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ABSTRACT: A total of 25 SSR primers were screened on 37 putative Fis derived from the
five different crosses. Identified cross specific highly informative SSRs primers, i.e., 14 for
the first cross, 10 for the second, 12 for the third and 6 each for fourth and fifth crosses. For
the first cross Bhagwa x Daru 17, four primers (HvSSRT 375, NRCP_SSR9, NRCP_SSR12
and NRCP SSR92) were found to be highly informative with higher 100% hybrid purity
index (HPI), PIC (~0.52), and observed heterozygosity (Ho, range 0.87-0.93) values, and two
Fis namely H; and H, were found to be highly heterotic with a heterozygosity index (HI) of
92.85%. Similarly, for Bhagwa x Nana, three primers (HvSSRT 375, HvSSRT 605 and
NRCP_SSR19) had higher HPI (70%-100%), PIC (0.52-0.69), and Ho (0.75-0.33) values,
and three Fis Hi, H,, and Hs had 70% (HI). For Bhagwa x IC318712, four SSRs
(HvSSRT 254, HvSSRT 348, HVSSRT 826 and NRCP SSR95) had higher Ho (~0.83), HPI
(100%) and PIC (~0.52) values, and four Fis H», H7, Ho, and Hio showed 91.66% (HI). For
Bhagwa x Nayana, HvSSRT 605, HvSSRT 826, and HvSSRT 432, and for Ganesh x
Nayana, HVSSRT 375, HVSSRT 605, and HvSSRT 826 were found informative. These
markers will be highly useful in developing maps of populations.

Keywords: diversity; hybrid purity; heterozygosity; pomegranate; SSR markers;
hypervariable

1. Introduction

Pomegranate (Punica granatum L.) is an important perennial fruit crop in the
world and is widely cultivated in tropical and subtropical regions of Southeast Asia,
Iran, China, Japan, India, the West Indies, USA (California), and Tropical America
[1,2]. Being a super fruit, it has many health benefits for humans because of its
diverse range of phytochemical contents such as gallotannins, ellagic acid, terpenoids,
antioxidants, flavonoids, and alkaloids in its leaves, flowers, arils, seeds, rind, bark,
and roots [3—6]. Globally, India ranks first with respect to pomegranate area 2.83 lakh
ha and production of 30.86 lakh million tonnes in 2020 [7]. The concurrent breeding
effort over the period through selections from the natural genetic variants and
hybridization followed by selection has resulted in the development and release of
only a few improved pomegranate varieties in India [8]. The expected productivity is
still low and has no match with the productivity consistently achieved by some of the
other pomegranate-producing countries like Israel, Spain, the USA, Turkey, etc. This
could be mainly due to losses encountered through various biotic, i.e., bacterial and
fungal diseases and insect damage, and abiotic stress-induced physiological disorders.
Therefore, the currently deployment of modern genomic tools holds great promise to
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address all these challenges. In this context, molecular markers represent the
prerequisite in pomegranate for accelerating breeding programs through Marker
assisted selection (MAS).

Since pomegranate has a high juvenile period, conventional breeding through
hybridization followed by selection takes much time, and it mainly relies on the
phenotypic selection of the best performing F; progenies as well as that of parents.
This method may not be very suitable for verifying the authenticity of the progeny
generated from crosses due to the possibility of outcrossing or self-pollination during
hybridization. Therefore, accurate identification of progeny from crosses is critical to
breeders for the integrity of a durable breeding program. Thus, the use of genomic
tools that are currently in pomegranate form, such as genome-wide simple sequence
repeats (gSSRs), microRNA-based simple sequence repeats (miRNA-SSRs) [9-11],
expressed sequence tag-based simple sequence repeats (EST-SSRs) [3,12] holds
great potential. Breeders can precisely select and grow true F; plants by eliminating
plants that are not true heterozygotes by deploying SSR markers. The use of markers
will definitely save on the costs of growing the unwanted plants during conventional
methods of breeding and population development. The reliability of detecting true
heterozygote plants based on SSR markers is much higher than that using
conventional phenotypic markers. It is mainly because of the strong influence of
environmental factors on phenotypic markers.

