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Abstract A novel genetic map of pomegranate (Punica
granatum L.) enriched with quantitative trait loci (QTLs) for
seven traits was constructed using an F2 population. The pop-
ulation was generated from a cross between two varieties of
P granatum: “Nana” and “Black.” Phenotyping of 76 F2
plants was conducted over two seasons. The map includes
1092 SNP markers which were newly developed from de
novo transcriptome assembly and a comparison of the se-
quences of the two varieties or accessions. The map covers
1141 centimorgans (cM) with an average of 1.17 cM between
markers over 11 linkage groups. Twenty-five QTLs were
identified for fruit traits and plant size. The map includes
QTLs for total soluble solids (TSS), fruit weight and perime-
ter, seed hardness, aril color and weight, and plant height. In
an effort to explore the potential of the Agricultural Research
Organization (ARO) pomegranate germplasm collection to
associate traits with gene markers, an association study was
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conducted using a set of 346 SNPs described in an earlier
study. Of these SNPs, 233 were mapped on the genetic map
and found to be distributed in the different linkage groups
(LGs). The associated traits were anchored to the map by these
common markers. The F2 population described here and the
corresponding genetic map provide a useful resource for fur-
ther genomics and genetic studies of pomegranate, as well as a
reservoir of markers for fruit improvement.
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QTLs - Fruit quality traits

Introduction

Pomegranate (Punica granatum L.) belongs to the Lythraceae
family and is grown worldwide. According to Masoud et al.
(2005), pomegranate is a diploid plant (2n=16). The pome-
granate fruit has a pleasant taste and an attractive appearance,
and many parts of the plant are used for commercial purposes.
Traditional and modern medicine indicate that the pomegran-
ate tree, its flowers, and its fruit have a high content of impor-
tant metabolites with health-promoting properties. The agri-
cultural value of the pomegranate tree and its products is con-
stantly increasing as its various benefits are being explored by
modern science. Numerous scientific studies (Reviewed in
Seeram et al. (2006) and Holland and Bar-Ya’akov (2014)),
with human patients, animals, and cell cultures suggest that
pomegranate-derived substances have antioxidant, anti-carci-
nogenic, anti-inflammatory, antimicrobial, and estrogenic
properties. The prominent bioactive phytochemicals present
in pomegranate are various polyphenolic compounds, includ-
ing ellagitannins and flavonoids.

Worldwide genetic and molecular studies of pomegranate
have so far been done mainly on local collections of
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accessions (Currd et al. 2010; Hasnaoui et al. 2010, 2012;
Pirseyedi et al. 2010; Basaki et al. 2011; Sarkhosh et al.
2011; Soriano et al. 2011; Jian et al. 2012; Noormohammadi
et al. 2012; Zhang et al. 2012; Hajiahmadi et al. 2013; Singh
et al. 2013; Ferrara et al. 2014; Orhan et al. 2014). These
studies involved the usage of various DNA markers in order
to distinguish between accessions within local collections and
in an effort to associate genetic markers with traits. The main
molecular markers that were used to screen pomegranates
were simple sequence repeats (SSRs) (Curro et al. 2010;
Hasnaoui et al. 2010, 2012; Pirseyedi et al. 2010; Basaki
et al. 2011; Soriano et al. 2011; Jian et al. 2012;
Noormohammadi et al. 2012; Ferrara et al. 2014). However,
studies with other molecular markers such as random ampli-
fication of polymorphic DNA (RAPD) (Noormohammadi
et al. 2012; Zhang et al. 2012; Singh et al. 2013; Orhan et al.
2014), amplified fragment length polymorphisms (AFLP)
(Sarkhosh et al. 2011), or internal transcribed spacers
(Noormohammadi et al. 2012; Hajiahmadi et al. 2013; Singh
et al. 2013) were reported in the literature. In most cases, no
overlap was found between the classification by genotype and
by the phenotype.

Recently, a wide molecular genetics study, which includes
de novo establishment of the pomegranate transcriptome and
the identification of several thousand SNP markers, was re-
ported (Ophir et al. 2014). A subset of 346 SNPs was used to
investigate the genetic structure of the Agricultural Research
Organization (ARO) germplasm collection. The ARO collec-
tion includes more than 100 accessions, local accessions, and
accessions introduced from foreign countries such as, India,
China, Central Asia, the USA, Spain, Turkey, and the Medi-
terranean region (Ophir et al. 2014). The selected SNPs are
highly diverse in the ARO pomegranate germplasm (half of
the SNPs had PIC >0.43). Moreover, this set of SNPs was
highly polymorphic, with only 10 % loci with minor allele
frequencies of (MAF <0.05). These SNPs were successfully
used to classify the ARO pomegranate collection by hierar-
chical clustering to three statistically significant groups (boot-
strap value >90 %) (Online Resource Table 1). The STRUC-
TURE program was used suggesting that there are two major
subpopulations.

Few genetic studies on pomegranate associated markers
with traits (Basaki etal. 2011, 2013; Singh et al. 2015). Basaki
etal. (2011, 2013) screened seven SSRs on 202 pomegranate
accessions representing 22 provinces of Iran. Despite the lim-
ited number of markers, the associated SSRs explained up to
29.6 % of the variation for 20 individual traits, including fruit
and flower traits, leaf size, and shoot production. The Indian
pomegranate collection was genotyped with 44 microsatellites
(Singh et al. 2015); three traits were found associated to three
different markers.

Genetic maps based on segregating populations are power-
ful tools for linking genes and characters. A saturated linkage
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map should discover possible links between genotype and
phenotype and also identify efficient markers for use in
marker-assisted breeding. In melon, markers were mapped
close to the trait of fruit acidity (Danin-Poleg et al. 2002;
Harel-Beja et al. 2010). Another example is the genetic map
of Artemisia annua L. that identified loci affecting yield that
co-located with quantitative trait loci (QTLs) for artemisinin
concentration, thus representing targets for a breeding pro-
gram (Graham et al. 2010). In trees such as apple, QTL anal-
ysis and the candidate gene approach led to two haplotypes
that were characterized and associated with fruit flesh brow-
ning (Di Guardo et al. 2013). In apricot and peach, QTL for
chilling requirements was detected with a major locus at LG1
(Olukolu et al. 2009; Fan et al. 2010).

