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SUMMARY 

 

INVESTIGATION OF FUNCTION OF NOVEL_105 MIRNA IN POTATO 

CULTIVARS USING TRANSGENIC APPROACH 

 

YALÇIN, Melis 

Niğde Ömer Halisdemir University  

Graduate School of Natural and Applied Sciences 

Department of Agricultural Genetic Engineering 

 

Supervisor     : Assoc. Prof. Dr. Zahide Neslihan ÖZTÜRK GÖKÇE 

 

July 2020, 121 Pages 

 

Potato (Solanum tuberosum L.) is an important crop in the world. Its growth, 

development and production are sensitive to abiotic stress conditions. By miRNA 

overexpression, studies about investigation of stress response of potato plants are 

limited. For this reason, the aim of this thesis was to identify the role of newly identified 

Novel_105 miRNA in two potato cultivars (tolerant Unica and sensitive Russet 

Burbank) in response to heat, drought and combined heat + drought stresses using 

transgenic approach. Morphological effects of transgenic plants under stress conditions 

were examined in terms of leaf color, height of plants, number of leaves and branch 

amount. Physiological analysis including photosynthesis rate, transpiration rate, 

stomatal conductance, leaf temperature, chlorophyll index, relative water content and 

proline amount was performed in contrasting wild type and transgenic plants for two 

potato cultivars. By qRT-PCR, the molecular level of overexpressed Novel_105 

miRNA was analyzed for Unica and Russet Burbank cultivars under heat, drought and 

combined heat + drought stresses. According to all results, Novel_105 miRNA 

increased stress tolerance in transgenic Unica Russet Burbank potato plants under 

combined heat + drought stress conditions.  

Keywords: Potato, drought, heat, combined stress, miRNA  



 

v 

 

 

ÖZET 

 

TRANSGENİK YAKLAŞIMLAR KULLANILARAK PATATES ÇEŞİTLERİNDE 

Novel_105 MIRNA FONKSİYONUNUN İNCELENMESİ 

 

YALÇIN, Melis 

Niğde Ömer Halisdemir Üniversitesi 

Fen Bilimleri Enstitüsü 

Tarımsal Genetik Mühendisliği Anabilim Dalı 

 

Danışman            : Doç. Dr. Zahide Neslihan ÖZTÜRK GÖKÇE 

 

Temmuz 2020, 121 Sayfa 

 

Patates (Solanum tuberosum L.) dünyada önemli bir üründür. Patatesin büyümesi, 

gelişmesi ve üretilmesi abiyotik stress koşullarına hassastır. miRNA aşırı ekspresyonu 

kullanılarak, patates bitkilerinin stres tepkisinin araştırılması ile ilgili çalışmalar 

sınırlıdır. Bu nedenle bu tezin amacı, yeni tanımlanmış Novel_105 miRNA'nın iki 

patates çeşidindeki (toleranslı Unica ve hassas Russet Burbank) transgenik yaklaşımı 

kullanarak yüksek sıcaklık, kuraklık ve kombine yüksek sıcaklık + kuraklık streslerine 

yanıt olarak rolünü belirlemektir. Stres koşulları altında transgenik bitkilerin morfolojik 

etkileri yaprak rengi, bitkilerin yüksekliği, yaprak sayısı ve dal miktarı açısından 

incelenmiştir. Fotosentez oranı, transpirasyon oranı, stoma iletkenliği, yaprak sıcaklığı, 

klorofil indeksi, bağıl su içeriği ve prolin miktarı dahil olmak üzere fizyolojik analiz, iki 

patates çeşidi için yabani tip ve transgenik bitkilerin karşılaştırılması olarak yapılmıştır. 

qRT-PCR kullanılarak, aşırı ifade edilen Novel_105 miRNA'nın moleküler seviyesi, 

yüksek sıcaklık, kuraklık ve kombine yüksek sıcaklık + kuraklık stresleri altında Unica 

ve Russet Burbank çeşitlerinde analiz edilmiştir. Tüm sonuçlara göre, Novel_105 

miRNA, kombine ısı + kuraklık stres koşulları altında transgenik Unica ve Russet 

Burbank patates bitkilerinde stres toleransını arttırdı. 

Anahtar Sözcükler: Patates, kuraklık, ısı, kombine stres, miRNA 
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CHAPTER I 

 

INTRODUCTION 

 

Potato tubers (Solanum tuberosum L.) are globally consumed in various ways and 

production rate in the world ranked 4
th

 after wheat, rice, and maize (FAOSTAT, 2018; 

USDA, 2016). This plant is very important to overcome the challenges of poverty and 

hunger around the world. Potato production was around 376,826,967 tons during 2016 

(FAOSTAT, 2018). Turkey contributes significantly to the world's potato production 

with 4,8 million tons of potato harvested from 172,000 hectares of farmland in the 

country (Turkstat, 2018).  

 

The importance and use of potatoes are increasing when the benefits of health and 

nutritional values such as minerals, vitamins, proteins and carbohydrates are taken into 

account in relation to the increase in the world population (Brown, 2014; Çalışkan, 

2010). In Mediterranean climate, potatoes are conservatively grown crops- as winter 

and/-or spring crops (Çalışkan et al., 2002). Potato plants are sensitive to adverse 

environmental conditions such as water deficiency and high temperature due to root 

structure. Due to global climate change, potato yield during production is predicted to 

decline in the coming years with respect to high temperatures, dry periods and lower 

precipitation in the soil and the decline in groundwater resources used for irrigation. 

This requires the development of varieties of potato plants that are tolerant to drought 

stress (George et al., 2018). 

 

Until today, classical plant breeding techniques for crop improvement have been used as 

source of new varieties. However, the development of plants with desirable traits using 

this technique requires several years of trials in greenhouse and field conditions 

(Danida, 2002). With the emerging alternative techniques, the abiotic stress tolerance 

potato has been made by mainly using classical breeding techniques. For making 

tolerant potato to abiotic stress, genetically modified (GM) plants can be used by 

biotechnological approach. However, potato narrow diversity database restricted 

conventional breeding (Douches et al., 1996). Genetic engineering tools provide transfer 

of genes to species to encode protein in relation with genes for gaining that trait. This 

process can occur both quickly and economically. Among different techniques such as 
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electroporation, protoplast transformation or microinjection, Agrobacterium-mediated 

transformation is the most promising technique of plant transformation (Hansen and 

Wright, 1999). Agrobacterium tumefaciens bacteria is an Alpha proebacterium of the 

Rhizobiaceae family which fixes nitrogen in legumes. It is a gram-negative, rod-shaped 

bacterium that does not form spores and lives in soil under natural conditions. A. 

tumefaciens causes the formation of tumours in the root of dicotyledonous plants. 

Tumour formation is associated with the transfer of Agrobacterium's T-DNA to the 

plant genome and subsequent transformation of plant cells and uncontrolled growth of 

cells due to an imbalance in the synthesis of hormones (Hansen and Wright,1999; 

Polóniová et al., 2013). After the ability of A. tumefaciens bacteria to transform plant 

cells has become well-known, it has been widely used in molecular biology for the 

purpose of genetic modification in dicotyledons and some monocotyledonous plants. 

For this purpose, a foreign gene is transferred to the plant genome by transferring the T-

DNA (transfer-DNA) region in the Ti (tumour-inducing) plasmid of A. tumefaciens to 

the plant chromosome (Gelvin, 2003). When comparing the procedures of 

transformation techniques, Agrobacterium-mediated transformation is cheaper, easier 

and simpler. A. tumefaciens bacterium enables us to obtain a new agriculturally 

important plant by making changes at the molecular level on the plants used in 

agriculture (Hansen and Wright,1999; Gelvin, 2003). 

 

Abiotic stress causes severe damage to the plant and may even cause the plant to die. 

Researchers emphasize that development of varieties with high tolerance to drought or 

high temperature is important in agriculturally important plants based on the 

information obtained by genomic and molecular approaches (Sunkar et al., 2007).  

 

Because of climate change, more tolerant species are needed, which can grow with less 

water and in warmer environment without loss of yield (Shriram et al., 2016). The 

abiotic stress response is a complex sequence of biological events and is difficult to 

understand. Plants respond to abiotic stress by avoiding or tolerating stress. Identifying 

the biological pathways of this stress escape or stress tolerance will help to understand 

the stress response and thus to the selection of stress-tolerant species, and even to 

breeding stress-tolerant species in the future. Previous studies have shown that 

microRNAs (miRNAs) also play an important role in the abiotic stress response (Zheng 

et al., 2015).  
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MiRNAs were first discovered in nematodes in 1993 (Lee et al., 1993) and they are 

small stranded RNAs of approximately 20-24 nucleotides in length. Each miRNA with 

similar conjugate sequences can bind to different mRNAs, so that one miRNA can have 

more than one target gene (Selbach et al., 2008).  MiRNAs are partially matched to 

target mRNAs in plants. As a result of this binding, the phosphodiester bonds in the 

mRNA are cut and the mRNA is broken down and protein synthesis is interrupted, and 

protein formation is suppressed. Thus, expression of the target mRNA is regulated at the 

post-transcriptional level (Wang et al., 2019). 

 

Plant miRNAs were first found in Arabidopsis thaliana in 2002 (Reinhart et al., 2002). 

Recent studies have shown that miRNAs have strong and unexpected roles in 

controlling plant growth through silencing genes. MiRNAs regulate many development 

events such as leaf formation, flower differentiation and development, rooting and root 

development, development of transmission bundles, transition from vegetative to 

generative developmental stage (Chuck et al., 2009; Wang et al., 2019). Also, miRNAs 

have been discovered to play an important role in hormone signal transduction (Liu et 

al., 2010), response to environmental stress, and defense against pathogens (Sunkar et 

al., 2007). Plant stress physiology can be examined under three main topics as 

perception of stress, signal transduction and stress response (Öztürk, 2015). After stress 

detection has taken place, the plant can tolerate or adapt to stress. This phenomenon is a 

very complex mechanism to repair damaged cell proteins and to regenerate cell 

homeostasis. These mechanisms are usually controlled by multigene families (Cramer et 

al., 2011). Since miRNAs also inhibit the conversion of proteins to mRNA by affecting 

the expressional changes of the genes occurring in the case of stress, and therefore the 

discovery of miRNAs will help to understand stress physiology.  

 

According to previous study done by Esra Kaplan (2012) about identification of 

miRNAs in response to drought and high temperature stresses by NGS technique, a total 

314 of miRNAs consisted of 104 novel miRNAs and 210 known miRNAs were 

identified. Among 104 novel miRNAs, Novel_105 miRNA was selected for this study 

(Kaplan, 2017).  

 

In this previously completed study, to identify miRNAs’ function under stress 

conditions, tubers of plant cultivars that have only one eye were planted in greenhouse 
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conditions into 12-liter pots containing 2:1 ratio peat and perlite mixture, respectively. 

All pots were irrigated to soil field capacity. All tests had 3 repeats and each repeat had 

10 pots. Throughout the test, the ambient temperature of the greenhouse was 24 °C 

during the day and 16 °C at night. Until stress application, plants were well-watered. 

After 14 days from planting, when shoots came from all plants, single process was 

made for each pot, that is, each group had 3 repeats and each repeat had 5 pots. This 

duration of whole stress application process was calculated based on this date. After 40 

days from growing shoots (tuber development), stress treatment was started. They have 

classified 4 groups as control, drought, high temperature, and both drought and high 

temperature stresses (Kaplan, 2017). 

 

Control application: For control plants, any stress was not applied, and regular irrigation 

was made under greenhouse conditions. 

 

Drought application: Plants were grown under greenhouse conditions without irrigation. 

Leaf samples both control and drought stress plants were taken, frozen and put at -86 °C 

with liquid nitrogen. 

 

Heat application: After 40 days from shoot development, plants were transferred to 

growth chamber and regular irrigation was made. Temperature was increased as 1 °C 

for 3 days the 2 °C for 4 days and lastly at 38 °C stayed for 5 days. Leaf samples were 

collected from both control and heat stress plants and put at -86 °C with liquid nitrogen. 

Heat and drought application: Plants were transferred to growth chamber and irrigation 

was not made. Also temperature was increased as high temperature stress application. 

After stress, leaf samples were taken and frozen with liquid nitrogen. They were put at -

86 °C (Kaplan, 2017).  

 

At the end of the study, total of 314 miRNAs that were changed expression level were 

determined after stress application. That expression level could be changed according to 

tolerance of potato cultivars to stress conditions or applied stress types. To predict of 

target, psRobot (psRobot, 2017) database was used. Among all miRNAs, some miRNAs 

were selected according to some criteria for example, expressed or changing expression 

of miRNAs and their target can be selected by comparison Unica drought and control 

plants under only drought stress condition or for Russet Burbank cultivar under only 
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heat and drought stress conditions. With reference to metabolic pathways and 

comparison in miRBase database, miRNA targets were selected based on Solanum 

tuberosum.  

 

In this thesis research, pre-miRNA sequences were amplified and converted to cDNA 

sequences. pCAMBIA1301 vector was modified in the way that its GUS site was 

removed. All cDNA sequences were ligated to pCAMBIA1301 vector. After 

confirmation, the constructs were transferred to Agrobacterium tumefaciens LBA4404 

strain. Transformation of all Agrobacterium bacteria containing vectors was made to 

Unica and Russet Burbank cultivars through transgenic approach. After obtaining  

transgenic plants, stress applications were performed to control cultivars and plants. 

Drought, heat and both heat and drought stresses were applied to plants according to 

previous study conditions and procedure (Kaplan, 2017). Same molecular and 

physiological measurements were performed for comparison purposes. To analyze gene 

expression level of Novel_105 miRNA and its target, qRT-PCR was performed. The 

main purpose of the study was to identify the function, role, and response of Novel_105 

miRNA and its target under stress conditions including drought, heat and combined 

stresses for both potato cultivars.   
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CHAPTER II 

 

LITERATURE REVIEW 

 

Plants are an essential part of our ecosystem and can be considered as primary oxygen 

source and nutrition. They can be used various areas including within the food industry, 

in medicinal application and sanctuary (Djami-Tchatchou et al., 2017). With the 

increase of world population and dramatic changes in environmental factors, 

agricultural land availability has been decreased and lack of nourishment has emerged 

as important problem that humanity will eventually face. In an effort to overcome these 

difficulties, several strategies should be developed in a short course of time and one of 

those is to increase crop yield per area for agricultural industry (Brown and Henfling, 

2014).   

 

2.1 Potato (Solanum tuberosum L.) 

 

Potato (Solanum tuberosum L.) is an important agricultural crop and cultivated as the 

fourth commonly crop after wheat, maize, and rice (Djami-Tchatchou et al., 2017). It 

belongs to Solanaceae family that also includes tomato (Solanum lycopersicum), 

eggplant (Solanum melongena) and pepper (Capsicum) and is one of tuberous and 

starchy crops. Potato that is originating from the High Andes of South America and 

Peru was first cultivated about 7 thousand years ago (Xie et al., 2011). In America and 

many other countries, even though there are native potatoes, cultivated forms that 

produce from eyes of potatoes run across only in South America (Xie et al., 2011). At 

the present time, it spreads to a large geography with more than 4.500 varieties around 

the world and is sold in more than 100 countries (Figure 2.1) (Brown and Henfling, 

2014). The major percentage of potato production in the world has been placed in Asia 

and Europe followed by America (Figure 2.2) (Figure 2.3) (FAOSTAT, 2019). In 

Turkey, potato is one of the most important crops and ranked as 5
th

 following wheat, 

sugar beet, tomato and barley based on production level (Çalışkan et al., 2010). 
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Figure 2.1. Potato cultivation as geographical distribution around the world 

(PotatoPRO, 2019) 

 

 

 
 

Figure 2.2. Top 10 potato production countries (FAOSTAT, 2019) 
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Figure 2.3. Potato production chart by region (FAOSTAT, 2019) 

 

2.1.1 Contents and usage 

 

Potato serves as an essential consumed food for animals and humans due to its high 

carbohydrate content, important vitamins (B1, B3, B6, C, K, folate, pantothenic acid) 

and minerals (Mn, K, Mg, Cu, Fe, P), as well as potential usage as biofuel in future 

(Djami-Tchatchou et al., 2017). Potato is indispensable food in many countries 

especially with respect to carbohydrates (Bond, 2014). Potato tubers are directly used in 

house consumption as soup, fries, flour, and starch as well as production of spirit and 

alcohol. Tubers, dried stems, or waste materials of potato are raw material in industry as 

provender (Çalışkan et al., 2010). Potato has been considered as an important crop to 

cope with the lack of nourishment since it has wide range of uses, high yield potential 

and consumption rate.  

