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ÖZET 

 

Hikmet YILMAZ 

FİDECİK AŞAMASINDA BOR TOKSİSİTİNE MARUZ BIRAKILAN 

ARABIDOPSIS THALIANA KÖKLERİNDE TEK HÜCRE RNA DİZİLEMESİ 

Başkent Üniversitesi Fen Bilimleri Enstitüsü 

Moleküler Biyoloji ve Genetik Anabilim Dalı 

2023 

 

Bu tez kapsamında, bor (B) toksisite tolerans mekanizmasının moleküler temellerini yüksek 

verimde ve tek hücre düzeyinde aydınlatmak için literatürde ilk kez Arabidopsis thaliana 

kökleri ile tek hücreli RNA dizileme çalışması yapılmıştır. Bu kapsamda, Arabidopsis 

thaliana kökleri tohum çimlenmesi aşamasında farklı konsantrasyonlarda B toksisitesine 

maruz bırakılmıştır. Strese maruz bırakılan köklerden protoplastlar izole edilmiştir ve 

sonrasında tek-hücre RNA dizilemesi yapılmıştır. Kontrol, 1 mM B ve 2 mM B gruplarından 

oluşan 8 numune Illumina NovaSeq 6000 ile dizilenmiştir. Üç kopya boyunca toplam 1554 

hücre popülasyonu geri kazanıldı. Bu tek hücreli transkriptomda quiescent center, 

endodermis, kaliptra (root cap), kolumella, korteks ve trikoblast dahil olmak üzere ana 

dokular tanımlanmıştır. B toksisitesi uygulamalarında trikoblast ve korteks 

tanımlanmamıştır.  Ayrıca, literatürde sunulan genler ve B toksisitesi tolerans mekanizmaları 

ile ilgili benzer yolaklar tespit edilmekle birlikle hücre tipleri özelinde birçok yeni gen 

belirlenmiştir. Örneğin; çok yeni bir şekilde esasları ortaya konulan antosiyanin ve 

GST’lerin birincil rolü bulunan internal B toksisitesi tolerans mekanizmasının kolumella 

hücre kümesinde olabileceği öngörülmüştür. Ayrıca, B toksisitesi altında hücre özelinde 13 

TF ailesi tanımlanmıştır. Son olarak, daha önce tespit edilen ve bu projede bulunan yeni 

yolakların hücre kümeleri özelinde literatüre sunulması B toksisitesi toleransıyla ile ilgili 

yeni transgenik ve ıslah çalışmalarına yön vermesi beklenmektedir.  

 

ANAHTAR KELİMELER: Arabidopsis thaliana, Bor Toksisitesi, Tek Hücre RNA 

Dizileme 

 

Bu proje, TUBİTAK tarafından (121Z029 no’lu proje) desteklenmiştir. 
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ABSTRACT 

 

Hikmet YILMAZ 

SINGLE-CELL RNA SEQUENCING IN ROOTS OF ARABIDOPSIS THALIANA 

EXPOSED TO BORON TOXICITY AT SEEDLING STAGE 

Başkent University Graduate School of Natural and Applied Sciences 

Department of Molecular Biology and Genetics 

2023 

 

In this thesis, a single-cell RNA sequencing study was performed for the first time in the 

literature to reveal the molecular basis of boron (B) toxicity tolerance mechanism in 

Arabidopsis thaliana with high efficiency and at the single cell level.  In this context, the 

roots of Arabidopsis thaliana were exposed to different concentrations of B toxicity at 

seedling stage. Protoplasts were isolated from stress-exposed roots and then single-cell RNA 

was sequenced. Total of 8 samples from control, 1 mM and 2 mM B groups were sequenced 

with Illumina NovaSeq 6000. Accordingly, a total population of 1554 cells were recovered 

across three replicates. Major tissues have been identified in this single-cell transcriptome, 

including the quiescent center, endodermis, root cap, columella, cortex, and trichoblast. 

Trichoblast and cortex had not been defined under B toxicity treatment. In addition, although 

similar pathways related to the genes and B tolerance mechanisms presented in the literature 

have been detected, many new cell-type specific genes were also identified. For example, 

the internal B toxicity tolerance mechanism, via the role of anthocyanins and GSTs may be 

in the columella cell cluster. Moreover, we found cell specific 13 TF families under B 

toxicity. Finally, the new pathways identified previously and new ones at cell cluster level 

will lead to new transgenic and breeding studies for B toxicity tolerance mechanism.  

 

 

KEYWORDS: Arabidopsis thaliana, Boron Toxicity, Single Cell RNA Sequencing 

 

This thesis was supported by TUBİTAK (project number 121Z029). 
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FOREWORD  

 

In this study for the first time in the literature, single cell RNA sequencing was performed 

in the roots of Arabidopsis thaliana exposed to different concentrations of B toxicity. With 

this study, new pathways and candidate marker genes related to B tolerance mechanism at 

cell basis were presented to the literature for the first time. 
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1. INTRODUCTION 

 

B toxicity damages plant growth and development, and causes yield losses. Entering 

the plant, toxic B binds to the cis-hydroxyl groups of some biomolecules and causes basic 

damage to the cells; It causes metabolic damage by binding to ribose-containing 

biomolecules incluiding ATP and NADH. By binding to ribose in RNA, it may cause 

disruption of cell wall structure, inhibition of cell division and disruption of cell growth [1, 

2]. These damages cause deterioration in developmental and metabolic activities of plants, 

yield losses and serious economic losses. For these reasons, elucidating the molecular 

mechanisms of B toxicity in high resolution is important for understanding the progression 

of tolerance pathways and preventing damage. 

 

Single-cell sequencing techniques, chosen as the method of the year according to 

Nature Methods in 2013, are the techniques that provide the most accurate information about 

molecular mechanisms and dynamic changes at the cellular level. In the literature, there are 

transcriptome studies under various B toxicity using the model organism Arabidopsis 

thaliana and other plants [3]. The bulk methods frequently used in these studies have some 

notable shortcomings. Especially due to heterogeneity in tissues, cell spesific detection of 

differently expressed  genes in these methods is very limited [4, 5]. Because the gene 

expression values obtained in these bulk transcriptome methods are average of the 

expression values of all cells in the tissue, and so profiles of up and down expression 

according to cell types cannot be determined by these techniques. In addition, it is not 

possible to find rare cell types in bulk methods [6]. 

 

Single cell RNA sequencing (scRNA-seq) studies are pioneering and efficient in 

overcoming all these problems. Because single-cell sequencing techniques enable 

expression profiles on a cell basis, solves heterogeneous problem, obtain high-resolution 

transcriptomic data, and allow the analysis of cell types and responses of cells to all kinds of 

factors with high resolution and output [6]. Since plants have high heterogeneity and highly 

differentiated cell diversity, single-cell RNA sequencing has the potential to yield very 

promising results in plants [7, 8, 9, 10, 11, 12]. Arabidopsis thaliana roots are useful for single-

cell RNA sequencing applications because they contain few cells. Several scRNA-seq 
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studies were performed using Arabidopsis thaliana protoplast obtained by degradation of 

the cell wall. Almost all of these studies are about differentiation and cell type and marker 

gene detection [13, 9, 14]. 

 

In this thesis, a high-throughput scRNA-seq study was performed for the first time in 

the literature to analyze how plant cell-specific response are affected by B toxicity in the 

model organism Arabidopsis thaliana. In this context, Arabidopsis thaliana roots were 

exposed to different concentrations of B toxicity at the seedling stage. Next, protoplasts were 

obtained from the roots and then successfully scRNA-seq was performed using the drop-

based, high-throughput 10X Genomics Chromium platform [15]. Next, preprocessing, 

clustering, and detailed gene expression profile analyses were performed with bioinformatics 

analysis. In conclusion, the molecular basis of B toxicity tolerance at cellular level were 

revealed by single-cell RNA sequencing at the seedling stage. 
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2. LITERATURE 

 

2.1. Arabidopsis thaliana, A Plant Model Organism 

  

Arabidopsis thaliana, also known as thale cress or rock cress, is a small annual or 

wintery, white-flowered rosette plant. It is in the Brassicaceae taxonomic family of the 

dicotyledonous group of angiosperm plants. It usually grows 20–25 cm [16].  A. thaliana 

began to be used frequently in plant studies since 1980s. Even though A. thaliana is not of 

direct importance for agriculture, it has important features such as short production time, 

small size, and self-pollination [17]. Thanks to these features, it has become a widely used 

model organism in many studies such as development, breeding, plant genetics, population 

genetics and plant evolution [18, 19]. 

 

A. thaliana research are convenient, fast, and cheap. An A. thaliana seed can develop 

into a plant bearing mature seeds in as little as 6 weeks. Compared to many plants, A. 

thaliana can grow indoors under poor fluorescent lighting, which can easily obtain in the 

laboratories. seeds of A. thaliana are small enough that they can be germinated on a single 

petri dish. Moreover, there is no need to co-culture with other species to thrive, facilitate 

aseptic growing conditions and controlling variables. The genome of A. thaliana is ∼132 

Mbp with approximately 38,000 loci, > 20,000 protein coding genes which are dispersed 

among five nuclear chromosomes. This genome size is small for a plant (wheat 16,000 Mbp). 

Moreover, A. thaliana genome do not have much repetitious DNA, but it contains a complete 

set of genes which controls developmental, metabolisms, environmental responses, and 

disease resistances [20, 21].  

 

Unlike many plants, Arabidopsis can tolerate high level of homozygosity and self-

fertile; tens of thousands of offspring are produced from each individual. Moreover, plant 

defense is poison. Arabidopsis deters herbivores chemically by producing pungent 

glucosinolates [22]. Chemical defense and autotrophy generate great chemical and enzymatic 

diversity, which provides fertile ground for research. 

 

Furthermore, A. thaliana models characteristics and specific cell types of seed plants 

such as simple leaves, stems, roots, root hairs, female gametophytes, pollen, apical 
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meristems, vascular tissue, trichomes, perfect flowers (presence of both stamens and carpel), 

stomata and epidermal pavement cells. The functions of the genes discovered in Arabidopsis 

are generally similar to those discovered in other plants. About 3 of 4 gene families found in 

Arabidopsis are also found in other flowering plants. In this way, Arabidopsis studies have 

made it understand the inner workings of many plants [23].  

 

2.2. An Introduction to Boron 

 

B was independently discovered in 1808; English chemist Sir Humphry Davy and 

French chemists Joseph-Louis Gay-Lussac and Louis-Jacques Thenard [24]. B is in the 

second period IIIA group of the periodic table. It is a semi-metal with atomic number 5.  B 

has one missing valence electron, that is, there is a fundamental negatively charged particle 

in its outermost region of the B atom and this atom engages the formation of chemical bonds. 

In this way, B has a dominant effect on the chemical reactions it enters.  It is small and has 

a high ionization energy and therefore forms a covalent bond rather than a metallic bond [25]. 

With the structural complexity of its allotropic modifications, B has a unique feature. Several 

B containing organic compounds are known [26, 27]. Some compounds containing B and their 

main core structures are shown in Figure 2.1. [28]. Among other known main properties. B 

can form rings, chains, and networks [29]. B reacts with simple alcohols to form esters 

B(OR)3 [30]. 

 

 
Figure 2.1. Some B containing compounds and their main core structures [28] 
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B is not abundant in natura [31]. The average B concentration is 10-20 mg B kg-1 in 

rocks, 1-10 mg B kg-1 in seas and about 1/350 of seawater concentration in rivers [32]. The 

concentration in soil is <10 mgkg-1 is classified as low B content, the concentration in soil is 

10-100 mgkg-1 is classified as high B content Detailed atomic structure, chemical properties 

and physical properties of B are given in Table 2.1. [33]. 

