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ABSTRACT

Date palm (Phoenix ductylifera 1..) is a diploid with 18 pairs of chromosomes
and an estimated genome size of 658 Mb. It is a dioecious perennial monocot,
with a long generation time (a period of 4-5 years until first flowering). Date
palm is one of the major fruit crops grown in the Gulf countries and
particularly in the Sultanate of Oman. Approximately 250 varieties of date
palm are recorded throughout the country with evaluation and characterization
based on morphological and reproductive traits (e.g. fruit color, fruit shape
and fruit weight). Limited molecular characterization work has been
undertaken for date palm germplasm in general and Omant date palm
germplasm, in particular. The principal focus of this study was to; investigate
the genetic diversity of Omani date palm germplasm and compare it with
‘exotic’ germplasm, to differentiate between female and male plants at the

molecular level and to construct an initial genetic map for date palm.

Samples were taken from eight parents of the available Omani date palm
controlled crosses (Khalas 4. Khalas 13 male, Um-Alsela, Khori male, Bami,
Naghal, Bahlani male, and Khasab) with 90 date palms from the BC, and F,
populations, from 194 Omani date palm accessions (151 female cultivars and
43 malc trees), together with samples from ltaly (Sanremo and Bordighera),

USDA-ARS, France, Irag, Libya, Sudan and Iran.

The F-statistics analysis showed that the genetic variation between female and
male accessions based on random markers was only 2.1%, while within the
broader group of Omani female and male accessions the molecular variation
was 97%. suggesting that the Omani female and male accessions have little
consistent divergence, compared to the large-scale divergence within Omani
germplasm, so male palm have been derived from most genetic origins in
Oman. Additionally, the Principal Coordinates Analysis (PCA) and bootstrap
consensus phenetic tree showed that the Omani accessions were closely
related to each other and there was no clear genetic differentiation between

female and male cultivars.



A high degree of genetic variation was observed between germplasm from
Oman, Italy, USDA-ARS, France, Iraq, Libya, Sudan and Iran as measured by
Fst (19.7 %). The PCA showed that the Europe-Africa (Italy, France, Libya
and Sudan) accessions are distinguished from West-Asia (Oman, Iraq and
Iran) accessions and have their own autochthonous origin, a finding which was

strongly validated by bootstrap consensus tree test.

A medium density genetic map in date palm was constructed using 53
individuals from BC, and 30 individuals from F, populations. The BC; map
consisted of 270 markers (28 SSR and 242 SNP) distributed into 29 linkage
groups with total genetic length of 1,486.7 cM, while the F; map consisted of
591 markers (21 SSR and 570 SNP) distributed into 30 linkage groups with
total genetic length of 2.385.6 ¢M. A total of 25 combined linkage groups

were possible by combining both BC, and F| maps through common markers.

A sex-link marker locus was developed and found to predict a high level of
discrimination between male and female date palms among multiple varieties
distributed across the wide range of cultivation, with an accuracy of 100% in
the Omani crosses, 96% in the broad Omani material and 86% in the broadest
date palm germplasm. This marker was also mapped in both BC, and F, at
42.8 ¢cM and 4.9 ¢M in linkage groups 18 and 29, respectively and on
combined group 19 at 42.8¢M.
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Chapter 1. GENERAL INTRODUCTION

1.1 The Sultanate of Oman

Oman 1s an Arab state in southwest Asia located in the southeastern part of the
Arabian Peninsula between latitudes 16 40°N and 26 20°N and longitude 51
E and 59 40°E which covers a total land area of 309,500 km” (Figure 1.1:
MoA, 2011). The land area is composed of valleys and desert (82%),
mountain ranges (15%). and the coastal plain (3%). The Sultanate’s borders
are flanked by the Gulf of Oman in the East, Saudi Arabia and United Arab

Emirates in the West and Yemen in the South.

Natural featurcs divide the Sultanate into five administrative divisions or
regions: Al-Dakhiliya, Al-Batinah, Al-Wasta, Al-Sharkia, Al-Dhahira, and
three governorates: Musandam, Dhofar and Muscat. Musandam Peninsula, an
exclave of Oman with 1800 km™ area projects into the Strait of Hormuz in the
north, while in the east is Masirah Island (which i1s 649 km® in area) in the

Arabian Sea (Figure 1.1).

Oman is situated at the entrance to the Gulf in the middle of the East-West
trade routes, ensuring easy access to markets in the Middle East, India,
Southeast Asia, Africa and Europe. Its geographical position gives it access to

major shipping routes and allows it to serve as a port and commercial center.
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Masirah Island

Figure 1.1: The geographical regions of Oman (MoA, 2011)

1.2 The Agricultural land in Oman
According to the survey conducted by MoA (2009) and Worldstat (2007)

(http://en.worldstat.info/Asia/Oman/Land) the total agricultural land in Oman

is 17,990 km? (5.8% of the total area) out of which 600 km? is arable (3.3% of
the total agricultural land). Most of the agricultural area is located in the Al-
Batinah plains in the north of Oman, which represents about 3% of the area of
the country (MoA, 2011). Oman has a high level of biodiversity, especially in
less arid areas such as Dhofar Governorate, where seasonal rainfall induces

diverse and dense vegetation. The fauna and flora in the north of the country



are similar to those in Iran and Pakistan, while semi-arid tropical African types

are encountered in the south.

Oman has different indigenous crops that have been considered as strategic
crops for food security as they form the basis of the Omani dict. Among these
crops are wheat, barley. chickpea. dates. and lime. which are cultivated
throughout the country due to their traditional food value. Seasonal fruit crops
occupy about 37,082 hectares of the cultivated area, of which 31.365 hectares
are used for date palm. The other crops cover 28,017 hectares land of which
10,735 hectares are used for field crops (MoA. 2011). Groundwater resources
helped Al-Batinah region to become an arca of vital importance to the
agricultural economy of the Sultanate of Oman. The important agricultural
crops (dates. vegetables, fodders, livestock and fruit trees) in the Al-Batinah
area are immgated from groundwater wells. which support about 28% of

Oman’s population.

1.3 Climate and water supply

Oman’s climate differs from humid in coastal areas. to arid in the interior
regions and tropical in the southern parts of the country. The temperature
ranges from below zero in mountainous arcas hke Al-Jabal Al-Akhdar and
Jabal Shams and reaches over 50°C during summer in desert areas.
Precipitation on the coasts and on the mterior plains ranges from 20 to 100
millimeters a year and falls during November — February. Rainfall in the
mountains, particularly over Jebel Akhdar. s much higher and may reach 900

millimeters.

Because the plateau of Jebel Akhdar is porous hmestone, rainfall seeps



quickly through it, and due to this the vegetation is usually semi-evergreen and
has been classified as local center of plant endemism (Ghazanfar, 2003).
However, a huge reservoir under the plateau provides springs for low-lying

areas making it agriculturally productive.

Dhofar, benefiting from a southwest monsoon between June and September
(Kharif). receives heavier rainfall (200 — 250 mm) and has constantly running

streams, which make this region Oman's most fertile area (MoA, 2011).

Erskine er al. (2003) suggested that due to the limited rainfall and the scarcity
of fresh water resources in most of the cultivated areas in Oman and in the
Arab Peninsula, there is a dependence on irrigation systems from groundwater
sources such as afalaj (falaj-singular), springs (oasis) and wells from the
provision of small dams spread across the country. In addition, desalinized and
treated wastewater form non-conventional sources of water that have been

recently used in agriculture (MoA, 2011).

1.4 Date palm and breeding programs in Oman

Date palm (Phoenix dactvlifera L.) is the major fruit crop grown in the Gulf
countries and particularly in the Sultanate of Oman. Approximately 250
varieties of date palm are grown throughout the Sultanate covering an area of
31,365 hectares and this constitutes more than 84% of the total fruit crop arca
and about 42% of the total agricultural land of Oman (MoA, 2011; MAF,

2005; Al-Khatri, 2004).

El-Kharbotly et al. (2006) have provided an overview of the unique
germplasm of the Omani date palm that has sustained the country for
centuries. The history of date palm in Oman is closely linked to indigenous
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farming techniques rooted in traditional wisdom. The Date Palm Research
Station and the ex-siry Gene Bank in Wadi Quriate in the interior region of
Oman were established in 1988 by the Ministry of Agriculture and Fisheries
(MAF) (Figure 1.2). The Research Station was mandated to preserve the
national heritage of date palm through the conservation of its genetic resources
and to carryout research for the improvement and multiplication of this
important crop. Additionally in order to help diversify the gene pool and to
increase the income of date palm growers, new elite exotic cultivars were
introduced from different regional date palm producers and a test breeding
program was established. In this breeding program, the male date palm known
as KI-96-13 was used in two crosses carried out in 1996. The KI-96-13
germplasm was selected based on its superior characteristics over other F,
individuals and the synchronized flowering with the mother cultivar, allowing
the cross to be made. The KI-96-13 was crossed with its mother Khalas-4.
which is known to produce high quality date truit and a backcross population
(BC,: 53 palms) was developed. It was also used as a male parent to produce
an F, population (34 palms) with the Um-Assela cultivar, which is well
adapted to the conditions in the coastal regions of Oman (high salinity and

humidity) but bears low quality dates (El-Kharbotly er al., 1998).



Figure 1.2: The Gene Bank of date palm in Wadi Quriate, Interior region, Oman. Photo

by Al-Ghaliya Al-Mamari (2011)

The Sultanate is the eighth largest producer of dates, having around 4% of the
total world production. The date palm production season in Oman ranges from
May to November each year, the longest season among all date producing

countries (FAO, 2005; Al-Yahyai and Al-Khanjari, 2008).

The total number of cultivated date palm trees in Oman has reached around 8
million, producing about 258,000 tons of dates per annum (Anonymous,
2009), of which 64% are used for fresh consumption and 36% for industrial
processing (Al-Khatri, 2004). There are around 180 female and 48 male
cultivated date varieties, out of which 81 produce yellow fruits, 24 produce red
fruits, and the rest produce colours ranging from yellow to red (Figure 1.3; Al-

Yahyai and Al-Khanjari, 2008). The most leading date varieties in Oman



based on their production (metric ton) from 2007 to 2009 are; Um Silla,

Mabsali, Khasab, Naghal, Fard, Shahel, Khalas, Khinaizi, Madlooki, Barni

(MoA, 2009; Table 1).