 

2.1.2 Growth conditions 

 

Potato can grow and develop in a widespread manner in moderate climatic conditions at 

around 17-21 °C. Due to susceptibility of potato to bacteria and virus diseases, they are 

not suitable for tropical climate. Environmental stress conditions affect its yield and 

growth. Temperatures of less than 17 °C or more than 21 °C cause an increase in 

respiration, and adverse effects are seen (Leonel et al., 2017). Development, production, 

growth and yield of potato are affected by biotic factors such as pathogens, insects and 
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abiotic stresses including drought, salinity, cold, toxicity, heavy metals, oxidative stress, 

and heat (Shriram et al., 2016).  

 

Since water resources in the world have been predicted to decrease considerably over 

the years, plants showing tolerance against abiotic stresses play important roles in the 

agriculture (Çalışkan, 2016). Potato can be considered as water sensitive, particularly 

requiring a certain amount of water during tuber formation stage. Some potato cultivars 

can be affected by environmental conditions according to their susceptibility to stress 

conditions (Çalışkan, 2016). 

 

2.2 Potato Cultivars 

 

2.2.1 Unica and Russet Burbank 

 

Unica is known to be tolerant to heat, drought and soil salinity stress factors, and Russet 

Burbank is sensitive to these stress conditions. Unica (Accession number: 392797.22) 

was originally developed in Peru in the 1990s with crossing CIP No. 387521.3 and 

‘Aphrodite’ (Figure 2.4.a). It is cultivated in Vietnam, Laos, Uzbekistan, and Peru. 

Tuber skin predominant colour is red. It is resistant to potato virus Y that reduces yield 

and quality of potato. Its name is coming from University of Ica. The tubers of Unica 

are oblong with cream flesh colour which have good quality for French fry for fresh 

consumption (Contreras-Liza et al., 2017). The other cultivar is Russet Burbank 

(synonyms; Idaho Russet and Netted Gem) (Figure 2.4.b). It has dark brown skin colour 

and few eyes (Bethke et al., 2014). It is mostly grown in North America. Moreover, this 

cultivar has popular usage for baking, mashing, and French fries. It is sensitive to 

Fusarium dry rot (F. coeruleum), late blight, leaf roll, seed-piece decay, tuber net 

necrosis, verticillium wilt, potato virus X and potato virus Y (Plant Health and 

Biosecurity, 2001).   
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                                         (a)                                                       (b) 

 

Figure 2.4. Unica potato variety (a), Russet Burbank potato variety (b) (Potato 

Association, 2019; Rosales and Bonierbale, 2007)  

 

2.3 Stress Factors 

 

2.3.1 Drought stress 

 

Drought stress (water deficit) is the most common adverse environmental factor due to 

excess evaporation, lack of precipitation and deficiency of soil water. Stress factors 

adversely affect crop production, plant growth, yield and their quality depending on 

duration, severity and timing of the stress (Çalışkan, 2016; Djami-Tchatchou et al., 

2017). Molecular mechanism of plants to this stress has been investigated in the last 

twenty years to identify genes related with tolerance or sensitivity. Some plants can 

make biochemical and physiological changes when they are exposed to drought stress 

(Zhang et al., 2014). Although energy production in potato has been found higher 

compared to other plants when the water amount is given equally to crops, effect of 

water deficiency on potato is prominently observed compared to rice, maize and wheat 

due to its swallow root system (Iwama, 2008, Çalışkan., 2016). The most sensitive 

stages of potato to water deficiency are bulking and tuber initiation (MacKerron and 

Jefferies, 1986, Çalışkan, 2016). To cope with drought stress, potato has complex 

mechanisms. In these mechanisms, some factors play crucial role in drought-responsive 

gene regulation at transcriptional and post-transcriptional level (Shriram et al., 2016). 

They can tolerate drought by water loss reduction, water uptake enhancing and other 

mechanisms (Bej and Basak, 2014).   
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2.3.2 High temperature stress 

 

High temperature stress (heat) is another important factor that restricts plant growth, 

maturation, and development. Plants can be exposed to heat stress because of seasonal 

variations and geographical conditions (Shriram et al., 2016, Sunkar et al., 2014). They 

can change their heat-responsive gene expression at post-transcriptional level in 

response to heat stress (Shriram et al., 2016, Djanaguiraman et al., 2014).  There are 

several physiological effects to quality and growth such as tuber initiation, hormones 

and enzyme synthesis, photosynthetic rate, and sprout development (Levy and Veilleux, 

2007). When considered harmful effects of global warming, development of heat 

tolerant plants is very crucial to obtain the high yield (Çalışkan, 2016).   

 

2.3.3 Combined drought and heat effects of stress factors 

 

Threat of climate change prompts to make tolerant cultivars to cope with water 

deficiency and high temperature. Although individual effect of water deficit and 

extreme temperatures will be critical stress factors, combined effects of these stresses 

will be more harmful for plants, and plants will most probably face more concurrent 

stress conditions in the future. Also, climate change can bring other issues as new 

diseases, salinity, pests, and frost (Çalışkan, 2016). Besides, growth development and 

yield are adversely affected with environmental, thus, climate change (Kumari et al., 

2018, Pradhan et al., 2012). Combined effects of drought and high temperature was 

shown to be more harmful compared to individual stress treatment (Pradhan et al., 

2012). 

 

2.4 RNA Interference 

 

According to researches, plants response to stresses at transcriptional and post 

transcriptional level in addition to mRNA or protein level. RNA silencing is gene 

regulatory mechanism by suppression of transcription or by activation of sequence 

specific RNA degrading process (RNA interference (RNAi) or post-transcriptional gene 

silencing (PTGS) (Gupta et al., 2014). The first description of RNAi was in petunia 

plants in early 1990s (Napoli et al. 1990).  To obtain more anthocyanin pigments as 

dark purple flowers, transgenic plants were produced but unexpectedly, chimeric, and 
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white flowers have shown up due to endogenously homologous gene silencing. They 

called this phenomenon as ‘co-suppression’ (Napoli et al. 1990; Cogoni and Macino, 

2000). The Nobel Prize in Physiology or Medicine was shared between the American 

researchers Craig C. Mello and Andrew Z. Fire by participation in RNAi with study on 

roundworm Caenorhabditis elegans (Fire et al., 1998). RNAi can perform by 

translational repression, RNA slicing, DNA methylation and histone modification (Bej 

and Basak, 2014). Small RNAs have roles in this silencing process as the bioregulators. 

They can be classified as their genomic loci’s structure or their biogenesis basis. These 

are microRNAs (miRNAs), piwi interacting RNAs (piRNAs), small interfering RNAs 

(siRNAs), tiny non-coding RNAs (tncRNAs), small temporal RNAs (stRNAs) and 

small modular RNAs (smRNAs). The microRNAs have been found and characterized 

that are involved in stress responses among the variety of sRNAs (Copper et al., 2018, 

Bej and Basak, 2014). There are many regulated genes related with stress by miRNA 

(Bej and Basak, 2014). 

 

2.5 MicroRNAs (miRNAs) 

 

2.5.1 General information about miRNA 

 

MicroRNAs (miRNAs) are endogenously small (20-24 nucleotides), single-stranded 

and non-coding RNAs that cannot produce protein as final product. They have ability to 

form stem-loop structures like hairpins, in nature and are evolutionary conserved and 

found in most eukaryotes (Shriram et al., 2016, Yu et al., 2017). Their hairpin structure 

has characteristic features. MiRNAs have important roles in gene regulation at post-

transcriptional level by degrading or repressing target mRNA’s translation depending 

on the complementarity of mRNA and miRNA (Din et al., 2014). MiRNAs are found 

abundantly and well-studied in plants (Rajwanshi et al., 2014). According to recent 

studies, miRNAs have functions in physiological and developmental processes such as 

growth, development, tissue differentiation, signal transduction, hormone secretion, and 

response to environmental stress (Zheng et al., 2015, Din et al., 2014). 

 

 

 

 



 

13 

2.5.2 miRNA biogenesis 

 

MiRNAs are mostly synthesized from their transcriptional units containing respective 

promoters (Wang et. al., 2019). There is a MIR gene that has TATA box motifs and 

according to location of this gene, there are two classes as ‘intronic’ and ‘intergenic’.   

Intronic miRNAs are generated intron regions of host transcripts whereas the second 

class is placed at between two protein coding genes and their transcriptions are carried 

out by DNA-dependent RNA Polymerase II (Wang et. al., 2019). The first step of 

miRNA biogenesis is that miRNA gene is transcribed from MIR gene by RNA 

Polymerase II into nucleus and primary-miRNA (pri-miRNA) that consists of long 

characteristic hairpin structure is generated. This polymerase is responsible to transcript 

most of plant miRNAs. Pri-miRNA’s length is ranged from 70 and 100 bases (Zheng et 

al., 2015). Pri-miRNA that can undergo splicing, capping and polyadenylation is folded 

to form double stranded stem-loop that is bound imperfectly, and called as precursor-

miRNA (pre-miRNA) (Shriram et al., 2016). This process is performed by RNA 

polymerase III family enzyme DICER-LIKE1 (DCL1),  HYPONASTIC LEAVES1 

(HYL1) and SERRATE (SE) (Rajwanshi et al., 2014). MiRNA/miRNA* (miRNA* is 

antisense sequence of miRNA) duplexes is formed in the nucleus and this duplex is 

referred as mature miRNA (Yu et al., 2017, Chowdhury P., 2018). HYL1 protein 

increases pri-miRNA cleavage accuracy by DCL1 (Rogers and Chen, 2013). Each 

strand has got two 3’ terminus hydroxyl groups (3’ OH and 2’ OH) and 5’ terminus 

phosphate. For stabilization of mature miRNA, RNA methyltransferase HUA 

ENHANCER1 (HEN1) adds methyl group to 2’ OH of 3’ ends of mature miRNA. 

Additionally, HYL1 and C-Terminal Domain Phosphatase-Like1 (CPL1) proteins are 

responsible for selection of guide strand from miRNA/miRNA* duplex. After that 

degradation of mature miRNA is prevented (Rajwanshi et al., 2014; Wang et. al., 2019). 

This miRNA is transported to cytoplasm by HASTY (HST) that is a nucleocytoplasmic 

transporter. In cytoplasm, after it is incorporated with ARGONAUTE1 (AGO1) that is a 

part of RNA-induced silencing complex (RISC) and have a role in guidance of binding 

of complex to target transcript, RISC is activated. This step is called as loading of RISC 

(Yu et al., 2017, Rajwanshi et al., 2014). Formation of RISC complex occurs in 

cytoplasm (Bologna et al., 2018). Guide strand of duplex is assembled to 

ARGONAUTE1 (AGO1) and the passenger strand is degraded with the help of AGO1 

protein connected with SQUINT (SQN) and HEAT SHOCK PROTEIN90 (HSP) that 
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uses ATP. In accordance with complementarity of target mRNA and miRNA, to 

regulate gene expression, RISC can attach to target mRNA by degradation of mRNA or 

by repression of translation (Rajwanshi et al., 2014). In plants translational repression is 

common but target degradation is more essential for plant development during post-

germination (Wang et al., 2019) (Figure 2.5).  

 

 
 

Figure 2.5. MiRNA biogenesis (Liu et al., 2017) 

 

Some characteristic features of miRNA are helpful for identification of miRNA. Those 

criteria are; 

 

1. MiRNA length is between 20-24 nucleotides for plants by contrast to animal 

miRNA length which is around 20-22 nucleotides, 

2. Entire miRNA precursors have lower free energy (-31 – 57 kcal/mol) than 

rRNAs (-33 kcal/mol) or tRNAs (-26 – 29 kcal/mol), 

3. They form stem loop structures, and 
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4. All miRNAs are almost conserved, but animal miRNAs are more conserved than 

plant miRNAs (Bonnet et al., 2004).  

 

2.5.3 MiRNA identification 

 

For identification of miRNAs, four techniques can be used; (1) genetic screening, (2) 

small RNA isolation cloning, (3) computational identification and (4) mining method 

with expressed sequence tags (Devi et al., 2018). Data of next-generation sequencing 

(NGS) is used for computational miRNA identification. NGS is a kind of DNA 

sequencing technique that uses several small DNA fragments to specify DNA sequence 

by parallel sequencing. When compared with Sanger sequencing, it has exponentially 

greater sequencing speed and DNA sequence amount is accepted as ‘high-throughput 

technology’. It is also important to note that NGS technology is available at a far lower 

cost than Sanger sequencing. By NGS to identify plant miRNAs, the first step is plant 

total RNA isolation. After small RNA library is constructed, Gene Ontology (GO) 

analysis is performed for miRNA enrichment that means increasing miRNA proportion 

in isolated RNA by removing of larger size RNA or increasing miRNA concentration 

(Devi et al., 2018). From small RNA, cDNA library is generated for the next step that is 

sequencing with one of the NGS platforms. Retrieval of small RNA sequences is 

formed by removal of low-quality miRNAs and trimming of adaptor sequences after 

NGS. Later homologous miRNAs are found in the manner comparison of small RNA 

sequences with all database from miRBase through BLAST. Then known and novel 

miRNAs can be divided and selected but among all newly found miRNAs that have no 

homology, selection and identification of miRNAs in plants can be made according to 

some criteria. Those are (1) folding to appropriate hairpin structure, (2) overhanging 2 

nucleotides at 5´ end over 3´ end, (3) more than 3 nucleotides interior bulge, (4) no 

more than 6 mismatches between mature miRNA sequences and target RNA sequences, 

(5) no more than successive 4 nucleotides  mismatches in whole structure, (6) staying of 

mature miRNA on hairpin stem region, (7) having adenine and uracil percentage 

between 30-70 and (8) less than -20 minimum folding energy. Negative MFE 

(minimum free energy) and higher MFEI (minimum free energy index) using equation 

2.1 should be greater than 0.75 in estimated secondary structure (Devi et al., 2018; 

Bakhshi and Ehsan, 2019), 
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Where MFEI=            (2.1) 

 

According to selected novel miRNAs, the most common tools used for target prediction 

are psRNATarget, psRobot, miRanda, TargetMiner, SVMicrO and RNAhybrid (Devi et 

al., 2018). Some tools operate for the selection of target by four different common 

features. Those are seed match by Watson-Crick match, site accessibility, conversation 

and free energy that should be more negative free energy to be more stable. After 

prediction of miRNA target, validation of miRNA target is performed by qRT-PCR 

(quantitative real-time PCR) technique. When expression level of miRNAs increases, 

expression level of target decreases or when expression level of miRNAs decreases, 

expression level of target increases (Figure 2.6). Identification of miRNA role is done 

by gene expression change of both miRNA and its target gene or by observing 

phenotypic changes by transgenic approach, and the second way is by observing of 

phenotypic change using gene silencing technique (Koroban et al., 2016) For example, 

miR160 have role in root development and its role has been found by overexpression of 

miR160. After overexpression of miRNA, phenotypic change was observed as 

abnormal root growth and development (Wang et al., 2005).  
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Figure 2.6. Example flowchart of prediction of miRNAs and their targets in potato 

plants (Kumar et al., 2018)  

 

2.6 Abiotic Stress Studies 

 

Environmental stresses affect all plants in the world, so researchers have mostly 

investigated mechanisms underlying stress tolerance. It has been known that miRNAs 

have been involved in abiotic stresses and can be used for production of stress tolerant 

plants.  

 

2.6.1 Studies on plants under heat stress 

 

Investigation of response to heat stress in wheat (Triticum aestivum) was made by 

Solexa high-throughput sequencing by Xin et al. (2010). Heat susceptible and tolerant 

wheat genotypes, respectively Chinese Spring (CS) and TAM107, have been used. 

Seedlings of wheat have been exposed to 40 °C for half hour, one and two hours and 
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then for two hours it has been returned to normal conditions. Later, total RNA isolation, 

cloning of small RNA, PCR for Solexa sequencing have been made. According to 

sequencing results, they identified 9 miRNAs related with heat stress responsive (Xin et 

al., 2010) (Figure 2.7).  

 

 
 

Figure 2.7. Identified heat responsive miRNAs and 5sRNA/rRNA polyacrylamide gel 

images. TAM107 and CS genotypes of wheat comparison after heat treatment (Xin et 

al., 2010) 

 

 

To investigate heat-responsive miRNAs, thermo-tolerant and thermo-susceptible wheat 

cultivars have been used by Goswami et al. in 2014. Four miRNAs have shown 

upregulation and six miRNAs have shown downregulation under heat stress. Possible 

targets of those identified miRNAs have been determined as superoxide dismutase 

(SOD), HSF3, HSP70, HSP17 and HSFA4a (Goswami et al., 2014).  

