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ABSTRACT

META ANALYSIS OF RNA-SEQ DATA FOR SUGAR BEET (BETA
VULGARIS L.) UNDER CERTAIN BIOTIC AND ABIOTIC STRESSES
MSC THESIS
BURAK BULUT
BOLU ABANT IZZET BAYSAL UNIVERSITY
INSTITUTE OF GRADUATE STUDIES
DEPARTMENT OF BIOLOGY
(SUPERVISOR: ASSOC. PROF. DR. SONGUL GUREL)
(CO-SUPERVISOR: ASSIST. PROF. DR. ERCAN SELCUK UNLU)
BOLU, JANUARY 2022
XIII + 51 PAGES

Sugar beet (Beta vulgaris) meets the 30% of world sugar production. Soil
pollution, biotic and abiotic factors in production areas greatly reduce product
quantity and quality. Such stress conditions are drought, salt, heat, light, nematod
bacteria and fungi infections. Sugar beet differently responds to biotic and abiotic
stresses. Understanding Beta vulgaris response to stress at the molecular level can
help both in increasing the yield and quality in crop. Transcriptome studies
performed under stress conditions can shed light on the responses of plants at the
molecular level. In this study four different stress condition data has been used. Two
of them are biotic stresses (nematode and fungi infection), two of them are abiotic
stresses (ABA treatment and salt stress). Meta-analysis can help to find common
responses under different stress conditions. In this study, we performed meta-
analysis of studies conducted under biotic and abiotic stress conditions and revealed
ten genes that differentially expressed under both biotic and abiotic stress
conditions. Biotic stresses have 460 common genes and abiotic stresses have 1031
stress related genes. Downregulation of phenophytinase and upregulation of
mannitol dehydrogenase may indicate the increasing photosynthesis rate.
Nevertheless, further studies are necessary for identification of genes and
understand the whole mechanism of B. vulgaris stress response.

KEYWORDS: Beta vulgaris, sugarbeet, RNA-Seq, Transcriptome, Meta analysis
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OZET

BELIRLI BiYOTIK VE ABIYOTIK STRESLERLE ILiSKILI
SEKER PANCARI (BETA VULGARIS L.) RNA-SEQ VERILERININ
META ANALIZi

YUKSEK LiSANS TEZi

BURAK BULUT

BOLU ABANT iZZET BAYSAL UNIVERSITESI
LiSANSUSTU EGIiTiM ENSTITUSU
BiYOLOJi ANABILIM DALI
(TEZ DANISMANI: DOC. DR. SONGUL GUREL)
(IKINCi DANISMAN: DR. OGRETIM UYESi ERCAN SELCUK UNLU
BOLU, OCAK - 2022
XIII + 54 SAYFA

Seker pancar1 (Beta vulgaris) diinya seker iretiminin %30'unu
karsilamaktadir. Uretim alanlarindaki toprak kirliligi, biyotik ve abiyotik faktorler,
iriin miktarin1 ve kalitesini biiyiik olctide diisiiriir. Bu stres kosullar1 kuraklik, tuz,
11, 151k, nematod, bakteri ve mantar enfeksiyonlaridir. Seker pancari, biyotik ve
abiyotik streslere farkli tepkiler verir. Beta vulgaris'in strese tepkisini molekiiler
diizeyde anlamak, mahsulde hem verimi hem de kaliteyi artirmaya yardimeci
olabilir. Stres kosullar1 altinda yapilan transkriptom caligmalari, bitkilerin
molekiiler diizeydeki tepkilerine 151k tutabilir. Bu caligmada dort farkl stres durumu
verisi kullanilmistir. Bunlardan ikisi biyotik stresler (nematod ve mantar
enfeksiyonu), ikisi abiyotik streslerdir (ABA tedavisi ve tuz stresi). Meta-analiz,
farkl1 stres kosullar1 altinda ortak tepkiler bulmaya yardimci olabilir. Bu ¢alismada,
biyotik ve abiyotik stres kosullar1 altinda yiiriitiilen c¢alismalarin meta-analizini
gerceklestirdik ve hem biyotik hem de abiyotik stres kosullarinda farkli sekilde
ifade edilen on geni ortaya ¢ikardik. Biyotik streslerin 460 ortak geni ve abiyotik
streslerin 1031 stresle ilgili geni vardir. Fenofitinazin asagi regiilasyonu ve
mannitol dehidrojenazin yukari regiilasyonu, artan fotosentez hizinin gostergesi
olabilir. Bununla birlikte, genlerin tanimlanmasi ve B. vulgaris stres yanitinin tiim
mekanizmasinin anlasilmasi i¢in daha ileri calismalara ihtiyac vardir.

ANAHTAR KELIMELER: Beta vulgaris, seker pancari, RNA-Seq, Trankriptom,
Meta analiz
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1. INTRODUCTION

1.1 Beta vulgaris

Sugar beet (Beta vulgaris subsp. vulgaris) is the main sugar production crop
in the temperate climatic zone and, meets nearly 30% of the world’s sugar
production, the remaining 70% produced by sugar cane (1,2). B. vulgaris which is
shown in picture 1.2, belongs to the order Caryophyllales. The subspecies of
vulgaris include leafy beets (chard), garden beets (red), fodder beets (forage), and
sugar beets. Among these, leafy beets are the oldest crop that has been growing by
humans.

Domain: FEukaryota; Kingdom: Plantae; Phylum: Spermatophyta;
Subphylum: Angiospermae; Class: Dicotyledonae; Order: Caryophyllales; Family:

Chenopodiaceae; Genus: Beta; Species: Beta vulgaris (3)

Leaf lamina

Topa

Petiole
Crown (epicotyl)

Neck (hypocotyl)
Tap root

Cross HNIE.;
section :/ Groove RoOt

Vascular rings ‘ ‘> Rootlets

Groove

Figure 1.1 Sugar beet drawing with the common names of the main parts (4)

1.2 History of B. vulgaris
Sugar beet was domesticated in the 18th century. They are grown in the

northern hemisphere and are usually planted in the early spring. Their vegetative

1



organs develop in the first and generative organs in the next year. The morphology
of Beta vulgaris has been shown in Figure 1.1. Seeds are either monogerm or
polygerm. The plant height varies between 85-180 cm depending on the soil
conditions, climate, and species. Harvesting begins 5-9 months later also depending
on the soil and environmental conditions (5). Picture 1.1 shows a farming area of
sugar beet. After the harvesting, beets can deteriorate within a few days. Removed
beet leaves are plowed into the soil but the leaves can be considered as animal feed

or even feedstock for biofuels (6).

L e = R

)

Picture 1.1 A typical Beta vulgaris farming area. Photo supplied by Assoc. Prof.
Dr. Songiil GUREL

1.3 Properties of B. vulgaris

The structure of sugar beet consists of 4-5% cell tissue, 4-5% chemically
bound water, and 90-95% sap. The composition of beet juice consists of 12-21%
sugar (sucrose), 1-1,6% other non-sugar organic substances, 0.8% inorganic salts
(6). The organism’s root composition makes it valuable for sugar production. Roots
have high soluble sugar content, high hemicellulose, and pectin carbohydrate, and
low lignin content. Dry basis protein content varies from 2% to 10% of the roots.
The surface of harvested sugar beet showed a variety of bacterial species. With the

domination of Proteobacteria, the surface contained 530 bacterial species (5).