Figure 1.3: Two female trees of date palm bearing different color fruits

Table 1-1: The leading varieties in Omani date production and production figures

(metric ton) from 2007-2009, MoA, (2009)

2007 2008 2009

Rank Cultivar Production | Cultivar Production | Cultivar Production

Name Name Name
] Um Silla 35,465 Um Silla 35,218 Um Silla 27,150
2 Mabsali 29.698 Mabsali 31,175 Khasab 21,961
3 Khasab 27,181 Khasab 27.944 Naghal 20,163
4 Naghal 25,069 Naghal 24,639 Mabsali 16,877
5 Fardh 18,956 Fardh 20,482 Shahel 16,516
6 Shahel 12,258 Khalas 12,658 Fardh 14,996
7 Khalas 12,134 Shahel 12,602 Khalas 14,166
8 Khunaizi 11,135 Khunaizi 11,264 Khunaizi 13,901
9 Madlooki 4.896 Madlooki 5,152 Jabri 6.425
10 Barni 4,852 Barni 5,056 Madlooki 4,171
Total (metric ton) 181,644 186,190 152,155




1.5 Biotic and abiotic threats to date palm

Several biotic (disease and pest) and abiotic (drought and salinity) factors have
been found to be limiting date agricultural production in Oman for the last
couple of decades. This is in addition to the effects caused by climatic change
due to global warming. The high concentration of salt in irrigation water. pests
and also diseases have had a direct impact on the cost of production, making
the crop less popular with the government which could ultimately lead to a
reduction in production.

Date palm. like any other crop. is affected by many pests and discases.
resulting in poor growth and yield, both quantitatively and qualitatively (Al-
Khatri, 2004). The most destructive pests of date palm in Oman are the
‘dubas’ bug Ommatissus Ivbicus DeBergevin, the red palm weevil (RPW)
Rhvnchophorus - ferrugineus  Olivier and the lesser date moth (LDM)
Batrachedra amyvdraula. The severity of infestation varies with cultivars,
geographic location, chimate, and cultural practices. Although currently of
minor importance, many fungal pathogens have also been reported associated

with date palm (Al-Saadi er /.. 2012).



Chapter 2. LITERATURE REVIEW

2.1 The genus Phoenix

The genus Phoenix is belonging to the palm family (Palmae or Arecaceac,
subfamily Coryphoideae. tribe Phoeniceae) (Terral e¢r al.. 2011), and
comprisesl4 different species in which the Phoenix dactvlifera L. (date palm)
is present and is the major palm used for agriculture (Zaid, 2002; Pintaud ¢t
al., 2010; Jain et al., 2011; Terral er al.. 2011). The Phocenix species are
distributed n the Old World subtropics and tropics trom the Canary and Cape
Verde islands in the Atlantic Ocean, throughout Africa, Madagascar and Asia,
reaching Sumatra, Taiwan and the Philippines in the East (Pintaud e a/.. 2010:
Figure 2.1). The main centre of diversity of the genus Phoenix was found to be
span from India to Indochina where eight species are found (Pintaud er of..
2010). Some of Phoenix species are used as a source of sugar, e.g., P.
svivestris (L) Roxb and are mostly cultivated in the countries like India and
Pakistan. while P. canariensis Chabeaud is cultivated in Cape Verde and the
Canary Islands as an ornamental.

Different hypotheses have proposed the relationships between P. ductvlifera
and one or more other Phoenix species such as P. canariensis (Canary
Islands), P. atluntica (Cape Verde). Phoenix reclinata Jacq. (sub-Saharan
Africa and south-western Arabia) and P. sv/vestris (India, Pakistan) (Terral ¢r
al., 2011). Terral er al. (2011) have reported that the date palm 1s an inter-
fertile with all these species where hybnids occur, therefore, the cultivated date
palm is highly likely to be domesticated from one of these species or be the
result of hybridization between two or several of them. However, recent
genetic data suggested that the cultivated date palm derives from wild
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populations of P. dactylifera (Pintaud et al., 2010). In addition, the
identification of wild populations could be complicated due to the possible

existence of gene flow from the cultivated pool towards the wild one.

P. rupicola ¥ <]
P. roebelenii

P. caespitosa

P. pusilla

‘ P. andamanensis = = .
P. reclinata

Figure 2.1: Distribution areas of Phoenix dactylifera .. and other Phoenix species, Gros-

Balthazard er al. (In press).

2.2 The origin of date palm (Phoenix dactylifera L..)

The date palm is one of the most ancient and treasured trees in the Arab world.
It has been the main wealth of people in past generations, the fruit serving as a
source of daily nourishment, with the branches and the tree trunk proving
valuable material in the construction of homes and other household materials.
All Arabs including the Omani people have historical, cultural and emotional
attachments with date palm. The product of the date palm has always been

regarded as a luxury not only due to the challenges of growing the fruit but
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also because of its delicacy and high nutritional and economic value in the

world market.

The origins of domestication and history of the cultivated date palm are
unclear; however, charred and mineralized seeds dating back to the 6th
millennium B.C, as were recovered from some archaeological sites in the
Persian Gulf, although the discovery of seeds itself does not constitute an
evidence of date palm cultivation or its presence locally (Terral er al., 2011).
One important feature of the date as an edible fruit is that it can be dried and
stored for long time, therefore can be carried over long distances. Indeed. the
presences of date palm remains such as seeds. leaves and stipe fragments are
stronger evidence of local cultivation. Many bioarchaeological collections of
date palm are confirmed since the Sth millennium B.C. in Mesopotamia and
since the 4th millennium B.C. in south-eastern Iran and the Oman Peninsula.
In addition, the archacological data suggested that a centre for date palm
domestication was located mn the Middle East and was supported by many
authors. however. other authors proposed a north African. a tropical African.

or an Indian origin (Terral er a/., 2011).

According to Mahmoudi et al. (2008) the domestication of the date palm
occurred over 5000 years B.C. and it then spread from Iraq to Iran, India and
Pakistan. Overall, the origin of date palm stills remains unclear and whether
there was a single origin and/or domestication event (as far as the date palm 1s
domesticated) or a number of independent origins. In terms of religious verses
the date palm is mentioned over 25 times in the Holy Book of the Quran while
according to Jewish beliefs it shares a holy place along with six other seed

plants.
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In Oman. since ancient imes the date palm has been considered as a symbol
of a proud heritage and culture since it represents the wealth of past
generations not only for its fruit but also for its tree trunk and leaves that
provided shelter from the scorching sun for dwellers and Bedouins (Al-

Moharbi, 2011).

2.3 Date palm (Phoenix dactylifera L..)

The date palm is dioecious, having separate male and female plants. They can
be easily grown from seed, but only 50% of seedlings will be female and
hence fruit bearing. In addition, female plants originating from seedling
usually produce late fruits of variable and generally inferior quality compared
to established clonal palms (Zaid et al., 2002; Chao and Krueger, 2007). Most
commercial plantations thus use cuttings of heavily cropping cultivars. Plants
grown from cuttings will fruit 2-3 years earlier than seedling plants. The date
palm is the tallest of the Phoenix group and can grow up to 30 meters
depending on the soil and climatic conditions. Additionally the date palm
produces a single stem that ranges from 10 to 30 cm in width. Approximately
10 to 12 inflorecences are developed during the winter period in the axils of
the leaf positioned immediately below growing point. The leaves ot the date
palm can grow up to 5 meters long with an individual leaf life span of 4 — 7
years, depending on the weather conditions, water availability or salinity of
the ground water. The leaflets also have hard sharp points at their tips in order

to protect the fruit from animal predation (Figure 2.2).

The date palm fruits are sweet in taste containing more than 50% sugar by

weight, consisting of mainly glucose, fructose and sucrose. There are also
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other edible species in the genus Phoenix such as P. atlantica A.. and P.
syivestris Roxb. However. due to the higher concentration of sugars in P.
ductvlifera L. 1t remains the only cultivar with economic relevance. (Source:

Naturland 2002).

The date palm fruit is a berry type. Each berry contains a single seed. Each
seed has a hard endosperm which results in good preservation of the dried
seeds in archaeological contexts (Terral ¢r a/.. 2011). The date cultivars can be
classified nto: soft. semi-dry or dry. based on the texture of the fruit under
normal ripening conditions and also depending upon the time of harvest and
associated water content (Chao and Krueger, 2007; Elshibli. 2009). Date palm
cultivars are also grouped as early: mid-season or late according to the length

of time needed to produce mature fruit (Jain ef al., 2011).
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Figure 2.2: A diagram illustrating the structure of the date palm, (Chao and Krueger,
2007).

The date fruit pass through different stages during the ripening process (Figure
2.3). When the fruit are very young they are termed 'Kemri', which are also
characterized by a hard texture, green colour and a high cell density. This
stage is followed by ‘Khala’ where cell multiplication continues, the fruit
become larger in size, and starch starts to accumulate. The fruit start to mature
and the colour changes from green to yellow/red in the ‘Beser’ stage. In the
‘Rutab’ stage the fruit become half ripened and the colour changes steadily
from yellow/red to dark brown or black as sugars accumulate. The fruit
become fully ripened in last stage ‘Tamar’ and contains high concentrations of
sugars, mainly glucose and fructose (reducing sugar) and sucrose (non-

reducing sugar) (Yin et al., 2012; Elshibli, 2009).
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Figure 2.3: Date palm fruit at different stages of ripening: (A) ‘Kemri’ stage. (B) ‘Beser’

stage. (C) ‘Rutab’ stage. (D) ‘Tamar’ stage. Photo by Al-Ghaliya Al-Mamari.

Date palm trees can remain economically profitable for a period of 50 years,
but will continue to produce fruits until the age of 100 or even older. Date
palms are frequently cut down when they are about 45 feet tall because of the
difficulty in climbing them to harvest the dates or when their productivity
declines and they become more susceptible to pests, diseases and blow-down
(Jain et al., 2011; Chao and Krueger, 2007). The date palm is highly prized for
its ability to adapt and endure long summers in which water is scarce. It also
has the ability to thrive well in the desert, a feature that is achieved by
obtaining water from underground sources. Date palm is particularly important
in agriculture, as it has the ability to provide a microclimate in which other
subsistence crops can be cultivated (Alhammadi and Kurup, 2012).

Date palm is propagated by seed, offshoots and tissue culture techniques.
Separating offshoots is the most commonly used method. However, the

offshoots are produced in limited numbers from the axillary buds on the trunk
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of mother plant near the soil surface (Chao and Krueger, 2007; Al-Rugaishi er
al.. 2008: El-Kharbotly er a/.. 1998; Abdulla and Gamal, 2010). Multiplication
of date palms by using the offshoots will maintain the genetic identity of the
date palm cultivars. therefore producing fruit which are expected to have the
same quality and uniformity as the parent plant (Elshibli and Korpelainen,
2008; Erskine er al., 2004). Whereas propagation by seedling is rarely used
due to several reasons; seedlings will not be genetically identical to the mother
plant. there i1s variation between seedlings in a single bunch and 50% of the
seedling will be male. As the date palm tree requires 5 — 7 years to be able to
identify the sex, seedlings will be field planted before the male palms can be
identitied and discarded. While a proportion of male palms are required in a
plantation for pollination of the female palms, it is far below 50%. These
palms are essentially unproductive as they do not yield dates. The main
advantage of seed method that it is simple in practice and also enlarge the date
palm genetic diversity. In some countries the number of date palm trees
originating from natural hybrids is important like Egypt and Morocco (Jain et
al., 2011). Currently. tissue culture propagation is widely used for large-scale
production of true-to-type plantlets from a single elite palm (Chao and

Krueger, 2007; Al-Ruqaishi. 2006).

