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ABSTRACT

GENETIC STRUCTURE OF Populus euphratica POPULATIONS IN GOKSU
RIVER ECOSYSTEM

Kansu, Cigdem
Ph.D., Department of Biological Sciences
Supervisor: Prof. Dr. Zeki Kaya

April 2018, 91 Pages

Poplar is one of the economically most important plants growing in Anatolia.
Developing and growing world population and ascending demand for energy sources
increased the genetic studies on poplars. There are four poplar species that have
economical value and distributed naturally in Turkey; Populus nigra, Populus tremula,
Populus alba and Populus euphratica. Populus euphratica, which can survive in salty
and calciferous soils and known as Euphrates poplar, is resistant for low moisture and
long summer drought. Having economical value for these respects, this species is
distributed in East Mediterranean and Southeastern Anatolia. The species possesses
great importance for both renewable energy resources and persistence of a healthy
river ecosystem. Due to decreasing water resources with increased population and
habitat destructions by human activities, the distribution area of this species become
narrower gradually as well as loss of gene sources. Hence, searching for potential
genetic diversity present in species’ genetic resources is of great importance in terms

of conservation (in situ and ex situ), breeding and use.

In this PhD Thesis, genetic structure and diversity of Populus euphratica populations
in the Goksu river ecosystem were studied with 21 microsatellite DNA (SSR: single
sequence repeats) markers. Results demonstrated reduced level of genetic diversity
with low heterozygosity values (Ho:0.50+0.07, uHe:0.49+0.06). Severe past
reductions in population sizes have resulted in loss of genetic variation for the species.
Native populations of this species in the Goksu river are experiencing gene pool
shrinkage and are in great danger of collapsing, mainly because of anthropogenic

pressures. With great number of private alleles and slightly higher heterozygosity
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values The Euphrates river population is shown to be an effective candidate of genetic
resource for future conservation studies.

Effective breeding and conservation programs including in situ conservation of
Euphrates poplar stands in the Goksu river and ex situ conservation by establishing
gene banks and clone banks in order to preserve germplasm resources should be
initiated immediately. The conservation of these genetic resources is of great

importance and priority should be given for fast and reproducible actions.

Keywords: Populus euphratica, Microsatellite, SSR, genetic structure, genetic
diversity
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GOKSU NEHIR EKOSISTEMINDE Populus euphratica
POPULASYONLARININ GENETIiK YAPILANMASI

Kansu, Cigdem
Doktora, Biyoloji Boliimii
Tez Yoneticisi: Prof. Dr. Zeki Kaya

Nisan 2018, 91 Sayfa

Kavak, Anadolu’da yetisen en 6nemli ekonomik bitkiler arasinda yer almaktadir.
Tiirkiye’de ekonomik oneme sahip ve dogal olarak bulunan 4 kavak tiirii vardir;
Populus nigra, Populus tremula, Populus alba ve Populus euphratica. Firat kavagi
olarak bilinen ve tuzlu, kiregli topraklarda yasayabilen Populus euphratica diisiik hava
rutubetine, uzun yaz kurakligina dayaniklidir. Bu a¢idan ekonomik bir 6nem tasiyan
bu tiir Akdeniz bdlgesinin dogusu ve Giineydogu Anadolu boélgesinde yayilis
gostermektedir. Tiir, yenilenebilir enerji kaynagi olmasi agisindan ve saglikli bir nehir
ekosisteminin devamlilig i¢in biiylik 6neme sahiptir. Artan niifus ile birlikte azalan
su kaynaklar1 ve insan aracilifiyla yapilan habitat tahribati nedeniyle tiiriin yayilis
alan1 gittikge daralmakta ve gen kaynaklari kaybolmaktadir. Bu nedenle, tiiriin genetic
kaynaklarinda bulunan potansiyel genetik ¢esitliligin aragtirtlmasi koruma (in Situ ve

ex situ), islah ve kullanim agisindan ¢ok 6nemlidir.

Bu doktora tezinde, Goksu nehir ekosistemindeki Populus euphratica
popiilasyonlarinin genetic yapisi ve gesitliligi 21 mikrosatelit DNA (SSR: basit tekrar
dizileri) markorii ile ¢alisilmistir. Sonuglar oldukea diisiik heterozigotluk degerleri ile
azalmig genetik cesitlilik  seviyesi oldugunu gostermistir  (Ho:0.50+0.07,
uHe:0.49+0.06). Gecmiste gecirilen siddetli popiilasyon kiiciilmeleri tiiriin genetic
varyasyonunun kaybolmasi ile sonuglanmistir. Tiriin Goksu nehrindeki dogal
populasyonlar1 gen havuzu daralmasi yasamakta ve antropojenik baskilar yiiziinden

cok biiyiik bir ¢okme tehlikesi ile kars1 karsiya kalmaktadir. Firat nehri
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poplilasyonunun c¢ok sayida Ozel allele sahip olmasi ve kismen daha yiiksek
heterozigotluk degeri ile gelecek koruma ¢aligmaari i¢in etkili bir gen kaynagi aday1

oldugu ongorilmiistiir.

Goksu nehri Firat kavagi mesgerelerinin in situ korunmasi ile gen kaynaklarin
korumak i¢in gen bankasi ve klon bankasi kurulumuyla yapilacak ex situ koruma
iceren etkili 1slah ve koruma programlar1 derhal bagslatilmalidir. Bu genetik
kaynaklarin korunmasi biiyiik 6nem arz etmektedir, bu yiizden hizl ve tekrarlanabilir

eylemlere oncelik verilmelidir.

Anahtar Kelimeler: Populus euphratica, Mikrosatelit, SSR, genetik yapilanma,
genetik ¢esitlilik
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CHAPTER 1

INTRODUCTION

Poplars and willows are species of Salicaceae family, which are deciduous trees or
shrubs. The family comprises two genera with approximately 400-500 species,
Populus (poplars, cottonwoods and aspens) and Salix (willows, sallows and osiers),
respectively. Salicaceae was traditionally a temperate climate family consisting of
poplars and willows. However, according to recent plastid DNA analysis, some tribes
of the tropical family Flacourtiaceae and the Salicaceae have a common ancestry
(Chase et al. 2002). Thus, the Angiosperm Phylogeny Group (2003) recommended a
reordering of these taxa and the family is recognized as Salicaceae sensu lato,
including tribes Saliceae (Populus and Salix), Flacourtieae, Samydeae, Homalieae,
Scolopieae, Prockieae, Abatieae and Bembiciea. Yet, this classification did not have a

predominant acceptance in literature.

Members of the family is distributed mainly in the temperate, boreal and tundra regions
of the northern hemisphere, but there are species native to the subtropical and tropical
regions of North America, Africa and Asia and South America as well (Isebrands and
Richardson 2014)

According to Skvortsov (1999) and Dorn (1976) Populus is evolutionarily more
primitive than Salix, which were diverged about 60-65 million years ago from a
common paleotetraploid ancestor after the “salicoid” duplication event (Dai et al.
2014; Tuskan et al. 2006). After genome sequencing of Populus, it is understood that
lineages of Populus and Salix shared the same large-scale genomic history (Tuskan et
al. 2006).



1.1. Populus L.

Genus Populus has key species that are dioceous, wind pollinating and distributed
especially along river ecosystems (Braatne et al. 1996). Members of the genus are
suitable for industrial wood production worldwide. The number of species in genus is
controversial in literature as few as 22 to as many as 85 (Eckenwalder 1996) due to
broad distribution of the species, extensive phenotypic variation and presence of
hybrids. According to the most commonly accepted classification, there are 29 species
in the genus, which is divided into six sections, Abaso, Turanga, Leucoides, Aigeiros,

Tacamahaca and Populus, respectively (Eckenwalder 1996).

In Turkey, genus Populus was identified with four native species in The Flora of
Turkey and the Aegean Islands. These are namely, Populus nigra L. (black poplar),
Populus tremula L. (aspen poplar), Populus alba L. (white poplar) and Populus
euphratica Oliv. (Euphrates poplar) (Browicz and Yaltirik 1982). In addition to these,
there is an introduced North American species Populus deltoides Marsh., which can

make hybridizations with black poplar frequently.

Populus trees reach reproductive maturity at an age of 10-15 years under favorable
conditions in natural populations (Stanton and Villar 1996). Populus flowers are
catkins and flowering usually starts in early spring, lasts for 1-2 weeks and after that
leaf emergence follows. (Braatne et al. 1996; Eckenwalder 1996). Wind Pollination
continues one or two months (Braatne et al. 1996) and the distance pollen can reach
during pollination is highly variable (Tabbener and Cottrell 2003). Fruits are capsules
with very small seeds produced with cotton-like appendages in great numbers (Braatne
et al. 1996).

Besides sexual reproduction, the genus has high capacity to propagate vegetatively via
root suckers. Also, individuals have the ability to undergo vegetative propagation
naturally by the help of broken branches, enabling genotypes to spread over large
distances (Legionnet et al. 1997). This allows a successful genotype with desired

characteristics to be distributed in favorable environment readily.



1.2. Populus euphratica Oliv.
1.2.1. Biology and Ecology

Euphrates poplar (Populus euphratica) is a dioceous, broadleaved, bushy tree which
belongs to the section Turanga of genus Populus. It can attain a height of about 15 m
and a girth of 2.5 m under favorable conditions. It is one of the pioneer species in
riparian forests in arid areas due to its tolerance to drought, high salt concentration and
dust storms. Furthermore, it is well known for its phreatophytic habit of growing in
deserts (Gries et al. 2005). The species is diploid and possesses a basic haploid

chromosome number of n = 19 just like the other poplar species.

This species has glabrous leaves which are glaucous-green on both surfaces. Leaves
are heteromorphic, thus there is a leaf shape polymorphism in different parts of the
crown. Young plants and shoots have lanceolate to elongate-ovate leaves with
generally entire margins, resembling willow, while older trees and shoots have ovate-
rhombic, elliptic-orbicular or reniform leaves with shallowly dentate margins in upper
part (Figure 1.1) (Browicz and Yaltirik 1982; Mamikoglu 2007).

Female and male flowers are catkins on different individuals and the species is wind-
pollinated (Figure 1.1). Flowering time depends on the geographic and climatic
conditions, but in Turkey it usually starts in late March (Mamikoglu 2007). Fruits are
capsules with very short-lived seeds enveloped in silky hairs for efficient wind
dispersal. The species produces high number of seeds which could germinate on wet
floodplains. Thus, seed dispersal generally coincides with the annual high flood.
Germination depends on wet and exposed sites found at riverbanks, especially alluvial
soil. As a result, P. euphratica is distributed widely along riverbanks (Westermann et
al. 2008). Moreover, after germination, seedlings should have continuous access to

ground water to survive (Gries et al. 2005).

Euphrates poplar has the ability to regenerate by root suckers besides seed/seedlings
and propagating via broken branches is rare, if occurs. Clonal growth by root suckering
starts when the plants reach at an age of 11-15 years and root suckers can bridge
distances up to 40 m from the parent tree (Wiehle et al. 2009).



Figure 1.1: Representative pictures of leaves and flowers of Populus euphratica A&B:

Polymorphic leaf shapes C: Male catkins D: Female catkins (Mamikoglu 2007).

The species is known for its remarkable survival under unfavorable conditions such as
alkaline soils, drought and salt stress, and extreme temperatures. Euphrates poplar
individuals survive very cold winters (down to —40°C) and hot summers (up to 43°C)
with low rainfall and high evaporation rates.