 

Table 2.1. Atom structure, chemical properties, and physical properties of B [33] 
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B is not found as a free element in nature. Mainly natural occurring form of B is Borate 

(B(OH)4) while not common form of B is boric acid (H3BO3). Among the main compounds 

of B, the one found at Physiological pH is B(OH)3. It behaves like a weak Lewis acid (Ka = 

6x10-10, pKa: 9.1) (Equation 2.1.) [34]. Ribose, apiose, sorbitol, phenolics and serine are 

some of the biomolecules that reacts with B(OH)3 [35, 34]. 

 

𝐵(𝑂𝐻)3 + 𝐻20 ↔ 𝐵(𝑂𝐻)4
− + 𝐻+      (2.1) 

 

 

Although the USA and Russia are home to important B mines, Turkey is the world's 

largest B producer. In 2016, approximately 2.7 million tons of B2O3-based B were produced 

in the world. Turkey has the largest distribution (73.40%) of this reserve. B is widely used 

in the production of high-quality and sustainable products in several industrial areas. In the 

cleaning sector, borate has an important place due to its properties such as facilitating stain 

removal and bleaching, alkali buffering, stabilizing enzymes, and water softening. By using 

B in the production of ceramic glaze and enamel, resistant to heat, chemicals and physical 

effect products are obtained. Moreover, wood protection products produced with B 

compounds are not harmful to human health and the environment. They are easily soluble in 

water and easily applicable. In the glass industry, glass products are converted into a heat 

and chemical resistant product with the addition of B 

(https://www.etimaden.gov.tr/en/boron-minerals). 

 

2.3. The Function of Boron in Plants 

 

B is an indispensable trace micronutrient for the growth of higher plants. The role of 

B in vascular plants was first demonstrated in Vicia faba [36]. B play role in various 

metabolic processes [37, 38]. The relationship between B and primary cell walls was 

demonstrated by several researchers. Loomis and Durst found that as a component of cell 

wall polysaccharides and a residue in pectins, apiose may be the main sugar moiety in the 

borate crosslinking complex [1, 39] and Kobayashi et al., [40]. showed that apiose residue is 

responsible for the binding of B to the polysaccharide chains. Several studies showed that B 

binds to pectin polysaccharides, especially rhamnogalacturonan-II (RGII), the first B-

containing compound identified in plants. It is involved in integrity of the cell walls [41, 35, 

42, 43]. B is crosslinked with two RGII monomers by a borate bridge and provides stability 

to the cell wall matrix [38].  Kobayashi et al., [40] showed that the molecular weight of the 

https://www.etimaden.gov.tr/en/boron-minerals
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RG-II-B complex was halved when B was removed from the complex [40]. Furthermore, B 

deficiency causes abrupt cell wall size increase in Chenopodium album L. [44], and the larger 

pore is associated with dB-RG-II  and the pore size appeared to decrease after B-

reintroduction into these cells [45]. These results shows that dB-RG-II formation is effective 

in physiological processes such as plant cell wall modification, metabolism, and growth. 

Additionally, in 2014, Voxeur and Fry [46] emphasized the role of B in cell membranes 

through complex formation with glycosyl inositol phosphoryl ceramide (GIPC), which is 

major components of lipid rafts. B is involved in GIPCs-B-RGII complex formation through 

bridging the cell plasma membrane and the cell wall [47]. 

 

B is also involved in integrity of cell membranes. B deficiency causes rapid 

deterioration of the cell membrane stability, composition and membrane transport and the 

cell membrane becomes more permeable [48, 49]. By measuring membrane potentials in the 

roots of Elodea densa and Helianthus annuus, Blaser-Grill et al., [50] showed that B affects 

the proton gradient. Complexation of the glycoprotein with B on the membrane surface 

creates additional negative charges across the membrane that may affect electrostatics. In 

addition to glycoproteins, both surface glycoproteins and glycolipids in the bilayer have 

oligosaccharide side chains that can form borate complexes [51]. This interaction may cause 

changes in surface charge, stiffness, and membrane permeability. This excess cell membrane 

permeability due to B deficiency increases the secretory of organic compounds including 

sugar and amino acids outside root and leaf cells [48]. Moreover, compared to plants without 

B deficiency, B deficient plants have less potassium in their leaves [52]. Plants lacking B 

cannot take up potassium [53].  

 

In vascular plants, B affects the root growth [54]. B deficiency results in reduced root 

hair formation and elongation [55, 56] and cell elongation of the primary root [54, 57].  

Another physiological developmental process in plants in which B is effective generative 

development, particularly germination, pollen viability and pollen tube development [58, 

59, 60]. B deficiency severely affects the healthy growth and function of pollen tubes. This 

leads to decreases or stop of fertilization. Additionally, decreases in flowering and the 

shedding of the resulting flowers are seen in plants under B deficiency [58]. 

 

B is also involved in many metabolic pathways as it forms complexes with various 

hydroxylated molecules [61]. Sugar uptake and transport is faster in normal level B 
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containing plants compared to B deficient ones [62]. B deficiency inhibits glucose-6-

phosphate dehydrogenases resulting in increased phenol production in plants, [63, 64]. Borate 

is an alcohol dehydrogenase inhibitor [65, 66]. Legumes are known to have a very high 

demand for B. One of the main reasons for this is thought to be that B deficiency greatly 

affects the nitrogen fixation process and nodule formation [67, 68, 69]. Furthermore, various 

other roles of B have been demonstrated in plants, including of reproductive tissue 

stimulation, seed quality improvement, and its effect on the biosynthesis of certain metabolic 

compounds such as polyphenols and antioxidants [35, 70, 71]. Various studies have been 

conducted showing that antioxidant enzyme activity increases under high levels of B [72, 73].  

 

 2.4. Boron Toxicity in Plants  

 

Plants are often exposed to B toxicity when grown in soils with high B content or/and 

irrigated with waters having high B content. [74]. Even though B toxicity is not as common 

as B deficiency in nature, it is a severe problem that reduces plant growth and development 

and causes yield losses in semi-arid and arid environments. It is difficult to recover toxic B 

from the soils therefore, the only sustainable solution may be to find the mechanisms of B 

toxicity and tolerant crops with adequate yields should be grown [75]. 

 

In plants, optimal and toxic concentrations of B are very close to each other [76] and 

these concentration levels may greatly vary between varieties of each species as well as from 

species to species. Some species are very sensitive to B while some species are high tolerant. 

Sensitive plants such as Phaseolus vulgaris safe B concentrations in irrigation water change 

between 0.3 to 1 mgL−1.Moreover, semi-tolerant plants such as Zea mays and Solanum 

tuberosum, safe B concentrations in irrigation water change between 1 to 2 mgL−1, tolerant 

plants such as Daucus carota and Cuminos melo, safe B concentrations in irrigation water 

change between 2 to 4 mgL−1, and very tolerant plants such as Solanum lycopersicon safe B 

concentrations in irrigation water change between 4 to 6 mgL−1 [77]. 

 

B is unique nutrient among plants in many ways. Symptoms of B toxicity also differ 

between species, based on the mobility and immobility of the phloem. In phloem-motile 

plant species the effects of B toxicity are related to the accumulation of high B concentrations 

in older leaves [78]. B moves through the xylem and then accumulates in the leaves at the 

end of the transpiration stream. In the presence of toxic level B, these plant species such as 
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barley and wheat develop necrosis and chlorosis spreading from the leaf tips with brown 

lesions first forming at the edges, then covering most of the leaf [79]. Additionally, delay in 

emergence and delay in leafing, decrease in yield, number of spikes per plant, dry matter 

weight, grain weight and stem height were observed in several studies [80, 81, 82, 83, 84, 85, 

86, 87, 88, 89]. Root weakness and reduced lateral root growth were observed in 

hydroponically grown barley and wheat [83].  The symptoms that occur under B toxicity can 

vary between genotypes. For example, it was observed that 70 durum wheat genotypes had 

varying dry matter weights from low to high under B toxicity [90]. On the other hand, in 

phloem-mobile plants such as Malus, Pyrus and Prunus species, B accumulates in 

developing sinks [91], and young shoot tip cessation, bud abscission are observed. Moreover, 

in celery, B toxicity causes deformed young leaves and irregular stem shape [92]. 

 

Contrary to the relationship between leaf and B toxicity, the information on the 

relationship between root and B toxicity is quite limited. Interestingly, visible symptoms are 

not seen in roots. Moreover, B concentrations in these tissues is relatively low compared to 

leaves, even if plants are exposed to high levels of the B [83]. Under B toxicity, the primary 

phenotypic effect in root tissues is inhibition of root growth, followed by a decrease in root 

dry weight, and then an increase in B content. [72, 93]. Additionally, abnormal cell division 

was observed in the bean root meristem under B toxicity [94]. 

 

B toxicity may cause severe physiological and biochemical effects including  

photosynthesis inhibition [95], membrane leakage increase [96], lipid peroxidation [96] and 

change in antioxidant enzyme activity [96]. In toxic concentrations that enter the plant, B 

binds to biomolecules with its cis-hydroxyl groups and may cause some major damage to 

cells. Cell growth may be impaired due to binding to ribose in RNA. Due to its binding to 

ribose in ATP, NADH and NADP, metabolic damage may occur, cell wall structure may be 

disrupted, and cell division may be inhibited [2]. Furthermore, toxic level B concentrations 

also cause significant changes in several enzymes’ activities. Bonilla et al., [97] and Kastori 

and Petrovic [98] suggested that B alter the nitrogen metabolism.  
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2.5. Omics Studies on Plants Exposed to Boron Toxicity 

 

Uncovering the molecular mechanisms of B toxicity in high resolution is critical to 

understand the progression of damage and tolerance pathways. For this purpose, the so-

called omics; It requires multidimensional, large-scale, and detailed experiments involving 

all genetic, or functional components. The major types of omics are genomics, 

transcriptomics, proteomics, and metabolomics [99]. Particularly, transcriptomics is 

routinely used in B toxicity including [99, 100, 3, 101]. 

 

To understand the B response and tolerance mechanisms in the roots and leaves of 

wheat, physiological, transcriptomic and biochemical studies were performed in toxic B 

treated cultivars [3]. Despite the high B content, neither the root nor the leaves of either 

cultivar showed reduced viability or delayed growth. 957 and 1248 1248 of the expressed 

genes were susceptible to B toxicity in the roots of Bolal and Atay, respectively. Moreover, 

892 and 995 of the expressed genes were significantly expressed at least two-fold under B 

toxicity in the leaves of Bolal and Atay, respectively. Compared to Bolal cultivar, in Atay 

cultivar, protein degradation genes induced under B toxicity were more expressed in both 

root and leaf tissues. These contrasts in the transcriptome pattern are the result of higher B 

accumulation needing a high degree of metabolic adjustment in the sensitive variety. 

Furthermore, B toxicity altered genes expression related to hormone and kinases signalling, 

ROS scavenging, and TFs including WRKY and MYB. The nodulin-26-like intrinsic 

proteins (NIP4;1) and Glutathione S-transferase (GST) and genes were key B stress response 

factors among the genes commonly regulated in Atay and Bolal [3]. 

 

Kayıhan et al., [101] examined B-treated seeds of Arabidopsis thaliana to determine 

gene expression patterns related to anthocyanin biosynthesis and transport, and related TFs 

under B toxicity. 3 mM boric acid treatment caused upregulation of anthocyanin biosynthesis 

genes (4CL3 and C4H) and TFs (MYB114 and MYB75) and anthocyanin transporter genes 

(TT19 and TT13). Furthermore, since the B-anthocyanin complex conjugated with GSH 

participates in the B tolerance mechanism in plants and SLIM1 TF activates sulfate uptake 

for cysteine producing sulfate-initiated S assimilation that is the substrate for GSH, 

Anthocyanin accumulation level was calculated in both wild type and slim1 mutant 

Arabidopsis thaliana under both normal and toxic B conditions.  As expected, toxic B 

conditions increased anthocyanin accumulation both WT and slim1 mutant Arabidopsis, and 
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slim1 mutant had higher anthocyanin accumulation compared to WT under all conditions. 