Genetic improvement in any crop mainly relies on mapping genes and
quantitative trait loci (QTLs) through genome-wide markers, for which the
development of biparental populations like F;, and F, populations through
hybridization is very essential. For instance, in pomegranate F, populations have
been found very useful for mapping QTLs for fruit quality traits and plant size [13],
and fine mapping of black peel colour [14] using single nucleotide polymorphism
(SNP) markers. Similarly, F» populations have been found most suitable in other
fruit crops for mapping QTLs for fruit flesh browning in apples [15] for chilling
tolerance in apricots and peaches [16,17]. Therefore, quick generation of F,
populations needs molecular assays based on SSR markers, which can quickly and
accurately screen F, progenies coming from different crosses to identify highly
heterotic true hybrids for the development of F, mapping populations in pomegranate.
Currently, plenty of valuable genomic resources for downstream breeding
applications have been developed in pomegranate. Due to the non-availability of
mapping populations, trait mapping through QTL analysis and genomics enabled
pomegranate improvement is still in its initial phase. The use of MAS will increase
selection efficiency, reduce the breeding cycle, and enhance variety development in
trees [18]. SSR markers have already been found to be very effective in hybridity
analysis in many tree species, like Cassava [19], Grape [20], Mango [21], Citrus [22],
and Eucalyptus [23]. Presently, considerable numbers of genome-wide SSR markers
have already been reported for genetic studies in pomegranate [24,25]. Therefore, the
aim of this study was to demonstrate the efficacy of these newly designed
pomegranate specific hypervariable SSR markers for the identification of highly
heterotic true hybrids for different crosses in the development of F, mapping
populations.
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2. Materials and methods

2.1 Plant materials and DNA extraction

The six parental lines, i.c., Bhagwa, Daru 17, Nana, IC318712, Ganesh and
Nayana were used earlier for crossing that have many contracting traits. The Bhagwa
is the very important commercial variety of India with soft seeded type and has red
rind, red arils with high export value. Ganesh is also important commercial variety of
India with soft seeded type and has yellowish rind, pink arils with sweet taste.
Nayana is the introduced variety from Sri Lanka and has red rind, red arils with soft
seeded type. Daru-17 is the wild type, which grows naturally under Himalayan
regions and has vigorous growth, free from bacterial blight disease the sour type of
arils was used for anardana purpose by the tribal community. Nana is also a wild
type of pomegranate, dwarf in stature, ornamental type with small sized flowers,
fruits, which has sour type of arils with higher acidity and hard seeded texture.
IC318712 is the indigenous collection of Daru type with small-medium size, free
from fruit cracking. A total of 37 putative F;s derived from the five different crosses
involving cultivars and wild parental combinations, i.e., Bhagwa x Daru 17 (13
putative Fis), Bhagwa x Nana (10 F;s) and Bhagwa x IC318712 (10 F;s), Bhagwa x
Nayana (2 Fs) and Ganesh % Nayana (2 Fis) were used for the true hybridity testing
(Table 1). The putative F; plants were confirmed as true hybrids based on SSR
alleles originated from both the parents. Modified CTAB method was followed [26],
to extract high quality genomic DNA from the fresh leaf samples. After determining
quality and concentration of genomic DNA on 0.8% agarose gel electrophoresis in
comparison to uncut Lambda, templates DNA were diluted (10 ng/uL) for
polymerase chain reactions (PCR).

Table 1. Details of five crosses along with their putative hybrids used in this study.