In the present study, an enriched pomegranate map was
constructed based on an F2 population developed from a cross
between two varieties, “Nana” and “Black.” These varieties
differ in fruit quality traits, including aril characters such as
sweetness, acidity, and color, seed hardness, external peel
characters, and fruit size. In addition, the Nana parental variety
is a dwarf pomegranate while the Black variety has a normal
pomegranate tree size. Thus, the F2 population generated
from a cross between Nana and Black is an excellent tool
for mapping fruit quality traits along with tree growth charac-
teristics such as tree size. The pomegranate genetic map was
established with ~1100 SNP markers that were derived from
transcripts. QTLs for total soluble solids (TSS), fruit size, aril
color, seed hardness, and plant size were mapped. Finally,
association mapping was done for fruit traits in the ARO
collection.

Materials and methods
Plant material

A segregating F2 population (n=76) was constructed from a
cross between Black (P.G.127-28, according to the nomencla-
ture of the ARO collection at Newe Ya’ar) cultivar and Nana
seedling selection (P.G.232-243, P. granatum var. Nana).
Nana seedlings are characterized as dwarf, bushy plants that
have very small and sour fruits with hard seeds and a green to
red peel. Black is a domesticated cultivar characterized as a
deciduous normal-sized tree with a very distinct deep-purple
peel. The Black accession has a fruit of medium size, with
sweet taste and soft seeds. The parents are part of the ARO
collection (Holland et al. 2009). The F1 plant, which was the
progenitor of the F2 population, was planted in 2008 and was
self-pollinated at 2009 (Nana pomegranate flower and fruit
few months after germination). The F2 population was planted
in 2010 at the Newe Ya’ar Research Center in northern Israel.

The ARO’s pomegranate germplasm collection is located
at the Newe Ya’ar Research Center (http://igb.agri.gov.il/
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main/index.pl?page=22). It consists of more than 150
accessions originating from different geographical locations
all over the world and in particular from Israel (Holland
et al. 2009). For the association study, 94 accessions were
analyzed (Online Resource Table 1).

Phenotype evaluation of a segregating F2 population

The two parents, the F1 plant and the F2 population, were
grown in the orchard at Newe Ya’ar, Israel. Three mature fruits
from each plant of the F2 population were harvested, from
different parts of the tree in two successive fruiting seasons
(2 and 3 years after planting). Maturity was determined by the
combination of aril and peel color and by tasting for astrin-
gency and sourness. Each fruit was examined for the

following traits: fruit perimeter, fruit and aril weight, TSS,
peel and aril color, aril taste, and seed hardness. Peel and aril
color, aril taste, and seed hardness were evaluated by visual
screening and by tasting the fruit. These traits were graded
from 1 to 5, where 1 is the least favored and 5 is the most
favored. Fruit perimeter was measured by measuring tape;
fruit weight was measured by scale (Merav 2000, Shekel
Scales Ltd. Israel) and aril weight was measured by a digital
scale (BBA-1200, M.R.C. Israel). TSS was measured by a
hand refractometer (ATC-1 Atago Japan). Plant height was
measured in the second, third, and fifth year after planting
by measuring tape. Plant growth was calculated by subtracting
the height in the second year from the height in the third year.

Fruits from the parental lines were harvested and evaluated
like the fruits of the segregating population in the 2011 and

Table 1  Phenotypic data of the parental accessions, the F1 hybrid parent and the F2 population, for seven traits
Trait Years of Black, Nana, F1, F2 population, F2 population, F2 population,
trial mean+SD mean+SD mean+SD mean=SD max. min.
Fruit perimeter 2011 33.17+0.74 29.77+4.24 29.47+1.17 NA NA NA
(cm) 2012 NA NA 2023+0.50  20.64+2.94 28.40 10.50
2013 NA NA NA 22.414+3.14 28.00 11.74
2014 24.83+1.63 14.22+£1.25 20.07+1.76 NA NA NA
Fruit weight (g) 2011 194.37+31.53  69.47+19.07 123.9+12.26 NA NA NA
2012 NA NA 137.67+9.05 147.04+52.3 336.37 50.98
2013 NA NA NA 181.58+64.64 338.40 26.36
2014 237.23+41.1 473+12.23 135.1+£36.12 NA NA NA
Aril weight (g) 2011 0.36+0.03 0.23+0.01 0.31+0.01 NA NA NA
2012 NA NA 0.37+£0.02  0.23+0.06 0.35 0.07
2013 NA NA NA 0.25+0.05 0.38 0.12
2014 0.37+0.09 0.19+0.03 0.39+0.03 NA NA NA
Peel color (1-5) 2011 5+0 1.43+0.12 4+0 NA NA NA
2012 NA NA 3.5+0 3.63+1.19 5.00 1.00
2013 NA NA NA 4.24+0.94 5.00 1.10
2014 5.0+0 1.25+0.05 453+0.12 NA NA NA
Aril color (1-5) 2011 4.87+0.06 2.73+0.46 4+0 NA NA NA
2012 NA NA 3+0.87 2.67+0.86 4.50 1.00
2013 NA NA NA 2.42+0.9 420 1.00
2014 4.33+0.12 3.17+0.29 4.17+0.15 NA NA NA
Seed hardness (1- 2011 4.5+0 1£0 1+0 NA NA NA
5) 2012 NA NA 10 1.97+1.24 5.00 037
2013 NA NA NA 1.83+1.3 4.90 1.00
2014 43+0 1+0 1+0 NA NA NA
TSS 2011 18+0 15.07+0.12 18.13£0.92 NA NA NA
2012 NA NA 16.13£0.50  14.43+1.58 17.73 9.13
2013 NA NA NA 15.78+1.31 18.27 9.67
2014 17.67+0.31 14.33+0.82 17.33£0.42 NA NA NA

The traits were measured and evaluated over two seasons for the parents (2011 and 2014) and for the F2 population (2012 and 2013); the F1 hybrid parent
was evaluated over 3 years (2011, 2012, and 2014). The data is summarized as the means, standard deviation (SD), and maximum and minimum values

of the segregating population
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2014 fruit seasons; in addition, they were characterized as part
of the ARO collection for at least 5 years. The F1 plant was
examined during 2011, 2012, and 2014. The heights of mature
plants of the maternal parent and of F1 plant were measured
by measuring tape. The height of mature plants of the parental
variety was evaluated.