Table 1.1 World sugar beet production between 2016-2021, The Data obtained
from Republic of Turkey Ministry of Agriculture and Forestry (7)

2016/17 2017/18 2018/19 | 2019/20 | 2020/21 | Change (%)

Cultivation Area 4.592 4.990 4.798 4.609 - -3.9
Yield 60,72 62.93 57.05 60.42 - 5.9
Production (ton) 278.835 313.989 273.712 278.498 - 1.7
Sugar Production 174.050 194.529 179.347 165.496 | 121.866 9.9
Sugar Consumption | 170.612 172.687 172.370 170.225 | 173.760 2.1

Sugar Stocks 44.482 42.550 52.116 53.232 46.243 -13.1
Sugar Imports 54.445 54.217 52.030 51.657 54.507 5.5
Sugar Export 59.039 65.097 57.090 53.273 65.333 22.6

While the medicinal and food uses are older, the very first modern sugar
beet selection goes on in the middle 18th century, German Silesia. It is also known
that sugar beet is used as food in ancient Egypt. In 1747, German chemist Andreas
Marggraf discovered that after a crude extraction from sugar beetroot, the crystals
formed as same as the sugar cane. His student Karl Achard developed the process
of sugar extraction from sugar beet, and this was the first selection of high sugar
type beets (8). Apart from being a food source, sugar beet is used as livestock feed
and becoming a promising biofuel source alternative to fossil fuels. As an example
of livestock feed, beet tops (leaves and petioles) are an excellent source of
carbohydrates, vitamin A and protein. In industrial fields, they are widely used in
alcohol, pharmaceuticals, and baker's yeast. The waste lime of sugar beet is also

used in increasing the pH level of the soil (2,9).



Picture 1.2 Beta vulgaris. Photo supplied by Assoc. Prof. Dr. Songiil GUREL

The plant’s genome has been sequenced in 2014 from industrial diploid
sugar beet (2n=18) with an estimated size of 714-758 megabases and 27,421

predicted protein-coding genes. For molecular breeding and comparative plant
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genomics study, sequencing of sugar beet’s genome was very important. Yet,
genome sequencing facilities need further studies for gene function characterization
(10). In the same year, the plant’s chloroplast genome was also sequenced (6).

1.4 Stress in Plants

Global warming is the effect of human activities on climate change where
the burning of fossil fuels releases greenhouse gases into the atmosphere. The most
important greenhouse gas released by human activities is carbon dioxide.
Greenhouse gases absorb the infrared radiation that comes from the sun and are
reflected by Earth’s surface. They simply act as a blanket on the Earth and cause
warming up the Earth (11). The warming up of Earth’s temperature caused the sea-
level rising, reduction of polar ice caps, and rising of the ocean's temperature. 130
years of recorded data shows that the global temperature has risen 0.8-1.0°C (12).

Effects of global warming can be long-lasting and even irreversible. Some
of the worst scenarios are considered as rainfall and snow patterns change, drought
and severe storms, melting of glaciers, increase in floods, rise in sea level, higher
humidity, and changes in plant and animal behaviors but maybe the most important
effect would be agricultural sustainability. Agriculture is crucial for humans (12).
With the growing population number, humans need more food than ever. With these
Two problems on the horizon, crops and agricultural yields need a different
approach for adaptation and high demand. One of these highly demanded foods is
sugar. From the evolutionary perspective, sugar increases body fat and prepares the
animal for food scarcity times (13).

In nature, plants come across the stress conditions such as biotic and abiotic
conditions (14). Briefly shown in Figure 1.2. These stress conditions have negative
effects on the plants and decrease the crop yield by changing its physiology,
phenotype, biochemical and molecular structure. Evolution helped plants to
develop complex defense mechanisms to respond the environmental stresses. A
better understanding of an organism’s response to the stress conditions by
molecular techniques with the help of bioinformatic studies and developing new
molecular strategies may help us to reduce the negative effects of biotic and abiotic

stresses (15,16).



Biotic Stress Factors Abiotic Stress Factors

e Insects e Cold

e Viruses e Heat

e Bacteria e Salinity

e Fungi e Drought

e Nematodes e Excess water

e Herbivores e Radiations

e Weeds e Oxidative stress

e Arachnids e Chemical pollutants

Figure 1.2 Stress Factors (modified from (17))

14.1 Biotic Stress

Biotic stresses are the infection of plants by pathogens (viruses, nematodes,
bacteria, and fungi) or the attack of herbivore pests. Biotic stress agents mainly
attacks the plant’s nutrients and damages the plant's vital systems. With the rising
temperature, optimum living conditions arise for pathogens. Both biotic and abiotic
factors cause problems in agricultural production. Hence the plants developed
strong stress mechanisms to protect themselves. They generally coordinate their
response to stress conditions by signaling molecules. As an example, the biotic
stress response mechanism activates mainly by ethylene signaling, salicylic acid,
and jasmonic acid pathways. The effects of these signaling pathways are usually
reducing photosynthesis, leaf, and root growth. They also close their stomata,
produce reactive oxygen species and toxic compounds, and induce cell death.
Plant's cell death response for reducing the rate of spreading the pathogen through
the cell by cell (18,19). According to the study of Rizhsky et al., 2002, when
multiple stress conditions (heat and drought) applied to tobacco (Nicotiana
tabacum) and Arabidopsis (Arabidopsis thaliana), they induce a novel gene
expression that has not been transcript either of the stress conditions alone. It should
be known that the stress signaling pathways might act antagonistically to each other.
For example, abscisic acid (ABA) can act as a global stress response signal but also

suppress the biotic stress signaling pathways. This can have positive and negative
6



effects on plants' defense mechanisms. ABA is known to prevent the accumulation
of defense compounds such as lignins and phenylpropanoids. In Arabidopsis, ABA
treatment and drought stress increase the susceptibility of the avirulent bacteria
Pseudomonas syringae while ABA treatment in tomato (Solanum lycopersicum)
increases the susceptibility to virulent bacteria Erwinia chrysanthemi and Botrytis
cinerea (18).

Biotic stresses cause in the range of 31-42% yield loss of sugar beet(20).
While there are limited studies of B. vulgaris under biotic stress, one study of sugar
beet under fungal stress of Rhizoctonia solani, revealed some pathogen-related
defense mechanism genes such as BvMLP1, BYMLP2, and BvMLP3(21). Major
latex-like proteins (MLPs) are members of the pathogenesis-related proteins class
10 family. The two functions of MLPs are known as binding to various hydrophobic
compounds and transporting those compounds to the other organs to contribute to
the expression of physiologically important ligands activity in specific organs and
secondly, MLPs act as the biotic and abiotic stress response. They generate
resistance against pathogens by inducing pathogen-related genes(21).

1.4.2 Abiotic Stress

Plants require water, light, carbon, and nutrient sources for growth. Abiotic
stress is an environmental condition that reduces plant growth under optimum
levels. Abiotic stresses are drought, heat, cold, nutrient deficiency, and excess salt
or toxic metals. Temperature, drought, and salt stresses are the most common ones
among abiotic stresses. These stresses cause morphological, physiological, and
molecular changes in plants. Plants developed responses in such conditions but the
responses depend on the tissue affected by the stress. As an example, drought stress
causes different responses in roots and leaves. The transcriptional response is
specific to tissues or even cells (22). As an example, water deficiency reduces water
uptake into expanding cell and inhibits plant growth and activate the reactive
oxygen species (ROS) genes. By growth limitation, the plant starts resistance to
water flow in expanding cells and develops a larger water potential
gradient. Another abiotic stress molecule is reactive nitrogen species (RNS). Both
ROS and RNS modify the enzyme activities and gene regulations. ROS and RNS
work coordinately in a network. Many studies confirmed the negative effects of

ROS in abiotic stresses but there are few studies about RNS (22).



