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ABsTRACT. Watermelon (Citrullus lanatus) is an important crop grown for both its edible flesh and seeds. Seed size is an
important trait in watermelon breeding, with large seeds preferred for planting and edible seeds but small seeds
preferred in fruit sold for consumption. Large, medium, and small seed sizes are thought to be controlled by two genes
with epistatic interaction. A ‘Klondike Black Seeded’ x ‘New Hampshire Midget’ (KBS x NHM) recombinant inbred
line population and a ZWRM 50 x PI 244019 (ZWRM X Citroides) F, population were used to identify main effect
quantitative trait loci (M-QTL) and epistatic QTL (E-QTL) associated with 100 seed weight (100SWT), seed length
(SL), and seed width (SWD). Thirteen M-QTL were identified on four linkage groups (LGs) for the three traits in the
two populations. Major M-QTL (R* = 26.9% to 73.6%) were identified at the same location on LG 2 in both
populations for all three traits. M-QTL for all three traits also colocalized on LG 9 in the ZWRM Xx Citroides
population and on LG 4 for 100SWT and SL in the KBS x NHM population. Significant epistatic effects were found
between the M-QTL on LG 2 and LG 4 in the KBS x NHM population and between LG 2 and LG 9 in the ZWRM X
Citroides population. The phenotypic variance explained by the E-QTL was generally small. The stable, major

M-QTL on LG 2 is a candidate for marker-assisted selection for seed size in watermelon.

Watermelon (2n = 2x = 22) is the most economically
important species in the genus Citrullus, in a family that also
includes melon (Cucumis melo), cucumber (Cucumis sativus
var. sativus), summer squash (Cucurbita pepo), and pumpkin
(Cucurbita sp.) (Robinson and Decker-Walters, 1997). Water-
melon production is mainly focused on the edible flesh of the
fruit, placing a premium on fruit characteristics. Seed size is
important because watermelon breeders aim to develop hybrid
cultivars with large seed for planting (especially where direct
seeding is used), but that will produce fruit with small seed
(J. Bernier, personal communication). In the United States,
where seedless fruit are popular (U.S. Department of Agricul-
ture, 2011), this strategy is still followed to minimize the size of
the white seedcoat in the seedless fruit.

In some parts of the world such as Nigeria and China,
C. lanatus is grown not for its edible flesh, but its edible seeds
(Gusmini et al., 2004; Jensen et al., 2011; Munisse et al., 2011;
Zhang, 1996a). In some cases the edible seeds are of a unique
seed type (e.g., “egusi”), but in China, the edible seeds are
similar to those found in watermelon grown for edible flesh. Seed
size is an important trait for selection in these cultivars with
a seed width of =11 mm desired for profitability (Zhang, 1996a).

Watermelon seed size has traditionally been divided into
qualitative categories as being large, medium, small, tomato, or
tiny (Hawkins et al., 2001; Poole et al., 1941; Zhang, 1996b).
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Poole et al. (1941) defined large, medium, and small seed as
having average seed lengths of 13, 10, and 6 mm, respectively.
Tomato seed are approximately the same size as tomato seed,
whereas tiny seed size is smaller than 5 mm but larger than tomato
seed size (Gusmini, 2005; Wehner et al., 2001). High correlations
(r==0.9) among seed weight, seed length, and seed width have
been reported (Hawkins et al., 2001; Poole et al., 1941; Zhang
et al., 1995), suggesting a pleiotropic effect and leading to seed
size usually being described in terms of seed length .

