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ABSTRACT

GENETIC CONTROL OF CELLULOSE, LIGNIN AND GLUCOSE
CONTENTS IN EUROPEAN BLACK POPLAR
(Populus nigra L.) POPULATIONS FROM TURKEY

Taskiran, Bircan
M.S., Department of Biology
Supervisor: Prof.Dr. Zeki KAYA
February 2014, 86 pages

Populus nigra L. is considered as one of the most economically significant forest tree
species with respect to production of wood, biomass, timber, pulp, paper and other
wood-based products, besides its ecological and evolutionary importance. Because of
the increased wood needs of the world and demands of renewable energy sources,
fast-growing poplar has gained importance. While wood quality, pulp mechanical
strength, and biomass are directly associated with high cellulose content, lignin
emerges as an undesirable polymer for both pulp and biofuel manufacturing

industries.

To estimate the contents of the main cell wall polymers, cellulose, lignin, and total
D-glucose content of wood cell, and also their proportion to each other, we
established a large collection of biological samples from one year old branches of
poplar trees (285 clones x 3 replicates x 2 ramets) which were grown for three years
in an outdoor nursery (Behigbey Nursery) in Ankara. These clones were originally
collected from all over Turkey. Additionally, five commercially registered clones

and six foreign clones were included in the study for comparison.



The mean values for cellulose, lignin and glucose content were 21.8 + 16.29 ng/ml,
23 £4.64 pg/ml, and 35 +9.71 pg/ml, respectively. However, particular clones were
detected with extraordinary high values for these traits. The components of the total
variance due to among clones within regions were 15.11 %, 3.47 %, and 12.94 % for
cellulose, lignin and glucose, respectively. Positive correlations were observed
between cellulose and height (r = 0.22; p < 0.01), cellulose and diameter (r = 0.23;
p <0.01) and also between lignin and glucose (r = 0.31, p < 0.01). On the other hand,
negative correlation was detected between lignin and diameter (r = -0.121; p < 0.05)

as expected.

In the study, all clones were also evaluated with respect to high quality and yield to
realize valuable clones with high cellulose to low lignin content. The superior clones
were 62172, N91075, 62160, N03377, and 62191, whereas the inferior clones were
641410, N91085, 8511, NO03372, and N92169. Also the study by choosing the
superior and eliminating the inferior clones pave the way for future investments and

applicable new poplar breeding programs.

Key Words: Populus, poplar, cellulose, lignin, glucose, genetic variation
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TURKIYE’DEKI AVRUPA KARA KAVAGI (Populus nigra L.)
POPULASYONLARININ SELULOZ, LIGNIN VE GLUKOZ
ICERIKLERININ GENETIK KONTROLU

Taskiran, Bircan
Yiiksek lisans, Biyoloji Boliimii
Tez yoneticisi: Prof. Dr. Zeki KAYA
Subat 2014, 86 sayfa

Populus nigra L. ekolojik ve evrimsel 6neminin yanisira, odun, biyokiitle, kereste,
kagit hamuru, kagit ve diger odun kaynakli liriinlerin iiretimi agisindan da en 6nemli
ekonomik orman agaglarindan biri olarak kabul edilmektedir. Diinyanin biiytimekte
olan odun ihtiyact ve yenilenebilir enerji kaynagi gereksinimi sebebiyle, hizl
bliyliyen kavak tiirleri 6nem kazanmistir. Odun kalitesi, kagit hamurunun mekanik
dayanikliligi ve biyokiitle dogrudan yiiksek seliiloz igerigi ile iligkilendirilirken,
lignin hem kagit hemde biyoyakit iiretim endiistrileri tarafindan istenmeyen polimer

olarak karsimiza ¢ikmaktadir.

Hiicre duvarinin ana polimerleri olan seliiloz ve ligninin ve ayrica odun hiicresinin
toplam D-glukoz igerigini ve birbirlerine oranlarini tahmin etmek ic¢in, Behigbey
Fidanligi’nda (Ankara) agik havada biiylimiis ii¢ yillik denemedeki agaclarim bir
yillik dallarindan kapsamli bir biyolojik 6rnek koleksiyonu olusturuldu (285 klon x 3
tekrar x 2 ramet). Bu klonlar daha 6nce tiim Tiirkiye’den toplanmisti. Ayrica bes tane
ticari olarak tescillenmis klon ile alt1 yabanci klon karsilastirma yapabilmek icin

calismaya dahil edildi.
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Ortalama seliiloz, lignin ve glukoz igerikleri sirastyla 21,8 = 16,29 pg/ml, 23 + 4,64
pg/ml, ve 35 £ 9,71 pg/ml olarak hesaplandi. Ote yandan, belirli klonlar bu
karakterlerde gosterdikleri siradisi igerikler ile tespit edildi. Seliiloz, lignin ve glukoz
iceriginde klonlardan kaynaklanan varyans bileseni bdlge i¢inde sirasiyla 15,11 %,
3,47 %, ve 12,94 % olarak gozlendi. Pozitif korrelasyonlar seliiloz ve boy (r = 0,220;
p < 0,01), seliiloz ve ¢ap (r = 0,235; p < 0,01) ve ayrica lignin ve glukoz (r = 0,314;
p < 0,01) arasinda gdzlendi. Ote yandan bekledigimiz gibi, lignin ve c¢ap arasinda

negatif korrelasyon (r =-0,121; p < 0,05) tespit edildi.

Bu giincel caligmada, kalite ve verim acisindan, yiiksek selilloz ve diisiik lignin
icerigi ile kiymetli kabul edilen klonlar1 tespit edebilmek i¢in tiim klonlar
degerlendirildi. 62172, N91075, 62160, N03377 ve 62191 kodlu klonlar iistiin
klonlar olarak gozlemlenirken, 641410, N91085, 8511, N03372 ve N92169 kodlu
klonlar diisiik kaliteli klonlar olarak gozlemlendi. Ayrica bu calisma, istiin kaliteli
klonlar1 segerek ve diisiik kaliteli klonlar1 elimine ederek, gelecek yatirimlar ve yeni

uygulanabilir kavak melezleme programlari i¢in zemin hazirlamistir.

Anahtar Kelimeler: Populus, kavak, seliiloz, lignin, glukoz, genetik varyasyon
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CHAPTER 1

INTRODUCTION

1.1  Populus nigra L.

1.1.1 Taxonomy

The European black poplar, Populus nigra L. is a member of the Salicaceae family
(willow family). It is a typical fast-growing tree species of the Genus Populus in the
Aigeiros section which is also known as cottonwoods (Toplu, 2005). P.deltoides and
P. fremantii are the other species of the section. The other sections of genus Populus
described by Eckenwalder (1996) based on relative morphological similarity and
crossability are: Populus (white poplars and aspens), Tacamahaca (balsam poplars),
Leucoides, Abaso, and Turanga. There are three well-known subspecies of P. nigra
which are Populus nigra subsp. nigra, Populus nigra subsp. betulifolia (Pursh)
W.Wettst, and Populus nigra subsp. caudina (Ten.) Bugata. These are distributed in

Europe and Mediterranean region and southwest Asia, respectively.

According to recent taxonomic studies, the total number of species of genus Populus
ranges from 29 to 32 (Dickmann and Kuzovkina, 2008). Because of the fact that the
members of genus Populus can hybridize with each other, classification of the genus
is very complicated (Cagelli and Lefevre, 1997). This kind of interspecific
hybridization generally occurs between closely related sympatric species (Barnes and
Pregitzer, 1985; Dickmann and Stuart, 1983, Eckenwalder, 1984a, b; Keim et al.,
1989; Muhle-Larsen, 1970; Ronald er al., 1973a, b; Rood et al., 1986; Whitham et
al., 2006). Moreover, it is possible with controlled crosses (Ronald, 1982; Stettler et
al., 1980; Willing and Pryor, 1976).



1.1.2 Biology and Ecology

The European black poplar is a single-stemmed tree, which can reach to 30 meters
height with a trunk diameter of up to 2.5 meters. They are one of the fastest growing
trees and spread clonally by root fragments or through seeds (Figure 1.1.). Because
of their excess sunlight need for growth, black poplar generally creates small
populations in open areas with alluvial soils. The black poplar has an important role
as a key species in riparian ecosystems together with P. alba L., willows, alders,
maple, elm, and ash (Rathmacher et al., 2010; Arens et al., 1998; Csencsics et al.,
2009). Individual trees can live for over 400 years (Vanden Broeck, A. 2003).
Diploid chromosome number of the European black poplar is 2n= 38. The black

poplar is a dioecious species, having male and female plants.

Figure 1.1 General appearance of Populus nigra test plantation in Behi¢cbey nursery



The leaves generally appear in the late April after the catkins which are yellow-green
in females and purplish-red in males (Figure 1.2. A and B). Populus nigra depends
on wind for pollination. When they are 10-15 years old, they reach at the
reproductive age (Braatne et al., 1996). Seeds emerge with a coma of cottony hairs
on parietal placentas in thin-walled capsules (Figure 1.2. C) (Rae et al., 2007).

Owing to its structure, seeds are dispersed through wind and water in early summer.

Besides this, they need very particular requirement of soil and water for germination

(Gaudet, 2006).

Figure 1.2 Reproductive structures of Populus nigra A.Male catkin (http://treeaware.
blogspot.com/2009/03/spring-in-bath-black-poplar-catkins.html), B.Female catkin
(http://www.arkive.org/black-poplar/populus-nigra/image-A1424.html) C.Seed (http
://gallery.nen.gov.uk/assets/0607/0000/0093/plants_426_mid.jpg)  Retrieved  on
19.12.2013



1.1.3 Distribution

The species of the genus Populus, collectively known as poplars, are accepted as the
most abundant woody plants in forests of the northern hemisphere (Hillier and
Coombes, 2002). If the distribution range is examined for P. nigra, it is clearly seen
that there is no correlation between particular climatic area and distribution of P.
nigra. In fact, its distribution is connected with the soil moisture (Gaudet, 2006). The
distribution area includes a large portion of Europe, northern Africa, Middle East,

and central and west Asia (Figure 1.3.) (Rathmacher et al., 2010).

Figure 1.3 The distribution ranges of Populus nigra (the blue area) in the world.
(http://www .euforgen.org/fileadmin/www.euforgen.org/Documents/Maps/PDF/popul
us_nigra.pdf) Retrieved on 19.12.2013



1.1.4 Importance and Use

Poplar trees are one of the most important components of any terrestrial and riparian
ecosystems because of their unique characteristic features such as their long life span
and providing habitats for many living organisms. Carbon sequestration,
bioremediation, nutrient cycling, and biofiltration are some of the ecological services
provided by poplar trees (Brenner et al., 2004; Taylor, 2002). Black poplar trees have
an ecological importance as an indicator and pioneer species of riparian woodlands.
In many areas of northern hemisphere, the early successional stage of floodplain
woodlands is succeeded by black poplar together with other members of the
Salicaceae family. Furthermore, a great number of endangered and common insects
like Lepidoptera species and animals are connected with or depended on poplars. P.
nigra is not only used as a barrier against the wind in Agricultural lands to prevent
erosion, but also utilized for ornamental and landscaping purposes (Stettler et al.,
1996). Nowadays, the restoration of riparian ecosystems both for natural flood
control and protecting the river borders to connect larger forest areas is gained
importance. Therefore, conservation of black poplar genetic sources for the benefit of
ecosystems is important (Vanden Broeck, 2003; Gaudet et al., 2008). Besides their
ecological and evolutional importance, black poplars are accepted as one of the most
economically significant forest trees in terms of production of wood, biomass,
timber, pulp, paper and other wood-based products (Stettler er al., 1996b; Taylor,
2002). Moreover, it is also used for rural construction and the daily needs of rural
people. In addition to all these, since European black poplar wood is lightweighted,
white colored and does not have any fragrance, it is widely used to manufacture of

fruit boxes (Gaudet et al., 2006).

Domestication of poplar began in Europe in the late eighteenth century. After the
Second World War, widespread wood shortages led to their cultivation for timber
production (Schreiner, 1959). It was reported by the International Poplar
Commission held in Beijing in 2008 that over one hundred and twenty five superior
Populus cultivars were in use in the whole world. Over 5.2 million hectares of
plantations and 3.8 million hectares of agroforestry and environmental plantings

were reported as poplar lands throughout the world (FAO, 2008). The breeding of



improved cultivars has been emphasized by the management of these lands in terms

of yield, pathogen resistance and so on (Stanton, 2009).