 

In 2014, an other study has been carried out in barley by Kruszka et al. (2014) barley 

plants have been grown for two weeks and then temperature have been increased to 35,5 

°C for stress plants but for control plants, temperature have been remained 22 °C. Later 

RNA isolation, Northern blots, RT-PCR analysis for amplification of pri-miRNAs, 

qRT-PCR analysis, bioinformatic analysis and target analysis have been applied, 

respectively. Four barley miRNAs have shown upregulation under heat stress, miR160, 

miR166, miR167 and miR5175 (Kruszka et al., 2014) (Figure 2.8) (Figure 2.9). 
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Figure 2.8. Northern blot hybridization analysis for mature miRNAs in response to heat 

stress. Hvu-miR166, Hvu-miR167, Hvu-miR160 and Hvu-miR5175 in comparison with 

control and heat stress plants. For control samples, folding ratio is 1,0 and for heat 

stress, folding ratio is increased (Kruszka et al., 2014)   

 

 

 
 

Figure 2.9. Network of miRNAs and their targets under heat stress in barley (Kruszka 

et al., 2014) 
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Figure 2.10. (A) Relative mRNA level of control and transgenic plants containing 

normal (35S::CSD2) and resistant form (35S::CSD2) of CSD2 gene, (B) Images of wild 

type and transgenic plants under heat stress and control plants, (C) Shoot fresh weight. 

(D) Chlorophyll content, (E) Survival of flower (Lu et al., 2013)  

 

 

Heat stress has been investigated with miR398 and its target gene which is CSD2 

(copper/zinc superoxide dismutase). When heat stress has been applied to Arabidopsis, 

miR398 have been upregulated rapidly and CSD2 level have been downregulated. Then 

overexpressed CSD2 transgenic plants have been generated in Arabidopsis. For 

transgenic plants, two different overexpression processes have been produced as 

overexpression of normal coding CSD2 gene and miR398 resistant form of CSD2 gene. 

After growing transgenic and wild type plants for three weeks, three types of plants 

have been compared. Transgenic plants containing resistant form have shown more 

sensitivity to heat stress compared to wild type and transgenic plants containing normal 

coding CSD2 gene. In addition, transgenic plants containing miR398 resistant form of 

CSD2 gene have shown stunted growth in shoot. Also, significant reduction has 

determined in chlorophyll accumulation of transgenic plants containing miR398 

resistant form of CSD2 gene. Last examination was about flower tolerance of 

Arabidopsis plants. Transgenic plants containing miR398 resistant form of CSD2 gene 

have shown hypersensitivity to heat stress (Lu et al., 2013) (Figure 2.10).  
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2.6.2 Studies on plants under drought stress 

 

To understand adaptation of Oryza sativa to stress condition, genome-wide drought-

responsive miRNAs analysis has been made. MiRNAs of rice plants that applied 

drought stress has been compared with control rice plants at different developmental 

stages. Researchers identified thirty miRNAs that had significant upregulation or 

downregulation under drought stress. Eight upregulated miRNAs that were miR395, 

miR474, miR845, miR851, miR854, miR901, miR903, and miR1125 and eleven 

downregulated miRNAs that were miR170, miR172, miR397, miR408, miR529, 

miR896, miR1030, miR1035, miR1050, miR1088, and miR1126 have been determined. 

In addition, nine miRNAs have shown different expression compared with Arabidopsis. 

Those identified miRNAs provide evidence to obtain tolerance to drought stress in rice 

(Zhou et al.,2010). 

 

In 2015, novel maize miRNAs have been identified and characterized by Sheng et al. 

They used drought-sensitive (3189) and drought tolerant (Hz4) maize inbred lines in 

greenhouse. After grown of three leaves, drought conditions that was reduction of soil 

water from 90% to 70% were applied to seedlings. Total RNA isolation has been made 

to obtain RNA libraries and high-throughput sequencing has been then applied. Among 

all sRNAs, miRNAs have been compared with miRBase 20.0 database to achieve 

known miRNA sequences. Also, MFOLD server has been used to determine potential 

novel miRNA. By psRNATarget server, miRNA targets have been predicted and 

selected according to universal criteria. To predict novel miRNAs, stem-loop reverse 

transcription PCR (RT-PCR) has been carried to validate of 18 novel miRNAs that had 

more than 24 nt and low abundance (Table 2.1) (Figure 2.11). In addition, expression of 

target genes for five different miRNAs differ in two different lines and qRT-PCR has 

been applied for validation of them. Later, Gene Ontology (GO) analysis has been 

subjected to target genes to find out network of miRNA-gene regulation depending on 

cellular component, molecular function, and biological process. Finally, novel miRNAs 

associated with drought response has been identified as well as their putative targets 

(Sheng et al., 2015) (Figure 2.12) (Figure 2.13).  
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Table 2.1. Identified 18 novel maize miRNAs (Sheng et al., 2015) 

 

 
 

 

 
 

Figure 2.11. Secondary structures of five novel maize miRNAs obtained from study. 

Yellow parts have shown mature miRNA sequences (Sheng et al., 2015)  

 

 

 
 

Figure 2.12. qRT-PCR analysis. Normalization of miRNA expression levels were made 

against 18S RNA. 2−
ΔΔ

CT method has been used for fold change estimation in study. 

The opposite relationships have been shown between three novel miRNAs and their 

putative target genes in two inbred lines. Names of miRNAs are respectively, PC-5p-

139812, PC-3p-190, PC-3p-552502 (Sheng et al., 2015) 
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Figure 2.13. qRT-PCR analysis. Normalization of miRNA expression levels were made 

against 18S RNA. 2−
ΔΔ

CT method was used for fold change estimation in study. The 

uniform relationships were shown between two novel miRNAs and their putative target 

genes in two inbred lines. Names of miRNAs are respectively, PC-3p-104764 and PC-

3p-129630 (Sheng et al., 2015)  

 

 

In a recent study, effect of miR1916 that have been found as negatively responsive to 

drought stress in tomato and tobacco plants. miR1916 have been previously identified in 

Solanaceae family and three independent genes affected expression of miR1916 in 

tomato plants. These were OE-1, St-3 and Anti-7. For plant material, one wild-type 

tomato (Solanum lycopersicum), one transgenic plant that had overexpressed miR1916 

(OE-1) and two different transgenic plants that had silenced genes (ST-3 and Anti-7). 

After applying drought stress, RWC, chlorophyll index, proline accumulation and 

soluble sugar content have been determined. In addition, ROS (relative oxygen species) 

quantification has been made. Then, putative targets have been investigated. They found 

that OE-1 transgenic plant had less leaf survival rate and more wilt impact compared 

with wild-type. Besides, other two transgenic plants had more leaf survival rate (Figure 

2.14) (Chen et al., 2018).  
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Figure 2.14. Comparison of drought and wild-type tomato plants. (A) Images of wild-

type and transgenic plants after five weeks. (B) Graph of leaf survival rate. (C) 

Seedlings images of plants with treatment of mannitol on MS medium after 14 days. (D) 

Root length graph (Chen et al., 2018) 

 

 

Firstly, tobacco plants that had 15-fold of OE-1, OE-4 and OE-5 upregulation and 

overexpressed miR1916 as comparison to wild-type plants have been used. 

Additionally, transgenic STTM1916 (ST-1, ST-2 and ST-3) and Anti-miR1916 (Anti-1, 

Anti-3 and Anti-5) plants have been used in this study. After 14 days of applying 

drought stress, OE transgenic plants have shown to be more dehydrated and lower leaf 

survival rate when compared to wild type and other transgenic plants. However, ST and 

Anti transgenic plants have looked healthier than OE transgenic plants. Also, their leaf 

survival rate was more (Figure 2.15.) (Chen et al., 2018). 
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Figure 2.15. Wild-type and transgenic tobacco plants comparison under drought stress, 

(A) Relative expression levels, (B) Wild-type and transgenic plants images after 

drought stress, (C) Graph of leaf survival rate (Chen et al., 2018) 

 

 

According to physiological analysis, OE transgenic tobacco plants have shown more 

decrease in chlorophyll index and RWC whereas less decreased in other transgenic 

plants compared to wild-type plants. Accumulation of proline and soluble sugars have 

occurred in Anti and STTM transgenic plants more than OE transgenic plants. They 

concluded that miR1916 overexpression affected drought tolerance mechanism of 

tomato plants but silenced transgenic plants (ST and Anti types) have shown more 

response to drought stress (Chen et al., 2018).  

 

2.6.3 Studies on plants under combined drought and heat stresses 

 

Plants are exposed to combination effects of high temperature and drought conditions in 

their natural environment. At 2002, Rizhsky et al. have studied response of heat shock 

and drought stress on tobacco plants using cDNA arrays with physiological 

measurements. The combined effects of drought and heat shock were stomata closure, 

photosynthesis suppression, respiration enhancement and leaf temperature increasing. 

Regarding to results, during drought stress, dehydrin, glycolate oxidase and catalase 

have induced and during heat shock, some transcripts have induced like ascorbate 

peroxidase and thioredoxin peroxidase but in course of studying combination effects of 
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heat shock and drought, those transcripts have been suppressed. By contrast, 

pathogenesis-related proteins, alternative oxidase, phenylalanine ammonia lyase, 

WRKY transcription factor, ethylene response transcriptional co-activator and 

glutathione peroxidase have been induced during combined stresses. Induction of two 

transcripts have specifically identified during combined stresses, those are WRKY and 

ERTCA that were key regulators in terms of this response. Their results suggested that 

combination effects of stresses are different from individual drought and heat shock 

stresses. Multiple stresses might be effective in the development of plants with stress 

tolerance (Rizhsky et al., 2002). 

 

To investigate high temperature and drought, individually and combined, on 

photosynthesis and wheat (Triticum aestivum L.) have been examined by Shah and 

Paulsen at 2003. Until anthesis, plants have been watered uniformly at 25/20 °C 

day/night and then they have been grown under drought stress at 15/10 °C, 25/20 °C 

and 35/30 °C. In response to drought stress, stomatal conductance, shoot mass, kernel 

weight and sugar content, photosynthesis and grain mass have decreased but efficiency 

of water use have increased. After high temperature stress, grain and shoot mass, leaf 

area, photosynthesis, kernel weight and sugar content and efficiency of water use have 

decreased. However, combined conditions seem to have more severe effects then the 

application of these conditions individually. Besides, on photosynthesis, the descent was 

more under combined stress condition than under individual stress conditions (Shah and 

Paulsen, 2003).  

 

One of the combined stress condition study has been made by Pradhan et al. (2012). 

Concurrent effects of water deficit and heat stress and individual effect have been tested 

on genotypes of synthetic hexaploidy wheat at anthesis and at 21 days afterwards 

anthesis and their response to stress among genotypes. 4 different treatments have been 

applied as control with irrigation at 21/15 °C, drought without irrigation at 21/15 °C, 

high temperature with irrigation at 36/30 °C and combined stress without irrigation at 

36/30 °C. Considering results, decreased leaf chlorophyll and grain number under 

combined stress compared with control and individual stress condition shown that 

combined stress was highly adverse than the individual one in terms of physiological 

and yield traits. Interaction between high temperature and drought stress has shown 

negative interaction that is called as hypo-additive in nature (Pradhan et al.,2012).  
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Other combined stress study is Kumari et al. (2018) which have found that concurrent 

application of drought and high temperature to wheat (Triticum aestivum L.) was shown 

more detrimental effect than individual treatment of drought or high temperature. In this 

study by Kumari et al. (2018), different wheat genotypes have been used under 

individual drought, high temperature and combined drought and high temperature 

stresses. Physiological traits and growth parameters as chlorophyll content, seedling dry 

mass, fresh mass, root length and shoot length have been measured and recorded to 10-

day old wheat seedlings. According to results, there were genotyping differences among 

genotypes of wheat as response to combined stress. Also, under dual stress condition 

chlorophyll, plant dry mass, fresh weight, root length and shoot length significantly 

decreased compared to individual drought and high temperature stress conditions. 

Besides, severe effect or retardation of combined stress to the seedling growth were 

stated in terms of measurement of fresh mass, dry mass, shoot and root length (Kumari 

et al., 2018).   

 

To both heat and drought, potato is especially susceptible because it has swallow root 

that reduces capture of water and photosynthetic machinery inability for recovering heat 

and water stress. Decreasing size and number of tubers, reducing of plant growth, and 

shortening of growth cycle are seen during drought. Molecular and physiological 

adaptations of potato to different environmental stress conditions are different. There 

are key observations about potato and these stresses. Firstly, not only extreme levels of 

water availability, heat and salinity but also low levels of these conditions also affect 

potato detrimentally in potato growing regions of world. Secondly, potato tuberization 

stage is important for potato quality and yield. Thirdly, abiotic stresses affect quality 

and production of potato in relation to photosynthesis and it is important for 

sustainability. Also, some molecular and many physiological responses are prevalent 

between heat, drought and salinity stresses, therefore universal response to stress could 

be used. Lastly, some stress response is unique individually, but many stresses can 

affect impacts of other stresses and in the field, stresses can be seen at the same time. 

With the climate change, plants can face effects of some stresses simultaneously 

(George et al., 2018).    

 

Mittler (2006) showed more adverse effects of combined heat and drought stress 

conditions than individual stress conditions (Figure 2.16) (Figure 2.17).   
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Figure 2.16. Combined drought and high temperature stress molecular characterization 

have been shown as Venn diagrams (a) transcripts, (b) metabolites (up-regulation or 

down-regulation) in Arabidopsis. The transcripts and metabolites total numbers is 

remarked in parentheses (Mittler, 2006) 

 

 

 
 

Figure 2.17. Physiological characteristics have been shown under drought, heat and 

combined stress. Combination of stress effects to physiological features of Arabidopsis 

thaliana has different from other stress conditions as more severe (Mittler, 2006)   

 

 

2.7 Studies on Potato (Solanum tuberosum) 

 

In 2008, a study has been carried out about conserved miRNAs identification in 

different plant species by Sunkar and Jagadeesawan. In this study, seven different 

miRNA families have been identified in potato by in silico technique. These families 
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are miR156/157, miR160, miR172, miR394, miR396, miR399 and miR403 (Sunkar and 

Jagadeesawan, 2008).   

 

Other study related with identification of potato miRNAs have been performed 

computationally by Zhang et al. (2009). They have used 916 previously identified 

miRNAs from different species. Sequences of miRNAs have been obtained from 

miRNA Registry Database (http://microrna.sanger.ac.uk/). Repeated miRNA sequences 

within different species have been removed to prevent overlapping or redundant 

miRNAs. Remaining sequences have been used as query sequence to determine potato 

GSS, nr and EST databases obtaining from NCBI Genbank. Later, secondary structure 

and RNA stability analysis have been made by Mfold 3.2 software. Also, target analysis 

have been made by miRU software (http://bioinfo3.noble.org/miRNA/miRU.htm) 

(Zhang et al., 2009). Potato plants have been grown under greenhouse conditions and 

samples have been collected from leaves, root, bud, and stem for 8 weeks, 4-month, 5-

month, and 6-month after growing of plants. qRT-PCR was applied to all the samples. 

According to results, 48 miRNAs and their potential 186 targets have been identified. 

Targets have several functions in potato as development of leaf, floral, stem and root, 

stress responses, signal transduction and metabolic processes (Zhang et al., 2009). 

 

Yang et al. (2013) have predicted and verified relation of miRNAs with proline 

accumulation in respond to drought stress in potato in 2013. In plants, proline is 

accumulated under drought stress to adjust osmosis and adapt to water stress. To 

understand proline metabolism related with miRNAs, related genes have been used as 

pyrroline-5-carboxylate synthetase (P5CS), pyrroline-5-carboxylate reductase (P5CR) 

and proline dehydrogenase (ProDH) that were previously identified in proline 

biosynthesis. NCBI GenBank has data of mRNA sequences. miRNAs have been 

selected related with mRNAs according to following criteria: (1) making BLAST with 

mature sequence of miRNAs, (2) setting of E-value cut off to 10, (3) setting of 

maximum number hits to 100 and (4) using known Viridiplantae miRNAs. According 

to below Figure.2.18 potential miRNAs have been selected (Yang et al., 2013).  
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Figure 2.18. Potential miRNAs identification workflow (Yang et al., 2013) 

 

Later, four different potato varieties, ‘Favorita’, ‘Longshu 3’, ‘Qingshu 9’ and 

‘Xindaping’, have been used for application of drought stress. After drought stress 

application and proline content analysis, eleven known miRNAs have been identified 

into six different miRNA families. qRT-PCR results have shown nine down-regulated 

and one up-regulated miRNAs into eleven identified miRNAs in this study. Analysis of 

functional and expression results have shown that miR172, miR396a, miR396c and 

miR4233 have been possible regulators for P5CS, miR2673 for P5CR and miR6461 for 

ProDH gene (Yang et al., 2013). 