Although it is highly tolerant to drought, water transport system of Euphrates poplar
is damaged by cavitation if there is water deficit (Hukin et al. 2005). This is
compensated by possessing a deep root system. Euphrates poplar is a phreatophyte,
meaning that it is a deep-rooted plant that has to get water from a permanent ground
supply or from the groundwater table. Therefore, survival of the species is dependent
on access to deep water tables such as those occurring on riverbanks. This species is
also well- known for its ability to cope with high levels of salinity (Chen et al. 2001;
Gu et al. 2004).

Hybridization is common in Populus species and inter-specific hybridization

accompanied by clonal selection is important for domestication of species with

economically important traits. Hybridization trials of the species were done with P.

deltoides, P. nigra and P. simonii (Zsuffa et al. 1996), and P. alba (Mofidabadi et al.
4



1998) from which successful hybrids were obtained. In Turkey, hybridization studies
between P. euphratica and other fast growing, high wood content poplars were
conducted in 1968-1971, but the attempts did not produce viable pollens or seeds
(Tungtaner 2008)

1.2.2. Distribution

The distribution range of Populus euphratica extends from northern Africa over the
Middle East to Central Asia, northern India and China (Figure 1.2). There is also an
isolated population with anthropogenic origin in Spain (Fay et al. 1999). The largest
forests of Euphrates poplar are found in Kazakhstan and China (Thevs et al. 2008;
Wang et al. 1996). This extraordinary species has latitudinal and altitudinal ranges
from 48 to 49° North in Kazakhstan to 15° North in Yemen, and from 390 m below

sea level in the Dead Sea depression to 4500 m in Kashmir (Browicz 1977).

Figure 1.2: Natural range of Populus euphratica in Eurasia and Africa (Browicz 1977)

In Turkey, the species is distributed naturally throughout South and Southeastern
Anatolia. The Eastern border of distribution is the Dicle river and its tributaries and
Western border is the Bozyaz1 River in Anamur (Figure 1.3). The densest stands of

this species are found in the Euphrates and the Goksu river basins.



—

Figure 1.3: Natural distribution of Populus euphratica in Turkey (TUBIVES database
http://www.tubives.com/index.php?sayfa=1&tax_id=8512)

1.2.3. Importance of Euphrates Poplar and Threats to the Speices

Populus euphratica, together with Populus tremula, Populus nigra and Populus alba,
is important for wood and timber production for rural people since antique ages. It is
also used in grazing sheep and goats, planted for windbreaks and stabilization of soil
in its natural range as an ecosystem service. Besides, Euphrates poplar is one of the
indicators to determine sustainable usage of river potentials. River ecosystems provide
natural habitats for many socially, economically and ecologically important species.
Since the mass production of the species is problematic due to groundwater access
requirement for survival of seedlings, its role in desert and river ecosystems should be

well studied and conserved.

Due to its natural survival capacity in extreme environmental conditions, projects
aiming to obtain transcript profiles and expression studies were increased remarkably
(Brosché et al. 2005; Gu et al. 2004; Qiu et al. 2011). Euphrates poplar is also drawing
attention for hybridization programs because of its tolerance to high temperatures,
salinity and drought (Calagari et al. 2004; Mofidabadi and Modir-Rahmati 2000).



Although the species does not have an assigned IUCN Red List category yet, the
number of populations and individuals of this species has dropped considerably in
recent years to the point where it should be now considered to be endangered all over
the world (Bruelheide et al. 2004). In addition, The Forest Tree Genetic Resources
Panel of the Food and Agriculture Organization of the United Nations (1995) declared
that P. euphratica was one of the threatened boreal species.

This species is one of the most important poplar species in northwest China, where
there is an in situ conservation program for P. euphratica forests in the Tarim river
reserve in Xinjiang Autonomous Region (Yimit et al. 2006). Moreover, P. euphratica
forests in Taklimakan desert in Xinjiang Uygur Autonomous Region were nominated
for World Heritage List in 2010 (UNESCO World Heritage Center, 2010).

In Turkey, Euphrates poplar stand in Birecik, Sanliurfa is a natural breeding area for
Pallid Scops Owl (Otus brucei), which is in first priority conservation program in
Europe (Karacadag Development Agency, 2014). On the other hand, dam
constructions in rivers for meeting the increased energy demand diminishes flooding
and lowering groundwater tables, thus preventing survival of the seedlings. In some
localities, habitats are extirpated for agricultural practices or fragmented for

urbanization.

1.2.4. Euphrates poplar in Turkey

Besides its natural range in Turkey, it is known that Euphrates poplar was planted in
Konya Karapinar for preventing erosion. Moreover, there is one plantation in Birecik,

Sanliurfa in the district of Birecik Forest Nursery Directorate.

The first study related with Euphrates poplar was giving information about
identification and morphological characters of the species (Acatay 1961) Later on,
there were hybridization and cloning trials (Giilbaba 1991) and studies investigating
wood structure and anatomical features of the species (Acar 1973). Greenaway et al.
(1991) studied the phenolics of bud exudates from the individuals sampled from
Euphrates river. There is also a master’s thesis studying morphological characters of
the species (Karatay 2003). However, there is no study investigating genetic diversity
and structure of Populus euphratica populations naturally found in Turkey. Although



recently the Karacadag Development Agency of Ministry of Development organized
a workshop on drawing public attention and suggesting conservation projects on the
species, there exists no sufficient genetic data on genetic resources in order to initiate

a comprehensive conservation strategy for populations in Turkey.
1.3. Microsatellite Markers

Microsatellites, short tandem repeats (STRs) or simple sequence repeats (SSRs) are
tandem repeat motifs of 1-6 bp length. These repeat regions are present both in
prokaryotes (Field and Wills 1998) and eukaryotes (Tautz and Renz 1984). They are
among the most variable types of DNA sequence in nuclear (nNSSR) or organellar
genomes (cpSSR, mtSSR) (Provan et al. 2001; Rajendrakumar et al. 2007). They are
length polymorphisms, which occurs both in coding and noncoding regions of
genomes (Zane et al. 2002). However, majority of microsatellites occurs in intergenic
sequence or in the introns, which are non-coding DNA. These repeat regions are the
ones that are preferentially used as genetic markers due to their neutral evolution.

Length changes or allelic patterns in microsatellite DNA can stem from replication
slippage and point mutations (Ellegren 2002; Kruglyak et al. 1998; Levinson and
Gutman 1987). If these changes in microsatellite DNA are not corrected by mismatch
repair system, they end up as new microsatellite mutations (Strand et al. 1993). The
rate of these mutations can vary according to the loci and species under consideration.
It is known as the higher the number of repeats, the higher the mutation rate is (Ellegren
2000). Presence of retrotransposons, which are repetitive DNA, is also related with
generation of new microsatellite regions or new allelic combinations (Nadir et al.
1996; Temnykh et al. 2001).

1.3.1. Microsatellite markers in Population Genetics

Microsatellites are multiallelic markers with unique properties such as hyper
variability, codominant inheritance, reproducibility, relative abundance, extensive
genome coverage, chromosome specific locations, automated and high throughput
genotyping (Parida et al. 2009). Thus, they have various applications in genome
mapping, forensics, parentage analysis, population genetics and conservation genetics
(Kalia et al. 2011). Nuclear and organellar microsatellite or SSR markers are used in
genetic mapping (Gaudet et al. 2008; Han et al. 2004), identification of genetic
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resources and diversity (Powell et al. 1995; Prasad et al. 2000) and conservation
biology studies (Chase et al. 1996) frequently.

Although currently there are new high throughput genotyping techniques, genome
wide abundant distribution and inexpensive analysis techniques of these markers
ensure their significance in generating sufficient data to assess genetic variation.
Hence, SSR markers are used to estimate the level of genetic diversity in various
studies (Dayanandan et al. 1998; Fossati et al. 2003; Rajora et al. 2000; Rathmacher et
al. 2010; van de Ven and McNicol 1996).

1.4. Population genetics studies of Euphrates poplar

Molecular and population genetics studies of Populus euphratica are very recent and
limited in number. One of the very first study was assessing genetic variability of Israel
populations with isozyme markers (Rottenberg et al. 2000). After that, there were
studies investigating genetic diversity and structure of populations in China with
RAPD and AFLP markers (Bruelheide et al. 2004; Saito et al. 2002). Later on,
microsatellite markers were in action and some multiplex PCR systems with primers
designed for other poplar species were tried to investigate genetic variation, sex ratio
effects and clonal growth (Eusemann 2010; Eusemann et al. 2009, 2013; Petzold et
al. 2013; Xu et al. 2013). While SSR primers designed for other poplar species were
in use, new species specific markers were developed and used in genetic variation
studies (Wang, Li et al. 2011; Wang et al. 2015; Wu et al. 2008). Besides microsatellite
markers from non-coding regions of genome, EST-SSRs were developed to be used in
population genetics, comparative genomics, linkage mapping, QTL, and marker-
assisted breeding (Du et al. 2013).
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CHAPTER 2

JUSTIFICATION AND OBJECTIVES OF THE STUDY

Euphrates poplar is a substantially important species for river ecosystems owing to its
survival in stress conditions such as low humidity, high temperature, salinity and
drought. It is one of the native species of poplars in Turkey and possesses great
importance for both renewable energy resources and persistence of a healthy river
ecosystem. Hence, investigating potential genetic diversity present in species’ genetic
resources is of great importance in terms of conservation (in situ and ex situ), breeding

and use.

As a consequence of increased number of dams and levees to meet gradually
increasing water and energy demand, the species’ habitats are either fragmented or
disappeared. For the Goksu river basin in particular, there are two dams (Ermenek and
Gezende) and five hydroelectric power stations on the Goksu river, which cause flow
decrease and lower groundwater tables. Moreover, agricultural activities are one of the
major sources of income for the rural population and riverbanks have been cleared to
extend the land for cultivation. Hence, in Goksu river basin genetic resources of the
species are in great danger due to anthropogenic pressures. Consequently, the
populations with extensive gene pool that could contribute to species diversity should
be determined and included in conservation programs immediately. Hence, the goals

of this study are;

e to determine reproducible and informative microsatellite loci for studying
genetic variation of Euphrates poplar,

e to investigate magnitude of genetic diversity and structure of Euphrates poplar
populations in the Goksu river basin with microsatellite markers,

e to generate information for initiating efficient conservation programs and

preserving and use of genetic resources in the Goksu river basin.
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Furthermore, an additional population from the Euphrates river was included to the
study in order to compare genetic diversity of two different river systems and to

identify whether the gene pool of the populations in Goksu are enriched by gene flow

from an outsider population.

