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CHAPTER 1

INTRODUCTION

1.1 Background

The present chapter provides a brief description of the leguminous crops and
their importance. This is followed by the introduction to coding and non-coding
RNAs, various types of non-coding RNAs along with their potential roles, a brief
detailing about circular RNAs, their biogenesis, functions and computational
prediction and finally the chapter ends with the motivation, objectives and scope of

the thesis.
1.2 Leguminous crops and their importance

Legumes are the plants belonging to the family Fabaceae (previously known
as leguminosae). The name 'Fabaceae' comes from the genus Faba, now included in
Vicia. The term "faba" is a Latin word which simply means “bean”. Previously the
name of this family was Leguminosae, which is still considered valid (International
Code of Nomenclature for algae, fungi, and plants. Article 18.5) and the fruits of the
plants belonging to this family are called legumes. This is one of the largest family of
flowering plants and consists of about 690 genera and 18000 species (Jambunathan, et
al., 1991). The leguminous plants are rich source of proteins (especially rich in amino
acids: lysine and methionine), dietary fibre, carbohydrates and different dietary
minerals. In terms of number of species, they are widely distributed as the third-
largest land plant family in the world. Based on the total cultivated area and
production, legumes are the second most important crops, the first one being the
cereals. Worldwide about 12-15% of the Earth’s arable surface is used in the
production of grains and forage legumes (Morel, et al., 2012). The major quality of
leguminous crops is that they are capable to interact symbiotically to soil bacteria
Rhizobium sp. that infect their root nodules through which they can fix atmospheric
nitrogen into the soil and thus their production can increase the indigenous nitrogen
availability of the soil. The leguminous crops also help in solubilising insoluble
phosphorous in soil, improve the physical properties of the soil, increase microbial
activity in soil, and can play a vital role in controlling weeds. There are several types
of legumes like- grain legumes (pulses), forage legumes, oilseed legumes etc. One of
the most widely cultivated legumes is the oilseed soybean which accounts for about

50% of the total world production of grain legumes, while chickpea provides about
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7% of the production. But the production of the leguminous crops is highly affected
by several biotic and abiotic stresses. Biotic stresses include the diseases caused by
different pathogens like fungi, bacteria, viruses, etc as well as pests like insects, and
nematodes. Whereas abiotic stresses mainly include drought stress, heat stress,
salinity, frost, water logging etc. For legumes, drought stress has adverse effects on
total biomass, pod number, seed number, seed weight and quality, and seed yield per
plant (Toker et al., 2007; Charlson et al., 2009; Khan et al., 2010; Toker & Mutlu,
2011; Impa et al., 2012; Hasanuzzaman et al., 2013).

1.2.1 Taxonomy of family Fabaceae (Leguminosae)

As per United States Department of Agriculture ( https://plants.usda.gov/ ), the

taxonomic classification of Fabaceae is as follows:

Kingdom: Plantae — Plants

Subkingdom: Tracheobionta — Vascular plants
Superdivision: Spermatophyta — Seed plants
Division: Magnoliophyta — Flowering plants
Class: Magnoliopsida — Dicotyledons
Subclass: Rosidae

Order: Fabales

Family: Fabaceae — Pea family

Two most important crops under Fabaceae are chickpea and soybean. A brief

introduction about these crops are described in the next few subsections.
1.2.2 Chickpea

Among the grain legumes, chickpea (Cicer arietinum), commonly known as
Bengal gram is one of the most important pulse crops in India. India is the leading
producer of chickpea. They are of two types- kabuli and desi. The seeds of the kabuli
type are large and light coloured, whereas the seeds of the desi type are comparatively
smaller than the kabuli type and are dark yellow-brown coloured. They can be
consumed in different forms like as whole dehulled grains, immature pods, sprouted
grains, mature green seeds or as daal. Chickpea is a good source of proteins and
carbohydrates, accounting about 80% of the total dry seed mass (Geervani, et
al.,1989). The whole chickpea grain contains about 20.8-25.9% proteins and the

starch content of the seed may vary from 41% to 50%. Chickpea also contains about
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6% fat, which is an important source of fat for the vegetarian diet, and rich in
important minerals especially calcium and iron. The crop can be used in a variety of
ways, one of which is rather unusual, like, the acid exudates from chickpea have
medicinal value. The seeds of the crop are consumed at immature stage as well as in
the form of dried grains. The yield of the crop is highly affected by several abiotic and
biotic stresses. Chickpea is mainly grown in areas of tropical climate under conditions
of residual soil moisture. Thus the crop greatly experiences conditions of drought and
heat stress. Moreover, along with the abiotic stresses the crop is reported to be
affected by more than 50 pathogens of which few are highly devastating like fusarium
wilt, ascochyta blight, etc (Rheenen, 1991).

1.2.3 Soybean

Other than the pulse crops, there are legumes like soybean which have great
industrial importance. It is one of the main crops cultivated for oil extraction. Soybean
contains about 20% oil. The crop is also rich in protein content to a extent of 40%.
Among the cultivated crops in the world, soybean has the highest protein content as
well as the highest gross output of vegetable oil (Singh, 2010). The crop has several
uses other than extracting oil like making many food products such as bean curd,
soybean milk, bean curd stick etc. The fermented soybean products are soy paste,
soybean cheese, fermented soybean, soybean sauce, etc. Moreover, livestock are fed
with soybean cakes, which are high protein rich products. The crop has also great role
in improving the soil properties through their deep tap root system, as green manuring
crop as well as for conserving soil moisture and contribution to soil nitrogen
enrichment. (Kulcheski, et al., 2011). However, soybean productivity is greatly
affected by several abiotic and biotic stresses. Drought is the major abiotic stress
factor that negatively affect soybean productivity around the world. The impact of
water stress during the flower formation can cause shorter flowering period, and water
stress during the later phases of reproductive development accelerate senescence
thereby decreasing the duration of the seed-filling period. With regards to biotic

stress, fusarium blight or wilt is an important disease that affects the yield of soybean.
1.3 Coding and non-coding RNAs

RNAs are the macromolecules that convert the genic information contained in

the DNA of organisms into proteins which ultimately helps in the expression of
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various characters in an organism. Broadly RNAs can be classified into two
categories- coding RNAs and non-coding RNAs. Through transcription, messenger
RNAs (mRNAs) are formed from the DNA which further gets translated into various
proteins. But for the synthesis of the proteins, other than these mRNAs, transfer
RNAs (tRNAs) and ribosomal RNAs (rRNAs) also play vital roles. These three types
of RNAs are known as the protein coding RNAs or simply coding RNAs. Earlier it
was thought that the transcriptome of an organism is mainly composed of these
coding RNAs. But with the advancement of high throughput sequencing technologies
the complexity of the genomes of higher organisms have been revealed and it has
been found that a minority of the genomes of multicellular organisms is composed of
protein coding sequences and that also decreases with increase in the complexity of
the organism, with an increase in the amount of intergenic and intronic non-coding
sequences most of which are infact transcribed. Thus there is a shift in the
transcriptional output of multicellular organisms as compared to microorganisms from
mainly protein-coding RNAs to mainly non-coding RNAs (Mattick, et al., 2006). So
it would not be right anymore to conclude that protein coding gene expression in
organisms is purely attributed to the proteins involved in transcription, RNA
processing and translation. Rather very vital and potent role in regulation of gene

expressions at various levels are carried out by these non-coding RNAs.
1.4 Types of non coding RNAs

Non-coding RNAs in organisms can be classified into different classes that
have different modes of biogenesis as well as different modes of target regulation.
Some important classes of non-coding RNAs along with their functions are as follows

(Collins, et al., 2011).
1.4.1 Short non-coding RNAs

Short non-coding RNAs is a class of non-coding RNAs which are shorter in
length varying from 20-50 nucleotides. These short ncRNAs regulate the gene
expression through RNAi (RNA interference) mechanism, where some nucleotides of
the ncRNAs bind to either the coding region or the promoter region of the genes
which interferes with the normal processing of the mRNAs and silences the mRNA

expression. These short ncRNAs can be further classified into three major classes-
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1.4.1.1 MicroRNAs (miRNAs)

miRNAs is a class of short non-coding RNAs that are 21-23 nucleotides in
length. These are initially single-stranded RNA (ssRNA) molecules produced through
transcription or through splicing, which fold into stem-loop structures forming
imperfect double-stranded RNA molecules (dsRNAs). These dsRNAs are then
processed by RNase III which is an endonuclease (generally Dicer) before being
denatured. One of the RNA strands (usually the less stable one of the two) binds to
the RNA-induced silencing complex (RISC), which then binds to a specific target
mRNA containing sequence complementary to the miRNA, to induce either

degradation or cleavage, or block translation.
1.4.1.2 Short-interfering RNAs (siRNAs)

Short interfering RNAs are the non-coding RNA molecules that are 20-25
nucleotides in length. These RNA molecules are produced as dsRNAs, and can enter
the Post-Transcriptional Gene Silencing (PTGS) pathway, which leads to degradation
of mRNAs in the cytoplasm, or the Transcriptional Gene Silencing (TGS) pathway
involved in modification of the chromatin. In plants, siRNAs are reported to be
involved in RNA-directed DNA Methylation (RdDM), that was first observed in
viroid infected tobacco plants where the sequences that are similar in sequence to the

viral genes got methylated.
1.4.1.3 PIWI-interacting RNAs (piRNAs)

PIWI-interacting RNAs are about 27-30 nucleotides long and unlike miRNAs
and siRNAs, piRNAs are not produced by “Dicing”, but mainly by bi-directional
promoters through the mechanism which is known as the “ping pong” cycle of
biogenesis and amplification. These non-coding RNAs mainly function as chromatin
regulators by interacting with PIWI proteins and are also found to play critical roles in
transposon “control” i.e. preventing transposon activation and hence keeping the

levels of transposons interrupting genes to a minimum.
1.4.2 Long non-coding RNAs (IncRNAs)

IncRNAs are non-coding RNAs that are more than 200 nucleotides long. The
broad functional repertoire of IncRNAs includes roles in high-order chromosomal

dynamics, telomere biology and subcellular structural organization. One major
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emergent theme is the involvement of these ncRNAs in regulating the expression of

neighbouring protein-coding genes (Mercer, et al., 2009).

Other than these major classes of ncRNAs, a new class of ncRNAs called
circular RNAs (circRNAs) also play an important role in regulating genes of several

interests.
1.5 Circular RNAs

The existence of circular RNAs was first reported in 1970s in plant viroid
(potato spindle tuber viroid) and yeast mitochondria and later on in higher eukaryotes.
These are nothing but a special class of non-coding RNAs that are produced by the
formation of covalent linkage between the 5° and 3’ ends of an RNA molecule. They
may vary in size from 100 nucleotides to several kilobases in length and may

originate from coding as well as non-coding genes.
1.5.1 Biogenesis of circular RNAs

Circular RNAs were primarily thought to be produced as a byproduct of
splicing. But as more and more circular RNAs were identified from different
organisms, it was found that circular RNAs were also formed from the exonic regions
of eukaryotic cells. Eventually it was found that based on their genomic origin,
circRNAs are broadly of three kinds — exonic circRNAs, intronic circRNAs and
intergenic circRNAs which are found in almost all eukaryotic clades like animals,
insects, plants, fungi, etc. Though these different circRNAs originates through
different ways of biogenesis, all are related directly or indirectly to the mechanism of
splicing. During splicing the intronic lariat (excluding the 3’ tail) that is generated
forms a perfect intronic circRNA. Exonic circRNAs are formed mainly through a
mechanism known as backsplicing. In this event the 3’ hydroxyl end of an exon
released during splicing get covalently linked to the 5° end of the same or different
exon situated upstream. The covalent linkage between 3° end 5’ end of the same exon
results in the formation of single-exonic circRNAs. While if the linkage is between
the 3’ end of one exon and 5’ end of another upstream exon, then the circRNA formed
consists of several intermediate intronic and exonic regions; the introns may remain in
between or may get spliced post-transcriptionally. Majority of backsplicing events are
cis-ones i.e it occurs between the exons of the same gene. From different studies it

has been observed that in case of animals, for circularization of exonic regions,
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canonical splice signals are mostly required. However, plants may use non-canonical
splice signals also. Circular RNAs are mostly found to be conserved across different

plant species.
1.5.2 Functions of circular RNAs

1) The circular RNAs in both plants and animals mainly function as miRNA sponge to
regulate the function of the miRNAs because of presence of miRNA binding sites in
them. It has been found through several studies that a single circular RNA may have
more than one miRNA binding sites. For example in rice, about 31 exonic circRNAs

have two or more miRNA binding sites.

ii) CircRNAs may also regulate the function of RNA-binding proteins through direct

interaction.

iii) They may regulate the transcription of their parental genes through their

interaction with the RNA Pol II, U1 nuclear RNA and the promoter of their host gene.

iv) CircRNAs may have potential role in developmental/stress-specific biological
processes in plants. The differential expression of circular RNAs in different stress
conditions have been studied in several crops and it has been found that differentially
expressed circular RNAs may act as important functional regulators involved in
stress-specific biological processes in plants. For example, 27 rice exonic circRNAs
differentially expressed under phosphate-sufficient or -starvation conditions have
been identified. In response to cold and heat treatment, 163 and 1583 circRNAs were

identified to be differentially expressed in tomato and Arabidopsis, respectively .
1.5.3 Identification of circular RNAs

From the time circular RNAs were first discovered, different biochemical
methods have been developed to test the circularity of a segment of RNA as well as
for validating the existence of different circular RNAs. Along with this several
statistical and bioinformatic approaches have also been developed for identifying
circular RNAs and to predict their potential role in gene expression. The first genome
wide identification of circRNAs has been done in Arabidopsis, followed by rice and
later on studies have been done in other major crops like maize, soybean, wheat,

barley, etc.
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1.5.3.1 Biochemical identification of circular RNAs

Since circular RNAs do not have 5’ end and 3’ end like linear non-coding
RNAs, nor they contain poly(A) tail, traditional sequencing techniques used for
identifying linear non-coding RNA molecules cannot be applied for identification of
the circular RNAs. One of the most fundamental tools for validation of a circRNA is
reverse transcription-PCR (RT-PCR). Another effective way of identify circularity of
RNAs involves RNase H treatment which is an endonuclease capable of cleaving
RNA at RNA-DNA hybrids and Polyacrylamide gel electrophoresis can be used to
distinguish between the linear and the circular RNAs. Other than these two
approaches, there are a few other techniques also like- northern blotting (Capel et al.,
1993). RNase R treatment (an exoribonuclease which is capable of degrading RNA
from its 3’ to 5’ end) (Suzuki et al., 2006; Vincent and Deutscher, 2006).

1.5.3.2 Computational identification of circular RNAs

Although there are a variety of experimental procedures for the identification
of circular RNAs, but recently several approaches have been made for the
computational prediction and detection of expression of the circular RNAs. Total
RNA or ribosomal RNA-depleted libraries are usually used for circRNA profiling.
From RNA-seq datasets the circular RNAs are predicted based on the principle that
those reads are capable of forming circular RNAs which are ‘chimeric’ in the sense
that with respect to transcription the 5’ sequence is downstream of the 3’ sequence in
the read. Based on this principle a variety of algorithms have been developed for
prediction of circular RNAs like- CIRI, circExplorer, findCirc, Mapsplice, segmehl

etc.
1.6 Motivation

In order to cope up with the increasing demand of food supply, along with
cereals the world demand for legumes is also expected to grow in the near future, in
both developing countries as well as in the developed nations given the trend towards
healthy dieting. As the therapeutic uses of legumes are better recognized (Duranti,
2006) and the health risk of consuming animal proteins is more widely understood,

the demand for legume-based products is likely to retain its upward trajectory.

Quite often droughts negatively impact the yield of most cultivated crops,

including the legumes (Pandey, et al., 1984). The yield of food legumes grown in
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dryland areas such as the Mediterranean regions are usually variable or low due to
terminal droughts (Karrou and Oweis, 2012). Along with drought stress, the severity

of loss in leguminous crops increases due to biotic stresses like infection by Fusarium
sp.

Several studies have suggested that different non-coding RNAs play a vital
role in regulating different stress tolerance in various leguminous crops (Arenas-
Huerter, et al., 2009). From studies, it has been found that circular RNAs which is a
new class of non coding RNAs have significant role under dehydration stress in wheat

(Wang, et al., 2017).

To the best of our knowledge, till date, studies have not been done regarding
the identification of circRNAs in leguminous crop species like chickpea, and soybean
that too for traits like abiotic stress and biotic stress tolerance. So with the
understanding of the great values of chickpea and soybean and realizing their loss in
production due to drought stress and wilt disease infection, importance was felt to
study the potential role of circular RNAs in regulating genes involved in drought and

wilt stress tolerances in the two crops.
1.7 Objectives

Keeping the research gap given in section 1.6 in mind, a study on
“Identification and characterization of circular RNAs in legumes” was done with

the following objectives:

1) To identify and characterize circRNAs responsible for biotic and abiotic
stress tolerance in the leguminous crops.

i) To study the relationship between circRNA-miRNA-mRNA.
1.8 Scope of the thesis

The thesis starts with Chapter I on introduction, which describes a brief
description of the leguminous crops, coding and non-coding RNAs, types of non-
coding RNAs, circular RNAs, their biogenesis, functions and computational
prediction. The Chapter II contains the literature related to biotic and abiotic stresses
in leguminous crops with special reference to soybean, and chickpea and non-coding
RNAs, with main emphasis given on circular RNAs of various crops and different
tools developed for their identification and characterization. The details on the

materials and methodology followed for achieving the objectives set for the study are
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discussed in Chapter I11. Whereas a details on the results obtained from the study are
given in Chapter IV. Chapter V includes discussion on the results obtained from the

study as well as in the context of findings available in the literature .

The thesis ends with a summary of the salient findings of the study, abstract,

bibliography and annexure.

The previous work done on non-coding RNAs in general and circular RNAs in
particular along with their roles in abiotic and biotic stress tolerance mechanisms in

legumes is presented in the next chapter.



CHAPTER 11

REVIEW OF LITERATURE

2.1 Background

Literatures have been reviewed regarding the topic of the study and is
compiled in this chapter. The review relates to general overview of biotic and abiotic
stresses in leguminous crops with special reference to the implication of non-coding
RNAs in various biotic and abiotic stress mechanisms in soybean, and chickpea. To
be more particular, the main emphasis is given on the effect of circRNAs in regulating
the genes responsible for stress mechanisms. Therefore, the review of literature on
previous works done on circular RNAs of various crops and different tools developed

for their identification and characterization are provided in the present chapter.
2.2 Biotic and abiotic stresses in leguminous crops

Reddy, et al., (2012) made a thorough discussion about the various omics
approaches along with their applications with respect to abiotic stresses in important
legume crops. The recent advances in omics technologies and availability of the
genome sequences of model legumes provide great opportunity to study different
aspects related to stress tolerance in the legume crops. Different studies have been
carried out regarding the genome-wide expression profiling in various leguminous
crops to identify the potential genes involved in the response mechanism of different
abiotic stresses. Among various grain legumes, soybean has been intensively studied
and recently, characterization of different tolerant and sensitive varieties of chickpea

and peanut under abiotic stress conditions have been carried out.
2.2.1 Soybean

Le, et al. (2012) identified the most suitable reference genes related to abiotic
stresses in soybean. For this they have collected 13 candidate genes from literature
and have evaluated them for stability of expression under several abiotic stresses like-
dehydration, high salinity, cold and ABA (abscisic acid) treatments. Among those
genes, they have found 60 genes to be the best reference gene in different tissues
under the said stress conditions. It was also observed that those genes identified to be
the best from their study were also able to detect subtle variations in expression rates
that otherwise would not be possible using a less stable reference gene. Their study
revealed that a single reference gene cannot be best for all conditions as well as for all

the tissues. Rather, they are tissue and stress specific in nature.
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Deshmukh, et al. (2014) provided a review on the advances in the
development of omic tools used for dissecting abiotic stress tolerance in soybean. The
review also provides a comprehensive catalog of the different omic resources
available online for dealing with stress tolerance mechanisms in soybean. Besides,
they addressed the importance of phenomics in different approaches related to the
abiotic stresses and identified high-throughput multi-dimensional phenotyping as a

major limiting factor for the improvement of abiotic stress tolerance in soybean.
2.2.2 Chickpea

Mantri, et al., (2010) employed a 768-featured microarray for comparing the
genes expressed by chickpea in response to drought, cold, high salinity and the fungal
pathogen Ascochyta rabiei. From the study, a totl of 46, 54, 266 and 51 differentially
expressed transcripts were identified for drought, cold, high salinity and the fungal
pathogen Ascochyta rabiei respectively. Along with this the genes commonly
expressed in biotic and abiotic stress conditions were also identified. Previously
several studies have been conducted regarding the transcriptional profiling of plant
responses to several biotic and abiotic stresses. But majority of them had dealt with
either biotic or abiotic stresses, thus making it difficult to find the genes that were

common to both biotic as well as abiotic stresses.

