The Kosambi mapping function was 
used to convert the recombination frequency into cM values 
(Kosambi 1943). The LG maps of each chromosome were 
drawn and aligned using MapChart v2.2 (Voorrips 2002). 
Chi square (χ2) test analysis of all the bin makers was also 
performed to test for deviations from the expected 1:2:1 ratio 
of K3 and PI 189225 alleles for the current F2 population 
using R statistical analysis package (Team 2012).

Relationship between genetic position and physical 
position

In addition to the genetic map position, the physical posi-
tions of the bin markers were also determined based on the 
alignment with the watermelon reference genome sequence 
of 97103. Colinearity between genetic and physical posi-
tions was determined by plotting genetic marker posi-
tions (in centimorgans) against their physical positions 
(in megabases) using R statistical analysis package (Team 
2012). We have also calculated the average recombination 
rate for each chromosome through the plot of the cM dis-
tance of each marker versus its physical distance.

Genomic variance analysis in segregation distortion 
regions

To investigate the causal relationships between segrega-
tion distortion regions and genomic variance, InDels and 
SNPs data from the watermelon genome of 97103 and PI 
296341-FR in Cucurbit Genomics  Database (http://www.
icugi.org/) were studied. The physical locations of SNPs 
and InDels between97103 and PI 296341-FR were aligned 
to the equivalent segregation distorted regions (SDRs) in 
the present study and the number of SNPs and InDels per 
megabase (Mb) were compared between the segregation 
distortion regions (SDRs) and the non-segregation distorted 
regions.

Results

Characterization of DArTseq‑based SNP marker and SNP 
bin marker

A total of 4,808 SNPs were identified from the DArTseq-
based genotyping systems. The average call rate of the 
markers was 91.3  % and their PIC values ranged from 
0.022 to 0.5, with an average of 0.454. The physical posi-
tion along the chromosome as determined for most of the 
SNPs based on the alignment to the reference genome of 
97103, using the selecting criteria of minimum base iden-
tity, was >90 % and E-value <10−5.

Based on markers with proportion of missing  
genotype greater than 70 % as well as the markers whose 
parental genotypes were not homozygous or could not 
be determined on their chromosome location, 1,343  
were removed from the total markers and the remaining 
3,465 (72.1  %) SNP markers were assembled in a total  
of 1,161 bin signatures representing the corresponding 
recombination events according to their physical positions 
and their genotypes (Table 1). Each bin contained different 
numbers of SNP markers and the two bins with the largest 

http://www.icugi.org/cgi-bin/ICuGI/genome/index.cgi?organism=watermelon
http://www.icugi.org/cgi-bin/ICuGI/genome/index.cgi?organism=watermelon
http://www.icugi.org/
http://www.icugi.org/
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number of SNP markers were 70 on bin 50 of chromosome 
07 and 43 on bin 1 of chromosome 06 (Fig. 1, Table S1). In 
total, 87.9 % of the bin markers were less than 0.5 Mb in 
length (Table S2). There were 54 bins larger than 1.0 Mb  
in size and 2 big bins of more than 5.0  Mb dispersed on 
chromosomes 08 (Bin6) and 09 (Bin89) (Table S2).

Genetic map construction

The final genetic linkage map consisted of 1,161 SNP  
bin markers, giving a total map length of 1,099.2  cM,  
with individual linkage groups ranging from 61.8  cM for  
chromosome 07 to 140.2  cM for chromosome 5 (Table  1; 
Fig. 2; Table S3). The number of markers per chromosome 
ranged from 62 for chromosome 7 to 160 for chromosome 5,  
with an average number of 105.5 bin markers. The average 
distance between neighboring bin markers on the maps was  
almost similar for all the 11 chromosomes with ether 0.9 cM/
marker (chromosome 02, 05, 08, 09 and 11) or 1.0  cM/
marker (chromosome 01, 06, 07 and 10) or 1.1 cM/marker  
(chromosome 03 and 04) and the whole genome average 
density was 1.0 cM/marker. In general, the SNP bin markers  
were well distributed across the genome and most of the  
spaces between two bin markers for all the 11 chromosomes 
were smaller than 5.0 cM with some exceptions where we 
observed gaps of 5.5 and 9.9  cM on chromosome 01, 6.2  
and 6.9  cM on chromosome 03, 5.4  cM on chromosome 
10 and 10.4 cM chromosome 11(Table 1; Fig. 2; Table S3). 
The total physical length of the map was 330.6 Mb and the 
average physical length for the whole genome was 30.0 Mb,  
ranging from 24.3 Mb for chromosome 04 to 35.0 Mb for 
chromosome 09 (Table 1; Fig. 2; Table S3).

