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cultivated pomegranate collections from India. Our study 
placed all 88 germplasm into four clusters. We identified a 
cultivated clade of pomegranates in close proximity to Daru 
types of wild-type pomegranates that grow naturally near 
the foothills of the Himalayas. Admixture analysis sorted 
various lineages of cultivated pomegranates to their respec-
tive ancestral forms. We identified four linked markers for 
fruit weight, titratable acidity and bacterial blight sever-
ity. PGCT001 was found associated with both fruit weight 
and bacterial blight, and the association with fruit weight 
during both seasons analyzed was significant after Bonfer-
roni correction. This research demonstrates effectiveness of 
microsatellites to resolve population structure among the 
wild and cultivar collection of pomegranates and future use 
for association mapping studies.

Keywords Heterozygosity · Population structure · 
Association mapping · Fruit quality · Bacterial blight · 
Pomegranate

Introduction

Pomegranate (Punica granatum L.) of the Lythraceae 
family is one of the oldest edible fruit known to humans 
and grows naturally in India, Afghanistan and Syria; it 
is a native of Iran. The fruit was domesticated around 
2000 bc (Rana et al. 2007). Although pomegranate is 
widely adapted across the world, the five major produc-
ers of pomegranate are India, Iran, China, the USA and 
Turkey (Holland and Bar-Ya’akov 2014; Teixeira da Silva 
et al. 2013). India gained importance in cultivation of 
pomegranate after 1986; thereafter, it steadily increased 
to become first in cultivation at the global level, with 
approximately 113 thousand ha under cultivation and 

Abstract This genetic diversity study aimed to estimate 
the population structure and explore the use of association 
mapping strategies to identify linked markers for bacterial 
resistance, growth and fruit quality in pomegranate col-
lections from India. In total, 88 accessions including 37 
cultivated types were investigated. A total of 112 alleles 
were amplified by use of 44 publicly available microsatel-
lites for estimating molecular genetic diversity and popu-
lation structure. Neighbor-joining analysis, model-based 
population structure and principal component analysis cor-
roborated the genetic relationships among wild-type and 
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0.745 million tons produced during 2012–2013 (Rana 
et al. 2007). Metabolome analysis revealed that pome-
granate aril, seed, rind, flower, bark and root contain a 
wide range of phytochemicals, including gallotannins, 
ellagic acid, flavonoids, antioxidants, terpenoids and alka-
loids (Mayuoni-Kirshinbaum and Porat 2014; Ophir et al. 
2014; Ahmed et al. 2014; Aslan et al. 2014; Bellesia et al. 
2014; Caliskan and Bayazit 2013). Pomegranate is one of 
the important commercial fruit crops across the world and 
considered to be valuable because of the health-promoting 
traits in edible and nonedible parts of the fruit that can be 
used for a wide range of human diseases including can-
cers, diabetics, obesity, Alzheimer’s disease and hyperten-
sion (Jalikop et al. 2005; Dassprakash et al. 2012; Malviya 
et al. 2014; Mehrzadi et al. 2014; Rafieian-Kopaei et al. 
2014; Subash et al. 2015; Bellesia et al. 2014; Wang et al. 
2015). Genetic diversity studies of pomegranate have been 
carried out by several groups in India, Turkey, Morocco, 
Iran, Tunisia, Spain, Italy and China who used various 
molecular marker tools (Ajal et al. 2014; Ercisli et al. 
2011a, b; Ferrara et al. 2014; Narzary et al. 2010; Sark-
hosh et al. 2011; Caliskan and Bayazit 2013; Noormo-
hammadi et al. 2012; Omayma et al. 2014; Zeinalabedini 
et al. 2012; Zhang et al. 2012; Yuan et al. 2007; Zhao et al. 
2013). Genetic analysis of this valuable crop requires sev-
eral critical steps that include accurate phenotyping for 
various tree growth and fruit traits along with reliable and 
reproducible genotyping with sequence-based markers 
rather than randomly amplified dominant markers. Simple 
sequence repeats (SSRs), also known as microsatellites, 
produce codominant, multi-allelic, reproducible bands 
on amplification and were developed by several groups 
for use in Punica spp. (Curro et al. 2010; Hasnaoui et al. 
2012; Pirseyedi et al. 2010; Jian et al. 2012; Soriano et al. 
2011). SSR markers can resolve population structure pre-
cisely because they are highly polymorphic markers and 
are reproducible for use in marker-assisted selection pro-
grams (Nimmakayala et al. 2014). So far, no molecular 
diversity studies involving SSR markers have investigated 
a large collection of pomegranate from India. The current 
genetic diversity study used microsatellites to estimate 
population structure among the collections of pomegran-
ate from India and association mapping for various traits 
in pomegranate.