2.4 Date palm biodiversity

Biodiversity or biological diversity refers to all the variety of life that can be
found on Earth (plants, animals. and micro-organisms) and includes variation
at all levels of biological organization from genes to species to ecosystems.
Genetic, organismal and ccological diversity are three eclements of
biodiversity. Each of these elements has its own components that can be
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arranged in a hierarchical order that normally goes from singular living forms
to species (Gaston & Spicer 2004; Frankel er al., 1995, Wahid et al., 2004,
Elshibli, 2009).

Plant biodiversity is represented by phenotypic and genetic diversity in which
these represent the most important aspects for selection, conservation and
improvement of a particular species (Elhoumaize et al., 2002). Genetic
diversity is the variation in heritable material (whether the variation leads to a
phenotypic difference or not) that is found within and between individuals or
populations of plant species. While phenotypic diversity refers to the
interaction between genetic and environmental variation which leads to a
measurable trait.

Date palm is known to have high biodiversity, with over five thousand
cultivars worldwide (Jaradat and Zaid, 2004). The large numbers of date palm
cultivars has been a target of considerable research, both for phenotypic and
genetic diversity. These studies help in understanding the taxonomy, origin

and evolution of this tree.

2.4.1 Phenotypic diversity

There are several thousand date palm cultivars cultivated across the world, to
the point that the production and industrialization of the fruit is an ever
growing process that has been steadily moving forward since the 1990’s (Zaid,
2002). The farmers carry out careful selection of the best cultivars, which 1s
accompanied by the ongoing increase in the number of cultivars around the
world in order to improve the quality and production of date palm (Elshibl,

2009).
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Based on botanical descriptions, there are about 250 cultivars in Oman (MAF,
2005), 450 in Saudi Arabia (Al-Khalifah and Askari, 2003), 135 in the United
Arab Emirates (Ghaleb, 2008). 600 in Iraq (Khierallah er a/., 2011a), 400 in
Iran, 244 in Morocco, 250 in Tunisia and 400 in Sudan (Khanam et /., 2012).
A wide range of phenotypic characteristics of date palm fruits, spathes.,
spadices, leaves, leaflets and spines has been used to identify date palm
accessions (Table 2.1, Mohamed Ahmed ¢r a/.. 2011; Hammadi er al., 2009;
Ould Mohamed Salem er ofl.. 2008). These characters are reported as part of
standard descriptors in the date-palm (IPGRI. 2005).

Mohamed Ahmed et al. (2011) observed high levels of variability in twenty-
one date palm accessions originating from different locations in the Adrar
region evaluated using thirty vegetative and reproductive measurements. They
also reported that characters related to /eaflets and spine length and fruit and
seed size accounted for a large proportion of the observed variability. In
addition. they observed a typically continuous phenotypic diversity among
date palm accessions and little association between cultivars with similar frui
characteristics from same geographic origin, such as Amsakhsi and Adaghd

cultivars.
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Table 2-1: Examples of measured phenotypic traits for a number of date palm cultivars, their country of origin and references.

References Country of Cultivars studied Mecasured traits
origin
Leaf Spines Pinnaes Fruit Spadice

Mohamed Mauritania Ahmar, Amsakhsi, Tamchkrert, Spinelength, petiole Number, length and - length, length,
Ahmed et Bouscker, Tiguidert, Lemdina width at the bottom, width at the middie). width, width at the
al (2011 ghailania, Tijib. Adaghd, leaf length and width, weight, middle

Sembahra, Scl medina. Boudjeire. rachis thickness Leaflets (terminal pulp &

Sijoumen, Sembahmoud, Enzer, benween the last spine | leaflet length, leaflets seed

Athmenmej, Tenwazidi, Sckanni, and number, spacing index, weight

Temazad, Tenterguel el kahla, terminal leaflet width,

Tadeghdit ¢l hadi. Lemdina the first leaflet, leaflet | leaflet width and length

part length at the middle
Hammadi et | Tunisia Deglet nour, Alig, Kintichi length, midrib length, | number, density, % number, - -
al. (2009) pinnated part length, | solitury spine, spine density, %
length at the middle, of antrose
pinnue,

Ould Mauritania Ahmarl, Lemdina gouchatia, Tijeb, | length. width and number, middle spine - - -
Mohamed Tiguidert, Lemdina ghailania, angle, spineted part, width and length
Salem er al. Ahmar2, Adaghd, Sckani, length of leafleted
(2008) Amsakhsi, Tamchkrert, Alfa part, petiole width,
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Furthermore, three date palm cultivars (Deglet nour, Alig and Kintichi) were
screened using thirty vegetative characters and the results showed the stability
of 6 characters: spine length ar the middle, percentage of spined midrib part.
maximal pinnae width at the top leaf, apical divergence angle, maximal spine
angle and percentage of solitary spines. These characters are not affected by
the change of cropping conditions and could be used for cultivar identification
outside the fruiting period (Hammadi et /., 2009). In addition, Hammadi er al.
(2009) found that cultivars with the same fruit consistency group together in
diversity analyses. Similar findings have been reported by Ould Mohamed
Salem er al. (2008) who studied twelve Mauritanian date palm cultivars using
eighteen phenotypic traits focused on vegetative systems. Ould Mohamed
Salem et al. (2008) have also suggested that the leaves of the date palm can
provide an accurate description of the different features inherent in a specific

cultivar (Figure 2.4).
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Figure 2.4: Some of traits measured in leaves of date palm (Ould Mohamed Salem er al.,

2008).

Elhoumaize er al. (2002) were able to differentiate between 26 date palm
accessions from Morocco using 26 vegetative traits. The results of this study
suggested that a great deal of phenotypic variability was present among the
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different accessions. The study also concluded that some morphological
characters were highly correlated with each other and possibly associated with
resistance to Bayoud disease.

The classification of the date palm is regarded as a very important matter and
due to the number of cultivars available it can sometimes be a complicated
matter to identify them uniquely (Osman, 2001).

Elshibli (2009) provided an overview of the complexity of classification and
reported that date palms in Sudan and Tunisia, for example, are described as
*Safra’ or *Hamra" while the same types in the north Kordofan area of Sudan
tend to be described by farmers based on the color of the edible part at the
Rutab stage. Elshibli & Korpelainen (2008) have provided another example in
which farmers in Egypt and Sudan have kept their original cultivar names or
where names have undergone only minor alterations; such is the case of
Gondaila and Bitamoda in Sudan, which has been replaced by Gondila and
Bertamoda in Egypt.

Several other morphological markers have been used to identify date palm
cultivars. Tisserat and DeMason (1982) used the morphology of date pollen to
differentiate between 4 date palm male cultivars and also different Phoenix
species.

Yield potential is also one of the most important features that determines
which cultivar to select and can be indicated by a wide range of morphological
features of fruits (Elshibli. 2009).

Chemical composition of fruit, including sugars, dietary fiber, volatile matter,

acidity as well as the pattern of changes that are normally present during the
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different phases of ripening also can enable characterization of date palm

cultivars (Elshibli, 2009).

2.4.2  Genetic diversity

Date palm is a diploid with 36 chromosomes (21 = 2x = 36) and the genome
size is estimated to be approximately 658 Mb (Al-Dous er al., 2011; Elmeer et
al., 2011). Three genotypes (AA, Aa, aa) and two phenotypes (A or a;
assuming dominance) are to be expected for any given locus in date palm. The
genotype is considered heterozygous if the two alleles are not identical, while
the genotype is homozygous when the two alleles are identical, (EI Hadrami ez
al., 2011). In some cultivars, variation in chromosome number has been
observed suggesting an apomictic origin (Al-Khalifah and Askari, 2006).

Different morphological features based on fruit characteristics (colour, shape,
weight, and fexture) plus the morphology of leaves, spadice, spathe, spines
and pinnue have been used to describe many varieties and constitute a useful
method to analyze phenotypic diversity in this important crop (Al-Khalifah
and Askari, 2006; Rhouma er a/., 2008; Abdulla and Gamal, 2010; Mohamed
Ahmed et al., 2011; Khanam er /., 2012; Hammadi et «l., 2009; Ould
Mohamed Salem er al., 2008; Elhoumaize ¢t al., 2002). However, many of
these features may undergo changes due to environmental conditions and may
not reflect the true genetic relationships. Some of these features are also time
consuming to record and can only be assessed when the palm are sexually
mature with the onset of fruiting takes approximately 3 to S years. A large set
of phenotypic data are required which is difficult to collect and statistically
variable, due to environmental effects (Cao and Chao, 2002; Al-Khalifah and

Askari, 2003).
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Date palm is a diecious plant which makes it an obligate out-crosser. This
dimorphic nature leads to a highly heterogeneous genctic structure in date
palm (Al-Rugqaishi, 2006). More recently, clonal propagation of date palm is
preferred to seedling to preserves the genetic integrity of the cultivars, but it
was recognized that even within a cultivar there has been seed propagation in
its ancestry, leading to multiple genotypes within each cultivar (Khanam er al.,
2012: Al-Khalifah and Askari, 2007: El Hadrami er a/., 2011). As such, date
palm cultivars are more akin to landraces than to single genotypes.

Along with the complexity of population structure, the apparent difticulties
with morphological studies as well as the need to resolve cultivar identity at
early stages of plant development lead to an increased interest to study date
palm genetic diversity. Considering the importance of plant diversity,
rescarchers developed different types of molecular markers that proved to be
effective in assessing genetic diversity in plants and particularly in date palm

species.

2.5 Molecular markers

A molecular marker is a measurable character that can identify variation in
either protein or DNA sequence. Both phenotypic and genotypic traits can act
as genetic markers 1f they identify genotypic and/or phenotypic charactenstics
of an individual and the inheritance of these traits can be followed through
different generations. To overcome the limitations of morphological traits,
other markers have been developed at the protein level (biochemical markers)

and the DNA level (molecular markers) to assess the genetic variability as a
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complementary strategy to more traditional approaches in plant genetic

resource management (Bagali ¢t al., 2010; Farooq and Azam, 2002).

2.5.1 Biochemical markers

Biochemical markers (seed storage proteins and isozymes) are usually named
‘protein markers’ and were the most frequently used markers for genetic
studies before the advent of DNA markers in the 1980s (Jonah, e¢r af., 2011;
Farooq and Azam, 2002). These markers are generated through
electrophoresis, taking advantage of the differential migrational properties of
proteins and enzymes. They can be visualized by histochemical stains specific
to each enzymes being assayed or through total protein stains, such as
Coomassie Blue. Farooq and Azam (2002) reported that the isozymes and
proteins have a neutral effect on the plant’s phenotype, and are often
expressed co-dominantly. resulting in discrimination between homozygotes
and heterozygotes. However, protein markers are limited in number and can
be affected by the environment and may be tissue/developmental stage
specific; thus, the resolution of diversity can be limited and they represent
only a small part of the genome (Jonah ez /., 2011; Mondini et al., 2009; Al-

Khalifah and Askari, 2006).