12



CHAPTER 3

MATERIALS AND METHODS

3.1. Plant Material and Field Work

The field studies for sampling was held on in August 2014. For DNA extraction and
further molecular analysis young leaf samples were gathered from Populus euphratica
trees. There were five sampling locations (populations) in two main rivers, Goksu and
Euphrates, respectively (Table 3.1). Their corresponding locations are shown on
Turkey rivers map in Figure 3.1. Goksu populations were determined to represent
upstream tributaries (Gokcay and Ermenek), middle (Mut) and downstream (Silifke)
of the river. There is only one population representing the Euphrates river which is the
closest portion to the Turkey-Syria border. In field, leaf samples were collected from
individuals at least approximately 200 m apart in order to prevent clonal sampling. The
number of individuals in each population varied according to the size of the population.
Leaf samples from each tree were gathered and placed in silica gel containing zipper
bags until DNA extraction to avoid decay. Pictures from field work are given by Figure
3.2.
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Table 3.1: Sampling locations and corresponding populations in two rivers

River Population ID  Altitude Range Number of Individuals
Gokcay 250-288m 46
Ermenek 331-359m 23
Goksu
Mut 86-112m 39
Silifke 30-92m 32
Euphrates Euphrates 33-351m 20

KA RADENI z

A KD ENIZ

Figure 3.1: Sampling locations and corresponding populations in Turkey river map
(adopted from Cografya Harita website,
http://cografyaharita.com/turkiye_hidrografya_haritalari.html)
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Figure 3.2: Photographs from field work study areas. A and B: Views from the study
area along the Goksu river C: Young Populus euphratica individuals in the Goksu river
basin D: A view from the study area along the Euphrates river

3.2. Molecular Studies
3.2.1. DNA Extraction

For the DNA extraction, leaf samples were first ground with mortar and pestle using
liquid nitrogen (-196°C). From the powder obtained, ~0.1g was used for DNA
extraction. Total DNA extraction was performed according to Doyle (1991) CTAB
extraction protocol with some modifications (Appendix A). Visual confirmation of
total DNA was done with Agarose gel electrophoresis and concentration and purity of
the obtained DNA samples were measured using NanoDrop 2000/2000c
Spectrophotometer (Thermo Scientific).
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3.2.2. PCR Amplification of Microsatellite Loci

For the population genetics study, first a panel of thirty-two microsatellite loci were
used to check the amplification success of the corresponding primers. Among those,
twenty-two of the loci were successfully amplified. The repeat motif, primers and their
reference, and expected product size for each locus are given in Table 3.2. In order to
perform microsatellite genotyping for the individuals, DNA Fragment Analysis by
Capillary Electrophoresis was done. For this purpose, one of the primers was labelled
with a fluorescent dye for each locus prior to amplification (Table 3.4). The
Polymerase chain reaction conditions for the loci used are given in Table 3.3. In PCR
reactions 5x HOT FIREPoI® Blend Master Mix Ready to Load (Solis BioDyne, Tartu,
Estonia), which included 15mM MgCl,. was used. The presence of products was

verified by running 3% Agarose gel electrophoresis.
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Table 3.4: Annealing temperatures of the primers for the microsatellite loci and the
fluorescent dyes used

Locus ID Ta (°C)  Fluorescent Dye

WPMS5 55 6-FAM
WPMS7 55 6-FAM
WPMS10 51 HEX
WPMS12 50 TAMRA
WPMS14 60 HEX
WPMS15 60 6-FAM
WPMS18 57 TAMRA
WPMS20 54 6-FAM
PMGC14 55 6-FAM
PMGC2163 55 HEX
PMGC2889 55 HEX
PMGC93 55 TAMRA
Pe2 59 VIC
Pe5 57 NED
Pe6 59 VIC
Pe7 57 PET
Pe8 60 6-FAM
Pel3 57 PET
Peld 60 6-FAM
Pel5 52 NED
Pel7 53 PET
Popeul3 52 VIC

3.2.3. DNA Fragment Analysis for Microsatellite Genotyping

After amplification of products with labelled primers, the fragment analysis by
Capillary Electrophoresis was done in BM Laboratory Systems Facilities, Ankara.
Assay procedure for fragment analysis was done with the Applied Biosystems 3730
XL DNA Analyzer (Applied Biosystems, Foster City, CA, USA) using an internal
standard size marker The GeneScan ROX labelled 400HD. In this analysis the
software uses the size standard to obtain a standard curve after amplified fragments
were separated by size using capillary electrophoresis together with size standard
fragments. Then it determines the relative size of each fragment in the sample studied
by comparing fragments with the standard curve and assigns allele calls of the sample

for the loci under evaluation. The result of this analysis is an electropherogram, an

19



example of which is shown in Figure 3.3. In order to obtain this electropherogram, one
of the primers for each locus was labelled with a fluorescent dye, so that each locus

has fragment peaks in different colors (Table 3.4).

Base callings were manually checked in Peak Scanner 2.0 software (Applied
Biosystems) and allele sizes were recorded for each individual per locus to obtain

microsatellite genotypes.
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Figure 3.3: A microsatellite electropherogram example of 3 different SSR loci used in
the study (y-axis: Relative Fluorescence Units, x-axis: Size of the fragment, numbers
in black boxes are showing the sizes of the corresponding fragments)
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3.3. Population Genetics Analyses

The formula for population genetics statistics were given in appendix B and

representative file formats were shown in appendix C
3.3.1. Detection of Clones

Salicaceae family has the characteristics of clonal reproduction and genus Populus has
the ability to propagate vegetatively via root suckers or by the help of broken branches.
As a member of the genus, clonal propagation by root suckering in P.euphratica sets
in when the plants reach an age of 11-15 years and root suckers can reach at distances
up to 40 m (Wiehle et al. 2009)

The data obtained from the fragment analysis of 22 microsatellite loci were analyzed
with GenClone 2.0 software (Arnaud-Haond and Belkhir 2007) in order to determine

any clonal sampling among genotypes in the populations.
3.3.2. Null allele presence

One of the problems affecting analysis of microsatellite loci is the presence of null
alleles that are caused by (i) mutations in the primer binding region, thus preventing
amplification of true alleles (Pemberton et al. 1995) (ii) the preferential amplification
of short alleles due to DNA template quality, and (iii) DNA slippage during PCR
amplification (Chapuis and Estoup 2007; Shinde et al. 2003).

The presence of null alleles could appear as an excess of homozygotes which in turn
leads to deviations from Hardy-Weinberg equilibrium (Carlsson 2008). Thus, null
alleles may result in overestimation of genetic differentiation and affect population
genetic analyses (Chapuis and Estoup 2007; de Sousa et al. 2005). In literature many
different estimating methods are present (Brookfield 1996; Chakraborty et al. 1992;
Dempster et al. 1977; Kalinowski et al. 2007; Marshall et al. 1998; Van Oosterhout et
al. 2004; Weir 1996). There are numerous computer programs that are estimating null
allele frequency (r) based on those different methods such as Genepop (Rousset 2008),
Cervus 3.0.7 (Marshall et al. 1998), Microchecker (Van Oosterhout et al. 2004) and
ML-NullFreq (Kalinowski and Taper 2006).

For the null allele presence, Brookfield's (1996) estimator method implemented in

Genepop 4.2 (Raymond and Rousset 1995) was first used to detect null allele
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frequencies for each locus in each population. But Dabrowski et al. (2014) suggested
that the null allele detection may be improved by combining results of several methods.
Thus, subsequent analysis was done with MICRO-CHECKER 2.2.3 (Van Oosterhout
et al. 2004) to check scoring errors and allele dropouts in addition to presence of null
alleles. The program estimates the frequency of null alleles together with identification
of short allele dominance (large allele dropout) and the scoring of stutter peaks. The
null allele frequency (r) is estimated using the methods described by Chakraborty et
al. (1992) and Brookfield (1996). Further additional analysis was performed with
Cervus 3.0.7, in which null allele frequency is estimated by analyzing deviations from
Hardy—Weinberg equilibrium using a chi-square goodness-of-fit test (Marshall et al.

1998) and results are shown in Appendix D.
3.3.3. Microsatellite Polymorphism and Genetic Diversity Parameters

For each locus and population, number of alleles (Na) and mean effective number of
alleles (Ne), observed (Ho) and unbiased expected (uHe) heterozygosity, Fixation
index (F), Shannon's Information Index (1) and Private alleles and their frequencies
were assessed by GenAlEx 6.503 (Peakall and Smouse 2012). In addition to number
of alleles and mean effective number of alleles, allelic richness (Ar) was computed by
FSTAT version 2.9.3.2 (Goudet 1995). It is representing the number of alleles
standardized according to the smallest sample size so that excluding the sample size
bias in the study. Variation in sampling numbers would bias estimates of allelic
richness. Thus, while estimating Ar, FSTAT is incorporating a rarefaction option,
which is used to standardize Ar to the smallest sample size in the analysis (Petit et al.
1998).

Polymorphism information content (PIC) at each locus was calculated by Cervus
version 3.0.7 (Kalinowski et al. 2007). In addition, for each population proportion of
polymorphic loci (%P) and the probability of identity (PI) were estimated with
GenAlEx 6.503 (Peakall and Smouse 2012). Genepop 4.2 (Raymond and Rousset
1995; Rousset 2008) was used to asses F statistics (Fis, Fst and Fir) for each locus
among populations and to implement exact tests for testing the Hardy-Weinberg
deviations. A Markov chain (MC) algorithm with default parameters is used to
estimate without bias the exact p-value of this test (Dememorization number:1000,
Number of batches:100, Number of iterations per batch:1000) (Guo and Thompson
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1992). Gene flow was estimated from Fst obtained from GenAlEx 6.503 (Peakall and
Smouse 2012) (Nm=0.25 (1-FsT)/FsT).

To test for any experienced population reductions in effective size of populations,
Garza-Williamson Index (Garza and Williamson 2001) was calculated for all loci and

populations with the software Arlequin version 3.5.1.2 (Excoffier and Lischer 2010).

To estimate partition of the variation among rivers, between and within populations,
the analysis of molecular variance (AMOVA) was carried out for all loci as
implemented in Arlequin version 3.5.1.2 (Excoffier and Lischer 2010). There are two
different analyses for AMOVA in Arlequin software; namely, the number of different
alleles (Fst) based (the infinite allele model) and the sum of squared size difference
(RsT) based (the stepwise mutation model). Both of them were applied to assess the

variance of the data.
3.3.4. Population Genetic Structure

Genetic differentiation between studied populations was examined by pairwise Fst
values. Pairwise Fst matrix and their corresponding Nm values were obtained by using
Arlequin version 3.5.1.2 (Excoffier and Lischer 2010).

To show the genetic differences over populations, the pairwise Fst values were used
to generate a principal coordinates analysis (PCoA) based on the covariance matrix
with data standardization as implemented in GenAlEx 6.503 (Peakall and Smouse
2012).

The relationships among the populations were assessed with a phenogram based on
coancestry identities with GDA (Genetic data analysis) software (Lewis and Zaykin
2001). As the distance method UPGMA (Unweighted Pair-Group Method with

Arithmetic Averaging) algorithm was used.

To identify the genetic structure of populations, a Bayesian iterative algorithm was
used to assign individuals to clusters as implemented in STRUCTURE v2.3.4
(Pritchard et al. 2000). Admixture model was assumed and run settings were as
follows: a burn-in of 50,000 and 250,000 Markov chain Monte Carlo iterations,
possible cluster numbers (K) tested from K=1 to K=5 for Goksu populations only and
K=1 to K=10 for all populations including Euphrates. ten replications were performed

for each K.
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Web-based tool Structure Harvester (Earl and vonHoldt 2012) was used to assess the
most likely value of K (true K) from Structure run results for the detection of the
number of genetic groups present in the data by implementing Evanno method
(Evanno et al. 2005). Multiple runs for the true K value were analyzed with CLUMPP
software (Jakobsson and Rosenberg 2007) to identify the best alignment to the
replicate results of the cluster analysis. Lastly, Pophelper (Francis 2016) was used to

visualize the output generated from the admixture analysis.
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CHAPTER 4

RESULTS

4.1. Detection of Clones and Null Allele Presence

In the field studies of the project to prevent sampling of clonal individuals, leaf
samples were gathered at least 200m apart. Further, to be certain that there are no
clones among the sampled individuals in populations, we analyzed the data with
GenClone 2.0 software (Arnaud-Haond and Belkhir 2007) and found no repeated

sampling.