To achieve the maximum yield, sugar beets should have enough moisture
levels and atmospheric demands for transpiration. Nevertheless, these conditions
are often cannot be met, and this causes the yield loss every year. The most
challenging abiotic stresses of sugar beet are drought, heat, salinity, and cold.
Heavy metals, nutrient deficiency, and flooding can also cause problems. Sugar
beet is considered one of the most tolerant plants to hot, dry, and mildly saline
conditions (23). For example, salt stress induces the accumulation the ROS in
photosynthetic and respiratory electron transport systems. According to the study
of Hossain et al., 2017b, H>O», which is a ROS member, was found lower under the
long-term salinity than control groups. This result is unusual from the responses of
other plants. It is speculated that sugar beet is quite efficient in adjusting H>O» levels
in long term. Antioxidant-related genes, superoxide dismutases, and peroxiredoxins
were observed as upregulated under salt stress. These genes are known as ROS
removers (24).

1.4.3 Mitochondria and Stress Response

The major function of mitochondria is to adenosine triphosphate synthesis,
which is the energy source of cells, through oxidative photorespiration. According
to other phyla, mitochondria in plants is more complex and flexible with specific
pathways to support photosynthesis. Apart from being the energy factory of cells,
mitochondria play a key role in other biological processes associated with nitrogen,
phosphorus, carbon, and sulfur metabolism in plants. Mitochondria is a key agent
in how plants respond to oxidative stress. It is crucial to understand the
mitochondria’s role in stress response for improvement in plant growth and biomass
production (25).

The ATP synthesis is placed in mitochondria by Oxidative Phosphorylation
(OXPHOS). The prerequisite molecules of OXPHOS are the formation of
nicotinamide adenine dinucleotide (NADH) and flavin adenine dinucleotide
(FADH2) by the oxidation of organic compounds. The oxidation of organic
compounds placed in the tricarboxylic acid (TCA) cycle and its side reactions. The
first step of OXPHOS is, transferring the electron of reduced NADH and FADH?2
to molecular oxygen. This process is placed in the electron transport chain which is
located on the inner mitochondrial membrane. By this electron transfer,

mitochondria created an electrochemical proton gradient and in the second part, use



this proton gradient difference to synthesize ATP by phosphorylation of adenosine
diphosphate (ADP) (26).

Biotic and abiotic stresses are well known to induce oxidative stresses in
plants. Under the stress conditions, the changed ROS, protein, and ROS-induced
lipid peroxidations are interacting with mitochondria which makes mitochondria an
environmental sensor. While the ETC system produces a big amount of ROS under
normal conditions, antioxidant enzymes dealt with it. However, under extreme
conditions, these defense systems are overwhelmed and that causes ROS to
accumulate. Inhibition of mitochondrial enzymes by ROS is a known
effect (25,26).

Under such extreme conditions, nucleus can recieve signals from
mitochondria’s functioning. This signaling pathway starts a transcriptional
response in the nucleus and this process is called mitochondrial retrograde
regulation (MRR). Many of the transcriptional regulatory factors involved in MRR
was identified and they include a wide range of functional classes such as
transcriptional factors and cyclin-dependent kinases. It has been shown that,
between auxin and retrograde signaling, there is an antagonistic relationship.
During the MRR, two molecules bind to the endoplasmic reticulum, which relocates
to the nucleus to start transcriptional regulation. This makes the endoplasmic
reticulum an important part of MRR.

Plant hormones play key roles in plant growth and development and also
stress response. Auxin, gibberellin, cytokinin, and ethylene are the hormones
involved in growth and development where, abscisic acid, salicylic acid,
jasmonates, and brassinosteroids are involved in stress response. The connection
between hormones (especially ABA), ROS, and MRR regulation has been shown
in various studies (27-29).

1.4.4 Stress Response in Beta vulgaris

In sugar beet, most of the stress studies focused on salt and drought stress.
Like any other plant, the stress conditions cause ROS accumulation in sugar beets.
Under the salt stress which sugar beet is highly tolerant, mostly signal transduction,
phosphorylation, and redox balance genes are playing important roles.
Additionally, ROS scavenging system-related genes are significantly differentiated.
Photosynthesis-related genes do not affect by salt and drought stress. Some studies

point that some photosynthesis-related genes are even upregulated during salt and
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drought stress conditions. Sugar beet’s other responses to salt stress are
upregulation of ribosome biogenesis, cell wall building, and cell wall expansion
genes. These morphological changes are thought to be related to osmotic pressure
balancing.

The biotic stress response is poorly studied in Beta vulgaris. One of the
biotic stress condition studies in insect pest of sugar beet. The study revealed the 3
signaling pathway-related genes which are thought to be involved in biotic stress
response, methyl jasmonate, calicylic acid, and ethylene. Most of the biotic stress
response genes are metabolic and catalytic genes (87, 88).

1.5 Bioinformatics

Bioinformatics is a rapidly growing interdisciplinary field that combination
of biology, computational sciences, mathematics, and physics. With the advances
in both molecular techniques and technology, bioinformatic fields growing and
evolving faster than ever. There are three main aims of bioinformatics. First, is the
organization of data that is already exists and submission of new data in a form that
allows scientists to reach easily. Such data storage is called databases. NCBI,
ENSEMBL, and Uniprot are examples of biological databases. The second aim of
bioinformatics is to develop new tools and resources that can be used in the analysis
of data. For example, BLAST+ can be used for blasting a protein or DNA sequence.
The third aim is to use bioinformatical tools to analyze the data and make
biologically meaningful results (30). It may be considered that the greatest
achievement of the bioinformatical field is the Human Genome Project. The human
genome project is a scientific project that was aiming the sequence the base pairs
of human DNA. It officially launched in 1990 and was completed on April 14, 2003.
Nowadays the sequencing is way easier with the help of new technologies. Apart
from genome sequencing techniques, bioinformatical tools are used in a vast array
of other projects such as gene expression levels, prediction of protein structure and
function, detection of gene regulation networks, gene-disease interactions, and
prediction and analysis of molecular pathways (31).

1.5.1 Biological Databases

Biological databases are crucial for bioinformaticians. Such databases are
the National Center for Biotechnology Information (NCBI), Kyoto Encyclopedia
of Genes and Genomes (KEGG), Ensembl and Plant Comparative Genomics portal

of the Department of Energy’s Joint Genome Institute (Phytozome), etc. These
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databases offer scientists a variety of biological data of a broad range of
organisms(32). In 1995, KEGG was developed as a ground-in database for
biological resources. The main goal was to produce map genes in the genome.
When KEGG was first developed it concluded only four databases, PATHWAY,
GENES, COMPOUND, and ENZYME. Also, during that time database contained
only metabolic pathways. KEGG was only able to perform mapping through
ENZYME. Later, the KEGG database expanded and included more data sources
into their base. PATHWAY database supported with BRITE and MODULE,
GENES database with GENOME, COMPOUND database with GLYCAN and
REACTION, and KO replaced the ENZYME database. After that expansion,
KEGG was used for not only genomics but also transcriptomics, proteomics,
glycomics, metabolomics, and metagenomics (33). NCBI on the other hand was
created in 1988 at the National Library of Medicine. The main mission of the NCBI
database is to develop new technologies to understand the fundamental molecular
and genetic processes to control health and disease. Its aim was these four major
tasks, to create automated systems to create and analyze information of molecular
biology, biochemistry, and genetics, computer-based biological information
processing with enhanced methods, use of databases by biotechnologists and
medical personnel, to gather biotechnological information worldwide (34). The
Ensembl database is a genome annotation platform that is capable of integrating
experimental data against a reference genome. Compared to KEGG and NCBI
databases, the Ensembl database is limited. It only contains the genomic
information of vertebrate subphylum and model organisms (35). Lastly,
Phytozome is a database specific to plants some algae, and selected species that
have been sequenced elsewhere. Phytozome provides genome, gene family data,
and analysis (36). The Gene Ontology (GO) project is tool-based website and
program that created evidence-supported annotations to describe the cellular,
molecular and biological function of genomic products by classifying them to their
ontologies. GO annotation is known as the connection between a class of
annotation and a gene product. These connections are evidence-supported. The

tools also provide the reference of evidence supporting the association (37).
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Table 1.2 Some of the Biological Database Sources

Database Description Link
Database for advances the science and
NCBI medicine through providing genomic ncbi.nlm.nih.gov

and biomedical information.
Database for understanding the

KEGG biological system from molecular-level genome.jp/kegg
function.
Plant, algae and selected organism -
Phytozome Jatabase. phytozome-next.jgi.doe.gov
Largest source of gene function
GO information. geneontology.org

1.5.2 RNA-Seq

As a field of bioinformatics and molecular biology, functional genomics is
various omics techniques to describe genes and proteins functions and interactions
with each other. Functional genomics techniques are known as proteomics
metabolomics and transcriptomics. Transcriptomics technologies are the study of
an organism’s ribonucleic acid (RNA) transcripts of a tissue or cell under a certain
functional or developmental stage (38). These transcripts include messenger RNA
(mRNA) and non-coding RNA (ncRNA). mRNA is regulation of genomic
information stored in Deoxyribose Nucleic Acid (DNA) to a protein where ncRNA
regulates expression of genes, protein synthesis, and various cellular activities.

