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CHAPTER |
INTRODUCTION

Drought plays a very important role in plant growth and crop yields (Boyer, 1982).
Drought is the most significant environmental stress on world agricultural
production. It is the period during which the amount of moisture in the soil no longer
meets the needs of the particular crop. The struggle to grow food crops during such
scarcity of moisture is therefore a big issue. Drought tolerance has also been well
documented to result from cooperative interactions among multiple morphological,
physiological, and biochemical characters. Different genotypes may have diverse
responses to drought stress (Shinozaki and Yamaguchi-Shinozaki, 2007). The
evaluation or investigation for improved drought resistance is hence a major concern
in breeding programs in many agriculturally important crops (Zivcak et al., 2008).
Lots of research has been dedicated for the improvement of plant responses to
moisture or water deficit (WD) but majority of such efforts have been made upon
cereal crops as compared to the crops belonging to the legume family (Jeuffroy and
Ney, 1997). There is thus a need to increase the performance of pulse crops,
particularly in developing countries, where most grain legume production is for
human consumption and demand is increasing due to uncontrolled growth in
population. Drought appears to be one of the major agronomic problems which limits
the plant growth and yields. Therefore, efficient improvement requires an in-depth
understanding of the gene expression regulation mechanisms in response to drought
stress.

In legumes, drought resistance traits have been already identified (Nunes et al., 2009)
in Medicago truncatula which is a model legume, and deeper understanding
regarding the molecular mechanisms that modulate the physiological response have
also been achieved (Trindade et al., 2010) in this plant. Lathyrus is a large genus
with 187 species and subspecies among which Lathyrus sativus (2n=14) is the only
cultivated species (Allkin et al., 1986) and it belongs to family Fabaceae and sub-
family Papilionoideae. It is popularly known as grass pea or white pea and has great
economic potential as food and feed crops. This plant shows high resilience to
moisture stress conditions i.e., both drought and flood. It has also very high nutritive

value. Grass pea (Lathyrus sativus L.) is a crop of immense economic and agronomic



importance which has multiple uses as food, feed and fodder and hence it is used for
both human and livestock consumption. It is mostly cultivated in developing nations
including India, Bangladesh, Pakistan, Nepal, and Ethiopia (Kumar et al., 2011,
Tripp and Heide, 1996) and also in China and in many countries of Europe, the
Middle East, and Northern Africa. Lathyrus sativus offers an attractive choice for
sustainable food production, owing to its intrinsic properties including limited water
requirement and drought tolerance. Studies like the one conducted by Talukdar
(2013) has proven that when compared with other legume crops like lentil, plant
growth traits and seed yields components reduced significantly in both the crops but
the effect was more severe in lentil compared with grass pea. Proline level increased
significantly in both crops, but it decreased markedly in nodules of lentil whereas
remained unchanged in grass pea. Excessive moisture stress may affect the grain
yield up to certain extent but the crop manages to maintain its seed size (Gusmao et
al., 2012). Grass pea has also been effectively found to exploit the residual moisture
left after the rice harvest when broadcasted into standing rice crops (Joshi et al.,
1997; Bharati, 1986). It is well adapted to arid conditions and is one of the hardiest
pulses known till date. Its ability to thrive in adverse condition when majority of the
crops fail to survive has enabled it to hold the tag of insurance crop. Lathyrus species
present high genetic variability. The above mentioned characteristics of the crop
make it one of the most promising crops for the arid areas and potential targets for
further germplasm improvement. But in spite of possessing such agronomical
valuable traits it has remained underused and neglected species and very limited
research has been devoted to this crop. Physiological studies that could aid our
understanding the mechanisms and traits resulting in drought resistance are scarce
and also not well understood. Hence this study was undertaken to unravel the genes
and its expression along with their metabolic pathway that assist the crop to
withstand moisture stress condition. Also because of the complexity of the genome,
biotechnological investments remain limited. Genes responsible for the plant’s
remarkable environmental tolerance are unknown (Yan et al.,, 2006). The
biotechnological potential of grass pea as a source of stress tolerance genes for
general crop improvement remains to be exploited. Understanding the molecular
mechanisms in the drought response in grass pea is therefore important for

improvement of drought tolerance in other crops using molecular techniques. Hence



effort has been made in this present study, to provide an insight into moisture stress

related gene activity which may accelerate knowledge based breeding.

Transcriptome analysis is expected to provide an insight into the gene expression of
an organism. The transcriptome can be defined as the complete set of transcripts
present in a cell, and their quantity, for a particular developmental stage or
physiological condition. Various technologies have been developed to deduce and
quantify the transcriptome, including hybridization-or sequence-based approaches.
However the recent development of new high-throughput DNA sequencing methods
has provided a novel method for quantifying transcriptomes that would give us an
image of the gene expression level. This method is termed as RNA-Sequencing
(RNA-Seq) and imparts clear advantages over the existing approaches. RNA-Seq
uses deep sequencing technologies. The reads generated may vary typically from 30-
400 bp, depending on the kind of sequencing technology used. Any DNA sequencing
technology like Illlumina 1G, Applied Biosystems SOLID and Roche 454 Life
Science systems, can be used for RNA-Seq. We performed trancriptome analysis of
gene expression between cultivars grown under two different conditions, controlled
and drought stressed, using SOLID next-generation sequencing. Since we are dealing
with the data generated from SOLID technology, hence it is important to first discuss
and understand its advantages and disadvantages with respect to other popular
sequencing technology before proceeding for its analysis.

SOLID (Sequencing by Oligonucleotide Ligation and Detection) is a commercial
second generation next-generation sequencing (NGS) platform that is based on the
principle on sequencing by ligation and di-base encoding. Initially SOLiID could
produce more sequencing data than Illumina. But the advancement made in lllumina
sequencing technology enabled it to produce more sequencing data and has now
superseded SOLID. Short read lengths and difficulty in sequencing the palindromic
sequence are other limitations associated with SOLID. In spite of these shortcomings

the accuracy of this technology could be as high as 99.99%.

Transcriptome analysis can be carried out by two approaches: reference-genome
based method and de novo method. When a high-quality reference genome sequence

is available, for example of model organisms like mouse, fruit fly, Arabidopsis



thaliana, the assembly methods in which reads are first mapped against reference
genome and then use the aligned reads to infer transcript structure are the most
accurate approach. If the well annotated genome of the organism is available then
choosing the reference based approach would be regarded best. If the genome of a
particular organism is not present then the genome of closest related species is
preferred as a reference. Unfortunately, the use of a reference genome is not always

possible.

De novo assembly can be described as connecting reads into transcripts that involves
identifying overlaps between the reads based on local similarities, establishing their
correct order, and orientation, and then connecting all reads such that it satisfies these
relationships. This is the most accepted approach in case of absence of reference-
genome which is a well annotated sequenced genome. Transcript assemblies can be
created by de novo genome assemblers, from the RNA-Seq reads in the absence of a
reference genome (Birol et al., 2009; Collins et al., 2008; Jackson et al., 2009). The
number of de novo transcriptome programs developed for assembly of short
sequence reads has increased within the past few years. Trans-Abyss (Robertson et
al., 2010), Trinity (Grabherr et al., 2011), Oases (Schulz et al., 2012) and
SOAPdenovo-Trans (Xie et al., 2014) are the popular examples of de novo

assembler.

Furthermore, unlike whole-genome sequencing data which has almost constant read
coverage along the genome are well explained by a Poisson distribution from
statistical point of view, whereas in RNA-Seq data each gene may have a different
expression level, which means some genes may be represented by thousands of reads
and some by just a few reads. Thus, every gene essentially poses a different
transcript assembly problem, where the goal is to assemble all expressed isoforms,
and then count the reads deriving from each isoform. Transcript assembly programs
must also be computationally efficient to process the vast amounts of data in an
RNA-Seq experiment. Several genome-guided transcript assembly algorithms have
emerged over the past few years that address all of these challenges, though in

different ways.

Together with the growing popularity of RNA-Seq, a number of data analysis
methods and pipelines have already been developed for this task. There are common

assumptions that substantial gains occur in the quality of the results as read length



increases and when paired-ends (PE) are used. The current read length that is
standard for many experiments is PE 100 bp reads (Chhangawala et al., 2015).
Currently, however, there is no clear consensus about the best practices for SOLID
short read single end data, which makes the choice of an appropriate method a
daunting task especially for a basic user. Hence a comparative study of different
RNA-Seq analysis software will be made with the aim to understand and assist the
choice of selection of such methods for SOLID transcriptome data. The study
presented here compares and evaluates different tools for both, de novo as well as
reference genome based method using Glycine max SOLID transcriptome data. To
date, this is the first study to compare the performances of the commonly used de
Bruijn graph-based de novo assemblers and also reference-genome guided assembler
and alignment tool.

