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ABSTRACT 

 

A PROTEOMIC APPROACH TO THE COMPARISON OF TWO PINE SPECIES: 
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Drought and cold are environmental factors that affect the development and dispersion of 

plant species. In this study, two pine species adapted to different environmental conditions: 

Pinus brutia Ten. (Turkish red pine) and Pinus sylvestris L. (Scots pine) were subjected to a 

proteome research under those stresses. 20 trees from each species, located in the same 

region and elevation at Yalıncak area in METU Campus, were marked and sampled for their 

needles, three times in a year: at the end of dry and hot summer, cold winter and, mild and 

rainy spring. The changes in the photosynthetic pigments, biochemical stress markers such 

as proline, Malodialdehyde (MDA), Glutathione (GSH) contents and Glutathione S-

transferase (GST) enzyme activities were recorded to provide supportive data for the 

presence and magnitude of stress for both conifer species. The changes in air temperature, 

humidity and total rainfall provided by Turkish State Meteorological Service were also used 

to strengthen the hypothesis. A new and relatively more efficient protein extraction method 

was introduced and by using this method two dimensional SDS-polyacrylamide gel 

electrophoresis (2D-SDS-PAGE) images of samples were analysed and compared with each 

other. The analysis of LC-MS/MS data were performed by two different search machines 

(OMMSA and X!Tandem) having different algorithms and the results of these applications 

and supportive data provided by western blotting experiments revealed the proteomic 

changes in P. brutia and P. sylvestris needles with respect to season. 

As stated in many studies, proline content of both pine species were relatively higher in 

winter season to protect osmotic balance against increased water stress created by sub-

freezing temperatures. The fate of this molecule in summer season might be shaped by some 

other metabolic necessities. MDA levels didn’t exhibited expected changes, however the 

changes in the GSH pool were purposeful with respect to the specific activity values of the 

total GST in both species: when the enzymatic activity rose, the pool was waned because of 

increased demand. Moreover, this relationship strengthens the proposition of higher 

oxidative stress in summer for P. sylvestris and in winter for P. brutia. 

P. sylvestris decreased photosynthetic machinery, exalted chlorophyll-(a+b)/carotenoid ratio 

and significantly increased HSPs and chaperonin levels as a part of cold-hardening. On the 

other hand, as expected, P. brutia trees were not as successful as scots pine in management 

of sub-freezing temperatures. The meteorological data showed the presence of frost days in 

spring season and, an early increase in the photosynthetic machinery in the P. brutia needles 

in this period might be a reason for elevated stress levels. Under cold stress conditions both 
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of the species tend to increase the rate or the dimension of energy harvesting mechanism to 

meet the ATP need. Up-regulated respiratory system enzymes such as UDP-Glucose 

Pyrophosphate, Phosphoglycerate kinase, ATP-citrate synthase beta chain protein 1-like, 

citrate synthase, citrate synthase 3, NAD-dependent malic enzyme 1 pointed an increased 

ATP production. Moreover, the increase in the amount of Alcohol Dehydrogenase, which 

protects the sustainable proceeding of glycolysis, might be an indicator of this exalted need 

for energy because it seemed that it forced needle cells to gather energy even from anaerobic 

respiration. 

 

 

Key words: Pinus brutia, Pinus sylvestris, environmental stress, proteome, 2D-PAGE, mass 

spectrometry 
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ÖZ 

 

İKİ ÇAM TÜRÜNÜN KARŞILAŞTIRILMASINA PROTEOMİK BİR YAKLAŞIM: 

PINUS BRUTIA VE PINUS SYLVESTRIS’IN ÇEVRESEL BASKI ALTINDA 

PROTEOMLARI 
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Kuraklık ve soğuk bitki türlerinin gelişimini ve dağılımını etkileyen çevresel faktörlerdir. Bu 

çalışmada, farklı çevresel koşullara adapte olmuş iki çam türü: Pinus brutia Ten (kızıl çam) 

ve Pinus sylvestris L. (sarı çam) bu baskı koşulları altında, bir proteom çalışmasına konu 

edilmişlerdir. Her bir türden olmak üzere, aynı bölge ve yükseklikten 20 sağlıklı ağaç 

işaretlenmiş ve iğne yaprakları yılda üç kez; kurak ve sıcak yaz mevsimi, soğuk kış mevsimi 

ve ılıman ve yağışlı bahar mevsimi sonunda örneklenmiştir. Fotosentetik pigmentlerdeki, 

prolin, malondialdehit (MDA), glutatyon (GSH) miktarlarındaki ve Glutatyon-S-transferaz 

(GST) enzim aktivitelerindeki değişimler her iki çam türü üzerindeki çevresel baskının 

varlığını ve büyüklüğünü göstermek üzere izlenmiştir. Devlet Meteoroloji Müdürlüğü 

tarafından sağlanan hava sıcaklığındaki, toplam nem ve yağış miktarlarındaki değişimler de 

hipotezin güçlendirilmesi için kullanılmıştır. Yeni ve nispeten daha etkili bir protein 

özütleme metodu tasarlanmış ve bu metodun kullanımıyla örneklere ait iki boyutlu-SDS-

poliakrilamit jel elektroforezi (2D-SDS-PAGE) görüntüleri analiz edilip 

karşılaştırılabilmiştir. LC-MS/MS verilerinin analizleri farklı algoritmalar ile çalışan iki 

farklı arama motoru (OMMSA ve X!Tandem) ile gerçekleştirilmiştir ve bu analizlerin 

sonuçları ve western blotlama ile elde edilen destekleyici veriler kızıl çamın ve sarı çamın 

proteomlarının mevsimlere gore gösterdiği değişimleri açıklamıştır. 

Her iki çam türüne ait prolin ölçümleri, pek çok çalışmada da ifade edildiği gibi, sıfırın 

altındaki sıcaklığın ortaya çıkardığı su baskısına karşı ozmotik dengeyi koruyacak şekilde 

artış göstermiştir. Bu molekülün yazın gösterdiği değişimler ise başka metabolik yolaklar 

tarafından şekillendirilmiş olabilir. MDA seviyeleri beklenen değişimleri sergilememiştir, 

ancak, GSH havuzundaki değişimler toplam GST aktivitesinde izlenen değişimler ile 

uyumludur: enzim aktivitesi arttığında, GSH havuzu artan ihtiyacın sonucu olarak 

küçülmüştür. Bu ilişki, yazın P. sylvestris ve kışın P. brutia’da oksidatif baskının arttığına 

yönelik önermeyi de kuvvetlendirmektedir. 

P. sylvestris kışın soğuk aklimasyonu kapsamında fotosentetik mekanizmalarını azaltmakta, 

klorofil-(a+b)/karotenoid oranını düşürmekte, ve HSP ve chaperon seviyelerini önemli 

derecede artırmaktadır. Diğer yandan, tahmin edildiği şekilde, P. brutia dondurucu sıcaklık 

değerleriyle başa çıkmakta sarı çam kadar başarılı değildir. Meteorolojik veriler bahar 

döneminde de don olaylarının bulunduğunu göstermiştir ve aynı dönemde P. brutia’nın 

fotosentetik mekanizmasındaki erken artış yüksek baskı seviyesinin bir nedeni olabilir. 

Soğuk baskısı altında, her iki tür de artan ATP ihtiyacını karşılayacak şekilde enerji üretim 
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mekanizmalarının hızını ve oranını artırmışlardır. UDP-Glukoz pirofosforilaz, Fosfogliserat 

kinaz, ATP-sitrat sentez beta zinciri proteini benzeri-1, sitrat sentez, sitrat sentez 3, NAD- 

malik enzim 1 gibi solunum sistemi enzimlerindeki artış, artan ATP üretimini işaret 

etmektedir. Ayrıca glikolizin devamlılığının sağlanmasında önemli bir işlevi olan alkol 

dehidrogenaz miktarındaki artış yine artan enerji ihtiyacının göstergesi olabilir. 

 

Anahtar kelimeler: Pinus brutia, Pinus sylvestris, çevresel baskı, proteom, 2D-PAGE, kütle 

spektrometresi. 
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CHAPTER 1 

 

 

INTRODUCTION 

 

 

 

1.1. Global climatic change and its consequences 

 

Atmospheric circulations, the sun, activities of volcanoes and many other natural factors 

shape the climate of earth and generate changes in considerably long time intervals.  

However, especially in the last century, human activities have become the dominating force 

in climate change. The magnitude and the rate of this change are correlated with the amount 

of greenhouse gases and aerosol emissions, and also, the sensitivity of the climate itself. The 

IPCC (Intergovernmental Panel on Climate Change) reports claimed that the increase 

especially in the amount of greenhouse gases will continue till the end of 21st century. 

Climate change can be divided into spatial and temporal changes in weather (e.g., 

precipitation and air temperature) and changes in atmospheric chemistry (e.g., CO, O3, NOX, 

and SOX) (McNulty, 1996). Those changes directly affect the temperature, atmospheric gases 

(such as carbondioxide) and even sea levels besides some other variables like the frequencies 

and the numbers of floods, droughts and freeze incidents which are supposed as the 

secondary impacts. In Mediterranean region, those secondary impresses will probably take 

more important roles in shaping the habitats by changing precipitation pattern, moisture 

availability and the frequency and severity of extreme events. For the regions where annual 

precipitation decreases, droughts are likely to become more. For areas where opposite 

conditions are consistent, floods are common. Furthermore, warmer conditions over the 

Mediterranean region will probably generate an increase in the occurrence of extremely high 

temperatures. 

 

1.1.1. Climatic Changes in Euro-Asia Region 

 

Europe and Central Asia (ECA) region is assailable to the consequences of changing climate. 

The extremes such as heat waves, floods, droughts, windstorms, and forest fires together 

with changing hydrology and warmer temperatures throughout the year affect the countries 

in this area. Moreover, experts claim that even if we stop the world emitting CO2 anymore, 

the concentration of greenhouse gases already in the atmosphere would still cause similar or 

greater changes.  
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Meteorological measurements have already stated 0.5
o 

C of increase in the average 

temperatures for south of Euro-Asia region and this increase is even higher in north as 1.6
o
C 

pointing an overall 1.6- 2.6
o
C of elevation by the middle of the century. Such an increase in 

the temperature will cause glaciers to be melted and a considerable decrese in the total 

snowfall in winter season. Many ECA countries experience floods in winter and droughts in 

summer seasons which might dispatch the region with severe water-shortage (The World 

Bank Report, 2009). 

Baettig et al (Baettig, 2007) proposed an index describing the strength of future climate 

change with respect to natural variabilities of today and it points that Russia, Albania, Turkey 

and Armenia are the ECA countries that are most exposed to increased climate extremes. 

 

1.1.2. Climatic Changes in Turkey 

 

In recent years, statistical records in Turkey showed that climate has been clearly changing 

throughout the country. Synthesizing the observed changes yields the following conclusions 

regarding Turkey’s current climate: 

*a general upward trend in average air temperature especially in southern region, 

*distinct and widely distributed warming trends seen in minimal air temperatures in spring 

and summer 

*rapid urbanization in Turkey has a large effect on these warming effects at minimal 

temperatures 

*general trend in maximal temperatures are in an upward trend in summer seasons 

*significant precipitation decrease trends are seen in winter seasons  

*significant precipitation decrease periods of North Atlantic Oscillation are corresponding to 

strong positive anomaly periods (The Ministery of Environment and Forestry, 2010). 
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Figure 1.1 ECA countries which are judged to encounter extreme climatic events by the end of 21st centuary. 

The vertical axis demonstrates the number of climate extremes in the period of 2070-2100 apart from the ones 

that have already been faced by those countries (The World Bank Report, 2009) 

IPCC, also, alert Turkey for future climate change and probable consequences in its Fourth 

Assessment Report because Turkey is located in the Eastern Mediterranean basin where 

countries are in the highest risk group. Ecological and meteorological models showed an 

overall reduction in summer moisture availability in response to rising concentrations of 

greenhouse gases (IPCC, 1996). 

Because of the fact that it is surrounded by seas (Mediterranean, Black, Aegean, and 

Marmara) Turkey is highly vulnerable against climate change (Figure 1.1 and Table 1.1)). 

Karaca (Karaca, 2008) states that a 1m of rise in the sea level would affect almost 30% of all 

the Turkish people who populates coastline. 

Table 1.1 Reported increased incedence of weather-induced disasters in Europe and Central Asia (The World 

Bank Report, 2009) 
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Figure 1.2 “In which degree people aware of the climate change?” Some of the results of a survey on the full 

sample of 48 countries (The World Bank Report, 2009) 

 

Agriculture needs to be paid attention because scientific reports on the climate change and its 

possible effects in near future states that it would be the most vulnerable sector in Turkey. 

European Environment Agency (European Environment Agency, 2010) pointed the thread of 

changing climate on the water sources that is highly critical for rural areas where the 

agriculture is the main meal ticket of local people. Although the majority of Turkish people 

are aware of the consequences of the situation (Figure 1.2), there are still important 

precautions for the Turkish government, especially for sustainable agriculture and forestry. 

In the report of World Bank (The World Bank Report, 2009) scientists claimed that Turkey 

will suffer of the various effects of climate change in different ways. The overall decrease in 

the annual precipitation and increased number of storms and floods will cause more soil 

erosion and salinization, increased evapotranspiration and increased irrigation demand which 

in turn would create a higher stress on water supplies. This will especially influence the 

south part of Anatolian Peninsula where large forests recline towards Tauros Mountains. The 

higher average temperatures, heat waves and drought in summer seasons will lead shorter 

development periods for almost all plant species and tree species will become very 

vulnerable to storms and increased pest thread.  

 

Figure 1.3 The number of the extreme cases that caused harm in Turkey, from 1940 to 2010, increased in 

between the years 1960-1970, 1981-1983 and 2001-2010. In 2010, totally 556 extreme weather cases had been 

detected (TC Çevre ve Orman Bakanlığı, 2010). 
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In summary, natural life in Turkey is under the thread of rapid and devastating changes in the 

climate (Figure 1.3), and this situation forces the government to develop new strategies in 

conservative politics for environmental (ecological and biological) issues. This trend would 

make the people search for effective solutions in all fields including forestry. 

Developing/breeding new lines of forest trees resistant to those climatic extremes will be a 

part of all programmes suggested in near future. 

 

1.2. Two pine species: Pinus brutia and Pinus sylvestris 

1.2.1. Classification of species 

 

Pinus brutia Ten (Turkish red pine) is a member of Division Gymnospermae, Class 

Coniferae, and Family Pinaceae, Genus Pinus L. Turkish red pine is a coastal tree and it is 

one of the most resistant pine species of Mediterannean basin for water scarsity.  

“The Turkish pine is a tree to 27-35 m, with a usually open crown of irregular branches. The 

bark on the lower trunk is thick, scaly, fissured, and patterned red-brown and buff, and thin, 

flaky and orange-red higher in the crown. The shoots are slender, 3-7 mm thick, grey-buff, 

and rough with persistent small decurrent scale-leaf bases. The winter buds are ovoid-acute, 

with red-brown scales with long free tips revolute and fringed with white hairs. The adult 

leaves are retained for 1.5-2.5 years, with a persistent 1-1.5 cm sheath; on most trees they are 

in fascicles of two, and 10-18 cm long. They are bright green to yellow-green, slender, about 

1mm thick, with serrulate margins, fine lines of stomata on both faces, and several marginal 

resin canals. The juvenile leaves are glaucous, 1.5-4 cm long, and continue to be grown for 

2-4 years, mixed with the first adult foliage produced from 9 months from seed. The cones 

are erect to forward pointing on short stout stalks, symmetrical, broad conic, (4-) 6-10 (-12) 

cm long, 4-5 cm broad when closed, green, ripening shiny red-brown in April two years after 

pollination. They open the same summer or 1-2 years later, to 5-8 cm broad, though the 

seeds are often not shed till winter rain softens the scales. The scales are short, broad, thick, 

woody, and very stiff; the apophysis is 10-15 x 15-20 mm, smoothly rounded, with a slight 

to moderate transverse ridge; the umbo is dorsal, flat to slightly raised, 5-7 mm wide, and 

grey-buff. The seeds are grey-brown, 7-8 x 5 mm with a broad, auricled 15-20 x 10 mm 

wing, yellow-buff streaked darker brown” (Tenore, 1811). 

“Pinus sylvestris is a tree to 25-40 m tall and 0.5-1.2 m dbh. Stem straight (contorted only if 

lead shoot damaged when young, often by pine shoot moth Evetria turionana). The crown is 

variable, with a variety of shapes common in wild populations from level branches to near-

fastigiate; open ovoid-conic when young and usually eventually becoming dense, broadly 

domed or even flat-topped. Bark on lower stem thick, scaly-plated, grey-brown; on upper 

stem and branches, thin, flaking, orange-red. Branching uninodal. Shoots green at first, 

becoming grey-buff by the end of the first summer. Buds ovoid-conic, orange-brown, thinly 

to occasionally thickly covered in white resin. Leaves in fascicles of two, (2.5-) 4-6 (-9) cm 

long, 1.5-2 mm wide, always moderately to often strongly glaucous (the only two-leaved 

hard pine with blue-green or grey-green leaves - an easy pine to identify), longest on 

vigorous young trees (5-9 cm), short on old trees (2.5-5 cm), commonly slightly twisted, 

margins finely serrulate; persistent for 2-6 (-9) years; leaf sheath grey, 5-8 mm, slowly 

eroding to 3-4 mm by leaf senescence. Male cones 8-12 mm, yellow or pink. Cones (2.5-) 3-
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6 (-7.5) cm long, conic, symmetrical or nearly so, green ripening matt grey-buff to grey-

green; mature in November-December, 20 months after pollination, opening from February 

to April and falling soon after seed shed; scales rhombic, flat to protuberant and (rarely) 

hooked (with a full range of variation inbetween), with a minutely mucronate dorsal umbo. 

Seeds black, 4-5 mm, with a 12-20 mm wing” (Linnaei, 1753). 

 

1.2.2. Distribution of species 

 

Turkish red pine is a coastal tree and when compared with other timber species found in the 

same region, it withstands more aridity and poor soils. Pinus brutia is the dominant tree of 

forests located in the Mediterranean, the Aegean and the Marmara regions. They range from 

the sea level up to 1500 m in the Mediterranean region, 700-800 m in the Aegean and 300-

400 m altitude in the Marmara region (Kaya, 2001). Although it requires mild winters, it has 

some populations at drier and cooler climates (Gezer, 1986). 

Pinus brutia shows a relatively restricted distribution, especially in the Mediterannean region 

(Figure 1.4). It is distributed to Italy, Greece, Cyprus, Syria, Lebanon, Jordan, Palestine, and 

the many islands of Aegean and Mediterannean, northern Iraq and over the north coast of 

Crimea (Gezer, 1986). However, this conifer species is found largely in the Eastern 

Mediterranean region and primarily (85% of all natural populations in the world) in Turkey 

(Boydak, 2003) where this species grows in southern and western Anatolia and is also found 

in the Marmara region. It is rarely found on the coastal areas of interior Black Sea region at 

the bottom of the drier and warmer valleys, too.  