 

To identify new and conserved miRNAs and their targets in potato, Din et al. have 

worked in 2014. Firstly, they downloaded 3533 mature miRNAs and pre-miRNA 

sequences for plants and these sequences have been aligned using BLAST from potato 

ESTs. For elimination, repeated EST sequences have been removed against potato and 

mature miRNA sequences have been used. Then validation for nonprotein sequences 

have been made to search homology based new miRNAs. The pre-miRNAs have been 

subjected to search for protein homology. Later, again BLAST analysis has been made 
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comparison with database from NCBI protein (Din et al., 2014). To determine the 

secondary structures of candidate miRNAs, Mfold software that contains Zuker 

algorithm have been applied. After secondary structure determination, qRT-PCR have 

been carried out for randomly selected newly identified miRNAs for experimental 

validation. Total RNA isolation and cDNA construction have been made and then PCR 

have been applied to miRNAs. Final step in this study is prediction of target sequences 

by psRNATarget software. Totally, 120 miRNAs have been identified and characterized 

within 110 families. qRT-PCR results of 10 randomly selected miRNAs have shown 

potential miRNA targets. For newly identified 120 miRNAs, 433 potential targets have 

been identified. Those targets have function in growth and development, regulation, 

transcriptional factors, metabolism, and different physiological processes (Din et al., 

2014).           

 

In different developmental stages of potato, miRNAs have been identified and 

characterized by high-throughput sequencing by Lakhotia et al. (2014). Previously, 

some miRNAs have been characterized using silico technique, but information about in 

different potato developmental stages remain limited. For this purpose, firstly 

construction of small RNA libraries has been made with stem, leaf, root and 

tuberization developmental stages of potato. As a result, 89 conserved miRNAs that 

belong to 33 families, 147 potato specific miRNAs and 112 candidate potato specific 

miRNAs as well as their putative targets have been identified. With qRT-PCR results, 

expression of four potato specific and 13 conserved miRNAs have found higher in stem 

tissue. It indicated that those miRNAs may have function in stem tissue, or they may 

transport to stem. In addition, 2 potato specific miRNAs that are miRNA193, 

miRNA152 and two conserved miRNAs that are miR172_1, miR172_5 have 

determined significant expression level in tuberization developmental stages. Those 

miRNAs may have function in tuberization process (Lakhotia et al., 2014). 

 

Although the mature miRNAs have been used to understand the stress tolerance 

mechanism in different plants, there have been no studies using pre-miRNA. In 

addition, there has been lack of information on stress tolerance mechanism in potato 

under high temperature stress. Besides, there has been limited number of studies on 

combined stress that plants encounter in their life cycle in the literature.   
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2.8 Studies on Target of miRNA Novel_105  

 

Target of Novel_105 miRNA was determined as ‘Solanum tuberosum putative E3 

ubiquitin-protein ligase XBAT35 (LOC102580530)’.  

 

Ubiquitination is a versatile process that mediates development and growth of 

eukaryotes and this process serves as post-transcriptional modification. Ubiquitin is a 

stable protein that is expressed universally and highly conserved. When it is covalently 

attached to lysine residue into selected protein, trafficking, stability, and activity can be 

regulated. With genome sequencing, regulation of organismal processes based on 

protein ubiquitination has been found out. For instance, genes encoding proteins take 

place greater than 6% in ubiquitin 26S proteasome system (UPS) for Arabidopsis 

thaliana. UPS participates in main processes in plants as organ development, 

photomorphogenesis, embryogenesis. In reference to recent searches, UPS has a 

significant impact in terms of response to abiotic stress in plants. Ubiquitin protein uses 

three enzymes to attach selected proteins. These are ubiquitin-activating enzyme (E1, 

UBA), ubiquitin-conjugating enzyme (E2, UBC) and ubiquitin ligase (E3). E1 activates 

ubiquitin in ATP dependent process. E1-Ubiquitin (E1-Ub) intermediate which has 

thioester linkage uses conserved E1 containing catalytic cysteine. Subsequently, 

interaction of intermediate (E1-Ub) with E2 causes transfer of active ubiquitin to the 

region where called as active site cysteine, giving rise to E2-Ub intermediate by 

thioester bond. E3 enzyme facilitates moving of ubiquitin to target protein and has 

connection with target protein and E2-Ub intermediate (Lyzenga and Stone, 2012) 

(Figure 2.19).   
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Figure 2.19. Ubiquitination process. Ubiquitin protein is activated with E1 enzymes 

using ATP, then transferred to cysteine residue of E2 enzyme. After formation of E2-Ub 

intermediate, transfer of ubiquitin occurs to lysine on target protein connected with E3 

at the same time. With polyubiquitination process, ubiquitin can be attached to target 

which contain mono ubiquitin (Lyzenga and Stone, 2012)   

 

 

E3 enzymes are classified three types as RING-type (Really Interesting New Gene), 

HECT-type (Homology to E6-Associated Carboxyl-Terminus) and U-box type. Among 

types of E3s, HECT-type has a unique property while others make direct ubiquitin 

transfer from intermediate to target protein, in this type E3-Ub intermediate is assigned 

for moving of ubiquitin (Lyzenga and Stone, 2012) (Figure 2.20).    
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Figure 2.20. Ubiquitin E3 ligases are classified as HECT, RING and U-box (Lyzenga 

and Stone, 2012)   

 

 

UPS modulates regulatory protein levels inside nucleus and cytoplasm and removal of 

damaged or misfolded proteins which may occur accumulation due to impose upon 

abiotic stress. First evidence of UPS relation with stress tolerance regulation was that 

poly ubiquitin genes expression is regulated depend on stress (Christensen et al., 1992; 

Genschik, 1992). Several polyubiquitin genes (UBQ3, UBQ4, UBQIO, UBQ11, and 

UBQ14) encodes ubiquitin (Callis et al., 1995). Abundance of UBQ14 transcript 

specifically emerges under heat stress condition (Sun and Callis, 1997). For maize, 

potato, and tobacco, under high temperature these genes are expressed (Christensen et 

al., 1992; Genschik, 1992). According to Guo et al. (2008), when mono ubiquitin gene 

is overexpressed, tolerance to several stresses is enhanced without any adverse effects in 

growth or development of plants (Guo et al., 2008). After a wheat polyubiquitin gene 

which contain repeats of single ubiquitin was overexpressed, transgenic tobacco plants 

became more tolerant to drought, high temperature and cold conditions. Also, 26S 

proteasome defects have shown alteration of plant tolerance to abiotic stresses (Wang et 

al. 2009). With determination of function E3 ligases at abiotic stress responses 

regulation, mode of action during signalling became more defined. E3 ligases may 

suppress signal pathway during appropriate growth conditions by removal of negatively 

regulators that mediate stress signal pathway as opposed to stimulus or by attenuation of 

signal pathway allowing to enhance growth when improved conditions came. Also, E3 

ligases may have a role within loop of positive feedback for enhancement stress 

signalling (Zhang et al., 2007; Lyzenga and Stone, 2012) (Figure 2.21).   
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Figure 2.21. E3 ligase regulate the abiotic stress signal. Plants with unknown sensors 

detect the signal, then plant hormones transmit this signal through transcriptional 

regulators, secondary messengers and plant hormones. Transcriptional factors (TF) 

facilitate the regulation of many stress genes. E3 ligas tend to regulate the signal path 

component, which are TFs that usually respond to stress. In the event of a lack of signal 

from stress, the signal path may be suppressed by E3 ligaments to promote TF3 

degradation. The feedback mechanism can be operated with E3 ligas to increase or 

weaken the signal from stress (Lyzenga and Stone, 2012)  

 

 

2.9 Aims and Objectives 

 

The aim of this thesis is to explore the role of this new Novel_105 miRNA in Unica and 

Russet Burbank cultivars, with contrasting abiotic stress tolerance, in response to 

drought, high temperature and combined heat and drought stress conditions through 

transgenic approach by overexpression of pre-miRNA of Novel_105.   
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CHAPTER III 

 

MATERIALS AND METHODS 

 

In this thesis, the function of Novel_105 miRNA in drought, high temperature and 

combined drought and heat tolerance of potato were investigated in contrasting potato 

cultivars by pre-miRNA overexpression of transgenic approach. Previously identified 

Novel_105 miRNA sequence was used in this study (Kaplan, 2017). 

 

3.1 Total RNA Isolation for cDNA Synthesis of Pre-miRNA and Cloning Into Plant 

Transformation Vector   

 

Total RNA was isolated from Unica and Russet Burbank plants for synthesis of cDNA 

of Novel_105 pre-miRNA. In Figure 3.1, structure of Novel_105 miRNA was seen. It 

was performed using Trizol solution (Invitrogen, Catalog number: 155926), with minor 

changes in the manufacturer's protocol. Accordingly, 1,5 mL Trizol was added to 200 

mg of plant leaf sample which was already crushed with liquid nitrogen using mortar, 

vortexed and kept at room temperature for 10 min. After centrifugation with maximum 

rpm at 4 °C for 10 min, the 450 µL supernatant was transferred to a new RNAse free 

tube and 400 µL chloroform was added into tube. Centrifugation was carried out at 

14.000 rpm at 4 °C for 15 min, following waiting for 5 min at room temperature. The 

upper phase of the solution was transferred to a new tube and mixed with 500 µL of 

cold isopropanol. The mixture was kept at room temperature for 10 minutes and then 

was centrifuged at 11.000 rpm at 4 °C for 10 min. The resulting pellet was washed with 

1 mL of 75% ethanol, and dissolved in a sufficient amount of DEPC water, after drying 

for 10 min. This process was done as 3 replicates to prevent differences. The RNA 

concentration was calculated as the average of two measurements with a 

microspectrophotometer (nanodrop), and RNA quality and robustness were examined 

by 1 µg of total RNA visualized with 1% TBE agarose gel. Sample was stored at -20 

°C. 

 

pCAMBIA1301 vector was modified for removal of GUS site (Figure 3.2). This vector 

was cut by NcoI and BstEII restriction enzymes. For verification of cutting sites and 
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removing GUS site, gel electrophoresis was made and then bands were extracted from 

gel for purification.  

 

 
 

Figure 3.1. Novel_105 pre-miRNA structure 

 

NcoI and BstEII restriction digestion sites were added to cDNA samples from 

Novel_105 pre-miRNA sequences (Table 3.2) for digestion of our desired fragment for 

cloning by PCR at the same time Pfu polymerase was used to prevent mismatch base 

attachments during PCR. Desired band was extracted from agarose gel for purification 

by GeneJET Gel Extraction Kit (Thermo Scientific) and DNA Cleanup Micro Kit 

(Thermo Scientific). PCR technique was used to ligate the NcoI and BstEII restriction 

digestion sites with cDNA then the construct was examined on agarose gel to control 

using restriction digestion. The ligation reaction was performed in 1:6 ratio using T4 

ligase enzyme, cDNA, and vector. After ligation, vectors were verified using PPB 

primers (Table 3.1) at PCR condition; 94 °C x 3 min., 34X {94 °C x 15 sec., 55 °C x 15 

sec., 72 °C x 15 sec.}, 72 °C x 7 min.   
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Table 3.1. Sequence of PBB forward and reverse primers and their length 

 

Primer Name Primer Sequence Length 

PBB-F GAGAACACGGGGGACTCTTG 20 

PBB-R TAATCATCGCAAGACCGGCA 20 

 

 

3.2 Transfer of The Modified Vector to Agrobacterium tumefaciens 

 

Vectors were verified using colony PCR technique. Positive vector clones were 

transferred into A. tumafaciens LBA4404 strain. For transformation of vector to A. 

tumafaciens, Agrobacterium cells removed from -80 °C were kept on ice for 5-10 

minutes and 4 µL ligation reaction was added to the tube containing Agrobacterium 

cells and gently mixed. The mixture of cell and ligation product was added into a 1 mm 

cuvette that was previously stored cold and the cells were subjected to electroporation. 

Cells taken from the electroporation device were taken into a 1,5 ml Eppendorf tube and 

500 µL of LB nutrient medium was added on it. The transformation tubes were 

incubated at 225 rpm at 28 °C for 3-4 hours and pre-warmed, spread on 200 µL from 

selective medium containing 25 mg / L kanamycin, and incubated at 28 °C overnight. 

Bacterial culture was cultured at 28 °C in solid media containing kanamycin in petri 

dishes. After colony observation in the medium, these colonies were tested again with 

the colony PCR method at miRNA-specific binding temperature (94 °C x 2 min, 34x 

{94 °C x 15 sec, 58.4 °C x 15 sec, 72 °C x 20 sec) 72 °C x 10 min). Positive colonies 

were stored at -86 °C in glycerol. 

 

Selected colonies containing pCAMBIA1301 + Novel_105 products were tested by 

colony PCR with primes specific to miRNA, and as a result of the agarose gel, it was 

confirmed that the selected colonies were positive. To ensure the continuity of the 

colonies obtained, they were transferred to new selective media regularly, and the 

colonies which were grown in liquid medium were prepared by glycerol stock and kept 

at -86 °C.   
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Table 3.2. Sequences of mature miRNA, pre-miRNA and target protein for Novel_105 

miRNA 

 

Novel_105 miRNA 

mature miRNA 

Sequence 

uggguugcuguaggauugaug 

pre-miRNA 

Sequence 

uggguugcuguaggauugaugugaaacaaagagguuagaugugaagaaucauu

gugagauaguuuaauguguguaccaaagaaaacgcuuuuauguuucacaaauc

cuucagcaauccauaac 

Target Sequence 

 

PGSC0003DMT4

00044357, zinc 

finger family 

protein 

 

‘Solanum 

tuberosum 

putative E3 

ubiquitin-protein 

ligase XBAT35 

(LOC102580530)

’ 

MGQQQSKGELLYQQVNYGNVEGIKSLHREGAGLEWID

KEGKTPLIVACMNPGLYNVAKALIELGANVDAYRPGRH

AGTPLHHAAKRGLEQTVKLLLSHRANALIMNDDCQTPL

DVARIKGFSNVVRAIESHICLFSGWLRELYGPGFLELLAP

QLLSRKVWVVVLPCGSRNLRKSFRLELAIYSAVQDAQP

RTIVALWKANMEEPNFSQPDSAVIISDISNIPKWRRKRGI

MPSQLIKSRLRGARRARIKLTAVQESEKQQLQSFCNACK

GIPQVMHPAFPFSSQTPVVPATAPSTTEDVELAMAINAS

LQSASQQRPTYHENHPGSGTETSMGWINPVEVASHDGS

SFTGASQKASSNGCQVEEASSSGTQVEQVQVPSETSTVV

QSMPENLVTASVPTAPPLTNDVIDNGPIHYPSIDSSPIDLS

SVTVQNSGAHESKNPDGASSSCVICLDAPVEGACIPCGH

MAGCMSCLNEIKGKKWGCPVCRATIDQVIRLYAV 

 

 

 
 

Figure 3.2. pCAMBIA1301 vector (http://www.cambia.org/) 

 

 

3.3 Growth and Bacterial Transformation Agrobacterium tumefaciens Containing 

pCAMBIA1301 Plasmid+Novel_105 Pre-miRNA Sequence to Potato Plants 

 

Two potato genotypes were used as Unica (CIP code number N
o
392797.22) and Russet 

Burbank, that known as tolerant (Cabello et al. 2012) and sensitive (Anonymous, 2016; 

Stark et al., 2013) to stress conditions, respectively. 
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3.3.1 Potato tubers sterilization and growth  

 

Transgenic potato plants were used to identify the function of Novel_105 miRNA in 

drought and heat tolerance of potato cultivars. Firstly, sprouts of Unica and RBB 

varieties’ tubers were sterilized according to procedure following procedure. 

 

Sprouts were washed with Tween-20. They were put into 70% ethanol for 5 min. After 

that they were put into Mancozeb antifungal solution (2 mg/L) for 10-15 min. They 

were washed with 70% ethanol. Then they were washed with distilled water for 3 times. 

They were put into solution of 1:20 diluted SULCID antibiotic (1g ampicillin + 0,5 g 

sulbactam) for 5 or 10 min. After antibiotic treatment, they put into 1% hydrogen 

peroxide solution for 1 min. To wash them, distilled water was used at least 3 times. 

They were put on paper towel that was distilled with 70% ethanol before. Then they 

were cultured on Murashige and Skoog (MS) basal medium into culture tubes. 

 

Murashige and Skoog (MS) medium contains 4.4 g MS salts (Duchefa Biochemie 

Product no: M0231.0050), 7.5 g agar and 30 g sucrose per 1 L medium at pH 5,7. Boxes 

were incubated in growth chamber for 16 hours of photoperiod at temperature of 22±1 

°C. A single node cut was made every 4 weeks from regenerated shoots and these nodes 

were sub-cultured for micropropagation.  