Comparison of genetic and physical positions

Genetic distance of a map was generated based on the  
relative recombination frequencies between markers during 
crossover of homologous chromosomes. With the availability 
of complete watermelon genome sequences, we also carried  
out the comparisons between genetic and physical positions 
of each chromosome. In the present study, the relationship 
between genetic and physical positions was mostly linear for  
each chromosome except for a large segment of approximately  
21.2  Mb on chromosome 11, which was in opposite  
orientation between genetic and physical positions (Fig.  3; 
Table S1; Table S3). The variation in the relationship between 
the genetic and physical positions for each chromosome can 
be directly reflected by the different slopes of the curves of  
each chromosome (Fig. 3; Table S1; Table S3).

Besides the relationship between genetic and physical 
positions, to compare the genetic and physical distances, we 
also calculated recombination rates for each chromosome by 
comparing the genetic distance to the physical distance (Mb). 
The recombination rate among all the 11 chromosomes 
varied greatly for each of the chromosome, ranging from 2.0 
centimorgans per megabase (cM/Mb) for chromosome 07 to 
4.2 cM/Mb for chromosome 05 with a genome-wide average 
recombination rate is 3.3 cM/Mb (Table 1; Table S2).

Distortion analysis

Chi square testing revealed that 616 of 1,161 (53.1 %) SNP  
bin markers showed significant (P  =  0.05) segregation  
distortion in the F2 population. Five hundred and thirteen 
bin markers (44.2 %) showed distortion in favor of the elite 

Table 1   Summary of chromosome assignment, number of SNP marker, number of bin marker, map length, number of gaps >5.0 cM and marker 
density of the SNP bin genetic map from a cross between elite watermelon cultivar K3 and wild watermelon germplasm PI 189225 F2 population

a  Physical length is the distance between the first and last SNP on each chromosome

Chr No. of SNP  
markers

No. of bins Map length in  
cM

Bin intervals in cM No. of gaps 
>5.0 cM

Physical length 
(Mb)a

Recombination 
rates (cM/Mb)

Maximum Average

01 367 120 119.9 9.9 1.0 2 34.1 3.5

02 348 128 119.9 4.8 0.9 0 34.4 3.5

03 281 93 99.3 6.9 1.1 2 28.9 3.4

04 189 70 77.3 4.4 1.1 0 24.3 3.2

05 440 160 140.2 1.1 0.9 0 33.7 4.2

06 300 84 79.3 4.6 1.0 0 27.0 2.9

07 272 62 61.8 4.0 1.0 0 31.5 2.0

08 275 95 82.8 3.1 0.9 0 26.1 3.2

09 365 131 114.5 3.1 0.9 0 35.0 3.3

10 331 105 104.0 5.4 1.0 1 28.4 3.7

11 297 113 100.3 10.4 0.9 1 27.1 3.7

Total 3,465 1,161 1,099.2 – – 6 330.6 –

Average 315 105.5 99.9 – 1.0 – 30.0 3.3
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Fig. 1   Distribution of DArT-
seq-based SNP markers within 
each bin on different water-
melon chromosomes. The x 
axis shows the number of bins. 
The y axis shows the number of 
SNP markers within each bin. 
The number of SNPs mapping 
to a single bin is shown by the 
height of the bars
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watermelon cultivar K3 allele, whereas 103 (8.9 %) showed 
distortion in favor of the wild watermelon germplasm PI 
189225 allele (P  =  0.05). The 513 markers that showed  
distortion in favor of the cultivated allele were distributed 
among all the chromosomes [01 (49), 02 (52), 03 (60),  
04 (49), 05 (151), 07 (15), 08 (50), 09 (60), 10 (13) and 11  
(26)] except chromosome 06 (Fig. 4). The 103 markers that 
showed distortion in favor of the wild allele were distributed 
among five chromosomes as follows: 04 (2), 06 (11), 07 (16), 