With this aim we carried out the present study with two major objectives. The first
objective was to compare different tools which are suitable for SOLID trasncriptome
data analysis in order to evaluate their performance in respect of de novo and
reference genome based transcriptome analysis by using Glycine max RNA-Seq data.
This objective would serve as a reference to carry out further analysis for the
identification of differentially expressed genes (DEGS) in our plant of interest i.e.,
Lathyrus sativus. This will frame our second objective in this study. And to the best
of our knowledge; this would be the first report to provide molecular insights into the

drought tolerance of Lathyrus sativus.
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CHAPTER II
REVIEW OF LITERATURE

2.1 Evolution of sequencing technology

Concept of sequencing DNA was first given by Sanger in the year 1975 who later
published a method for determining DNA sequences which is known as chain-
termination method. Two years later in 1977, another two scientists, Allan Maxam and
Walter Gilbert, developed a technique based on chemical-degradation method to
sequence DNA in which the labeled DNA was cleaved at specific base and then the
fragmented DNA was separated with the help of gel electrophoresis. GS 20 was the first
commercially available next-generation sequencing (NGS) technology developed by
Roche 454 Life Sciences in 2000 which was founded by Jonathan Rothberg but it was
not introduced until 2005. This led to the birth of high throughput-next generation
technology (HT-NGS). The principle behind HT-NGS is that the large numbers of DNA
molecules can be sequenced simultaneously in a flow cell (Mardis, 2008). Second
generation HT-NGS platforms were advance than the first HT-NGS in the sense that it
could produce about several hundred millions bases of raw reads like in Roche to
billions of bases in a single run as in Illumina and SOLID (Sequencing by
Oligonucleotide Ligation and Detection). SOLID technology was developed by George
Church in the year 2005. The later work of its advancement was carried out by Applied
Biosystems in 2007 (Voelkerding et al., 2009). Presently, the above mentioned three
technologies are leading second generation HT-NGS platforms. This was based on the
principle of emulsion Polymerase Chain Reaction (PCR) of DNA fragments. In spite of
its several advantages, PCR amplification may result in changing the relative abundance
of many DNA pieces that was present before the amplification. So the use of single
DNA molecule without amplification to determine the DNA base sequence would help
to overcome the above mentioned limitation. This solution formed the basis of third
generation HT-NGS which follows the concept of sequencing-by-synthesis. Braslavsky
and his co-workers introduced first technique based on the principle which was licensed
by Helicos biosciences. But these technologies do not comprise the ultimate sequencers.
The future sequencing technology would be based on single DNA molecule without the



need of amplification, that could generate reads longer than mega bases with no GC bias
and high read accuracy. It should be cheap and its operation should be easy. The Oxford
nano-pore sequencing technology is an emerging sequencing platform and it is expected
to be comprised of above characteristics of ultimate sequencer. But the field of

sequencing technology is still under development and continuous improvement.

2.2 Transcriptome analysis

Transcriptome can be defined as a complete set of all RNA or transcript molecules
including coding RNA like mRNA and non-coding RNA like tRNA, rRNA, etc present
in a cell at a particular time and a particular developmental stage. Functional genomics
deal with the understanding of the function of the genes and there alterations at certain
conditions like stress, disease, etc. Hybridization and sequence based approaches were
the early methods that were used to analyze the transcriptome of an organism. The
former method was dependant on the use of fluorescently labeled cDNA that was
hybridized on a microarray chip. But its reliance on existing genome added a limitation
to its use (Okoniewski and Miller, 2006). On the other hand, sequence based method
was free from any such cross-hybridization and could determine the cDNA directly.
Serial analysis of gene expression (SAGE) (Velculescu et al., 1995), cap analysis of
gene expression (CAGE) (Kodzius et al.,, 2006) or massively parallel signature
sequencing (MPSS) (Brenner et al., 2000) are the example of sequence-based approach.
All these methods depend upon the traditional Sanger sequencing to determine the

cDNA sequence making it slower than the recent NGS technology.

2.3 RNA-Seq

HT-NGS also has application in the study of RNAs and in analysis of the transcriptome.
RNA-Seq make use of NGS technology to precisely determine the expression level of
several genes in particular time and in particular cell by sequencing RNA. It is also
famous as whole transcriptome shotgun sequencing (Lister et al., 2009). Till now RNA-
Seq technology has seeked application in lots of research studies like the one dealing
with detection of alternative splicing (Gan et al., 2010), detection of gene fusion(Maher

et al., 2009), identification of splice junctions, identification of novel transcripts



(Robertson et al., 2010) and gene expression quantification (Mortazavi et al., 2008). Due
to its vast applicability it has been very truly referred to as a “revolutionary tool for
transcriptomics”. This technology can be applied with various NGS platforms (Wang et
al., 2009).The three most commonly used NGS platforms for RNA sequencing are
SOLID and lon Torrent both of which are distributed by Life Technologies, and
Illumina’s HiSeq. They sequence several millions cDNA fragments in each run.
Sequencing by synthesis (SBS) forms the underlying principle of Illumina and lon
Torrent in which the addition of nucleotide is detected simultaneously at various fixed
positions on a flow cell. Hiremath et al. (2011) used NGS technologies such as
Roche/454 and Illumina to determine the sequence of most gene transcripts and to
identify drought-responsive genes in chickpea. 1,03,215 tentative unique sequences and
21,491 ESTs were produced and about 3000 gene-based markers were developed.

Depending upon the sequencing platform the number and length of the reads may vary.
RNA-Seq starts with the sequencing of fragmented RNA samples, which is achieved by
first converting it into cONA and then it is sequenced by a NGS platform as reads. A
typical workflow for the identification of differential expression involves producing
several millions of short to long reads, assembling, mapping, quantifying and applying
test for differential expression and then deducing conclusion based on the output. The
reads produced are then de novo assembled into transcripts in the absence of reference
genome or if the there is availability of reference genome then the reads are mapped on
the genome and then the mapped reads are assembled into transcripts. Almeida et al.
(2014) generated comprehensive transcriptome assemblies from control and Uromyces
pisi inoculated leafs of a susceptible and rust-resistant grass pea genotype by RNA-Seq
and 134,914 contigs were used to analyze their differential expression in response to rust
infection. They found considerable differences in regulation of major phytohormone
signalling pathways. Salicylic and Abscisic Acid pathways were up-regulated in the
resistant genotype where as Jasmonate and Ethylene pathways were down-regulated in

the susceptible one.
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2.4 Mapping

There are several read aligners which are publicly available in their respective websites.
The choice of aligner not only depends upon the sequencing platform but also on the
purpose of study. Two widely used methods for aligning reads are based upon either
hash look-up table (hash-table) algorithms or burrow-wheeler transformation (BWT).
Hash-table aligners are designed to inspect complex differences between the read
sequences and the reference, for example GSNAP (Wu and Nacu, 2010) and SOAP (Li
et al., 2008), whereas BWT-based aligners for example Bowtie (Langmead et al., 2009),
BWA (Li and Durbin, 2009), and SOAP2 (Li et al., 2009) performs efficiently when
reads are mapped to the closely related sequences (Oshlack et al., 2010). In case there is
no closely related genome sequence then reads are assembled into longer transcripts and
this is achieved by the use of de novo assemblers for example ABYSS (Birol et al.,
2009), SOAPdenovo (Li and Durbin, 2009), Trinity (Grabherr et al., 2011), Velvet
(Zerbino and Birney, 2008) and Oases (Schulz et al., 2012). These assemblers are based
on the de Bruijn graphs.