Poole et al. (1941) suggested that two genes, / and s, control
seed length for large, medium, and small seed sizes with medium-
sized seed being dominant and s epistatic to /. The suggested
genotypes for long, medium, and short seeds are //S-, L-S-, and —ss,
respectively (Poole et al., 1941). Several subsequent studies
involving crosses between medium and long seed confirmed the
dominance of medium seed over long seed and seed size controlled
by a single dominant gene (Konsler and Barham, 1958; Lou, 2009;
Shimotsuma, 1963), which still fits Poole’s model. However, Lou
(2009) also found that results from some crosses did not fit single
dominant gene inheritance, and Tanaka et al. (1995) reported that
the tiny seed size in the cultivar Sweet Princess was controlled by
a single gene (77), whereas Zhang (1996b) reported that the tomato
seed size is controlled by a single recessive gene (zs).

Advances in molecular genetics have made it possible
to select plants based on genetic markers linked to traits
of interest, a process called marker-assisted selection [MAS
(Michelmore, 1995; Ribaut and Hoisington, 1998; Young,
1996)]. The availability of high-quality genetic maps is
crucial to the identification of QTL associated with specific
traits. Until recently the genetic marker resources available
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Fig. 1. Seed phenotypes of the parents of the two watermelon mapping
populations: (A) ‘Klondike Black Seeded’ [KBS (medium)] and ‘New
Hampshire Midget’ [NHM (medium)] and (B) ZWRM 50 [ZWRM (small)]
and PI 244019 [Citroides (medium)].

Table 1. Pearson correlations for 100 seed weight (100SWT), seed
length (SL), and seed width (SWD) in the ‘Klondike Black Seeded’ x
‘New Hampshire Midget’ (KBS x NHM) and ZWRM 50 x PI
244019 (ZWRM x Citroides) watermelon populations.

KBS x NHM 100SWT SL
SL 0.88*

SWD 0.86* 0.93*
ZWRM x Citroides 100SWT SL
SL 0.95%

SWD 0.96* 0.97*

“Asterisks indicate significant correlations at P < 0.001.

for watermelon were limited as a result of the lack of highly
polymorphic marker technologies and the narrow genetic
base of commercial cultivars (Levi et al., 2001a, 2001b,
2004). The only previous effort to find genetic markers for
seed size used single factor analysis and identified a single
random amplified polymorphic DNA (RAPD) marker loosely
associated with watermelon seed length and seed width
(Hawkins et al., 2001). Recently, single nucleotide poly-
morphism (SNP) genetic maps were produced using diverse
C. lanatus parents, including a population produced from an
elite x elite (C. lanatus var. lanatus) cross and a population
from an intersubspecific cross between C. lanatus var. lanatus
and C. lanatus var. citroides (Sandlin et al., 2012). Because
these genetically diverse mapping populations segregate
for seed size, it is our aim to use them to identify M-QTL
and E-QTL (Klimenko et al., 2010; Ravi et al., 2011)
associated with seed size in watermelon.

Materials and Methods

PLANT MATERIALS AND GENETIC MAP. The development of the
mapping populations and creation of the genetic maps have
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Fig. 2. Frequency distribution for watermelon (A) 100 seed weight, (B) seed
length, and (C) seed width in the ‘Klondike Black Seeded’ x ‘New Hampshire
Midget’ (KBS x NHM) and ZWRM 50 x PI 244019 (ZWRM x Citroides) F,
populations. The parental (KBS, NHM, ZWRM, and Citroides) and F;
(arrows) phenotypes are also indicated.

been described previously (Sandlin et al., 2012). Briefly,
a recombinant inbred line population [RIL (F¢)] was developed
by single seed descent from a cross between the elite cultivars
Klondike Black Seeded (PI 635609) and New Hampshire
Midget (PI 635617) and an F, population was created from
a cross between C. lanatus var. lanatus ZWRM 50 from China
(PI1593359) and a wild C. lanatus var. citroides accession from
South Africa (PI 244019). SNP markers were developed for C.
lanatus and used to create genetic maps with 378 markers for
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the KBS x NHM population and 338 markers for the ZWRM x
Citroides population (Sandlin et al., 2012).

