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Synopsis

Plants have been used in traditional medicine for hundreds of years as both therapeutics
and dietary supplements. Moringaceae is a plant family with 13 species, two of which are
native to India, Moringa oleifera Lam and Moringa concanensis Nimmo (Olson 2002).
M. oleifera has received more attention than the other members of this family, primarily
because of the enormous health and nutrition benefits of this plant, as well as its ability
to thrive in drought conditions. Hence this plant is regarded as a valuable crop, and it is
currently cultivated all over the world. M. concanensis, a closely related species found in
India, mainly in the Konkan region, has long been used as a medicinal plant (Padayachee
and Baijnath 2012). Transcriptome data and chemical identification based on mass
spectrometry can be used for the scientific evaluation of specific plant parts used in
traditional medicine (Naika et al. 2022; Pasha et al. 2020; Upadhyay et al. 2015). Several
groups have reported the M. oleifera genome and transcriptome, as well as the presence
of biologically active molecules in various plant parts (Shyamli et al. 2021; Tian et al.
2015; Vergara-Jimenez, Almatrafi, and Fernandez 2017). M. concanensis, on the other
hand, has received little attention in terms of sequencing and chemical identification. As
a plant native to India, research on M. concanensis will aid in its preservation and will
reveal the medicinal and nutritional benefits of various parts of the plant. It is essential to
step up research on these less-known species so that they receive the attention they
deserve and contribute to their preservation and recognition as a natural resource.

This thesis aims to present the first report of the M. concanensis transcriptome
and a comparison with the M. oleifera transcriptome. This was accomplished through the
use of NGS techniques and computational methods, supported by metabolite analysis and
in vitro assays. In a recent study, transcriptome profiling was used to identify the
candidate genes involved in the biosynthesis of selected secondary metabolites, vitamins,
and ion transporters from M. oleifera (Pasha et al. 2020). The current M. concanensis
study serves as a transcriptome and metabolome repository, revealing similarities and
differences to M. oleifera. The thesis further narrowed its focus to diabetes-related
questions by using the data generated from both plants. Diabetes is a chronic metabolic
disorder that poses a serious risk to human health and has garnered global attention
(Gheith et al. 2016). Unlike M. concanensis, the antidiabetic properties of M. oleifera
have been studied extensively (Mbikay 2012). Recently, a study on mice demonstrated
the antidiabetic properties of M. concanensis (Balakrishnan, Krishnasamy, and Choi

2018). Several small molecules have been studied for their antidiabetic properties, and
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many of them have proven to be effective and are currently in use. Natural compounds
may prove to be more efficient and safe for treating diabetes than currently available
molecule (Vasudevan and Garber 2005). As per previous reports, three major compounds
considered to be important for the antidiabetic property of these plants were chosen. The
expression of their biosynthesis enzymes was assessed using transcriptome data from M.
concanensis and M. oleifera tissues. The potential antidiabetic effect of both species was
then compared using metabolite profiling and in vitro studies. In addition, the genes
responsible for drought tolerance in the M. oleifera plant were investigated. The M.
oleifera genome and drought-induced transcriptome data from a recent study (Shyamli et
al. 2021) aided in the investigation of the promoter region of differentially expressed
genes under drought stress.

The thesis is divided into six chapters. Chapter 1 of this thesis gives a general
overview of Moringa species and their therapeutic benefits. The chapter also discusses
the computational methods, applications, databases, web servers, and experiments used
in this thesis. The thesis objectives and outline have been summarised at the end. Chapter
2 discusses the sequencing of the M. concanensis transcriptome and its relationship to the
M. oleifera transcriptome. RNA sequencing, transcriptome assembly, downstream
analysis, and estimating the abundance of each transcript are all covered in this chapter.
The gene families of both species were compared to those of closely related species and
species-specific gene families were analysed. Chapter 3 explains metabolite analysis and
the expression of enzymes involved in the biosynthesis of three potential antidiabetic
compounds found in various tissues of M. oleifera and M. concanensis. The estimated
expression data from the M. concanensis transcriptome were validated further using RT-
gPCR. The compounds were further quantified in crude leaf extract of both species.
Chapter 4 of this thesis reports investigation of the inhibitory activity of crude leaf
extract from both species on the gastrointestinal enzymes a-amylase, a-glucosidase, and
dipeptidyl peptidase-4 (DPP-4). These enzymes are important targets for regulating blood
glucose level. Separately, the inhibitory activity of Benzylamine, an important
phytochemical believed to mediate the hypoglycaemic activity of the plant, has been
investigated. In addition to various assay studies, the toxicity of this compound was
investigated. Through in vitro experiments, this Chapter sheds light on the antidiabetic
activity of leaf tissue from both plant species. In addition to the health benefits of M.
oleifera, as an important crop, it is critical to investigate the plant drought stress tolerance
mechanism. Chapter 5 of this thesis discusses the identification of drought-stress

response genes from M. oleifera and the analysis of cis-elements in the promoter region.
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This Chapter outlines the transcription factors and their binding sites in the promoter
region that are important for the drought-stress tolerance of Moringa species. Finally,
Chapter 6 of this thesis provides a summary of overall work and also provides future

directions to this thesis.