Garg, et al., (2016) performed the analysis of whole transcriptome of chickpea
to detect the genes responsible for drought and salinity stress responses. They
considered the RNA-seq of the root tissues under drought and salinity stress
conditions at both vegetative as well as reproductive stages and through
transcriptomics they found divergent gene expressions at different developmental
stages. They also identified the key enzymes involved in metabolic pathways
(carbohydrate metabolism, photosynthesis, lipid metabolism, etc.), which were also

affected by drought and salinity stresses.
2.3 Small and long non-coding RNAs

Reinhart, et al., (2002) studied the presence of miRNAs in plants, indicating
that this class of noncoding RNA arose early in eukaryotic evolution. In their study,
16 miRNAs of Arabidopsis were described and observed that many of them have
differential expression patterns in development. Out of which 8 were found to be

absolutely conserved in the rice genome.
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Zhu, et al., (2012) reviewed the current understanding about the functions of
long ncRNA in plants and have discussed the different approaches of in-silico and de
novo identification of Inc RNAs in plants. The review also contains the molecular
functions carried out by the Inc RNAs in plants as well as the challenges faced during

their functional characterization.

Kulcheski, et al., (2011) developed libraries from drought-sensitive and
tolerant seedlings and rust-susceptible and resistant soybeans, sequenced the libraries
and analyzed the data and detected 256 miRNAs. From the study 24 families of novel
miRNAs, 2 families of conserved miRNAs were found in soybean when compared
with other plant species. Several iso miRNAs were also observed. On validation, 11
miRNAs showed differential expression profiles during biotic and abiotic stresses in
soybean. The majority of miRNAs were also found to be up-regulated during water
deficit stress in the sensitive plants. However, for the tolerant genotype, most of the

miRNAs were found to be down regulated.
2.4 Characterization of circular RNAs

Ye et al. (2015) performed genome-wide identification of circRNAs in Oryza
sativa and Arabidopsis thaliana using publically available RNA-Seq data. And the
results demonstrated that circRNAs are widespread in plants, revealing the common
and distinct features of circRNAs between plants and animals, and suggested that

circRNAs could be a critical class of noncoding regulators in plants.

Lu et al. (2015) reported 2354 circRNAs in rice that were identified through
deep sequencing and computational analysis of ssSRNA-seq data and suggested that
circRNA and its linear form might have acted as a negative regulator of its parental
gene. Overall, the study revealed the prevalence of circRNAs in rice and provided

new biological insights into rice circRNAs.

Darbani et al. (2016) used the software CIRI (CircRNA Identifier) to analyze
RNA-Seq reads for existence of circular RNAs in barley and also demonstrated that
the levels of circular RNAs vary across tissues and stages. An interesting discovery in
their study was the identification of microRNAs and putative long non-

coding/microprotein coding RNAs as the transcripts of origin for circular RNAs.

Wang et al (2017) extracted RNA from leaves of wheat seedlings under
dehydration-stressed and well-watered conditions and identified the circRNAs using

bioinformatics tool CIRI. This study revealed a possible connection between the
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regulation of circRNAs with the expressions of functional genes in wheat leaves

associated with dehydration resistance.

Zhao, et al. (2017) used deep sequencing technology coupled with RNase R
enrichment strategy and bioinformatic approach CIRI to uncover circRNAs in
soybean and identified 5,372 circRNAs, approximately 80% of which were
paralogous circRNAs but have different expression patterns. They also predicted that
among the identified circRNAs, 2134 circRNAs were the targets of 92 miRNAs.

Chen et al (2018) hypothesized that transposons in maize may be involved in
the formation of circRNAs and further modulated phenotypic variation and performed
circRNA-Seq on B73 seedling leaves and uncovered 2804 high-confidence maize
circRNAs, which showed distinct genomic features. This first study of maize
circRNAs uncovers a potential new way for transposons to modulate transcriptomic

and phenotypic variations.

Chu et al.(2018) summerized the progress achieved so far on plant circRNAs,
including identification and functional characterization, and compared the similarities
and differences of circRNAs between plant and animal species, and discussed the

challenges for detection of plant circRNAs .
2.5 Prediction of circularRNAs

Zhang, et al. (2014) developed a computational pipeline named
CIRCexplorer to precisely identify back-spliced junction reads for circular RNAs
and characterized circular RNA formation by both bioinformatic and biochemical
lines of evidence, demonstrating that flanking complementary sequences, including
both repetitive and nonrepetitive sequences, play important roles in exon

circularization.

Fu, et al. (2014) introduced circRNAFinder as a software tool for identifying
circRNAs using RNA deep sequencing data, as well as annotating and visualizing

circRNAs and comparing their expression in different tissues or conditions.

Gao et al. (2015) developed a novel chiastic clipping signal-based algorithm,
CIRI, to unbiasedly and accurately detect circRNAs from transcriptome data by
employing multiple filtration strategies. By applying CIRI to encode RNA-seq data,
they have identified and experimentally validated the prevalence of intronic/intergenic

circRNAs as well as fragments specific to them in the human transcriptome.
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Chu, et al. (2017) build a database of plant circRNAs, termed as
PlantcircBase (http://ibi.zju.edu.cn/plantcircbase/) for plant research community. In
this database, circRNAs identified in recent years by prediction and/or experimental
validation from O. sativa, Triticum aestivum, A. thaliana, Zea mays, Solanum
lycopersicum, Hordeum vulgare, Solanum tuberosum, Glycine max, Gossypium sp.
were collected and made publicly available. It includes a total of 77,595 unique

circRNAs from diverse tissues of the crops.

Gao et al (2018) attempted to illustrate the key steps and summarized the trade
off between different strategies, covering all popular algorithms for circRNA

detection (like CIRI, CircExplorer, KNIFE, etc) and various downstream analyses.

Based on the literature review and keeping in view the objectives of the
present study, the methodology along with the materials used for the present study is

presented in the next chapter.



CHAPTER III

MATERIALS AND METHODS

This chapter explains various materials and methods used for identification of circular
RNAs under various stress conditions of different leguminous crops. The
identification is followed by the characterization of those identified circular RNAs,
predicting the differentially expressed circular RNAs in various stress situations and
observing the interaction between the circular RNAs, their target miRNAs and

mRNAs.

There are a number of bioinformatics tools available for identification of
circular RNAs like CIRCexplorer, findcirc, circRNAfinder, CIRI and so on. Every
tool has its own advantages and disadvantages. But from the literature survey it has
been observed that the most used tool for identification of circular RNAs especially in
case of plants is CIRI, because of its high sensitivity as compared to the other tools.
Apart from this another advantage of CIRI is that submission of genome annotation
data is not compulsory in the tool, thus extending the scope of identification of

circular RNAs from crops not having genome annotations.

Since much work has not been done on leguminous crops regarding the role of
circular RNAs in various abiotic and biotic stress conditions, this work aims at
identifying the circular RNAs in chickpea and soybean under drought stress (abiotic
stress) and fusarium wilt (biotic stress) affected condition and predicting the
interaction between the circRNAs-miRNAs-mRNAs, i.e., network of circRNAs-

miRNAs-mRNAs in leguminous crops.
3.1 Source and extent of data

RNA-seq data were taken for chickpea and soybean crops under various stress

conditions which are given below:

1) For chickpea and soybean, RNA-seq data under control and drought
conditions (abiotic stress condition) were downloaded from the public

domain (https://www.ncbi.nlm.nih.gov/) with the following accession

numbers:

Chickpea control data- SRR5927135
Chickpea drought data- SRR5927136
Soybean control data- SRR2545896
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Soybean drought data- SRR2545900

i) RNA-seq data for wilt (biotic stress) under control and wilt affected
chickpea and soybean were downloaded from the public domain
(https://www.ncbi.nlm.nih.gov/) with the following accession numbers:
Chickpea control data- SRR2961640
Chickpea wilt data- SRR2961641
Soybean control data- SRR4095539
Soybean wilt data- SRR4095541

iii) The whole genome data for chickpea was downloaded from the public

domain (https://www.ncbi.nlm.nih.gov/).

iv) The whole genome data for soybean was downloaded from the public

domain (http://plants.ensembl.org/index.html).

V) Data of all the miRNAs for chickpea were downloaded from the
Supplementary table S3 given in Jain, et al., (2014).
vi) Data for all the miRNAs for soybean were downloaded from the public

database (http://www.mirbase.org/).

3.2 Methodology
3.2.1 Data preparation

The raw data downloaded from the public databases were processed to get
quality reads. For this at first the report on the quality of the reads was obtained using
FastQC software which provides a way to do quality control checks on raw sequence
data obtained from high throughput sequencing pipelines. It outputs summary graphs
and tables to quickly assess the data based on which poor quality reads can be
discarded as well as poor quality segments of the reads can be trimmed to obtain

quality reads for downstream analysis.

Next, based on the report obtained from FastQC software the poor quality
segments of the reads were trimmed using the Trimmomatic tool. This tool performs
useful trimming tasks for paired-ended and single ended RNA-Seq data. Trimming
the reads using Trimmomatic removes the adapters, “leading low quality or N bases
(below quality 3)”, “trailing low quality or N bases (below quality 3)”. It also scan the
reads with a 4-base wide sliding window, thereby cutting them when the average

quality per base drops below 15 and drop reads below the 36 bases long. The trimmed
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clean reads were then used as input data during identification of circular RNAs in

CIRI.
3.2.2 Identification and characterization of circular RNAs

For the identification of circular RNAs and their characterization, following

steps were followed:

Step1: The mapping of the reads to the reference genome was done by using BWA-
MEM. BWA-MEM is a tool that aligns single end reads or paired-end reads to
specific reference genome using the BWA-MEM algorithm. The reads have to be

supplied in FASTQ format as input. For mapping two modules were executed

1) An index file of the reference genome was built by ‘bwa index’ module.
i1) Mapping of the clean good quality fastq reads (may be paired end or single end) to
the index file was done by ‘bwa mem’ module. BWA-MEM generated SAM file

as output.

Step2: After the mapping of the reads, identification was done using CIRI. It employs
a de novo algorithm for identifying circular RNAs in an annotation independent
manner. For the identification and characterization of the circular RNAs, CIRI
requires two files as input- one is the SAM file generated by BWA-MEM mapping
and the other is the reference genome FASTA file. CIRI basically involves three
major steps (Gao, et al., 2015):

i) Balanced junction reads detection:
ii) Filtering of the predicted junction reads

ii1) Unbalanced junction reads detection and final filtering

The major advantages of identification of circRNAs with CIRI are that it
neither requires RNA-seq data generated through circRNA enrichment step, such as
RNase treatment, nor an annotation file as input, and is applicable to almost all
commonly generated read lengths in various sequencing platforms. Moreover, the
systematic filtering in the algorithm ensures a quite low false positive rate without

sacrificing the sensitivity of detecting small circRNAs and non-exonic circRNAs.

Step3: The final output of CIRI contained the IDs of the identified circular RNAs
along with their start and end positions on the chromosomes. Those information were

used to fetch the nucleotide sequences of each circular RNA in FASTA format using
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bedtools. Bedtools is a software suite for the comparison, manipulation and
annotation of genomic features. It supports a wide range of operations for
interrogating and manipulating genomic features like finding overlaps between two
BED files, removing the portion of an interval that is overlapped by another feature,
merging overlapping features into a single feature, converting BAM records to
FASTQ records, and so on. Among those tools, the ‘getfasta’ tool was used to extract

the sequences from the reference FASTA file using intervals.

Step4: After fetching the sequences of the circRNAs, the next step performed was the
calculation of the isoform expression levels of the identified circular RNAs from the
clean RNA-seq data using RSEM. RSEM is an user-friendly software package used
for quantifying gene and isoform abundances from single-end or paired-end RNA-Seq
data. In contrast to other existing tools, a reference genome is not required by the
software. Thus, in combination with a de novo transcriptome assembler, RSEM
enables accurate transcript quantification for species without sequenced genomes. A
typical run of the RSEM software consists of two steps. First, a set of reference
transcript sequences are to be generated. Second, a set of RNA-Seq reads are to be
aligned to the reference transcripts and the resulting alignments are then used to
estimate abundances and their credibility intervals. Thus two scripts were executed for

calculating the isoform expression levels of the predicted circular RNAs.

1)  Firstly, the ‘rsem-prepare-reference’ module was executed using the FASTA file
containing the identified circRNA sequences obtained in Step3 as the
reference fasta file to built the RSEM references.

ii) Secondly, the ‘rsem-calculate-expression’ module was executed using the (a)
trimmed RNA-seq data as upstream read file for single-end reads and both
upstream_read_file and downstream read file for paired-end reads (b) the

output file of the previous executed module as the reference file.

StepS: From the output of Step4, the file containing isoform level expression
estimates were used for detection of the differentially expressed circular RNAs using
the R package DESeq2. The package DESeq2 provides methods to test for
differential expression by use of negative binomial generalized linear models. As
input, the DESeq2 package expects count data as obtained from RNA-seq or another

high-throughput sequencing experiment in the form of a matrix of integer values.
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Results tables are generated using the function results, which extracts a results table

with log2 fold changes, p values and adjusted p values.

i) At first, the transcript IDs from the file containing the isoform level expression
estimates of both control and treatment data were used as input in software
Venny to find out the transcript IDs common in both of them.

ii) Next, a csv (comma separated values) file was generated containing the common
transcript [Ds along with their FPKM values obtained in the file containing the
isoform level expression estimates for both control and treatment data using the
VLOOKUP function in Excel.

iii) That csv file was used in the DESeq2 package in R software to detect the
differentially expressed circular RNAs and bedtools to fetch the sequences of

those differentially expressed circRNAs.

3.2.3 CircRNA-miRNA-mRNA interaction

The main function of circular RNAs as reported till date is that they act as
miRNA sponges. The circRNAs bind to specific miRNAs having sequence
complementarity and restrict the miRNAs from regulating the expression of mRNAs.
Therefore, after identification of the differentially expressed circRNAs the next
objective was to predict the target miRNAs of the identified circular RNAs and also
the mRNAs which may be regulated by those miRNAs. For carrying out this objective

the steps followed were-

Stepl: The miRNA targets of the differentially expressed circRNAs were predicted
using TargetFinder. It is a plant small RNA target prediction tool. TargetFinder
computationally predicts small RNA binding sites on target transcripts from a
sequence database. This is done by aligning the input small RNA sequences against
all transcripts, followed by site scoring using a position-weighted scoring matrix. The
script ‘targetfinder threads.pl” was run using FASTA file containing the miRNA
sequences downloaded for the specific crop as input for small RNA sequences and the
FASTA file containing the sequences of the differentially expressed circRNAs as the
target sequence database. The result can be obtained in different formats, viz., table

form, tab-delimited form, GFF format etc.

Step2: From the results of TargetFinder, the miRNAs that were predicted to be targets

of different circRNAs were sorted out along with their sequences to generate a
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FASTA file of those predicted miRNAs. Those miRNA sequences were then used to
predict their mRNA targets wusing the online tool psRNATarget
( http://plantgrn.noble.org/psRNATarget/ ). psRNATarget is a plant small RNA target

analysis server which features reverse complementary matching between small RNA
and target transcript, and target site accessibility evaluation by calculating unpaired
energy (UPE) required to 'open' secondary structure around small RNA's target site on
mRNA. The FASTA file containing the miRNA sequences were then uploaded into
psRNATarget by searching the preloaded transcript of the specific crop. The tool

outputs a comprehensive list of small RNA-target pairs.

Step3: The next step involves the annotation of the predicted mRNAs. For this, the
predicted mRNAs from psRNATarget were subjected to blast, mapped and annotated
using BLAST2GO software with the default parameters (https://www.blast2go.com/).

Blast2GO is a bioinformatics platform for high-quality functional annotation and

analysis of genomic datasets (Conesa and G&tz, 2008). It provides bioinformatics

solution for functional annotation of (novel) sequences and the analysis of annotation
data. Its main function is to assign information about the biological function of gene
or protein sequences. Thus the functions of the genes that may get regulated by the

circRNAs through interaction with miRNAs were known through this software.

By using the described materials and methodology the analysis was carried out

and the results obtained there under are presented in the next chapter.
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RESULTS

In this chapter, a brief description of the results obtained under the study of prediction
of circular RNAs in chickpea under drought and wilt stress as well as in soybean
under drought and wilt stress are given. Besides, the results of the interaction of the

predicted circular RNAs-miRNAs-mRNAs are also given.
4.1 Prediction of circular RNAs in chickpea under drought stress
4.1.1 Identification of circular RNAs

The clean trimmed reads of chickpea under control condition and drought
stress condition were given separately as input for mapping in BWA-MEM and the
SAM files generated were given further as input in CIRI. Based on the algorithm
followed in CIRI, as discussed in materials and methods, 200 circular RNAs were
identified in control condition (CT) and 285 circular RNAs were identified in drought

stress condition (DR).

The result files obtained from control and stress conditions contain the
identified circular RNA IDs, the chromosome IDs on which the circular RNAs are
present, the start and end coordinates of the circular RNAs, the lengths of the

circRNAs as well as the type of circular RNAs like exonic, intronic or intergenic.

In chickpea under control condition out of the 200 identified circular RNAs,
164 (82%) were intergenic circRNAs, 28 (14%) were exonic circRNAs and 8 (4%)

were intronic circRNAs (Fig. 1a).

