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Abstract

Dessert watermelon landraces could provide useful germplasm sources for commercial watermelon breeding and/or conservation.
This study assessed the genetic diversity present among dessert watermelon landrace collections of South Africa using simple
sequence repeat (SSR) markers. Thirty one diverse dessert watermelon landraces were genotyped using 10 polymorphic SSR
markers. A total of 94 alleles were amplified among the sampled population. The number of alleles ranged from 2 to 19 with a mean
of 9.4 per locus. The number of effective alleles ranged from 1.07 to 9.94 with a mean of 4.61. Observed heterozygosity values
ranged from 0.07 to 1.00 with a mean of 0.53. Expected heterozygosity, which measures gene diversity, was 0.66; which partitioned
75, 25 and 0% of the variation within individuals, among individuals and between populations, respectively. The mean gene fixation
was 0.18 suggesting high levels of heterozygosity among the collections. The mean polymorphic information content (PIC) of the
SSR loci was 0.65 suggesting their value in genetic diversity analysis of watermelon. The collections were allocated into three
genetic groups using cluster analysis. The results revealed the presence of genetic diversity among South African dessert watermelon
collections. Genetically unique landraces such as SWM-39, SWM-01, SWM-04, SWM-27, SWM-24, SWM-10 and SWM-36 from
cluster I; SWM-35, SWM-21, SWM-02, SWM-34, SWM-07 and SWM-31 from cluster II; and SWM-22 and SWM-18 from cluster
Il were selected based on their high dissimilarity index. These are recommended for further phenotyping using horticultural
attributes for effective breeding and strategic conservation.

Keywords: Citrullus lanatus, breeding, genetic diversity, simple sequence repeat markers, landrace.
Abbreviations: CTAB_mixed alkyltrimethyl-ammonium bromide protocol; H,_observed heterozygosity; H.  expected
heterozygosity; SSRs_simple sequence repeats; UPGMA _unweighted pair group method using arithmetic averages.

Introduction

Watermelon is a viny creeping crop belonging to the of the crop have been explored using diverse genetic markers.
Cucurbitaceae family. Chomicki and Renner (2015) using For example, Lee et al. (1996) and Solmaz et al. (2010)
molecular phylogenetic analysis proposed six species under reported low genetic differences among dessert watermelon
the genus Citrullus namely: C. lanatus, C. mucosospermus, accessions using random amplification polymorphic DNA
C. colocynthis, C. ecirrhosus, C. rehmii, and C. naudinianus. (RAPD) markers. Levi et al. (2001) reported high genetic
These authors further ascribed species C. amarus Schrad. to similarities among watermelon cultivars using RAPD
the citron watermelon. The Citrullus species are mainly markers. Che et al. (2003) and Uluturk et al. (2011) reported
found in the temperate regions of Africa, central Asia and the low genetic differences among watermelon genotypes using
Mediterranean Region (Levi et al., 2001a; Whitaker and RAPD markers and sequence related amplified
Davis, 1962). The species C. lanatus encompasses two polymorphism (SRAP) markers, respectively. The reported
botanical varieties: lanatus (dessert watermelon) and markers have limitations for variety identification because
citroides (citron watermelon). The citron watermelon is they are dominant with low discriminatory power (Lee et al.,
neither dessert nor bitter and elsewhere known as “cow- 1996; Che et al., 2003; Kwon et al., 2010). Using simple
melon” or “tsamma” watermelon (Robinson and Decker- sequence repeat (SSR) markers, Kwon et al. (2010) reported
Walters, 1997). The southern Africa region is reported to be high genetic diversity among watermelon cultivars. Guerra-
the center of diversity and probably center of origin of most Sanz (2002) reported that SSR markers efficiently identified
of the species of Citrullus (Dane and Lang, 2004; Robinson genetic differences of diverse watermelon germplasm.
and Decker-Walters, 1997; Rubatzky, 2001). Contrastingly, Munnisse et al. (2013) also reported a wide variation among
Chomicki and Renner (2015) reported West Africa to be the dessert watermelon cultivars using SSR markers. Jarret et al.
origin of the egusi-type dessert watermelon. (1997) reported genetic variation among plant introductions