From these results, it is seen that anthocyanin have a critical role in B tolerance.  

 

In the leaves of C. grandis, an intolerant cultivator, and Citrus sinensis, a tolerant 

cultivator, miRNAs were found via Illumina sequencing. B treatment induced differential 

expression of 20 miRNAs in C. sinensis and 51 miRNAs in C. grandis. Interestingly, 

miR397a and miR395a were downregulated in the leaves of C. sinensis whereas, they were 

the significantly upregulated in the leaves of C. grandis.  miR160a and miR397a targets 

were confirmed by the 5′-RACE method as two laccase genes and four auxin response factor 

genes, respectively. Downregulation of AC4 and LAC17 in C. grandis caused, and 

upregulation of LAC4 in C. sinensis caused poorly developed vessel elements and secondary 

deposition of cell wall polysaccharides in vessel elements, respectively. These results 

indicate that miR397a has a crucial role in B-toxicity tolerance in Citrus vis targeting LAC17 

and LAC4  [102].  Moreover, in another study, they showed that B treatment caused 

differential expression of 37 miRNAs in C. grandis and11 miRNAs in C. sinensis [103]. The 

targets of miR171, miR319, and miR396g-5p were confirmed via 5'-RACE and qRT-PCR 

as SCARECROW-like protein gene, myeloblastosis (MYB) TF gene and cation transporting 

ATPase gene, respectively. From these results, downregulation of MYB as a result of 

upregulation of miR319 in roots can reduce root tip number and thus significantly alter the 

root system architecture. Moreover, since B-treated Citrus roots allow normal root 

elongation despite B toxicity, SCARECROW expression may be required for dormant centre 

specification, stem cell maintenance and endodermis specification. In conclusion, miR171 

and miR319 have a key role in the long-term B toxicity adaptation of Citrus via targeting 

SCARECROW and MYB89 involving development and root growth, respectively. 

 

After measuring the expression levels of miRNAs including JA and ethylene targets 

(miR319, miR172, miR159, miR394) and laccase target (miR397) in Arabidopsis thaliana 

under toxic B conditions, mature miRNAs were amplified using stem-loop qRT-PCR for 

expression analysis. Expression levels of these miRNAs were increased under moderate 

level (1 mM) B toxicity treatment but not under high level (3 mM) B toxicity treatment. The 

most striking rearrangements occurred in miR319 and miR172. There was no notable change 

in the expression level of miR397. These results indicate that under B toxicity, there is no 

post-transcriptional regulation of laccase involved in cell wall modification. Furthermore, 
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miRNAs targeting TFs involved in ethylene and JA metabolisms in Arabidopsis thaliana 

may be oxidative stress-adaptive responses to B toxicity of Arabidopsis [104].  

 

Recently, Yingna et al., [105] found AtWRKY47, a B toxicity response transcription 

factor in Arabidopsis thaliana. Under B toxicity conditions, T-DNA insertion mutants 

Atwrky47 increased growth parameters and B toxicity tolerance under elevated B treatment 

compared to WT Col-0 plants. Overexpression of AtWRKY47 in Col-0 increased B toxicity 

sensitivity, resulting in less chlorophyll content and less biomass. Additionally, B 

concentration in shoots was higher in overexpression lines but lower in Atwrky47 mutants. 

These results show that AtWRKY4 is a B toxicity sensitive transcription factor in 

Arabidopsis thaliana and has an effective role in regulation of B toxicity tolerance. 

 

2.6. Single Cell RNA Sequencing 

 

Before single cell technologies, bulk methods were standard for analysing the 

transcriptome and were provided a lot of molecular information to the literature. However, 

since different cell populations are averaged and the values of gene expressions in the bulk 

transcriptome methods give an average of all cells in the tissue, they are likely to give limited 

results, a phenomenon known as Simpson's dilemma. In addition, it is not possible to detect 

rare cell types in these bulk methods [106].  

 

A recently found single cell sequencing studies are pioneering and efficient in 

overcoming all these problems [107]. Single-cell technology is pioneering and efficient in 

overcoming all these problems. Single-cell approaches are a very powerful tools that can 

detect cellular heterogeneity among individual cells and outlying cell maps [107]. Single cell 

RNA sequencing (scRNA-seq) is one of the single cell technologies. It has made it possible 

to profile the transcriptome of hundreds of thousands of individual cells. Through the 

discovery of new cell populations with different gene expression profiles, scRNA-seq 

enables us to understand the cell as a functional unit [4, 5]. It can identify previously known 

and unknown cell types [108, 109, 110] and allow to find subpopulations of a known cell type 

[111, 108]. It can sensitively and specifically isolate signals from rare cells in cell populations 

that would be lost in bulk RNA sequencing [112, 113, 114, 115]. Moreover, it can enable the 

discovery of potentially useful markers for cell types [108, 116]. Finally, it provides finding 
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differentiation and cell lineage. When a stem cell population promotes differentiation, 

snapshots of the differentiation process at various time points can be taken by scRNA-seq, 

and by using these snapshots, the trajectories and key genes can be obtained. Tajectories 

enable the cell to reach each differentiated state. Key genes enable cells to be arranged 

differently at each branch point [117, 106, 108, 118]. 

 

scRNA-seq has not been widely applied in plants unlike animals. One reason for this 

is that cell wall in plants prevents cells make it difficult to separate and individual cell. [12]. 

However, several groups have efficiently performed high-throughput scRNA-seq in plants. 

These studies generally focused on the Arabidopsis root system, [9, 14, 119, 120]. Arabidopsis 

thaliana root is a well-studied and understood plant organ and has relatively few cells and 

cell types. Moreover, there are methods to isolate individual cells through protoplast in the 

literature. Many tissue/cell type marker genes have been known through gene several 

expression studies. These reasons make Arabidopsis root a useful plant organ for scRNA-

seq studies [13, 121, 9, 14]. 

 

10X Genomics is a commercially available and widely used droplet-based platform 

that capable of performing high-throughput scRNA-seq [15]. In this technology, 

approximately 3.5 million Barcodes are used to individually index the transcriptome of each 

cell. Interestingly, this is achieved by dividing thousands of cells into beads (GEM: Gel 

Beads in Emulsion). On the other hand, single cell data analysis is not easy process. First, 

raw data is demultiplexed and quality control analysis is performed. These data are mapped 

to the reference genome. Expression matrices are created by selecting UMIs for each gene 

and each cell barcode [15]. This matrix is filtered and cells with too little and/or too much 

gene expression, too many mitochondrial genes, and/or cell debris are filtered out from the 

datasets. Then normalization is done. Normalization makes it possible to compare cells. 

Then, a subset of features that show variation among cells higher in the dataset is calculated 

(variable genes analysis). Standardization (scaling) is done. Standardization allows gene 

comparison. Then, linear dimension reduction (Principal Component Analysis (PCA) ) is 

done on the standardized data set. Selecting the optimum number of PC for downstream 

analysis is a critical step. Too many PCs will cause technical noise, too few PCs will cause 

data loss. Then clustering and nonlinear dimension reduction (UMAP, t-distributed 

Stochastic Neighbor Embedding (t-SNE)) are done. Differential expression analysis is 

performed, and gene markers are found. Finally, GSEA is performed. After the control and 
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condition groups are analysed separately, integration analysis can be performed, and the data 

sets can be compared. Thus, cell types in the datasets can be identified, rare cell clusters can 

be found, conserved cell type marker can be obtained, and cell responses can be found [122]. 

 

In this thesis, for the first time in the literature, high throughput scRNA-seq study was 

performed to find the molecular basis of the B toxicity tolerance mechanism on cellular level. 

In this context, Arabidopsis roots exposed to 1 mM and 2 mM B toxicity at seedling stage 

were used. Protoplasts were isolated from the roots. Using the 10X Genomics Chromium 

Controller device, cells were barcoded and libraries were constructed. After sequencig, data 

analyzes were performed. Gene expression profiles and clustering of cell types were carried 

out.  
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3. MATERIALS AND METHODS 

 

3.1. Plant Growth and Boron Toxicity Treatments 

 

In this study, wild type (WT) Arabidopsis thaliana cv. Columbia seeds were used. 

Experimental details were shown in Figure 3.1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Arabidopsis thaliana seeds were surface sterilized before sowing on the growth media. 

Briefly, the seeds were placed in an Eppendorf tube containing 500 µl of 70% (v/v) EtOH, 

inverted for 2 minutes and EtOH was withdrawn.  500ul of 2.5% (v/v) NaOCl was added. 

After 10 minutes of inversion, the NaOCl was withdrawn. Then, seeds were washed three 

times for 30 seconds with 500 µl of distilled water.  

 

Surface sterilized seeds were placed one by one on the line drawn on the petri dishes 

at intervals. Control groups were grown in half-strength MS media (Murashige and Skoog, 

Figure 3.1. Experimental set up in detail 
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1962) (pH: 5.7). On the other hand, 1 mM boric acid and 2 mM boric acid treatment were 

chosen for the treatment of B toxicity [100, 104] and 1 mM boric acid treatment group (1B) 

and 2 mM boric acid treatment group 2B toxicity treatment groups were grown in MS media 

containing 1 mM or 2 mM boric acid, respectively. Petri dishes were first wrapped with 

stretch film and then with aluminium foil. After stratification at 4°C for 3 days and kept in 

the growth chamber at 22 ±1°C for 14 days with 16 hours of light (200 μmol m–2s–1) and 8 

hours of dark photocycle at 60% relative humidity.  

 

3.2. Protoplast Isolation and Cell Counting 

 

After the 14-day growth period was complete, approximately 20 primary roots were 

chopped with a length of 2 cm, above the tips with the help of forceps. The enzyme solution 

containing 1.25% [w/v] Cellulase [“ONOZUKA” R10, Yakult], 0.1% [w/v] Pectolyase [P-

3026, Sigma-Aldrich], 0.4 M Mannitol, 20 mM MES [pH 5.7], 20 mM KCl, 10 mM CaCl2, 

0.1% [w/v] bovine serum albumin was prepared.  

 

3 ml of enzyme solution per sample was poured in a small petri dish and then a 70 µm 

strainer was placed in this petri dish. Primary roots were put into a petri dish with enzyme 

solution and shaken in a shaker at 90 rpm for 2.5 hours, gently crushed every half hour. The 

liquid parts that filtered out of the petri dish were taken into 15 ml falcon and passed through 

a 40 µm strainer and centrifuged at 100 g at 22°C for 6 min. The pellets were dissolved in 

500 µl of 8% mannitol and passed through a 40-pipette strainer (SP Bel-Art). 

 

25 µl of solution was taken into 1.5 ml Eppendorf tube. 0.4% Trypan Blue was added 

to each sample in the tube (at 10:0.8 ratio) and waited for 1-2 minutes at room temperature. 

Samples were loaded onto a Thoma slide and viewed with a Light microscope (Zeiss Primo 

Star). According to Equation 3.1. and 3.2., live and dead cells in 1 ml and 1 µl of each sample 

were counted separately, and cell viability was calculated according to Equation 3.3.  

 

cell/ml = A  x  SF x 10000          (3.1.) 

 

cell/µl = A x SF x 10                     (3.2.) 

 

In here A: Number of cells in 16 squares, SF: Dilution Factor 
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viability =
Alive cell number

Total Cell Number
𝑥 100                     (3.3.) 