Whereas, under drought stress condition out of the 285 identified circular
RNAs, 228 (80%) were intergenic circRNAs, 46 (16%) were exonic circRNAs and 11
(4%) were intronic circRNAs (Fig. 1b). Thus it can be observed that in both the
conditions, highest number of circular RNAs are of intergenic type followed by

exonic type.
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Figurel: Distribution of various types of circRNAs (a) under control and (b) under
drought stress conditions in chickpea
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A sample of the circular RNAs identified under control condition is given in

Table 1 and that of under drought stress condition is given in Table 2

Table 1: List (sample) of identified circRNAs and their length, chromosomal
distribution under control condition of drought in chickpea

circRNA_ID chr circRNA_start circRNA_end circRNA_type circRNA_length
NC_021160.1:882975|883213 NC_021160.1 882975 883213 intergenic 239
NC_021160.1:3357697| 3357915 NC_021160.1 3357697 3357915 intergenic 219
NC_021160.1:3735039| 3735350 NC_021160.1 3735039 3735350 intergenic 312
NC_021160.1:4923970|4924192 NC_021160.1 4923970 4924192 intergenic 223
NC_021160.1:6097199| 6097435 NC_021160.1 6097199 6097435 intergenic 237
NC_021160.1:6781654| 6781794 NC_021160.1 6781654 6781794 intergenic 141
NC_021160.1:6878045 | 6878272 NC_021160.1 6878045 6878272 intergenic 228
NC_021160.1:9029955| 9030582 NC_021160.1 9029955 9030582 intergenic 628
NC_021160.1:9485873 | 9495992 NC_021160.1 9485873 9495992 intergenic 10120
NC_021160.1:9487726| 9497857 NC_021160.1 9487726 9497857 intergenic 10132
NC_021160.1:9489520| 9499731 NC_021160.1 9489520 9499731 intergenic 10212
NC_021160.1:9608392 | 9608917 NC_021160.1 9608392 9608917 intergenic 526
NC_021160.1:10603715| 10625867 NC_021160.1 10603715 10625867 intergenic 22153
NC_021160.1:12227003]| 12227161 NC_021160.1 12227003 12227161 intergenic 159
NC_021160.1:13966080] 14003288 NC_021160.1 13966080 14003288 intergenic 37209
NC_021160.1:13966080| 14003928 NC_021160.1 13966080 14003928 intergenic 37849
NC_021160.1:14023144| 14029972 NC_021160.1 14023144 14029972 intergenic 6829
NC_021160.1:18083094 | 18084439 NC_021160.1 18083094 18084439 intergenic 1346
NC_021160.1:21924746| 21924945 NC_021160.1 21924746 21924945 intergenic 200
NC_021160.1:21928803| 21930191 NC_021160.1 21928803 21930191 exon 1389
NC_021160.1:22723020(| 22746757 NC_021160.1 22723020 22746757 intergenic 23738
NC_021160.1:26129538]| 26129799 NC_021160.1 26129538 26129799 intergenic 262
| NC_021160.1:34325825| 34326682 NC_021160.1 34325825 34326682 intergenic 858
_NC_021150.1:39060913|39€I75419 NC_021160.1 39060913 39075419 intergenic 14507

Table 2: List (sample) of identified circRNAs and their length, chromosomal
distribution under drought stress condition in chickpea

circRNA_ID chr circRNA_start circRNA_end circRNA_length circRNA_type
NC_021160.1:882975|883213 NC_021160.1 882975 883213 239 intergenic
NC_021160.1:3357697| 3357915 NC_021160.1 3357697 3357915 219 intergenic
NC_021160.1:3735039|3735350  NC_021160.1 3735039 3735350 312 intergenic
NC_021160.1:4923970|4924192  NC_021160.1 4923970 4924192 223 intergenic
NC_021160.1:6097199| 6097435 NC_021160.1 6097199 6097435 237 intergenic
NC_021160.1:6781654 | 6781794 NC_021160.1 6781654 6781794 141 exon
NC_021160.1:6878045|6878272  NC_021160.1 6878045 6878272 228 intergenic
NC_021160.1:9029955|9030582  NC_021160.1 9029955 9030582 628 intergenic
NC_021160.1:9485873 | 9495992 NC_021160.1 9485873 9495992 10120 intergenic
NC_021160.1:9487726| 9497857 NC_021160.1 9487726 9497857 10132 intergenic
NC_021160.1:9489520| 9499731 NC_021160.1 9489520 9499731 10212 intergenic
NC_021160.1:9608392|9608917  NC_021160.1 9608392 9608917 526 intergenic
NC_021160.1:10603715] 10625867 NC_021160.1 10603715 10625867 22153 intergenic
NC_021160.1:12227003| 12227161 NC_021160.1 12227003 12227161 159 exon
NC_021160.1:13966080|14003288 NC_021160.1 13966080 14003288 37209 intergenic
NC_021160.1:13966080| 14003928 NC_021160.1 13966080 14003928 37849 intergenic
NC_021160.1:14023144 | 14029972 NC_021160.1 14023144 14029972 6829 intergenic
NC_021160.1:18083094| 18084439 NC_021160.1 18083094 18084439 1346 intergenic
NC_021160.1:21924746]| 21924945 NC_021160.1 21924746 21924945 200 exon
NC_021160.1:21928803 | 21930191 NC_021160.1 21928803 21930191 1389 intergenic
NC_021160.1:22723020| 22746757 NC_021160.1 22723020 22746757 23738 intergenic
NC_021160.1:26129538| 26129799 NC_021160.1 26129538 26129799 262 intron
..N_C.=D21160.1:34325825[34325682 NC_021160.1 34325825 34326682 858 intergenic
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4.1.2 Circular RNA sequences

Based on the circRNA IDs of the identified circular RNAs under control and

drought stress conditions, the sequences of the predicted circular RNAs were fetched

from the reference genome of chickpea and a sample of the sequences of the circular

RNAs identified under control condition is given in Fig. 2

t:,NC 021160.1:841268-841447

gaaattgrACAGCAATCATGAAAACCAACTaagcataaaataaatataaacagat ACTGACTCAAAAATCCCTGTCTGGGAGAAAAAGATGCTGAAACTTAACCTCCACCTAACTTGAGGY
>NC_021160.1:882975-883213
TCAAAACAGTAATAAATCCTAATTCTCCACCTAGAAAAGAGAAGTTCCCTTGCCCTTCTTGTCACCACCAATCTCAAAGTGCTTGCACCTCTGCATAACAGAAATACATACATCAN
>NC_021160.1:6878045-6878272
ATTAGCCACAGTATCCCATTTCTCTATGGCCTTGTCTTCAAAATTTACCTTGAACTTTCAGTTGATACAATGCACTCAAGTCATTAGTGGTACTTGCAGGAAAAAAAAGATGATGAY
>NC_021160.1:6678455-6879165

TATACTTABCCH gt ggtatagaT GCACCTCTATGATGGACATGTTTIGEATAATTATTACCAAAACCTACAATATAGCTCATTTTCCGCGGGTTCTTCCCAAGGATGTAATCAATCT
>NC_021160.1:8961332-8968832
ATGGACACATTAAAAAGACATCTTCCTGATTCTGGTCAAGAGGGATTGTTTGAACTTTGGAAGATTGCTCAAAGGTTTGAAGAGAAGATTTTTACTGCTGCAACAAGCCAGGTAG
>NC_021160.1:3487726-9497857
GGATATCAAAGGCTGGTGGATTTGGGGTTACTGGATCTCACCTTTGATGTATGGGCAGAATGCTTTGATGGCCAATGAATTTCTTGGGAACAATTGGCACAATGTAATTTCTTGAG
>NC_021160.1:11761013- 11761466
TITTGGATAGCTCTCCAAGCATCATCATCCTTCCTATGAGGTTTGGGACGAACCACCTTCGAATGATTCATCCATAAATCATCCGGTTTCTGGATATCACAAAAAGGCGATATCACH
>NC_021160.1:13966080- 14003288

ARG AR CAGTGCATTCCTOGCTAGTGGCGCTAGCCTGGTTTGCCTGACACTCAATACCTATAACAATGATCAAACTCAAAAGGAATTATGTTATTITICCTTAAAACAACTGegal)
AAGTATCGATTGACCAGATATAGCACTTCTCCACCCTAGCAATTGTCGAAAACGTTACTGGAGAAAGTTATTACTTATTACACATATCTGGAGAGGAACATGAGATGTCATCCTA
>NC_021160.1:13966080- 14003928
CCAAGCAACAGTGCATTCCTCGCTAGTGGLGCTAGCCTGGTTTGCCTGACACTCAATACCTATAACAATGATCAAACTCAAAAGGAATTATGTTATTTTCCTTAAAACAACTGegaY
AAGTATCGATTGACCAGATATAGCACTTCTCCACCCTAGCAATTGTCGAAAACGTTACTGGAGAAAGTTATTACTTATTACACATATCTGGAGAGGAACATGAGATGTCATCCTA
>NC_021160.1:18945630- 18946035
AGATGATTAACATCGCGATGCTGGTCTAGTTCATCGTAGTGATTCTTAATCGGAAACTCATCTTCAAAATCATCTCCATCAAGGTTCTCTTCTTCATCTCCAACCACTCTTGGACAA
>NC_021160.1:19006624-19006773
TeATGTTAAGGATATTATGAAGTCTAATGAAAAGAGGCTTTCAGCGTCAACTAATATTAGTTTTAGCATGAAGGTGGTTAAAAGCAATAACTCTGATGGCACTGTTCACAGGAAM
>NC_021160.1:21801550-21829060

——

Figure 2: FASTA sequences of circRNAs of chickpea under control condition

Similarly a sample of the sequences of the circular RNAs identified under

drought stress condition is given in Fig. 3

>NC_021160.1:382975-883213

TCAAAACAGTAATAAATCCTAATTCTCCACCTAGAAAAGAGAAGTTCCCTTGCCCTTCTTGTCACCACCAATCTCARAGTGCTTGCACCTCTGCATAACAGAAATACATACATCAATAACT
>NC_021160.1:3357697-3357915
CAAAAATGGAGAGCCCARACAGGTATTATCTTCTGTAAATCCCGATCCACTCATAACATTACAATTTTGAGTTAGAGTGATTTGCCGAGTTGTTAACAATTCatttgacatitatcatgGATTGCY
>NC_021160.1:3735039-3735350
ATCTGAACATAAAGGAATTCACAAGATTAATTCATTGGCAACAAGAGATGCTAAAGTAAGTGTTGTATTCTTTGAGGGAGAAAAGCCCTATTGTAATATGCAACTATACAGTATATTTAC]
5NC_021160.1:4923970-4524192
TTTGCCACTCTTTTCAGTGTCTCTTCCCACACGGATTGAGCATCCACGGTTAGCAACTCCCTGCATATTCAATTATATAAGAATGTTTCTCACAAGATGATATTCATATACTTCATGTTCATGY
>NC_021160.1:6097199-6097435
AACCACCGAGGTAATCAACACTCCGGAAACAATCACAGAACAACAACCAGCCACTGAAGTTCCTGAGGCCACAGAACAACCAGAAGCTGAAGTTCCTGCCACCGAAGARACAATCGAY
>NC_021160.1:6781654-6781794

TCTCCAAACCCATCACAACCCTAAGACCCAAACTCACCCAAAAACCTAAACATTCATCCACCATAATCCACTGCAGCACAAATCaag: asattc AAGCATTCTCA
>NC_021160.1:6878045-6878272
ATTAGCCACAGTATCCCATTTCTCTATGGCCTTGTCTTCAAAATTTACCTTGAACTTTCAGTTGATACAATGCACTCAAGTCATTAGTGGTACTTGCAGGAAAAAAAAGATGATGAATGGCA
>NC_021160.1:9029955-9030582
TTAGATCGATTGAACATTGAGTAAAATGTGGCAACTTCGTATACCCTAATAGGAGCAACCTCTACAACCTTAGCCACCTGAATGATTCACAAAACTGTTTGTTAGTAAAGGATTTAAATAG
>NC_021160,1:9485873-9495992
CAATTGCAACTGAAGGTCAGGAATCAAGCATATCAACAGATTATGTAATGAAGGTAATACTARAATaCatacaattaattaatggTCATTATICATCCACCAGATTGTGGTTCCTGTCTCGTTAG
>NC_021160.1:9487726-9497857
GGATATCAAAGGCTGGTGGATTTGGGGTTACTGGATCTCACCTTTGATGTATGGGCAGAATGCTTTGATGGCCAATGAATTTCTTGGGAACAATTGGCACAATGTAATTTCTTGAGCTTTCY
>NC_021160.1:9489520-9499731
GCATTGAAGGGGTGAGTAAAATCAAAGACGGATATAACCCAGCAACATGGATGTTGGAAGTTACAACTACAGCACAAGAACATAATTTGGGTGTTGACTTTACTGACTACTACAAAAAT
>NC_021160.1:9608392-9608917
AACCTCCCATTAGGATTGTGTTTTAAACTCTGCATAAATITGCTCAACAATCAGCCACCCAGaCAtaaaacaaacasatactGCTGATAATTGAACCAGCAGTAAGGGATCTTACTAATTTGGTTA
>NC_021160.1:10603715- 10625867

Figure 3: FASTA sequences of circRNAs of chickpea under drought stress condition
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4.1.3 Lengthwise distribution of the circular RNAs

The circular RNAs identified were found to be of different lengths having a
range of 135 nucleotides to 308 nucleotides for exonic circRNAs, 146 nucleotides to
420 nucleotides for intronic circRNAs and 135 nucleotides to 173732 nucleotides for
intergenic circRNAs under control condition; whereas under drought stress condition
the length ranges from 135 nucleotides to 427 nucleotides for exonic circRNAs, 142
nucleotides to 463 nucleotides for intron nucleotides, and 136 nucleotides to 137434
nucleotides for intergenic circRNAs. The lengthwise distribution of different types of
circular RNAs under both the conditions are given in Fig. 4-6 (where x-axis denotes
the length of circRNAs in terms of the number of nucleotides and y-axis denotes the

number of circRNAs)
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Figure 4: Lengthwise distribution of exonic circRNAs under control and drought
stress condition in chickpea
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Figure 5: Lengthwise distribution of intronic circRNAs under control and drought
stress condition in chickpea
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Figure 6: Lengthwise distribution of intergenic circRNAs under control and drought
stress condition in chickpea

4.1.4 Distribution of the circular RNAs based on expression values (FPKM)

The expression values of the circular RNAs under control (CT) and drought
(DR) conditions were obtained using the RSEM tool and were divided into six classes
having values 0, 1-100, 100-200, 200-300, 300-400 and >400 and the distribution of
the circular RNAs based on their expression values were observed. The expression
values for most of the circular RNAs under both the conditions were more than 400
with a maximum of 341838.3 under control condition and 383558.9 under drought
stress condition. 90 circular RNAs under control condition have expression value
greater than 400; whereas in case of drought stress condition 130 circular RNAs have
expression value greater than 400. The distribution of the circular RNAs based on the
expression values as obtained through RSEM is shown in Fig. 7 (where x-axis
denotes the expression value of circRNAs in terms of FPKM value and y-axis denotes

the number of circRNAs)
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Figure 7: Distribution of circRNAs based on expression values under control and
drought stress conditions in chickpea
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4.1.5 Differentially expressed circular RNAs

From the identified circular RNAs under control and drought conditions,
through the pipeline discussed in materials and methods, DESeq2 package of R
software was used to get the differentially expressed circular RNAs. 44 differentially
expressed circular RNAs were identified under control and drought stress condition of

chickpea with a p-value ranging from 0.13 to 0.97.

A sample of the result is given in Table 3

Table 3: List (sample) of differentially expressed circRNAs in chickpea-drought

CircRNA_ID baseMean log2FoldChange IfcSE stat pvalue

(NC_021160.1:13966080-14003928 189.0466949 -7.35E-06 0.000217157 -0.03383909 0.973005464
NC_021160.1:43850404-43854172 123.7624791 0.000111876 0.00016602 0.673870595 0.500393588
NC_021160.1:6878045-6878272 57141.59495 -6.28E-05 6.92E-05 -0.907551147 0.364115415
INC_021160.1:882975-883213 166.3531636 -0.000115118 7.97e-05 -1.445212822 0.148398116
INC_021160.1:9487726-9497857 1400.076463 -8.36E-06 1.52E-05 -0.551660277 0.58118113
INC_021161.1:3642891-3643045 98816.95218 -1.59E-05 2.12E-05 -0.751402778 0.452410291

INC_021161.1:6381136-6381276 304571.5174 0.003622166 0.004052836 0.893736147 0.37146308
INC_021162.1:15669142-15674247 254.0844465 0.000168561 0.00017872 0.943157085 0.34560056

INC_021162.1:26213382-26221978 33.47677008 7.96E-05 0.000110338 0.721442322 0.470637415
INC_021162.1:32406943-32431029  35.80398058 9.26E-05 7.26E-05 1.276149431 0.201902701
INC_021162.1:37942779-37956143  99.6631421 0.000126918 0.000132146 0.960442028 0.336832794
INC_021162.1:451283-452967 22.39784889 7.23E-05 9.74E-05 0.742709359 0.457657662
INC_021162.1:8535399-8536263 12.81683663 -7.33E-05 7.28E-05 -1.00735243 0.313765443
INC_021163.1:14092578-14092810 98433.48638 -8.85E-05 0.000258191 -0.342620368 0.731884077

Among the 44 identified circular RNAs, the log2FC was less than 0 in 22
circular RNAs indicating down regulation (log2FoldChange<0) (Table 4), whereas 22
circular RNAs were found to be upregulated in terms of log2FC>0 (Table 5)

Table 4: List of downregulated circRNAs in chickpea-drought

lcircRNA_ID baseMean log2FoldChange IfcSE stat pvalue -1
NC_021160.1:882975-883213 166.3531636 -0.000115118 7.97E-05 -1.445212822 0.148398116
NC_021163.1:48301112-48330263 415.6803647 -0.000170241 0.000119474 -1.424917169 0.154181146
NC_021163.1:3742204-3742359 918.3656555 -0.000125857 9.69E-05 -1.299062867 0.1939522355
NC_021163.1:8647041-8666318 229.663721 -0.000162285 0.00014092 -1.15161171 0.2459480667
NC_021162.1:8535399-8536263 12.81683663 -7.33E-05 7.28E-05 -1.00735243 0.213765443
NC_021166.1:4382294-4382476 33799.89856 -3.06E-05 3.17E-05 -0.966874521 0.333606765
NC_021165.1:15094820-15095896 83.94052114 -0.000118885 0.000129763 -0.916163811 0.359580983
NC_021160.1:6878045-6878272 57141.55495 -6.28E-05 6.92E-05 -0.907551147 0.364115415
NC_021166.1:4382447-4382608 10892.64248 -2.51E-05 2.81E-05 -0.891714799 0.372545819
NC_021163.1:38962677-38965979 1100.880642 -0.000114849 0.0001233905 -0.857692017 0.391062549
NC_021163.1:3057553-3057762 15063.87889 -2.74€E-05 3.24E-05 -0.844175268 0.398571473
NC_021164.1:37736425-37736621 23219.93681 -2.91E-05 3.51E-05 -0.827741124 0.407817124
NC_021161.1:3642891-3643045 98816.95218 -1.59€E-0S 2.12E-05 -0.751402778 0.452410291
NC_021166.1:4382369-4382608 26613.37174 -1.31E-05 1.90E-05 -0.690668185 0.489774087
NW_004516369.1:383261-383416 1365.07972 -8.48E-05 0.000124395 -0.681503367 0.495553037
NC_021164.1:17855071-17863795 153.9263065 -0.000119225 0.000175293 -0.680146458 0.49641173
NC_021160.1:93487726-9497857 1400.076463 -8.36E-06 1.52E-05 -0.551660277 0.58118113
NC_021165.1:135464-141284 1037.38356 -6.90E-05 0.000187885 -0.367146452 0.71350978
NC_021163.1:14092578-14092810 98433.48638 -8.85E-05 0.000258191 -0.342620368 0.731884077
NC_021165.1:17714024-17738537 91.98719713 -3.42E-05 0.000171502 -0.199667926 0.8417403
NW_004516020.1:4076-15829 177.8477704 -2.87E-05 0.00021125 -0.135735453 0.89203042
NC_021160.1:13966080-14003928 189.0466949 -7.35E-06 0.000217157 -0.03383909 0.973005464




Table 5: List of upregulated circRNAs in chickpea-drought
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circRNA_ID
NC_021165.1:41831549-41836044
MNC_021165.1:17714024-17738439
NC_021162.1:451283-452967
NC_021162.1:26213382-26221978
MNC_021165.1:58830645-58842270
NC_021165.1:4441168-4458979
NC_021162.1:324069423-32431029
NW_004515823.1:299669-350369
NC_021167.1:9169457-9169972
NC_021163.1:25254569-25286975
NC_021160.1:43850404-43854172
NC_021164.1:10826352-10915704
NC_021164.1:41677974-41701939
MNC_021165.1:58265166-58265346
NC_021162.1:37942779-37956143
NC_021165.1:58831729-58843385
NC_021165.1:59150102-59150852
NC_021166.1:38655845-38656106
NC_021162.1:15669142-15674247
NC_021164.1:41798703-41814114
NC_021165.1:23492486-23492644
MNC_021161.1:6381136-6381276

baseMean

24097.56294

435.982358
22.39784889
33.47677008
1526.392373
1074.687519
35.80398058
46.24645813
67.33925603
57.80539236
123.7624791

66.5463818
196.5747365
86895.44799

99.6631421
845.9173024
383.1913964

229.483654
254.0844465

323.423067
138713.2403
304571.5174

log2FoldChange IfcSE

5.52E-06
6.51E-05
7.23E-05
7.96E-05
8.50E-05
8.96E-05
9.26E-05
9.54E-05
0.00010378
0.000110559
0.000111876
0.000115632
0.000117335
0.000119288
0.000126918
0.000131367
0.000134068
0.000156711
0.000168561
0.000182974
0.000303976
0.003622166

5.02E-05
0.000289968
9.74E-05
0.000110338
9.81E-05
0.000170558
7.26E-05
0.000115832
7.75E-05
0.000110372
0.00016602
0.000111675
7.96E-05
0.000161804
0.000132146
9.75E-05
0.000263064
0.000124478
0.00017872
0.000202511
0.0001959731
0.004052836

stat

0.109840045
0.224570843
0.742709359
0.721442322
0.866062503
0.525501502
1.276149431
0.823965412
1.339806662
1.001696536
0.673870595
1.035441098
1.4749540469
0.737238858
0.960442028
1.347510686

0.50963928
1.258947525
0.943157085
0.903525142

1.52192806
0.893736147

pvalue

0.912536232
0.822313149
0.457657662
0.470637415
0.386455887
0.599234609
0.201502701
0.409959211
0.180308209
0.31649018
0.500393588
0.300462961
0.140228549
0.460977107
0.336832794
0.177815814
0.6103042
0.208049286
0.24560056
0.366247251
0.128027107
0.37146308

4.2 Circular RNAs-miRNAs-mRNAs network in chickpea for drought stress trait

The identified differentially expressed circular RNAs of chickpea under

control and drought stress conditions were used for identification of the miRNAs for

which those circular RN As act as sponges i.e the miRNAs that target the differentially

expressed circular RNAs, using TargetFinder. In TargetFinder, the FASTA file

containing the miRNA sequences downloaded for chickpea were used as input for

small RNA sequences and the FASTA file containing the sequences of the

differentially expressed circRNAs as the target sequence database. The result was

retrieved from TargetFinder in ‘table’ format.