Dessert watermelon exhibits substantial variation in (PI) of C. lanatus var. lanatus, C. lanatus var. citroides and
horticultural attributes such as fruit shapes, flesh colour and C. colocynthis using SSR markers. Sheng et al. (2012)
skin colour patterns (Maggs-Kalling et al., 2000; Levi et al., reported genetic variability amongst Chinese, Japanese,
2001; Levi et al., 2004; Ocal et al., 2014). The genetic bases Russian and USA watermelon cultivars using SSR markers.
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Simple sequence repeat markers are currently the marker of
choice for genetic diversity analysis studies because of their
high degree of polymorphism and random distribution across
the genome (Varshney et al., 2005). Watermelon breeders
regularly acquire new germplasm from diverse geographical
regions for genetic improvement of the crop (Zhang et al.,
2012; Yang et al, 2016). However, there is limited
information on the magnitude of genetic variation of
watermelon genetic resources (Hashizume et al., 2003; Weng
et al., 2016). Various studies reported that South African
watermelon germplasm have been useful in disease resistance
breeding programs in the USA (Gusmini et al., 2005; Tetteh
et al., 2010; Thies et al., 2010; Ma and Wehner, 2015; Levi et
al., 2016). However, information is scanty regarding genetic
diversity of dessert watermelon germplasm from South
Africa as there have been no prior studies on genetic
clustering using molecular data.

Dessert watermelon is economically important crop in
South Africa. During the 2011/12 season, a total of 58 955
tons of dessert watermelon was produced in the country
(Department of Agriculture Forestry and Fisheries, 2013).
These level of production was comparatively lower than
previous years, 2009/10 (69, 001 tons) and 2010/11 (104 852
tons, respectively. Despite the low levels of production,
South African watermelon exports increased significantly by
251% between 2010 and 2012 with an estimated value of
R19.9 million during 2012 (National Agricultural Marketing
Council, 2013). The reasons for low yields perhaps point to
the use of genetically inferior genotypes, hence the need to
develop genetically superior genetically genotypes. Small-
holder farmers in South Africa grow unimproved dessert
watermelon landraces which exhibit great morphological
diversity such as variation in fruit shape, exocarp colouring
patterns and seed morphology (Hashizume et al., 2003).
Dessert watermelon landraces grown and maintained by
small-holder farmers in the country could be useful
germplasm to improve yield and yield related traits, quality,
biotic and abiotic stresses tolerance. Therefore, it is important
to develop systematic genetic groupings using diverse genetic
pool of watermelon adapted to local growing conditions. This
will assist in developing varieties in a reduced timeline in
South Africa or other breeding programs. The efficiency of
genetic classification of genotypes based on genetic distance
estimates depends on the availability of polymorphic SSR
markers. Therefore, the objective of this study was to
determine the genetic diversity present among dessert
watermelon landraces widely grown in South Africa using
SSR markers and to select genetically diverse and
complimentary genotypes for breeding and/or conservation.