Collectively, the thesis discusses the transcriptome profiling of Moringa species,
explores potential antidiabetic compounds present in these species, determines inhibitory
activity to study antidiabetic activity, and finally look into the genes involved in the
response to drought stress. The transcriptomes of both species were used to estimate the
expression of important enzymes in different tissues. The analysis revealed the
importance of leaf tissue in antidiabetic activity. In experiments, the leaf tissue
demonstrated significant inhibitory activity against important antidiabetic targets in the
gastrointestinal tract. The metabolite profiling of leaf tissue and the assay studies on
compounds like Benzylamine led to the conclusion that the presence of such compounds
in the tissue could be explained by its high activity. Furthermore, the genome and
transcriptome enabled to investigate drought stress response genes and their promoter
region in M. oleifera plant. Overall, this study not only provides transcriptome resources
for Moringa species, but also sheds light on antidiabetic potential of both species. The
knowledge gained from this investigation of the M. concanensis plant will be helpful for
future research into a variety of diseases and also contribute to the conservation of plant.
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Chapter 1: Introduction

1.1 Moringaceae family

The family Moringaceae has a single genus Moringa, which contains 13 different species
found in the Indian subcontinent (M. oleifera and M. concanensis), Kenya (M. longituba,
M. rivae, M. borziana and M. arborea), northeastern and southwestern Africa (M.
stenopetala, M. pygmaea, M. ovalifolia and M. ruspoliana), Arabia, and Madagascar (M.
peregrina, M. drouhardii and M. hildebrandtii) (Padayachee and Baijnath 2012;
Verdcourt 1985) (Figure 1.1). Current research is limited to Moringa oleifera and
Moringa concanensis, two of the 13 species recorded in India. Other species are being
evaluated less because they are mostly endemic to Arabian and African countries, where
there is less exploration for naturally occurring bioactive substances (Olson 2002).

; % M. hildebrandtii  Sothern Hemisphere

. ovalifolia

. peregrina

Moringaceae
l

. concanensis | Mostly Asia

. oleifera

. longituba ]

. ruspoliana

. borziana

- Pygmaea - Horn of Africa

. arborea

Figure 1.1: Different species from Moringa genus. The phylogeny was generated based on the
morphology of the species
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M. oleifera has been extensively studied and is currently grown all over the world. The
significance of the other species within the genus, which are equally significant and
valuable, has received very little documentation or research because studies have
primarily focused on the nutritional benefits and extensive medicinal properties of M.
oleifera. M. concanensis, a different species identified in India, has demonstrated
potential biological activities and deserves further research. This species highly resembles
to M. oleifera, so they might have similar biological characteristics. Morphological
difference between these two species shown in (Table 1.1). Moringa species have
demonstrated tolerance to drought stress and are grown in tropical, subtropical, and

temperate climates (Boumenjel, Papadopoulos, and Ammari 2021).

M. oleifera M. concanensis

Height | 5-10 m, fast-growing, Drought- Small tree, highly resembles M. oleifera
tolerant

Habitat | Typically grows in semi-dry, Usually inhabits steep slopes in dense

desert or tropical soils deciduous forests

Leaves

Bi/Tri-pinnate (alternating),
leaflet venation is obscure

Bi-pinnate, 45cm long, larger and
oblong, leaflet venation is distinct

Bark Whitish, soft and spongy Central trunk is highly furrowed
Seeds | Spherical, 4 shaped papery wings | 3-angled

Flower | Cream or white Yellow petals with red/pink veins
Pods Single/pairs, light green, slim and | 30-45c¢m long and three angled

tender

Table 1.1: Some of the morphological differences between M. oleifera and M. concanensis

1.1.1 Moringa oleifera Lam - Drumstick Tree

The M. oleifera plant, a member of the Moringaceae family, is sometimes called a
"Miracle Tree" because every part of this tree has both therapeutic and nutritional
benefits. This tree is commonly known by regional names as ‘drumstick tree’. It is a
multipurpose tree that originated in the Himalayan foothills of northwest India and is now
being cultivated globally (Figure 1.2). M. oleifera is primarily grown for its nutrient-rich
pods, edible leaves, and flowers, which are used in food, medicine, cosmetic oil, livestock
forage, and as a water coagulant (Padayachee and Baijnath 2012). Almost every part of
this plant has been used in traditional medicine to treat a variety of diseases (Chopra and
Chopra 1994; Fahey 2005). Some of the M. oleifera tissues have a variety of
pharmacological effects, including anticancer,

antioxidant, anti-inflammatory,

immunomodulatory, antidiabetic, antifungal, antibacterial, and hepatoprotective effects

2 Chapter 1: Introduction



(Gopalakrishnan, Doriya, and Kumar 2016). It is also known that the various parts of M.
oleifera, such as roots, leaves, flowers, fruits, and seeds, are beneficial sources of
phytochemicals from the classes Alkaloids, flavonoids, carotenoids, tannins,
phytosterols, natural sugars, vitamins, minerals, and organic acids (Goyal et al. 2007).
The medicinal qualities of M. oleifera are enhanced by these phytochemicals. Since it is
both a medicinal plant and a functional food, M. oleifera is regarded as one of the most
significant and advantageous natural plants among the countless other plants and in the

Moringaceae family itself that are being investigated for their therapeutic properties.

M. oleifera M. concanensis

Figure 1.2: Geographical distribution of M. oleifera and M. concanensis. The figure is taken from
FRLHT Envis database (http://envis.frlht.org)

1.1.2 Moringa concanensis Nimmo - Konkan Moringa

M. concanensis is a small tree found in the wild, growing naturally in specific forest
patches, especially in dry hills. The plant is indigenous to India and is found mainly in
the Konkan region, hence the name "Konkan Moringa" (Figure 1.2). Due to its strong
resemblance to M. oleifera, it is possible that they share some therapeutic or nutritional
properties. In comparison to M. oleifera, this plant has received less scientific attention.
M. concanensis leaf extracts were found to contain alkaloids, saponins, glycosides,
steroids, and terpenoids (Ravichandran et al. 2009). High levels of oleic acid were found
in M. concanensis seeds, which were followed by moderate levels of palmitic, stearic,
behenic, and arachidic acids (Manzoor et al. 2007). The presence of a notably high
concentration of a-, y- and 6-tocopherols was thought to be the cause of the seed oil high
oxidative stability. Also, several methyl esters are rich in seed oil (Megha et al. 2011).
This plant has been tested and antidiabetic potential has been observed in multiple studies.
The extract of M. concanensis leaves was found to have antihyperglycemic properties
when tested on glucose, insulin, biochemical profiles, and lipid profiles in experimental

diabetic rat models induced with streptozotocin (Balakrishnan, Krishnasamy, and Choi
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2018; Singh et al. 2021). Further investigation into the pharmacology and phytochemistry
of M. concanensis is highly required in order to support some of the traditional claims
given its great potential and diversity as a medicinal plant.