 

Figure 1.4 Distribution of Turkish Red Pine (Pinus brutia) (EUFORGEN, 2008) 
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The climatic conditions in the growing range of P. brutia are mild during whole year and the 

annual precipitation is adequate, but it is poorly distributed throughout the year. In its natural 

habitat, frost is rare but very high temperature values and water stress for long periods are 

observed in its growing season. Because of the fact that the moisture is adequate, it can resist 

the temperature stress. P. brutia is found in localities which have precipitation as low as 

412.8 mm annual average and only 128.4 mm average in its growing-season. In Muğla and 

Antalya regions where are primary commercial areas, the average annual precipitation is 

about 1200 mm, and 250-350 mm of this amount falls during the growing season (Gezer, 

1986). For this species, the average annual temperature range is 12.5- 22.9
o
C and the 

minimum and maximum annual averages are 1.4-8.1
 o
C and 18.1- 22.7

 o
C, respectively. 

Prof Işık and his colleague (Kurt et al, 2011) reported that P. brutia is a complex species 

with regional adaptations including the elevation. The relatively higher intraspecific 

variations like many other conifer species make these plants hard to study in a genetic 

research and to suggest common generalizations. There is not enough evidence to establish a 

clear association between discovered genes and phenotypic measurements. One important 

reason of such a situation for pine species is basicly their enormous genome size. Pine 

species have genome sizes of 18000-40000 Mbp with 2n=24 chromosomes and it is clear 

that conifer genome complexity is enormous compared to typical diploid angiosperms 

(Morse et al, 2009). Grotkopp et al (Grotkopp et al, 2004) stated that genome size is one of 

the major actors shaping the life-history traits of many plant species. Correlated evolution of 

these traits and their molecular bases are still beyond a complete understanding. For 

Mediterranean pines, the lack of a consistent phylogeny has prevented revealing the 

evolutionary relevance of phenotypic traits (Grivet et al, 2013). 

At this point, we should consider the effect of climate change on the distribution of this 

species in Anatolian Peninsula; Kandemir et al (Kandemir et al, 2010) informed that the 2-3 

degrees of temperature increase and a 20% decrease in precipitation would lead an expand in 

the range of natural populations. Such a situation makes it more difficult to prepare 

conservation programmes for sustainable management of this species in near future. 

Pinus brutia Ten. is an economically important forest tree species for Turkey (Figure 1.5); 

its wood is an important export good as travers. In addition, Turkish red pine is used in local 

needs like in packing industry and in resin gum production (Aslan, 1994). The  timber  of  

Pinus  brutia  is  used  in  a very wide range  from  fencing posts  through telephone  and  

transmission poles  to pit  wood, railway sleepers and saw logs  for box-making, general 

construction and joinery industries,  its  wood is also suitable for  pulp  and board 

manufacture (Gezer, 1986). 

P. brutia is a commercially important forest tree species in Turkey because red pine forests 

cover an area of larger than 4 million ha and its relatively short rotation and high growth rate 

make this conifer species a very valuable source in forestry. In reforestration issues of fire 

damaged sites, clear-cutting with direct seeding is used; so, the seed germination and 

survival of different populations have great importance for natural or artificial regeneration 

(Boydak, 2003). This means that the future of this species (like many others) depends on 

genetic diversity among populations and even individuals. 
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Figure 1.5 Distribution of forest trees in Turkey; Pinus brutia (Turkish red pine) covers 4,167,524 ha of total 

area (approximately 22% of all forests of Turkey) (Türkiye Çevre Atlası, 2004) 

 

 

 

Figure 1.6 Distribution of Scots Pine (Pinus sylvestris) (EUFORGEN, 2009) 

 

With a natural range from the Arctic Circle in Scandinavia to southern Spain and from 

western Scotland to the Okhotsk Sea in eastern Siberia, P. sylvestris is the most widely 

distributed conifer in the world (Figure 1.6). It grows from sea level to elevation reaching 

2500 m (Labra, 2006). P. sylvestris var. hamata is native to the Balkan Peninsula, North 

Turkey and South-West Transcaucasia, at altitudes of 500-2600 m. (derived from 

www.conifers.org) 
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1.3. Proteomics 

1.3.1. General concepts and definitions 

 

Marc Wilkins coined the term ‘‘proteomics’’, during the 1994 Siena Meeting, to simply refer 

to the ‘‘PROTein complement of a genOME’’ (Wilkins & Appel, 2007). 

Although all the cells of an organism have essentially the same genome, under specific 

conditions and at some time intervals, the set of all expressed proteins in some of them may 

vary. Because of this fact, the term proteome may have the meanings either the all the 

proteins encoded by the genome of a species and/or the set of proteins expressed in a 

particular cell (or tissue or organ) at a particular time and under specific conditions. So, 

Proteomics, as a term, can be defined as the study of the subsets of proteins located at 

different parts of the cell or organism, and all the scientific techniques reveals how those 

proteins are changed with time and different conditions. 

Proteomics have two approaches: top-down proteomics and bottom-up proteomics. In the 

top-down paradigm, intact proteins are directly used for the analysis. The other one needs 

those macromolecules to be digested into relatively smaller parts. After that, identification, 

characterization, and quantification issues could be completed according to the main peptide 

properties. Peptide mass fingerprinting (PMF) is the process of comparing experimental 

masses of those peptides to theoretical masses (Eidhammer et al, 2007). 

 

1.3.2. General techniques and computational methods 

 

The experimental design of most proteomics studies includes three steps: sample 

preparation, separation by electrophoresis or chromatography and at last, the MS analysis of 

the isolated proteins. 

 

1.3.2.1. Sample preparation 

 

Sample preparation is not the only step, but it is one of the most critical steps in proteome 

research. The quality of protein samples is critical to generate accurate and informative data. 

There are two sets of aspects for sample preparation in proteomics: 

Technically dependent aspects includes all technical hardware and software in the research 

center, experimental setting, handling of data flow, usage of various chemicals/reagents for 

their possible negative effects on further analysis, the number of samples and finally the total 

cost. 

Sample-dependent aspects consider the origin of the sample, the localization of the protein(s) 

of interest, evaluation of the amount/abundance of the targets, recovery, stahndardizaton and 

the storage of the proteins after isolation procedure, determination or the accommodation of 

the internal standard(s) especially for quantitative affairs, innovation of a universial 

procedure for protein isolation from different tissue types (Andrecht & von Hagen, 2008). 
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Because of those aspects, it is almost imposible to assert a standard method for the 

preparation of protein samples for further analysis by MS. At this point, workflows that 

incorporate subcellular fractionation, optimized cellular lysis, removal of highly abundant 

proteins or enrichment of selected proteins, and mass tagging tools enable us to perform 

quantitation of proteins in complex samples. 

In MS analysis, the proteins of interest are found in a complex mixture with other proteins, 

and this generates two important problems: First, the ionization techniques work better when 

the mixture contains roughly equal amounts of constituents. However, in nature, the dynamic 

range of protein concentrations in biological samples may exceed 10 orders of magnitude. 

When those mixtures are ionized without preliminary processes, the more abundant species 

may suppress the signals of less-abundant ones. Secondly, because of the number of 

components, the mass spectrum of a complex mixture is very difficult to fully analyze. In 

short, the success MS and/or MS/MS depends on clean samples with limited complexity and 

prevention of MS undersampling of eluting peptides. At this point, a relatively new and 

promising method can help researchers: Filter-aided sample preparation (FASP) includes 

the complete solubilization of the protein extract in SDS, which was then exchanged by urea 

on a standard filtration device. Pure peptides are eluted after digestion (Wiśniewski et al, 

2009). 

 

1.3.2.2. Isoelectrical Focusing (IEF) and 2D-PAGE 

 

Separation on isoelectric point is performed by isoelectric focusing (IEF), where a pH 

gradient is used for the separation. The proteins are moved into the gradient by absorption 

from a buffer with the sample (preferably by the help of electric current). In the next step, an 

electric field movesall the proteins towards the opposite charge. When the protein reaches 

the point in the pH gradient equal to its pI, the net charge becomes zero, and the migration 

ends. IEF is completed with SDS-PAGE for better separating power in a so-called 2D SDS-

PAGE method. Despite its relatively higher resolution, there are some foibles, too. The very 

small or very large proteins might be lost during gel electrophoresis and the ones with low-

abundancy might remain unstained and escape detection. The hydrophobic proteins might 

form complexes and precipitate before they could be loaded, while the proteins possessing pI 

values that were out of the range usually fall off the edges of the pH strip (Eidhammer et al, 

2007). 

Sample preparation for two-dimensional electrophoresis is the most crucial part of 

proteomics techniques. Plants and especially green plant tissues originate considerable 

challenges here, because of low protein concentration and the presence of deleterious 

compounds in the cell. Remarkably stable plant proteases may increase the challenge 

because of their being persistently active in various conditions such as low/high pH, low 

temperature, high amounts of urea and/or guanidine hydrochloride (Flengsrud, 2008). 

Another handicap about 2D-PAGE electrophoresis is created by the fact that any spot 

containing more than one protein might be considered as a single protein type and this would 

lead a false-positive result in quantitative studies. Moreover, even if the spot is known to 

hold more than one protein, it is not possible to trace back which protein contributed which 

amount of staining to the spot. Moreover, if there are modifications on the protein (or, a 
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percentage of it have modifications or truncation), then, more than one spot located at 

different parts of the gel should be considered together for a correct total quantification. Any 

missed spot which might be, also, a result of the usable interval of staining procedures causes 

an underestimation of the quantification (Eidhammer et al, 2007). 

 

1.3.2.3. Mass Spectrometry: MS and Tandem MS (MS/MS) 

 

When mass spectrometer was first introduced, it was preferred for mass determination and 

structural investigations of volatile molecules and molecule fragments because those first 

systems were not proper for the analysis of such big and complicated molecules like proteins 

and peptides. Furthermore, under the high-energetic electron bombardment they would 

disintegrate into countless components (Rehm, 2006). However, by the introduction of 

various ionization techniques suitable for peptides and protein molecules, a new era has 

begun in biological and biomedical sciences (Kinter & Sherman, 2000). The speed of mass 

spectrometric experiments and the amount of information they generate, which could be 

derived from multiple proteins at a time, make MS applications much more popular.  

Mass analysis is essentially a separation of ions according to their m/z ratio. The term 

“tandem mass spectrometry” defines two stages of mass analysis: using first separation as a 

preparative tool to collect an ion with a specific m/z and perform further analysis by 

fragmenting it and determining the m/z of the fragment ions to declare the structure (Kinter 

& Sherman, 2000). One mass spectrometry analysis is sufficient for measuring the masses, 

using an MS instrument (Figure 1.7) but for the analysis of the sequence, two mass analyses 

are used in the MS/MS-capable instruments (Figure 1.8). 

 

Figure 1.7 MS protein analysis approach (for proteins) (Eidhammer et al, 2007).  
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Figure 1.8 MS/MS protein analysis approach (for peptide residues) (Eidhammer et al, 2007). 

 

1.3.2.3.1. Instruments used in research 

 

High Performance Liquid Chromatography (HPLC), which is a chromatographic technique 

that is used to separate the components of a mixture for identification and quantification 

purposes, is a fixed component of a group of MS systems routinely used in the research 

laboratories. The two most common HPLC methods in proteomics are reverse phase 

chromatography (RP-HPLC) and strong cation exchange chromatography. The eluate of the 

RP-HPLC may be loaded directly into a mass spectrometer by electrospray ionization. In this 

type of chromatography system, there are two solvent systems denoted by A (mostly water 

with a small amount of organic acid-often 0.1 % formic acid) and B (an organic solvent such 

as acetonitrile); and after the sample proteins that are dissolved in solution A are bound to 

the column, solution B is gradually pumped into the system to collect the fractions with 

respect to this gradient solvent system. When the gradient reaches 60 % organic solvent, all 

peptides are normally eluted from the stationary phase. The criteria of separation is rooted by 

the fact that the speed of a component’s migration through the column depends on the 

properties of the peptides, the dimension of the column, the temperature, the chemistry of the 

stationary and mobile phase and the speed of the mobile phase. The time between sample 

application and the detection of the maximum peak is called Total retention time, tR, and, the 

dead time, t0, is the time it takes for a non-interacting component to elute through the column 

from the point of injection (Eidhammer et al, 2007). 

In HPLC analysis, if all the conditions are kept constant, subsequent applications of the same 

analyte give the same retention time pattern. “Therefore, with a theoretical model for 

calculating the retention time from a peptide sequence, a measured retention time can be 

compared to calculated retention times for possible theoretical peptides” (Agrawal & 

Randeep, 2008). The main factor which shapes the retention time for RP-HPLC is the 

hydrophobicity of the sample peptide molecule, so, by assigning a retention coefficient for 

each amino acid based on this property, one could calculate a rough value for the whole 

peptide molecule by the sum of the retention coefficients of all the residues, plus coefficients 

for the end groups, plus dead time. 
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In a classical MS based quantification study, the retention time alignment should be 

performed by using all identified peptides in more than one sample set. In all samples, the 

retention time of the first identification is recorded for each peptide residue. Then, the 

average retention time for a specific peptide measured for every sample is subtracted from 

the one of a certain sample, resulting per peptide retention time alignments for every sample. 

The median of the peptide retention time differences of a sample is used to demonstrate the 

shift in this parameter for a whole sample set. This is used for the correction of the retention 

times of the raw quantification results (Terashima & Hippler, 2010). 

Very schematically, a mass spectrometer consists of three main parts: the ionization source, 

the mass analyzer, and the detector (Figure 1.9). All mass spectrometers use electric or 

electromagnetic fields to move the sample. Therefore, the ionization of the components 

before entering these electric fields is obligatory and this crucial step is performed by 

ionization source. In the next stop, the mass analyzer separates ions according to the mass-

to-charge ratio (m/z). In the last part, a detector unit creates a mass spectrum that is a graph 

of which horizontal axis shows m/z ratio while vertical one demonstrates the intensity of the 

signal for each component (Agrawal & Randeep, 2008). 

 

Figure 1.9 Basic components of a mass spectrometer (derived from the official website of Piercenet, 

ThermoScientific) 

Matrix-Assisted Laser Desorption Ionization (MALDI) and Electrospray Ionization (ESI) are 

two popular soft ionization sources which generate only a limited number of fragments. 

MALDI is generally used in MS applications (and occasionally in MS/MS issues) because 

the resulting peptide ions generally have the charge +1. ESI, on the other hand, is mostly 

used with MS/MS systems because most of the ionized peptides carry two or more protons 

which enable the system to create charged fragments in the analyzer unit. In this system, the 

peptides are brought into the ionization source by a liquid flow mostly fed by a HPLC unit 

(Agrawal & Randeep, 2008). 

There are different mass analyzers with different principles:  

In the MALDI time-of-flight (TOF) mass analyzer, due to the short laser pulses, ions are sent 

to the analyzer in short pulses and accelerated by an electric field to force them enter a field-

free drift tube. The mass to charge ratio of the ions is the factor that determine their velocity, 

and this velacity is used to calculate the m/z ratio by measuring the time spent by the ions in 

the drift tube (Agrawal & Randeep, 2008). A quadrupole analyzer has four parallel rods of 

which each of two forms an electrically connected pair, and by the application of a radio-

frequency voltage those pairs generates an oscillating field. This system filters the ion 

mixture in a way that the ions with a specific m/z value are stabilized in this field at a 

specific voltage, and the rest crashes to the rods. For MS/MS issues, this system is 

constructed as a triple quadrupoles and commonly in combination with a TOF mass 

analyzer. The ion trap mass analyzer consists of one ring electrode and two end-cap 

electrodes allowing the 3D trap of the ions. The analyte is pumped into the system by pulsing 
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of the ion gate, unlike the quadrupole where there is a continuous ion entrance into the 

chamber. Another difference of this relatively cheaper, faster and high throughput system 

with respect to quadrupole analyzers, all steps of mass analysis could be completed in the 

same part of the system although there might be a loss in mass accuracy because of space-

charge effect. Collision-induced dissociation (CID) is the process by which the collision of 

the helium molecules with precursor ion results in fragmentation which could be recorded in 

the form of MS/MS spectra. Ions are trapped in a 3D space in Fourier Transform-Ion 

Cyclotron Resonance (FTICR) (Alan & Marshall, 1998) like ion trap analyzers, however, in 

FTICR; a static magnetic field is used to keep ions in an orbit till the one group in this 

mixture was excited to be separated by an oscillation in electrical field. The detector plates 

measure the change in the radius of the circular motion and at the end there exists an image 

current. The mass spectrum is handled after the Fourier-transformation. Although FTICR is 

an expensive and highly complicated option for researchers, the ions are measured more than 

once that increase the accuracy dramatically and they are not harmed by moving in an orbit 

without crashing any surface which affect the quality of the procedure positively.  

The Orbitrap is the last mass analyzer system derived from the FTICR by the usage of ion 

trap technology which is based on the electrostatic quadro-logarithmic field created by a set 

of barrel shaped electrodes.When the trapped ions around the central spindle are oscillated, 

there exists a current image of which the frequency change points the m/z ratio of the 

molecule after Fourier-transformation (Hu, 2005) (Hardman & Makarov, 2003). Besides 

being relatively cheaper to work with, Orbitraps have high sensitivity, resolution and mass 

accuracy like FTICR. 

The noise is an important problem in mass spectrometry issues. It is grouped in two types as 

chemical noise which may be generated by either the chemical contaminants such as 

detergents, polymers, salts etc. or proteins or peptides that have been unintentionally 

introduced during sample handling such as human keratins. Electronic noise is the result of 

electronic disturbances, and occurs with random fluctuations between the chemical noise 

(Agrawal & Randeep, 2008). 

 

1.3.2.3.2. Software for data analysis: Identification and Quantification 

 

Mass spectrometry is used for three general purposes:  

(i) qualitative analysis  

(ii) quantitative analysis  

(iii) sequence analysis 

A qualitative measurement aims to detect the number of different peptides in a sample by 

claiming resolved peaks with respect to some important performance criteria. Mass 

spectrometry can be used for quantitative issues; after some alignment and normalization 

procedures, the comparison of peak heights or peak integrals may give valuable information 

on mass differences of the particles under consideration. Finally, mass spectrometers can 

unravel the amino acid sequence and possible post translational modifications (PTMs) of the 

peptides in a sample.  
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1.3.2.3.2.1. Identification 

 

Protein identification can, basicly, be performed by comparing the experimental outcomes to 

the calculated properties of the proteins. The general procedure has three main steps: 

(i) Determination of the appropriate protein database. 

(ii) Comparison of the detected properties to the documented ones to chose the one 

which fits best.  

(iii) Running a probability test to check whether the protein nominee is the same 

with our unknown one. 

The most common protein sequence databases are Universal Protein Resource (UniProt), the 

The National Center for Biotechnology Information (NCBI) database and The International 

Protein Index (IPI). UniProt KnowledgeBase has three main bases: The Swiss-Prot, TrEMBL 

(Translated EMBL), and PIR (Protein Information Resource) databases. In order to establish 

which annotations are clearly supported by trustworthy evidence, various information 

sources are delibrated and cross-verified during manual curation process. NCBI database 

cluster sequence data from a variety of sources such as TrEMBL, Swiss-Prot and RefSeq 

which is composed of two types of entries: NP that has various evidences for its validity and 

XP which is a predicted one (Eidhammer et al, 2007). 