Many countries have been producing their own national solutions to fulfill their raw
wood material demands particularly by focusing on investments of industrial row
plantings (Kocer ve Diner, 2003). Based on Global Forest Resources Assessment
2010 Main report, global wood removals were reported as 3.4 billion cubic meters
for 172 countries that account for 99.8 % of the global forest area (Table 1)(FRA,
2010). According to the projection of total wood consumption of Turkey, industrial
wood need is expected to reach 15.6 million m’, while the supply of domestic
resources is expected to remain 12.3 million m’ by 2023 (Anon, 2001). In the present
circumstances, supplying the 3.3 million m’ deficit that will emerge will not be
obtained from the existing capacity of natural forests. Due to the over exploitation
and slow regeneration rate, forest lands are getting reduced day by day. Therefore,
poplar has gained importance because of its easy culture, rapid growth rate and wide

range usages.

Fuel cost increase and concerns of global warming have led to the rise of interest in
renewable energy sources such as wind, water, solar, biofuels, biomass and
geothermal (Mason, 2007). Apart from all these usages, P. nigra and its hybrids have
been accepted as renewable source of energy for net-zero carbon emission

lignocellulosic biofuels and biomass (Carroll and Somerville, 2009; Rubin, 2008).

Additionally, poplar is also the first tree species which was completely sequenced
(Tuskan et al., 2006; Jansson and Douglas, 2007). The haploid genome size of
Populus is reported as 550 million base pairs which is only 4 times larger than the
genome of Arabidopsis, and 40 times smaller than the genomes of conifers like
loblolly pine (Bradshaw and Stettler, 1993). By means of their moderate genome
size, rapid growth rate, easy propagation via stem cuttings of woody tissues, and
economic importance, black poplars have been recognized as an ideal model
organism to study biofuels-related traits, molecular mechanisms of trees and their

responses to environmental stress (Bradshaw et al., 2000; Tuskan et al., 2006).



Table 1. Wood removals by region and subregion in 2005 (FRA, 2010).

Region/subregion Industrial Fuel wood Total
roundwood removals
millionm’  millionm’  million m’
Eastern and Southern Africa 39 292 331
Northern Africa 4 24 27
Western and Central Africa 30 301 330
Total Africa 72 616 688
East Asia 86 71 157
South and Southeast Asia 99 464 562
Western and Central Asia 17 13 30
Total Asia 201 548 749
Total Europe 568 167 735
Caribbean 1 5 6
Central America 4 17 22
North America 701 55 756
Total North & Central America 706 77 783
Total Oceania 55 1 56
Total South America 180 167 347
World 1783 1576 3359




1.2 Wood

Wood is a remarkable composite material and is almost totally composed of plant
cell walls. The total volume of wood in the world is considered as 4 x 10" cubic
meters (FAO, 2010). The terminal differentiation of the xylem tissues of woody
plants gives rise to wood production. It is also known as secondary xylem consisting
largely of dead cells involved in the transport of water and minerals as well as
support. Its strength and energy content are determined by its physical and chemical
composition (Lewin et al., 1991). Wood is composed of cellulose, lignin, and
hemicellulose with small amounts of minor components such as pectin and inorganic
substances. Contents of major structural polymers may vary in different tree species.
To illustrate, while lignin content of Pinus sylvestris is 26.9 %, Populus tremuloides

has 18 % lignin content (Sarkanen et al., 1971; Sjostrom, 1993).

Trees are classified as hardwoods and softwoods. Woods of broad-leaved trees like
poplar are known as hardwoods and woods of gymnosperms like pines are called
softwoods. The terms of hard and soft do not refer to the wood hardness. The cellular
structure and chemical contents of the wood make this difference. For example,
hardwood species have xylem composed of vessels and tracheids or fibers to carry
sap from stem through leaves, whereas softwood species have simpler structures
which are mainly longitudinal tracheids and small ray parenchyma cells (Lewin et
al., 1991). While the cellulose structure of hardwood and softwood is similar in both,
types, the proportions of lignin and hemicellulose are completely different (Sjostrom,

1993).

A major determining factor of the strength and physical characteristics of wood is
acknowledged as the morphology of the wood cell wall. Since the primary (P) cell
wall is the basic structural unit of the living cell, it exists in all plants. In wood, after
the formation of three layers of secondary cell wall towards the lumen of cell, the
primary wall remains in the outermost. In primary cell walls, cellulose microfibrils
are embedded in a matrix of pectins and hemicelluloses. Together with middle
lamella, it is collectively named as compound middle lamella (CML) which is poor
in terms of cellulose, but rich in pectin and lignin (> 50%). The properties of the wall

are formed mainly by the middle and thickest layer of secondary cell wall, the S2
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layer. Arrangements of cellulose microfibrils in these layers are observed in different
directions (Figure 1.4.). S layers are rich in cellulose and xylans. At the end of the
xylem differentiation, all layers are lignified and lignin-rich middle lamella binds the

adjacent cells together (Panshin et al., 1980; Sjostrom, 1993).

- Fiber Direction -

Hemicellulose
ngnin-Hemlcellulose
Matrix

Figure 1.4 (A) The morphology of the tracheids (B) Three dimensional diagram of
the cell wall of the tracheid in which the primary, S1, S2, and S3 cell wall layers and
the middle lamella (ML) are shown. (C) The relationship of lignin, hemicellulose and

cellulose in the secondary wall of a tracheid (After Sjostrom, 1993).



1.2.1 Cellulose

Cellulose is the most stable cell wall polysaccharides and is the main component of
wood. It comprises 40-50 % of wood dry matter (Delmer and Haigler, 2002).
Usually, cellulose content of primary cell wall is between 20 and 30%, whereas
secondary cell walls may contain 50% or much higher amount of it. Cellulose is a
highly simple unbranched polysaccharide composed of  (1—4) linked D-glucose
residues where every other glucose residue is rotated approximately 180° (Figure
1.5.) (Somerville, 2006). To form a cellulose microfibril of a diameter of 3 to 5 nm,
about 30 to 50 B (1—4) linked glucan chains are linked by hydrogen bonds (Brown,
2003). Microfibril size can vary from 36 chains which is called elementary fibril to
1200 chains which found in cellulosic algae (Sugiyama et al., 1985). Microfibrils
which include both crystalline and amorphous regions are arranged in bundles to
form fibrils. Finally, these fibrils aggregate together to form the backbone of the
wood fiber structure (Figure 1.6.) (Delmer and Amor, 1995).

Figure 1.5 Structure of cellulose molecule. The repeating unit, cellobiose, is

indicated in brackets.
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Figure 1.6 Steps in the assembly of native cellulose (After Delmer and Amor, 1995)

Cellulose is synthesized at the plasma membrane by cellulose synthase (CesA)
complex, a rosette-like structure and a large cytoplasmic domain (Doblin et al., 2002;
Somerville, 2006; Joshi and Mansfield, 2007). Catalytic subunits of CesA complex
utilize uridine diphoshoglucose (UDP-GIc), an activated sugar, as a substrate. UDP-
Glc can be synthesized by two distinct ways. In the first one, it emerges as a result of
the cleavage of sucrose by sucrose synthase (SuSy) which is suggested as a part of
catalytic domain of CesA complex (Fujii et al., 2010). In the second one, UDP-
glucose pyrophosphorylase (UGPase) converts glucose-1-P to UDP-Gly (Delmer and
Haigler, 2002) (Figure 1.7).

In terms of its chemical structures, cellulose is highly stable and extremely insoluble.
The crystalline structure of cellulose microfibrils, the hydrogen bonding between
cellulose and hemicelluloses and hydrophobic interactions are the main determinants
for cell wall strength. Because of that thick-walled cells with small lumens have high

wood density and greater strength (Lewin et al., 1991).
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Figure 1.7 Synthesis of UDP-Glucose, an activated sugar donor of CesA complex

(After Endler and Staffan, 2011).

1.2.2 Lignin

Lignin is the second most abundant polymer, synthesized by all plants, after cellulose
(Figure 1.8). Hydrophobic surface and structural support which are crucial to
transport water in the vascular system are provided by lignin (Carder, 1995; Koch et
al., 2004). It also serves as a mechanical barrier against pests and pathogens (Vance

et al., 1980; Bhuiyan et al., 2009).

Despite the fact that lignin is highly important for plant fitness, it is an undesirable
complex compound of pulp, paper, and bioenergy industries (Li et al., 2003; Chen
and Dixon, 2007). Following the start of secondary wall formation, lignification
begins in the middle lamella, primary wall, and secondary wall, respectively

(Donaldson, 2001). Lignification represents the last stage of cell expansion and
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elongation before programmed cell death (Timell, 1986). The biosynthesis of lignin
begins with the conversion of the amino acid phenylalanine into cinnamic acid by
phenylalanine ammonia lyase (PAL) in the cytosol. Lignin is a derivative of
phenylpropanoids and heteropolymer of three major p-hydroxycinammyl alcohol
precursors (monolignols) which are p-coumaryl, coniferyl and sinapyl alcohols
(Sarkanen et al., 1971). Subsequently, this monolignols go through dehydrogenative
polymerizations to form p-hydroxyphenyl (H), guaiacyl (G) and syringyl (S) lignin,
respectively (Weng et al., 2008). While lignins of gymnosperms (softwood) are
mainly composed of guaiacyl (G) units which is a derivative of coniferyl alcohol,
angiosperm lignins are composed of both guaiacyl (G) and syringyl (S) units in

different ratios (Figure 1.9) (Boerjan et al., 2003).

MeO HO
0 OMe

quaiacyl
sinapyl p-hydroxybenzoate-derived 3 o O

-O-4, B-aryl ether
p p-ary o

B-5, phenylcoumaran HO =

B-B, resinol M O OOH

! 0 MeO O O
cinnamyl alcohol endgroup OMe OH
phenolic endgroup O

/’;\ OMe
OH OMe

= ]_o
MeO O OH‘ { {
o) MeO
7 OH OMe OMe O OMe e s Q OMe
) HO
Q Se¥s
0" Y
OMe ‘ on HO OH
OH OMe HO 7/
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Figure 1.8 Representation of a lignin polymer from poplar, as predicted from NMR-

based lignin analysis (After Stewart ez al., 2009).
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Figure 1.9 The current views of lignin biosynthetic pathway (After Boerjan et al.,
2003). The enzymes involved in the pathway; PAL, phenylalanine ammonia lyase;
C4H, cinnamate 4-hydroxylase; 4CL, 4-coumarate-CoA ligase; C3H, coumarate 3-

transferase; CCoAOMT, caffeoyl CoA 3-O-methyltransferase; CCR, cinnamoyl CoA
reductase; FSH, ferulate 5-hydroxylase; COMT, caffeic acid 3-O-methyltransferase;

CAD, cinnamylalcohol dehydrogenase.
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1.2.3 D-Glucose

D-glucose is one of the main products of photosynthesis and a simple
monosaccharide found in plants. It is also known as dextrose and has a general
formula of C¢H;,0¢. All monosaccharides contain one or more asymmetric carbon
atoms. Because of this, they occur in optically active isomeric forms. If the hydroxyl
group on the asymmetric carbon is on the right in the projection formula, the sugar is
the D isomer (Figure 1.10 A). Most of the six carbon sugars (hexoses) of living
organisms are D isomers. The ring forms of D-glucose are called as a-D-
glucopyranose and B-D-glucopyranose (Figure 1.10 B, C). Glucose is building
blocks of sucrose, maltose, and lactose (disaccharides). It is used not only as a
precursor of non-structural polysaccharide like starch, but also used as a precursor of
important structural cell wall polysaccharides such as cellulose and hemicellulose.
While cellulose and starch contain only D-glucose monomers in their structure,
hemicellulose contains not only glucose, but also most of D-pentose and D-hexose
sugars (Collins and Ferrier, 1995; Aspinall, 1985; Fukuda and Hindsgaul, 1994;
Lehmann, 1998; Morrison and Boyd, 1992; Pigman and Horton, 1980; Lehninger,
2008).

chyu
H—{%.‘.—DH CHEOI; CHEOS
HO—C—H H H
| q H H OH
H—{i.‘-—DH OH H OH H
g HO OH HO H
OH
A H,0H B H C H OH

Figure 1.10. A. D-Glucose, B. a—D-glucopyranose, C. B-D-glucopyranose. (After
Lehninger, 2008)
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1.2.4 Recent Studies

For compensation of significant wood demand and for reducing pressure on natural
forests, producing more wood with high quality from plantations has gained
importance. Together with public concern related with loss of biodiversity and the
increase in the world population, recent studies have emphasized the breeding of
improved cultivars of fast-growing trees like poplar (Li et al., 2008; Yuan et al.,
2006). The International Poplar Commission (IPC) of the Food and Agriculture
Organization of the United Nations and the International Union of Forestry Research
Organizations (IUFRO) comprise many working groups which aim to promote the

cultivation, conservation and utilization of poplars and willows.

