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Abstract: The date palm (Phoenix dactylifera) is one of the most important fruit
crops in the world and is especially important in the arid regions of the Middle
East and North Africa. Although both economically and culturally important, the
biology of date palms remains obscure. In the last decade, however, there have
been major advances in genomic studies of this important crop species. Multi-
ple reference genomes are now available, which has facilitated identification of
genes underlying major traits such as sex, fruit colour and sugar composition.
Moreover, whole-genome re-sequencing from some of the approximately 3000 date
palm varieties have provided crucial insights into the diversity and evolution of
this perennial tree crop. The overview of the field highlights major advances and
also provides a guidepost for future challenges.
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1 Introduction

The date palm (Phoenix dactylifera) is a dioecious, perennial diploid tree
species in the Arecaceae family and is the most important fruit-bearing crop
of the Middle East and North Africa (Barrow, 1998; Food and Agriculture
Organization of the United Nations, 2020). Date palms grow primarily in hot,
arid habitats including desert oases, river valleys, and today in well-irrigated
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farms. Individual varieties are valued primarily for fruit-related traits includ-
ing moisture and sugar content, and date palms not only play a critical role
in the agricultural economies of the arid regions of the Middle East and
North Africa, but they are also a major cultural icon in many regions.

The study of date palms provide key information on the genetics of the
domestication and diversification of fruit tree crops (Gros-Balthazard et al.,
2018), and as a mainstay of arid land agriculture, they can also provide clues
on adaptation of crops to desert regions. There is interest in developing
new varieties with even more abiotic stress tolerance, particularly to salinity
(Hazzouri et al., 2020a), to biotic challenges such as the red palm weevil
(Hazzouri et al., 2020b) and to greater yield and fruit quality. Breeding
and/or genetic modification of date palms, however, remain challenging,
especially given its prolonged juvenile phase (4–5 years), and despite strong
interest, there has been little recent development of new varieties.

Recently, however, there has been concerted effort to study the genomics
of date palms, which has provided key genomic resources and enabled new
genetic analyses that can serve as the foundation for future efforts at agro-
nomic improvement as well provide clues to the domestication and diver-
sification of perennial tree crops. In this article, we discuss some of these
emerging resources and some of the areas that new studies have begun to
illuminate.

2 Date Palms and the Genus Phoenix

2.1 The Genus Phoenix

The domesticated date palm is one of 13 palm species in the genus Phoenix L.,
a group that is found in the Canary and Cape Verde Islands in the west, across
northern and central Africa, the extreme southeast of Europe (Crete), and
southern Asia from Turkey to southern China and Malaysia, including all of
the Arabian Peninsula (Barrow, 1998; Dransfield et al., 2008; Gros-Balthazard
et al., 2017; Henderson et al., 2006). Members of the genus consist of palm
trees that are mostly medium to large in size, but also includes dwarf species.
These plants have pinnate leaves, 1–6 m long, which all share the common
feature of having metamorphosed the lower-leaf segments into long, sharp
spines. The leaves have short or absent petioles and possess the rare fea-
ture among pinnate palms of induplicate (V-shaped) leaflets (Barrow, 1998;
Dransfield et al., 2008; Krueger, 2011).

The members of the genus Phoenix are dioecious, with male and female
flowers on separate plants, and pollination is facilitated by wind and insect
vectors (Barrow, 1998; Dransfield et al., 2008). The flowers are inconspicuous
yellowish-brown about 1 cm wide, and the inflorescence emerges from
boat-shaped leathery bracts forming large pendent clusters. Phoenix fruits
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develop from one carpel as a drupe, 1–7 cm long, and range in colours
from yellow to red-brown or dark purple when mature, and contain one
elongated, deeply grooved seed (Popenoe, 1922). Flowering and fruiting
are regular and annual, with reproduction occurring via seeds as well as by
vegetative multiplication (Chao and Krueger, 2007). Many species of Phoenix
produce vegetative offshoots called bulbils from the basal portions of their
stems which, on rooting, develop new saplings (Chao and Krueger, 2007;
Krueger, 2011).

The taxonomy of the genus Phoenix has not been well established in the
literature until recently, and there has been disagreement among taxonomic
treatments which lead to a lack of consensus regarding species name and
validity. Although 19 species of Phoenix have been named, most taxonomic
treatments of Phoenix list about 13 species as valid, although there is not
necessarily agreement on species delimitation (Barrow, 1998; Jaradat, 2015;
Krueger, 2011; Pintaud et al., 2010).

The monograph of Barrow (1998) clarified the relationship within this
genus, reporting 13 species, including one new species from the Andaman
Islands and two varieties within Phoenix loureiroi and Phoenix humilis.
Moreover, Barrow (1998) defined species limits and distributions as well as
performed systematic analysis of the genus, combining data from studies
of morphology and lamina anatomy with sequence analysis of nuclear
ribosomal deoxyribonucleic acid (DNA) data. The Barrow (1998) taxo-
nomic analysis has become widely accepted and describes Phoenix acaulis,
Phoenix andamanensis, Phoenix caespitosa, Phoenix canariensis, P. dactylifera,
Phoenix loureiroi var. loureiroi, Phoenix loureiroi var. humilis, Phoenix palu-
dosa, Phoenix pusilla, Phoenix reclinata, Phoenix roebelenii, Phoenix rupicola,
Phoenix sylvestris, Phoenix theophrasti as species (Table 1). More recently,
González-Pérez (2004) found genetic evidence that suggests that Phoenix
atlantica should be recognized as a distinct species (González-Pérez et al.,
2004), although population genomic analysis indicates it may be a feral
P. dactylifera (Flowers et al., 2019; Gros-Balthazard et al., 2017). It should
be noted that the 13 species of the Phoenix genus are closely related, as
evidenced by easy cross-pollination and hybridization (Gros-Balthazard,
2013) and low levels of divergence, at least among the closest relatives of
cultivated date palm (Flowers et al., 2019).

2.2 P. dactylifera, the Domesticated Date Palm

Phoenix dactylifera L. is a unique species cultivated worldwide primarily for
its fruit, the date, which represents the largest fruit among Phoenix species
(Barrow, 1998; Hazzouri et al., 2019). Date palms grow well in arid condi-
tions where water is close to the surface, and its leaves are adapted to hot
and dry conditions. Despite its adaptation to arid conditions, it is not a xero-
phyte and requires a source of abundant water for growth (Krueger, 2011);
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Table 1 Phoenix species taxonomic, common names and world geographical
distribution.

