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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 



3|I n t r o d u c t i o n  

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 (lncRNAs) 

 lncRNAs are non-coding RNAs that are more than 200 nucleotides long. The 

broad functional repertoire of lncRNAs 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 

i) 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: 

i) 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. 

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 III. 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. 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

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.  

CHAPTER II 
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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 lnc RNAs in plants. The review also contains the molecular 

functions carried out by the lnc 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 ssRNA-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. 

 



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: 

i) 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 

CHAPTER III 
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Soybean drought data- SRR2545900 

ii) 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 

i) An index file of the reference genome was built by ‘bwa index’ module.  

ii) 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  

iii) 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. 

i) 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. 

Step5: 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 IDs 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- 

Step1: 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 using 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 Götz, 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. 

 

 



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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Figure1: 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 

 

 

 

 

 

 

 

 

 

 

 

 

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

 

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 

 

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) 

 

Figure 4: Lengthwise distribution of  exonic circRNAs under control and drought 
stress condition in chickpea  

 

 

 

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) 

 

 

 

 

 

 

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 

 

  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 
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Table 5: List of upregulated circRNAs in chickpea-drought 

 

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 RNAs 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 
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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 mRNAs. 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 

 

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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Figure 8: Differentially expressed circRNAs of chickpea under drought stress 
condition in GO terms of biological processes, cellular component and 
molecular functions 

 

 

 

 

 

 

Figure 9: Classification of biological processes for mRNAs in chickpea-drought 
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Figure 10: Classification of molecular functions for mRNAs in chickpea-drought 

 

 

 

 

 

Figure 11: Classification of cellular components for mRNAs in chickpea-drought 
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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 
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Table 10: List (sample) of identified circRNAs and their length, chromosomal 
distribution under drought stress condition in soybean 

 

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

drought stress condition is given in Fig. 14 

 

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    

 

 

Figure 16: Lengthwise distribution of intronic circRNAs under control and drought 
stress conditions in soybean    

 

 

Figure 17: Lengthwise distribution of intronic circRNAs under control and drought 
stress conditions in soybean    
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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) 

 

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 

 

 Among the 23 identified circular RNAs, 12 circular RNAs were found to be 

down regulated in terms of log2FC<0 (Table 12), whereas 11 were found to be 

upregulated in terms of log2FC>0 (Table 13) 

 

Table 12: List of downregulated circRNAs in soybean-drought 
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Table 13: List of upregulated circRNAs in soybean-drought 

 

 

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 
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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 
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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. 

 

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 20: Classification of biological processes for mRNAs in soybean-drought 

 

 

 

 

 

Figure 21: Classification of molecular functions for mRNAs in soybean-drought 
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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.                                                         

 

 

 

Figure 23: Distribution of different types of circular RNAs (a) under control and (b) 
under wilt stress conditions in soybean 

CT 

WT 

Fig. 23a 

Fig. 23b 
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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  

 

 

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

 

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

 

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). 

 

Figure 26: Lengthwise distribution of exonic circRNAs under control and wilt stress 
conditions in soybean      

 

 

 

 

 

 

 

 

 

 

 

 

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) 

 

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 

 

Among the 24 identified circular RNAs, 12 circRNAs were found to have log2FC<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 
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Table 21: List of upregulated circRNAs in soybean-wilt 

 

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 
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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 
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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. 

 

Figure 30: Differentially expressed circRNAs in soybean-wilt in GO terms of 
biological processes, cellular components and molecular functions 
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Figure 31: Classification of biological processes for mRNAs in soybean-wilt 

 

 

 

Figure 32: Classification of molecular functions for mRNAs in soybean-wilt 
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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. 



 

 

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), 

CHAPTER V 
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while it was 710 million paired-end reads sized 100 bp in rice (Lu et al., 2015); 

(ii)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 α 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 854 

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 

identified. 

 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. 

 

 

 

 

 

 

 

 

 



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: 

i) 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 
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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 DEcRNAs 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 

crops.  

 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 



 
 

Qfy;ksa esa lD;qZyj vkj-,u-,- dh igpku ,oa y{k.k o.kZu 

lkj 

vukt ds ckn ysX;qfeul ¼Qyhnkj½ Qlysa egRoiw.kZ Qlysa gSa A  bu Qlyksa ds mRiknu vkSj mRiknd dk 

ns’k dh vFkZO;oLFkk ds lkFk&lkFk LVsdgksYMj fdlkuksa dh vkfFkZd fLFkfr ij cgqr çHkko iM+rk gS A  blds 

vfrfjDr] bu Qyhnkj Qlyksa dks mxkus ds ek/;e ls iks"k.k lqj{kk lqfuf’pr dh tk ldrh gS A  bl 

lanHkZ esa] çLrqr v/;;u esa nks Qyhnkj Qlyksa] puk vkSj lks;kchu ds lkFk&lkFk muds VªkalfØi~V¨e MkVk 

ij fopkj fd;k x;k A ,u-th-,l- çkS|ksfxfd;ksa ds vkxeu ds lkFk thukse Lrj ij vUrfuZfgr tfVy ra= 

dks mtkxj djus ds fy, ;g laHko gks x;k gS A Hkys gh] dksfMax thu fofHkUu vtSfod ,oa tSfod ruko 

rU=ksa esa ,d çeq[k Hkwfedk fuHkkrs gSa ysfdu dbZ xSj&dksfMax vkj-,u-,- gSa tks ruko lfg".kqrk ra= ds fy, 

ftEesnkj thu dks jsxqysV djrs gSa A  gkykafd] lD;qZyj RNAs dh igpku ,oa y{k.k o.kZu] xSj&dksfMax 