10 (39) and 11 (35) (Fig. 4). The 616 distorted segregation 
markers were clustered in 44 main SDRs on 11 chromosomes 
as follows: 01 (2), 02 (6), 03 (4), 04 (4), 05 (3), 06 (2), 07 (3), 
08 (3), 09 (9), 10 (3) and 11 (5) (Fig. 5; Table 2).

Genomic variance in segregation distortion regions

A total of 4,335,338 SNPs and 35,197 InDels were detected 
between 97103 and PI 296341-FR from the SNPs and 

Fig. 2   The SNP-based genetic linkage map for watermelon using the K3 × PI 189225 population. Bin marker names and map distances are 
shown on the left and right side of each linkage group, respectively
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InDels data available in the Cucurbit Genomics Database. 
To examine if the markers with distorted segregation were 
in genomic regions with major differences in genome 
sequence between cultivated and wild watermelon, we 
placed all of the polymorphisms (including both InDels 
and SNPs) between 97103 and PI 296341-FR into 
the segregation distortion regions (SDRs) across each 
chromosome and 2,289,215 SNPs and 18,023 InDels were 
located in 44 SDRs. Large size SDRs were identified on 
some chromosomes, including SDR5.3 (27.35  Mb) on 
chromosome 05, SDR1.1 (20.82  Mb) on chromosome 
02, SDR8.1 (19.51  Mb) on chromosome 08 and SDR4.1 
(15.99  Mb) on chromosome 04 (Fig.  5; Table  2). The 
number of SNPs per Mb varied considerably across the 
SDRs on each chromosome and ranged from 12,044 SNPs 
per Mb for chromosome 10 to 24,953 SNPs per Mb for 
chromosome 09 (Table 2). For InDels, the number of InDels 
per Mb ranged from 71 InDels per Mb for chromosome 08 
to 162 per Mb for chromosome 04 (Table 2). The number 
of SNPs per Mb for SDRs on chromosomes 02, 04, 06, 07 
and 09 was higher than that of the remaining regions or 
the whole chromosome. In contrast, the number of SNPs 

per Mb for SDRs on chromosomes 01, 03, 05, 08, 10 and 
11was lower than that of the remaining regions or the whole 
chromosome (Table 2). The same results were also observed 
for InDels (Table  2). A mixture of dense and sparse SNP 
SDRs was also included in some of the chromosomes 
(Table 2). For example, on chromosome 07, the number of 
SNPs per Mb was from 14,429 SNPs per Mb for SDR7.3 to 
10,241 SNPs per Mb for SDR7.2. On chromosome 11, the 
number of SNPs per Mb was from 14,634 SNPs per Mb for 
SDR11.5 to 11,198 SNP/Mb for SDR11.3. On chromosome 
09, the number of SNPs per Mb was from 15,395 SNPs 
per Mb for SDR9.2 to 12,714 SNPs per Mb for SDR9.4 
(Table 2). The distribution patterns of InDels densities also 
vary for SDRs on each chromosome (Table 2).

Discussion

Genetic linkage maps are highly valuable tools for the 
identification of novel genes/QTLs, map-based cloning or 
in marker-assisted breeding programs. Dense genetic maps 
based on sequence-derived markers, such as SSRs, InDels 

Fig. 3   Relationship between genetic and physical positions of the bin markers within each chromosome. In each plot, the x axis represents the 
physical positions in megabases (Mb) based on 97103 reference v2 sequence. The y axis represents the genetic marker positions in centimorgans
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and SNPs, accelerate the process of fine mapping and map-
based cloning of genes/QTLs. Among them, SNP markers 
have become increasingly popular in plant genetic and 
genomics studies due to their abundance, uniform genome 
distribution and cost-effectiveness (Rafalski 2002; Ganal 
et  al. 2009). SNP markers have been used extensively 
over the last few years for genetic mapping in many crops 
such as wheat (Triticum aestivum L. em. Thell.) (Akhunov 
et al. 2009), maize (Zea mays L.) (Ganal et al. 2011) and 
rice (Oryza sativa L.) (Chen et al. 2014) as well as in other 
cucurbit species including melon (Cucumis melo L.) (Deleu 
et al. 2009; Harel-Beja et al. 2010; Garcia-Mas et al. 2012) 
and summer squash (Cucurbita pepo L.) (Zraidi et al. 2007; 
Esteras et al. 2012).