Species Common name Geographical distribution

P. acaulis Stemless date palm Bhutan, Nepal, North India
P. anadamensis Andaman Island date palm Bay of Bengal, Andaman Islands
P. atlanticaa Cape Verde Island date palm Cape Verde Islands, Morocco
P. caespitosa Date palm Gulf of Aden shores, Arabia Peninsula
P. canariensis Canary Island date palm Canary Islands, Italy, Spain
P. dactylifera Date palm Middle East, North Africa, Pakistan,

India, Australia, California
P. loureiroi Mountain date palm China, Himalayas mountains,

Indochina, Malaysia, Philippines
P. paludosa Mangrove date palm Andaman Islands, India, Indochina,

Malaysia, Sumatra
P. pusilla Ceylon date palm South India, Sri Lanka
P. reclinata Senegal date palm South Arabian Peninsula, Africa,

Comoros, Madagascar
P. roebelenii Pygmy date palm South China to North Indo-China
P. rupicola Cliff date palm India, Bhutan, Andaman Islands
P. sylvestris Rain palm/Indian date palm India, Pakistan, Southern China
P. theophrasti Cretan palm Crete, Greek Islands, coastal Turkey

aNot fully recognized as a distinct species.
Source: Adapted from Al-Alawi et al. (2017), Barrow (1998), Khan et al. (2018), Krueger (2011),
Pintaud et al. (2010).

thus, although the date palm is found in geographic areas with long, very hot
seasons with little or no rain, it is cultivation relies on abundant underground
water. Typically, these conditions are found in oases and river valleys in the
arid sub-tropical deserts of the Middle East and North Africa, and the tradi-
tional range of date palms spans Morocco in the west to Pakistan and India
in the east. More recently, date palm has been introduced and cultivated in
the southwestern USA, Mexico, South America, and Australia (Jaradat, 2015;
Johnson et al., 2015; Krueger, 2015).

It is estimated that there may be as many as 3000 named varieties of
dates although some are expected to be synonymous and homonymous
(Gros-Balthazard et al., 2020; Krueger, 2011). Population genetic studies using
microsatellites (Arabnezhad et al., 2012; Cherif et al., 2013; Gros-Balthazard
et al., 2017; Zehdi-Azouzi et al., 2015; Zehdi et al., 2012) and whole-genome
sequences (Gros-Balthazard et al., 2017; Hazzouri et al., 2015; Mathew et al.,
2015) suggest two genetically distinct populations, one in the Middle East
and the other in the North Africa with hybrids found in a contact zone in
and around Egypt and Sudan (Gros-Balthazard et al., 2017; Hazzouri et al.,
2015; Mathew et al., 2015). Additional fine-scale population structure has
also been reported within these two divergent and well-defined geographic
populations (Mohamoud et al., 2019; Zehdi-Azouzi et al., 2015).
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The exact origin of cultivated date palm remains unclear. Although
P. sylvestris found in India is the closest species to P. dactylifera, the ancestor
of date palms remains a controversial subject (Barrow, 1998; Chaluvadi et al.,
2019; Pintaud et al., 2010; Zehdi-Azouzi et al., 2015). Archaeological evidence
for the earliest exploitation and consumption of date palms have been found
in Dalma Island, United Arab Emirates and As-Sabiyah, Kuwait, dating
to the Arabian Neolithic at ∼5100 bce (Beech, 2003; Beech and Shepherd,
2001). Evidence of widespread cultivation in Mesopotamia dates back to
4700–4000 bce and supports the hypothesis that the region around the
Arabian Gulf was the centre of domestication (Zohary et al., 2012; Zohary
and Spiegel-Roy, 1975). Interestingly, population genomic studies have
identified wild date palms in Oman as an old lineage of P. dactylifera that
may represent a relictual population of a wild progenitor of domesticated
date palms (Gros-Balthazard et al., 2017). The ancient distribution of this
species is poorly understood, but several reports have suggested that
North African date palms were domesticated independently from Middle
Eastern P. dactylifera (Gros-Balthazard et al., 2017; Hazzouri et al., 2015;
Zehdi-Azouzi et al., 2015). It has been shown, however, that introgressive
hybridization of Middle Eastern P. dactylifera by a P. theophrasti-like popu-
lation, which today occurs largely in Crete in the eastern Mediterranean,
may account for much (but possibly not all) of the genetic diversity and
genomic distinctiveness of North African date palms (Flowers et al., 2019)
[see below].

3 Genomic and Genetic Resources

3.1 Draft Genome Sequences: A Key Resource

Date palms have been reported to have different ploidy levels (Al-Ani et al.,
2010) and genome size estimates that range from 680 to 1491 Mb (reviewed
in Al-Mssallem et al., 2013). This raises the possibility of genome size varia-
tion with date palms, but a recent study that utilized the same flow cytom-
etry technique on multiple varieties concluded that the species is a diploid
(2n= 36) with a genome size of 870–899 Mb (Hazzouri et al., 2019). At the
chromosome level, the date palm genome has long-range synteny with the
oil palm Elaeis guineensis despite the fact that the oil palm genome is almost
double in size (1.54 Gb, RefSeq accession: GCF_000442705.1) although it has
only 16 chromosomes (2n= 32) (Singh et al., 2013); this species diverged from
P. dactylifera ∼65–85 million years ago (Baker and Couvreur, 2013; Singh et al.,
2013). Synteny analysis between the date palm genetic map and oil palm
chromosomes suggests that oil palm chromosome 2 is the result of a Robert-
sonian fusion involving date palm linkage groups (LGs) 1 and 10, while oil
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palm chromosomes 1, 6, and 10 is syntenic to date palm LG11 (Mathew et al.,
2014).