The identification of proteins with MS is done in a database-dependent or -independent 

manner. Peptide mass fingerprint (PMF) is one of the fastest methods to identify proteins, 

and it does not require MS/MS. Peptide fragmentation identification and de novo sequencing 

both need MS/MS data, while the latter one does not use a database as a reference (Figure 

1.10). 
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Figure 1.10 Differences between PMF, peptide fragmentation identification, and de novo sequencing (Agrawal & 

Randeep, 2008) 

 

A general approach for PMF starts with the separation of the proteins by 2-DE. When the 

spots are visualized and cut-off for digestion, peptide particles are produced by enzyme 

applications like trypsin. Then, MALDI-TOF analysis and the MS spectrum reveal the 

experimental results of peptide sequences which are compared with the genomic data in 

silico. The products of theoretical digestion of the protein sequences provided by the 

database are compared to the protein of interest.  Statistical softwares present a respective 

score to be used in evaluation of the matching. Although this approach is straight-forward 

and effective, the presence of post translational modifications and the fact that one spot on 

the 2-DE gel might contain more than one protein species, it is still complicated to use it.  

Peptide fragmentation identification starts with the fragmentation of peptides in specialized 

chambers of MS/MS systems. Computer softwares compare the results of fragmented ion 

patterns with the ones produced from the database provided peptide sequences. By this way, 

both the peptide mass and amino acid sequence information is obtained. The correct peptide 

interpretation is based on MS/MS search algorithms that are provided by search engines such 

as Mascot™ (Perkins, 1999), SEQUEST™ (Eng et al, 1994), OMSSA (Geer, 2004) and 

X!Tandem (Craig & Beavis, 2004). 
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Two mass analyzers and a collision cell are used to handle the MS/MS spectra of an analyte. 

One of the analyzers detects the mass of the precursor ion and the other one enrols the 

fragment ions whose types and percentages among the others mainly determined by the 

amino acid content. Fragmentation propagates different ions of which the most plenteous ion 

types are b-ions (if the N-terminus is included) and y-ions (if the C-terminus is included). 

The sequence of the peptide is simply guessed by considering the mass disparity between 

those ion series. Besides these ions, other internal fragment ions are also obtained. 

 

1.3.2.3.2.2. Quantification 

 

Quantitative presentation of protein species is essential for informative modeling. 2D-based 

proteomics allow quantification by staining of protein spots. Fluorescent probes, CBB or 

silver staining give acceptable evaluation of a relative expression of proteins. Staining allows 

generally well, though variable linearity and sensitivity of protein detection and 

quantification. Modified labeling of proteins with fluorescence dyes in DIGE allows 

evaluation of relative levels of proteins in samples that are mixed after labeling with 

different fluorescent dyes, and they are run in one gel. Staining is an efficient way to 

visualize proteins, but it provides assessment of a relative, and not an absolute, protein 

concentration.  

There are two main approaches in MS-based quantification studies: 

Stable Isotopic Labelling (SIL) is generally used to compare the expression of particular 

cellular proteins which are the outcomes of gene regulation and differential signal 

transduction between different sets of samples. In SIL-MS method, by bringing in a mass tag 

to the protein synthesis pathway, either control or test group is examined for any mass shift 

so that the tagged peptides could be considered separately in the bulk of cellular proteins and 

compared with the non-tagged peptides for its quantification if the two type were mixed in 

equal concentrations (Agrawal & Randeep, 2008). 

Plant cellular proteins can also be mass-tagged through cellular metabolism in the process of 

protein translation either by 
15

N universal labeling or SILAC. Because individual peptides 

may contain different number of nitrogen atoms related with their amino acid contents, 
15

N-

labelling may generate difficulties in assessing the peptide. Plants are autotrophs and they 

can use amino acid, which they absorb from the medium, to synthesize some other 

macromolecules. This makes it difficult to use SILAC strategy that tags a particular type of 

amino acid residue. 

SIL is not a cost-effective method and it requires labouring sample preparation steps. The 

second approach in MS-based quantification contains a label-free strategy.  

In the LC-MS spectrum, all peptide ions are individually extracted to retrieve total signal 

spectral counts using the same principle as for the labeling approach. The quantification of 

the relative difference of proteins in comparison between samples is performed by those 

spectral counts. Label-free strategy has the advantage of quantifying all the peptides unlike 

the labeling methods with which only the the tagged ones could be taken into consideration. 
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For the label-free quantitative approach, of most concern is  

(i) the variability generated by experimental steps and chemicals in sample 

preparation and injection stages 

(ii) substantiality and accuracy of LC-MS 

One of the options to overcome these variables is to use the spectral count values of 

autocleavege products of the trypsin for normalization of the data if the total amount of this 

enzyme added to the analytes were the same. Moreover, the samples containing a huge 

number of proteins, a small percentage of them would show significant changes while the 

others might still to be used as in the same way defined before by the help of large-scale 

multiplex mathematical calculations done by automated softwares (Agrawal & Randeep, 

2008). 

 

1.3.2.3.2.3. De novo sequencing 

 

Scientist commonly obtain high quality tandem mass spectral data of peptides for which no 

exact database match can be made, and the question remains whether these non-matching 

spectra are due to novel sequences, or are the result of less interesting possibilities such as 

interspecies variation, database sequence errors, or unexpected proteolytic cleavages 

(Johnson & Taylor, 1998). 

In some cases, researchers need to derive the sequence of a peptide without any information 

provided by the database. This is referred to as de novo peptide sequencing. There is a wide 

variety of useful tools for this task such as PepNovo, PEAKS, Lutefisk, NovoHMM, 

InsPecT, and EigenMS, but almost all of them suffer because of inaccurate measurements, 

missing peaks (gaps), and noise (Agrawal & Randeep, 2008). 
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1.4. Scope of the Study 

 

Pinus brutia is a native pine species to Turkey having great importance both economically 

and ecologically. Climate change affects Turkey more than most other countries in the same 

geography and this fact forces us to develop strategies to protect our forests against extreme 

weather conditions. Breeding new P.brutia lines which are relatively resistant to those 

environmental conditions such as low humidity, drought and harms of unexpected freezing 

temperatures needs an understanding of the biochemical responses of these trees to those 

effects. There are very limited genomic and proteomic data for Pinus brutia and this makes it 

very difficult to study on this species. For this reason, choosing of another pine species 

which is (relatively) well-studied was preferred to provide reference and validation for the 

results. Pinus sylvestris is one of the most common pine species on the world and unlike 

Pinus brutia, there are considerable proteomic and genomic data for it; so, by using it as the 

second sample in all analysis, changes in the proteome of both were aimed to be analyzed. 

Moreover, scots pine was adapted to survive under moderate cold stress that makes it useful 

to be compared with Turkish red pine which is, oppositely, adapted to live in mild even 

warm and relatively arid climates. Two species were targeted to be compared for three 

different sampling times with different stress conditions created by the seasons: hot and dry 

summer season, cold winter season and mild and rainy spring season which was used as a 

reference for other two sampling periods. Ankara, because of its climatic properties, 

provided all three climatic conditions so, two local populations located at the same region 

and almost the same elevations, in METU Campus were chosen. By this way, we had the 

advantage of removing the effects of different climate, soil type and elevation. 
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CHAPTER II 

 

 

MATERIALS and METHODS 

 

 

 

2.1. Materials 

2.1.1. Chemicals and Reagents 

 

Folin-Ciaceltau Phenol Reagent (Sigma), potassium dihydrogen phosphate (Fluka, min. 

99%), dipotassium hydrogen phosphate (Merck, extra pure), reduced glutathione (GSH) 

(Sigma, min 99%), PVP-K30 (Fluka), hydroxymethyl aminomethane (Tris) (Sigma, min 

99.9%), hydrochloric acid (Merck, 37%), Nonidet P-40 (Sigma), Bovine serum albumin 

(BSA) (Sigma), ethanol absolute (Riedel-de Haën, %99.8), 1-chloro-2.4-dinitrobenzene 

(CDNB) (Sigma, min 98%), copper sulfate (CuSO4.5H2O) (Riedel-de Haën, extra pure), 

sodium-potassium tartrate (Fluka, min. 99%), sodium hydroxide (Merck), sodium carbonate 

(Riedel-de Haën, extra pure), 2-mercaptoethanol (Merck, min. 98%), Pepstatin (Fluka), 

PVPP (Sigma), sucrose (Sigma, for molecular biology, ≥99.5%) , Sodium dodecyl sulfate 

(Sigma, BioXtra, ≥98.5%), trichloroacetic acid TCA (Sigma, for molecular biology, ≥99%), 

Methanol (Merck, pure), ammonium acetate (Fluka, ≥99.9%), phenol (Sigma, equilibrated 

with 10 mM Tris HCl, pH 8.0, 1 mM EDTA, BioReagent, for molecular biology), urea 

(Fluka, pure), 3-[(3-Cholamidopropyl)dimethylammonio]-1-propanesulfonate hydrate 

CHAPS (Sigma, suitable for electrophoresis, ≥98%), dithiothreitol DTT (BioChemica, 

≥99.5%), Bio-Lyte Ampholytes pH range 3-10 (BIO-RAD), ReadyStrip™ IPG Strip 

(BIORAD), cOmplete Protease Inhibitor Cocktail Tablets (Roche Applied Science), 

Bromophenol Blue (Sigma, ACS grade), phenylmethanesulfonyl fluoride PMSF (Sigma, 

≥99.9%), dimethylsulfoxide (BioChemica, cell culture grade), glycerol (Sigma, , ≥99%), 

Trizma Base (Sigma, , ≥99.9%), iodoacetamide (Sigma, BioUltra), acrylamide (Sigma, for 

electrophoresis, ≥99%), N,N,N′,N′-Tetramethylethylenediamine TEMED (Sigma, ≥99%), 

N,N′-Methylenebis-acrylamide (Sigma, ≥99.5%), ammonium persulfate APS (Sigma, 

≥98%), acetic acid (glacial) (Merck), Coomassie Brilliant Blue CBB G-250, orthophosphoric 

acid (Merck, 85%), ammonium sulfate (Sigma, ≥99%), thiourea (BioChemica), (4-(2-

hydroxyethyl)-1-piperazineethanesulfonic acid) HEPES (Merck, pure), ammonium hydrogen 

carbonate (Merck, pure), trypsin (sequencing grade, modified, from Porcine, PROMEGA), 

pH 11 Britton-Robinson Universal Buffer BRUB, acetonitrile (Sigma, LC-MS 

CHROMASOLV
®
), formic acid (Sigma, LC-MS Ultra), 2-thiobarbituric acid TBA (Sigma, 

≥98%), 5-Sulfosalicylic acid hydrate (Sigma, 95%), 2,2-Dihydroxy-1,3-dioxohydrindene 
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Ninhydrin (Merck, ACS grade), toluene (Merck, LiChrosolv
®
), Ponceau Red, sodium 

chloride NaCl (Sigma, ≥98%), potassium chloride KCl (Sigma, ≥99%), non-fat dry milk, 

developer solution (Tetenal, SuperFix Plus), fixation solution (Tetenal, Ultrafin Liquid, B/W 

Negative Developer), 5-Amino-2,3-dihydro-1,4-phthalazinedione Luminol, p-coumaric acid 

(Sigma, ≥98%). 

All chemicals were analytical grade and were obtained from commercial sources at the 

highest purity available. 

 

2.1.2. Pine Species and Samples 

 

Pine needles were harvested from healthy pine trees of each of two species (Pinus brutia and 

Pinus sylvestris) located at Yalıncak, METU Campus (approximately, at the same region and 

elevation). For this purpose, 20 individuals of Pinus brutia and 20 individuals of Pinus 

sylvestris were marked and a basic map was prepared (Figure 2.1). 

 

  

 

Figure 2.1 Sampling areas of both species: (A) shows the GPS location of P.brutia trees and (B) demonstrates 

the GPS values of P.sylvestris trees. 

 

Needles were collected from the tip parts of the branches having almost the same height with 

respect to ground and located all around the stem. Needle samples were wiped with wet 

paper towel to remove contaminants, and they were placed into special containers resistant to 

liquid nitrogen. Those samples were transported to the laboratory in liquid nitrogen tank and 

placed into -80
o
C ultra freezer as soon as possible. 

A B 
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Two pine populations were sampled in this way, three times: at the end of cold winter 

period, at the end of mild and rainy spring period and at the end of hot and dry summer 

season. 

6 pools (3 sampling times of 2 different species) were prepared for the pine needles: all the 

needles from 20 trees were crushed and all the powder was mixed well in the mortar to get a 

homogeneous pool for further analysis. Then, this powder is stored in -80
o
C ultra freezer 

until usage. For each experiment, this powder was weighted by keeping the stock in liquid 

nitrogen during the process. 

 

2.2. Methods 

 

2.2.1. Chlorophyll and Carotenoid Content Determination 

 

Pulvarized pine needles are weighed and 25mg powder from a set of 6 different samples 

(winter, summer and spring picks of Pinus sylvestris and Pinus brutia) are taken into 2 ml 

eppendorf tubes. The spectrophotometric detection of chlorophylls and derivatives are 

achieved by dissolving those samples in 4 different solvent systems: 95% Ethanol, 100% 

Methanol, 100% and 80% Acetone. For each solvent, a set of 6 samples are prepared and 2 

ml of that solvent is added into every ependorf tube. After they are vortexed well, overnight 

incubation is applied at 4
o
C. Tubes are centrifuged at 1500g for 5 min, and absorbance 

values are measured at different wavelengths (Appendix A). This procedure was repeated 

three times at different days. 

 

2.2.2. Malondialdehyde (MDA) Assay 

 

Powdered needle samples are weighted in 2 ml eppendorf tubes as 0.3 g and 1.5 ml of ice-

cold 5% TCA are added to each tube, in ice. After they are vortexed, centrifugation at 

15000g, at 4
0
C, is applied for 15 min. Supernatant are transfered into new eppendorf tubes 

and the same centrifugation step is repeated once more. 400µl aliquotes of the supernatant 

are taken and 400µl of 0.5%TBA-20%TCA mixture are added. All the eppendorf tubes are 

incubated at 96
o
C for 25 min and they are centrifuged at 12000g for 5 min. Supernatants are 

transfered into new tubes and the absorbance values are measure at wavelengths 532 nm and 

600nm by using 1:1 (v/v) 5% TCA / 0.5%TBA-20%TCA mixture as blank which was also 

incubated at 96
o
C. This procedure was repeated three times at different days. 

 

2.2.3. Determination of Proline Content 

 

Powdered needle samples are weighted in 2 ml eppendorf tubes as 0.4 g and 1.5 ml of 3% 

sulphosalicyclic acid are added to each tube, in ice. Tubes are vortexed and centrifuged at 

15000g for 5 min (at +4
o
C). Supernatants are transferred into new eppendorf tubes and the 
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same step repeated once more. Then reaction mixtures are prepared by adding 200µl of acid 

ninhydrin (from 0.15M stock), 200µl of 96% acetic acid, 100µl of 3% sulphosalicyclic acid 

and 100µl of sample or standard (0,1 to 500 µM proline solutions prepared in 3% 

sulphosalicyclic acid). Tubes are vortexed and incubated at 96
o
C for 1 hour. After cooling to 

room temperature, 1 ml of toluene is added into each and vortexed well. Eppendorf tubes are 

centrifuged at 15000g, at +4
o
C, for 5 min, and the upper toluene layers are transfered into 

glass tubes to be measured for their absorbance values at 520nm. This procedure was 

repeated three times at different days. 

 

2.2.4. Preparation of Needle Cytosolic Homogenates 

 

As it was defined by Schröder and Berkau (Schröder & Berkau, 1993), pine needles are 

powdered in liquid nitrogen and 0.2 g of each sample is weighted into plastic tubes. Then, 2 

ml (10 vol (w/v)) of ice-cold homogenization buffer (0.1 M Tris HCl buffer, pH 7.8, 

containing 0.07% (v/v) 2-Mercaptoethanol, 5% (w/v) PVP-K 30, 2 mM of EDTA, 0.5% 

Nonidet P40, 3μg/ml of Pepstatin A) is added and vortexed well. Homogenization was 

applied by using Ultra-Turrax T-25 at 13500rpm, for 15 sec intervals of totally 4 times, in 

ice. Homogenates are transferred into ependorf tubes and centrifuged at 12000g, at 4
o
C, for 

30 min. The supernatant are aliquoted and stored in -80
o
C ultra freezer. 

 

2.2.5. Determination of Total Thiol Groups 

 

Cytosolic total thiol amount of each sample was determined by the method defined by 

(Sedlak & Lindsay, 1968). This method is based on the reduction of 5`-dithiobis-(2-

nitrobenzoic acid) (DTNB) by sulfhydryl groups, to produce a characteristic yellow color 

which gives its maximum absorbance at 412 nm. Each free –SH group reduces the DTNB 

into 1 molecule of 2-nitro-5-mercaptobenzoic acid that creates the yellow color. 

By an adaptation to the ELISA microplate reader, 10 μl of cytosol was added into 30 μl of 

200 mM Tris Buffer, pH 8.2 containing 20 mM of EDTA. Then 20 μl of DTNB (2 mM) and 

140 μl of MeOH were added into each well. After a 30 min of incubation period at room 

temperature, absorbance values were measured in ELISA microplate reader system at 405 

nm and by the slope of the standard curve, concentration values were calculated by the 

Software KC Junior provided by the instrument. 

 

2.2.6. GST Enzyme Activity Assay 

 

GST enzyme activity was determined spectrophotometrically by monitoring the thio-ether 

formation at 340 nm using CDNB as substrate basicly according to the method of Habig et 

al. (Habig et al, 1974) as modified for ELISA plate reader system in our laboratory, 

previously. Each reaction mixture contained 100 mM potassium phosphate buffer, pH:7.8, 
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1.0 mM GSH, 1.0 mM CDNB and 3.5-6 mg/ml ctosolic homogenate in a final volume of 

250 μl in 96 well plate. 

The reactions are started by the addition of enzyme into each well. After the plate is being 

vortexed by the system, reading is started automatically at every 20 seconds for 10 minutes. 

The blank wells contained all the constituents except cytosolic homogenates. Slopes of the 

best lines drown for each well separately by the software of the instrument were used as the 

rate of reaction (dA/dt) and the further calculations were completed according to the 

formula: 

     

                
 x 

       

      
 x DF x 
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2.2.7. Determination of Protein Concentration 

 

For the detection of total protein concentration in various samples, Lowry Protein Assay is 

used. Lowry Method (Lowry et al, 1951) is adjusted for the measurement by ELISA Plate 

Reader (Bio-Tek ELx808) with crystalline bovine serum albumin (BSA) as the standard. 

Samples are diluted as 1:24 and 1:49, and added into the 96 well plates as triplicates as a 

final volume of 50 μl. Then, 200 μl of freshly prepared Lowry ACR (including 2% cupper 

sulfate (CuSO4.5H2O), 2% sodium-potassium tartarate, 2% (sodium hydroxide, sodium 

carbonate) in the ratio of 1:1:100) is added and mixed by pipetting. After 10 min of 

incubation at room temperature, Folin Cilcateu Phenol Solution (commercially available 

form was diluted 1:1) is added as 20 μl with immediate mixing. At the end of 45 min. 

incubation, plates are read at 650 nm. Protein concentration in each well is calculated by the 

software of the instrument (KC Junior) after providing necessary dilution factors. Standard 

curve was prepared by using BSA solutions diluted as 1, 2.5, 5, 10 μg/well. 

 

2.2.8. Protein Extraction from Pine Needles 

 

Two different methods (Ekramoddoullah, 1993), (Wang et al, 1996) proposed for protein 

extraction from plant tissues were combined and optimized for higher quality and for 

cleaning  products off contamination of phenolic compounds, nucleic acids etc. 

1 gram of needle powder with the addition of 0.1 g of PVPP is extracted with 10 mL of 

extraction buffer composed of 5% sucrose, 4% SDS and 5% 2-ME for 10 min at room 

temperature with gentle stirring. Centrifugation is applied at 12000 g for 30 min at 4
o
C. 