Walter Fiers and his colleagues sequenced the complete transcripts of
bacteriophage MS2 in the 1970s. The MS2 bacteriophages genome length is 3569
base pairs long. Considering nowadays transcriptomic studies, the genome of the
bacteriophage is very small. This is because of the RNA’s single-stranded structure.
RNA is easily degraded by the enzyme called RNases. Therefore, sequencing of
longer transcriptomics was very hard, nevertheless, it was the very first
transcriptomic study. After the discovery of the reverse transcriptase enzyme, the
rigid mRNA and ncRNA molecule can be converted to a more stable, double-helix
DNA molecule. The synthesized DNA molecule is called complementary DNA
(cDNA). The cDNA synthesized from RNA process called Sanger method after
the name of British chemist Sanger who discovered this system. Based on this new
method microarray technology (also known as micro-chip) has begun. In recent
years, RNA-Seq technology also has begun. This new method is based on next-
generation sequencing (NGS) where thousands or even millions of short reads can

sequence with a low error rate (38). Due to the limitations in NGS such as size of
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length reads and the error rate, thirth generation sequencing (TGS) has invented.
This new era is able to detect more errors and sequence longer reads. Pacific
Bioscience and Oxford Nanopore developed methods based on TGS (39). Table 1.2

shows the sequencing technologies.

Table 1.3 Comparation of Genome Sequencing Techniques. bp means base-pair.

(89)
First Generation Second Generation Thirth Generation
Sequencing Sequencing Sequencing
gls\?i template Fragmented DNA Fragmented DNA Single strand DNA
Read Length 800-1000 bp Short (Sanger method) More than 1000 bp
Accuracy High High High
Efficiency Low High High
Cost High High Low
Library cDNA cDNA cDNA or RNA
Time Hours Days Minutes
1.5.3 De Novo Assembly

One of the highly used genome sequencing techniques is De novo assembly.
De novo assembly can be described as a process of reconstructing a genome with
short reads. Unlike the other genome sequencing techniques, de novo assembly
does not require a reference genome. Because whole-genome assembly cannot be
accomplished at one glance reading, de novo assembly uses many fragmented short
reads. It is also described as a giant jigsaw puzzle where many fragmented
sequences are assembled by finding the shared regions up to chromosome level
(40,41). Three basic steps of de novo assembly are contig assembly, scaffolding,
and gap filling. During the contig assembly step, the short reads assembled in long
consensus sequences called contigs, without any gaps in them. In the scaffolding
process, the large contigs are paired up by large reads. These long inserts are several
kilobases in length and are called a scaffold. When the contigs are scaffolded, if
there is no overlapping between the contigs, there are some gaps that remain. These
gaps are filled by independent reads which is the gap-filling step. To increase the
quality of assembly, scaffolding and gap-filling steps can be repeated (40,41).

1.5.4 Transcriptome Mapping

On the other hand, if there is a reference genome of the desired organism,
mapping tools can be used. However, mapping the raw reads (RNA-Seq data) to a

reference genome is a bit complicated compared to de novo method. This process
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includes a quality check of raw reads, alignment (mapping), and read counting (in
Figure 1.4) (42).

Quality check of raw data is crucial for mapping because RNA-Seq library
preparation is still developing technology and bad quality can directly affect the
coverage of mapping. Quality checking includes read quality, RNA contamination,
GC content, nucleotide composition bias, etc. Raw sequence quality score can be
shown with Phred score. Phred quality score is developed by the Phred program to
measure base-calling reliability. For example, a Phred quality score of 30 means 1
incorrectly sequenced base in 1000. Higher the Phred score, the higher the quality
of reads. Nevertheless, Phred quality score is rarely used in NGS but it is widely
accepted of DNA quality scores. Nowadays, Phred scores are represented with their

6("’

corresponding ASCII characters which are the numbers between 33 to 126 or “!” to
“V”.

Nucleotide composition and GC content are another quality mark of the
reads. GC content is the percentage of the guanine or cytosine bases in the DNA.
Because guanine and cytosine have 3 bonds between them, it makes them more
stable. Therefore, rather than AT bases, GC content carries more biological
meaning. Also, exons contain higher GC than AT content.

Another quality mark is ribosomal RNA (rRNA) or transfer RNA (tRNA)
contamination. Most of the RNA-Seq study's goal is to capture only mRNA, but
some structural RNAs such as rRNA and tRNA are the most abundant RNAs in the
cell. They contain up to 90% of the total RNA in a cell. Therefore, before the
mapping, these RNA species must be cleaned from the data (43).

Sequence alignment is the arrangement is the comparing and finding the
similarities of two or more DNA/RNA or protein sequences. This method is used
for aligning short reads of RNA-Seq to a reference genome which can be obtained
from public databases (44). This reference-based approach is a much more sensitive
and computational power-efficient way than de novo (45). Sequence alignment is
sensitive because of the RNA splicing which is shown in Figure 1.3. RNA splicing
is the removal of intron sequences from pre-mRNA. Several tools have been
developed for sequence alignment and each one has different powerful sides. For
example, Bowtie is an unspliced read aligner with high computational memory
requirements. TopHat, on the other hand, uses “exon first” method for alignment.

It aligns the exon parts of reads first and then split unmapped reads into shorter
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sequences and aligns them independently to find splice junctions among the exons
(46). HISAT2 alignment tool was developed in 2019 with high efficiency and
higher alignment sensitivity. Unlike Bowtie, HISAT2 differs in building indexes.
Almost all alignment tools build indexes before alignment. HISAT?2 builds a whole-
genome index and thousands of small local indexes for spliced alignment possible

(42,47).

Primary RNA transcript
Exon1l Intron Exon2 Intron Exon 3

RNA processing

Spliced RNA
S8E Exon1l Exon2 Exon3
5' cap \ / Poly-A tail

5" untranslated 3" untranslated
region region

Figure 1.3 RNA splicing (48)

Read counting process starts with the genomic feature assignment before
interpretation biologically. These genomic features can be genes, exons, promoters,
and genomic bins. For genomic feature assignment, a reference genome and the
gene annotation file are required(49). After the genomic feature assignment,
quantification of gene expression is required, which can be used for differential
expression of genes. Quantification is a hard step because of exon joints (50,51).

1.5.5 Differentially Expressed Genes Analysis

Differentially Expressed Genes (DEG) is a method that takes the normalized
read counts data and identifies differentially expressed genes by performing
statistical analysis. There is more than just one DEG analysis tool and they vary in
their statistical approaches. For example, edgeR (52) and baySeq (53) uses negative
binomial model where NOIseq (54) and SAMseq (55) uses non-parametric
methods. Some methods have been developed to identify unknown transcripts and
they are called transcript detection such as EBSeq (56) and Cuffdiff2 (57).