The first publicly available date palm draft genome sequence was released
in 2011 (Al-Dous et al., 2011) by a team from Cornell-Qatar, and constituted
a major advance in date palm genomics and genetics. The ∼380 Mb draft
genome of the female variety Khalas (NCBI accession number ACYX02,
Table 2), with an N50 of 30.5 Kb, spanned primarily gene-rich regions and
identified >25 000 genes, although it covered only ∼43% of the date palm
genome. This study found >3.5 million polymorphic sites, including >10 000
gene copy number variants among varieties, including in the three elite date
palm varieties Khalas, Deglet Noor, and Medjool (Al-Dous et al., 2011). The
annotation of this genome constituted an important breakthrough in the
study of gene content and allelic variation in date palms, not least being
the identification of potential sex-linked regions in the genome that could
underlie dioecy. This assembly has been updated by incorporating long-read
and linked read sequencing data, which resulted in a new assembly (NCBI
accession number ACYX03, Table 2) with 11 170 contigs and a contig N50 of
∼114 Kb [unpublished data]. This as yet unpublished assembly allowed the
Cornell-Qatar group to scaffold the ACYX03 draft genome into 906 scaffolds
with a scaffold N50 of 1.45 Mb.

In 2013, a collaborative Saudi-China effort (Al-Mssallem et al., 2013)
published a second draft genome sequence, also from the Khalas variety,
based on complementary data from different sequencing platforms. This
genome (NCBI accession number ATBV01, Table 2) covered 605.4 Mb of
genome sequence with an N50 of 330 Kb and contained an estimated >96% of
its genes (∼41 660). This genome assembly, an improvement both in precision
and contiguity, provided evidence for ancient genome-wide duplication
(GWD) events and/or massive consecutive segmental duplications. This
study also reported that stress-resistance and sugar metabolism-related
gene regions were enriched in chromosomal regions with single nucleotide
polymorphism (SNP) deserts, where SNP density is relatively low. It was
suggested that these regions reflect trait selection under cultivation and
thus may be a signature of domestication in date palm (Al-Mssallem et al.,
2013).

In 2019, a collaborative effort between NYU Abu Dhabi, the Khalifa Center
for Genetic Engineering and Biotechnology, and the University of Arizona
(NYUAD/KCGEB/UoA) took advantage of SMRT long-read sequencing
and released a new date palm draft genome (Hazzouri et al., 2019). Obtained
from a male plant that resulted from 4 generations of backcrossing to the
variety Barhee (the ‘BC4 male’ assembly), this long-read based draft genome
sequence spanned 772 Mb assembled into 2390 scaffolds and 2706 contig
sequences, with half of the contigs assigned to LGs based on a previously
published genetic map (Mathew et al., 2014). This genome assembly was
annotated as having 36 162 non-transposable elements (TEs) protein-coding
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genes and 51 395 gene models (including isoforms), with a high-confidence
set (i.e. only genes containing a Pfam domain) consisting of 43 815 isoforms
encoded by 28 595 genes. Median gene size in the high-confidence set was
∼4.2 Kb (Hazzouri et al., 2019).

An important feature of the BC4 male assembly was the high contiguity
of this genome assembly, with a contig N50 of ∼897 Kb (Table 2). Globally
this assembly (NCBI accession number NBZB01, Table 2) represented
an increase in assembly size of ∼18%, a ∼2.7-fold increase in N50, and
∼20-fold fewer assembly fragments compared to the previous Cornell-Qatar
and Saudi/China draft genome assemblies (Table 2). In addition, the
NYUAD/KCGEB/UoA assembly allowed phasing of ∼71% of the genome
in haploid contigs (haplotigs) with an N50 of ∼70.9 Kb. The high contiguity
of this draft assembly allowed investigators for the first time to undertake
genome-wide association studies (GWAS) to map genes for sex, fruit colour,
and sugar composition (Hazzouri et al., 2019) (see below). The Date Palm
Genome Hub website (https://datepalmgenomehub.abudhabi.nyu.edu)
hosts an interactive genome browser and access to additional tools and
downloadable resources related to the BC4 male assembly.

Finally, also in 2019, a draft genome assembly was made available by the
University of Nizwa in Oman for the female variety Khanizi (=Khenizi)
[NCBI accession number PEFZ01, Table 2]. The details of the assembly are
as yet unpublished, although the NCBI data reports a low scaffold N50
(∼4.9 Kb).

The three female and BC4 male draft genome assemblies are invaluable
resources for the date palm and plant genomics research communities. Nev-
ertheless, despite these efforts, the date palm genome requires significant
improvement to reach chromosome-level sequence assemblies achieved
in oil palm (Singh et al., 2013) and other fruit crops (Daccord et al., 2017).
One of the challenges to assembly is the high degree of heterozygosity of
date palms (Hazzouri et al., 2015). A similar problem in the early drafts of
the apple genome was overcome through generation and sequencing of a
double haploid (Daccord et al., 2017). While date palm might also benefit
from a similar effort, application of additional sequencing technologies to
existing draft assemblies should also lead to clear improvements in refer-
ence genome sequence quality. Recent reductions in the cost of long-read
sequencing (Amarasinghe et al., 2020), linked-read sequencing (Wang et al.,
2019), Hi-C (Ghurye and Pop, 2019), and optical mapping (Levy-Sakin and
Ebenstein, 2013; Shelton et al., 2015; You et al., 2018) approaches, opens the
possibility of further improvement of existing date palm genome assem-
blies. Development of more and better genome sequence for the cultivated
P. dactylifera as well as other members of the genus Phoenix will allow for
more in-depth comparative and evolutionary genomic analyses in this key
palm group.
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3.2 Date Palm Genetic Map

A high-resolution genetic map is a powerful tool for successful breeding
programs, since it allows for marker-assisted selection and quantitative
trait locus (QTL) analysis; it is also helpful in several types of population
genomic analyses that need a recombination map (An et al., 2019; Apuli
et al., 2020; Bai et al., 2018; Ma et al., 2019; O’Leary et al., 2018; Spence
and Song, 2019; Zhang et al., 2017). The first genetic map of date palm
was developed in 2014 (Mathew et al., 2014) using a mapping population
of 85 F1 siblings from a Khalas×unknown male cross. The small size of
the mapping population limits the number of recombination events that
can be detected but appears sufficient for coarse-grained mapping. The
map utilized ∼4000 genotype-by-sequencing (GBS) SNP markers and 1999
framework markers spanning a total of 1293 cM. With this map, around
19% of the draft Cornell-Qatar genome ACYX02 scaffolds were placed in
LGs for the first time. Assuming a genome size of 890 Mb, the Cornell-Qatar
genome has an average genome-wide recombination distance of 0.69 Mb/cM
(or 1.45 cM/Mb).