1.2 Therapeutic potential of Moringa species

Being a source of bioactive compounds and multifunctional curing agents, the products
made from various herbs and plants are generally regarded as safe for consumption.
According to a report by the Food and Agriculture Organization (FAQO), between 70 and
80% of the world's population, particularly in developing nations, rely on herbal remedies
to prevent and treat illnesses, and about 25% of synthetic drugs are made from medicinal
plants (Ekor 2014).

1.2.1 Traditional knowledge

People have been using medicinal plants for their therapeutic benefits since the beginning
of mankind. Since ancient times, a staggering number of contemporary drugs have been
isolated from natural sources. Many of these isolations were made based on how the
substances were used in conventional medicine. About 80% of people around the world
still rely primarily on traditional medicines for their primary healthcare, demonstrating
the vital role that plant-based, traditional medicine methods continue to play in healthcare
(Farnsworth et al. 1985). Different Moringa tree parts have been used as traditional
medicine for centuries by people from all over the world. Many of the claims made by
conventional folk traditions regarding the therapeutic uses of M. oleifera have been
validated by scientific research over the past few decades. In the indigenous system of
medicine, almost all parts of this plant have been used to treat a variety of illnesses,
including diabetes, rheumatism, cholera, skin infections, anaemia, coughs, diarrhoea,
swelling, headaches, gout, acute rheumatism, hysteria, and heart complaints (Figure 1.3)
(Chopra and Chopra 1994; Fahey 2005). M. concanensis plant is frequently used to treat
a variety of illnesses in the Ayurvedic and Unani medical systems. Tribal groups in
Nilgiris region of Tamil Nadu have used it as an antifertility agent for decades
(Ravichandran et al. 2009). Traditional medicine used the root and root bark to treat
abscess, fainting, rheumatism, paralysis, and epilepsy (Jayabharathi and Chitra 2011).
The stem bark is used to treat bloating, while the gum is used to treat dental problems and
headaches. The leaves are used to treat conditions such as high cholesterol, high blood
pressure, diabetes, menstrual cramps, constipation, jaundice, and skin tumours. The

flowers are used to treat thyroid problems (Anbazhakan et al. 2007).
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Figure 1.3: Traditional uses of M. oleifera as medicinal plant

1.2.2 Pharmacological properties

M. oleifera is a popular nutritive herb with useful pharmacological properties. It has a

variety of properties, including hepatoprotective, analgesic, antifertility, anticancer,

antihyperlipidemic, antidiabetic, antiulcer, and antimicrobial properties (Ganatra et al.

2012). The major pharmacological activities attributed to various Moringa parts are

discussed below.

e Anticancer activity: Cancer is a common disease, and improper medication is
responsible for one in every seven deaths. At established concentrations, M. oleifera
can be used as an anticancer agent because it is natural, dependable, and safe. Studies
have demonstrated that this plant can act as an antineoproliferative agent, slowing the
spread of cancer cells. Leaf extracts that are soluble and solvent-based have been
successfully used as anticancer medications (Jung 2014). Additionally, studies contend
that capacity of cancer to trigger reactive oxygen species in cancer cells may be the
cause of the human disease ability to inhibit cell proliferation (Leelawat and Leelawat
2014).

e Antidiabetic activity: It has been demonstrated that Moringa can treat type 1 and type
2 diabetes. Patients with type 1 diabetes do not produce insulin, a hormone that is
necessary to keep blood glucose levels at the desired normal range. Insulin resistance
is one that is connected to type 2 diabetes. Beta cell dysfunction, which fails to detect
glucose levels and reduces the signalling to insulin as a result, may also contribute to
type 2 diabetes and result in high blood sugar levels. An aqueous extract of the leaves
of M. oleifera exhibits glycemic control and has antidiabetic properties (Ndong et al.
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2007). According to a study, M. oleifera aqueous extracts can treat both type 1 diabetes
caused by streptozotocin and type 2 diabetes in rats that is insulin resistant (Divi,
Bellamkonda, and Dasireddy 2012). In another study, the researchers observed that the
fasting blood glucose level decreased after feeding Moringa seed powder to the STZ-
induced diabetic rats (Al-Malki and El Rabey 2015).

e Antioxidant activity: Moringa species have a high phenolic content, which
contributes to their high antioxidant activity. Phenolic compounds act as antioxidants
by stabilising free radicals produced in cells by donating or accepting electrons.
Significant antioxidant and radical scavenging activity is seen in vitro with both
aqueous and alcoholic extracts of M. oleifera leaves and roots. Its leaves are rich in
antioxidants and seem to guard against the oxidative damage brought on by a high-fat
diet (Sharma et al. 2011).

e Antimicrobial activity: Moringa roots reportedly contain a lot of antimicrobial agents
and have antibacterial activity. The fresh leaf has been found to prevent the growth of
bacteria that are harmful to humans, and the bark extract has been shown to have
antifungal properties (Caceres et al. 1991).

e Anti-inflammatory activity: Extracts of M. oleifera root, bark, leaves, flowers, and
seeds have anti-inflammatory properties (Caceres et al. 1992). In ethanolic extracts,
M. concanensis flower and fruit extracts also demonstrated anti-inflammatory activity
(Jayabharathi and Chitra 2011; Rao et al. 2008).

