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Abstract

Understanding the genetic structure of threatened and endangered species is
important in management and conservation efforts. Measuring the pattern and scale
of genetic variation within and among populations is important for understanding
population dynamics. It helps us improve our understanding of the ecological and
genetic relation between the populations. The current research looks at the
population structure of the endemic seabird of the United Arab Emirates (UAE), the
Socotra cormorant (Phalacrocorax nigrogularis). The lack of genetic information,
increased threats, and small breeding habitats of the Socotra cormorants, makes it
important to investigate the genetic population structure in the UAE. The aim of this
research is to assess the level of genetic variation and structure within Eastern and
Western Socotra Cormorant populations, using descriptive molecular genetic
analysis. Using known mtDNA and nDNA primers of avian and cormorant species,
we investigated the genetic differentiation and structure of the Socotra cormorants
and assessed their genetic diversity. The results revealed that the Western and
Eastern populations have low genetic differentiation and high gene flow. Also, they
have low genetic diversity across all populations, which might indicate that the UAE
population is recovering from a long-term bottleneck or an event of selective sweep.
Now we have a closer insight into their genetic diversity, a further study of whole
genome sequence (WGS) is required to get a better understanding of the population’s
genetic history and dynamics. This will enable us to additionally understand the

Socotra cormorant global population and their connectivity.

Keywords: Genetic variation, Socotra cormorant, mtDNA and nDNA markers,

genetic diversity, genetic differentiation, population genetics, genetic structure.
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Chapter 1: Introduction

1.1 Overview

The biological diversity of our planet is rapidly diminishing as a direct and
indirect consequence of human behavior. A large number of species are already
extinct, and the populations of many others had been reduced to levels where they
risk extinction. One of the most critical issues in conservation biology is the decrease
of genetic variability and the increased likelihood of extinction caused by habitat
fragmentation, hunting, pollution or other anthropogenic pressures. All these threats
will directly result in decreasing number of individuals and becoming isolated

populations, and which would compromise the species' survivability (Mills, 2013).

Many studies on wild vertebrates suggested that endangered species with
very low genetic variation may be less able to adapt to new diseases, climate shifts or
other changes, and this can compromise their survival. For example, California sea
lions with low heterozygosity were more likely to harbor infectious diseases and
parasites. They also took longer to recover compared to others and acted as
reservoirs of infectious diseases, and costed more to treat and rehabilitate (Acevedo-
Whitehouse et al., 2003). The loss of genetic diversity generally limits evolutionary
potential (Johansson et al., 2007), and populations are more likely to experience
inbreeding depression. The increase of inbreeding and random genetic drifts within
the habitats could drive it to extinction. (Keller & Waller, 2002; Willi et al., 2006;

Wright et al., 2007).

In the past two decades, genetic analyses had been used to determine in

details the prospective status of several endangered species. Such approaches have
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provided valuable insights that have critically affected management decisions and

produced tangible benefits for the species studied (Mills, 2013).

In particular, data from genetic markers with different modes of inheritance,
specifically maternally inherited mitochondrial DNA and bi-parentally inherited
nuclear DNA, have revealed a complex and often-conflicting patterns of genetic
structure. Using biparentally inherited nuclear DNA and maternally inherited
mitochondrial DNA (mtDNA) to quantify genetic variation and differentiation
among populations at a particular scale can test theories regarding historical and
contemporary gene flow. Specifically, measuring the magnitude and pattern of
nuclear DNA and mtDNA variation among known breeding ground crossing two or
more subspecies, and use cluster analysis to infer the presence of genetic groups

across a sampled range (Mills, 2013).

Population genetics chiefly focuses on the processes and mechanisms, which
make evolutionary changes; it provides the genetic support for all evolutionary
biology. Its goal is to understand the effects of various forces that result in
evolutionary changes in species over time. Population genetic studies, especially in
combination with other ecological research, can aid our understanding of population
history (Hansen & Taylor, 2008) and provide necessary information for the
designation of management units (Gonzalez-Suarez et al., 2009). Understanding the
genetic structure of threatened and endangered species is important in management
and conservation efforts. The variation in alleles is crucial for the survival of a
species and allows organisms to adapt to changing environments. This makes
quantifying the pattern and scale of genetic variation within and among populations

is essential for understanding relationships between population dynamics and genetic
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structure and improve understanding of the ecological and genetic dynamics of

populations (Barlow et al., 2011).

The current research focus at the population structure of the endemic Seabird
of the UAE, the Socotra cormorant (Phalacrocorax nigrogularis), which will be
established using molecular genetic analysis. It will allow us to examine whether the
existing populations found in Arabian Gulf and the Arabian Sea are mixing or not by
looking into their genetic variation. The lack of information increased threats, and
small breeding habitats of the Socotra cormorant, gives urgency to investigating the
population in the UAE. If the genetic status of determined, a management strategy
can be planned and implemented to ensure the long-term integrity of this population.
Therefore, understanding the Socotra cormorant genetic structure will give essential
knowledges for future implementations in conservation management, and allow

prediction of future population status and condition.

1.2 Objective

The aim of this research is to assess te level of genetic variation within
populations of Socotra cormorant, Phalacrocorax nigrogularis, using descriptive
analysis of mitochondrial control region and nuclear marker sequences. The analyses
will allow (1) estimate and comparing the genetic variability of the two populations;
(2) describe the genetic differentiation between them; (3) describe the population
structuring. Those results will be used to build a baseline for population genetic

dataset, to monitor the current, as well predict the future, dynamics of the species.

In breeding season Siniya (eastern) population, move over large area, to Abu Dhabi

(western) island, out to Musandam and at intermediate area. It might suggest the
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same for Abu Dhabi population and do not expect a lot of genetic difference with all
that movement of population mixing. Therefore, it is not expect of them to be
genetically distinctive from each other. Therefore, our hypothesis is that the two
subpopulations are genetically same and do not represent two distinct subspecies

different.

1.3 Literature review
1.3.1 The Socotra cormorant, Phalacrocorax nigrogularis, an overview

The cormorants (Figure 1) are medium to large, voracious dark-colored long-
necked aquatic birds with an expansive pouch for holding fish. They are
characterized by long bills, mostly monochromatic plumage and webbed feet.
cormorants distributed worldwide and are important predators of small fish in both

marine and freshwater environments (Kennedy & Spencer, 2014).

A
S S
Figure 1: Adult Socotra cormorant
(Retrieved from: http://www.hawar-islands.com)
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Genetically the Socotra cormorant is a monotypic, regionally endemic seabird
restricted to the Arabian Gulf, Gulf of Oman and south along the Omani shoreline
into the Gulf of Aden and Red Sea (BirdLife International, 2017; Jennings, 2010)
and it belongs to the Phalacrocoracidae family of the Phalacrocorax genus as

shown in Table 1.

Table 1: The taxonomy of Socotra cormorant

Kingdom Phylum Class Order Family

Animalia Chordata Aves Suliformes Phalacrocoracidae

An adult Socotra cormorant is 76-84 cm long with a wingspan of 102-110
cm. They have almost black plumage overall, with a hint of brown to it. Their wings
are lightly brown, and their face, gular region, legs and feet are black. The legs and
feet are located at the rear of their body, and they have totipalmate foot; this gives
them an advantage for swimming and paddling but not necessary for walking. During
the breeding season, its fore-crown has a purplish gloss, and its upperparts have a
slaty-green tinge. There are a few white plumes around the eye and neck and a few
white streaks at the rump (Jennings, 2010). Similar species is the Great cormorant
(Phalacrocorax carbo) which is fairly more substantial, with stouter bill, white face,

and chin-patch (BirdLife International, 2017).

The cormorants have a long independent history, with >40 million years
separating them from their closest relatives darters, also known as Anhinga, a fish-
eating bird of warm inland waters (Gibbs et al., 2013). They are known to have a
long flexible neck and slender, sharp-pointed bill. Based on recent molecular
systematics study, the Phalacrocoracidae splits into seven clades as follows:

Microcarbo (Micro-cormorant), Poikiolocarbo (red-legged shags), Urile (North-



6
Pacific cormorant), Phalacrocorax (Old-world cormorant), Gulosus (European

shags), Leucocarbo (blue-eyed shags), Nannopterum (American cormorants).

Based on the systematic molecular phylogeny (Figure 2), the Socotra
cormorant belongs to the Phalacrocorax. It consist of a large morphologically
diverse group of species, falling into three subclades (Kennedy & Spencer, 2014) and
is a sister clade to Urile (North —Pacific cormorants). The estimated time that Urile
split from its sister clade, Phalacrocorax, was around 8.9-10.3 million years ago.
Moreover, the Socotra cormorant diverged from the common ancestor of its closest
extant relatives, the Urile, over four million years ago. This indicates that the Socotra

cormorant had a long, independent evolutionary history (Kennedy et al., 2001).
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The divergence of the Socotra cormorant possibly evolved within the last
10,000 years as consequence of the forming of the Arabian Gulf. It is likely that the
species inhabited the Tigris/Euphrates river valleys and adapted to a marine habitat
after the Gulf flooded or that it might have colonized the Gulf coming from another

marine area, i.e., from the Indian Ocean (Kennedy et al., 2001).