SI. No  Cross No of putative Fis tested
1. Bhagwa x Daru-17 H1, H2, H3, H4, H5, H6, H7, H8, H9, H10, H11, H12, H13
2 Bhagwa x Nana H1, H2, H3, H4, H5, H6, H7, HS, H9, H10
3. Bhagwa x IC 318712 H1, H2, H3, H4, HS, H6, H7, H8, H9, H10
4 Bhagwa x Nayana HI & H2
5 Ganesh x Nayana HI1 & H2
Total 37

2.2. SSR assay

Initially, amplifications were checked for 33 hypervariable SSR primers on
parental lines using NRCP_SSR and HvSSRT series that are reported recently
[10,25]. Later 25 primers were shortlisted for hybridity analyses which are showing
clear amplifications with polymorphism (Table 2). All the PCR was carried out in 10
uL reaction mixture (1 uL template DNA, 0.17 pL forward primer, 0.17 uL reverse
primers (10 pmol/uL), 4 pL 2X PCR mix (Himedia, India), and 4.66 nuclease-free
water) on a thermocycler (Prime-96™, Himedia, India). PCR program was run with
following conditions: 94 °C for 5 min, then 36 cycles at 94 °C for 1 min, 55 °C for 1
min, 72 °C for 2 min, and a final extension at 72 °C for 7 min. Amplified fragments
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were separated on 3% metaphor agarose gels stained with 0.5 pg/mL ethidium
bromide and 1X TBE running buffer at 130 V for 4 h. Finally gels were visualized
and photographed using gel documentation system (Vilbert Dourmet, France).

Table 2. Sequence details of 25 hypervariable SSR primers used for hybridity analysis.

SL . . ' . 2 Product Chromosome
No SSR name Motif Forward primer (5'-3") Reverse primer (5'-3") size (bp) location Reference
1 HvSSRT 222 (ATT)I4 CACCACCCTTACATACGG  CCGATCAACATCCTTTCCC 214 2 Ea;l]l ctal
2 HvSSRT 254 (AAT)I4 GTCAGTGTTTGTTGTGTCC ACTTCATTCTCACACCACC 197 2
3 HvSSRT 348 (TC)23  ATGCCAAAAATTAGCGAGC CTTATAAGTGAGCTCCCCC 219
4 HvSSRT 375 (GA)26 TTGGGGAAGAGAAGAAAGC SATAGCATTAATGGGCTTC 151 3

HvSSRT 431 (AC)21 TCTAGCTTTCGTGATCAGC CATTGAGAGCCCAATTTGG 175

HvSSRT 432 (CA)23 TTGGAACCATCGTCTATGC CTTTAATGTTGCACTCCGG 147

HvSSRT 437 (GAA)16 AAAGAGCTGACAACCTTCC AACTTGTTCTGCTTCCTCC 134
8  HvSSRT 592 (TC)31 TGCTCATATACATGCCAGC éTTACACATGAAAGTGCG 208 5
9  HvSSRT 605 (AAG)17 TTTGGTCGGAAAGTACTGC GGAGTCACTCGTAGTTTGG 156 5
10 HvSSRT 628 (TC)24  AAATTCCAGTCCCCTTTGG TTCGGTGTGTAATTAGGCC 207 5
11 HvSSRT 695 (TC)23  TTTCGGAAATCCCAATCGG EAGATAGGGTCGACGAAG 210 6
12 HvSSRT 746 (TCT)I4 TGAATTTGATGGGGATGGG STCTATATCTGCCATGGTG 178 7
13 HvSSRT 812 (TAC)19 TCCTTGGTTTGCTTCTAGC ECAGCAGCAGTAGTAGTG 159 7
14 HvSSRT 823 (TA)21 TCATTTAGCTAAGGCGACC TGGCTGATTGCAATCTTCC 170 7
15 HvSSRT 826 (AT)23 TCGTGTTTCCTTTCCTGC QGCTGGTACAACAAACTC 144 8

(TATCC)