In the analysis of the data in this study Genepop 4.2 was first used to detect null allele
frequencies for each locus in each population. Further analysis was done with MICRO-
CHECKER 2.2.3 to check scoring errors and allele dropouts in addition to presence of
null alleles. The results provided by these programs are shown in Table 4.1 and 4.2,
respectively. Additional results obtained by using Cervus 3.0.7 are shown in Appendix
D.
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Table 4.1: Null allele frequencies of the studied 22 microsatellite loci (Brookfield's
1996 method)

Locus Populations

Gokcay Ermenek  Mut Silifke  Euphrates
WPMS5 0.3254 0.0130  0.2639  0.0168 0.3294
WPMS7 0.8362 No inf 0.8165  0.9186 0.2500

WPMS10 0.0389 No inf 0.0000 Noinf 0.0000
WPMS12 0.0000 0.0000 0.0646  0.0165 0.2357
WPMS14 0.1618 0.0486 0.0000  0.0942 0.6000
WPMS15 0.0000 0.0000 0.0000  0.0000 0.0000
WPMS18 0.2452 0.2475 0.0000 0.3311 0.2858
WPMS20 No inf No inf No inf No inf No inf
PMGC14 No inf 0.1879 No inf No inf 0.0000
PMGC2163 0.0000 0.0000 0.0000  0.0000 0.0173
PMGC2889 0.0000 0.0926 0.0000 0.0220 0.0000

PMGC93 0.0821 0.0928 0.1195  0.0000 0.0000
Pe2 0.0000 0.0000 0.0000 0.0000 0.0000
Pe5 0.0000 0.0000 0.0090 0.0000 0.0000
Pe6 0.0460 0.2482 0.2097  0.1853 0.5577
Pe7 No inf No inf No inf No inf No inf
Pe8 0.0000 0.0000 0.0000  0.0000 0.1083
Pel3 0.4080 0.4670 0.3725 0.5422 0.3000
Peld 0.0000 0.0595 0.0515  0.0000 0.0000
Pel5 0.0000 0.0000 0.0477  0.0000 0.0000
Pel7 0.2508 0.3009 0.1090 0.2942 0.2111
Popeul3 0.1808 0.4200 0.0323  0.0996 0.0860

High null allele frequencies are shown in italics.
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Since it is not possible to identify which individuals are true homozygotes and which
are heterozygotes for the null allele without sequencing, markers/loci which are prone
to null alleles should be used with extreme caution. The null allele possessing locus
Pel7, which is also showing significant HW deviation, was discarded from further
analysis since there occurred prominent changes in effective population size, observed
and expected heterozygosity values and population Fis values when it was included in
the analyses. Besides, MICROCHECKER 2.2.3 results showed that this particular
locus may have had large allelic dropouts, which is the failure of amplification of one
or both allelic copies at a locus by the polymerase chain reaction. For the other loci
showing high null allele frequency especially for particular populations, the results
were also checked but there are no notable variations in effective population size,
observed and expected heterozygosity values and F statistics when they have been

discarded.
4.2. Genetic Diversity
4.2.1. Microsatellite Polymorphism and Genetic Diversity Parameters of Loci

The alleles detected for each locus are shown in Table 4.3. The polymorphism genetic
variation parameters of the twenty-one SSR loci are presented in Table 4.4. The F
statistics and number of migrants for each locus over all populations are shown in
Table 4.5.

Among the analyzed twenty-one microsatellite loci, two are monomorphic for the
populations under study. The rest nineteen loci are polymorphic having a mean of
3.50+0.19 alleles per locus. The least variable ones are WPMS7 and Pel3 loci and the

most variable one is Pe2 locus, displaying two and ten alleles, respectively.

The number of alleles per locus (Na) ranged from 1 to 7.8, and number of effective
alleles per locus (Ne) ranged from 1 to 4.02. The allele size ranged from 97 bp to 369
bp (Table 4.3). Pl (Probability of identity) is demonstrating that two individuals drawn
at random from a population will have the same genotype at multiple loci (Waits et al.,
2001). WPMS10 and WPMS15 showed higher PI values, but the rest of the loci had
sufficiently low P1 values. The PIC (polymorphism Information Content) values varied
from 0 (WPMS20 and Pe7) to 0.740 (Pel5). Eleven SSR loci were highly informative
(PIC>0.5) and two of the twenty-one loci were monomorphic for the studied
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populations. The value of allelic richness (Ar) ranged from 1 to 7.36. Genetic
variability for loci studied is represented by I (Shannon’s information index) values
and it was moderate with the mean value of 0.81+0.05. The moderate value of
Shannon’s index represents the effectiveness of microsatellite loci to reveal the

variation present.

The mean observed and unbiased expected levels of heterozygosity were 0.44+0.03
and 0.45+0.03, respectively (Table 4.4). Ho was higher than uHe at eight SSR loci,
showing heterozygote excess in accordance with the negative fixation indices (F) of
the corresponding loci. Five loci showed significant departures from HWE (p<0.05,

p<0.01 or p<0,001) in the natural populations.

The analysis of twenty-one loci revealed that eleven loci had a negative Fis value
across all populations (Table 4.4) showing heterozygote excess (outbreeding)
compared with HW expectations. Fst values ranged between 0 and 0.28 with a mean

of 0.06 over all loci and all populations.
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Table 4.3: Observed alleles in each locus studied.

Locus Alleles detected (bp)
WPMS5 287, 289, 291
WPMS7 215, 219

WPMS10 220, 222, 246, 248
WPMS12 175, 178, 180, 182, 186
WPMS14 210, 213, 219, 231, 237
WPMS15 179, 182, 185, 194
WPMS18 226, 229, 232

WPMS20 214

PMGC14 188, 197, 200

PMGC2163 195, 201, 203, 205
PMGC2889 179, 181, 185, 187, 189, 193
PMGC93 348, 351, 354, 357, 369

Pe2 97,99, 101, 103, 105, 107, 109, 111, 120, 124
Pe5 160, 166, 168, 170, 172, 176

Pe6 155, 157, 163

Pe7 172

Pe8 143, 156, 158, 160

Pel3 129, 133

Pel4 139, 144, 146, 148, 150, 152, 154

Pel5 130, 132, 134, 138, 140, 142, 144, 148, 153
Popeul3 280, 282, 284, 286, 288, 290, 292, 296, 298

Private alleles are shown in bold.
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Table 4.5: F-Statistics and estimates of Nm over Populus euphratica populations for

each locus
Locus Fis Fir Fst Nm
WPMS5 0.23*** 0.29 0.08 2.46
WPMS7 0.71*** 0.73 0.07 2.14
WPMS10 0.22 0.24 0.03 5.31
WPMS12 0.28*** 0.28 0.00 12.02
WPMS14 -0.07 0.04 0.11 1.65
WPMS15 -0.24 0.10 0.28 0.68
WPMS18 0.03*** 0.06 0.02 7.65
WPMS20 Monomorphic
PMGC14 0.48 0.50 0.03 5.97
PMGC2163 -0.29** -0.28 0.01 8.63
PMGC2889 0.00 0.04 0.04 4.10
PMGC93 0.07* 0.08 0.02 7.70
Pe2 -0.05 -0.01 0.04 4.33
Pe5 -0.24%** -0.19 0.04 5.45
Pe6 -0.11*** -0.07 0.03 6.18
Pe7 Monomorphic
Pe8 -0.10 0.11 0.19 1.01
Pel3 0.07 0.10 0.04 6.11
Pel4 0.00 0.06 0.06 3.06
Pel5 -0.01* 0.04 0.05 3.31
Popeul3 0.34*** 0.36 0.03 4.35
Mean 0.03 0.09 0.06 4.39+0.68

(HWE deviations ***: p<0,001,**: p<0,01,*: p<0,05)

4.2.2. Population Genetic Diversity

Summary of private alleles for each population are shown in Table 4.6. The mean
allelic patterns across populations and their schematic representation are shown in
Table 4.7 and Figure 4.1, respectively. The polymorphism information and diversity

parameters of the natural populations studied are presented in Table 4.8.

The mean number of alleles per locus (Na) ranged between 3 and 3.81 with a mean
value of 3.50+0.19 and effective number of alleles was high with regard to number of

alleles, with a mean of 2.26+0.11. There were no private alleles observed for Silifke
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population and the highest number of private allele was occured in Euphrates
population over all loci (0.42940.15).

Average percentages of polymorphic loci among populations was 84.76%+1.78%,
with highest value observed in Euphrates population. Observed heterozygosity (Ho)
was lower than unbiased expected heterozygosity for all populations except Euphrates
(Ho:0.50+0.07, uHe:0.49+0.06), however, these values were explicitly lower. Fst

value, which is the overall differentiation among populations was 0.075+0.014.

Allelic Patterns across Populations
5.00 0.60
[ Na
4.00 050 g o
040 8 N Na Freq. >=5%
£ 3.00 @
§ | 0.30 ] Ne
2.00 020 5 g
1.00 010 T .
I No. Private Alleles
0.00 0.00
Gokcay  Ermenek Mut Silifke  Fuphrates B No. LComm Alleles (<=50%)
Populations He

Figure 4.1: Schematic representation of mean allelic patterns and expected
heterozygosity across populations (Na: No. of Different Alleles, Na (Freq>5%): No.
of Different Alleles with a Frequency> 5%, Ne: No. of Effective Alleles, I: Shannon's
Information Index, No. LComm Alleles (<50 %):No. of Locally Common Alleles

(Freq.>5%) Found in 50% or Fewer Populations He: expected heterozygosity)
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Table 4.6: Summary of private alleles by population and locus

Population Locus Allele Frequency
Gokcay WPMS12 186 0.014
Gokcay PMGC2163 205 0.011
Ermenek PMGC14 200 0.065
Mut WPMS12 175 0.013
Mut WPMS15 179 0.026
Mut Pe2 97 0.013
Euphrates WPMS10 246 0.075
Euphrates WPMS10 248 0.025
Euphrates PMGC14 188 0.025
Euphrates PMGC2163 203 0.125
Euphrates Pe2 111 0.150
Euphrates Pe2 124 0.050
Euphrates Pe5 176 0.025
Euphrates Pel4 154 0.025
Euphrates Pel5 153 0.050
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Garza and Williamson (2001) showed that M, the mean ratio of the number of alleles
to the range in allele size calculated from a population sample of microsatellite loci
can be used to detect past reductions in population sizes. Thus, to test for any possible
bottlenecks occurred in the populations, Garza-Williamson index, M values were
calculated for populations and shown in Table 4.8. Also, the Garza-Williamson indices
for each polymorphic locus were presented in a bar graph shown in Figure 4.2.
According to the critical values, if M<0.68, it indicates a bottleneck and if M>0.80, it
indicates no reduction of effective population size. Calculated M values ranged
between 0.363 and 0.394 (Table 4.8), which are much smaller than the critical value

0.68 for all of the populations in the study.