The Socotra cormorant range is restricted to the Arabian Gulf and the
Arabian Sea and sometimes can extend up to the Red Sea (Figure 3). They exist in
two subpopulations (Gallagher et al., 1984): a Northern subpopulation that breeds on
islands off the Arabian Gulf coasts of United Arab Emirates (UAE), Bahrain, Saudi
Arabia, Qatar and possibly Iran (no recorded breeding confirmed since 1972). The
Southern subpopulation is seemingly smaller, and breeds on islands off the coast of
Oman in the Arabian Sea and in the Gulf of Aden off Yemen. Census of birds is
60,000 total (Aspinall, 1996b; Gallagher et al., 1984; Jennings, 2000; Symens et al.,
1993). Approximately 34% of this population breeds in the United Arab Emirates

(Aspinall, 1995; Jennings, 2010).
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Figure 3: Socotra cormorant geographical range based on IUCN

The Socotra cormorant is a highly social aquatic species and tends to
aggregate in large groups throughout the year (Johnsgard, 1993; King, 2004; Nelson,
2005). Socotra cormorants typically nest either in a small group of hundreds of nests
or large, dense clusters of thousands of nests (Nelson, 2005). Colonies elsewhere in
UAE fall into the small group of hundreds of nests, mainly due to declines caused by
a disturbance and habitat destruction (Aspinall, 1995; Jennings, 2010; Symens et al.,

1993).
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Clearly, they are highly communal and tend to hunt in a mass; their feeding

frenzy may last up to 30 minutes offshore in a small or large group. Scrounging for
food that occurs offshore in large groups, is thought to be communal hunting rather
than cooperative (Gallagher & Woodcock, 1980; Nelson, 2005). They form a v-line
or a long single file after hunting 2-50 meter above the wave, which is typical for

marine species exhibit such behavior.

They roost in tight packs and occupy smallest footprint ground as possible to
maximize shade to the feet on isolated sandbars or rocky cliffs (King, 2004). Socotra
cormorants nest on islands with sandy or loose gravel substrate to allow construction
of a bowl-shaped nest (Jennings, 2010) of gravel, compact sand and residual debris
(Muzaffar, 2013). Many seabirds favor nesting under vegetation cover to avoid
severe weather or predation (Pattern et al., 2005; Olsson et al., 2001; Yorio et al.,
1995). Exposure to high temperature may affect reproductive performance, as a
result of an effect on avian incubation behavior (Woinarski, 1973; Conway &
Martin, 1999; Yasue & Dearden, 2006). On Siniya Island, nesting occurred on
sandy-gravel substrates under either trees or open areas with scattered
Haloxylon/Arthorocnemum shrub complex. The Siniya Island habitat consists of
mixed desert scrub or gravel and plantations of Acacia spp. and Prosopis juliflora.
Mangroves Avecennia marina, occur in patches, and Haloxylon Arthrocnemum

macrostachyum scrub complex borders the periphery of the island (Muzaffar, 2012).

Breeding season is variable within years, egg-laying recorded in most
months, but each colony is internally synchronized (Hoyo et al., 1992). In UAE, it
takes place between October to March. Some records state that pairs breed twice per

season, producing 2-3 egg that are laid directly on the gravel, ledges or among
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boulders (Aspinall, 1995; King, 2004; Jennings, 2010). While on Halne Island in the
Arabian Gulf they begin to breed from January to March (Meinertzhagen, 1954). On
the islands off Saudi Arabia, breeding can occur twice a year first in Spring, during
April and May, and a second time throughout fall in September, October, and
November (Bundy et al., 1989). Abundance and availability of food may be a

response to cause breeding to occur irregularly (Johnsgard, 1993).

Shallow coastal waters are of high importance for breeding and migrating of
cormorants and other seabirds, primarily because of the vast schools of forage fish
that migrate along the southern shoreline of the Gulf. Socotra cormorant primarily
consume small pelagic shoaling fish and dive from the surface to depths more than
18 m (King, 2004). Adult cormorants feed on a different variety of species, but there
is little information of the prey species they feed on (Johnsgard, 1993; Nelson, 2005).
Although sardines (Sardinella spp.), scads (Selar crumenophthalmus and Atule
mate), Silverside Atherinomorphus lacunosus, Spotted Half-beak Hemiramphus far
and Streaked Rabbit-fish (Siganus javus) are probably among the species taken

(King, 2004).

Phytoplankton phenology is often associated with distribution of seabirds
globally (Ramirez et al., 2016; McKnight et al., 2013). The Arabian Gulf and the
Gulf of Oman has a well characterized pattern of primary productivity (Nezlin et al.,
2007; Muzaffar et al., 2017b) whereby high phytoplankton growth begins in October
within the Gulf of Salwa, in the coastal areas near Siniya Island, around the Strait of
Hormuz, and into the Gulf of Oman. This productivity, characterized by
phytoplankton blooms, expands through much of the northern Gulf, bordering the

coastlines of Iran (John et al., 1990; Nezlin et al., 2007). The of Socotra cormorants
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abundance in and around the Musandam peninsula and Siniya Island, correspond to
phytoplankton productivity and coincide with it (Muzaffar et al., 2017b). It is
presumed that the cormorants within the Gulf of Salwa also benefit from
phytoplankton blooms during that same period, resulting in the large congregation of

breeding cormorants in Hawar islands and the Saudi coastal islands (Jennings, 2010).

1.3.2 Conservation genetics of the Socotra cormorant

According to the IUCN Red List, the Socotra cormorant population trend is
decreasing and have been listed as Vulnerable, for the last 20 years (Table 2). It is
the most persecuted breeding bird in the emirates and is subjected to shooting,

harvesting eggs and chicks, and nest destruction (EAD, 2016).

Table 2: IUCN Red list of the Socotra cormorant

Previously 2016 — Vulnerable (VU)
published Red List | 2012 — Vulnerable (VU)
assessments: 2010 — Vulnerable (VU)
2008 — Vulnerable (VU)
2006 — Vulnerable (VU)
2005 — Vulnerable (VU)
2004 — Vulnerable (VU)
2000 — Vulnerable (VU)
1994 — Lower Risk/near

threatened (LR/nt)

1988 — Near Threatened (NT)
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Most recent count shows that the latest estimates of the total population size

of breeding Socotra cormorants in the UAE is 50,000 to 60,000 breeding pairs. This
represents about half of the global breeding population (Khan et al., 2018). The
Environment Agency Abu Dhabi estimated that there were around 51,812 nesting
pairs during 20162017 in Abu Dhabi. Highest records were from three colonies:
Rufayqg, Ghagah and Butinah. However, largest existing colony in UAE is found on
Siniya Island in Umm Al Quwain Emirate, with an estimated breeding population of

26,000-41,000 pairs during 2011-2016 (Muzaffar, 2013).

The populations zoogeographic range has been declining throughout the
years, mostly in response to habitat loss from oil exploitation and disturbances at
breeding sites. In the last 5 decades, it had been seen that the breeding ranged has
contracted by about 50% (Khan et al., 2018). Many colonies have decreased as a
result of disturbance, degradation or straight out destruction of nesting sites because
of oil exploitation. 80 % of the global population range within the Arabian Gulf
contracted, while the are found in Gulf of Oman. Disturbance from recreational
activities such as fishing and camping near the colonies, development such as oil
industrialization, change in land use, and introduced predators at breeding colonies,
all contributed to reduced nesting or abandonment of breeding colonies and
relocation (Symens et al., 1993; Aspinall, 1995; Aspinall, 1996a; Khan et al., 2018;
Jennings, 2010; Croxall et al., 2012; Wilson, 2012). The Socotra cormorant have
suffered from large-scale egg collection despite the fact that they are legally
protected in UAE. In addition, there is evidence of persecution at some breeding and
roosting colonies including active displacement, scaring, and killing is still occurring
(Aspinall, 1996a; Khan et al., 2018). Oil spills are a constant threat that can have

severe effects on the species’ numbers (Symens et al., 1993).
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Predation has potentially high adverse effects on breeding seabirds (Coulson,

2002). Feral cats introduced to some islands in the western Arabian Gulf had been
reported. They are known to be exceptionally adaptive and can survive and expand
their populations relatively easily. Hunting by feral cats Felis catus and native red
foxes Vulpes vulpes constitutes a significant threat to Siniya Island colony in Umm
Al Quwain (Muzaffar, 2013). A systematic study conducted during 2011/2012
breeding season on Siniya Island examined the predation rate on the breeding birds.
Approximately, about 2000 cormorants were hunted by the red fox (Vulpes vulpes)
during the season (Muzaffar, 2013). Red foxes also hoard eggs (Muzaffar, 2013)
further reducing reproductive performance. Another cause of mortality of Socotra
cormorant mortality is plastic debris and entanglement on fishing equipment such as
nets and fishing lines. Counts of birds dead with fishing line or fishing hooks
embedded in their skin or feet has been recorded (Muzaffar, 2013), as well regularly

drowning in fishing traps at various depths (King, 2004).