Results
Polymorphism and allelic diversity of SSR markers

Estimates of genetic parameters are presented in Table 3. The
SSR markers generated a total of 94 putative alleles (different
fragment sizes) among the dessert watermelon landraces.
Number of alleles ranged from 2 for the marker MCP1-03 to
19 for marker BVWS00433 with a mean of 9.4 per locus.
Number of effective alleles ranged from 1.07 to 9.94 with a
mean of 4.61. Observed heterozygosity (H,) values ranged
from 0.07 (MCPI-03) to 1.00 (MCPI-37) with a mean of
0.53, suggesting almost half of the loci were heterozygous
and the remaining half of the loci reached acceptable level of
homozygosity. Expected heterozygosity (H), as a measure of
total gene diversity; ranged from 0.07 (MCPI-03) to 0.91
(BVWS00433) with a mean of 0.66, suggesting that 66% of
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the genetic individuals are expected to be heterozygous at a
given locus under random mating conditions. Fixation index
(F) exhibited contrasting values ranging from -0.47 to 0.62
with a mean of 0.18. F represents the average deviation of the
population's genotypic proportions from Hardy-Weinberg
equilibrium for a locus and the values range from 0 to 1. A
negative F value represents an excess of heterozygotes. For
example, for locus MCPI-37, 69% of the dessert watermelon
landraces are expected to be heterozygous at the specific
locus under random mating conditions; however, 100% of the
genotypes at this locus were heterozygotes. This may be due
to the high outcrossing nature of dessert watermelon or
mutations at the specific loci. The polymorphic information
content for the 10 SSR markers ranged from 0.06 to 0.90,
with a mean of 0.65. Over 80% of the SSR-loci had PIC
values of > 0.65, indicating an adequate discriminatory
power of individual SSR loci used in the study. This
suggested the potential of these loci for genetic diversity
analysis in watermelon. The mean highest allele frequency
was 0.47. Genetic differentiation (Fst) ranged from 0.01 to
0.04 with a mean of 0.02. A low mean value of Fsr implies
that the dessert watermelon landraces are not genetically
different. An indirect estimate of gene flow (N,) ranged from
3.68 to 63.42 with a mean of 18.98, suggesting high
exchange of genes between the studied materials.

Genetic variability within and among populations

Genetic parameter estimates among dessert watermelon
populations based on district of collection are presented in
Table 4. The mean observed and effective number of detected
alleles was higher for Waterberg District compared to
Capricorn District, suggesting the existence of genetically
diverse and unique landraces from Waterberg District.
Shannon’s information index was much higher in Waterberg
District (1.56) compared to Capricorn District (1.31). The
mean observed and expected heterozygosity was 0.51 and
0.63 for Capricorn District and 0.55 and 0.69 for Waterberg
District, respectively. No differences were observed between
the two Districts with regards to fixation index. The lowest F-
value detected in Waterberg and Capricorn Districts suggests
the environment may favor out crossing in this districts.
Highest number private alleles per population were detected
in Waterberg District (34) compared to Capricorn District
(15). Polymorphic information content was 0.60 and 0.67 for
Capricorn and Waterberg Districts, respectively (Table 4).

Analysis of molecular variance

Analysis of molecular variance (AMOVA) among dessert
watermelon populations are shown in Table 5. Non-
significant (P > 0.05) differences of molecular variation were
detected among populations. However, highly significant
differences (P < 0.001) of molecular variation were observed
among and within individuals. The largest genetic variability
(75%) was attributed to variation within individuals, whereas
25% of the total variation was explained by variation among
individuals (Table 5). These suggest that dessert watermelon
populations had slightly higher and significant contribution to
the total molecular variances observed hence the much higher
variation detected within individuals.

Cluster analysis
Genetic relationships among the dessert watermelon

landraces was examined using neighbour-joining algorithm
using the unweighted pair group method (UPGMA). The



Table 1. List of 31 dessert watermelon landraces used in the study with collection districts in Limpopo Province of South Africa.