2.5.2 DNA markers

A number of DNA markers have been developed and have become valuable
tools for detecting genetic diversity and elucidating phylogenetic relationships
by identifying the differences or polymorphisms within a nucleic acid
sequence between different individuals. In addition, these markers can be used

for identifying markers associated with specific traits, gene introgression
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through backcrossing, genetic diagnostics, germplasm characterization, the
study of genome organization and the characterization of transformants
(Muchugi et a/., 2008; Mondini ¢r al., 2009; Arif et al., 2010, Karp ¢t al.,
1997; Neale er al., 1992; Semagn er al., 2006; Jonah er al., 2011, Agarwal er
al.. 2008, Farooq and Azam, 2002; Guimaraes er al., 2007; Jain er al., 2002).
A genetic marker can be defined as a DNA sequence with an identifiable
location on a chromosome. (Jonah er al., 2011). It can be a long repeat
sequence. such as minisatellites or a short one like a sequence surrounding a
single base-pair change (single nucleotide polymorphism; SNP). These
markers are numerous, resulting in high resolution genome sampling and they
can be found in nuclear, mitochondrial and chloroplast DNA (Karp e al..
1997).

Mondini et al. (2009) and Jonah er a/. (2011) have stated that molecular
markers can be described as differences or polymorphisms which occur
naturally within a nucleic acid sequence as results of base pair deletions,
insertions, translocations, mutations or duplications. Molecular markers are
unlike morphological traits as they are not affected by environment and they
can be applied at any stage during plant development (Jonah er al., 2011).
According to Jonah er al. (2011) and Bagal er a/. (2010) an ideal DNA maker
should be polymorphic and co-dominant, so able to distinguish between
homozygotes and heterozygotes. They should be randomly and frequently
distributed throughout the genome, thereby providing a ‘representative’
indication of overall diversity (Muchugi et al., 2008). They should also be

reproducible giving the same results in different laboratories at different times.
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Nowadays, a number of markers are available to dctect polymorphisms in
nuclear DNA and these can be classified into two categorics: non-polymerase
chain reaction (PCR) based markers or hybridization based markers and,
polymerase chain reaction (PCR) based markers (Agarwal er al., 2008,

Mondini et al., 2009, Jonah et al., 2011).

2.5.2.1 Non - polymerase chain reaction (PCR) based markers

Restriction fragment length polymorphism

Restriction fragment length polymorphism (RFLP) was the first DNA-based
molecular markers developed in early 1980s (Guimaraes et al., 2007; Jonah et
al., 2011; Farooq and Azam, 2002). These markers are usually inherited as
Mendelian characters and can detect variation in DNA sequences at the same
loci in different individuals. The variation or differences in DNA sequences
may arise due to simple or large-scale base pair changes as a result of
translocation, inversion, deletion or transpositions. According to Jonah et al.
(2011) these changes result 1n a loss or gain of recognition sites at the small
scale or major alterations which in turn lead to restriction fragments of
different lengths.

RFLP markers combine the use of hybridization with restriction
endonucleases (Southern, 1975). Restriction endonucleases are bacterial
enzymes able to cut DNA creating polynucleotidic fragments with different
sizes (Mondini et al., 2009).

In this method, DNA is digested with restriction enzyme such as EcoRI. The
digested DNA fragments are separated on a gel using electrophoresis. The
DNA fragments are blotted as denatured (single stranded) DNA on a

hybridization membrane and probed with a labeled clone, washed and exposed
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to x-ray film (Guimaraes et al., 2007; Mondini er al., 2009; Farooq and Azam,
2002).

The RFLP markers are co-dominantly inherited, highly polymorphic and
reproducible (Agarwal et al., 2008). They also allow screening of many
samples at the same time (Mondini er a/., 2009). The use of this method is,
however, restricted due to several limitations and it involves expensive,
radioactive and toxic reagents. It also requires large quantity of high quality

genomic DNA and is time consuming (Agarwal er al., 2008).

2.5.2.2 Polymerase chain reaction (PCR) based markers

Polymerase chain reaction (PCR) was first discovered by Mullis er al. (1986)
for DNA amplification and is considered as an important milestone in
molecular biology research (Bhat er a/., 2010). In PCR, Tug DNA polymerase
(or similar; a thermo-stable enzyme) makes copies of a target sequence
starting from two artificial primers, which are complementary to the sequences
bracketing the target. The amplification of target sequence will pass through
different stages; heating to scparate the double stranded DNA and cooling to
allow the primers to re-anneal. Polymerase chain reaction based markers -
unlike RFLPs - require less DNA and are able to process large numbers of

samples quickly and efficiently (Guimaraes er al., 2007).

Randomly amplified polymorphic DNA (RAPD)

Randomly amplified polymorphic DNA (RAPD) was the first PCR-based
molecular marker to be used in genetic variation analyses. It detected the
polymorphism in DNA by using a single, short arbitrary oligonucleotide

sequence; mostly ten bases long with at least 50% GC content (Agarwal ef ul.,
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2008, Mondini et al., 2009: Bhat er al., 2010). These oligonucleotide
sequences can amplify many loci at the same time, allowing multiple markers
to be assayed in a single PCR reaction. DNA segments to be amplified will be
selected randomly. Furthermore, the RAPD products are separated on agarose
gel in the presence of ethidium bromide and visualized under ultraviolet light
(Bhat er ul., 2010).

RAPD markers can be applied directly to any species as no sequence data are
needed for the organism being tested (Guimaraes ¢r al., 2007). The major
drawback of this method is that RAPD markers are generally dominant in
nature, causing a loss of information relative to markers which show co-
dominance. Additionally, the RAPD method is unreliable and sensitive to a
number of factors including DNA quality, reagents, PCR conditions and
equipment, which can vary between two different laboratories (Jones et al.,

1997).

Amplified fragment length polymorphism (AFLP)

Amplified fragment length polymorphism (AFLP) is another PCR-based
method derived from the selective amplification of restriction fragments and
was developed by Vos et al. (1995). It combines restriction digestion and
PCR-based technology. It is highly reproducible and equally applicable to all
species (Ovesna et al., 2002; Guimaraes er al., 2007; Bhat ¢t al., 2010,
Agarwal er al., 2008 Jonah et al., 2011: Arnif et al., 2010; Karp et al., 1997).
According to Muchugi ¢r af. (2008) AFLPs fragments are normally between
80 and 500 base pairs (bp) in length. This technique can generate a large

number of polymorphisms (Farooq and Azam, 2002). It can also produce
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fingerprints of any DNA without prior knowledge of DNA sequence (Agarwal
el al., 2008). However; AFLPs are dominant markers (Guimaraes er al., 2007;
Karp et al., 1997). AFLPs are widely used for fingerprinting studies and in the
screening of biodiversity as well as for the detection and evaluation of genetic
variation in germplasm collections (Wemer et a/., 2000). It is also used in
plant genetic mapping, establishing linkage groups in crosses (Yin et al.,
1999).

The AFLP technique involves extraction of highly purified DNA, restriction
endonuclease digestion of DNA (usually with two specific enzymes, one a rare
cutter and the other a frequent cutter), ligation of oligonucletide adapters, pre-
selective amplification, selective amplification and polyacrylamide gel
analysis of amplified fragments. The AFLPs bands can be detected by silver
staining or by labeling of the primers with a radioactive isotope (Ovesna ef al.,
2002; Bhat et al., 2010; Arit er al.. 2010). Alternatively, the bands can be also
detected with a higher throughput using an automated DNA sequencer with

fluorescently labeled primers (Guimaraes er al., 2007).

Simple sequence repeats (SSRs) or microsatellites

Simple sequence repeats (SSRs) or short tandem repeats or microsatellites
consist of tandemly repeated mono-, di-, tri- or tetra-nucleotides (e.g., [A]n,
[CA]n. [AGC],, [GACA],). where n refers to the total number of repeats. SSR
occur as interspersed repetitive elements in all eukaryotic genomes with
different lengths of repeat motifs, both in coding and non-coding regions (ljaz,

2011; Jonah er al., 201 1; Guimaraes et a/l., 2007). Knowledge of the sequence
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of these repeats is used for designing specific amplifying primers for regions
flanking the microsatellite repeat (ljaz, 2011).

SSRs can be found in nuclear, chloroplast and mitochondrial genomes
(Soranzo et al., 1999). Agarwal er al. (2008) and Guimaraes et al. (2007)
reported that the number of repeats of the SSR is highly variable and this 1s
mainly due to slipped strand mis-pairing during DNA replication causing
frequent gain or loss of repeat units. Agarwal er al. (2008) suggested that
microsatellite loci tend to be hyper-variable because slippage in replication
occurs at higher frequencies than point mutations. SSRs markers often present
high levels of genetic variation based on differences in the number of the
tandemly repeating units of a locus (Jonah er al., 2011). In general, the more
repetitions of a repeat, the more likely it is to be polymorphic. For example, a
[CA]io repeat is more likely to be polymorphic than a [CA], repeat (Queller e
al., 1993; Farooq and Azam, 2002). However, longer repeats can often lead to
poorer amplification in PCR or the generation of more stutter bands, due to in
vitro slippage in PCR. SSRs markers are co-dominant markers, which can
detect substantial variation within populations and between populations with
the highest polymorphic content (PIC) of commonly used markers and they
have high reliability/reproducibility (ljaz, 2011; Farooq and Azam, 2002).
These characteristics of microsatellites further their application in
fingerprinting and different molecular studies.

SSRs markers are robust tools that can be used efficiently by different research
laboratories simply by distributing primer sequences (Saghai-Maroof ¢r al.,
1994) and do not require large amounts of DNA (Kloda, 2004). A possible

problem associated with the use of microsatellites as molecular markers, is the

30



occurrence of null alleles at some loci (Callen er a/., 1993; Farooq and Azam,
2002). Dakin and Avise (2004) dcfined null alleles as any allele at a
microsatellite locus that consistently fails to amplify during the PCR reaction.
Microsatellites can be discovered by screening libraries of clones when prior
DNA sequence is not available and usually the methodology for their
development takes time, is complex and costly (ljaz, 2011; Kloda, 2004,
Guimaraes et al., 2007). Kloda (2004) reported that isolation and
characterization of individual loci is essential for the development of locus-
specific microsatellite  markers. Generally this process involves the
construction and screening of a DNA library with specific probes and DNA
sequencing of positive clones and subsequent PCR primer synthesis and
testing. McCouch e al. (1997) provided a good review for microsatellite
marker development. Various methods have been employed to increase the
efficiency of microsatellite isolation, including enrichment techniques
(Edwards er al., 1996), concatenation of sequences for sequence-tagged
microsatellite profiling (Hayden and Sharp, 2001), dot blot selection against
high copy number sequences (Scotti e7 /., 2002) and the application of next-
generation sequencing (NGS) technologies (Zalapa ef al., 2012). Zalapa et al.
(2012) have reported that NGS technologies allow efficient identification of
large numbers of microsatellites at a fraction of the cost and effort of
traditional approaches. In addition, NGS methods can produce large amounts
of sequence data from which to isolate and develop numerous genome-wide
and gene-based microsatellite loci (Zalapa er al., 2012).