This date palm genetic map has 18 LGs, and there is consistency between
the centimorgan lengths of LGs and the physical length of chromosomes
measured by microscopy (Al-Salih and Al-Rawi, 1987). The genetic map
has evenly distributed inter-markers, although it still has large gaps in LG5,
6, 9, and 10. In the case of LG5 and LG10, both have several gaps greater
the 3 cM, reaching as high as 9 and 7 cM respectively, while LG6 has a
large genetic marker gap of 9.7 cM (Mathew et al., 2014). Long regions in
the map without markers are in part a consequence of the non-detection
of heterozygous sites by the GBS approach used in the study. Despite the
relatively low density of genetic markers in some regions of the map, on
average there is a unique marker every ∼210 Kb of the genome sequence,
considering these markers are derived from 1823 unique sequence scaffolds
of the Cornell-Qatar draft genome (Mathew et al., 2014).

3.3 Genetic Markers: RFLP, RAPD, AFLP, SSR, and SNPs

Molecular markers were the first genomic resources developed in date
palm by numerous groups, initially used for genome fingerprinting, and
measures of genetic diversity and relatedness. These included early work
with restriction fragment length polymorphism (RFLP) (Corniquel and
Mercier, 1994, 1997; Khanam et al., 2012; Sakka et al., 2003; Samuelson
and Larsson, 1994), random amplified polymorphic deoxyribonucleic
acid (RAPD) (Al-Khalifah and Shanavaskhan, 2017; Arunachalam, 2012;
Corniquel and Mercier, 1994, 1997; González-Pérez et al., 2004; Saker et al.,
2006; Samuelson and Larsson, 1994), amplified fragment length polymor-
phism (AFLP) (El-Assar et al., 2005; Sabir et al., 2014a; Saker et al., 2006) and
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simple sequence repeat/microsatellite (SSR) markers (Akkak et al., 2009;
Arabnezhad et al., 2012; Billotte et al., 2004; Elmeer and Mattat, 2015; Elshibli
and Korpelainen, 2008; Hamza et al., 2013; Johnson, et al., 2009; Pintaud
et al., 2010; Zehdi-Azouzi et al., 2015; Zhao et al., 2012), which provided some
of the first estimates of genome-based genetic diversity (Cullis, 2011; Elshibli
and Korpelainen, 2011; Zehdi-Azouzi et al., 2011). For example, the deter-
mination that Middle Eastern and North African date palms are genetically
differentiated came about from studies using SSR markers (Arabnezhad
et al., 2012; Zehdi-Azouzi et al., 2015). These genetic markers have also been
utilized to provide molecular tags for key agronomic traits, most notably sex
(Awan et al., 2017; Cherif et al., 2013, 2016; Elmeer and Mattat, 2012; Maryam
et al., 2016). Because of the great impact of molecular marker technology on
date palm biotechnology and biodiversity management, these studies have
been extensively reviewed elsewhere (Al-Khayri et al., 2015a,b; Bekheet and
Hanafy, 2011; Cullis, 2011; Elshibli and Korpelainen, 2011; Zehdi-Azouzi
et al., 2011).

The rise of high-throughput short-read sequencing technology has enabled
the identification of SNPs across the date palm genome. For example, GBS on
70 date palm varieties produced 67 496 SNPs for population genetic analysis
(Mathew et al., 2015). Whole-genome re-sequencing studies on 62 (Hazzouri
et al., 2015) and 157 (Hazzouri et al., 2019) varieties identified ∼seven million
SNPs or ∼nine SNPs per Kb. These SNP data provided greater resolution
in population genetic analyses (Hazzouri et al., 2015; Mathew et al., 2015),
and facilitated genome-wide association studies (Hazzouri et al., 2019)
[see below].

Both SSR and SNP markers have been collected in an online Date Palm
Genomic Resource Database (DRDB) (He et al., 2017), which catalogues
246 445 SSR markers and 6 375 806 SNPs that were obtained from both previ-
ously published draft genome assemblies (Al-Mssallem et al., 2013) as well
as whole-genome re-sequencing analysis (Hazzouri et al., 2015). As indicated
above, a Date Palm Genome Hub that is a repository for reference genome
information is also available (Hazzouri et al., 2019). Both the Date Palm
Genome Hub and the DRDB database constitutes a public resource available
to breeders and scientists to analyse genetic variation among date palm cul-
tivars and incorporates bioinformatic tools to mine molecular marker data.

4 Genome-enabled Studies: Evolution of Date Palms

4.1 Population Genomics and the Evolution of Domesticated Date
Palms

The availability of whole-genome sequences for date palms provides the
basis for using genome-wide data to examine the population genomics of
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this crop species. The first comprehensive analysis of date palm variation
used whole-genome re-sequencing data on 62 varieties from around the
world to develop the first genome-wide SNP map for this tree species
(Hazzouri et al., 2015). Estimates of nucleotide diversity indicate that it
is higher in date palms compared to other domesticated fruit tree species
(Hazzouri et al., 2015), with Watterson’s theta (θW) and nucleotide diversity
(π) to be 0.010 and 0.009, respectively. Of the ∼7 million SNPs catalogued in
this set of varieties, ∼5.2 million SNPs (or ∼73%) are located in intergenic
regions. SNPs in genic regions (excluding TEs) include ∼201 000 synony-
mous and ∼235 000 nonsynonymous polymorphisms, and ∼1.48 million
SNPs are in introns. The site-frequency spectrum indicates that both non-
synonymous and nonsense polymorphisms are skewed towards lower
frequencies compared to synonymous and intron SNPs, suggesting the
former are enriched for slightly deleterious mutations (Hazzouri et al.,
2015).