1.3 Omics approaches

The sequencing of genomes, transcripts, proteins, and knowledge of metabolites
generates massive amounts of data. These are called genomics, transcriptomics,
proteomics, and metabolomics, respectively. Next-Generation Sequencing (NGS) and
third-generation sequencing technologies such as Illumina, PacBio, and Oxford Nanopore
were used to generate these data. A multi-omics integrative approach now allows for the
correlation of genes with transcripts, transcripts with metabolites, and proteins with
metabolites, broadening the scenario into new and more profound plant research
questions. The fundamental idea behind these approaches is that a complex system can

be better understood when viewed as a whole.

1.3.1 Genomics
The study of genomes, or the collection of all genes in an organism, focuses on how genes

are organised, stores genetic information, and the arrangement of genes affects biological
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function. The best ways to describe a plant genome are its genome size, the number of
genes, the repetitive content, and the frequency of polyploidy/duplication events. The gap
between genotype and phenotype has been narrowed significantly as a result of recent
technological advancements in plant genome analysis and understanding. Genetic
variation can be understood more clearly by genomics, which may improve crop breeding
effectiveness and lead to the genetic improvement of crop species. Sequence
polymorphism and chromosomal organisation are both covered by structural genomics,
which also enables the creation of physical and genetic maps to pinpoint traits of interest
to plant biologists. Functional genomics, on the other hand, sheds light on how genes
contribute to the control of the desired trait (Yang et al. 2021). Several groups have
recently studied the genome of Moringa. The first genome assembly of M. oleifera was
reported on by a team (Tian et al. 2015), who also covered the general evolution of the
species. A chloroplast genome also reported about research on plant evolution of M.
oleifera (Lin et al. 2019). Later research examined the evolution of secondary metabolites
and various stresses by chromosome level assembly of M. oleifera (Chang et al. 2022;
Shyamli et al. 2021).

1.3.2 Transcriptomics

The term "Transcriptomics™ refers to the study of the transcriptome, which is the complete
set of RNA transcripts that genome produces in a cell or tissue (Raza et al. 2021).
Transcriptome profiling is a dynamic method that has gained popularity for investigating
how genes are expressed in response to various stimuli over an extended period of time
(El-Metwally, Ouda, and Helmy 2014). A transcriptome provides a snapshot of every
transcript present in a cell at a specific moment, which reflects the genes that are actively
expressed. This approach aids the researcher in understanding the first layer function of
a particular gene by observing the differential expression of genes. Another way to
comprehend different expression patterns in response to stress in various crop species is
through comparative transcriptomics. Studies on the M. oleifera transcriptome have
revealed transcripts encoding genes involved in both abiotic stress response and

medicinal properties (Pasha et al. 2020; Shyamli et al. 2021).

1.3.3 Metabolomics
Metabolites are an essential part of plant metabolism. Metabolome refers to the collection
of all metabolites present in a tissue. These substances, which are the substrates and by-

products of enzymatic reactions, directly affect the phenotype of cell. As a result, the
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goal of metabolomics is to identify the profile of these compounds in a sample at a
particular time and in a particular environment. Metabolites are the most direct link to
phenotype, just as genomics offers extensive information about genotype. Metabolites
can be thought of as the results of gene expression that represent the biochemical
phenotype of the cell. Metabolomics may be used to ascertain how proteins are expressed
metabolically and to pinpoint the biochemical processes crucial to the gene functioning
(Weckwerth and Fiehn 2002). To create metabolic profiles of a specific plant sample,
separation and analytical techniques are needed because metabolites have various
chemical and physical properties. A variety of analytical methods have been used in plant

systems to measure metabolites (Kumar et al. 2017).

1.4 Phytochemicals in Moringa species

The presence of functional bioactive compounds such as phenolic acids, flavonoids,

alkaloids, phytosterols, and others is attributed to diverse biological activities of Moringa

species. The genus contained about 110 identified compounds, and some of these
compounds demonstrated positive results for a variety of biological activities (Rani,

Husain, and Kumolosasi 2018). M. oleifera leaves have been widely studied and reported

major amount of biologically active compounds (Vergara-Jimenez, Almatrafi, and

Fernandez 2017). Few of the important class of compounds discussed below.

e Flavonoids: Flavonoids are plant secondary metabolites that comprise approximately
4500 phenolic compounds (Croteau, Kutchan, and Lewis 2000). They have a wide
range of structural variations and biological roles. They are crucial to human diets
because of their high nutritional value. Due to their ability to treat illnesses, they are
also known as nutraceuticals. They play significant roles in a variety of biological
processes in plants as well, including germination, hormone transport, growth,
development, and biotic and abiotic factors due to their antioxidant properties (Ali and
Neda 2011). The high flavonoid content of the Moringa genus is primarily responsible
for its high antioxidant activity. The flavanol and glycoside forms of flavonoids are
the majority of those found in this genus. Rutin, Quercetin, kaempferol, and myricetin
are some of the most prevalent flavonoids in Moringa species (Rani et al. 2018).

e Phenolic acids: Phenolic acids are a subclass of phenolic compounds that are
produced from the naturally occurring plant acids hydroxybenzoic acid and
hydroxycinnamic acid. These compounds have showed antioxidant, anti-
inflammatory, antimutagenic, anticancer and other properties (El-Seedi et al. 2012).
These plant polyphenols are produced through shikimic acid by phenylpropanoid
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pathway (Boudet 2007). Gallic acid is the predominant phenolic acid in M. oleifera
leaves. The leaves also reported the presence of Chlorogenic acid, ellagic acid, ferulic
acid, and caffeic acid (Rani et al. 2018).

o Alkaloids: Alkaloids are a class of chemical compounds that primarily contain basic
nitrogen atoms. These are typically isolated from plants, are primarily biosynthesized
from amino acids and result in a variety of chemical structures (Verpoorte 2005).
About 20% of plant species contain small amounts of alkaloids and research into their
production, extraction, and processing is still ongoing. To increase alkaloid
production, for instance, alkaloid biosynthetic pathways can be genetically modified
(Jacobs et al. 2004). The earliest known source of alkaloids is thought to be plants, and
some of the most well-known alkaloids, including morphine, quinine, and cocaine, are
derived from plants. Benzylamine is one of the alkaloids purified from root bark of the
M. oleifera plant (Chakravarti 1955).

e Other class of compounds: The Moringa species has also been found to contain
glucosinolates, isothiocyanates, saponins, tannins, and terpenes, among other classes
of compounds. The most prevalent glucosinolate identified in the species is 4-O-(a-L-
rhamnopyranosyloxy)-benzyl glucosinolate and most abundant isothiocyanate was, 4-
[(a-L-rhamnosyloxy) benzyl] isothiocyanate (Rani et al. 2018). Moringa leaves are

good source of saponins, tannins and terpenes (Vergara-Jimenez et al. 2017).