The results were sorted to get the miRNAs targeting one or more identified
differentially expressed circular RNAs (Table 6).

Table 6: List (sample) of miRNAs targeting circRNAs in chickpea-drought

miRNA_ID
Cat-miR1509a
Cat-miR1509a
Cat-miR1520e
Cat-miR1520e
Cat-miR166g-5p
Cat-miR171c-5p.2
Cat-miR171c-5p.2

Cat-miR1873
Cat-miR2081
Cat-miR2081
Cat-miR2661
Cat-miR395h
Cat-miR408-3p
Cat-miR408-5p.2
Cat-miR408-5p.3
Cat-miR408b
Cat-miR419
Cat-miR529
Cat-miR530a.1
Cat-miR530a.1
Cat-miR5554a-5p
Cat-miR774b-3p
Cat-NovmiR100a

Cat-miR172h-5p.1

CircRNA_ID
NC_021163.1:8647041-8666318
NC_021164.1:10826352-10915704
NC_021165.1:17714024-17738537
NC_021165.1:17714024-17738439
MNC_021162.1:32406943-32431029
NC_021165.1:17714024-17738537
NC_021165.1:17714024-17738439
NC_021163.1:48301112-43330263
NC_021164.1:41677974-41701939
NC_021165.1:17714024-17738537
NC_021165.1:17714024-17738439
NC_021164.1:10826352-10915704
NC _021162.1:451283-452967
NC_021164.1:37736425-37736621
NC_021160.1:9487726-9497857
NC_021160.1:9487726-9497857
NC_021160.1:9487726-94973857
NC_021163.1:48301112-48330263
NW_004515823.1:299669-350369
NC_021165.1:17714024-17738537
NC_021165.1:17714024-17738439
NC_021164.1:10826352-10915704
MNC_021165.1:4441168-4458979
NC 021165.1:4441168-4458979

Coordinates strand Score target_sequence

4276
46000
14236
14236

154
20122
20122
24933
21286

1840

1840
39053

672

141

6703

6703

6703
26069
34860
16342
16342
79257

4667
15255

4295 +
46019 +
14255 +
14255 +

214 +
20142 +
20142 +
24951 +
21305 +

1858 +

1858 +
39074 +

691 +

162 +

6722 +

6721 +

6722 +
26088 +
34879 +
16362 +
16362 +
79315 +

4686 +
15273 +

4 GAUGUGAUUUCUUUGAUUAG
4 GUUCUUAUUUCCUUGAUUAA
2 GUAUCAUAUGUUACGUUAUU
2 GUAUCAUAUGUUACGUUAUU
3.5 CCACGGUCCAAGCAACAUUCTC
3.5 UAUUGAGAUGGACCAAUGUCC
3.5 UAUUGAGAUGGACCAAUGUCC
4 GUGGAA-UUGAUGAUGUUCU
4 UUUAUUCUGAACGAGAUAAA
4 AUCA-ACAUAUAACUCUAGC
4 AUCA-ACAUAUAACUCUAGC
4 UUGACUCAUUUUCUCAAAUUA
4 AUUUCACCAAAACACAUAAL
4 GCCAGGACAGAGGCAGUGCUA
4 CAU-CGCAGCCUGUUUCUUGU
4 CAU-CGCAGCCUGUUUCUUG
4 CAU-CGCAGCCUGUUUCUUGU
4 AAACAUCAACAUCAUGCAUC
3 ACCUGAGCUUUCUAUCUUCU
4 ACAGGUGCAGGUGCAGGUGCA
4 ACAGGUGCAGGUGCAGGUGCA
4 AUCAU-GUUCAAAAGGUAUG
4 UAGAAGAUAAAAAUAUGAAG
3 GUUUUAUUCCAUCA-UCAAA

base_pairing miRNA_sequence

. UGACACUAAAGGGACUAAUU
UGACACUAAAGGGACUAAUU
GAUAGUAUACAGUGCAAUAA
: GAUAGUAUACAGUGCAAUAA
GGAGCUCGGUUUGUUGUAAGH
AUAACUUGGCCUGGUUAUAGH
AUAACUUGGCCUGGUUAUAGH
CACUUAGAACUNCNACGAGG
: GAGUUAGACUUGUUCUGUU
UAGUCUGUGUAUUGAGGUCA
UAGUCUGUGUAUUGAGGUCA
GAC-GGGUAAAAGAGUUUAGY
UCAAGAGGUUUUGUGUAGUA
1 CGGUCCCUUCUCCGUCACG-UA
GUACGAGUCGGACAAGGGACH
GUACGAGUCGGACAAGGGAC
GUACGAGUCGGACAAGGGACH
UAUGUAGUAGUAGUAUGUAG
UAGACACGAGAGAUAGAAGA
AUUCCACGUCCACGUUUACGU
AUUCCACGUCCACGUUUACGU)
. UGGUAACAAGUUUUCCGUGU
AAGCUCUAUUUUUAUACUUA
: UAAAAUGAGGUAGUUAGUUU
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The total number of target miRNAs predicted were 54, but the number of
unique miRNAs targeting the differentially expressed circRNAs were 40. This is
because there are several miRNAs which target more than one differentially
expressed circular RNA. Moreover, out of the total 44 differentially expressed
circular RNAs, only 21 circular RNAs have the miRNA targets. Most of those 21
circular RNAs have more than one target miRNA sites. The maximum number of
miRNA target sites is found to be 9 in circular RNA having ID as
NC 021165.1:4441168-4458979. Only 9 circular RNAs of those 21 have a single
miRNA target site, 3 circRNAs having 2 miRNA target sites, 5 circRNAs having 3
miRNA target sites, 2 circRNAs having 4 miRNA target sites, and 1 circRNA having
7 miRNA target sites.

The identification of the targeting miRNAs was followed by the identification
of the mRNAs in chickpea that were targeted by those miRNAs in order to understand
the whole interaction between the circRNAs, miRNAs and mRNAs. When the
miRNAs get bind to their target circRNAs (sponges), these miRNAs are no more
available to regulate the function of their target mRNAs. That’s why identification of
the target mRNAs of the predicted 40 miRNAs was done using psRNATarget with
Expectation value <2. Out of 40 miRNAs, 30 miRNAs were found to target 145
unique mMRNAs. The result file contains the IDs of both miRNAs and their target
mRNAs, expectation value, unpaired potential energy, start and end coordinates of the
alignment of both miRNAs and mRNAs, as well as the inhibition type. It was
observed that the potential energy for all the interactions between the miRNAs and
target mRNAs is -1. It was also found that there was only one translation inhibition
and the rest 153 interactions results in cleavage inhibition. A sample list of mRNAs

targeted by miRNAs is given in Table 7.
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Table 7: List of mRNAs targeted by miRNAs in chickpea-drought

miRNA_Acc. Target_Acc. Expectation UPES miRNA_start miRNA_end Target_start Target_end miRNA_aligned_fragment Target_aligned_fragment Inhibition
Cat-NovmiR107a XM_004434079.3 15 -1 1 21 1115 1135 CUUUAUAUUCGUUUUUAUUALU  ACAAUAGAAAUGGAUAUAAAG Cleavage
Cat-NovmiR107a XM_012716394.2 15 -1 1 21 106 126 CUUUAUAUUCGUUUUUAUUAL  UAAAUAAACACGAAUAUAAAG Cleavage
Cat-NovmiR107a XM_027335624.1 15 -1 1 21 106 126 CUUUAUAUUCGUUUUUAUUALU  UAAAUAAACACGAAUAUAAAG Cleavage
Cat-NovmiR107a XM_012716393.2 15 -1 1 21 106 126 CUUUAUAUUCGUUUUUAUUAL  UAAAUAAACACGAAUAUAAAG Cleavage
Cat-NovmiR107a XM_004504586.3 15 -1 1 21 105 125 CUUUAUAUUCGUUUUUAUUAU UAAAUAAACACGAAUAUAAAG Cleavage
Cat-NovmiR107a XM _012716992.2 15 -1 1 21 106 126 CUUUAUAUUCGUUUUUAUUAU  UAAAUAAACACGAAUAUAAAG Cleavage
Cat-NovmiR107a XM_027335623.1 15 -1 1 21 106 126 CUUUAUAUUCGUUUUUAUUAU UAAAUAAACACGAAUAUAAAG Cleavage
Cat-NovmiR107a XM _027335622.1 15 -1 1 21 106 126 CUUUAUAUUCGUUUUUAUUAU  UAAAUAAACACGAAUAUAAAG Cleavage
Cat-NovmiR107a XM_027335621.1 15 -1 1 21 106 126 CUUUAUAUUCGUUUUUAUUAU UAAAUAAACACGAAUAUAAAG Cleavage
Cat-NovmiR107a XR_003473317.1 15 -1 1 21 99 119 CUUUAUAUUCGUUUUUAUUAU  UGAAUGAAAAUGAAUAUGAAG Cleavage
Cat-NovmiR107h XM_004516942.3 15 -1 1 21 210 230 CUUUAUUUUCGUUUUUAUCAU AAGAUCAAAACGAAGAUAAAG Cleavage
Cat-NovmiR107h XM_004498752.3 15 -1 1 21 511 531 CUUUAUUUUCGUUUUUAUCAU  AAGAAAAAAACGAAAAUGAAG Cleavage
Cat-NovmiR107i XM_004506168.3 15 -1 1 21 1112 1132 CUUUAUAUUUGUUUUUAUCAU  AAGAUGAAGACAAAUAUGAAG Cleavage
Cat-NovmiR107] XM_004506168.3 15 -1 1 21 1112 1132 CUUUAUAUUUGUUUUUAUCAU  AAGAUGAAGACAAAUAUGAAG Cleavage
Cat-NovmiR107k XM_0045099%94.3 15 -1 1 21 358 378 CUUUAUAUUCUUUUUUAUCAU  AAGAUAAGAAAGAAUAUGAGG Cleavage
Cat-NovmiR1e  XM_004508782.3 15 -1 1 20 342 361 AAGAAGAGAGAAGUAAAUAC  GUAGUUACUUCUUUCUUCUU Cleavage
Cat-NovmiR16 XM _004488672.3 15 -1 1 20 1452 1471 AAGAAGAGAGAAGUAAAUAC  GUAUUUUUUUCUCUCUUCUU Cleavage
Cat-NovmiR16  XM_027336693.1 15 -1 1 20 345 364 AAGAAGAGAGAAGUAAAUAC  GUAGUUACUUCUUUCUUCUU Cleavage
Cat-NovmiR16 XM _004491220.3 15 -1 1 20 51 70 AAGAAGAGAGAAGUAAAUAC  AUAUUUGCUUCUCUCUUCUG Cleavage
Cat-NovmiR16  XM_004493632.3 15 -1 1 20 1761 1780 AAGAAGAGAGAAGUAAAUAC  UUAUUUAUUUUUCUCUUUUU  Cleavage
Cat-NovmiR16  XM_0044957042.3 15 -1 1 20 935 954 AAGAAGAGAGAAGUAAAUAC  UUAUUUAUUUCUUUCUUUUU  Cleavage
Cat-NovmiR16 XM _004509176.3 15 -1 1 20 988 1007 AAGAAGAGAGAAGUAAAUAC  AUAUUUCCUUUUCUCUUCUU Cleavage
Cat-NovmiR16  XM_004514250.3 1.5 -1 1 20 267 286 AAGAAGAGAGAAGUAARAUAC  AUGUUUUCUUCUCUCUUCUU Cleavage

Blast2Go results:

To understand the functional role of mRNAs involved in the network, the GO
analysis was performed by employing the BLAST2GO software. The GO functional
categorization generated 136 annotations from the 145 predicted mRNAs that were
targeted by miRNAs. In that, a total of 57, 64, and 15 mRNAs were classified as the
first level classification of biological processes, molecular functions, and cellular
components, respectively (Fig. 8). Among the genes involved in biological process,
38 and 42 mRNAs were classified into the categories of “metabolic process (GO:
0008152)” and “cellular process (GO: 0009987)”, respectively. Interestingly, 13 and
20 mRNAs were categorized as the categories of “biological regulation (GO:
0065007)” and “response to stimulus (GO: 0050896)”, respectively (Fig. 9). In the
classification of molecular functions, two main classes were “binding (GO:
0005488)” and “catalytic activity (GO: 0003824, which had 54 and 34 predicted
mRNAs, respectively (Fig. 10). When the predicted mRNAs were -classified
according to the cellular component classification, categories “cell (GO: 0005623)”
and “cell part (GO: 0044464)” both made up the largest proportion of 16 predicted
mRNAs, followed by “organelle (GO: 0043226)” that had 6 predicted mRNAs (Fig.
11). The GO analysis on predicted mRNAs showed that the targets of differentially
expressed circRNAs under drought stress were associated with various functions
involving in different cellular components, biological process, and molecular

functions.
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The potential functions of the mRNAs categorized in the GO terms were also

found and listed in Table 8

Table 8: GO based functions of the mRNAs in chickpea-drought
integral component of membrane, structural constituent of ribosome

signal transduction

response to stress, defense response, response to auxin

protein kinase activity, oxidoreductase activity

glycogen phosphorylase activity

zinc ion binding, hydrolase activity

transcription factor activity

These functions carried out by the mRNAs are involved in regulation of
drought stress responsive mechanisms in chickpea. That’s why when the miRNAs that
are responsible for silencing these mRNAs get bind to the circRNAs, they remain no
more available to regulate the mRNAs and so the genes become free to carry out their

functions and help the chickpea plants in tolerating the drought stress conditions.
4.3 Prediction of circular RNAs in soybean under drought stress
4.3.1 Identified circular RNAs

The reads of soybean under control condition and drought stress conditions
obtained after trimming were given as input for mapping in BWA-MEM and the
SAM files generated were given further as input in CIRI. 57 circular RNAs were
identified in control condition (CT) and 66 circular RNAs were identified in drought
stress condition (DR) in CIRI.

The result files obtained from CIRI contain the identified circular RNA IDs,
the chromosome IDs on which the circular RNAs are present, the start and end
coordinates of the circular RNAs, the lengths of the circRNAs as well as the type of

circular RNAs like exonic, intronic or intergenic.

In soybean under control condition out of the 57 identified circular RNAs, 50
(87.7%) were intergenic circRNAs, 5 (8.7%) were exonic circRNAs and 2 (3.5%)
were intronic circRNAs (Fig. 12a). Whereas, under drought stress condition out of the
66 identified circular RNAs, 53 (80.3) were intergenic circRNAs, 11 (16.6%) were
exonic circRNAs and 2 (3%) were intronic circRNAs (Fig. 12b). Thus it can be
observed that in both the conditions most of the circular RNAs were of intergenic type

followed by exonic type.
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Figure 12 : Distribution of different types of circRNAs (a) under control and (b)

under drought stress conditions in soybean

A sample of the circular RNAs identified under control condition is given in

Table 9 and that of under drought stress condition is given in Table 10

Table 9: List (sample) of identified circRNAs and their length, chromosomal
distribution under control condition of drought in soybean

circRNA_ID chr circRMNA_start circRNA_end circRMNA_length circRNA_type
11:8927977| 8931149 11 8927977 8931149 3173 intergenic_region
11:8928133| 8933250 11 8928133 8933250 5118 intergenic_region
11:26728832| 26733600 11 26728832 26733600 4769 intergenic_region
11:30284970| 30311997 11 30284970 30311997 27028 intergenic_region
11:30286028 | 30315056 11 30286028 30315056 29029 intergenic_region
12:977423 | 983081 12 977423 983081 5659 intergenic_region
12:3921774| 3930152 12 3921774 3930152 8379 intergenic_region
13:16981593 | 16986402 13 16981593 16986402 4810 intergenic_region
15:12635940 | 12644708 15 12635940 12644708 8769 intergenic_region
15:12636344 | 12645124 15 12636344 12645124 8781 intergenic_region
15:42308943 | 42500339 15 423085943 42500339 191397 intergenic_region
16:5841009 | 5847710 16 5841009 5847710 6702 Iintergenic_region
16:6072989 | 6088828 16 6072989 6028828 15840 intergenic_region
16:34067902 | 34075561 16 34067902 34075561 7660 intergenic_region
16:36344782| 36387037 16 36344782 36387037 42256 intergenic_region
16:36720161 | 36724310 16 36720161 36724310 4150 intergenic_region
16:37161171| 37180330 16 37161171 37180330 19160 intergenic_region
16:37167407 | 37262135 16 37167407 37262135 94729 intergenic_region
18:1099021 | 1104695 18 1099021 1104695 5675 intergenic_region
18:6856493 | 6858812 18 6856493 6858812 2320 intergenic_region
18:7390770| 7391226 18 7390770 7391226 457 exon

18:8118704 | 8189069 13 8118704 8189069 70366 intergenic_region

18:9125163 | 9149112 18 9125163 9149112 23950 intergenic_region
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Table 10: List (sample) of identified circRNAs and their length, chromosomal
distribution under drought stress condition in soybean

circRNA_ID chr circRMA_start circRNA_end  circRMA_length circRNA_type

10:44644870 | 44656965 10 44644870 44656965 12096 intergenic_region
10:49351762 | 49393985 10 49351762 45393985 42224 intergenic_region
11:406172|414451 11 406172 414451 8280 intergenic_region
11:8927977| 8931149 11 8927977 8931149 3173 intergenic_region
11:8928133| 8933250 11 8928133 8933250 5118 intergenic_region
11:8933378| 8940805 11 8933378 8940805 7428 intergenic_region
11:9832652| 9890747 11 9832652 5890747 58096 intergenic_region
11:9860230| 9873017 11 9860230 9873017 12788 intergenic_region
11:9860230| 9881467 11 9860230 5881467 21238 intergenic_region
11:9860230| 9891731 11 9860230 9891731 31502 intergenic_region
11:9866857| 9892608 11 9866857 9892608 25752 intergenic_region
11:9873816| 9892608 11 9873816 9892608 18793 intergenic_region
12:3902873| 3920705 12 3902873 3920705 17833 intergenic_region
12:3902873| 3928991 12 3902873 3928991 26119 intergenic_region
12:3921774| 3930152 12 3921774 3930152 8379 intergenic_region
12:4759886| 4768531 12 4759886 4768531 8646 intergenic_region
14:3731889| 3757602 14 3731889 3757602 25714 intergenic_region
14:46987313 47005711 14 46987313 47005711 18399 intergenic_region
15:919572 | 942558 15 919572 942558 22987 intergenic_region
15:1715649| 1731295 15 1715649 1731295 15647 intergenic_region
15:12636344 | 12645124 15 12636344 12645124 8781 intergenic_region
15:48531659 | 48546480 15 43531659 43546480 14822 intergenic_region
16:5841009] 5847710 16 5841009 5847710 6702 intergenic_region