Phenotypic evaluation of the pomegranate variety
collection

The pomegranate collection was established in 1978, and
since then, new accessions have been added to the orchard.
Once each of the accessions reached the fruiting stage, the tree
and fruit were characterized for at least 5 years. Characteriza-
tion included, among other traits, date of maturity (when the
fruit reached edible quality), fruit size (weight and diameter),
peel and aril colors (visual evaluation), taste (organoleptic
description), and TSS (by refractometer (ATC-1 Atago, Ja-
pan)). Total acid content was calculated as percentage of citric
acid by titrating the pomegranate juice with a solution of
NaOH 0.1 N. Five mature fruits were harvested from two
different trees of each accession, from different parts of each
tree. The characterizations of the different traits were averaged
over 5 years (Online resource Table 1).

DNA extraction

The DNA extraction protocol was based on Porebski et al.
(1997) with few modifications. Young leaves from the paren-
tal lines, the F1 parent of the F2 population, and the population
plants were used for DNA preparation, 0.5 g resuspended in a
6-ml extraction buffer. The chloroform—octanol solution was
replaced with chloroform—isoamyl alcohol. DNA was precip-
itated with sodium acetate instead of sodium chloride.

Statistical analysis

Means, standard deviations, trait distribution, pairwise corre-
lation, ANOVA and Welch ANOVA, Shapiro—Wilk W test,
and Wilcoxon/Kruskal-Wallis test (rank sums) analyses were
conducted with the JMP program, v. 7.0 (SAS Institute Inc.,
Cary, NC).

Marker analysis and map construction
Array and probe design

SNP markers were discovered by whole-transcriptome se-
quencing of two mRNA samples that were extracted from
the accessions Nana and Black (Ophir et al. 2014) and from
the P.G.160-61 and P.G.100-1 accessions (unpublished data)
on 454-GS FLX Titanium. Total RNA was extracted from a
pool of tissues including leaves, roots, flowers (petals, anthers,
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ovaries), and fruit (stage 3 (Ben-Simhon et al. 2011)) of Nana
and Black. The same pool of tissues, excluding the roots, was
used for RNA extractions from the P.G.160-61 and P.G.100-1
accessions. De novo assembly was performed separately on
pairs of accessions’ sequencing with MIRA (Chevreux
et al. 2004), and polymorphic loci of low quality (O<
30; PHRED scale; (Ewing et al. 1998)) were filtered
out. The repertoire of SNPs for array design was com-
posed of three SNP subsets: homozygous but polymorphic
between Nana and Black (6001), homozygous but poly-
morphic between P.G.160-61 and P.G.101-2 (4311), and
heterozygous at least in one of the parental accessions,
i.e., Nana or Black (4800). Altogether the array was com-
posed of 15,494 SNPs. Four probes were designed for
each SNP to fill an Agilent 60K SurePrint array. Two
replicate probes were designed for each allele, one to de-
tect the forward DNA strand and the other to detect the
reverse DNA strand. The probes were T, optimized, as
described by Rubinstein et al. (2015).

Array hybridization and signal preprocessing

Labeling of DNA pools and hybridization were performed at
the DNA array unit of the Weizmann Institute (Rehovot, Isra-
el) following the Agilent CGH protocol for comparative ge-
nomic hybridization (http://www.agilent.com); hybridization
temperature was modified to 55 °C. Emission intensities
(signal values) were preprocessed in three steps: quantile
normalization across arrays and dyes, removal of spatial
slide defects, e.g., scratches, bubbles, etc. by the method
described in Chai et al. (2010), and subtracting each probe
by its median.

Genotype calling

An SNP genotype call was performed by k-means parti-
tion clustering. Differential signals (M=allele X-allele Y)
were calculated for forward and reverse probes. All F2
hybridization signals per SNP were used as two vectors
of forward-M and reverse-M, and a k-means clustering,
with k=3, was performed (see an example in Liu et al.
(2003)). The genotype call of a cluster was called by
projecting the medoid of the clusters on the diagonal of
the forward-M and reverse-M axes. The cluster with the
maximal medoid was typed as XX, the cluster with the
median medoid was typed as XY, and the cluster with
minimal medoid was typed as YY. Only SNPs with three
distinct clusters, i.e., clusters with a minimal
Bhattacharyya distance of 0.5 were selected for down-
stream analysis. In addition, SNPs were selected only if
the parent F1 plant was heterozygous.
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Map construction and QTL analysis

Mapping was performed using JoinMap® 3.0 software (Van
Ooijen and Voorrips 2001). Markers were grouped at a mini-
mum LOD score of 4.0 and a recombination frequency value
of 0.4. JoinMap® 3.0 software uses Kosambi mapping func-
tions to translate recombination frequency into map distance.

Using the MapQTL® 5 software (Van Ooijen 2004), QTLs
and their significance were calculated using interval mapping
(IM), multiple QTL model (MQM), and permutation analysis.
A QTL was determined significant when its LOD score was
higher than the calculated threshold (1000 permutation at p=
0.05).

Map association of traits within the germplasm collection

Association between traits and SNPs within the germplasm
collection was analyzed using the TASSEL (version 3.0.164)
program (Bradbury et al. 2007). The general linear model
(GLM) function was used for association analysis. For each
marker—trait combination, GLM finds the ordinary least
squares solution. The p value was specified as less than
10, Associations within the germplasm collection were ex-
cluded if one of the allele compositions was presented in more
than 80 % of the accessions within the collection. Significant
associations were analyzed by the JMP program, v. 7.0 (SAS
Institute Inc., Cary, NC) using an ANOVA test if the trait was
normally distributed (fruit weight and TSS); otherwise, they
were analyzed by Wilcoxon/Kruskal-Wallis tests (rank sums).
In addition, mixed linear model (MLM) was analyzed using

the TASSEL (version 3.0.164) program (Bradbury et al. 2007)
that implement the kinship and structure analysis of the germ-
plasm collection.