Cultivated watermelon has been reported to carry 
narrow genetic diversity (Levi et al. 2001a, b), resulting in 
low polymorphism of molecular markers between parents 
of mapping populations. In the present map, the mapping 
population was generated from a cross between cultivated 
genotype and a wild watermelon germplasm. The wide 
genetic diversity between the two parents provided higher 
frequency of polymorphisms in the map construction. 
Furthermore, the present map was based on a cross 
involving wild-type watermelon germplasm PI 189225 

known to possess resistance to powdery mildew (Tetteh 
et  al. 2010; 2013), anthracnose (Boyhan et  al. 1994) and 
gummy stem blight (Gusmini et al. 2005). The parent K3 
is an advanced breeding line with high fruit quality and 
has been used as a parental line for several commercial 
watermelon hybrids in Jiangsu Province of China; however, 
it is highly susceptible to fungal diseases. Therefore, the 
present map and the markers can facilitate the identification 
of new genes/QTLs for disease resistance within this wild 
watermelon germplasm.

In this study, we constructed a genetic map of 
watermelon using 1,161 bin markers representing 
3,465 SNP markers by sequencing DArT tags using 
Illumina short read sequencing technology. The mapped 
SNP marker number was larger than recently reported 
watermelon genetic maps, containing 378 (Sandlin et  al. 
2012) and 386 SNP markers (Ren et al. 2014), respectively. 
The distribution of markers on the 11 chromosomes was 
generally uniform and, despite the presence of a 9.9 and 
10.4  cM gaps in chromosome 01 and 11, respectively, 
greater number of SNP markers obtained in the present 
study will significantly expand marker pools in watermelon 
genetic and genomics studies. The total genetic length of 
the map was 1,099.2  cM, which is 37  % larger than the 

Fig. 4   Segregation distortion of SNP bin markers on each chro-
mosome. The x axis shows the segregation ratios for each SNP bin 
marker on each chromosome. The y axis shows the −logP value of 
allele ratios of the number of individuals carrying the marker com-
pared to the number of individuals not carrying the marker. The 
expected distribution of K3 and PI 189225 alleles across the 144 
F2 individuals should result in a ratio of 1:2:1 and is depicted as a 
horizontal line at −logP = 0. SNP markers with allele ratios above 

the line indicate segregation distortion toward the K3 allele, whereas 
SNP markers with allele ratios below the line indicate segregation 
distortion toward the PI 189225 allele. SNP markers with allele ratios 
between the values of 0 and −log (0.05) indicate no significant seg-
regation distortion from the expected ratio of 1:2:1 between K3 and 
PI 189225 genotypes. SNP markers with allele ratios beyond the line 
at the value of −log (0.05) indicate significant (P < 0.05) segregation 
distortion toward the K3 or PI 189225 allele
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map (800 cM) constructed using 1,339 markers including 
698 SSR, 21 InDel and 36 SV markers by Ren et  al. 
(2012a) and the map (798  cM) of Ren et  al. (2014) that 
was complemented by integrating four watermelon maps 
with 698 SSR, 219 InDel, 36 SV and 386 SNP markers. 
The length is considerably shorter (42.7 %) than that of the 
map reported by Sandlin et al. (2012) for contig sequence-
derived 378 SNP mapped over 1,917.6  cM. The whole 
genome average marker density between bins was 0.9 cM, 
which is comparable to that of 0.8  cM obtained in Ren 
et al. (2012a) and 0.6 cM obtained in Ren et al. (2014).