Understanding the physiological and morphological components of yield, the
inheritance of quantitative and qualitative traits related with quality of wood, fitness
and so forth are greatly important for domestication process (Boarjan, 2005; Stanton,
2009). Since the Populus genome was sequenced completely, an access of wide
range of poplar genomic data like microarray is available today. These shared genetic
materials, field measurements, clonal plantation trials and other approaches have
been paving the way for more detailed studies like transformation of poplars

biogenetically for high yield and so on (Tuskan et al., 2006).

In recent years, scientists and investors have been focusing on the utilization of
renewable energy sources because of global warming, decrease in fossil fuels, and
severe fluctuation in the global oil market (Asif and Munuer, 2007; Gray et al., 2006;
Koonin, 2006; Yuan et al., 2008). There are also increases in national funds for

improvement of biomass crops, including Populus (Rubin, 2008; Schubert, 2006).

Biofuel production includes three main steps; assembling of biomass, degredation of
cell wall polymers, cellulose and hemicellulose into their monomers by pretreatments
and saccharification process, and finally obtaining ethanol from these sugars by
fermentation. Despite the fact that lignin is one of the most important cell wall
polymers, it represents problem for biofuel production since it inhibits
saccharification process (Sticklen, 2008; Weng et al., 2008a; Mansfield, 2009).

Besides that it is also undesirable polymers in the pulp and paper making industry in
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which lignin must be removed from wood with noxious chemicals. Moreover, this
removing process pollute the whole process and consumes a large amount of energy
(Walker, 1993; Hatfield and Fukushima, 2005). Because of these reasons, many
studies aimed to obtain improved genotypes with high cellulose/ low lignin content
or to change the structure of lignin to response chemical degradation easily and to

remove it with fever chemicals (Baucher et al., 2003; Anterola and Lewis, 2002).

Lignin and cellulose biosynthesis modification by genetic transformation, gene-
silencing techniques, and down regulation of certain enzymes like cinnamyl alcohol
dehydrogenase (CAD) can be given as examples to certain approaches in Populus
(Chen and Dixon, 2007; Halpin and Boerhan, 2003; Huntley ef al., 2003; Jing et al.,
2004; Kirst et al., 2004; Kumar et al., 2001; Li et al., 2003; Novaes et al., 2009;
Pilate et al., 2002; Park et al., 2004; Ralph et al., 2006a; Shani et al., 2004; Suziki,
2006). There are also many forward and reverse genetic mutation studies to
understand the function of specific genes related with wood and cell wall formation
(Dixon and Reddy, 2003; Ralph et al., 2006a, b; Davis, 2008). Furthermore, there are
some field trials to examine the response of Populus to stress conditions in terms of
growth and wood composition (Novaes et al., 2009; Meilan et al., 2002; Hawkins et
al., 2003).

In Turkey, The Poplar and Fast-Growing Forest Trees Research Institute, Izmit has
been carrying out studies mainly on an improvement of the best industrial cultivars,
in situ, and ex situ conservation under the framework of the European Forest Genetic
Resources Program (EUFORGEN) (Toplu and Kucukosmanoglu, 2003; Toplu,
2005).

While in situ conservation studies have been carried out in eastern Anatolia region,
310 European black poplars chosen from all over Turkey were transferred to Ankara,
Erzurum and Izmit to establish clone banks as an ex situ conservation effort. From
these clone banks, 297 European black poplar trees along five commercially
registered clones were chosen in and transferred to the Behigbey Nursery in Ankara

to estimate their growth performance and to characterize them genetically.
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In wood processing industry, lignin and cellulose content analysis are routinely
carried out to understand wood quality and to estimate chemicals required in pulping
and bleaching process. Also, they are performed to characterize the lignocellulosic
materials. Beside that, since dissolved lignin present in the waste water can bring
about pollution dramatically, there is a great importance of measuring an acid soluble

lignin content in aqueous solution.

Our study primarily aims to provide additional data for characterization of clones in
terms of cellulose, lignin, and glucose content to evaluate the quality of wood and to

choose the best clones for future poplar breeding studies.
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CHAPTER 2

MATERIAL AND METHODS

2.1 Plant Material and Sampling

As an ex situ conservation program, two hundreds and ninety seven Populus nigra
clones were collected from all over the Turkey in the past 60 years by foresters. They
were planted in the Behi¢cbey Nursery, Ankara with the collaboration of the Central
Anatolia Forest Research Institute (Ankara) and the Institute for Poplar and Fast
Growing Forest Tree Species (Izmit) of the Ministry of Forestry and Water Affairs.
Clones were grouped according to their origins with respect to the seven
geographical regions of Turkey. The geographic information on the studied
European black poplar clones are provided in detail in Appendix A. All clones were
grown together under the same environmental conditions in the Behi¢cbey Nursery,
Ankara and were harvested at the same time period and physiological stage
(Yildirim, 2013). The Sampling was carried out between 27.06.2012 and 29.06.2012
from new branches of three years old trees. Branches were chosen above 150 cm
from the ground. About 30 cm below the tip of a new branch, 15 cm long pieces
were cut. All branch pieces had approximately 2 cm diameter. Each clone was
represented in the experiment with six individual trees (ramet), collected from three
replications (two ramets per clone in each replication). Number of clones used for
sampling was presented in Table 2.1. Samples were placed in an ultra-low
temperature freezer (New Brunswick Scientific, model U410) for measuring enzyme
activity related with cellulose and lignin biosynthesis for subsequent studies later.
Homogenization of specimens was performed by use of liquid nitrogen inside a
chilled mortar. After grinding, the samples were stored at -80 °C. To estimate lignin

and glucose content, wood meals were also oven dried for an hour.
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Table 2.1. Distribution of European black poplar clones with respect to geographic

regions that were in The Behi¢cbey Clone Bank in Ankara

Regions and Number Latitude Longitude Altitude
their codes of clones (range) (range) (m)

Central Anatolia

81 37°52°-39°57°’N  32°35°-32°54’E 1205
(Region 1)
Eastern Anatolia

57 38°25°-39°57°’N  38°20°-41°15’E 1829
(Region 2)
Aegean

20 37°42°-38°45’N  29°02°- 30°33’E 715
(Region 3)
Black Sea

34 40°15°-40°40°N  36°30°- 35°50’E 1163
(Region 4)
Mediterranean

11 37°05°-37°37°’N  36°10’- 36°53’E 1027
(Region 5)
Southeastern
Anatolia 10 37°06°- 37°46’N  27°23’-38°17T’E 748
(Region 6)
Marmara

20 37°47°-40°05°’N  30°30’- 30°05’E 280
(Region 7)
Foreign

18 Unknown Unknown Unknown
(Region 8)
Open Pollinated

20 Unknown Unknown Unknown
(Region 9)
Unknown

24 Unknown Unknown Unknown
(Region 10)
Total 297
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2.2 Estimation of Cellulose Content

Cellulose content of the branches was determined from 0.125 g freeze-dried samples
according to the standard procedure described by Uppdegraf (1969). All chemicals
were obtained from Sigma-Aldrich (Germany). The powders were digested by 750 ul
acetic acid/nitric acid reagent to remove lignin, hemicellulose and xylosans inside of
15 ml falcon tubes. Acetic/nitric reagent was prepared by mixing 150 ml 80% acetic
acid and 15 ml concentrated nitric acid. After stirring 2 minutes, loosely capped
tubes were placed in a boiling water bath for 30 minutes. Following that they were
centrifuged for 10 minutes at 5000 rpm. Supernatants were discarded carefully to
prevent disruption of the solid cellulose found at the bottom of the tube. The
remaining residue was washed with distilled water to remove acetic/nitric reagent
completely and centrifuged again for 5 minutes at 5000 rpm. After discarding
supernatant, 2.5 ml 67% sulphuric acid was added to the remaining residue and
allowed to stand for an hour at room temperature. During this time, tubes were
vortexed twice to assure complete degradation of cellulose. From these tubes, 250 pl
of solutions were taken and transferred to 50 ml falcon tubes which include 25 ml
distilled water and they vortexed for a minute. Inside of 15 ml falcon tubes, 250 pul of
this diluted solution, 1 ml distilled water, and 2.5 ml cool anthrone reagent were
mixed well. Anthrone reagent was prepared by dissolving 0.2 g anthrone with 100 ml
concentrated 95% H,SO,. It was chilled 2 hours in refrigerator prior to use so that it
could be utilized freshly. Finally, loosely capped tubes were heated in boiling water
bath for 10 minutes and cooled rapidly. By using 96 well Epoch Elisa Micro Plate
Reader (Biotech, France), the color range was measured at 630 nm in triplicate by

using cold anthrone reagent and distilled water as blanks.

2.2.1 Preparation of Cellulose Standard

To prepare the stock standard of cellulose, 25 mg pure cellulose (Sigma-Aldrich,
Germany) was added into 2.5 ml 67% sulphuric acid and allowed to stand for an
hour. Tubes were vortexed twice during this time. 250 pl of solution was diluted to

25 ml with distilled water to contain 100 pg cellulose / ml. Volume of series of 25 pl,
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50 pl, 100 pl, 200 pl, 400 pl, 600 pl, 800 ul, 1000 pl, and 1250 pl were taken from
this diluted stock solution. Final volumes were brought to 1250 pl with distilled
water. Finally 2.5 ml cool anthrone reagent was added and vortexed for a minute.
The tubes were placed in boling water bath for 10 minutes. After cooling rapidly, the
color range was measured at 630 nm in triplicate. Anthrone reagent was used as a

blank.

2.3 Estimation of Acid - Soluble Lignin Content

Acid soluble lignin content was determined from 0.2 g oven-dried samples according
to the standard TAPPI Test Method T250 “Acid-Soluble Lignin in Wood and Pulp”
which is a modification of the classic “Klason Lignin” determination (Dence, 1992).
All chemicals were obtained from Sigma-Aldrich (Germany). Samples were first
treated with 3 ml 72% cold H,SO,, added gradually. After stirring the test tubes for a
minute, they were allowed to stand for 2 hours at room temperature and vortexed
once an hour. Having transferred the content of the test tubes to baby jars which
include 50 ml distilled water, the remaining residue at the test tube was rinsed with
extra distilled water and transferred to baby jar. Final volume of solution was
brought to 115 ml to dilute the sulphuric acid 3%. Baby jars were loosely capped and
autoclaved for 30 minutes to hydrolyze the polysaccharides to soluble fragments.
Baby jars were allowed to cool down to room temperature before removing the caps
and settle the solution until it is clear. The supernatant solution which includes acid
soluble lignin was filtered through Whatman number three filter paper to 100 ml
Erlenmeyer flask. To obtain the absorbance range between 0.2 and 0.7, a sample of
the clear filtrate was diluted as needed. Inside of 96 well plate, 30 ul sample and 240
ul 3% H,SO4 were mixed by pipetting. The absorbance at 205 nm was measured in

triplicate by using the same solvent (3 % H,SO,) as a blank.
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2.4 Estimation of D-Glucose Content

The determination of D-Glucose content was carried out by some modification and
combination of TAPPI Test Method T250 “Acid-Soluble Lignin in Wood and Pulp”
and the standard procedure which was described by Hedge and Hofreiter (1962). All
chemicals were obtained from Sigma-Aldrich (Germany). The supernatant obtained
from 0.2 g sample by hydrolysis with 3 ml 72% H,SO,, dilution to 115 ml with
distilled water, autoclaving for 30 minutes, and filtering through Whatman number
three filter paper, respectively was used to measure total carbohydrate content.
Exactly one hour later after autoclave stage, , 4 ml cold anthrone reagent above 1 ml
of supernatant solution was added and vortexed for a minute inside the 15 ml falcon
tube. Afterwards, falcon tubes were placed inside boiling water bath for 8 minutes.
Having cooled rapidly, the color range was measured at 630 nm in triplicate by using

96 well Epoch Elisa Micro Reader plate by using cold anthrone reagent as blanks.