DESeq2(58) on the other hand uses maximum likelihood estimation and takes all
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gene value and move them to average value. This method is valuable for the studies
where the RNA sequencing was made under different conditions and technique.
Different conditions and techniques may affect the analysis and value of raw data.
DESeq2 accomplish this problem by moving gene values to average gene value.
This topic of bioinformation is still developing. Therefore, there is no consensus
about which tool or which statistical approach is the best way to ensure the validity
of data (59).

1.5.6 Meta-Analysis

Meta-analysis is a set of quantitative methodological tools that combine the
outcomes of similar but independent studies to draw a general conclusion and to
evaluate the similarities among studies. Meta-analysis has become one of the most
important methodological developments in a variety of fields including medicine,
social and biological. Because meta-analysis gives results of similar but
independent studies, it is a good tool to avoid the controversial aspects of the study
and make a synthesis (60).

The main goal of the meta-analysis is to understand the results of a single
study despite all collected and independent studies. The collected studies (or data)
should be considered if their effective size is consistent across the body of studies.
If it is consistent, it means results are robust across the collected data. Effect size is
a value which shows the strength of a relationship between at least two variables.
If the effective size is not consistent, the possibility of implication should be
considered. In conclusion, meta-analysis can address these issues where a single
study cannot (61).

Most of the individual omics studies have small sample size. For seeing the
general perspective, combination of multiple studies is needed. Meta-analysis
improves the statistical power, accuracy, and reproducibility of combination of
multiple studies. Combination of multiple transcriptomic studies also called
horizontal meta-analysis. In some studies, different types of omics data are needed,
this type of analysis called vertical integrative analysis. Horizontal meta-analysis is
widely used meta-analysis technique for varied biological purposes. There are 3
main meta-analysis categories of transcriptomic applications. Most widely used one
is two-stage method. Two-stage method firstly computes single summary statistics
and then apply meta-analysis method to summary statistics. These two methods

include combination of p-values, effect size or rank statistics. Second category of
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method merge raw data and normalizes it, and then applies standard single-study
analysis. Last method integrates the differential expressions from all studies. With
the incredible amount of publicly available omics data, vertical integrative analysis
method widely used. This type of method used for different levels of omics data
applications. In bioinformatics field, vertical integrative analysis mostly used for

clustering and prediction analysis (90,91).

Figure 1.4 Meta analysis pipeline by mapping (42)
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2. AIM AND SCOPE OF THE STUDY

Stress factors can reduce plants crop yield and product quality. These factors
can be classified as biotic and abiotic factors. Biotic stress factors can be caused by
bacteria, viruses, nematodes, fungi, and herbivores whereas abiotic factors are
salinity, drought, heat, etc. Organisms have their unique responses to environmental
conditions. To improve our cultivation systems, we should understand the stress-
related responses. With the help of bioinformatics, the stress response can be
understood at molecular levels. RNA-Seq technology is a good way to study the
molecular response of stress conditions.

In early studies of Beta vulgaris, transcriptome studies are used to find
stress-related genes. In this study, we aim to find the stress response genes that are
differentially expressed under studied stress conditions by using the Meta analysis
method.

With the premise knowledge, we hypothesized that there are common stress

responsive genes that are differentially expressed independent from the stress type.
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3. MATERIALS AND METHODS

11 stress-related studies data of Beta vulgaris selected from NCBI database
on March 30" 2021, with the following filters. Source choosen as “RNA”, and
Platform choosen as “Illumina”. Downloaded data shown in Table 3.1. Related data
downloaded by SRA Toolkit version 2.11.0 (71) prefetch tool. The downloaded
compressed data was converted to “fastqc” format by SRA Toolkit fasterq-dump

tool version 2.11.0.

Table 3.1 Downloaded data from NCBI

Condition Stress SRA Acc. # BioProject # GEO #
Biotic Fungal Pathogen SRP223381 PRINAS574280 GSM4097161
Biotic Fungal Pathogen SRP095578 PRINA358634 GSM2438805
Biotic Nematod Pathogen SRP217806 PRINAS559279 GSM4017124
Abiotic Alkaline Stress SRP262530 PRINA634158 N/A
Abiotic Alkaline Stress SRP140444 PRINA450324 GSM3098240
Abiotic Alkaline Stress SRP126020 PRINA420895 GSM2872808
Abiotic Salinity Stress SRP149098 PRINA473360 GSM3161753
Abiotic Salinity Stress SRP145448 PRINA453103 N/A
Abiotic ABA Treatment SRP235645 PRINA594791 N/A
Abiotic Heat Stress SRP044105 PRINA254489 N/A
Abiotic Stress Germination | SRP219737 PRINA450098 N/A

fastqc files are checked for quality by FastQC version 0.11.9 (66) then an
index file created by Hisat2 version 2.1.0 (72). To create an index file, reference
genome downloaded from Ensembl plants database (RefBeet-1.2.2). Based on to
index file, fastqc files are aligned to the indexed genome. Output file collected as

SAM format. The data eliminated which had less than 60% of alignment.

Hisat2 codes;

For indexing;

hisat2-build beta_vulgaris_ref_genome.fastq index

For alignment;

hisat2 -x index -1 SRR"$i"_I.fastq -2 SRR"$i"_2.fastq -S SRR"$i".sam
(flag’s descriptions shown in Table 3.2)
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Table 3.2 Hisat2 flag explanations

Flag Description

-X Indicate the index file

-1 Indicate the first file of paired-end data

-2 Indicate the second file of paired-end data
-U Used when data is single end

-S Output file as Sam

SAM format data converted to BAM format by using samtools version 1.10
(73). Then the BAM files are sorted according to their names.

samtools codes;

samtools view -S -b SRR"$i".sam -o SRR"$i".bam

samtools sort

samtools sort SRR”$i”.bam -0 SRR $i”.sorted.bam

(flag’s descriptions shown in Table 3.3)

Table 3.3 samtools flags explanations

Flag Description
-S Input file format is auto-detected
-b Output file format is BAM
-0 Output file name

FeatureCounts version 2.0.0 (74) was used for number counts and sequences
associated with their Ensembl gene IDs. The required GTF file was downloaded
from Ensembl plants (75). The results are collected for differential gene expression
analysis.

featureCounts code;

featureCounts -a B_vulgaris-1.2.2.51.gtf -g gene_id -o feature_results.txt
*bam -T 4 -F GTF

(flag’s descriptions shown in Table 3.4)

Table 3.4 featureCounts flags explanations

Flag Description
-a Name of annotation file
-g Specify attribute type in GTF file
-0 Name of output file
-T Number of CPU threads
-F Specify format of the provided annotation file
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For differential expressed gene analysis R version 4.0.5 (67) package
DESeq2 version 1.30.1 (58) was used. The same pipeline was used for all data.
Studies are compared to their control groups and the P-adjust value is set to 0.05.
First raw counts were normalized by negative binomial model. To work with better
efficient, Log?2 transformation technique was used in R.

Principle component analysis was made by the plotPCA function in
DESeq2. 2D plots was created for each data. vst function has been used for
normalization and log transformation of data. PC1 and PC2 created by plotPCA
function.

For data visualization tidyverse version 1.1.1 (68) ggplot2 version 3.3.5.
Ensembl IDs are converted to GO and KEGG ENZYME ID through R package
biomaRt version 2.46.3 (69). For ID conversation, Ensembl plants database was
used. Beta vulgaris data has been selected to convertion of Ensembl ID’s to GO,
KEGG ENZYME ID’s.