16 HVSSRT 827 ¢ GCTGTGTGTTTGATCATCG ~ AAGCTCGAACCTTTTTCCC 186 8
17 NRCP_SSR8 (AT)I5 GTATTTCAGAGCGGTTGG  GTAATTGCACAAGGCACC 297 Un ff‘(t)l]l ctal.
18 NRCP SSR9 (AT)I8 AATCCGTACTATGCAGCG  CGAAATCAAGGTCGTCAG 228 Un
19 NRCP_SSR10 (TA)I4 AAAGGAGAGAAGCGCAGT ACCCTAAAGTGGACCGAT 213 Un
20 NRCP_SSRI2 (TA)17 iGTGGGTGTAGCAGAGGTC GGTCGTCCAAGGGATTTG 201 Un
21 NRCP_SSRI19 (TC)22  CGATCTCCGGTTACATCA éGGGTATAGGTCACGTTG 271 Un
22 NRCP_SSR31 (TA)I3  GCATGACACGAGTGGATT  GTGAGTTCATTAGGCGCA 171 Un
23 NRCP_SSR92 (TA)I6 CGATTGTTGGGGAACTCT  GACAAGACCCAGCCCTTAT 296 Un
24 NRCP_SSR93 (AT)I3 AAGCCAAAGCAACTCACC gGAGATCCCTGGTTCATAA 294 Un
25 NRCP_SSR95 (AT)IS  ACCAAAGGTGATGGCGTA SAGCACGCAGATATTCGA 295 Un

Note * Un: Unknown location.

2.3. Data analysis

The DNA amplification pattern obtained for hypervariable SSR markers were
scored manually for allele sizes. For the analysis, only bands that were reproducible
and polymorphic were examined. NTSYS-pc version 2.02 h was used to analyze
SSR data sets and compute pair-wise Jaccard’s similarity coefficients using the
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SIMQUAL option. The resulting similarity matrices were used to construct
dendrograms using the UPGMA (Unweighted Pair Group Method with Arithmetic
Average) algorithm and SAHN clustering. The software GenAlEx 6.5 was used to
determine genetic diversity parameters including number of alleles (Na) and
effective alleles per locus (Ne), observed (Ho) and expected heterozygosity (He),
and polymorphic information content (PIC). Using the same software Principal
coordinate analysis (PCoA) based on the standardized covariance of genetic
distances was also performed. The hybridity measures like the hybrid purity index
(HPI) of each marker locus [27] and heterozygosity of hybrid plants for each cross
was identified using formulas given below [28].
Hybrid Purity Index (%) = Observed No of True hybrids (Alleles of both
parents)/Total No of putative Fs tested x 100
Heterozygosity of True hybrid (%) = No of heterozygous SSR loci observed in the
hybrid plant/Total No of SSR markers screened x 100

3. Results

For parental polymorphism study, we deployed 33 hypervariable SSRs for
initial screening of which total 25 primers were selected based on their ability to
show clear polymorphism for parental combinations on normal agarose gels (Figure
la—c). Sixteen, out of 25 HvVSSRT primers had known chromosome positions on
Tunisia genome (Chms 2-8) and 9 NRCP-SSR primers had unknown position on
Dabenzi genome. Further, for hybridity analysis we identified cross specific
informative markers, i.e., a subset of 14 informative polymorphic SSRs for first cross
(Bhagwa x Daru 17) having 13 putative F;s, 10 markers for Bhagwa x Nana and 12
markers for Bhagwa x IC318712 crosses each having 10 putative F;s, and six
markers each for Bhagwa x Nayana and Ganesh x Nayana crosses having 2 putative
Fis each.

SR DR A I RCE e O T by - i (15 ' SR b A &

160bp

160bp HvSSRT_375 15009 HvSSRT_826 HVSSRT_348

150bp 220bp  p35pp
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Figure 1. Profiling of HYSSRT and NRCP_SSR makers on parental lines and their hybrids, for cross (a) Bhagwa x
Daru 17 (13 F; individuals) using HvSSRT 375, HvSSRT 222, NRCP_SSR9, NRCP_SSR12, (b) Bhagwa x Nana



Trends in Horticulture 2024, 7(1), 3491.

(10 Fis), using HVSSRT 826, HYSSRT 375, NRCP_SSR93, NRCP_SSR92, and (¢) Bhagwa x IC318712 (10 Fis)
using HVSSRT 348, HvSSRT 254, NRCP_SSR12 and NRCP_SSR95 (where, L is 100 bp DNA ladder).