The weight of 100 seeds (100SWT) for KBS, NHM,
ZWRM, and Citroides were 4.96, 6.68, 2.00, and 5.44 g,
respectively. The average SL of 10 randomly chosen seed of
each parent were 8.38, 10.67, 6.16, and 8.59 mm, whereas the
SWDs were 5.30, 6.55, 3.69, and 5.01 mm (Fig. 1).

TRAIT PHENOTYPING. A single plant for each KBS x NHM F
RIL line and individual ZWRM x Citroides F, plants were
grown in the greenhouse at the University of Georgia’s campus
in Athens in 2009 to 2010 and 2007, respectively. For both
populations, seed were germinated in seedling trays and trans-
planted 4 weeks later into 14.136-L blow-molded pots (C1600;
Nursery Supplies, Kissimmee, FL) filled with Fafard 3B mix
(Conrad Fafard, Agawam, MA) and 12 g Osmocote (14N—
4.2P-11.6K; Scotts Miracle-Gro, Marysville, OH) per pot. The
average greenhouse temperature varied from 21.1 to 26.6 °C in
Spring 2010 and from 25.5 to 35.5 °C in Summer 2007. One
mature fruit was collected from each plant in April and May
2010 for the KBS x NHM population and July and Aug. 2007
for the ZWRM X Citroides population.

The seed were harvested by hand and allowed to dry at 40%
to 50% relative humidity and 24 °C for 48 h before measure-
ments were taken for 100SWT in grams and SL and SWD in
millimeters measured with a digital caliper (Balkamp Man-
ufacturing Corp., Indianapolis, IN). The SL and SWD values
used for QTL mapping were the average measurements of five
random seeds per fruit.

QUANTITATIVE TRAIT LOCI DETECTION. Analysis for the de-
tection of M-QTL was performed using WinQTL Cartographer
(WinQTL Cart) Version 2.5 (Wang et al., 2011). All data were
analyzed by composite interval mapping (CIM) (Zeng, 1993,
1994) and the threshold values for each trait (Churchill and
Doerge, 1994; Doerge and Churchill, 1996) were determined
using permutation tests (1000 permutations, oo = 0.05). The
standard model (Model 6) with a walk speed of 1 cM was used
for CIM analysis. QTL identified on the same LG were
considered separate QTL if they were separated by at least 20 cM

(Ravi et al., 2011). QTL were considered minor, intermediate,
and major if R? was less than 10%, between 10% and 25%, and
greater than 25%, respectively.

Analysis for epistatic interaction between M-QTL was
carried out using multiple interval mapping (MIM) (Kao and
Zeng, 1997; Kao et al., 1999; Zeng et al., 1999) in WinQTL
Cart Version 2.5. The information criteria IC(k) = —2[log(L) —
ke(n)/2] and penalty function c(n) = log(n) were used to de-
termine significance.

Results and Discussion

Correlations between the three seeds traits were statistically
significant and high in both populations but somewhat higher in
the ZWRM x Citroides population than in the KBS x NHM
population (Table 1). Transgressive segregation was observed
for all three traits (Fig. 2) suggesting the involvement of
antagonistic additive effects (deVicente and Tanksley, 1993;
Rieseberg et al., 1999).

A total of 13 QTL were identified in the two populations for
the three traits (Table 2; Fig. 3). In the KBS x NHM population,
three, two, and one QTL were detected for 100SWT, SL, and
SWD, respectively, whereas two (100SWT), three (SL), and
two (SWD) were identified in the ZWRM X Citroides popula-
tion. In both populations, major M-QTL were detected for
L100SWT (R*=26.9% and 73.6%), SL (R*=41.3% and 69.2%),
and SWD (R?=32.8% and 69.3.2%) at a similar location on LG
2 (Table 2; Fig. 3). Colocalization of QTL for different traits at
similar chromosomal locations may indicate a single gene with
pleiotropic effect or different tightly linked genes. Fine map-
ping of the region is needed to elucidate this effect, but the
consistent high correlation between the traits in this and other
studies suggest pleiotropism (Poole et al., 1941; Zhang et al.,
1995).

