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ABSTRACT
Seed coat type (SCT) and seed coat color (SCC) are economically important traits in
edible seed watermelons. Current efforts to develop edible seed watermelon varieties with
different seed coats are faced with difficulty due to limited knowledge of these traits. This study
aimed to refine the egusi locus for identification of candidate genes and enabling marker assisted
selection (MAS) for the egusi trait and to map loci conferring SCC in watermelon. Using QTL-
seq and KASP™ assays, the egusi locus was reduced from a 4.28 Mb region to a 398.25 Kb
region, extending from 6.95 Mb to 7.35 Mb on chromosome 6. KASP™ assay UGA6_7026576
was identified as associated with egusi trait and useful for MAS. The inheritance of SCC was
studied in three F. populations. The phenotypic segregation in these populations indicated that
the stipple SCC is dominant to green, red and clump SCC, the R locus is dominantly epistatic to
T!, and the D locus is recessively epistatic to W. The SCC loci, R, T, W and D, were mapped on
chromosome 3, 5, 6 and 8, respectively.
INDEX WORDS: Citrullus lanatus, C. mucosospermus, seed coat color (SCC), edible seed
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CHAPTER 1
INTRODUCTION

Watermelon [Citrullus lanatus (Thumb.) Matsum. & Nakai)] is an economically
important crop of the Cucurbitaceae family. It is a member of the xerophytic genus Citrullus and
is grown in warmer climates and sandy soils (Wehner et al. 2001; Wehner 2008; Paris 2015). It
is a trailing, annual crop with lobed leaves and large, edible fruit. Plants are monoecious or
andromonoecious with many staminate flowers and a pistilllate or a hermaphrodite flower at
every seventh or eighth leaf axis (Rosa 1928; Porter 1933; Paris 2015). Watermelon is an
outcrossing species grown for the fruit, which has a thick, outer rind and an inner sweet, juicy
flesh.

Watermelon has 2n = 2x = 22 chromosomes and a relatively small genome size of 425
Mb (Arumuganathan and Earle 1991; Ren et al. 2012; Guo et al. 2013). Naturally occurring
watermelon is diploid, however, tetraploid watermelon can be developed artificially by
chromosome doubling, and triploid watermelons for seedless production can be produced by
crossing tetraploid and diploid plants (Kihara 1951).

Watermelon is one of the most important vegetable crops cultivated in the warm regions
of the world. In most parts of the world, watermelon is cultivated for the sweet, juicy, red fleshed
fruit, but in some countries, watermelon is also produced for the oleaginous, proteinous seed.
Such watermelon are called edible seed watermelon (Zhang and Jiang 1990; Zhang 1996). In
2013, approximately 3.35 million hectares was under watermelon cultivation worldwide, and a

total of 108.08 million metric tons of watermelon was produced (FAO 2013). In the same year,



China produced 73.15 million metric tons of watermelon on 1.84 million hectares which
accounts for two thirds of both total production and land under cultivation worldwide. After
China, Turkey, Iran, Brazil and the United States of America are the other top producers of
watermelon (FAO 2013). In the US, a total of 1.59 million metric tons of watermelon was
harvested from 46,300 hectares in 2015, with an estimated market worth of $ 483 million.
Approximately 44 percent of total watermelon produced in the U.S. is cultivated in California,
Florida, Georgia and Texas and 91 percent of the watermelon produced was seedless watermelon
(USDA-NASS 2016).

Although seedless watermelon is popular in the U.S., there are many parts of the world
where watermelon is cultivated particularly for the seeds. Watermelon cultivation for seeds is
common in several Central and Western African nations, China, India, and other Middle-Eastern
countries (National Research Council 2006; Mahla et al. 2014) and are called edible seed
watermelon (Zhang and Jiang 1990). Egusi watermelon, an edible seed watermelon with unique
mucilage around the seed, is the predominant type of watermelon used for seed cultivation in
west-African countries, while normal seed type, landrace watermelon are cultivated for seed, in
India and China (Mahla et al. 2014). The land under watermelon for edible seed production in
China in 1996 was 95,000 ha, about double the total amount of land under current watermelon
production in the U.S (Zhang 1996; USDA-NASS 2016).

The land dedicated to production of edible watermelon seed is increasing globally every
year (National Research Council 2006; Mahla et al. 2014). Despite this, edible seed watermelons
have received limited attention from plant breeders. Even economically important traits, yield,
seed color and seed quality have not been studied in detail for decades and most of the breeding

for new variety development is still done using conventional approaches which is inefficient,



time consuming and resource intensive (Wehner et al. 2001; Mahla et al. 2014). Routine
utilization of modern tools like marker assisted selection (MAS) is crucial to accelerate
watermelon breeding programs. However, MAS requires adequate knowledge about the genetics
of traits and the development of molecular markers tightly linked to those traits. This study
aimed to understand the (i) inheritance pattern, (ii) identify associated genomic regions, and (iii)
develop high-throughput markers for MAS of traits conferring seed coat color and seed coat type

in watermelon.



CHAPTER 2
LITERATURE REVIEW
Origin and Taxonomy

The taxonomy and nomenclature of watermelon and its closest relatives have long been
debated. The first scientific name for watermelon, Cucurbita Citrullus, was provided by Carl
Von Linnié in his book Species Plantarum, which was published in 1753 (Paris 2015).
However, since then several different names have been assigned (Renner et al. 2014). Moreover,
several botanists and breeders have often made mistakes in the taxonomy of citron, egusi and
dessert watermelons (Chomicki and Renner 2015) and have misplaced citron, egusi and dessert
watermelons as a subspecies of Citrullus lanatus (Paris 2015). In the most recent literature,
watermelon and its relatives have been classified into seven distinct species (Chomicki and
Renner 2015; Paris 2015). Sweet watermelon, also known as dessert watermelon, has been
designated C. lanatus. Its closest relative is egusi watermelon, C. mucosospermus, which usually
has seed with a unique mucilaginous seed coat. The preserving melon, also known as citron,
tsamma, or cow melon, has been designated C. amarus. These melons are cultivated in Southern
Africa and are used in jam preparation and as a source of water. Other species related to
watermelon are C. colocynthis, C. rehmii and C. ecirrhosus (Jarret et al. 1997; Robinson and
Decker-Walters 1997; Chomicki and Renner 2015; Paris 2015)

Like its nomenclature and taxonomy, the origin of watermelon is also a highly-debated
topic. Watermelon has been cultivated since ancient times. The earliest remains of watermelon

seed was dated as 5000 years old and was discovered in southwest Libya (Wasylikowa and Van



der Veen 2004). This discovery has reopened the already complex discussion about the origin of
the crop. There are several hypotheses claiming different parts of Africa as a centre of origin.
One of the hypotheses is that watermelon originated in Northern Africa from Citrullus
colocynthis (Singh 1978; Sain et al. 2002; McCreight et al. 2013; Paris 2015). But, the veracity
of this hypothesis is highly dubious since hybrid plants from a cross between watermelon and
colocynth have reduced fertility, and often have chromosomal irregularities (Whitaker and Davis
1962; Shimotsuma 1963; Sain et al. 2002; Paris 2015). Another hypothesis that was widely
accepted until recently, states that watermelon originated in Southern Africa from C. amarus
(Robinson and Decker-Walters 1997; Maynard and Maynard 2000; Rubatsky 2001). However,
findings of a molecular phylogenetic study of watermelon relatives by Chomicki and Renner
(2015) and archaeological findings in southwest Libya contradict this hypothesis. Lately, it has
been proposed that watermelon originated in Western Africa, and the progenitor of the sweet
watermelon is in fact C. mucosospermus (Guo et al. 2013; Paris 2015). Chomicki and Renner
(2015) conducted a molecular phylogenetic study and discovered that C. mucosospermus and C.
lanatus are sister species which diverged 3.1 million years ago, which supports this theory. West
Africa as the center of origin for C. lanatus has again been disputed in a recent study that showed
that wild germplasm from northeast Africa (historically classified as C. lanatus subsp.
cordophanus) is more closely related to cultivated watermelon than any other Citrullus species
(Fursa and Gavrilyuk 1990; Renner et al. 2017).
Watermelon breeding

The current global watermelon breeding trend is mostly focused on breeding seeded or

seedless varieties for sweet flesh (Kumar and Wehne 2010). The normal seeded watermelon

cultivars are diploid and are developed either as open pollinated or F1 hybrids. Older, seeded



watermelon cultivars like “Sugar Baby”, “Crimson Sweet” and “Calhoun Gray” are still popular
among home gardeners, whereas new F1 hybrids like “Topgun”, “Sangria”, “Estrella”, “Walker”
and “Jade Star” have been developed by several private seed companies for commercial
cultivation.

Seedless watermelon cultivars are more popular among consumers in the U.S. and some
parts of Europe, hence, most of the watermelon breeding effort in these regions is focused on
developing new seedless varieties. Seedless cultivars are triploid and developed by crossing a
diploid plant with a tetraploid plant which is developed through artificial chromosomal doubling.
Triploid plants have reduced fertility as they fail to have normal meiotic pairing, and hence fail
to produce seeds. This natural inability of triploid watermelon to produce seeds has been
commercially exploited to develop seedless watermelons. Some of the seedless cultivars are
“Fascination”, “Sweet Dawn”, “Exclamation”, “Captivation”, “Summer Breeze”, “Joy Ride”,
“Embasy” and “Warrior”. New seeded and seedless varieties are selected for economically
important traits related to fruit quality, fruit yield and resistance against common diseases and
pests.

Breeding of edible seed watermelons is done on a much smaller scale compared to
seedless watermelon breeding. New edible seed watermelon varieties are developed with an
emphasis on increasing total yield of watermelon seeds by increasing seed size, number of seeds
per fruits and number of fruits per plant. Most of the edible seed watermelon belonging to C.
lanatus species are cultivated in Asian countries, whereas edible seed landraces belonging to C.
mucosospermus, locally known as egusi watermelon, are cultivated in Africa. Some of the

edible seed watermelon varieties developed in China are “Hetaopi”, “Lahzhou Daban”, “GN-1",



“Jingyuan Daban” and “Ningxia Red” (Zhang and Jiang 1990; Zhang 1996). Unlike in China,
most of the egusi watermelon cultivated in African countries are landraces.

Economically important traits in edible seed watermelon

Watermelon seeds are rich in proteins (25-35%) and lipids (15-43%) and serve as an
important part of the human diet (Akobundu et al. 1982; EI-Adawy and Taha 2001; Jarret and
Levy 2012; Prothro et al. 2012). They are eaten as snacks or used in preparing soups, stews,
dumplings, and seasonings (National Research Council 2006; Achigan-Dako et al. 2008; Ntui et
al. 2010; Prothro et al. 2012b). Flour of egusi watermelon seed is used in preparing meals and the
oil is used in cooking and salad dressing (National Research Council 2006). Seed size, seed coat
type and seed coat color are economically important traits since they affect yield, quality and
market value of edible seeds.

Seed size

Seed size is an important consideration in watermelon breeding. In the case of
watermelon cultivation for edible seed, breeders mostly select for large seed, since the seed size
is an important yield component and an increase in seed size increases total yield. However,
when breeding for flesh production, the breeder’s objective is to develop large sized seed for
direct seeding that will produce fruits with small sized seeds. (Tanaka et al. 1995; Prothro et al.
2012b).

Watermelon has a wide genetic diversity for seed size, seed length and seed width. Poole
et al. (1941) grouped watermelon seed into three groups on the basis of seed size: long, medium
and short with average seed lengths of 13 mm, 10 mm and 6 mm, respectively. They determined
that two genes “s’ and “I”, and the interaction between them (s epistatic to ), is responsible for

the short, medium, and long seed length. The genotypes LLSS, IISS, and IISS or LLss give seed



with medium, long and short length respectively (Poole et al. 1941; Guner and Wehner 2004;
Prothro et al. 2012b). Similarly, Tanaka et al. (1995) found that seed size was controlled by
dominant short seed gene Ti and recessive medium seed gene ti. The short seed gene was
epistatic to the medium gene. However, they could not confirm whether these new genes were
the same genes as described by Poole et al. (1941). Zhang et al. (1994) reported tomato seed size
(length by width: 4.2x2.6 mm) in watermelon which is smaller than the small seed size described
by Poole et al. (1941). This phenotype is controlled by a single recessive gene ts and is expressed
when the genotype is LLsststs (Wehner et al. 2001).