      

3.3. Barcoding of protoplast, library construction and sequencing 

 

The control group, 1mM B treatment groups, and 2mM B treatment groups were 

used. Since there are 8 wells in a 10X Genomics chip, 2 replicates in the control group, 3 

replicates in the 1mM B treatment group and 2mM B treatment were used. In detail, 

experimental steps of 10X Genomics scRNA-seq and times were shown in Table 3.1. 

 

Table 3.1. Single cell sequencing experimental steps and times  
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3.3.1. GEM generation and barcoding 

 

3.3.1.1. Preparing single cell master mix  

 

Master mix was prepared (Table 3.2.). It was pipetted and centrifuged. 31.8 µl of the 

mix was added to 8 PCR tubes on ice.  

Table 3.2. GEM generation master mix preparation protocol 

 
 

3.3.1.2. Loading chromium next GEM chip G 

 

The volumes of water and single-cell mix were calculated for 75 µl in each tube (Table 

3.3.) according to the Table 3.4. 

 

Table 3.3. Single cell suspension preparation 
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Table 3.4. Cell Suspension Volume Calculator Table. Red color: Cell suspension stock per reaction volume, blue 

color: Nuclease-free water per reaction volume, black color: volume exceeding the allowable volume of water in 

each reaction volume, yellow color:  Low transfer volume, Navy Blue color: Optimal range  
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The cell suspension was slowly pipetted and added to the master mix. 70 µl of solution 

was added to the centre of all wells in the first row of the chip. The tube strip holder was 

inserted into vortex. After vortexing about 30 seconds, centrifuged for approximately 5 

seconds. After that, it was placed in a holder. 50 µl of Gel Beads were gently aspirated, 

added to the wells in the second row without forming bubbles, and left for 30 seconds at 

room temperature (RT). 45 µl of partitioning oil was dispensed into all wells in the third row 

of the chip (Figure 3.2.). 

 

 

 

3.3.1.3. Running chromium controller, transferring GEMs and GEM-RT incubation 

 

The chip was run on the Chromium Controller. After, it was ensured that any wells 

were not abnormally high. 100 µl of GEMs were slowly aspirated in the third row (Figure 

3.2.). After ensuring that the GEMs appeared opaque and uniform in all channels, the GEMs 

were dispensed into the tube strip for approximately 20 seconds with the pipette tips and 

incubated with a thermal cycler under the incubation protocol provided by the company 

(Table 3.5.). 

 
Table 3.5. Transferred GEM’s RT incubation protocol 

 

 

 

Figure 3.2. The principles of the 10X Genomics scRNA-seq library preparation 
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3.3.2. Post GEM–RT cleanup and cDNA amplification 

 

3.3.2.1. Post GEM–RT cleanup  

 

125 µl of recovery agent was added to the samples and waited for 2 minutes at RT and 

125 µl of recovery agent + partitioning oil was slowly removed. According to Table 3.6., 

Dynabeads Cleanup Mix was prepared, vortexed, 200 µl was added to the sample, mixed by 

pipetting, and incubated at RT for 10 minutes, respectively. Then it was mixed again by 

pipetting approximately 5 minutes after the start of the incubation to resuspend the settled 

beads. 

 

Table 3.6. Dynabeads Cleanup Mix protocol 

 

 

Elution Solution I was prepared according to Table 3.7. and vortexed and briefly 

centrifuged. It was incubated for 10 minutes, then placed in the 10X Magnetic Separator in 

the elevated position until the solution cleared. The supernatant was removed. On the 

magnet, 300 µl of 80% ethanol was added to the pellet and waited approximately 30 seconds. 

Ethanol was removed. 200 µl of 80% ethanol was added to the pellet and left approximately 

30 seconds. Ethanol was removed. Briefly centrifuged and placed on the magnet in a low 

position. The remaining ethanol was removed and dried about 1 minute in the air. It was 

removed from the magnet. 35.5 µl of Elution Solution I was immediately added and mixed 

with a pipette without creating bubbles. It was incubated for 2 minutes at RT. The solution 

was placed on the magnet in a low position until clear.  
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Table 3.7. Elution Solution preparing protocol 

 

 

3.3.2.2. cDNA amplification 

 

The cDNA Amplification Mix was prepared according to Table 3.8. on ice. It was 

vortexed and centrifuged for mixing. 65 µl of mix was added to 35 µl of the sample. Pipetting 

was done. Centrifugation was done. It was incubated according to the protocol in Table 3.9. 

 

Table 3.8. cDNA Amplification Reaction Mix preparing protocol 

 
 

Table 3.9. cDNA Amplification incubation protocol 

 

 

3.3.2.3. cDNA cleanup and cDNA quality control and quantification 

 

The Ampure reagent was vortexed to resuspend, 60 µl of reagent was added to the 

sample and pipetted. Samples were incubated for 5 minutes at RT. They were placed in the 

high position of the magnet until the solution cleared. The supernatants were removed. 200 

µl of 80% ethanol was added to the pellets and waited approximately 30 seconds. Ethanol 

was removed. Ethanol addition and removal steps were repeated for 2 washes. The samples 
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were centrifuged for a short time and placed in the high position of the magnet. The 

remaining ethanol was removed and dried for 2 minutes. 2 minutes were not exceeded as it 

would reduce the elution efficiency. Samples were removed from magnet. 40.5 µl of Buffer 

EB was added. Pipetting was done. The samples were incubated at RT for 2 minutes. The 

tube strip was placed on the magnet in a high position until the solution was clear. 40 µl of 

sample was transferred to a tube strip. The concentration and quality of the generated cDNAs 

were analysed by Qubit. 

 

3.3.3. 3ʹ gene expression library construction 

 

3.3.3.1. Fragmentation, end repair and A-tailing 

 

The incubation protocol in Table 3.10. below was prepared. Fragmentation Buffer was 

vortexed. It was ensured that there was no precipitate. Fragmentation Mix was prepared 

(Table 3.11.) and mixed with a pipette and centrifuged. 10 µl of purified cDNA was 

transferred to a tube. 25 µl of Buffer EB and 15 µl of Fragmentation Mix were added to each 

sample, respectively. Pipetting was done on ice. It was briefly centrifuged. The pre-chilled 

thermal cycler was also started protocol. 

 

 Table 3.10. Fragmentation Mix incubation protocol 
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Table 3.11. Fragmentation Mix preparation protocol 

 

  

3.3.3.2. Post fragmentation, end repair and a-tailing double sided size selection 

 

Ampure reagent was vortexed to resuspend. 30 µl of reagent was added to sample. 

Pipetting was done. Sample was incubated for 5 minutes at RT. They were placed in a high 

position above the magnet until the solution cleared. The supernatant was removed. 75 µl of 

the supernatant was transferred to a tube. Ampure reagent was vortexed to suspend. 10 µl 

reagent was added to sample. Pipetting was done. Samples were incubated for 5 minutes at 

RT. They were placed in a high position above the magnet and 80 µl of supernatant was 

removed. The beads have been received. 125 µl of 80% ethanol was added to the pellets and 

held for 30 seconds. Ethanol was removed. For 2 washes, the ethanol addition and removal 

steps were repeated and briefly centrifuged. Samples were placed in the low position of the 

magnet until the solution cleared. The remaining ethanol was removed. The samples were 

removed from the magnet. 50.5 µl of Buffer EB was added to each sample. Pipetting was 

done. Samples were incubated at RT for 2 minutes. The solution was placed on the magnet 

in a high position until clear. 

 

3.3.3.3. Adaptor ligation 

 

The Adapter Ligation Mixture was prepared according to Table 3.12. Mixed with a 

pipette and briefly centrifuged. 50 µl of Mix was added to sample. Pipetting was done. It 

was briefly centrifuged. The samples were incubated according to the protocol in Table 

3.13. 
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 Table 3.12. Adaptor Ligation preparing protocol 

 

 

Table 3.13. Adaptor Ligation incubation protocol 

 

 

3.3.3.4. Post ligation cleanup 

 

The ampure reagent was vortexed to resuspend and 80 µl of Ampure Reagent was 

added to each sample. Pipetting was done. Samples were incubated fat RT for 5 minutes. 

They were held in a high position on the magnet until the solution cleared. The supernatant 

was removed. 200 µl of 80% ethanol was added to the pellets. Waited 30 seconds. Ethanol 

was removed. The ethanol addition and subtraction steps were repeated for 2 washes and 

centrifuged. Samples were placed on the magnet in the low position. The remaining ethanol 

was removed and dried approximately 2 minutes. After removed from magnet. 30.5 µl of 

Buffer EB was added. Pipetting was done. Incubation was done at RT for 2 minutes. The 

solution was placed in a low position on the magnet until clear.  

 

3.3.3.5. Sample index-PCR 

 

Non-overlapping sample index sets were selected (Table 3.14.). Sample Index PCR 

Mixture was prepared (3.15.) and 60 µl Mix was added to each 30 µl of sample. 10 µl of single 

Index was added to each well. Pipetting was done. It was briefly centrifuged and incubated (Table 

3.16.). 
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Table 3.14. Sample Index 

 

 

 Table 3.15. Sample Index mixture preparation protocol 

 

  

 Table 3.16. Sample Index PCR incubation protocol 
 

 

 

 

 

 

 

 

 

 

 

3.3.3.6. Post sample index PCR double sided size selection 

 

The ampure reagent was vortexed to resuspend. 60 µl of reagent was added to sample. 

Pipetting was done. Incubation was done at RT for 5 minutes. The samples were held in a 

high position on the magnet until cleared. The supernatant was removed. 150 µl of the 

supernatant from the samples was transferred to tube. The ampure reagent was vortexed to 

resuspend. 20 µl of reagent was added to sample. Pipetting was done. Incubation was done 

at RT for 5 minutes. The samples were held in a high position on the magnet until they were 
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cleaned. 165 µl of supernatant was removed from the samples. While the tube was inside the 

magnet, 200 µl of 80% ethanol was added to the pellets. Waited 30 seconds. Ethanol was 

removed. The ethanol addition and subtraction steps were repeated 2 more times. Samples 

were briefly centrifuged. The samples were placed on the magnet in the low position. The 

ethanol was removed. The samples were removed from the magnet. 35.5 µl of Buffer EB 

was added to the samples. Pipetting was done. Incubation was done at RT for 2 minutes. The 

solution was placed on the magnet in a low position until cleared.  

 

3.3.3.7. Post library construction quality control 

 

1 µl of library at 1:10 dilution was loaded on the Agilent Bioanalyzer chip and the size 

and quality of the library were calculated. 

 

3.4. Sequencing 

 

All isolated Arabidopsis thaliana root protoplast samples were sequenced with 5000 

cells per sample and 20000 readings per cell (100.000.000 reading per sample in total with 

single end sequencing) by Ger Era Diagnostics A.Ş. with Illumina NovaSeq 6000. 

 

3.4. Data Analysis 

 

3.4.1. Preprocessing 

 

The Cell Ranger (v3.0.0) pipeline is a set of Chromium single cell data processing 

programs to align reads, produce feature-barcode matrices, clustering, and other analysis. 

First, with the Cellranger mkfastq command, FASTQ files were generated from the baseline 

call (BCL) files generated by the Illumina sequencing device. Then, with the cell ranger 

count command, reads were mapped to the TAIR10 reference genome by STAR software. 

The 10X Barcode and UMI counting was done, and feature-barcode matrices were created 

with chromium cellular barcodes. Finally, using 10X Genomic's Cellranger aggr pipeline, 

sample files (datasets) were aggregated for use in Loupe Browser (v.6.2.0). In this way, all 

samples were not analysed together and compared. The Cellranger aggr command 

automatically equalizes the average read depth per cell between groups before combining 
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the sample files. This approach avoids artifacts that may arise due to differences in 

sequencing depth. 