Supernatant is divided into 1 ml aliquotes in 2-ml eppendorf tubes. Tubes are filled with 1 ml 

of chilling 20% TCA/Acetone and mixed well by vortexing. They are centrifuged at 16000 g 

for 3 min at 4
o
C and supernatant are removed. Then, tubes are filled with chilling 80% 

methanol containing 0.1 M ammonium acetate and they are mixed well by vortexing. They 

are centrifuged at 16000 g for 3 min at 4
o
C. After decanting the supernatant, tubes are filled 

with chilling 80% acetone to disperse the pellets, completely; then the same centrifuge step 

is applied at 16000 g, for 3 min, at 4
o
C. Supernatant are discarded and the pellet are air-dried 

at 50
o
C for 10 min. 1.6 ml of 1:1 phenol (buffered at pH: 8.0 by 10 mM Tris-HCl)/SDS 
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buffer mixture are added to each. Tubes are mixed thoroughly and incubated for 5 min at 

room temperature; then, they are centrifuged at 16000 g for 3 min at 4
o
C. Upper phenol 

phase of each tube is transferred into a pool; then, 400 µl of aliquotes are taken into 2 ml 

eppendorf tubes. They are filled with chilling 80% methanol containing 0.1 M ammonium 

acetate. Tubes are incubated at -20
o
C overnight and then centrifuged at 16000 g for 5 min at 

4
o
C. Supernatant are discarded carefully to handle the white precipitate at the bottom of 

tubes. Pellets are washed once with chilling 100% methanol and once with chilling 80% 

acetone by vortexing well, first; then applying centrifuge at 16000 g for 5 min at 4
o
C after 

each washing step. Pellets are allowed to be air-dried. 

 

2.2.9. Isoelectric Focusing and SDS-PAGE (2D-PAGE) 

 

Protein samples are dissolved in rehydration buffer containing (8M urea, 2%CHAPS, 10mM 

dithithreitol and 0.5% Bio-Lyte Ampholytes pH range 3-10) by occasional vortex and by 

incubation at 45
o
C. Then, they are centrifuged at 14000g for 5 min, and supernatant are 

collected in clean eppendorf tubes. Protein concentrations of the samples were determined by 

Micro Lowry procedure adopted from the method proposed in original paper (Lowry et al, 

1951). Sample mixtures containing 400µg of protein are prepared for 17cm IPG Strips by 

mixing appropriate amount of sample with Roche Protease Inhibitor Cocktail (10%, from the 

stock prepared by dissolving 1 tablet in 1 ml of rehydration buffer), trace amount of 

Bromophenol Blue and PMSF (1%, from 10% stock prepared in DMSO). Final volumes are 

adjusted to 250µl by adding rehydration buffer and mixtures are spread into the channels of 

rehydration/equilibration tray. IPG strips are placed gel-surface down onto the sample in the 

tray and active rehydration protocol is applied over-night, at 50V and at 20
o
C, on BIORAD 

Protean IEF Cell. After rehydration, IPG Strips are placed into clean channels as in the same 

position touching both ends to the wet paper-wicks located onto the electrodes. IEF Cell is 

adjusted to provide a gradual increase in the voltage over time and focusing is applied till the 

value of 40000Vh for each IPG Strip. Then, they are transported into the channels of 

disposable trays for 15 min of incubation, first, in equilibration buffer (6M Urea, 2% SDS, 

20% Glycerol, 0.5M Tris-HCl pH: 6.8) containing 6% DTT and then 15 min more in 24% 

IAA containing one. After equilibration step, strips are placed onto 12% of SDS-

polyacrylamide gel (Table 2.1) and run at 65V.  
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Table 2.1 Preparation of different concentrations of gels used in the study. 

 

 
Separating Gel 

(0.375 M Tris, pH:8.8) 

Stacking Gel 

(0.125 m Tris, pH:6,8) 

Monomer 

Concentration 
12% 10% 7.5% 4% 

Acrylamide/bis 12 ml 13.3 ml 10 ml 2.6 ml 

dH2O 11.1 ml 16.1 ml 19.4 ml 12.2 ml 

1.5 m Tris-HCl, pH: 8.8 8.25 ml 10 ml 10 ml - 

0.5 M Tris-HCl, pH: 6.8 - - - 5 ml 

10% (w/v) SDS 300 µl 400 µl 400 µl 200 µl 

10% APS (freshly prepared) 150 µl 200 µl 200 µl 100 µl 

TEMED 30 µl 30 µl 30 µl 30 µl 

TOTAL 30 ml 40 ml 40 ml 20 ml 

 

Gels are soaked into fixation solution composed of 40% ethanol and 10% acetic acid, for 2-3 

hours. After washing them in distilled water, Colloidal Coomassie Blue Dye containing CBB 

G-250 (0.08%), ortophosphoric acid (0.96%), ammonium sulfate 0.08% and 20% methanol 

is poured onto the gels. They are incubated in the dye for 2-3 days at room temperature. 

 

2.2.10. Analysis of Gel Images 

 

Resulting gel images were analysed by the Ludesi REDFIN software system which is 

available online (Figure 2.2). Spot detection and image segmentation were performed in a 

composite image and the same spot positions and borders were then applied in all images, 

after compensation for geometric distortions. Although this protocol was simple to apply, 

there were still the disadvantages of assigning some spots with misshaped/misaligned 

borders which might lead to an incorrectly measured spot volume. Because of this problem, 

the results were later being quality controlled by inspection in the individual images and 

errors were manually corrected. 
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Figure 2.2 The flowchart demonstrating the 2D-PAGE and image analysis pathway. The gel images were 

uploaded to Ludesi REDFIN software and the algorithm finished the pre-analysis steps by determining the 

possible spots on the gels with their volumes/desities after manual evaluation of them and statistical filtering. 

The first step was to register corresponding points in the gel images, based on features or 

patterns that could be seen in the image. Using this information, the images were aligned and 

geometrically transformed (warped) so that corresponding protein spots appeared at almost 

the same positions in the warped images. Ludesi Redfin Solo uses a semi-automatic 

approach, which means corresponding points were indicated in the images, which may then 

be improved by computer algorithms. One gel in each group of organisms was selected as 

the reference gel, and all other gels were aligned / warped to it. A composite image (fusion 

image) was created by merging all the gel images into a single representative image. This 

image contained all the spots from the individual gels. In order to avoid artifacts, such as 

cracks, large stain particles, dust, etc. from being included in the composite image, some 

regions or spots were excluded when creating the fusion image. 

Spot detection involves using algorithms to detect all real protein spots in the images, while 

avoiding falsely detecting anything in the images that does not represent a true spot, in other 

words, all possible false-positive spots were eliminated. On the other hand, some false-

negative regions were also marked. In the image segmentation step, it was determined what 

region in the images contains each protein spot. The region outline (spot border) should 

encompass all of the stained area belonging to the spot and nothing from nearby spots. In the 
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Redfin Solo protocol, spot borders are determined in the composite image and are then 

applied, after warping, to all the individual images. After this, verification and adjustment of 

spot positions and borders were done in each individual image.  

Quantification is the process of measuring the cumulative staining intensity contained within 

a spot which in turn corresponds to the relative protein volume. This involves calculating the 

local background level around a spot, and subtracting this background level from the staining 

level contained within the spot as defined by the spot border. The result is a calculation of 

the total, background corrected, and staining level of the spot. Experimental differences in 

sample volume, staining and visualisation generate a need for the normalization of spot 

volumes to be compared with each other. The algorithm Ludesi uses forms a normalization 

factor for each of the gel images in this way: 

 The top 50% of all spots (according to their volumes) matched between gel images 

are kept.  

 Those volumes of the matched spots are divided to each other to find a ratio. The 

median of these ratios enables us to compute a pair-wise normalization factor 

between the gels.  

 Each gel normalization factor is computed by optimizing an over-determined 

equation system, resulting from the pair-wise normalization factors. 

 Finally, the spot volumes in each gel are multiplied with the corresponding gel 

normalization factor. 

To help determine statistically significant differences between groups of samples two 

methods for statistical hypothesis testing were employed by the software: One-way ANOVA 

(Analysis Of Variance) and Mann-Whitney. For each spot ID, both an ANOVA and Mann-

Whitney p-value is calculated using the quantified and normalized volumes for the matched 

spot in each of the images. 

ANOVA is a parametric method that assumes independency and normal distribution of all 

values and is capable of comparing multiple groups. For comparisons between two groups 

only, the ANOVA becomes equivalent to the two-sided Student's t-test. The Mann-Whitney 

test is the non-parametric equivalent to the Student's t-test and only assumes that the 

distribution of the values in each group has the same shape. Mann-Whitney is only capable 

of comparing two groups to each other. 

 

2.2.11. FASP (Filter Assisted Sample Preparation) 

 

Samples are dissolved in freshly prepared UA buffer (8M Urea, 2M Thiourea, 10mM 

HEPES, at pH 6.5) and centrifuged at 14000 rpm (in Eppendorf minispin centrifuge). 

Supernatant are collected and transferred into Amicon 30K filter units (Millipore American 

Ultra Centrifugal Filters-0,5ml 30K Ultracell, 30K Membrane-Regenerated Cellulose 30.000 

MWCO). After 20 min of centrifuge at 14000g at 20
o
C, there remains approximately 30µl of 

sample at the bottom of filter units. Then, 200 µl of UA buffer are added into the units and 

centrifuge is applied at 14000g at 20
o
C for 15min. This step is repeated once more and to 

each filter unit, 100 µl of IAA solution (50mM, prepared in UA buffer) is added. Tubes are 

mixed on a automatical mixer at 600rpm for 1 min. and incubated at room temperature for 20 
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min, at dark. After incubation, tubes are centrifuged at 14000 g for 15min and the filter units 

are washed with 100 µl of UA buffer twice to clean excess IAA off the samples by 

centrifugation at 14000g, again. To each filter unit, 100 µl of 50 mM ABC (Ammonium 

Bicarbonate) are added and centrifuged at 14000g and this step is repeated twice, too. 

Trypsin stock is prepared by dissolving lyophilized trypsin (sequencing grade modified 

trypsin from Porcine, PROMEGA V511A) in 40 µl of resuspension buffer provided with the 

trypsin vial and 24 µl of this stock is mixed with 216 µl of ABC solution to get the final 

trypsin solution enough for 6 samples.  Filter units are placed into new eppendorf tubes and 

40 µl of Trypsin solution is added into each. Tubes are mixed at 600rpm for 1 min, in 

Thermomixer and placed into incubator for overnight (16-18 hours) at 37
o
C in a box 

containing a piece of wet filter paper at the bottom. After incubation, tubes are centrifuged at 

14000g for 10 min and filter units are washed once by 50 µl of ABC and centrifuged at the 

same speed and time. The digested peptide solution collected at the bottom of eppendorf 

tubes are measured for their absorbance values at 280 nm (and 205 nm for empirical method, 

and at 260 nm for Christian Warburg Protein Impurity Tests) by using ABC solution as the 

blank.  

 

2.2.12. Anion Exchange Chromatography 

 

Small discs are cut apart from 3M Empore Anion Exchange material (3M Empore, 2252, 

Anion, 47mm; Formulation: 90% Sorbent Particles, 10% PTFE) and packed into the regular 

yellow colored 200 µl micropipette tips to form a column (Anion Exchange Tip-AET) of 

approximatelly 3 mm height. Those tips are placed into the 1.5 ml eppendorf tubes and 

conditioning procedure are applied: First, 100 µl of 100% Methanol is loaded and the AETs 

are centrifuged at 7000g for 5 min. This procedure is repeated for 100 µl of 1 M NaOH, and 

then, for pH 11 Britton-Robinson Universal Buffer (BRUB). 100 µl of pH 11 BRUB is 

loaded once more then the same centrifuge step is repeated last time. Samples are diluted 

according to the spectrophotometric values to provide equal amounts of peptides to be used 

in the next step: the most concentrated one is taken as 30 µl and 70 µl of pH 11 BRUB is 

added. Then, those samples are loaded into AETs and centrifuged at 7000g for 10 min to get 

the “First Eluent”. 100 µl of pH 11 BRUB is loaded into each AET and centrifuge is applied 

at 7000g to get the “Second Eluent”. The same procedure is repeated for 100 µl of pH 8, pH 

6, pH 5, pH 4 and pH 3 BRUB for each column to get a complete set of those 6 different pH 

values (as 7 eluents) for each sample. All the eluents are placed into SpeedVac in AQ-aqua 

mode, and dried at 45
o
C for approximately 90min. 

 

2.2.13. Mass Spectrometry (MS) Analysis 

 

Dried sample eluents are reconstituted in 6 µl of buffer A (5% acetonitrile / 0.1% formic 

acid) and sonicated for 2-5 min in bath sonicator. Then, they are centrifuged at maximum 

speed of MiniSpin for 5 min to remove any particulate matter. 5 µl of supernatant are 

transferred to auto-sampler vial for mass spectrometric analysis. 1 µl of each sample eluent 

are loaded into a pre-column of UltiMate Nano liquid chromatography system to clean any 

salt or detergent contamination off, then, it is transferred into the reverse-phase column. 
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Fragments, produced after this procedure, are sent to hybrid linear ion-trap mass 

spectrometer (LTQ-Orbitrap) by an Electron Sprey Ionization (ESI) ion source. MS and MS
n
 

analyses are performed in this system and the data are stored as files with .RAW extension 

and then they are converted to .mzML files by the software Xcalibur™. 

For all 6 samples (spring, summer and winter picks of both pine species), mass spectrometry 

application is repeated 3 times; in other words, study was completed with three independent 

sets of MS data. 

 

2.2.14. Software Analysis of the MS Results 

 

All mass spectrometry data are evaluated by using a free data processing pipeline developed 

by Prof Hippler’s Lab (Specht et al, 2011). Open mass spectrometry search algorithm 

(OMSSA) and X!Tandem, which are tandem mass spectra search engines, are used to qualify 

and quantify the peptides in samples. RawMeat software is used to calculate the MS Count 

values of each and all measurements to check data quality. BioVenn application is used to 

compare sets of proteins for common and different members among the organisms and 

seasons. 

 

2.2.15. Western Blotting 

 

Protein samples extracted from pine needles were analysed for the presence of some 

photosynthesis and energy metabolism members as a proof for the results of mass 

spectrometry analysis. PerfectBlue™ Semi-Dry Electro Blotter Sedec™ system was used for 

western blotting analysis with Amersham Hybond ECL nitrocellulose membranes. 

Blotting papers (Whatmann 3MM) and the nitrocellulose membrane are wet in Blotting 

Buffer (192 mM Glycine, 25 mM Tris and 20% methanol) about 10 min before the 

application. Then, 3 blotting papers are placed onto the anode, and then polyacrylamide gel 

is laid onto them. After removing air bubles, nitrocellulose membrane is placed onto gel and 

other 3 blotting papers spread. Lid is put and fixed well; then, 300 mA is applied for 2.5 

hour. After transfer, nitrocellulose membrane is soaked into Ponceau Red solution (0,5% 

(w/v) Ponceau Red, 1% (v/v) acetic acid) to check whether the process was succesful or not. 

Then, membrane is rinsed 3 times (each for 10 min) within 2% non-fat dry milk solution 

prepared in phosphate buffered saline solution (PBS) at pH 7.4 containing 137mM NaCl, 2.7 

mM KCl, 1,47 mM KH2PO4, 82 mM Na2HPO4. 

Primary antibody is diluted in 2% non-fat dry milk PBS solution (pH 7.4) and poured onto 

the membrane. After over-night incubation at 4
o
C, membrane is washed for 10 min. This 

step is repeated once more, then, secondary antibody solution, which is prepared in 2% non-

fat dry milk PBS, is poured onto the membrane. After 1.5 hour of incubation at room 

temperature, membrane is rinsed with 2% non-fat dry milk PBS 2 times (each for 10 min), 

again. 
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2.2.16. Enhanced Chemiluminescence (ECL) Detection 

 

Protein bands bounded by the specific antibodies that were used in this study were all 

detected by the usage of Enhanced Chemiluminescence (ECL) Detection technique. Two 

solutions of ECL method are prepared freshly as defined in the table below (Table 2.2) and 

mixed with each other just before usage: 

 

Table 2.2 Preparation of the ECL Solutions 

 

 

Nitrocellulose membranes are incubated in the ECL solution mixture for 1 min and placed 

into the GE Healthcare Amersham Hypercassette Autoradiography Cassette System. Then, 

Amersham Hyperfilm™ ECL-High Performance Chemiluminescent film is fixed on it and 

casette is closed for the incubation. After incubation period, whose length was optimized for 

each primary antibody, film is soaked first into developer (Tetenal, SuperFix Plus) then, after 

rinsing in dH2O for a while, left into fixation solution (Tetenal, Ultrafin Liquid, B/W 

Negative Developer). 

 

2.2.17. Statistical Analysis 

 

The results of chlorophyll and carotenoid content measurements, MDA and proline assays, 

determination of total thiol concentration and total cytosolic GST activity tests were 

evaluated statistically by the licensed software Minitab® 16.  t-test of difference were 

applied for winter and summer samples against spring sample which was used as the 

reference group in all experiments. p values were calculated for the 95% confidence interval 

(CI) and any p value smaller than 0,05 pointed the statistically significant difference between 

the compared set of data. 

Asterix (*) was used to show that the value was statistically different with respect to spring 

in the 95% CI (p<0.05) and the dagger (†) indicates a difference in the 99.5% CI (p<0.005). 
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CHAPTER III 

 

 

RESULTS 

 

 

 

Needle samples of 20 healthy trees from each species were collected at the end of three 

seasons and prepared for homogenization and extraction procedures. Those homogenates and 

protein extracts were used in enzyme assays, measurements of different biochemical markers 

and, electrophoresis and chromatography assays: GST enzyme activities, total thiol amounts, 

proline and MDA contents, chlorophyll and carotenoid quantities were all determined and 

protein samples were analyzed by 2D-SDS-PAGE, LC-MS/MS and western blotting 

techniques. All numerical values, gel/membrane images and MS/MS results were processed 

by softwares provided different computational techniques and different algorithms. 

Under subsequent titles, the results of all those experiments and analysis are presented by 

segregating the major discussion and conclusion for the next chapter; i.e. Chapter III 

introduced only the solid data obtained in the study. 

 

3.1. Protein Extraction 

 

Sample preparation is the first yet the most important step in most biochemical procedures 

and for some specimens like plant tissues, this process becomes very problematic (Wang et 

al, 1996). The amount of secondary metabolites and their being difficult to eliminate from 

the extracts are knots in those issues to untie. Evergreen leaves like the ones of pinus species 

contain high levels of metabolites which interfere with most analysis including 2D-PAGE, 

resulting semearing, decreased number of spots/bands and streaking in vertical and 

horizontal directions (Saravanan & Rose, 2004). 

In this study, two different protocols were compared for protein extraction and a third 

“combined” method was derived from them. The first protocol (called the Sucrose Method, 

here) (Ekramoddoullah, 1993) proposes the usage of a sucrose containing extraction buffer 

(5% sucrose, 4% SDS and 5% 2-ME) for the preparation of the mixture containing powdered 

sample, then the boiling of supernatant to precipitate them as pellet. By washing of the pellet 

with extraction buffer and 80% chilling acetone, proteins were cleared and became ready to 

use in the subsequent steps of 2D-PAGE procedure (Appendix B). Second procedure which 
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is proposed by Wang et al (Wang et al, 1996) is a phenol-based method and suitable for a 

wide range of recalcitrant plant samples (Appendix C). 