SSRs have already been applied in a variety of ways in several plant species

and proven to be useful tools for DNA genotyping, genome mapping,
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population and parentage analysis, individual identification, phylogenetic
studies, conservation and the management of genetic resources (ljaz, 2011).

According to Agarwal e¢r al. (2008) PCR amplification protocols used for
microsatellites employ either primer pairs with one of the primers being
radiolabelled or fluorolabeled, or unlabeled primer pairs. The PCR product of
unlabeled primer pairs can be visualized by either polyacrylamide or
horizontal agarose gels. The PCR products of fluorescently labeled
microsatellite primers can be separated by capillary electrophoresis using an
automated sequencer such as Applied Biosystems’ ABI PRISM or Beckman
Coulter’'s CEQ 8000 Genetic Analysis System. However, the fluorescently-
labeled microsatellite primers are costly to buy. A procedure was introduced
by Schuelke (2000) in which three primers are used for the PCR amplification
for each microsatellite: an SSR-specific forward primer with a M13 tail, an
SSR-specitic reverse primer and the universal fluorescent-labeled M13 primer.
The allelic size for each SSR marker can be scored and analyzed using a range

of different software.

Single nucleotide polymorphism (SNPs)

Single nucleotide variation present between the genome sequences of
individuals in a population is known as a Single Nucleotide Polymorphism
(SNP; Agarwal er al., 2008; Mondini et al., 2009). The occurrence and
distribution of SNPs throughout the genome varies among species.

SNPs are the most abundant DNA markers in plant genomes and can detect
changes in nucleotide sequences down to single base pairs (Chen er al., 2011;

Farooq and Azam, 2002). Guimaraes ef al. (2007) have reported that SNPs
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could be found very close to or within a gene of interest. SNPs can be also
used to detect a known functional nucleotide polymorphism and are
(potentially, depending on the detection system) co-dominant markers
(Guimaraes et al., 2007). The benefits of SNP assays include higher map
resolution and throughput, lower error rate and the parallel assay of multiple
SNP (Guimaraes er al., 2007).

The SNPs are usually more common in the non-coding regions of the genome
as their presence in the coding regions can generate mutation (e.g. non-
synonymous mutations that result in an amino acid sequence change or
synonymous mutations that do not cause any change in the amino acid
sequence) (Agarwal er al., 2008). Synonymous changes can result in
phenotypic differences by modifying the mRNA splicing, altering active site
function or protein folding, among other causes of modified function.
Detection of SNPs requires an initial DNA sequence in a reference individual

plus re-sequencing in other varicties to find variable base pairs.

Diversity arrays technology (DArT)

Diversity arrays technology (DArT) has some aspects of the AFLP procedure,
but using hybridization to a microarray for genome wide discovery with high
throughput. The applications for DArT include genetic diversity analysis and
cultivar identification, genetic map construction and quantitative trait loci
(QTL) identification and genome profiling (Guimaraes er al., 2007,
Wittenberg er al., 2005).

DArT was initially reported by Jacoud er a/, (2001) and has been applied

successfully in many crops including barley (Wenzl er al., 2004), wheat
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(Akbari er al., 2006; Mantovani ef al., 2008), rice (Xie et al., 2006),
Arabidopsis thaliana (Wittenberg et al., 2005), cassava (Xia ef al., 2005) and
Musa (Risterucci er al., 2009). No DNA sequence information or site specific
oligonucleotides are required for a species to be studied (Wittenberg er al.,
2005; Semagn et al., 2006; Stodart er ul., 2007; Amorim et al., 2009).
Mantovani ef al. (2008) and Xia et al. (2005) reported that with proper setup
and software, this particular application has the potential of processing
hundreds to thousands of individual samples and producing hundreds of high-
quality genomic marker based on polymorphisms between individuals that are
cost and time efficient compared to the other markers. DArT is highly
reproducible and the patent for this technique is essentially under a free license
through its application in an open-source model (Semagn er al., 2006). DArT
technology passes through several steps: complexity reduction of DNA,
library construction, printing and processing of microarrays onto glass slides,
hybridization of fluorescently labeled amplicons onto slides, washing and
scanning of slides for hybridization signal, and data extraction and analysis
(Wittenberg et al., 2005; Mondini er al., 2009).

DArT is available with limited development costs and analysis can be
performed by any experienced researcher who can prepare genomic DNA,
although there is service cost of the analysis. The recent development of
DArTSeq - a sequence Tag-based variant of DArT which uses Next
Generation Sequencing to develop data — has great potential to integrate
marker data with subsequent genome sequence, as well as generating over 10x
the number of markers that an equivalent slide-based array would generate

(Tinker er al., 2009).
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Next generation sequencing (NGS) technologies

Recently, next or second generation sequencing (NGS) technologies with
high-throughput sequencing and low cost have become the first choice for
researchers carrying out molecular research, avoid the handling of individual
clones from shotgun libraries and produce thousands or millions of sequences
in one assay (Zalapa ef al.. 2012; Rounsley et al., 2009). Imelfort and Edwards
(2009) described NGS as ‘platforms that can produce millions of short DNA
sequence reads of length usually between 25 and 400 bp°; although these reads
are shorter than the traditional Sanger sequence reads.

The three brands of NGS technologies to be commercialized are 454 Life
Sciences (Roche), Solexa (Illumina) and ABI SOLID (Agencourt
Biosciences). The 454 platforms can produce longer read lengths while Solexa
and ABI SOLID produce very large quantities of very short reads (Rounsley er
al., 2009).

Zalapa er ul. (2012) reported that pyrosequencing technology was initially
developed by Pal Nyrén in the 1990s (Nyrén, 2007) and 454 Life Sciences
(Roche Diagnostics, Indianapolis. Indiana, USA) were the first to optimize
this method as an NGS platform. GS20 was the first successful
pyrosequencing system developed and commercialized by Roche in which
over 20 million base pairs was sequenced in just over 4 hours (Imelfort and
Edwards, 2009). In 2007, GS20 was replaced with another model called GS
FLX, with the ability to produce over 100 million base pairs of sequence in a
similar amount of time (Imelfort and Edwards, 2009). More recently, Titanium
chemistry was combined with this technology, increasing read-length to more

than 400 Mbp of sequence and an average read-length of around 400bp.

35



However, another two high throughput sequencing systems (SOLiD and
Solexa) now compete with GS FLX. The Solexa Genome Analyzer (GAIIX)
system possesses a reversible termination property and can generate up to
50,000 million bases of data per run whereas SOLiD is based on sequential
ligation with dye labeled oligonucleotides and can generate more than 20
gigabases of data per run (Imelfort and Edwards, 2009). Most of these
platforms have gone through multiple rounds of improvements and upgraded

specifications (Rounsley er al., 2009).

2.6 Examples of molecular marker application in date palm
A wide range of molecular markers (e¢.g.. RFLPs, RAPD, AFLPs and SSRs)

have been used for a number of potential objectives in date palm, including;
identification of genetic variation in date palm (Bodian er al., 2012; Hamza et
al.. 2012; Haider et al., 2012; Khierallah er al., 201 1a,b; Johnson er al., 2009:
Elshibli, 2009; Al-Ruqaishi ez al., 2008; Rhouma er al., 2008; El-Tarras ¢t al.,
2007; Al-Moshileh er al., 2004; Sedra er al., 1998) and development of
markers to distinguish between male and female trees during the carly stages
before inflorescences (Al-Mahmoud er a/., 2012; Elmeer and Mattat, 2012:
Younis et al.. 2008, Ahmed er a/., 2006). These markers were also used to test
somaclonal variation in regenerated plants of date palm (Ahmed e¢r al., 2009),
confirmation of some cultivars as a landrace (e.g., Medjool cultivar;
Elhoumaizi er al., 2006), detection of genetic stability of date palm plantlets
derived from in vitro culture (Bader et al., 2007) and study of the genetic
variation from offshoots and tissue culture (Gurevich et al., 2005; Al-Khalifah

and Askari, 2007).
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RFLP markers have been used for the identification of date palm but in
relatively few studies due to the high cost and large amounts of DNA required.
Four date palm cultivars (Kenessy, Lulu, Nabtha Saif, and Sheshi) obtained
from United Arab Emirates plantation were analyzed by RFLP (Corniquel and
Mercier, 1997). The analysis was performed on offshoot leaves surrounding
the shoot tips of the four cultivars. A cultivar-specific hybridization patterns
with a single cDNA probe was generated with total DNA digested by EcoRI.
Cormquel and Mercier (1997) have reported high levels of polymorphism
between the four cultivars, with no variation between the individuals tested
(e.g. two individuals for Kenessy, Nabtha Saif, Sheshi and four individuals for
Lulu). In contrast, a complex and specific hybridization patterns was reported
by Corniquel and Mercier (1994) for five date palm cultivars (Barhee, Deglet
Nour, Khalas, Khadrawy and Medjool) and none of these patterns were

identical to those reported earlier (Corniquel and Mercier 1997).

In other studies, RAPD markers have been used for the identification and
DNA fingerprinting of date palm accessions and appear to be very effective in
identifying these accessions. although the exhibited polymorphism was low in
some studies (Sedra er al., 1998; El-Tarras et al., 2007). Sedra er al. (1998)
used RAPD to investigate the genetic variation among 43 date palm
accessions, including 37 accessions from Morocco and 6 cultivars from Iraq
and Tunisia. They observed a weak association identified by cluster analysis
and low levels of polymorphism, which could be related to the mode of
introduction and exchange of the Moroccan date palm germplasm between
plantations. However, some morphologically similar accessions were found to

cluster together (Sedra er al., 1998). The genctic similarity between four
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female date palms (Zaghloul, Amhat, Samany and Siwi) and four unknown
male trees of Egyptian datc palm was studied using the RAPD technique
(Soliman et ul., 2003). The genetic similarity between the four females ranged
from 87.5% to 98.9% and the banding profiles indicated that two out of four
male plants were genetically related to the four female cultivars (Soliman er
al., 2003). A similar study was conducted by Ahmed et al. (2006) to detect the
genetic relationship and similarities between four known females (Sakkoty.,
Malkabi, Bartamoda and Dagana cultivars) and three unknown males of
Egyptian date palm. The percentages of similarities ranged between 79.0%
and 91.2% and the three males were found to be closely related to the tested

four females (Ahmed et al., 2006).

Using the RAPD technique, a number of the Saudi Arabian cultivars were also
identified and fingerprinted (Al-Moshileh er al., 2004; El-Tarras er al., 2007).
Al-Moshileh er al. (2004) found that the genetic similarity for five date palm
cultivars (Barhi, Nabtet ali, Rothanah, Ajwa, and Sokkari) ranged between
70% and 85%, with Sokkary distantly related to the Barhi and Ajwa cultivars.
These finding are in agreement with El-Tarras er al. (2007) who found low
levels of polymorphism between another six Saudi Arabian cultivars (Sukkari,
Sifri, Sullage, Khalas, Makfazi and Maktoum) indicating that most of the
examined Saudi Arabian cultivars are likely to have a narrow genetic base and
that RAPD is a reliable technique for the identification of Saudi Arabian date

palm cultivars, within lab at least.