Garza-Williamson index at different loci
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Figure 4.2: The Garza-Williamson index at polymorphic loci in each population
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4.2.2.1. Analysis of Molecular Variance (AMOVA)

AMOVA was done as implemented in Arlequin ver 3.5.2.2 (Excoffier and Lischer
2010). AMOVA was carried out with Fst-based on the infinite allele model (using the
number of different alleles ) and Rst- based on the stepwise mutation model (using the

sum of squared size difference) were shown in Table 4.9.

On the one hand, Fst based AMOVA of the two rivers showed that only 11.73 % of
the variation is significantly due to the differences among the Goksu and the Euphrates
rivers (Fct=0.117, p=0.000) and only 1.87% of the variation is significantly attributed
to differences among populations within river basins (Fsc=0.021, p=0.000). Of the total
genetic variance, 86.40 % is explained significantly by the differences among
individuals within populations (Fst=0.136, p=0.000).

On the other hand, Rst based AMOVA of the two rivers showed different partitioning
of the variation with varied percentages, but with similar results. 28.57% of the
variation is significantly attributed to the differences among Goksu and Euphrates
rivers (Fct= 0.286, p=0.000) and only 1.45% of the variation is significantly de to the
differences among populations within river basins (Fsc=0.020, p=0.000). Of the total
genetic variance, 69.98% is explained by the differences among individuals within
populations and it is significant (Fst=0.300, p=0.000).

38



(50'0>0:'T00>0 %700 0> )

OM] U33M18(Q 190] al||aresotoiw auo-Auamy Buisn eaneaydns

(4aA1) sa1RIYANT BY) pUR JBALI NSHOS) 3y ) suoibal/sdnolh

- - 0¢8.9'09¥ 60T C19¢TT [el0L
xxx00€°0 86'69 0ce8e¢cee 8G8'6¢500T suonre[ndod UIyiM
. . . . SIaAl
*xx020°0 SY'1 182899 9CT'v1EL uigna suomejndod Buowy
15
*xx982°0 LS'8¢ YTCT9'TET ¥21'89.6 s1aA1l Buowy uo paseg
- - 6ESTY'S 700'9vST [el01
*»xx9ET'0 0v'98 998.9'% 9€0'8S11T suofiejndod UIyuM
. . . . SI9AL
*xx1¢0°0 .81 CeT0T0 vLve Uiy suonepndod Buowy
._.wH_
xxxLTT°0 eLTT T¥S€9°0 LTTES s1aA1l Buowy uo paseg
(Ls4‘0s4 “124) uoneILIeA JO (oA ‘A ‘eA) saaenbs uoIBLIRA JO 324N0S
$32IpUI UoIEeXIH abejuaduad syusuodwod jowns
douURLIBA

snindod 10} (WAOINY) 9JuBLIeA Jejndajow JO SISAeUY 6t 9|qel

39



4.3. Population Genetic Structure

4.3.1. Pairwise Fst matrix and Principal Coordinate Analysis

Pairwise Fstvalues were calculated and presented in Table 4.10 and Figure 4.3. It is

clear that Euphrates population is highly differentiated from the Goksu river

populations. Among the Goksu river populations, the most distant one is Ermenek

population.

Table 4.10: Pairwise Fst matrix of populations with corresponding Nm in parenthesis

Gokcay Ermenek Mut Silifke Euphrates

Gokcay -
Ermenek 0.033***

(7.33) i
Mut 0.012***  (.035***

(20.04) (6.79)
Silifke 0.024***  0.020*** 0.016***

(10.04) (12.35)  (15.13)
Euphrates 0.141*** 0.157*** 0.119*** (0.135***

(1.52) (1.34) (1.85) (1.61) i

(***: p<0,001, **: p<0,01, *: p<0,05)
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Matrix of pairwise Fgy
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Figure 4.3: Schematic representation of pairwise Fst matrix among populations.

Based on the Pairwise Fst matrix, Principal Coordinates analysis was performed with
GenAlEx 6.503 (Peakall and Smouse 2012) and shown in Figure 4.4. The PCoA
revealed overall differences among populations. The first principal component, clearly
discriminating the two rivers, explained 64.57% of the variance and the second
principal component explained 19.40% of the variation among populations of the

rivers.
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Principal Coordinates (PCoA) based on Fst
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Figure 4.4: Principal component analysis based on population pairwise Fst values
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Figure 4.5: UPGMA tree of all populations
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4.3.2. Phenetic relationships among populations

A phenogram showing the relationships between the populations was drawn based on
coancestry identity with UPGMA method (Figure 4.5). It is evident that Euphrates
population is distant to Goksu populations, among which Silifke and Ermenek being

the closest ones to Euphrates, as shown in PCoA.
4.3.3. Clustering patterns

Further genetic structure analysis was done with STRUCTURE v2.3.4 (Pritchard et al.
2000) which is implementing a Bayesian iterative algorithm and assigning individuals
into clusters to identify genetic substructures. Genetic structure patterns of populations
were assesed with prior information about the localities of individuals and without
prior information. Both analysis gave similar results, thus, only the results for prior

information given data were shown.

First, genetic structure of Goksu populations was determined. The web-based
Structure Harvester program identified true K with highest AK and lowest standard
deviation as three with the Evanno Method (Evanno et al. 2005) (Table 4.11 and Figure
4.6). The clustering patterns for individuals and populations are shown in Figure 4.7.
Assignment of individuals showed three genetic clusters representing three separate
gene pools. However, it is evident that there is high amount of admixture in Goksu

populations.

Table 4.11: Evanno table showing AK values for clustering analysis of Goksu

populations

K Reps MeanLnP(K) StdevLnP(K) Ln'(K) ILn"(K)|  DeltaK
1 10  -4876.670000 0.170294 — — —
2 10  -4863.180000 12.193332 13.490000  24.630000  2.019957
3* 10  -4825.060000 18.337890 38.120000  117.730000 6.420041
4 10  -4904.670000 24.843244 -79.610000  71.990000  2.897770
5 10  -5056.270000 53.515482 -151.600000 — —

AK calculated as AK = m|L"(K)|/ s[L(K)] (Evanno et al. 2005, Appendix B). The true K is shown highlighted with
asterisk (*)
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Deltak = mean(|L"(K)|) / sd(L(K))

Delta K

Figure 4.6: The estimated K value by delta-K method of Evanno et al. (2005) for Goksu

populations with prior information given
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Figure 4.7: Genetic STRUCTURE analyses for 140 Populus euphratica genotypes in

the Goksu river (K=3). Each color represents a different cluster shown in the figure

with prior information given.
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Then, genetic structure of Goksu populations were determined together with the
population from the Euphrates river. True K with highest AK and lowest standard
deviation was determined as 3 again with the Evanno Method (Evanno et al. 2005)
(Table 4.12 and Figure 4.8). The clustering patterns for individuals and populations
are shown in Figure 4.9 and the corresponding membership groups are given in Table
4.13. Assignment of individuals showed 3 genetic clusters representing 3 separate gene
pools. Euphrates population was the most distant one among all populations having a
homogeneous gene pool as distinctly seen in Figure 4.9. Goksu populations possess 3
different gene pools that is evident from the three major clusters observed, but the gene
pool which is evidently coming from Euphrates population is rather ineffective.
Among the Goksu river populations, individuals from Gokcay population displayed
the highest admixture as clearly observed in the figure. The admixture analysis results
were in accordance with the Principal coordinate analysis for the five populations
under consideration (Figure 4.4).

Table 4.12: Evanno table showing AK values for clustering analysis of Goksu and

Euphrates populations

K Reps Mean LnP(K) Stdev LnP(K) Ln'(K) ILn"(K)| Delta K

1 10 -5948,42 0.234758 — — —

2 10 -5753,33 4,734049 195,090000 60,680000 12,817780
3* 10 -5618,92 1,135097 134,410000 93,820000 82,653753
4 10 -5578,33 5,250196 40,590000 0,380000 0,072378
5 10 -5538,12 3,461470 40,210000  39,790000 11,495115
6 10 -5537,70 7,686207 0,420000 43,590000 5,671198
7 10 -5580,87 29,361276 -43,170000 12,030000 0,409723
8 10 -5612,01 44711034 -31,140000 17,860000 0,399454
9 10 -5661,01 54,598992 -49,000000 43,670000 0,799832
10 10 -5753,68 73,195489 -92,670000 — —

AK calculated as AK = m|L"(K)|/ s[L(K)] (Evanno et al. 2005). The true K is shown highlighted with asterisk (*)
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Deltak = mean(|L"(K)|) / sd(L(K})

Delta K
5

Figure 4.8: The estimated K value by delta-K method of Evanno et al. (2005) for Goksu

and Euphrates populations with prior information given
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Figure 4.9: Genetic STRUCTURE analyses for 160 Populus euphratica genotypes of
four Goksu and one Euphrates populations (K=3). Each color represents a different

cluster shown in the figure with prior information given.
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CHAPTER 5

DISCUSSION

In this thesis the current genetic diversity and genetic structure of Euphrates poplar in
the Goksu river populations were studied and presented together with one population
from the Euphrates river. The results obtained in this study are unique and precious in
that it is the first population genetic study conducted with Euphrates poplar populations
in Turkey. Analysis of microsatellite data revealed the genetic potential that the species

possess and will provide fundamental information for future conservation studies.
5.1. Genetic diversity of the microsatellite loci used in the study

The microsatellite markers used in this study are all with Populus origin but only
markers encoded with “Pe” prefix were generated from the species itself (species-
specific markers). WPMS and PMGC are cross-species markers that were developed
in Populus nigra and Populus trichocarpa, respectively. While deciding on WPMS
and PMGC loci, we paid attention them to be representatives of whole genome, thus
tried to choose loci on different chromosomes. For the species-specific loci there is no

information about their chromosome locations.

Among the analyzed 21 microsatellite loci, WPMS 20 and Pe7 are monomorphic for
the populations under study. These are polymorphic loci in literature with high number
of alleles, thus the reason of monomorphism could be the low number of individuals
in this study. Moreover, based on the geographical region that the sampling was done,
there could be primer binding site mutations in flanking sequences of the repeat
regions which can prevent amplification. For the polymorphic markers the allele sizes

are generally in consistence with the literature.

Probability of identity (PI) is demonstrating that two unrelated individuals randomly

drawn from a population will have the same genotype at multiple loci (Waits et al.
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2001). WPMS10, WPMS15 and PMGC14 have high PI values together with low PIC
(Polymorphism Information Content) and low | (Shannon’s information index) values
meaning that they are not sufficiently informative for analyzing the genetic diversity
if they are used one by one. The resolution of rest of the markers is high with
sufficiently low P1 values. This is also in accordance with their PIC values indicating
acceptable discrimination power. Thus, these markers could be considered as

informative for P. euphratica populations.

Genetic variability for loci studied is represented by I values, which was moderate with
the mean value of 0.8140 .05. This moderate value of Shannon’s index represents the
effectiveness of markers used to reveal the variation present in Euphrates poplar

populations.

Some authors argued that allelic richness may indicate populations’ long-term
potential more effectively than heterozygosity does (Allendorf 1986; Petit et al. 1998).
Thus, we prefer to use both Ar and heterozygosity values for the loci studied. Among
the polymorphic markers, WPMS14, PMGC2889, PMGC93, Pe2, Pe5, Pel4, Pelb
and Popeul3 have higher Ar values (>3.0). These loci also have the highest He and
PIC values. Consequently, those aforementioned markers are the most informative and
effective ones with high polymorphism and heterozygosity.