2.5 Differential expression analysis (DEA)

One of the key aims of transcriptome analysis is to analyze the change in expression
level of the genes between two or more sample collected from two different conditions.
Expression levels can be quantified based on the number of reads aligned or mapped to
the consensus transcriptome sequence which was obtained after the reads were
assembled or to the reference genome. Tools like DESeq(), EdgeR() are used for
calculating differential expression of genes which are based upon model which follows
known probability distributions, such as Binomial, Poisson, and Negative Binomial
distribution. Seyednasrollah et al. (2013) performed a systematic comparison of eight
widely used software packages and pipelines for detecting the differential expression

between sample groups and provided general guidelines for choosing a robust pipeline.
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2.6 Annotation and pathway analysis

The ultimate purpose of RNA-Seq analysis is to gain a biological insight into the
molecular mechanism of the concerned trait. The transcripts formed after the assembly
or genes which are found to be differentially expressed can be annotated by using
BLASTprogram to get their significant matches, the biological function of which is
already known and to associate the particular query sequence with that related function
of the genes annotated previously. Blast2GO is a high-quality functional annotation tool
published in 2005 which was developed to serve this purpose (Conesa et al., 2005). It
provides information related to biological process, cellular components, and molecular
functions of the uncharacterized gene products.The functional information are
represented through three gene ontological (GO) terms namely, biological process,
cellular component and molecular function.The biological process ontology puts several
molecular functions in biological contexts, cellular component ontology describes the
location where the gene product is functional, and the molecular function ontology
explains the activities of the gene products (Ashburner et al., 2000).Other information
related to metabolic pathways can also be associated with this annotation. This can be
achieved using KEGG (Kyoto Encyclopedia of Genes and Genomes) which is in-built in
Blast2GO that enables the visualization of the metabolic pathways within the

transcriptome (Gotz et al., 2008).

2.7 Moisture stress and drought mechanism in plants

Tyagi et al. (1998) showed that the ABA responsive genes such as PLE 25, TAS 14 and
RAB 17 are synthesized as response to water stress in Lathyrus sativus, the level of
which decline with the increase in water stress. They also showed that the accumulation
of proline was highest in leaves followed by stem and root during moisture stress
condition. Talukdar (2013) conducted a study to ascertain the response of two legume
crops, lentil and grass pea under different water stress regimes and found that plant
growth traits and seed yields components reduced significantly in both the crops but the
effect was more severe in lentil compared with grass pea. Proline level increased
significantly in both crops, but it decreased markedly in nodules of lentil whereas

remained unchanged in grass pea.
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CHAPTER Il
MATERIALS AND METHODS

3.1 Comparison of RNA-Seq analysis tools using Glycine max transcriptome
data

The performance of the RNA-Seq analysistool has been reported to be driven by the
type of data set which differs from one organism to another from which the data is
derived. Hence it is difficult to say which tool or software is best to use for such
bioinformatics analysis. And till now, no practice or tool has beenreported to be the
best. So in order to carry out RNA-Seq analysis with the Lathyrus sativus (Grass
pea), we first attempted to select an optimum performing tool for our given plant of
interest. The genome of Lathyrus sativus has not been sequenced yet and hence its
genome is unavailable. Therefore, the better alternative is to use similar data of the
closely related species which also have a very well annotated genome. Glycine max
shares a close relationship with Lathyrus sativus and also has a well-annotated
genome. Besides, similar transcriptome data as that of our i.e., the one sequenced
from ABI SOLID System, it is also available online. The read length (50 bp) of both
the transcriptome datais same. Hence, Glycine max SOLID transcriptome data was
used to evaluate and compare between commercialized and open source RNA-Seq
analysis tool for both the de novo and reference genome based approach of RNA-Seq
analysis. The sample was extracted from inflorescences pre-meiotic stage, 45-day
soil-grown plants. RNA-Seq data of Glycine max was downloaded from the SRA

database of NCBI. Sample description is given below in Table 3.1.

Table 3.1 Sample description of Glycine max

Parameters Sample

Accession number SRX487294

Run SRR1190184

Link to Biosample SAMNO02688415

Project URLs https://www.ncbi.nlm.nih.gov/sra/SRX487294[accn]
Layout Single

Read length 50

File type Conventional base call
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Platform/encoding ABI SOLID System 4
Selection PolyA

Strategy RNA-Seq

Submitted by Fudan University
Description soybean IBM

There are several tools available for transcriptome assembly but till now none study
that suggests which software package does the best assembly. Hence, the same data
of Glycine max as mentioned above was used to compare two tools, one which is
commercialized and the other which is open source software. CLC Genomics
Workbench is an integrated software which was developed to perform analysis and
visualization of NGS data. In this study, we made an attempt to compare CLC
Genomics Workbench with Velvet/Oases for de novo assembly and with

TopHat/Cufflinks for reference genome based approach.

3.1.1 Hardware and software requirement and installation
Computational analyses were carried out with a RHEL 7.0 server with dual CPU and
512 GB memory with 2 TB high-speed storage (SSD) which meets the entire

hardware requirement.

CLCGenomics Workbench

CLC being a commercial integrated software tool, its license was first borrowed from
NABG Linux cluster server (HPC) on the weekly basis in client server model. Prior
to installation, we need to make sure that the system is updated in order to maintain
the compatibility with the latest version of the tool. In this study, CLC Genomics
Workbench software (Linux version 9.5, CLC Bio, Denmark) was used.

Velvet/Oases

Velvet (Zerbino et al., 2008) is a de Bruijn graph-based sequence assembly tool for
short reads and it typically works in two steps: hashing and graph building. These
steps require two Velvet executables, velveth and velvetg respectively. Velveth reads
sequence files and forms all possible combination of words of length k, where k is
ak-mer size and this parameter is provided by the userwhich defines exact local
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alignments between the reads. Velvetg then reads these alignments, sbuildsa de
Bruijn graph based on velveth command, removes errors and finally simplify the
graph and resolve repeats on the basis of the parameters defined by the user,
performs the job of assembly to yield contig sequences as an output along with

various statistics which is discussed later in this thesis.

The archive of Velvet assembler was downloaded from the website
https://github.com/dzerbino/velvet/archive/master.zip. The downloaded compressed
folder was unzipped. In the terminal, the path was set to the velvet directory and
compilation was done with the make command. Compilation results in the creation
of two executables velveth and velvetg which was then followed by make install
which is sufficient for the basic installation.

Oases is a de novo transcriptome assembler thatneed to be used in continuation with
thevelvet assembler if the data to be assembled consists of transcriptome. It achieves
this by using an array of hash lengths and the efficient merging of multiple
assemblies to remove the redundancy (Schulz et al., 2012).Therefore it is essentially
required that Velvet is installed prior to Oases when a transcriptome assembly is to
be performed. The input for Oases is the final output directory resulted after the
Velvet run. The archive of Oases software was downloaded from the site
https://github.com/dzerbino/oases. Care must be taken that the compilation and
installation parameters for Oases should be same as that of Velvet, violation of which

may result intocompilation error.

Tophat/Cufflink

TopHat, available at http://tophat.cbcb.umd.edu/ can be employed only if the
reference genome is available. It aligns or maps reads to the genome and discovers
transcript splice sites. These alignments can be used in several ways during down
stream analysis. Cufflinks, available at http://cufflinks.cbcb.umd.edu/ uses this map
against the genome to assemble the reads into transcripts. This assembly differs from
the de novo assembly. These assemblies are then merged together using the
Cuffmerge utility, which is included with the Cufflinks package. Cufflinks is the
common name used for both the package and the program as well. This merged
assembly serves as consensus sequencessimilar to the de novo assembly and forms

the basis for calculating gene and transcript expression in each condition. The reads
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and the merged assembly are provided as an input to Cuffdiff, which calculates
expression levels and tests the statistical significance of observed variations. Cuffdiff
is also a part of the Cufflinks package, that takes the aligned reads from two or more
conditions and reports genes and transcripts that are differentially expressed using a
rigorous statistical analysis. Till now this tool has been used in a number of recent
high-resolution transcriptome studies. CummeRbund, available at
http://compbio.mit.edu/cummeRbund/ is a recently developed powerful tool for
plotting which provides functions for creating commonly used expression plots such
as volcano, scatter and box plots. CummeRbund transforms Cufflinks output files
into R objects suitable for analysis with a wide variety of other packages available
within the R environment. CummeRbund can be accessed through the Bioconductor
website http://www.bioconductor.org/. TopHat/Cufflinks is the most popular RNA-
Seq analysis tool when the reference genome is available and together it is popularly

known as Tuxedo protocol.

The linux commands for installing the software are given in the Appendix. These

commands were used for the installation of the required software.

3.1.2 Data quality assessment

FastQC (version 0.11.5) tool, available at http://www.bioinformatics.babraham.ac
.uk/projects/fastqc/ is the most popular bioinformatics tool for sequence quality
visualization, which provide us with the quality score of data based on various
parameters like basic statistics, per base sequence quality, sequence length
distribution, per sequence quality scores, per sequence GC content, per base
sequence content, per base N content, over represented sequences, sequence
duplication levels and K-mer content. Quality of the data is then checked based on
the value of the parameters whether the score is below or above the quality threshold
value. If it passes then the data is approved for further analysis and if it is below the
threshold value then we require cleaning the data by removing poor quality
sequences from the dataset. FastQC was employed in this study for visualizing the
quality of the sequence. After visualizing, the low quality reads whose phred score
was less than 20 was removed. Since FastQC strictly require the input file to be in
fastq format we converted the file downloaded in SRA format to fastq format with

the help of SRA tookit, available at www.ncbi.nlm.nih.gov/sra/docs/toolkitsoft. Fastq
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format store sequence base information along with its corresponding quality score.