The completion of the watermelon genomic 
sequence  facilitated the comparison of genetic and physi-
cal distances. In the present study, the recombination rate 
in the population varied greatly among each chromosome, 
from 2.0 to 4.2 cM/Mb, corresponding to the actual physi-
cal length of the smallest and largest chromosomes 07 and 

05, respectively. The whole genome recombination rate was 
3.3 cM/Mb and this ratio was similar to that of cucumber 
(Cucumis sativus L.) (3.2 cM/Mb) (Huang et al. 2009; Ren 
et  al. 2012a), but larger than the average ratio of 2.3 cM/
Mb for watermelon reported earlier (Ren et al. 2012a). This 
suggests that there is an apparent inconsistency between 
the genetic positions and sequence-based physical posi-
tions for a segment on chromosome 11, and such inconsist-
ency could be due to either structural variations (such as an 
inversion for this part of genome) or more likely incorrect 
assembly of the reference genome; however, further studies 
are needed to elucidate this phenomenon.

Segregation distortion in plants is a common 
phenomenon positively influenced by marker types, 
mapping population types and the relationships of the 
parents (Kianian and Quiros 1992; Lorieux et  al. 1995). 
These factors may work simultaneously favoring alleles 

Fig. 5   The physical map and the segregation distortion regions’ 
(SDRs’) distribution in the F2 population of K3 ×  PI 189225.  Bin 
marker names and locations are shown on the left and right side of 
each chromosome, respectively. The physical location (in Mb) of 

each bin marker represents the physical location along the chromo-
somes of reference genome of 97103. Segregation distortion mark-
ers in favor of K3 alleles and PI 189225 alleles are shown in red and 
pink, respectively (color figure online)
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of the cultivated or wild parent in different genomic 
regions. In the present study, each bin marker was tested 
against the expected segregation ratio of 1:2:1 using a 
Chi squared goodness of fit and a distortion of 53.5  % 
of the SNP bin markers showing significant (P  <  0.05) 
segregation distortion. Chromosomes 01, 02, 03, 04, 05, 
07, 08, 09, 10 and 11 all contained distorted markers with 
different proportions in favor of cultivar alleles (K3) except 
chromosome 06. Ren et  al. (2014) also reported distorted 
marker alleles in favor of the cultivar alleles (97103) 
in cultivar watermelon  ×  wild watermelon population 
detected on chromosomes 01, 02, 03, 04, 05, 07, 08 and 09 
except chromosome 06 and 11. In the present study, 513 
(83.3  %) out of 616 distorted segregation markers were 
skewed toward the cultivated parent, while 103 markers 
were skewed toward the wild parent, PI 189225. This strong 
preference of the cultivated parent allele in an interspecific 
cross was also reported by Ren et  al. (2014), who found 

that all marker alleles within the SDRs on chromosomes 
01, 02, 03, 04, 05, 07, 08 and 09 were associated with the 
cultivated parent and only markers within the SDRs on 
chromosomes 10 were skewed toward the wild parent PI 
296341-FR in their interspecific cross of 97103 (C. lanatus 
var. lanatus) and PI 296341-FR (C. lanatus var. citroides).

Wild species of  C. lanatus var. citroides and C. colo-
cynthis and some germplasms of C. lanatus var. lanatus 
have been known to be important sources of novel resist-
ance genes that can be used for introgression into elite 
cultivars of watermelon. Knowledge of the chromosomal 
locations of segregation distorted loci as well as the under-
lying mechanism will aid breeders in designing appro-
priate crossing schemes and predicting the frequency at 
which a given allele will be transmitted to the progeny. 
The characterized segregation distorted loci can be used to 
maximize transmission of desired alleles or preferentially 
exclude deleterious alleles. In a previous recent study of 

Fig. 5   continued
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Table 2   Distribution of segregation distorted regions (SDRs) on watermelon chromosomes

Chr Distorted regions No. of SNPs Physical size (Mb) SNP/Mb No. of InDels Physical size (Mb) InDel/Mb