 

3.3.2 Bacteria transformation to potato plants 

 

3.3.2.1 Bacteria culture preparation 

 

Before gene transfer, samples from A. tumefaciens stock cells were grown by shaking at 

28 °C and 250 rpm in YEP liquid nutrient medium including 1000 µL/L kanamycin. 

Agrobacterium stock cells were inoculated with internode explants of four-weekly 

plants grown in tissue culture. Bacteria inoculation was made into 10 mL LB liquid 

media with pipette tip touched to bacterial colony in the agar and put into shaker for 24 

hours to obtain bacteria culture.  
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3.3.2.2 Transformation and obtaining putative transgenic plants 

 

Following day, the internodes were cut from both plants, wounded, and inoculated in a 

20-30 mL water containing 400 μL culture solution for 2-3 min. It was waited for 

approximately 2-3 min for the penetration of bacteria into explants. The inoculated 

explants were incubated in growth chamber for 2 days in solid MS-0 (hormone and 

antibiotic-free) medium containing acetosyringone 1 mg/L. After that, the explants were 

transferred to callus-forming medium that includes some hormones and the culture was 

incubated at 27±1°C under 16 hours photoperiod conditions. The callus medium 

consists of 4.4 g MS salts and vitamins (Duchefa Biochemie), 30 g/L sucrose, 7.8 g/L 

agar, 0.1 mg/L NAA (Α-Naphtalene acetic acid) (Duchefa Biochemie), 1 mg/L BAP (6-

Benzylaminopurine) (Duchefa Biochemie), 2 mg/L zeatin riboside (Duchefa 

Biochemie), 0.1 mg/L GA3 (Giberellin) (Sigma-Aldrich Cas-no:77-06-5), 100 mg/L 

ascorbic acid, 4 mg/L hygromycin (Alfa Aesar Lot. R09D029) and 500 mg/L Sulcid 

antibiotic (1g ampicillin + 0.5 g sulbactam). Developed calli was transferred to shoot 

formation medium that contain 4.4 g MS salts and vitamins, 30 g/L sucrose, 7.8 g/L 

agar, 0.1 mg/L NAA, 1 mg/L BAP, 0.1 mg/L GA3, 2 mg/L hygromycin and 300 mg/L 

Sulcid antibiotic. When putative transgenic sprouts were grown enough, they were 

transferred to MS-0 media without antibiotic and placed at growth chamber at 16 hours 

of photoperiod and 25±2 °C of temperature. When putative transgenic plants were old 

enough (about 15 cm long), they were transferred to soil with 2:1 ratio of peat moss and 

perlite to allow plants acclimation of soil conditions.  

 

3.4 Validation of Transgenic Plants With PCR Assay 

 

After plants in growth chamber were grown enough, leaves were cut from putative 

transgenic plants. Then DNA isolation was made by GeneJet Plant Genomic DNA 

Purification Kit (Thermo Fischer Scientific). Genomic DNA samples were examined 

with agarose gel electrophoresis and then quality and quantity control were made with 

Nanodrop. To validate transgenic plants, 2 primer sets were used as Hygromycin 

Forward and Reverse primers and 35S Forward- NOS Poly-A Reverse primers (Table 

3.3) (Table 3.4).  
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The transgenic plants were also tested for the presence of Agrobacterium 

contamination. By activating the Vir genes together with the ChvA genes, 

Agrobacterium is able to infect the host plant. The ChvA gene is the chromosomal gene 

that allows Agrobacterium to attach to the host cell (Huang et al., 1990). According to 

the PCR analysis, in case of contamination, an amplicon of 898 bp length should be 

observed as a result of analysis with primers specific to the ChvA gene (Table 3.5) 

(Table 3.6). 

 

Table 3.3. Primer sequences for validation of putative transgenic plants by PCR 

 

Hygromycin Forward Primer 5’-TTGGGAATCCCCGAACATCG-3’ 

Hygromycin Reverse Primer 5’-CTCTCGGAGGGCGAAGAATC-3’ 

35S Forward Primer 5’-CATGGAGTCAAAGATTCAAATAG-3’   

NOS Poly-A tail Reverse Primer 5’-AACCCGGGCCCGATCTAGTAACATA-3’ 

 
 

Table 3.4. PCR conditions and amounts of chemicals for validation of putative 

transgenic plants 

 

For 35S Forward and NOS Poly-A tail Reverse primers, PCR conditions; 

 

Temperature Duration (h:m:s)  

94 °C 0:02:00  

94 °C 0:00:15  

34 cycles 58.4 °C 0:00:15 

72 °C 0:00:20 

 72 °C 0:10:00  

Chemicals Amount (µL) 

DNA 2 

PCR Mastermix 6 

F- primer 2 

R- primer 2 

dH2O 8 

Total  20 
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For Hygromycin Forward and Reverse primers, PCR conditions and chemical amounts; 
 

Temperature Duration (h:m:s)  

94 °C 0:04:00  

94 °C 0:00:20  

34 cycles 55 °C 0:00:20 

72 °C 0:00:45 

72 °C 0:07:00  

Chemicals Amount (µL) 

DNA 2 

PCR Mastermix 6 

F- primer 2 

R- primer 2 

dH2O 8 

Total  20 

 

 

Table 3.5. Primer sequences for the presence of Agrobacterium contamination of 

putative transgenic plants by PCR 

 

Primer Name Sequence 

ChvA gene Forward Primer 5′-CGAAACGCTGTTCGGCCTGTGG-3′ 

ChvA gene Reverse Primer 5′-GTTCAGCAGGCCGGCATCCTGG-3′ 

 

 

Table 3.6. PCR conditions and amounts of chemicals for the presence of 

Agrobacterium contamination of putative transgenic plants 

  

Temperature Duration (h:m:s)  

94 °C 0:02:00  

94 °C 0:00:15 34 cycles 

64 °C 0:00:15 

72 °C 0:00:20 

72 °C 0:10:00  

Chemicals Amount (µL) 

DNA 2 

PCR Mastermix 6 

F- primer 2 

R- primer 2 

dH2O 8 

Total  20 
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3.5 Growth of Transgenic Plants and Stress Treatments  

 

Four-weeks old transgenic plants were transferred to 12-liter pots containing a 2:1 ratio 

of peat moss and perlite into greenhouse and growth chamber. All pots were irrigated to 

soil field capacity until stress treatment at 24 °C / 16 °C (16 hours day / 8 hours night) 

in climate-controlled greenhouses and growth chamber. Control of disease carriers and 

pests were made by insecticide. Stresses were applied at tuber development stage.  

 

Four groups were tested as control, drought, high temperature, combined drought and 

high temperature stresses in growth chamber and greenhouse conditions (Table 3.7.). 

High temperature stress application and its control were placed in growth chamber and 

drought stress application and its control was placed in greenhouse. All control plants 

were irrigated regularly. For drought stress, plants in greenhouse were not irrigated. 

High temperature application was grown with regular irrigation and increasing 

temperature as in the Table 3.8. Unlike to high temperature stress application, plants for 

combined drought and high temperature stress, were not irrigated. After stress 

treatments, leaf samples from all plants were taken and put into liquid nitrogen. They 

were stored at -86 °C. 

 

Table 3.7. Work plan for growth of transgenic plants 

 
 Greenhouse Conditions Growth Chamber Conditions 

 Control Plants Drought Stress 

Plants 

Control Plants Heat Stress Plants Heat + Drought 

Stress Plants 

Unica 4 pots containing 
1 plant 

4 pots containing 1 
plant 

4 pots containing 
1 plant 

4 pots containing 1 
plant 

4 pots containing 
1 plant 

Russet 

Burbank 

4 pots containing 

1 plant 

4 pots containing 1 

plant 

4 pots containing 

1 plant 

4 pots containing 1 

plant 

4 pots containing 

1 plant 
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Table 3.8. Heat stress work plan for heat and heat + drought stresses 

 

 Day Temperature 

14h (°C) 

Night Temperature 10h 

(°C) 

Average Temperature 

(°C) 

11.9.2019 24.0 18.0 21.5 

12.9.2019 25.0 19.0 22.5 

13.9.2019 26.0 20.0 23.5 

14.9.2019 27.0 21.0 24.5 

15.9.2019 29.0 22.0 26.1 

16.9.2019 31.0 23.0 27.7 

17.9.2019 33.0 24.0 29.3 

18.9.2019 35.0 25.0 30.8 

19.9.2019 37.0 26.0 32.4 

20.9.2019 38.0 26.0 33.0 

21.9.2019 39.0 27.0 34.0 

22.9.2019 39.0 27.0 34.0 

23.9.2019 39.0 27.0 34.0 

24.9.2019 39.0 27.0 34.0 

25.9.2019 39.0 27.0 34.0 

26.9.2019 Harvest 

time 

39.0 27.0 34.0 

 

 

3.6 Physiological Measurements for Plants 

 

3.6.1 Stomatal conductance 

 

Stomatal conductance measurements in the control and stress treatments were 

performed during abiotic stresses with constant light intensity of photosynthesis device 

(1000 μmol/m
2
/sec), CO2 amount (400 μmol) and air flow (500 μmol/s) using a portable 

photosynthesis system (LI-6400 XT Licor) in mid-day hours. The apical leaflet of the 

second or third leaves of the potato plants were used for stoma conductance 

measurement. Measurements were taken in 0, 2
nd

, 7
th

, 9
th

, 12
th

, 13
th

, 15
th

, 18
th

 and 20
th 

days.  

 

3.6.2 Photosynthesis rate 

 

Photosynthetic rate measurements in the control and stress applications were performed 

during stress treatments with constant light intensity (1000 μmol/m
2
/sec), CO2 amount 

(400 μmol) and air flow (500 μmol/s) using a portable photosynthesis system (LI-6400 

XT Licor) in mid-day hours. The measurements were carried out in replications. The 
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apical leaflet of the second or third leaves of the potato plants were used for 

photosynthesis. Measurements were taken in 0, 2
nd

, 7
th

, 9
th

, 12
th

, 13
th

, 15
th

, 18
th

 and 20
th 

days. 

 

3.6.3 Transpiration rate 

 

Transpiration rate measurements in control and stress applications were performed 

during stress treatments with constant light intensity of photosynthesis device (1000 

μmol/m
2
/sec), CO2 amount (400 μmol) and air flow (500 μmol/s) using a portable 

photosynthesis system (LI-6400XT Licor) in mid-day hours. The measurements were 

carried out in replications. The apical leaflet of the second or third leaves of the potato 

plants were used for transpiration rate. Measurements were taken in 0, 2
nd

, 7
th

, 9
th

, 12
th

, 

13
th

, 15
th

, 18
th

 and 20
th 

days. 

 

3.6.4 Relative water content (RWC) 

 

Measurement of relative water content in control and stress applications were performed 

during stress treatments using apical leaves of the second or third leaves of the potato 

plants. Relative water content (RWC) measurements were carried out in replications. 

The harvested leaf samples were quickly transferred to the laboratory and fresh weight 

were immediately measured by a sensitive scale. The fresh leaves were kept in pure 

water for at least 18 hours to obtain turgor, and then the turgor weight of the leaves 

were be measured. After turgor weighting, the leaves were dried in a microwave at 

500W for 10 minutes and then were kept at 95 °C for 2-3 hours to ensure complete 

drying of the leaves and then weighed dry weights. Following these operations, RWC 

values of plants were calculated according to Equation 3.1 ;  

 

RWC: [(Fresh Weight-Dry Weight) / (Turgor Weight-Dry Weight)] × 100.             (3.1) 

 

Measurements were taken in 0, 2
nd

, 7
th

, 9
th

, 12
th

, 15
th

, 18
th

 and 20
th 

days for plants under 

drought stress and wild type. Measurements were taken in 0, 7
th

, 9
th

, 11
th

, 12
th

 and 14
th

 

days for plants under heat and combined heat + drought stresses, but for wild type, 

measurement days were 0, 7
th

, 9
th

, 11
th

 and 12
th

. 
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3.6.5 Chlorophyll index 

 

Leaf chlorophyll index measurements in control and stress applications were measured 

during stress treatments with Chlorophyll-Meter (Konica Minolta SPAD-502 Plus 

Chlorophyllometer) in mid-day hours. The measurements were carried out in 

replications.  Measurements were taken in 0, 2
nd

, 7
th

, 9
th

, 12
th

, 13
th

, 15
th

, 18
th

 and 20
th 

days. 

 

3.6.6 Leaf temperature (°C) 

 

Plant temperature measurements in control and stress applications were made during 

stress treatments with IRT instrument (MASTECH BM380 Laser Temperature 

Measuring Instrument) in mid-day hours. The apical leaflet of the second or third leaves 

of the potato plants were used for plant temperature measurements. Measurements were 

taken in 0, 2
nd

, 7
th

, 9
th

, 12
th

, 13
th

, 15
th

, 18
th

 and 20
th 

days. 

 

3.6.7 Proline content  

 

It was determined with a modified method developed by Bates et al. (1973). Proline 

content of transgenic and wild type plants were measured after stress treatments. Proline 

content was measured as the following steps:  

 

1) 2 mL of 3% sulfosalicylic acid was added to 100 mg leaf sample to ground and then 

vortex was applied to mix.  

2) Centrifugation was made for precipitation at 4 °C in 10,000 xg for 10 min. 

3) 200 μL the supernatant was transferred to a new 1.5 mL centrifuge tube. 

4) 200 μL ninhydrin solution (1.25 ninhydrin, 20 mL 6 M orthophosphoric acid, 30 mL 

glacial acetic acid) was freshly prepared and  added.  

5) Inversion was made to mixture 3-4 times for 15 seconds. 

6) Incubation was made at 90 °C for 1 hour, and then tube was put on ice to stop 

reaction. 

7) 1 mL toluene was added to mixture, then mixed for 15 sec using vortex. 

8) Incubation was done at room temperature in the dark place for 20 min. 
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9) The toluene phase was then carefully collected into test tubes and absorbance was 

measured at 520 nm with a spectrophotometer. 

10) Blank measurements were taken by adding 1 mL toluene. 

11) The concentration of proline was calculated from a standard curve using the 

following equation 3.2; 

 

(μg proline in extract/115,5)/g sample = μmol/g fwt.                              (3.2) 

 

3.7 Molecular Studies for Plants 

 

3.7.1 Total RNA isolation 

 

Total RNA isolation was performed according to 3.1 Total RNA isolation protocol. 

 

3.7.2 cDNA synthesis 

 

Omniscript Reverse Transciption Kit (Omniscript RT Kit, Catalog No: 201511) was 

used to construct cDNA from miRNA samples in this step. cDNA synthesis for target 

gene was made using Oligo dT primer and for miRNA Novel_105-SL-RT (Table 3.10) 

primer was used. This process was done with 3 replicates to prevent differences. 

 

1) Incubation of mRNA samples were done at 65 °C for 5 min. 

2) All chemicals were mixed separately for target gene and miRNA (Table 3.9). 

3) RNA samples were added to mixtures. 

4) Tubes were incubated at 37 °C for one hour. 

5) They were inactivated at 70 °C for 10 min.   
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Table 3.9. Chemical and miRNA sample amounts for cDNA synthesis 

 

Chemicals Concentration Amount (μL) 
Oligo dT Primer 10 μM 2 

novel_105-SL-RT Primer 10 μM 2 

RT Buffer 10X 2 

dNTP Mix 5 μM 2 

RNAse Inhibitor 40 μM 0.25 

OmniScript RT  1 

miRNA Sample  5 

dH2O 100 ng/μL  7.75 

Total Volume  20 

 

 

Table 3.10. Used primer for cDNA synthesis 

 

Primer Name Sequence (5’-3’) 
novel_105-SL-RT GTCGTATCCAGTGCAGGGTCCGAGG 

TATTCGCACTGGATACGACCATCAA 

 

 

3.7.3 qRT-PCR analysis 

 

To verify change in gene expression level of Novel_105 miRNA and target gene under 

stress conditions, stem-loop qRT-PCR was done using synthesized cDNA. EF-1α 

(elongation factor 1-α) which does not change the level of gene expression in potatoes 

was used as reference gene in qRT-PCR studies. PCR was done 3 times with chemicals 

listed in Table 3.11 and conditions in given Table 3.12 using primers in Table 3.13. 

Novel_105-Tg forward and reverse primers are the unique primers for the miRNA-

specific target gene. Novel_105 primer was used with miRNA-R-Universal primer.  