QTL that are stable across different genetic backgrounds are
highly desirable for MAS. The observation that QTL identified
in a particular mapping population are not useful in populations
with different genetic backgrounds has been a major limiting

Table 2. Genomic regions associated with main quantitative trait loci for 100 seed weight (100SWT), seed length (SL), and seed width (SWD) in
the ‘Klondike Black Seeded’ x ‘New Hampshire Midget’ (KBS x NHM) and ZWRM 50 x PI 244019 (ZWRM x Citroides) watermelon

populations.
Left Position Additive Dominance LOD-1 support LOD-1 support

Trait Population LG* marker (¢cM) LODY R?(%)* effect” effect™ interval (cM) interval (cM)

100SWT KBS x NHM 2 NWO0251236 0.0 13.5 26.9 -1.371 0.0 2.0
KBS x NHM 4 NWO0250697 48.6 5.0 7.9 0.738 48.2 50.4
KBS x NHM 9 NWO0250857 66.3 3.1 4.8 0.583 62.2 70.6
ZWRM x Citroides 2 NWO0248118 23.1 37.6 73.6 —3.523 —2.949 22.8 25.7
ZWRM x Citroides 9  NWO0248796  115.1 10.2 16.0 0.971 2.143 105.6 119.4

SL KBS x NHM 2 NWO0251236 0.0 2I.1 41.3 —-1.065 0.0 2.1
KBS x NHM 4 NWO0250697 48.6 4.0 53 0.379 36.8 50.6
ZWRM x Citroides 2 NWO0248118 22.1 39.6 69.2 -2.272 -1.775 21.8 254
ZWRM x Citroides 9  NWO0248796 114.1 16.6 224 0.993 1.407 109.7 119.9
ZWRM x Citroides 11A NWO0251129 70.6 3.7 54 0.784 0.644 66.1 71.6

SWD KBS x NHM 2 NWO0251236 1.0 15.4 32.8 -0.573 0.0 2.4
ZWRM x Citroides 2  NWO0248118 23.1 43.1 69.3 -1.380 -1.101 23.1 25.6
ZWRM X Citroides 9  NWO0248796  114.1 18.0 25.6 0.666 0.852 109.2 119.4

“Linkage group.
YLog likelihood ratio.
*Phenotypic variation explained.

“Negative values indicate that the effect is contributed by the allele from male parent.
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Fig. 3. Quantitative trait loci (QTL) identified for watermelon 100 seed weight (100SWT), seed length (SL), and seed width (SWD) in the ‘Klondike Black Seeded’ x
‘New Hampshire Midget’ (KBS x NHM) and ZWRM 50 x PI 244019 (ZWRM x Citroides) populations are indicated as bars. The length of the bar is equal to the 1-
LOD support interval. Solid and shaded bars represent loci where the maternal parent and paternal parent contribute the additive effect, respectively. A shared
marker between the two populations close to the QTL is shown in bold to facilitate positional comparisons between populations. The ¢M scale on the right and the

figure was produced using MapChart version 2.1 (Voorrips, 2002).

factor in the widespread application of MAS in breeding
programs (Collard and Mackill, 2008). The large amount of
phenotypic variation explained (26.9% to 73.6%) by the
M-QTL on LG 2 and its stability across populations makes
it the prime target for MAS for seed size.

In addition to the stable M-QTL on LG 2, an additional
M-QTL for 100SWT and SL were identified on LG 4 in the
KBS x NHM population. This minor M-QTL had an antago-
nistic additive effect for these traits to the major M-QTL on
LG 2, in agreement with expectations based on the observed
transgressive trait segregation (Fig. 2). An M-QTL for 100SWT

J. AMER. Soc. Horr. Sci. 137(6):452-457. 2012.

identified on LG 9 in the KBS X NHM population was located
at a slightly different location on the same LG than the
intermediate-high M-QTL for 100SWT, SL, and SWD in the
ZWRM x Citroides population. Hawkins et al. (2001) identified
a RAPD marker loosely linked to SL and SWD in an intersub-
specific C. lanatus population similar to the ZWRM x Citroides
population. Because no markers are shared between the studies,
it is not possible to determine whether the RAPD marker might
be linked to any of the M-QTL detected in the current study.