Expected heterozygosity is an important measurement of genetic diversity.
Heterozygosity values obtained in this study are substantially lower than the ones
found in literature (Wang, Li et al. 2011; Wang, Wu et al. 2011; Xu et al. 2013).
Among nineteen polymorphic loci, eleven of them have uHe values higher than Ho
and five of those loci are showing significant deviation from HWE. The uHe is lower
than Ho in remaining eight loci, of which five of them are showing significant
deviation from HWE. The cause for departures from the Hardy-Weinberg equilibrium
could be anthropogenic pressures on the habitats. The human mediated practices, such
as constructions of dams, habitat destructions for agriculture, urbanization lead to

fragmentation and so nonrandom mating as well as reduced effective population sizes.
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5.2. Genetic diversity and the population structure of Populus euphratica

Breeding new variants with adaptive traits is one of the main goals of plant breeding
studies, which are mainly relying on the existing sources of variation in natural
populations. Thus, investigating magnitude and structure of genetic diversity will
produce information needed for preserving and use of gene resources to conserve,

manage and utilize Euphrates poplar gene resources efficiently.

Average number of alleles and mean effective number of alleles per locus are low as
compared to similar studies (Wang, Li et al. 2011). In addition, observed and expected
heterozygosity values in the current study are substantially low compared to literature
(Eusemann et al. 2009; Wang, Li et al. 2011), indicating highly reduced level genetic
of diversity. Similar lower heterozygosity values were also found in other poplar
species (Du et al. 2012; Lexer et al. 2005; Namroud et al. 2005). Critically low genetic
diversity is pointing out gene pool shrinkage of Euphrates poplar populations which
are under the threat of collapsing. Considering low number of alleles observed for the
species, there could be two possible explanations for gene pool shrinkage. First,
although microsatellite markers are neutral in their nature, some of them could have
selectively significant function and be under the effect of natural selection (Li et al.
2004). Stabilizing selection or directional selection may have occurred and eliminated
different alleles. However, we do not have any convincing proof for this scenario. The
second possible explanation is that Euphrates poplar populations have experienced a
bottleneck, retaining small number of alleles. This is consistent with the Garza-
Williamson index values of the populations, which are indicating severe past
reductions in population sizes. Garza and Williamson (2001) argued that following a
reduction in population size, genetic drift will be in action and the rare alleles are lost
by drift more often than common alleles. This can also result in HWE deviations,
which are observed for ten out of twenty-one loci (Table 4.5). Bottlenecks can further
increase rate of inbreeding and loss of genetic variation, which in turn can reduce
adaptive potential of populations and result in high probability of extinction in the

future.

Private and rare alleles are crucial to adapt future environmental changes. They are
more prone to decrease in number than reduction in level of heterozygosity (Luikart

and Cornuet 1998). Private alleles are also strongly influencing Ar estimates. Among
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Goksu populations number of private alleles are quite low, in fact there is none in
Silifke population. This is most probably due to high admixture because it is the
downstream part of the river. The highest number of private alleles were observed in
Euphrates population. The presence of high amount of private alleles in Euphrates
nominates it as an effective candidate of possible genetic resource for conservation in

future with great adaptation capacity.

In Goksu river populations, positive Fis values are indicating the occurrence of
inbreeding, which is a result of mating of related individuals. This could be explained
by the fact that at some point in past there occurred intensive reproduction by root
suckers because germination and survival of the seedlings were failed due to flow
declines. However, the situation is better for Euphrates population with excess of

heterozygotes.

In literature, Fst values are low as a characteristic for Salicaceae family members. For
Euphrates poplar, Wang, Li et al. (2011) showed Fst as 0.093 with high level of
diversity for distant populations. Our results showed low differentiation among Goksu
populations (Fst= 0.031). This is also supported by the AMOVA results. Only 1.87
percent of the total variation is attributed to among population diversity (Fsc= 0.021).
When Euphrates population is included in the analysis, differentiation increased
slightly (Fst=0.075). It is also obvious from the number of migrants between the pairs
of populations, which is inversely proportional with Fst values. These results showed
clearly that Euphrates population is highly differentiated from the Goksu river
populations. Actually, populations from different river basins could be genetically
similar if geographical barriers that are preventing gene flow are absent. However, the
presence of the Taurus mountains and Anatolian diagonal between Goksu and the
Euphrates rivers generates a geographical barrier between the rivers that results in
generation of different gene pools. The low differentiation in the Goksu river basin is
an expected situation because of wind-pollinating, outcrossing and clonal reproduction
nature of the species throughout the river basin. Pollens could be dispersed over long
distances, so that, gene flow is high in those populations with no geographical barrier,
which in turn reducing the interpopulation differentiation as it is the case in Goksu
populations. When Principal Coordinate Analysis was performed with pairwise Fst
values first principal component, clearly discriminated Euphrates population and

explained 64.57% of the variance. In addition, Ermenek is the most distant one among
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the Goksu river basin. This is presumably because there is a slight elevation difference
between Ermenek and other three population localities, causing a climatic barrier. Also
Gezende dam located between Ermenek population and Mut provides a geographical

barrier hindering gene flow.

Population clustering analysis showed that there is a lack of genetic substructure in the
Goksu river basin but the individuals are assigned to have three separate gene pools.
In consistence with the PCoA, Ermenek is differentiated with low admixture. High
admixture in downstream population Silifke was expected to see because of potential
gene flow via pollen and seeds along with river flow and possible clonal reproduction.
However, Euphrates poplar does not reproduce via broken branches carried with river
flow, rather prefers suckers for clonal reproduction. In addition, there is different
seedling establishment success at different population sites due to variation in
flooding, so this could have probably diminished diversity in downstream part of the
Goksu river. The river dynamics in junction of two tributaries of Goksu, where Mut
population is located, provide a large area suitable for colonization of the species, that
is, the river bed is extending with meanders in river which are suitable for germination
and seedling establishment during flooding. Thus, highest intensity of admixture is
observed in Mut population. In addition, high admixture is observed due to human
effect in Mut together with Gokcay population. Indeed, these populations inhabit the

locations where the most intensive farming is practiced.

Based on the results, one can argue that there are no barriers to gene flow in Goksu
river basin and Goksu populations form one large metapopulation, which is groups of
local populations/subpopulations in a patchy environment. This is also supported by
the studies of Eusemann et al. (2013) and Wang, Li etal. (2011). Local extinctions and
recolonization events occur frequently in metapopulations (Harrison and Taylor 1997).
However, habitat fragmentations due to human activities as present in Goksu river
basin can hinder migration/gene flow between subpopulations, thus could prevent
recolonization and result in population extinctions. Consequently, it is urgent to take

actions against habitat destructions and for conservation strategies.

When Euphrates population is included, population structure analyses support the
presence of two genetically separated groups. Under the circumstances, we could have
two possible scenarios explaining the clustering patterns. The first one is that the

founder population of the Goksu river is coming from the Euphrates, as it is explicit
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that Euphrates individuals are possessing the third gene pool of Goksu
homogeneously. However, for this possible explanation to be acceptable, gene pool
coming from the founder population should be represented with higher membership
values in all Goksu populations, yet it is not. The second and the more probable
scenario is that the populations of Euphrates poplar in two river ecosystems have two
different founder populations possessing very similar genotypes few in number and
there occurred strong inbreeding between genetically related individuals. This is also
explaining the low heterozygosity values compared to literature. In both cases, the two
river populations of Euphrates poplar may have been evolving as two different gene
pools that have experienced little contact through low level of gene flow. Then, in the
Goksu river, populations have further evolved to have two other gene pools with high

admixture.

5.3. Conservation of Populus euphratica Genetic Resources

The disappearance of natural Euphrates poplar genetic resources is a notable indicator
of habitat degradation and habitat lost for the particular river ecosystem and thus

proper measures should be taken to protect them.

One of the major problems in preserving natural populations is human ignorance, that
is the species is not considered to be a forest tree in Turkey. Since not directly used as
a timber source, it is underestimated by forestry officers. Research should be directed
to inform public about the value of the species. In addition, a conservation
management plan should be initiated, including strategies to implement general
policies and to establish objectives for the preservation of natural resources.
Implementing a conservation plan is a collective responsibility of rural people,
government and stakeholders. Thus, a major attempt should be educational workshops

to inform public and enhance communication between the partners of the plan.

Since it is a riparian species, reduced water flow is another major drawback in P.
euphratica forests. Access to groundwater ensures continuous growth for Euphrates
poplar trees and triggers rejuvenation in disturbed habitats because germination and
seedling growth depends heavily on wet and exposed sites found at riverbanks
(Westermann et al. 2008). Ling et al. (2015) found that flooding should happen two to

three times per year with a duration of 15-20 days and an intensity of 25-30 m?/s for
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regenerating P. euphratica forests. This is necessary for both seed germination and
seedling growth. Moreover, groundwater table is increasing by these floodings, which
is crucial because as the groundwater depth increases, survival and growth rates of P.
euphratica decline (Xu et al. 2009). In field studies of this thesis, it is observed that
many tributaries of the Goksu river in the watershed were dried out. Thus, planned
floodings that are coinciding with seed germination and seedling emergence will be
important for regeneration of the populations as an in situ conservation strategy for the
Goksu river basin. This could be achieved by releasing water from the dams in a
controlled manner. A successful application of this strategy is applied in the Tarim
river basin in China as a restoration program by water diversions (Aishan et al. 2015).

Conservation of genotypes by providing identified material for planting, breeding and
further experimental research is also crucial. The results of this study demonstrated
that Euphrates population has the potential to be an important resource for ex situ
conservation programs of Euphrates poplar. Gene banks and clone banks are promising
for future research and breeding experiments. An effective example ex situ
conservation program for poplars in Turkey is the one initiated for European black
poplar by Poplar and Fast-Growing Forest Trees Research Institute. European black
poplar clone banks were established as a part of ex situ conservation programme. This
could also be achieved with Euphrates poplar and replicated gene banks or clone banks

would be promising in order to preserve germplasm of the species.
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CHAPTER 6

CONCLUSION

Populus euphratica is a pioneer species for river ecosystems in south and southeastern
regions of Turkey. It has substantial potential for future breeding programmes
especially aiming to develop drought and salt stress resillient genotype plantations on

dry and saline sites.

Results showed that using species-specific markers impact the estimates of genetic
diversity. Pe loci, which have shown the highest Ar, He and PIC values, are
consequently the most informative and effective markers. Thus, we recommend to use
species-specific Pe loci to assess genetic diversity and population structure of

Euphrates poplar.

Population structuring showed that there were two different founder populations for
the Goksu and the Euphrates rivers. Besides, Euphrates poplar populations had
experienced bottlenecks which caused severe past reductions in population sizes and
increased inbreeding. Although observed and expected heterozygosity values did not
have remarkable difference, they indicated reduced level of genetic diversity when
compared to other poplar species. In addition, populations have low number of private
alleles except Euphrates population. In future, the populations could survive in current
habitats if there will be no human intervention. However, it is well known that the loss
of genetic diversity is not desirable because it reduces the ability of species to cope

with environmental changes.