Pine needles were pulvarized in liquid nitrogen and by using this sample source, those two 

methods were performed. Protein extracts were dissolved in SDS sample buffer (62.5 mM 

Tris-HCl, pH 6.8, 20% Glycerol, 2% SDS, 5% Mercaptoethanol) and used in SDS-PAGE 

procedure (4% stacking gel and 7.5% separating gel). The purpose of these trials was to 

check the quality (not the quantity) of the protein samples for their compatibility for 

Isoelectrical Focusing procedure. As it is seen in the gel image (Figure 3.1), the number of 

bands was almost the same for both, but the smearing for samples produced by Wang’s 

Method were a little bit higher (Figure 3.2). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1 The SDS-PAGE gel image which was produced after the Colloidal Coomassie Blue Staining of the 

gel in which the protein samples that were yielded by sucrose using procedure and Wang’s Method were run. 

(Photo was taken by the Vilber Lourmat Camera System) 

Well ID  Sample/Content  Protein Amount (µg/well)  

1 Sucrose Method  209  

2 Sucrose Method 418  

3 Sucrose Method 627  

4 Protein Marker -  

5 Wang’s Method 85  

6 Wang’s Method 170  

7 Wang’s Method 255  

8 Wang’s Method 176  

9 Wang’s Method 352  

10 Wang’s Method 528  

116 kDa 

97 kDa 
66 kDa 

55 kDa 
45 kDa 

36 kDa 

29 kDa 
24 kDa 

20 kDa 
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Figure 3.2 Lane Plot Analysis of the gel prepared by the ImageJ Software. Plot shows the presence of smearing 

lying down the wells till the 116 kD molecular weight marker. 

 

 

 

Figure 3.3 The SDS-PAGE gel image which was produced after the Colloidal Coomassie Blue Staining of the 

gel in which the protein samples that were yielded by all methods were compared for band quality and number. 

For protein samples produced by using the combined method, 500 and 750 represents the volumes (in µl) of 

supernatant before the addition of chilling 10% TCA/Acetone. (Photo was taken by the Vilber Lourmat Camera 

System) 

 

 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 

- Sucrose Method Marker Wang’s Method 
Combined Method-

500 

Combined Method-

750 
- 

116 kDa 

97 kDa 

66 kDa 

55 kDa 

45 kDa 

36 kDa 

29 kDa 
24 kDa 

20 kDa 
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Figure 3.4 Lane Plot Analysis of the gel, prepared by the ImageJ Software.  

 

When those samples were tried to be dissolved in rehydration buffer for IEF application, 

both had low solubility and impurities. Moreover, the yellowish color of protein precipitate 

in all samples was an indicator of a possible coprecipitation of phenolic compounds; i.e. a 

proof of the disabilities of the methods in eliminating such substances. A new procedure was 

proposed to handle this important problem by combining the sucrose-SDS extraction of the 

proteins and TCA-acetone precipitation followed by phenol extraction. Increasing the 

number of washing steps may cause the lost of some proteins, especially the infrequent ones; 

so, the samples produced by those three methods were compared by running them on SDS-

PAGE (Figure 3.3). Lane analysis of the gel image showed similar patterns for all samples 

(Figure 3.4) which means the so-called combined method didn’t affect the number of bands. 

 

3.2. Isoelectric Focusing and SDS-PAGE (2D-PAGE) 

 

Two dimensional polyacrylamide gel electrophoresis (2D-PAGE) comprehends two main 

parts: Isoelectric Focusing (IEF) (as the first dimension) and SDS-PAGE (as the second 

dimension). By the introduction of IPG strips by (Bjellqvist, et al., 1982), to provide a wide 

variety of reproducible pH gradients became possible. The main objective, here, should be 

the usage of the most appropriate pH range for the best resolution, because, IPG strips give 

the advantage of spreading proteins with pI values close to each other. For this purpose, the 

optimization issues were started with short (7cm) and wide range (pH 3-10) IPG strips to get 

an idea of the dispersion of proteins on the gel. 

The short IPG strips with the widest pH gradient didn’t provide enough resolution after trials 

(Figure 3.5), so, then, longer strips (17cm) were used for further optimization studies. 
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Figure 3.5 The 2D-PAGE gel image which was produced after the Colloidal Coomassie Blue Staining. 7 cm pH 

3-10 IPG strip was used in the IEF step at which 404 µg of protein extracted from P. brutia needles was used and 

totally 11160 Volt-hours (Vh) was applied. pI range of the strip changes from left to right as from 3 to 10 (Photo 

was taken by the Vilber Lourmat Camera System) 

Longer IPG strips provided better resolution for the same amount of sample applied; and, 

also, they revealed the necessity of using a narrow pH range to spread protein spots gathered 

at the middle of the gels (Figure 3.6). As a result, instead of pH gradient of 3-10, 17 cm IPG 

strips with pH gradient of 5-8 were prefered for the analysis (Valledor et al, 2008), (Costa, et 

al., 1999), (Gion, et al., 2005). 

Colloidal Coomassie Blue Staining and silver staining procedures were also compared for 

their resolution in this case. Although silver staining yielded higher number of spots on the 

gels (Figure 3.7), because of its being difficult to be destained for further MS analysis and 

because of the difficulties in generating consistent images for the same experiment, CCB 

method was used for all gels.  
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Figure 3.6 The 2D-PAGE gel image which was produced after the CCB Staining. 17 cm pH 3-10 IPG strip was 

used in the IEF step at which 417 µg of protein was used and totally 40000 Volt-hours (Vh) was applied as 

proposed in the BIO-RAD ReadyStrip™IPG Strip Instruction Manual.  pI range of the strip changes from left to 

right as from 3 to 10 (Photo was taken by the Vilber Lourmat Camera System) 

 

 

 

 

 

Figure 3.7 The comparison of the resolution of two staining methods applied for 2D-PAGE gels. The same 

sample was divided into two equal volumes for two IPG strips just before the IEF application and all the other 

steps were performed as the same. After second dimension, one of the gel was stained by following the CCB 

protocol (A) and the other (B) was stained with silver staining technique. pI range of the strips change from left to 

right as from 5 to 8 (Photos were taken by the Vilber Lourmat Camera System). 
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The 2D-PAGE gel images which were produced after the CCB Staining method (Figures 

3.8-3.13) were analyzed by Ludesi REDFIN software Solo protocol as two different groups 

with respect to the organisms. The first group was formed by the gel images of Pinus brutia 

samples: A1: spring season (PB-spring), A2: summer season (PB-summer) and A3: winter 

season (PB-winter). The second group was formed by the gel images of Pinus sylvestris 

samples: B1: spring season (PS-spring), B2: summer season (PS-summer) and B3: winter 

season (PS-winter) (Figure 3.14). 

 

 

 

Figure 3.8 Enhanced gel image of Pinus brutia spring sample. pI range of the strip change from left to right as 

from 5 to 8 (Photos were taken by an ordinary office-type scanner). 

5-8 
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Figure 3.9 Enhanced gel image of Pinus brutia summer sample. pI range of the strip change from left to right as 

from 5 to 8 (Photos were taken by an ordinary office-type scanner). 

5-8 
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Figure 3.10 Enhanced gel image of Pinus brutia winter sample. pI range of the strip change from left to right as 

from 5 to 8 (Photos were taken by an ordinary office-type scanner). 

5-8 
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Figure 3.11 Enhanced gel image of Pinus sylvestris spring sample. pI range of the strip change from left to right 

as from 5 to 8 (Photos were taken by an ordinary office-type scanner). 

5-8 
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Figure 3.12 Enhanced gel image of Pinus sylvestris summer sample. pI range of the strip change from left to 

right as from 5 to 8 (Photos were taken by an ordinary office-type scanner). 

5-8 
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Figure 3.13 Enhanced gel image of Pinus sylvestris winter sample. pI range of the strip change from left to right 

as from 5 to 8 (Photos were taken by an ordinary office-type scanner). 

 

5-8 
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Figure 3.14 Enhanced gel images created by the Ludesi REDFIN software. PB-spring (A1), PB-summer (A2) 

and PB-winter (A3) were analyzed as a group to be compared with each other. The same procedure was 

performed for PS-spring (B1), PS-summer (B2) and PS-winter (B3). pI range of the strip change from left to right 

as from 5 to 8 (Photos were taken by an ordinary office-type scanner). 

 

Those groups of gels were analyzed for the number of spots having changes in their 

volumes/densities in a way that the gel images of spring samples in each group were 

accepted as the reference because the samples collected at this season were accepted as the 

control group. The software calculates mean normalized volumes between groups and 

present fold-changes with a 2-fold filtering option which allow users to eliminate spot groups 

having less change.  

Analysis were repeated for all degree of changes (by using no-filtering option) and for “2-

fold” changes (by using 2-fold filtering option). As a result, the number of spots showing 
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twice or higher densities with respect to ones on the reference gel, and the number of spots 

with half or even less densities were all detected (Tables 3.1, 3.2, 3.3 and 3.4). 

 

Table 3.1 Number of spots after “2-fold filtering” for the group of gels of Pinus brutia. Summer and winter 

samples were compared with spring one by one; i.e., the table shows the results of spring-winter and spring-

summer analysis. 

 Number of spots up-

regulated 2 fold or more 

Number of spots down-

regulated 2 fold or more 

Summer 34 79 

Winter 63 58 

 

 

Table 3.2 Number of spots after “2-fold filtering” for the group of gels of Pinus sylvestris. Summer and winter 

samples were compared with spring one by one; i.e., the table shows the results of spring-winter and spring-

summer analysis. 

 Number of spots up-

regulated 2 fold or more 

Number of spots down-

regulated 2 fold or more 

Summer 67 84 

Winter 80 114 

 

 

Table 3.3 The comparison of the number of spots after the analysis of all gels with 2-fold filtering option; i.e. 

table summarizes the result of spring-winter-summer analysis for Pinus brutia. (Green: spring, Red: summer, 

Blue: Winter) 

 Increased spot 

volume/density in Winter 

sample 

Decreased spot 

volume/density in Winter 

sample 

Increased spot 

volume/density in 

Summer sample 

25 52 

Decreased spot 

volume/density in 

Summer sample 

109 25 

 

 

Table 3.4 The comparison of the number of spots after the analysis of all gels with 2-fold filtering option; i.e. 

table summarizes the result of spring-winter-summer analysis for Pinus sylvestris. (Green: spring, Red: summer, 

Blue: Winter) 

 Increased spot 

volume/density in Winter 

sample 

Decreased spot 

volume/density in Winter 

sample 

Increased spot 

volume/density in 

Summer sample 

50 74 

Decreased spot 

volume/density in 

Summer sample 

68 79 
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3.3. Chlorophyll and Carotenoid Content 

 

Chlorophyll molecule is a central unit in the metabolism of plants and other photosynthetic 

organisms; so, it is also an indicator of growth, health and development (Mencarelli & 

Saltveit, 1988). Although it is not directly correlated with the rate of photosynthesis, still, the 

changes in the amount of chlorophyll content give supplementary data for the fate of total 

metabolism in the case of various stress conditions, too. In other words, the sensitivity of 

chlorophylls (Chl) and carotenoids (Car) to many stressors makes them good indicators of 

the physiological status of plants. 

Spectrophotometric measurements of the extracts produced by using different solvent types 

demonstrated that the usage of those different solvent systems did not alter the general trend 

in the increase or the decrease of chlorophyll-a, chlorophyll-b and chlorophyll-(a+b)contents 

throughout the sampling seasons (Figures 3.15, 3.16 and 3.17). Moreover, the standard 

deviations between the values for different solvents were in 90% confidence interval (Table 

3.5) which could be transfered into 95% confidence interval by the exclusion of 100% 

acetone data. 

 

Table 3.5 Changes in the chlorophyll-a, chlorophyll-b and chlorophyll-(a+b) contents throughout the sampling 

seasons 

   Raw Data (µgram/g of plant extract) Standard 

Deviation  Sample 95% 

Ethanol 

100% 

Methanol 

100% 

Acetone 

80% 

Acetone 

C
h

lo
ro

p
h

y
ll

-a
 C

o
n

te
n

t PB-winter 638,17 624,48 601,21 532,83 ±46,78 

PS-winter 487,45 524,74 444,65 460,09 ±35,12 

PB-spring 904,74 974,12 883,28 892,16 ±41,31 

PS-spring 623,64 675,50 616,15 570,92 ±42,85 

PB-

summer 

530,39 592,58 583,61 527,87 ±34,25 

PS-

summer 

773,24 827,66 689,96 671,77 ±72,91 

C
h

lo
ro

p
h

y
ll

-b
 C

o
n

te
n

t PB-winter 192,49 173,44 130,73 163,71 ±25,84 

PS-winter 176,62 174,06 113,17 174,30 ±30,94 

PB-spring 275,81 295,59 231,68 276,40 ±27,07 

PS-spring 215,87 235,17 151,25 184,90 ±36,76 

PB-

summer 

168,01 174,47 142,20 181,32 ±17,09 

PS-

summer 

249,24 253,52 158,60 232,79 ±44,20 

C
h

lo
ro

p
h

y
ll

-(
a

+
b

) 

C
o

n
te

n
t 

PB-winter 830,64 797,92 731,94 696,54 ±61,02 

PS-winter 664,08 698,80 557,82 634,39 ±60,04 

PB-spring 1180,55 1269,71 1114,96 1168,56 ±64,19 

PS-spring 839,52 910,67 767,40 755,81 ±71,83 

PB-

summer 

698,39 767,05 725,81 709,19 ±30,15 

PS-

summer 

1022,48 1081,18 848,56 904,55 ±106,48 



48 
 

 

Figure 3.15 Chlorophyll-a contents measured for both species in all sampling seasons. Red area is for P. brutia, 

and yellow area is for P. sylvestris, and, standard deviation values are indicated as error bars. (*): p<0.05, (†): 

p<0,005 

 

 

 

 

 

Figure 3.16 Chlorophyll-b contents measured for both species in all sampling seasons. Red area is for P. brutia, 

and yellow area is for P. sylvestris, and, standard deviation values are indicated as error bars. (*): p<0.05, (†): 

p<0,005 
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Figure 3.17 Chlorophyll-(a+b) contents measured for both species in all sampling seasons. Red area is for P. 

brutia, and yellow area is for P. sylvestris, and, standard deviation values are indicated as error bars. (*): p<0.05, 

(†): p<0,005 

 

Carotenoids have well-established functions in harvesting light in the paths of photosynthesis 

and they, also, work as quenchers of triplet chlorophyll and singlet oxygen (Havaux, 1998). 

Carotenoid content and, chlorophyllide-a and chlorophyllide-b which are the precursors of 

chlorophyll production were all measured for the evaluation of photosynthetic rate and a 

possible stress regulation (Figure 3.18, 3.19 and 3.20) by using 80% acetone as the solvent 

system. 

 

 

Figure 3.18 The total carotenoid amount of the needles collected in three different sampling seasons, for both of 

the species. 80% acetone was used for extraction procedure. Red area is for P. brutia, and yellow area is for P. 

sylvestris, and, standard deviation values are indicated as error bars. (*): p<0.05 
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Figure 3.19 The chlorophyllide-a content of the needles collected in three different sampling seasons, for both of 

the species (red area is for P. brutia, and yellow area is for P. sylvestris). 80% acetone was used for extraction 

procedure. Standard deviation values are indicated as error bars. (*): p<0.05 

 

 

 

 

Figure 3.20 The chlorophyllide-b content of the needles collected in three different sampling seasons, for both of 

the species (red area is for P. brutia, and yellow area is for P. sylvestris). 80% acetone was used for extraction 

procedure. Standard deviation values are indicated as error bars. (†): p<0,005 
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Table 3.6 “Chlorophyll-(a+b) / Carotenoid Content” ratio of the needle extracts for Pinus brutia and Pinus 

sylvestris with respect to the sampling seasons. This ratio reached its minimal value in winter season for both of 

the species; however, Scots pine needles had their maximum value at summer season while the Turkish red pine 

needles provided the maximum value at spring time. (PB: Pinus brutia, PS: Pinus sylvestris) 

 Chlorophyll-(a+b)/Carotenoid Ratio 

 95% EtOH 100% Methanol 100% Acetone 80% Acetone 

PB-winter 3,90 3,75 3,44 3,27 

PB-spring 4,21 4,53 3,98 4,17 

PB-summer 3,62 3,97 3,76 3,67 

PS-winter 3,29 3,46 2,77 3,15 

PS-spring 4,74 5,14 4,33 4,27 

PS-summer 5,13 5,42 4,26 4,54 

 

 

Table 3.7 Rate of change in the chlorophyll a/b ratio for both pine species in winter and summer seasons (with 

respect to spring season). Minus sign (-) means a percentage decrease in the ratio with respect to the reference 

season. (PB: Pinus brutia, PS: Pinus sylvestris) 

 Rate of change with respect to spring values (%) 

 95% EtOH 100% Methanol 100% Acetone 80% Acetone 

 winter summer winter summer winter summer winter summer 

PB 1,07 -3,76 9,26 3,06 20,62 7,65 0,83 -9,80 

PS -4,47 7,39 4,96 13,66 -3,55 6,79 -14,51 -6,54 

 

 

The chlorophyll/carotenoid (xanthopyll) ratio was accepted as a tool to evaluate the presence 

and the effects of cold hardening in plant species (Ruelland et al, 2009). Table 3.6 

summarizes the changes in this ration throughout the seasons for both pine species. The rate 

of changes in the chlorophyll a/b ratio for both species were also calculated (Table 3.7). 

 

3.4. Malondialdehyde (MDA) Content 

 

Malondialdehyde (MDA) is a widely used marker of oxidative lipid injury whose 

concentration varies in response to biotic and abiotic stress (Davey et al, 2005). The carbon-

centered lipid radical of the fatty acid take oxygen in an aerobic medium to give rise to a 

ROO
.
 which propagates the peroxidation chain reaction by abstracting a hydrogen atom from 

adjacent poly unsaturated fatty acid side chains. The resulting lipid hydroperoxide can easily 

decompose into several reactive species including malonyldialdehyde with many other 

species (Gill & Tuteja, 2010). 

Although there wasn’t any statistically significant difference between the values of sampling 

seasons for both species (Figure 3.21), overall MDA amount measured for Pinus brutia was 

about 2.5 times higher with respect to Pinus sylvestris. 
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Figure 3.21 The results of MDA Assay. Red area is for P. brutia, and yellow area is for P. sylvestris, and, 

standard deviation values are indicated as error bars. (*): p<0.05 

 

3.5. Proline Content 

 

Proline is considered to be a compatible solute which accumulates in many plant species 

under a broad range of stress conditions such as water shortage, salinity, extreme 

temperatures, and high light intensity (Claussen, 2005) because it functions as an 

osmoprotectant, a protein stabilizer, a metal chelator, an inhibitor of LPO, and OH
*
 and 

1
O2 

scavenger (Gill & Tuteja, 2010). So, the changes in the amount of this molecule, in needle 

samples, could be used as an indicator of the physiological conditions of pine trees during all 

the sampling season (Figure 3.22). 