Furthermore, RAPD was used to test for the presence of somaclonal variation
in 180 plantlets of date palm in comparison with their original mother palm

(Ahmed er al., 2009). The clonal plantlets for this experiment were
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regenerated from juvenile leaves on regimes using 2,4-D. to induce
somaclonal variation (Ahmed ez a/., 2009). However, RAPD analysis revealed
that the tested plantlets were identical with the original mother at the loci
tested. Ahmed er al. (2009) concluded that no somaclonal variation was
detected in this materials under different doses of 2.4 D (1 mg/l, 10 mg/l and

100 mg/1) using RAPD markers.

AFLP fingerprinting has been used for the assessment of the genetic diversity
for different date palm cultivars (Khierallah er /., 201 1a; Jubrael er ul., 2005),
for potential mapping populations (El-Kharbotly er al., 1998) and for
characterizing genetic variation in clones propagated from offshoots and
through tissue culture (Gurevich er al., 2005). Cao and Chao (2002) studied 21
date palm cultivars from California with AFLP and found that cultivars
separated into two major groups, demonstrating that AFLP can be used

efficiently to distinguish between date palm cultivars.

According to Adawy ef al. (2004) who used AFLP to study fourteen date palm
accessions collected from different locations in Egypt, representing six
Egyptian cultivars (Sakkoty, Bertmoda, Malkaby, Gandila, Fraihy and Siwi),
the levels of detected polymorphism were low. However, they observed that
the genotypes of some cultivars clustered together (e.g. Frathy and Gandila).
They also found that the genotypes of the Siwi cultivar clustered together,
although they exhibited some degree of variation. Sakkoty, Bertmoda, and
Malkaby cultivars showed a higher degree of variation (Adawy ef al., 2004).
Additionally, the AFLP assay separated the cultivars according to their
location (e.g. Siwi and Fraihy from Aswan; Adawy et al., 2004). Conversely,

Jubrael er al. (2005) reported a high level of polymorphism among 18 Iraqi
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date palm varieties indicating that Iraqi varieties are genetically distinct and
that there are likely to be fewer multiple names for the same variety. The high
level of polymorphism could be due to several reasons, such as the strong out-
crossing mechanism in date palm, which 1s highly likely to increase the
polymorphism or due to the AFLP technique itself and the selected primer
combinations (Jubrael et /., 2005). More recently, Khierallah e /. (2011a)
have observed a large range of genetic diversity between 18 date palm
varieties (11 females and 7 males) collected from the center of Iraq using six
primer pairs of AFLP. The tested varieties clustered independently of their
geographic origin and of their phenotypic characteristics and that all primer

combinations contributed to the differentiation between varieties (Khierallah

etal. 201la)

AFLP analysis was also used by Elhoumaizi et al. (2006) to confirm that
Medjool in Morocco is not genetically uniform. In this study they used 66
Medjool accessions from Morocco, six from Egypt, and four from California
plus one accession of Deglet Noor. Elhoumaizi ¢f al. (2006) found that a
minimum of 79% genetic similarity was shared between the 66 Medjool
accessions from Morocco, supporting the idea that Medjool is not genetically
uniform and it exists as a landrace in Morocco. This finding increases the

possibility that other date palm cultivars may also be landraces in different

regions.

Sixteen date palm specific SSRs primer pairs were initially developed by
Billotte er al. (2004), and used in various studies (Zehdi er al., 2004; Al-
Ruqaishi er al., 2008; Elshibli and Korpelainen, 2008, 2009; Ahmed and Al-

Qaradawi, 2009; Pintaud er al., 2010; Zehdi er al., 2012). These 16 markers
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revealed a high rate of polymorphism, supporting their efficacy for germplasm
diversity studies as well as cultivar identification, pedigrec analysis and
genetic mapping studies. Furthermore, Pintaud ef /. (2010) evaluated sixteen
date-palm SSRs in 308 accessions of Phoenix representing 12 species, and
revealed high levels of polymorphism and the success of their cross species
application strongly indicating the transferability and utility of these SSRs

between Phoenix species.

Zehdi er al. (2004) examined the genetic diversity of 49 date palm accessions
from three main Oases with little geographic structure within Tunisia using the
14 SSRs primer pairs developed by Billotte ¢f al. (2004). They observed high
levels of polymorphism among the 49 accessions and a large number of SSR
alleles (7.14 per locus). These results arc comparable to other studies
conducted by Hammadi e7 ol. (2011) and Zehdi et al. (2012), which showed a
high degree of polymorphism based on microsatellite markers, indicating that
the Tunisian date palm collection is characterized by a high degree of genetic
diversity. Zehdi et al. (2004) and Zehdi er al. (2012) also found that the
genetic diversity revealed exhibited a unique structure for all accessions
independent of both the geographic origin and the sex of trees. This finding is
in agreement with Khierallah er a/. (2011a) who have observed that AFLP
profiles of the 18 varieties from Iraq clustered independently of their origin

and phenotypic characteristics.

Over recent decades, many studies have reported the use of SSRs markers to
genetically study and characterize the date palm germplasm of many countries
(Oman, Bahrain, Iraq, Sudan, Morocco and Qater). Al-Ruqaishi er al. (2008)

observed a high level of polymorphism among 21 date palm accessions
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collected from Oman, Bahrain, Iraq and Morocco using the same SSRs primer
pairs. The analysis also showed that the Omani accessions were genetically
close to accessions from Bahrain and Iraq, while accessions from Morocco
appeared distinct from all studied accessions. Furthermore, Elshibli and
Korpelainen (2008) reported that the germplasm from Sudan and Morocco
were also highly polymorphic, possessing a large number of alleles. A total of
343 alleles with a mean of 21.4 per locus were detected. A high level of
observed heterozygosity (0.853) was observed among all accession, while the
mean of observed heterozygosity values of the Sudan cultivars, Sudan males
and Morocco cultivars were 0.841, 0.799 and 0.820, respectively. These

differences are reflection of structure within the population being studied.

Based on Fg; values and genetic distances, Morocco accessions showed
significant differentiation compared to the Sudanese accessions (Elshibli and
Korpelainen, 2008). However, Ahmed and Al-Qaradawi (2009) reported 40
alleles with a mean of 4 alleles per locus by examining 15 Qatari date palm

cultivars using the same markers.

Due to the economic importance of the date palm and the effectiveness of
SSRs markers, Akkak et al. (2009) developed another 17 SSRs markers by
constructing two microsatellite enriched libraries of date palm using (GA),
and (GT), synthetic repeats. These SSRs have been used to evaluate 31
cultivars and clones from Algerian and Californian germplasm, which also
exhibited a high level of polymorphism among the analyzed samples. The
authors also showed the marker transferability in other species across the
genus Phoenix (Akkak er al., 2009). More recently, 1000 SSR primers were

devecloped at the International Center for Agricultural Research in the Dry
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Areas (ICARDA) by Hamwieh er al. (2010). The sequences of these markers
were derived from the draft of date palm genome generated by whole genome
shotgun DNA sequencing (Elmeer er al., 2011). Elmeer ¢ a/. (2011) used 30
of these SSRs to assess the genetic diversity in 11 cultivars from different
locations in Qatar. They noted that out of the thirty, only ten primers were
polymorphic, possessing a total of 77 alleles with a mean of 7.7 alleles per

locus and an average of genetic diversity 0.80.

Khierallah et a/. (2011b) and Bodian er al. (2012) found high levels of
intervarietal polymorphism, suggesting a wide genetic background among date
palm accessions collected from different locations in Iraq and Morocco,
respectively, using a combination of SSRs markers developed by Billotte et al.

(2004) and Akkak er al. (2009).

The sequences of the nuclear and chloroplast genomes of date palm (Al-Dous
etal., 2011 and Yang et al., 2010) have been released and soon will lead to the
establishment of a genetic linkage map for date palm as well as more
molecular markers being developed. These sequences will also stimulate and

reactivate some of the breeding activities that had been abandoned in this crop.

2.7 Sex determination

The production of the date palm fruit mostly takes place in the arid regions of
Asia, North Africa and the Middle East. The product is highly valued across
the world mostly as a confectionery or fruit crop that in turn provides an
important source of income and sustenance in all desert regions. Among all

crops, Phoenix dactvlifera is one of the most important species and the
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plantation process is normally extremely costly and requires a considerable

amount of time before a plant is able to produce the much desire fruit.

Younis er al. (2008) have reported that for those farmers harvesting date
palms, on top of the long and costly investment that they have to bear, one of
the major hurdles appears in the process of identifying the sex of seedlings in
order to cultivate their orchards with enough female trees to harvest and

minimize the number of male trees in their plantations.

Multiple attempts have been made to determine the sex of this species which
is dioecious during the early life stages but most of them have failed, except in
very isolated cases where it has been possible to differentiate markers through
sex in one or two varieties but until this day there is no system that has
produced markers that have worked across a wide range of cultivars (Al-

Mahmoud er al., 2012).

Al-Mahmoud e7 al. (2012) 1n order to distinguish male/female genders during
the early stage of growth of the date palm applied two different approaches.
They concluded that their results should be helpful in discriminating between

male and female date palm, as well as saving time.

2.8 Resistance in date palm

According to Al-Khatri (2004) date palm cultivars are affected by a wide
range of different pests. In some cases pests attack the fruit while in others the
fronds and sometimes the trunk. Al-Khatri (2004) has suggested that there are
more than 24 different species of arthropods associated with date palm

cultivars with the most detrimental pests being: Dubas bug Ommatissus
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lybicus DeBergevin, Red Palm weevil (RPW), and Lesser date moth (LDM)

all of which affect the date palm quantitatively or qualitatively.

It 1s very hard to ignore the progress made by the application of DNA-based
markers in regards to quality assurance. To date, no genetic engineering and
no markers have been identified to improve the resistance of date palm
cultivars. Nevertheless, Jain er al. (2011) have suggested that such
applications will be most likely used in the near future. It was not until very
recently that studies have been conducted at the genome level of date palms.
The different technologies previously described (RFLP, RAPD, AFLP and

SSRs) could be used for molecular detection purposes.

To overcome the threat posed by most of the diseases that can affect date
palm, the most suitable strategy to follow is to conduct an integrated
management approach. To successfully conduct this approach it is necessary
to combine different techniques aiming to sanitize, prevent, exclude when
necessary, all those palms in need of proper care, preventing propagation to
other cultivars of any disease or pest so minimizing the losses either in

quantity or quality of a cultivar.

2.9 Salinity tolerance of the date palm

Even though the date palm is known for thriving and growing without many
problems in arid regions, there are also multiple environmental conditions in
which the date palm manages to survive, including different levels of water
deficit, salt and other stress tolerances. According to Pavez et al. (2007) date
palm is considered to be salt tolerant as it grows under different levels of

salinity, however there is no systematic approach to characterize such
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genotypes and identify the genes involved (Alhammadi and Kurup, 2012).
Erskine er al. (2003) have suggested that certain varicties of date palm can
survive 22,000 ppm of salt, but their growth and productivity levels are lower

than those grown in lower conditions of salinity.