Identification of linked markers underlying important 
growth, disease resistance and quality traits is of paramount 
importance for pomegranate. Such an endeavor will facili-
tate marker-assisted selection and help in planning future 
improvement programs by selecting parents with favorable 
alleles. An examination of population structure and genetic 
diversity at the molecular level of diverse Punica collec-
tions allowed for identifying quantitative trait loci (QTL) 
by model-based association mapping of various traits. A 

unified, mixed-model approach for association mapping 
combined with a population structure analysis is a depend-
able and robust system for identifying reliable QTL (Yu 
and Buckler 2006; Zhao et al. 2007).

Bacterial blight (Xanthomonas axonopodis pv. puni-
cae), first reported in India in 1952 (Hingorani and Mehta 
1952), is a devastating disease of pomegranate that results 
in heavy economic loss (Benagi and Kumar 2009; Chand 
and Kishun 1993; Hingorani and Mehta 1952; Sharma 
et al. 2010). The disease diagnosis depends on visual symp-
toms on plant parts and ooze tests. The disease affects 
almost all plant parts, but fruits are the most vulnerable at 
all growth stages. Bacterial blight on leaves initially forms 
one to several small, regular to irregular greyish black-
water-soaked spots, which increase in size and turn dark 
brown to black and are surrounded by a yellow halo or a 
water-soaked margin (Chand and Kishun 1991; Hingorani 
and Singh 1960). On fruits, water-soaked lesions are first 
seen on the pericarp, which later turn brown to black. Spots 
enlarge and coalesce to cover large areas, but infection is 
restricted to the rind. On these spots, small L- or Y-shaped 
cracks appear, and in dry conditions, the entire fruit splits 
open along the lesions, which renders the fruit unmarket-
able in fresh form (Sharma et al. 2012). Current research 
has focused on identifying linked molecular markers for 
bacterial blight, along with other horticulturally important 
traits for pomegranate.

Materials and methods

Our study used 51 wild-type and 37 cultivated pomegran-
ate accessions to maximize molecular diversity (Table 
S1). The entire collection was raised in a nursery by using 
hardwood cuttings with length 20–25 cm and thickness 
8–12 mm. Hardwood cutting-raised plants of all accessions 
were planted in the Field Gene Bank of ICAR-NRCP dur-
ing 2006–2007 at a spacing of 4.5 × 4.0 m in three repli-
cates; traits were recorded during two seasons (2013 and 
2014). Standard management practices were followed 
throughout the growing seasons. Plant height, plant spread, 
fruit weight, 100-aril weight, acidity and total soluble sol-
ids (TSSs) were recorded. Fresh ripe fruits of pomegran-
ate varieties/germplasm at the commercial stage were har-
vested from all directions of the tree canopy. Five fruits 
were randomly selected for each variety per replicate with 
three replicates per variety. In total, 15 fruits of each vari-
ety/accession were individually analyzed for titratable 
acidity and TSSs. The acidity was determined by titration 
against 0.1 N NaOH solution and expressed as citric acid 
per 100 ml juice. TSS was determined by use of a digi-
tal refractometer (model SMART-1, ATAGO, Tokyo) and 
reported as Brix values at 21 °C.