Quality score or phred score (Q) was calculated by the given formula:

Q=-10 |Oglop

Where, ‘Q’ denotes phred score and ‘P’ is the probability that the base is called
wrong (error probability).

3.1.3 Transcriptome assembly

Sequence assembly involved alignment of short reads into longer stretch of DNA
sequences in order to reconstruct the original sequence. The genome assembly
algorithm employed considered all the small pieces of sequence-reads, aligned them,
and detected overlaps. The process was iterated for overlapping reads to further
merge. Assembly is a computationally intensive job. Two approaches were used for

genome assembly:

)] De novo assembly (for un-sequenced genomes)

i) Reference-guided assembly (for sequenced genomes)

3.1.3.1 De novo assembly

CLC bio
The reads were imported in fastq format and assembly was executed by following the
default parameters. With the help of read information, contigs were created based on

the de Bruijn algorithm. Reads werethen mapped onto thecontigs.

Velvet/Oases

Assembly of the clean reads was carried out by Velvet(an efficient genomic de novo
assembler based on de Bruijn graphs) and Oases (to heuristically assemble RNA-Seq
reads in the absence of a reference genome) assembler. Velvet was used to assemble
sample reads at four different k-mers (25, 27, 29 and 31). Contigsof four assemblies
were merged into a single non-redundant assembly using Oases, which processes the
contigs into loci and associated transcripts. K-mer length of 25 was used to merge the

contigs.
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Command for merging the assembly

velveth MergedAssembly/ 25 -long directory*/transcripts.fa
velvetg MergedAssembly/ -read trkg yes -conservelong yes

oases MergedAssembly/ -merge

3.1.3.2 Reference genome based approach

The most critical step in reference-genome based approach of RNA-Seq analysis is
the percentage of high-quality reads that actually mapped to the reference genome.
Rest of the downstream analysis like assembly of mapped reads and testing for DEGs
crucially depends upon the mapping percentage. Hence, the percentage of mapping
was selected as criteria to judge the performance of the alignment tool used in RNA-

Seq analysis.

CLC bio

High-quality reads of soybean was imported in fastq format. Then, reference genome
of Glycine max was imported using Roche 454, fasta importer and was then
converted into track. Once the reference track was created, all the genes were
extracted from the reference genome using a gene track along with all transcripts
using mMRNA track.

We had additional information about the chromosome of other organelles like plastid
and mitochondria and scaffolds along with the standard 20 chromosome of soybean.
We chose to retain all these information in order to maximize the level of
annotations. The reads of each sample were mapped to the reference genome
annotated with the genes and transcripts. Mapping was performed on both the genic
as well as intergenic regions with the default parameters. And the expression values
were determined on the basis of RPKM (reads per kilobase of exon model per

million mapped reads).

TopHat

Reference-genome based approach of transcriptome analysis was performed using
TopHat. Genome of Glycine max was downloaded from NCBI in fasta format along
with its general feature format (gff) file that was essentially required to create an
index file by Bowtie that was later usedby the TopHat for aligning reads to the
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genome. Reads were aligned to the reference genome. Bowtie, available at
http://bowtie-bio.sourceforge.net/index.shtml till date is the most efficient alignment
program and it serve as an alignment engine for TopHat. The aligned reads are then

assembled into individual transcripts by Cufflinks program.

bowtie2-build -f glycine max.fa glycine max index

tophat -p 6 -G glycine max.gff -0 /mapping /indexes/
glycine max index glycine max.fastqg

RNA-Seq data
(Glycine max)
Dataset: Single-end
50bp SOL.ID data

1. de novo 2.
based Reference
approach genome
, | I ,
1.1 CLC 1.2. Velvet- 2.1CLC 2.2 TopHat
(commerci Oases (commerci (open-
al) (open- al) source)

Figure 3.1: Tools used for de novo and reference-genome based approach for

RNA-Seq analysis

3.2 Transcriptome analysis of Lathyrus sativus SOL.ID transcriptome data.

3.2.1 Raw data summarization

Transcriptome analysis was performed to analyse moisture stress responsive genes
using RNA-seq data of tissues sample from Lathyrus sativus under two conditions
i.e., control and moisture stress. The quality of the raw reads (50bp) data generated
from SOLID sequencing was assessed using FastQC. The reads were pre-processed

to remove the low quality reads Q<20 and low complex regions (reads with
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ambiguous base ‘N’). Reads of size more than 25 bp were retained for the assembly

of Lathyrus transcriptome.

RNA-Seq data of tissues sample from Lathyrus sativus under two conditions i.e.,
control and moisture stress was used for the transcriptome analysis of moisture stress
responsive genes. Single end reads were generated from ABI SOLID 4 System and
output was in the form of csfasta + qual format, each of which was 50bp long. Both
the sample data is also available online at SRA at National Centre for Biotechnology
Information (http://www.ncbi.nlm.nih.gov//) with project IDs SRR1005702 (control)
and SRR1005703 (drought) were used in the study (Table 3.1).

Table 3.2 Sample description of Lathyrus sativus

o Identification of genes related to water stress tolerance in
Description ]
grasspeas (Lathyrus sativus)

Submitted by

NBPGR, New Delhi

Strategy

RNA-Seq

Selection

Random

Platform/encoding

AB SOLID System 4

File type Conventional base call

Layout Single

Read length 50

Sample Control Drought
Accession number | SRX362148 SRX404301
Run SRR1005702 SRR1005703
Link to Biosample | SAMNO02364559 SAMNO02364559

Project URLs

https://www.ncbi.nlm.nih.g
ov/sra/SRX362148[accn]

https://www.ncbi.nlm.nih.
gov/sra/SRX404301[accn]



https://trace.ncbi.nlm.nih.gov/Traces/sra/?run=SRR1005702
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3.2.2 Quality assessment and pre-processing of data
Same procedure of quality assessment and pre-processing of data as mentioned in

sections 3.1.2 and 3.1.3 was followed in Lathyrus sativus.

3.2.3 Transcriptome assembly
Same procedure of assembly as described in section 3.1.4 was followed in Lathyrus
sativus as in case of Glycine max for both the approaches, de novo as well as

reference genome based approach.

RNA-Seq data
(Single-end 50bp SOLID data)

Quality assessmentand pre-processing
(FastQC, Trimmomatic)

Assembly
(Velvet/Oases for de-novo; Cufflinks for
reference-guided assembly)

Mapping
(Bowtie)

Expression quantification
(HTSeq)

Differential expression

(DESeq2)
—

Figure 3.2: Flow diagram for identification of differentially expressed genes

3.2.4 Functional Annotation and classification of assembled transcripts

Annotation is done in order to facilitate the extraction of biological significance of
sequence data that helps in better understanding of the biological processes and
identification of genes in the given sequence data whose function is known in the
related genome. For the functional annotation of all the transcripts obtained after

assembly, the workflow depicted in Figure 3.2 was employed. The assembled
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trasncripts were subjected to BLASTx algorithm (Altschul et al., 1990) against NCBI
non-redundant (nr)-protein sequence database version nr.38, available at
ftp://ftp.ncbi.nlm.nih.giov/blast/db in virdiplantae (plant) kingdom which was locally
installed. Annotation of the results were done using Blast2Go Pro version 3.1
software, available at https://www.blast2go.com (Conesa et al., 2005) program in
order to obtain GO annotation of the transcripts. KEGG pathway analysis was also
performed to analyse the gene product during the metabolism process and related
gene function in cellular process. The genes are grouped into molecular function
depending upon the molecular activities of the gene or gene products, cellular
component describing the location of the gene activity and biological process in
which the gene or gene products participate. PlantTFDB v4.0, available at
http://planttfdb.cbi.pku.edu.cn/ (Jin et al., 2017) was used for the identification of

transcriptional factors.