Increasing of salinity is considered an important problem in date palm
production in areas where the negative effects are visible (Dakheel, 2005).
Supporting such views, Al-Yahyai & Al-Khanjari (2008), have reported that
since 2001 there has been a reduction in the population of date palms within
the Sultanate of Oman, despite several stress factors being the focus for
improvement. The increased levels of salinity in the major growing areas of
date palms within the country are believed to be the main cause for the
reduction in palm numbers, although the Red Palm Weevil and the Dubas bug
are considered the most dangerous pests responsible for the decimation of

particular cultivars.

2.10 Genetic mapping

Paterson (1996) defined a linkage map as a ‘road map’ of chromosomes
derived from two different parents and used to measure the relative genetic
distances between markers along chromosomes as well as to locate their
position based on Mendelian principles of segregation and recombination. A
large number of linkage maps based on different marker types have been
constructed for many plant species, such as rice, maize, wheat, barley and

other cultivated plants (Mohan er al., 1997).

Mapping and sequencing of plant genomes will help in identifying

chromosomal locations containing genes and QTLs associated with traits of
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interest, gene tagging, evolutionary studies, as well as improve selection
activities (Collard et al., 2005). Different molecular markers, such as RFLPs,
RAPD, AFLP, and SSR have been used to construct linkage maps of various
plant species (Kaga et al., 1996; Peng et al., 2000; Roger et al., 2000). In order
for researchers to develop a successful genetic map, an appropriate mapping
population and sufficient numbers of markers are needed to perform linkage

analysis (Collard er al., 2005).

2.10.1 Mapping population

The choice of mapping population is the most critical decision in constructing
a linkage map. The selection of parents to cross is very important for a
population segregating for both traits of interest and genetic markers. In
particular, high levels of polymorphism should be detected between the
parents, so that they can be crossed to obtain segregating offspring for genome
mapping (Young, 1994). In general, cross-pollinating species possess higher
level of DNA polymorphism compared to inbreeding species (Collard et al.,
2005).

The size of mapping population is also important for constructing a reliable
map. According to Mohan et al. (1997) for preliminary genetic mapping
studies the population size ranges from 50 to 250 individuals, however far
larger populations are required for high-resolution mapping if the intention is

to positionally clone genes.

2.10.1.1 Types of mapping populations
Various types of mapping populations are often used in linkage mapping

including: F, population, Backcrosses, Recombinant Inbred Lines (RILs),
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Near-isogenic Lines (NILs) and Doubled haploids (DHs). Generally, highly
inbred plant varicties are crossed to generate the F, generation. In this cross
type, F, individuals are identical to each other and are often largely
heterozygous. These can be either crossed to themselves (self-pollinated) or
crossed to one of the parental inbreds (backcross, BC) (Figure 2.5; Grant and
Shoemaker, 2001). The F-> population produces an expected Mendehan allele
segregation ratio of 3:1 for dominant markers and ot 1:2:1 for co-dominant
markers. The backcross population shows a 1:1 segregation ratio of alleles at
each locus. Selfing of F» will produce F, such selections can continue for six
to eight generations (e.g F31, F32, F33, etc.). According to Mendel's laws, that
selfing of generation will reduce the heterozygosity of the progeny by half and
repeated selfing of generations eventually results in new inbred lines,
sometimes referred to as recombinant inbred lines or RILs. Recombinant
Inbred Lines (RILs), Near-isogenic Lines (NILs) and Doubled haploids (DHs)
shows expected 1:1 ratios, irrespective of whether the genetic markers are
dominant or co-dominant as no heterozygotes exist within these population
types and the presence of a single band implies a homozygote (Semagn er al.,

2006: Grant and Shoemaker, 2001).
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Inbred parent x Inbred parent

F1 x Inbred parent

Self
F2 BC1 x Inbred parent
Self
F31 F32 F33 ... BC: x Inbred parent

Self

Fa1 F42 F43 ...
l BC introgression line

RIL1 RIL2 RIL3

Figure 2.5: Generalized scheme for developing some of the most common population

tvpes used in genetic mapping (Grant and Sheemaker, 2001).

2.10.2 Selection of molecular markers

The selection of accurate molecular marker techniques for genome mapping 1s
important and depends on several factors including: the breeding habit and
genome size of the plant or organism to be mapped, information already
known on the genome organization and the facilities available. Young (1994)

have reported that organisms with smaller genomes may require less DNA per
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sample than species with very large genomes using such markers for mapping
(e.g. RFLPs). Problems may arise with RFLP mapping if too little DNA is
used. Generally, RFLPs represent a single copy sequences, the amount of any
target sequence in a genomic DNA sample can be vanishingly small. It may be
impossible to see a signal after hybridization; if too little DNA is loaded onto
the gel for blotting.

Co-dominant markers like RFLP and SSRs are more informative than
dominant markers like RAPD and AFLP when mapping in an outbred
population or early generations of an inbreeding population after cross-
pollination. RAPD and AFLP markers do not require any previously cloned
DNA fragments or the DNA sequence information of the genome to be
known. According to Powell er al. (1996) the SSR marker is a critical
technique for genome mapping due to the high information content, high
discrimination power, very high reproducibility and ease of scoring. DArT has
recently been used but the dominant inheritance is still a limitation for
mapping although as this is hybridization based, markers are often likely to be
detecting the same locus in the genome in different crosses (Semagn er al.,
2006). The more recently developed DArT Seq overcomes a number of these
limitations, producing a mixture of classical DArT (presence/absence) markers
and SNP (sequence variants) with both being based on 64bp sequence tags.
Single nucleotide polymorphism (SNPs) markers are an important marker type
which can detect changes in nucleotide sequences down to single base pairs
and can occur both in coding and non-coding parts of the genome (Chen et al.,
2011). In addition, SNPs have been reported that were found very close to or

within a gene of interest (Guimaraes et al., 2007). However, SNPs required a
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considerable amount of funding for their development in terms of sequence.
eSNPs could be one approach, based on transcriptomes generated from

expressed genes and their variants in RNASeq.

2.10.3 Genotyping of the mapping population

Once polymorphic markers have been identified, ‘genotyping® of the
population 1s essential to distinguish the segregation patterns of particular
markers across individuals in the entire mapping population, including the
parents if possible. The expected segregation ratios for co-dominant and
dominant markers are summarized in Table 2.2. Markers should segregate
with Mendelian expectations although distorted segregation ratios may be

encountered (Collard et al., 2005).

Table 2-2: Expected segregation ratios for co-dominant and dominant markers in

different population types

Population type Co-dominant markers Dominant markers
F, 1:2:1 3:1
Backcross (BC) 1:1 1:1
Recombinant Inbred Lines (RIL 1:1 1:1
Doubled haploids (DHs) 1:1 1:1

2.10.4 Linkage analysis and map construction

Various computer packages are presently available to create a genetic linkage
map and the most widely used is JoinMap which accepts data with different

expected segregation ratios and can integrate data from different populations
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(Stam, 1993a). The LINKAGE software based on a chi-square analysis and
allows only the evaluation of pairwise recombination valucs (Suiter er al.,
1983), while MAPMAKER/EXP performs multipoint analysis using
maximum likelihood in F» and backcross generations (Lander er al., 1987).
GMENDEL (Echt ef al., 1992) and Map Manager QTX (Manly er al., 2001)
are also programs used to create genetic maps. All programs are freely
available from the internet except JoinMap which is a commercial program. In
addition, all programs have the same basic principles for map construction,
and the major steps in the following linkage analysis are described using

JoinMap as an example.

2.104.1 Segregation distortion

Significant deviations from expected ratios for each segregating marker can be
analyzed using chi-square tests. A deviation of the observed genotypic
frequencies from Mendelian expectations in a given genotypic class within a
segregating population is called segregation distortion (Semagn et al.. 2006;
Lu er al., 2002). There are several reasons for segregation distortion,
including: sampling/selection during population development, small
population size, genotyping score errors, the consequence of missing data,
gametophytic competition and sterility factors (Millan ¢f al., 2010). Abortion
of the male or female gametes or zygotes and the action of transposable
element and environmental agents would also be counted among the factors
involved in segregation of markers (Yamagishi er al., 2010; Knox and Elhs,
2002).

Segregation distortion was first reported in maize by Mangelsdort and Jones

(1926), and later was reported in many other crops such as wheat, tomato, rice,
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coffee, sorghum, tobacco and barley (Kumar er al., 2007; Loegering and
Sears, 1963 Paterson et al., 1988; Zhang et al., 2010; Ky et al., 2000; Pereira
et al., 1994; Cameron and Moav, 1957: Goloenko et al., 2002). It occurs in
wide crosses as a normal phenomenon, therefore it is important that individual
marker locus should be tested for segregation distortion and if necessary, the
marker showing high degree of segregation distortion be removed from further
calculation. According to Lu er al. (2002); Matsushita er a/. (2003) and Sibov
et al. (2003) it is better to study the distorted loci after calculating the map as
these markers may be distorted towards the same parental alleles or clustered
in a small chromosome region. These may be genuine genetic effects and may

be important to understanding the biology of the system.

2.104.2 Create linkage groups

A linkage group is a group of mutually linked loci which may correspond to
positions on the same chromosome. Statistically, it is referred to as a group of
loci inherited together according to certain statistic criteria (Ma, 2003). Stam
(1993a) have reported that markers are assigned to linkage groups using a
logarithm of odds (LOD) value or LOD score, which refers to the ratio of the
probability that two loci are linked in a given recombination value over a
probability that the two are not linked. If the LOD score is above a critical
‘linklod’, the marker pairs are provisionally considered to be linked, while if
the LOD score is less than ‘linklod’, they are provisionally considered to be
unlinked (Semagn et al., 2006). A LOD of 3 as the minimum threshold value
has been used in several studies in order to decide whether or not loci were

linked, and this value indicates that linkage is 1000 times more likely than no
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linkage (Stam, 1993a). Small LOD threshold values will tend to generate few
linkage groups with large number of markers per group, whereas higher LOD
threshold values will create fragmented linkage groups, each with smatler
number of markers. Generally, if two markers or more are not linked, they will
be placed in distinct linkage groups (Semagn et al., 2006). I1deally, a number
of linkage groups that is the same as the chromosomes numbers of the species
under study are obtained. However, determining number of linkage groups is
not straight forward because loci on different chromosomes might appear to be
linked by chance or more than one linkage group might be obtained for a
single chromosome, which results in a high number of linkage groups
compared to the chromosomes number. Where a species has been mapped
extensively with co-dominant markers (such as wheat; Somers er al., 2004),
then composite maps of placed markers can be generated which allows the
researcher to choose markers from known locations and also use these to infer
chromosome identity for the obtained linkage groups. This is not a guarantee
for individual markers, but the consistent presence of markers previously
mapped to the same group is good evidence that they are detecting the same

chromosome as previously reported.