4.3.2 Circular RNA sequences

The circRNA IDs of the identified circular RNAs under control and drought
stress conditions were used to fetch their sequences from the reference genome of
soybean and a sample of the sequences of the circular RNAs under control condition

is given in Fig. 13

Figure 13 : FASTA sequences of circRNAs of soybean under control condition

‘>lldna:chrumusume chromosome:Glycine max v2.1:11:1:34766367:1 REF:8927977-8931149
TATTGGCGTGAGAGTAATAAAAGAATCATATAGTAACACAAGTATCATAAGATCAAGTAACGCAAACAGATCAGAGATCACAGATCAGAAAGGGATCGAGAAAATTCCGAATCCGAATCGTGTGAGATCA!
=11 dna:chromosome chromosome:Glycine_max_v2.1:11:1:34766867:1 REF:8928133-8933250
TTCGTTTCAACGATTTCGCCGTACTGAGAGAAGGCTCTCTCGAGAGCTTGGTCGTCAGTGGCCCAAGCGAGCCCACCGACAAAGCAACGGTACTCAACATCTGAAGAAGCCATCGAAAATTGTATAAACCCTA
*11 dna:chromosome chromosome:Glycine_max_v2.1:11:1:34766867:1 REF:26728832-26733600
GAATTCAAGGTGGGTACATGCAATGAAGTGGTCAGGCAAAAAGGCCTTTGGAAAATCTCCTACAGTGAAATTTGTGGTTGATGGTTCAAAAGCAGGGTCTCTTAATAGCTATGGACCTCTTTCTTTCCTCAAGH
»11dna:chromosome chromosome:Glycine_max_v2.1:11:1:34766867:1 REF:30284970-30311997
GTGACAATTTTAATCCAAAGGCAAGAAGATGTTGCTCCTGCCAAGAGGGCAACTCCAAAGGCCATTTCAAAAAGTGAAACACAAATCCAGAATACCTGACAATGATTAGTCAGGAACAACCAAAGGTCATG
=11 dna:chromosome chromosome:Glycine_max_v2.1:11:1:34766867:1 REF:30286028-30315056
TGCATGTGAAGGAAAAATGTAATTGGAAATATAATTGTCAAAGTAAGAAAAGTGCACATTGCTGCAAGTAGTGGATGTCTCTTCCATCTCAACAACGGTACCTGAAAAGTTTCAAAACAACGCTATCACCAT!
*12 dna:chromosome chromosome:Glycine_max_v2.1:12:1:40091314:1 REF:977423-983081
TTGCTACAATGTATGCAGCCATGCGAGATACAGACAGACTACATGCCAAAAGATAGGTTCAAGGAAAATTTCTGGAATGACTGGCGAAAGTTGCTTGGAAGAAATCATGTTATCCAGAACTTGAAAGATTGT
»12 dna:chromosome chromosome:Glycine_max_v2.1:12:1:40091314:1 REF:3921774-3930152
AATGGCGCAAATGTAAAGGGATATCATGTATGGTCTTTGTTCGATAATTTTGAGTGGTCTTCAGGTTATACAGTACGGTTCGGAATGATCTATATAGATTACAAAAATGATATGAAGAGACACAAAAAACTCT
13 dna:chromosome chromosome:Glycine_max_v2.1:13:1:45874162:1 REF:16981593-16986402
TGCATATCTGGTGTCAATCCTAGTGCTGCCCACAATTGCAAGCAGATACTTGCGCGTAGTGAATTAGAATGAGTCAAGTCCTGCCCCCATGGGATAAAGTCCTTGCAGTGGETGTGAGGATTCAATTTTCTCGGA,
>15 dna:chromosome chromosome:Glycine_max_v2.1:15:1:51756343:1 REF:12635940-12644708
GTACTAAGGCCATTAGAAGCATATTGATTCACTTGCCAACATTCATGAAGCAAGAGTTAGGCCCTCACATATTITGGAAAGATGAACAGACTACAATTTCTGGAAATTTCTGGGAAATGTGAAGAAGATAGCTT]
15 dna:chromosome chromosome:Glycine_max_v2.1:15:1:51756343:1 REF:12636344-12645124
ATCTGGTGAATTTAAAAGAACTTCACCTCACTGACTCCAAGATGTTAGAGGAGCTGCCAGATTTATCGAATGCCACAAATCTTGAAGTACTGGTTCTCGAGGGTTGTTCTATGTTAACTACGGTGCATCCATCTA
15 dna:chromosome chromosome:Glycine_max_v2.1:15:1:51756343:1 REF:42308943-42500339
TCCATTCCACGAAAGAAGGGACCAAGAAGGCCCCCGAACTGATGAGTGAGTCAAAGGTTTCCGATTGTGCATGCGTCAAATGGTTTAACTTTGACTCGATCTCTACCACCACAACATCACGATATGTTGTTACA
AGCAAGAAAATTTTAATTAGAAAATAACAGAATTAAAACATGTTGTTTCCCATTGATTCACAAGAAAGTCTTTTATCCTAGGTTATGAGGATTTATCCCTAACCAGTTCAACCACTTAATCCAACCCTAAATTAA
TTGGAACGAGAAACCAAGAAGGCCCGAAAGGAAGAACACAACCAAAGCAAAGTTTTGAGGGGCTTTATAGGGCAGAAATAGTGAGCTCAAGCTCCGAAGAGGTGAAAGGAATCATCATGGGTCAAAGGCY
ATTCAACCCCCCCTTCTTAATTATTTCGAGGCCATTTGATCCAACACTCCAATATAGTAGTGTCAAGGTGGGTAAAGAAGCCCAGTTCTCCTTTCTACAGCATGCGAACAATGCTATAAATGTAGGGGAGGTGT!
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Similarly a sample of the sequences of the circular RNAs identified under

drought stress condition is given in Fig. 14

\>10dna:chmmosome chromosome:Glycine max v2.1:10:1:51566898:1 REF:44644870-44656965
TCTTCCGAATTCGAAGTTAATTTGCAAGATGGGTTATGAAAAGGCTCAGATCAACATTGTGGTGGTTGGTCATGTGGACCCTGAGGAGGCAACCACCATTAACGAGCTGAAGAAGCCTGTTGTGGAGAAAGAAGCTC]
>10 dna:chromosome chromosome:Glycine_max_v2.1:10:1:51566898:1 REF:49351762-49393985
TATARAGAAAGGGTTGAGTTTGAAGGCCAAACTGGGTATAGGTAATGTACTGTTTACATAACTTGATATTCCTTTTCAACATATGACTTCAAAATCACTGATCCTCAGTGCGAAAGTTCATTTGTGTGTTGAACTCAGAG
TCAGACTAAAATGAATGTCCTTTTGGATGGAAGCACAGTATCCTATAAGATGGCCACTCATTTCTTCTGGTTAACAGGTTTTTGATGGGCATAATGGAAATGCTGCTGCCATTTTTACTAGGGAGCATTTGTTAAATCATY
>11 dna:chromosome chromosome:Glycine_max_v2.1:11:1:34766867:1 REF:406172-414451
TTCCATGGAACTAAGATAGCAGAAATGCCATTCATTGGAACACGCCATATATATAGGCGCCAGGGGATGTGCCGCCGACTTTTTTCTGCCATTGAATTGGTAAACCTTGAAGCTATGGTTCTTTGTGATTTCCTTGCACCT
»11 dna:chromosome chromosome:Glycine_max_v2.1:11:1:34766867:1 REF:8927977-8931143
TATTGGCGTGAGAGTAATAAAAGAATCATATAGTAACACAAGTATCATAAGATCAAGTAACGCAAACAGATCAGAGATCACAGATCAGAAAGGGATCGAGAAAATTCCGAATCCGAATCGTGTGAGATCAGATGTG
»11 dna:chromosome chromosome:Glycine_max_v2.1:11:1:34766867:1 REF:8928133-8933250
TTCGTTTCAACGATTTCGCCGTACTGAGAGAAGGCTCTCTCGAGAGCTTGGTCGTCAGTGGCCCAAGCGAGCCCACCGACAAAGCAACGGTACTCAACATCTGAAGAAGCCATCGAAAATTGTATAAACCCTAGAAAA
»11 dna:chromosome chromosome:Glycine_max_v2.1:11:1:34766867:1 REF:8933378-8340805
TATTGGCGTGAGTAATAAAAGAGAATTATATAAGAAGAAGAAGAAGAAGTATCATAGATCAAGTAACGGAAAAAGATCAGAGATCAGAACGGGATCGTGTGLGATGGCTGCAACAAACGGACCTTCGATTCAACG
»11 dna:chromosome chromosome:Glycine_max_v2.1:11:1:34766867:1 REF:9832652-9890747
AGGAAAGTTAAGTGGAGGTATAAATCAAGAAGGAATCGATTATTACAACAACCTTATCAATGAGCTACTAGCAAATGGTAAGTACGAAAGCTTTATTGCTGTTTTTTTTTATTCTTTTCATTTTAACAATTTCTCATGTTA
GCTCGTGTGTACAAGACCAAGTATCAGGTTAGTTAATTTGTTCTTAACCTTTTAGATATGTTATGGGTGTACATTTCCATATTAAATTTCACATTGATCAATGAATTAGGAAAAAAGAAATTACTCAGAGATTGTTTAATA
»11 dna:chromosome chromosome:Glycine_max_v2.1:11:1:34766867:1 REF:9360230-9873017
TTTATGGATCCGTTAATATCTGGAGACTATCCAAAAAGCATGCGATCTTTAGTCAGAACAAGATTGCCAAAGTTTACTACAGAGCAATCGAAACTACTTATCAGTTCATTTGATTTTATTGGTCTAAACTATTACTCTACA
»11 dna:chromosome chromosome:Glycine_max_v2.1:11:1:34766867:1 REF:9360230-983 1467
TTTATGGATCCGTTAATATCTGGAGACTATCCAAAAAGCATGCGATCTTTAGTCAGAACAAGATTGCCAAAGTTTACTACAGAGCAATCGAAACTACTTATCAGTTCATTTGATTTTATTGGTCTAAACTATTACTCTACA
»11 dna:chromosome chromosome:Glycine_max_v2.1:11:1:34766867:1 REF:9360230-9891731
TTTATGGATCCGTTAATATCTGGAGACTATCCAAAAAGCATGCGATCTTTAGTCAGAACAAGATTGCCAAAGTTTACTACAGAGCAATCGAAACTACTTATCAGTTCATTTGATTTTATTGGTCTAAACTATTACTCTACA
»11 dna:chromosome chromosome:Glycine_max_v2.1:11:1:34766867:1 REF:9366357-9892608
TATAAATGAATATGATGAACCAACGCTATCACTTGAAGAATCTCTTATAGATACCTTCAGAATTGATTATCATTATCGTCATCTCTTTTATCTTCAATCAGCAATTAGGTAAATATTTTATTATATATAATAAGTTTATGTT,

Figure 14: FASTA sequences of circRNAs of soybean under drought condition

4.3.3 Lengthwise distribution of the circular RNAs

When the lengths of the circRNAs were observed it was found that they have
varying lengths ranging from 162 nucleotides to 641 nucleotides for exonic
circRNAs, 652 nucleotides to 670 nucleotides for intronic circRNAs and 2320
nucleotides to 191397 nucleotides for intergenic circRNAs under control condition;
whereas under drought stress condition the length ranges from 147 nucleotides to 651
nucleotides for exonic circRNAs, 620 nucleotides to 677 nucleotides for intron
nucleotides, and 2320 nucleotides to 174240 nucleotides for intergenic circRNAs. The
lengthwise distribution of the circular RNAs under both the conditions are given in
Fig. 15-17 (where x-axis denotes the length of circRNAs in terms of the number of

nucleotides and y-axis denotes the number of circRNAs)
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Figure 15: Lengthwise distribution of exonic circRNAs under control and drought
stress conditions in soybean
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Figure 16: Lengthwise distribution of intronic circRNAs under control and drought
stress conditions in soybean
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Figure 17: Lengthwise distribution of intronic circRNAs under control and drought
stress conditions in soybean



39|Results’

4.3.4 Distribution of the circular RNAs based on expression values (FPKM)

To observe the distribution of the expression values of the circular RNAs
under control and drought conditions obtained from RSEM, they were divided into six
classes having values 0, 1-100, 100-200, 200-300, 300-400 and >400. The expression
values for most of the circular RNAs under both the conditions is more than 400 with
a maximum of 833914.4 under control condition and 554353.8 under drought stress
condition. 35 circular RNA under control condition have expression value greater
than 400, whereas in case of drought stress condition 38 circular RNAs have
expression value greater than 400. The distribution of the circular RNAs based on the
expression values as obtained through RSEM is shown in Fig. 18 (where x-axis
denotes the expression value of circRNAs in terms of FPKM value and y-axis denotes

the number of circRNAs)
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Figure 18: Distribution of circRNAs based on expression values under control and
drought stress conditions in soybean

4.3.5 Differentially expressed circular RNAs

The identified circular RNAs under the two conditions (control and drought
stress) were used to find out the differentially expressed circRNAs using R package
DESeq2. 23 differentially expressed circular RNAs were identified under control and
drought stress condition of soybean with a p-value ranging from 0.07 to 1. Only one
circular RNA was identified as differentially expressed with p-value less than 0.1,

originated from the intergenic region and is upregulated.

A sample of the result is given in Table 11
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Table 11: List (sample) of differentially expressed circRNAs in soybean-drought

3_dna:chromosome_chromosome:Glycine_max_v2.1:3:1:45779781:

circRNA_ID baseMean

18_dna:chromosome_chromosome:Glycine_max_v2.1:18:1:58018742:1 REF:49532142-49539485 147.8680179
9_dna:chromosome_chromosome:Glycine_max_v2.1:9:1:50189764:1_REF:1827313-1832264 9529.181292
8_dna:ichromosome_chromosome:Glycine_max_v2.1:8:1:47837940:1_REF:7434887-7443884 255.5519428
6_dna:chromosome_chromosome:Glycine_max_v2.1:6:1:51416486:1_REF:45697097-45728257 561.502906
9_dna:chromosome_chromosome:Glycine_max_v2.1:9:1:50189764:1 REF:41497262-41497902 2225.065073
11_dna:chromosome_chromosome:Glycine_max_v2.1:11:1:34766867:1_REF:8928133-8933250 1819.102368
12_dna:chromosome_chromosome:Glycine_max_v2.1: 40091314:1_REF:3921774-3930152 604.6443325
6_dna:chromosome_chromosome:Glycine_max_v2.1:6:1:51416486:1_REF:45830034-45836851 7037.381348
18_dna:chromosome_chromosome:Glycine_max_v2.1: -58018742:1 REF:1099021-1104695 1178.889366
15_dna:chromosome_chromosome:Glycine_max_v2.1:15:1:51756343:1_REF:12636344-12645124 984.7336515
6_dna:chromosome_chromosome:Glycine_max_v2.1:6:1:51416486:1_REF:50841293-50844818 769.5785904
11_dna:chromosome_chromosome:Glycine_max_v2.1:11:1:34766867:1_REF:8927377-893114% 10663.9713
7_dna:chromosome_chromosome:Glycine_max_v2.1:7:1:44630646:1_REF:43200672-43217184 50.57804171

REF:5941334-5980395 291.7353305

7_dna:chromosome_chromosome:Glycine_max_v2.1:7:1:44630646:1_REF:4027348-4042367 112.2722809
3_dna:chromosome_chromosome:Glycine_max_v2.1:3:1:45779781:1 REF:4794675-4354600 148.8625502
18_dna:chromosome_chromosome:Glycine_max_v2. 58018742:1_REF:6856493-6858812 2644.338057
6_dna:chromosome_chromosome:Glycine_max_v2.1:6:1:51416486:1 REF:4487693-4497730 251.9423074
16_dna:chromosome_chromosome:Glycine_max_v2.1:16:1:37887014:1_REF:5841009-5847710 37.48778728
8_dna:chromosome_chromosome:Glycine_max_v2.1:8:1:47837940:1_REF:47391302-47397126 5290.867515
18_dna:chromosome_chromosome:Glycine_max_v2.1:18:1:58018742:1_REF:8118704-8189069 199.8348138
16_dna:chromosome_chromosome:Glycine_max_v2.1:16:1:37887014:1_REF:36720161-36724310 1536.754063
7_dna:chromosome_chromosome:Glycine_max_v2.1:7:1:44630646:1_REF:495938-513138 3731.401881

log2FoldChange IfcSE stat

0.846455303
-0.83249461%
0.682062764
0.634257297
0.596924443
-0.57176334
0.555032052
-0.31656812
0.402468073
0.447250266
0.436836954
-0.436041834
-0.371806739
-0.211563305
0.202399978
-0.191737061
0.080553027
-0.100815679
-0.112872053
-0.032367874
0.02837779
-0.000116711
-1.47€-08

0.4746118% 1.733468383
0.539896489 -1.541952274
0.472055786 1.444877457
0.563935781 1.112740335
0.554284616 1.076927676
0.572327382 -0.393014477
0.572763757 0.969041852
0.333069854 -0.350455635
0.425408729 0.546073848
0.481950182 0.323084026
0.560569534 0.779273449
0.568929274 -0.766425378
0.521193108 -0.713376161
0.457323205 -0.462108303
0.441479591  0.45845829
0.43224672 -0.443582455
0.264120491 0.304985505
0.439660414 -0.229303517
0.551928718 -0.204506577
0.226942964  -0.14262559
0.426543735  0.06837404
0.515586682 -0.000226366
0.202502704 -7.28€-08

pvalue

0.07451008%
0.123085192
0.148492309
0.265819967
0.281512578
0.317787678
0.332524308
0.341380736
0.344110922
0.353363985
0.435818652
0.443423237

0.47561302
0.644003656
0.646623222
0.657344493
0.760376888

0.81863302
0.837957653
0.886585886.
0.945089882
0.993819386
0.995999994.