BLAST against NCBI nr/nt database

l

Functional annotation

L L

Transcription factor KEGG Pathways
identification

Gene Ontology

—  Biological Process

> Molecular Functions

|, Cellular Component

Figure 3.3 Flow chart of functional annotation

The annotation process completes in two steps: mapping and annotation. In mapping,
B2G plugin fetches all Gene Ontology (GO) terms associated to hits obtained after

Blast search. Once the mapping is completed results can be visualized in the form the


http://planttfdb.cbi.pku.edu.cn/
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mapping statistics. Mapping results can be summarized on the basis of three
evaluation charts: db resources of mapping that shows which databases was used to
obtain annotation, evidence code distribution for blast hits and sequences. Mapping
results in the generation of pool and in the process of annotation; those GO terms are
selected and assigned to the query sequence. Blastx and Blast2GO parameter used

are:

e-value <= 10-e6
Similarity >=35%
Annotation cutoff >=55

GO weight cutoff >=5

3.2.5 Mapping

Bowtie2 was used to map high quality filtered reads to the assembled transcripts for
reads quantification. Input file for bowtie can be in fasta or fastq format. We took
fastq file as an input which contains base sequence information of each reads and its
quality score at each position. These reads were then aligned to the reference genome
of Glycine max. Output of alignment is stored in BAM (binary alignment map) file

format.

3.2.6Analysis of differential expression of genes (DEGS)

Differential expression analysis is one of theaims of RNA-Seq data analysis. DESeq2
(Love et al., 2014) is one such package that is developed for the identification of
differentially expressed genes (DEGs) between control and stress samples. DESeq?2
is a R software package used to test differential expression based on the model using
negative binomial distribution. It expects raw read count as an input which we
obtained using HTSeq. Heat map, MA plot, and volcano plot was also obtained.
Transcripts which showed absolute fold-change >2 at FDR corrected p-value <0.05

were identified as differentially expressed.

Command used for DESeq2 in R-3.4.0 is given in Appendix.
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CHAPTER IV
RESULT

4.1. Optimization of protocol using Glycine max RNA-Seq data

4.1.1 Quality assessment and pre-processing of RNA-Seq data

To evaluate the performance of RNA-Seq analysis tool we used a SOLID
transcriptome data of Glycine max. The sample consist of 112,537,370 raw reads,
each of length 50bp sequenced from ABI-SOLID 4 System. After quality assessment
by using FastQC, poor quality reads were removed and if ambiguous bases are
present more than two, they were also trimmed. Trimming resulted in variable length
of the reads. Reads which were 25 bp long or more were retained and rest were

discarded.

Table 4.1 Data cleaning statistics

Total raw reads | Total cleanreads | Q20 % | GC%
112,537,370 78,326,009 69.6 47

Q20% is the proportion of the base quality value larger than 20 and GC% is the
proportion of guanidine and cytosine bases among the total bases. Almost 30% of the
reads were discarded which left us with total 78,326,009 clean reads that were further

utilized for analysis.

4.1.2 Comparison of de novo and reference genome based analysis
This section compares the tools used in two different methods of transcriptome

analysis i.e., de novo and reference genome based methods.

4.1.2.1 Assembly of RNA-Seq data using de novo analysis

For de novo assembly, comparison was made between CLC bio and Velvet-Oases
assembler. 78,326,009 reads were de novo assembled to yield contigs. Assembly by
CLC was executed by following the default parameters with word size or k-mer of
length 25.

While using Velvet, reads were assembled at four different k-mers (25, 27, 29 and

31) (Table 4.2). After running this process, the results of all the assemblies were
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merged into a single non-reductant assembly using Oases which processes the
contigs into locus and their associated transcripts. K-mer length of 23, 25, 27 and 29
was used to merge the assemblies (Table 4.3). Merging of assemblies resulted in
large and robust contigs.

Table 4.2 Assembly statistics of Velvet

S.No. | k-mer | N50 | Maximum length No. of contigs
1. 25 420 1273 30,080
2 27 426 1258 29,675
3. 29 430 1009 28,453
4 31 436 918 28,051

Table 4.3 Assembly statistics by Oases

S.No. | k-mer | N50 | Maximum length | No. of transcripts
1. 23 735 3162 23,897
2 25 741 2050 24621
3. 27 739 2185 29182
4 29 735 2183 29205

Out of the four merged assemblies, assembly at k-mer of size 25 yielded transcripts
with larger N50 value. Assembly having greater N50 value was regarded as the best

possible assembly.

Table 4.4 Comparing results of CLC and Velvet-Oases assembler

Statistics CLC | Velvet-Oases
Number of contigs 6,168 | 32,543
N50 282 741

Maximum contig length 1115 | 2050

Minimum contiglength 100 100

Average contiglength 565 640
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Maximum numbers of contigs were formed when assembly was carried out by
Velvet-Oases with higher N50 value and average length was also found to be greater
than CLC. Since larger N50 is most desirable for the optimum assembly, Velvet-
Oases was preferred over CLC bio.

4.1.2.2 Mapping of RNA-Seq data using reference genome approach

Comparison was made between CLC bio and TopHat which uses Bowtie as its
alignment engine. In reference-genome guided method, percentage of reads aligned
against reference genome plays a very critical role that determines the further
downstream analysis stating from reference-genome guided assembly to differential

expression analysis. Higher the alignment percentage, better it is.

Table 4.5 Comparing results of CLC and TopHat

Statistics CLC Tophat

Total no. of reads 36,557,140

No. of reads mapped | 10, 235,999 | 17,181,855

Mapping (%) 46 59

47%of the reads were aligned by TopHat whereas only 28% of the reads could be
aligned by CLC bio (Table 4.5). Hence, TopHat was preferred over CLC when

reference-genome was available to carry out the further trancriptome analysis.

4.2 Transcriptome analysis of Lathyrus sativus RNA-Seq data

4.2.1 Quality assessment

The single-end reads of moisture stressed and control sample of Lathyrus sativus
were generated using AB SOLID 4 System. Total of 64,246,685 and 64,640,515 raw
reads of control and stress samples were generated respectively with the read length
of 50 bp. After pre-processing of these data sets, 27689545 and 25662149 poor
quality reads of control and stress sample respectively were removed (Table 4.6).
These cleaned reads were used further for de novo assembly and reference-genome

trancriptome analysis of Lathyrus sativus.
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Table 4.6 Statistics after quality assessment and pre-processing

S. No. | Samples Reads before | Reads after | Q20 % | GC%
cleaning cleaning

1. Control (LS_C) | 64,246,685 36,557,140 56.9 45.07

2. Drought(LS_D) | 64,640,515 38,978,366 54.64 | 43.59

4.2.2 Transcriptome assembly

4.2.2.1 De novo assembly

The high quality reads were assembled into reference transcriptome using Velvet-
Oaseshy following the same protocol which was used to assemble Soybean reads.
The assembly resulted in generation of 24621 transcripts with an average length of
524nt and N50 of 428 nt. 7.5% of the total contigs were of length less than 300 nt
and 88.9% of the contigs lied between the range of 300 to 600 nt. Only 0.2% of the
total contigs exceeded the length of 1200 nt. The largest contig was of length 2652 nt

(Figured.l).

Table 4.7Assembly statistics of Velvet-Oases

S.No. | k-mer | N50 | Maximum length | No. of loci
1. 25 459 | 1887 19162
2 27 451 | 1885 19182
3. 29 445 | 1883 19205
4 31 443 | 1881 19256
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Figure 4.1 Length distribution of Lathyrus contigs using de novo assembly

4.2.2.2 Assembly by reference-genome based approach.
TopHatwas used to align reads of the sample of Grass pea against reference-genome

of Soybean. The mapping statistics of both the samples are given in Table 4.7.

Table 4.8 Mapping statistics

S.No. | Sample | No. of reads | Mapping (%0)
1. Control 36,557,140 47
2. Drought | 35,332,372 43

The aligned reads mapped against reference genome were individually assembled
using Cufflinks. Assemblies of both the samples were merged together to form the

final assembly consisting of 96,028 contigs using Cuffmerge.
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4.2.3 Functional annotation and analysis of Lathyrus sativus transcriptome data
Contigs resulted from both de novo and reference-genome guided assembly were
blasted and functionally annotated.Out of 21,621 transcripts which were de novo
assembled 15,562 (63.21%) showed significant similarity to known proteins in non-
redundant (NR) database of NCBI. Blast2GO was employed to identify functional
categories of these transcripts. In total, 56,084 GO IDs were assigned to 13,723
transcripts. Maximum number of transcripts showed resemblance with Glycine max,

followed by Medicago truncatula and Trifolium subterranean(Figure 4.2).

On the other hand, 93.53% of the total 96,028 reference-genome based assembled
transcripts shared the similarity with the nr-database. 4,43,062 GO Ids were assigned
to 89,087 transcripts.These IDs are associated to three principal categories:

biological process (BP), cellular component (CC) and molecular function (MF).