Mol Genet Genomics 

1 3

Scoring for bacterial blight

Bacterial blight data were recorded on 4-year-old trees under 
field conditions at three different times at 45-day intervals 
during 2009 and 2010 under favorable weather conditions 
(temperature 25–32 °C, relative humidity >50 %) to detect 
blight development resulting in high disease severity. Data 
on blight severity were estimated by infection levels of vari-
ous affected parts on a scale from 1 to 5 (CROPSAP 2013) 
(Table S2) by the following formula:

where x is severity on leaves, y on fruits and z on stems, 
and constants 0.1, 0.7 and 0.2 are the weight given to sever-
ity on various units based on the economic damage due to 
infection on these parts.

Observations were made on three different plants of each 
accession and means were calculated. The total number of 
stem cankers on stems and twigs (fresh lesions included) 
per tree were counted (CROPSAP 2013).

Marker resources

We used 196 microsatellites, all with known allele sizes 
(Soriano et al. 2011; Curro et al. 2010; Jian et al. 2012; 
Hasnaoui et al. 2012; Pirseyedi et al. 2010).

DNA isolation, PCR and resolution of SSR alleles

Genomic DNA was isolated with use of a DNA isolation 
kit (Qiagen, cat.#69104). The resolution of SSR polymor-
phisms involved use of a high-throughput DNA fragment 
analyzer (AdvanCE FS; Advanced Analytical Technolo-
gies, Ames, IA) as described (Nimmakayala et al. 2014).

Statistical analysis

Data analysis involved ANOVA models for all fruit traits. 
Structure 2.2 (Pritchard et al. 2000) was used to cluster 
individuals into K groups by estimating the posterior prob-
ability of the data for a given K, Pr(X|K). The number of 
populations (K) was determined by use of an admixture 
model with correlated alleles and K = 2–10. Five inde-
pendent runs of 100,000 Markov Chain Monte Carlo gen-
erations, after 100,000 generation burn-in periods, were 
used to estimate each value of K. The optimal K value was 
determined by use of the ad hoc statistic ΔK (Evanno et al. 
2005). The number of Ks in each dataset was evaluated by 
use of Structure Harvester (http://taylor0.biology.ucla.edu/

Severity (%) on a unit

=
no. of infected units × its grade

total units observed × maximum grade
× 100

Severity (%) on a tree = 0.10x + 0.70y + 0.20z,

structureHarvester/), which implements the Evanno method 
for visualizing structure output (Earl and vonHoldt 2012). 
Genetic distance estimates were calculated as described 
(Crossa and Franco (2004). The NJ algorithm was used to 
build a dendrogram based on genetic distances with MEGA 
6.0 (Tamura et al. 2011). Genetic variance was partitioned 
among the pomegranate groups identified by molecular 
diversity, and population structure was determined by anal-
ysis of molecular variance (AMOVA) with use of Arlequin 
2.0 (Schneider et al. 2000). Molecular genetic diversity 
was estimated by genetic diversity and heterozygosity (h). 
Estimation of Fst (the proportion of genetic variance in a 
subpopulation relative to the total population) was based 
on Wright’s F-statistics (Weir and Cockerham 1984) with 
use of PopGene 1.31 (Yeh  et al. 1999). The P matrix for 
three principal components of principal component analy-
sis (PCA) was calculated from 112 SSR alleles with use 
of TASSEL 5.0 (http://www.maizegenetics.net) (Bradbury 
et al. 2007). The Q matrix was adapted from the K-4 clus-
ter for association mapping to control spurious results aris-
ing from population stratification. The generalized linear 
model (GLM) and mixed linear model (MLM) of TASSEL 
5.0 were used for association mapping.

Results

Morphological traits

The 88 pomegranate accessions in this research included 
37 edible types. Data for plant height, plant spread, fruit 
weight, 100-aril weight, TSS and acidity are shown in 
Table S3. Bacterial blight severity (%) is described in Table 
S4.