 

3.4.2. Data filtering, dimensionality reduction, clustering, and cluster identification 

and differential gene expression analysis 

 

Downstream analyses were conducted using the Loupe Browser (v.6.2.0). Firstly, 

interactive filtering and reclustering workflow were used to precisely screen out possible cell 

multiplets, dead cells, or cells with low diversity and perform PCA and t-SNE. In this 

workflow, filtering was performed using violin plots of UMI counts of the currently selected 

barcodes, threshold by a distinct number of detected features (number of distinct genes found 

for each barcode) and the percentage of UMIs per barcode associated with mitochondrial 

genes. Then, normalization was performed with the library size parameter per cell. PCA 

(default 20 PCA) was performed via the num_principal_comps command using the Python 

implementation of the IRLBA algorithm to reduce the size of the dataset, the samples were 

visualized t-SNE (default 30 t-SNE). After filtering and reclustering workflow, cell clusters 

were then identified using specific and validated gene markers for each cell type to cluster 

the cells in a robust manner. Differential gene expression was performed with a negative 

binomial exact test using sSeq application. 

 

3.4.3. Gene ontology and KEGG (kyoto encyclopedia of genes and genomes pathway) 

orthology analysis  

 

Gene ontology (GO) and KEGG orthology (KO) analysis was performed using the 

web-based program ShinyGO (v.0.76.3)  [123]. p-values were calculated according to the 

hypergeometric distribution of gene numbers. This applies to both query and background 

genes. False Discovery Rate (FDR) was calculated according to the nominal p value obtained 

from the hypergeometric test. The FDR cutoff value was chosen as 0.05, and then the 

important pathways (biological process, cellular component, and molecular function) were 

ranked according to the FDR Enrichment value and visualized with Dotplot. KEGG 

pathways were obtained and visualized with KEGG pathway map and Dotplot.  
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3.4.4. Heatmap analysis of gene expression  

 

Lists of 50 most differentially expressed genes (DEGs) were used for the heat map 

analysis. Briefly, gene count was log2 normalized and scaled via the Loupe Browser 

(v.6.2.0).  
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4. RESULTS 

 

4.1. Plant Growth 

 

Arabidopsis seeds were grown in vitro conditions for 14 days after surface sterilization 

(Figure 4.1.). Arabidopsis roots were obtained by positioning the petri dishes vertically after 

planting. Growth results after culturing were shown in Figure 4.2.- 4.4. 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 4.2. Plants grown in vitro for 14 days (control group) 

Figure 4.1. Growth chamber (Poetries are positioned vertically after planting) 
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Figure 4.3. Plants grown in vitro for 14 days (1B treatment group) 

 

 
Figure 4.4. Plants grown in vitro for 14 days (2B treatment group) 

 

4.2. Protoplast Isolation 

 

Primary root protoplast isolation protocol has been optimized to reliably implement 

the 10X genomics scRNA-seq and produce residue-free single-cell suspensions at the 

seedling stage. In this way, pellets were found in falcons in isolated protoplasts for all 

experimental groups. Pellet images of the control group protoplasts are given in Figure 4.5. 

Isolated protoplasts were examined under a light microscope and live cells were counted 

separately in 1 µl of each sample and cell viability was calculated (Table 4.1.). 

 

 
Figure 4.5. Pellet image of the precipitated protoplasts (Control group a: C1, b: C2) 
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Figure 4.6. Light microscope image of Arabidopsis thaliana root protoplast cells (Control (C) group 1B 

treatment group and 2B treatment group) 

 

Table 4.1. Cell count results of isolated protoplast solutions (cells/µl) 

Condition Replica Alive cell number (cell/µl) 

C C1 500 

C2 320 

 

1B 

1B1 520 

1B2 720 

1B3 760 

 

2B 

2B1 680 

2B2 420 

2B3 520 

 

 

4.3. Single cell library construction 

 

In accordance with 10X Genomics Inc. instructions, single cell solutions were 

prepared using the Chromium Next GEM Single Cell v3.1 kit and loaded into 3' v2 chemistry 

Chromium microfluidic chips and barcoded with the 10X Chromium Controller device. 

Reverse transcription was performed from the mRNAs of barcoded cells, followed by library 
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constructed. The size and quality of cDNAs were analysed with Qubit device (Table 4.2.) 

and the size and quality of libraries with Bioanalyzer device (Figure 4.7.-4.15.). 

 

Table 4.2. Concentration of protoplast cDNAs determined by Qubit device 

 

 

 

 

 
 
 
 

 

 
Figure 4.7. Electropherogram results of the protoplast libraries analyzed with the Bioanalyzer  

Sample Concentration (ng/µl) Dilution Factor Cycle 

C1 4.21 40 15 

C2 1.72 40 15 

1B1 7.02 40 15 

1B2 2.31 40 15 

1B3 12.9 40 15 

2B1 4.15 40 15 

2B2 2.16 40 15 

2B3 2.59 40 15 
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Figure 4.8. Size and quality of the protoplast (C1) library analyzed with the Bioanalyzer  

 

 
Figure 4.9. Size and quality of the protoplast (C2) library analyzed with the Bioanalyzer  
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Figure 4.10. Size and quality of the protoplast (1B1) library analyzed with the Bioanalyzer  

 

 
Figure 4.11. Size and quality of the protoplast (1B2) library analyzed with the Bioanalyzer  
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Figure 4.12. Size and quality of the protoplast (1B3) library analyzed with the Bioanalyzer  

 

 
Figure 4.13. Size and quality of the protoplast (2B1) library analyzed with the Bioanalyzer  
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Figure 4.14. Size and quality of the protoplast (2B2) library analyzed with the Bioanalyzer  

 

 
Figure 4.15. Size and quality of the protoplast (2B3) library analyzed with the Bioanalyzer  
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4.4. Data Analysis 
 

4.4.1. Preprocessing and cluster annotation  
 

With Cell ranger (v3.0.0) pipeline, raw reads were demultiplexed into FASTQ files 

and alignment, barcode counting were performed. Finally, datasets (Arabidopsis thaliana 

sample files) were aggregated. The sample files combined with the Cellranger aggr 

command were filtered and normalized using the Loupe Browser (v.6.2.0) program. In the 

filtering step, droplets containing multiple cells, empty droplets, low-quality cells, cells 

containing large numbers of mRNAs, and ambient RNAs were filtered. It was observed that 

some of the 8 samples (C1, 1B2, 1B3, 2B1, 2B3) had too much mRNA and ambient RNA. 

Too much mRNA contamination and/or dead cells are thought to be present in these samples. 

Therefore, these samples were not used in downstream analysis. Among other data sets, the 

best biological replicates (C2, 1B1 and 2B2) were selected from each experimental group 

(C, 1B, and 2B) according to data quality and the study was continued with these data sets. 

Accordingly, a total population of 1554 cells were recovered across three replicates. 

Approximately 179368 reads were obtained per cell, which generated a median of 1686 

unique molecular identifiers per cell, more than 19000 total genes detected per each 

replicate, more than 82% Q30 bases in RNA read per each replicate, and more than 93% 

valid barcode total per each replicate (Table 4.3.).  

 

Table 4.3. Cell ranger summary results 
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Plotting the single-cell transcriptomes via Louvain clustering and t-SNE projections 

using Loupe Browser (v.6.2.0). yielded six clusters of cell transcriptomes. We then 

determined tissue/cell type cluster annotation using 16 marker genes (Table 4.4.). We 

identified some major cell types including quiescent cells (QC), endodermis, cortex, 

columella, trichoblast (root-hair) and root cap. Identified clusters and organization of 

the Arabidopsis root were shown in Figure 4.16. [124]. 

 

Table 4.4. Arabidopsis root cell specific markers used to identify the clusters. 
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Figure 4.16. Cluster analysis of single-cell transcriptomes, a) t-SNE projection plot showing 6 major clusters of the 

1554 individual Arabidopsis root cell transcriptomes. C: Control group, 1B: 1mM treatment group and 2B: 2mM 

treatment group b) Organization of the Arabidopsis root. Depictions of transverse (left) and longitudinal (right) 

sections of the Arabidopsis primary root (QC: Quiescent center) [124] 

 

a  

b  

C  1B  

2B  
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4.4.2. DEGs of single-cell transcriptome of Arabidopsis roots exposed to boron toxicity 

 

We used Loupe software (v.6.2.0) to identify changes in gene expression profiles 

among all clusters and for each cluster individually in Arabidopsis roots under B toxicity. 

The number of overlapping DEGs between all group were shown in Figure 4.17a., 4.17b. 

and the number of overlapping DEGs in the clusters for each group were shown in Figure 

4.17c-4.17h. and the number of overlapping DEGs between the groups for each cluster were 

given in Figure 4.18. by using upset plot (http://www.bioinformatics.com.cn/en). In each 

panel on these upset plots, the lower left horizontal bar graph labelled DEG size shows the 

total number of DEGs per post-treatment time point. The circles in the matrix of each panel 

represent the unique and overlapping DEGs. Accordingly, we found that 84, 49 and 218 

genes were specifically upregulated in C, 1B and 2B, respectively (Figure 4.17a). 23 

upregulated genes were commonly regulated in both 1B and 2B (Figure 4.17a.). On the other 

hand, 262, 46 and 148 genes were specifically downregulated in C, 1B and 2B, respectively 

(Figure 4.17b.). 32 genes were commonly downregulated in both 1B and 2B Figure 4.17b.).  

 

We also determined the overlapping DEGs between clusters for each group (Figure 

4.17c.-4.17l.). Accordingly, we found that 112, 109, 86, 60, 48 and 27 were specifically 

upregulated under C in trichoblast, columella, QC, cortex, root cap and endodermis, 

respectively (Figure 4.17c.). Moreover, under this condition, 76, 73, 25 and 10 genes were 

commonly upregulated between columella and QC, and between cortex and trichoblast, and 

between endodermis and root cap, and between endodermis and QC, respectively. 12 genes 

were commonly upregulated in endodermis, root cap and QC and 8 genes were commonly 

upregulated in endodermis, columella and QC, and 7 genes were commonly upregulated in 

endodermis, cortex and trichoblast (Figure 4.17c.). On the other hand, 15, 10, 9, 6, 4 and 3 

genes were specifically downregulated under C in endodermis, QC, root cap, columella, 

cortex, and trichoblast, respectively (Figure 4.17d.). Furthermore, 14 genes were commonly 

downregulated between endodermis and root cap, and also 5 genes were commonly 

downregulated in cortex, trichoblast, root cap and endodermis, and 4 genes were commonly 

downregulated in cortex, trichoblast, QC, root cap and endodermis (Figure 4.17d.).  

 

Under 1B condition, 151, 96, 45 and 37 genes were specifically upregulated in 

columella, endodermis, root cap and QC, respectively (Figure 4.17e.). Additionally, 27, 16  

http://www.bioinformatics.com.cn/en
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and 14 genes were commonly upregulated between root cap and endodermis, and between 

endodermis and columella, and between root cap and columella, respectively (Figure 4.17e.). 

On the other hand, 17 and 9 genes were specifically downregulated under 1B in root cap and 

endodermis, respectively (Figure 4.17f.). 7 genes commonly downregulated between root 

cap and endodermis (Figure 4.17f.). 

 

Under 2B condition, 159, 146, 134 and 52 genes were specifically upregulated in 

endodermis, QC, columella and root cap, respectively (Figure 4.17g.). Additionally, 68, 40, 

32, 18 and 14 genes were commonly upregulated between columella and QC, and between 

root cap and QC, and between root cap and endodermis, and between root cap and columella, 

and between endodermis and QC, respectively. Furthermore, 7 genes commonly upregulated 

in root cap, endodermis and QC (Figure 4.17g.).  On the other hand, 50, 18, 11 and 8 genes 

were specifically downregulated under 2B in root cap, QC, columella and endodermis, 

respectively (Figure 4.17h.). Additionally, 20, 12 and 12 genes were commonly 

downregulated between QC and root cap, and between endodermis and root cap, and 

between columellar and root cap, respectively.  Also, 8 genes commonly downregulated in 

endodermis, QC and root cap, and 6 genes commonly downregulated in endodermis, 

columella and root cap (Figure 4.17h.). 