Results
Development and characterization of an F2 population

An F2 population, designated “Nana xBlack,” was developed
from a cross between Nana (P.G.232-243, P. granatum var.
Nana) and Black (P.G.127-28) cultivars. The population was
polymorphic in many characteristics (Fig. 1), including
growth rate and fruit traits.

The population was genotyped using the SNP CHIP. All
the SNPs were newly developed markers from the pomegran-
ate transcriptome (Ophir et al. 2014). Markers of 1835 were
selected as described in genotype calling in the “Materials and
methods” section. Two hundreds and fifteen of the SNPs were
not polymorphic.

Although the size of the F2 population is not high, 3102
recombination events occurred in the 76 F2 plants. The num-
ber of recombination events per plant ranged from 25 to 73,
with a mean of 45.6.

The heterozygosity in the population was 47 %, calcu-
lated as the average of the percent of heterozygous markers
for each plant of the population. The percent of heterozy-
gosity was lower than 30 % in only one progeny that had
28 % heterozygosity. Six plants had over 60 % heterozy-
gosity; the highest percentage was 69 %. The alleles of the

Fig. 1 Polymorphism within the NanaxBlack F2 population. The segregating population is polymorphic regarding plant height (a), fruit size (b), and

aril color and size (¢). Arrows indicate two low trees in a raw with high trees
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maternal parent were 1.3 times more abundant in the F2
population than the alleles of the paternal parent. Five
progenies had more than twice the maternal alleles than
the paternal alleles.

Development of an enriched linkage map

Total of 1625 SNP markers were analyzed by the JoinMap®
3.0 program. The segregation of 298 markers was not Men-
delian segregation as was tested by chi-square test (y>>10.4,
df=2) (Van Ooijen and Voorrips 2001). In addition, 235 SNPs
were removed since they were identically segregated. Overall,
atotal of 1092 SNP markers were used to construct the linkage
map that was named NanaxBlack (Fig. 2 and Online
Resource Table 1).

The NanaxBlack F2 genetic map covers 960 centimor-
gans (cM) and is divided into seven major linkage groups
(LGs), with an average of 1.17 ¢cM per marker. The larg-
est linkage group is LG1, which covers 155 c¢cM (Online
Resource Table 2). Interestingly, when 176 of the deviant
distributed markers were included in the map calculations,
four additional linkage groups were created; therefore,
overall, the map covers 1141 cM. Two of the additional
groups (LG8 and LGY) included 67 and 58 markers, re-
spectively, and covered more than 60 cM each (Fig. 2).
The additional deviant markers were located to LG2 (2),
LG3 (5), LG6 (12), LG10 (27), and LG11 (5) (marked in
Online Resource Table 3). The deviation from the Mende-
lian segregation was mainly due to a maternal homozygote
genotype which was more frequent than the paternal ge-
notype. In addition, there were 281 markers for which one
of the parents was a heterozygote; they were spread all
over the linkage groups.

Of the mapped SNPs, 233 were previously genotyped
within the ARO collection (Ophir et al. 2014). The names of
these markers are bolded and end with “ f1”. These markers
were distributed all over the map (Fig. 2 and Online Resource
Table 2 and 3).

Fruit traits

The F2 population was used to phenotypically characterize
and map variation in fruit qualities such as size, taste,
seed hardness, and color. The F2 plants as well as the
F1 plant (parent of the mapping population) and its paren-
tal accessions were phenotyped during at least two grow-
ing seasons: the F1 in 2011, 2012, and 2014 and the F2
population in 2012 and 2013. The parent trees (Nana and
Black) were characterized as part of the ARO collection
for at least 5 years. In addition, they were characterized in
2011 and 2014. Mean and minimum and maximum values
of the fruit traits for the parents and the F1 and the F2
population are presented in Table 1. Fruit perimeter, fruit
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weight, and aril weight were distributed as normal distri-
bution in 2013 (Fig. 3) according to the Shapiro—Wilk
goodness-of-fit test. The other three traits, aril color, seed
hardness, and TSS, were not normally distributed (p<0.01)
in 2013; however, in 2012, only seed hardness was not
normally distributed (data not shown).

The correlation between fruit perimeter and fruit weight
was high, 0.86 and 0.94 for 2012 and 2013, respectively
(Table 2). In addition, aril weight was also highly correlated
with fruit weight, 0.53 and 0.68 for 2012 and 2013, respec-
tively. The other fruit traits were correlated at lower levels (<
0.56).

The year effect was not significant according to Wilcoxon/
Kruskal-Wallis Tests (p>0.01) for three traits: aril weight,
color, and seed hardness. However, the year effect was signif-
icant (p<0.01) for three fruit traits: fruit perimeter, weight, and
TSS, possibly since the trees were young. Young pomegranate
trees tend to yield slightly different fruits than fully mature
trees. Yield load can also affect these traits. The parental lines
are mature trees; the year effect within the parents was not
significant (p=>0.01) for the various traits, except of fruit pe-
rimeter. Therefore, it may be assumed that fruit weight and
TSS were affected by the age of the tree over the F2 popula-
tion. Nevertheless, it may indicate a genotype x environment
interaction.

Transgressive segregation was detected for five fruit
traits (Fig. 3): fruit and aril weight, fruit perimeter, aril
color, and TSS. Regarding the fruit weight trait, 16 plants
had heavier fruits than the fruits of the Black variety, and
only two plants with fruits lighter than Nana, were present
in the population. With respect to aril weight, on the other
hand, nine plants had fruits with smaller arils than Nana
and only one had heavier arils than Black. Twenty-one
plants had fruits with larger perimeters than Black and
only one that was smaller than the fruits of Nana. The
aril color of both parents was evaluated with high values,
Nana arils are red and Black arils are dark pink. On the
other hand, most of the plants in the population (61) were
evaluated with lower scores for their aril color as com-
pared to Nana. The TSS levels of Black were high (about
17.7) and the TSS levels of Nana were low (about 14.3).
Ten of the plants had much lower TSS levels and three
had higher TSS levels than Black.