The close proximity of colonial breeding birds helps the transfer of microbes
and parasites. The re-use of breeding site year after year may encourage the buildup
of parasites, which can act as the vectors for viruses and other microbe (Coulson,
2002). Ornithodoros muesebecki is a soft tick that has reported from other seabird
colonies in the Arabian Gulf (Hoogstraal, 1970) including Siniya Island (Muzaffar,
2013). High tick abundance can cause breeding failures due to chick mortality,
colony abandonment (Duffy, 1983) and disease harboring parasites. The Socotra
cormorant is susceptible to ectoparasites; locals associate it with lice because they
harbor parasites. However, the relationship of ticks found on the cormorants have

not been studied and needs further investigation.


http://www.arkive.org/socotra-cormorant/phalacrocorax-nigrogularis/#GlossaryTerm1
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During the outbreeding, season the Socotra cormorant moves to cooler,

deeper water in Musandam, during the summer months, where there are many that
roosts on the rocky cliffs edge (Wilson, 2012). In a satellite telemetry study, it proves
that post-breeding dispersal of Umm Al Quwain population (Siniya island colony) is
on North, along with the UAE shoreline out through the Strait of Hormuz and around
the Musandam peninsula of Oman (Muzaffer, 2014) also, travelling westwards into
Abu Dhabi waters (Muzaffar et al., 2017b). During this time, cormorants apparently
roosted on different islands and forage in the general area (Muzaffar et al., 2017b).
Whether some of the birds nesting in Abu Dhabi islands subsequently migrate to
Siniya Island is not known (Khan et al., 2018). However, this observation does not
suggests that the two subpopulations of the cormorants in the UAE are not mixing

during breeding season and might considered somewhat different population. areas.

1.3.3 The study site

The United Arab Emirates is located in the Northeastern end of the Arabian
Peninsula on the Arabian Gulf, bordering Oman to the east and Saudi Arabia to the
south, as well as sharing sea borders with Qatar and Iran. The UAE is a federation of
seven emirates; they are Abu Dhabi , Ajman, Dubai, Fujairah, Ras al-Khaimah,
Sharjah, and Umm al-Quwain. The UAE occupies an area of 83,600 Km? and lies
between 22°50" and 26° north latitude and between 51° and 56°25' east longitude.
The largest emirate, Abu Dhabi, accounts for 87 percent of the UAE's total area
(67,340 square kilometers). The smallest emirate, Ajman, covers only 259 Kma2.
UAE is surrounded by two coasts: The Arabian Gulf that covers 650 km and 9 Km of
Gulf of Oman. Between them, is the Strait of Hormuz, the coast mostly consists of

salt pans that extend quite far inland. Out in the sea, the country has varied of islands,
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coral reef and shoals on its water on both Gulfs. The terrestrial habitat of the UAE
consists mainly of flat lands, dunes large desert area and extensive salt flats at the
coast. The Hajar Mountains are parallel to the East coast of the United Arab Emirates
and continue South-eastward into Oman, along with the UAE border, it rises above
the surrounding on about 2000 meters. The climate can be described as bi-seasonal,
Mediterranean clime, it is characterized by high temperature and low rainfall with

high humidity at the coasts.

The UAE weather is warm and sunny during the winter and hot and humid in
summer months. Winter daytime temperature norms at 26°C, while at night it can be
relatively cool, temperature between 12-15°C on the coast, and in depth of the desert
and into higher mountains temperature can go below 5°C. Local Northwesterly
winds often develop during the winter, bringing cooler windy conditions.
Summertime temperatures are in the mid-40s but can be higher inland. Humidity
averages between 50 and 60 percent, touching over 90 percent in summer and
autumn in coastal areas. Inland it is far less humid. The UAE landscape can be
categorized as follows: inland sand sheets and dunes; piedmont alluvial and inter-
dunal plains; mountains and wadis; coastal sand sheets with dwarf shrub vegetation;
and coastal and inland Sabkha. The Arabian Gulf coastline is predominantly flat,
with warm, shallow waters. Natural deep-water harbors occur mainly on the eastern
coast. Many of the UAE’s islands are alongside the coastline, they are at least 200 of
them, and most are in Abu Dhabi’s Emirates most of which are rather small and flat.
However, Zirku Island attains a maximum altitude of 160 meters, even though it is
only about 8 square kilometers in size. The largest island in Abu Dhabi is Abu

Ab’yad; it is 100 Km west of the capital Abu Dhabi, and 12 Km from the coastline. It
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has a sandy, rocky terrain, and a mangrove surrounds its borders. The two island is

which the study took place were the following:

Siniya Island (25°36°20.63” N;55°36°28.85” E) in Umm AL Quwain, which
is one of the UAE islands. It is 1 Km away from the coastline, and it has a total area
of 90 Km?2. The surrounding water contains many fish species such as Lethrinus
Kallpoterus, Scaled Mullet, Greasy grouper, mackerel, and many more. The Siniya
island is one of the biggest island visited by tourist for its greenery that attracts many
birdlife such as Pelagic seabirds, flamingo, cormorant also wild gazelles, rabbits and
for archaeological sites from pre-Islamic time. The island holds the largest Socotra
cormorant colony in the UAE; it is estimated to have a breeding population between

28,000-35,000 pairs.

The second site was Umm Qasr island (24°23.5°N;52°46.6”E) in Abu Dhabi
Emirates, it is a scenic, a small flat, sandy and circular desert island. It Cover over
0.5 km at its maximum width, with sandy beach to south and a low 3-4 metres of
rocky cliffs margin to the north, west and east side. Other species occupy and nest
the island during the cormorant breeding season, including Osprey, Pandion
haliaetus. Common predators of the Socotra cormorant are the Steppe Gull, Caspian
Gull and Heuglin’s Gull nesting on the island too (Wilson, 2012). The latest estimate
of the Socotra cormorant during the 2015-2016 report is less than 5000 thousand
breeding pairs in Umm Qasr island (EAD, 2016). Umm Qasr island itself had been a
historical breeding area for Socotra cormorants, where the breeding numbers grew
from 196 pairs in the mid-1990s to 4000 pairs in 2006, after which the island
gradually became inactive due to high levels of disturbance with no breeding

recorded in 2016 (Khan et al., 2018).
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1.3.4 Genetic diversity analyses of mtDNA and nuclear marker

Determining the species identity and distribution can be done through DNA
analysis, such analysis uses two genetic markers to identify species. Researchers can
identify regions that are variable among species but conserved within species; they
can provide diagnostic markers, such as microsatellite’s, that can give more than
individual specific genotype; it can display Mendelian codominant expression, and
identify alleles inherited by the individual from parents. From that, it can calculate
allele’s frequencies, heterozygotes’ and other genetic variation measures. In return,
these measures can estimate population structures, connectivity among the
population, loss of genetic variation that can lead to inbreeding depression and
drastic population reduction in past and present by detecting bottleneck (Cristescu et

al., 2010)

1.3.4.1 SNP as nuclear DNA markers

Single nucleotide polymorphism known as SNP’s is most common form of
genetic difference among individuals and because they are distributed approximately
uniformly along the chromosomes (Hartl & Jones, 2006) SNP is a single base pair at
a particular nucleotide site may differ from one individual to other. Each SNP
represents a difference in a single DNA building block, called a nucleotide. For
example, a SNP may replace the nucleotide cytosine (C) with the nucleotide thymine
(T) in a certain stretch of DNA. They occur normally throughout an individual’s
DNA,; they occur almost once every 1,000 nucleotides on an average. There can be
somewhere between 4 to 5 million SNP in a human genome. These variation found
in the DNA can act as biological markers and assist scientist locate genetic

differences (NIH, 2019).
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1.3.4.2 Mitochondrial DNA markers

Biologists determine and then compare the mtDNA sequences from different
individuals or species. Data from the comparisons are used to create a network of
relationships among the sequences, which on the other hand provides an estimate of
the relationships among the individuals or species from which the mtDNAs taken.
Mitochondrial sequencing has been used to illustrate the genetic diversity and
molecular evolution in many species. The mitochondrial control region is the main
non-coding area of the mitochondrial genome and contains the mitochondrial origin
of replication and transcription. It does not encode protein sequence, but it is highly
polymorphic in the mtDNA genome (Stoneking et al., 1991). For small or degraded
samples, mtDNA markers are used for species identification because it has multiple
copies in each cell, typically 100-1000 or more copies, compared to Nuclear DNA

(Tomar, 2010).