  

Furthermore, we determined the common and DEGs between C and B toxicity 

conditions for each cell cluster to find high B responsive regulations of gene expression 

patterns of clusters in Arabidopsis root (Figure 4.18.). Accordingly, 57, 56 and 98 genes 

were specifically upregulated in endodermis under C, 1B and 2B, respectively (Figure 

4.18a.). Moreover, in this cluster, 66 genes were commonly upregulated between 1B and 2B 

(Figure 4.18a.). On the other hand, 39, 15 and 15 genes were specifically downregulated in 

endodermis under C, 1B and 2B, respectively (Figure 4.18b.). 24, 43 and 49 genes were 

specifically upregulated in root cap under C, 1B and 2B, respectively (Figure 4.18c.). 

Additionally, in this cluster, 14 genes were commonly upregulated 1B and 2B (Figure 

4.18c.). On the other hand, 15, 4 and 63 genes were specifically downregulated in root cap. 

On the other hand, 15, 4 and 63 genes were specifically downregulated in root cap under C, 

1B and 2B, respectively (Figure 4.18d.). Moreover, 9 genes were commonly upregulated 

between 1B and 2B (Figure 4.18d.). 110, 42 and 153 genes were specifically upregulated in 

QC under C, 1B and 2B, respectively (Figure 4.18e.). On the other hand, 29 and 44 genes 

were specifically downregulated in C and 2B, respectively (Figure 4.18f.). 66, 13 and 54  
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Figure 4.17. Upset plots to summarize the common and specifically regulated genes. a) The intersection of 

upregulated genes between C and B toxicity treatment groups, b) The intersection of downregulated genes 

between C and B toxicity treatment groups, c) The intersection of upregulated genes between clusters under C 

condition,  d) The intersection of downregulated genes between clusters under C condition e) The intersection 

of upregulated genes between clusters under 1B condition, f) The intersection of downregulated genes between 

clusters under 1B condition, g) The intersection of upregulated genes between clusters under 2B condition and 

h) The intersection of downregulated genes between clusters under 2B condition 

a 
b 

c d 

e f 

g h 
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Figure 4.18. Upset plots to summarize overlaps between clusters for up and downregulated genes, a, c, e, g) 

The intersection of upregulated genes in endodermis, root cap, QC and columella respectively, and b, d, f, h) 

The intersection of downregulated genes in endodermis, root cap, QC and columella, respectively 

 

a b 

c d 

e f 

g h 
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genes were specifically upregulated in columella under C, 1B and 2B, respectively (Figure 

4.18g.). Moreover, in this cluster, 34 genes were commonly upregulated between 1B and 2B 

(Figure 4.18g.). On the other hand, 9 and 31 genes were specifically downregulated in C and 

2B, respectively (Figure 4.18h.). 

 

4.4.3. GO and KO Analyses 

 

To determine whether B toxicity is associated with unique GO terms (biological 

process, cellular component, and molecular function) at cell clusters, a GO enrichment 

analysis of gene expression subsets based on each cluster of B toxicity treatment groups was 

performed (Figure 4.19.-4.26.).  Accordingly, under 1B condition in columella, top-ranked 

biological processes were response to hypoxia, cellular response to hypoxia, response to 

oxygen level and cellular response to decreased oxygen level (Figure 4.19a.), and top-ranked 

cellular components were cell wall and external encapsulating structure (Figure 4.19b.), and 

top-ranked molecular functions were serine type endopeptidase inhibitor activity, peptidase 

inhibitor activity, endopeptidase inhibitor activity, endopeptidase regulator activity, 

peptidase regulator activity and flavin adenine dinucleotide binding (Figure 4.19c.) for 

upregulated genes. In this cluster, top-ranked biological processes were tryptophan catabolic 

process to kynurenine, kynurenine metabolic process, indolalkylamine catabolic process, 

cellular biogenic amine catabolic process, amine catabolic process and indole-containing 

compound catabolic process (Figure 4.19d.), and top-ranked cellular component was 

mitochondrion (Figure 4.19e.), and top-ranked molecular function was RNA binding (Figure 

4.19f.) for downregulated genes.   

 

In endodermis, top-ranked biological process was ATP metabolic process (Figure 

4.20a.), top-ranked cellular components were inner mitochondrial membrane protein 

complex, mitochondrial protein-containing complex and mitochondrial inner membrane 

(Figure 4.20b.), and top-ranked molecular function was protein transmembrane transporter 

activity (Figure 4.20c.) for upregulated genes. In this cluster, top-ranked biological processes 

were organonitrogen compound biosynthetic process, cellular amide metabolic process and 

amide biosynthetic process (Figure 4.20d.), and top-ranked cellular component was 

mitochondrion (Figure 4.20e.), and top-ranked molecular function was FMN binding (Figure 

4.20f.) for downregulated genes.  
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Figure 4.19. Significantly enriched GO terms in columella under 1B condition, a, b, c) BP, CC and MF for 

upregulated genes in columella, respectively, d, e, f) BP, CC and MF for downregulated genes in columella, 

respectively. BP: Biological process, CC: Cellular component, MF: Molecular Function 

 

In QC, top-ranked biological processes were electron transport chain, ATP metabolic 

process and respiratory electron transport chain (Figure 4.21a.), and top-ranked cellular 

component was mitochondrion (Figure 4.21b.), and top-ranked molecular function was 

oxidoreduction-driven active transmembrane transporter activity (Figure 4.21c.) for up 

regulated genes. 

 

In root cap, top-ranked biological process was response to oxygen containing component 

(Figure 4.22a.), top-ranked cellular component was anchored component of membrane 

(Figure 4.22b.), and top-ranked molecular function was mRNA (Figure 4.22c.) for up 

regulated genes. In this cluster, top-ranked, biological processes were peptide metabolic 

process and cellular amide metabolic process (Figure 4.22d.), and top-ranked cellular 

component was mitochondrion (Figure 4.22e.), and top-ranked molecular functions were 

protein transmembrane transporter activity, glutathione transferase activity and 

oxidoreduction-driven active transmembrane transporter activity (Figure 4.22f.) for 

downregulated genes. 

a  b  

c  d  

e  f  
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Figure 4.20. Significantly enriched GO terms in endodermis under 1B condition, a, b, c) BP, CC and MF for 

upregulated genes in endodermis, respectively, d, e, f) BP, CC and MF for downregulated genes in endodermis, 

respectively. BP: Biological process, CC: Cellular component, MF: Molecular Function 

  

 
Figure 4.21. Significantly enriched GO terms in QC under 1B condition, a, b, c) BP, CC and MF for upregulated 

genes in QC, respectively. BP: Biological process, CC: Cellular component, MF: Molecular Function 

 

  

a  b  

c  d  

e  
f  

a  b  

c  
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Figure 4.22. Significantly enriched GO terms in root cap under 1B condition, a, b, c) BP, CC, and MF for 

upregulated genes in root cap, respectively, d, e, f) BP, CC and MF for downregulated genes in root cap, 

respectively. BP: Biological process, Cellular component, MF: Molecular Function 

 

Moreover, under 2B condition in columella, top-ranked biological processes were 

response to hypoxia, cellular response to hypoxia, response to oxygen level and cellular 

response to decreased oxygen level (Figure 4.23a.), and top-ranked cellular components 

were cell wall and external encapsulating structure (Figure 4.23b.), and top-ranked 

molecular functions were serine type endopeptidase inhibitor activity, peptidase inhibitor 

activity, endopeptidase inhibitor activity, endopeptidase regulator activity and peptidase 

regulator activity (Figure 4.23c.) for upregulated genes. In this cluster, top-ranked biological 

processes were response to hypoxia, cellular response to hypoxia, response to oxygen level 

and cellular response to decreased oxygen level (Figure 4.23d.), and top-ranked cellular 

components were cell-cell junction, plasmodesma, anchoring junction, symplast and cell 

junction (Figure 4.20e.), and top-ranked molecular function was copper ion binding (Figure 

4.23f.) for downregulated genes.  

a  
b  

c  d  

e  f  
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Figure 4.23. Significantly enriched GO terms in columella under 2B condition, a, b, c) BP, CC and MF for 

upregulated genes in columella, respectively, d, e, f) BP, CC and MF for downregulated genes in columella, 

respectively. BP: Biological process, CC: Cellular component, MF: Molecular Function 

 

In endodermis, top-ranked biological processes were response to metal ion, response 

to inorganic substance and response to cadmium ion (Figure 4.24a.), and top-ranked cellular 

components were cell-cell junction, plasmodesma, anchoring junction, symplast and cell 

junction (Figure 4.24b.), and top-ranked molecular function was copper ion binding (Figure 

4.24c.) for upregulated genes. In this cluster, top-ranked biological processes were response 

to hypoxia, cellular response to hypoxia, response to oxygen level and cellular response to 

decreased oxygen level (Figure 4.24d.), and top-ranked cellular component was vacuole 

(Figure 4.24e.), and top-ranked molecular function was modified amino acid binding (Figure 

4.24f.) for downregulated genes.  

 

In QC, top-ranked biological processes were response to hypoxia, cellular response to 

hypoxia, response to oxygen level and cellular response to decreased oxygen level (Figure 

4.25a.), and top-ranked cellular components were cell-cell junction, plasmodesma, 

anchoring junction, symplast and cell junction (Figure 4.25b.), and top-ranked molecular 

functions were glutathione transferase activity and oxidoreductase activity (Figure 4.25c.) 

a  b  

c  d  

e  f  
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for upregulated genes. In this cluster, top-ranked biological processes were response to 

inorganic substance, response to metal ion and response to cadmium ion (Figure 4.25d.), and 

top-ranked cellular components were vacuole and mitochondrion (Figure 4.25e.), and top-

ranked molecular functions were protein tag and ubiquitin protein ligase binding (Figure 

4.25f.) for downregulated genes.  

 

 

 

 
Figure 4.24. Significantly enriched GO terms in endodermis under 2B condition, a, b, c) BP, CC and MF for 

upregulated genes in endodermis, respectively, d, e, f) BP, CC and MF for downregulated genes in endodermis, 

respectively. BP: Biological process, CC: Cellular component, MF: Molecular Function 

 

In root cap, top-ranked biological processes were response to hypoxia, cellular 

response to hypoxia, response to oxygen level and cellular response to decreased oxygen 

level Figure 4.26a.), top-ranked cellular components were protein-transporting ATP 

synthase complex and protein-transporting two sector ATPase complex (Figure 4.26b.), and 

top-ranked molecular functions were ligase activity (Figure 4.26c.) for upregulated genes. 

In this cluster, top-ranked biological processes were response to hypoxia, cellular response 

to hypoxia, response to oxygen level and cellular response to decreased oxygen level (Figure 

4.26d.), and top-ranked cellular components were mitochondrion and vacuole (Figure 

a  

c  

e  

b  
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4.26e.), and top-ranked molecular functions were glutathione transferase activity and 

oxidoreductase (Figure 4.26f.) activity for downregulated genes. 