The first high quality single nucleotide polymorphic (SNP) genetic map was produced
from two populations segregating for seed size by Sandlin et al. (2012), and Prothro et al.
(2012b) used them to identify quantitative trait loci associated with seed size. They observed a
high correlation between seed length, seed width and 100 seed weight and identified six
quantitative trait loci (QTL) associated with these traits. A major QTL which explained 26.9% to
73.6% of phenotypic variation was discovered for all three traits (Qsl6M, Qswd6M, Q100swt6™)
between 4.58 Mb and 6.44 Mb on chromosome 6 and an intermediate QTL (Q100swt2-1', Qfl2-
2!, Qfwd2-2M) associated with all traits between 28.24 Mb and 31.96 Mb on chromosome 2. Such
colocalization of QTL implies that either a single gene with a pleiotropic effect controls the three
seed traits or different genes controlling seed traits are tightly linked. In this case, it is probably a
pleiotropic effect. There was also a significant interaction between the loci on chromosomes 2
and 6. Additional minor QTL were also identified on chromosome 8 for 100 seed weight
(Q100swt8) and seed length (Qsl8). These QTL are protected by patent US20140041078 Al
(Methods and compositions for producing watermelon plants with selected seed sizes), owned by

Seminis Vegetable Seeds, Inc.



Seed size in watermelon is important because it is positively or negatively correlated with
other important traits. Larger seeds have higher germination percentage than smaller seeds (Kim
et al. 2009). Fruit weight and total soluble solid of flesh are negatively correlated with seed
surface, seed length and seed width (Achigan-Dako et al. 2008).

Seed coat type

Watermelon seeds can be classified into two groups based on seed coat types: normal
seed and egusi seed. A normal watermelon seed has a glossy texture, a pyriform shape, and a
hard seed coat with varied color, whereas egusi seed types have a soft, fleshy, swollen pericarp
that develops around the seed. Such tissues are not present in normal watermelon seeds. The
fleshy tissues covering egusi seeds are believed to be the remnants of nucellar tissues. These
tissues develop during the second and third week of fruit development (Gusmini et al. 2004) and
are present even when the fruit is mature. However, during drying the fleshy pericarp dries and
becomes completely unnoticeable (Guner and Wehner 2004). The dried egusi seeds are large,
flat and have a rough texture, ovoid shape, light yellow to cream-white color with a typical
groove around the circumference of the seed. Among seeds of different watermelon species,
egusi seeds usually have the largest seed length, seed width, seed surface and seed weight (Meru
and McGregor 2013; Achigan-Dako et al. 2015). However, this is not true for all egusi seeds.
Oyolu (1977) referred to egusi watermelon as Colocynthis citrullus and has grouped different
egusi seeds into five groups based upon the seed size, texture of the seed coat and thickness of
the seed edge. The five seed types that Oyolu (1977) described are as follows:

Type 1: Miniature seeds with a thin seed coat and flat edges

Type 2: Small seeds with a thin seed coat and flat edges

Type 3: Small seeds with an encrusted thick seed coat and flat edges



Type 4: Large seeds with thick seed coat and moulded edges

Type 5: Large seeds with a thick seed coat and flat edges

Besides physical traits, the bio-chemical composition of seed also varies significantly
between the two seed types. Egusi seeds usually have a higher percentage of seed oil and protein
(Akobundu et al. 1982; Jarret and Levy 2012) as compared to normal seeds. In the study
conducted by Prothro et al. (2012), seed oil percentage in egusi seed ranged from 30.30 to
40.60% whereas seed oil percentage in normal type seed ranged from 20.14 to 26.55%.

The egusi phenotype is genetically controlled by a single recessive gene “eg” (Gusmini et
al. 2004). The inheritance pattern of the egusi trait was validated by Prothro et al. (2012) and the
eg locus was mapped at 57.8 cM on linkage group 2 between markers NW0248325 and
NW0250248 of the Strain Il (Pl 279461) x Egusi (Pl 560023) genetic map. On the physical map,
the eg region extends from 6.75 Mb to 11.03 Mb region on chromosome 6. The closest marker to
the egusi locus is NW0248325 but this marker is still 5.1 cM away from the egusi locus. The eg
region is 4.28 Mb wide and contains 241 candidate genes.

Seed coat color

Watermelon seeds have a wide range of colors. The common watermelon seed coat
colors are white, cream, yellow, tan, red, green, black and stippled. The seed color that is visible
to our eye is in fact the color of the testa and it develops in two stages (UPOV 2013). First, the
ground color appears on the testa of the developing seed, and later, the over color develops upon
the ground color (UPOV 2013). The premature seeds which only have ground color are white,
while the matured seeds have a distinct color which is the result of the superimposed final color
over the ground color. However, some seeds are white even when they are mature. In some white

seeds, a black spot at the hilum is present (UPOV 2013).
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The inheritance of seed color is very complex, and little is known about the nature and
location of genes, and gene interactions responsible for the development of color. The early
studies of inheritance of watermelon seed coat color were done by Kanda (1931), McKay (1936),
and Poole et al. (1941). Through a cross between flat black and stippled black seeded
watermelon, Kanda (1931) demonstrated that a single dominant gene is responsible for the flat
black color. Similarly, McKay (1936) conducted a cross between tan and red seeded
watermelons and another cross between green and red seeded watermelons and in both crosses,
the former color was monogenically dominant over red. Poole et al. (1941) developed 40
different populations to understand inheritance of seed color in watermelon. They found that
three main genes (R, T and W) and a fourth, modifier gene (D), control the development of
various seed colors (Table 2.1). The most dominant seed coat color to the least dominant can be
ordered as black, stippled, tan, green, and red. (Kanda 1931; McKay 1936; Poole et al. 1941).

A good understanding of seed color development has become an important topic in
watermelon breeding, partly because the consumer preference for specific color seed has
increased. In China, people prefer large, red colored edible watermelon seeds, but breeders are
finding it difficult to produce enough seeds of high yielding varieties for farmers because of
complex interaction among genes controlling seed coat color (Zhang and Jiang 1990). Moreover,
seed coat color is often associated with other traits. Poole et al. (1941) found that the W gene
governing seed color was linked with the L gene controlling seed length. This phenomenon is
also common in other plant species. In sesame, the seed coat color is associated with different
biochemical properties and disease resistance (Zhang et al. 2013). In soybean, genes controlling

seed colors effect the cell wall protein and carotenoid components (Lindstrom and Vodkin 1991,
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Monma et al. 1994). Because of lack of adequate research on watermelon seed coat color, we
still do not know much about the association of seed color with other important agronomic traits.
Genomic tools in watermelon breeding

The selection of plants with desirable traits is the fundamental principle of plant breeding.
Until recently, most of the crop improvements were done exclusively through conventional
breeding approaches. However, several recent breakthroughs in genomic technologies have
opened opportunities in employing genomic technologies as a tool in plant breeding.

Reference genome

In the past few decades, scientists have been able to produce reference genomes for
several crops like maize (Schnable et al. 2009), soybean (Schmutz et al. 2010), tomato (The
Tomato Genome Consortium 2012), rice (Goff et al. 2002), chickpea (Varshney et al. 2013), and
watermelon (Guo et al. 2013). These reference genomes play a crucial role in discovering new
genes and regulatory sequences, QTL mapping, allele mining and developing molecular markers
(Hugq et al. 2016). The first draft genome sequence of watermelon was developed by Guo et al.
(2013) using Illumina sequencing technology. They sequenced an elite inbred Chinese
watermelon cultivar, 97103. The final assembled genome was 353.5 Mb, and it represents 83.2
% of the total genome. The draft genome was assembled using 1973 scaffolds with N50 length
of 2.38 Mb and 26.38 kb for the scaffolds and contigs, respectively. The remaining uncovered
regions were suspected to be transposable elements. Importantly, this draft sequence is publicly
available. The American cultivar, Charleston Gray, has also recently been sequenced and is
publicly available (www.icugi.org/). The draft genome is 396.5 Mb representing around 93.3%
of the watermelon genome. The de novo assembly was done using scaffolds with N50 value of

7.47 Mb.
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Marker-assisted selection

Developing markers that can be used for MAS is a high priority in most plant breeding
programs (Collard and Mackill 2008). Widespread application of MAS in watermelon breeding
has only very recently become common practice in selection for horticulturally important traits
like disease resistance (Kim et al. 2013). Having a high-density genetic map is highly valuable in
both mapping genes and QTL as well as identifying markers for MAS. Several types of DNA
markers like random-amplified polymorphic DNA (RAPD), restriction fragment length
polymorphism (RFLP), simple sequence repeat (SSR), and single nucleotide polymorphism
(SNP) have been used over the last few decades to create genetic maps in different inter sub-
specific and intra specific populations of watermelon, but only in the past 5 to 6 years that truly
useful MAS tools have become available to impact watermelon breeding.

In watermelon, the first genetic maps using SNP markers were constructed by Sandlin et
al. (2012). They developed three mapping populations: a recombinant inbred line (RIL)
population (n = 164) from a cross between two elite cultivars, Klondike Black Seed x New
Hampshire Midget (KBS x NHM); an F2 population resulting (n = 187) from a cross between an
elite cultivar and a wild egusi accession, Strain 1l x P1 560023 (SII x Egusi); and an F,
population (n = 182) developed from a cross between an elite cultivar and a wild C. amarus
accession, ZWRM50 x Pl 244019 (ZWRM x Citroides). The three genetic maps were 1,438 cM,
1,514 cM, and 1,144 cM with 378, 357 and 338 markers with an average marker distance of 3.8,
4.2 and 3.4 cM. Since then, many high-density genetic maps have been developed and different
QTL related to watermelon fruit, seed, flowering and disease resistance traits have been mapped
(Reddy et al. 2014; Ren et al. 2015; Meru and McGregor 2016; Shang et al. 2016). These genetic

maps have been very helpful in developing different molecular markers for MAS of many

13



agronomically important traits. However, the number of functional markers and other markers
capable of discerning traits in different genetic background are still very limited.
QTL-seq

QTL-seq is a new, powerful and cost effective genetic approach which combines the
concept of bulk segregant analysis (Michelmore et al. 1991) and whole genome sequencing for
easy and rapid identification of QTL associated with a trait of interest (Takagi et al. 2013; Illa-
Berenguer et al. 2015). The principle of QTL-seq involves preparing two DNA bulks from an
equal number of plants with contrasting phenotypes. Whole genome sequencing of the two DNA
bulks is then carried out and a comparative SNP-index is used to identify QTL associated with
the traits (Takagi et al. 2013; Illa-Berenguer et al. 2015). The first use of QTL-seq in identifying
QTL in plants was by Takagi et al. (2013) to identify QTL associated with several important
agronomic and economic traits like disease resistance and seedling vigor in rice. In watermelon,
QTL-seq was used to identify a dwarfism gene Cla010726 (ClaGA200x) on chromosome 7
(Dong et al. 2018). In tomato, Illa-Berenguer et al. (2015) utilized QTL-seq to identify and map a
new QTL controlling fruit weight, fw11.2, in the distal part of chromosome 11. Similarly, in
chickpea, Das et al. (2015) used QTL-seq and traditional QTL mapping to narrow down a 1.37
Mb region for a major seed weight QTL to a 35 kb genomic region containing only six genes. In
cucurbits, QTL-seq has been used in cucumber by Lu et al. (2014) and watermelon (Dong et al.
2018). Lu et al. (2014) used QTL-seq along with classical QTL analysis to narrow down the
region containing a major QTL, Ef1.1, controlling flowering time in cucumber cultivar
‘Muromskij’, to an 890 kb genomic region and Dong et al. (2018) used QTL-seq to identify

Cla010726 on chromosome 7 as candidate dwarfism gene in watermelon.
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Kompetitive allele-specific PCR (KASP™) genotyping assay

In order to use MAS routinely on a large scale, a high throughput method for genotyping
linked or functional markers for the trait of interest must be developed. One of the most popular
high throughput methods currently used for MAS is the Kompetitive Allele Specific PCR
(KASP™: LGC Genomics service lab, Teddington, UK) assay. KASP™ uses competitive allele-
specific PCR to detect variation at a nucleotide level and reports using a homogenous
fluorescence-based reporting system (He et al. 2014; Semagn et al. 2014). The fluorometric dyes
HEX and FAM are added at the 5’ end of the allele specific primers. The fluorometric dye and
quencher gets separated when the primer is hybridized with DNA, and the fluorescence emitted
during separation can be used to identify the genotype. In the case of a homozygous genotype,
one of the two possible fluorescence signal will be emitted, while in case of heterozygous

genotype, a mixed fluorescent signal will be emitted (He et al. 2014; Semagn et al. 2014).
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Table 2.1 Development of various seed coat colors in watermelon due to interaction of four SCC

genes (Poole et al. 1941; Poole 1944)

Gene Seed color

RTWD Complete Black

RTW Stippled surface of black dots; tannish or reddish undercoat in segregating
phenotype

RtW Tan, ranging from dark Tuscany brown to cacao color

RTW Clump pattern, pigment of seed clumps about the margin or in the centre of
seed

Rtw Whitish or white-tan-tip seed, shading is present at the hilum

rmw Green seed color

rtw Red or reddish-orange colored seed, color ranges from fez red to powder pink

rtw White seed with light pink tip at the hilum often called as white-pink-tip seed
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CHAPTER 3

REFINING THE EGUSI LOCUS IN WATERMELON USING KASP ASSAYS!