With the information on the genetic application of DNA markers of wildlife
population biology, estimating abundance, connectivity, quantifying genetic
variation, percentages and determine gene that may affect fitness (Mills, 2013).
Mitochondrial DNA sequencing that had been used to explain the origins of many
modern species. The studies on the structure and function of mtDNA become
highlights in the research area of molecular evolution, classification, population
genetic analysis, relative identification and quantitative traits loci. Mitochondrial
DNA contains 37 genes, all of which are essential for normal mitochondrial function.
In most vertebrate species, mitochondria appears to be inherited through the maternal
lineage. The new organism has only the mitochondria which came from the egg of its

mother. Therefore, mitochondrial DNA does not get shuffled (go through
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recombination) every generation; unlike nuclear DNA, it is presumed to change at a

slower rate, which is useful for the study of organism evolution (EI-Mahdy, 2012).

The mtDNA is a powerful tool for tracking ancestry through maternal lineage
and had been used in this role to trace the ancestry of many species back hundreds of
generations. The rapid mutation rate and low effective population size in animals
make mtDNA useful for assessing genetic relationships of specific individual or
groups within a species and also for identifying and quantifying the phylogeny
among different species, provided they are not too distantly related (Brown, George

& Wilson, 1979).



21

Chapter 2: Materials and Methods

2.1 Sample collection

A total of 80 Socotra cormorant samples were collected from Abu Dhabi and
Umm Al Quwain, during mid breeding season of 2015 and 2016. The two islands of
which the samples were collected from are Siniya island in Umm Al Quwain, a total
of 41 samples were collected and 39 collected from Um Qasr island, Abu Dhabi. But
only 40 samples were analyzed (20 from Abu Dhabi and 20 from Umm AL Quwain).
The gathered samples were obtained mostly from dead chicks and adult Socotra
cormorant; they consisted of different types of tissues such as skin, feather, muscle
and liver. The samples were bagged, tagged with a number and initials of the
location, date and coordinates. Then, stored in deep freezers, 18°C, to reduce tissue

degeneration, whereas the feathers kept at room temperature.

2.2 DNA extraction process

First step of analyzing genomic DNA is to isolate DNA from tissues or cell
using the combination of physical and chemical methods. All of the DNA extraction
processes were performed according to the manufacturers protocol, using the
QlAamp Tissue Kit (QiagenTM). In this protocol, the silica-based DNA purification
was used in convenient spin-column and 96-well-plate formats. The DNA was
purified from tissue or blood and it allowed for more efficient method of DNA
extraction from nucleated cells. The basic principle of the silica matrix can be
described in four stages. First step is to lyse the sample with reagent like buffer ALT
with proteinase K, the buffer contains Sodium Dodecyl Sulfate (SDS) detergent that
disrupts cell membrane and dissociates protein DNA complex. Meanwhile, the

Proteinase K solution degrades protein including DNA scaffolding proteins and other
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protein derbies. The second step is to isolate DNA from cells by adding the Lysis
buffer and Ethanol. The AL buffer is employed to lyse the cells and inactivate
nuclease. The AL contains Guanidium Hydrochloride Chaotropic salt which removes
water from the hydrate molecules in the solution and renders DNA that is susceptible
to bind to silica matrix in the spin column / plate. DNA is not soluble in alcohol,;
therefore, ethanol is used to precipitate DNA out of the fluid suspension. Therefore,
it increases DNA affinity to bind to silica spin column for further elution of DNA
through spin column. In the third stages, the aim was to produce clean purified DNA
bound to a silica matrix; using two wash buffers AW1 and AW2, each having two
different concentration of ethanol, where AW1 has highest concentration followed by
AW?2. This step ensures that the DNA remains bound to silica matrix column. The
AW buffer contains Tris[tris (hydroxymethyl) amonimethane (HOCH2)3CNH] and
Ethylenediaminetetraccetic acid (EDTA). The EDTA removes debris by chelation
metal ions, attaching molecules to itself by means of ionic charge. The fourth and
final stage of DNA extraction is elution. The nuclease free water was used to change
the binding condition through rehydrating the DNA and removing hydrogen bonds
and eluting the DNA from column on 60°c and at a PH of 8.3 for uttermost

efficiency.

2.3 Quantification process

DNA quantification is an essential measure for molecular analysis which is
later followed by amplification. There are several methods used to quantitate the
concentration of DNA in a solution, the most common method of DNA
quantification used is spectrophotometric quantification. We used a tabletop spec

called a NanoDrop that requires only 1 pl of a sample for quantification.
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The NanodropND-100 is a spectrophotometer that uses a patent sample
retention system, which holds 1ul of sample without the need of traditional system
devices. It uses fiber optic technology and surface tensions; the 1ul of sample is
placed between two optical surfaces that set the path length in vertical orientation.
The direct joining of the sample to the two optics of spectrometer removes
interference caused by incident light and transmitted light passing through
containment wall of traditional cuvette, microcell cuvettes and capillaries. Nucleic
acids absorb light at a wavelength of 260 nm. If a 260 nm light source shines on a
sample, the amount of light that passes through the sample can be measured, and the
amount of light absorbed by the sample can be inferred. For double-stranded DNA,
an Optical Density (OD) of 1 at 260 nm correlates to a DNA concentration of 50

ng/pl, so DNA concentration can be easily calculated from OD measurements.

2.4 Amplification process
2.4.1 DNA amplification

To study or detect an individual gene or specific DNA region, it is often
required to obtain a large quantity of nucleic acid for study. Instead of isolating
single copy of target DNA from large number of cells, it is more useful to create
multiple copies of a target from a single molecule of DNA or mRNA, via an in vitro
amplification method. Polymerase Chain Reaction (PCR) is the most common DNA
amplification method in molecular biology and it is both a thermodynamic and an
enzymatic process. PCR process is a process of amplifying low, small quantity or
quality of DNA samples. The steps can be simplified in three steps. It starts first with
extracting DNA from the sample and preparing the DNA for the PCR reaction. To

the isolated DNA following are added,
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a. Primers which are again DNA fragments of about 20 bp, that attach to each strand

of the DNA at specific location outside the locus to be amplified.
b. Synthetic nucleotides (bases), the building block on DNA strands.

c. Taq polymerase, an enzyme that attaches the nucleotides to synthetic DNA strand.

The reaction requires following ingredients in certain amount to produce a
amplified final product, Table 3 shows the necessary components for PCR and their

quantities per reaction:

Table 3: Polymerase chain reaction components and quantity per reaction

PCR product Quantity (ul)
DNA 3

Tag PCR Master Mix 12.5

Primer F (10pM) 1
Primer R (10pM) 1
Water 7.5
Total 25

After preparation of the PCR reaction, the next step is placing the samples in
PCR thermal cycler (also called thermocycler). It employs precise temperature
control and rapid temperature changes to conduct the polymerase chain reaction
(PCR) and create millions of copies of a DNA sequence for use in a wide array of

downstream procedures including cloning, sequencing, expression analysis, and

genotyping.

For each PCR cycle, the thermal cycler machine first heats the DNA up to

about 94°C to denature the two strands of DNA, and then cools down at about 55°C -
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65°C to anneal the primers to their target sequences on each strand. Next the

temperature increases slightly to about 72°C to extend the primer into double-

stranded DNA, with the Taq polymerase attaching the nucleotides to their respective

complementary bases on the other strand. One PCR cycle doubles the number of

DNA strand for each targeted region, this cycle is repeated about 30 to 40 times,

nearly doubling each cycle, ending with millions of copies of each original DNA

strand. Thermal protocol as shown in Table 4.

Table 4: General thermal cycling parameters used in the study

Cycling conditions for amplifying PCR products
Step Temperature (°C) | Time (min) Number of cycles
Initial denaturation | 95 5 1
step
Denaturation 95 0.5
Annealing 52 0.5 25~40
Extension 72 1
72 7 1
Hold 4 Indefinite none

In this study, one Nuclear and three mitochondrial regions was targeted to

examine the differentiation and diversity of the two populations, Table 5 represents

the primers used to study the amplified regions.