2.4.1 Preparation of D-Glucose Standard

To prepare the stock standard, 0.2 g D-glucose was dissolved inside of 115 ml
distilled water. Next, to prepare working standard, 10 ml of stock solution was
completed to 100 ml with distilled water to contain 174 pg glucose / ml. Volume
series of 50 pl, 100 pl, 200 pl, 400 pl, 600 pl, 800 ul, and 1000 pl were taken from
this solution. Final volumes were brought to 1000 ul with distilled water. Finally, 4
ml cool anthrone reagent was added and vortexed for a minute. The tubes were
placed in a boling water bath for 10 minutes. After cooling rapidly, the color range

was measured at 630 nm in triplicate. Anthrone reagent was used as a blank.
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2.5 Analysis of Data

2.5.1 Determination of Cellulose Content

To calculate the quantity of cellulose, a standard graph was developed by plotting
concentration of the cellulose standard on the X-axis versus absorbance at 630 nm on
the Y-axis. The amount of cellulose present in the sample was calculated from the
standard. Standard conditions, amount of cellulose, and absorbance read at 630 nm

were given at Table 2.2. Also, the standard graph was provided at Figure 2.1.
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Figure 2.1 The standard calibration graph for the cellulose content
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Table 2.2. Standard conditions, amount of cellulose, and absorbance values

Stock Solution (ul)  dH,O (ul)  Cellulose (pg/ml) A 630 nm

0 1250 0 0.0803
25 1225 2.5 0.1185
50 1200 5 0.1342
100 1150 10 0.1801
200 1050 20 0.2717
300 950 30 0.3622
400 850 40 0.4304
600 650 60 0.6784
800 450 80 0.7930

1000 250 100 0.9972
1250 0 125 1.3361

2.5.2 Determination of Acid-Soluble Lignin Content

The acid-soluble lignin content of the black poplar samples was calculated from the

following expression of Beer-Lambert Law:
A=ex1lxC (1)
A = Absorbance (at 205 nm)
I =light path incm =1 cm
€ = absorptivity in lg’lcm’1 =110 lg'lcm'1

C = lignin concentration in g / L.
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Therefore,

Lignin Concentration = C = A/(‘g x1) xD (2

D = dilution factor

Where

D= Vd/Vo

V4 = volume of the diluted filtrate

V, = volume of original filtrate taken

The amount of acid- soluble lignin content in the dry wood samples was calculated

from the expression below:

Lignin, (%) =C¢*Vx100/ 000w ®

V= total volume of the filtrate, 115 ml
W= oven-dry weight of wood sample, g.

C = lignin concentration in g / ml.
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2.5.3 Determination of D-Glucose Content

A standard calibration graph was developed by plotting concentration of the D-
glucose standard on the X-axis versus absorbance at 630 nm on the Y-axis. The
standard graph was provided at figure 2.2. From the standard glucose graph, the
quantity of glucose in the sample was calculated. Standard preparation conditions

and amount of D-glucose versus absorbance read at 630 nm were given at Table 2.3.
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Figure 2.2. The standard calibration graph for the D-glucose content
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Table 2.3. Standard conditions, amount of D-glucose, and absorbance values

Stock Solution (ul)  dH,O (ul) D-Glucose (pg/ml) A 630 nm

0 1000 0 0.0543
50 950 8.7 0.1167
100 900 17.4 0.1653
200 800 34.8 0.2623
400 600 69.6 0.4435
800 200 139.2 0.7863
1000 0 174 0.9897

2.5.4 Statistical Analysis

Univariate analyses of each trait (cellulose, acid-soluble lignin, and D-glucose
content) were performed using the SAS® System for Mixed Models (Littell et al.,
1996) to separately account for the different sources of variation from our

experiment.

In a first stage, the normal distribution of the three chemical phenotypes was
evaluated. No transformations are needed for lignin and glucose content since these
trait were distributed approximately normal. Log transformation was performed for

cellulose trait. An ANOVA was carried out for each trait using the following model

Yijke = M + b +¢i + tjgi) + €jks (1)

where yjj is the response measured to the j-th ramet of the i-th clone within the k-th
block,  is the overall mean, c;is the random effect of i th clone, rj; is the random
effect of j-th ramet in clone 1, by is the random effect of block &, e;j is the random

error in block k on clone i and ramet j. Additionally, variance components were
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estimated by REML using the GLM and Varcomp procedures in the software SAS
9.2 (SAS Institute, Cary, NC, USA).

Individual broad sense heritability (Hz) was estimated by the equation (2) based on

the method developed by Zamudio et al. (2008)

H’ =6’/ (0 + (/7)) (2)

2 2 . .
where, r = 3, 6", and ¢°, represents the variance due the clone, and residual,

respectively.

Also, the height and diameter data were used to estimate correlation among cellulose,
lignin, glucose and growth traits. Multiple comparisons of clones weighted by region
were carried out one way ANOVA, Post-Hoc tests using Dunnett’s T3 method.
Statistical tests were considered significant at P < 0.05. Error bars in all graphs refer
to 95 % significant confidence intervals. Clones with maximum and minimum mean

values of traits were determined by the data analysis tools of Excel (Microsoft, WA).
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CHAPTER 3

RESULTS

In early summer, we established a large collection of biological samples from one
year old branches of 1782 trees (3 replicates x 297 European black poplar
genotypes/clones x 2 ramets) which were grown in an outdoor forest nursery in
Behigbey, Ankara. However, twelve clones (72 trees) were excluded from the study.
Since cellulose and lignin are accepted as main constituents in the plant cell wall, the
clones were analyzed mainly for cellulose and lignin contents (Hajaligol et al.,
2001). Also, D- Glucose content was measured to understand carbon allocation. The
study was also combined with data of height and diameter which were measured in
previous studies of our laboratory (Yildirim, 2013). Except cellulose, data of all traits
followed a normal distribution (Figures 3.1.A, B and Figures 3.2.A, B). Because of
that reason, log transformation of cellulose data was performed before statistical

analyses.

3.1 Cellulose Content

According to the standard procedure described by Uppdegraf (1969), sample
hydrolyzates were analyzed by Elisa Microplate Reader (Biotech, France). The 630
nm absorbance varied from 0.17 to 0.83 which were widely variable among the 285
tested clones. Cellulose content was satisfactory for all clones, although a small
overestimation might have occurred because of possible hindrances of the
colorimetric method and weighing error. The cellulose content ranged from 9.14 ng/
ml to 123.49 pg / ml. The average cellulose content of clones was 21.8 pg / ml +

16.29.
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According to mean values, we identified individual clones that exhibited unusually
high and low cellulose contents (Figures 3.3 and 3.4). Also, the clones were
evaluated in terms of their cellulose to lignin ratio. The clones with the greatest
cellulose to lignin ratio were the same with the clones which had the highest
cellulose contents. These clones as a whole had a very high cellulose content (56.292
png / ml £13.38) when we compare them with the average of 285 clones. Seven of
them were observed among the twenty clones which were also with high height and
diameter growth values (62172, N03377, N90062, N90102, N91075, N92132, and
N92217). Furthermore, three clones with lowest cellulose content were 641410,
N92169, and N03366. These were also among the clones with low height and

diameter growths.

Pairwise correlations among traits using Pearson correlation coefficient approach
were estimated. The correlations between cellulose content and two growth traits
(diameter and height) were positive r = 0.220. p < 0.01 between cellulose and
diameter growth and r = 0.235, p < 0.01 between cellulose and height growth.
However, we could not detect any significant correlation between cellulose and

lignin (Table 3.1).

Table 3.1. Pearson correlations between traits (N = 855)

Diameter  Lignin Glucose Height  Cellulose

Cel/Lig 0.23" -0.25" -0.01 0.20" 0.95"
Diameter -0.12° 0.02 0.79" 0.22"
Lignin 031"  -0.04 0.03
Glucose 0.04 0.05
Height 0.23"

*  Correlation is significant at P < 0.05 level (2-tailed).
** Correlation is significant at P < 0.01 level (2-tailed).
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Figure 3.3 The clones with the highest cellulose contents and cellulose / lignin ratio.
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A nested analysis of variance was performed to test the effects of each factor (region,
clones) on variation of cellulose content. The effect of region on cellulose contents
was nonsignificant at the p < 0.05 level. On the other hand, a statistically significant
difference was detected among clones within regions (p < 0.001). According to
estimation of components variances, great portion of the total variance was due to
errors in cellulose trait. There was also considerable variation among clones within
regions (15.11 %). Only 0.09 % of variance came from regions (Table 3.2).
Estimated broad sense heritability for cellulose content for the studied clones was
calculated as 0.34. This indicates that there is a considerable genetic control of

cellulose content in P. nigra populations.

Table 3.2. Analysis of variance for cellulose content.

Degrees of Mean Components of
Source
freedom squares variance
Replicate 2 457.88™ -°
Region 9 344.80™ 0.09 %
Clone within region 274 326.68 15.11 %
Error 530 217.07 84.80 %

*  Significant at p <0.001
ns. not significant at p < 0.05.

a not estimated
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Multiple comparisons using the Dunnett’s T3 test indicated that the mean scores for
the clones from Aegean, Mediterranean, foreign, and open pollinated sources (17.15
+5.77; 26.46 + 20.57; 35.67 + 27.35, and 18.68 + 7, respectively) were significantly
different from other six sources with an average of 21.7 + 16.17 at 95 % confidence
interval. On the other hand, many clones collected from Central Anatolia and Eastern
Anatolia regions were observed as outliers in boxplot graph after weighted by region

because of standard deviation range (Figure 3.5).
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Figure 3.5 The boxplot graph cellulose content in studied P. nigra clones

3.2 Acid Soluble Lignin Content

The autoclaved hydrolyzates were diluted by a factor of 9 to bring the final
concentration of HySO4 to 3% and analyzed by Elisa Microplate Reader with UV

plate. The concentration of lignin was derived from equation (2) with absorptivity
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values of 110 1g"'ecm™ (¢) for absorbance at 205 nm (Tappi Method UM250). Lignin
contents were highly variable among the 285 tested clones and showed normal

distribution.

Acid soluble lignin ranged from 13.24 pg / ml (1.33 % of dry weight) to 48.86 pug /
ml (3.36 % of dry weight) as expected. The average lignin content of clones was 23
ng / ml = 4.6. Based on these results, we recognized that particular clones manifested
high and low acid soluble lignin content (Figures 3.6-3.7). Among the twenty clones
with the highest lignin contents, only one of them were observed among the clones
which had the lowest height and diameter values (N92167). On the other hand, seven
clones with the lowest lignin contents were observed among the clones with highest
height and diameter values (821, 62160, 62191, Atal, Cubuk 1, Cubuk 2, and
Geyve). Twenty clones with the lowest lignin content as a whole had an average of

17.68 pg/ml + 1.02.

Pairwise Pearson correlations were estimated among the studied traits. A low
negative correlation (r = -0.121. p < 0.05) between lignin content and diameter
growth was observed. However, we observed positive correlation between lignin and
glucose contents (r = 0.314, p < 0.01). Surprisingly, we could not detect any

correlation between cellulose and lignin contents as explained earlier (Table 3.1).

To control the additive effect of each factor on lignin content variation of P. nigra
clones, we performed a nested analysis of variance. Statistically significant main
effects for lignin content were observed among ten regions (p < 0.001). On the other
hand, there was no statistically significant difference among clones within regions (p
< 0.05). Only 3.47% of total variance came from clone and region interactions. The
large component of total variance was due to error (93.2 %). The component of
variance due to regions was small and made up 3.33% (Table 3.3). The broad sense

heritability for lignin content was 0.1.
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Table 3.3. Analysis of variance for lignin content.