Sr. No. Entry Location District Sr. No. Entry Location District
1 SWM-01 Ga-Kgoroshi Capricorn 17 SWM-26 Ga-Kgoroshi Capricorn
2 SWM-02 Kgohloane Capricorn 18 SWM-27 Ga-Kgoroshi Capricorn
3 SWM-04 Kgohloane Capricorn 19 SWM-29 Ga-Kgoroshi Capricorn
4 SWM-05 Kgohloane Capricorn 20 SWM-28 Ga-Kgoroshi Capricorn
5 SWM-06 Kgohloane Capricorn 21 SWM-30 Ga-Kgoroshi Capricorn
6 SWM-07 Kgohloane Capricorn 22 SWM-31 Ga-Kgoroshi Capricorn
7 SWM-10 Maeteletsa Waterberg 23 SWM-32 Thabaleshoba Waterberg
8 SWM-13 Maeteletsa Waterberg 24 SWM-33 Thabaleshoba Waterberg
9 SWM -14 Maeteletsa Waterberg 25 SWM-34 Thabaleshoba Waterberg
10 SWM-15 Maeteletsa Waterberg 26 SWM-35 Thabaleshoba Waterberg
11 SWM-18 Maeteletsa Waterberg 27 SWM-36 Thabaleshoba Waterberg
12 SWM-20 Ga-Molepo Capricorn 28 SWM-38 Thabaleshoba Waterberg
13 SWM-21 Ga-Molepo Capricorn 29 SWM-39 Thabaleshoba Waterberg
14 SWM-22 Ga-Molepo Capricorn 30 SWM-40 Thabaleshoba Waterberg
15 SWM-24 Kgohloane Capricorn 31 SWM-41 Thabaleshoba Waterberg
16 SWM-25 Ga-Kgoroshi Capricorn

Sr. No: Serial number

Table 2. Description of the simple sequence repeats (SSR) primers used for dessert watermelon genetic diversity analysis.

SSR Primer Forward primer (5'—3") Reverse primer (3'—>5") PIC
MCPI-03 GCATAAACCACCTGTGAGTGG ATGGCTTTGCGTTTCATTTC 0.80W
MCPI-12 GGAGTAGTGGTGGAGACATGG TCCTTTCTCTTTCGCAAACTTC 0.80
MCPI-37 AATCTTCCCCATGCCAAAAC GACTTCCAAACCCTCCCTTC 0.87
MCPI-21 AAAGTTTTCATGCCAACGTATC TCAGCCAATATGGTCAAATAGC 0.88
MCPI-13 TTCCTGTTTCATGATTCTCCAC TCAGAATGGAGCCATTAACTTG 0.88
MCPI-14 TCAAATCCAACCAAATATTGC GAGAAGGAAACATCACCAACG 0.97
BVWS01734 AAAATTACATCTTAAATGCGCC GGAACATTGACTTCAATCAGCA 0.74®
BVWS00433 TCTTTTAAGTTTTGAGGGAGAGC TTCCCAAGCTAGCCTTTTCA 0.82
BVWS00209 TGCTTCAAAATCTATTCACAATTTGC TTCTTGGTTTCGGGTTTCTTTACA 0.79
BVWS00228 GGAAGAGTGAGGTGATAAATCAATATGT AATTGGCCCAAATATCCATATGAC 0.74

PIC: Polymorphic information content; @ Joobeur et al. (2006); @ Zhang et al. (2016)

Table 3. Genetic parameters generated by 10 SSR markers among dessert watermelon landrace collections of South Africa.

Fragment Genetic parameters

Loci sizerange  N,W N, Ho He F PIC HAF Fst N,

MCPI-03 225-255 2 1.07 0.07 0.07 -0.03 0.06 0.97 0.04 6.50
MCPI-12 157-255 5 3.00 0.77 0.68 -0.15 0.67 0.50 0.00 63.42
MCPI-37 120-250 8 3.15 1.00 0.69 -0.47 0.68 0.45 0.01 2437
MCPI-21 171-250 7 2.51 0.23 0.61 0.62 0.60 0.58 0.01 34.48
MCPI-13 195-250 10 4.46 0.38 0.79 0.51 0.78 0.40 0.06 3.68
MCPI-14 198-310 4 1.35 0.16 0.27 0.38 0.26 0.85 0.02 13.91
BVWS01734 120-278 13 6.04 0.93 0.85 -0.12 0.83 0.25 0.02 13.28
BVWS00433 217-306 19 9.94 0.83 0.91 0.07 0.90 0.22 0.02 13.53
BVWS00209 135-233 13 7.11 0.37 0.87 0.57 0.86 0.23 0.03 7.73
BVWS00228 135-233 13 7.50 053 0.88 0.38 0.87 0.22 0.03 8.87
Mean - 94 461 053 0.66 0.18 0.65 0.47 0.02 18.98
SE - 1.6 093 0.11 0.09 0.12 0.09 0.08 0.01 5.73