Basic properties of microsatellite alleles

A total of 44 microsatellites were polymorphic within 
the cultivated pomegranates. Microsatellites that were 
not informative within the cultivated types were not used 
for the analysis. Allele numbers for the 44 microsatellites 
varied across the accessions. The total number of alleles 
amplified for different microsatellites is in Table S5. A total 
of 112 alleles were amplified across the entire dataset, with 
a mean of three alleles amplified per microsatellite. The 
Shannon index (SI), a measure of the level of polymor-
phism in microsatellites, ranged from 0.27 for PGCT051 to 
1.21 for PG13 (Table S5).

Genetic diversity and population structure

The NJ tree resolved four clusters, with three clusters 
of wild types and one cluster containing all cultivated 

http://taylor0.biology.ucla.edu/structureHarvester/
http://taylor0.biology.ucla.edu/structureHarvester/
http://www.maizegenetics.net
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Fig. 1  Neighbor-joining tree depicting estimated relationships across 88 diverse pomegranate collections (blue cluster I (wild I); blue cluster II 
(wild II); green cluster III (wild III); red cultivated). Numbers of tree branches refers to accession numbers in Table S1

Fig. 2  Shared ancestry as revealed by population structure analysis across 88 diverse pomegranate collections. Number in parenthesis refers to 
cluster. Number outside the parenthesis refers to the accession number in Table S1
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pomegranates (Fig. 1). Clusters I and II were wild types 
from high-altitude areas (600–2,200 m above mean sea 
level [asl]) in the Himalayas (states of Uttarakhand and 
Himachal Pradesh of India) and were adapted to temper-
ate conditions. The wild types of cluster III belonged to the 
low- to mid-hill regions (600–1,600 m asl) of the Himala-
yas (states of Jammu and Kashmir of India). These wild 
pomegranates are popularly known as Daru types and are 
characterized by small and highly acidic fruits with thick 
rinds (Sharma and Sharma 1990). The dried arils of Daru 
fruits are used for preparing anardana, used for souring 
culinary preparations (Pruthi and Saxena 1984).

Cluster IV, the cultivated types, included commercial 
varieties, local types and introduced varieties. Cluster 
IV was further divided into four subclusters. Bhagawa is 

derived from a cross of Gul-e-Shah Red and Ganesh, which 
were all close to each other in all three analyses. Two selec-
tions of Jalore Seedless exhibited high genetic similarity. 
NJ analysis and PCA were useful to track the remaining 
unknown genealogies of various accessions.

Population structure analysis based on model-based 
assumptions was used to estimate K-2 to K-10 clusters 
each with three iterations. The results were analyzed for 
mean ± SD LnP(K) and ΔK values as estimated by Struc-
ture Harvester. K-4 was the most appropriate cluster size 
for this population, with ΔK = 214 (Fig. 2). Population 
structure analysis revealed information pertaining to the 
ancestry of cultivated pomegranates in addition to cor-
roborating the results of NJ analysis. Similar to NJ analy-
sis, population structure analysis resolved four different 

Fig. 3  Principal component analysis of wild-type and cultivar collections of pomegranate. W1, W2 and W3 refers to clusters I, II and III, 
respectively

Table 1  Analysis of molecular 
variance (AMOVA)

Overall fixation index Fst: 
0.18421

Source of variation df Sum of squares Variance components Percentage of variation

Among population 3 149.331 1.138 18.42

Within population 88 602.00 6.841 81.58

Total 91 751.331 7.979
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clusters, with I and II the wild collections from the mid 
and high altitudes of the Himalayas and III being wild col-
lections from the low and mid altitudes of the Himalayas 

(Jammu and Kashmir). Cluster IV contained accessions 
belonging to all cultivated types, which were spread into 
four subclusters across the cluster. Lineages of cultivated 

Table 2  Levels of expected heterozygosity (He), population differentiation and gene flow estimates (Nm) for simple sequence repeat loci in the 
study