Degrees of Mean Components of
Source
freedom squares variance
Replicate 2 265.18™ -
Region 9 72.07" 333 %
Clone within region 275 21.09™ 3.47 %
Error 530 19.06 93.20 %

*  Significant at p < 0.001
ns. not significant at p < 0.05.

a not estimated

Post-hoc comparisons using the Dunnett’s T3 test indicated that the mean lignin
values for Eastern Anatolia, Aegean, and Black Sea regions were almost same with
an average of 23.289 + 4.36 at 95 % confidence interval. Similarly, the same results
were detected between foreign and open pollinated clones with an average of 21.24 +
3.83 and also between Central Anatolia and Southeastern Anatolia regions 21.91 +
4.38. On the other hand, Mediterranean and Marmara regions had the mean score of
24.59 + 4.89 which was significantly different from the average of all other regions
(22.79 £ 4.6) (Figure 3.8).
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Figure 3.8 The boxplot graph of lignin content of the studied P. nigra clones.

3.3 D-Glucose Content

The D-glucose content ranged from 13.32 pg/ml to 65.43 pg/ml in the studied
clones. The average glucose content of clones was 35.02 ng/ml + 9.7. Based on these
results, we determined distinctive clones that showed high and low glucose contents
(Figures 3.9 and 3.10). Three clones with the highest glucose content was observed
among clones which also had the highest height and diameter growth as well (881,
62160, and N91075). Similarly, only one clone with low glucose content (8511) was
detected among the clones with lowest height and diameter growths. Particularly,
there was a positive correlation between glucose and lignin content which was r =
0.314 (p < 0.01). We did not observe any correlation between glucose and cellulose

as well as other growth traits (Table 3.1)

The same nested analysis of variance, multiple comparisons and pairwise
correlations were performed to test glucose content of P. nigra clones. Significantly
different main effect for glucose content was monitored among clones within regions
(p < 0.001) (Table 3.4). According to estimation of variance components, great

portion of the total variance was due to error (86.78 %). However, there was
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considerable variation due to clones within regions (12.94 %). The broad sense
heritability for D-glucose content was estimated as 0.3 which was very promising for

a selection program based on D-glucose content of clones.

Table 3.4. Analysis of variance for D-Glucose content.

Degrees of Mean Components of
Source
freedom squares variance
Replicate 2 1315.76 -2
Region 9 126.99™ 0.29 %
Clone within region 275 107.86° 12.94 %
Error 530 75.58 86.78 %

*  Significant at p < 0.001.

ns. not significant at p < 0.05.

a not estimated
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Post-hoc comparisons using the the Dunnett’s T3 test indicated that the mean scores
for Eastern Anatolia, Aegean, Southeastern Anatolia and Marmara regions were
almost same with an average of 34.81 + 9.23 at 95 % confidence interval. On the
other hand, Mediterranean and foreign regions with the mean score of 39.83 + 8.0

were observed that was significantly different from the mean all other regions, 33.8 +
10 (Figure 3.11).
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Figure 3.11 The boxplot graph of D-glucose content of P. nigra clones

3.4 Height and Diameter

Height and diameter data were obtained from a previous study carried out in our
laboratory (Yildirim, 2013). The height measurements ranged from 273.66 cm to
552.62 cm. The average height measurement of clones was 397.4 cm + 44.45. Also,

diameter traits for clones were observed as widely variable ranging from 19.7 cm to
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46.15 cm with average of 28.77 cm + 4.9. Moreover, two variables were strongly
correlated (r = 0.796, p < .01) as expected. By using these data, we chose the best
and the worst clones in terms of diameter and height and compared them with wood
traits in the current study (Figures 3.12 and 3.13). As mentioned earlier, seven clones
with high cellulose content and other seven clones with low lignin content were
identified. These were also among the top twenty clones with respect to the highest

height and diameter growths.
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Figure 3.12 The clones with the highest height growths and the cellulose / lignin

ratio.
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Figure 3.13 The clones with the highest diameter measurements and the cellulose /

lignin ratio.

Post-hoc comparisons of height variables using the the Dunnett’s T3 test indicated
that the mean for the Mediterranean region (394.09 + 45.31) was significantly
different from the mean of all other regions (427.23 + 36.0; Figure 3.14 A). In terms
of diameter, post-hoc comparisons showed that the mean scores for the Central
Anatolia, Mediterranean, and open pollinated regions were high (of 30.26 + 5.2) and
significantly different from the mean of all other regions (28.13 + 4.47; Figure 3.14
B).
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Figure 3.14 The boxplot graph of height (A) and diameter (B) traits of the studied

clones
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CHAPTER 4

DISCUSSION

This study is, to our knowledge, the first which combines analyses of the content of
the two main cell wall components, cellulose and lignin along D-glucose content of
wood cells in relation to growth paramaters of Populus nigra L. clones which were
part of the large collection made in Turkey. The wide-scale sampling strategy was
adopted with 285 clones x 3 replication x 2 ramets to ensure physiological
comparability between genotypes and also to obtain normal distribution of traits. All
poplar trees were grown under common environmental conditions at the Behicbey

Forest Nursery, Ankara.

4.1 Genetic variation

Analysis of variance allowed us an accurate estimation of the desired effects of
factors such as clones and regions by controlling the source of variance due to.
replicates and ramets within clones. Variations among replications as expected were
nonsignificant since they shared a common environment which was quite uniform
with respect to soil conditions. Moreover, when region effect was tested, it was
detected as nonsignificant for cellulose and D-glucose traits. The variance
components due to clones within region were significant for both cellulose (15.11%)
and D-glucose (12.94%) traits illustrating there are genetic components in both traits.
The study of Novaes et al. (2009), deailing with cellulose and lignin traits controlled
for two nitrogen levels in different environments, also reported with similar results.

On the other hand, only for lignin trait, statistically significant region main effects
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were observed (p < 0.001), indicating that lignin is sensitive to environmental
conditions of geographical locations. Also, only 3.47% of total variance was due to
clones within region for lignin trait in the current study. Moreover Post-Hoc
comparisons based on lignin trait gave more clear resolution than other traits while
differentiationg regions. Additionally, estimated broad sense heritabilities which
were 0.34 for cellulose, 0.10 for lignin traits, and 0.30 for glucose traits were also
supported our results and gave us a clue about genetic basis of three traits. Based on
these results, the selection program for high cellulose and D-glucose contents is
possible on a clonal basis over regions. However, with low estimated broad sense

heritability, a selection program for low lignin content does not seem feasible.

Eventhough variation within species is generally considered as relatively low in
terms of morphological and physiological traits, we observed significant variation
among clones within region. Recent research conducted by Barsoum et al., (2004),
showed that in P. nigra, significant variations in the occurrence of clonity can exist
from one location to the next on the floodplain, based on histories of local
disturbance. Also, significant differences among populations of P. nigra based on
morphological leaf characters were reported by several other research groups
(Ballian et al., 2006; Gebhardt et al., 2002; Kajba and Romanic, 2002). Actually, the
usefulness of morphological and wood traits to evaluate genetic diversity within
populations of different regions is not clear yet. There are some studies illustrated
that estimating of the genetic diversity based on morphological (e.g. leaf characters)
and wood traits is possible (Alba et al., 2002; Storme et al., 2002). On the other
hand, Van Dom et al. (2002) argued that to estimate genetic diversity of clones
which were grown in different field trials by using morphological traits is not
applicable because they concluded that the differences in morphological variables are
largely due to clone and environment interactions. Alternatively, significant clonal
variation in three physiological components was reported by Ridge et al. (1986).
Moreover, Ceulemans et al. (1988) stated that clonal variation in all three variables
was observed among poplar clones. At the same time, many studies which were
performed to estimate response of poplar clones to different stress conditions such as
nitrogen levels, ozone, drought, etc. showed that there were significant variations

among clones (Novaes et al., 2009; Sherosha et al., 2011; Wilkins et al., 2009).
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To understand region and trait interactions, we also performed Post-hoc comparisons
using the Dunnett’s T3 test. The most remarkable difference was found that regions
five (mediterranean) and eight (foreign) formed separate groups apart from other
regions for all traits. In the region eight, the highest mean values were observed for
cellulose and glucose contents. Likewise, we observed the highest mean values in
terms of lignin and again for glucose contents in the region five. The sixth
(southeastern Anatolia) and the second (eastern Anatolia) regions were included into
the same group with almost similar mean scores in terms of cellulose and glucose
contents. Seperately, the first (black sea) and forth (central Anatolia) regions were
grouped in the same manner. These results all together strongly supports poplar
distribution hypothesis of Barsoum et al. (2004). It argued that distribution of poplar
trees was possible consequences of asexual reproduction of same clones which were

formed after floods throughout the riparian zones.

As we know, the sampling procedure is carried out randomly in long distances, but
generally from the riverside. To illustrate, Firat and Dicle rivers provide connection
between Eastern and Southeastern Anatolia which were categorized in the same
groups based on cellulose and glucose content comparisons of ten regions. Moreover,
Smulders (2008) illustrated that duplicated neighbor clones may arise from root
suckers of mature trees in close areas. Also, this grouping can be accepted as a result
of human assisted migration and selection activities. This hypothesis is also
supported by SSR studies (Cift¢i, 2013) in which approximately one hundred clones
were observed as the same clones based on allelic combination of 12 microsatellite

loci.

4.2 Correlations between traits

In our study, a negative correlation was found between lignin content and diameter,
but any direct correlation between contents of cellulose and lignin in poplar clones
could not detected, contrary to the results of Novaes et.al. (2009). However, a
positive correlation was observed between cellulose and growth traits (height and

diameter). Actually, comparing studies on the same clonally propagated species is
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very difficult because of different sampling strategies and sample size. But,
nevertheless, the study of Novaes et al. (2009) supports our results with respect to
observing positive correlation of cellulose with growth traits like height, and
negative correlation of lignin content with diameter. Similar results were also
observed between cellulose to lignin ratio as well as growth traits (height and
diameter). Besides, genetically modified plants showed the similar positive
correlation between growth and increased cellulose content when their genes up
regulated that are responsible for the production of particular enzymes related with
cellulose biosynthesis (Hu et al., 1999; Wu et al., 1999; Yu et al., 2006; Kirst et al.,
2004).

The negative correlation between lignin content and diameter can be evaluated as a
competition for carbon allocation to cellulose and hemicellulose versus carbon
allocation to lignin because these molecules are the major carbon sinks in the
formation of the cell wall (Higuchi, 1997; Novaes et al., 2010; Sjostrom, 1993).
Whereas the monolignols are synthesized in the cytosol, lignin biosyntesis occurs in
the apoplast (Whetten and Sederoff, 1995). Furthermore, monolignols are unstable
and higly toxic for plants, since glycosylation is used to stabilize these precursors
and to decrease their toxicity. On the other hand, this stabilization process requires
extra amount of carbon source and any transport of their stable forms from cytoplasm
to vacuole needs energy (Amthor, 2002). The only way to compensate these energy
and carbon source requirement is shifting of carbon partitioning between lignin
synthesis and biosynthesis of other cell components required for growth in sink
tissues (Coleman et al., 2009; Koch, 2004; Winter and Huber, 2000). As a result of
increased carbon needs for lignin biosynthesis, the decrease in diameter growth can

be accepted as a normal consequence of photoassimilate-partition.

A highly significant positive correlation (r = 0.314, p < 0.01) was observed between
D-glucose and lignin contents. The similar positive correlations between lignin
content, starch increase, and decreased growth rates in poplar hybrids (Populus
frenontii X angustifolia) was reported by Harding et al. in 2009. Eventhough we did
not perform any analysis to estimate hemicellulose and starch content, positive

correlation between lignin and glucose contents might be due to a result of high
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hemicellulose content or increased starch accumulation since modified and combined
procedures of acid soluble lignin and D-glucose estimation allowed us to obtain
whole D-glucose derived from both structural and non-structural carbohydrates. To
put it differently, there was no particular treatment to remove starch from wood
samples. Actually, starch contents in wood cells are incredibly low in contrast to
hemicellulose and cellulose. In general, dry plants include 40-50 % cellulose, 15-25
% hemicellulose, 5-10 % other components like ash and 20-25 % lignin (Faik, 2013).
On the other hand, the ray parenchyma cells of poplar wood show extraordinary
changes in their carbohydrate levels during different seasons of a year (Sauter and
van Cleve, 1994). In Spring, starch is synthesized and then mobilized during bud
break. At the beginning of the dormant season, this starch is hydrolysed (Sauter and
van Cleve, 1991). In the same way, Zeng et al. (2014) found that maize has almost
no lignin during the vegetative growth phase, but has high lignin content during the
reproductive growth phase depend on tissue maturation. There are many studies
which illustrate the interaction between lignin metabolism and biosynthesis of other
cell wall polymers (Abdulrazzak et al., 2006; Dauwe et al., 2007; Rohde et al., 2004;
Sibout et al., 2005). To illustrate, transcriptome analysis by Andersson et al. (2006)
indicated that there was a significant increase in both lignin and hemicellulose
biosynthesis during normal wood formation. In the same manner, there was a decline
in both of their biosynthesis during tension wood formation. To sum up, our
sampling time, late June with moderate temperature and sufficient water status gives
us a clue about correlation between increased starch accumulation, lignin and
hemicellulose contents, in turn, positive correlation between D-glucose and lignin

contents.