Lucky Paudel, J. Clevenger, and C. McGregor. To be submitted to Sci. Hort.

26



Abstract

Egusi watermelon (Citrullus mucosospermus), the closest relative of sweet watermelon,
is an economically important crop grown in many West African countries for its protein and lipid
rich edible seeds. Egusi watermelon seeds have a thick, fleshy mucilaginous seed coat layer
surrounding the seed coat which is unique to egusi watermelon. The egusi seed trait is controlled
by a single recessive Mendelian locus, eg, located on chromosome 6 from 6.75 Mb to 11.03 Mb.
This region is 4.28 Mb wide and contains 241 candidate genes. The region lacks adequate
markers for fine mapping and for marker-assisted selection (MAS) of the egusi trait. In this
study, we used QTL-seq to validate the position of the eg locus and to identify SNP markers in
the region to refine the eg locus. A genomic region associated with the egusi trait was confirmed
on chromosome 6 from 5.25 Mb to 7.85 Mb partially overlapping the previously mapped eg
locus. SNPs identified from QTL-seq were used to design Kompetitive Allele Specific PCR
(KASP™) assays for refining the eg locus. The eg locus was remapped at 86.3 cM on the genetic
map, co-segregating with marker UGA6_7026576. The refined eg locus is 398.25 Kb long,
extending from 6.95 Mb to 7.35 Mb, containing 30 candidate genes. Additional validation of the
markers in the validation population and a diversity panel identified marker UGA6_7026576 as

associated with the egusi phenotype and useful for MAS.
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Introduction

Watermelon (Citrullus lanatus (Thumb.) Matsum. & Nakai) is an annual, vining,
herbaceous crop which is cultivated throughout the world, predominantly for its sweet flesh.
However, in several Asian and African countries different types of watermelons are cultivated
for edible seeds and are collectively called edible seed watermelon (Zhang and Jiang 1990). In
Asia, most edible seed watermelon that are cultivated are C. lanatus, the same species grown for
edible flesh, whereas in Africa, especially in West African countries, C. mucosospermus is
cultivated. C. mucosospermus is the closest relative of sweet watermelon (Guo et al. 2013) and is
locally known as egusi watermelon. The term ‘egusi’ comes from the igho and yoruba language
spoken in Nigeria, meaning ‘melon’ (Adebayo and Yusuf 2015). Egusi watermelons have round
fruits, with light green rind and white, bland flesh. The large, flat seeds present within the fruit
are used for human consumption and are a rich source of oil (approx. 35%), protein (approx.
28%), carbohydrate, vitamins and minerals (Oyolu 1977a; Akobundu et al. 1982; Jarret and Levy
2012; Prothro et al. 2012). The composition of egusi seed oil is similar to sunflower, soybean
and safflower oil which makes it a potential feedstock for biodiesel production (Giwa et al. 2010;
Bello and Makanju 2011; Jarret and Levy 2012).

The seed coat enveloping the seed in egusi watermelon has a typical fleshy outer
mucilaginous layer when fresh. The mucilaginous tissue on the seed coat is considered a remnant
of nucellar tissues and it appears during the second and the third week of seed development
(Gusmini et al. 2004). Upon drying seeds, the mucilaginous layer becomes desiccated and seeds
look like normal seeds however, rehydration causes the layer to reappear. This seed coat layer is
unique to C. mucosospermus. However, not all accessions classified as C. mucosospermus have

the egusi type seed coat. Accessions like Pl 189317 do not possess the egusi type seed coat but
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are still classified as C. mucosospermus (C. lanatus subsp. mucosospermus in Guo et al. (2013)).
Therefore, it is important to note that the egusi phenotype cannot be used to identify C.
mucosospermus.

Oyolu (1977b) classified egusi seeds into five different classes based upon the
morphological traits of seeds, including seed thickness, seed size and the thickness of seed edges,
but does not discuss if all classes possess egusi type seed coat. The type one class of miniature
seeds with thin seed coat and flat edge looks morphologically similar to C. lanatus ‘neri-type’ in
Achigan-Dako et al. (2015). This confusion is also complicated by the fact that in West Africa,
where egusi watermelon is predominantly cultivated, several other cucurbits that do not have
egusi type seed coat are collectively referred as egusi. In the current study, only seeds with a
thick fleshy mucilaginous seed coat layer will be considered egusi type seed coat and
watermelons with egusi type seed coat will be called egusi watermelon for the sake of simplicity.

The egusi seed coat is genetically controlled by a single recessive locus, eg (Gusmini et
al. 2004; Prothro et al. 2012). The eg locus has been mapped to the region between markers
NW0248325 and NW0250248 of the Strain 11 (P1 279461) x Egusi (P1 560023) genetic map
(Prothro et al. 2012), which corresponds to the 6.75 Mb to 11.03 Mb region on chromosome 6 of
the 97103 reference genome (Guo et al. 2013). The region is 4.28 Mb long, contains 241
candidate genes and the closest marker, NW0248325, is 5.1 cM from the eg locus. This number
of genes are still too large for candidate gene identification.

Recent advances in next generation sequencing (NGS) technology and the availability of
reference genomes have facilitated the use of different tools to conduct a genome wide
comparison to map loci and to rapidly detect large numbers of molecular markers throughout the

genome. QTL-seq combines the principles of bulk segregant analysis (BSA) (Michelmore et al.
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1991) and whole genome sequencing to map QTL and to identify markers simultaneously. QTL-
seq has been used in mapping several major QTL in a wide variety of cereals (Takagi et al. 2013;
Masumoto et al. 2016) and vegetables (Lu et al. 2014; llla-Berenguer et al. 2015; Shu et al.
2018), including watermelon (Dong et al. 2018).

The objective of this study is to refine the eg locus using the QTL-seq approach to
generate abundant SNPs and to determine the utility of the linked SNPs for the MAS in different
genetic backgrounds.

Materials and Methods
Plant materials

An interspecific Strain 11 (C. lanatus, Pl 279461) x Egusi (C. mucosospermus, Pl
560023) F> mapping population (hereafter SII x Egusi) previously described by Sandlin et al.
(2012) and used by Prothro et al. (2012) to map the eg locus was used for QTL-seq, fine
mapping and identification of markers associated with the egusi phenotype. An additional F,
population UGA147 (normal seed type, selection from P1 169233) x Egusi (hereafter 147 x
Egusi) with 156 individuals was developed as a validation population to test marker-phenotype
association (Fig. 3.1). Parental, F1 and F2 plants of the latter population were grown in the
summer of 2017 at the Durham horticulture farm (Watkinsville, GA) and were visually
phenotyped in the field. An additional diversity panel consisting of 12 egusi seed coat type and
17 normal seed coat type Pls and cultivars was compiled to verify marker-phenotype association
(Table 3.1).

DNA extraction for QTL-seq

Leaf tissue of F3 plants originating from the open-pollinated F, progenies of the SII x

Egusi population was used to extract DNA for preparation of bulks. Based on the phenotype of
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F4 seeds obtained after selfing of Fs plants, 7 F3 plants, with normal type F4 seeds, originating
from 6 F2 plants were selected to prepare the N-bulk and 7 F3 plants, with egusi type F4 seeds,
originating from 6 F; plants were selected to prepare the E-bulk. DNA from all 14 samples was
extracted using E. Z. N. A. Plant DNA kit (Omega Bio-Tek Inc., Norcross, GA) using the
manufacturer’s protocol. DNA concentrations were measured using an Infinite M200Pro plate
reader (Tecan, Group Ltd., Mannerdorf, Switzerland). An equal amount of DNA was pooled
from each individual to create the bulks. Both normal type and egusi type bulks were sent to the
HudsonAlpha Institute for Biotechnology (Huntsville, AL) for library preparation and 151 base
pair paired-end whole genome sequencing on the Illumina HiSeq X (Illumina, San Diego, CA).

DNA extraction for refining the equsi locus and marker validation

DNA from freeze dried samples of the SII x Egusi population (Prothro et al. 2012;
Sandlin et al. 2012) was extracted using the modified Dellaporta et al. (1983) protocol with a few
modifications (CJ Tsai, personal communications). A TissueLyser 11 (QIAGEN, Hilden,
Germany) was used to grind 35 mg of leaf tissue. For each sample, 525 pl of extraction buffer
(50 mM of Tris-HCL pH 8, 10 mM EDTA pH 8, 100 mM NacCl, 1% SDS, and 10 mM -
mercaptoethanol) and 140 g of proteinase K were added, followed by vortexing. Samples were
incubated at 60°C for 20 min, after which 140 pul of ice-cold 5M potassium acetate (pH 4.8) was
added and samples were incubated on ice for another 20 min. Samples were centrifuged for 25
min at 4000 rpm and 560 pl of supernatant was transferred into a new plate and mixed with 336
pl of isopropanol. The mixture was centrifuged at 4000 rpm for 10 min to precipitate the DNA.
DNA pellets were washed twice with 70% ethanol, dried and resuspended in 100 pl diH20.

DNA from leaf tissue of the validation population and diversity panel was extracted using

the protocol described by King et al. (2014) with some modifications. Approximately 50 mg of
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frozen leaf tissue was ground using a TissueLyser 11 (QIAGEN) and 500 pul of extraction buffer
mixture containing 40 % (v/v) 5 M NaCl and 60 % (v/v) Edward’s extraction buffer (200 mM
Tris/HCI pH 7.5, 250 mM NaCl, 25 mM EDTA, 0.5 % SDS) was added to the ground samples.
Samples were incubated at 65°C for 20 min and centrifuged for 10 min at 3600 rpm. The
supernatant was mixed with isopropanol (0.6 times the volume of supernatant) to precipitate the
DNA. DNA pellets obtained after centrifuging at 3600 rpm for 10 min were washed with 70 %
ethanol, dried and resuspended in TE buffer.