Fig. 2 Genetic map of pomegranate based on the NanaxBlack F2 P>
population including QTLs for fruit traits and plant height and data
from map association of fruit quality traits in the ARO collection of
varieties. LG numbers are marked above each group. Distances in
centimorgans are written on the /lefi side and marker names are on the
right side of each linkage group. Markers that were genotyped within the
variety collection are written in purple and end with _f1. Significant QTLs
(by permutation test) analyzed by MQM analysis are represented by red
lines. Rectangles and blue arrows indicate SNPs that are associated with
fruit traits within the variety collection by MLM analysis
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Table 2 Correlation between

fruit traits within the segregating Fruit perimeter ~ Fruit weight ~ Aril weigh  Peel color ~ Aril color  Seed hardness
F2 population
2012
Fruit weight 0.86
Aril weight 0.57 0.53
Peel color 0.17 0.13 0.42
Aril color —0.30 -0.29 —0.02 -0.01
Seed hardness ~ 0.17 0.24 0.10 —0.10 —0.02
TSS 0.25 0.22 0.56 0.43 0.32 —0.06
2013
Fruit weight 0.94
Aril weight 0.67 0.68
Peel color 0.22 0.19 0.35
Aril color —0.20 —-0.19 —0.22 —0.24
Seed hardness ~ —0.03 0.02 —-0.10 —0.30 0.11
TSS 0.25 0.20 0.34 0.41 0.28 —0.17
Plant growth (Ophir et al. 2014); however, this division was not significant

The maternal parent of the segregating population was Nana
(P.G.232-243, P. granatum var. Nana), which is a dwarf pome-
granate. The mature plant height of this cultivar is 70 cm. The
other parent, Black, has normal pomegranate plant height,
about 3 m. The F1 plant was medium sized, about 2.7 m at
6 years after planting. The F2 population plant height was
highly polymorphic (Fig. 1a), it was measured in the second
and third year after planting. Plant height segregated from 0.6
to 3 m when measured 3 years from planting. During the third
year, the growth rate distribution was from 2 to 187 cm/year.
The distribution of the two traits was normal according to the
Shapiro—Wilk goodness-of-fit test (p=>0.01) (Fig. 3h, 1). There
was a high correlation (»=0.75) between plant height in the
fifth year of growth and in the third year of growth.

The correlations between plant height and fruit traits were
low (r<0.42), as shown in Table 3.

Fruit traits within the pomegranate collection

The ARO pomegranate germplasm collection includes more
than a hundred accessions from all over the world (Ophir et al.
2014). The fruits of each variety were evaluated during at least
3 years. Six fruit traits were analyzed within the collection
(Table 4). Fruit weight, acid content, TSS to acid ratio, and
seed hardness were highly polymorphic within the collection,
as can be concluded from the traits’ high standard deviations
(Table 4). However, TSS and aril weight were less variable
within the collection. Fruit weight, TSS, and aril weight were
normally distributed as was examined by Shapiro—Wilk ¥ test
(p=0.01).

Previous work divided the ARO pomegranate germplasm
collection to two main groups by STRUCTURE analysis

@ Springer

(»>0.05) for the fruit traits, except for seed hardness.

Identification of QTLs in the NanaxBlack F2 population

QTLs were analyzed by MQM analysis, which narrows down
the QTL around the most significant markers (Van Ooijen
2004). The QTL threshold base was calculated by the permu-
tation analysis (1000 permutation at p=0.05), ranging from
4.0 for aril color, aril weight, and fruit weight to 26.4 for seed
hardness in the 2013 fruit season. Twenty-five QTLs were
analyzed for seven different traits (Table 5 and Fig. 2), includ-
ing plant growth rate, fruit weight and perimeter, aril weight
and color, seed hardness, and TSS of the juice. LOD values
varied from 39.45 to 3.97. The highest LOD value was 39.45
for seed hardness at LG1 (114—125 c¢cM). The QTLs were
analyzed at six linkage groups out of ten. Only two QTLs,
one for seed hardness and one for fruit weight, were statisti-
cally significant for both 2012 and 2013 fruit seasons; all the
other QTLs were significant for one fruit season only suggest-
ing age effect on the traits within the population.

The highest significant QTL was for seed hardness (Seed
hardness 1-1) at LG1 (114-125 cM) between the markers

Table 3 Correlation

between plant height and Plant height, third year

fruit traits of the F2

population at 2013 Fruit perimeter 0.30
Fruit weight 0.24
Aril weight 0.42
Peel color 041
Aril color -0.3
Seed hardness —0.08
TSS 0.34
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Fig. 3 Distribution of nine traits
within the F2 population. Seven
fruit traits were evaluated in the
segregating population in 2013:
fruit perimeter (a), fruit weight
(b), aril weight (c), aril color (d),
seed hardness (e), and TSS (f).
The results are averages of three
fruits per plant. Plant height (g)
and plant growth rate (h) were
measured in the third year of
growth. The distribution is
accepted as normal when the prob
>0.001 as was calculated by
Shapiro—Wilk W test. Orange,
purple, and green arrows point to
the Nana, Black, and F1 parents
values in 2014, respectively

€22061 572 and 21761 335. It had a very high LOD value
of 18.33 or 39.45 for the 2012 and 2013 fruit seasons,
respectively, and can explain 65 or 94 % of the trait for
the 2012 or 2013 fruit season, respectively. The hard
seed trait was contributed by the Nana parent. Plants
with Nana alleles at this locus are with low evaluation

score, which means harder seeds.

a Prob < 0.0267 e Prob < 0.0001
; ’J-’— | ¢ ] T T 1 WI 1
10 15 o0 e o 05 1 15 2 25 3 35 4 45 5
Fruit perimeter (om) Seed hardness (1-9)
b Prob < 0.9703 f Prob < 0.0001
T 1 ¢ ¢ T T T T T T I¢I I T T T
0 50 100 150 200 250 300 35C 9 10 11 12 13 14 15 16 17 158 19

Fruit sweight (gr)

Prob < 0.4809

TS5 %

Prob < 0.5983

P

A 0.25 100 150 200 250
Aril weeight (grj Plant height
d Prob < 0.0092 h Prob < 0.3946
[ R _—
T I I T
ns 1 15 2 25 3 35 4 45 0 a0 100 150 200