Among the 23 identified circular RNAs,

12 circular RNAs were found to be

down regulated in terms of logo:FC<0 (Table 12), whereas 11 were found to be

upregulated in terms of logoFC>0 (Table 13)

Table 12: List of downregulated circRNAs in soybean-drought

circRNA_ID

9 dna:chromosome_chromosome:Glycine_max_v2.1:9:1:50:
11_dna:chromosome_chromosome:Glycine_max_v2.1:11:1::
11_dna:chromosome_chromosome:Glycine_max_v2.1:11:1::
7_dna:chromosome_chromosome:Glycine_max_v2.1:7:1:44¢
6_dna:chromosome_chromosome:Glycine_max_v2.1:6:1:51¢
3_dna:chromosome_chromosome:Glycine_max_v2.1:3:1:457
3_dna:chromosome_chromosome:Glycine_max_v2.1:3:1:45
16_dna:chromosome_chromosome:Glycine_max_v2.1:16:1::
6_dna:chromosome_chromosome:Glycine_max_v2.1:6:1:51¢
8 _dna:chromosome_chromosome:Glycine_max_v2.1:8:1:47{
16_dna:chromosome_chromosome:Glycine_max_v2.1:16:1::
7_dna:chromosome_chromosome:Glycine_max_v2.1:7:1:44¢

baseMean
9529.181292 -

1819.102368

10669.9713 -
50.57804171 -

7037.381348

291.7359305 -
148.8625502 -
37.48778728 -
2519423074 -
5290.867515 -
1536.754063 -

3731.401881

0.832494619
-0.57176334
0.436041834
0.371806739
-0.31656812
0.211563905
0.191737061
0.112873053
0.100815679
0.032367874
0.000116711

-1.47E-03

log2FoldChange IfcSE stat

pvalue

0.539896 -1.54195 0.123085
0.572327 -0.99901 0.317738
0.568923 -0.76643 0.443423
0.521193 -0.71338 0.473613
0.33307 -0.95046 0.3418381
0.457823 -0.46211 0.644004
0.432247 -0.44358 0.657344
0.551923 -0.20451 0.837958
0.43966 -0.2293 0.818633
0.226943 -0.14263 0.886536
0.515587 -0.00023 0.399819
0.202503 -7.2BE-09 1




41|Results’

Table 13: List of upregulated circRNAs in soybean-drought

circRNA_ID baseMean log2FoldChang IfcSE stat pvalue

18 dna:chromosome_chromosome:Glycine max_v2.1:18:1:58( 199.834814  0.02937779 0.426544 0.068374 0.94509
18_dna:chromosome_chromosome:Glycine_max_v2.1:18:1:58( 2644.33306  0.080553027 0.26412 0.304986 0.760377
7_dna:chromosome_chromosome:Glycine_max_v2.1:7:1:4463( 112.272281  0.202399978 0.44148 0.458458 0.646623
18_dna:chromosome_chromosome:Glycine_max_v2.1:18:1:58( 1178.88937  0.402468073 0.425409 0.946074 0.344111
&_dna:chromosome_chromosome:Glycine_max_v2.1:6:1:5141¢  769.57859  0.436836954 0.56057 0.779273 0.435319
15 dna:chromosome_chromosome:Glycine_max_v2.1:15:1:517 984.733652  0.447290266 0.48195 0.928084 0.353364
12 dna:chromosome_chromosome:Glycine max_v2.1:12:1:400 604.644333  0.555032052 0.572764 0.965042 0.332524
9_dna:chromosome_chromosome:Glycine_max_v2.1:9:1:5018¢ 2225.06507  0.596924443 0.554285 1.076928 0.281513
&_dna:chromosome_chromosome:Glycine_max_v2.1:6:1:5141¢ 561.502906  0.634257297 0.5699%6 1.11274 0.26582
8_dna:chromosome_chromosome:Glycine_max_v2.1:8:1:47837 255.551943  0.6820627564 0.472056 1.444877 0.148492
18_dna:chromosome_chromosome:Glycine_max_v2.1:18:1:58( 147.868018  0.846455303 0.474612 1.783468 0.07451

4.4 CircRNA-miRNA-mRNA network in soybean for drought stress trait

The identified differentially expressed circular RNAs of soybean under control
and drought stress condition were used for identification of the miRNAs for which
those circular RNAs act as sponges i.e the miRNAs targeting those differentially
expressed circular RNAs, using psRNATarget. In psRNATarget the FASTA file
containing the miRNA sequences downloaded for soybean were used as input for
small RNA sequences and the FASTA file containing the sequences of the
differentially expressed circRNAs as the target sequence database. A sample list of

circRNAs targeted by miRNAs is given in Table 14

Table 14: List (sample) of miRNAs targeting circRNAs in soybean-drought

miRNA_Acc. Target_Acc. Expectation UPES miRNA_start miRMA_end Target_start Target_end miRNA_aligned_f Target_aligned Inhibition
gma-miR1514a-5p 7_dna:chromoson 0.5 -1 1 21 1184 1204 UUCAUUUUUAAA AAUGCCUAUU! Cleavage
Bma-mir4378b 18_dna:chromoso 0.5 -1 1 24 54833 54856 UAGAACUGUCUU, GACACACAUU( Cleavage
gma-miR1514b-5p 7_dna:chromoson 15 -1 1 21 1134 1204 UUCAUUUUUAAA AAUGCCUAUUL Cleavage
gma-miR10193a  18_dna:chromoso 2 -1 1 22 26899 26920 UCUGAAACCGAUI AUUAGUUAAC, Cleavage
gma-miR10193b  18_dna:chromoso 2 -1 1 22 26899 26920 UCUGAAACCGAUIAUUAGUUAAC, Cleavage
gma-miR10193c  18_dna:chromoso 2 -1 1 22 26899 26920 UCUGAAACCGAUI AUUAGUUAAC, Cleavage
gma-miR10133d  18_dna:chromoso 2 -1 1 22 268399 26920 UCUGAAACCGAUIAUUAGUUAAC Cleavage
gma-miR10200 18 _dna:chromoso 2 -1 1 21 26544 26564 AGGUUUUAAAGA CUUGUAAUUUICleavage
gma-miR10407a  3_dna:chromoson 2 -1 1 24 16858 16831 AGUUAACGGAUG GAUAAAUUUA Cleavage
gma-miR10407a 3 _dna:chromoson 2 -1 1 24 93765 93788 AGUUAACGGAUG GAUAAAUUUA Cleavage
gma-mirk10407b  3_dna:chromoson 2 -1 1 24 16858 16881 AGUUAACGGAUG GAUAAAUUUA Cleavage
gma-miR10407b  3_dna:chromoson 2 -1 1 24 93785 93788 AGUUAACGGAUG GAUAAAUUUA Cleavage
gma-miR1513a-5p 7_dna:chromoson 2 -1 1 21 4198 4218 UGAGAGAAAGCC GUAAGUCAUG! Cleavage
gma-miR1513b 7_dna:chromoson 2 -1 1 21 4198 4218 UGAGAGAAAGCC, GUAAGUCAUGI Cleavage
gma-miR1533 3_dna:chromoson 2 -1 1 19 54784 54802 AUAAUAAAAAUA UUAUUAUUAU Cleavage
gma-miR1533 3_dna:chromoson 2 -1 1 19 54805 54823 AUAAUAAAAAUA UUAUUAUUAU Cleavage
gma-miR1533 3_dna:chromoson 2 -1 1 19 88405 88423 AUAAUAAAAAUA UUAUUAUUAU Cleavage
gma-mirR1533 8_dna:chromoson 2 -1 1 19 4107 4125 AUAAUAAAAAUA UUAUUAUUAU Cleavage
gma-mir169l-3p 18 dna:chromoso 2 -1 1 22 53270 53291 CGGGCAAGUUGUIGAUGUCAAAA, Cleavage
gma-miR6293 3_dna:chromoson 2 -1 1 22 10325 10346 AUUUAAAAUUAU UAUCAAAUUA, Translation
gma-miRs722 18_dna:chromoso 2 -1 1 21 2901 2921 UAAUAGAGGGAA GACAUUUUUUI Cleavage
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The total number of miRNAs targeting the differentially expressed circRNAs
were predicted to be 21, but the number of unique miRNAs targeted were 17. This is
because there are several miRNAs which target more than one differentially
expressed circular RNA. Moreover, out of the total 23 differentially expressed
circular RNAs, only 7 circular RNAs have miRNA targets. Most of those 7 circular
RNAs have more than one target miRNA sites. The maximum number of miRNA
target sites is found to be 7 in 2 circular RNAs. Other than these 2, only 3 circular
RNAs of those 7 have a single miRNA target site, and 2 circRNAs have 2 miRNA
target sites. It was observed that the potential energy of interaction between the
miRNAs and the circRNAs is -1 in all the cases with 20 cleavage type of inhibition

and a single translation type of inhibition.

The identification of the miRNAs was followed by the identification of the
mRNAs in soybean that were targeted by those miRNAs in order to understand the
whole interaction between the circRNAs, miRNAs and mRNAs. The identification of
the target mRNAs of the predicted 17 miRNAs was done using psRNATarget with
Expectation value < 2. Out of 17 miRNAs, 12 miRNAs were found to target 281
unique mRNAs and total 366 interactions. It was observed that the potential energy
for all the interactions between the miRNAs and target mRNAs is -1. It was also
found that there was only one translation inhibition and the rest 365 interactions
results in cleavage inhibition. A sample list of mRNAs targeted by miRNAs is given
in Table 15

Table 15: List (sample) of miRNAs targeting mRNAs in soybean-drought

miRNA_Acc. Target Acc. Expectatic UPES miRNA_ste miRNA_end Target_start Target_end miRNA_aligni Target_aligr Inhibition
gma-miR1040 Glyma.11G1 o] -1 1 24 2605 2628 AGUUAACGG, GACAAAUU Cleavage
gma-miR1040 Glyma.11G1 o] -1 1 24 2624 2647 AGUUAACGG, GACAAAUU Cleavage
gma-miR1040 Glyma.11G1 o] -1 1 24 2669 2692 AGUUAACGG, GACAAAUU Cleavage
gma-miR1040 Glyma.11G1 o] -1 1 24 3258 3281 AGUUAACGG, GACAAAUU Cleavage
gma-miR1040 Glyma.11G1 o] -1 1 24 2605 2628 AGUUAACGG, GACAAAUU Cleavage
gma-miR1040 Glyma.11G1 o] -1 1 24 2624 2647 AGUUAACGG, GACAAAUU Cleavage
gma-miR1040 Glyma.11G1 o] -1 1 24 2669 2692 AGUUAACGG, GACAAAUU Cleavage
gma-miR1040 Glyma.11G1 o] -1 1 24 3258 3281 AGUUAACGG, GACAAAUU Cleavage
gma-miR1533 Glyma.14G0; o] -1 1 19 267 285 AUAAUAAAA UCAUUAUU, Cleavage
gma-miR1533 Glyma.14G0; o] -1 1 19 267 285 AUAAUAAAA UCAUUAUU, Cleavage
gma-miR1533 Glyma.14G0; o] -1 1 19 267 285 AUAAUAAAA UCAUUAUU, Cleavage
gma-miR1533 Glyma.14G0; o] -1 1 19 267 285 AUAAUAAAA UCAUUAUU, Cleavage
gma-miR1533 Glyma.14G0! o] -1 1 19 267 285 AUAAUAAAA UCAUUAUU Cleavage
gma-miR1020 Glyma.13G1: 0.5 -1 1 21 621 641 AGGUUUUAA AUUUUAAUICleavage
gma-miR1513 Glyma.07G1i 0.5 -1 1 21 104 124 UGAGAGAAA GUAAGUCAL Cleavage
gma-miR1513 Glyma.07G1: 0.5 -1 1 21 89 109 UGAGAGAAA GCAAGUCAL Cleavage
gma-miR1513 Glyma.07G1i 0.5 -1 1 21 104 124 UGAGAGAAA GUAAGUCAL Cleavage
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Blast2Go results

To understand the functional role of the mRNAs involved in the network in
soybean under drought stress condition, the GO analysis was performed by employing
the BLAST2GO software. The GO functional categorization generated 16 annotations
from the 281 predicted mRNAs. In that a total of 6, 5, and 5 mRNAs were classified
as the first level classification of biological processes, molecular functions, and
cellular components, respectively (Fig. 19). Among the genes involved in biological
processes, 3 mRNAs were classified into each of the categories of “metabolic process
(GO: 0008152)” and “cellular process (GO: 0009987)”, respectively. Interestingly, 2
mRNAs were categorized in each of the categories of “biological regulation (GO:
0065007)” and “response to stimulus (GO: 0050896)”, respectively (Fig. 20). In the
classification of molecular functions, two main categories were “binding (GO:
0005488)” and “catalytic activity (GO: 0003824)”, which had 3 and 4 predicted
mRNAs, respectively (Fig. 21). When the predicted mRNAs were -classified
according to the cellular component classification, categories “cell (GO: 0005623)”
and “cell part (GO: 0044464)” both made up the largest proportion of 8 predicted
mRNAs (Fig. 22). The GO analysis on predicted mRNAs showed that the targets of
differentially expressed circRNAs under drought stress in soybean were associated
with various functions involving in different cellular components, biological process,

and molecular functions.

H Biological
B Cellular

m Function

Figure 19: Differentially expressed circRNAs of soybean under drought stress
condition in GO terms of biological processes, cellular components and
molecular functions
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Figure 22: Classification of cellular components for mRNAs in soybean-drought

The potential functions of the mRNAs categorized in the GO terms were also

found and listed in Table 16
Table 16: GO based functions of mRNAs in soybean-drought

Transcription initiation factor TFIID subunit 1

Probable polygalacturonase At3g15720

itogen-activated kinase 3

Sugar transport 14-like

Carbonic anhydrase
These functions carried out by the mRNAs are involved in regulation of

drought stress responsive mechanisms in soybean. That’s why when the miRNAs that

are responsible for silencing these mRNAs get bind to the circRNAs, they remain no

more available to regulate the mRNAs and so the genes become free to carry out their

functions and help the soybean plants in tolerating the drought stress conditions
4.5 Prediction of circular RNAs in soybean under wilt stress

4.5.1 Identified circular RNAs
For soybean under wilt stress trait, the trimmed reads for control condition and
wilt stress conditions were given as input for mapping in BWA-MEM and the SAM

files generated were further given as input in CIRI. As a result 48 circular RNAs were
identified in control condition and 75 circular RNAs were identified in wilt stress

condition.
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The result files obtained under control and wilt stress conditions contain the
identified circular RNA IDs, the chromosome IDs on which the circular RNAs are
present, the start and end coordinates of the circular RNAs, the lengths of the

circRNAs as well as the type of circular RNAs like exonic, intronic or intergenic.

In soybean under control condition out of the 48 identified circular RNAs, 31
(64.5%) were intergenic circRNAs, 15 (31.25%) were exonic circRNAs and 2
(4.16%) were intronic circRNAs. Whereas, under wilt stress condition out of the 75
identified circular RNAs, 53 (70.66%) were intergenic circRNAs, 18 (24%) were
exonic circRNAs and 3 (4%) were intronic circRNAs. Thus it can be observed that in
both the conditions highest number of circular RNAs are formed from the intergenic
regions of the genome which is followed by circRNAs formed from the exonic
regions. The distribution of different types of circular RNAs under control and wilt

stress conditions are given in Fig. 23.

CT

Hintergenic
(64%)

M exon (32%)

Fig. 23a
W intron (4%)
WT
H intergenic
(71%)
H exon (24%)
Fig. 23b
 intron (4%)

Figure 23: Distribution of different types of circular RNAs (a) under control and (b)
under wilt stress conditions in soybean
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A sample of the circular RNAs identified under control condition is given in

Table 17 and that of under wilt stress condition is given in Table 18.

Table 17: List (sample) of identified circRNAs and their length, chromosomal
distribution under control condition of wilt in soybean

circRMA_ID chr  circRMA_start circRNA_end circRNA_length  circRNA_type
10:44644870 | 44656965 10 44644870 44656965 12096 intergenic_region
11:3928133| 8933250 11 8928133 8933250 5118 intergenic_region
11:9042743| 9042952 11 9042743 9042952 210 exon

11:9861138| 9866965 11 9861138 9866965 5828 intergenic_region
11:9866857 | 9892608 11 9866857 9892608 25752 intergenic_region
12:3920868| 3928991 12 3920868 3928991 8124 intergenic_region
12:3921774|3930152 12 3921774 3930152 8379 intergenic_region
13:37978908 | 37983760 13 37978908 37983700 4853 intergenic_region
14:2855219 | 2860398 14 2855219 2860398 5180 intergenic_region
14:3801742| 3808153 14 3801742 3808153 6412 exon

14:9302918| 9389342 14 9302918 9389342 86425 intergenic_region
15:3011238| 3011548 15 3011238 3011548 311 exon

16:5841009 | 5847710 16 5841009 5847710 6702 intergenic_region
16:33010788 | 33010934 16 33010788 33010934 147 exon

16:33924501 | 33930298 16 33924501 33930298 5798 intergenic_region
17:2892531| 2895545 17 2892531 2895545 3015 intergenic_region
17:9232942|9234837 17 9232942 9234837 1896 intergenic_region
18:9125163 9149112 18 9125163 9149112 23950 intergenic_region
18:50306502 | 50306660 18 50306502 50306660 159 exon

19:275127| 276513 19 275127 276513 1387 exon

2:44596302 | 44602019 2 44596302 44602019 5718 intergenic_region

Table 18: List (sample) of identified circRNAs and their length, chromosomal
distribution under wilt stress condition in soybean

circRMA_ID chr circRMA_start circRNA_end circRMA_length circRNA_type
1:1745463 | 1745696 1 1745463 1745696 234 exon

1:2601841 | 2601939 1 2601841 2601999 159 exon

10:4510843 | 4514869 10 4510843 4514869 4027 intergenic_region
10:45713078| 45721325 10 45713078 45721325 8248 intergenic_region
10:45713078 | 45721328 10 45713078 45721328 8251 intergenic_region
11:8928133 8933250 11 8928133 8933250 5118 intergenic_region
11:9866857 | 9892608 11 9866857 9892608 25752 intergenic_region
12:3920868 | 3928991 12 3920868 3928991 8124 intergenic_region
12:3921774| 3930152 12 3921774 3930152 8379 intergenic_region
13:10492941| 10541030 13 10452941 10541030 48090 intergenic_region
13:14430357| 14448409 13 14430357 14448409 18053 intergenic_region
13:16981593 | 16986402 13 16981593 16986402 4810 intergenic_region
13:37978908| 37983760 13 37978908 37983760 4853 intergenic_region
14:3801742 | 3808153 14 3801742 3808153 6412 exon
14:9302918|9389342 14 9302918 9389342 86425 intergenic_region
15:915884| 937311 15 915884 937311 21428 intergenic_region
15:4800737 | 4800966 15 4800797 4800966 170 exon
15:10277367| 10311098 15 10277367 10311098 33732 intergenic_region
16:5841009 | 5847710 16 5841009 5847710 6702 intergenic_region
16:5957190| 5962053 16 5957190 5962053 4864 intergenic_region
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4.5.2 Circular RNA sequences

Based on the circRNA ID of the identified circular RNAs under control and
drought stress conditions, the sequences of the predicted circular RNAs were fetched
from the reference genome of chickpea and a sample of the sequences of the circular
RNAs identified under control condition is given in Fig. 24. Similarly a sample of the
sequences of the circular RNAs identified under wilt stress condition is given in Fig.

25

»10_dna:chromosome_chromosome:Glycine_max_v2.1:10:1:51566898:1_REF:44644370-44656965
TCTTCCGAATTCGAAGTTAATTTGCAAGATGGGTTATGAAAAGGCTCAGATCAACATTGTGGTGGTTGGTCATGTGGACCCTGAGGAGGCAACCACCATTAACGAGCTGAAGAAGCCTGTTGTGGAGAAAGAAG
>11_dna:chromosome_chromosome:Glycine_max_v2.1:11:1:34766867:1_REF:8928133-8933250
TTCGTTTCAACGATTTCGCCGTACTGAGAGAAGGCTCTCTCGAGAGCTTGGTCGTCAGTGGCCCAAGCGAGCCCACCGACAAAGCAACGGTACTCAACATCTGAAGAAGCCATCGAAAATTGTATAAACCCTAGA
»11_dna:chromosome_chromosome:Glycine_max_v2.1:11:1:34766867:1_REF:9042743-9042552
TTCAGAATCGTACTTGGTATTTGACCTGGATGCAAAGTCATCATACTTGCTAATATTTGGTCTCGGTTCAAAATCATCGTTTITGGTAATGCTTGATTTGAGTTCTAAATCATCATATTITGGTAACACTTGGTCTCGAT]
»11_dnaichromosome_chromosome:Glycine_max_v2.1:11:1:34766867:1_REF:9861138-9866965
AATGGCGCAAATGTTAAAGGATATTATGTATGGTCTTTGTTCGACAACTTTGAGTGGTCTTCAGGCTATACATCGCGATTTGGAATGATTTTTGTGGACTACAAAAATGAATTAAAGAGATACCAAAAACTCTCTG
»11_dna:chromosome_chromosome:Glycine_max_v2.1:11:1:34766867:1_REF:9866857-9892608
TATAAATGAATATGATGAACCAACGCTATCACTTGAAGAATCTCTTATAGATACCTTCAGAATTGATTATCATTATCGTCATCTCTTTTATCTTCAATCAGCAATTAGGTAAATATTTTATTATATATAATAAGTTTAT]
»12_dna:chromosome_chromosome:Glycine_max_v2.1:12:1:40091314:1_REF:3920868-3928991
TTTATGGATCCATTAACGTCCGGAGACTATCCAAAAAGTATGCGATCTCTAGTGAGAAAAAGATTACCAAAATTTACTACAGAGCAAACCAAACTACTTATTGGTTCATTTGATTTTATTGGCCTAAACTATTACT(
=12_dna:chromosome_chromosome:Glycine_max_v2.1:12:1:40091314:1_REF:3921774-3930152
AATGGCGCAAATGTAAAGGGATATCATGTATGGTCTTTGTTCGATAATTTTGAGTGGTCTTCAGGTTATACAGTACGGTTCGGAATGATCTATATAGATTACAAAAATGATATGAAGAGACACAAAAAACTCTCTY
»13_dna:chromosome_chromosome:Glycine_max_v2.1:13:1:45874162:1_REF:37978908-37983760
TTATGGCTCTAAGCAGAGCTGCAAGGTAGGCTTTGTGATAATCTATTCATITGACATCTTGTAATAAATCATGCATTGCCTCATACGGTTAGTGCGGTGAACAATATCCTGAAACAAGTTTTACGTAGCAATCCAAA
=14_dna:chromosome_chromosome:Glycine_max_v2.1:14:1:49042192:1 REF:2855219-2860398
ATGCAGTTCTGGAGTTTGTGAGGGTGATTAGTGCAAAGAAACAAGTGGTTTCTGGCACCTTGTACTATATCACTTTGGAGGCAAATGATGGTGTGACGAAAAAGGTTTATGAAACTAAGGTGTTGGAGAAACCAT]
»14_dna:chromosome_chromosome:Glycine_max_v2.1:14:1:49042192:1_REF:3801742-3808153
TGGTGAGTCATGGAATACCCCTTGAACTATTGGATACTGTGGAAAGGTTAACAAAAGAGCATTATAGGAAATGCATGGAGAAGAGGTTCAAGGAGGCAGTGTCAAGCAAAGGGTTAGAAGCTGAAGTGAAGG,
>14_dna:chromosome_chromosome:Glycine_max_v2.1:14:1:49042192:1_REF:9302918-9389342
AAGAACCCGATGGCTTGTCGTATATAATTCAGCTCATGCCAGGATGTCCCTGCATACTACATTTCACAAGTACTTAGTCAAACCCATAAAACAAGAATTTCAAAGAAGTATCAGCAGTCTCAATCTACCTCCTCTG
AAATAGTACAAGACTATTATATTATATGGTAAAAATCCAACCTTTAAGTAAGTGGTGGATTCAATATCCTAGGTTAGTGGGGACAATTTTTAAAAATTACAAATTTATTATTATTATTATTATTATTATTATTATTATY