4.3 Extraordinary Clones

The average mean values of clones with respect to cellulose, lignin and glucose
contents were calculated as 21.8 = 16.29 pg/ml, 23 + 4.64 pg/ml, and 35 + 9.71
ng/ml, respectively. However, particular clones were identified with extraordinary
high values for these traits. As mentioned previously, high cellulose and low lignin

contents are correlated with increased growth parameters. Following the analysis
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which gave the clones with the highest and lowest contents of the studied traits,
comparison were carried out with clones which were chosen based on their superior
phenotypic characteristic regarding diameter and height growth performances.
Among the studies clones, seven clones were determined with the highest cellulose
content and with the highest diameter and height measurements. These were 62172,
NO03377, N90062, N90102, N91075, N92132, and N92217. Moreover, there were
also seven clones among the clones with lowest lignin contents and highest diameter
and height growths. These clones were 821, 62160, 62191, Geyve, Ata 1, Cubuk 1,
and Cubuk 2. In the results, especially observing Geyve and Ata drew our attention,
since there are only five registered commercial clones for Populus nigra which are
Gazi, Anadolu, Kocabey, Geyve, and Ata in Turkey. Propagation of these clones is
strongly suggested by the Poplar and Fast-Growing Forest Trees Research Institute.
Actually other registered clones were also observed with low lignin and high
cellulose content, but not among the superior clones. Another remarkable result was
the detection of FARCFLHH 35 and EFN1 which were foreign-origin clones ranked
the first and fifth with respect to high cellulose contents, respectively. The other
foreign-origin clones, Lvubaka, Alterra, Uriffmh, and Efn2 were with moderate
cellulose content. On the other hand, Lvubaka and Alterra had high height growth
performances. At the same time, all foreign clones were detected with low lignin and
high glucose contents so that we can seperate all these foreign clones from the

Turkish clones.

4.4 Consequences of high cellulose to low lignin ratio

In general, plant breeders try not to choose plants with inferior genotypes because
they slow down the breeding progress. Similarly, they try to eliminate environmental
factors to select the plant on its genetic basis. Besides commercially registered
clones, choosing the superior clones and eliminating inferior ones illustrated in our
study can be suggested as useful approaches to create alternative poplar breeding
programmes with increased wood quality and yield. Wood quality and pulp
mechanical strength are directly associated with cellulose content, while lignin

emerges as a undesirable polymer (Madakadze et al., 1999).
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Moreover, choosing clones with low lignin content would be beneficial to reduce the
amount of chemicals and energy required in pulping process and also to reduce the
pollution of air and water. On the other hand, low lignin content is widely correlated
with reduced fitness of plants, so it is critically important to perform extra analysis to

evaluate their fitness after choosing these clones.

Another manufacturing field which demands high cellulose to low lignin content is
the renewable energy production industry. As noted before, the strong association
of cellulose and hemicellulose with lignin affects negatively cellulosic ethanol
production. Lignin also inhibits the release of polysaccharides while pretreatment
process and saccharification (Keating et al., 2006). Usually, scientists prefer down-
regulation of lignin pathway enzymes, instead of up-regulation of cellulose and
hemicellulose pathway enzymes as genetic engineering approaches (Ziegelhoffer et
al., 1999; Ericksson et al., 2000; Biswas et al., 2006; Oraby et al., 2007; Ransom et
al., 2007; Ralph et al., 2006; Chapple et al., 2007; Chen and Dixon, 2007).
Generally, a long time requirement to achieve the aim with breeding strategies is
seen as disadvantages (Bouton, 2007). Actually, breeding strategies to obtain
valuable lignocellulosic clones, and clones with high quality and yield will provide a
real solution for these problems and may relieve concerns of both industries. This
study provides valuable and necessary information for these purposes. Also, for the
first time, all clones grown as part of the ex sifu conservation in clone banks, five
commercially registered clones and also particularly chosen six foreign clones were
evaluated with respect to their cell wall polymers. Instead of dealing with all clones,
choosing the superior clones may be considered as an applicable plan to adapt new
poplar breeding programmes. For instance, some superior characters were observed
as common among clones with high cellulose content, increased height, and diameter
growths, and with low lignin content such as 62172, N91075, 62160, N03377, and
62191. By using these clones beside Anadolu, Geyve, Ata, Kocabey, and Gazi,

poplar breeders may establish a new breeding programme as a long term strategy.
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CHAPTER 5

CONCLUSION

The results of this study indicated that three traits - cellulose, lignin and D-glucose
content- provided almost adequate resolution to characterize Populus nigra L. clones

and to study interactions between clones and regions in Turkey.

The clones with high cellulose to low lignin contents obtained from this study by
comparing wood traits with growth traits can be used for making new plantations
beside commercially registered clones to obtain valuable amount of wood with high
quality. This study also supplied valuable data to establish new breeding strategies to
create new clone with high cellulose to low lignin content which is the desire of both

paper manufacturing and renewable energy production industry.

On the other hand, to check the reliability of undetectable direct correlation between
cellulose and lignin contents, additional studies should be performed. Eventhough
our study provided a good resolution to characterize the clones with respect to
cellulose, lignin and glucose contents, there would be some overestimations because
of possible hindrances of the colorimetric method. Therefore, supporting our results
with specific enzyme assays and microarray studies may provide more accurate
results. Also, measuring the resistance of clones with high cellulose to low lignin
contents to certain stress conditions can be considered as a good approach before

establishing any breeding strategies.
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APPENDIX A

The Origin of European Black Poplar Trees in Behicbey Clone Bank in Turkey

Table A.1.

Clone Identity Region City
N.92.282 Aegean Afyon
62/160 Central Anatolia Ankara
62/172 Central Anatolia Ankara
62/191 Central Anatolia Ankara
64/13 Central Anatolia Ankara
64/14 Central Anatolia Ankara
64/14.06.1 Central Anatolia Ankara
64/14.10 Central Anatolia Ankara
64/14.12 Central Anatolia Ankara
77/40 Central Anatolia Ankara
82/1 Central Anatolia Kirsehir
82/2 Central Anatolia Kirsehir
82/3 Central Anatolia Kirsehir
82/4 Central Anatolia Kirsehir
83/1 Central Anatolia Yozgat
83/10 Central Anatolia Kayseri
83/12 Central Anatolia Kayseri
83/13 Central Anatolia Kayseri
83/3 Central Anatolia Kayseri
83/5 Central Anatolia Kirsehir
83/6 Central Anatolia Kirsehir
83/8 Central Anatolia Kirsehir
83/9 Central Anatolia Kayseri

85/1 Eastern Anatolia Agr
85/11 Eastern Anatolia Erzurum
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Table A.1 (Continued)

85/14 Eastern Anatolia Erzurum
85/15 Eastern Anatolia Erzurum
85/16 Eastern Anatolia Agr
85/4 Eastern Anatolia Agr
85/6 Eastern Anatolia Agrn
85/7 Eastern Anatolia Agn
87/1 Central Anatolia Kirsehir
88/1 Central Anatolia Ankara
88/3 Central Anatolia Ankara
88/4 Aegean Aydin
88/5 Aegean Denizli
88/6 Aegean Denizli
88/8 Aegean Denizli
ALTERRA Foreign Foreign
ANADOLU Central Anatolia Ankara
ATA 1 Central Anatolia Ankara
CUBUK 1 Central Anatolia Ankara
CUBUK 2 Central Anatolia Ankara
EFN.1 Foreign Foreign
EFN.2 Foreign Foreign
FARCFLHHZ 35 Foreign Foreign
GAZI Central Anatolia Ankara
GEYVE Central Anatolia Ankara
KAE N.92 Unknown Unknown
KELKIT 1 Blacksea Glimiighane
KELKIT 11 Blacksea Giimiishane
KELKIT 3 Blacksea Glimiighane
KELKIT 4 Blacksea Giimiishane
KELKIT 6 Blacksea Giimiishane
KELKIT 7 Blacksea Giimiishane
KELKIT 8 Blacksea Giimiishane
KELKIT 9 Blacksea Giimiishane
KOCABEY Mediterranean Adana
LVUBAKA Foreign Foreign
N.02.01.02 Open pollination Open pollination
N.02.01.04 Open pollination Open pollination
N.02.01.05 Open pollination Open pollination
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Table A.1 (Continued)

N.02.02.01 Open pollination Open pollination
N.02.02.03 Open pollination Open pollination
N.02.02.06 Open pollination Open pollination
N.02.05.01 Open pollination Open pollination
N.02.05.013 Open pollination Open pollination
N.02.05.02 Open pollination Open pollination
N.02.05.03 Open pollination Open pollination
N.02.05.06 Open pollination Open pollination
N.02.05.07 Open pollination Open pollination
N.02.05.08 Open pollination Open pollination
N.02.05.09 Open pollination Open pollination
N.02.05.10 Open pollination Open pollination
N.02.05.12 Open pollination Open pollination
N.02.07.02 Open pollination Open pollination
N.02.07.03 Open pollination Open pollination
N.02.07.04 Open pollination Open pollination
N.02.07.05 Open pollination Open pollination
N.02.08.01 Open pollination Open pollination
N.02.338 Unknown Unknown
N.03.324 Unknown Unknown
N.03.333 Unknown Unknown
N.03.355 Eastern Anatolia Erzincan
N.03.356 Eastern Anatolia Erzincan
N.03.357 Eastern Anatolia Erzincan
N.03.358 Eastern Anatolia Erzincan
N.03.364 Eastern Anatolia Erzurum
N.03.365 Eastern Anatolia Erzurum
N.03.365 Eastern Anatolia Erzurum
N.03.366 Eastern Anatolia Erzurum
N.03.367 Eastern Anatolia Erzurum
N.03.368 Eastern Anatolia Erzurum
N.03.368.1 Eastern Anatolia Erzurum
N.03.368.A Eastern Anatolia Erzurum
N.03.371 Eastern Anatolia Elaz1g
N.03.372 Eastern Anatolia Elaz1g
N.03.373 Central Anatolia Kirsehir
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Table A.1 (Continued)

N.03.375 Central Anatolia Kirsehir
N.03.376 Central Anatolia Kirsehir
N.03.377 Central Anatolia Ankara
N.03.378 Central Anatolia Ankara
N.03.399 Unknown Unknown
N.62.164 Unknown Unknown
N.82.008 Unknown Unknown
N.82.166 Unknown Unknown
N.85.010 Unknown Unknown
N.85.018 Unknown Unknown
N.90.008 Eastern Anatolia Kars
N.90.010 Eastern Anatolia Van
N.90.011 Eastern Anatolia Van
N.90.012 Eastern Anatolia Van
N.90.013 Eastern Anatolia Mus
N.90.014 Eastern Anatolia Bingol
N.90.016 Eastern Anatolia Malatya
N.90.020 Eastern Anatolia Sivas
N.90.024 Eastern Anatolia Sivas
N.90.027 Eastern Anatolia Sivas
N.90.028 Eastern Anatolia Sivas
N.90.030 Eastern Anatolia Sivas
N.90.032 Eastern Anatolia Erzurum
N.90.034 Eastern Anatolia Erzurum
N.90.035 Eastern Anatolia Erzurum
N.90.036 Eastern Anatolia Erzurum
N.90.038 Eastern Anatolia Erzincan
N.90.039 Eastern Anatolia Erzincan
N.90.045 Eastern Anatolia Erzurum
N.90.046 Eastern Anatolia Erzurum
N.90.050 Central Anatolia Ankara
N.90.062 Unknown Unknown
N.90.065 Unknown Unknown
N.90.102 Unknown Unknown
N.91.002 Unknown Unknown
N.91.021 Unknown Unknown
N.91.052 Blacksea corum
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Table A.1 (Continued)