Linkage disequilibrium (LD) decays relatively rapidly in date palms;
the r2 between SNPs reaches ∼50% of its maximum at about 6 Kb and
90% of its maximum at about 40 Kb (Hazzouri et al., 2015). It should be
noted that another study using a larger set of mostly Middle Eastern
cultivars suggest slightly stronger LD, decaying to ∼50% of its maxi-
mum at about 40 Kb (Hazzouri et al., 2019) [see below]. This relatively
rapid decay of LD suggests that GWASs should enable high-resolution
mapping of genes associated with traits of agricultural significance (see
below).

The initial use of GBS data on 70 date palm varieties demonstrated that
Middle Eastern and North African date palms were genetically differentiated
(Mathew et al., 2015), confirming similar conclusions from previous studies
using microsatellite loci (Arabnezhad et al., 2012; Zehdi-Azouzi et al., 2015).
This was further explored using whole-genome re-sequencing data, which
used STRUCTURE analysis (Hazzouri et al., 2015) to show that Middle
Eastern and South Asian cultivars of date palms form a group, while North
African varieties have a genomic composition separate from that of varieties
from the Middle East. Samples from Egypt and Sudan show admixture
between North African and the Middle Eastern populations, with 55–65%
of their genomes being derived from the Middle Eastern population in the
STRUCTURE analysis, as well as located in an intermediate position on SNP
principal component analysis charts and neighbour-joining trees (Hazzouri
et al., 2015). Interestingly, the North African date palm population has ∼33%
higher levels of nucleotide diversity (π= 0.0108) compared with the Middle
Eastern/South Asian population (π= 0.0081). This suggests that North
African varieties have a larger effective size (Ne) than the Middle Eastern
population.
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4.2 Introgressive Hybridization and the Origin of North African
Dates

Hybridization between species is an evolutionary process that facilitates the
integration of alleles from one genetic background into another (Harrison
and Larson, 2014). This process results in the genomes of separate species
becoming partially fused to generate mosaic genomes through the incorpo-
ration of alleles from one species into the gene pool of another (Runemark
et al., 2019). Evidence of this process of introgressive hybridization in date
palm was recently reported in a genomic study of North African date palm
(Flowers et al., 2019) that reported introgression of alleles from wild P.
theophrasti, or a theophrasti-like population, into Middle East P. dactylifera
cultivars. P. theophrasti is a distinct but closely related species to domesticated
date palm found primarily on the island of Crete in the eastern Mediter-
ranean, with some individuals found in other Aegean islands and southern
Turkey.

At the genome level, 1281 introgressed segments of ≥10 Kb, which spans
24.6 Mb of the nuclear genome, were identified in North African date palms
as arising from P. theophrasti (Flowers et al., 2019). The introgressed regions
are located throughout the genome, but no P. theophrasti genomic segment
is fixed in North African dates. Based on nucleotide divergence, the North
African population is less diverged from P. theophrasti than the Middle
Eastern population, and genome regions with a higher introgression fraction
are negatively correlated with population subdivision (Flowers et al., 2019).
Globally, the results support the idea that an interspecific hybridization event
occurred that gave rise to the North African date palms and introduced new
genetic material into P. dactylifera.

4.3 The Wild Date Palms of Oman

In 2017, a study reported evidence of a distinct and ancient lineage of
P. dactylifera that persists as a wild population in the Hajar mountains of
Oman (Gros-Balthazard et al., 2017). Microsatellite analysis found signifi-
cantly greater allelic diversity in this population compared with cultivated
individuals from the Middle East, that these wild individuals formed a
genetically unique cluster in both admixture analysis and principal compo-
nent analysis (PCA), and that they are ancestral to the Middle Eastern clade
(Gros-Balthazard et al., 2017). Whole-genome re-sequencing analysis con-
firmed that the Omani wild date palms formed a distinct genetic population
compared to date palms from the Middle East and North Africa (Flowers
et al., 2019; Hazzouri et al., 2015). Together, these results suggest that this is
not a feral population whose ancestry traces to domesticated date palms, but
instead represent an ancient and relictual lineage of wild P. dactylifera that
may provide clues to the origins of domesticated date palms.
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5 Genome-enabled Studies: Date Palm Genes

5.1 Sex-determining Region

Date palms are dioecious with separate male and female individuals,
and there has been concerted effort to try to identify the date palm
sex-determination genes. Identifying these loci can help establish the mech-
anism for sex determination in this perennial fruit tree crop and also provide
molecular markers that can differentiate male vs. female individuals at
the seedling or juvenile phases. The latter is critical since only females are
fruit-bearing, and thus identifying females early in the life cycle ensures
maximal productivity of farms.

Date palms appear to have an XY sex-determination system (AbdAlla
and Abd El-Kawy, 2010; Al-Dous et al., 2011; Siljak-Yakovlev et al., 1996).
Male-linked molecular markers were identified in 2012 (Al-Mahmoud et al.,
2012), but these markers were validated only in a small sample with an
accuracy of 90%. Later, Cherif et al. (2013), using a sample of 52 males and 55
female genotypes identified three genetically linked SSR loci – mPdIRD50,
mPdIRD52, and mPdIRD80 – that are heterozygous only in male individ-
uals. These male-specific alleles allowed the sex identification in all tested
individuals, and the low diversity observed in what was defined as Y
haplotypes was consistent with paternal transmission of a nonrecombining
male-determining region. These results provided further evidence of an XY
chromosome system, with males being the heterogametic sex in date palm
(Al-Dous et al., 2011; Cherif et al., 2013).

The three sex-linked SSR loci identified in date palm were also analysed
in eight additional species from the genus Phoenix (Cherif et al., 2016). All
59 males analysed were heterozygous (Xallele/Yallele) for the three microsatel-
lite loci. The Y-linked alleles could be assigned to 11 Y haplotypes across
the other Phoenix species and, more importantly, none were found in X hap-
lotypes. These findings indicate that recombination does not seem to occur
between Y and X mPdIRDP80, mPdIRDP50, and mPdIRDP52 loci in any of
the studied Phoenix species, which strongly suggest a common sex-linked non-
recombining region in the genus (Cherif et al., 2016).