Aril colar (1-5)

Plart grovwth rate

Plant height was measured in the third and fifth year of
growth. The same two QTLs were identified for both mea-
surements. The more significant QTL (plant height 2-1) is at
LG2 (51-80 cM), where the markers c6449 982,
cl5646 223, c12777 264, and c6269 275 fl are mapped.
The LOD values of this QTL were 11.44 for the third year

height, which explains 38.6 % of the trait, and 6.3, which

Table 4 Phenotypic data of the

variety collection for six traits Traits Average+SD Maximum Minimum Shapiro-Wilk ¥ test
Fruit weight (g) 355.9+117.02 617.6 40 0.1452
TSS (%) 14.92+1.14 19.9 11.8 0.0936
Acid (%) 0.84+0.8 3.9 0.1 <0.0001
TSS/acid 28.46+19.28 96.8 39 <0.0001
Aril weight (g) 0.37+.08 0.7 0.2 0.0117
Seed hardness (1-5) 3.05+1.25 1 <0.0001

The traits were described over three seasons. The data is summarized as the means, SD, and maximum and
minimum values. The probability of normal distribution was analyzed by Shapiro—Wilk ¥ test
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Table 5 (continued)

Additive'

Max.

Max. %
expl.?

Max. Max. Max. Max.

Max.

Marker close to the
highest LOD

Group Length of QTL  Locus position

Year of
trial

Trait

QTL?

dominance’

variance®

mu Bf

mu A¢ mu H°¢

LOD®

(eM)

(cM)

176.61 203.18 768.63 12.3 22.11 -4.46

158.96

3 463

c14583 853

37

LG3

2013

Plant height

3-1
Plant height

—8.8

4.94 163.44 183.24 220.63 1281.53 18.7 28.59

c14583_853

36.733

LG3

2015

3-1

#QTLs are defined by the trait abbreviation, linkage group number, and QTL number

® Position of the QTL in centimorgans on the linkage group

¢ Maximum LOD score for each QTL

9Maximum score in trait values for Nana (A) alleles for cach QTL

¢ Maximum score in trait values for Black (B) alleles for each QTL

"Maximum score in trait values for heterozygous for each QTL

& Maximum variance for each QTL

" Maximum percent of explanation for each QTL

! Additive effect is positive when Nana alleles increase the trait score and negative when Black alleles increase the trait score

I Maximum dominance for each QTL

explains 25 % of the trait for the fifth year height. The addi-
tional QTL (plant height 3-1) is at LG3 (37 ¢cM) with a LOD
value higher than 4.6, which explains about 15 % of the trait.
Two QTLs for fruit size traits were identified in close proxim-
ity to the position of plant height 2-1 QTL. A QTL for fruit
weight (fruit weight 2-1) was localized at LG2 (52-55 cM)
with a LOD value of 5.97; the marker c12777 264 had the
highest LOD value at this QTL. This QTL was analyzed for
two successive fruit seasons. In addition, a QTL for fruit pe-
rimeter (fruit perimeter 2-1) was detected at LG2 (45—
51 cM) with a LOD value of 6.49; the highest LOD value
was by the marker c6449 982. At the same location, a
QTL for aril weight (aril weight 2-2) was localized with a
LOD value of 7.35. The juice TSS trait, as measured in
the fruit season of 2013, also had a QTL (7SS 2-2) at
LG2 (52 cM) with a LOD value of 6.76. It seems that the
LG2 (50-55 cM) region contained sites for several fruit
quality traits and for the plant height trait. However, all
these fruit traits have more than one QTL.

There are two QTLs for fruit weight with almost the
same LOD values, one (fruit weight 1-1) at LGI
(106 cM) with a LOD value of 7.64, the other one (fruit
weight 3-1) at LG3 (28-30 cM) with a LOD value of
7.82. An additional smaller QTL (fruit weight 7-1) was
located at LG7 (132 c¢cM) with a LOD value of 3.97.
Surprisingly, at this locus, the Nana alleles contributed to
the existence of heavier fruits. The four QTLS for fruit
weight were analyzed for the 2013 fruit season, each of
the main three, at LG1, LG2, and LG3, which explains
about 20 % of the trait. For the 2012 fruit season, only
one QTL was analyzed at LG2 (52-55 cM), at the same
location as in the 2013 season, which explains 32.1 % of
the trait.

Fruit perimeter in the 2013 fruit season had two QTLs, one
at LG2, fruit perimeter 2-1, as described, in the region (45—
51 ¢cM), and it explains 19.4 % of the trait. An additional QTL
(fruit perimeter 2-3) with a lower LOD value was detected at
another part of LG2 (121-124 cM). A single QTL was ana-
lyzed for the 2012 season (fruit perimeter 2-2) at LG2
(61 cM). This QTL was more significant than the QTLs iden-
tified for the 2013 fruit season, with a LOD value of 8.62, and
it explains 42.3 % of the trait.

Six QTLs were identified for the aril weight trait. Only one
of these was found for the 2013 season (aril weight 2-2),
which explains the highest percent of the trait (36.5 %). The
other five QTLs were analyzed in the 2012 fruit season, the
most significant (LOD=8.38) was aril weight 3-2 at LG3
(122 cM), close to SNP c15747 186. There is an addi-
tional QTL (aril weight 3-1) at LG3 with a lower LOD
value (LOD=3.79). Another highly significant QTL
(LOD=8.11) is positioned at LG10 (aril weight 10-1).
Two separate QTLs (aril weight 2-1 and aril weight 2-3)
were at LG2 (37 and 107 cM, respectively), both with a
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Table 6 Significant associations

by GLM (p<10"*) for fruit traits Trait Marker LG Locus position Association p value R