S. no Locus Cluster I He Cluster II He Cluster III He Cluster IV He Overall He Fst Nm

1 PGCT001 0.60 0.61 0.63 0.44 0.58 0.08 2.96

2 PGCT002 0.51 0.46 0.13 0.08 0.43 0.33 0.51

3 PGCT003 0.00 0.16 0.39 0.06 0.12 0.11 1.94

4 PGCT008 0.59 0.62 0.62 0.53 0.61 0.06 4.09

5 PGCT009 0.56 0.63 0.00 0.11 0.59 0.47 0.28

6 PGCT010 0.64 0.64 0.58 0.52 0.67 0.16 1.31

7 PGCT014 0.52 0.49 0.50 0.39 0.46 0.03 8.20

8 PGCT017 0.51 0.57 0.59 0.60 0.59 0.08 2.81

9 PGCT020 0.52 0.46 0.27 0.40 0.50 0.18 1.14

10 PGCT021 0.48 0.49 0.53 0.47 0.48 0.01 19.37

11 PGCT023 0.50 0.43 0.50 0.33 0.45 0.13 1.66

12 PGCT028 0.35 0.51 0.19 0.20 0.49 0.38 0.41

13 PGCT031A 0.44 0.37 0.00 0.22 0.48 0.47 0.28

14 PGCT034 0.51 0.51 0.29 0.05 0.38 0.18 1.12

15 PGCT035B 0.52 0.53 0.65 0.61 0.59 0.06 3.98

16 PGCT038b 0.52 0.26 0.51 0.30 0.37 0.09 2.61

17 PGCT039 0.29 0.36 0.34 0.11 0.24 0.03 7.63

18 PGCT043 0.07 0.51 0.13 0.00 0.27 0.33 0.52

19 PGCT044 0.52 0.51 0.53 0.50 0.50 0.01 25.27

20 PGCT047 0.21 0.30 0.48 0.37 0.45 0.32 0.53

21 PGCT050 0.56 0.68 0.53 0.62 0.66 0.11 2.01

22 PGCT051 0.18 0.28 0.19 0.00 0.14 0.04 5.57

23 PGCT054 0.51 0.51 0.51 0.28 0.46 0.10 2.18

24 PGCT058 0.37 0.63 0.39 0.18 0.52 0.30 0.58

25 PGCT059 0.60 0.62 0.68 0.52 0.63 0.10 2.18

26 PGCT067 0.00 0.41 0.27 0.46 0.36 0.11 2.00

27 PGCT070 0.64 0.55 0.57 0.58 0.59 0.03 7.45

28 PGCT081 0.52 0.63 0.53 0.64 0.61 0.04 5.98

29 PGCT082 0.48 0.39 0.00 0.40 0.38 0.10 2.17

30 PGCT090 0.52 0.46 0.52 0.26 0.43 0.09 2.61

31 PGCT093B 0.50 0.51 0.29 0.37 0.48 0.14 1.49

32 PGCT094 0.44 0.42 0.00 0.49 0.43 0.13 1.73

33 PGCT097 0.63 0.62 0.59 0.54 0.61 0.04 5.58

34 PGCT102 0.12 0.27 0.39 0.20 0.23 0.04 6.24

35 PGCT104 0.57 0.62 0.53 0.51 0.61 0.13 1.69

36 PGCT105 0.63 0.62 0.65 0.62 0.65 0.05 4.47

37 PGCT109 0.63 0.64 0.65 0.64 0.64 0.03 9.55

38 PG5 0.50 0.19 0.19 0.32 0.31 0.05 4.66

39 PG6 0.00 0.00 0.00 0.50 0.30 0.37 0.43

40 PG10 0.48 0.45 0.70 0.33 0.45 0.08 2.97

41 PG13 0.71 0.55 0.53 0.63 0.67 0.17 1.25

42 PG20 0.42 0.50 0.27 0.00 0.37 0.24 0.79

43 ABRII-MMP26 0.66 0.65 0.68 0.37 0.63 0.13 1.75

44 POM046 0.49 0.48 0.44 0.35 0.42 0.02 11.82
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pomegranates could be tracked to an admixture of genomes 
from high-, mid- and low-altitude wild types collected from 
Uttarakhand, Himachal Pradesh and Jammu and Kashmir 
in various proportions, thus contributing to the diversity of 
cultivars.