Based on results of genotyping experiments for different primer set on each F
populations, various marker parameters were calculated. For the first cross 14
polymorphic SSR loci produced a total of 31 alleles among the parents and their
putative Fis with an average of 2.21 alleles per locus. Interestingly, all these 14
markers showed higher Ho as compared to their He values (Table 3). With respect to
HPI, four markers namely HvSSRT 375, NRCP_SSR9, NRCP SSR12 and
NRCP_SSR92 found highly informative (100%) with higher PIC (~0.52) and Ho
(range 0.87-0.93) values.

For the second cross 10 polymorphic SSRs produced a total of 22 alleles across
parents and their putative F;s. The six primers namely HvSSRT 375, HvSSRT 826,
HvSSRT 605, HvSSRT 823, NRCP_SSR19 and NRCP_SSR92, had higher Ho of
which three markers namely HvSSRT 375, HvSSRT 605 and NRCP_SSR19 found
highly informative for hybridity analysis and having higher HPI (70%-100%), PIC
(0.52-0.69) and Ho (0.75-0.33) values.

In the third cross, 12 polymorphic SSRs generated a total of 27 alleles for
parents and their putative Fis, of which except two SSRs (HvSSRT 628 and
HvSSRT 812) all other markers were found informative. The four SSRs namely
HvSSRT 254, HvSSRT 348, HvSSRT 826 and NRCP _SSR95, had higher Ho
(~0.83), HPI (100%) and PIC (~0.52) values suggesting highly useful for hybridity
analysis.

However, our main objective of this study was to identify highly heterotic F,
hybrid plants for developing trait specific F» mapping populations with high
variability for the traits. Therefore, based on the percent heterozygosity values
calculated for true hybrids of each cross, Hl and H2 showed ~92.85%
heterozygosity in the first population (Table 4). Similarly, hybrids H1, H2 and H4
showed highest heterozygosity (~70%) in the second population. Lastly, H2, H7, H9
and H10 revealed heterozygosity of ~91.66% in the third population.

Cluster analysis and PCoA was performed for three mapping populations
separately based on SSR marker data (Figures 2 and 3). As a result, in all the three
populations we found clear discrimination between parental lines and their respective
hybrids. Interestingly, all the three wild male parents (Daru 17, Nana and ICP318712)
and their corresponding female parent (Bhagwa) used were found more diverse in
comparison to their hybrid progenies (Tables S1-S3). With respect to clustering of
hybrid progenies, for the second cross single group with high level of diversity 47%
(0.53-0.93) was observed among 10 hybrids, followed by first cross having two
subgroups with moderate level of diversity 38% (similarity range 0.62—1) for 13
hybrids, and third cross with moderate level of diversity 37% (0.63—1) for 10 hybrids
having single group with H1 as a more distinct hybrid. Factorial analysis was also
performed for three populations to understand the genetic relationships. The results
of PCoA were found well corroborated with that of grouping as observed using
UPGMA based clustering (Figure 3). Furthermore in the PCoA, it was interesting to
note that axis 1 explained higher variation (>47%) by separating the parental lines
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used in the three crosses. However, axis 2 explained lesser variations (>20%) with
distributions of hybrids in single or separate groups.

Table 3. Markers statistics and hybrid purity index of SSR loci for three populations.

Population Primers Na Ne Ho He PIC HPI (%)

Bhagwa x Daru 17 HvSSRT 375 2.000 2.000 0.867 0.500 0.517 100
HvSSRT 222 2.000 1.960 0.714 0.490 0.508 77
HvSSRT 695 3.000 2.778 0.800 0.640 0.662 46
HvSSRT 432 2.000 1.724 0.467 0.420 0.434 54
HvSSRT 823 2.000 1.867 0.600 0.464 0.480 69
HvSSRT 746 2.000 1.923 0.667 0.480 0.497 77
HvSSRT 437 3.000 1.685 0.467 0.407 0.421 46
HvSSRT 605 3.000 2.866 0.933 0.651 0.674 69
NRCP_SSR9 2.000 2.000 0.867 0.500 0.517 100
NRCP SSR12 2.000 1.991 0.933 0.498 0.515 100
NRCP SSR92 2.000 2.000 0.867 0.500 0.517 100
NRCP_SSRS 2.000 1.991 0.667 0.498 0.515 77
NRCP_SSR10 2.000 1.990 0.786 0.497 0.516 85
NRCP_SSR31 2.000 1.923 0.667 0.480 0.497 77
Mean 31 (2.214) 2.050 0.736 0.502 0.519