Analysis of reads

The quality of raw reads obtained from whole genome sequencing of bulks was analyzed
using FastQC (Andrews 2010). The first two and last seven bases of the forward reads and the
first two and last twenty bases of the reverse reads were trimmed to make sure that the average
phred score for all base positions of all reads was higher than 20. The trimmed reads from both
bulks were indexed and aligned against the 97103 watermelon genome (Guo et al. 2013) using
BWA and BWA MEM (Li and Durbin 2009). The SAM files were converted to BAM files,
sorted and indexed using SAM tools (Li et al. 2009). SAM tools was also used to calculate the
genotype likelihood. SNP calling and filtering with a minimum depth of 10 were done using
BCF tools and python tool. The SNP-index for all positions of the genome was calculated by
counting the number of reads harboring the SNP as compared to the reference genome sequence
and dividing it by the total number of reads. The SNP-indices between two bulks was subtracted
to obtain the ASNP-index and a custom-made python script (Appendix A) was used to generate a
marker-specific threshold for p < 0.01 and p < 0.001 as described by Takagi et al. (2013). ASNP-
index was plotted along with threshold p < 0.001 to identify the genomic region containing the

egusi locus.
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Kompetitive Allele Specific PCR (KASP™) assay design

Primers for KASP™ assays (LGC Genomics LLC, Teddington, UK) were designed
(Table 3.2) for SNPs in the egusi region identified by QTL-seq and Prothro et al. (2012) using
Primer3Plus (Untergasser et al. 2007). PCR amplification was done using an S1000™ thermo
cycler (Bio-Rad Laboratories, Inc., Hercules, CA) in a 4 pl reaction volume, comprised of 1.96
ul 2x low rox KASP™ master mix (LGC Genomics LLC), 0.06 pl of 0.81mM primer mix, and 2
pl of 50-100 ng/pul genomic DNA. PCR conditions were set as 95°C for 15 min, followed by 10
cycles of touch down PCR with 20s of 95°C, 25s of primer annealing temperature + 9°C, with
1°C decrease each cycle, and 15s of 72°C, then 35 cycles of 10s at 95°C, 1 min at primer
annealing temp, and 15s at 72°C. KASP™ florescent end-point readings and genotyping calls
were done using an Infinite M200Pro plate reader (Tecan, Group Ltd.) and KlusterCaller™
(LGC Genomics LLC), respectively.

Mapping of the equsi locus and identification of candidate genes

One hundred and thirty-nine F2 individuals from the SII x Egusi population were
genotyped with 15 KASP™ assays. A genetic map was developed using JoinMap 5 software
(Van Ooijen 2006). The maximum likelihood mapping function using a LOD score of 5 was
used for mapping. The final genetic map with the refined position of the egusi locus was drawn
in MapChart (Voorrips 2002). KASP™ assays which mapped close to the egusi locus in the
genetic map were tested on the diversity panel and markers polymorphic between the parents of
the validation population were tested on the latter population. For identification of candidate
genes the physical position of the markers flanking the refined egusi locus were identified on the

97103 reference genome (Guo et al. 2013) and genes present in the region were examined for
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their annotated functions, homologs and orthologs in the Cucurbit Genomics Database
(http://cucurbitgenomics.org/).
Results

Validation of inheritance of the equsi phenotype

In this experiment, an F> population, 147 x Egusi, was developed as a validation
population and phenotyped for seed coat type. The F1 plants had a normal seed coat, confirming

that the normal type is dominant over the egusi type and the F individuals segregated at the ratio
of 108 normal: 48 egusi (%2 (0.0s.1), P = 0.96). These results confirm the conclusion made by

Gusmini et al. (2004) and Prothro et al. (2012) that the trait is controlled by a single locus, with
the egusi type being recessive.
QTL-Seq

We obtained a total of 79,551,582 and 155,774,971 reads for the N-bulk and the E-bulk
respectively from the next generation sequencing. 99.02 % of trimmed reads from the N-bulk
and 98.90% of trimmed reads from the E-bulk were successfully aligned against the 97103
watermelon genome (Guo et al. 2013). 699,060 SNPs were detected between the two bulks.
When plotting the ASNP-index against the genome position, we found two statistically
significant (p < 0.001) peaks. The first peak was located from 5.25 Mb to 7.85 Mb on
chromosome 6 and the second was located at 17.65 Mb to 19.63 Mb on chromosome 8 (Fig. 3.2).
The peak on chromosome 6 partially overlaps the previously mapped egusi locus (Prothro et al.
2012). SNP markers within both peak regions (UGA6_7026576 and UGA8_17929262) were
utilized to design KASP ™ assays to test association of the peaks with the phenotype in both
mapping and validation populations. KASP™ assay UGA6_7026576 identified that the genomic

region on chromosome 6 was highly associated to the egusi phenotype in both mapping and
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validation populations. However, the peak on the chromosome 8 did not associate with the
phenotype. The recombination frequency between KASP™ marker UGA8_17929262 and the
egusi phenotype was 62.06 and 37.52 mapping units in the mapping S1I x Egusi population and
validation 147 x Egusi population, respectively, confirming that genomic region identified on
chromosome 8 was a false discovery (Fig. 3.3a, b).

Refining the equsi locus

We designed 21 KASP™ assays in the egusi region identified by QTL-seq and Prothro et
al. (2012). Fifteen assays that gave the expected genotypes in the parental and F; plants were
utilized to genotype the population for fine mapping the egusi locus (Table 3.2). The egusi locus
was remapped to the 86.3 cM position, co-segregating with marker UGA6_7026576 on
chromosome 6 of the SII x Egusi genetic map (Fig. 3.4). Marker UGA6_6958189, the closest
flanking marker, was 1.3 cM away from the eg locus, whereas the other flanking marker
UGAG6_7356440 was 3.1 cM away from the eg locus. In the 97103 genome physical map (Guo et
al. 2013), the refined egusi locus is 398.25 Kb and extends from 6.95 Mb to 7.35 Mb and
contains 30 candidate genes (Table 3.3).

Marker-phenotype association

In the SII x Egusi population, three KASP™ markers: UGA6_7026576, UGA6_6958189
and UGA6_6903757, were able to accurately predict 100% (137/137), 100% (139/139) and
99.26% (135/136) of the F- individuals (Fig. 3.5a). We further tested these markers on the
diversity panel and validation population. Only KASP™ marker UGA6_7026576 was
polymorphic in the validation, 147 x Egusi population, and it was able to accurately predict
90.34% (131/145) of phenotypes (Fig. 3.5b). In the diversity panel, UGA6_7026576 was fixed in

the egusi genotypes, but segregating in the normal type watermelon (Table 3.1). Cultivars
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“Allsweet”, “Blacktail Mountain”, “Charleston Gray”, “Crimson Sweet”, “Georgia Rattlesnake”,
“Stars and Stripes”, “Sugarlee” and genotype ZWRM (PI 593359) had the same genotype as the
egusi seed type watermelons. Among these cultivars, “Allsweet”, “Charleston Gray”, “Crimson
Sweet” and “Sugarlee” share ancestry and are genetically related.

Discussion

The QTL-seq approach is a powerful tool which has been successfully utilized in QTL
mapping and SNP discovery. The power of QTL-seq to reliably identify genomic regions
associated with a trait depends on the nature and size of the population, the number of
individuals in each bulk, the heritability of the QTL and the phenotypic variation explained by
the QTL. Studies deploying QTL-seq have shown that an F. population with 200-300 individuals
utilizing 15-20% of the individuals for each bulk is sufficient to identify both major and minor
QTL (Magwene et al. 2011; Takagi et al. 2013; Tiwari et al. 2016). An F2 population with 100
individuals has been shown to be sufficient in identifying a single qualitative locus or a QTL
(Takagi et al. 2013; Illa-Berenguer et al. 2015).

In our study, we used QTL-seq to map a qualitative trait, eg, in watermelon. Each bulk
was comprised of DNA from seven Fs individuals originating from six open pollinated F>
individuals. Lack of good quality leaf tissue or selfed seeds from the F2 individuals prevented us
from increasing bulk size. Nonetheless, we were able to map a significant peak partially
overlapping the previously mapped egusi locus. We believe that the qualitative nature of the
egusi trait made it possible to map the eg locus even with such non-ideal bulks. However, the use
of smaller sized bulks increases the possibility of having bulks that are different, not only for
alleles linked to the trait of interest but also for other alleles. This increases the probability of

mapping false positives (Giovannoni et al. 1991; Michelmore et al. 1991; Tiwari et al. 2016). We
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also mapped a significant peak on chromosome 8 that was not associated with the egusi trait.
However, the chi-square test and an association test between the phenotype and the genotype of
UGAS8_17929262 in the peak region in both mapping and validation populations confirmed that
the egusi phenotype is controlled by a single gene and that the peak on chromosome 8 is a false
positive (Fig. 3.3a, b).

QTL-seq identified 3,112 SNPs in the egusi region, providing plenty of resources for
developing KASP™ assays in the region. Fifteen KASP™ markers were added in the region of
the egusi locus identified by QTL-seq and Prothro et al. (2012). The egusi locus co-segregated
with marker UGA6_7026576 and was near the flanking marker UGA6_6958189. The eg locus
was narrowed from 4.29 Mb to 398.25 Kb and the number of candidate genes between the
flanking markers was decreased from 249 to 30. We examined the annotated function of each
gene present in the region of interest and their homologs and orthologs in Arabidopsis and other
cucurbits, however, none were previously associated with seed coat development. Three
uncharacterized genes (Cla007525, Cla007540 and Cla007541) were also found in this region. It
is possible that none of these 30 genes are candidate genes. The 97103 reference genome we
used to align reads and to identify candidate genes may lack the gene conferring the egusi
phenotype since cultivar 97103 belongs to C. lanatus. The candidate gene may be present only in
the genomic region specific to the C. mucosospermus species because the egusi phenotype is
present only in C. mucosospermus species. However, the unavailability of a public reference
genome of C. mucosospermus species hinders confirming this hypothesis.

Recently, breeders have started breeding egusi watermelons with red sweet edible flesh
(Orji et al. 2016). The flesh of egusi watermelons is white, hard, bland and inedible (Oyolu

1977b). Breeding egusi watermelon with red sweet flesh will make both the seed and flesh

37



edible, and it will increase food security in many West African countries. Harvesting seeds from
the hard flesh is a very time consuming and unsanitary process since fruit is cracked and then left
to rot for several days (Oyolu 1977b) before extracting seeds. Breeding watermelon with soft red
flesh will save farmer’s time and protect their health. However, both favorable traits, red flesh
and the egusi trait are recessive to white flesh and normal seed phenotype, respectively.
Therefore, breeding for watermelon with these traits without MAS will be difficult and time
consuming. The KASP™ marker UGA6_7026576 we developed can be used for MAS for the

egusi trait in populations segregating for this marker.
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Table 3.1 Watermelon cultivars and Plant Introductions used to develop mapping population (MP), validation population (VP) and the

diversity panel (DP) for mapping and marker validation of the egusi seed type locus

Accession names Species Seispceoat Origin Uses Gel?gtzl\ngg;gé%SP
Allsweet C. lanatus® Normal u.s. DP c:.C
Black Diamond C. lanatus® Normal u.S. DP TT
Blacktail Mountain C. lanatus® Normal u.S. DP C.C
Charleston Gray C. lanatus® Normal u.S. DP C.C
Cream of Saskatchewan C. lanatus® Normal u.S. DP TT
Crimson Sweet C. lanatus® Normal u.S. DP C.C
Georgia Rattlesnake C. lanatus® Normal u.S. DP C.C
Mickylee C. lanatus® Normal u.s. DP CT
New Hampshire Midget C. lanatus® Normal u.S. DP TT
Klondite Black seeded C. lanatus® Normal u.s. DP TT
Orangeglo C. lanatus® Normal u.S. DP TT
Pl 296341-FR C. amarus® Normal South Africa DP TT
ZWRM (P1593359) C. lanatus® Normal China DP C.C
Stars and Stripe C. lanatus® Normal u.S. DP C.C
Strain Il (P1 279461) C. lanatus® Normal Japan MP TT
Sugar Baby C. lanatus® Normal U.S. DP TT
Sugarlee C. lanatus® Normal U.S. DP C.C
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Seed coat

Genotype for KASP

Accession names Species type Origin Uses UGAG 7026576
UGA147 (P1 169233) C. lanatus® Normal Turkey VP TT
P11893172 C. mucosospermus® Normal Nigeria DP TT
Pl 4945322 C. mucosospermus® Egusi Nigeria DP C.C
Pl 5599942 C. mucosospermus® Egusi Nigeria DP C:.C
Pl 5599972 C. mucosospermus® Equsi Nigeria DP C.C
P1 5600067 C. mucosospermus® Equsi Nigeria DP C.C
P1560010? C. mucosospermus® Equsi Nigeria DP C.C
Pl 5600117 C. mucosospermus® Equsi Nigeria DP C.C
Pl 5600142 C. mucosospermus® Equsi Nigeria DP C.C
Pl 5600172 C. mucosospermus® Equsi Nigeria DP C.C
P1560018? C. mucosospermus® Equsi Nigeria DP C:C
P1 5600207 C. mucosospermus® Equsi Nigeria DP C:C
P1560023 (Egusi)? C. mucosospermus® Equsi Nigeria MP, VP C.C
Pl 5600242 C. mucosospermus® Equsi Nigeria DP C:C
P1595203? C. mucosospermus® Equsi U.S. DP C:C

4Plant materials obtained from USDA-ARS Plant Genetic Resources Unit (Griffin, GA)

bSpecies classification based on USDA-ARS Plant Genetic Resources Unit (Griffin, GA)

“Species classification based on (Guo et al. 2013)
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Table 3.2 Primer sequence of KASP™ assays used for identification and narrowing down of the egusi (eg) locus on in watermelon.