The results obtained by NJ tree analysis and population 
structure completely agreed with the PCA analysis (Fig. 3). 
PCA explained 60 % of the total variation, which indicates 
the robustness of the analysis (Fig. S1). PCA revealed the 
closeness of cluster III (Daru types of Jammu and Kashmir) 
with the cultivated types, which indicates that these acces-
sions are progenitors of cultivated pomegranates.

Molecular diversity analysis showed mean genetic dis-
tances of 0.23, 0.20 and 0.19 for the accessions from Utta-
rakhand and Himachal Pradesh (clusters I and II) and col-
lections from the mid- to low-altitude Jammu and Kashmir 
(cluster III) with cultivated pomegranate (cluster IV). The 
mean genetic distance between the wild-type 1 (cluster I) 
and wild-type 2 (cluster II) was 0.07, whereas that between 
wild-type 1 and 3 was 0.17. The distance between wild-
type 2 and 3 type was 0.15. To analyze variance among and 
within clusters, we used AMOVA (Table 1). Variance was 

lower between clusters than within clusters, which indi-
cates unrestricted gene flow among all groups. The overall 
FST (index of population differentiation) was 0.18 among 
the collections studied.

Gene flow and population differentiation

The combination of expected heterozygosity (He), Fst and 
gene flow estimate (Nm) (Table 2) provides comprehen-
sive insights into gene flow, selection and domestication of 
pomegranate. Overall He ranged from 0.06 (PGCT003) to 
0.64 (PGCT081 and PGCT109) among cultivated pome-
granates. The highest combination of FST and Nm was for 
PGCT002, PGCT009, PGCT028, PGCT031A, PGCT043, 
PGCT047, PGCT058 and PG6, which indicates their 
important role in population differentiation and gene flow 
among wild and cultivated clusters.

Association mapping

The GLM approach identified four markers linked with 
acidity, fruit weight and bacterial blight across the seasons 

Table 3  Level of significance, marker effect and distribution of associated alleles revealed by association mapping

GLM generalized linear model, MLM mixed linear model and NS not significant

Locus Trait Year GLM p 
value

MLM p 
value

R2 value Distribution of accessions Allelic  
sizes (bp)