Bhagwa x Nana HvSSRT 375 2.000 2.000 0.833 0.500 0.522 100
HvSSRT 826 2.000 1.882 0.583 0.469 0.489 70
HvSSRT 605 3.000 2.969 0.833 0.663 0.692 70
HvSSRT 823 3.000 2.160 0.667 0.537 0.569 50
HvSSRT 695 2.000 1.492 0.083 0.330 0.344 10
HvSSRT 812 2.000 1.492 0.250 0.330 0.344 30
HvSSRT 827 2.000 1.800 0.333 0.444 0.464 40
NRCP_SSR19 2.000 1.986 0.750 0.497 0.518 90
NRCP SSR92 2.000 1.882 0.583 0.469 0.489 70
NRCP SSR93 2.000 1.541 0.273 0.351 0.368 40
Mean 22 (2.200) 1.921 0.519 0.459 0.480

Bhagwa x IC318712  HvSSRT 254 2.000 2.000 0.833 0.500 0.522 100
HvSSRT 222 2.000 2.000 0.818 0.500 0.524 90
HvSSRT 348 2.000 2.000 0.833 0.500 0.522 100
HvSSRT 628 2.000 1.385 0.000 0.278 0.290 90
HvSSRT 431 2.000 1.986 0.750 0.497 0.518 90
HvSSRT 592 2.000 1.976 0.667 0.494 0.523 60
HvSSRT 826 2.000 2.000 0.833 0.500 0.522 100
HvSSRT 605 3.000 2.504 0.833 0.601 0.627 90
HvSSRT 812 2.000 1.492 0.250 0.330 0.344 30
HvSSRT 695 3.000 2.796 0.917 0.642 0.670 50
NRCP_SSR95 2.000 2.000 0.833 0.500 0.522 100
NRCP_SSR12 3.000 2.743 0.917 0.635 0.663 60
Mean 27 (2.250) 2.073 0.707 0.498 0.520

Note* Na-Number of alleles; Ne-Number of effective alleles; Ho-observed heterozygosity, He-expected heterozygosity; PIC-Polymorphism
information content; HP-Hybrid purity percentage.
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Table 4. Heterozygosity percent for hybrid progenies of three populations based co-dominant SSR loci.

Total number  Number of heterozygous SSR loci observed in hybrid individuals and Heterozygosity percentage (%)

Cross of markers

screened HI H2 H3 H4 H5 H6 H7 H8 H9 HI0O HII HI2 HI3
Bhagwa x |, 13 13 10 10 10 11 10 10 12 11 713 11
Daru 17 (92.85) (92.85) (71.42) (71.42 (71.42) (78.57) (71.42) (71.42) (85.72) (78.57) (50) (92.85) (78.57)
Bhagwa x | 7 7 4 7 5 5 5 5 6 6

Nana (70)  (70)  (40)  (70)  (50)  (50)  (50)  (50)  (60)  (60)

Bhagwa x |, 7 11 9 10 8 9 11 9 11 11

IC318712 (58.33) (91.66) (75)  (83.33) (66.66) (75)  (91.66) (75)  (91.66) (91.66)

Note* HI-H13: cross specific putative Fis used; values in bracket are Heterozygosity percentage (%).