Figure 24: FASTA sequences of circRNAs under control condition of soybean-wilt

=1_dna:chromosome_chromosome:Glycine_max_v2.1:1:1:56831624:1_REF:1745463-1745656
GTATGGTGCAAGTGGAGAACATGGTGGTGGTTATGGTGGTGGTCAAGGAGGAGGAAGTGGAGGAGGGTATGGTGCTGGTGGAGATCATGGTGCTGLTGGCTATGGTGGTGGAGCTGGAGG
»1_dna:chromosome_chromosome:Glycine_max_v2.1:1:1:56831624:1_REF:2601841-2601599
CACCACACCAGCAACCCCACCACCAGCAACCCCACCACCAGCAGCAACTCCACCACCAGCAGCAACTCCACCACCAGCAGCAACACCAACACCAGCACCAGCACCACCAACGGCTGCACCY
=10_dna:chromosome_chromosome:Glycine_max_v2.1:10:1:51566898:1_REF:4510843-4514869
CACATTGCTCCGAATTTTTICTTCTAGGGTTTGTATTCACAAGTATTTATGGCAGTATTACTATAGCTTTATTTTIGTGGAGCTTTCCACTATAGAAGCCAACTGGCTGAGCCACTCAGGTATAAAT!
»10_dna:chromosome_chromosome:Glycine_max_v2.1:10:1:51566898:1_REF:45713078-45721325
CCTGCACTTTGAAGGTACCGATCATAAGCAGATCCAATTGTTTTAGTGTCCTTTAGCATTCGATGACCGGTGTGGTCATCATITCGAGCAATATAATTATGCATTTCATTACCCCCTGAAGTCAG
=10_dna:chromosome_chromosome:Glycine_max_v2.1:10:1:51566898:1_REF:45713078-45721328
CCTGCACTTTGAAGGTACCGATCATAAGCAGATCCAATTGTTTTAGTGTCCTTTAGCATTCGATGACCGGTGTGGTCATCATTTCGAGCAATATAATTATGCATTTCATTACCCCCTGAAGTCA
=11_dna:chromosome_chromosome:Glycine_max_v2.1:11:1:34766867:1_REF:8928133-8333250
TTCGTTTCAACGATTTCGCCGTACTGAGAGAAGGCTCTCTCGAGAGCTTGGETCGTCAGTGGCCCAAGCGAGCCCACCGACAAAGCAACGGTACTCAACATCTGAAGAAGCCATCGAAAATTH
=11_dna:chromosome_chromosome:Glycine_max_v2.1:11:1:34766867:1_REF:9866857-9892608
TATAAATGAATATGATGAACCAACGCTATCACTTGAAGAATCTCTTATAGATACCTTCAGAATTGATTATCATTATCGTCATCTCTTTTATCTTCAATCAGCAATTAGGTAAATATTTTATTATAT
=12_dna:chromosome_chromosome:Glycine_max_v2.1:12:1:40091314:1_REF:3920868-3528991
TTTATGGATCCATTAACGTCCGGAGACTATCCAAAAAGTATGCGATCTCTAGTGAGAAAAAGATTACCAAAATTTACTACAGAGCAAACCAAACTACTTATTGGTTCATITGATTTTATTGGC
»12_dna:chromosome_chromosome:Glycine_max_v2.1:12:1:40091314:1_REF:3921774-3930152
AATGGCGCAAATGTAAAGGGATATCATGTATGGTCTTTGTTCGATAATTTTGAGTGGTCTTCAGGTTATACAGTACGGTTCGGAATGATCTATATAGATTACAAAAATGATATGAAGAGACA]
>13_dna:chromosome_chromosome:Glycine_max_v2.1:13:1:45874162:1_REF:10492941-10541030
TTTTATGACAGCATTAAAAGCTTCTGCAAAAAAAAAAAGGGTTACTTGAGTGAATGGTGTGATAAAGAATCTTTTGATTACAATGTTAATGTGAGATGCAATAAATAAGGTACTTGTTAAAGY
AAGGCCATGTGCATAAGAGAATAGGAAGATTTATITGTATCCAAACCCCACTATGATGTGGGAGCAACCAGCCTTACATGACAACCAACTTCAAAGTCCTCTGCTATTAAGTCACCAGCAAT)
=13_dna:chromosome_chromosome:Glycine_max_v2.1:13:1:45874162:1_REF:14430357-14448409
CAACAATCATCACTATTAATAAGAGTTCCTTCCTTCACTCTCACCCAAGCCAARGANACCARCARCAACAACAACARCARACTAACGTGAAAGAGAGAGAGATGGAGGCGATIGITCCAG

Figure 25: FASTA sequences of circRNAs under wilt stress condition of soybean

4.5.3 Lengthwise distribution of the circular RNAs

The circular RNAs identified were found to be of different lengths having a

range of 147 nucleotides to 642 nucleotides for exonic circRNAs, 352 nucleotides to
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387 nucleotides for intronic circRNAs and 1896 nucleotides to 121747 nucleotides for
intergenic circRNAs under control condition; whereas under wilt stress condition the
length ranges from 135 nucleotides to 674 nucleotides for exonic circRNAs, 582
nucleotides to 903 nucleotides for intronic circRNAs and 2320 nucleotides to 173741
nucleotides for intergenic circRNAs. The lengthwise distribution of the circular RNAs
under both the conditions are given in Fig. 26-28 (where x-axis denotes the length of
circRNAs in terms of the number of nucleotides and y-axis denotes the number of

circRNAs).
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Figure 26: Lengthwise distribution of exonic circRNAs under control and wilt stress
conditions in soybean
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Figure 27: Lengthwise distribution of intronic circRNAs under control and wilt stress
conditions in soybean
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Figure 28: Lengthwise distribution of intergenic circRNAs under control and wilt
stress conditions in soybean

4.5.4 Distribution of the circular RNAs based on expression values (FPKM)

The expression values of the circular RNAs under control and drought
conditions were obtained using the RSEM tool and were divided into six classes
having values 0, 1-100, 100-200, 200-300, 300-400 and >400. The expression values
for most of the circular RNAs under both the conditions is more than 400. 25 circular
RNA under control condition has expression value greater than 400, whereas in case
of wilt stress condition 35 circular RNAs have expression value greater than 400. The
distribution of the circular RNAs based on the expression values as obtained through
RSEM is shown in Fig. 29 (where x-axis denotes the expression value of circRNAs in

terms of FPKM value and y-axis denotes the number of circRNAs)
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Figure 29: Distribution of circRNAs based on expression values under control and
wilt stress conditions in soybean
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4.5.5 Differentially expressed circular RNAs

From the identified circular RNAs under control and wilt stress conditions, the
differentially expressed circular RNAs were identified using DESeq2 package of R
software. 24 differentially expressed circular RNAs were identified under control and
wilt stress condition of soybean with a p-value ranging from 0.089 to 1. Only one
circular RNA was identified as differentially expressed with p-value less than 0.1,

originated from the intergenic region and is downregulated.

A sample of the result is given in Table 19

Table 19: List (sample) of differentially expressed circRNAs in soybean-wilt

circRNA_ID baseMean  log2FoldChange IfcSE stat pvalue

18_dna:chromosome_chromosome:Glycine_max_v2.1:18:1:58018742:1 REF:49532142-49539485 147.8680179 0.846455303  0.47461189 1.783468389 0.074510089
9_dna:chromosome_chromosome:Glycine_max_v2.1:9:1:50189764:1_REF:1827313-1832264 9529.181292 -0.832454619 0.539896489 -1.541952274 0.123085192
8_dna:chromosome_chromosome:Glycine_max_v2.1:8:1:47837940:1_REF:7434887-7443884 255.5519428 0.682002764 0.472055786 1.444877457 0.143492309

6_dna:chromosome_chromosome:Glycine_max_v2.1: 1416486:1_REF:45697097-45728257 561.502906 0.634257297 0.569995781 1.112740335 0.265819967

9_dna:chromosome_chromosome:Glycine_max_v2.1: 0189764:1_REF:41497262-41497302 2225.065073 0.596924443 0.554284616 1.076927676 0.281512578
11_dna:chromosome_chromosome:Glycine_max_v2.1:11:1:34766867:1_REF:8928133-8933250 1819.102368 -0.57176334 0.572327382 -0.999014477 0.317737678
12_dna:chromosome_chromosome:Glycine_max_v2.1:12:1:40091314:1_REF:3921774-3930152 604.6443325 0.555032052 0.572763757 0.969041852 0.332524308
6_dna:chromosome_chromosome:Glycine_max_v2.1:6:1:51416486:1_REF:45830034-45836851 7037.381348 -0.31656812 0.333069854 -0.950455635 0.341830736
18_dna:chromosome_chromosome:Glycine_max_v2.1:18:1:58018742:1_REF:1099021-1104695 1178.889366 0.402468073 0.425408729 0.946073848 0.344110922
15_dna:chromosome_chromosome:Glycine_max_v2.1:15:1:51756343:1_REF:12636344-12645124 984.7336515 0.447290266 0.481950182 0.928084026 0.353363985
6_dna:chromosome_chromosome:Glycine_max_v2.1:6:1:51416486:1_REF:50841293-50844818 769.5785304 0.436836954 0.560569534 0.779273449 0.435818652
11_dna:chromosome_chromosome:Glycine_max_v2.1:11:1:34766867:1_REF:8927977-8931149 10669.9713 -0.436041834 (.568929274 -0.7606425378 0.443423237

7_dna:chromosome_chromosome:Glycine_max_v2.1:7:
3_dna:chromosome_chromosome:Glycine_max_v2.1:
7_dna:chromosome_chromosome:Glycine_max_v2.1:

:44630646:1_REF:43200672-43217184 50.57804171 -0.37180673% 0.521193108 -0.713376161 0.47561302
45779781:1_REF:5541334-5980395 2591.7359305 -0.211563505 0.457823205 -0.462108303 0.644003656
A1630646:1_REF:4027348-4042367 112.2722809 0.202399978 0.441479591  0.45845829 0.646623222

3_dna:chromosome_chromosome:Glycine_max_v2.1:3:1:45779781:1_REF:4794675-4894600 148.8625502 -0.191737061 0.43224672 -0.443582455 0.657344493
18_dna:chromosome_chromosome:Glycine_max_v2.1:18:1:58018742:1 REF:6856493-6858812 2644,338057 0.080553027 0.264120491 0.304985905 0.760376838
6_dna:chromosome_chromosome:Glycine_max_v2.1: 1416486:1_REF:4487693-4497730 251.9423074 -0.100815679 0.439660414 -0.229303517 0.81863302
16_dna:chromosome_chromosome:Glycine_max_v2.1:16:1:37887014:1_REF:5841009-5847710 37.48778728 -0.112873053 0.551928718 -0.204506577 0.837957653
8_dna:chromosome_chromosome:Glycine_max_v2.1:83:1:47837940:1_REF:47391302-47397126 5290.867515 -0.032367874 0.226942964 -0.14262559 0.886585886
18_dna:chromosome_chromosome:Glycine_max_v2.1:18:1:58018742:1_REF:8118704-8189069 199.8348138 0.02937779 0.426543735  0.06887404 0.945089882
16_dna:chromosome_chromosome:Glycine_max_v2.1:16:1:37887014:1 REF:36720161-36724310 1536.754063 -0.000116711 0.515586682 -0.000226366 0.999819386
7_dna:chromosome_chromosome:Glycine_max_v2.1:7:1:44630646:1_REF:495938-513138 3731401881 -1.47e-09 0.202502704 -7.28-09 0.999999594
7_dna:chromosome_chromosome:Glycine_max_v2.1:7:1:44630646:1_REF:502415-511575 0 NA NA NA NA

Among the 24 identified circular RNAs, 12 circRNAs were found to have log:FC<0
indicating downregulation (Table 20), whereas 12 circRNAs were found to have

log2FC>0 indicating upregulation (Table 21).

Table 20: List of downregulated circRNAs in soybean-wilt

circRNA_ID baseMean log2FoldChang IfcSE stat pvalue

7_dna:chromosome_chromosome:Glycine_max_v2.1 709.3314047 -2.290626513 1.350556 -1.69606 0.089874
KZ847214 dna:supercontig_supercontig:Glycine_max 38.78358759 -1.34508724 1109218 -1.21264 0.225266
11 _dna:chromosome_chromosome:Glycine_max_v2. 356.1966334 -0.875846168 0.757436 -1.15633 0.247545
2_dna:chromosome_chromosome:Glycine_max_v2.1 710.5561496 -0.743598755 0.670172 -1.10956 0.267187
9 dna:chromosome_chromosome:Glycine_max_v2.1 319.6584114 -0.572228943 1.067934 -0.53583 0.592078
16_dna:chromosome_chromosome:Glycine_max_v2. 130.0270805 -0.445013204 0.531682 -0.83699 0.402598
18_dna:chromosome_chromosome:Glycine_max_v2. 145.7446397 -0.402091836 0.499557 -0.8049 0.420879
8 dna:chromosome_chromosome:Glycine_max_v2.1 52.86815362 -0.375586025 0.580686 -0.6468 0.517764
11 dna:chromosome_chromosome:Glycine_max_v2. 2636.46746 -0.269143363 0.334095 -0.76009 0.447202
7_dna:chromosome_chromosome:Glycine_max_v2.1 58.78775383 -0.233145689 0.510527 -0.45668 0.647904
13_dna:chromosome_chromosome:Glycine_max_v2. 42.25369806 -0.201202276 0.559047 -0.3599 0.71852
2_dna:chromosome_chromosome:Glycine_max_v2.1 234.5386429 -0.081902688 0.312221 -0.26232 0.793072
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Table 21: List of upregulated circRNAs in soybean-wilt

circRNA_ID baseMean  log2FoldChangeIfcSE stat pvalue
12 dna:chromosome_chromosome:Glycine_max_v 41.64132563 5.29E-08 0.540154 9.79E-08
6_dna:chromosome_chromosome:Glycine_max w2 48.37742242  0.035331766 0.511035 0.069138 0.34488
4 dna:chromosome_chromosome:Glycine_max_v2 1509.702178  0.071321199 0.233514 0.305426 0.760041
3 _dna:chromosome_chromosome:Glycine_max_w2 34.49698054  0.114331325 0.588745 0.194195 0.846023
14 dna:chromosome_chromosome:Glycine_max_ v 9.185586535 0.16754938 0.966981 0.173271 0.862439
12_dna:chromosome_chromosome:Glycine_max_v 445.8071332  0.281126461 0.382938 0.73413 0.462369
14 dna:chromosome_chromosome:Glycine_max_v 433.5596845  0.368008202 0.440086 0.836218 0.403032
3 _dna:chromosome_chromosome:Glycine_max w2 82.46615467  0.387958513 0.536982 0.72243 0.469999
&_dna:chromosome_chromosome:Glycine_max_v2 2620.341652  0.511997786 0.518077 0.983266 0.323022
3 _dna:chromosome_chromosome:Glycine_max w2 740.1541506  0.586750648 0.573614 1.022502 0.306354
8 _dna:chromosome_chromosome:Glycine_max_w2 1722.603662  0.866810737 0.736806 1.176443 0.235418
9 _dna:chromosome_chromosome:Glycine_max_v2 1900.395792  1.843348513 1.436851 1.282908 0.199524

4.6 CircRNA-miRNA-mRNA network in soybean under wilt stress trait

The identified differentially expressed circular RNAs of chickpea under
control and drought stress condition are used for identification of the miRNAs for
which those circular RNAs act as sponges, using psRNATarget. In psRNATarget the
FASTA file containing the miRNA sequences downloaded for soybean were used as
input for small RNA sequences and the FASTA file containing the sequences of the
differentially expressed circRNAs as the target sequence database. A sample list of

circRNAs targeted by miRNAs is given in Table 22.

Table 22: List (sample) of miRNAs targeting circRNAs in soybean-wilt

miRMA_Acc. Target Ac UPES

gma-miR4415a 11 -1 1
gma-miR4415b 11 -1 1
gma-miR10196 ] -1 1
Ema-miR10407 3 -1 1
Ema-miR10407 3 -1 1
Egma-miR10407 3 -1 1
Egma-miR10407 3 -1 1
gma-miR1513a 7 -1 1
gma-miR1513b 7 -1 1
Ema-miR1533 ] -1 1
gma-miR1533 a8 -1 1
Ema-miR1533 14 -1 1
Ema-miR1533 14 -1 1
Ema-miR1533 3 -1 1
Ema-miR1533 3 -1 1
Ema-miR1533 3 -1 1
Ema-miR1533 3 -1 1
Ema-miR1533 3 -1 1
Ema-miR1533 11 -1 1
Ema-miR1533 11 -1 1
Egma-miR4405 11 -1 1
Ema-miR6299 3 -1 1

21
21
22
24
24
24
24
21
21
19
19
19
19
19
19
19
19
19
19
19
24
22

11402
11402
12408
16858
93765
16858
93765
4198
4198
14453
14474
32864
32885
54784
54805
88405
115094
116797
4628
13078
17099
1979

miRMNA_sta miRNA_end Target_star Target_end miRNA_aligi Target_aligr Inhibition
11422 UUGAUUCUCUGAUGUUC! Cleavage
11422 UUGAUUCUCUGAUGUUC! Cleavage
12429 UGAUUGUGI UCAAAGUG! Cleavage
16881 AGUUAACGIGAUAAALUU Cleavage
93788 AGUUAACGIGAUAAAUU Cleavage
16881 AGUUAACGIGAUAAALUU Cleavage
93788 AGUUAACGIGAUAAAUU Cleavage
4218 UGAGAGALA GUAAGUCAI Cleavage
4218 UGAGAGALA GUAAGUCAI Cleavage
14471 AUAAUAAL UUAUUALU, Cleavage
14492 AUAAUAAA UUAUUAUU. Cleavage
32882 AUAAUAAL UUALUALU, Cleavage
32903 AUAAUAAL UUALUUALU, Cleavage
54802 AUAAUAAL UUAUUAUL, Cleavage
54823 AUAAUAAL UUAUUAUL, Cleavage
88423 AUAAUAAL UUAUUALU, Cleavage
115112 AUAAUAALA UUAUUAUL, Cleavage
116815 AUAAUAAA UUAUUAUL. Cleavage
4646 AUAAUAAL UUALUUALUU, Cleavage
13096 AUAAUAAL UUALUUALU, Cleavage
17122 AUUCUAAG) GGUUAUAC Cleavage

2000 AUUUAAAAIUAUCAAALI Translatio
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The total number of target miRNAs predicted were 22, but the number of
unique miRNAs targeting the differentially expressed circRNAs were 10. This is
because there are several miRNAs which target more than one differentially
expressed circular RNA. Moreover, out of the total 24 differentially expressed
circular RNAs, only 18 circular RNAs have the miRNAs targets. Most of those 18
circular RNAs have more than one target miRNA sites. The maximum number of

miRNA target sites is found to be 2.