As a consequence, the results demonstrated that native populations of this species in
the Goksu river are in great danger of extinction mainly because of human mediated
practices. Possessing high number of private alleles and slightly higher heterozygosity
values make Euphrates population be an effective candidate for genetic resource

conservation programs.
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Likewise, it is urgent to start in situ conservation of Euphrates poplar stands especially
in the Goksu river. In situ conservation on natural reserves seems to be easier, cheaper
and sustainable than running breeding programs for the species at first, however,
public awareness and strict management for agricultural areas are required for the
conservation program to be successful. For the Goksu river, in particular,
reintroduction of the species is not necessary at present, thus in situ conservation would

be straightforward and promising if initiated immediately.

The conservation of these genetic resources is of great importance and priority should
be given for fast and reproducible actions. Trade-offs between biodiversity
conservation and economic growth is challenging but governments should be control
centers for implementing politically, socially and economically practicable solutions

to ensure sustainable conservation plans.
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APPENDIX A

CTAB DNA EXTRACTION PROTOCOL

2% (w/v) polyvinylpyrollidine (PVP-40) was added to 2xCTAB extraction
buffer (2% (w/v)CTAB, 5M NaCl, 0,5M EDTA, 1M Tris-HCI, pH 8.0) freshly
and heat at 65°C in a water bath at least half an hour.

. 0.1g leaf tissue was weighed, placed in a mortar together with 2000uL
preheated CTAB solution and ground until a homogeneous green liquid was
obtained.

. ~1800uL of the liquid was transferred into a 2ml Eppendorf tube. 100uL -
mercaptoethanol and SuL Proteinase K were added to each tube and incubated
in water bath at 65°C for 1 hour with occasional gentle swirling.

. The tubes were centrifuged at 4°C for 20 minutes at 15000 rpm. Aqueous phase
(~800uL) was collected to a new 2 ml Eppendorf tube.

. 0.8V Chloroform/lsoamylalcohol(24:1) was added, inverted gently a few times
and centrifuged at 4°C for 15 minutes at 14000rpm.

. ~500uL supernatant was taken in a new 1.5mL Eppendorf tube and ice cold
Isopropanol was added with 1:1 ratio. Tubes were gently inverted a couple of
times, then incubated at -80°C for 1 hour (may be o/n).

Samples were centrifuged at 14000rpm for 15 minutes at 4 °C. The supernatant
was poured off and the pellet was washed with cold 70% EtOH, twice. (Pellet
was spinned down if necessary)

. The pellet was air dryed and resuspended in 60uL TE buffer o/n.
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APPENDIX B

POPULATION GENETICS STATISTICS

Number of different alleles (Na)
Determined by direct count.

Effective number of alleles (Ne)

Ne represents an estimate of the number of equally frequent alleles in an ideal
population. Ne enables meaningful comparisons of allelic diversity across loci with

diverse allele frequency distributions. The formula is as follows;

Ne =

1-He
Ne via Frequency is calculated by locus from He for each population.

No. of private alleles
Equivalent to the number of alleles unique to a single population in the data set.
Shannon's Information Index (1)

Calculated on a single-locus basis, where In = the natural logarithm and pi is the
frequency of the i"" allele. Equivalent to the Shannon-Weaver Index of ecology. Unlike
He, not bounded by 1 and may therefore be a better measure of allelic and genetic
diversity, though largely overlooked in genetic studies (Sherwin et al., 2006). The

formula is as follows;

I = ZpiLn pi

pi is the allele frequency of the i allele at the locus in question for the specified

population.
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Heterozygosity

Ho is the observed heterozygosity, i.e. the proportion of N samples that are

heterozygous at a given locus.

_ Number of heterozygotes
N

Ho

He is the expected heterozygosity, i.e. the proportion of heterozygosity expected under
random mating and pi is the allele frequency of the i-th allele.

He= 1 — Y pi?

The Fixation Index F (also called the Inbreeding Coefficient) exhibits values ranging
from -1 to +1. Values close to zero are expected under random mating, while
substantial positive values indicate inbreeding or undetected null alleles. Negative
values indicate excess of heterozygosity, due to negative assortative mating, or
selection for heterozygotes.

_ He—-Ho
He

F

For codominant genetic data at a single locus, the total genetic diversity

(heterozygosity) can be divided into within and among populations as follows:
Ho = Observed heterozygosity averaged across subpopulations.
He= Expected heterozygosity averaged across subpopulations.

Ht = Total expected heterozygosity (calculated as if all the subpopulations were

pooled).

Ho=YFK Ho/k

Where Ho= observed heterozygosity in subpopulation i, and k is the number of

subpopulations
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Where He is the expected heterozygosity within subpopulation s, and pis is the
frequency of the i-th allele in subpopulation s. The summation of the allele frequency

squared is over all i-th alleles to h the max number of alleles.

HT =1- Z?:l p%l

Where Hr is the total expected heterozygosity, and priis the frequency of allele i over

the total population. If subpopulation sample sizes are equal then pri = pi, where

pi is the frequency of allele i averaged over the subpopulations of equal size.

Wright’s F-statistics (Wright 1946, 1951, 1965)

Fis = The inbreeding coefficient within individuals relative to the subpopulation. It
measures the reduction in heterozygosity of an individual due to non random mating

within its subpopulation.

He—Ho
Fis=—
IS = ——

e

Fir = the inbreeding coefficient within individuals relative to the total. This statistic
takes into account the effects of both non random mating within subpopulations and

genetic differentiation among the subpopulations.

Hr—Ho
Ht

Fir=

Fst = the inbreeding coefficient within subpopulations relative to the total. This
statistic provides a measure of the genetic differentiation between subpopulations.
That is, the proportion of the total genetic diversity (heterozygosity) that is distributed

among the subpopulations. Fstis almost always greater than or equal to zero. If all

75



subpopulations are in Hardy-Weinberg equilibrium with the same allele frequencies,
Fst=0.

F-statistics are related according to the following equation:

(1 -Fis) (1 -Fst) = (1 -Fi7)

Probability of Identity (PI)

The Probability of Identity Pl provides an estimate of the average probability that two
unrelated individuals, drawn from the same randomly mating population, will by
chance have the same multilocus genotype. Also called Population Match Probability.
Pl is a indication of the statistical power of a specific set of marker loci.

Pl is the frequency of the ith allele at a locus. For multiple loci calculated as the product
of individual locus PI’s. Pl represents the average probability of a match for any
genotype, rather than for a specific genotype, as in Genotype Probability (Taberlet and
Luikart, 1999; Waits et al., 2001). The formula is as follows;

P1=2(Zp?)2— >t

Number of Migrants (Nm)

Where Fst represents the degree of population genetic differentiation.
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Polymorphic Information Content (PI1C)

Polymorphic information content (PIC) is a measure of informativeness related to
expected heterozygosity and likewise is calculated from allele frequencies (Botstein et

al. 1980; Hearne et al. 1992). It is commonly used in linkage mapping.

Cervus calculates an average PIC across all loci, the arithmetic average of the PIC
values at each locus. PIC value is calculated for each primer not for each allele as
follows:

Therefore PIC will be calculated by the formula:

PIC= 1-Y(pi2)

Pi will be calculated for each allele. pi is the frequency of the i allele
pi=no. of alleles/no. of genotype

PIC Values range between 0 and 1. Primers whose pic value is zero or less than zero
(i.e negative value) should not be used for analysis.

Percentage of Polymorphic Loci (%P)

P = mean proportion of loci polymorphic in population

P—Zpi
N N

P; = proportion of loci polymorphic in a population and N = number of populations.

Garza-Williamsion Index

Following Garza and WIlliamson (2001), the G-W statistic is given as

where k is the number of alleles at a given loci in a population sample, and R is the
allelic range. Originally, the denominator was defined as just R in Garza and
WIlliamson (2001), but this could lead to a division by zero if a sample is

monomorphic. This adjustment was introduced in Excoffier et al. (2005).

77



This statistic was shown to be sensitive to population bottleneck, because the number
of alleles is usually more reduced than the range by a recent reduction in population
size, such that the distribution of allele length will show "vacant" positions.Therefore
the G-W statistic is supposed to be very small in population having been through a

bottleneck and close to one in stationary populations.
Statistics used to select K

To evaluate the K, ad hoc quantity (AK) was calculated. When AK shows the top peak

it means the true value of K is obtained (Evanno et al., 2005).

Ln P(D) shows the log likelihood for each K in STRUCTURE output obtained by first
computing the log likelihood of the data at each step of the Markov Chain Monte
Carlo(MCMC). The LnP(K) gives the mean likelihood over 10 runs for each K, the

average of 10 values of Ln P(D). Steps for evaluating AK were as below;
The mean difference between successive likelihood values of K was plotted,;
Ln" (K)=LnP(K)-LnP(K-1)

First the difference between values L'(K) were calculated and then, absolute

value was taken;
| Ln"(K)=Ln'(K+1)-Ln'(K) |

Estimated AK as the mean of the absolute values of Ln"(K) was averaged over 10 runs

and divided by the standard deviation of LnP(K);

AK= (m|Ln"(K)])/(s|LnP(K)|)
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FILE FORMATS OF SOFTWARES

Arlequin File Format-arp file

APPENDIX C

#Project file created by Arlequin

# (symbol # is used to comment

[Profile]

Title="Populus euphratica

NbSamples=2

DataType=MICROSAT

GenotypicData=1
LocusSeparator=WHITESPACE
GameticPhase=0

RecessiveData=0
MissingData="?"

[[Samples]]
SampleName="Gokcay"
SampleSize=46
SampleData= {

[Data]

95 1
96 1
72 1
73 1

287
289
287
289

}

219
219
219
219

220
220
220
220

178
178
178
178

213
213
213
237

SampleName="Ermenek"
SampleSize=23
SampleData= {

289
289
289
289

219
219
219
219

220
220
220
220

178
178
178
182

213
237
213
237

182
182
182
182

182
182
182
182
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226
232
232
232

226
232
229
232

197
197
197
197

197
197
197
197

195
201
201
201

195
201
201
201

what follows on a line)

179
185
179
185

181
185
185
189

348
357
351
351

348
351
351
351

populations in Goksu-Firat rivers"

105
107
103
103

101
107
103
105



FSTAT File Format-dat file

4 5 289 3
WPMS5

WPMS7
WPMS10
WPMS12
WPMS14
287289
287289
289289
289289
289289
289289
289289
289289
287289
291291
291291
287289
287289
289289
289289
289289

AP PP UWWWWNNNNRRRR

219219
219219
219219
219219
219219
219219
219219
219219
219219
219219
219219
219219
219219
219219
219219
219219

220220
220220
220220
220220
220220
220220
220220
220220
220220
220220
220220
220220
220220
220220
220220
220220
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178178
178178
178178
178178
178178
178182
178182
178182
178178
178178
178182
178182
178178
178178
178178
178182

213213
213237
213237
213237
213237
213237
213237
213213
213219
213237
213213
213213
213237
213219
213213
213237



GDA File Format-txt file

#nexus

[!Data from Populus euphratica

]

begin gdadata;
dimensions

nloci=3 npops=3;

format tokens missing=? datapoint=standard;

matrix

GOKCAY:

95 287/289
96 287/289
97 289/289
98 289/289
ERMENEK :

72 289/289
73 289/289
74 289/289
75 289/289
Mut:

1 287/289
2 291/291
3 291/291
4 287/289
end;

locusallelelabels

1 'WPMS5' [/ 287 289 291 ],
2 'WPMS7' [/ 215 219 ],
3 'WPMS1@' [/ 220 222 246 248 ];

219/219 220/220
219/219 220/220
219/219 220/220
219/219 220/220,

219/219 220/220
219/219 220/220
219/219 220/220
219/219 220/220,

219/219 220/220
219/219 220/220
219/219 220/220
219/219 220/220;
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GenAlEx format- excel file

O 00 NO U WN P

=
=]

A B

S e il
No u s WwN

N R
o v

5 16

| goksu-firat

Sample # Pop

95 Gokcay
96 Gokcay
97 Gokcay
98 Gokcay
72 Ermenek
73 Ermenek
74 Ermenek
75 Ermenek

1 Mut

2 Mut

3 Mut

4 Mut
40 Silifke
41 Silifke
42 Silifke
43 Silifke

16

WPMS5 WPMS5 WPMS7 WPMS7 WPMS10 WPMS10 WPMS12 WPMS12 WPMS14 WPMS14

287
287
289
289
289
289
289
289
287
291
291
287
287
289
287
287

289
289
289
289
289
289
289
289
289
291
291
289
289
289
289
289

219
219
219
219
219
219
219
219
219
219
219
219
219
219
219
219

219
219
219
219
219
219
219
219
219
219
219
219
219
219
219
219
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220
220
220
220
220
220
220
220
220
220
220
220
220
220
220
220

220
220
220
220
220
220
220
220
220
220
220
220
220
220
220
220

178
178
178
178
178
178
178
178
178
178
178
178
178
178
178
178

178
178
178
178
178
182
182
182
178
178
182
182
182
178
182
182

213
213
213
213
213
213
213
213
213
213
213
213
213
219
213
213

213
237
237
237
237
237
237
213
219
237
213
213
237
237
219
231



GenClone 2.0 File Format-txt file

160

[y

WoOoNOVTAWwWN

999
999
999
999
999
999
999
999
999
999
999
999
999
999
999
999
999
999
999
999
999
999
999
999
999
999
999
999
999
999
999

999
999
999
999
999
999
999
999
999
999
999
999
999
999
999
999
999
999
999
999
999
999
999
999
999
999
999
999
999
999
999

22

287289
287289
289289
289289
287289
287289
287291
287289
287291
289289
287287
289289
287287
287291
287289
289289
291291
291291
287289
291291
287289
287289
287291
289289
289289
291291
289289
287289
287287
287291

2

219219
219219
219219
219219
219219
219219
219219
219219
215215
219219
215215
219219
219219
219219
219219
219219
219219
219219
219219
215219
215215
219219
219219
215215
215215
215215
219219
219219
215215
215215

WPMS5

220220
220220
220220
220220
220220
220220
220220
220220
220220
220220
220220
222222
220220
220220
220220
220220
220220
220220
220220
220220
220220
220220
220220
220220
220220
220220
220220
220220
220220
220220
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WPMS7

178178
178178
178178
178178
178182
178178
000000
178178
000000
178178
178178
178178
178178
178182
178178
178178
178178
000000
178178
178178
178178
178182
178178
000000
182186
178178
000000
178178
178178
178178

WPMS10
213213
213237
213237
213237
213213
213237
213213
213231
213213
213219
213219
219219
213237
213219
213219
213213
213213
213213
213219
237237
213219
213219
237237
213213
213213
219237
219237
213219
213213
213219

WPMS12
182182
182182
182182
182182
182182
182182
182182
182182
182182
182182
182182
182182
182182
182182
182182
182182
182185
182182
182182
182182
182182
182182
182182
182182
182182
182182
182182
182185
182182
182182

WPMS14
226232
232232
226232
226232
226229
229232
229229
229232
229229
226232
226229
232232
229229
232232
226226
229232
229229
229229
226232
229229
226232
226232
226226
232232
232232
226232
229229
232232
232232
226226

WPMS15
214214
214214
214214
214214
214214
214214
214214
214214
214214
214214
214214
214214
214214
214214
214214
214214
214214
214214
214214
214214
214214
214214
214214
214214
214214
214214
214214
214214
214214
214214



Genepop File Format-txt file

"Populus euphratica populations

WPMS5
WPMS7
WPMS10
WPMS12
POP
Gokcay,
Gokcay,
Gokcay,
Gokcay,
POP
Ermenek,
Ermenek,
Ermenek,
Ermenek,
Ermenek,
POP

Mut,
Mut,
Mut,
Mut,

POP
Silifke,
Silifke,
Silifke,
Silifke,

287289
287289
289289
289289

289289
289289
289289
289289
287289

287289
291291
291291
287289

287289
289289
287289
287289

219219
219219
219219
219219

219219
219219
21:9219
219219
219219

219219
219219
219219
219219

219219
219219
219219
219219

in Goksu-Firat

220220
220220
220220
220220

220220
220220
220220
220220
220220

220220
220220
220220
220220

220220
220220
220220
220220
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178178
178178
178178
178178

178178
178182
178182
178182
178178

178178
178178
178182
178182

178182
178178
178182
178182

rivers"

213213
213237
213237
213237

213237]
213237
21:3237
213213
2132371

213219
2132371
213213
213213

2132371
21.92:37)
213219
213231

182182
182182
182182
182182

182182
182182
182182
182182
182182

179182
182182
182182
182182

182185
182182
182182
182182



Microchecker File Format-txt file

hitle Line:"Populus euphratica

WPMS5
WPMS7
WPMS10
WPMS12
POP
1_,287289
1_,287289
POP
2_,289289
2_,289289
POP
3_,287289
3_,291291
POP
4_,287289
4_,289289

219219
219219

219219
219219

219219
219219

219219
219219

220220
220220

220220
220220

220220
220220

220220
220220

178178
178178

178178
178182

178178
178178

178182
178178

populations in Goksu-Firat rivers"

213213
213237

213237
213237

213219
213237

213237
219237

182182
182182

182182
182182

179182
182182

182185
182182

85

226232
232232

226232
229232

226232
226229

226226
226226

214214
214214

214214
214214

214214
214214

214214
214214

197197
197197

197197
197197

197197
197197

197197
197197

195201
201201

195201
201201

195201
201201

195201
195201



Structure File Format-txt file

w5
95
95
96
96
97
97
08
98
99
99
100
100
101
101
102
102
103
103
104
104
105
105
106
106
107
107
108
108
109
109
110
110

=
~

PRRPRRPRRRRRPPRPRRREPRPRRPRPRPRPRRRERRRRERRPBRPRRRERRER

wlo
287
289
287
289
289
289
289
289
287
289
287
289
287
291
287
289
287
291
289
289
287
287
289
289
287
287
287
291
287
289
289
289

219
219
219
219
219
219
219
219
219
219
219
219
219
219
219
219
215
215
219
219
215
215
219
219
219
219
219
219
219
219
219
219

wl2
220
220
220
220
220
220
220
220
220
220
220
220
220
220
220
220
220
220
220
220
220
220
222
222
220
220
220
220
220
220
220
220

wld
178
178
178
178
178
178
178
178
178
182
178
178

86

213
213
213
237
213
237
213
237
213
213
213
237
213
213
213
231
213
213
213
219
213
219
219
219
213
237
213
219
213
219
213
213

wl5
182
182
182
182
182
182
182
182
182
182
182
182
182
182
182
182
182
182
182
182
182
182
182
182
182
182
182
182
182
182
182
182

wls8
226
232
232
232
226
232
226
232
226
229
229
232
229
229
229
232
229
229
226
232
226
229
232
232
229
229
232
232
226
226
229
232

214
214
214
214
214
214
214
214
214
214
214
214
214
214
214
214
214
214
214
214
214
214
214
214
214
214
214
214
214
214
214
214

w20



APPENDIX D

Cervus 3.0.7 NULL ALLELE FREQUENCY RESULTS

Table 1: Number of alleles, observed (Hons) and expected (Hexp) heterozygosity, Hardy
Weinberg (HW) deviation, Null allele frequency (F) for each locus (Cervus 3.0.7)

Number of

Locus Alleles N Hobs Hexp PIC HW F(Null)
WPMS5 3 160 0.431 0.600 0.530 Fokx 0.1559
WPMS7 2 160 0.100 0.363 0.297 faleied 0.5668
WPMS10 4 160 0.038 0.049 0.049 ND 0.1235
WPMS12 5 146 0.205 0.285 0.259 ND 0.1666
WPMS14 5 160 0.650 0.664 0.601 NS 0.0098
WPMS15 4 160 0.175 0.184 0.172 ND 0.0161
WPMS18 3 160 0.569 0.599 0.514 NS 0.0108
WPMS20 1 159 0.000 0.000 0.000 ND ND
PMGC14 3 160 0.013 0.025 0.025 ND 0.2086
PMGC2163 4 160 0.556 0.435 0.354 * -0.1256
PMGC2889 6 159 0.742 0.767 0.728 NS 0.0156
PMGC93 5 160 0.613 0.665 0.614 NS 0.0423
Pe2 10 158 0.772 0.761 0.720 NS -0.0110
Pe5 6 160 0.700 0.583 0.545 kel -0.1339
Pe6 3 160 0.700 0.649 0.572 * -0.0412
Pe7 1 160 0.000 0.000 0.000 ND ND
Pe8 4 159 0.409 0.441 0.409 NS 0.0216
Pel3 2 159 0.440 0.487 0.368 NS 0.0490
Peld 7 160 0.700 0.732 0.685 NS 0.0175
Pel5 9 154 0.753 0.776 0.740 NS 0.0121
Pel7 10 154 0.292 0.793 0.766 faleie 0.4650
Popeul3 9 154 0.468 0.730 0.701 faleie 0.2225
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APPENDIX E

DAMS AND HYDROELECTRIC POWER PLANTS ON THE GOKSU RIVER

No: | Power plant | Province | Maximum | Minimum | Installed | Construction

name / District Tail Power Year
Operating Water
Level Elevation

1 Damlapinar Karaman 692 m 16 MW 2008
HPP

2 Kepezkaya Karaman 503 m 28 MW 2009
HPP

3 Bucakkisla Karaman, 403 m 41 MW -
HPP Merkez

4 Kayraktepe Mersin, 124 m 28'm 282 MW -
Dam and Silifke
HPP (planned)

5 Silifke HPP Mersin 0 MW -

6 Ermenek Dam | Karaman 660 m 694 m 302 MW 2002
and HPP

7 Gezende Dam | Mersin, 310 m 333m 159 MW 1979

Mut
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http://www.enerjiatlasi.com/hidroelektrik/damlapinar-hes.html
http://www.enerjiatlasi.com/hidroelektrik/damlapinar-hes.html
http://www.enerjiatlasi.com/hidroelektrik/kepezkaya-hes.html
http://www.enerjiatlasi.com/hidroelektrik/kepezkaya-hes.html
http://www.enerjiatlasi.com/hidroelektrik/bucakkisla-hes.html
http://www.enerjiatlasi.com/hidroelektrik/bucakkisla-hes.html
http://www.enerjiatlasi.com/hidroelektrik/kayraktepe-baraji.html
http://www.enerjiatlasi.com/hidroelektrik/kayraktepe-baraji.html
http://www.enerjiatlasi.com/hidroelektrik/kayraktepe-baraji.html
http://www.enerjiatlasi.com/hidroelektrik/silifke-hes.html
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