@'N,: Number of alleles per locus; N, number of effective alleles per locus; H,: observed heterozygosity; H: expected heterozygosity; F: Fixation index, PIC: polymorphic
information content; HAF: the highest allele frequency per locus; Fst: Genetic differentiation; Ny,: Gene flow; SE: Standard error.

Legend
Rainfall - Mean annual

0 25 50 100 150 200
- — T— Gl Ometers

Fig 1. Map of the Limpopo Province of South Africa showing the two districts (circled in black) where the dessert watermelon
landraces were collected.
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swm-22

11b |:SWM-14
swm-12

Fig 2. Dendogram using neighbor-joining algorithm using the unweighted pair group method (UPGMA) revealing genetic
relationships among dessert watermelon landraces based on SSR markers. la, b, Ic, Id, le and If; lla, Ilb, Ilc and Ild; and Illa and
I11b denote subgroups within the clusters. See codes of genotypes in Table 1.

Table 4. Genetic parameter estimates of dessert watermelon populations based on districts of collection.

Genetic parameters

Populations/Districts N® N, N, I H, H, F PA PIC
Capricorn 16.4 6.00 3.70 1.31 0.51 0.63 0.18 15.00 0.60
Waterberg 13.7 7.90 4.85 1.56 0.55 0.69 0.17 34.00 0.67
Mean 15.1 6.95 4.27 1.44 0.53 0.66 0.17 - 0.64
SE 0.3 0.86 0.58 0.16 0.07 0.06 0.08 - 0.03

WN: Number of observations; Na: number of alleles per locus; Ne: number of effective alleles per locus; I: Shannon’s information index; Ho: observed heterozygosity; He:
expected heterozygosity; F: Fixation index; PA: Private allele per population; PIC: Polymorphic information content.

Table 5. Analysis of molecular variance among and within the dessert watermelon landraces.

Source of variation dfi¥ SS MS Est. Perc. F-statistics
Var. Var.

Among populations 1 4.520 4.520 0.009 0% 0.309

Among individuals 29 123.061 4.243 0.848 25% 0.001

Within individuals 31 79.000 2.548 2.548 75% 0.001

Total 61 206.581 - 3.405 100%

Mdf: degrees of freedom; SS: sum of squares; MS: mean squares; Est. var: estimated variance; Perc. Var: percentage variance.

analyses indicated the presence of three distinct clusters
namely: cluster I, cluster 1l and cluster 1l1 (Fig. 2). Cluster |
was further sub-divided into six sub-clusters consisting of 15
landraces. Cluster Il consisted of four sub-clusters with 13
landraces. Cluster I11 contained two sub-clusters consisting of
three landrace collections. Overall, the cluster analysis
allowed selection of unique and genetically complementary
landraces based on their high dissimilarity index for breeding
and conservation. Landraces selected from cluster | included
SWM-39, SWM-01, SWM-04, SWM-27, SWM-24, SWM-
10 and SWM-36, selections from cluster 11 were: SWM-35,
SWM-21, SWM-02, SWM-34, SWM-07 and SWM-31; and
SWM-22 and SWM-18 selected from cluster Ill. These
selections are recommended for subsequent phenotypic
characterization to select complementary genotypes with
promising horticultural attributes for effective breeding.