 

Table 3.11. Chemical amounts for qRT-PCR 

 

Chemicals Amount (μL) 
cDNA 2.5 

Forward Primer (2 μM) 0.4 

Reverse Primer (2 μM) 0.4 

Total Mix (QIAGEN) 5.0 

dH2O 1.7 

Total Volume 20 
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Table 3.12. PCR conditions for qRT-PCR 

 

Temperature (°C) Duration (h:m:s)  

95 0:05:00  

95 0:00:45  

30 Cycles 58 0:01:00 

72 0:00:45 

4 ∞  

 

 

Table 3.13. List of primers for qRT-PCR 

 

Primer 

Name 
Forward Primer (5’-3’) Reverse Primer (5’-3’) 

ef1α 

(elongation 

factor 1-α) 

GGACCCAACTGGTGCCAAAG CTCGCCACCGCCTATCAAGT 

Novel_105-

Tg (Target 

gene) 

GCAGTAAACGCATACGCAGA CAGTTTCACTTCTCCGCACA 

Novel_105 GCC TGG GTT GCT GTA GGA 

TTG ATG 
 

miRNA-R-

Universal 
 CCAGTGCAGGGTCCGAGGTA 
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CHAPTER IV 

 

RESULTS 

 

4.1 Cloning of cDNA Sequence of Novel_105 miRNA to Vector 

 

PCR technique was applied to Novel_105 pre-miRNA sequence for optimization of 

annealing temperature. And then it was run on agarose gel (Figure 4.1). Novel_105 

miRNA is 123 bp length and in this part miRNA had restriction sites. In Figure 4.1, 

band of Novel_105 miRNA showed around 150 bp length according to 50 bp DNA 

Ladder.  

 

 
 

Figure 4.1. Agarose gel image of cDNA sequence of Novel_105 miRNA 

 

 

Novel_105 pre-miRNA sequence was cut and extracted from gel by Thermo Scientific 

GeneJET Gel Extraction and DNA Cleanup Micro Kit. Before miRNA cloning to 

vector, it was cut with NcoI and BstEII  resctriction enzymes and run on agarose gel 

(Figure 4.2). There was a band around 150 bp after cutting with restriction enzymes. 

After this process, miRNA was ready for cloning to vector.   

Novel_105

=123 bp 
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Figure 4.2. Image of Novel_105 miRNA sequence after cutting with restriction 

enzymes 

 

 

At the same time, vector was modified for cloning with GUS gene extraction and 

cutting with restriction enzymes (Figure 4.3). pCAMBIA1301 has around 2023 bp GUS 

gene and it is big gene sequence in vector. It is not necessary for thesis and it can 

prevent transformation of vector to bacteria. Because of that, it was extracted (Figure 

4.3.a). Then, vector was cut with restriction enzymes for ligation of miRNA sequence 

(Figure 4.3.b). 

 

 

(a)       (b) 

 

Figure 4.3. Modification of pCAMBIA1301 vector (a) GUS gene extraction 

modification, (b) Restriction enzymes cutting modification (Şanlı, 2020) 

Novel_105=123 bp 

pCAMBIA1301=11,850 bp 

GUS site=2023 bp1 

pCAMBIA1301=11,850 bp 

GUS site=2023 bp 
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Modified pCAMBIA1301 vector and Novel_105 miRNA cDNA sequence were ligated 

using T4 ligase enzyme at NcoI and BstEII  resctriction sites and ligation was verified 

with PBB primers (Figure 4.4).  

 

 
 

Figure 4.4. Validation of ligation using PCR technique with PBB primers 

 

 

pCAMBIA1301 vector construct containing pre-miRNA sequence was transformed to 

Agrobacterium tumefaciens LBA4404. Positive colonies were selected on kanamycin 

selective medium (Figure 4.5).  

 

 

pCAMBIA1301=11,850 bp 

GUS site=2023 bp 

Nove_105=123 bp 
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Figure 4.5. Novel_105 Agrobacterium tumefaciens LBA4404 positive colonies 

 

 

Five positive colonies were selected and tested with PCR technique. Selected colonies 

numbered as 11, 12, 13, 14 and 15 for conformation with Novel_105 miRNA specific 

primers (Figure 4.6). There were 2 positive bands from colony 11 and 13 at around 150 

bp. 50 bp DNA Ladder was used. Also, these colonies were stored at +4 °C after this 

confirmation at kanamycin medium. 

 

 
 

Figure 4.6. Colony PCR agarose gel image. Colony number 11 and 13 showed positive 

results  

Novel_105= 123 bp 
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4.2 Agrobacterium tumefaciens Transformation to Both Potato Plants 

 

Explants of both cultivars were cut, wounded, and put on the solid MS-0 (hormone and 

antibiotic-free) medium containing acetosyringone 1 mg/L (Figure 4.7).  

 

  
(a)       (b) 

 

Figure 4.7.  Explants of both Unica (a) and RBB (b) cultivars on co-cultivation medium 

(Şanlı, 2020) 

 

After 2 days, explants were washed with sulcid antibiotic and transferred to callus 

medium (Figure 4.8).  

 

 
 

Figure 4.8. Explants washing and drying into sterile cabinet and then transfer to callus 

medium  
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After formation of callus, callus was transferred to shoot formation medium (Figure 

4.9). 

 

 
 

Figure 4.9. Shoot images from calli 

 

Shoots were transferred to MS-0 medium at growth chamber at 16 hours of photoperiod 

and 25±2 °C of temperature (Figure 4.10).  

 

 
(a)             (b) 

 

Figure 4.10. Putative transgenic plants for Unica (a) and RBB (b) at MS-0 medium 

 

 

After putative transgenic plants were old enough (about 15 cm long), leaves were cut 

from putative transgenic plants and DNA isolation was made using GeneJet Plant DNA 

Purification Kit (Thermo Fischer Scientific).  
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4.3 Validation of Putative Transgenic Plants by PCR Technique 

 

Putative transgenic plants were verified using PCR technique. PCR technique was 

applied to both Unica and RBB plants with 35S Forward-NOS Reverse and 

Hygromycin primers (Figure 4.11) (Figure 4.12). In Figure 4.11, bands had 916 bp 

length for both cultivars with 35S Forward-NOS Reverse primers. In Figure, plants 

have been confirmed to be transgenic at 600 bp length. 

 

 
(a)                                                 (b) 

 

Figure 4.11. Conformation of genomic DNA of transgenic Novel_105 RBB (a) and 

Unica (b) with 35S and NOS primers  
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(a)                                           (b) 

 

Figure 4.12. Confirmation of genomic DNA of transgenic Novel_105 Unica (a) and 

RBB (b) with Hygromycin primers 

 

 

4.4 Growth of Transgenic Plants and Stress Application  

 

Control and transgenic Unica and RBB cultivar plants were transferred to greenhouse 

for drought stress and same type plants were transferred to growth chamber for heat and 

combined heat + drought stresses. Transgenic RBB Novel_105 (Figure 4.13) and Unica 

Novel_105 (Figure 4.14) were photographed before stress application to compare effect 

of stress on plants. Also, their tubers were shown in Figure 4.15 before stress 

treatments.  
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Figure 4.13. Transgenic Novel_105 RBB cultivars before stress treatments 

 

 

 
 

Figure 4.14. Transgenic Novel_105 Unica cultivars before stress treatments 
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Figure 4.15. Transgenic Novel_105 RBB (left) and Unica (right) mini tubers before 

stress treatments  

 

 

4.4.1 Wild type cultivars physiological and molecular results after stress 

treatments 

 

After stress treatments, images were taken photograph from Unica and RBB wild types. 

Unica plants were compared between control and transgenic plants alter drought stress 

(Figure 4.16.a) and RBB cultivars were compared between control and transgenic plants 

after drought stress (Figure 4.16.b) Twenty-days of drought stress caused decreasing of 

aliveness for both cultivars. Generally lower leaves turned yellow colour and dried. 

 

Control Unica plants were compared with transgenic plants under heat and heat + 

drought (Figure 4.17.a) and control RBB plants were compared with transgenic under 

heat and heat + drought stresses (Figure 4.17.b). According to Figure 4.17, heat and 

combined heat + drought stresses have more adverse effect than drought stress, because 

almost all leaves dried under heat and combined heat + drought stresses. In addition, 

comparison effects of heat and combined heat + drought showed that combined effect of 

stresses more fatal than heat and drought stress. Plants under combine stress lost their 

leaves. Their tubers were compared after stress treatments (Figure 4.18). Although 

drought stress caused smaller wild type potato tubers, heat stress did not show any 

effect to wild type potato tubers. Combined stress caused unbalance potato tuber 

formation on wild type plants.   
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(a)                                                                     (b) 

 

Figure 4.16. After drought stress treatment, (a) Unica control and drought plants, 

(b) RBB control and drought plants (Şanlı, 2020) 

 

 

  
 

Figure 4.17. After heat and heat + drought stress treatment, (a) Unica control, heat and 

heat + drought plants, (b) RBB control, heat and heat + drought plants (Şanlı, 2020) 
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(a)           (b) 

 

Figure 4.18. (a) Unica control, drought, heat and heat + drought tubers (b) RBB control, 

drought, heat and heat + drought tubers after drought stress treatment (Şanlı, 2020) 

 

 

For Unica wild type cultivars, data of photosynthesis rate (Figure 4.19), transpiration 

rate (Figure 4.20) and stomatal conductance (Figure 4.21) were measured. According to 

Figure 4.19, control showed almost the same value. Under drought stress, 

photosynthesis rate of Unica wild type decreased in the process of the time but at 15
th

, 

18
th

 and 20
th

 days, rate stayed the same at the lowest value. Under heat stress, first two 

data were same with heat + drought control but then rate increased in small quantities. 

Unlike, photosynthesis rate of plants under combined heat + drought stress decreased in 

time. In addition, comparison of photosynthesis rate of control and heat + drought 

control showed that growth chamber conditions caused lower photosynthesis rate than 

greenhouse conditions. According to Figure 4.20 and 4.21, graphs gave close results to 

each other. Transpiration rate and stomatal conductance of control plants decreases as 

time goes on as expected. Under drought stress, both of them showed slight decrease. 

Heat stress affected plants as gradually increasing of transpiration rate and stomatal 

conductance. For combined heat + drought stress, both factors decreased slightly.  

Wild type 

control 

Wild type 
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Figure 4.19. Photosynthesis rate of Unica cultivars after control, drought, heat and heat 

+ drought stress treatments. Column gives data average and bars give standard deviation 

(Şanlı, 2020) 
 

 

 
 

Figure 4.20. Transpiration rate of Unica cultivars after control, drought, heat and heat + 

drought stress treatments. Column gives data average and bars give standard deviation 

(Şanlı, 2020)  
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Figure 4.21. Stomatal conductance of Unica cultivars after control, drought, heat and 

heat + drought stress treatments. Column gives data average and bars give standard 

deviation (Şanlı, 2020) 

 

 

For RBB wild type cultivars, data of photosynthesis rate (Figure 4.22), transpiration rate 

(Figure 4.23) and stomatal conductance (Figure 4.24) were collected. Photosynthesis 

rate of control plants showed almost the same results at all days, but last 2 days there 

was an moderate increase. Under drought stress, photosynthesis rate decreased similar 

to Unica cultivars. Unlike Unica cultivars, photosynthesis rate decreased under heat 

stress. Also, combined heat + drought stress caused fluctuation in data. According to 

Figure 4.23 and 4.24, control plants showed an increase for both transpiration rate and 

stomatal conductance. Besides, under drought, heat and combined heat + drought 

stresses, both factors dropped except data of 9
th

 day under heat stress. Comparison of 

Unica and RBB wild type cultivars showed that all results are almost the same except 

data of plants under heat stress. Because data of Unica plants under heat stress increased 

but RBB data decreased.     
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Figure 4.22. Photosynthesis rate of RBB wild-type cultivars after control, drought, heat 

and heat + drought stress treatments. Column gives data average and bars give standard 

deviation (Şanlı, 2020) 

 

 

 
 

Figure 4.23. Transpiration rate of RBB cultivars after control, drought, heat and heat + 

drought stress treatments. Column gives data average and bars give standard deviation 

(Şanlı, 2020)  
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Figure 4.24. Stomatal conductance of RBB cultivars after control, drought, heat and 

heat + drought stress treatments. Column gives data average and bars give standard 

deviation (Şanlı, 2020) 

 

 

Chlorophyll index (SPAD) was measured for Unica wild type cultivars under drought 

stress (Figure 4.25), heat, and heat + drought stress treatments (Figure 4.26).  

 

 
 

Figure 4.25. Chlorophyll index of Unica cultivars after 20-days of drought stress 

treatments. Column gives data average and bars give standard deviation (Şanlı, 2020) 
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Figure 4.26. Chlorophyll index of Unica cultivars after 15-days of heat and heat + 

drought stress treatments. Column gives data average and bars give standard deviation 

(Şanlı, 2020) 

 

 

Chlorophyll index (SPAD) was measured for RBB wild type cultivars under drought 

stress (Figure 4.27), heat, and heat + drought stress treatments (Figure 4.28). According 

to chlorophyll index comparison of Unica and RBB wild type in Figure 4.25, Figure 

4.26, Figure 4.27 and Figure 4.28, control plants data stayed almost the same. Under 

drought stress, chlorophyll index of Unica and RBB wild type moderately decreased. 

Although heat and combined heat + drought stresses showed a decrease, combined 

stress caused more decrease than heat stress.     
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Figure 4.27. Chlorophyll index of RBB cultivars after 20-days of drought stress 

treatments. Column gives data average and bars give standard deviation (Şanlı, 2020) 

 

 

 
 

Figure 4.28. Chlorophyll index of RBB cultivars after 15-days of heat and heat + 

drought stress treatments. Column gives data average and bars give standard deviation 

(Şanlı, 2020)  
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Leaf temperatures were measured for Unica wild type cultivars under drought stress 

(Figure 4.29), heat, and heat + drought stress treatments (Figure 4.30). 

 

 
 

Figure 4.29. Leaf temperature of Unica cultivars after 20-days of drought stress 

treatments. Column gives data average and bars give standard deviation (Şanlı, 2020) 

 

 

 
 

Figure 4.30. Leaf temperature of Unica cultivars after 15-days of heat and heat + 

drought stress treatments. Column gives data average and bars give standard deviation 

(Şanlı, 2020)  
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Leaf temperatures were measured for RBB wild type cultivars under drought stress 

(Figure 4.31), heat, and heat + drought stress treatments (Figure 4.32). Leaf temperature 

of Unica and RBB wild type cultivars increased in control. Under drought stress, leaf 

temperature of Unica and RBB plants increased more than control plants. Under heat 

and combined heat + drought stresses, plants showed an increase in leaf temperature, 

but combined stress caused more increase than heat stress.  

 

 
 

Figure 4.31. Leaf temperature of RBB cultivars after 20-days of drought stress 

treatments. Column gives data average and bars give standard deviation (Şanlı, 2020) 
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Figure 4.32. Leaf temperature of RBB cultivars after 15-days of heat and heat + 

drought stress treatments. Column gives data average and bars give standard deviation 

(Şanlı, 2020) 

 

 

Relative water contents of Unica wild type cultivars were measured under drought 

stress (Figure 4.33), heat, and heat + drought stress treatments (Figure 4.34).  

 

 
 

Figure 4.33. RWC of Unica cultivars after 20-days of drought stress treatments. 

Column gives data average and bars give standard deviation (Şanlı, 2020) 
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Figure 4.34. RWC of Unica cultivars after 15-days of heat and heat + drought stress 

treatments. Column gives data average and bars give standard deviation (Şanlı, 2020) 

 

 

Relative water content of RBB wild type cultivars was measured under drought stress 

(Figure 4.35), heat, and heat + drought stress treatments (Figure 4.36).  

 

Unica and RBB wild type control plants showed the same data in Figure 4.33, Figure 

4.34, Figure 4.35, and Figure 4.36. RWC of Unica and RBB wild type cultivars showed 

slight decrease but last 3 RWC data showed more decrease under drought stress. 

Combined heat + drought stress caused more RWC decrease than heat stress. RWC of 

RBB cultivars fell more than RWC of Unica cultivars.     
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Figure 4.35. Relative water content of RBB cultivars after 20-days of drought stress 

treatments. Column gives data average and bars give standard deviation (Şanlı, 2020) 

 

 

 
 

Figure 4.36. RWC of RBB cultivars after 15-days of heat and heat + drought stress 

treatments. Column gives data average and bars give standard deviation (Şanlı, 2020) 

 

 

For Unica (Figure 4.37) and RBB (Figure 4.38) wild type cultivars, proline content was 

calculated for control, drought, heat and heat + drought stresses.  

 

In Unica and RBB wild type cultivars, proline content showed the highest value under 

drought stress in comparison with control, heat and combined heat + drought stresses. 

Under heat and combined heat + drought stresses, proline amounts were almost the 
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same but comparison of stresses showed that combined stress caused slighter 

accumulation than heat stress in both cultivars.   

