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Moreover, with each generation during the breeding pro-
cess, only a few seeds from the best plants formed the next 
generation. This winnowing effect can exacerbate a genetic 
bottleneck, and further reduce genetic diversity throughout 
the genome (Doebley et al. 2006). The extent of  this loss of  
diversity depends on the initial population size during domes-
tication (Doebley et al. 2006). However, this loss in diversity 
is not experienced equally by all genes in the genome (Gross 
and Olsen 2010). For instance, generally genetic bottlenecks 
will not influence the diversity levels of  neutral genes that 
are not linked to agronomic traits in domesticated organisms. 
However, genes that influence important traits favored by 
humans will experience a greater loss of  diversity, because 
plants carrying these alleles contribute the most next-gener-
ation progeny, as other alleles are eliminated from the popu-
lation (Glaszmann et al. 2010). Another important factor is 
that balancing or diversifying selection can increase optimal 
phenotypes. A  non-shattering phenotype in grain crops is 
an example of  balancing selection for maintaining an ade-
quate balance between harvesting and threshing (Zhang et al. 
2009). Alternatively, conscious selection or gene flow from 
wild or weedy relatives can increase genetic diversity while 
the cultivated genome is under a selective sweep (Gross and 
Olsen 2010). Genomic scans for the signature of  selection 
offer a means of  identifying new genes of  agronomic impor-
tance, even when the gene function and the phenotype of  
interest are yet unknown (Doebley et al. 2006).

Our current study generated genome-wide scans for 
locating selective sweep and balancing selection, and it iden-
tified important genes corresponding to these regions. By 
resequencing 20 watermelon accessions that belong to vul-
garis, mucosospermus, and wild subsp. lanatus, Guo et al. (2013) 
identified 108 regions (7.78 Mb in size) containing 741 candi-
date genes. The region contains gene categories for the rec-
ognition of  pollen and for pollen–pistil interaction, a large 
cluster of  12 tandemly arrayed S-locus protein kinase genes, 
and genes involved in plant responses to abiotic and biotic 
stresses (Guo et al. (2013). Furthermore, Guo et al. (2013) 
identified genes related to several known selected traits 
including carbohydrate metabolism, fruit flavor (terpene 
metabolism), and seed oil content (fatty acid metabolism) in 
the regions of  selective sweep.

Guo et al. (2013) studied 11 accessions of  sweet water-
melon to characterize selective sweep. Selective sweeps 
characterized using too small of  sample size can cause bias 
because of  narrow genetic diversity, limited population his-
tory, selection timing, phasing error, and false LD resolution 
(Tang et al. 2007; Granka et al. 2012; Qanbari et al. 2012). We 
used genome-wide microsatellites in 90 diverse sweet water-
melon accessions in our current study, in contrast to the 11 
accessions used by Guo et  al. (2013). Furthermore, micro-
satellite markers are more highly polymorphic than biallelic 
SNPs. Therefore, microsatellites can resolve balancing selec-
tion more efficiently than SNPs, primarily because microsat-
ellites amplify more alleles in diverse populations. We used a 
sliding window approach to analyze genome-wide population 
differentiation and fixation indices, along with heterozygosity 
levels estimated across the chromosomes. We corroborated 
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several genomic regions under selective sweep previously 
described by Guo et al. (2013). Vigouroux et al. (2002) iden-
tified 15 SSRs that exhibited evidence for selection in maize 
using a similar research approach as ours, and concluded 
that non-neutral SSRs are good candidates for agronomi-
cally important genes. Our study used microsatellite alleles 
and entire world collections to characterize thirty genomic 
regions under selective sweep. Because microsatellite alleles 
are mutational hot spots, using them for characterizing 
genomic regions undergoing selection may provide addi-
tional information, compared with characterizing genome-
wide selection using SNPs.