 

 

Figure 3.22 The changes in the amount of proline in the needles of both pine species throughout the sampling 

season. Red area is for P. brutia, and yellow area is for P. sylvestris, and, standard deviation values are indicated 

as error bars. (†): p<0,005 
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The levels of proline in the needles were highest in winter samples for P. brutia and 

P.sylvestris with values of 0.452 and 0.496 nmole/gr of tissue, respectively. At the end of the 

summer season, those values were decreased to 0.223 and 0.231 nmole/gr of tissue; almost 

the half of their maximum. 

 

3.6. Amount of Total Thiol Groups in Needle Homogenates 

 

Glutathione makes up more than 95 % of the water soluble thiol (-SH) content in needles of 

spruce (Grill et al, 1987); so the changes in thiol content can be considered as changes in 

glutathione in reduced form (GSH) (Pukacka & Pukacki, 2000). 

The intracellular redox of the plants is open to any affect created by stressors such as 

extreme temperatures and drought, and, signalling pathways and the overall the fate of cells 

might be altered dramatically by those factors. For those plant cells, the production of 

glutathione (GSH), which acts as an antioxidant by quenching reactive oxygen species to 

eliminate damaging peroxides, is a natural response (Galant et al, 2011). 

 

Figure 3.23 Total thiol amounts meeasured for needle homogenates of Pinus brutia and Pinus sylvestris. Red 

area is for P. brutia, and yellow area is for P. sylvestris, and, standard deviation values are indicated as error bars. 

(†): p<0,005 

 

Table 3.8 Total thiol concentrations in the needle homogenates of both species, in all sampling seasons. 

Sample Total Thiol concentrations 

(µmole/g of tissue) 

Standard Deviation 

PB-Winter 68.78 ±1.83 

PB-Spring 52.75 ±5.97 

PB-Summer 90.71 ±2.51 

PS-Winter 72.12 ±1.83 

PS-Spring 20.03 ±3.34 

PS-Summer 40.07 ±2.36 
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Pinus brutia and Pinus sylvestris showed similar patterns in the changes of total thiol content 

in the needle homogenates (Figure 3.23); a decrease in the spring season and an elevation in 

the summer season. The level of total thiol groups in the needle homogenates of Pinus 

sylvestris decreased by 70.3% at spring season, and elevated by a percentage of 84.2% at the 

end of summer season. For Pinus brutia, this level reduced by 15.3% from winter to spring 

season, and increased by 63.0% at the end of summer (Table 3.8).  

 

3.7. GST Enzyme Activities of Needle Homogenates 

 

Glutathione S-transferases (GSTs) have functions in detoxification of various xenobiotic 

compounds and oxygen radicals (Marrs, 1996) (Seppanen et al, 2000). Their roles in those 

biochemical pathways make them useful markers in the detection of stress in plant 

metabolism. Under extreme environmental conditions like very high or very low temperature 

and drought, severe membrane damage occurs (Yadav, 2010), which in turn, triggers a 

serious of transcriptional changes in the plant cells including an increase in the amount of 

GSH. Although it is not the only mechanism discovered, the elevated GSH levels induce 

transcription of defense genes such as GSTs (Marrs, 1996). 

The total specific activity values of GSTs in P.brutia showed a decreasing pattern from 

winter season to summer with an approximatelly 35% of difference. On the contrary, the 

specific activity of GSTs in the needle homogenates of P.sylvestris increased almost twice in 

summer (Figure 3.24). An interesting outcome of those measurements was that the levels of 

the specific activities of P. sylvestris were considerably low with respect to the one of P. 

brutia (Table 3.9). 

 

 

Figure 3.24 The specific activity of GST enzyme values of needle homogenates of both pine species in all three 

seasons (Colors of columns: green is for spring, red is for summer and blue is for Winter). Red area is for P. 

brutia, and yellow area is for P. sylvestris, and, standard deviation values are indicated as error bars. (†): p<0,005 
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Table 3.9 The specific activity of GST enzyme values measured against the common substrate CDNB. Needle 

homogenates of both pine species in all three seasons were used as the enzyme source. 

Sample Specific Activity 

(µmoles/min/mg protein) 

Standard Deviation 

PB-Winter 360,3 ±18,44 

PB-Spring 360,6 ±13,46 

PB-Summer 247,2 ±10,39 

PS-Winter 47,7 ±2,97 

PS-Spring 33,9 ±6,48 

PS-Summer 98,9 ±2,16 

 

3.8. Western Blot Anaylsis 

 

Western Blot analysis of a set of antibodies representing some important members of the 

photosynthetic pathway and energy metabolism were performed. For some of the samples, 

there were doublets in western blot images. These were caused possibly by posttranslational 

modifications or simply by breaks in the protein structure because of extraction or 

dissolution procedure. 

3.8.1. AtpB, beta subunit of ATP synthase 

 

 ATP synthase is the universal enzyme that synthesizes ATP from ADP and phosphate using 

the energy stored in a transmembrane ion gradient. This anti-AtpB antibody detects the 

mitochondrial form of the F1-ATP synthase subcomplex, as well as the chloroplastic CF1 

Atp Synthase. For the production of this antibody, a peptide found in a beta sheet that wass 

close to the surface of AtpB protein was used.  

 

Figure 3.25 Lane analysis of the western blot image of six samples incubated for AtpB antibody diluted as 

1:3000 in 2% non-fat dry milk solution prepared in phosphate buffered saline solution (PBS) at pH 7.4 containing 

137mM NaCl, 2.7 mM KCl, 1,47 mM KH2PO4, 82 mM Na2HPO4. Bands were visualized by ECL method after 

10 sec. of incubation in hypercasette. (i) Pinus sylvestris-summer, (ii) Pinus sylvestris-spring, (iii) Pinus 

sylvestris-winter, (iv) Pinus brutia-summer, (v) Pinus brutia -spring, (vi) Pinus brutia-winter. 
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After western blotting, the bands (Figure 3.25) were further analyzed by open-source 

software of ImageJ with gel analysis plug-ins (Figure 3.26) and the densities were compared 

as percentages by keeping the highest one as 100% (Table 3.8). The results showed that, 

there is an increased F1-ATP synthase subcomplex level for the spring season for P.brutia 

and in summer season for P.sylvestris. 

 

 

Figure 3.26 The resulting plots of the band analysis of samples after western blot analysis with AtpB antibody. 

 

Table 3.10 Numerical values of the lane analysis of the bands for all six samples incubated for AtpB antibody 

and visualized by ECL method. 

Sample Area Percentage (%) 

PS-summer 49.056.744 83,26 

PS-spring 44.448.794 75,44 

PS-winter 44.044.865 74,75 

PB-summer 47.495.037 80,61 

PB-spring 58.920.108 100,00 

PB-winter 45.997.986 78,07 

 

3.8.2. LHCSR-III, Light Harvesting Complex Stress Related Protein-III 

 

Light Harvesting Complex Stress Related proteins generally function in the modulation of 

excess light energy dissipation in most photosynthetic organisms (Bailleul, et al., 2010); 

moreover, they may have some other stress-related functions, especially, in Plantae. 

After western blot analysis of the samples by using this antibody in 1:3000 diluted form, 

ECL method was applied and the membrane was kept in the hypercasette for 10 min. Figure 

3.27 shows the binding pattern of the antibody to the bands. According to the results of lane 

analysis by ImageJ (Figure 3.28), for P.brutia, LHCSR-III expression seemed to be 

increased in spring time with respect to winter season and this amount appeared to be stable 

throughout the summer season. For P.sylvestris, level of this protein elevated from winter 

time till the end of summer season (Table 3.11). 
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Figure 3.27 Lane analysis of the western blot image of six samples incubated for LHCSR-III antibody diluted as 

1:3000 in 2% non-fat dry milk solution prepared in phosphate buffered saline solution (PBS) at pH 7.4 containing 

137mM NaCl, 2.7 mM KCl, 1,47 mM KH2PO4, 82 mM Na2HPO4. Bands were visualized by ECL method after 

10 sec. of incubation in hypercasette. (i) Pinus brutia-winter, (ii) Pinus brutia -spring, (iii) Pinus brutia-summer, 

(iv) Pinus sylvestris-winter, (v) Pinus sylvestris-spring, (vi) Pinus sylvestris-summer. 

 

 

Figure 3.28 The resulting plots of the band analysis of samples after western blot analysis with LHCSR-III 

antibody. 

 

Table 3.11 Numerical values of the lane analysis of the bands for all six samples incubated for LHCSR-III 

antibody and visualized by ECL method. 

Sample Area Percentage (%) 

PB-winter 47.030.401 56,43 

PB-spring 78.265.371 93,91 

PB-summer 78.020.179 93,62 

PS-winter 40.506.815 48,61 

PS-spring 61.145.865 73,37 

PS-summer 83.340.693 100 
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3.8.3. PsbA-D1, D1 protein of PSII, C-terminal 

 

The psbA gene, as a part of chloroplastic genome, is responsible for the production of D1 

protein and this antibody reveals the functional content of the PSII in most photosynthetic 

organisms. Western blot analysis of the samples revealed a common pattern for the changes 

in the amount of this protein between the sampling periods (Figure 3.29). In winter time, for 

both of the species, the levels of expression for D1 protein appeared to be decreased (Figure 

3.30) and the numerical values demonstrated that this change was more considerable for 

Pinus sylvestris with respect to Pinus brutia (Table 3.12). 

 

Figure 3.29 Lane analysis of the western blot image of six samples incubated for PsbA-D1 antibody diluted as 

1:10000 in 2% non-fat dry milk solution prepared in phosphate buffered saline solution (PBS) at pH 7.4 

containing 137mM NaCl, 2.7 mM KCl, 1,47 mM KH2PO4, 82 mM Na2HPO4. Bands were visualized by ECL 

method after 10 sec. of incubation in hypercasette. (i) Pinus brutia-winter, (ii) Pinus brutia -spring, (iii) Pinus 

brutia-summer, (iv) Pinus sylvestris-winter, (v) Pinus sylvestris-spring, (vi) Pinus sylvestris-summer. 

 

 

Figure 3.30 The resulting plots of the band analysis of samples after western blot analysis with PsbA-D1 

antibody. 
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Table 3.12 Numerical values of the lane analysis of the bands for all six samples incubated for PsbA-D1 antibody 

and visualized by ECL method. 

Sample Area Percentage (%) 

PB-winter 48.899.421 76,83 

PB-spring 58.383.472 91,73 

PB-summer 63.644.836 100,00 

PS-winter 36.743.158 57,73 

PS-spring 63.175.693 99,26 

PS-summer 58.171.744 91,40 

 

3.9. Mass Spectrometry Analysis 

 

Mass spectrometry techniques provide both quantitative and qualitative data for samples and 

today, there are a variety of procedures and equipments used for those purposes. In this 

study, among several systems, LC-MS/MS was used, which included the HPLC separation 

that was most often used for peptide fragments obtained from protease digestion of protein 

extracts like in our case. Trypsin-digested peptides were loaded into the Reverse Phase (RP) 

HPLC and via an ESI system used as ion source; they were analyzed in LTQ-Orbitrap 

MS/MS device. Then, Proteomatic software enabled us to run a set of programmes in a 

pipeline as shown in Figure 3.31. 

Evaluation of the ion injection times, the number of averaged MS/MS scans and the number 

of averaged full scans are obligatory to produce favorable b and y ion coverage and high 

correlation to proteins using database searching algorithms (Wenner & Lynn, 2009). Three 

independent MS applications were performed (named as May-first set, July-second set and 

October-third set), and the number of Full scans and MS2 scans were calculated by using the 

software RawMeat (Table 3.13, Appendix D-I).  

 

Table 3.13 Number of Full scans and MS2 scans for all mass spectrometric study. 

 

Sample Sets Full Scans MS2 Scans 

May-first set 115026 174207 

July-second set 112748 169771 

October-third set 141291 104427 

TOTAL 369065 448405 
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Figure 3.31 A sample Proteomatic pipeline used in the analysis of MS/MS results. Open Mass Spectrometry 

Search Algorithm (OMSSA) was used as the search engine, here. 

 

OMSSA and X!Tandem engines identified 300-500 proteins for both species (Table 3.14, 

Appendix J). Spectral count values were accepted as an indicator for the abundance of 

proteins and so they were used as a tool to generate a quantitative approach for peptides and 

corresponding proteins (Terashima & Hippler, 2010). The spectral count calculation was 

carried out in a way that the OMSSA and X!Tandem peptide-spectrum matches were 

counted to reach peptide spectral counts, and then these values were added to produce the 

protein spectral count.  
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Table 3.14 The summary of the maximum (red in color) and the average (dark in color) protein and peptide 

numbers for all three MS applications. (i) Number of distinct peptides, (ii) Number of distinct peptides that 

unambiguously identify a gene model, (iii) Number of proteins identified 

Pinus 

sylvestris 

OMSSA X!Tandem 

spring summer winter summer spring winter 

(i) 1496 1387 1469 1409 1332 1362 

1975 1760 1816 1839 1710 1671 

(ii) 623 582 645 590 561 598 

872 771 825 805 744 749 

(iii) 362 342 380 335 326 343 

485 435 473 435 409 423 

 

Pinus 

brutia 

OMSSA X!Tandem 

spring summer winter summer spring winter 

(i) 1332 1364 1539 1272 1248 1458 

1762 1762 1995 1634 1610 1929 

(ii) 569 589 710 556 539 675 

810 802 947 756 730 923 

(iii) 336 352 400 325 317 379 

453 463 508 425 411 489 

 

After identification process, samples of three seasons for P.brutia and P.sylvestris, were 

compared with each other for any possible overlaps; in other words, lists of identified 

proteins for all three seasons (for each species) were compared with each other by the 

software BioVenn to inspect any common protein members (Figure 3.32, Appendix K (i) and 

(ii)) 

 

 

 

Figure 3.32 The total number of proteins which are/aren’t common for all three sampling seasons of pine species: 

Pinus brutia (A), Pinus sylvestris (B). Blue color stands for winter, green for spring and red for summer. The 

results illustrated here were done by BioVenn for OMSSA results of October set for MS-MS/MS applications. 
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OMSSA and X!Tandem results were, also, compared with each other to find the common 

proteins identified by both of them, and to differentiate the ones detected by just one of the 

engines (Figure 3.33, Appendix L) 

 

 

Figure 3.33 The total number of proteins which are/aren’t common for search engines: Pinus brutia(A), Pinus 

sylvestris (B). Yellow color stands for X!Tandem and purple represents OMSSA.. The results illustrated here 

were done by BioVenn for October set for MS-MS/MS applications. 

 

Comparison of total spectral counts between samples allowed the comparison of the 

expression of proteins in different seasons. Then, those proteins were grouped with respect to 

their functions in plant cell metabolism. 
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3.9.1. The Results of OMMSA Analysis 

3.9.1.1. Photorespiration 
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3.9.1.2. Photosynthesis 
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3.9.1.3. Stress Resistance Metabolism 
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3.9.1.4. Energy Metabolism 
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3.9.1.5. Protein Folding Metabolism and Chaperone Function 
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3.9.1.6. Chloroplastic Proteins 
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3.9.1.7. Mitochondrial Proteins 
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3.9.2. The Results of X!Tandem Analysis 

3.9.2.1. Photorespiration 
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3.9.2.2. Photosynthesis 
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3.9.2.3. Stress Resistance Metabolism 
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3.9.2.4. Energy Metabolism 
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3.9.2.5. Protein Folding Metabolism and Chaperone Function 
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3.9.2.6. Chloroplastic Proteins 
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3.9.2.7. Mitochondrial Proteins 
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CHAPTER IV 

 

 

DISCUSSION 

 

 

 

4.1. The evaluation of the photosynthetic capacities of the pine needles in different 

seasons 

 

All organisms need an optimal temperature range to survive and, out of this range, growth 

begins to diminish. The divergence from the optimum range becomes more noxious with 

respect to the organism, or more specifically the plant in question (Strand, et al., 1999). 

Richardson (Richardson, 1998) stated that the seasonal variations in the net photosynthetic 

rate of pine needles are formed by climate cycles, radiation and some genetically controlled 

responses. Photosynthetic light response curves of Pinus brutia and some other sun-adapted 

and early successional pine species is not saturated in growing season and it may reach to its 

maximal value late in the summer (Awada et al, 2003). P. brutia is a very shade-intolerant 

species and needs high radiation to reach the peak point in photosynthetic production. On the 

other hand, P. sylvestris performs about 65% of its all photosynthetic production in June, 

July and August (Korpilahti, 1990). 

In winter time, like in most other plant species, photosynthetic capacity of Pinus brutia 

decreases (Awada, et al, 2003). Photosynthesis is inhibited during winter for P. sylvestris, 

too; it recovers slowly during spring, though it is enhanced on warm days (Hari & Nöjd, 

2009). 

Ruelland et al (Ruelland et al, 2009) and Vogg et al (Vogg et al, 1998) stated that frost 

hardening causes a decrease in the chlorophyll content (from 1,2 mg/g of fresh weight 

measured in August to 0,8 mg/g of fresh weight measured in January) and this change would 

lead the reduction in photosynthetic rate (Figure 4.1). The pattern of change in the 

chlorophyll content (even the measured values) of this study is all consistent with the results 

presented in our research; measured values were lower in winter time for both of the species 

as proposed. For P. brutia, there were 30-40% decreases in Chlorophyll-a amount in winter 

time (in different solvent systems) with respect to spring measurements. The rate of declines 

in Chlorophyll-b and Chlorophyll-(a+b) values were 30-43% and 30-40%, respectively. For 

the other pine species, the rate of reductions for Chlorophyll-a, Chlorophyll-b and 

Chlorophyll-(a+b) were 20-28%, 5-26% and 16-27%, respectively. 
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Hansen et al (Hansen et al, 1996) proposed that although the chlorophyll a/b ratio does not 

change considerably under severe cold stress, chlorophyll/carotenoid (xanthopyll) ratio 

wanes as a result of frost hardening. Ruelland et al (Ruelland et al, 2009) regarded that 

xanthophyll cycle in plants including conifers converts Photosystem-II (PSII) from a state of 

efficient light harvesting to a state of high thermal dissipation by making it unable to pass its 

energy to Chl-a. This process is called non-photochemical quenching and vital for lowering 

energy delivery to PSII. Table 3.6 and 3.7 summarizes the results of the calculations. For 

Scots pine, Chlorophyll-(a+b) / Carotenoid Content ratio was minimum in winter samples as 

it was defined in the literature and for the other species, the situation was the same. These 

findings pointed the presence of cold stress on the pine trees in winter time. 

 

 

Figure 4.1 Seasonal changes in the photosynthetic rate and chlorophyll (a+b) content of the Pinus sylvestris trees 

grown outdoor. The graphs were derived from the study of Vogg et al (Vogg et al, 1998). In upper graph, the 

curve with dots indicates the minimum temperature values which were thought as the major parameter that the 

assimilation rate responds mainly. 

 

The drop in the amount of chlorophyll-binding proteins was also charged as the reason of the 

decrement in chlorophyll content (Steponkus et al, 1990) (Vogg et al, 1998). The same type 

of changes were observed in the amounts of photosystem II subunit-29 (as a chlorophyll a-b 

binding protein) (gi: 361068437) and Type III chlorophyll a /b-binding protein (gi: 20794) 

for Pinus sylvestris after LC-MS/MS analysis. Both of them showed decreases in winter time 

as their proportions to spring samples were 0.7. 
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The main factors affecting the photosynthetic metabolism and the overall response of the 

pine species to environmental conditions of winter time are the low and even sub-freezing 

temperatures and low/high radiation. Peers et al (Peers, et al., 2009) stated that Light 

Harvesting Complex Stress Related Protein (LHCSR) is a light-induced transcript, and it 

accumulates under environmental conditions known to induce photo-oxidative stress, 

including deprivation of carbon dioxide, sulphur, or iron, as well as high light. Moreover the 

accumulation of LHCSR3 protein was claimed to be correlated with quenching capacity. In 

our study, LHCSR-III antibodies produced for Chlamydomnas reinhardtii was used to check 

the levels of this protein in needle protein extracts. Results proposed a significant increase 

from winter to summer for Pinus sylvestris in a way that it reached highest value at summer 

samplings. This might be an indicator of the exalted light stress and possibly 

photorespiration for that season. A similar result was observed for Pinus brutia, but 

interestingly, expression of this special protein reached its maximum at the end of spring 

(pointing this species’ early demand for maximum photosynthetic rate). 