  

 
 

Figure 4.37. Proline contents of Unica wild type cultivars for control, drought, heat and 

heat + drought. Column gives data average and bars give standard deviation 
 

 

 
 

Figure 4.38. Proline contents of RBB wild type cultivars for control, drought, heat and 

heat + drought. Column gives data average and bars give standard deviation 

 

 

4.4.2 Physiological and molecular results of transgenic Novel_105 plants after 

stress treatments 

 

After drought stress treatments, images have been taken for transgenic Unica (Figure 

4.39) and RBB (Figure 4.40) Novel_105 potato plants. According to Figure 4.39, Unica 
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transgenic Novel_105 control plant looked healthier and leaves were greener than Unica 

wild type control plant. When comparison of transgenic Novel_105 control plant and 

applied drought stress plant, leaves dried and died and lost its aliveness. Besides, 

Novel_105 drought plant looked a little bit healthier than wild type drought plant 

because almost all lower leaves of wild type drought plant died. In Figure 4.40, RBB 

cultivars showed almost the same results with Unica cultivars but RBB wild type 

drought plant and RBB Novel_105 drought plant looked healthier and greener than 

Unica wild type drought plant and RBB Novel_105 drought plant. 

 

 
 

Figure 4.39. Transgenic Novel_105 Unica control (C) and drought (D) plants after 20-

days of drought stress application. WT refers wild type.   
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Figure 4.40. Transgenic Novel_105 RBB control (C) and drought (D) plants after 20-

days of drought stress application 

 

 

After heat and heat + drought stress treatments, images have been taken for transgenic 

Unica (Figure 4.41) and RBB (Figure 4.42) Novel_105 potato plants. After application 

of heat and combined heat + drought stresses, Unica transgenic Novel_105 plant under 

combined heat + drought stress appeared more dead than Unica transgenic Novel_105 

plant under heat stress. There were more alive leaves in transgenic plant under heat 

stress than in transgenic plant under combined heat + drought stress. RBB cultivars 

showed almost the same appearance with Unica cultivars. However, RBB cultivars 

under heat and combined heat + drought stresses looked healthier and there were more 

leaves than Unica cultivars.   
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Figure 4.41. Transgenic Novel_105 Unica control (C), heat (H) and heat + drought 

(HD) plants after 15-days heat and heat + drought stress application 

 

 

 
 

Figure 4.42. Transgenic Novel_105 RBB control (C), heat (H) and heat + drought (HD) 

plants after 15-days of heat and heat + drought stress application 
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Tuber images have been taken separately for Unica and RBB after stress treatments as 

drought, heat and heat + drought (Figure 4.43). For Unica cultivars, after drought stress, 

transgenic potato tubers were smaller compared with control transgenic plant tubers. 

Under heat stress, tubers of transgenic plants did not affect so much, there was a little 

decrease in size. Combined heat + drought stress adversely affected on transgenic potato 

tubers. Number of tubers decreased and size of them changed. For RBB cultivars, 

effects of stresses are almost the same with Unica cultivars. There is only difference in 

heat stress effect. Tubers of RBB transgenic potato under heat stress were smaller than 

Unica transgenic potato under heat stress. General appearance showed RBB cultivar 

tubers were smaller than Unica cultivar tubers. 

 

 
 

Figure 4.43. Potato tubers of transgenic Novel_105 Unica (left) and RBB (right). 

 

 

For transgenic Novel_105 Unica, data of photosynthesis rate (Figure 4.44), transpiration 

rate (Figure 4.45) and stomatal conductance (Figure 4.46) were measured. 

Photosynthesis rate of Unica control plants showed the same results at all days. Under 

drought stress, photosynthesis rate decrease in time. Photosynthesis rate of transgenic 

plants under heat stress increased, but under combined stress, it decreased in 

comparison to heat + drought control. For transpiration rate, control and drought data 

decreased in fact drought data to decreased negative. Heat and combined stress results 
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went down and up, respectively when compared to heat + drought control. In addition, 

heat + drought control results showed an increase in progress of time. Transpiration rate 

and stomatal conductance factors of wild type results showed related results with each 

other except transgenic Unica plants. For Unica Novel_105, stomatal conductance 

showed fluctuation and decreased at last days except combined stress application. 

Under combined stress, stomatal conductance of Unica Novel_105 plants showed a 

decrease. 

 

 
 

Figure 4.44. Photosynthesis rate changes of transgenic Novel_105 Unica cultivars after 

control, drought, heat and heat + drought stress treatments. Column gives data average 

and bars give standard deviation  
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Figure 4.45. Transpiration rate changes of transgenic Novel_105 Unica cultivars after 

control, drought, heat and heat + drought stress treatments. Column gives data average 

and bars give standard deviation 
 

 

 
 

Figure 4.46. Stomatal conductance of transgenic Novel_105 Unica cultivars after 

control, drought, heat and heat + drought stress treatments. Column gives data average 

and bars give standard deviation 

 

 

Also, for transgenic Novel_105 RBB cultivars, photosynthesis rate (Figure 4.47), 

transpiration rate (Figure 4.48) and stomatal conductance (Figure 4.49) were measured. 

In Figure 4.47, RBB control bars stayed almost the same but increased little at last 2 

days but they were stay the same at Unica cultivars in terms of photosynthesis rate. 

There was a decrease in RBB Novel_105 plants under drought stress. Under heat stress, 

photosynthesis rate of transgenic plants went up but not so much like Unica cultivars 

under heat stress. Also, combined heat + drought stress caused a decrease in 
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photosynthesis rate. All transgenic RBB plants had less photosynthesis rate than all 

transgenic Unica cultivars. According to Figure 4.48, transpiration rates of control were 

the same except 12
th

-day. Under drought stress, transpiration rate decreased, but at last 3 

days decreased to minus. Control heat + drought results increased the same as Unica 

cultivars. RBB heat and combined stresses caused showed increase and decrease, 

rescpectively just like Unica cultivars. However, data of Unica cultivars were more than 

RBB cultivars. For stomatal conductance showed in Figure 4.49, RBB control results 

did not show fluctuation too much like Unica cultivars. Under drought stress, stomatal 

conductance of transgenic plants zig-zagged, but at last 3 days bars went down to 

minus. Control heat + drought caused an increase in stomatal conductance. Also, under 

heat stress, stomatal conductance increases. Heat + drought stress induced decline in 

stomatal conductance similar to Unica cultivars. All RBB stomatal conductance results 

were less than Unica stomatal conductance results. 

 

 
 

Figure 4.47. Photosynthesis rate of transgenic Novel_105 RBB cultivars after control, 

drought, heat and heat + drought stress treatments. Column gives data average and bars 

give standard deviation  
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Figure 4.48. Transpiration rate of transgenic Novel_105 RBB cultivars after control, 

drought, heat and heat + drought stress treatments. Column gives data average and bars 

give standard deviation 

 

 

 
 

Figure 4.49. Stomatal conductance of transgenic Novel_105 RBB cultivars after 

control, drought, heat and heat + drought stress treatments. Column gives data average 

and bars give standard deviation 

 

 

Chlorophyll index (SPAD) was measured for transgenic Novel_105 Unica under control 

and drought (Figure 4.50) and control, heat and heat + drought (Figure 4.51). SPAD 

measurement was also made for RBB cultivars for the same stress conditions (Figure 

4.52) (Figure 4.53). Chlorophyll index was high in drought in comparison to control for 

Unica Novel_105 in the first 6 data, but drought data were higher than control data for 
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the last 3 days. Unlike, RBB cultivars under drought stress had higher chlorophyll index 

than RBB control plants. Drought did not affect RBB cultivars, but Unica was affected 

by drought in terms of the first 6 data. From the point of view of heat and combined 

heat + drought stresses, combined stress affected Unica Novel_105 plants more than 

heat stress. In RBB cultivars, chlorophyll index did not affected by heat or combined 

heat + drought stresses. As in Unica cultivars under drought stress, chlorophyll index of 

Unica cultivars under heat or combined heat + drought stresses affected more than 

chlorophyll index of RBB cultivars.    

 

 
 

Figure 4.50. Chlorophyll index for transgenic Novel_105 Unica for 20 days of control 

and drought stress. Column gives data average and bars give standard deviation 
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Figure 4.51. Chlorophyll index for transgenic Novel_105 Unica for 15 days of control, 

heat and heat + drought stresses. Column gives data average and bars give standard 

deviation 

 

 

 
 

Figure 4.52. Chlorophyll index for transgenic Novel_105 RBB for 20 days of control 

and drought stress. Column gives data average and bars give standard deviation 
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Figure 4.53. Chlorophyll index for transgenic Novel_105 RBB for 15 days of control, 

heat and heat + drought stresses. Column gives data average and bars give standard 

deviation 

 

 

Leaf temperature measurements were done for transgenic Novel_105 Unica cultivars 

under control and drought stress (Figure 4.54) and control, heat and drought + heat 

stresses (Figure 4.55). For RBB cultivars, the same measurements were also made 

(Figure 4.56) (Figure 4.57). Leaf temperature showed the same results with increase in 

time in Unica and RBB cultivars. However, leaf temperature of RBB cultivars were 

higher than Unica cultivars for all days. For both cultivars, leaf temperature of control 

plants was the same. Leaf temperature of plants under combined stress was higher than 

plants under heat stress for both cultivars. Also, all data for leaf temperature were the 

same in RBB and Unica cultivars.   
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Figure 4.54. Leaf temperature for transgenic Novel_105 Unica for 20 days of control 

and drought stress. Column gives data average and bars give standard deviation 

 

 

 
 

Figure 4.55. Leaf temperature for transgenic Novel_105 Unica for 15 days of control, 

heat and heat + drought stresses. Column gives data average and bars give standard 

deviation  
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Figure 4.56. Leaf temperature for transgenic Novel_105 RBB for 20 days of control 

and drought stress. Column gives data average and bars give standard deviation 

 

 

 
 

Figure 4.57. Leaf temperature for transgenic Novel_105 RBB for 15 days of control, 

heat and heat + drought stresses. Column gives data average and bars give standard 

deviation 

 

 

Relative water content (RWC) was measured for transgenic Novel_105 Unica under 

control and drought stress (Figure 4.58) and control, heat and heat + drought (Figure 
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4.59). Same measurements were made for RBB cultivars (Figure 4.60) (Figure 4.61). 

Relative water content showed the same results in both transgenics under drought stress. 

Though RWC of control plants was higher in both transgenics under drought stress, It 

gave higher results in RBB than Unica. For heat and combined heat + drought stresses, 

RWC appeared the same with a decrease in time in both transgenics and amount of 

relative water was almost the same at the same days. Unica and RBB cultivars under 

combined stress had lower RWC than both cultivars under heat stress. 

 

 
 

Figure 4.58. RWC (%) for transgenic Novel_105 Unica under 20 days of control and 

drought stress. Column gives data average and bars give standard deviation 

 

 

 
 

Figure 4.59. RWC (%) for transgenic Novel_105 Unica under 15 days of control, heat 

and heat + drought stresses. Column gives data average and bars give standard deviation 
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Figure 4.60. RWC (%) for transgenic Novel_105 RBB under 20 days of control and 

drought stress. Column gives data average and bars give standard deviation 

 

 

 
 

Figure 4.61. RWC (%) for transgenic Novel_105 RBB under 15 days control, heat and 

heat + drought stresses. Column gives data average and bars give standard deviation 

 

 

Proline amount was measured for transgenic Novel_105 Unica (Figure 4.62) and RBB 

(Figure 4.63) cultivars for control, drought, heat and heat + drought stresses. Proline 

accumulation was higher in Unica transgenics under drought stress for all stress 

conditions. Heat stress caused more accumulation than combined stress in Unica 

cultivars. Proline amount was also higher RBB transgenics under drought stress in 

comparison to all stress types. Distinctly, combined heat + drought stress revealed 
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higher accumulation than heat stress. In RBB cultivars, proline was a little bit more 

accumulated than in Unica transgenics.  

 

 
 

Figure 4.62. Proline amount for transgenic Novel_105 Unica cultivars under all 

stresses. Column gives data average and bars give standard deviation 

 

 

 
 

Figure 4.63. Proline amount for transgenic Novel_105 RBB cultivars under all stresses. 

Column gives data average and bars give standard deviation  
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4.5 Total RNA Isolation for Wild Type and Transgenic Novel_105 Unica and RBB 

Cultivars After Stress Treatments  

 

Before gene expression analysis of Novel_105 miRNA and target gene with qRT-PCR, 

total RNA isolation was made (Table 4.1). One µg RNA samples for each RNA were 

checked on TBE agarose gel electrophoresis after dilution (Figure 4.64). Then, samples 

were used in cDNA synthesis and qRT-PCR. 

 

Table 4.1. Spectrophotometer results of wild type and transgenic Novel_105 Unica and 

RBB cultivars after RNA isolation 

 

 Concentration 

ng/µL 

260/280 260/230 

Drought Control    

Unica wild type 2121.12 1.99 1.174 

Unica Novel_105 1825.2 2.012 0.984 

RBB wild type 1047.72 2.026 0.79 

RBB Novel_105 798.44 2.008 0.677 

Drought    

Unica wild type 796.2 2.064 1.727 

Unica Novel_105 566.48 1.995 0.984 

RBB wild type 1246.16 2.087 1.397 

RBB Novel_105 888.08 2.023 1.003 

Heat    

Unica wild type 1530.92 2.088 1.177 

Unica Novel_105 970.64 2.076 1.067 

RBB wild type 1059.68 2.081 1.143 

RBB Novel_105 1849.76 2.077 1.428 

Heat + drought    

Unica wild type 1695.5 2.08 1.636 

Unica Novel_105 1222.28 2.084 1.451 

RBB wild type 1327.16 2.113 1.45 

RBB Novel_105 2437.68 2.017 1.585 
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Table 4.2. Spectrophotometer results of wild type and transgenic Novel_105 Unica and 

RBB cultivars after RNA isolation (con’t) 

 

Heat + drought 

control 

   

Unica wild type 964.28 2.046 0.908 

Unica Novel_105 1141.8 2.013 0.796 

RBB wild type 721.64 2.047 0.702 

RBB Novel_105 481.6 2.041 0.785 

 

 

 

 
 

Figure 4.64. Agarose gel image after dilution by Thermo Scientific 100 bp marker. (1) 

Drought Control Unica wild type, (2) Drought Control Unica Novel_105, (3) Drought 

Control RBB wild type, (4) Drought Control RBB Novel_105, (5) Drought Unica wild 

type, (6) Drought Unica Novel_105, (7) Drought RBB wild type, (8) Drought RBB 

Novel_105, (9) Heat Unica wild type (10) Heat Unica Novel_105,  (11) Heat RBB wild 

type, (12) Heat RBB Novel_105,  (13) Heat + drought Unica wild type (14) Heat + 

drought Unica Novel_105, (15) Heat + drought RBB wild type, (16) Heat + drought 

RBB Novel_105, (17) Heat + drought control Unica wild type ,(18) Heat + drought 

control Unica Novel_105, (19) Heat + drought control RBB wild type, (20) Heat + 

drought control RBB Novel_105 

 

4.6 Gene Expression Analysis of Transgenic Novel_105 miRNA and Its Target in 

Both Potato Cultivars After Stress Treatments 

 

EF-1α was used as reference gene. The gene expression level of EF-1α did not change 

in control and transgenic plants after stress treatments (Figure 4.65).  

   1    2    3     4    5     6     7    8    9   10  11  12  13  14   15  16  17  18   19  20 
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Figure 4.65. Control of gene expression level of EF-1 α in Unica and RBB cultivars 

(Şanlı, 2020) 

 

 

Overexpressed Novel_105 pre-miRNA and its target gene of qRT-PCR results in 

transgenic Unica (Figure 4.66) (Figure 4.67) and RBB (Figure 4.68) (Figure 4.69) 

potato cultivars and melting curves (Figure 4.70) were shown. For Unica cultivar, gene 

expression level of Novel_105 miRNA was the highest in combined heat + drought 

stress. Therefore, the lowest level of target of Novel_105 miRNA appeared in combined 

heat + drought stress. Novel_105 miRNA expression level was higher under combined 

stress than heat stress. In addition, miRNA level was not too much higher under drought 

stress than combined heat + drought stress. Besides, RBB gave results similar to Unica 

cultivars. Gene expression level in RBB transgenics under stresses was higher than in 

Unica.   
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Figure 4.66. Change of gene expression level of Unica Novel_105 miRNA after stress 

treatments 
 

 

 
 

Figure 4.67. Change of gene expression level of Unica Novel_105 miRNA target gene 

after stress treatments  
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Figure 4.68. Change of gene expression level of RBB Novel_105 miRNA after stress 

treatments. Column gives data average and bars give standard deviation 

 

 

 
 

Figure 4.69. Change of gene expression level of RBB Novel_105 miRNA target gene 

after stress treatments. Column gives data average and bars give standard deviation 
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Figure 4.70. Example of qRT-PCR melting curves of Novel_105 miRNA and its target 

gene 

 

 

In Figure 4.70, Novel_105 miRNA and its target gene were seen in two different peaks 

after amplification so that it showed successful amplification for Novel_105 miRNA 

and its target gene. 
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CHAPTER V 

 

DISCUSSION 

 

The aim of this thesis was the investigation of the role of newly identified Novel_105 

miRNA and its target gene in response to drought, heat and combined heat + drought 

abiotic stresses. For this purpose, Unica, tolerant to stress conditions (Contreras-Liza et 

al., 2017) and RBB, sensitive to stress conditions, potato cultivars (Bethke et al., 2014) 

were used to compare the effect of miRNA and its target by transgenic approach. 