Discussion

The present study assessed genetic diversity of South African
dessert watermelon landraces using SSR markers. The SSR
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markers generated a total of 94 putative alleles (Table 3).
This was higher than 41 alleles detected by de Gama et al.
(2013) among dessert watermelon accessions. Sheng et al.
(2012) detected a total of 94 putative alleles, similar to the
current study. However, this was lower than 133, 101 and
795 alleles detected by Zhang et al. (2016), Wang et al.
(2015) and Reddy et al. (2015) among watermelon
accessions, respectively. Nimmakayala et al. (2009) reported
a total of 169 alleles amplified in watermelon accessions. In
the current study the number of alleles per locus ranged from
2 to 19, with a mean of 9.4. This was higher than the range
from 2 to 7 alleles (mean = 3.7) reported by Zhang et al.
(2012). Jarret et al. (1997) reported an average of 4.7 alleles
per locus in 32 watermelon accessions which was lower than
those observed in the current study. Similarly, Guerra-Sanz
(2002) reported 1 to 8 alleles (average = 3.6) in eight
watermelon genotypes which was also lower than those
observed in the study. The number of effective alleles (N)
ranged from 1.07 to 9.94 with a mean of 4.61. Reddy et al.
(2015) reported mean N, value of 1.54 ranging from 1.00 to
3.16 lower than the current study. Observed heterozygosity



(H,) values ranged from 0.07 to 1.00 with a mean of 0.53.
Expected heterozygosity (H.), as a measure of total gene
diversity, ranged from 0.07 to 0.91 with a mean of 0.66. The
H, and H. values observed in the current study are higher
than the mean value of 0.31 and 0.38 reported by Minsart et
al. (2011) among watermelon accessions. Reddy et al. (2015)
reported a mean gene diversity (H¢) of 0.34 among 90 dessert
watermelon genotypes lower than the current study. These
differences are probably due to higher number of detected
alleles per locus (Nyaligwa et al., 2015) and the outcrossing
nature of dessert watermelon. The high mean value for
expected heterozygosity in this study suggests a high level of
heterozygosity among the tested dessert watermelon landrace
collections. The mean fixation index recorded in the present
study was 0.18 suggesting that watermelon populations were
relatively heterozygous, which is explained by the
outcrossing nature of the crop. The polymorphic information
content (PIC) ranged from 0.06 to 0.90, with a mean of 0.65.
Kwon et al. (2010) reported PIC values ranging from 0.22 to
0.80 with a mean of 0.50 lower than the current study. Zhao
et al. (2014) reported PIC values ranging from 0.04 to 0.67
with a mean of 0.39 lower than the current study. Minsart et
al. (2011) and de Gama et al. (2013) also reported mean PIC
values of 0.37 and 0.39, respectively also lower than the
current study. The high levels of polymorphism observed in
the current study could be due to large genome size,
outcrossing nature and heterozygosity of watermelon. Also,
differences in PIC values may be due to the polymorphism of
the SSR markers used and genetic differences among the
South African dessert watermelon landraces. The PIC values
of loci provide an estimate of the discriminatory power of
loci, considering the number of alleles and their relative
frequencies (Smith et al., 2000). In this study, over 80% of
the SSR-loci in this study had PIC value of > 0.65, indicating
an adequate discriminatory power of individual SSR loci
used in the study. Analysis of molecular variance (AMOVA)
among dessert watermelon populations revealed 0, 25 and
75% of the variation was attributable to among populations,
among and within individuals, respectively (Table 5). Results
of the present study agree with Mujaju et al. (2011) and
Minsart et al. (2011) who reported similar trends among and
between watermelon accessions. de Gama et al. (2013) also
reported 68 and 32% variation within and among watermelon
accessions respectively. The magnitudes of between and
within population differentiation were quantified using the F-
statistics according to Wright (1951). Genetic differentiation
and gene flow are important parameters for evaluating the
genetic structure of populations. A low genetic differentiation
(0.02) was detected among the tested landraces (Table 3).
According to Wright (1978), Fsr values ranging from 0 to
0.005 indicates low, 0.05-0.15 moderate, 0.15-0.25 high, and
above 0.25 very high genetic differentiations. The low
genetic differentiation could be attributed to the high level of
gene flow among the landraces. In this study, the mean flow
among the landraces was 18.98, suggesting a high genetic
introgression (Table 3). Similar results were reported by
Reddy et al. (2015) with a low genetic differentiation (Fst)
value of 0.04 and high gene flow value (N,,) of 69.63 among
dessert watermelon genotypes. According to Morjan and
Rieseberg (2004), gene flow < 1 is considered to be low
whereas N, = 1 is considered to be moderate. Moderate or
relatively low levels of gene flow can significantly reduce
loss of genetic diversity (Djé et al., 1999; Aguilar et al.,
2008). The high level of gene flow observed may be
attributed to an exchange of genetic materials (Bhawna et al.,
2014) between farmers leading to low levels of genetic
differentiation (Bhawna et al., 2015). Also, high gene flow
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could be attributed to a high degree of movement of
germplasm probably through frequent seed exchange among
farmers. This practice results in low genetic variability
among individuals within populations (Bhawna et al., 2015).
Cluster analysis revealed three main genetic groups among
the tested dessert watermelon landraces revealing great
genetic diversity for breeding and strategic conservation (Fig.
2). Dessert watermelon has a narrow genetic base (Levi et al.,
2001; Hwang et al., 2011) probably due to many years of
domestication and selection for desirable horticultural traits
(Levi et al., 2001; Dane and Liu, 2007; Minsart et al., 2011).
Therefore, continued search, identification and selection of
unique genotypes is important for sustainable production of
dessert watermelon (Sheng et al., 2012; Zhang et al., 2012;
Yang et al., 2016).