It has been reported that there is an epistatic interaction
between the genes controlling seed size in watermelon (Poole
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et al., 1941). MIM was used in an effort to detect such in-
teractions in the current study. Significant epistatic interactions
were detected between the M-QTL on LG 2 and LG 4 for
100SWT and SL in the KBS x NHM population and LG 2 and
LG 9 for all three traits in the ZWRM X Citroides population
(Table 3). The effect of the epistatic interactions was relatively
small with only the interaction between LG 2 and LG 4 for
100SWT above 5% (R* = 7.4%).

The M-QTL on LG 4 was not detected in the ZWRM X
Citroides population. It should however be kept in mind that
this is an intersubspecific cross between C lanatus var. lanatus
and C. lanatus var. citroides, whereas the study by Poole et al.
(1941) and others (Lou, 2009; Tanaka et al., 1995; Zhang,
1996b) involved intrasubspecific crosses (similar to KBS x
NHM). The population used by Hawkins et al. (2001) was
similar to the ZWRM X Citroides population and assigned
genes controlling SL and SWD to a single LG. However, in the
current study the genetic background and environmental effects
are confounded, which means that it is not possible to determine
whether the differences between populations are the result
of the different genetic backgrounds or the different environ-
ments. Therefore, QTL detected in only one population/
environment should be considered with caution until more data
become available.

The M-QTL identified on LG 9 is at a similar location to fruit
size QTL detected in these populations (Sandlin et al., 2012).
A significant correlation (» = 0.20 to 0.27) between SL and
SWD and fruit length and width was observed in the ZWRM
50 x Citroides population (data not shown) (Prothro, 2010). It is
possible that seed size in the current study was influenced by
conditions in the greenhouse that can limit fruit size, and it
remains to be seen whether the QTL on LG 9 are associated
with seed size under field conditions.

It is difficult to determine with certainty whether any of the
identified M-QTL represent the s or / genes described by Poole
et al. (1941). It is tempting to speculate that the QTL on LG 2
and LG 4 are associated with these genes, but the absence of
small seeds (=6 mm) in the KBS x NHM RIL population (Fig.
2B) suggests that the population was not segregating for the s
alleles. It is clear that more than one gene is involved in
determining seed size and that there is an interaction between
the genes. A caveat of the present study is that both populations
were grown in the greenhouse; however, the stability of the

Table 3. Significant epistatic interactions between main quantitative
trait loci for 100 seed weight (100SWT), seed length (SL). and seed
width (SWD) in the ‘Klondike Black Seeded’ X ‘New Hampshire
Midget’ (KBS x NHM) and ZWRM 50 x PI 244019 (ZWRM x
Citroides) watermelon populations.

Linkage  Type of  Phenotypic Effect
Trait Population  groups interaction” effect (%)
100SWT KBS xNHM 2x4 AXA —-0.66 7.40%
ZWRM x 2x%x9 AXA -1.31 1.20%
Citroides
SL KBS xNHM 2x4 AXA -0.30 2.80%
ZWRM x 2x9 A XA —0.36 1.43%
Citroides
SWD KBS x NHM  None
ZWRM x 2x9 DxA -0.22 0.27%
Citroides

“A x A= additive x additive; D X A = dominant X additive.
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M-QTL on LG 2 across years and diverse genetic backgrounds
suggests broad stability.

We have identified main and epistatic QTL that control seed
size in watermelon. The M-QTL on LG 2 is a potential target for
MAS of seed size in watermelon breeding programs.
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