 

 

 
Figure 4.25. Significantly enriched GO terms in QC under 2B condition, a, b, c) BP, CC and MF for upregulated 

genes in QC, respectively, d, e, f) BP, CC and MF for downregulated genes in QC, respectively. BP: Biological 

process, CC: Cellular component, MF: Molecular Function 
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Figure 4.26. Significantly enriched GO terms in root cap under 2B condition, a, b, c) BP, CC and MF for 

upregulated genes in root cap, respectively, d, e, f) BP, CC and MF for downregulated genes in root cap, 

respectively. BP: Biological process, CC: Cellular component, MF: Molecular Function 

 

To profile B toxicity responsive mechanisms at cell clusters, enrichment analyses of 

biological pathways defined by KO were conducted. KO analyses showed that under 1B, in 

columella, the upregulated DEGs were highly associated with ‘glutathione metabolism’, 

‘autopathy’ and ‘sulfur metabolism’ (Figure 4.27a.). In endodermis, the upregulated DEGs 

were highly associated with pathways including ‘carbon fixation in photosynthetic 

organisms’, ‘glutathione metabolism’, ‘oxidative phosphorylation’, ‘phenylpropanoid 

biosynthesis’, ‘glycolysis/gluconeogenesis’, ‘carbon metabolism’ and ‘biosynthesis of 

amino acids’ (Figure 4.27b.), and the downregulated DEGs were highly associated with 

pathways including ‘ubiquitin mediated proteolysis’ (Figure 4.27c.). In root cap, the 

upregulated DEGs were highly associated with pathways such as ‘carbon fixation in 

photosynthetic organisms’, ‘glycolysis/gluconeogenesis’, ‘biosynthesis of amino acids’, 

‘cysteine and methionine metabolism’ and ‘carbon metabolism’ (Figure 4.27d.), and the 

downregulated DEGs were highly associated with ‘glutathione metabolism’ (Figure 4.21e.). 
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Figure 4.27. Significantly enriched pathway according to KEGG analysis under 1B condition, a) Upregulated 

genes in columella, b) Upregulated genes in endodermis c) Downregulated genes in endodermis, d) 

Upregulated genes in root cap, e) Downregulated genes in root cap 

 

Under 2B treatment, in columella, the upregulated DEGs were highly associated with 

‘glutathione metabolism’, ‘sulphur metabolism’ and ‘alanine, aspartate and glutamate 

metabolism’ (Figure 4.28a.). In endodermis, the upregulated DEGs were highly associated 

‘stilbenoid, diaryheptanoid and gingerol biosynthesis (Figure 4.28b.), and the downregulated 

DEGs were highly associated with pathways including ‘glutathione metabolism’ (Figure 

4.28c.). In QC, the upregulated DEGs were highly associated with pathways such as 

‘glutathione metabolism’, ‘phenylpropanoid biosynthesis’, ‘plant-pathogen interaction’ and 

‘MAPK signaling pathway-plant’ (Figure 4.28d.), and the downregulated DEGs were highly 

associated with pathways such as ‘arginine and proline metabolism’, ‘glutathione 

metabolism’ and ‘cysteine and methionine metabolism’ (Figure 4.28e.). In root cap, the 

upregulated DEGs were highly associated with pathways including ‘ribosome’, ‘carbon 

fixation in photosynthetic organisms’, ‘glycolysis/gluconeogenesis’, ‘biosynthesis of amino 

acids’, ‘cysteine and methionine metabolism’, ‘carbon metabolism’, ‘MAPK signaling 

pathway-plant’ and plant-pathogen interaction’ (Figure 4.28f.), and the downregulated 

DEGs were highly associated with pathways including ‘glutathione metabolism’ and 

‘arginine and proline metabolism’ (Figure 4.28g.).   
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Figure 4.28. Significantly enriched pathway according to KEGG analysis under 2B condition, a) Upregulated 

genes in columella, b) Upregulated genes in endodermis c) Downregulated genes in endodermis, d) 

Upregulated genes in QC, e) Downregulated genes in QC, f) Upregulated genes in root cap, g) Downregulated 

genes in root cap 

 

Glutathione metabolism was activated caused by B toxicity at different cell clusters 

in Arabidopsis root. Therefore, we carefully determined the genes related the glutathonine 

metabolism (Table 4.5.). Accordingly, under 1B condition, most significantly upregulated 

genes were CICDH and GSTF10 in root cap, GSTU25, GSTU24 and GSTU7 in columella, 

and GSTU26, GSTF10 and GPX2 in endodermis. Moreover, most significantly 

downregulated genes were GSTU25, GSTU19 and GSTF8 in root cap (Table 4.5.). Under 

2B condition, most significantly upregulated genes were GSTU25, GPX2 and GSTU5 in 

columella, APX1, CICDH and GSTF10 in endodermis, and GSTF2, GSTU17 and GSTU11 

in QC. On the other hand, most significantly downregulated genes were GSTU25, GSTF8 

and GPX6 in root cap, GSTF8, GSTU24 and GSTU25 in endodermis, GSTU24, GSTU25 and 

GSTU19 in QC (Table 4.5.). 
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Table 4.5. The genes related to glutathione metabolism at each cluster under B toxicity in roots of Arabidopsis thaliana 
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Table 4.5. continued. 
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To identify cell-specific transcription factors (TFs) in Arabidopsis root implicated in 

B toxicity, overlaps between TFs of Arabidopsis thaliana [125] and upregulated genes of 

each cluster of B toxicity conditions were determined by Venn diagram 

(https://bioinformatics.psb.ugent.be/webtools/Venn/). Accordingly, 13 TF families were 

found under B toxicity including ERF, NAC, C2H2, WRKY, NF-X1, Trihelix, bZIP, bHLH, 

MYB, C3H, HD-ZIP, LBD, and HSF (Table 4.6.). Under 1B condition, in columella total 

14 genes belonging to 6 TF family including ERF, NAC, C2H2, WRKY, NF-X1, and 

Trihelix were upregulated. The most significantly upregulated TFs were ANAC087 and 

NFXL1 (Table 4.6). Under 2B condition, in columella, total 14 genes belonging to 7 TF 

family including NAC, ERF, LBD, WRKY, bZIP, NF-X1 and Trihelix were upregulated. 

The most significantly upregulated TFs were NAC015 and NAC083 (Table 4.6.). On the 

other hand, under this condition, in QC, total 33 genes belonging to 11 TF family including 

C2H2, ERF, bHLH, NAC, WRKY, HSF, MYB, C3H, WRKY, bZIP and HD-ZIP were 

upregulated. The most significantly upregulated TFs were MYB15 and MYB108 in QC 

(Table 4.6.). In root cap, total 12 genes belonging to 6 TF family including ERF, bHLH, 

C3H, NAC, WRKY and bZIP were upregulated. The most significantly upregulated TFs 

were ERF59 and ERF109 TFs in root cap (Table 4.6.). 

 

4.4.4. Heatmap analysis of gene expression  

 

We analysed DEGs via heatmap to visualize and interpret gene expression data at cell 

clusters in root tissues of Arabidopsis thaliana exposed to B toxicity (Figure 4.29.). 

Accordingly, under 1B condition, most significantly upregulated genes were AT1G12080, 

AT4G22212 and PDF2.3 in root cap, AMC9 and CEL3 in columella, PME2, AIR1B and 

PER57 in endodermis, and RPS7, RRN26 and NAD2B (Figure 4.29b., Table 4.7.). Under 2B 

condition, most significantly upregulated genes were AGP31, DFC and RBG7 in root cap, 

AT3G61930, PLP2 and GLP9 in columella, PER64, DIR9 and AT1G71740 in endodermis, 

and SCREW2, VBF and PP2B13 in QC (Figure 4.29c., Table 4.7.).  

 

 

https://bioinformatics.psb.ugent.be/webtools/Venn/


 

58 

   

Table 4.6. Cell-specific TFs at each cluster under B toxicity in roots of Arabidopsis thaliana 

 

5
8
 



 

59 

   

Table 4.6. continued. 
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Table 4.6. continued. 

 

 

 

 

 
Figure 4.29. Heatmap visualization of the 50 most differentially expressed genes for each group, a) Control group, b) 1 mM boric acid treatment group, c) 2 mM boric acid 

treatment group. 
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Table 4.7. Most significantly upregulated genes at each cluster in root tissue Arabidopsis thaliana exposed to B toxicity 

 

6
1
 



 

62 

   

Table 4.7. continued. 
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5. DISCUSSION 

 

B toxicity causes deterioration in developmental and metabolic activities of plants 

[126]. Several transcriptomic studies have been performed in plants, commonly using bulk 

methods such as microarray and RNA sequencing, to find the toxic B responsive regulations 

at molecular levels. [105, 127, 128, 129]. However, bulk methods are limited in detecting 

differentially expressed genes at different cell types. In addition, it is not possible to detect 

rare cell types with these methods. However, scRNA-seq solves these problems and profile 

gene expressions on a cell basis. Therefore, in this study, a scRNA-seq analysis was 

performed for Arabidopsis roots exposed to B toxicity at seedling stage to elucidate the 

molecular basis of the B tolerance mechanism at a high efficiency and single cell level.  

 

We successfully generated high-resolution and highly reproducible single-cell 

transcriptomic maps of  1554 Arabidopsis root cells at seedling stage in the control and B 

toxicity treatment groups. We obtained the 6 clusters from the primary root representing 

some highly specific cell types, including QC, endodermis, root cap columella, cortex, and 

trichoblast. In B toxicity treatment groups, endodermis, QC, root cap and columella were 

identified Unannotated clusters may also be due to technical and/or computational 

constructs. Furthermore, scRNA-seq pipelines lack large cell size variability [130]. One such 

particularly examples were found with cortex cluster of the pooled only in the control group. 

 

We identified changes in gene expression profiles in Arabidopsis roots under B 

toxicity for each cluster (Figure 4.17., 4.18. ). Accordingly, the number of most significantly 

upregulated genes under 1B condition was determined in columella (Figure 4.17e.).  

However, they were seen in endodermis under 2B condition (Figure 4.17g.), Moreover, the 

number of most significantly downregulated genes under 1B condition and 2B condition 

were seen in root cap (Figure 4.17f., 4.17h.). These results showed that columela, 

endodermis and root cap might have a critical role against severe B toxicity conditions.  
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To determine and classify functions of DEGs, we performed GO enrichment analyses 

on the complete set of DEGs.  Analysing the enrichment of functional categories within 

identified clusters enabled us to perform deeper functional discoveries (Figure 4.19., 4.23.). 

Interestingly, in columella, in the category of molecular functions, “serine type 

endopeptidase inhibitor activity”, “peptidase inhibitor activity”, “endopeptidase inhibitor 

activity” and “peptidase regulator activity” were the top enriched GO terms among 

upregulated genes of in both 1B and 2B toxicity conditions. Likewise, it was found that the 

well-represented molecular functions were peptidase and endopeptidase inhibitor activity 

for upregulated genes in roots of two contrasting wheat cultivars [3]. 

 

To find which metabolic pathways were affected under B toxicity, KO analyses were 

performed with ShinyGO (v.0.76.3) (Table 4.27., 4.28.). Accordingly, we found that under 

B toxicity conditions, the DEGs were significantly enriched in 22 KEGG pathways, 

including pathways associated with ‘glutathione metabolism’, ‘autopathy’, ‘sulphur 

metabolism’, ‘alanine, aspartate and glutamate metabolism, ‘carbon fixation in 

photosynthetic organisms’, ‘β alanine metabolism’, ‘arginine and proline metabolism’, 

‘glycolysis/gluconeogenesis’, ‘cysteine and methionine metabolism’, ‘carbon metabolism’, 

‘biosynthesis of secondary metabolites’, ‘oxidative phosphorylation’, ‘phenylpropanoid 

biosynthesis’, ‘stilbenoid, diaryheptanoid’, ‘gingerol biosynthesis’, ‘Photosynthesis ’, plant-

pathogen interaction’, ‘MAPK signalling pathway-plant’, ribosome’, ‘cyanoamino acid 

metabolism’, ‘ubiquitin mediated proteolysis’, ‘arginine and proline metabolism’ (Figure 4. 