1.5 Diabetes mellitus

An abnormally high blood glucose level is a symptom of the group of metabolic
conditions known as Diabetes mellitus (Gheith et al. 2016). According to the International
Diabetes Federation, 366 million people worldwide have diabetes, and this number is
expected to double by 2030. By 2025, India will have 60 million diabetic patients, making
it the country with the highest prevalence (Mitra, Dewanjee, and Dey 2012). The primary
hormone involved in regulating blood glucose is insulin, which plays a major role in these
disorders (Piero, Nzaro, and Njagi 2015). It is broadly divided into two categories: type
1 insulin dependent (disorders in the insulin secretory cells) and type 2 non-insulin
dependent (body resists against the effect of insulin) (Petersmann et al. 2018). The most
prevalent form of diabetes is type 2, which is linked to postprandial hyperglycemia.
Higher postprandial hyperglycemia is frequently observed in diabetic patients with
fasting hyperglycemia (Rizza 2010). Regulation of postprandial hyperglycemia is thus

the primary challenge in blood glucose control in these patients (Borror et al. 2018). a-
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amylase, a-glucosidase, and DPP-4 are gastrointestinal enzymes that have a significant

impact on blood sugar levels.

1.5.1 a-amylase and a-glucosidase enzymes

a-amylase (EC 3.2.1.1) catalyzes the hydrolysis of a-1,4-glucan bonds in starch. This
enzyme is found in animals, plants, bacteria and fungi (Svensson 1988). Multiple steps
are involved in the digestion of starch in humans (Figure 1.4). After consuming food,
two main groups of enzymes hydrolyzed the carbohydrates to produce glucose. In the
pancreas, o-amylase breaks down polysaccharides into oligosaccharides and
disaccharides, and in the intestine, a-glucosidase turns oligosaccharides and disaccharides
into glucose (Hardy et al. 2015). The polymeric substrate is initially degraded into shorter
oligomers due to partial digestion by salivary a-amylase. The pancreatic o-amylase
isozyme hydrolyzes this partially digested material into smaller oligosaccharides in the
gut before excreting it into the lumen. In the mucous layer of the brush border membrane,
the resulting oligosaccharide mixture is broken down into glucose by a-glucosidases

before entering the bloodstream via a particular transport system (Truscheit et al. 1981).
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Figure 1.4: Schematic diagram illustrating hydrolysis of carbohydrates by a-amylase and o-

glucosidase enzymes (Ali Yavari et al. 2021)

a-glucosidase (EC 3.2.1.20) is a membrane-bound enzyme found on the small intestine
epithelium that catalyses the cleavage of disaccharides to form glucose (Kimura 2000).

Inhibitors can slow the absorption of dietary carbohydrates and reduce postprandial
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hyperglycemia. As a result, inhibiting alpha-glucosidase could be one of the most
effective diabetes treatments. Additionally, most of the a-glucosidase inhibitors used to
treat diabetes today also have shown the ability to inhibit the a-amylase enzyme (Dong
et al. 2019). Thus, both a-amylase and a-glucosidase are considered as key enzymes in
the carbohydrate digestion pathway. The inhibition of one of these two, a-glucosidase, is
particularly significant because the inhibition of a-amylase increases the passage of
undigested starch into the large intestine and cause gastrointestinal issues (Tundis,
Loizzo, and Menichini 2010).

1.5.2 Role of DPP-4 enzyme in diabetes

Dipeptidyl peptidase-4 (EC 3.4.14.5), a membrane-bound enzyme in the prolyl
oligopeptidase family, is involved in the incretin system (Deacon 2019). Incretins are a
collection of gastrointestinal hormones that stimulate post-prandial insulin release from
pancreatic beta cells in a glucose-dependent manner. Normally, blood glucose levels rise
after a meal. The intestine will release incretin hormones, the glucose-dependent
insulinotropic polypeptide (GIP) and the glucagon-like peptide-1 (GLP-1) to increase
insulin secretion and decrease glucagon secretion from the pancreas (Holst 2004).
Additionally, they might increase insulin sensitivity and reduce liver glucagon
production, which would lower blood sugar (Figure 1.5). In order to maintain blood
glucose concentration at a normal level and avoid hypoglycemia brought on by high levels
of GLP-1 and GIP, the DPP-4 enzyme is released to inactivate these incretins (Gautier et
al. 2005).

Food intake

Glucose DPP-4 Enzyme
¥ : | secretion
\FisFstir Gt HOEriato Lo, e e
— GLP-1 and GIP Wpancreas
. ., Glucagon
Small intestine msq_ppre‘s‘,siqn

Figure 1.5: DPP-4 enzyme mechanism of action on incretin gut hormones (Drucker DJ 2007)
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In diabetic patients, inhibiting the DPP-4 enzyme will increase insulin secretion by
incretin hormones and lower blood glucose levels. As a result, inhibition of DPP-4 is
regarded as therapeutic strategy in the treatment of type 2 diabetes. There are several
DPP-4 inhibitors on the market, including Sitagliptin, Vildagliptin, Saxagliptine, and
Linagliptin. However, these inhibitors have a number of adverse effects. It is imperative
to find substitute drugs produced from medicinal plants that are more potent and have

fewer side effects.