BLAST top hits

Glycine max 4400
Medicago truncatula

Trifolium subterraneum

Cicer arietinum

Pisum sativum

Lupinus angustifolius

Glycine soja

Cajanus cajan

Lotus japonicus

Vigna angularis

» Phaseolus vulgaris
S Arachis ipaensis
g Vigna radiata var. radiata
v Vigna angularis var. angularis
Citrus sinensis

Arachis duranensis

Noccaea caerulescens

Vicia faba

Lathyrus sativus

Gossypium raimondii

Juglans regia

Medicago sativa

Eucalyptus grandis

Populus trichocarpa

Brassica napus

Vitis vinifera

Arabidopsis thaliana

Zea mays

Nicotiana tabacum

others

Figure 4.2 Graphical representation of species distribution according to BLAST
hits
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In de novo based approach for the biological process majorityof the transcripts were
involved in metabolic process and followed by cellular process and response to
stimulus (Figure 4.3a). Similar distribution of gene ontology terms was found in
reference-genome based approach. Other biological process included biological

regulation, signaling, growth and reproduction (Figure 4.3b).

multicellular reproductive . multi- . .
organismal process P reproduction organjsm B|o|0g|ca| Process

2% 1% process

regulation of
biological process
2%
biological

developmental g
process 304

2% |ocalization

3% /\
cellular component'
organization or
biogenesis
5%

response to stimulus
6%

single-organism
process
7%

(a)

biological
reproductive phase
multicellular process 1%

developmental
process
1%

reproduction
1%

organismal 9
regulation of grocess gn OOWth 0%
biological process 1% 1% multi-organism
localization __1% process
4% 0%
biological regulation
4%
cellular component
orgonzainer Biological
biogenesis
5% response to stimulus “‘ P rocess
5% ‘
single-organism __
process
10%
(b)

Figure 4.4 Graphical representations of GO terms for biological process in a)de

novo based approach and b) reference based approach
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For the molecular function 43% were related to nucleotide binding and 36% were
associated with hydrolase activity. Reasonable number of transcripts were also

involved in catalytic activity, transferase and kinase activity (Figure 4.4a).
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Figure 4.4 Graphical representations of GO terms for molecular function in a)
de novo based approach and b) reference based approach
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In reference-genome based approach, majority of the transcripts were involved in
hydrolase activity (40%) followed by nucleotide binding (37%). Other functions
found in common with de novo based approach were binding activities of protein and
DNA, kinase activity, transferase and catalytic activity (Figure 4.4b).

About 36% of transcripts were active organelle and 28% in membrane. Other active
cellular components were macro-molecular complex, organelle part, cell wall,
nucleolus and endoplasmic reticulum (Figure 4.5a). In reference-genome based
approach, four most active cellular components were cell part, organelle, membrane

and macromolecular complex (Figure 4.5b).
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novo based approach and b) reference based approach
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Pathway analysis was carried out on KEGG Pathway database. Total of 144 KEGG
pathways were identified. The top five pathways were “Biosynthesis of antibiotics”,
“Purine metabolism”, “Amino sugar and nucleotide sugar metabolism”, “Cysteine

and methionine metabolism” and “Starch and sugar biosynthesis”.

Carbon fixation in photosynthetic organisms 20

Tyrosine metabolism 21

Glyoxylate and dicarboxylate metabolism 21

Arginine and proline metabolism 22

Inositol phosphate metabolism 22

Phenylalanine, tyrosine and tryptophan.. 23

Glycine, serine and threonine metabolism 23

Aminoacyl-tRNA biosynthesis 23

Porphyrin and chlorophyll metabolism 24
Alanine, aspartate and glutamate metabolism 25 Pathways

Pyruvate metabolism
Glycerophospholipid metabolism
Glycolysis / Gluconeogenesis
Pyrimidine metabolism

Starch and sucrose metabolism
Cysteine and methionine metabolism
Amino sugar and nucleotide sugar metabolism
Purine metabolism

Biosynthesis of antibiotics 155

0 20 40 60 80 100 120 140 160 180

Enzymes in pathway

Figure 4.6 Top 20 KEGG pathways identified in Lathyrus sativus transcripts (de
novo based approach)
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Arginine biosynthesis

Fructose and mannose metabolism

Carbon fixation in photosynthetic organisms

Glycine, serine and threonine metabolism

Arginine and proline metabolism

Phenylalanine, tyrosine and tryptophan..

Porphyrin and chlorophyll metabolism

Glycerophospholipid metabolism

Alanine, aspartate and glutamate metabolism
Glycolysis / Gluconeogenesis Pathways

Aminoacyl-tRNA biosynthesis

Pyruvate metabolism

Glyoxylate and dicarboxylate metabolism

Pyrimidine metabolism

Starch and sucrose metabolism

Cysteine and methionine metabolism

Amino sugar and nucleotide sugar metabolism

Purine metabolism

Biosynthesis of antibiotics

0 20 40 60 80 100 120 140 160
Enzymes in pathway

Figure 4.7 Top 20 KEGG pathways identified in Lathyrus sativus (reference

genome based)

Top 5 metabolic pathways identified in reference-genome based approach was
similar to de novo based approach. Rest of the pathways include glyoxylate and
dicaroxylate metabolism, pyruvate metabolism, glycolysis/gluconeogenesis and

aminoacyl-tRNA biosynthesis.
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4.3 Analysis of differential expression of assembled transcripts under moisture-

stress

57 transcripts were classified as differentially expressed genes (DEGS) in moisture
stressed sample when compared to control. Out of DEGs, 32 transcripts were found
to be up-regulated whereas, 25 transcripts were found to be down-regulated (Figure
4.8b). Upregulated genes included cysteine protease, ascorbate oxidase and heat
shock protein. Down-regulated genes included NAC domain-containing 72-like
protein and Zinc Finger 512B.

23 out of 57 transcripts did not share any GO terms and these novel transcripts are

unclassified. Many of the remaining transcripts had more than one GO annotation.

In case of reference-genome based approach, 140 transcripts were classified as
differentially expressed genes (DEGS) in moisture stressed sample. Out of DEGs, 74
transcripts were found to be up-regulated whereas, 66 transcripts were found to be
down-regulated (Figure 4.8 b).Upregulated genes includedsuccinate dehydrogenase,
GTP-binding homolog, histone H4 and sucrose synthase 2. Down-regulated genes
included asparticase 2 and BSD domain. 25 out of 140 transcripts did not share any
GO terms and these novel transcripts are unclassified.



38

DESeq2

&

(A BL MMM EAA L HA . AA 8 4 A4

+ + * * 6‘o * +
* O e A .
. + . - .
. “ N .
. M R T

2

it

8 Fosh

‘
Ber *

v e .
F e e
m% P

(R
A

T
10000

T
100

b 0

afiueyo pjoj Bo|

-

z-

mean of normalized counts

Color key

LSO 1t

LSC 1t

(@)



39

DESeq2

log fold change

-1
I

1 10 100 1000 10000

mean of normalized counts

E————— I
Color key

I

g

(b)

Figure 4.8 Graphical representation of DEGs through MA plot and heat map in
a) de novo based approach and b) reference-genome based approach. The red
dots signifies differentialy expressed transcripts.
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CHAPTER V
DISCUSSION

RNA-Seq makes use of Next Generation Sequencing (NGS) technology to precisely
determine the expression level of several genes in particular time and in particular
cell by sequencing RNA. The recent advancement in the next-generation sequencing
technology has made the characterization of transcriptome cost effective (Vera et al.,
2008; Ekblom and Galindo, 2011). Together with the growing popularity of RNA-
Seq, a number of data analysis methods and pipelines have already been developed
for this task. There is a common assumptions that substantial gains occur in the
quality of the results as read length increases and when paired-ends (PE) are used.
The current read length that is standard for many expeiments is PE 100 bp reads
(Chhangawala et al., 2015). Currently, however, there are no clear consensus about
the best practices for SOLID short read single end data, which makes the choice of
an appropriate method a daunting task especially for a basic user. The performance
of the bioinformatics RNA-Seq analysis tools are influenced by the type of dataset.
Hence, to select an optimum performing tool for transcriptome analysis of Lathyrus
sativus, we first attempted to optimize the same protocol using a well annotated
sequenced genome of Glycine max, which is also a close relative of Lathyrus sativus.
The reference transcriptome data generated form same sequencing technology (ABI-
SOLID) as that of Lathyrus and was of the same length (50bp) and type (single-end).
Comparison was made between commercialized and open source software for the de
novo and reference based methods, with the aim to understand and assist the choice
of selection of such methods for SOLID transcriptome data. CLC Genomics
Workbench, a commercialized integrated software was compared with Velvet-Oases
for de novo assembly and with TopHat-Cufflinks for reference genome based
approach. Assembly and read alignment in case of de novo and reference-genome
based approach respectively is the first crucial step on which the rest of the
downstream analysis lies upon. Velvet-Oases and Tophat-Cufflinks yielded optimum
assembly and mapping result over CLC Genomics Workbench in de novo and
reference-genome based methods respectively based on the transcriptome data of
Glycine max. Hence based on the assembly and mapping statistics (presented in

section 4.1.2) of the RNA-Seq reads Velvet-Oases and TopHat-Cufflinks were chosen
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to carry out the transcriptome analysis of Lathyrus sativus based on their

performance against Glycine max test dataset.