Numbers after “UGA” indicate chromosome number and physical position of the SNP on the 97103 watermelon genome (Guo et al.

2013)
KASP assay P{)i/rl:r)l:r Primer Sequence (5’-3°) (-[ g])
UGAG6_4756466 FAM GAAGGTGACCAAGTTCATGCTGTGTTTTGACCGCAGTGCATC 63.9
VIC GAAGGTCGGAGTCAACGGATTGTGTTTTGACCGCAGTGCATT 63.9
Reverse GCAGCTTCAAGGCATCTTGT 60.5
UGAG_5333406 FAM GAAGGTGACCAAGTTCATGCTTGCCACTAGCCAACCTTTAAAACC 64.5
VIC GAAGGTCGGAGTCAACGGATTTGCCACTAGCCAACCTTTAAAACT 64.5
Reverse AATGCATTTGACAACTCCTTCC 60.4

UGAG_5596144 FAM GAAGGTGACCAAGTTCATGCTTTTTACATCTTGGGATAATTACGGATA  61.2
VIC GAAGGTCGGAGTCAACGGATTTTTTACATCTTGGGATAATTACGGATT  61.2

Reverse CACTCGATTGTTAAGGGGCATT 62.4

UGAG6_5706068 FAM GAAGGTGACCAAGTTCATGCTCCCATGACCTCCCTATTTTCAC 61.9
VIC GAAGGTCGGAGTCAACGGATTCCCATGACCTCCCTATTTTCAG 61.9

Reverse TCTTCGATGTCGAATGAATGGA 62.8

UGAG_5912358 FAM  GAAGGTGACCAAGTTCATGCTAGGAAAATCAAAATATACAGGTCGAGA 61.6
VIC GAAGGTCGGAGTCAACGGATTAGGAAAATCAAAATATACAGGTCGAGT 61.6
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Primer

Tm

KASP assay type Primer Sequence (5’-3°) °C)
Reverse AACACATCTACCCCGGAGCTT 62.1
UGAG_6396525 FAM GAAGGTGACCAAGTTCATGCTGGGATCAAAGAGCAACCAGTG 62.0
VIC GAAGGTCGGAGTCAACGGATTGGGATCAAAGAGCAACCAGTA 62.0
Reverse TTGTATCGTAACATTTGTTGTGTGC 61.0
UGAG_6501374 FAM GAAGGTGACCAAGTTCATGCTGCCATGTTGTTTTTGCAAGTC 60.5
VIC GAAGGTCGGAGTCAACGGATTGCCATGTTGTTTTTGCAAGTT 60.5

Reverse TGATCAATGGGCCAAGTTTTG 63
UGAG_6737954 FAM GAAGGTGACCAAGTTCATGCTTGGTCGTGGCTTACACATAAAAG 61.3
VIC GAAGGTCGGAGTCAACGGATTTGGTCGTGGCTTACACATAAAAC 61.3
Reverse AGTGGAGCTAAGGATTCCAACA 60.1
UGAG_6829416 FAM GAAGGTGACCAAGTTCATGCTACCCATCCTTGTTCCTTCCTTT 62.2
VIC GAAGGTCGGAGTCAACGGATTACCCATCCTTGTTCCTTCCTTC 62.2
Reverse TGCTAACTGGCGTTTCAAGATAGA 62.4
UGAG_6903757 FAM GAAGGTGACCAAGTTCATGCTTCAACTGACATTAAGTTCATACAATCG  60.6
VIC GAAGGTCGGAGTCAACGGATTTCAACTGACATTAAGTTCATACAATCT  60.6
Reverse TGTGGGTGGAAGAATCAAACC 62.1
UGAG_6958189 FAM GAAGGTGACCAAGTTCATGCTCGCTTCAGTCGGCAGCTAT 61.6
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Primer

Tm

KASP assay type Primer Sequence (5’-3°) °C)
VIC GAAGGTCGGAGTCAACGGATTCGCTTCAGTCGGCAGCTAC 61.6

Reverse TTTGCTCACCTATACTCAGACCCATC 63.8

UGAG_7026576 FAM  GAAGGTGACCAAGTTCATGCTAATGTAAATGAGGTTCAAAGATGTGAT 60.4
VIC GAAGGTCGGAGTCAACGGATTAATGTAAATGAGGTTCAAAGATGTGAC 604

Reverse CCTTTTTGGGACCTCCAAATGT 63.4

UGAG_7356440 FAM GAAGGTGACCAAGTTCATGCTTACAACAATGCCTAAATCCAACC 60.1
VIC GAAGGTCGGAGTCAACGGATTTACAACAATGCCTAAATCCAACA 60.1

Reverse TGGAAACCAAGCCCCTTATTG 63.2

UGAG6_7533594 EAM GAAGGTGACCAAGTTCATGCTGGTGCATGGAATTCAAACTGAC 61.7
VIC GAAGGTCGGAGTCAACGGATTGGTGCATGGAATTCAAACTGAT 617

Reverse GATGGATGTAACGACGGTCAA 60.8

UGAG_8289797 FAM GAAGGTGACCAAGTTCATGCTTGTCATGTGATGTGTGCTAAACTAAAC 61.6
VIC GAAGGTCGGAGTCAACGGATTTGTCATGTGATGTGTGCTAAACTAAAG 61.6

Reverse CCATGATGGTTGGTTCATAATTCA 62.8

UGA8_17929262 FAM GAAGGTGACCAAGTTCATGCTCACCAATAGTGCATGTAACCCTCA 63.2
VIC GAAGGTCGGAGTCAACGGATTCACCAATAGTGCATGTAACCCTCG 63.2

Reverse GGTTGTCGAAGGTGGTCGTC 62.9
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Table 3.3 Candidate genes present in the refine egusi locus from 6.95 Mb to 7.35 Mb based on

the 97103 watermelon genome (Guo et al. 2013) along with their annotated function

Gene ID Annotated function

Cla007521 Homocysteine s-methyltransferase

Cla007522 Inositol 1 4 5-trisphosphate 5-phosphatase

Cla007523 Stress-induced-phosphoprotein 1

Cla007524 IQ calmodulin-binding motif family protein

Cla007525 Uncharacterized protein

Cla007526 Protein forkedl

Cla007527 Protein forkedl

Cla007528 Transmembrane BAX inhibitor motif-containing protein 4

Cla007529 DNA-directed RNA polymerase 111 subunit RPC9, transcription of DNA
Cla007530 Epidermal patterning factor-like protein 5, Stomata patterning
Cla007531 Protein TIFY 4A

Cla007532 Acireductone dioxygenase

Cla007533 Aldo/keto reductase

Cla007534 Aldo/keto reductase

Cla007535 Sulfate adenylyltransferase

Cla007536 Calmodulin

Cla007537 0s11g0586300 protein

Cla007538 G-protein gamma-subunit 1

Cla007539 Pyruvate kinase

Cla007540 Uncharacterized protein

Cla007541 Plant-specific domain TIGR01615 family protein, Uncharacterized protein
Cla007542 CBL-interacting protein kinase 20

Cla007543 Acylamino-acid-releasing enzyme, prolyl oligopeptidase active site region
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Gene ID Annotated function

Cla007544 Auxin responsive protein

Cla007545 Auxin responsive protein

Cla007546 Transport protein sec23

Cla007547 Magnesium transporter MRS2-2

Cla007548 Voltage-gated potassium channel beta subunit
Cla007549 Sieve element occlusion

Cla007550 Sieve element occlusion
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Fig. 3.1 Seeds of the parents used to develop mapping and validation populations. (a) Seeds of Strain Il (P1 279461), (b) Dried and

fresh (lower left corner insert) seeds of P1 560023 (Egusi), (c) Seeds of UGA147 (Pl 169233)
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Fig. 3.2 Absolute ASNP-index graph plot of all chromosomes obtained from QTL-seq analysis.
X-axis indicates chromosomes of watermelon placed in sequential order from 1 to 11 and O
denoted by different colors. Y-axis indicates absolute ASNP-index. Absolute ASNP-index for
each chromosome were calculated using 1Mb sliding window with a 10Kb increment increase
and plotted with statistical threshold (P < 0.001) (horizontal red line) with criteria that no QTL
below threshold. Two significant peaks on chromosome 6 (yellow) and chromosome 8 (black)

were identified
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Fig 3.3 Bar graphs showing the marker phenotype association between seed coat phenotype and

KASP™ markers UGA6_7026576 (solid) and UGAS8_17929262 (dotted) in the (a) Strain Il (PI

279461) x Egusi (P1560023) and (b) UGA147 (P1 169233) x Egusi population. Black and green

sections denote the number of individuals with normal and egusi type seed coat, respectively.

The x-axis genotypes represent the marker genotypes coded as normal (Eg_) or egusi (egeg) type

allele
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Fig. 3.4 Partial genetic map of chromosome 6 of the Strain Il (Pl 279461) x Egusi (Pl 560023) F2

watermelon population showing the refined position of the egusi locus. Map positions are in cM
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Fig. 3.5 (a) Genotypic and phenotypic data for KASP™ markers UGA6_6903757 (n = 136),
UGAG6_6958189 (n = 139) and UGA6_7026576 (n = 137), in the mapping population, Strain I
(P1279461) x Egusi (P1560023), and (b) KASP™ marker UGA6_7026576 in the validation
population UGA147 (P1 169233) x Egusi, (n = 145). X-axis indicates genotypes of respective
KASP™ markers and y-axis indicates number of F, individuals. Black and green sections denote

the number of individuals with normal and egusi type seed coat, respectively

54



CHAPTER 4
CHROMOSOMAL LOCATIONS AND INTERACTIONS OF FOUR LOCI

ASSOCIATED WITH SEED COAT COLOR IN WATERMELON!

1L ucky Paudel, J. Clevenger, and C. McGregor. To be submitted to Theor. Appl. Genet
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Abstract

Different species of watermelons (Citrullus spp.) are cultivated throughout Asia and
Africa for their lipid and protein rich edible seeds. These watermelon seeds have diverse seed
coat colors including black, stipple, red, green and white. Recent changes in consumer
preference for specific seed coat colors have made this trait economically important for
watermelon breeders. In this study, we developed three F, populations segregating for seed coat
color: Sugar Baby (stippled seed, RRTTWW) x Pl 482379 (green seed, rrTTWW), Charleston
Gray (stippled seed, RRTTWW) x P1 189225 (red seed, rrttWW) and Charleston Gray (stipple
seeded, RRTTWWdd) x UGA147 (clump seed, RRTTwwDD, a selection from Pl 169233) to map
four genes R, T, W and D associated with seed coat color development in watermelon. The
observed segregation ratios of the stipple x green population indicated that the dominant stipple
seed coat color and the recessive green seed coat color segregate for a single gene, R. In the
stipple x red population, the dominant stipple seed coat color and the recessive red seed coat
color segregate for R and T, where the R gene is dominantly epistatic to the T gene. However,
based on the phenotypic segregation and mapping information, the presumed T locus in the
stipple x red population is either a novel locus or a different allele of the T locus previously
described. We propose to name this locus T*. In the stipple x clump population, the clump seed
coat color and the stipple seed coat color segregate for W and D, where D is recessively epistatic
to W. We identified the genomic regions associated with the R and T* on chromosomes 3 and 5,
respectively using QTL-seq while genotyping by sequencing was used to identify the W and D
loci on chromosome 6 and 8, respectively.
Keywords

Citrullus lanatus, Citrullus amarus, edible seed watermelon, seed coat color, QTL-seq
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Introduction

Watermelon (Citrullus lanatus) is an annual, warm season vegetable crop which is grown
throughout the tropical and sub-tropical regions of the world, predominantly for consumption of
the sweet flesh. However, in many Asian and African countries, watermelons are instead
cultivated for edible seeds. In China and India, most of the edible seed watermelon are from C.
lanatus (Zhang 1996; Mahla et al. 2014), whereas in West Africa , egusi watermelon, from the
indigenous C. mucosospermus are extensively cultivated for edible seed (Oyolu 1977; Gusmini
et al. 2004). C. colocynthis is also cultivated as an edible seed watermelon in the Arabian
peninsula and in India (Schafferman et al. 1998; Mahla et al. 2014). The land under edible seed
watermelon production is increasing and the market has expanded from China, India and Africa
to Europe and the Americas (Zhang 1996; National Research Council 2006; Mahla et al. 2014).