1.6 Stress response in plants

Plants are subject to a variety of environmental stresses that reduce and restrict their
capacity to produce agricultural crops. They experience two different kinds of
environmental stress, which are classified as abiotic stress and biotic stress (Verma,
Nizam, and Verma 2013). Major crop plants are lost due to abiotic stress, which includes
drought, temperature, salinity and, heavy metals. However, biotic stresses also include

threats from bacteria, fungi, and other pathogens.

1.6.1 Various abiotic stresses

Plants are subjected to a variety of abiotic stresses, which have a global impact on crop

productivity. Some of the major stresses that plants encounter are follows:

e Cold: Cold is one of the severe environmental stresses affecting plant species
(Theocharis, Clément, and Barka 2012). Depending on the temperature, cold stress is
divided into chilling stress and freezing stress. The inability to adapt to cold
temperatures makes tropical and subtropical plants vulnerable to chilling stress. But
after being exposed to non-freezing temperatures for a while, or through a process
known as cold acclimation, temperate plants can withstand freezing temperatures
(Chinnusamy, Zhu, and Zhu 2007). Investigating the transcriptional variations that
take place in plants during cold acclimation is necessary to comprehend the underlying
molecular mechanism under cold stress. So far, several gene regulatory networks and
a considerable number of cold responsive genes have been discovered. One of the most
widely studied pathway is ICE-CBF-COR cold stress where cold induces the ICE-
CBF-COR pathway in the majority of plant species, which then activates the
expression of cold responsive genes (Chinnusamy et al. 2007; Zhang et al. 2011).

e Drought: One of the main factors limiting crop production globally is drought. Plant
growth and development are severely hampered by drought, with significant decreases
in agricultural growth rate and biomass production. In response to a water deficit,
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several biochemical and molecular physiological processes are altered at the cellular
level of a plant, and they are crucial in stress management (Chaudhry and Sidhu 2021).
In response to drought, plants produce more phytohormone abscisic acid (ABA) either
at the root or leaf level, which closes stomata and reduces transpiration losses. This, in
turn, causes the up- and down-regulation of a large number of gene transcripts, as well
as the expression of several genes linked to drought (Bashir et al. 2021). Plants respond
to environmental stresses by changing their response through a cascade of signal
molecules that are activated in a sequence-specific manner, such as signal perception,
transduction, and responsiveness. This causes the expression of specific genes that are
dominant in the relevant physiological/biochemical responses (Golldack et al. 2014).
In plants, several genes that are differentially expressed during drought conditions
have been discovered. These genes primarily control transcription and participate in
signalling cascades (Joshi et al. 2016).

e Heat: High temperatures are a significant stress, and in recent decades, global
warming has accelerated the rise in air temperatures. Consequently, there is a lot of
interest in the mechanisms by which plants respond to high temperatures. Heat stress
has serious, and occasionally fatal, negative effects on plants. Plants have developed
sophisticated mechanisms to respond to heat stress in order to deal with these
circumstances (Zhao et al. 2020). Heat stress triggers a number of fundamental
physiological processes in plants, such as photosynthesis, respiration, and water
metabolism (Akter and Rafiqul Islam 2017). A number of heat shock transcription
factor (HSF) and heat shock protein (HSP) genes are expressed when plants are
exposed to heat stress. Both HSFs and HSPs play crucial roles in the plant heat stress
response and the induction of thermotolerance. The HSFs quickly induce the
expression of HSPs (Ohama et al. 2017).

¢ Salinity: One of the most significant agricultural issues in history is thought to be soil
salinity. By specifically harming crop yields, it reduces agricultural production
(Munns and Tester 2008). Salinity contributes to stress by disrupting plant ionic and
osmotic balances. Physiological drought results from osmotic stress, which is brought
on by increased soil salinity and results in a reduction in the amount of water used by
plants. Following these circumstances, the plant experiences ionic stress and a
disruption to its ion balance. lonic stress causes an increase in Na+ and Cl- ions, which
compete with K+, Ca2+, and Mg2+, leading to nutrient deficiency in plants (Botella
et al. 2005). Plants develop a variety of different morphological, physiological, and

biochemical adaptations to combat the negative effects of salinity (Ramén et al. 2017).
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1.6.2 Transcription factors

Transcription factors (TFs) play crucial roles in stress tolerance by promoting the
protective genome activities of plants. TFs are specialised proteins that can bind to
particular regulatory DNA elements in gene promoters and modify the expression of
genes in response to a variety of internal and external stimuli (Table 1.2). TFs are
therefore an essential component of the plant signal transduction pathway, which is
mediated by signal receptors, phytohormones, and other regulatory substances (Yang et
al. 2016). The structure of TFs and their functions are closely related. TFs typically
include a transcriptional activation domain and a DNA-binding domain. The DNA
binding domain allows TFs to interact with particular promoter elements of target genes
and transcriptional activation domain regulate the downstream genes (Veerabagu et al.
2014).

No. | Transcription Cis-acting element Stress signals involved
factor
1 bzIP ABRE, G box Dehydration, high salinity, ABA
2 DREB DRE/CRT Salt, heat, dehydration, cold
3 WRKY W box (TTGACT/C) High salinity, dehydration, cold, ABA
4 NAC NACRS High salinity, cold, dehydration, ABA
5 MYB MREs Salt, dehydration, ABA
6 EREBP-ERF GCC-Box Cold, dehydration
7 ARF AuxREs Auxin
BHLH/MYC N box/G box High salinity, cold, dehydration, ABA
8 HB CAATNATTG ABA, dehydration
9 HSF HSE Dehydration, Cold, Heavy-metal stress and
oxidative stress

Table 1.2: Popular abiotic stress transcription factor families and their cis-acting elements (Shameer et al.
2009)

1.7 Computational approaches used in this thesis
In this thesis, various tools and pipelines were used for transcriptome read assembly, in-
depth sequence searches, phylogenetic analysis, and docking studies. The main

computational methods and programs used are discussed below.