Moisture stress is one of the most important environmental stresses all around the
world. Drought tolerance is a complex trait controlled by many genes. It is important
to understand how plants respond to drought stress at the molecular level for
developing improved genotypes which would perform well under water limited
conditions. Lathyrus sativus offers an attractive choice for sustainable food
production, owing to its intrinsic properties including limited water requirement and
drought tolerance. It is important to mine candidate genes and unravel molecular
mechanisms in response to drought stress in Lathyrus, which would accelerate
genetic improvement through technologies like marker-assisted selection.

Lathyrus sativus (Grass pea) is a dual purpose legume crop. Its seed are used for
human consumption and fodder for consumption by livestock. It is well adapted to
the arid conditions and is one of the hardiest pulses known till date. It contains a high
level of protein (25-30%). It holds the tag of “insurance crop” and hence take a
special importance in the light of climate change. Drought negatively impacts plant
growth and the productivity of crops around the world. Understanding the molecular
mechanisms in the drought response is important for improvement of drought
tolerance using molecular techniques. The genes responsible for the plant’s
remarkable environmental tolerance are unknown (Yan et al., 2006). The
biotechnological potential of grass pea as a source of stress tolerance genes for
general crop improvement remains to be exploited. A solution to the current
stagnation is expected from high technological advancement such as transcriptome
analysis providing insight into stress related gene activity which may accelerate
knowledge based breeding. With the aim to elucidate the underlying molecular basis
of grass pea response to drought stress, comparative trancriptome analysis was
conducted between cultivars grown under two different conditions, control and

drought stressed.

Since the genome of Lathyrus sativus (grass pea) is not yet sequenced, this study was
carried out to identify the novel transcripts as well as differential expressed genes
from both the de novo and reference-genome based method. Hence, assembly of
clean reads of Lathyrus sativus was carried out by Velvet/Oases Assembler. A total
of 64,246,685 and 64,640,515 raw reads were generated using ABI-SOLID 4
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sequencing technology, were assembled into 24621 contigs with N50 equals to 459
bp and 44.35% GC content value. It was found that around 63.21% transcripts
showed similarity with known sequences when against searched non-redundant (nr)
database, which implies that the other unknown, uncharacterized and hypothetical
genes may be the novel transcripts which requires further experimental validation.
Maximum number of contigs matched with Glycine max which signifies its close
relationship with Lathyrus sativus. Hence, making its genome most suitable to be
used as a reference genome for reference-genome based method of RNA-Seq

analysis.

In case of reference-genome based approach, TopHat-Cufflinks was used for
aligning reads to the reference-genome and assembling the mapped reads into a
contigs. It generated 96,028 contigs, out of which 89,087 showed significant
similarity with the known sequences the function of which could be annotated by
searches of public databases. These functions were classified by GO and the

metabolic pathways were assigned using the KEGG database.

The identified differential expressed genes in our study in control and moisture-
stressed Lathyrus cultivars may be responsible to play supportive role in plant
tolerance mechanism against drought condition. Through a comparative
transcriptome analysis, we identified several moisture-stress responsive genes
encoding moisture-responsive transcription factors and anti-oxidant enzymes. In de
novo based approach, 57 transcripts were classified as differentially expressed genes
(DEGS) in moisture stressed sample. Out of DEGs, 32 transcripts were found to be
up-regulated whereas, 25 transcripts were found to be down-regulated. Upregulated
genes included cysteine protease, ascorbate oxidase and heat shock protein. Down-
regulated genes included NAC domain-containing 72-like protein and Zinc Finger
512B. 23 out of 57 transcripts did not share any GO terms and these novel transcripts
are unclassified. Many of the remaining transcripts had more than one GO annotation
which indicates one gene can give rise to more than one enzymes with different
functions. Total 21 number of transcription factors were found in de novo based
study which includes bZIP (basic leucine-zipper), C2H2-like zinc finger, C3H, EIL,
NAC and MYB.

Cysteine protease is found to be involved in signaling pathway and in response to
biotic and abiotic stress. Previous study has shown its accumulation in leaf tissue of
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drought-stresses tomato (Harrak et al., 2001) and Arabidopsis thaliana (Koizumi et
al., 1993). NAC is plant specific-proteins constituting a major transcription factor
family, renowned for its role in several developmental programs and plays an
important role in regulating stress responses. NAC are novel stress responsive genes
that are activated and play a positive role in regulating the abscisic acid (ABA)
mediating pathway (Hong et al., 2016). It has received special attention due to its
regulating mechanism in stress signaling pathways (Puranik et al., 2012). Zinc finger
are the class of domains which regulates the mechanism against biotic and abiotic

stress. We also found these genes highly upregulated in our study.

In case of reference-genome based approach, 140 transcripts were classified as
differentially expressed genes (DEGS) in moisture stressed sample. Out of DEGs, 74
transcripts were found to be up-regulated whereas, 66 transcripts were found to be
down-regulated. Upregulated genes included succinate dehydrogenase, GTP-binding
homolog, histone H4 and sucrose synthase 2. Succinate dehydrogenase was found to
be differentially expressed during drought condition in in kernels of two maize lines.
This enzyme participated in carbohydrate metabolism (Yang et al., 2014). Sucrose
synthase 2 is supposed to regulate nitrogen-fixation in nodules of Soybean in drought
condition (Gonzéalez et al., 1995). Down-regulated genes included aspartic are 2,
BSD domain, Glyceraldehyde-3-phosphate cytosolic and Alcohol dehydrogenase 1.
Glyceraldehyde-3-phosphate dehydrogenase has been found to interact with plasma
membrane-associated phospholipase D to induce hydrogen peroxide signal during
stress condition in A. thaliana (Guo et al., 2012). Out of 140 transcripts, 25 did not
share any GO terms and these novel transcripts are unclassified. Transcription factors
included bHLH, NAC, SlFa-like, LBD, TCP, ERF and WRKY. Identification of
these differentially expressed genes may help in understanding the molecular
mechanism of the drought resistant trait. Ethylene Response Element binding Factors
(ERF) performs several diverse roles in abiotic and biotic stress (Sharoni et al.,
2011). WRKY is one of the largest transcription factor families and actively
participate in drought stress condition (Qin et al., 2013). These TFs have been
identified in this study.
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CHAPTER VI
SUMMARY AND CONCLUSION

Lathyrus sativus, commonly known as Grass pea belongs to family Fabaceae and
sub-family Papilionoideae and is the only cultivated species of genus Lathyrus. This
plant shows high resilience to moisture stress conditions i.e., both drought and flood.
Drought is the period during which the amount of moisture in the soil no longer
meets the needs of the particular crop. The struggle to grow food crops during such
scarcity of moisture is therefore a big issue. It has also very high nutritive value.
Grass pea (Lathyrus sativus L.) is a crop of immense economic and agronomic
importance which has multiple uses as food, feed and fodder and hence it is used for
both human and livestock consumption. But in spite of possessing such agronomical
valuable traits it has remained underused and neglected species and very limited
research has been devoted to this crop. Physiological studies that could aid our
understanding the mechanisms and traits resulting in drought resistance are scarce
and also not well understood. Hence this study was undertaken to unravel the genes
and its expression along with their metabolic pathway that assist the crop to

withstand moisture stress condition.