Table 5: Primers employed in this study

26

Pri .
Gene rimer Primer sequence (5'"-3") Source
name
PARK7 | PARK.2F | GCAGGCCTRRCTGGAAAAGARCC | Kimball, 2009
PARK.3R TTCTGAGCTCCWAGRTTACC | Kimball, 2009
col AVMIF1 CCCCCGACATAGCATTCC "”tmzaglrza al.,
AVMIR1 ..
ACTGAAGCTCCGGCATGGGC "”tmza;lrzet al.,
125 L1836 GCTTAAAACTCTAAGGAC Pater;gg:t al.,
H2024 AGAAAATGTAGCCCATTTC Paterjgg:t al.,
ATGAACC -
ATPase6 | L9265 Desjardins &
TAAGCTTCTTCGACCAATT Morais, 1990
H9922 | TAGGAGTGTGCTTGGTGTGCCATT | Deslardins &

Morais, 1990

2.4.2 Run agarose gel of PCR product

PCR final products were checked on 1.8 % agarose 1XTBE electrophoresis,

the 1.8 % is good resolution for small DNA of 0.2—-1kb fragments. After separation,

the DNA molecules can be visualized under UV light after staining with an

appropriate dye. Most common dye used to make DNA or RNA bands visible for

agarose gel electrophoresis is ethidium bromide, usually abbreviated as EtBr. It

fluoresces under UV light when intercalated into DNA (or RNA). By running DNA

through an EtBr-treated gel and visualizing it with UV light, any band containing

more than ~20 ng DNA becomes distinctly visible
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2.5 Sequencing preparation
2.5.1 Clean up of PCR products

Exonuclease | (Exo) - Shrimp Alkaline Phosphatase (SAP) is a one-step
enzymatic treatment of PCR products to eliminate unincorporated primers and
dNTPs so that they cannot interfere with downstream sequencing reactions. The
exonuclease | removes leftover primers, while the Shrimp Alkaline Phosphatase
removes the dNTPs that were not consumed in the reaction. It starts with adding 2 pl
of the enzyme (ExoSAP) to a 5 pl PCR sample and incubate at 37°C for 15 minutes
to activate the enzyme and degrade leftover primers and nucleotides, then incubate at
80°C for 15 minutes to inactivate the EXoSAP enzyme. The final product of 7 pl
(ExoSAP + PCR product) ready for downstream sequencing reactions without any

additional manipulation.

Cycle sequencing (chain termination with fluorescence dye labeled
nucleotides DNA cycle sequencing is a core technigue in molecular biology allowing
analysis of fmol quantities DNA template. The enzymatic dideoxy chain termination
method of Sanger relies on the linear amplification of a single-stranded template
DNA using a single primer and thermostable polymerase. The synthesis of the
complementary DNA strand starts at the specific priming site and ends with the
incorporation of a chain-terminating dideoxynucleotide triphosphate (ddNTP). This
generates a multitude of fragments terminated within the desired length of the
sequence. By using the four different ddNTPs in four separate reaction vials, a set of
extended primer strands terminated at each A, C, G, and T are obtained. The

nucleotides are tagged with fluorescence dye and Table 6 corresponds the color to its
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nucleotide. When these fragments are separated on a suitable gel matrix the sequence

information can be read from the order of the bands.

Table 6: Fluorescence painting of nucleotide

A=> Green

G=>»Black

C=>Blue

T=>Red

The procedure starts with preparing reaction mix of the following ingredient

in Table 7 and mixed properly.

Table 7: PCR reaction mix

Reaction Mix Quantity ()
5X seq. buffer 2
Ready reaction mix 4
- 3
Exosap PCR amplicon
Deionized water 8
Primer (we use either 3

Forward or Reverse

primers, 10 pM

Total 20
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Then placed in thermal cycler in the following conditions as shown in Table 8

and the final product must be stored in the dark.

Table 8: PCR thermal cycling profile

TO THERMAL CYCLING (PCR)
PCR Cycles conditions
96°C 1 min
96°C — 10 sec X 25 cycles
50°C -5 sec
60°C — 4 min
4°C o

2.5.2 Clean up step to remove excess stain

The sample must be cleaned from excess stain using Ethanol-EDTA
precipitation, to get a clean sample of DNA. It start with adding 60 pl absolute
Ethanol and 5 pl,125 mM EDTA (Ethylenediaminetetraacetic acid) , and mixing it
properly, then added 20 ul of the cycle-sequenced sample and incubate in the dark
for 15 minutes. Next, transfer the mixture into 1.5 ml microcentrifuge tube and
centrifuge at 14,000 RPM for 30 minutes at 4°C. Once done with centrifuging,
discard the supernatant from the sample paying attention not removing the pellet,
which is not visible but there at the base of the microcentrifuge tube. Making sure
there is no Ethanol-EDTA precipitation residue, then added 120 ul of 70% Ethanol
and centrifuge at 14,000 RPM for another 15 minutes at 4°C. Again, carefully

removed ethanol without disrupting DNA, allowed excess ethanol to evaporate by
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placing it in a heat block at about ~40°C for 5 minutes. Then added 10 pl of HiDi
Formamide and mix properly, to prevent the double strands formation, because
sequencing requires DNA as single stranded. The samples were loaded in a
sequencing rack in an orderly manner, then closed the rack top and centrifuge briefly.
Once done the rack was placed in thermal cycler to denature at 95°C for 5 minutes,
then at 4°C for 2 minutes. Once done the rack is placed in a sequencer, Applied

Biosystems™ 3500 Series Genetic Analyzer for sequencing the samples.

2.6 Data analyses

All sequenced data were checked and aligned using the program Sequencing
Analysis Software v6.0 from Applied Biosystems ™ while the analyses and edit of
the sequence data was done by using MEGAT7: Molecular Evolutionary Genetics
Analysis version 7.0 for bigger datasets (Kumar, Stecher, & Tamura 2015).
Representative sequences of COI (KM066529), PARK7 (KM066326), ATPase 8&6
(AF410794), and 12S (AF410797), of Phalacrocorax nigrogularis were deposited in

the NCBI GenBank.

2.6.1 Population structure

To construct haplotype network PopArt (Population Analysis with Reticulate
Trees) version 4.8.4 (available from http://popart.otago.ac.nz/index.shtml) program
was used. It is a comprehensive analysis and visual of the relationships among DNA
sequences within a population or species. Median joining [MJ] method was used for

constructing the haplotype network networks. (Bandelt, Forster, & Rohl, 1999)


http://popart.otago.ac.nz/index.shtml
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The evolutionary history was inferred by using Maximum Likelihood
method based on the Tamura-Nei model (Tamura & Nei, 1993) analysis was

conducted in MEGAY (Kumar, Stecher , & Tamura, 2016).

Principle component analysis (PCA) was obtained from the program PAST
Version 3.25 (PAlaeontological Statistics) includes several methods for multivariate
data analysis specific to paleontology and biology. Principal components analysis
(PCA\) is a procedure for finding hypothetical variables (components) which account
for as much of the variance in the multidimensional data as possible (Davis, 1986;
Harper, 1999). These new variables are linear combinations of the original variables.
PCA has several applications, one of them are simple reduction of the data set to
only two variables, for plotting and clustering purposes. A different representation of
genetic distances between individuals or populations and ideally it should

Summarize briefly the phylogenetic tree.

2.6.2 Estimating of genetic diversity

To examine the genetic variation several genetic parameters was computed
for each, including haplotype, nucleotide diversity and neutrality, Tajima’s D
(Tajima, 1989a) using DnaSP 5.0 (Librado & Rozas, 2009). Haplotype diversity
refers to the frequency and number of haplotypes in the population and was analyzed
using the default settings in DnaSP 5.0. Nucleotide diversity estimates the average
pairwise differences among sequences, based on all sites. Tajima’s D test is based on
the differences between the numbers of segregating sites and the average number of

nucleotide differences to test for changes in population size.


http://folk.uio.no/ohammer/past/multivar.html
http://folk.uio.no/ohammer/past/multivar.html
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2.6.3 Population differentiation, structure and gene flow

To determine the level of genetic differentiation among populations, gene
flow and genetic differentiation tests were performed with the program DnaSP 5.0. It
computes some measures of the extent of DNA divergence among populations, and

from these measures it computes the average level of gene flow.