Overexpressed miRNA was created and transgenic potato plants were produced. After 

stress treatments, change in level of gene expression of Novel_105 miRNA was 

confirmed by qRT-PCR technique. 

 

5.1 Morphological Analysis 

 

According to Figure 5.1, Unica wild type and transgenic Novel_105 have some 

differences in terms of morphology. Number of leaves per plant of transgenic 

Novel_105 plant were more than number of leaves of wild type. Plant height of both of 

them were almost same. In addition, below leaves of wild type were appeared as more 

yellowish than those of transgenic plant. Branch of transgenic plants had higher number 

than branch of wild type because of the leaves of transgenic plants appeared as much 

more than wild type. Leaf area of both of them was approximately, the same.  
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Figure 5.1. Images of Unica wild type (left) and transgenic Unica Novel_105 (right) 

before stress treatments 

 

 

When RBB wild type and RBB transgenic Novel_105 plants were compared, height of 

plants was seen about the same in Figure 5.2. Number of branches in transgenic plant 

was more than wild type. Relatedly, number of leaves for transgenic plant was much 

more than leaves of wild type. Also, color of leaves was different from each other. 

Transgenic plant had more greenish leaf colour than wild type. In terms of leaf area of 

both plants, there was less difference between wild type and transgenic plant. 

 

 
 

Figure 5.2. Images of RBB wild type (left) and transgenic RBB Novel_105 (right) 

before stress treatments 
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There were differences between Unica and RBB transgenic cultivars. Height of Unica 

transgenic plant was shorter than RBB transgenic plant. In addition, colour of leaves 

was greener in RBB cultivars. In point of average leaf area, leaf area of RBB cultivar 

was a little larger than Unica cultivar.  

 

 
 

Figure 5.3. Images of Unica transgenic Novel_105 (left) and RBB transgenic 

Novel_105 (right) before stress treatments 

 

 

 
 

Figure 5.4. After drought stress application, Unica wild type (left) and transgenic Unica 

Novel_105 plants (right) 
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After drought stress, transgenic Unica cultivar had greener leaves at the top of the plant 

compared to wild type plant. Aliveness rate was higher in transgenic plant because wild 

type plant had more dead leaves. Drought stress affected wild type more than transgenic 

Unica cultivar. 

 

According to Figure 5.5, transgenic RBB plant was healthier in comparison to wild type 

after drought stress in terms of number of alive leaves. Besides, leaves color showed the 

same result. Moreover, compared to transgenic Unica (Figure 5.4) and RBB (Figure 

5.5) cultivars after drought stress, RBB transgenic cultivars showed better results than 

Unica cultivars. RBB Novel_105 plant had greener and more alive leaves. Furthermore, 

Unica cultivars for wild type and transgenic plants were more affected by drought stress 

than RBB cultivars for both plants in terms of leaves aliveness and color.  

     

 
 

Figure 5.5. After drought stress application, RBB wild type (left) and transgenic RBB 

Novel_105 plants (right) 

 

 

Figure 5.6 demonstrated that heat stress affected transgenic plants more than combined 

heat + drought stress. Under combined stress, plants nearly died and there were no 

leaves. Additionally, drought stress did not affect like heat or combined stress to Unica 

plants. 
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Figure 5.6. After heat and combined heat + drought stress applications, Unica wild type 

(left) and transgenic Unica Novel_105 plants (right) 

 

 

 
 

Figure 5.7. After heat and combined heat + drought stress applications, RBB wild type 

(left) and transgenic RBB Novel_105 plants (right) 

 

 

Same results have seen for RBB cultivars that combined stress affected plants more than 

drought stress. However, transgenic RBB plants were not influenced by heat and 

combined stress like transgenic Unica cultivars. As mentioned in part 2.6.3, combined 

stress has adverse effects on plants more than individual stresses. Additionally, 

Çalışkan, (2016) and Djami-Tchatchou et al., (2017) indicated that drought stress 
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reduces plant growth and crop production yield. Transgenic Unica and RBB cultivars 

showed better results under drought stress than wild type. So that Novel_105 miRNA 

may have relation with drought-responsive genes. However, Novel_105 miRNA may 

not relation with genes associated heat and combined heat + drought stress tolerance in 

respect to morphological analysis. 

 

5.2 Physiological Analysis 

 

5.2.1 Photosynthesis rate 

 

As mentioned in Figure 4.44, photosynthesis rate of transgenic of Unica cultivars had 

higher than Unica wild type (Figure 4.19) under all stress conditions. There was the 

same decrease under drought stress and combined heat + drought stress and the same 

increase under heat stress when compared to wild type and transgenic Unica cultivars 

(Figure 4.44 and Figure 4.19). As seen in Figure 4.47, transgenic RBB cultivars had 

more photosynthesis rate under all stress types than wild type RBB plants in Figure 

4.22. However, plants under heat and combined heat + drought stress had almost the 

same results. Transgenic plants (Figure 4.44 and Figure 4.47) for both cultivars had 

more photosynthesis rate than wild type plants (Figure 4.19 and Figure 4.22). In 

addition, photosynthesis rate of transgenic Unica cultivars showed higher results than 

transgenic RBB cultivars. In a general perspective, photosynthesis rate has been 

decreased on plants under stress (Morales et al., 2020) since it affects photosynthesis 

proteins thylakoid membranes, soluble proteins, photosynthetic pigments, CO2 fixation, 

photophosphorylation and the electron transport chain (Walawwe, 2014). However, 

transgenic plants under stress had more photosynthesis rate than wild type.  

 

5.2.2 Transpiration rate 

 

While Unica wild type control plants had a transpiration rate between 7-9 in Figure 

4.20, transgenic Unica plants had between 6-7 had shown in Figure 4.45. Drought, heat 

and combined heat + drought stress affected wild type Unica plants (Figure 4.20) more 

than transgenic plants (Figure 4.45) in terms of transpiration rate. RBB control plants 

for wild type (Figure 4.23) transgenic plants (Figure 4.48) in gave an almost the same 

results. As specified in Figure 4.48, transgenic RBB plants under drought stress had 
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higher transpiration rate than RBB wild type in Figure 4.23. There was fluctuation for 

wild type and transgenic RBB plants under heat stress. While transpiration rate of 

transgenic RBB cultivar (Figure 4.48) was higher than wild type in 7
th

 and 12
th

 days, 

transpiration rate of transgenic RBB was lower than wild type (Figure 4.23) in other 

days. Combined stress had more effect in transgenic RBB plants than wild type plants 

because transpiration rate of transgenic RBB plants showed lower transpiration rate. In 

terms of transpiration rate, while transgenic Unica plants (Figure 4.45) showed better 

results than wild type plants (Figure 4.20), RBB wild type appeared worse results than 

transgenic plants (Figure 4.48). Romero et al. (2017) concluded that stress conditions 

reduce transpiration rate of potato plants in connection with photosynthesis rate, yet 

results of transpiration rate were different from results of photosynthesis rate. Results 

indicated that transpiration rate was higher in wild type than transgenic plants.  

 

5.2.3 Stomatal conductance 

 

Although transgenic Unica plants (Figure 4.46) had fluctuation in data, they had more 

stomatal conductance than wild type (Figure 4.21) in all time. Stomatal conductance of 

transgenic plants under drought stress did not affected like wild type plants. Unica 

Novel_105 plants under heat and combined heat + drought stress (Figure 4.46) did not 

show regular increase or decrease but generally they showed higher stomatal 

conductance rate than wild type Unica cultivars as shown in Figure 4.21. RBB wild type 

and transgenic control plants had almost the same result around 0.5-0.7 (µ mol m
-2 

/ sec) 

in stomatal conductance. Stomatal conductance was not different for wild type and 

transgenic RBB cultivars (Figure 4.24 and Figure 4.49), but for last days conductance of 

transgenic lines were more than wild type RBB plants under drought stress. Only heat 

stress had more impact to wild type than transgenic plants. However, combined stress 

did not show any effect to both plants. Stomatal conductance also refers efficiency of 

stomatal water use. After stress application, stomatal water use efficiency reduces 

associated with photosynthesis. So that stomatal conductance decreases under stress 

conditions (Füzy et al., 2019). When examined results of stomatal conductance, 

transgenic plants showed better results than wild type plants as that of photosynthesis 

rate analysis.   
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5.2.4 Chlorophyll index 

 

There was higher chlorophyll index in Unica wild type plants (Figure 4.25) than 

transgenic Unica plants (Figure 4.50 and Figure 4.51) for control and after drought 

stress. However, transgenic plants under heat and combined stresses in Figure 4.50 and 

Figure 4.51 had higher chlorophyll index than wild type Unica plants in Figure 4.25. 

For RBB cultivars, chlorophyll index was higher in transgenic plants (Figure 4.52 and 

Figure 4.53) than wild type plants under drought, heat and combined heat + drought 

stresses (Figure 4.27 and Figure 4.28). In time, heat and combined heat + drought 

stresses affected wild type plants than transgenic plants more. Also, as mentioned in 

Figure 4.52 and Figure 4.53, transgenic RBB cultivars had better results than transgenic 

Unica cultivars in Figure 50 and Figure 4.51. Under stress conditions, the reduction of 

chloroplast function and structure have observed in potato plants. At the same time, leaf 

senescence relates to chlorophyll loss (Li et al., 2019; Katsoulas et al., 2016). 

Transgenic potato cultivars indicated that chlorophyll index was higher than wild type 

plants. Results are in line with literature.    

 

5.2.5 Leaf temperature 

 

As seen in Figure 4.29, Unica wild type had higher leaf temperature than transgenic 

Unica plants under drought stress in Figure 4.54. For Unica plants under heat stress, 

transgenic Unica (Figure 4.55) had a lower leaf temperature than wild type (Figure 

4.30) but under combined stress, leaf temperature of wild type plants (Figure 4.30) 

showed more leaf temperature than transgenic plants except 9
th

 day (Figure 4.55). So 

that Unica showed lower leaf temperature in wild type than transgenic plants. For RBB 

plants, control and plants under drought, heat and combined heat + drought stresses had 

little lower leaf temperature in transgenic plants (Figure 4.56 and Figure 4.57) than wild 

type plants (Figure 4.31 and Figure 4.32). Under drought stress, RBB had higher leaf 

temperature (Figure 4.32 and Figure 4.57) than Unica but under heat and combined heat 

+ drought stress (Figure 4.30 and Figure 4.55), Unica had higher leaf temperature than 

RBB cultivars. Leaf temperature of sweet potato under drought stress showed higher 

than under control adequate water irrigation (Delazari et al., 2018). Besides, in a study 

in 2012, it was observed that leaf temperature was high when level of stomatal 

conductance was low (Streck et al., 2012). Correlated results with literature observed 
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for leaf temperature as wild type had higher level than transgenic. Stomatal conductance 

was higher in transgenic plants, but leaf temperature was higher in wild type plants in 

this thesis.      

 

5.2.6 Relative water content 

 

Unica transgenic plants in Figure 4.58 and Figure 4.59 had higher relative water content 

than Unica wild type under drought and combined heat + drought stresses in Figure 4.33 

and Figure 4.34. However, heat stress showed different results because in 7
th

 and 9
th

 

days, transgenic plants showed higher RWC than wild type plants. For RBB cultivars, 

transgenic plants under drought (Figure 4.60), heat and combined heat + drought 

stresses (Figure 4.61) had more RWC than wild type plants (Figure 4.35 and Figure 

4.36). Under all applied stress types, both cultivars showed approximately the same 

results, but Unica demonstrated little increase in some days.  RWC predicates the 

balance in water situation in plants between transpiration rate and water supply. There is 

inverse relation between water potential in soil and RWC. If leaves have high RWC, 

resistance of leaf diffusion is low (Epstein and Grand, 1973). RWC of transgenic plants 

was higher than RWC of wild type plants.     

 

5.2.7 Proline amount 

 

Unica indicated proline accumulation under drought stress (Figure 4.37 and Figure 4. 

62). In addition, proline amount was higher in transgenic plants (Figure 4.62 and Figure 

4.63) than wild type plants (Figure 4. 37 and Figure 4.38) under drought and heat 

stresses. Combined heat + drought stress did not affect transgenic plants (Figure 4.62 

and Figure 4.63). When compared to wild type (Figure 4.38) and transgenic RBB 

cultivars (Figure 4.63), transgenic RBB plants had higher proline amount than wild type 

plants under all stress types. Besides, proline amount was higher in RBB cultivars 

(Figure 4.63). Proline accumulation has a role in osmotic pressure normalization and 

helps plants to adapt abiotic stress (Koroban et al., 2016). Proline accumulation is high 

under environmental stress in plants as an adaptive response (Naz et al., 2018). General 

perspective refers that increasing proline content shows beneficial stress injury in plant 

cell (Mattioli et al., 2009). Under drought stress, both cultivars accumulated more 

proline compared to wild type plants. 
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5.3 Molecular Analysis 

 

Molecular analysis was performed using qRT-PCR to determine gene expression level 

of Novel_105 miRNA. For both cultivars, Novel_105 miRNA was overexpressed in all 

plants under combined heat + drought stress (Figure 4.66 and Figure 4.68). After all, 

target level of Novel_105 miRNA was decreased by increase in miRNA expression 

(Figure 4. 67 and Figure 4.69). Level of miRNA was higher in Unica cultivar (Figure 

4.66) than RBB cultivar under drought stress (Figure 4.68). Still, Unica cultivar (Figure 

4.66) had lower gene expression level than RBB cultivar (Figure 4.68) under heat stress. 

For combined heat + drought stress, the same results came into sight as heat stress. 

Target gene of miRNA was also seen opposite results with Novel_105 miRNA (Figure 

4.67 and Figure 4.69). According to all data, overexpression of miRNA was observed 

by comparison with miRNA expression level of control plants for both cultivars. 

miRNA role can be seen easily in RBB plants under combined heat + drought stress, 

since it has a role related to stress tolerance as overexpression was achieved success in 

all transgenic types. So that relation of Novel_105 miRNA can be understood after 

collection of morphological, physiological, and molecular analysis.  

 

Table 5.1. Total amount of internodes and callus from Unica and Russet Burbank 

potato cultivars 

 

Unica Russet Burbank 

Total Internodes Transgenic plants Total Internodes Transgenic plants 

57 4 49 3 

0.070 % transformation efficiency 0.082 % transformation efficiency 
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CHAPTER VI 

 

CONCLUSION 

 

The aim of this thesis is the investigation of overexpressed new Novel_105 miRNA role 

in two different potato cultivars (sensitive, Russet Burbank and tolerant, Unica) under 

drought, heat and combined heat + drought abiotic stresses by transgenic approach. 

Generation of Novel_105 pre-miRNA transgenic Unica that has known as stress tolerant 

plant and Russet Burbank that has known as sensitive plant to abiotic stress were 

achieved. Efficiency of transgenic approach in Unica cultivars was 0.070 % and was 

0.082 % in Russet Burbank cultivars. Three stresses as drought, heat and heat + drought 

were applied to two cultivars including transgenic and wild type. Morphological, 

physiological, and molecular comparison between wild type and Novel_105 transgenic 

plants were performed. These analyses showed that transgenic plants had better 

morphological traits that wild type. Besides, physiological traits including 

photosynthesis rate, transpiration rate, stomatal conductance, leaf temperature, 

chlorophyll index, relative water content and proline accumulation indicated that 

tolerance mechanism was activated in transgenic Unica and Russet Burbank by 

overexpression of newly identified Novel_105 miRNA. qRT-PCR results indicated that 

miRNA level was highly expressed in transgenic plants whereas target gene of 

Novel_105 miRNA named as “Solanum tuberosum putative E3 ubiquitin-protein ligase 

XBAT35 (LOC102580530)” had low level in transgenic plants. According to all 

analyses, Novel_105 miRNA provided that increasing stress tolerance in transgenic 

Unica and Russet Burbank potato plants under combined heat + drought stress 

conditions.  
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