In order to verify that the conservation of the sex-linked SSR across Phoenix
species was not due to homoplasy, the mPdIRDP80 locus neighbourhood
was further investigated and found to contain a MYB gene previously
reported in an analysis of the draft genome sequence (Al-Dous et al., 2011)
(see below). The gene was named PdMYB1 and the mPdIRDP80 microsatel-
lite is localized within the gene promoter sequence 176 bps upstream of
the transcription start site. After cloning PdMYB1 in seven related Phoenix
species, the authors identified X/Y pairs based on sizes of the mPdIRDP80
X and Y alleles (Cherif et al., 2016). Phylogenetic reconstruction of PdMYB1
found that distinct Y and X alleles clustered separately instead of by species
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(Cherif et al., 2016). This finding is correlated with the allelic distribution
of mPdIRDP80, mPdIRDP50, and mPdIRDP52 SSRs loci and together
suggest that they are all contained in an XY non-recombing region that
had diverged in the ancestor of these Phoenix species (Al-Dous et al., 2011;
Al-Mahmoud et al., 2012; Cherif et al., 2013). Cytological studies suggest
that the date palm Y chromosome is smaller than the X (AbdAlla and Abd
El-Kawy, 2010). Together, these results provide evidence of a smaller and
partially degenerated Y chromosome in date palms, and are consistent with
the idea of an ancient origin of dioecy in the genus Phoenix (Cherif et al.,
2013, 2016).

The availability of draft genome assemblies provided the ability to identify
sex-linked regions in the date palm genome. In the first genome sequence
released, analysis identified SNPs that segregate with sex and also pointed
to an XY sex-determination model with males as the heterogametic sex
(Al-Dous et al., 2011). Predicted genes in these regions include (i) the MYB
transcription factor gene, now referred to as PdMYB1 discussed above,
(ii) a homolog of yeast rcd-1, a gene that encodes for a differentiation control
factor essential for the onset of sexual development, and (iii) a gene encoding
a putative prenyltransferase of the rab geranylgeranyl transferase family
(Al-Dous et al., 2011). Interestingly, rcd-1 is crucial in yeast sexual develop-
ment (Okazaki et al., 1998) and interacts with a c-MYB protein (Haas et al.,
2004). Moreover, prenylation, which is catalysed by prenyltransferases, is
fundamental for the correct activation of MADS box genes which orchestrate
floral initiation (Kaufmann et al., 2010) and control flower development
(Yalovsky et al., 2000). Altogether the described genes may have an important
role in cell differentiation control in date palm floral development, although
further investigation is needed to support this functional hypothesis.

To further identify sex-determining genes, a k-mer approach using
whole-genome short-read sequencing data was utilized to find male-specific
loci found across multiple Phoenix species (Torres et al., 2018). This study
found that the divergence between X and Y extends over ∼13 Mb, similar in
length to sex-determination regions in other angiosperms such as papaya
(Wang et al., 2012; Zerpa-Catanho and Ming, 2019) or poplars (Geraldes
et al., 2015; Hou et al., 2015). This approach identified at least three poten-
tial genes suggested to be involved in sex determination in Phoenix: the
cytochrome P450 gene CYP703, GPAT3 which is a glycerol-3-phosphate acyl-
transferase 6-like gene expressed only in male flowers, and the Lonely-Guy
(LOG) gene that shows higher expression in male vs. female flowers (Torres
et al., 2018).

Differential expression of the LOG gene between male and female flowers
suggests a role in suppressing female flower formation in males, although
more studies are needed to understand its function in date palm. The other
two genes, CYP703 and GPAT3, have functions in pollen formation and
another development, mainly because they are crucial in lipid synthesis
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pathways (Aya et al., 2009; Men et al., 2017; Nelson et al., 2004; Somaratne
et al., 2017; Yang et al., 2014). CYP703 is a single member gene subfamily
in land plants (Nelson et al., 2004), which suggests that it encodes a unique
function, and knockouts of CYP703 homologs in Arabidopsis (Morant et al.,
2007), rice (Yang et al., 2014), and maize (Somaratne et al., 2017) all resulted
in male sterility with no other visible effect on vegetative development.
Deletion of GPAT3 in rice also resulted in male sterility without affecting
normal growth (Men et al., 2017). Accordingly, this suggests that CYP703
may not have a paralog that could compensate for its deletion and that a
single copy of the Y-linked GPAT3 gene in Phoenix can sustain normal male
flower development (Torres et al., 2018).

These studies suggest that the ancestor of the genus Phoenix may have
evolved from hermaphroditism to dioecy through a gynodioecious interme-
diate, which occurred by loss of male function, either involving or following
deletion of CYP703 and/or GPAT3 from a proto-X chromosome, and leaving
both genes intact on the proto-Y chromosome (Torres et al., 2018). The model
has three main steps: (i) deletion of GPAT3 and/or CYP703 in the proto-X
chromosome, (ii) an inversion of the corresponding region in the proto-Y
chromosome which led to Y chromosome recombination arrest, followed by
(iii) a duplication and translocation of the LOG gene into the region creating
the final Y chromosome, which suppresses the female flower development
in male individuals (Figure 1). This model requires further investigation
in order to verify whether the LOG gene does function in female flower
development in Phoenix species and in date palm specifically. It will also
be interesting to examine when the duplication/translocation evolutionary
step that led to this sex-determination system occur. In addition, a fourth
gene encoding for a cytidine deaminase was found to be present at the
sex-determining region (Torres et al., 2018). Further study is needed to
determine whether cytidine deaminase has a function in sex determination,
or if its genome localization at the boundary of the sex-determining region
is just a consequence of the same duplication/inversion event that brought
GPAT3 to its current location of the Y chromosome.

5.2 Fruit Colour in Date Palms

Date palm fruit come generally in red, yellow, and a range of intermediate
colours that become apparent at advanced stages of fruit development. The
VIRESCENS (VIR) gene was first isolated in the oil palm, E. guineensis, which
also has fruits that are either violet/black (nigrescens) or orange (virescens)
in colour (Singh et al., 2014; Ying et al., 2007). Molecular characterization
of the oil palm VIR gene showed that orange-coloured fruits were deter-
mined by naturally occurring nonsense alleles at this locus, which encodes
an R2R3-myb transcription factor (Singh et al., 2014). The molecular genetic
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Figure 1 Proposed model for dioecy in Phoenix. (Step 1) A deletion of GPAT3 and/or
CYP703 (red arrows) occurred leading to gynodioecy. (Step 2) Gene inversion of different
genes (coloured triangles and pentagons) would create a proto-Y chromosome with
recombination arrest which was followed by (step 3) duplication and translocation events
into the adjacent region of the LOG gene Source: Adapted from Torres et al. (2018).

basis of fruit colour was first examined in date palm in 2015, when a candi-
date gene analysis revealed that ortholog of oil palm VIR also controls colour
variation in date palm and that varieties with yellow fruits also contained
a copia-like retrotransposon insertion in exon 3 of the gene (Hazzouri et al.,
2015).