Materials and methods
Plant materials

Thirty one dessert watermelon landraces collected from
Capricorn and Waterberg districts of the Limpopo Province
of South Africa were used in the study. Table 1 summarises
information related to the collection sites of landraces. The
map showing the collection sites of the dessert watermelon
samples is also shown in Fig. 1.

DNA extraction, purification and quantification

Seed of diverse dessert watermelon landraces were planted in
2 litre capacity polyethylene pots at the Controlled Research
Facility (CEF), University of KwaZulu-Natal,
Pietermaritzburg (29°37°51.75” S; 30°23°59.10” E), South
Africa. Young fresh leaves were harvested from 40 plants per
landrace six weeks after planting. The leaf samples were sent
to INCOTEC PROTEIOS laboratory (Incotech, SA Pty Ltd,
Mkondeni, Pietermaritzburg, South Africa) for SSR analysis.
The DNA was extracted following the CTAB (mixed
alkyltrimethyl-ammonium bromide protocol) as described by
CIMMYT (2005). The concentration of the extracted DNA
was determined using 0.7% Tris-Borate-EDTA (TBE)
agarose gel. A working concentration of 10 ng pl™ was
standardized for all extracted DNA (Erasmus, 2008). The
samples were bulked and used in SSR amplification.

PCR and SSR analyses

All samples were used in bulked amplification, using DNA
extracted from the leaf material. SSR sequences were
amplified through polymerase chain reaction (PCR) using
SSR primers specific for watermelon. Ten SSR markers were
used for the analysis (Table 2) and were selected based on
their high polymorphic information content and being
developed specifically for watermelon (Joobeur et al., 2006;
Zhang et al., 2012). High polymorphic information content
values suggest markers may have high discriminatory power
to distinguish differences between genotypes. PCR was
performed using 12 ul of reaction mixture containing 1 x
PCR buffer, 2.5 mM Mg*™, 0.2 pl each of dNTPs (Bioline), 1
unit of Taq polymerase (Bioline ) and 5-10 ng of genomic
DNA. Primers were labeled with a 104 fluorescent dye. Two
primers were provided for the amplification of each SSR
locus: one tailed forward primer (0.25 pmol) and one normal
reverse primer (0.25 umol). The initial denaturation step was
performed at 94°C for 2 minutes, followed by 33 cycles at
94°C for 30 seconds. Annealing of primer at primer specific
3°C for 30 seconds and 72°C for 45 seconds with a final



extension for 20 m minutes (Erasmus, 2008). PCR products
were fluorescently labelled and separated by capillary
electrophoresis on an ABI 3130 automatic sequencer
(Applied Biosystems, Johannesburg, South Africa).