Overall values of genetic differentiation between each pair of populations
were quantified using pairwise F-statistics, the population genetic differentiation
(Fst) and gene flow between pairwise populations. The levels of genetic
differentiation can be categorized as Fst >0.25 (great differentiation), 0.15 to 0.25

(moderate differentiation), and Fst <0.05 (negligible differentiation) (Wright, 1978).
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Chapter 3: Results

3.1 Mitochondrial DNA analysis
3.1.1 Genetic diversity analysis

Genetic diversity indices of Um Qasr (UQ) and Siniya (S) Socotras

cormorant population based on mtDNA sequence data

Table 9: Genetic diversity measures based on the mtDNA

Population | n | S Eta| h hd n 0 D
uQ 200 4 | 4 | 5 | 0.55789 | 0.00066 0.00107 -1.11111

Statistical significance:
Not significant, P > 0.10

S 200 2 | 2 | 3 |0.57368  0.00060 |0.00054 0.26026
Statistical significance:
Not significant, P > 0.10

Combined 40 4 | 4 | 5 | 0.5436 | 0.00065 0.00090 -0.66563
Statistical significance:
Not significant, P > 0.10

Note: n, number of samples,S, number of polymorphic sites; Eta, total number of
mutation; h, number of haplotype; hd, haplotype diversity; &, nucleotide diversity; k,
Average number of nucleotide differences; 0, theta (per site) from Eta; D, Tajima’s D

Eight parameters including number of polymorphic sites (S), total number of
mutations (Eta), number of haplotype (h), haplotype diversity (hd), nucleotide
diversity (), and (0) theta (per site) from Eta, and (k) average number of nucleotide
differences were used to measure the DNA haplotype and genetic diversity in
Table 9. The DNA polymorphism was based on the 1050 bp of mtDNA sequence
data. The haplotype diversity (hd) in Siniya(hd=0.57368) was higher than Um Qasr
(hd=0.55789), but the difference is insignificant. Nucleotide diversities and theta (per
site) from Eta in Um qasr were (1=0.00066 and 6=0.00107), respectively. Nucleotide

diversities and theta (per site) from Eta in Siniya were (7=0.00060 and 6= 0.00054).
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Um Qasr theta (per site) from eta (6= 0.00107) is half as large as nucleotide diversity
(m=0.00066) and nearly two times as large than Siniya theta (per site) from eta (0=
0.00054) and nucleotide diversity (m=0.00060). The haplotype diversity (hd),
nucleotide diversity (m), and theta (per site) from eta (0) of the pooled data were

0.5436, 0.00065 and 0.00090, in the order given.

3.1.2 Neutrality tests

Tajima's D test used to execute neutrality test (Table 9) and the results
revealed that the positive D value of Siniya population might signifies low levels of
both low and high frequency polymorphisms, indicating selection maintaining
variation or recent population contraction. Um Qasr Tajima’s D value is negative it
might signify an excess of low frequency polymorphisms, indicating population size
expansion (e.g., after a bottleneck) or selection or moving variation (e.g. selective

sweep).

3.1.3 Genetic differentiation between populations

The genetic differentiation within the population was significantly low among
populations (Fst 0.04960), and the gene flow value (Nm) among the population is
4.79.There is negligible differentiation between the populations and an extensive

gene flow.

3.1.4 Population structure

The haplotype network (Figure 4) reflects the results of the diversity indices
presented above. A total 5 haplotypes were identified from 20 samples in Um Qasr
population,4 variable site and 1 parsimony informative site (Figure 4A). Node 1

includes 13 individuals with similar haplotypes, and 3 branches extending out, 2 of
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the 3 branches are haplotype with singular nucleotide change. Third branch out into
two nodes one with 4 individuals sharing the same one mutation step and a single
haplotype stretches out of it with another mutation step. The Siniya population shares
three haplotypes, 2 variable site and 1 parsimony informative site (Figure 4B)
clustered into main two nodes. Both population shares the two-haplotype nodes with
an exception of one haplotype branching out from node 2. Combining 40 haplotypes
there is 4 variable site and 2 parsimony informative sites (Figure 4C), it shows that
they share three common haplotype nodes with two haplotypes bifurcates from node
1 and they are from Um Qasr population. Third node is the smallest with only two

haplotypes shared from both populations.

3.1.5 Principal component analysis

The two dimensional dispersion of the Um Qasr individuals (Figure 5A)
support the idea that the population is alike, little variation is observed, with
exception of two individuals. The Siniya population (Figure 5B) shows less variation
and they are closely related. Combining the two population shows that the
populations are clustered together, and lack any variation that might set the two

populations from each other.



1@
A

. - node 2
L

7 neael
g1 e
A. Um Qasr

51[:1

nade 2 -1

node 153@

B. Siniya

(T3] J.T

T al i, —
= ""'gnnde 1
'Iannde 2

'.-:IL".E-
node 3

C. Combined

Figure 4: Median joining Haplotype network of mtDNA data sequence

Note: Number in the circle are number of haplotypes copies observed individuals. Major circles represent predominant haplotypes. A

branch represents a single nucleotide change

9€



374 o i75h
' 308
2254,

1,584

0754 i ;
I T T Fs i T
2004225 15 -u._;"EEFL "hqinsc 225300 375

=180

P2

PCZ

PCZ

E.F-F\‘r a9 223 f3.00

22.25" * Siniya

=300

=300+

o Um Qasr

Elom

a0 ¢

A. Um Qasr B. Siniya C. Combined

Figure 5: Principle component analysis of the mtDNA sequence data, two-dimensional scatter plots of the first two principal components

LE



38

3.2 Nuclear DNA analysis
3.2.1 Genetic diversity analysis

Genetic diversity indices of Um Qasr (UQ) and Siniya (S) Socotras

cormorant population based on nuclear marker sequence data (Table 10).

Table 10: Genetic diversity measures based on the nDNA

Population | n | S | Eta | H hd T (7] D

uQ 18 3 3 3 | 0.21569 | 0.00054  0.00140 -1.71304
Statistical significance:
Not significant, 0.10 >

P >0.05

S 20 1 1 2 | 0.10000 ' 0.00016 ' 0.00045 -1.16439
Statistical
significance: Not
significant, P > 0.10

Combined | 38 4 4 4 | 0.15363 | 0.00034  0.00153 -1.88258
Statistical significance:
* P<0.05

Note: n, number of samples,S, number of polymorphic sites; Eta, total number of
mutation; h, number of haplotype; hd, haplotype diversity; &, nucleotide diversity; Kk,
Average number of nucleotide differences; 0, theta (per site) from Eta; D, Tajima’s D

The genetic diversity indices were based on 622 bp of nuclear DNA
sequenced data. The highest DNA polymorphism showed in Um Qasr while the
lowest polymorphism was found in Siniya. The haplotype diversity (hd), nucleotide
diversity (m), and theta (per site) from the total number of mutation (8) in Um
Qasr were 0.21569, 0.00054, and 0.00140, respectively, and in Siniya the haplotype
diversity (hd), nucleotide diversity (w), and theta (per site) from the total number of
mutation (8) were 0.10000, 0.00016 and 0.00045. The Um qgasr population theta (per
site) from eta (6= 0.00140) three times as large as nucleotide diversity (7=0.00054)

and three times larger than Siniya theta (per site) from eta (6=0.00045) and
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nucleotide diversity (7=0.00016). When combining set of 38 samples a total of 4
haplotypes were identified: three of the four are shared among the populations, and
one is unique to Um Qasr. Haplotype diversity (hd), nucleotide diversity (r), and
theta (per site) from eta (0) of the population combined were 0.15363, 0.00034 and

0.00153.

3.2.2 Neutrality tests

Tajima's D test used to carry out neutrality test (Table 10) and the results of
all values were negative which might indicate an excess of low frequency
polymorphisms, suggesting that there is a population size expansion or selection or

moving variation.

3.2.3 Genetic differentiation between populations

The genetic differentiation within the population was zero (Fst= 0.0000);
neither genetic differentiation or gene flow (Nm) were detected, suggesting that the

populations is one.

3.2.4 Population structure

In Um Qasr haplotype network (Figure 6A) there are 3 haplotype, 3 variable
sites and 0 parsimony informative site, and 16 individuals share the same haplotype
with two single haplotype with unique mutation. In the Siniya haplotype network
(Figure 6B) there are 2 haplotype group and 1 variable site and also, O parsimony
informative site, and 19 individual share same haplotype apart from 1 haplotype
with one mutation. In Figure 6C, 38 samples are combined, and there are 4
haplotypes,3 variable sites and 0 parsimony informative site., 35 individuals share a

common haplotype, with three unique haplotype with one or two mutation steps,
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these single haplotypes can be an indication of rapid population expansion. The size

of the circle is proportional to the frequency of that haplotype in the sample.

3.2.5 Principal component analysis

To further verify the clustering observed in the haplotype network, a PCA
was conducted using the same samples and SNP set (Figure 7). The Um qasr (Figure
7A) shows that the population is combined into one with some mutation variations.
In the Siniya (Figure 7B) there are more closely related and little variation in the

population.


https://www.nature.com/articles/s41598-018-32800-9#Fig3
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3.3 Phylogenetic tree analysis of both markers sequenced data
3.3.1 mtDNA phylogenic tree analysis

A maximum likelihood (ML) phylogenetic tree, based on mtDNA sequence
of all populations, was constructed for all haplotypes (Figure 8). The populations are
clustered together into 2 clades, and the haplotypes are distributed randomly between
clades. Clade I contains 23 haplotypes and two subclade deviates from it. Clade 1l

includes 13 haplotypes and a sub clade of two haplotypes.