Seed coat color is an economically important trait because consumers prefer watermelon
seeds with a specific color of seed. In China, seeds with red seed coat color or seed with a black
margin and white center are preferred (Zhang 1996). Watermelon have a wide variety of seed
coat colors ranging from black, stipple (dotted), tan (brown), green, red, clump (white seeds with
black rim on margin and/or two black spots on the hilum end) to white which is genetically
controlled by a number of genes involving complex genetic interactions (Poole et al. 1941).
Naming of seed phenotypes has often been inconsistent among authors (Weetman 1937; Poole et
al. 1941; Sachan and Nath 1976; Nath and Khandelwal 1978) and for the sake of simplicity, we
will use the phenotypic descriptors used by Poole et al. (1941).

The earliest attempt to study the inheritance of seed coat color was by Kanda (1931). He
crossed black seeded watermelon with stipple seeded watermelon and demonstrated that the

black seed coat color is monogenically dominant to the stipple seed coat color. Later, McKay
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(1936) developed two crosses: tan x red and green x red and showed that in each cross the former
phenotype was monogenically dominant to the later phenotype. Weetman (1937) developed
populations from three different crosses and showed that (i) the stipple seed coat is
monogenically dominant to the clump seed coat, and (ii) different combinations of two genes
produce clump and tan seed coat color. Poole et al. (1941) developed 40 different segregating
populations and from the results they proposed a four-gene model controlling seed coat color in
watermelon. According to this model, different combinations of three genes: R, T and W with a
modifier gene D (which only acts when the other three genes are in the dominant state) produce
different seed coat colors, like black (RTWD), stipple (RTWd), green (rTW), tan (RtW), clump
(RTw), red (rtwW), white tan-tip (Rtw) and white pink-tiped (rtw). This 1941 study was the last in-
depth, large scale study on the genetics of watermelon seed coat color.

Next generation sequencing (NGS) technologies has made high-throughput sequencing,
less error-prone and very cost effective. As a result, NGS has become popular for the discovery
of molecular markers throughout the genome (Varshney et al. 2009). Genotyping by sequencing
(GBS) is a simple but highly scalable NGS based genotyping model that can be used to genotype
large populations and to identify thousands of genomic markers throughout the genome
simultaneously (Elshire et al. 2011). GBS has been widely used to develop linkage maps and
map QTL in several crops including watermelon (Lambel et al. 2014; Meru and McGregor
2016a; Meru and McGregor 2016b; Branham et al. 2017), zucchini (Montero-Pau et al. 2017),
cucumber (Wang et al. 2018), pumpkin (Zhang et al. 2015), barley (Liu et al. 2014), pea (Boutet
et al. 2016), and rice (Bhatia et al. 2018). Another relatively recent NGS based technology is
QTL-seq (Takagi et al. 2013). It combines bulk segregant analysis (Michelmore et al. 1991) with

whole genome sequencing to identify quantitative trait loci (QTL) and to discover genetic
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markers necessary for marker assisted selection (MAS). One of the advantages of QTL-seq is
that it does not require genotyping of entire populations (Takagi et al. 2013). The first use of the
QTL-seq approach in watermelon was utilized to map a dwarfism locus on chromosome 7 (Dong
et al. 2018). QTL-seq has been employed in several other crops like rice (Takagi et al. 2013),
tomato (llla-Berenguer et al. 2015), cucumber (Lu et al. 2014), chickpea (Das et al. 2015; Singh
et al. 2016), and peanut (Clevenger et al. 2018).

Identification of the genomic regions associated with seed coat color is a crucial step in
identifying candidate genes and in developing molecular markers for MAS. In this study, we
used two interspecific and one intraspecific F2 populations segregating for different seed coat
colors to (i) determine the location of the R, T, W and D loci responsible for seed coat color
development in watermelon and (ii) determine the interaction among these loci.

Materials and Methods

Plant materials and phenotyping

Three segregating F2 populations were used to identify the loci responsible for seed coat
color development in watermelon. The stipple x green F2 population (n = 128) was produced by
crossing stipple seeded Sugar Baby (C. lanatus) with green seeded P1 482379 (C. amarus) (Fig.
4.1a). A stipple x red F2 population (n = 96) was developed by crossing stipple seeded
Charleston Gray (C. lanatus) with red seeded P1 189225 (C. amarus) (Fig. 4.1b). The stipple x
clump population (n = 178) used in this study was developed by Meru and McGregor (2016b) to
map Fusarium oxysporum f. sp. niveum race 2 in sweet watermelon. This F, population was
produced by crossing stipple seeded Charleston Gray (C. lanatus) with clump seeded UGA147

(C. lanatus), a selection from PI 169233 (Fig. 4.1c).
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The stipple x green and stipple x red parental cultivar/accession along with F1 plants, and
both F> populations were phenotyped in the field at the Durham horticulture farm (Watkinsville,
GA\) in the summer of 2017. Mature fruits from each plant were cut open and seeds were visually
phenotyped. Dry seeds from the parental, F1 and F. plants from the stipple x clump population,
grown in the greenhouse in 2012 and 2013, were visually phenotyped under daylight conditions.

Bulk construction and DNA isolation for QTL-seq

For QTL-seq of the stipple x green population, a stipple bulk (S-bulk) and a green bulk
(G-bulk) were constructed by pooling equal amounts of DNA from 18 individuals of each
phenotype. Similarly, for the QTL-seq of the stipple x red population, a khaki bulk (K-bulk) was
developed by pooling equal amounts of DNA from 20 individuals with khaki seed coat color and
a red bulk (R-bulk) was developed by pooling equal amounts of DNA from 7 individuals with
red seed coat color. Genomic DNA was extracted using the E. Z. N. A. Plant DNA kit (Omega
Bio-Tek Inc., Norcross, GA) following the manufacturer’s protocol. DNA concentrations were
measured using an Infinite M200Pro plate reader (Tecan, Group Ltd., Switzerland) and bulks
were comprised from equal amounts of DNA from the selected individuals and sent to the
HudsonAlpha Institute for Biotechnology (Huntsville, AL) for library preparation and 151 bp
paired-end whole genome sequencing on the Illumina HiSeq X (Illumina, San Diego, CA).

Analysis of NGS data

The quality of the reads obtained from NGS was analyzed using FastQC (Andrews 2010).
To ensure that the average phred score for all of the base positions in all the reads was higher
than 28, bases with a low phred score were trimmed on both ends for all the bulks as follows: the
first seven bases of forward and reverse reads of all bulks, the last two bases of all forward reads,

the last 41 bases of reverse reads of the S-bulk, the last 27 bases of reverse reads of the G-bulk,
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the last 31 bases of reverse reads of the K-bulk and the last 27 bases of reverse reads of the R-
bulk. The downstream analysis for all the bulks was the same. The trimmed reads were aligned
against the 97103 watermelon genome (Guo et al. 2013) using default BWA and BWA MEM
options (Li and Durbin 2009). SAM tools (Li et al. 2009) was used to sort, index and calculate
the genotype likelihood. BCF tools and a python script was used for SNP calling and filtering.
The SNP-index, which is the proportion of reads harboring SNPs divided by the total number of
reads for a genomic position, was calculated for every base in the genome for all bulks. The
SNP-index in the G-bulk was subtracted from the SNP-index in the S-bulk to obtain a ASNP-
index for the stipple x green population, and the SNP-index of the R-bulk was subtracted from
the SNP-index of the K-bulk to obtain a ASNP-index for the stipple x red population. A custom
python script (Appendix A) was used to conduct sliding window analysis by averaging the
ASNP-index within a 1 Mb window region with a 10 kb stepwise incremental. A permutation test
was conducted to develop a null model assuming no QTL as explained by Takagi et al. (2013)
and Clevenger et al. (2018). Thresholds for P < 0.05 and P < 0.01 were calculated for both
population taking population size, number of individuals in each bulk and read depth into
account.

Genotyping of stipple x clump and construction of a genetic linkage map

GBS of the stipple x clump population is described in Meru and McGregor (2016b). The
original 501 SNPs for the population was filtered using Joinmap 5.0 (Van Ooijen 2006) for
missing data (with up to 20% missing data) and segregation distortion (P < 0.0001). The
remaining 230 SNPs were ordered using the regression mapping algorithm and grouped into
linkage groups at LOD 5. A linkage map was generated using the Kosambi mapping function by

converting recombination frequencies into map distances in centimorgan (cM).
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DNA extraction of F» populations and Kompetitive Allele Specific PCR (KASP™) genotyping

Approximately 50 mg of leaf material from each individual of the stipple x green and the
stipple x red parental cultivar/line, F1, and F2 populations were frozen in liquid nitrogen and
ground using a TissueLyser 1l (QIAGEN, Hilden, Germany). DNA was extracted from leaf
material using the King et al. (2014) extraction method with the following modifications. 500 pl
of extraction buffer mix [ 40% (v/v) 5 M NaCl and 60% (v/v) extraction buffer (200 mM
Tris/HCI pH 7.5, 250 mM NacCl, 25 mM EDTA, 0.5% SDS)] was added on ground leaf material.
Samples were vortexed, incubated for 30 min at 60°C and centrifuged for 10 min at 3600 rpm.
An equal amount of supernatant and isopropanol were mixed and centrifuged to obtain DNA
pellets. The DNA pellets were washed with 70% alcohol, dried and resuspended in 200 ul TE
buffer.

To validate the association of significant peaks with seed coat color, SNPs identified
through QTL-seq were converted into KASP™ assays (Table 4.1). Primers were designed using
Primer3Plus (Untergasser et al. 2007) and PCR amplification was done using a S1000™ Thermo
Cycler (Bio-Rad Laboratories, Inc., Hercules, CA). The 4 ul PCR reaction included 2 ul of 50-
100 ng/pl genomic DNA, 1.96 pl 2x low rox KASP™ master mix (LGC Genomics LLC,
Teddington, UK) and 0.06 ul primer mix for a final concentration of 0.81 uM. The PCR
conditions for the KASP™ assays were set as follows: 95°C for 15 min, followed by 10 cycles
of touch down PCR (95°C for 20s, primer annealing temperature + 9°C for 25s with 1°C
decrease each cycle and 72°C for 15s), then followed by 35 additional cycles (95°C for 10s,
primer annealing temp for 1 min, and 72°C for 15s). PCR florescent end-point readings was done
using an Infinite M200Pro plate reader (Tecan, Group Ltd., Mannerdorf, Switzerland) and

genotyping calls were carried out using KlusterCaller™ (LGC Genomics LLC).
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Results and Discussion

Phenotypic segregation in the stipple X green population and mapping of the R locus

In the stipple x green population, F1 plants had seeds with stipple seed coat color
indicating that stipple is dominant over the green. The F. progenies had either the stipple or the
green seed coat color (Fig. 4.1a). The number and size of black dots on stipple coated seeds
varied among individuals ranging from a few fine dots to many large dots. The individuals with
green seed color also had different shades of green ranging from light brown to dark green to
brownish green. The shade of green color depended on the maturity of the fruit. Within the same
individual, more mature fruit had brownish green seed color, while less mature fruit had light
brown to light green seeds. The F> progenies segregated at a ratio of 88 stipple to 40 green
seeded individuals. A chi-square goodness of fit test shows that the observed segregation ratio
fits a 3:1 ratio (%2 (0.05,2), P = 0.10). This result confirms the conclusion made by Poole (1944)
that the stipple (R_) seed coat color is monogenically dominant to the green seed coat color (rr).