and SNPs within the variety

collection Seed hardness c4861 219 LG2 22.141 7.27E-08 0.3
Seed hardness ¢3506_2098 LG3 35.29 6.13E-04 0.15
Seed hardness c4399_2863 LG3 120.334 8.32E-04 0.15
Seed hardness c10126_309 LG6 45.554 2.92E-04 0.17
Aril weight c3506_2098 LG3 35.29 5.69E-04 0.15
Aril weight c7562_1997 LG4 116.17 1.41E-05 023
Fruit weight" c7552_803 LG1 103.806 2.48E-05 0.21
Fruit weight c3177_1224 LG1 129.38 7.43E-04 0.14
Fruit weight c12815_439 LGl 144.136 7.7TE-04 0.15
Fruit weight® c8107_922 LG2 42.631 5.53E-04 0.15
Fruit weight c7874_1707 LG2 93.72 5.82E-07 0.27
Fruit weight cl11182_1077 LG3 53.207 5.98E-04 0.16
Fruit weight ¢3075_725 LG3 62.12 1.97E-07 0.29
Fruit weight ¢13857_900 LG4 66.03 1.57E-04 0.17
Fruit weight c7749_1488 LG5 32.48 7.28E-04 0.15
Fruit weight c9544 1132 LG6 22.103 4.28E-05 02
Fruit weight c7888_929 LG6 25.363 3.85E-04 0.16
Fruit weight c6289 1362 LG6 26.623 1.62E-05 022
Fruit weight c8681_1903 LG8 62.184 2.19E-05 0.21
TSS c7552_803 LGl 103.806 6.13E-07 0.27

# Significantly associated within the variety collection and positioned at QTL to fruit weight

LOD value of about 5.5, these QTLs are not at the same
position as aril weight 2-2.

Aril color was evaluated and scored from 1 to 5. The eval-
uation outcome was analyzed as a continuous trait. Five QTLs
were analyzed for this trait. One of them (aril color 1-2) for
the 2012 fruit season is at LG1 (67—69 cM). The other four aril
color QTLs were analyzed for the 2013 fruit season, including
an additional one at LG1 (aril color 1-1), but at a different
position (22 cM), one at LG2 (aril color 2-1), one at LG3 (aril
color 3-1), and one at LG5 (aril color 5-1). In QTL aril color
5-1, the Nana alleles reduced the evaluation score, while in all
the other QTLs, the Nana alleles increased the evaluation
scores, which meant increasing the aril red color.

TSS of the aril juice was assessed for the fruits of the
population in the 2012 and 2013 fruit seasons. Two QTLs
were analyzed at LG2, one for the 2012 fruit season (7SS
2-1) and TSS 2-2 in the 2013 fruit season. The two QTLs
had a LOD value of about 6. Although the two QTLs are
located on LG2, they are separated by 20 cM. The Black
alleles contributed to higher TSS values.

Association study
The ARO germplasm collection was genotyped with 346

SNPs by Fluidigm-EP platform (Ophir et al. 2014). Associa-
tion between fruit traits and polymorphic SNPs was analyzed

@ Springer

by the TASSEL program using initially the GLM analysis
(Table 6). SNPs found to be significantly associated by the
GLM (p<10"*) were verified for normal allele distribution
(»p=0.01), and the significance of the association was con-
firmed by ANOVA or Wilcoxon/Kruskal-Wallis tests (Online
Resource Table 4). The associations were among seed hard-
ness, aril weight, fruit weight, and TSS. The associated traits
were anchored to seven linkage groups on the genetic map by
common markers (Fig. 2). A marker’s R* is the portion of total
variation explained by that marker. The maximum R* value
(0.3) was found between SNP c4861 219 at LG2 (22.141 cM)
and seed hardness. Fruit weight trait was the only trait that
overlapped between the markers that were associated by asso-
ciation mapping and linked by QTL mapping, at two different
locations. The QTL fruit weight 1-1 at LG1 (106 cM) with a
high LOD value of 7.64 is close to SNP ¢7552 803 fl posi-
tioned at LG1 (104 cM). The other common position was
at LG2, where the QTL fruit weight 2-1 at LG2 (52—
55 c¢cM), which was significant for both the 2012 and
the 2013 seasons, is close to the associated SNP
c8107 922 fl at LG2 (43 cM). When TASSEL was used
to take in account the kinship and Q value from structure
analysis within the germplasm collection (MLM), the
corrected results yielded the data presented in Table 7. It
can be seen that only acid content and fruit weight were
significantly associated (p<10~>).
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Table 7 Significant associations

by MLM (p<10">) for fruit traits Trait Marker LG Locus position Association p value R
and SNPs within the variety
collection Acid cl1182_1077 LG3 53.207 3.93E-08 045
c5614_1406 LG8 18.39 1.59E-04 0.21
c7721_1222 Not mapped 4.17E-10 0.61
c8554 297 Not mapped 2.46E-09 0.54
c6885 901 Not mapped 2.17E-09 0.55
Fruit weight c5614_1406 LG8 18.39 8.62E-04 0.16
¢3213_803 LG8 18.39 9.88E-04 0.16
Discussion abnormally distributed, mainly in four linkage groups. Devi-

Based on novel SNP markers and an F2 population, we were
able for the first time to assemble a genetic map for pome-
granate. Although several types of genetic markers were used
to genotype some of the world pomegranate collections
(Curro et al. 2010; Hasnaoui et al. 2010, 2012; Pirseyedi
et al. 2010; Basaki et al. 2011; Sarkhosh et al. 2011; Soriano
et al. 2011; Jian et al. 2012; Noormohammadi et al. 2012;
Zhang et al. 2012; Hajiahmadi et al. 2013; Singh et al. 2013;
Ferrara et al. 2014; Orhan et al. 2014), these sets of markers
were separately used for each collection and no general refer-
ence for relative position of the various markers was available.
The NanaxBlack genetic map provides for the first time an
important reference tool of the pomegranate genome for posi-
tioning markers and traits. This genetic linkage map may be
useful as a basic pomegranate map. Since this map includes
more than 230 SNPs that are polymorphic within the variety
collection, it can be of relevance for all pomegranate varieties.
The current pomegranate genetic map is spread over 1141 cM.
The markers are spread at an average of 1.17-cM intervals and
the 1200 SNP markers are all positioned within transcribed
genes. Because these genetic markers are within genes, they
specify genes as anchors for genetic markers even in popula-
tions where the original SNPs themselves are not
polymorphic.