RNAs dk çdkj] ds lkFk&lkFk Qfy;ksa esa circRNA-miRNA-mRNA usVodZ dk iwjh rjg ,DlIyksj 

ugh fd;k x;k gS A vr%] ^^Qfy;ksa esa lD;qZyj vkj-,u-,- dh igpku ,oa y{k.k o.kZu^^ ij çLrqr v/;;u 

fuEufyf[kr mn~ns’;ksa ls fd;k x;k % ¼i½ Qyhnkj Qlyksa esa tSfod ,oa vtSfod ruko lfg".kqrk ds fy, 

ftEesnkj circRNAs dh igpku ,oa oxhZdj.k ¼ii½ circRNA-miRNA-mRNA ds chp laca/k dk 

v/;;uA  ;gka ij mDr Qlyksa ds VªkafLØIVkse MkVk ifCyd Mksesu ¼,u-lh-ch-vkbZ] ,ulsEcy] bR;kfn½ ls 

,df=r fd, x, gSa rFkk lh-vkbZ-vkj-vkbZ- ¼CircRNA Identifier½ esa fn;s x;s ,YxkssfjFe dk mi;ksx 

lw[ks ¼vtSfod½ ,oa foYV ¼tSfod½ LVªSl n’kkvksa ds vUrxZr igpku ds fy, fd;k x;k A  circRNAs dk 

y{.k o.kZu lw[ks ,oa foYV LVªSl nksuksa n’kkvksa esa muds fMQzsfU’k;y ,DlçS’ku ds ek/;e ls fd;k x;k A 

foHksfnr :i ls vfHkO;Dr ¼Mh-bZ-½ circRNAs dh vkxs circRNA-miRNA-mRNA bUVjsD’ku esa 

Hkwfedk ds fy, tk¡p dh x;h A  vUr esa] usVodZ ls igpku fd, x, thUl dh ruko lfg".kqrk ra= esa 

mudh dk;Z{kerk ds fy, v/;;u fd;k x;k A ifj.kkeksa ls pus esa fu;af=r ,oa lw[kk ruko n’kkvksa ds 

vUrxZr 200 ,oa 285 circRNAs dh] lks;kchu esa fu;af=r ,oa lw[kk ruko n’kkvksa ds vUrxZr 57 ,oa 66 

circRNAs dh rFkk lks;kchu esa fu;af=r ,oa foYV ruko n’kkvksa ds vUrxZr 48 ,oa 75 circRNAs dh 

igpku gqbZ A puk&lw[kk] lks;kchu&lw[kk ,oa lks;kchu&foYV esa DEcircRNAs dh la[;k Øe’k% 44] 23 

rFkk 24 Fkh A bu DEcircRNAs dks 40 ¼puk&lw[kk½] 17 ¼lks;kchu&lw[kk½ rFkk 10 ¼lks;kchu&foYV½ 

miRNAs ds fy, LikWUt ds :i esa dk;Z djrs gq, ik;k x;k A blds vfrfjDr] bu miRNAs dks 145 

¼puk&lw[kk½] 281 ¼lks;kchu&lw[kk½ rFkk 275 ¼lks;kchu&foYV½ dks VkjxsV djrs gq, ik;k x;k A  

mRNAs ds fy, GO v/;;u fd;k x;k rFkk ;g ik;k fd ;s tSfod fØ;kvksa tSls ^^eSVkckWfyd çkslsl^^ 

rFkk ^^lsY;wyj çkslsl^^] ekWyhD;wYkj fØ;k,¡ tSls ^^ckbfMax ,fDVfofV^^ rFkk ^^dSVkfyfVd ,fDVfofV^^ rFkk 

lsY;wyj ?kVd tSls ^^lSy^^] ^^lSy ikVZ^^ vkSj ^^eseczsu ikVZ^^ esa 'kkfey gSa A vr%] VªkafLØI’ku QsDVj ,fDVfofV 

rFkk gkWjeksu flaxuy VªkaLMD’ku] LVªSl ds çfr fjLikWUl] vkWfDlu ds çfr fjLikWUl esa viuh ,fDVfofVt ds 

ek/;e ls LVªSl fjLikWfUlo eSdsfuTEl esa circRNA-miRNA-mRNA usVodZ dh egRoiw.kZ Hkwfedk gS A 
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