O)
o
m
H
| H2 B
| Ho
1
s
'
2
ns m
i s
. s —|
[ mw
s
m =
Hr s
]
1
o
000 0o 0% 0 040 040 [ o0 [ 30 ™ e e oo e o o e o o s e
Covlficient Costlicient
D)
m
o
4
i
ey
s
b
o
'ar
13
O
=

o ais a3 o e B an an s 30

Figure 2. UPGMA dendrogram showing the ability of SSR markers to differentiate hybrids from their parental lines
for crosses (a) Bhagwa x Daru 17, (b) Bhagwa x Nana, and (c) Bhagwa x IC318712.
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Figure 3. Principal coordinates analysis based on hypervariable SSR markers among the hybrids and their parental
genotypes for a cross (a) Bhagwa x Daru 17, (b) Bhagwa x Nana, and (c) Bhagwa x IC318712. Dark blue circles
represent parents, light blue circles for number of hybrid groups formed and red circle represents highly heterotic F;

hybrid plants selected for selfing.

4. Discussion

The integration of conventional and marker-assisted breeding methods in order
to combine phenotyping and genotyping information promotes the development of
novel horticultural crop varieties [29]. Due to long duration of tree species, unlike
field crops Grow Out Tests (GOTs) for morphological assessment cannot be
practiced. Therefore, DNA markers such as SSRs could be of excellent choice for
such varietal characterization. Due to codominant inheritance, multi-allelic nature,
widely distributed throughout genome, easily scored with automation, microsatellite
markers have proven useful in plant breeding [21]. Wherein, hybrid purity
assessment in trees using SSR marker technologies has already been found highly
useful, which would support the requirements of intellectual property for varietal
registration through plant protection of varieties and farmer’s right authority of India
(PPV & FRA) [23]. Jalikop et al. [30] reported in pomegranate following
hybridization larger segregation takes place in the F| progeny itself and selection for
the desired genotypes can be practiced in this generations. However, he has also
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reported occurrence of more recombinants in F, than in F; and breeders should look
new recombinants in F, population [31]. Further, in pomegranate F, populations
were also found most suitable for mapping genes/QTLs. Harel-Beja et al. [13]
identified 25 QTLs for fruit traits and plant size traits using F» population derived
from Nana x Black. Trainin et al. [14] fine mapped ANR gene responsible for black
peel colour phenotype in pomegranate using F, population. Therefore, while
developing F» populations identification of true to type F; hybrid plants resulting
from cross-pollination is very crucial.

In our study we deployed 25 hypervariable SSRs for hybridity analysis and
identified cross specific informative markers, i.e., 14 SSRs for first cross (Bhagwa x
Daru 17), 10 markers for Bhagwa x Nana and 12 markers for Bhagwa x IC318712
crosses and 6 markers each for Bhagwa x Nayana and Ganesh x Nayana crosses.
Similarly, hybridity analysis was performed in progenies obtained from different
cross combinations of seven mango parental genotypes using 13 SSR primers and
identified 3 informative primer pairs, i.e., LMMA 11, ESTD 9 and ESTD 10 to
confirm the true hybridity in the mango progenies [21]. In our study we used
hypervariable SSRs, which are known to show high polymorphism on metaphor
agarose gels as previously we demonstrated through diversity study in pomegranate
genotypes [10,11,25]. In contrast to the morphological method of hybrid
identification which usually takes 3—4 years, SSR analysis takes only 1-3 months
depending on the number of populations or sample size in trees [18]. Hypervariable
SSRs were already found highly useful for hybrid authentication or purity
assessment and parentage confirmation in other crops [32].

Further based on the higher marker parameter values HPI, PIC and Ho, we
identified four informative SSR markers, i.e., HvSSRT 375, NRCP_SSRY,
NRCP_SSR12 and NRCP_SSR92 for the first cross, three markers HvSSRT 375,
HvSSRT 605 and NRCP SSR19 for second cross and four HvSSRT 254,
HvSSRT 348, HVSSRT 826 and NRCP_SSR95 for third cross that are highly useful.
Similarly, in Bhagwa x Nayana and Ganesh x Nayana crosses three SSRs each, i.e.,
HvSSRT 605, HvSSRT 826 and HvSSRT 432, and HvSSRT 375, HvVSSRT_605
and HVSSRT 826 respectively were identified for hybridity analysis. Earlier, Corley
[33] also stated that the number of markers necessary for hybrid confirmation might
be fewer than five due to the high polymorphism of microsatellites at the locus level.
Similarly, best SSR markers were selected for hybrid purity analysis in many studies
based on the higher Ho, HPI and PIC values [18,23,34]. SSR markers were used to
determine the purity of a eucalyptus hybrid (Eucalyptus camaldulensis x Eucalyptus
tereticornis) and confirmed parentage of hybrids with an 85-100 hybrid purity index
[23].