QTL-seq was used to determine the location of the R locus in the watermelon genome. A
total of 168,613,320 and 172,686,615 reads for the S-bulk and the G-bulk were generated from
NGS, respectively. 165,489,026 (98.15%) reads from the S-bulk and 170,855,441(98.94%)
reads from the G-bulk were aligned to the 97103 watermelon genome (Guo et al. 2013) with an
average read depth > 96x. A total of 4,953,800 SNPs were identified between the two bulks and
a significant ASNP-index peak (P < 0.01) was identified from 4.48 Mb to 12.98 Mb on
Chromosome 3 of the C. lanatus genome (Fig. 4.2a, b).

A KASP™ assay, UGA3_5820134 (Table 4.1), was designed for a SNP located near the
highest peak (5820134 bp on chromosome 3 of 97103 reference genome (Guo et al. 2013)) to

test the association between the significant peak and the phenotype. The assay was able to
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accurately predict the phenotype of 85.7% (n = 126) of individuals (Fig. 4.2c), confirming the
association of this region with the R locus.

Phenotypic segregation in the stipple x red population and mapping of the T* locus

The Fy plants in the stipple x red population have seeds with stippled seed coat denoting
that the stippled seed coat is dominant over the red seed coat color (Fig. 4.1b). The segregating
F2 progenies had either stipple, red or khaki like seed coat color. According to the four-gene
model, F. individuals in a stipple x red population is expected to have either stipple, tan, green or
red seed coat color at a 9 stipple (R_T_): 3 tan (R_tt): 3 green (rrT_): 1 red (rrtt) ratio. In the
current study, no individuals with green or tan, described as “dark Tuscany brown through
cacao” by Poole et al. (1941), seed color were observed in the stipple x red population. The khaki
like seed coat color did not fit any phenotypic descriptions by Poole et al. (1941) and Poole
(1944). Therefore, a new phenotype descriptor, khaki, was created. The F, progenies segregated
at the ratio of 67 stipple: 22 khaki: 7 red which statistically corresponds to 12:3:1 ratio (¥ (0.05.2)
= 1.40, P = 0.49) and indicates dominant epistasis.

One of the possible reasons for inconsistency between the current study and previous
observations could be because the stipple x red population might have different alleles or genes
conferring seed coat color compared to the populations described in Poole et al. (1941). This
hypothesis is supported by several independent studies that have reported that the inheritance of
watermelon seed coat color contradicts the four-gene model. Nath and Khandelwal (1978) made
a cross between black seeded and red seeded genotypes of C. lanatus and observed that F,
progenies segregated for a single gene instead of two genes as predicted by the four-gene model.

In a similar study conducted by Sharma and Choudhury (1982), they found that black seed coat
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color and white seed color segregate only for one gene instead of two or three genes (depending
on whether white seed is white-tan tip or white-pink tip) as predicted by the four-gene model.

Based on the 12:3:1 ratio associated with dominant epistasis, we inferred that the khaki
type seed coat color and the red seed coat color were segregating for a single gene. Therefore, we
pooled DNA from individuals with the khaki seed coat color and the red seed coat color to
develop the K-bulk and the R-bulk for QTL-seq. From the whole genome sequencing, we
obtained a total of 124,764,246 and 154,206,455 reads for the K-bulk and R-bulk, respectively.
123,169,517 (98.72%) reads from the K-bulk and 152,346,070 (98.79%) reads from the R-bulk
were aligned against to the reference 97103 watermelon genome with an average read depth
>83x. A total of 3,401,764 SNPs was identified between the two bulks and a significant ASNP-
index peak (P < 0.01) was mapped from 1.89 Mb to 6.46 Mb on chromosome 5 of the C. lanatus
genome (Fig. 4.3a, b).

A SNP present within a significant peak and positioned at 4,591,722 bp on chromosome
5 of the 97103 reference genome (Guo et al. 2013) was utilized to develop the UGAS5_4591722
KASP™ assay (Table 4.1) to test the association of the peak and the phenotype. The marker was
able to predict khaki (genotype: A:A or G:A) or red seed color (genotype: G:G) with 96.55%
accuracy (n = 29) validating that the peak is related to the seed coat color (Fig. 4.3c). Since the
region mapped in this population was different from the region mapped in the stipple x green
population, we concluded that this region is not the R locus and based on the nature of
inheritance, it can be inferred that this region is either a novel locus or a different allele of the T
locus described by Poole et al. (1941). Therefore, we propose to name this locus T2, in
conformance with gene nomenclature rules for Cucurbitaceae (Cucurbit Gene List Committee

1982).
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We also tested the KASP™ assay UGA3 5820134 associated with the R locus and found
that the stipple x red population was segregating for the R locus, as predicted by the four-gene
model. Approximately 97.01% of individuals with stipple seed color had the genotype G:G or
T:.G and 72.41% of individuals with khaki or red seed color had the genotype T:T (data not
shown). In addition, the genotypic data from the combination of KASP™ markers
UGA3_ 5820134 and UGA5_4591722 were analyzed to understand the interaction between the
two loci. Out of 71 F; individuals that had the genotype G:G or G:T for marker UGA3_5820134,
65 individuals (91.54%) had stipple seed coat color, independent of the UGA5 4591722
genotype (Fig. 4.3d). Among 16 F, individuals that had the genotype T:T for marker
UGA3_ 5820134 and A _ for marker UGA5_ 4591722, 15 individuals (93.75%) had khaki seed
coat color. Similarly out of 9 F» individuals that had the genotype T:T for marker
UGA3_5820134 and G:G for marker UGA5 4591722, 7 individuals (77.77%) had red seed coat
color. This confirms our hypothesis that the R locus is dominantly epistatic to T* locus.

Phenotypic segregation in the stipple x clump population and mapping of the W and D loci

Based on the four-gene model, the stipple genotype (RTWd) and the clump genotype
(RTwD or RTwd) segregate either for the W gene or for both W and D genes. In the stipple x
clump population, the F1 had black seed coat color (W_D_) meaning that the genotype of the
clump parent, UGA147, is expected to be RRTTwwDD and the population is segregating for two
genes (Fig. 4.1c). The F2 progenies segregated as black (W_D_, n = 94), stipple (W_dd, n = 35),
and clump (wwD_ or wwdd, n = 49) which statistically fits a 9:3:4 ratio (¥ ©.05.2) = 0.91, P =
0.63), confirming the conclusion by Poole et al. (1941) that the D gene is recessively epistatic to

W.
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For mapping of the W and D genes, the seed phenotypes were translated into the “abhcd”
genotype code format as described in the Joinmap® 4 manual (Van Ooijen 2006). For the W
locus, all individuals with non-clump seed coat color (black and stipple, genotype: W_) were
coded d (not clump parent genotype) and individuals with clump seed coat color (genotype: ww)
were coded b (clump parent genotype). Similarly, for the D locus, all the individuals with black
seed color (genotype: D_) were coded c (not stipple parent genotype), and individuals with
stipple seed coat color (genotype: dd) were coded a (stipple parent genotype). Individuals with
the clump phenotype (genotype: D_ or dd) were coded as missing data since the genotype of
clump seeded individuals could not be predicted at the F2 generation. The two phenotypic
markers along with 230 SNP markers were used to construct a genetic map. Thirteen linkage
groups with a total length of 1226 cM and an average marker distance of 5.3 cM were developed
for the 11 watermelon chromosomes (Fig. 4.4). The W locus was mapped at 14.5 cM on
chromosome 6 between markers UGA6_ 5820584 and UGA6_7076766 (Fig. 4.4). The closest
marker UGA6_7076766 is 9.8 cM away from the W locus. The genomic region associated with
W locus partially overlapped with the major seed length QTL, Qsl6™ (Prothro et al. 2012b; Meru
and McGregor 2013). This is in accordance with the conclusion by Poole et al. (1941) that the W
locus is linked with the L locus associated with seed length. The D locus was mapped between
markers UGA8_ 21660128 and UGA8 22729513 at position 77.7 cM on chromosome 8 on the
stipple x clump genetic map (Fig. 4.4). The closest marker, UGA8_ 22729513 is 3.4 cM away
from the D locus.

We analyzed the genotypic data of SNP markers UGAG6_7076766 and UGA8_ 22729513
to examine if the combination of W and D loci could predict seed coat color. Whenever F,

individuals were homozygous dominant or heterozygous for both W (A:A or A:G genotype for

67



marker UGA6_7076766) and D locus (A:A or A:T genotype for marker UGA8 22729513),
90.69%) of individuals had black seed color (Fig. 4.5). Similarly, when F individuals were
homozygous dominant or heterozygous for W locus but recessive for D locus (T:T genotype for
marker UGA8 22729513), 71.42% individuals had stipple seed coat color. However, when F»
individuals were homozygous recessive for the W locus, (G:G genotype for marker
UGAG6_7076766), 82.60% of individuals had clump seed color irrespective of D locus. In total,
the phenotype prediction accuracy of markers UGA6_7076766 and UGA8 22729513 when used
as a proxy for W and D loci was 82.60% (n = 174). The percentage of inaccurate phenotype
prediction (17.40%) is similar to the value of total recombination between SNP markers and
respective loci (13.2 cM). Our result confirms that the genomic regions identified on
chromosome 6 and 8 are associated with the W and D locus respectively, and that the D locus is
recessively epistatic to the W locus.

Re-evaluation of the four-gene model

The four-gene model was developed by Poole et al. (1941) based on the inheritance of seed coat
color in their populations and the populations developed by McKay (1936). Since the
development of the four-gene model, only a few studies have been conducted to study
inheritance of seed coat color. Nath and Dutta (1973) crossed a tan seeded individual with a red
seeded individual and found that tan is monogenically dominant to red as predicted by the model.
Similar studies by Sachan and Nath (1976) and Nath and Khandelwal (1978), crossing black
seeded and brown (tan) seeded individuals, also fit the four-gene model. However, the model
was contradicted in a cross made by Nath and Khandelwal (1978) where black seed coat color
was monogenically dominant to red seed coat color. Similarly, the findings of Sharma and

Choudhury (1982) that black seed coat color is monogenically dominant to white seed coat color
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also challenged the validity of the four-gene model. In the current study the inheritance of the R,
W and D loci fit the four-gene model, however, inheritance of the T* locus did not. The T* locus
mapped in the stipple x red population could be a different allele of the T locus or even a novel
gene. Further testing of allelism is hampered by the lack of information about the identity of the
red parental genotype used in the study by McKay (1936), which was used by Poole et al. (1941)
in developing the four-gene model. The genotype is simply described as “citron”, which is
equivalent to C. amarus, but no further information is provided. The parental genotypes,
“Peerless” and “Baby Delight”, which produced red phenotype when crossed in Poole et al.
(1941), are not currently available to replicate the cross. Nevertheless, findings from the current
study and several others demonstrate that the four-gene model is incomplete and requires
amendment.