The NanaxBlack F2 population was chosen for the con-
struction of the genetic map because the two parent accessions
Nana and Black differ in many characteristics, and the
resulting F2 population was expected to be genetically di-
verse. Nana and Black differ in important characteristics in-
cluding fruit quality parameters, tree size and growth habit.
Previous genetic classification divides the pomegranate germ-
plasm collection into two statistically significant distinct ge-
netic groups, G1 and G2; each of the parents of the population
belongs to a different group. Nana belongs to the G1 group.
The paternal parent, the Black accession, is part of the G2
group (Ophir et al. 2014).

The heterozygosity in the mapped F2 population was found
to be 47 %, which is expected of an F2 population (Van Ooijen
and Voorrips 2001). The maternal (Nana) alleles were 30 %
more abundant within the F2 population. SNPs of 176 were

ating distortion is known in other mapped population of dif-
ferent plants. In maize, two F2 populations were compared
before and after five generations of intermating; deviant seg-
regation ratios were observed in both F2 populations; the
overall allele frequencies were 51 % and 49 % for the different
parents’ alleles (Lee et al. 2002). However, ratios of genotypic
classes at 38 loci distributed among all chromosomes deviated
from the expectations in F2. In a recombinant inbred line
population of tomato, a significant deviation from the expect-
ed 1:1 ratio between the two homozygous classes was found
in 73 % of the markers. In 98 % of the deviating markers,
Lycopersicon esculentum alleles were present at a greater fre-
quency than that of the Lycopersicon cheesmanii alleles; the
skewed loci were scattered throughout the genome (Paran
etal. 1995). Genotypic analysis of individual progenies within
the pomegranate F2 population revealed that five plants
contained more than twice the alleles of Nana. Phenotypic
characterization of these individual progenies revealed that
they were not dwarfed like Nana, nor did they resemble Nana
in other phenotypic aspects. The possibility of obtaining such
a high enrichment of parental alleles in F2 progenies is of high
importance for breeding, as it provides a useful tool to hasten
breeding towards a similarity of genotypes to one of the par-
ents in advanced generations. Identification of shifts in allele
frequencies within the genome can be important information
for monitoring specific alleles or haplotypes and can be used
to design appropriate breeding strategies (Collard and Mackill
2008).

QTL mapping allowed us to map several agriculturally
important traits including TSS, fruit size, seed hardness, and
plant size. While multiple genes were found to be responsible
for some phenotypic traits in pomegranate (for example, fruit
weight and aril weight), only one QTL was detected for fruit
weight in peach (Dirlewanger et al. 1999) and two major
QTLs were detected in tomato (Causse et al. 2002). For other
traits such as TSS, seed hardness, and plant height, only two
sites on the genetic map were found to be involved. Major
genes were found for each of these three traits, suggesting
the potential of the map to facilitate breeding for these traits.
QTLS for TSS, seed hardness, and plant height were charac-
terized in other plants as well. In peach, two major QTLs for
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TSS were also found (Dirlewanger et al. 1999). The seed
hardness trait was mapped also in soybean (Zhang et al.
2008). Interestingly, seed hardness in soybean was also found
to be mapped to two loci in the genetic map. QTL mapping of
plant height was done in populus. In this plant, only one QTL
was identified for plant height in the second year of growth
(Bradshaw and Stettler 1995). In addition, in peach, growth
habit was not mapped as one gene trait (Sajer et al. 2012).

A few QTLs were mapped in close proximity at LG2, in-
cluding QTLs for plant height, fruit weight, fruit perimeter,
aril weight, and TSS. One explanation for this phenomenon is
that plant size has a pleiotropic effect on fruit traits. In rice,
plant size was mapped to the same locus as grain yield, head-
ing date (Zhang et al. 2006; Yan et al. 2011). Indeed, map-
based cloning reveals that this locus encodes a putative HAP3
subunit of the CCAAT-box-binding transcription factor (Wei
et al. 2010). In a complementary experiment, this gene in-
creased plant height and the number of grains per panicle
significantly. Another explanation is that the proximity of
the QTLs is due to closely linked multiple QTLs. In tomato,
it was shown that a cluster of QTLs of multiple characters
such as fruit weight, fruit elasticity, color, sourness, aroma
intensity, candy aroma, mealiness, dry matter weight, soluble
solids, sugars, and eugenol content could be dissected by fur-
ther genetic studies, such as fine mapping of this region
(Causse et al. 2002).

Association studies for pomegranate were conducted with-
in local collections, Basaki et al. (2011, 2013) who associated
seven SSRs with 20 traits within the Iranian collection. Singh
et al. (2015) analyzed the association of three traits, by GLM,
with 44 microsatellites within the Indian collection. However,
the map position of these SSRs was not determined. The pres-
ent study used more than 200 mapped markers to analyze the
association with fruit traits within a worldwide collection.
When the structure of the collection was considered in the
analysis, two traits (fruit weight and acid content) were found
to be associated. The associated markers were mapped to two
linkage groups.

The linkage map provides basic data about the order of
markers and genes along the genome and detects QTLs for
interesting trials. However, the QTLs might be significant
only for a specific population due to exclusive genetic differ-
ences between the two parents. The association study within
the variety collection took advantage of historic recombina-
tion events. In maize, for example, the nested association map-
ping population showed that there is a variation for recombi-
nation frequencies (McMullen et al. 2009); therefore, there
could be different recombination events between two varieties
that are not presented in the linkage map. Common mapped
markers that were associated with traits within the collection
of varieties can give information about the position of the
associated markers even if no similar QTL was detected with-
in the mapping population. Thus, population mapping and
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studies of associations within collections can yield a broader
view of the number of loci involved in the control of complex
traits. Moreover, QTLs that are co-localized with associated
markers to the same trait, as was found for the two fruit weight
QTLs, strongly suggest that these QTLs could be relevant in
several populations and highly informative for breeding. Up
till now, no draft of the pomegranate genome has been report-
ed. Genome sequence is today a crucial tool for functional
analysis of genes in many plant species and its absence se-
verely inhibits the ability to associate gene function with im-
portant traits. A dense linkage map may be a platform to
facilitate a new assembly of a genome (Mascher and Stein
2014). The pomegranate genetic map described in this study
together with the de novo assembly of the pomegranate tran-
scriptome published earlier could contribute significantly to
the establishment of the pomegranate genome.
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