Since, our ultimate aim of this study was to identify highly heterotic cross
specific true Fls, therefore based on the percent heterozygosity values we identified
H1 and H2 individuals as highly heterotic in the first population, H1, H2 and H4 in
the second population, and H2, H7, H9, H10 in the third population. These hybrid
plants can be used for selfing to develop trait specific high resolution F, mapping
population in pomegranate to identify superior donors, varieties and or to map
genes/QTLs. Haynes et al. [28] reported higher levels of heterozygozity within an
accession should lead to more phenotypic variation, resulting in both superior and
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inferior phenotypes. However, lower levels of heterozygosity within an accession, on
the other hand, would result in less phenotypic diversity and a narrower range of
phenotypic values. In forest trees there are many reports where inter-specific hybrids
are generated and then highly heterotic individuals have been selected for mass
multiplication through clonal propagation [35]. Since, our ultimate aim of this study
was to identify highly heterotic cross specific true F;s, therefore based on the percent
heterozygosity values we identified H1 and H2 individuals as highly heterotic in the
first population, H1, H2 and H4 in the second population, and H2, H7, H9, H10 in
the third population.

Further, in order to understand genetic relationships between parents and their
progenies, the cluster and factorial analysis was performed for each population. All
the three populations showed clear cut discrimination, relationships between parental
lines and their respective hybrids in the dendrograms. Nadeem et al. [36] also
performed cluster analysis based on 10 polymorphic microsatellites markers for nine
hip-bearing rose parents and their 22 F; hybrids, and found all the hybrid progeny
sharing common bands with their parents. In our study the results of PCoA were well
corroborated with that of grouping as observed in UPGMA based clustering for each
population. Similarly, Ben Romdhane et al. [34] also carried out genetic purity
analysis of four putative F; barley hybrids and their parents using 11 SSR markers,
they found results of neighbor joining tree were well correlated with the factorial
analysis.

Genetic linkage maps derived from mapping populations are the powerful tools
for mapping genes for economically important traits. The saturated linkage maps
developed could help in identification of effective markers that are linked to
genes/QTLs for trait of interest to deploy in marker-assisted breeding program [13].
Therefore, development of trait specific F, populations are required to identify QTLs
governing biotic, abiotic stress tolerance and fruit quality traits in pomegranate. For
instance, in trees species such as in apple QTL for fruit flesh browning [15], and in
apricot and peach QTL for chilling tolerance were identified using F» populations
[16,17]. Similarly, in pomegranate 25 QTLs were identified for fruit traits using F,
population derived from Nana x Black cross through SNP genotyping [13]. More
recently, Trainin et al. [14] deployed SNP markers to map phenotype of “black” fruit
colour using F» population; they discovered a few markers that were intimately
connected to the “black” peel of pomegranate. Due to co-dominant allelic patterns,
SSR markers were found highly informative for hybridity testing in many
horticultural fruit crops. Our findings confirmed that the pomegranate specific
hypervariable SSR markers deployed in this study are highly useful for gel based
assay to confirm true hybridity. We assume such informative markers could speed up
the process of development of new varieties in pomegranate by reducing the number
of generations of selection through marker assisted selection.

5. Conclusion

In this study, we have offered highly informative cross-specific hypervariable
SSR markers for hybridity analysis in pomegranate. We could also identify highly
heterotic cross specific F; hybrid plants, which could help us in developing high
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resolution F» mapping populations for mapping important genes or QTLs for fruit
quality traits in pomegranate.

Supplementary materials: Table S1, S2 and S3 are the Jaccard’s similarity
matrices as obtained for F;s of three biparental crosses (Bhagwa into Daru-17, Nana
and IC318712) using SSR markers.
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