The protocol of transcriptome analysis of Lathyrus was first optimized by the use
RNA-Seq SOLID data of Glycine max which has a well annotated sequenced
genome. Comparative study was made between commercial and open-source
software for both the approaches of transcriptome analysis and the optimum
performing tool was selected to carry out the RNA-Seq analysis of Lathyrus sativus
SOLID data. Velvet-Oases was selected for de novo assembly and TopHat-Cufflinks
was used for reference-genome guided assembly. Further steps for downstream
analysis for detecting the differential expression of genes were kept same in both the
approaches so that only difference between the result of de novo and reference-
genome based approach is the presence of annotated genome. Assemblies of
different k-mer length were merged to non-redundant assembly at four different k-
mers. The k-mer size at which the value of N50 and average transcripts length was
higher, assembly at that k-mer size was considered to be the optimum assembly one
could achieve using data of such short read length (50 bp). All the assembled

transcripts were blasted against nr-database of NCBI to functionally characterize
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those transcripts. KEGG pathway analysis was done to know the metabolic pathway
in which the transcripts are involved, that would help us to understand the molecular
mechanism of drought-resistance trait. DESeq2 was used for testing the differential
expression of the genes. Genes having absolute log2 fold change greater than 2 and

p-value less than 0.05 was considered to be differentially expressed.

The assembly resulted in 21,621 and 96,028 contigs in de novo and reference-
genome based approach. Total 57 genes were found to be differentially expressed in
case of de novo based approach out of which 32 genes were up regulated and 25
genes were down regulated. Upregulated genes included cysteine protease, ascorbate
oxidase and heat shock protein. Down-regulated genes included NAC domain-
containing 72-like protein and Zinc Finger 512B. 16 of the up regulated genes and 7
of the down regulated genes did not share any GO terms which means these genes
are yet to be annotated. 63.21% and 93.53% of the total assembled contigs showed
significant similarity with the known sequences of the NCBI database. Maximum
transcripts got blast hit with Glycine max which also justifies our choice of reference-
genome in case of reference-genome guided assembly. Total 21 number of
transcription factors were found in de novo based study which includes bZIP (basic
leucine-zipper), C2H2-like zinc finger, C3H, EIL, NAC and MYB.

Total 140 genes were found to be differentially expressed in case of reference-
genome based approach out of which 74 genes were up regulated and 66 genes were
down regulated. Upregulated genes included succinate dehydrogenase, GTP-binding
homolog, histone H4 and sucrose synthase 2. Down-regulated genes included
asparticase 2 and BSD domain. 16 of the up regulated genes and 7 of the down
regulated genes did not share any GO terms. Transcription factors included bHLH,
NAC, S1Fa-like, LBD, TCP and WRKY.

The most dominant biological process was “metabolic process” in both the de novo
and reference based approach. The dominant molecular function in case of de
novowas “nucleotide binding” and in case of reference-based approach it was
“hydrolase activity”. In case of de novo the dominant cellular component was

“organelle” and in other method it was “cell part”.

The findings of this study is expected to facilitate the decision of choosing an

optimal tools for the analysis of short read SOLIiD transcriptome data. The result is



47

also expected to provide an improved understanding and identification of sources for
resistance against moisture stress for future genetic research in this hitherto under-

researched, valuable legume crop.



ABSTRACT

Lathyrus has a great agronomic importance as it is grown for both human
consumption and livestock feed and is well adapted to the arid conditions and is one
of the hardiest pulses known till date. Together with the growing popularity of RNA-
Seq, a number of data analysis methods and pipelines have already been developed
for transcriptome analysis. There is a common assumption that substantial gains
occur in the quality of the results as read length increases and when paired-ends (PE)
are used. Currently, however, there are no clear consensus about the best practices
for SOLID short read single end data, which makes the choice of an appropriate
method a daunting task especially for a basic user. Hence a comparative study of
RNA-Seq analysis tools, in this study commercialized CLC bio Genomics
Workbench vs open-source software like Velvet-Oases and TopHat-Cufflinks for de
novo and reference-genome based approach respectively, was made with the aim to
understand and assist the choice of selection of such methods for SOLID
transcriptome data. Velvet-Oases and TopHat-Cufflinks were chosen to carry out the
transcriptome analysis of Lathyrus sativus based on their performance against
Glycine max test dataset. Drought negatively impacts plant growth and the
productivity of crops around the world. Understanding the molecular mechanisms in
the drought response is important for improvement of drought tolerance using
molecular techniques. In this study, we found 57 differentially expressed genes in
case of de novo based approach and 140 in case of reference-genome based
approach. The findings of this study is expected to facilitate the decision of choosing
an optimal tools for the analysis of short read SOLID transcriptome data. The result
is also expected to provide an improved understanding and identification of sources
for resistance against moisture stress for future genetic research in this hitherto

under-researched, valuable legume crop.
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APPENDIX

1. Command used for DESeq2 in R-3.4.0

utils:::menulnstallLocal ()

library ("DESeqg2")

directory <- "C:\\Users\\Ishu\\Desktop\\denovo htseq"
sampleFiles <- grep( "treated" , list.files(directory),
value=TRUE)

> sampleCondition <- sub( " (. *treated). *" , "\\1"
,sampleFiles)

> sampleTable <- data.frame( sampleName = sampleFiles,
fileName = sampleFiles, condition = sampleCondition)

> colnames<-c ("id", "count")

> ddsHTSeq <- DESegDataSetFromHTSeqgCount ( sampleTable =

vV V V V

sampleTable, directory = directory, design= ~ condition)
> ddsHTSeq
> directory <- system.file( "extdata" , package="pasilla"

, mustWork=TRUE)

> library ("DESeg2")

> directory <- "C:\\Users\\Ishu\\Desktop\\denovo htseq"
> sampleFiles <- grep( "treated" , list.files(directory),
value=TRUE)

> sampleCondition <- sub( " (. *treated). *" , "\\1"
,sampleFiles)

> sampleTable <- data.frame( sampleName = sampleFiles,
fileName = sampleFiles, condition = sampleCondition)

> ddsHTSeq <- DESegDataSetFromHTSeqgCount ( sampleTable =
sampleTable, directory = directory, design= ~ condition)
ddsHTSeqg

dds <- DESeqg (ddsHTSeq)

head (ddsHTSeq)

head (dds)

dds <- ddsHTSeg[ rowSums ( counts (ddsHTSeq)) > 1, ]

dds <- DESeq (dds)

res <- results(dds)

register ( SnowParam( 4))

resOrdered <- res|[ order (res$padij), ]

sum (res$padj < 0.1, na.rm=TRUE)

dds

res05 <- results(dds, pvalue=0.05)

res05 <- results(dds, pAdjustMethod = "FDR", alpha=.05)

VVVVYVYVVVVYVYVYVYV



2. Installation procedure of required software

All the executable programs were stored in a common directory before installing and
the same directory was added to the PATH environment variable.

$ mkdir $HOME/bin

$ export PATH = $HOME/bin:$PATH

To install the SAM tools, SAM tools
(http://samtools.sourceforge.net) was downloaded and
unpacked the SAM tools tarball and cd to the SAM tools
source directory:

$ tar jxvf samtools-0.1.17.tar.bz2

$ cd samtools-0.1.17

$ cp samtools $SHOME/bin

To install Bowtie, the latest binary package for Bowtie
(http://bowtie-bio.sourceforge.net/index.shtml) was
downloaded and unpacked the Bowtie zip archive and cd to
the unpacked directory:

$ unzip bowtie-0.12.7-macos-10.5-x86 64.zip

$ cd bowtie-0.12.7

$ cp bowtie $HOME/bin

$ cp bowtie-build S$HOME/bin

$ cp bowtie-inspect $HOME/bin

To install TopHat, the binary package for version 1.3.2
of TopHat (http://tophat.cbcb.umd.edu/) was downloaded
and unpacked the TopHat tarball and cd to the unpacked
directory:

$ tar zxvf tophat-1.3.2.0SX x86 64.tar.gz

$ cd tophat-1.3.2.0SX x86 64

cp * SHOME/bin

To install Cufflinks, the binary package of version 1.2.1
for Cufflinks (http://cufflinks.cbcb.umd.edu/) was
downloaded and unpacked the Cufflinks tarball and cd to
the unpacked directory:

$ tar zxvf cufflinks-1.2.1.0SX x86 64.tar.gz

$ cd cufflinks-1.2.1.0SX x86 64

$ cp * SHOME/bin

To install CummeRbund, we need to start an R session:

$ R

And then CummeRbund package was installed wusing the
following commands:

> source (‘http://www.bioconductor.org/biocLite.R’)

> biocLite (‘cummeRbund’)


http://samtools.sourceforge.net/
http://bowtie-bio.sourceforge.net/index.shtml
http://tophat.cbcb.umd.edu/
http://cufflinks.cbcb.umd.edu/
http://www.bioconductor.org/biocLite.R
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