27., 4.28.). Similar to the results in our study, in a recent study [131], it was shown that the 

highest number of DEGs in Triticum zhukovskyi under B toxicity were determined in 

‘biosynthesis of secondary metabolites’, ‘plant–pathogen interaction, metabolic pathways’, 

‘phenylpropanoid biosynthesis’, ‘RNA transport’, and ‘MAPK signalling pathway’. 

Moreover, the importance of phenylpropanoid pathways found to play a key role in the 

compartmentalization of B in vacuoles in Arabidopsis thaliana [101]. Additionally, in another 

study, Kayıhan et al., [3] showed that in sensitive and tolerant wheat cultivars, the majority 

of differentially expressed genes related to protein metabolism were involved in protein 

degradation in response to B toxicity and  the numbers of these genes were higher in root 

tissues of sensitive wheat cultivars than tolerant wheat cultivar under B toxicity. 
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 Under both 1B and 2B toxicity conditions, upregulated genes were highly associated 

with ‘glutathione and ‘sulfur metabolism’ (Figure 4.27a., 4.28a.). It has been suggested that 

B-anthocyanin complexes in vacuoles are an internal mechanism of tolerance to B toxicity 

[132]. Anthocyanin–glutathione or – glutathione –S transferase (GST) complexes can 

temporarily bind to metal or metalloid ions. In this way, GST-anthocyanin-metal complexes 

are formed and/or glutathionylanthocyanin metal complexes are vacuolated sequestered 

[132]. In our study, in columella, GSTU24, GSTU25, GSTU22, GSTU19, GSTU7, GSTU5, 

GSTF8 and GPX6 under 1B condition GSTF6, GSTU24, GSTU25, GSTU22, GSTU19, 

GSTU7, GSTU5, GPX2, GSTF8 and GPX6 under 2B condition were found to be enriched 

among upregulated genes in functions associated with glutathione and metabolism (Table 

4.5.). Moreover, in this cluster, AT1G55920, AT4G04610, AT4G21990 under 1B condition 

(Figure 4.27a.), and AT1G55920 AT1G62180, AT4G04610 and AT4G21990 under 2B 

condition (Figure 4.28a.) were revealed to be enriched among upregulated genes in functions 

associated with ‘sulfur metabolism’. These results might indicate the importance of GST 

related to an internal B tolerance mechanism in columella cell cluster in Arabidopsis root.  

 

Moreover, Kayıhan et al., 2021 [101] examined toxic B-treated Arabidopsis thaliana 

to determine the gene expression levels related to anthocyanin biosynthesis and transport, 

and TFs under B toxicity. Accordingly, 3 mM boric acid treatment induced 4CL3 and C4H 

anthocyanin biosynthesis genes, MYB75 and MYB114 TFs an TT13 and TT19 anthocyanin 

transporter genes [101]. In our study, we found that C4H was commonly upregulated between 

endodermis and QC under 2B condition. Furthermore, under 2B condition, AT1G14540 

AT1G61820 AT1G80820 AT2G30490 AT2G37040 AT4G34230 AT5G39580 were 

revealed to be enriched among upregulated genes in functions associated with 

‘phenylpropanoid biosynthesis’  in QC (Figure 4.28d.). On the other hand, cysteine 

biosynthesis is involved in fixing inorganic sulphur and thus provides the sulphide source 

for the generation of glutathione and methionine [133]. Accordingly, KEGG analysis showed 

that in root cap, SAM1, SAMDC1, SAHH1 and MS1 under 1B condition (Figure 4.27d.), and 

SAT1, SAM2, SAHH1 and MS1 under 2B condition (Figure 4.22f.) were revealed to be 

enriched among upregulated genes in functions associated with ‘cysteine and methionine 

metabolism’. On the other hand, in QC, TAT3, SAMDC1 and MS1 under 2B condition 

(Figure 4.28e.) were revealed to be enriched among downregulated genes in functions 

associated with ‘cysteine and methionine metabolism’. These results may indicate that 

cysteine and methionine metabolism play a key role in the formation of GST-anthocyanin-

https://www.arabidopsis.org/servlets/TairObject?type=locus&name=At2g30490
https://www.arabidopsis.org/servlets/TairObject?type=locus&name=At2g30490
https://www.arabidopsis.org/servlets/TairObject?type=locus&name=At2g30490
https://www.arabidopsis.org/servlets/TairObject?type=locus&name=At2g30490
https://www.arabidopsis.org/servlets/TairObject?type=locus&name=At2g30490
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metal complexes related to the B tolerance mechanism by contributing to sulphur uptake in 

the root cap and QC.  

 

Toxic B also cause impairment of metabolic process including photosynthesis due to 

decreasing the rate of content of chlorophyll, photosynthesis, and electron transport rate, and 

this can result in over accumulation of ROS in the plant [134]. KEGG analysis showed that 

in QC, ATCG00020, ATCG00130, ATCG00340, ATCG00470 and ATCG00720 under 2B 

condition (Figure 4.28d.) were revealed to be enriched among upregulated genes in functions 

associated with ‘Photosynthesis’. Moreover, when toxic B binds with molecules such as 

ATP and NADPH [135], may limit the free energy required for carbohydrate biosynthesis 

and thus cause alterations in the  sugar content [136, 137]. Interestingly, KEGG analyses 

showed that in root cap, GAPC2, GAPC1 and FBA8 under 1B condition (Figure 4.27d.), and 

GAPC2, GAPC1, FBA8, CTIMC and PCKA under 2B condition (Figure 4.28f.) were 

revealed to be enriched among upregulated genes in functions associated with ‘carbon 

fixation in photosynthetic organisms. Moreover, AT1G04410, AT1G13440, AT1G65930, 

AT3G04120, AT3G14940, AT3G52930, AT3G55440 and AT4G14880 under 1B condition 

were revealed to be enriched among upregulated genes in functions associated with ‘carbon 

fixation in photosynthetic organisms’ (Figure 4.27d.), and also GAPC2, GAPC1, FBA8 and 

MS1 under 1B condition (Figure 4.27d.), GAPC2, GAPC1, FBA8, CTIMC and PCKA under 

2B conditions (Figure 4.28f.) were revealed to be enriched among upregulated genes in 

functions associated with ‘carbon metabolism’. Moreover, in endodermis, AT1G13440, 

AT3G04120, AT3G14940, AT3G52930 and AT3G55440 under 1B condition were revealed 

to be enriched among upregulated genes in functions associated with ‘carbon metabolism’ 

(Figure 4.27b). This might be due to toxic level B forming complexes with molecules such 

as ATP and NADPH [135]. This interaction limits the availability of free energy required for 

carbohydrate biosynthesis and thus, change in sugar content and partitioning [136, 137]. 

Furthermore, in root cap, GAPC2, ENO2, GAPC1 and FBA8 under 1B condition (Figure 

4.27d.), and GAPC2, ENO2, GAPC1, FBA8, CTIMC and PCKA under 2B condition (Figure 

4.28d) were revealed to be enriched among upregulated genes in functions associated with 

‘glycolysis/gluconeogenesis’, and in endodermis, AT1G13440, AT3G04120, AT3G52930 

and AT3G55440 under 1B condition (Figure 27b.), were revealed to be enriched among 

upregulated genes in functions associated with ‘glycolysis/gluconeogenesis’. 
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We also showed significantly changing transcripts unique to B toxicity for each cluster 

(Figure 4.16., 4.17.). Interestingly, GDH1 which activity known to be increased under B 

toxicity [138], was specifically upregulated in columella under 1B and 2B conditions and 

downregulated between endodermis and QC under 2B condition (Figure 4.16., 4.17.). 

Jasmonic acid (JA) related genes are an important late response to B toxicity. Differentially 

expression profiles showed that the barley transcriptome profile and signalling and 

molecular network responses alter under B toxicity [139]. Accordingly, AT3G56880 and 

AGP31 was specifically upregulated in root cap in both 1B and 2B conditions (Figure 4.17e., 

4.18c.). Furthermore, NOI5 and PSK2 were specifically upregulated in QC under 2B 

condition (Figure 4.17e., 4.18e) and ABCG40 was specifically upregulated in columella 

under 1B and 2B conditions (Figure 4.17e., 4.18g.). 

 

Several plant TFs involved in B toxicity have been known including WRKY, ERF, 

NAC, MYB [140, 141, 100, 142, 127]. In our study, we identified 13 TF families including ERF, 

NAC, C2H2, WRKY, NF-X1, Trihelix, bZIP, bHLH, MYB, C3H, HD-ZIP, LBD and HSF 

(Table 4.6.) at cell clusters under B toxicity conditions. In columella, TFs upregulation was 

seen in under all B toxicity conditions. In relation to transcription factors, genes related to 

ERF, NAC, C2H2, WRKY, NF-X1, Trihelix, LBD and bZIP TFs were upregulated in 

columella under B toxicity. Particularly, ANAC081 gene was commonly upregulated in 

columella under all B toxicity conditions (Table 4.6.). Furthermore, WRKY6, NFXL1, ERF1, 

GT-3A and ERF011 genes were also commonly upregulated in columella at seedling stage. 

On the other hand, the greatest number of TF expression was seen in QC. Accordingly, genes 

related to C2H2, ERF, bHLH, NAC, WRKY, HSF, MYB, C3H, bZIP, HD-ZIP and Trihelix 

TF families were upregulated in QC (Table 4.6.). These results show that QC and columella 

might be involved in TF regulation under B toxicity. NAC TFs are involved in the regulation 

of B toxicity  [139]. Accordingly, in our study, 7 significantly upregulated genes from the 

NAC gene family were identified at cell clusters under toxic level B conditions, especially 

in columella (Figure 4.6.). Particularly, ANAC081, ANAC2 and NAC102 genes related to 

NAC TF family were highly upregulated under B toxicity conditions. Moreover, ERF TF 

family genes play a key role responding to abiotic stress. ERF TFs help activating ethylene 

and abscisic acid-dependent and independent stress-responsive genes [143]. In our study, 10 

significantly upregulated genes from the ERF gene family were identified at cell clusters 

under toxic level B conditions (Figure 4.6.). 
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6. CONCLUSION 

 

We successfully generated high-resolution and highly reproducible single-cell 

transcriptomic maps of 1554 Arabidopsis root cells at seedling stage in the control and B 

toxicity treatment groups. We obtained the 6 clusters from the primary root representing 

some highly specific cell types, including QC, endodermis, root cap columella, cortex, and 

trichoblast. The number of most significantly upregulated genes under 1B condition was 

determined in columella. However, they were seen in endodermis under 2B condition (On 

the other hand, the number of most significantly downregulated genes under 1B condition 

and 2B condition were seen in root cap 

 

The pathways already presented in the literature related to B toxicity were found and 

many new genes specific to cell type were identified. Interestingly, predetermined B toxicity 

and JA association and genes involved in this context were identified as a cell-type basis. 

On the other hand, the role of anthocyanins and GSTs related to the B tolerance mechanism 

was identified at cell specific basis. In this context, GO and KO analysis were performed 

under B toxicity treatment in the columella. The results point to vacuoles and GST being the 

most altered gene groups in this cluster, suggesting that the internal B tolerance mechanism 

was effectively columella. Furthermore, QC and columella are highly involved in TF 

regulation under B toxicity. The further analysis of these genes and pathways at cell type 

basis and further analysis of related clusters are crucial to clarify B toxicity tolerance 

mechanism in plants more accurately and precisely. 

 

Moreover, we identified cell specific 13 TF families under B toxicity including ERF, 

NAC, C2H2, WRKY, NF-X1, Trihelix, bZIP, bHLH, MYB, C3H, HD-ZIP, LBD and HSF. 

Our study showed that QC and columella are highly involved in TF regulation under B 

toxicity. However, the functions of TFs should be examined in the relevant clusters in more 

detail. 

 

This study can impact on the potential transgenic and marker assisted breeding 

strategies to improve the boron tolerant cultivars against boron toxicity in plants. 
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