A major challenge remaining is how to distinguish true sig-
nals from those due to genetic drift caused by narrow genetic 
diversity (Tang et al. 2007; Granka et al. 2012; Qanbari et al. 
2012). A possible solution is to estimate selective sweeps by 
analyzing diverse populations collected from various geo-
graphic areas with diverse marker sets, hypothesizing that 
true signals generated by selection would overlap across the 
populations (Qanbari et al. 2012). We are currently undertak-
ing this, along with the validation of  results obtained from 
larger populations of  sweet watermelons.

It is still unclear whether crop plant recombination rates 
are positively associated with genetic diversity, despite con-
siderable debate (Bauer et al. 2013). Bauer et al. (2013) char-
acterized the recombination rate across the maize genome as 
highly variable. Recombination hot spots have been hypoth-
esized to positively associate with genetic diversity, at least 
as demonstrated in human genetic diversity (Spencer et  al. 
2006). In this study, we noted that the recombination rate 
varies among and within chromosomes. In LD blocks, the 
recombination rate is quite low compared with the rest of  the 
chromosomes. Recombination rates observed in the current 
research are comparable to those previously estimated (Ren 
et al. 2012).

Individual marker allele frequencies are very critical in 
association mapping studies. All the linked markers in our 
current research have an allele frequency of  0.15 or more. 
Out of  96 accessions a causative allele needs to be present in 
at least 12 individuals or more to infer association. Our cur-
rent research identified important genes containing micro-
satellite motifs in UTR and promoter regions exhibiting 
associations with fruit length. BVWS01708 and BVWS00358 
both showed linkage to fruit length. BVWS01708 is located 
near the promoter TATA box of  a DTW domain-containing 
protein. BVWS00358 is a GAGA type transcription factor 
in the 5′ UTR of  a gene that expresses a C2H2 Zinc finger 
motif. Interestingly, these microsatellites containing GA and 
TA type repeats are specific to GAGA and TATA motifs in 
the watermelon genome. Furthermore, the typical American 
ecotype is characterized by elongated fruit length (oval 
shape), compared with the typical African and Asian ecotypes 
(round shape), so these 2 microsatellites, BVWS00358 and 
BVWS01708, might have important roles in ecotype dif-
ferentiation. None of  the QTLs mapped in the current 
study could be validated with the previously mapped QTLs 
by Sandlin et  al. (2012). This may be due to the mapping 

population used in Sandlin et al. (2012) research, which were 
derived from wide crosses.

Analysis of  sweet watermelon genome population 
structure, recombination rate, and selective sweeps will be 
immensely useful in the design of  association mapping stud-
ies. The extensive resequencing of  several sweet watermelon 
accessions around the world, along with wild-type counter-
parts, facilitated by the rapid progress in sequencing and anal-
ysis tools currently underway, will further facilitate generating 
genome scans for selective sweeps, and thereby, for mining 
novel alleles to improve horticulturally important traits.

Supplementary Material

Supplementary material can be found at http://www.jhered.
oxfordjournals.org/.

Funding
USDA-NIFA (2013-38821-21453), NSF-EPSCOR#1003907, 
Gus R.  Douglass Institute and NIH grant number 
P20RR016477.

Acknowledgments
We declare that we have no conflict of  interest. The authors thank GRDI 
graduate assistantships for L. Abburi. The authors are grateful to R. Jarret, 
Plant Genetic Resources Conservation Unit, USDA-ARS (Griffin, GA) for 
providing the seeds of  germplasm accessions.

References
Bauer E, Falque M, Walter H, Bauland C, Camisan C, Campo L, Meyer N, 
Ranc N, Rincent R, Schipprack W, et  al. 2013. Intraspecific variation of  
recombination rate in maize. Genome Biol. 14:R103.

Benjamini Y, Hochberg Y. 1995. Controlling the false discovery rate: a 
practical and powerful approach to multiple testing. J Roy Stat Soc Series B 
(Methodological). 57:289–300. 

Bradbury PJ, Zhang Z, Kroon DE, Casstevens TM, Ramdoss Y, Buckler 
ES. 2007. TASSEL: software for association mapping of  complex traits in 
diverse samples. Bioinformatics. 23:2633–2635.