3.3.2 Nuclear DNA SNP phylogenic tree analysis

A (ML) phylogenic tree consisting of 38 sequence was constructed based on
622 bp of nuclear DNA (Figure 9). The tested individuals cluster into two clades,
almost all group into Clade I, it consists of 35 individuals and two subclades that
bifurcate. Clade Il consist of one sample separated from the rest by two mutation

steps.
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Figure 8: mtDNA Phylogenetic analysis by maximum likelihood method.

The evolutionary history was inferred by using the Maximum Likelihood method
based on the Tamura-Nei model. The tree with the highest log likelihood (-1431.84)
is shown. The percentage of trees in which the associated taxa clustered together is
shown next to the branches. Initial tree(s) for the heuristic search were obtained
automatically by applying Neighbor-Join and BioNJ algorithms to a matrix of
pairwise distances estimated using the Maximum Composite Likelihood (MCL)
approach, and then selecting the topology with superior log likelihood value. The
tree is drawn to scale, with branch lengths measured in the number of substitutions
per site. The analysis involved 40 nucleotide sequences. All positions containing
gaps and missing data were eliminated. There were a total of 1050 positions in the
final dataset. Evolutionary analyses were conducted in MEGAT.
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Figure 9: nDNA Phylogenetic analysis by maximum likelihood method.

The evolutionary history was inferred by using the Maximum Likelihood method
based on the Tamura-Nei model. The tree with the highest log likelihood (-884.10) is
shown. The percentage of trees in which the associated taxa clustered together is
shown next to the branches. Initial tree(s) for the heuristic search were obtained
automatically by applying Neighbor-Join and BioNJ algorithms to a matrix of
pairwise distances estimated using the Maximum Composite Likelihood (MCL)
approach, and then selecting the topology with superior log likelihood value. The
tree is drawn to scale, with branch lengths measured in the number of substitutions
per site. The analysis involved 38 nucleotide sequences. Codon positions included
were 1st+2nd+3rd+Noncoding. All positions containing gaps and missing data were
eliminated. There were a total of 621 positions in the final dataset. Evolutionary
analyses were conducted in MEGA?7.
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Chapter 4: Discussion

The study, explored the genetic variation of the Phalacrocorax nigrogularis
using variety of approaches based on different nuclear and mitochondrial dataset.
Throughout all analyses, it can clearly deduce that there is no differentiation between
the two subpopulations of Um Qasr and Siniya, which indicates gene flow between
populations. Therefore, it concludes that the two subpopulations can be treated as

one population.

Examining the genetic structure within these populations, we consistently
find a relation between the two populations. This close relationship between Um
Qasr and Siniya becomes apparent in all phylogenetic trees (Figures 8 and 9). It is
further supported by interrelation analyses in PopArt haplotype network (Figures 5
and 6), as well as by Principle component analysis PAST (Figures 5 and 7). Figure
4C clearly reveals that the Siniya and Um Qasr are closely related and overlapping.
Also, there are two haplotype variables (Hap 2 and 3) emerging from the main
haplotype (node 1) in Figure 4C, and they differ from each other by one mutational
step, those might be diverged from the main population as newly emerging
subpopulations. The haplotype network of nDNA data set (Figure 6C) shows that
populations are sharing one major haplotype with three individual deviating out and
this demonstration of a star like pattern is a common haplotype network pattern for

recently expanding population.

The phylogenetic tree was characterized by shallow divergence between
haplotypes (Figures 8 and 9) and general lack of affiliation with the distance between
the two colonies. There is no east-west division between the individuals of Socotra

cormorant, as suggested by phylogenetic tree and the PCA (Figures 5C and 7C).
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This study presents evidence for the lack of population diversity. The results
suggest a low level of genetic diversity throughout the population and seemingly
high level of gene flow between populations. This is in contrast to findings by
(Duffie et al., 2009) where the measured genetic differentiation by the two
populations was significant, leading the authors to conclude that the two
Phalacrocorax harrisi populations are genetically distinct, and should be managed
separately. Similar findings report for other cormorants populations (Winney et al,

2001).

The negative value of pooled Tajimas’ D (D= -0.66563 mtDNA and -1.88258
nDNA) suggests that the population is expanding and singleton mutation found in
(Figures 4C and 6C), may be a result of expansion population growth i.e., a pattern
expected at neutrally evolving genetic markers, if population is not in mutation drift
equilibrium. The star like haplotype pattern (Figure 6C) and somewhat star like in
(Figure 4C) along with the singleton haplotypes might suggest that they are recently
diverged haplotypes and at low frequency in populations. It might imply a bottleneck
event followed by expansion and low decline in haplotype diversity is expected. A
demographic expansion details are outside of the scope of this study, and dating back

these expansions accurately are difficult but would be beneficial for further research.

Our mtDNA and nDNA data set provided the first view of Socotra cormorant
genetic structure. All analyses strongly supported a genetic indifference between
UmQasr and Siniya. The nDNA data set showed that the genetic differentiation
within the population was zero (Fst= 0.), i.e. no genetic differentiation is detected,
suggesting that the populations are one mixed population. Meanwhile, our mtDNA

data set also reveals that genetic differentiation within the populations was
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significantly low (Fst =0.04960). The gene flow value among the populations is (Nm
= 4.79), where a value of Nm>4 indicates that the populations are generally mixing.
This further supports out conclusion that there is negligible differentiation between

the two populations and an extensive gene flow.

The variation estimates of genetic diversity based on the mtDNA sequence
observed in Siniya population were low in comparison, but not significantly different
to Um Qasr. The general low haplotype diversity (hd), nucleotide diversity () and
pair wise comparison (0) overall mtDna and nDNA marker (Table 9 and 10) imply
the possibility that the populations are recovering from a long term of bottleneck
event. It might suggest that the population are genetically suffering and yet to slowly
recover. The observed mtDNA diversity in Sinya is feature of a population that has
undergone a reduction in population size (m= 0.00060 and 6=0.00054). Such a
population is considered likely to show rapid increase in the proportion of identical
or closely identical haplotypes. In addition, a small or bottlenecked population would
be lacking in genetic diversity. The nDNA analysis of the Siniya genetic parameter
(Table 10) suggests that the population is in expansion (7= 0.00016 and 6=0.00045).
However, Siniya mtDNA Tajima’s D value is positive (Table 9) and may imply that
the population is contracting. We assume that the Siniya population underwent a
selection event, affecting the maternally inherited genes, the nucleotide and

haplotype diversity is low with positive value of Tajimas D all attribute to it.

Tajima’s D value is negative for the pooled data of both DNA data sets
(Table 9 and 10), which signifies an excess of low frequency polymorphisms. This
indicates total population size expansion (e.g., after a bottleneck), selection, or

moving variation (e.g., selective sweep). Also, negative and close to zero value of



49
Tajimas D (Table 9) might indicate that the population in general is neutrally

evolving population (Tajima, 1989a).

The amount of DNA polymorphism can be measured by the average number
of nucleotide differences per site (m), the proportion of segregating (polymorphic)
sites (s), and the minimum number of mutations per site (s*). Since the latter two
quantities depend on the sample size, 0 is often used as a measure of the amount of
DNA polymorphism, where 6= 4Nmu, Ne is the effective population size, and [ is

the neutral mutation rate per site per generation (Misawa & Tajima, 1997).

The nucleotide diversity of Um gasr nDNA (6= 0.00140) is three times larger
than Siniya (6= 0.00045), and the mtDNA nucleotide diversity 6 = 0.00107 is nearly
two times as large than Siniya (6= 0.00054). We can assume that Um qasr has a 0
that is 3 times higher than the Saniya 0. Therefore, Um Qasr has higher N (effective
population size) than Siniya. The idea coincides with the Tajima’s D value of the
mtDNA of Siniya (D= 0.26026) where it is a positive value, which might indicate
recent population contraction (Tajima, 1989a). In contrast, to findings by
(Butkauskas et al., 2016), where the measure of mtDNA genetic diversity of the
Great cormorant (Phalacrocorax carbo sinensis) was significant leading the authors
to conclude that the genetic population diversity in different breeding colonies are
highly variable and well-adapted populations and possibly participating in

the process of colonization of new breeding areas in the Baltic region.

Low genetic diversities of endemic species and isolated population of
widespread species tend to be low and this may be an important factor contributing
to their extinction risk. Based on this and the known range of genetic diversity for

Socotra cormorant, we predicted that island endemic seabird with broad geographic
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range would have low haplotype (hd<0.5) and nucleotide diversity (n<0.005). The
population (hd) values were low (0.56 for pooled mtDNA and 0.15363 nDNA) and
nucleotide diversity (7=0.00065 pooled mtDNA and 0.00034 nDNA) this support our
prediction. Low nucleotide variation could result either from low mutation rate or
low effective population size, possibly reflecting past census size changes in history.
Low levels genetic diversity might be due to result of recent founder effect or
bottleneck followed by population expansion or rapid growth from small size after

bottleneck or recent contraction.