For evergreen conifers such as Pinus sylvestris, cold acclimation induces cessation of 

primary growth and a resultant decrease in the sink demand for photoassimilates. The 

cessation of growth decreases the capacity for energy utilization and this, in turn, results in 

feedback inhibition of photosynthesis (Ensminger et al, 2006) (Hjelm & Ogren, 2003) 

(Savitch, et al., 2002). Huner et al (Huner et al, 1993) notified that there should be a balance 

between the reduction of NADP
+
 and the production of triose-phosphate compounds in 

overall photosynthesis mechanism. However, low temperatures causes an imbalance by 

increasing membrane viscosity and changing biophysical properties which in turn inhibit 

electron transfer through in/out thylakoid membranes, and by decreasing the rate of 

enzymatic reactions in Calvin cycle more than light-dependent ones. In those cases 

evergreen trees down-regulate photosynthesis by inactivation of PSII reaction centers and re-

organization of the light harvesting complexes (LHCs) into “energy quenching complexes” 

(Ensminger et al, 2006) (Savitch, et al., 2002). Ensminger et al (Ensminger et al, 2006) 

proved this hypothesis by screening the changes in the PSII Reaction Centre Protein D1 

(PsbA D1) which was degraded under low temperature conditions, in Scots pine seedlings. 

Such a change was also measured in western blot analysis of our own samples: the amount 

of this protein was 16% less in winter samples with respect to spring samples, for Pinus 

brutia. This difference was measured as 42% for Pinus sylvestris. The studies on the natural 

populations of Scots pine supported such a change indicating the general behaviour of frost 

acclimation in this pine species as suppression of photosynthetic mechanism (Hjelm & 

Ogren, 2003). LC-MS/MS results provided supportive data for this situation. FtsH protein 

catalyses the proteolytic degradation of D1 proteins of PSII (Yu et al, 2004). Filamentation 

temperature-sensitive H (FtsH)-like protein Pftf precursor (accession number: 224284462) 

increased in winter samples (especially for Pinus sylvestris). 

The MS results of Rubisco activase (RCA), mitochondrial glycine decarboxylase complex 

H-protein, glycine dehydrogenase [decarboxylating], glutamate synthase (ferredoxin) and 

glycolate oxidase supports this hypothesis. All those proteins were considerably down-

regulated in winter samplings of both species and significantly up-regulated in summer 

samplings. This means both species aimed to reduce the rate of photorespiration in winter 

time.  

Rubisco is a haloenzyme composed of 8 large (LSUs; 55 kD) and 8 small subunits (SSU; 

15–18 kD) among which large ones are encoded by the chloroplast large subunit of Rubisco 
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(rbcL) gene and SSU precursors are produced by a nuclear family of small subunit of 

Rubisco (rbcS) genes (Chen & Spreitzer, 1993). All 16 subunit forms the complex in the 

chloroplast and there is a control mechanism settled upon the conditional synthesis of the 

subunits with each other. In other words, in the absence of one subunit in the complex, 

synthesis of another subunit of the complex decreases. Cohen et al (Cohen et al, 2006) 

reported that translational arrest of LSU or any other factor inhibiting the assembly process 

might cease the Rubisco activity. Rubisco SSU amount in winter samples of scots pine and 

brutia pine were almost half of the values measured for spring samplings, which supports the 

argument on decreased photosynthetic facilities under cold stress. Nominal ADP-glucose 

pyrophosphorylase content in winter (almost half of the values measured for spring 

samplings) for scots pine pointed the drop in photosynthetic rate, too (Ballicora et al, 2004) 

because this enzyme is highly correlated with the members of Calvin cycle, especially 3PGA 

which was down-regulated at this season. 

Rubisco gains its catalysing ability by carbamylation of a specific lysine amino acid which 

binds to Ribulose 1,5 bisphosphate (RuBP). When phosphorylated by the increased ATP 

concentration in the stroma, RCA removes one proton from this lysine and makes it possible 

for the CO2 molecule to attach that site.  

In summer, exalted air temperature and attenuate humidity in soil and air compels plants to 

raise the rate of photorespiration. Drought stress causes stomata to be closed to reduce 

further water loss because of excessive respiration and this phenomena decreases 

intercellular CO2 concentrations which in turn elevates the rate of photorespiration. In 

drought-stressed leaves, photorespiration protects the photosynthetic apparatus against 

photoinhibition by sustaining photon utilization during reduced electron consumption when 

CO2 assimilation decreases (Osmond & Grace, 1995) (Bonhomme, et al., 2009). Ristic et al 

(Ristic, et al., 2009) stated that because of its low temperature optimum for ATPase activity 

and an inherent thermal instability, RCA is unable to keep pace with the rate of Rubisco 

deactivation during periods of moderate heat stress. Because of this fact, changes in the 

levels of RCA could serve as an important determinant of plant productivity under elevated 

temperatures. Under moderate heat stress, accumulation of a new putative RCA of 45-46 

kDa was pronounced (Ristic, et al., 2009) (Weston et al, 2007). Mass spectrometry analysis 

of the pine samples revealed an increase of RCA in summer samples of Pinus sylvestris and 

a significant decrease was detected for the winter samples of the same species. Those 

changes could be interpreted as an elevated photorespiration in summer season and a 

possible heat stress on pine trees. Increased levels of mitochondrial glycine decarboxylase 

complex H-protein, glycine dehydrogenase [decarboxylating], glutamate synthase 

(ferredoxin) and glycolate oxidase strenghten this hypothesis. In short, scots pine derogated 

photosynthetic units to avoid photoinhibition and excessive ROS formation under cold 

stress. On the other hand, to cope with the high radiation and low carbon dioxide levels in 

photosynthetic units (as a result of closed stomata by drought conditions), it up-regulated the 

members of photorespiration. Pinus brutia, also, responded in the same way but in a lower 

magnitude. 
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4.2. The changes in some stress parameters as a response to environmental stress 

 

GSH accumulation was observed in all stress conditions; not just because of cold stress, but 

also high temperature and drought stress (Noctor, et al., 2012), because it is involved in 

ascorbate-glutathione cycle and performs the quenching of ROS as an anti-oxidant to 

eliminate damaging peroxides (Galant et al, 2011). This molecule has many other functions 

in plant cells including even the induction of the transcription of gst genes (Marrs, 1996). 

According to these findings, the elevated GSH levels in winter and summer samples for both 

of the pine species might be a sign of the presence of high stress possibly created by 

cold/heat and drought. Kawamura et al (Kawamura et al, 2003) and Kosmala et al (Kosmala 

et al, 2009) affirmed that the cold stress causes the accumulation of ROS in plant cells which 

in turn invites an elevation in the amount of scavenging enzymes especially functioning in 

ascorbate and glutathione metabolisms such as superoxide dismutase (SOD), ascorbate 

peroxidase (APX), glutathione reductase (GR) and glutathione S-transferase (GST). Drought 

and heat generated by the climatic conditions of the summer season, also, generates an 

increase in the amount and specific activities of those enzymes, especially GSTs and GRs 

(Davis & Swanson, 2001) (Marrs, 1996) (Hausladen & Alscher, 1994). Specific activity 

values of GSTs measured for Scots pine peaked at the end of summer season. This might be 

a result of its being in-tolerant to drought and heat stresses; studies on P. sylvestris indicated 

a relatively high mortality in drought stress conditions (Rigling et al, 2003) (Gruber et al, 

2012) (Bigler et al, 2006). Contrarily, the highest values of total GST activity were measured 

at winter time for brutia pine. As it was mentioned in Introduction part in detail, Pinus brutia 

prefers Mediterranean climate which have mild winter conditions and hot summers. As a 

partially drought and heat resistant species, Turkish red pine was actually expected to have 

such high GST activities under cold stress. On the other hand, mass spectrometry results 

didn’t help in explaining a possible relationship between the increased/decreased activities of 

the GST enzymes and their expressions (or amount) in the total protein extracts of the 

samples. There were no detected peptides of the tryptic digest of any GST protein. However, 

another enzyme that operates in the same protective team of enzymes processing against the 

harmful effects of ROS in the cell was found: GR regenerates the GSH pool by catalysing 

the NADPH-dependent reduction of GSSG (Hausladen & Alscher, 1994). Although the total 

protein spectral count values for GR were very low that made it statistically incoherent to 

take into consideration, winter samples of scots pine showed an acceptable value indicating a 

possible upregulation of this enzyme with respect to other two seasons. This fact also helps 

us to explain why it had largest GSH pool in winter when the GST activity was still high. 

Increased reduction of GSSG by GR might make it possible. 

Gardner (Gardner, 1995) stated that there were various services of lipid peroxidation to the 

plant cell such as contribution to development, generation of volatile substances, production 

of jasmonic acid and senescence. This means that it is vital for the plants if it could be kept 

under control; because stress conditions could also create excessive lipid peroxidation that 

might end the whole metabolism. Cold, heat and drought stresses induce high degree of lipid 

peroxidation which produces malondialdehyde (MDA). MDA reacts with thiobarbituric acid 

(TBA) and yield a pink colored condensation product which could be detected at 532 nm.  

MDA values didn’t fit the expected profile; there were no significant changes between 

seasons, although there were stress conditions and possibly high levels of lipid peroxidation. 

One explanation of such a situation might be settled upon the fact that this universal method 
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might not work well for plant species. Wang et al (Wang, et al., 2013) and Hodges et al 

(Hodges et al, 1999) proposed that there were interfering substances, which cause false 

positive or false negative results. These are sugars such as sucrose, glucose and fructose, 

phenylpropanoid-type pigments like anthocyanin and some aldehyde compounds which are 

produced in higher amounts in the cases of severe stress conditions.  

As another important indicator of the presence of stress, proline accumulation in the pine 

needles were measured. Claussen (Claussen, 2005) and Borsani et al (Borsani et al, 1999) 

reported that proline has many functions in the plant cells such as protection of the folding of 

proteins against denaturation, serving as an nitrogen and energy storage, stabilisation of the 

membranes, working as a hydroxyl radical scavenger and finally adjustment of osmotic 

balance in the cell. They, also, added that the stress-related changes in the proline pool of the 

cell might affect the expression of genes governing the stress-regulatory mechanisms. 

Duncan et al (Duncan & Widholm, 1987), Yumiko et al (Yumiko et al, 1997), Bohnert et al 

(Bohnert et al, 1995) and Ito et al (Ito, et al., 2006) stated that proline amount increaess in 

the cases of chilling and water stress to drive influx of water or reduce the efflux. 

Meteorological data proved that there were frosty days during the winter season (Appendix 

N-R) and both pine species were under drastic cold stress which generated changes in their 

proteomes possibly by affecting energy metabolism and by decreasing water uptake. 

Steponkus et al (Steponkus et al, 1990) proposed that sub-freezing temperatures causes 

extracellular ice formation which in turn yields a severe dehydration of the tissues because 

almost 80% of all water in the cells may be in frozen form (Hansen & Beck, 1988). Actually, 

the only freezing tolerance developed by a plant is tolerance of the secondary freezing stress 

- the water stress induced by freezing.  

Pinus brutia and Pinus sylvestris needle samples had approximately 35% and 105% (about 2 

times) more proline in winter with respect to spring samplings, respectively. Proline content 

of the brutia pine continued to decrease by 50% from spring till the end of summer season; 

but, Scots pine didn’t represent such a considerable fall with 5%. This decrease in the 

amount of proline might be controversial if a possible drought stress was in the case at that 

period. However, besides being a member of anti-stress mechanism, proline has many other 

usages as explained before: high demand for nitrogen in summer season when the growth 

was being continued might be an explanation for low proline levels for both pine species. 

Bedell et al (Bedell et al, 1995) stated that acidic soil, secondary products of the trees and 

high lignin in the soil of pine forests force this species to use ammonium as the predominant 

nitrogen source and moreover, unlike herbaceous plants, conifers prefer ammonium over 

nitrate. Suarez et al (Suárez, et al., 2002) affirmed that plants handle this ammonium need by 

also protein/nucleic acid breakdown, photorespiration, the biosynthesis of phenylpropanoids 

and amino acid/nucleotide catabolism which includes the usage of proline with some other 

amino acids.  

There are two members of the glutamate-glutamine cycle in the plant cells: Glutamine 

synthase (GS) and Glutamate synthase (GOGAT) which have two classes among that the 

Ferrodoxin-glutamate synthase (Fd-GOGAT) is the major one in photosynthetic tissues 

(Temple et al, 1998). Mass spectrometry results showed an increase in the amount of Fd-

GOGAT in summer season (1.2 times for Pinus brutia and 1.5 times for Pinus sylvestris) 

which might support the idea of a higher production of glutamate from glutamine. Glutamate 
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is one of the primary sources of proline in plant cells, so, this situation generates a 

proposition of increased proline production although it couldn’t be detected by chemical 

way. High rate of photorespiration is a reason for relatively high expression of Fd-GOGAT 

measured in summer samplings, but still, there might be some other points to mention. 

Hare et al (Hare et al, 1999) informed that most of the proline in plant tissues is produced 

from glutamate in two steps catalysed by the enzymes P5C synthetase (P5CS; EC 

2.7.2.11/1.2.1.41) and P5C reductase (P5CR; EC 1.5.1.2). In the first step glutamate is 

converted into D1-pyrroline-5-carboxylate (P5C) in chloroplast, and then P5C is used for 

proline generation (Figure 4.3). 

 

Figure 4.2 Proline metabolism in plants (Verslues & Sharma, 2010)  

Figure 4.2 demonstrates the interaction of proline metabolism with other metabolic 

pathways. Its role in preserving the NAD(P)
+
/NAD(P)H ratios is critical in the case of the 

maintaining of photosynthesis and respiration. The cycle of proline synthesis and 

degradation provides NAD(P)
+
 and NAD(P)H, respectively; and, this is very important in 

plant antioxidant defence mechanisms under stress conditions (Sivakumar et al, 2000) (Alia 

& Mohanty, 1991).  

All those information on the cellular fate of proline in different compartments might draw 

pictures for Pinus brutia and Pinus sylvestris. In one of them, low photosynthetic rate, high 

ROS production and water stress caused by sub-freezing temperatures possibly needed a 

large proline pool in the samples, at winter time. The measurements were done for the 

samples collected at the end of this season, so, this might explain why Fd-GOGAT amount 

was smaller with respect to other two seasons: cold hardening needs an elevation in the 

amount and activity of this enzyme at the beginning of the winter season. By this way, 

needles would be ready for sub-freezing temperatures with increased proline concentration. 

Moreover, there wasn’t a need in the photorespiratory pathway, as explained before. In the 

other picture, at summer, under drought stress, those pine species would probably needed a 
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large proline pool, again. However, there were some other metabolic needs for the same 

molecule; such as elevated NAD(P)
+ 

need because of high photosynthesis, respiration and 

photorespiration, higher nitrogen need in other parts such as roots and shoots (Figure 4.3). In 

other words, in summer season, proline produced in the needles might be used or transported 

from the needles to the other parts of the trees at a very fast rate with respect to its 

production that might cause low measured proline: The faster the cycle turned, the higher the 

production of those metabolites produced.  

 

Figure 4.3 Proline transport pathway in plants proposed by Verslues et al (Verslues & Sharma, 2010) 

 

Another important enzyme in chloroplast homeostasis, NADP-Malate dehydrogenase 

(NADP-MDH) increased in summer and decreased in winter samples of Pinus sylvestris. 

This enzyme converts oxaloacetate to malate using NADPH, and by this way, it facilitates 

the regeneration of the electron acceptor NADP
+
 in the chloroplasts, particularly when CO2 

assimilation is restricted (Hebbelmann, 2011). So, although the differences between the 

protein spectral count values of this enzyme measured for Pinus brutia were not noteworthy, 

Pinus sylvestris might tend to balance electron transfer in chloroplast by altering the amount 

of NAD-MDH. 

 

4.3. Seasonal changes in carbohydrate and energy metabolisms 

 

In our study, carbohydrate content, specifically the starch and sucrose contents, of the 

samples were not measured; however, LC/MS-MS results suggested a proposal about the 

total sugar/energy metabolism in the needles with respect to seasonal stress conditions. In 

general sense, starch bodies in the plant cells was used up for the generation of sucrose to 

provide this osmoprotectant for the sake of protection against water stress created by sub-

freezing temparatures (Fischer & Höll, 1992). Moreover, overall energy metabolism is also 

modified for stress resistance and a higher survival rate.  
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Desiccation created by drought stress yields an up-regulation in the enzymes such as sucrose 

phosphate synthase (SPS) and sucrose synthase (SuSy) that increase sucrose concentration in 

the cytoplasm. SuSy performs the production of sucrose: 

UDP-Glucose + Fructose → Sucrose + UDP + H
+
 

and SPS catalyses the reaction: 

UDP-Glucose + Fructose-6-P → Sucrose-6-P + UDP + H
+
 

SuSy and SPS are located in the cytoplasm and they catalyze freely reversible reactions. 

However, sucrose phosphatase(SPP) removes sucrose-6-P in a relatively higher rate that 

keeps the cytosolic sucrose-P concentration low. As a result, SPS reaction is essentially 

irreversible (Figure 4.4). Huber et al (Huber & Huber, 1996) suggested that SPS and SPP 

might actually form a complex in vivo and by this way, sucrose synthesis could be claimed 

to be catalyzed by SPS (in conjunction with SPP), whereas sucrose breakdown was largely 

catalyzed by SuSy.  

For Pinus brutia, there was 2,2 times increase in SuSy amount in summer samples but it was 

decreased about half (0,6 times) in winter with respect to spring time. For Pinus sylvestris, 

there was almost 0,2 times (80%) less SuSy in summer and it was 1,3 times more in winter 

samples. On the other hand, as expected, total protein spectral count values for SPS enzyme 

were very low in both species when evaluated by both engines (of OMSSA and X!Tandem), 

because this enzyme is a low-abundance protein (<0.1% of leaf soluble protein) and is also 

relatively unstable (Huber & Huber, 1996). Still, for brutia pine, there was a slight increase 

in winter with respect to other two seasons at which values were almost the same (OMSSA: 

19, 18, 28 and X!Tandem: 14, 15, 22 for spring, summer, winter respectively). The change 

was less discernible for scots pine (OMSSA: 8, 11, 10 and X!Tandem: 8, 12, 16 for spring, 

summer and winter, respectively). 

Those results for sucrose synthase and sucrose phosphate synthase propose a case for the 

pine species: In winter time, under cold stress conditions, relatively higher expression of SPS 

and lower SuSy amount in Pinus brutia needles suggested an increase in the sucrose 

concentration in the cytoplasm. This is an acceptable idea with the fact that sucrose function 

as an osmoprotectant. In summer time, increased SuSy activity may be a result of increased 

rate of energy metabolism. For Pinus sylvestris, there was an opposite situation: SuSy levels 

were high in winter and significantly lower in summer time. This might be a natural result of 

this species’ being able to succeed cold-acclimation earlier (and even better) than Turkish 

red pine. It might continue to produce ATP by using its starch depots in winter time and 

contrarily, it might tend to increase starch storages while it reached to its maximum 

photosynthetic rate in summer. 