Cavagnaro PF, Chung SM, Manin S, Yildiz M, Ali A, Alessandro MS, Iorizzo 
M, Senalik DA, Simon PW. 2011. Microsatellite isolation and marker devel-
opment in carrot - genomic distribution, linkage mapping, genetic diver-
sity analysis and marker transferability across Apiaceae. BMC Genomics. 
12:386.

Cavagnaro PF, Senalik DA, Yang L, Simon PW, Harkins TT, Kodira CD, 
Huang S, Weng Y. 2010. Genome-wide characterization of  simple sequence 
repeats in cucumber (Cucumis sativus L.). BMC Genomics. 11:569.

Córdoba JM, Chavarro C, Schlueter JA, Jackson SA, Blair MW. 2010. 
Integration of  physical and genetic maps of  common bean through BAC-
derived microsatellite markers. BMC Genomics. 11:436.

Crossa J, Franco J. 2004. Statistical methods for classifying genotypes. 
Euphytica. 137:19–37.

Dane F, Liu J. 2007. Diversity and origin of  cultivated and citron type water-
melon (Citrullus lanatus). Genetic Resour Crop Evol. 54:1255–1265.

Doebley JF, Gaut BS, Smith BD. 2006. The molecular genetics of  crop 
domestication. Cell. 127:1309–1321.

 at D
 H

 H
ill L

ibrary - A
cquis D

ept S on O
ctober 5, 2015

http://jhered.oxfordjournals.org/
D

ow
nloaded from

 

http://jhered.oxfordjournals.org/lookup/suppl/doi:10.1093/jhered/esu077/-/DC1
http://jhered.oxfordjournals.org/lookup/suppl/doi:10.1093/jhered/esu077/-/DC1
http://jhered.oxfordjournals.org/


Journal of Heredity 

176

Earl D, Vonholdt B. 2012. STRUCTURE HARVESTER: a website and pro-
gram for visualizing STRUCTURE output and implementing the Evanno 
method. Conserv Genetics Resour. 4:359–361.

Evanno G, Regnaut S, Goudet J. 2005. Detecting the number of  clusters of  
individuals using the software STRUCTURE: a simulation study. Mol Ecol. 
14:2611–2620.

Fursa T. 1972. On the taxonomy of  the genus Citrullus Schad. Bot Zh. 57:31–34.

Glaszmann JC, Kilian B, Upadhyaya HD, Varshney RK. 2010. Accessing 
genetic diversity for crop improvement. Curr Opin Plant Biol. 13:167–173.

Granka JM, Henn BM, Gignoux CR, Kidd JM, Bustamante CD, Feldman 
MW. 2012. Limited evidence for classic selective sweeps in African popula-
tions. Genetics. 192:1049–1064.

Gross BL, Olsen KM. 2010. Genetic perspectives on crop domestication. 
Trends Plant Sci. 15:529–537.

Guo S, Zhang J, Sun H, Salse J, Lucas WJ, Zhang H, Zheng Y, Mao L, Ren Y, 
Wang Z, et al. 2013. The draft genome of  watermelon (Citrullus lanatus) and 
resequencing of  20 diverse accessions. Nat Genet. 45:51–58.

Guo S, Zhang J, Sun H, Salse J, Lucas WJ, Zhang H, Zheng Y, Mao L, Ren Y, 
Wang Z, et al. 2013. The draft genome of  watermelon (Citrullus lanatus) and 
resequencing of  20 diverse accessions. Nat Genet. 45:51–58.

Hamblin MT, Warburton ML, Buckler ES. 2007. Empirical comparison of  
Simple Sequence Repeats and single nucleotide polymorphisms in assess-
ment of  maize diversity and relatedness. PLoS One. 2:e1367.

Jarret RL, Merrick LC, Holms T, Evans J, Aradhya MK. 1997. Simple 
sequence repeats in watermelon (Citrullus lanatus (Thunb.) Matsum. & 
Nakai). Genome. 40:433–441.