N.91.054 Unknown Unknown
N.91.058 Central Anatolia Yozgat
N.91.059 Central Anatolia Yozgat
N.91.063 Central Anatolia Yozgat
N.91.067 Eastern Anatolia Sivas
N.91.068 Eastern Anatolia Malatya
N.91.071 Eastern Anatolia Malatya
N.91.073 Eastern Anatolia Malatya
N.91.074 Central Anatolia Ankara
N.91.075 Mediterranean Kahramanmarag
N.91.076 Mediterranean Kahramanmarag
N.91.077 Mediterranean Kahramanmaras
N.91.078 Mediterranean Kahramanmaras
N.91.080 Mediterranean Kahramanmaras
N.91.081 Central Anatolia Kayseri
N.91.083 Central Anatolia Kayseri
N.91.084 Central Anatolia Kayseri
N.91.085 Central Anatolia Kayseri
N.91.088 Central Anatolia Nigde
N.91.089 Central Anatolia Nigde
N.91.090 Central Anatolia Nigde
N.91.091 Central Anatolia Aksaray
N.91.092 Central Anatolia Aksaray
N.91.094 Eastern Anatolia Malatya
N.91.095 Southeastern Adiyaman
N.91.101 Southeastern Gaziantep
N.91.102 Southeastern Gaziantep
N.91.103 Southeastern Gaziantep
N.91.105 Southeastern Gaziantep
N.91.108 Southeastern Gaziantep
N.91.109 Mediterranean Osmaniye
N.91.110 Mediterranean Osmaniye
N.91.111 Mediterranean Osmaniye
N.91.112 Mediterranean Hatay
N.91.118 Mediterranean Antalya
N.91.119 Southeastern Gaziantep
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Table A.1 (Continued)

N.91.120 Southeastern Gaziantep
N.91.122 Marmara Sakarya
N.91.212 Unknown Unknown
N.92.058 Unknown Unknown
N.92.060 Unknown Unknown
N.92.073 Unknown Unknown
N.92.097 Unknown Unknown
N.92.114 Unknown Unknown
N.92.123 Marmara Sakarya
N.92.124 Marmara Sakarya
N.92.126 Marmara Bilecik
N.92.128 Marmara Bilecik
N.92.130 Marmara Bilecik
N.92.131 Marmara Bilecik
N.92.132 Marmara Bilecik
N.92.133 Central Anatolia Eskisehir
N.92.134 Central Anatolia Eskisehir
N.92.137 Marmara Yalova
N.92.138 Marmara Yalova
N.92.140 Marmara Kocaeli
N.92.142 Central Anatolia Cankir1
N.92.144 Central Anatolia Cankir1
N.92.148 Central Anatolia Cankir1
N.92.149 Blacksea Kastamonu
N.92.152 Blacksea Kastamonu
N.92.153 Blacksea Kastamonu
N.92.154 Blacksea Kastamonu
N.92.156 Blacksea Kastamonu
N.92.159 Blacksea Sinop
N.92.160 Blacksea Samsun
N.92.162 Blacksea Samsun
N.92.164 Blacksea Amasya
N.92.165 Blacksea Amasya
N.92.166 Blacksea Tokat
N.92.167 Blacksea Tokat
N.92.168 Blacksea Tokat
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Table A.1 (Continued)

N.92.169 Blacksea Tokat
N.92.170 Blacksea Amasya
N.92.171 Blacksea Amasya
N.92.176 Blacksea Tokat
N.92.179 Blacksea Tokat
N.92.182 Blacksea Tokat
N.92.185 Blacksea Amasya
N.92.187 Blacksea Amasya
N.92.195 Blacksea Amasya
N.92.200 Blacksea Corum
N.92.202 Central Anatolia Cankir1
N.92.204 Central Anatolia Cankir1
N.92.206 Aegean Kiitahya
N.92.208 Aegean Kiitahya
N.92.209 Aegean Afyon
N.92.211 Aegean Afyon
N.92.213 Aegean Afyon
N.92.214 Central Anatolia Konya
N.92.215 Central Anatolia Konya
N.92.217 Central Anatolia Konya
N.92.218 Central Anatolia Konya
N.92.219 Central Anatolia Konya
N.92.223 Central Anatolia Ankara
N.92.224 Central Anatolia Konya
N.92.230 Central Anatolia Konya
N.92.232 Central Anatolia Konya
N.92.233 Central Anatolia Karaman
N.92.236 Central Anatolia Konya
N.92.237 Central Anatolia Konya
N.92.239 Central Anatolia Nigde
N.92.240 Central Anatolia Nigde
N.92.243 Mediterranean Adana
N.92.245 Marmara icel
N.92.247 Central Anatolia Karaman
N.92.250 Central Anatolia Konya
N.92.252 Central Anatolia Konya
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Table A.1 (Continued)

N.92.254 Aegean Afyon
N.92.255 Aegean Afyon
N.92.256 Central Anatolia Eskisehir
N.92.258 Central Anatolia Eskisehir
N.92.260 Mediterranean Adana
N.92.269 Blacksea Zonguldak
N.92.271 Aegean Kiitahya
N.92.276 Aegean Usak
N.92.278 Aegean Usak
N.92.284 Aegean Denizli
N.92.286 Aegean Denizli
N.92.289 Aegean Denizli
N.92.292 Marmara Isparta
N.92.293 Marmara Isparta
N.92.295 Marmara Isparta
N.92.297 Marmara Isparta
N.92.298 Marmara Isparta
N.92.299 Marmara Isparta
N.92.301 Aegean Afyon
N.92.302 Aegean Afyon
N.92.831 Unknown Unknown
N.93.304 Southeastern Gaziantep
N.93.306 Marmara Bursa
N.93.309 Central Anatolia Sivas
N.95.045 Unknown Unknown
N.96.310 Eastern Anatolia Malatya
N.96.315 Eastern Anatolia Malatya
N.96.316 Eastern Anatolia Malatya
N.96.317 Eastern Anatolia Malatya
N.96.319 Eastern Anatolia Elaz1g
N.96.320 Eastern Anatolia Bitlis
N.96.321 Eastern Anatolia Van
N.96.322 Eastern Anatolia Van
N.96.323 Eastern Anatolia Van
N.96.325 Eastern Anatolia Van
URIFFMH Foreign Foreign
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APPENDIX B

Mean values of three replicates of clones for five traits

Table A.2
. Cellulose | Lignin Glucose | Height | Diameter
Region Clones
png/ml pg/ml pg/ml cm cm

1 821 14.1 18.2 22.44 482.92 38.41
1 822 17.27 18.32 39.73 373.12 26.99
1 823 14.69 22.45 34.07 319.51 20.18
1 824 12.21 17.77 28.65 423.5 27.68
1 831 21.27 20.67 37.96 393.02 30.42
1 832 15.95 21.79 20.89 422.92 29.02
1 833 18.47 27.88 39.29 442.08 30.38
1 835 18.34 18.67 19.24 396.92 29.07
1 836 19.7 25.81 30.57 396.86 26.18
1 838 16.12 22.02 37.44 362.5 23.7

1 839 15.14 19.25 329 411.94 27.96
1 871 19.2 24.89 34.89 478.21 38.29
1 881 14.12 22.51 45.83 472.52 38.9

1 883 12.92 19.55 28.19 386.02 27.95
1 6413 14.5 16.86 40.69 409.81 35.94
1 7740 12.94 18.82 27.32 463.71 37.93
1 8310 14.1 22.96 27.73 414.17 29.07
1 8312 24.89 22.48 29.49 478.13 335

1 8313 19.93 18.75 34.57 379.94 26.91
1 62160 27.62 17.14 49.65 477.83 42.28
1 62172 70.92 22.35 35.24 479.27 42.77
1 62191 16.71 18.55 38.82 552.62 42.41
1 64141 13.29 19.82 37.15 399.65 32.96
1 641406 15.36 16.61 24.53 347.07 28.19
1 641410 27.34 21.26 4291 329.54 24.61
1 641412 18.3 18.93 43.46 402.28 29.79
1 ANADOLU 43.44 18.8 25.8 435.93 29.72
1 ATALl 15.69 18.35 34.17 437.86 38.05
1 CUBUKI1 27.79 18.49 42.39 468.74 41.15
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Table A.2 (Continued)

1 CUBUK2 14.2 17.76 24.26 437.08 40.47
1 GAZI 16.85 24.53 28.61 473.42 36.97
1 GEYVE 17.01 18.28 34.72 511.33 45.85
1 KOCABEY 30.78 20.12 31.74 443 38.44
1 NO03373 19.02 22.81 39.35 389.06 28.8

1 NO03375 17.6 21.57 42.61 344.51 24.93
1 N03376 19.67 18.52 20.68 368.69 25.35
1 NO03377 41.31 19.12 34.51 438.28 37.02
1 N03378 23.04 25.01 32.96 396.61 26.94
1 N90050 16.3 21.82 39.49 395.94 26.18
1 N91058 18.97 21.01 23.76 383.84 25.35
1 N91059 16.81 24.84 41.18 314.06 19.82
1 N91063 19.09 22.44 33.59 373.92 26.78
1 N91074 16.92 20.98 44.92 365.97 23.2

1 N91081 34.18 24.07 35.56 430.69 30.98
1 N91083 20.47 24.98 30.66 345.01 28.52
1 N91084 13.74 21.76 29.73 425.38 27.6

1 N91085 13.44 19.46 21.17 344.9 22.05
1 N91088 18.42 21.81 2451 380.67 24.61
1 N91089 18.03 254 29.5 399.79 27.01
1 N91090 213 28.88 26.13 383.92 29.63
1 N91091 15.25 22.37 36.33 402.53 27.12
1 N91092 13.11 31.25 40.41 432.5 34.27
1 N92133 77.11 19.74 39.25 367.01 28.4

1 N92134 16.12 20.48 25.13 413.68 30.59
1 N92142 26.38 22.08 37.22 478.11 32.68
1 N92144 38.03 24.76 41.37 361.61 235

1 N92148 19.13 22.46 26.38 403.82 26.83
1 N92202 15.2 19.25 43.94 409.34 34.46
1 N92204 14.2 24.11 38.65 403.22 27.31
1 N92214 9.14 18.89 22.81 394.97 26.26
1 NO92215 17.15 20.24 31.41 300.13 19.79
1 N92217 78.7 26.06 36.77 363.69 28.04
1 NO92218 20.07 17.66 33.33 504.04 36.93
1 N92219 12.42 20.62 27.28 406.27 30.01
1 N92223 17.26 14.5 19.84 434.69 30.48
1 N92224 11.77 25.01 30.81 396.81 28.63
1 N92230 16.71 22.46 35.43 361.51 22.22
1 N92232 45.52 25.05 37.88 416.46 27.72
1 N92233 13.84 21.63 35.68 390.69 27.5

1 N92236 38.23 21.26 31.51 430.63 33.12
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Table A.2 (Continued)

1 NO2237 17.63 242 25.11 409.31 27.87
1 N92239 30.15 25.5 38.39 444.25 28.6

1 N92240 38.21 18.7 27.21 397.56 25.42
1 NO2241 17.05 27.44 30.71 394.92 29.62
1 NO2247 14.65 22.9 37.73 401.27 25.8

1 N92250 15.93 23.38 40.29 375.13 24.16
1 NO92252 22.82 19.79 30.46 406.66 31.06
1 N92256 18.47 20.34 37.14 398.08 25.81
1 NO92258 18.79 22.52 36.21 408.48 27.57
1 N92260 17.51 24.48 46.7 406.25 27.16
1 N93309 20.57 26.02 33.73 406.58 31.78
2 851 14.73 23.56 31.91 412.42 27.86
2 854 16.51 19.99 36.65 405.52 27.35
2 856 18.54 25.48 33.74 396.35 27.03
2 857 11.19 20.43 322 342.43 24.96
2 8511 13.52 25.26 41.29 295.85 24.96
2 8514 23.76 25.02 37.54 441.32 31.56
2 8515 24.82 22.07 32.08 442.33 37.18
2 8516 18.49 20.77 40.63 443.6 36.81
2 NO03355 27.94 25.48 40.1 465.94 36.81
2 NO03356 13.22 20.17 374 409.99 25.64
2 NO03357 15.79 24.74 35.9 331.36 21.78
2 NO03358 60.48 22.22 27.22 456.13 36.04
2 NO03364 20.87 21.75 27.36 325.19 23.72
2 NO03365 17.49 19.33 38.99 375.99 24.86
2 NO033655 16.46 20.04 37.8 396.3 31.36
2 NO03366 10.3 16.14 26.42 341.04 25.99
2 NO03367 16 22.77 41.88 355.49 24.23
2 NO03368 27.48 24.59 32.71 442.83 29.42
2 N033681 17.17 25.37 23.45 318.33 20.4