GLM  
alleic estimate

MLM  
alleic effect

Cluster I 
and II

Cluster  
III

Cluster  
IV

PGCT043 Acidity 2013 0.01600 NS 0.0611 13 7 35 232:232 1.859 1.822

25 1 232:241 0.776 0.92

PGCT043 Acidity 2014 0.0268 NS 0.0567 13 7 35 232:232 1.723 1.192

25 1 232:241 0.3778 0.785

PGCT001 Fruit  
weight

2013 0.04 NS 0.0876 22 3 10 153:101 5.689 −0.288

6 4 21 101:101 37.023 29.096

6 153:153 −19.355 −9.422

PGCT001 Fruit  
weight

2014 1.89E−04 0.00807 0.1312 22 3 10 153:101 8.909 5.807

6 4 21 101:101 61.60 54.63

6 153:153 −19.667 −27.151

PGCT001 Bacterial 
blight

2013 0.02285 NS 0.09147 22 3 10 153:101 3.869 2.255

6 4 21 101:101 0.0126 −1.232

6 153:153 −0.911 −0.826

PGCT001 Bacterial 
blight

2014 0.0246 NS 0.10966 22 3 10 153:101 5.409 3.425

6 4 21 101:101 −0.735 −0.380

6 153:153 0.364 −1.15

PGCT020 Bacterial 
blight

2013 0.0015 0.01844 0.0941 21 1 6 152:241 −3.984 −4.876

4 1 24 152:152 −10.863 −9.376

12 8 7 241:241 −3.0219 −3.584

PGCT020 Bacterial 
blight

2014 0.00292 0.0604 0.10445 21 1 6 152:241 −0.413 −1.155

4 1 24 152:152 −9.474 −8.487

12 8 7 241:241 −2.672 −1.885
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(Table 3). The PGCT001 association with fruit weight was 
significant after Bonferroni correction during both seasons 
and was also significant by the MLM approach. PGCT001 
was associated with both fruit weight and bacterial blight. 
Our search for sequence similarities with known genes 
revealed that the bacterial blight-linked marker (PTGC020) 
(Genbank accession no. FN677540) is a hypothetical pro-
tein of Prunus persica.

Discussion

Our study provides comprehensive insights into the popula-
tion genetic structure of wild and cultivated forms of pome-
granate from the Indian subcontinent. Developing desirable 
varieties of pomegranate in India has been mainly based on 
selection from naturally occurring genetic variants (Jalikop 
et al. 2005). More intensive and comprehensive breed-
ing work with specific objectives is possible with a clear 
knowledge of genetic diversity in germplasm collections. 
Current study identified Daru types (cluster III) as the 
closest relatives of cultivated pomegranate. Previous SSR-
based molecular diversity studies were not informative as 
they were conducted among the smaller sets of cultivated 
accessions (Ebrahimi et al. 2010; Hasnaoui et al. 2010; 
Pirseyedi et al. 2010). Ophir et al. (2014) used 480 SNPs 
to identify two major groups: one composed of accessions 
from ICI (India, China and Iran) and the second with the 
rest of the world. However, this study could not differenti-
ate wild from the cultivated types, indicating SSRs might 
be more informative than the SNP markers for resolving 
population structure. Since the wild types can be crossed 
with cultivated forms (Chauhan and Kanwar 2012; Jalikop 
et al. 2005), introgression would be feasible by using DNA 
marker technology for improving fruit quality and resistant 
traits.

To our knowledge, this is the first association mapping 
study of pomegranate. We found that the favorable allele 
(101-bp amplicon of PGCT001) increased fruit size and is 
widely distributed among cultivars. In contrast, the 153-bp 
allele, prevalent in wild types and conferring smaller fruit 
size, was observed in both seasons. However, this allele is 
associated with less bacterial blight severity. Large-sized 
fruits produce more cankers of bacterial blight and sus-
ceptibility to disease as compared to wild-type accessions, 
with smaller fruit size (Zeinalabedini et al. 2012; Benagi 
and Kumar 2009). However, high-throughput SNPs must 
be used to identify large-effect markers for both of these 
traits and explore opportunities to break the linkage with 
marker-assisted selection.

In the current study, we analyzed publicly available 
microsatellites and identified a robust set of 44 SSRs that 
are polymorphic with cultivated pomegranates in India. 

Historically, SSRs have been well integrated with QTL 
mapping and marker-assisted selection (MAS) research 
in many fruit crops. Though SSRs are not amenable to 
high-throughput technologies, as compared to the ease of 
use of single nucleotide polymorphisms, SSRs have the 
unique advantage of being highly polymorphic and multi-
allelic and are present in mutational hot spots in genomes 
(Chen et al. 2014; Churbanov et al. 2012). Several crop 
science laboratories have developed a strong infrastruc-
ture for using SSRs in MAS programs (Narshimulu et al. 
2011).

Furthermore, in-depth analysis of the population struc-
ture and microsatellites of cultivated pomegranate with 
population genetic information such as number of effec-
tive alleles, He, Fst and Nm rate will be useful in design-
ing association mapping studies. The extensive collection 
of worldwide cultivated pomegranate accessions around the 
world, along with wild-type counterparts, facilitated by the 
rapid progress in sequencing and analysis tools currently 
under way, will further facilitate mining novel alleles to 
improve horticulturally important traits in the fruit.
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