Jeffrey C. 2001. Cucurbitaceae. In: P. Hanelt, editor. Mansfeld’s encyclopedia 
of  agricultural and horticultural crops. Vol. 3. Berlin, Heidelberg: Springer. 
p. 1510–1557.

Levi A, Thomas C, Keinath A, Wehner T. 2001. Genetic diversity among 
watermelon (Citrullus lanatus and Citrullus colocynthis) accessions. Genetic 
Resour Crop Evol. 48:559–566.

Levi A, Newman M, Reddy U.K, Zhang X, Xu Y. 2004. ISSR and AFLP 
markers differ among American watermelon cultivars with limited genetic 
diversity. Am Soc Hort Sci. 129:553–558.

Manly BFJ. 1985. The statistics of  natural selection. London: Chapman and 
Hall.

Nimmakayala P, Abburi VL, Abburi L, Alaparthi SB, Cantrell R, Park M, 
Choi D, Hankins G, Malkaram S, Reddy UK. 2014a. Linkage disequilibrium 
and population-structure analysis among Capsicum annuum L. cultivars for use 
in association mapping. Mol Genet Genomics. 289:513–521.  

Nimmakayala P, Abburi VL, Bhandary A, Abburi L, Vajja VG, Reddy R, 
Malkaram S, Venkatramana P, Wijeratne A, Tomason YR, et al. 2014b. Use 
of  VeraCode 384-plex assays for watermelon diversity analysis and inte-
grated genetic map of  watermelon with single nucleotide polymorphisms 
and simple sequence repeats. Mol. Breed. 34:537–548.

Parida SK, Dalal V, Singh AK, Singh NK, Mohapatra T. 2009. Genic non-
coding microsatellites in the rice genome: characterization, marker design 
and use in assessing genetic and evolutionary relationships among domesti-
cated groups. BMC Genomics. 10:140.

Paris HS, Daunay MC, Janick J. 2013. Medieval iconography of  watermelons 
in Mediterranean Europe. Ann Bot. 112:867–879.

Pritchard JK, Stephens M, Donnelly P. 2000. Inference of  population struc-
ture using multilocus genotype data. Genetics. 155:945–959.

Qanbari S, Strom TM, Haberer G, Weigend S, Gheyas AA, Turner F, Burt 
DW, Preisinger R, Gianola D, Simianer H. 2012. A high resolution genome-
wide scan for significant selective sweeps: an application to pooled sequence 
data in laying chickens. PLoS One. 7:e49525.

Ren Y, McGregor C, Zhang Y, Gong G, Zhang H, Guo S, Sun H, Cai W, 
Zhang J, Xu Y. 2014. An integrated genetic map based on four mapping 
populations and quantitative trait loci associated with economically impor-
tant traits in watermelon (Citrullus lanatus). BMC Plant Biol. 14:33.

Ren Y, Zhao H, Kou Q, Jiang J, Guo S, Zhang H, Hou W, Zou X, Sun H, 
Gong G, et al. 2012. A high resolution genetic map anchoring scaffolds of  
the sequenced watermelon genome. PLoS One. 7:e29453.

Romão R. 2000. Northeast Brazil: A secondary center of  diversity for water-
melon (Citrullus lanatus). Genetic Resour Crop Evol. 47:207–213.

Sandlin K, Prothro J, Heesacker A, Khalilian N, Okashah R, Xiang W, 
Bachlava E, Caldwell DG, Taylor CA, Seymour DK, et al. 2012. Comparative 
mapping in watermelon [Citrullus lanatus (Thunb.) Matsum. et Nakai]. Theor 
Appl Genet. 125:1603–1618.

Sandlin K, Prothro J, Heesacker A, Khalilian N, Okashah R, Xiang W, 
Bachlava E, Caldwell DG, Taylor CA, Seymour DK, et al. 2012. Comparative 
mapping in watermelon [Citrullus lanatus (Thunb.) Matsum. et Nakai]. Theor 
Appl Genet. 125:1603–1618.