The role of date palm VIR was further confirmed through a genome-wide
association study, which examined the genetic architecture of 21 fruit traits,
including fruit colour in a mapping population of 142 female varieties
(Hazzouri et al., 2019). The LD in this mapping population decays fairly
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Figure 2 The date palm VIRESCENS gene. Allele genomic structure of date palm VIR
gene (a) responsible for dates colour palette (b). The VIR gene has three exons (boxes)
and three alleles being VIR+ the wild-type allele. The VIRIM allele has the Ibn Majid
retrotransposon insertion which introduces an earlier stop codon (TAA) in exon 3.
A polymorphism at the start codon (ATG/ATA) is represented for VIRsaf allele. Source:
Adapted from Hazzouri et al. (2019).

quickly, achieving a half-maximum level at ∼22.9 Kb, indicating that GWAS
mapping could have fairly high resolution. GWAS analysis revealed a
QTL for fruit colour at LG4 in a ∼20 Kb region that included the VIR gene,
and together with the long-read BC4 genome assembly, the full-length
date palm VIR gene was identified and designated as the VIR+ allele
(Figure 2). VIR+ homozygotes produce relatively high amounts of fruit
anthocyanin and have a predominantly red phenotype (Hazzouri et al.,
2019).

The analysis also characterized the VIR allele with a complete copy of
a copia-like retrotransposon insertion in the coding region. The low copy
number retrotransposon in this allele is ∼11.7 Kb in length, has 469-bp long
terminal repeats, has a 5-bp target site duplication at its insertion site, and
was named Ibn Majid (IM) in tribute of a medieval Arabic navigator. The
allele with the IM insertion is designated as VIRIM and both homozygotes of
this allele as well as heterozygous VIR+/VIRIM plants produce trace amounts
of anthocyanin and are yellow in colour (Hazzouri et al., 2019).

A third allele at VIR was observed when it was shown that some varieties
did not have the retrotransposon insertion allele but nevertheless produced
yellow fruit (Hazzouri et al., 2019). Analysis of the VIR gene in these varieties

Annual Plant Reviews Online, Volume 4. Edited by Jeremy Roberts.
© 2021 John Wiley & Sons, Ltd. Published 2021 by John Wiley & Sons, Ltd.

73



Tiago Capote et al.

revealed that the gene carried a SNP mutation that abolished that translation
initiation site, and alleles with this polymorphism are designated as virsaf.
The red colour observed in VIR+/virsaf fruits and the yellow fruit colour of
virsaf homozygotes implies that VIR+ is a functional wild-type allele and is
haplosufficient, while virsaf is recessive and is a loss-of-function allele. In con-
trast, the yellow or orange colour of VIR+/VIRIM genotypes suggests that
VIRIM is dominant or semi-dominant, and a negative inhibitor of VIR+ allele
expression (Hazzouri et al., 2019).

5.3 Sugar Composition in Date Palm Fruits

Sugar composition is an important trait of date fruits and contributes in
part to the distinctive flavour profile of individual varieties. The relative
concentration of sugars is used to classify date palm varieties as either
sucrose- or reducing-sugar (fructose, glucose) type, the latter characterized
by relatively high levels of glucose and fructose compared to sucrose (Haz-
zouri et al., 2019). Analysis of sugar composition in fully ripened fruit found
that the concentrations of these three sugars are strongly correlated, and
GWAS mapped a major sugar composition QTL found on LG14 spanning
about ∼1.1 Mb containing 162 annotated protein-coding genes (Hazzouri
et al., 2019).

The GWAS study identified three genes in this genomic region encoding
β-fructofuranosidase (invertase) enzymes, which have been shown to be
responsible in part for fruit sugar accumulation in a range of plant species
(Ruan et al., 2010). These genes include an alkaline/neutral invertase
(A/N-INV1; gene ID chr14G0028200, genome assembly NBZB01) located at
the centre, and two cell wall invertase genes (CWINV1 and CWINV3, gene
IDs chr14G0022900 and chr13G0023100, respectively) located at the 5′ region
of the GWAS peak (Figure 3). CWINV1 and CWINV3 seem to be tandem
duplicates of each other with 98.58% amino acid identity. In addition, an
unannotated invertase gene (CWINV2) was also identified, but the sequence
has multiple frame-shit mutations in some varieties and was considered a
pseudogene (Figure 3) (Hazzouri et al., 2019).

Examination of the genomic region spanning the sugar GWAS peak found
a deletion of ∼40 Kb that includes the promoter and 2 exons of CWINV1, the
CWINV2 pseudogene and a region ∼5 Kb downstream CWINV3 (Hazzouri
et al., 2019; Malek et al., 2020). The presence of this 40-Kb deletion is associ-
ated with reduced transcript levels of CWINV1 and CWINV3 and preferen-
tially occurs in sucrose type varieties, where the frequency of a homozygous
deletion is higher compared with reducing-sugar-type varieties (Hazzouri
et al., 2019). In addition, another ∼5-Kb deletion was found just upstream the
A/N-INV1 gene, which also appeared to be found more often in sucrose-type
varieties (Hazzouri et al., 2019).
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Figure 3 GWAS mapping of sugar composition in date palm fruit. Close-up for gene
models located at the GWAS peak is shown (orange rectangle at LG14). CWINV1,
CWINV2, and CWINV3 appear as tandem duplicated genes. CWINV1 and CWINV2 have
98.58% identity in protein primary sequence. CWINV2 is unannotated in the BC4 male
genome (NCBI accession number NBZB01) and was considered a pseudogene. A/N-INV1
is annotated with four splicing variants. Dotted lines represent the Bonferroni significance
threshold in the GWAS analysis. Source: Adapted from Hazzouri et al. (2019).