In satellite telemetry study done by Muzaffer (2014), post breeding dispersal
of Siniya colony is taking place with Western region colony but no observation
proves any breeding mixing. However, we can see that there is gene flow going on
(Nm>4) which indicates that the populations generally mixing. Our data support
these findings based on both nuclear and mitochondrial markers. No genetic

differentiation was observed between population colony.

Based on our findings the mtDNA and nDNA haplotypes are common to all
population at both localities, and some other haplotypes were present within Um
Qasr population. Low frequency of haplotype and nucleotide diversity in general
breeding and migrating contribute to gene flow and have great effect on the overall
genetic differentiation in the Socotra cormorant populations. Geographically closer

populations tend to be less different from geographically distant populations.

Generally, seabirds exhibit greater dispersal tendencies than inland birds,

which can be a reason for little genetic difference (Schreiber & Burger, 2002).
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Geographic separation might not limit dispersal and suggest cormorants are
demographically unseparated. In addition, there is no evident morphological or
behavioral differences between the populations. However, decline of the
zoogeographic range caused by human disturbances and activities (Aspinall, 1995;
Jennings, 2010; Symens et al., 1993; Khan et al., 2018) may get them to gather and
share similar range. This might cause to be the limited degree of differentiation of the
population or might be associated to the recent population expansion, past
contributive to dispersal, and absence of zoogeographic boundaries to movement that

might obscure any possible relation between phylogeny and geography.

The amount of genetic variation in a population is determined by many
factors, such as the population size, mutation rate and natural selection. The amount
of genetic variation at the DNA level (DNA polymorphism) can be estimated from
the number of segregating sites and nucleotide diversity in a sample of DNA
sequences. The number of segregating sites is one of the most important indicators
which quantify the amount of DNA polymorphism (Watterson, 1975). This number
as well as nucleotide diversity is known to be influenced by change in population
size (Tajima, 1989b). The distribution of pairwise nucleotide differences among a
sample of DNA sequences is also known to be influenced by change in population
size (Slatkin & Hudson, 1991). Combination of moderate values of haplotype
diversity coupled with very low values of nucleotide diversity at the pooled mtDNA
and nDNA data set was detected in Socotra cormorant population, can be considered
consistent with the scenario of population expansion after a period of low (Ne)
effective population size or long term of bottleneck event. Those negative events are
represented by sharp reduction in size of population would give a rise to reduced

variation in gene pool, and smaller genetic diversity, this situation remains to pass on
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for generations and are hard to recover from. Robustness of population and its ability
to survive selecting environmental changes mainly based on their genetic diversity. It
can only increase with gene flow from other populations or slowly increasing in time
with random mutation. The lack of diversity can be attributed to the absences of
effective law protection, exploitation or other environmental factors adding to its
vulnerability. If human disturbance, egg collecting and colonies persecution persist,

there is a great chance that the genetic recovery of the populations hindered.
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Chapter 5: Conclusion

The analyses suggested the presence of strong/high gene flow within the
UAE Socotra cormorant populations; the western cormorant population extends in
the eastern cormorant population range and vice versa. No genetically distinct

subpopulations can be detected between the Eastern or Western populations.

Additional sampling and whole genome sequencing (WGS) analysis would
be necessary to confirm this assumption and represent accurately any potentially
unique contemporary population. We note that while locations are evidently
connected by sufficient gene flow to prevent significant genetic divergence, the
Eastern and Western regions, or portions of the breeding region therein, may still
warrant differential consideration from populations in the Northern and Southern
regions to possible demographic separation, habitat differences, and documented
declines at some colonies. Additional information on regional population
demographics, breeding site fidelity, and prolonged movements throughout the
annual cycle, would further clarify the demographic connectivity of these regional

populations.
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Appendix

Nuclear markers
Park7
>P2_UJ20 {length 743, GC 43%)}

GGCAGTTGGCCAGATGTCTTCATTTGTCCTGATGCCAGTCTTGAAGATGCCAGAAAAGAGGTTGGT
CATCACCCTAGTCTGATATAATGGCCACCATAGCCTTTCTCACAGTTTCAGCAGTGAATCTCGAAAG
CTTATGCATTACCTTTAGAAATATGTTATGTGGTATGTTAGCTCTGCGCAGTAGTGAATCACAGAAC
TGCACGTCCTGCAGTCCCCCTCTTCAGTGTTGTCCTGCTTCATAGCATGCTAGGATCAGACAGATTTC
TTAACTCTGCATGGGTATTTGTTTTTGCAAAGCATCAAACATAGAGCTTTATTTTGCATGTTAGTCAG
CCCAACAAAACAGCGTGATTTGGAAAAACTGAAAAGTTCTGATGGGAAGCTAAGCAATGCTGTAGT
TAGACCTGTACAGTAAGGTTGGAGCAAAACCACTTGTCTTTACAGTGCAAGAGCTGCCATTTGCTTG
CTGAAGCTCTTAAATGCCATGGGTTAAAGTTAGTTCTGTGACAGACTTTATTGACAATAGGCTCTTC
CTGGAATAGGAAACAGTATTTTGTTGCACAGGTGGAACTGGTTCTCTGGTCATACAGATCCCTTTGC
TTCTCGCTTGACTCAGCTGTAGTGGCCTTAAAACATTGTAACATATCTACTGGCCTCTGTTCAACAGA
ACAGTTTCGGTTTTTGTTTTTTITAGGGGCCTTACGATGTCGTGGTCCTGCCTGGGAGTATAAAGCTTT
GAAA

MtDNA markers
12S
>P8_UJ20 {length 195, CG 51%}

GCACCACGTAGAGGAGCCTGTTCTATAATCGATAACCCACGATTCACCCGACCGCCCCTTGCCAAAA
CAGCCTACATACCGCCGTCGTCAGCCCACCTTCATGAAAGAACAACAGTGAGCGCAATAGCCTCTCC
CGCTAACAAGACAGGTCAAGGTATAGCTCATGAGGCGGAAGAAATGGGCTACATTTTCTTA
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ATPs6
>P5_UJ20 {length 675, GC 46%}

GGTCATGTGTATAGGCTTAATAGTAGTACGAATACGTAGGCTTGGATTATGGCTACTGCTACTTCTA
GGATTGTTAATAGTAGTAGGATTAGTGTAGTTAGGATTGAGATTGTTGGCATGATGGGGAGGAGT
ACAGTGGTAGCTGTGGAGATTAGTTGGATGAGGAGGTGGCCTGCTGTGAGGTTTGCTGTGAGTCG
AACACCAAGTGCAAGAGGGCGGATGAGTAGGCTGGTAGTTTCGATTATGATTAGGGCTGGGATTA
GGGGAGTGGGGGTTCCTTCAGGCAGGAGGTGTCCTAGTGAGATAGTTGGTTGGTTTCGTAGGCCA
GTGAGTAAGGTTGCAAGTCAGAGTGGGAATGCCAGTGCTATATTTATTGATAGTTGGGTGGTTGGG
GTGAATGTATATGGGAGTAGCCCTAGTAAGTTGGTTATGAGTAGGAGGGCTATTAATGATGTTAGG
ATTAGGGCCCATTTATGCCCCTTCTTGTTTAGGGGCATTATTAGTTGTTTTGTGATAAGGTGGAGTA
GTCATGATTGTAGGGTGGAGAGTCGGTTGGTGACCCATCGGTTATCTGGTGATGGGAGTAGTAGG
GCAGGGAGTAGTATAGAGAGTAGGATTAGAGGAATGCCTAGGAGGCATGGGCTTGTGAATTGGTC
GAAGAAGCTTAAGGTTCAT

COl
>P11_UJ20 {length 379, CG 49%}

TCGTATTTTCGGTGCCTGAGCCGGCATAGTTGGAACTGCCCTCAGCCTACTTTATCCGTGCAGAACT
AGGCCAACCAGGAACCCTCCTAGGAGATGACCAAATCTACAACGTAATTCGTCACTGCCCATGCTTT
TGTAATAATCTTCTTCATAGTGATGCCCATCATAATCGGGGGATTCGGAAACTGACTGGTTCCCCTC
ATAATCGGTGCCCCCGACATAGCATTCCCACGTATAAATAACATAAGCTTCTGACTCCTTCCACCATC
ATTCCTCCTCCTATTAGCCTCTTCTACAGTAGAAGCAGGCGCAGGTACAGGATGAACTGTATATCCC
CCTCTAGCCGGAAACCTCGCCCATGCCGAAGCCTTCAGT
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