Differentially expressed genes data was collected for meta analysis. For
meta-analysis, R package metaRNASeq version 1.0.7 (76) was used. The results of
meta-analysis again converted to GO and KEGG ENZYME ID. For Ensembl ID to
ENTREZ ID conversion, the NCBI database was used through the E-utilities tool.
ENTREZ ID’s then converted to KEGG ID by using KEGG Mapper. The KEGG
ID’s then used for pathway analysis. Pathways of Beta vulgaris were created by
using R package pathview version 1.30.1 (70). pathview package is using the
KEGG database.
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4. RESULTS AND DISCUSSION

Eleven stress-related data study of Beta vulgaris downloaded from NCBI
database. The data collections are aligned to the reference genome of Beta vulgaris
and they are eliminated according to their alignment rate. The rates below %60, are
eliminated so only four studies are remained, SRP095578, SRP217806,
SRP149098, and SRP235645. The details of data shown in Table 4.1. Study
SRP095578 and SRP217806 are fungal and nematodes stress respectfully whereas
study SRP149098 and SRP235645 are salinity and ABA treatment stresses.

Table 4.1 Collected data details and Hisat2 Results

Condition Stress SRA Acc. # Run # Hisat Result (%)
Biotic Fungal Pathogen SRP223381 24 Y012
Biotic Fungal Pathogen SRP095578 36 %67
Biotic Nematode Pathogen SRP217806 16 %65
Abiotic Alkaline Stress SRP262530 31 %57
Abiotic Alkaline Stress SRP140444 3 %29
Abiotic Alkaline Stress SRP126020 9 %17
Abiotic Salinity Stress SRP149098 12 %64
Abiotic Salinity Stress SRP145448 60 P16
Abiotic ABA Treatment SRP235645 24 %61
Abiotic Heat Stress SRP044105 5 %49
Abiotic Stress Germination SRP219737 24 %56

Genomic feature assignment and read counting process held by
featureCounts. Study SRP095578 has 36 runs and 35 runs’ successfully assigned
alignment rate is above 80% where only one run had a 79.2% rate. Study
SRP217806 has 16 runs and all the runs had more than 64% assigned alignment
rate. Study 149098 has 12 runs and all of them had more than 80% assignment rate.
Lastly, study SRP235645 has 24 runs, and their assignment rate is more than %79.

For differentially expressed gene analysis, R package DESeq2 was used.
Every study was analyzed individually. Only 4 studies passed the determined
criteria thresholds and 2 of them are biotic and 2 of them are abiotic stress studies.

4.1 DEG Analysis of Genes Under Biotic Stress

This study (Bioproject Acc. Number: PRINA358634, SRA Acc Number:
SRP(095578) was conducted by (77). In this study, the effect of Rhizoctonia solani

has been observed on roots. 3 conditions have been observed. Conditions are 0 days
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post-infection (dpi), 2 dpi and 5 dpi. The distribution (Figure 4.1) and Venn diagram

(Figure 4.2) of data is shown respectively.
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Figure 4.1 Distribution of data. R means resistant, S means susceptible. The first
number indicates the dpi and the second one indicated the genotype.

In O dpi condition, there are 3678 DEG detected and 1787 of them are down-
regulated whereas 1891 of them are upregulated. In 2 dpi conditions, 3669 DEG
detected were 1773 down-regulated and 1896 up-regulated. In 5 dpi, 3347 DEGs
were found, 1609 of them down-regulated and 1738 of them up-regulated. Among
these 3 conditions, 758 genes are common. Between 0 dpi and 2 dpi, there are 1360
common genes, between 0 dpi and 5 dpi there are 256 common genes, between 2
dpi and 5 dpi there are 392 common genes observed.

Second biotic stress factor data (Bioproject Acc. Number: PRINA559279,
SRA Acc Number: SRP217806) is conducted by (78). In this study, a nematode
species Heterodera schachtii was used as a stress agent. The stress conditions
applied to the sugar beet’s root when the beet was 15 days old. A resistant and a
susceptible genotype was used. The distribution (Figure 4.3) and Venn diagram

(Figure 4.4) of data is shown respectively.
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Figure 4.2 Venn Diagram of Study 095578
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Figure 4.3 Distribution of Study 217806. R means resistant, S means susceptible,
the numbers indicate day after germination of the Beta vulgaris, I means infected
and U means uninfected.



In susceptible 19 conditions, 290 DEG was found. 122 of them are down-
regulated and 148 of them are up-regulated. In the susceptible 25 conditions, there
was just 61 DEG found. 37 of them are down-regulated and 24 of them are up-

regulated. These conditions only 18 common genes contain.

5us25

sus19

Figure 4.4 Venn diagram of Study 217806

4.2 DEG Analysis of Genes Under Abiotic Stress

One of the abiotic studies (Bioproject Acc. Number: PRINA473360, SRA
Acc. Number: SRP149098) is conducted by (79). It is a salinity stress study. The
conditions are the first day and seventh day of stress. The distribution (Figure 4.5)

and Venn diagram (Figure 4.6) of data is shown respectively.
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Figure 4.5 Distribution of Study 149098. C means to control, T means
treatment. The first day and seventh day indicated.

In the first day condition, 6219 DEG is found which includes 2999 down-
regulated and 3220 up-regulated genes. On the other hand, the seventh-day
condition contains 3930 DEG where 1871 down-regulated 2059 up-regulated genes

are present. There are 1688 common genes among these conditions.
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Figure 4.6 Venn Diagram of Study 149098

This study (Bioproject Acc. Number: PRINA594791, SRA Acc Number:
SRP235645) was conducted by (80). It is an ABA treatment experiment where the
conditions are after 1,6,12 and 24 hours of ABA treatment. The distribution (Figure
4.7) and Venn diagram (Figure 4.8) of data is shown respectively.

In the result of hour six, there was 8706 DEG. Among them, 4458 down-
regulated genes and 4248 up-regulated genes were found. The result of hour 12
contains 8894 DEG. 4546 of them are down-regulated and 4348 of them are up-
regulated. Hour 24 contains 10867 DEG which are 5435 down-regulated and 5432

up-regulated genes. Among these 3, 4319 genes are common in all conditions.
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Figure 4.8 Venn diagram of study 235645.

4.3 Meta-Analysis

Meta analysis applied to the two biotic and two abiotic stress seperately to
observe the differentially expressed genes of both stress conditions. Then analysis
has been done to the all four stress conditions.

4.3.1 Meta-Analysis of Transcriptomes for Abiotic Stress Response

Abiotic stress data showed 1031 common stress related DEG. The venn
diagram of abiotic stress meta analysis showed in Figure 4.9. GO term analysis of

abiotic stress common genes are showed in Figure 4.10. In the abiotic stress data
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for 161 genes, there was no GO term. For the rest of the genes there is 736 biological
process, 415 cellular component and 1020 molecular function related GO terms
found. The Figure 4.10 and 4.12 shows the 10 data with the most matches from the

3 major GO categories.

study 149093

Grudy235643

Figure 4.9 Venn diagram of Abiotic Stress Data
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Figure 4.10 GO term distribution of Abiotic Stress Data

The differences in the GO term distribution are small between the biotic and
abiotic stress data, but some key terms must be discussed. Cellular components
terms of abiotic stress found abundant in mostly cell membrane and chloroplast
related terms. Membrane-related terms must be connected with the balancing of the
cell's osmotic pressure. As the salt treatment affects the osmotic pressure of cells,
the transmembrane transport also seems to be abundant in abiotic stress data (92).
Sugar beet is also known to increase the uptake of phosphorus during salt stress
(93). This phosphorus uptake may lead to phosphorus poisoning, growth
retardation, and necrosis.