1 SDR1.1 259,075 20.82 12,443 1,573 20.79 76

SDR1.2 5,663 0.45 12,525 58 0.45 130

Total SDR 264,738 21.27 12,444 1,631 21.24 77

Whole chr 444,282 34.08 13,035 3,246 34.07 95

Non SDR 179,544 12.81 14,016 1,615 12.83 126

2 SDR2.1 1,074 0.07 15,736 5 0.06 78

SDR2.2 129,239 8.95 14,443 1,268 8.90 142

SDR2.3 4,344 0.27 16,163 48 0.25 189

SDR2.4 511 0.04 11,754 3 0.02 182

SDR2.5 3,245 0.24 13,519 23 0.21 112

SDR2.6 5,644 0.46 12,319 29 0.43 67

Total SDR 144,057 10.03 14,367 1,376 9.88 139

Whole chr 460,342 34.41 13,376 3,447 34.40 100

Non SDR 316,285 24.39 12,969 2,071 24.52 84

3 SDR3.1 64,072 4.35 14,742 1,058 4.33 244

SDR3.2 122,915 10.83 11,347 1,176 10.83 109

SDR3.3 2,871 0.22 13,288 27 0.19 143

SDR3.4 40,496 3.11 13,033 682 3.08 221

Total SDR 230,354 18.50 12,450 2,943 18.43 160

Whole chr 384,803 28.94 13,297 5,056 28.93 175

Non SDR 154,449 10.44 14,798 2,113 10.50 201

4 SDR4.1 204,202 15.99 12,768 2,510 16.01 157

SDR4.2 703 0.04 17,059 10 0.02 493

SDR4.3 17,528 1.18 14,830 240 0.98 244

SDR4.4 49,382 3.67 13,454 21 0.14 146

Total SDR 271,815 20.89 13,013 2,781 17.15 162

Whole chr 312,652 24.31 12,859 3,851 24.31 158

Non SDR 40,837 3.43 11,915 1,070 7.16 150

5 SDR5.1 49,382 3.67 13,454 418 3.66 114

SDR5.2 9,699 0.65 14,900 28 0.21 135

SDR5.3 364,546 27.35 13,331 2,647 27.31 97

Total SDR 423,627 31.67 13,378 3,093 31.18 99

Whole chr 452,080 33.71 13,409 3,427 33.68 102

Non SDR 28,453 2.05 13,894 334 2.50 133

6 SDR6.1 5,732 0.40 14,279 51 0.39 129

SDR6.2 31,968 2.15 14,839 208 2.12 98

Total SDR 37,700 2.56 14,751 259 2.52 103

Whole chr 327,830 27.02 12,135 2,362 26.93 88

Non SDR 290,130 24.46 11,861 2,103 24.41 86

7 SDR7.1 170,476 12.46 13,678 1,086 12.44 87

SDR7.2 4,306 0.42 10,241 9 0.38 24

SDR7.3 33,516 2.32 14,429 282 2.30 122

Total SDR 208,298 15.21 13,698 1,377 15.12 91

Whole chr 419,249 31.48 13,319 2,793 31.47 89

Non SDR 210,951 16.27 12,965 1,416 16.35 87

8 SDR8.1 249,960 19.51 12,809 1,377 19.46 71

SDR8.2 1,041 0.06 17,458 11 0.05 228

SDR8.3 485 0.04 11,673 2 0.00 1,133

Total SDR 251,486 19.62 12,821 1,390 19.51 71

Whole chr 346,851 26.15 13,264 2,293 26.13 88

Non SDR 95,365 6.53 14,596 903 6.62 136
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Ren et al. (2014) on 182 F2 plants derived from ZWRM50 
(elite) ×  PI 244019 (citron), five SDRs were detected on 
linkage groups 03, 07, 09, 10 and 12. Clustering of dis-
torted markers have also been reported in other water-
melon linkage map studies (Hashizume et al. 1996; Hawk-
ins et al. 2001; Zhang et al. 2004; Levi et al. 2006b; Ren 
et al. 2012a). In the present study, 616 distorted segregation 
markers were clustered in 44 SDRs on 11 chromosomes; 
thus, the severe segregation distortion may be caused by 
genomic differences between C. lanatus var. lanatus and C. 
lanatus var. citroides.