One of the major obstacles in improving the understanding of genetic control of
watermelon seed coat color is to the lack of standard phenotypic descriptors. In each study, the
authors develop their own phenotyping methodology which makes it difficult to compare results
among experiments and to derive a consensus conclusion (Weetman 1937; Poole et al. 1941;
Sachan and Nath 1976; Nath and Khandelwal 1978). This has been exacerbated by the fact that
some of the lines/cultivars used in previous studies are no longer available to replicate the
crosses. Since the phenotypic description developed by Poole et al. (1941) is the most detailed
among any studies previously conducted, we propose that future studies related to seed coat
color in watermelon should use the phenotypic description developed by Poole et al. (1941). Any
new phenotypic class like “khaki” should only be used if it is distinct from the previously

developed class or has different inheritance pattern.
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Conclusion

Most of the research related to the genetics of watermelon seed color was carried out
before the advent of molecular tools. This is the first study to map seed color gene loci in
watermelon and to report SNP markers associated with these loci. In this study, we mapped the
R, T, W and D loci on chromosomes 3, 5, 6 and 8, respectively. Further research is necessary to
verify if T! is a different allele or different locus than the previously described T locus.
Moreover, identification of the T* locus indicates that there are additional genes/alleles that
confer seed coat color in watermelon. This opens future research opportunities to fine map
genomic regions to pinpoint the genes conferring seed coat color and to identify DNA markers

for MAS of seed coat color in watermelon.
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Table 4.1 KASP™ assays used to test association between significant genomic regions, identified from QTL-seq, and the seed coat
color phenotype in watermelon. The marker names indicate the chromosome number and physical position of the marker based on

97103 watermelon genome (Guo et al., 2013)

Primer
type

UGA3_5820134 FAM GAAGGTGACCAAGTTCATGCTTAGAGACACAAGAAAGTTGCAAAGG 61.1

KASP assay Primer Sequence (5°-3”) Tm (°C)

VIC GAAGGTCGGAGTCAACGGATTTAGAGACACAAGAAAGTTGCAAAGT 61.1

Reverse TCATTTATTTCCCTCCTTAGCTTTCA 62.5

UGAbS_4591722 FAM GAAGGTGACCAAGTTCATGCTTTGTGAAATCAAAGATATGGACCAA 61.7
VIC GAAGGTCGGAGTCAACGGATTTTGTGAAATCAAAGATATGGACCAG 61.7

Reverse GAGTTACTTGAATTTGGAAAGGAAAGG 62.6
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Fig. 4.1 Seed coat color of parents, F1, and F2 progenies in (a) the stipple x green population, (b) the stipple x red population and (c) the

stipple x clump population. In the stipple x green population (a), seed of stipple seeded Sugar Baby (SB), female parent, green seeded
P1 482379, male parent, F1 and F> individuals with stipple and green phenotype. In the stipple x red population (b), seed of red seeded
P1189225, female parent, stipple seeded Charleston Gray (CG), male parent, F1 and F2 individuals with stipple, khaki and red phenotype.
In stipple x clump population (c), seed of stipple seeded Charleston Gray (CG), female parent, clump seeded UGA147, selection from

P1 169233, male parent, F1 and F2 progenies with black, stipple and clump phenotype
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Fig. 4.2 (a) Absolute ASNP-index of all chromosomes in the inter-specific stipple x green F>
population developed from a cross between Sugar Baby (C. lanatus) and P1 482379 (C. amarus)
plotted along with statistical confidence intervals under the null hypothesis of no QTL (P = 0.01)
(red line). The R locus is mapped on chromosome 3. (b) Magnified view of R locus, a significant
ASNP-index peak (yellow), along with absolute ASNP-index of SNPs (black circles) plotted
against the SNP position. SNP positions are based on the 97103 watermelon genome (Guo et al.,
2013). (c) Association of KASP™ marker UGA3_5820134 with seed coat color phenotype in the
stipple x green F2 population (n = 126). The stipple and green sections in the graph indicate the

number of F> individuals with stipple and green seed coat color, respectively
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Fig. 4.3 (a) Mapping of the T locus as a significant peak on chromosome 5 using QTL-seq.
Absolute ASNP-index of all chromosomes, obtained by subtracting SNP-index of the red bulks
from the khaki bulk in the stipple x red population, is plotted along with statistical confidence
intervals under the null hypothesis of no QTL (P = 0.01) (red line). (b) Magnified view of
significant ASNP-index peak (yellow) associated with T locus along with absolute ASNP-index
of SNPs (black circles) plotted against SNP position based on 97103 watermelon genome (Guo
etal., 2013). (c) Association of KASP™ marker UGA5_4591722 with the khaki and red seed
coat phenotype in the stipple x red F2 population (n = 29). The x-axis denotes the genotype of F»
individuals for KASP™ marker UGA5_4591722 and the y-axis denotes the number of F2
individuals with khaki (khaki bar) and red seed coat color (red bar). (d) Bar graph indicating the
phenotypic prediction accuracy of KASP™ markers UGA3_5820134 and UGA5_4591722 in the
stipple x red population (n = 96). The genotypes on the x-axis represents the alleles of the
UGA3_5820134/UGA5_4591722 markers. The stipple, khaki and red sections in the graph

indicate the number of F> individuals with respective seed coat color
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Fig. 4.4 A genetic linkage map of the stipple x clump F> population developed from a cross
between stipple seeded Charleston Gray and a clump seeded UGA147, selection from Pl 169233.
230 SNP markers and 2 phenotypic markers present on 11 watermelon chromosomes have been
grouped into 13 linkage groups which spans 1226 cM. The W and D loci are mapped on
chromosome 6 and 8, respectively. The marker names are indicated in the left side of the bars

and genetic distance in cM is indicated in the right side of the bars
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Fig. 4.5 Bar graph indicating phenotypic prediction accuracy of SNP markers UGA6_7076766
and UGA8_22729513 in the stipple x clump population (n = 174). The genotype on the x-axis
represents the alleles of markers UGA6_7076766/UGA8_22729513 in the F, population. The
sections with black, stipple (dotted) and diagonal black lines in the graph indicate number of F,

individuals with black, stipple and clump seed coat color, respectively
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CHAPTERS
CONCLUSION

Watermelon is cultivated worldwide for its sweet juicy flesh. Even though seedless
watermelons are predominantly cultivated in the U.S. and European countries, most of the
watermelon produced globally are normal seeded watermelons (FAO 2013) produced for their
edible flesh, while seeds are discarded. A lesser known vegetable crop, edible seed watermelon,
is cultivated only in a few Asian and west African countries for its lipid and protein rich edible
seeds (National Research Council 2006; Jarret and Levy 2012; Mahla et al. 2014). In these
countries, edible seed watermelon is an important part of the human diet. It is cultivated in a
significant proportion of land and it is of high social importance (Achigan-Dako et al. 2008).
Edible seed watermelon has big edible seeds and bland/bitter, inedible flesh. Recently, breeders
have tried to hybridize normal watermelon with egusi watermelon to develop varieties which
have sweet flesh from normal watermelon and edible seeds from egusi watermelon (Orji et al.
2016). However, they have been facing severe challenges since the desirable traits are largely
due to recessive alleles and they lack molecular markers for marker-assisted selection (MAS) of
these traits.

The egusi trait is conferred by a single recessive locus, eg, mapped on chromosome 6
between markers NW0248325 and NW0250248 (Gusmini et al. 2004; Prothro et al. 2012). In the
physical map, this locus is 4.28 Mb wide extending from 6.75 Mb to 11.03 Mb. Since this region
is devoid of markers, further narrowing has not been possible. In this study, we used an

independent validation population, UGA147 (selection from Pl 169233) x Egusi (Pl 560023) and
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confirmed that the egusi trait is conferred by a single recessive locus. In the mapping population,
Strain 11 (P1 279461) x Egusi, the eg locus was remapped using QTL-seq on chromosome 6 from
5.25 Mb to 7.85 Mb, partially overlapping the previously mapped locus. Fifteen Kompetitive
Allele Specific PCR (KASP™) assays were developed using the SNPs identified by QTL-seq to
narrow down the eg locus. The refined eg locus was mapped to the 86.3 cM position co-
segregating with marker UGA6_7026576 on chromosome 6 of the SII x Egusi genetic map. In
the 97103 genome physical map (Guo et al. 2013), the refined eg locus is 398.25 Kb wide,
extends from 6.95 Mb to 7.35 Mb and contains 30 candidate genes. Further testing of KASP™
markers on the validation population identified marker UGA6_7026576 as associated with the
egusi phenotype. The marker will be useful for MAS of the egusi trait when used with select
normal type watermelon cultivars.

Watermelon exhibits a wide natural variation in seed coat color ranging from black,
stipple (dotted), red, green to white. Recent increase in consumer preference for specific seed
coat colors has made seed coat color an economically important trait in edible seed watermelon.
However, inadequate knowledge on the genetics of the trait has made breeding for watermelon
seed coat color difficult. In this study, we used three F. populations segregating for seed coat
color: Sugar Baby (stippled seed) x Pl 482379 (green seed), Charleston Gray (stippled seed) x
Pl 189225 (red seed) and Charleston Gray (stippled seed) x UGA147 (clump seed) to understand
the inheritance of seed coat color and to map four genes, R, T, W and D, described in the four-
gene model (Poole et al. 1941; Poole 1944). Phenotypic segregation of F; individuals in the
stipple x green and the stipple x clump population indicate that (i) the stipple is dominant to the
green and clump seed coat color, (ii) stipple and green seed coat color segregate for one gene, R

and (iii) stipple and clump seed coat color segregate for two genes, W and D, with recessive
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epistatic interaction. These results fit the four-gene model. QTL-seq mapped the R gene on
chromosome 3 from 4.48 Mb to 12.98 Mb in the stipple x green population. In the stipple x
clump population, the W and D loci were mapped on chromosome 6 from 5.82 Mb to 7.07 Mb
and on chromosome 8 from 21.66 Mb to 22.72 Mb, respectively, using GBS and traditional
genetic mapping. In the stipple x red population, the F» individuals had stipple, khaki and red
color seed segregating at 9:3:4 ratio indicating dominant epistasis. This phenotypic segregation
does not fit the four-gene model which predicted this population to segregate at 9 stipple (R_T ):
3tan (R_tt): 3 green (rrT_): 1 red (rrtt). The new seed coat color, khaki, is distinct from both tan
and green, and it has not been described before in any literature. QTL-seq identified a significant
genomic region when comparing khaki and red bulk on chromosome 5 from 1.89 Mb to 6.46 Mb
in the stipple x red population. Based on the nature of inheritance and position of mapped region,
we inferred that the genomic region identified from QTL-seq is either a novel locus or different
allele of the T locus described by four-gene model. We name this locus T*. Phenotype prediction
accuracy of KASP™ markers UGAG_7076766 and UGAS8 22729513 and SNP markers
UGAG6_7076766 and UGA8_ 22729513 were used to confirm that genomic regions in
chromosomes 3, 5, 6 and 8 were associated to R, T, W and D genes. Genomic regions identified
in this study are important steps in the development of molecular markers for MAS of seed coat

color in watermelon breeding programs.
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APPENDIX
APPENDIX A. CUSTOM-MADE PYTHON SCRIPT
import sys

infile=open(sys.argv[1],"r")

chr=[]

pos=[]

index=[]

smooth=[]

tall=[]

short=[]

start =0

w=int(sys.argv[2])

s=int(sys.argv[3])

for line in infile:
line=line.strip()
if line.startswith('#"):

continue

line=line.split("\t")

chr.append(line[0])

93



pos.append(int(line[1]))
tall.append(float(line[4]))
short.append(float(line[5]))

# index.append(abs(float(line[6])))
index.append(float(line[6]))
smooth.append(0.0)

infile.close()

start_chr = chr[0]

start_pos = pos[0]

sum =0.0

low =0.0

low 1=0.0

ave =0.0

total = 0.0

i=0

back =0

while i < len(chr):
if chr[i] == start_chr:

if pos[i] > start and pos][i] < start + w:
sum += index[i]

low += tall[i]

94



low_1 += short[i]
total += 1.0
i+=1
continue
if pos[i] > start and pos[i] >= start + w:
if total == 0.0:
print("%s\t%i\t%i\t%f" % (start_chr,start,start+w,0.0))
start_chr = chrfi]
sum = 0.0
total = 0.0
start +=s
continue
else:
if total > 3:
print("%s\t%i\t%i\t%f" % (start_chr,start,start+w,sum/total))
while (pos][i] > start + s and start_chr == chrf[i]):
i-=1
i+=1
if total < 3:
print("%s\t%i\t%i\t%f" % (start_chr,start,start+w,0.0))

while (pos][i] > start + s and start_chr == chr[i]):
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i+=1
start_chr = chr[i]
sum = index[i]
low = tall[i]
low_1 = short][i]
total = 1.0
start +=s
continue
if chrli] = start_chr:
print("%s\t%i\t%i\t%f" % (start_chr,start,start+w,sum/total))
start_chr = chrJi]
start =0

sum = index[i]

total = 1.0
i+=1
continue
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