Chloroplast-related terms are also abundant in abiotic stress data according
to biotic stress data. Chlorophyll is the pigment for absorbing light energy and
transforming it into chemical energy. Under salt stress, chlorophyll content is

known to be decreased (94).
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4.3.2 Meta Analysis of Transcriptomes for Biotic Stress Response

Biotic data showed 460 common stress related DEG. In the biotic stress data
for 76 genes there was no GO term. 268 biological process, 146 cellular component
and 350 molecular function related GO term was found. The venn diagram showed

in Figure 4.11. GO term analysis of common genes are showed in Figure 4.12.

study217806
study095578

Figure 4.11 Venn diagram of Biotic Stress Data

Biotic stress data contains the term extracellular region where abiotic stress
data does not. Extracellular region term is known to be related with the space
between the cells and they express under the infection of a parasite (95).

In the biological process terms, under biotic stress data, defense response is
the second most abundant term where abiotic stress data shows no sign of it. We
believe that this one term is a key to an organism’s response to biotic stresses. This
defense response also affects molecular functions. DNA and RNA binding terms
are also abundant in abiotic stress data. The molecular function terms of biotic stress
data can be seen as mostly to transcript and protein synthesis related. This might be

because of the biotic stress response (96).
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Figure 4.12 GO term distribution of Biotic Stress Data

4.3.3 Meta-Analysis of Combined Stress Conditions

The results of DEGs of the 4 different studies have been used for meta-
analysis. Output files of DEG analysis were used as input files of meta-analysis.
The analysis was constructed by R package metaRNASeq version 1.0.7. The results
showed 10 genes that were differentially expressed in every stress condition (Figure

4.13). Six of them are up-regulated and 4 of them are down-regulated (Table 4.2).

Table 4.2 Meta-Analysis Results

Log Fold Log Fold Log Fold Log Fold
Ensembl_IDs | Change Study | Change Study | Change Study | Change Study | Regulation
095578 217806 149098 235645
1 | BVRB_6g145450 -0.816 -1.498 -1.669 -0.449 Down
2 | BVRB_6g133980 3.352 4.028 2.640 7.936 Up
3 | BVRB_7g166460 4.651 0.967 1.054 0.919 Up
4 | BVRB_2g030930 1.626 0.821 1.090 1.838 Up
5 | BVRB_2g043720 0.337 0.253 0.501 0.252 Up
6 | BVRB_2g030970 -1.219 -1.523 -1.160 -1.213 Down
7 | BVRB_8g187810 -0.350 -0.805 -0.839 -0.439 Down
8 | BVRB_4g086310 6.767 1.781 0.836 1.289 Up
9 | BVRB_5g126270 -0.596 -0.788 -0.999 -0.495 Down
10 | BVRB_1g021740 2.284 2.260 1.832 4.898 Up
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Figure 4.13 Venn diagram of Meta Analysis

The GO term of results has been compared with the biotic and abiotic stress

data in Figure 4.14, 4.15, 4.16. Graphs shows the terms that common in meta, biotic

and abiotic stress data.
Biological Process
transmembrane transport

glutathione metabolic process

GO Terms

|' Bl

protein phosphorylation

0% 5% 10% 15% 20% 25%

® Abiotic mBiotic ®mMeta

Figure 4.14 Biological Process GO term comparison. Percentages are found as
term to DEG number ratio.
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Figure 4.15 Cellular Components GO term comparison. Percentages are found as
term to DEG number ratio.

Table 4.3 DEG and GO Term numbers

GO Terms Meta- Biotic | Abiotic
Analysis
DEG Differentially Expressed Genes 10 460 1031
numbers
transmembrane transport 1 6 54
Biological glutathione metabolic process 1 4 8
protein phosphorylation 2 10 36
integral component of membrane 2 26 96
Cellular membrane 2 28 83
xel}ol.aiotic transmembrane transporter 1 1 6
activity
heme binding 1 6 27
oxidoreductase activity, acting on
paired donors, with incorporation or 1 2 21
reduction of molecular oxygen
Molecular oxidoreductase activity 1 34
antiporter activity 1 1 6
zinc ion binding 1 10 20
iron ion binding 1 2 27
monooxygenase activity 1 2 21
ATP binding 2 25 64
protein kinase activity 2 10 36
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Figure 4.16 Molecular Functions GO term comparison. Percentages are found as
term to DEG number ratio.

The GO term figures (Figure 4.14, Figure 4.15, and Figure 4.16) are
represented as the term percentage of the total DEG numbers. In biological process
GO terms, abiotic data has 54 transmembrane transport related terms where biotic
data has 6. This also affect the percentage representation where abiotic stress data
has 1031, and biotic has 460 DEG. All related numbers are shown in Table 4.3.
Transmembrane transport terms are known to related with transportation of solutes
across cells lipid bilayers. We assume that the higher amount of transmembrane
transport terms related with the arrangement of cells osmotic pressure under the
abiotic stresses.

In molecular functions GO terms, iron ion binding, monooxygenase activity
and oxidoreductase activity. Iron is an essential element for plants. They play
important roles such as respiration, chlorophyll synthesis and photosynthesis (98).
They are also used as signaling molecule. The reason of abiotic stress to have higher
iron ion binding term might be explained with the study of Skorupa et. al., 2016.
This study revealed the up-regulated photosynthesis genes under the salt stress (97).
Since the iron is important for photosynthesis, more iron related terms are
understandable in abiotic stress. On the other hand, monooxygenase related GO
terms are also higher in abiotic stress data. It is known that flavin and choline
monooxygenase genes are increasing the drought resistance in Arabidopsis and
increase the tolerance to abiotic stress of rice and spinach (99,100). Our results are

compatible with those studies since they are higher under abiotic stress.
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The Ensembl_IDs of genes are searched against to NCBI database and 6 of
them are converted to Entrez gene IDs. Then those IDs are converted to KEGG

gene IDs (Table 4.3). The rest of the genes stayed unknown in the KEGG database.

Table 4.4 Meta Analysis Results. N/A means not applicable

Ensembl_ID KEGG_ID Gene Name
1 BVRB_1g021740 104905737 cytochrome P450 81E8-like
2 BVRB_2g030930 104882957 uncharacterized
3 BVRB_2g043720 104887745 thioredoxin domain-containing protein 2
4 BVRB_6g133980 104895532 probable mannitol dehydrogenase
5 robable leucine-rich repeat receptor-like
BVRB_6g145450 104896981 P orotein kinase AIt)Sg 1077 g
6 BVRB_7g166460 104899342 glutathione transferase GST 23-like
7 BVRB_4g086310 N/A N/A
8 BVRB_5g126270 N/A N/A
9 BVRB_8g187810 N/A N/A
10 BVRB_2g030970 N/A N/A

During stress conditions, ROS dramatically increases. The increase of ROS
is associated with the plant's defense mechanism (11). Since ROS is harmful to
cells, plants should avoid these damages through retoxification of ROS.
Nevertheless, plants are adapted to use ROS as signaling molecules as a response
to a variety of stress conditions. The gene products that we found are mostly related
to ROS. Since ROS are used as a signal molecule in plant defense systems, our
results seem reasonable.

Cytochrome P450 is one of the largest enzymatic families in bacteria, fungi,
and especially plants. They are known to be a key player in multiple metabolic
pathways and reactions. As a result of those reactions, various secondary
metabolites are synthesized that plays important role in growth and development or
protection to biotic and abiotic stress factors (82). Our study showed the related
gene is upregulated under both stress conditions.