6 Date Palm Organellar Genomes

6.1 Mitochondrial Genome

The date palm mitochondrial genome is one of the largest angiosperm
mitochondrial genomes, comprising 715 001 bps with an average GC content
of 45.1% (Fang et al., 2012). Only ∼6.5% of the genome are coding sequences,
with 38 protein-coding genes that encode, among others, for nine subunits
of nicotinamide adenine dinucleotide dehydrogenase (complex I), apocy-
tochrome b (complex III), three subunits of cytochrome c oxidase (complex
IV), five subunits of ATP synthase F1 (complex V), and four cytoplasmic
membrane proteins required for cytochrome c maturation. The genetic
complement of the date palm mitochondrial genome also includes 30 tRNAs
and 3 ribosomal RNAs. Interestingly, ∼10% of the mitochondrial genome is
populated with chloroplast derived DNA, where several typical chloroplast
genes such as petA, petG, petL, psaJ, psbT, rpl20, rpl33, and rps8 have been
identified (Fang et al., 2012). This constitutes one of the highest proportions
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of chloroplast-derived sequences in mitochondria observed in plants (Fang
et al., 2012; Gandini and Sanchez-Puerta, 2017).

Indeed, the date palm mitochondrial genome is highly diverged from
other angiosperms, sharing only ∼21% of mitochondrial genome over 70%
identity with Vitis, ∼15% with Oryza, and ∼11% with Zea (Clifton et al.,
2004; Fang et al., 2012; Goremykin et al., 2009; Notsu et al., 2002; Tian et al.,
2006). A phylogenetic tree inferred from 22 genes common to 15 plant mito-
chondrial genomes indicates that P. dactylifera is rooted at the basal position
of the sampled monocots (Fang et al., 2012). In addition, the date palm
mitochondrial genome appeared to have less repetitive sequences when
compared with other angiosperms, with long repeats only contributing 2.3%
of the genome, and a similarly low level of tandem repeats (Fang et al., 2012).
The low repeat content is unusual and an intriguing feature of the date palm
mitochondrial genome.

6.2 Chloroplast Genome

The chloroplast genome sequence has been reported in the Khalas variety
of date palm from Saudi Arabia (Al-Mssallem et al., 2013; Yang et al., 2010),
the Pakistani Assel (Khan et al., 2012), and in the two Omani varieties
Naghal and Khanezi (Khan et al., 2018), and the recently sequenced BC4
male (Hazzouri et al., 2019). Genome size varies from 158 210 bp in Naghal
to 158 462 bp in Khalas, which represents a variation in size of ∼0.16% (Khan
et al., 2018). The original Khalas sequence is AT-rich (62.77%), has a pair of
inverted repeat sequences (IR) comprising 27 276 bps, separated by a long
single-copy sequence (LSC) at 86 198 bps, and a short single-copy sequence
(SSC) at 17 712 bps (Yang et al., 2010). The genome encodes 131 predicted
genes, of which 112 are unique and 19 are duplicated in the IR regions.
Among the unique genes, there are 79 protein-coding, 29 tRNA and 4 rRNA
genes, respectively. Outside of the coding regions, 41.57% of the genome are
non-coding and contain introns, intergenic spacers, and pseudogenes. Of the
112 unique genes in the date palm chloroplast genome, 18 possess introns
(Khan et al., 2012; Khan et al., 2018; Yang et al., 2010).

The date palm genome seems to evolve slowly, with the rate of nucleotide
substitutions approximately eightfold lower than the rates observed in
annual plants (Yang et al., 2010). However, an analysis of whole-chloroplast
genome sequences among four varieties showed comparatively low
sequence identity (Khan et al., 2018). There are highly divergent non-coding
sequences, including psbK-trnG, trnT-trnL, rbcL-accD, petA-psbJ, and
psaC-ndhE gene spacers, which can serve as potential genetic markers.
In addition, a number of chloroplast indels and SNPs (Table 3) have been
identified and used in genetic diversity analysis, including markers that
have demonstrated the difference between Middle East and North African
P. dactylifera (Flowers et al., 2019; Gros-Balthazard et al., 2017; Mohamoud
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Table 3 Number of Indels and SNP in chloroplast genomes from Khanizi an Naghal vs.
Aseel and Khalas date palm varieties.

Khanizi Naghal
INDEL SNP INDEL SNP

Naghal 35 23 Khanizi 35 23
Aseel 293 18 Aseel 292 10
Khalas 299 16 Khalas 296 12

Source: Adapted from Khan et al. (2018)

et al., 2019; Moussouni et al., 2017). Recently, ∼200 mitochondrial and
chloroplast genomes from different date palm populations were analysed
(Mohamoud et al., 2019), revealing four haplotypes associated with different
cultivars. From these, three haplotypes predominate in the current date palm
population worldwide, with a unique haplotype found mostly in Tunisia,
Algeria, and Egypt, in agreement with a distinct haplotype found at high
frequency in the organellar genomes of North African populations observed
in a separate study (Flowers et al., 2019). Finally, one should note that
there is evidence for heteroplasmy in date palms, suggesting that multiple
chloroplast genotypes can exist in a single plant (Sabir et al., 2014b).

7 Summary and Perspectives

Genomic studies in date palms have accelerated over the last decade, spurring
advances in identifying key genes and our understanding of genetic diver-
sity in this fruit tree crop. Looking forward, advances in the field will focus
on developing more genomic resources, including high-quality reference
genomes for all members of the genus Phoenix. Studies of genomic diversity
should also aim at a comprehensive sampling of the approximately 3000
varieties, coupled with information on phenotypes and environmental
and microbiome associations to better link genome information with plant
phenotypes.

Functional genomic information remains sparse, and examining transcrip-
tomic and metabolomic diversity and how it changes with development
and environment can help us better understand key aspects of date palm
biology. Mapping of genes, especially those associated with critical features
of date palm biology, will benefit from developing new genetic mapping
populations, including those for linkage mapping and genome-wide asso-
ciation studies. Finally, translating this information into concerted breeding
programs and genetic engineering interventions can help advance date
palm agriculture, particularly in the face of challenges brought about by
climate change as well as continued abiotic and biotic pressures. In all this,
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the foundation of genomics of date palms has been secured over the last
decade, setting the stage for research in the next few years.
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