Data analysis
Genetic diversity analysis

Two approaches were adopted to investigate the genetic
structure and diversity among the dessert watermelon
landraces. In the first approach, polymorphisms were treated
as binary data (presence or absence). However, to determine
the genetic structure within and among landraces, a second
approach based on the co-dominant nature of the marker was
adopted using GenAlex version 6.5 (Peakall and Smouse,
2012). Genetic diversity parameters, such as number of
alleles per locus (N,), number of effective alleles per locus
(N.), observed (H,) and expected (H,) heterozygosity and
Shannon's Information Index (I) were calculated using
GenAlex version 6.5 (Peakall and Smouse, 2012) according
to the protocol described by Nei and Li (1979). Further, an
indirect estimate of the level of gene flow (N,,) between the
genotypes was calculated using the formula: Nm = 0.25 (1 -
Fsr/Fgr) using GenAlex. Polymorphic information content
(PIC) was calculated using the formula: PIC =} Pijz, where
P; is the frequency of j" allele of the i locus (Nagy et al.,
2012). The F-statistics such as genetic differentiation (Fs7),
fixation index or inbreeding coefficient (Fis) and overall
fixation index (F;) were calculated according to Wright's
original derivation (Wright, 1951).

Genetic distance and cluster analysis

The binary data was used to obtain dissimilarity matrix using

the Jaccard index. The matrix was then used to perform

cluster analysis based on neighbor-joining algorithm using
the unweighted pair group method (UPGMA) using Darwin

5.0 (Perrier and Jacquemoud-Collet, 2006). A dendrogram

was then generated on the dissimilarity matrix. Bootstrap
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for robust genotyping purposes in Lagenaria siceraria. Sci
Hortic. 191:15-24.
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Verma M (2014) Population structure and genetic diversity
in bottle gourd [Lagenaria siceraria (Mol.) Standl.]
germplasm from India assessed by ISSR markers. Plant
Syst Evol. 300:767-773.

Che KP, Liang CY, Wang YG, Jin DM, Wang B (2003)
Genetic assessment of watermelon germplasm using the
AFLP technique. HortScience. 38:81-84.

Chomicki G, Renner SS (2015) Watermelon origin solved
with molecular phylogenetics including Linnaean material:
another example of museomics. New Phytol. 205 526-532.

CIMMYT (2005) Laboratory Protocols: CIMMYT applied
molecular genetics laboratory 3rd edn. CIMMYT, Mexico.

Dane F, Liu J (2007) Diversity and origin of cultivated and
citron type watermelon (Citrullus lanatus). Genet Resour
Crop Evol. 54:1255-1265.
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analysis was performed for node construction using 10,000
bootstrap values to estimate the reliability of the clustering
pattern.

Analysis of molecular variance

The partitioning of total genetic variation using Analysis of
Molecular Variance (AMOVA) was performed to estimate
population genetic structure and differentiation among and
within dessert watermelon landrace collections. AMOVA
uses the estimated F- statistics such as Fst, Fis, and Fir to
compare the genetic structure among and within populations.
For easy management and utilization, the total molecular
variance was dissected into within and among population
variations. The AMOVA procedure was performed using
GenAlex 6.5 according to Nei (1978).

Conclusion

The present study revealed the presence of genetic diversity
among South African dessert watermelon landrace
collections. Genetically unique landraces such as SWM-39,
SWM-01, SWM-04, SWM-27, SWM-24, SWM-10 and
SWM-36 from cluster I; SWM-35, SWM-21, SWM-02,
SWM-34, SWM-07 and SWM-31 from cluster Il; and SWM-
22 and SWM-18 from cluster Il were selected based on their
dissimilarity values. These are recommended for further
phenotyping using horticultural attributes for breeding and
systematic conservation.
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