1.7.1 Transcriptome assembly and analysis

Transcriptome profiling entails a series of steps, beginning with the assessment of the raw
data quality, mapping to the reference genome (if available), the construction of
transcripts, and biological interpretation of the data, either through transcript abundance

or differential expression analysis.
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e FastQC: Tens of millions of sequences can be produced in a single run by modern
high throughput sequencers. Before analyzing this sequencing data to draw biological
conclusions, it is always a better to perform a few quick quality checks on the raw data
to avoid errors or biases. FastQC program is designed to evaluate the quality of raw
sequence data from high throughput processes. It provides a modular set of analyses
to help users quickly determine whether the data is problematic

(https://www.bioinformatics.babraham.ac.uk/projects/fastac/).

e Bowtie2: Many comparative genomics pipelines begin with aligning sequencing
reads to a reference genome. Bowtie?2 is a tool for quickly and efficiently aligning short
DNA sequencing reads to long reference sequences. It is especially effective at
aligning reads that range in length from 50 characters to 1,000 characters or more, as
well as relatively long genomes. Bowtie uses the Burrows-Wheeler transform (BWT)
and the FM index to index the reference genome, minimising the amount of memory
required. Gapped, local, and paired-end alignment modes are supported by Bowtie2
(Langmead and Salzberg 2012).

e HISAT2: DNA or RNA sequencing reads can be quickly and precisely aligned to a
single reference genome using the program HISAT2. This program uses graph-based
data structure and alignment algorithm to align sequencing reads to a genome. Similar
to Bowtie2, this program also uses FM index to align sequencing reads. For aligning
short-reads like eukaryotic RNA sequencing reads to the reference, HISAT2 is
preferred over Bowtie2 because it is more recent, superior, and effective, and also takes
into account spliced-read alignment (Kim et al. 2019).

e Trinity: The trinity assembly pipeline is a novel approach for the rapid and precise de
novo transcriptome reconstruction from RNA-seq data. This software platform
combines three unique software modules Inchworm, Chrysalis, and Butterfly to
process massive amounts of RNA-seq reads. Trinity first divides the sequence data
into various de Bruijn graphs that each show the level of transcriptional complexity at
a particular gene or locus. Following that, each graph is treated separately in order to
identify transcripts derived from paralogous genes and to extract full-length splicing
isoforms (Haas et al. 2013).

e StringTie2: StringTie2 is a tool that quickly and effectively assemble RNA-Seq
alignments with a reference genome into potential transcripts. It assembles and
quantitates full-length transcripts representing multiple splice variants for each gene
locus using a novel network flow algorithm. Both high-accuracy short reads and high-

error long reads can be used by StringTie2 to assemble RNA-seq data into full-length
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transcripts. Once all the reads have been used, or until the number of reads left is below
the (user-adjustable) level of transcriptional noise, the reads associated with that
transcript are removed, and the process is repeated to assemble more isoforms (Kovaka
et al. 2019).

RSEM: RNA-Seq by Expectation-Maximization is a software that analyses single-
end or paired-end RNA-Seq data to estimate gene and isoform expression levels. The
RSEM algorithm utilises the expectation-maximization technique, reports transcripts
per million mapped reads (TPM), and can be used with or without a reference. With
increasing alignment quantities, RSEM scales linearly and uses the read alignments
with the Bowtie tool (Li and Dewey 2011).

featureCounts: featureCounts is a read summarization program adequate for counting
reads produced by either RNA or genomic DNA sequencing experiments. It uses
extremely effective feature-blocking and chromosome-hashing algorithms and uses a
lot less computer memory and is also faster than current techniques. It provides a
variety of options suitable for various sequencing applications and works with single-
end or paired-end reads (Liao, Smyth, and Shi 2014).

edgeR: edgeR is a software package used to analyse the differential expression of
replicated count data. In order to account for both biological and technical variability,
it uses an overdispersed Poisson model. The degree of overdispersion across
transcripts is moderated using empirical Bayes methods, increasing the accuracy of
inference. If at least one phenotype or experimental condition is replicated, the
methodology can be applied even with the lowest levels of replication (Robinson,
McCarthy, and Smyth 2010).

1.7.2 Sequence searches and function annotation

The likelihood that two sequences evolved from a common ancestor is used to detect

homology. Various dynamic programs are employed in order to identify patterns of

sequences that are similar to and dissimilar from one another. Most often, homologous

sequences that have already been annotated serve as the basis for the function annotation

of unknown sequences.

BLAST: The Basic Local Alignment Search Tool (BLAST) identifies similar regions
between sequences. There are several BLAST variations available to compare all
possible combinations of DNA or protein queries against a DNA or protein database.
This programme employs dynamic programming to align sequences by finding high-

scoring matches in a scoring matrix (PAM or BLOSSUM). BLAST computes the
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statistical significance by comparing sequences to databases and provides a "expect”
value estimated from statistical data about the importance of each alignment. PSI-
BLAST is another variant, a sensitive and rapid search technique for distantly related
sequences. This program run in a iterative manner (Altschul 2005).

¢ HMMER: HMMER is a software suite used to find sequence homologs in sequence
databases and to align sequences using probabilistic methods. It uses techniques
known as profile hidden Markov models, which are probabilistic models (profile
HMMs). It has been widely used, especially by databases of protein families like Pfam
(Finn et al. 2016) and InterPro (Hunter et al. 2009) and the related search tools (Finn,
Clements, and Eddy 2011).

e Clustal Omega: Clustal Omega program aligns three or more sequences using HMM
profile-profile techniques and seeded guide trees. Since it uses the mBED algorithm
to calculate guide trees, it is capable of handling very large quantities (many tens of
thousands) of DNA/RNA or protein sequences. Even on personal computers, this
algorithm enables very large alignment problems to be solved quickly (Sievers and
Higgins 2014).

e MUSCLE: MUItiple Sequence Comparison by Log-Expectation is multiple sequence
alignment for protein and nucleotide sequences. It can estimate distance quickly using
k-mer counting, log-expectations scores, and refinement with tree-dependent restricted
partitioning. MUSCLE performs faster and more accurately when compared to
algorithms of a similar nature (Edgar 2004).

e BUSCO: The Benchmarking Universal Single-Copy Orthologs tool offers metrics for
evaluating the completeness of the genome assembly, gene set, and transcriptome
quantitatively using expectations for gene content derived from nearly all single-copy
orthologs (Siméo et al. 2015).