According to the results of genomic variance analysis 
of SDRs, the number of SNPs and InDels per Mb for 
some SDRs was higher than that of the remaining regions 
of the same chromosome, indicating that these SDRs are 
general hot spots for genetic variation between C. lanatus 
var. lanatus and C. lanatus var. citroides. A mixture of 
dense and sparse SNP and InDel SDRs coexisted on some 
chromosome, suggesting that SDRs were expected to be 
randomly distributed throughout the genome.

Male sterility or gametophytic and zygotic factors have 
been the most commonly reported genetic factors associ-
ated with distorted segregation ratio (Harushima et  al. 
2001; Li et  al. 2011) and many segregation distortion 

regions exist at these genetic loci (Lyttle 1991; Taylor and 
Ingvarsson 2003). In the present study, two male sterility 
genes (Cla001678 and Cla001679) were identified from 
the sequenced genome of watermelon of 97103 (Guo et al. 
2013) on chromosome 01 located in the middle of SDR1.1, 
and it is possible that the two genes were responsible for 
the segregation distortion. SDR4.1 and SDR5.1 were iden-
tified as the two SDRs in which most of the markers were 
skewed in favor of K3, and few markers (2 out of 43 in 
SDR4.1 and 2 out of 29 in SDR5.1) were skewed in favor 
of PI 189225. In contrast, most of the markers in SDR7.1 
were skewed in favor of PI 189225 and few markers (7 out 
of 23) were skewed in favor of K3 (Fig. 5). It is therefore 
likely that genetic selection factors for gametophyte com-
petition existed on these SDRs. Further studies investigat-
ing the segregation distortion on specific regions detected 
in this interspecific population can elucidate possible 
underlying mechanisms of the distorted loci.

In the present study, we constructed a genetic map in 
watermelon (Citrullus lanatus) from an F2 population 
developed from a cross between feral and cultivated-type 
watermelon. The utilized map construction method pro-
duced large number of SNPs leading to the development 
of high-density and accurate genetic linkage map. Further 

Table 2   continued

Chr Distorted regions No. of SNPs Physical size (Mb) SNP/Mb No. of InDels Physical size (Mb) InDel/Mb

9 SDR9.1 26,448 2.04 12,938 280 2.04 137

SDR9.2 2,225 0.14 15,395 35 0.12 282

SDR9.3 17,182 1.19 14,484 158 1.18 134

SDR9.4 3,339 0.26 12,714 23 0.23 100

SDR9.5 6,791 0.51 13,416 47 0.48 97

SDR9.6 2,715 0.21 12,917 30 0.20 152

SDR9.7 4,014 0.30 13,601 43 0.28 156

SDR9.8 2,182 0.15 14,609 17 0.08 225

SDR9.9 54,841 3.91 14,032 525 3.86 136

Total SDR 119,737 4.80 24,953 1,158 8.46 137

Whole chr 448,517 34.99 12,820 3,451 34.94 99

Non SDR 328,780 30.19 10,891 2,293 26.48 87

10 SDR10.1 1,757 0.13 13,828 9 0.11 82

SDR10.2 144,858 12.33 11,749 895 12.30 73

SDR10.3 26,118 1.89 13,848 194 1.87 104

Total SDR 172,733 14.34 12,044 1,098 14.28 77

Whole chr 378,336 28.42 13,313 2,903 28.41 102

Non SDR 205,603 14.08 14,606 1,805 14.13 128

11 SDR11.1 32,962 2.50 13,186 199 2.28 87

SDR11.2 120,086 9.75 12,314 615 9.70 63

SDR11.3 1,762 0.16 11,198 9 0.10 87

SDR11.4 9,795 0.69 14,279 90 0.64 140

SDR11.5 8,306 0.57 14,634 52 0.54 97

Total SDR 172,911 13.66 12,656 965 13.26 73

Whole chr 360,396 27.11 13,295 2,368 27.11 87

Non SDR 187,485 13.44 13,945 1,403 13.84 101
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characterization identified a number of significantly dis-
torted segregation regions on chromosomes and an incon-
sistency between their genetic and physical positions on 
the map for a segment on chromosome 11. The developed 
high-density and -quality genetic map will facilitate further 
basic and applied research on the genome structure in this 
plant species and assist breeding efforts for the selection of 
agronomically important traits in watermelon.
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