This proposition needs to be evaluated by comparing the changes in the expressions of the 

other enzymes located in the energy and carbohydrate metabolism (Appendix M). Kosova et 

al (Kosova et al, 2011) proposed that under cold stress conditions, glyceraldehyde 3-

phosphate dehydrogenase (GAPDH), phosphoglycerate kinase (PGK) and UDP-Glucose 

Pyrophosphate (UDPGP) were up-regulated to create an up-regulation in catabolic pathways 

together with a down-regulation in anabolic pathways. Like cold stress, heat and drought 

stresses, also, subjected for the same type of changes in the amount of those enzymes in the 

cell: heat causes up-regulation of UDPGP and transketolase (TK). It was declared that 
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drought stress caused up-regulation of the ATP synthase β-subunit, ATPase α-subunit, 

GAPDH and PGK (Kosova et al, 2011) (Singh & Jwa, 2013). 

 

 

Figure 4.4 Fernández et al (Fernández, et al., 2004) suggested pathways of starch synthesis in leaves. (A) 

“Classic model” claims that the starch biosynthesis occurs completely in the chloroplast and sucrose biosynthesis 

is in the cytosol of the plant cell. (B) The alternative model, on the other hand, states that both processes are 

interconnected by means of the ADPG-synthesizing activity of SuSy. (ADPG, ADP-glucose, G1P, glucose-1-

phosphate, G6P, glucose-6-phosphate, UDPG, UDP-glucose):  

1 and 1′  fructose-1,6-bisphosphate aldolase;  

2 and 2′  fructose 1,6-bisphosphatase;  

3 PPi:fructose-6-phosphate phosphotransferase;  

4 and 4′  phosphoglucoisomerase;  

5 and 5′  phosphoglucomutase;  

6  UGP; UDPG pyrophosphorylase 

7  SPS; sucrose-phosphate synthase 

8  sucrose phosphate phosphatase;  

9  AGP; ADPG pyrophosphorylase 

10  SS; starch synthase 

11  SP; starch phosphorylase 

12  SuSy; sucrose synthase 

 

Transketolases catalyse the reversible transfer of an activated two-carbon glyco-aldehyde 

from a ketose to an aldose. They are key enzymes in the non-oxidative part of the pentose 

phosphate cycle and Calvin cycle in photosynthetic tissues; and because of this property, 

they form the link between sugar, nucleic acid and amino acid metabolisms. In other words, 

they control the flux of carbon from the Calvin cycle to biosynthetic pathways of phosphate 

sugars (Bemacchia et al, 1995). Ozdemir et al (Ozdemir, et al., 2009) informed that 
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transketolases play an important role in the stress-induced production of cytosolic NADPH 

in plants and a moderate increase in the activity of transketolase was detected in maize under 

salt and oxidative stresses. 

Pinus sylvestris and Pinus brutia showed different patterns of change in their transketolase 

amount between the seasons. Turkish red pine had maximum amount in winter time when it 

was probably suffered from the harmful effects of cold stress. Plant species produces 

phenylpropanoids under such stress conditions and TK provides the necessary precursors for 

the production of those complexes (Henkes et al, 2001). Christie et al (Christie et al, 1994) 

affirmed that the increase in the phenylpropanoid content might reach to 10 fold upon 

exposure to elongated chilling and cold stresses. Contrarily, TK expression for this species 

was low in summer samples with respect to other sampling periods. Pinus brutia is an early-

successional species and growing season was stated as spring time; so, the operations over 

pentose phosphate pathway might be maximum at this period which needed high TK activity 

than any other time. In summary, brutia pine might increase TK amount in winter for stress 

management and kept it relatively high during spring for sustainable growth. Pinus 

sylvestris, as being a more resistant species against cold stress, didn’t performed a 

considerable change in TK expression in winter; however, in summer season, it might need 

the elevated TK levels for stress resistance mechanism or simply to meet the needs of amino 

acid and nucleic acid metabolisms via pentose phosphate pathway. Elevated TK in 

photosynthetic tissues, also, provides the substrate for Rubisco by regenerating ribulose 1,5 

bisphosphate (Skylas et al, 2005) which is vital for photorespiration. 

In accordance with the increased UDPGP, NAD-dependent malic enzyme 1 and PGK 

expression in the winter season, brutia pine might increase energy production by respiratory 

metabolism to cope with the oxidative stress created by sub-freezing temperatures and 

decreased enzyme activities because of low temperature values. Elevated expressions of 

ATP-citrate synthase beta chain protein 1-like (XP_003546316.1), citrate synthase 

(148906790) and citrate synthase 3(294462280) in winter samples of both species, also, 

proved the enhancement in respiratory pathway for more ATP production with respect to 

winter values proposing a decrease in energy derivation in this system. Alcohol 

dehydrogenase, (ADH) which function in anaerobic part of whole energy derivating 

mechanism of the plant cells, was considerably up-regulated in both species, too (2.3 times 

for brutia pine and 2.9 times for scots pine). Jarillo et al (Jarillo et al, 1993) notified that low 

temperatures cause alterations in membrane structure which in turn affect the membrane-

bound processes such as oxidative respiration. As a result, in plants under cold stress, there 

exists an inbalance between glycolysis and ETS; and plants lean to glycolysis as much as 

possible to meet the ATP need. In short, up-regulation of ADH might be a result of increased 

ATP demand of those pine species under cold-stress, which also caused those other enzymes 

mentioned to be up-regulated. 

The source of this energy was hard to guess with respect to the fluctuations in the amounts of 

enzymes, however, it might be possible that brutia pine used its starch storage in two ways: 

by decreased SuSy activity, it increased the concentration of sucrose in the cytoplasm against 

water stress, and at the same time, by increasing respiratory enzymes, it spent this depot as 

glucose. In other saying, starch might be converted into sucrose (to be used as 

osmoprotectant) and glucose (to be used as energy source). The changes in UDPGP and 

PGK levels in Scots pine needles were consistent with the expected ones in cold winter 

conditions and summer time; although there was an insignificant decrease in UDPGP.  
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4.4. The changes in the protein folding and chaperon networks 

 

Temperature and drought stresses also cause protein misfolding except their effects on 

elevated ROS production. Plants have a wide diversity of heat stress proteins (HSP) and 

chaperones in chloroplasts, mitochondria and cytosol to deal with this problem (Figure 4.5). 

One of those protein groups is peptidyl-prolyl cis-trans isomerases (PPIases) that catalyse 

the reversible conversion of peptidyl prolyl bond from cis to trans in protein folding. 

Cyclophilin forms one of three major classes of PPIases and take responsibilities in both 

protein folding and chaperonic issues (Sharma et al, 2003). LC-MS/MS analysis revealed 

remarkable increases in cyclophilin amount in winter samplings of Pinus brutia and Pinus 

sylvestris; and such high values never measured so far for pinus species.  

 

Figure 4.5 HSP and chaperone network against abiotic stress (Wang et al,2004) 

101 kD Heat Shock Protein (HSP101) was measured as 2-3 times more for Pinus brutia and 

1.3 times more for Pinus sylvestris in winter samples. Wang et al (Wang et al, 2004) 

informed that HSP101 performs the dissolution of electron-dense granules during the post-

stress phase. This might be an acceptable reason for those very high amounts measured at the 

end of winter season. 

HSP60 β subunit is a chaperonin which support Rubisco folding and its binding to the 

substrates; and also its amount increases under heat stress conditions (Holland et al, 1998) 

(Salvucci, 2008). In this study, an opposite situation was observed for both of the species: 

although there were insignificant increases in summer time, the major raise was measured 

for winter samples. This is a challenging result which needs to be supported by some other 

tests, because the number of studies on this specific molecule is still low. 
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CHAPTER V 

 

 

CONCLUSION 

 

 

 

This study provided the first proteomic data for Pinus brutia by defining more than 300 

proteins. Moreover, by comparing with a relatively well-studied pine species, Pinus 

sylvestris, the responses of important biochemical pathways like photosynthesis, 

photorespiration, energy production and protein folding/chaperonin were explained. In spite 

of being unable to proceed with further MALDI-TOF MS/MS applications, we succeeded in 

handling a 2D-PAGE gel image comparison for three seasons of both species. 

The optimization issues on the protein extraction method did not affect the number of bands 

on SDS-PAGE gels. However, the new “combined” method increases the performance of 

IEF procedure and yielded better gel images after 2D-PAGE. Moreover, the final product of 

this protein extraction was clear enough to be analyzed in LC-MS/MS system. After FASP 

and anion exchange column applications, the noise levels for all samples were in acceptable 

range (though pine needles contains a huge amount of interfering substances) which was one 

of the advantages allowed us to use LC-MS efficiently. 

Although they were grown in the same area with the same climatic conditions, these two 

pine species showed a tendency to respond to different abiotic stress conditions as they were 

in their natural habitats. This behavior invited a serious level of stress on Pinus sylvestris in 

summer and Pinus brutia in winter. 

Rubisco amount reached its minimum values in winter time for both of the species as stated 

by the information on photosynthetic units, LC-MS/MS results and a huge pile of literature 

sources. As being the most abundant protein in photosynthetic tissues of plants, decrease in 

the amount of Rubisco might create an elevated chance to observe less abundant ones in the 

analysis. The average numbers of defined proteins in winter samples of both pine species 

were higher than those of other seasons. 

Its being successful in cold acclimation metabolism as stated in literature many times was 

proved once again for Pinus sylvestris; decreased photosynthetic machinery, exalted 

chlorophyll-(a+b)/carotenoid ratio and significantly increased HSPs and chaperonin levels 

were all consistent with this fact. On the other hand, as expected, Pinus brutia trees were not 

as successful as scots pine in management of sub-freezing temperatures. This Mediterranean 

pine species decreased its chlorophyll (a+b) content almost 25-30% in winter like scots pine 

and reached to its maximum level in spring time. P. sylvestris reached to this highest level in 
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summer season. If we consider the number of cold, even sub-freezing, daily temperatures 

(especially in March) of spring season, this early response might cause the oxidative stress 

that red pine suffered from. 

The degradation of the PSII system as a precaution of unmanageable photorespiration was 

observed in both pine species in different dimensions. D1 protein was the target of this 

process and western blot analysis of all samples braced this idea. 

The changes in the GSH pool were purposeful with respect to the specific activity values of 

the total GST in both species: when the enzymatic activity rose, the pool was waned because 

of increased demand.  Moreover, this relationship strengthens the proposition of higher 

oxidative stress in summer for Pinus sylvestris and in winter for Pinus brutia. 

Under cold stress conditions both of the species tend to increase the rate or the dimension of 

energy harvesting mechanism to meet the ATP need. Up-regulated respiratory system 

enzymes such as UDPGP, PGK, ATP-citrate synthase beta chain protein 1-like, citrate 

synthase, citrate synthase 3, NAD-dependent malic enzyme 1 pointed an increased ATP 

production. Moreover, the increase in the amount of ADH, which protects the sustainable 

proceeding of glycolysis, might be an indicator of this exalted need for energy because it 

seemed that it forced needle cells to gather energy even from anaerobic respiration. Elevated 

SuSy levels in winter samples of scots pine might be used to explicate the source of this 

energy: starch stored before winter was used by converting it to sucrose molecules, first. 

Conversely, Pinus brutia might tent to increase cytosolic sucrose level high enough to 

protect cells against water stress by decreasing SuSy levels. This species might, also, use 

glucose-1-P (after converting into glucose-6-p by elevated phosphoglucomutase content) as 

the energy source instead of sucrose, unlike Pinus sylvestris that might use both the sucrose 

and glucose-1-P “ways” at the same time. 

As stated in many studies, proline content of both pine species were relatively higher in 

winter season to protect osmotic balance against increased water stress created by sub-

freezing temperatures. The fate of this molecule in summer season might be shaped by the 

elevated Fd-GOGAT enzyme that might direct proline into nitrogen metabolism. 
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APPENDIX A 

 

 

Formulations used in the Calculation of Chlorophyll and Carotenoid Content in 

Needles of Pinus brutia and Pinus sylvestris 

 

 

 

95%EtOH 

Chlorophyll-a   (ABS664 x 13,36) - (ABS648 x 5,19) 

Chlorophyll-b   (ABS648 x 27,43) - (ABS664 x 8,12) 

Chlorophyll-(a+b)  (ABS664 x 5,24) + (ABS648 x 22,24) 

 

100%MeOH 

Chlorophyll-a   (ABS665 x 16,72) - (ABS652 x 9,16) 

Chlorophyll-b   (ABS652 x 34,09) - (ABS665 x 15,28) 

Chlorophyll-(a+b)  (ABS665 x 1,44) + (ABS652 x 24,93) 

 

100% Acetone 

Chlorophyll-a   (ABS661 x 11,24) - (ABS645 x 2,04) 

Chlorophyll-b   (ABS645 x 20,13) - (ABS661 x 4,19) 

Chlorophyll-(a+b)  (ABS661 x 7,05) - (ABS645 x 18,09) 

 

80% Acetone 

Chlorophyll-a   (ABS661 x 11,24) - (ABS645 x 2,04) 

Chlorophyll-b   (ABS645 x 20,13) - (ABS661 x 4,19) 

Chlorophyll-(a+b)  (ABS661 x 7,05) - (ABS645 x 18,09) 

Carotenoid   [(1000 x ABS470) - (1,9 x Chl-a) - (63,14 x Chl-b)] /214 

Chlorophllide-a   (ABS667 / 74,9) 

Chlorophllide-b   (ABS650 / 47,2) 
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APPENDIX B 

 

 

Sucrose Method of Protein Extraction 

 

 

 

Comparison of Methods for Protein Extraction from Pine Needles 

He Cai-yun et al, Forestry Studies in China, 7(4): 20–23, 2005 

 

1. One gram of needle powder with the addition of 0.1 g of PVPP is extracted with 10 

mL of extraction buffer (5% sucrose, 4% SDS and 5% 2-ME) for 10 min at room 

temperature with gentle stirring (in 15 ml falcon tube),  

2. Centrifugation is applied at 15,000 g (30 min) (in metal tubes), 

3. The clear supernatant is heated at 100°C for 3 min and then cooled at room 

temperature (in ordinary glass tubes), 

4. Proteins are precipitated by 8 volumes of cold acetone (in metal tubes) 

5. After at least 1 h at –20°C, the mixture is centrifuged at 10,000 g (20 min) (in metal 

tubes) 

6. The pellet is re-suspended in 5 mL of extraction buffer and centrifuged at 10,000 g 

(15 min) (in metal tubes)—by the help of a teflon covered homogenizator— 

7. The supernatant is transferred into a glass tube, first; and then 4 ml of it is used in 

next step (in metal tubes) 

8. 4 volumes (4x4=16 ml) of cold acetone is added into the tube and mixed for a while 

9. The mixture is centrifuged at 10,000 g (15 min) (in metal tubes) 

10. The pellet is washed once or twice with 80% cold acetone (centrifuge is applied at 

10000g for 10 min) (in metal tubes) 

11. The pellet is dissolved in cold, pure acetone and transferred into capped glass tube  

12. The mixture is centrifuged to gather the precipitate at the bottom (10 min at 250g) 

13. Place the tube as its cap oppened in laminar hood (in an inclined position to dry the 

sample) 

14. Store at -20
0
C (or preferably at -70

0
C) 
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APPENDIX C 

 

 

Wang’s Method of Protein Extraction 

 

 

 

A universal and rapid protocol for protein extraction from recalcitrant plant tissues for 

proteomic analysis 

Wei Wang et al Electrophoresis 2006, 27, 2782–2786 

 

 

1. 0.1-0.3 gram of needle powder is weighed into 2 ml eppendorf tube and it is filled 

with 10% TCA/Acetone. 

2. The mixture is vortexed well, and centrifuged at 16000g for 3 min (at 4
o
C). Then, 

supernatant is removed. 

3. The tube is filled with 80%methanol containing 0.1 M ammonium acetate, vortexed 

well and centrifuged at 16000g for 3 min (at 4
o
C). 

4. Pellet is washed with 80% acetone in the same way. 

5. After centrifugation and decanting supernatant, pellet is air-dried to remove residual 

acetone. 

6. 0.4-0.8ml/0.1 g starting material of 1:1 phenol (pH 8.0)/SDS buffer is added and 

tube is incubated for 5 min after mixing thoroughly. 

7. Tube is centrifuged at 16000g for 3 min (at 4
o
C) and the upper phenol layer is 

transported into a new 2ml-eppendorf tube. 

8. Then, tube is filled with 80%methanol containing 0.1 M ammonium acetate, 

vortexed well and centrifuged at 16000g for 5 min (at 4
o
C). 

9. The pellet is washed with 100% methanol and 80% acetone once, in the same way. 

10. Proteins are allowed to be air-dried. 
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APPENDIX D 

 

 

Chromatogram by Raw Meat 
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APPENDIX E 

 

 

MS2 Charge Distribution 
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APPENDIX F 

 

 

MZ Distribution of Selected Monitored Ion 
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APPENDIX G 

 

 

Chromatogram created by RawMeat Software  
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APPENDIX H 

 

 

MS2 Charge Distribution of the Full Set of Samples 
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APPENDIX I 

 

 

MZ Distribution of Selected Monitored Ion of the Full Set of Samples 
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APPENDIX J 

 

 

A Summary of the Peptide and Protein Numbers Calculated by Search Engines 
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APPENDIX K 

 

 

BioVenn Diagrams of OMSSA and X!Tandem Results 

 

   

   

   

 

 

 

 

Figure K.1:  Venn diagrams of OMMSA results for all MS applications 
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Figure K.2:  Venn diagrams of X!Tandem results for all MS applications 
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APPENDIX L 

 

 

Comparison of OMMSA vs X!Tandem 

 

  

  

  

 

 

 

Figure L.1: BioVenn diagrams of OMSSA vs X!Tandem comparison for all three MS 

applications of both species 
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APPENDIX M 

 

 

The Phosphorespiratory Glycolate Pathway  
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APPENDIX N 

 

 

Daily Temperature Changes 
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APPENDIX O 

 

 

Daily Minimum Temperature Values 
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APPENDIX P 

 

 

The Number and Dispersion of Freeze Incidents 

 

 

 

Months Number of frost incidents 

December 2010 16 

January 2011 25 

February 2011 20 

March 2011 16 

April 2011 3 

May 2011 0 
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Days between December 2010-June 2011 

Dispersion of freeze incidents 

(01.12.2010-01.06.2011) 

Figure P.1: The number and dispersion of freeze incidents between 01.12.2010-01.06.2011. Data were 

provided by Turkish State Meteorological Service (station number 17134). 
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APPENDIX Q 

 

 

Average Daily Air Humidity Values 
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APPENDIX R 

 

 

Average Daily Total Precipitation Values 

 

Season 
Amount of total precipitation 

(mm) 

Number of days with 

precipitation 

Winter 95.9 37 

Spring 176.1 46 

Summer 
93.1  

Almost half of (46 mm ) this 

amount was fallen in just 3 days! 

17 
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Figure R.1: Average daily total precipitation values between 01.12.2010-01.09.2011. Data were 

provided by Turkish State Meteorological Service (station number 17134). 
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