Schneider,  Roessli D,Excoffier L 2000. Arlequin: a software for population 
genetics data analysis User manual.

Spencer CC, Deloukas P, Hunt S, Mullikin J, Myers S, Silverman B, Donnelly 
P, Bentley D, McVean G. 2006. The influence of  recombination on human 
genetic diversity. PLoS Genet. 2:e148.

Stàgel A, Portis E, Toppino L, Rotino GL, Lanteri S. 2008. Gene-based 
microsatellite development for mapping and phylogeny studies in eggplant. 
BMC Genomics. 9:357.

Sun L, Yang W, Zhang Q, Cheng T, Pan H, Xu Z, Zhang J, Chen C. 2013. 
Genome-wide characterization and linkage mapping of  simple sequence 
repeats in mei (Prunus mume Sieb. et Zucc.). PLoS One. 8:e59562.

Tamura K, Peterson D, Peterson N, Stecher G, Nei M, Kumar S. 2011. MEGA5: 
molecular evolutionary genetics analysis using maximum likelihood, evolution-
ary distance, and maximum parsimony methods. Mol Biol Evol. 28:2731–2739.

Tang K, Thornton KR, Stoneking M. 2007. A new approach for using genome 
scans to detect recent positive selection in the human genome. PLoS Biol. 5:e171.

Zoltán T, Gyulai G, Szabó Z, Horváth L and Heszky L. 2007. Watermelon 
(Citrullus l. lanatus) production in Hungary from the Middle Ages (13th cen-
tury). Hungarian Agric Res. 4:14–19.

Vigouroux Y, McMullen M, Hittinger CT, Houchins K, Schulz L, Kresovich 
S, Matsuoka Y, Doebley J. 2002. Identifying genes of  agronomic impor-
tance in maize by screening microsatellites for evidence of  selection during 
domestication. Proc Natl Acad Sci USA. 99:9650–9655.

Wasylikowa K, Van Der Veen M. 2004. An archaeobotanical contribu-
tion to the history of  watermelon, Citrullus lanatus (Thunb.) Matsum. & 
Nakai(syn.C. vulgaris Schrad.). Veget Hist Archaeobot. 3:213–217.

Watterson GA. 1978. The homozygosity test of  neutrality. Genetics. 
88:405–417.

Weir BS, Cockerham CC. 1984. Estimating F-statistics for the analysis of  
population structure. Evolution. 38:1358–1370. 

Yeh YR, Boyle T 1999. POPGENE Version 1.31. Microsoft Window-based 
Freeware for Population Genetic Analysis Quick User Guide.

Yu J, Buckler ES. 2006. Genetic association mapping and genome organiza-
tion of  maize. Curr Opin Biotechnol. 17:155–160.

Zhang H, Wang H, Guo S, Ren Y, Gong G, Weng Y, Xu Y. 2012. Identification 
and validation of  a core set of  microsatellite markers for genetic diversity 
analysis in watermelon, Citrullus lanatus Thunb. Matsum. Nakai. Euphytica. 
186:329–342.

Zhang LB, Zhu Q, Wu ZQ, Ross-Ibarra J, Gaut BS, Ge S, Sang T. 2009. 
Selection on grain shattering genes and rates of  rice domestication. New 
Phytol. 184:708–720.

Zhao K, Aranzana MJ, Kim S, Lister C, Shindo C, Tang C, Toomajian C, 
Zheng H, Dean C, Marjoram P, et  al. 2007. An Arabidopsis example of  
association mapping in structured samples. PLoS Genet. 3:e4.

Received September 2, 2014; First decision September 10, 2014;  
Accepted October 15, 2014

Corresponding Editor: John Stommel

 at D
 H

 H
ill L

ibrary - A
cquis D

ept S on O
ctober 5, 2015

http://jhered.oxfordjournals.org/
D

ow
nloaded from

 

http://jhered.oxfordjournals.org/