2.104.3 Estimate map distance and locus order

Several parameters need to be considered for calculating map distances and
determining locus order including: recombination threshold value, minimum
‘maplod’, jump threshold value, and mapping function. Map distances are
calculated using only information for marker pairs with a LOD score above

‘maplod’. The selection of ‘maplod’ values is ranged between 0.01 (low
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value) and 3.0 (high value). Sometime, the value of ‘maplod” should be set
between 0.5 and 1.0 to make sure that no cxtra information is used from
distant markers. Constructing a map is a process of adding loci one by one,
starting with loci pair having most linkage information (Stam, 1993b;
regression mapping). The best position for each added locus is searched for by
the program and a goodness-of-fit measure is calculated. If the overall
goodness-of-fit for a locus is reduced too sharply (too large a ‘jump’), or
negative distances are observed then the locus should be eliminated. Several
rounds could be run until all loci have been handled once. All loci removed in
the first round can be retested in the second round. Markers remaining
unmapped in the second round can be forced (by relaxing the ‘jump’ and
negative distance rules) into the final order.

Additionally, one of the mapping functions (Kosambi or Haldane) should be
selected to construct a genetic map. Kosambi’s mapping function (Kosambi,
1944) assumes a certain degree of interference between crossovers in meiosis,
while Haldane’s mapping function (Haldane, 1931) assumes absence of
interference. These mapping functions are necessary to translate
recombination frequencies into linear and additive map units’ centimorgans
(cM). This term is derived from Thomas Hunt Morgan, who proposed that one
map unit is equal to one percent of recombinant phenotypes, or one
centimorgans. This is also known as the ‘Direct’” mapping function, as it
translates from Recombination Fraction (Rf) directly to hnear distances. In
practice, this holds true for small Rf (<0.05) where double recombination
events are unlikely to occur. The Haldane mapping functions gives greater

map distance than Kosambi, if the recombination frequencies are above 10%,
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as Kosambi postulates interference between close recombination events, while
Haldane does not. The total map length will be greater for the Haldane than
Kosambi mapping functions.

Locus ordering is performed using one of the three locus ordering criteria:
weighted least squares, maximum likelihood and minimum sum of adjacent
recombination fractions. A study was performed to compare the performance
of these three critena in the presence of missing values, typing errors and
distorted segregation ratios (Hackett and Broadfoot, 2003). The study
concluded that map inflation was high with the maximum likelihood criterion.
While using weighted least-squares, the distances between markers are
calculated from the map distances between all pairs of markers on a
chromosome, as a result the impact of typing errors on the distance between

adjacent markers is less severe.

2.10.5 Quantitative trait locus (QTL) mapping

Many economically important traits in plants such as yield, quality, heat
tolerance, drought tolerance and some forms of disease resistance are
controlled by quantitative trait loci (QTL) (Collard er ul., 2005). A quantitative
trait locus (QTL) is a region of any genome which is responsible for variation
in the quantitative trait of interest (Kearsey, 1998). Therefore, studying and
locating the genes controlling these traits is very important. For this purpose
QTL maps have been developed to identify the genomic regions associated
with traits of interest (Collard er al., 2005). To carry out a QTL analysis, it 1s
necessary first to obtain a progeny segregating for the character of interest.
The segregating population is then scored for its trait values in each individual

using an appropriate design.
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2.10.6 Construct a genetic map for date palm

In date palm, molecular breeding is still in its infancy and the inheritance
patterns of traits in this crop are not fully understood due to the non-
availability of segregating populations derived from controlled crosses.
Therefore, no physical or linkage maps have yet been constructed for date
palm (Jain er a/., 2011).

Screening for a desirable palm cultivar could be possible at the seedling stage
by using a marker-based selection strategy. The same method can be used to
distinguish between male and female palms before flowering. The prerequisite
for marker-based selection is the identification of a marker tightly linked to a
trait of agronomic interest. This objective can be achieved through the initial
construction of a complete linkage map (Gebhardt and Salamini, 1992). The
cosegregation of the molecular marker and the trait of interest, in a progeny
segregating for the trait, is an indication of linkage between them. This is
helpful in shortening the breeding program especially in date palms, which
requires many years before flowering. Marker assisted breeding, developing
molecular markers to segregate sex before flowering, mapping and sequencing
of chromosomal locations containing genes and QTLs associated with traits of
interest in date palm is needed in a country hke Oman where molecular
assisted date palm improvement is at the developmental stage. Considering the
importance of the date palm to Omam people, the construction of a genetic

map for date palm has been carried out and the results are presented in the

relevant section.
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2.11 Aims of the present study

The conservation of date palm genetic resources is an important issue for the
development of the date palm industry and for food security in Oman and
many other countries. It is now a matter of urgency that new date cultivars
should be bred with higher and sustainable yield potentials, superior quality,
and multiple resistances to diseases and pests. It is also important that various
valuable date palm germplasm sources should be identified and utilized to
improve the socio-economic conditions of the grower and for future food
security.

Furthermore, constructing a date palm genetic map and the determination of
genetic variability (allowing proper cultivar identification) would be of major
importance. In particular, date palm breeding programmes are very immature
due to the diccious nature of date palm as fruit bearing palms are only
identified many years after planting. A marker to sex determination in date
palm would make breeding programmes more viable.

The aims of this study can be summarised in the following goals:

1. To screen and develop new microsatellite markers (SSR) for date
palm (Phoenix dactylifera L.) (Chapter 4).

2. To investigate the genetic diversity of Omani germplasm and
compare accessions with other countries’ germplasm (Chapter 5).

3. To begin the genetic mapping of date palm and to facilitate the
identification of markers linked to traits of interest, such as sex
determination gene or resistance genes for disease and salinity

(Chapter 6).
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4. To develop new markers for gender discrimination in date palm

that can be used in breeding programmes (Chapter 7).
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Chapter 3. GENERAL MATERIALS AND METHODS

3.1 Introduction

The following section will outline all materials and methods, which have been
used throughout the whole study. Specific data analysis for individual

experiments will be described in each chapter.

3.2 Experiments

Most of the molecular analyses, such as DNA extraction from date palm
accessions., PCR and fragment analysis were performed at the Tissue Culture
and Biotechnology Research Laboratory, Directorate General of Agriculture
and Livestock Research, Ministry of Agriculture and Fisheries, Sultanate of
Oman. Developing and screening of new microsatellite for date palm was
carried out at the South Lab, Plant and Crop Sciences, School of Biosciences,

The University of Nottingham, UK.

3.3 Plant material

The majority of date palm (Phoenix dactvlifera L.) leaf materials used in this
study was collected by the author from Oman. In addition, DNA samples from
Italy (Sanremo, Bordighera), USDA-ARS (United States Department of
Agriculture-Agricultural Research Service) and France were kindly provided
by Dr. Jean-Christophe Pintaud from IRD (Institute de recherché pour le
developpement) in Montpellier. Samples from different origins were donated

by people from Iraq, Libya, Sudan and Iran and are also used in this study.
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3.3.1 Samples for screening and testing of microsatellite primers (SSRs)

Eight parents of the available Omani date palm controlled crosses (Khalas 4,
Khalas 13 male, Um-Alsela, Khori male, Barni, Naghal, Bahlani male, and
Khasab) (Chapter 4) were used to screen 171 microsatellite primers, as
produced by Billotte er al. (2004), Akkak er al. (2009), ourselves and

Hamwieh er al. (2010), all primer sequences are listed in Appendix 1.

3.3.2 Samples for genetic diversity

One hundred ninety-four accessions (151 female cultivars and 43 male trees)
of Omani date palm, summarized in Chapter S, were used to study the genetic
structure of Omani date palm. These were collected from the National
Germplasm Collection at Wadi Qurayat Research Station, Bahla, Sultanate of
Oman. Each female accession was represented by a single tree, but a number
of the male trees were represented by 2-3 replicates. The study also included
samples from Italy (Sanremo, Bordighera), (USDA-ARS). France, Iraq. Libya,
Sudan and Iran for comparison of Omani germplasm with germplasm from

other countries and these are all listed in Chapter 5.

3.3.3 Samples for genetic mapping

A total of 83 palms were used for the purpose of genetic linkage mapping
analysis, along with three samples of available parents. Fifty-three palms are
from a BC, population and the other 30 palms are a F, population. The two
populations were developed using the same male (K1-96-13) and two different
females Khalas 4 and Um-Alsela (El Kharbotly e¢7 al., 2006) as listed in

Chapter 6.
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3.3.4 Samples for testing new microsatellite primers (SSRs) for gender
discrimination

One hundred and ninety-four Omani accessions and 96 samples from BC, and
F| populations were used to screen and test new microsatellite primers for
gender discrimination. Samples from Italy, USDA-ARS, France, Iraq. Libya,
Sudan and Iran, giving a total of 96 samples, were also used to screen and test
the new microsatellites. All samples are listed in Tables 7.1 and 7.2; Chapter

7.

3.4 DNA extraction

Mature leaves were collected and stored in a cool box until returned to the
laboratory and frozen at -80 °C until DNA was extracted. Total genomic DNA
was extracted from samples using the DNeasy plant Maxi kit (Qiagen, Hilden,

Germany) according to the manufacturer’s instructions.

3.4.1 DNA extraction using DNeasy Plant Maxi Kit

The sample was pulverized under liquid nitrogen using a pre-chilled mortar
and pestle. One gram of the powdered tissue was transferred to a 15 mL tube,
5 mL of preheated Buffer AP1 and 10 pl of RNase were added with vigorous
mixing. The samples were incubated for about 30 min at 65°C with frequent
swirling. This was followed by disruption ot the cell membranes to release the
DNA into the extraction buffer achieved by adding 1.8 mL of Buffer AP2 and
incubating for 10 min on ice. After incubation, the lysate was spun at 3000~
5000 x g for 5 min at room temperature. The supernatant was carefully
decanted and transferred to a QlAshredder Maxi Spin Column and placed in a
50 mL collection tube and spun at 3000-5000 x g for 5 min at room

temperature. The flow-through was then transferred to a new 50 mL tube. 1.5
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volumes of Buffer AP3/E were added. After mixing, the samples were applied
to the DNeasy Maxi Spin Column and centrifuged at 3000-5000 x g for 5 min.
The flow-through was discarded and the precipitated nucleic acids were
washed with 12 mL of Buffer AW on the DNeasy Maxi Spin Column. The
Spin Column was centrifuged for about 10 min at 3000-5000 x g to dry the
membrane and ensure that no residual ethanol was left. The dried membranes
were transferred to a new 50 mL tube, 0.75—1 mL of Buffer AE was added and
incubated for 5 min at room temperature (15-25°C). The DNA was then

eluted by centrifuging the membrane for S min at 3000-5000 x g.

3.4.2 Agarose gel electrophoresis

Agarose gel electrophoresis is the most common and easy way for analyzing
and separating DNA PCR products. The concentration of agarose varies
depending on the separation required. Generally 1.0% 