The identification of the targeting miRNAs was followed by the identification
of the mRNAs in soybean that were targeted by those miRNAs in order to understand
the whole interaction between the circRNAs, miRNAs and mRNAs. When the
miRNAs get bind to their target circRNAs, that miRNAs are no more available to
regulate the function of their target mRNAs. That’s why identification of the target
mRNAs of the predicted 10 miRNAs was done using psRNATarget with Expectation
value <2. Out of 10 miRNAs, all were found to target 275 unique mRNAs with a total
of 366 interactions. The result file contains the IDs of both miRNAs and their target
mRNAs, expectation value, unpaired potential energy, start and end coordinates of the
alignment of both miRNAs and mRNAs, as well as the inhibition type. It was
observed that the potential energy for all the interactions between the miRNAs and
target mRNAs is -1. It was also found that there was only one translation inhibition
and the rest 365 interactions results in cleavage inhibition. A sample of the mRNAs

targeted by miRNAs is given in Table 23

Table 23: List (sample) of mRNAs targeted by miRNAs in soybean-wilt

T
MIRMNA_Acc. Target Acc. UPES miRMNMA_align Target_aligne« Inhibitior]

Erma-miR1L0
Ema-miR 104
grma-rmiR L0
gma-miRL0P
Erma-nmiR1L0
Erna- iR 10
grma-mmi R L0
gma-miR L0«
gma-miRkR1s3
Ema-miR153
Ema-miR153
gma-miR1l53
gma-miR153
gEma-miR1sL
Ema-miR1S1L
Ema-miR151
gma-miR151
Ema-miR1s3
Ema-miR1S1L
Ema-miR1S1
gma-miR151
gma-miR151L
gEma-miR1sL

Glyma.11G1
Glyma.11G1
Glyma.11G1
Glyma.l11G1
Glyma.11G1
Glyma. 1161
Glyma.11G1
Glyma.l1lG1
Glyma. 1460
Glyma.14G0
Glyma. 1460
Glyma.14G0
Glyma.14G0
Glyma. . O7FG 1L
Glyma. o7G 1L
Glyma.o7G1L
Glyma.07G 1L
Glyma.0sG 1
Glyma. . 0eG 1L
Glyma.olG2
Glyma.16G2
Glyma.l6G2
Glyma. . OLGE2

-1
-1

-1
-1
-1
-1
-1
-1
-1
-1
-1
-1
-1
-1
-1
-1
-1
-1

-1
-1
-1

AGUUAACGG.
AGUUAACGG.
AGUUAACGG.
AGUUAANCEG.
AGUUAACEG.
AGUUAACGG.
AGUUAACGGE.
AGUUANCEGE.

PR VATV
FXTY-VATY- V.V
T VATY- V.V
AU UL A,
VYNV
UG A GAGA DN
UGAGAGAAN
UGAGAGANN
UGAGAGALN
TNV
UGAGAGANN
UGAGAGANN
UGAGAGAAN
UGAGAGHNN
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GACAAMUUC Cleavage
GAaCaLAAUUC Cleavage
SACAAAIIC Cleavage
GACALMAUUC Cleavage
GACOALAMAUUC Cleavage
GACALAMAUUC Cleavage
GACAAAUIUC Cleavage
GACALNMIUC Cleavage
UCauusAUuUuns Cleavage
UCaAaUuUAUUN Cleavage
UCauuUsAUUs Cleavage
UCcaUuUsAUUs Cleavage
UCAUUAUDUS Cleavage
GUAAGUCAU Cleavage
GCAAGUCAU Cleavage
GUAaAGUCAU Cleavage
GCANMAGUCAU Cleavage
UuauuAUUS Cleavage
GUAAGUCGU Cleavage
GUAAGUCAU Cleavage
SUAAGUCAU Cleavage
GUAAGUCAU Cleavage
GUAAGUCAU Cleavage
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Blast2Go results

To understand the functional role of mRNAS involved in the circRNA-
miRNA-mRNA network, the GO analysis was performed by employing the
BLAST2GO software. The GO functional categorization generated 14 annotations
from the 275 predicted mRNAs. In that, a total of 5, 5 and 4 mRNAs were classified
as the first level classifications of biological processes, molecular functions, and
cellular components, respectively (Fig. 30). Among the biological process
classification, 3 mRNAs were classified into each of the categories of “metabolic
process (GO: 0008152)” and “cellular process (GO: 0009987)”, respectively (Fig.
31). In the molecular functions classification, the main category was “catalytic
activity (GO: 0003824)”, which had 3 mRNAs, (Fig. 32). When the predicted
mRNAs were classified according to the cellular component classification, categories
“cell (GO: 0005623)” and “cell part (GO: 0044464)” both made up the largest
proportion of 8 predicted mRNAs (Fig. 33). The GO analysis on predicted mRNAs
showed that the targets of differentially expressed circRNAs under wilt stress were
associated with various functions involving in different cellular components,

biological process, and molecular functions.

®m Biological
M Function

Cellular

Figure 30: Differentially expressed circRNAs in soybean-wilt in GO terms of
biological processes, cellular components and molecular functions
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Figure 33: Classification of cellular components for mRNAs in soybean-wilt

The potential functions of the mRNAs categorized in the GO terms were also

found and listed Table 24
Table 24: GO based functions of mRNAs in soybean-wilt

Structural constituent of cell wall
Polygalacturonase activity;carbohydrate metabolic process

Intracellular;MAP kinaseactivity; ATP binding; MAPK cascade

Integral component of membrane
Carbonate dehydratase activity;zinc ion binding;carbon utilization

Substrate-specific transmembrane transporter activity
These functions carried out by the mRNAs are involved in regulation of wilt

stress responsive mechanisms of soybean. That’s why when the miRNAs that are

responsible for silencing these mRNAs get bind to the circRNAs, they remain no
more available to regulate the mRNAs and so the genes become free to carry out their

functions and help the soybean plants in tolerating the wilt stress conditions.
In case of wilt stress in chickpea, the RNA-seq data collected from NCBI,

described in material section, was analysed for the identification and characterization

of circular RNAs. However, no results on circular RNAs were found, probably, due to

non availability of exhaustive transcriptome data in chickpea.
Based on the results obtained in this chapter, a detailed discussion on the role

of circRNAs in drought and wilt stress tolerance mechanisms in chickpea and soybean

is made in the next chapter.



CHAPTER V

Discussion

In this chapter, a brief discussion about the results obtained from identification and
characterization of circular RNAs in chickpea and soybean under drought and wilt
stress conditions is given. Besides, the discussion is made in the context of findings
reported in literature with regard to the role of circular RNAs under biotic and abiotic

stress tolerance mechanisms in chickpea and soybean.
5.1 Identification of circRNAs

Although the role of circRNAs have been reported in some plant species like
Arabidopsis thaliana (Sablok et al., 2016), rice, etc., circRNAs in legumes under
abiotic and biotic stress conditions is yet to be fully explored. In the present study,
circular RNAs in chickpea as well as soybean under drought and wilt stress conditions
were identified. Previously, by analyzing the publically available RNA-seq data
12,037 (6074exons) and 6012 (5152exons) circRNAs were identified from Oryza
sativa and Arabidopsis thaliana, respectively (Ye et al., 2015). While 2354 circRNAs
(1356 exons) were identified in rice through deep sequencing and computational
analysis of ssRNA-seq data (Lu et al., 2015). Recently, deep sequencing research in
tomato identified 854 circRNAs (615 exons), in which 163 exhibiting chilling
responsive expression (Zuo et al., 2016), and 88 circular RNAs were identified in
wheat under dehydration stress condition. In our study the number of circRNAs
identified were lesser in number as compared to Oryza sativa and Arabidopsis
thaliana (200 and 285 in chickpea under control and drought stress conditions
respectively, 57 and 66 in soybean under control and drought stress conditions
respectively and 48 and 75 in soybean under control and wilt stress conditions
respectively). The percentages of exons (< 20% in both the crops under drought stress
condition and about 30% under wilt stress condition in soybean) were also not as
many as reported earlier in other plants. The results may be attributed to the following
possible reasons: (i) The sequencing data is one of the most important factor
influencing the number of identified circRNAs, because more number of reads
denotes not only the high detection rate of circRNAs, but also could eliminate the
false positives (Szabo and Salzman, 2016). The sequencing data size in present study
is only 42M and 47M reads (chickpea-drought), 31M and 35M reads (chickpea-wilt),
26.5M and 28M reads (soybean-drought) and 23M and 31M reads (soybean-wilt),
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while it was 710 million paired-end reads sized 100 bp in rice (Lu et al., 2015);
(i))The available chickpea genome sequences are limited in public database

(http://plants.ensembl.org and http://ncbi.nlm.nih ); (iii) The software used for the

circRNAs prediction. We identified the circRNAs in legumes using CIRI algorithm
(Gao et al., 2015). It is an efficient and unbiased algorithm for the denovo
identification of circRNAs, which has already been used in organisms like animals,
humans, and plants (Zuo et al., 2016). CIRI has been proven to be more useful as
compared to other algorithms when conducting more unbiased circRNA analyses or
in poorly annotated organisms (Hansen et al., 2015). However, it is known that the
differences between organization of genomes might influence the results on circRNA
identification (Chen, et al., 2016), as well as non availability of specific algorithm for

legume circRNAs detection.
5.2 The Differential Expression Patterns of circRNAs

To investigate whether the circRNAs expressed in a specific manner in
chickpea and soybean under drought and wilt stress conditions, we compared the
circRNA expression patterns between the control condition and stress conditions in
these crops. The results showed differential expression in 44 circRNAs of which 22
upreglated and 22 downregulated in chickpea under drought stress, 23 circRNAs of
which 11 upregulated and 12 downregulated in soybean under drought stress and 24
circRNAs of which 12 upregulated and 12 downregulated in soybean under wilt stress
condition. The differential expressions were found to be significantly different at
higher a level of significance suggesting that they might play roles in responding to
the different stress conditions under study. In previous studies on wheat under
dehydration stress, 66 circRNAs showed significant difference out of 88 identified
circRNAs which indicated their specific roles in the anti-dehydration stress
regulation, whereas in tomato under chilling stress condition 163 circRNAs out of 8§54
identified circRNAs had significant difference between control and chilling injury

conditions, indicating their specific role in chilling injury regulation.
5.3 Prediction of circRNAs acting as miRNA Sponges in legumes

To evaluate whether circRNAs in legumes could affect post-transcriptional
regulation of functional genes by binding to miRNAs, the bioinformatics methods

were employed to identify the circRNA-originating target mimics in chickpea and
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soybean based on the differentially expressed circRNAs. A total of 17 miRNAs, 40
miRNAs and 10 miRNAs were found to target 7, 21 and 18 differentially expressed
circRNAs respectively in soybean-drought, chickpea-drought and soybean-wilt stress
conditions. Moreover, most of the differentially expressed circRNAs had two to nine
miRNA- binding sites, which was significantly higher than that reported in rice (Lu et
al., 2015) and tomato (Zuo et al., 2016).

5.4 Interaction between circRNA-miRNA-mRNA

The functions of the predicted mRNAs as reported by BLAST2GO in
chickpea and soybean under drought and wilt stress conditions showed that the
mRNAs were involved in plant hormone signal transduction, response to stress,
defence response mechanism, transcription factor activity, response to auxin as well
as in various enzymatic activities like oxidoreductase activity, GTPase activity,
hydrolase activity and so on in chickpea under drought stress conditions. While in
soybean under drought stress condition the predicted mRNAs were found to be
involved in activity of transcription initiation factor, polygalacturonase activity,
mitogen-activated kinase activity and carbonic anhydrase activity. Those plant
enzymes were found to participate in drought stress tolerance by mediating growth,
development, nutrient allocation and gene expression. Recently, the role of auxins in
drought tolerance was postulated by Peleg and Blumwald (2011). This supports our
present finding on expression of genes/mRNAs involved in response to auxins, as

miRNAs fail to regulate them due to their binding with circRNAs.

Wang, et al. (2017) identified circRNAs along with their targets in wheat
leaves under dehydration stress. They also explained the involvement of these
predicted circRNAs in plant hormone signal transduction involving auxins etc under
dehydration stress. In a similar way we have also found the indirect involvement of
circRNAs in drought stress mechanism due to their action as sponges for miRNAs

that no more remains available to regulate the mRNAs.

Zuo, et al. (2016) deciphered the importance of circRNAs in regulating
chilling responsive expression in tomato. Further they found circRNAs acting as
miRNA sponges in tomato. In similar lines around 24 differentially expressed
circRNAs to be involved in wilt stress responsive process such as, structural

constituent of cell wall, polygalacturonase activity, carbohydrate metabolic process,
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ATP binding, NAPK cascade, membrane activity, carbonate dehydratase activity, zinc
ion binding, carbon utilization and substrate specific transmembrane activity are

1dentified.

Keeping in view the objectives of the study, material methods used, results
obtained and discussion made in the chapters 1-5, a summary of the findings,

conclusion and future scope of work are given in the next chapter.



CHAPTER VI

Summary and Conclusion

This chapter presents a summary of findings and conclusion drawn from the
research work carried out in this thesis. The whole thesis has been divided into 5

chapters followed by summary, abstract in English and Hindi and bibliography.

With the rapid increase in population the importance of growing more and
more leguminous crops along with cereals are being realized, among which
soybean and chickpea are two important crops. But the productivity of these crops
is highly affected by adverse environmental conditions like drought stress and some
biotic stress conditions like wilt disease. Several studies have shown the role of
different non-coding RNAs in regulating those stress responsive mechanisms in
plants. But circular RNAs being a new star of non-coding RNAs remained

unexplored in leguminous crops specific to drought and wilt stress responses.

Keeping in mind the above research gap, the study on “Identification and
characterization of circular RNAs in legumes” was taken up with the following

objectives:

1) To identify and characterize circRNAs responsible for biotic and abiotic stress

tolerance in the leguminous crops

ii) To study the relationship between circRNA-miRNA-mRNA

In chapter 1, a brief introduction of the leguminous crops and their importance,
followed by the introduction to coding and non-coding RNAs, various types of non-
coding RNAs along with their potential roles, a brief detailing about circular RNAs,
along with their biogenesis, functions and identification was given. This chapter gives

an overview of the context and the scope of the research work conducted.

Chapter 2, discusses the literature related to general overview of biotic and abiotic
stresses in leguminous crops with special reference to soybean, and chickpea and non-
coding RNAs, with main emphasis given on circular RNAs of various crops and

different tools developed for their identification and characterization.

Chapter 3, deals with description of methodology, that has been used for the present
study. A well established tool CIRI was used for the prediction of the circular RNAs

in soybean and chickpea under drought and wilt stress conditions. Their identification



62|Summary and Conclusion

was followed by the identification of the differentially expressed circular RNAs under
control and drought stress conditions as well as control and wilt stress conditions.
Further, those differentially expressed circRNAs were used to detect their role as
miRNA sponges using TargetFinder and their interaction with mRNAs through
psRNATarget. Finally, the functional characterization of the mRNAs were done using

BLAST2GO.

Chapter 4, deals with the results of the research work. The results were written based
on the circular RNAs identified, their length distribution, the differentially expressed
circular RNAs identified, their role as miRNA sponges as well as the interaction of
the circRNAs-miRNAs-mRNAs. The results in brief were: the number of identified
circRNAs were 57 (control) and 66 (drought stress) in soybean-drought; 200 (control)
and 285 (drought stress) in chickpea-drought, and 48 (control) and 75 (wilt stress) in
soybean-wilt conditions, whereas in chickpea-wilt condition no circRNA was
identified by CIRI. The number of miRNAs targeting the DEcCRNAs under drought
stress condition in soybean is 17, whereas in chickpea it is 40 and in soybean under
wilt stress condition is 10. The mRNAs targeted by the miRNAs under drought stress
condition in soybean is 281, in chickpea under drought stress condition is 145 and in
soybean under wilt stress is 275. The mRNAs targeted by the miRNAs are involved in
intensifying the metabolic activities (polygalacturonase), enzymatic activities (MAP
kinase, Carbonate dehydratase ), and retaining the cell structure. In addition
transcription initiation factor TFIID, sugar transport 14 are also involved in drought

and wilt stress tolerance mechanisms.

Chapter 5, is devoted towards general discussion drawn based on the results obtained
from the study. Here discussion was also made in the light of findings reported by a
galaxy of earlier workers under various biotic and abiotic stress conditions in crops
such as rice, Arabidopsis thaliana , tomato, wheat. The differential expression
patterns of circRNAs and their role in regulating the genes responsible for drought
and wilt stress conditions was discussed. Also the activity of circRNAs as sponges for
miRNAs that target a number of genes involved in stress tolerance mechanisms was
discussed. Besides the functional role of genes involved in the interaction of
circRNA-miRNA-mRNA was also discussed.

Finally, the thesis ended with summary and conclusion followed by future

scope of work.
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Future Scope of work

In the present study, among various abiotic and biotic stresses affecting
chickpea and soybean, drought stress condition and wilt infected conditions were only
taken for identification of the circRNAs and the potential role played by them in
regulation of genes involved in stress responsive mechanisms. Such attempts can be
further extended to other important stress conditions like heat stress, salinity stress,
root rot disease, bacterial blight disease etc that affect the productivity of leguminous

Ccrops.

In addition the identification of circular RNAs was done using the CIRI tool.
Though this tool/algorithm was reported as an efficient tool, several other algorithms
like CIRCExplorer, find circ, Mapsplice etc can also be applied for circRNA

identification followed by further downstream analysis.



Identification and characterization of circular RNAs in legumes

ABSTRACT

Leguminous crops are important crops next to cereals. The production and
productivity of these crops has a major impact on country’s economy as well as the
economic status of the stakeholders-farmers. Moreover, the nutritional security can be
ensured through growing of these leguminous crops. In this context, two leguminous
crops, chickpea and soybean along with their transcriptome data were considered in
the present study. With the advent of NGS technologies it has become feasible to
unravel the underlying complex mechanisms at genome level. Even though the coding
genes play a major role in various abiotic and biotic stress mechanisms, there are
several non-coding RNAs which regulate the genes responsible for stress tolerance
mechanisms. However, the identification and characterization of circular RNAs, a
type of non-coding RNAs as well as the circRNA-miRNA-mRNA networks in
legumes has not been fully explored. Hence, the present study on ‘Identification and
characterization of circular RNAs in legumes’ has been taken up with the objectives:
(i) to identify and characterize circRNAs responsible for biotic and abiotic stress
tolerance in the leguminous crops and (ii) to study the relationship between circRNA-
miRNA-mRNA. Here the transcriptome data of the said crops were collected from
public domain (NCBI, Ensemble, etc) and the algorithm given in CIRI (CircRNA
Identifier) was used to identify the circRNAs under drought (abiotic) and wilt (biotic)
stress conditions. The characterization of circRNAs was done through their
differential expression in both drought and wilt stress conditions. The differentially
expressed (DE) circRNAs were further probed for their role in circRNA-miRNA-
mRNA interaction. Finally, the identified genes from the network were studied for
their functionality in stress tolerance mechanisms. The results revealed identification
of 200 and 285 circRNAs under control and drought stress conditions in chickpea, 57
and 66 circRNAs under control and drought stress conditions in soybean and 48 and
75 circRNAs under control and wilt stress conditions in soybean. The number of
DEcircRNAs were 44, 23 and 24 in chickpea-drought, soybean-drought and soybean-
wilt respectively. These DEcircRNAs were found to act as sponges for 40 (chickpea-
drought), 17 (soybean-drought) and 10 (soybean-wilt) miRNAs. Besides, these
miRNAs were found to target 145 (chickpea-drought), 281 (soybean-drought) and
275 (soybean-wilt) mRNAs. GO study was carried out for the mRNAs and found that
they are involved in biological processes like “metabolic process” and “cellular
process”, molecular functions like “binding activity” and “catalytic activity” and
cellular components like “cell”, “cell part” and “membrane part”. Thus circRNA-
miRNA-mRNA network play a vital role in stress responsive mechanisms through
their activities in hormone signal transduction, response to stress, response to auxin
and transcription factor activity.

Keywords : Leguminous, circRNAs, RNAs, Catalytic, Hormone
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