2 NO3368A 15.42 2391 35.04 378.29 34.2

2 NO03371 18.56 25.48 35.39 276.13 24.18
2 NO03372 18.94 29.26 40.82 273.65 22.6

2 N90001 23.33 27.06 33.74 408.52 29.69
2 N90008 14.93 20.77 26.85 368.68 24.66
2 N90010 18.74 19.66 35.21 325.61 23.48
2 N90011 19.14 25.73 42.15 389.51 29.07
2 N90012 19.77 23.19 29.29 477.52 37.54
2 N90013 19.9 23.75 30.16 415.58 30.57
2 N90014 15.13 22.88 29.38 355.03 23.16
2 N90016 13.91 19.76 34.2 418.44 27.58
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Table A.2 (Continued)

2 N90020 16.19 25.91 42.57 410.08 27.08
2 N90024 12.79 23.97 40.97 442.29 32.87
2 N90027 34.56 23.57 27.31 447.04 31.85
2 N90028 14.19 24.46 35.05 372.76 28.3

2 N90030 18.63 30.52 41.15 397.83 29.13
2 N90032 28.23 22.82 31.07 431.49 30.31
2 N90034 19.6 22.03 27.27 360.06 24.82
2 N90035 42.97 22.23 38.38 453.85 35.98
2 N90036 16.08 23.98 43.11 341.7 30.66
2 N90038 18.17 23.21 33.88 391.49 26.7

2 N90039 15.42 23.49 32.39 354.36 26.81
2 N90045 17.51 19.89 30.34 367.81 27.03
2 N90046 16.38 22.58 39.96 444.39 32.34
2 NO91067 18.67 24.72 39.6 410.06 25.86
2 N91068 16.58 29.01 34.54 423.58 28.2

2 N91071 16.92 25.74 25.57 419.52 28.24
2 N91073 15.46 26.32 38.05 373.98 24.52
2 N91094 17.14 24.63 45.44 363.99 26.01
2 N96310 17.77 25.81 40.08 384 25.13
2 N96315 61.61 22.03 32.66 363.37 28.36
2 N96316 17.18 26.1 40.87 417.78 28.83
2 N96317 15.33 22.83 32.56 386.25 26.69
2 N96319 25.22 20.56 32.17 423.78 31.99
2 N96320 40.06 24.6 38.87 446.21 34.86
2 N96321 26.64 23.72 43.54 355.31 25.09
2 N96322 16.62 21.06 25.7 402.64 30.74
2 N96323 39.57 23.14 20.8 378.42 26.08
2 N96325 37.86 234 37.56 420.56 29.21
3 884 16.52 19.38 49.04 423.79 28.58
3 885 15.25 26.77 37.53 405.07 27.07
3 886 17.18 25.94 36.13 411.71 28.6

3 888 15.62 19.98 29.96 455.7 29.79
3 N92206 20.55 25.81 32.46 443.89 31.65
3 N92208 16.92 22.82 23.68 409.97 28.98
3 N92209 14.88 24.18 32.47 366.49 23.21
3 N92211 17.74 20.15 31.19 348.83 23.31
3 N92213 20.83 24.95 38.53 437.95 304

3 N92254 15.4 26.63 39.7 348.52 24.03
3 NO92255 13.48 23.53 27.62 394.8 26.65
3 N92271 17.79 21.64 31.83 380.4 25.68
3 N92276 17.18 22.13 35.41 393.67 24.63
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Table A.2 (Continued)

3 NO92278 15.77 23.03 19.61 411.38 27.89
3 NO2282 14.38 20.72 35.46 350.31 26.53
3 NO2284 18.98 24.34 34.13 451.93 31.56
3 NO92286 27.86 28.05 44.27 432.1 28.4

3 N92289 20.3 20.84 44.34 409.63 27.95
3 N92301 14.94 21.25 37.24 336.59 25.81
3 N92302 13.92 31.35 40.21 424.44 31.54
4 KELKIT1 17.47 24.97 37.99 351.9 24.27
4 KELKIT11 19.92 23.96 35.97 329 22.5

4 KELKIT3 18.64 24.36 45.57 293.69 20.28
4 KELKIT4 15.25 22.28 29.68 290.83 20.06
4 KELKIT6 22.48 19.03 26.31 295.22 243

4 KELKIT7 18.74 21.15 45.79 304.42 20.5

4 KELKIT8 18.45 19.03 31.04 351.92 20.46
4 KELKIT9 19.15 22.35 48.48 492.22 32.6

4 N91052 16.26 21.74 27.82 372.44 23.5

4 N92149 18.36 20.91 37.79 382.74 273

4 NO92152 41.59 20.71 33.42 448.29 33.66
4 N92153 17.41 28.36 44.93 442.05 32.89
4 NO2154 16.86 24.98 42.79 451.02 32.62
4 NO92156 17.51 25.94 41.89 405.46 33.48
4 N92159 16.82 23.54 27.7 367.58 25.13
4 N92160 16.86 28.49 25.22 442.67 31.84
4 NO2162 22.25 21.1 23.89 396.56 24.76
4 NO2164 20.8 23.36 48.68 413.16 26.75
4 NO92165 18.85 25.02 46.02 370.26 24.01
4 N92166 27.43 25.82 29.33 386.9 25.11
4 NO2167 19.5 27.35 39.76 327.77 21.15
4 N92168 38.22 23.16 31.44 408.33 27.38
4 N92169 13.36 24.16 33.54 341.88 21.53
4 N92170 15.76 22.34 28.71 354.16 29.84
4 N92171 14.11 23.8 36.95 429.69 32.27
4 NO92176 19.94 25.32 40.98 405.53 26.9

4 N92179 18.45 22.21 24.81 363.4 27.69
4 NO2182 36.65 24.01 29.58 421.57 26.52
4 NO92185 13.58 24.73 32.8 385.19 25.82
4 NO2187 16.99 25.07 37.62 361.28 24.65
4 N92195 27.63 22.49 23.61 430.35 28.02
4 N92200 17.87 22.97 36.95 352.85 25.19
4 N92264 15.3 26.19 24.26 427.7 273

4 N92269 15.82 24.06 28.38 387.31 25.28

83




Table A.2 (Continued)

5 NO91075 58.73 22.15 47.43 494.65 44.01
5 N91076 18.59 24.65 34.35 412.71 27.39
5 NO1077 16.4 22.12 33.13 440.42 26.94
5 N91078 29.41 26.33 38.66 430.3 37.52
5 N91080 18.9 23.65 36.49 413.83 25.92
5 NO91109 17.38 21.23 31.11 351.6 23.25
5 NO1110 17.77 21.47 28.09 478.38 39.51
5 NO1111 19.34 22.55 52.1 431.31 33.37
5 NO1112 66.22 22.42 37.45 421 26.09
5 NO1117 13.4 28.2 42.9 411.15 29.32
5 NI91118 15.09 32.61 40.1 414.17 28.98
6 N91095 19.89 23.17 27.67 396.92 31.88
6 N91101 13.91 22.93 45.88 372.84 25.32
6 N91102 19.43 25.26 44.66 442.08 32.51
6 N91103 29.12 22.04 22.03 406.52 27.31
6 NO1105 18.87 18.72 26.51 346.49 23.19
6 NO91108 39.01 19.51 23.45 433.23 30.17
6 N91119 18.31 22.48 36.47 419.86 29.38
6 N91120 20.14 21 39.62 338.19 22.35
6 NO1121 13.05 23.48 32.47 392.97 25.16
6 N93304 14.58 21.87 35.12 410.03 29.39
7 NO1122 23.02 26.76 42.86 449.38 35.42
7 N92123 18.1 21.46 21.66 340.52 22.96
7 N92124 50.74 24.49 35.48 345.61 22.53
7 N92126 16.78 27.66 43.42 398.96 28.49
7 NO2128 14.31 23.58 22.67 397.46 25.53
7 N92130 26.38 23.05 42.43 437.11 322
7 NO2131 51.47 36.53 46.78 442.54 30.74
7 N92132 41.71 26.42 36.78 465.75 33.69
7 N92137 13.43 28.99 30.14 366.49 29.14
7 N92138 20.05 22.61 44.79 347.33 23.88
7 N92140 15.42 26.44 43.09 357.79 24.55
7 N92243 16.41 27.23 36.6 362.89 23.96
7 NO92245 14.53 22.93 37.48 366.08 22.26
7 N92292 20.14 23.41 23.42 390.08 26.76
7 N92293 15.88 21.62 33.54 371.11 24.65
7 NO92295 20.77 18.55 27 362.22 26.06
7 N92297 17.23 20.31 29.88 371.04 24.07
7 N92298 18.22 24.24 39.7 378.81 25.14
7 N92299 18.58 18.54 23.62 340.03 26.89
7 N93306 20.47 22.83 30.38 376.22 24.97
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8 ALTERRA 14.56 18.89 39.09 415 29.94
8 EFN1 67.65 22.95 43.1 420.47 28.73
8 EFN2 18.02 21.79 29.98 312.08 21.02
8 FARCFLHH 35 80.16 18.56 41.78 388.56 25
8 LVUBAKA 17.13 22.55 35.37 428.13 29.84
8 URIFFMH 17.15 20.75 31.42 403.68 33.13
9 N020101 14.05 22.44 31.92 348.64 28.57
9 N020102 16.15 22.36 21.21 379.38 28.6
9 N020104 14.41 22.27 29.27 427.64 35.58
9 N020201 19.62 18.56 40.35 450.42 33.7
9 N020203 35.08 22.19 35.68 441.54 30.52
9 N020206 19.06 20.97 21.81 401.52 31.35
9 N020501 15.32 23.56 36.41 408.02 34.69
9 N0205013 27.5 25.34 28.79 403.94 30.75
9 N020502 17.18 22.53 30.91 371.25 30.92
9 N020503 18.06 19.31 35.41 374.01 30.45
9 N020506 16.12 21.87 35.1 381.94 28.1
9 N020507 18.55 22.97 38.13 366.84 30.7
9 N020508 19.1 17.78 30.24 393.23 31.34
9 N020509 2091 22.58 37.18 387.6 32.83
9 N020510 18.73 21.12 17.55 457.13 46.15
9 N020512 16.85 21.41 30.94 343.94 27.74
9 N020702 20.47 17.72 27.16 407.46 28.71
9 N020703 17.86 22.09 37.84 405.08 35.17
9 N020704 14.57 21.32 39.86 388.01 31.32
9 N020705 15.58 22.81 30.19 368.33 30.33
9 N020801 17.28 21.11 36.85 377.83 28.26
10 KAENO92 24.64 23.63 38.25 389.2 32.8
10 NO02338 18.9 27 37.84 300.95 19.71
10 N03324 12.68 23.86 38.71 389.32 26.59
10 NO03333 23.27 18.66 27.31 431.77 33.43
10 NO03399 14.08 22.27 31.6 308.35 25.2
10 N62164 15.65 23.56 29.84 451.25 29.42
10 N82008 17.07 27.93 49.79 373.12 26.99
10 N82166 15.86 2542 53.7 463.72 34.87
10 N85010 15.98 22.97 26.53 394.69 26.84
10 N85018 14.82 22.17 21.41 383.4 25.84
10 N90062 42.35 24.32 27.06 464.33 31.21
10 N90065 17.38 27.69 48.1 416.42 28.11
10 N90102 51.64 18.69 20.12 428.06 43.02
10 N91002 14.17 23.62 40.57 387.94 33.68
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10 N91021 51.52 21.01 37.34 443.97 35.53
10 N91054 19.09 24.8 23.65 345.33 2291
10 N91212 9.39 23.27 36.72 395.63 25.35
10 N92058 23.35 21.15 39.65 412 26.88
10 N92060 24.29 26.17 39.68 409.31 29.9
10 N92073 16.18 21.16 37.73 4154 30.06
10 N92097 18.76 17.78 29.83 308.15 22.11
10 N92114 18.52 24.43 38.76 397.81 26.39
10 N92831 15.37 20.01 20.17 394.97 27.89
10 NO95045 354 23.45 38.47 379.33 24.37
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