Mitochondrial thioredoxin is required for metabolic pathways to function
properly. These pathways include stomatal opening, antioxidant metabolism,
drought, and salinity stresses. Also detoxifies hydrogen peroxide which is a ROS.
These facts are proved in arabidopsis (13). Another known ROS quencher is
mannitol. Mannitols are produced by plants and fungi. Mannitol dehydrogenase is
one catalyst in the catabolism of mannitol (84). Our results show the upregulation
of these 2 genes under both bioitic and abiotic stresses. The results show the

importance of both ROS and its detoxification under stress conditions.
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Leucine-rich repeat receptor kinases are the largest subfamily of
transmembrane receptor-like kinases in plants. They regulate a wide range of
defense-related processes such as stem cell controlling, hormone perception, host-
specific, and no-host-specific defense mechanisms, response to wounding, and
symbiosis (85). Early studies shows the importance of transmembrane receptor-like
kinases under both biotic and abiotic stresses but surprisingly our study showed a
down-regulation of this gene. To understand this phenomenon, further study of this
gene and its inducers is needed.

Glutathione S-transferases (GST) is a member of the super-family of
multifunctional proteins. They are one of the most important families of detoxifying
enzymes. They play important roles in plant development and both biotic, abiotic
stresses. They are involved in, herbicide detoxification, plant protection against
ozone damages, heavy metals, xenobiotics, and microbial infections. In the Figure
4.10, glutathione transferase-related gene’s place is shown in the pathway. The
different concentration of red color indicates the log-fold change of study 095578,
217806, 149098, and 235645 respectfully (86).
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Figure 4.17 Glutathione Metabolism pathway

Our results are compatible with the literature for known genes. The rest of
the genes are blasted against the NCBI protein database. The blast results are
examined, hypothetical and uncharacterized proteins are avoided. The genes are

selected which had the highest query coverage and percent identity (Table 4.4).
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Table 4.5 NCBI Blast results of 4 uncharacterized genes

Ensembl ID Protein Species Query Percen?age Accession #
Cover Identity
Interleukin-2 Actinidia
BVRB_2g03 | - eptor subunit | chinensis var. | 85% 40.46% PSS08165.1
0970 . . .
beta like chinensis
6-
BVlgl—g 808 | by osphofructoki | Triticum urartu | 32% 78.26% EMS55719.1
nase 3
DETOXIFICAT . .
BVRB_5¢12 | 10N 16-like Spinacia 47% 7848% | XP_021857959.1
6270 . oleracea
isoform X2
BVRB_8¢g18 . Spatholobus
7810 Pheophytinase cuberectis 88% 60.56% TKY51975.1

Interleukin-2 receptor subunit beta like protein is associated human T cell-
mediated immune response. Alfa, beta and omega subunits of interleukin-2
receptors are binding to interleukin 2 protein which starts a signal transduction and
also plays role as T cell growth factor, proliferation, differentiation and survival
(106). Our results show the down-regulation of BVRB_2g030970 gene. Blast
results shows the highest similarity with the interleukin-2 receptor subunit beta like
protein of Actinidia chinensis var. chinensis. Multiple sequence alignment (MSA)
results in Figure 4.18 also shows some conserved domains of the protein among
human, Arabidopsis and rice. Nevertheless, we strongly believe that our gene is not

associated with human interleukin-2 receptor.
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Oryza_sativa_Jlaponica_Group
Arabidopsis_thaliana
Beta_vulgaris_subsp._vulgaris
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Figure 4.18 MSA results of Interleukin-2 receptor subunit beta like protein

among different species. * means identical,

means semi-conserved substituons.
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Among these results, phosphofructokinase enzymes are studied and
identified in mulberry. They are play role in drought and bicarbonate stress
response. Specifically they are responsible from glycolysis pathways which
provides ATP, NADH and other precursor metabolites for to meet the energy
demanding of cell (101). Our meta-analysis results showed this related gene to be
upregulated which might interfere the energy metabolism in positive way. The

MSA results are in Figure 4.19.

Beta_wvulgaris_subsp. WUIgaris = semem e mm e e MKYCGITITLATWRIGKTDT 19
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Figure 4.19 Phosphofructokinase MSA results. * means identical, : means
conserved substitutions, . means semi-conserved substituons.

On the other hand pheophytinase is identified as chloroplast-located
and senescence-induced enzyme which is common in algae and land plants. This
enzyme degrades the chlorophyll pigment during senescence (102). Our
pheophytinase similar gene might have the same duty. Our results show down-
regulation of this gene and this supports the study of Skorupa et. al., 2016. Their
study showed the up-regulation of photosynthesis genes under salt stress and our
study suggest that Beta vulgaris might increase the photosynthesis under stress

conditions. MSA results of phenophytinase i shown in Figure 4.20.

Beta_wvulgaris_subsp._vulgaris - =MNNKAIYDDWTIELLLPLLWLIDFLLKQKATASATFERAKKRYNFLDQLLRICNCKCD 538

Oryza_sativa_Jlaponica_Group GEMNMKAIVDDWRIKLLLPLLWLIDFLLKQRRIASAL FERVEDRSNLKDILLSVYGNEDA 288
Arabidopsis_thaliana GaMNMNKAVFDDWRIKLLMPLLLLIDFLLKQRGIASALFNRVEDRENLKNILTHVYGMNEDN 252
Spatholobus_suberectus GEMNNKAIVDDWRIKLILPLLWLIDFLLKQKGIASAIFERVKQRENLRNILSSVYGMEES 273
Mucuna_pruriens GGHHHKHIVDDNRIKLLL3LLULIDFLLKQKGIaSAIFEQV{QREHLRHILSSVYGHkES 279
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Figure 4.20 MSA results of protein phenophytinase. * means identical, : means
conserved substitutions, . means semi-conserved substituons.
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DETOXIFICATION 16-like isoform X2 enzyme belongs to the multidrug
and toxic compound extrusion or multi-antimicrobial extrusion (MATE, also
known as DETOXIFICATION proteins in Arabidopsis) family. These transporter
genes are present in all kingdoms of life. It is very common and diversed in plant
kingdom. This gene family are usually 400-550 amino acid long and responsible
for transport of primary and secondary metobolites such as alkoloids, flavonoids,
and hormones. Another duty of these gene products is detoxification of heavy
metals, aluminum toxicity tolerance and disease resistance. This gene has not been
identified in B. vulgaris yet but the MSA results in Figure 4.21 and diversification
of the gene among plants gives the idea of another MATE family member protein

(103).
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Overall results are showing the increasing of photosynthesis during both
biotic and abiotic stress factors. Plants are usually decreases the photosynthesis rate
under stress conditions, especially under the salt stress (104). Plants are closing the
stomata under stress condition to stop evaporation, thus they become unable to
intake COz. B. vulgaris on the other hand, known to highly salt tolerant crop by
maintain the osmotic pressure and they take more water than other plants (105) . So
we think that the evaporation is not importantly affecting the sugar beet under stress
conditions. Down regulation of pheophytinase gene is supporting this idea. Another
supporters of this result is thioredoxin and mannitol genes up regulation. Both are
ROS detoxifiers where thioredoxin also responsible of stomatal opening. Another
evidence of this idea may be the upregulation of phosphofructokinase gene. It is
known to play role in glycolysis and ATP synthesize, because during the glycolysis
glucose is used which is the product of photosynthesis. B. vulgaris not only seems

to continue to photosynthesize, but also seems to increase it.

43



S. CONCLUSIONS AND RECOMMENDATIONS

In this study, we collected data from NCBI database that is related with
stress conditions of Beta vulgaris. The data processed and aligned to the reference
gonome and then genetic features assigned to the genes and counted. The counted
genes analysed for differentially expressed genes and those results are used for
Meta-analysis. These results contains the genes that differentially expressed under
both biotic and abiotic conditions.

With this study, we revealed the genes that express differentially no matter
which stress condition affects Beta vulgaris. These results can be usefull for
sugarbeet production and crop yield.

Nevertheless, the unknown genes must be examined and characterized. The
characterization of these genes needs further studies.

This study will contribute to future studies and help to understand stress
response of both Beta vulgaris and other plants. Furthermore, this study can be used

as a reference in the future RNA-Seq, Meta-analysis of transcriptome data studies.
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