1.7.3 Phylogeny analysis

A phylogeny, which functions as a pedigree and displays which genes or organisms are
related in the closest way, is an elegant way to illustrate the evolutionary connections
between genes and organisms. Phylogenetic trees are the various diagrams used to
represent these relationships. Diagrams that resemble branching trees are used to
represent the evolutionary history inferred from phylogenetic analysis. These diagrams
show the lineage of the inherited relationships among the organisms. It also aids in
discovering evolutionary connections between organisms and divergence between groups

of organisms that share a common ancestor, as well as understanding the relationships
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between an ancestral sequence and its descendants. Distance based and character based

methods are the two fundamental approaches to build a phylogenetic tree (Munjal,

Hanmandlu, and Srivastava 2019).

Distance based methods: The amount of variation between two aligned sequences is
used by distance-based methods to generate trees. The sequence pairs with the fewest
sequence changes are referred to as neighbours and have a common ancestor known
as a node in common. These techniques are based on finding a tree that places its
neighbours correctly. The simplest and most traditional method for reconstructing
phylogenetic trees from distance data is called UPGMA. The pairwise distance matrix
is searched for the smallest value to perform clustering. The Neighbor-Joining
algorithm is frequently used to build distance trees. It is a greedy algorithm which
strives to minimize the total branch lengths in the resulting tree (Saitou and Nei 1987).
Character-based methods: Character-based methods use character data throughout
the analysis process, enabling evaluation of the accuracy of each position within an
alignment based on the accuracy of all other positions. The evolutionary tree that
requires the fewest steps to produce the observed variations in the sequences is
predicted by maximum parsimony (Swofford 1993). A phylogenetic tree that requires
fewer evolutionary changes to produce the observed changes is identified for each
aligned position in the alignment. It is appropriate for similar sequences. Maximum
likelihood (Guindon and Gascuel 2003) looks for the evolutionary model that has the
best chance of producing the data that have been observed. In the alignment, likelihood
is calculated for each base position. Using this method, you have yet another chance
to assess trees with different lineage-specific mutation rates.

MEGA: Molecular Evolutionary Genetics Analysis enables comparative analysis of
sequence data to reconstruct the evolutionary histories of species by determining the
type and scope of selective forces that influence the evolution of genes and species.
Trees can be built using a variety of techniques, including Neighbor-Joining, UPGMA,
maximum parsimony, and maximum likelihood. The ability to calculate standard
errors of distance estimates using analytical formulae created for a particular
evolutionary model or using bootstrap analysis is one of the benefits of the MEGA
program (Kumar et al. 2018).

PHYLIP: Phylogeny Inference Package is used to determine the evolutionary
connections between various organisms. It is currently one of the most popular
programs for creating precise phylogenetic trees and performing other related tasks.

DNA molecular sequences, protein sequences, quantitative data, distance matrices,
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and even binary discrete characters are among the data types that Phylip modules can
handle. More than 35 different programs are included in this Phylip package for
carrying out various tasks (Retief 2000).

1.7.4 Molecular docking

Docking is a method for predicting the preferred orientation of one molecule to another

when they are bound to form a stable complex. Docking is frequently used to forecast

how small molecules that could be drug candidates will bind to their protein targets.

Therefore, docking is crucial to the rational design of pharmaceuticals. It involves ranking

and scoring. Ranking enables to categorise ligands that are most likely to interact with a

specific receptor based on the predicted free-energy of binding. Scoring is a process of

evaluating a particular pose by counting the number of favourable intermolecular
interactions, such as hydrogen bonds and hydrophobic contacts.

e Glide: Grid-based ligand docking with energetics searches for an effective interaction
between a receptor molecule and one or more ligand molecules. It efficiently searches
the space available for ligand using an exhaustive search method. This is accomplished
by using hierarchical docking filters such as site-point search, diameter search, subset
test, greedy score, refinement, grid minimization + Monte Carlo, and final scoring
(GlideScore). Glide has incredibly high accuracy in predicting the binding mode of the
ligand due to this hierarchical search. Docking can be done in three modes; SP
(Standard precision), HTVS (High-throughput virtual screening) and XP (Extra
precision). XP mode of glide combines a robust sampling protocol with the application
of a unique scoring function created to recognise ligand poses that would be
anticipated to have unfavourable energies based on well-known physical chemistry
principles. This mode requires more CPU time compared to SP and HTVS (Friesner
et al. 2004).

1.7.5 Webservers and databases
Some algorithms are now available as web servers, making it easier for users to run the
program. Many of these programs also make use of databases such as Uniprot and Pfam.

Various online webservers and databases used in this thesis has been listed in Table 1.3.
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No. | Name Description Web address

1 Uniprot Database of protein sequence and | https://www.uniprot.org/
functional information

2 Pfam Database of protein families and | https://pfam.xfam.org/
domains

3 PlantCyc Metabolic  pathway  reference | https://plantcyc.org/
database of plants

4 Pubchem Database of chemical substances | https://pubchem.ncbi.nlm.nih.gov/
and their biological activities

5 Chemspider | Chemical structure database http://www.chemspider.com/

6 PDB database for the three-dimensional | https://www.rcsb.org/
structural data of large biological
molecules

7 NCBI Public repository for a series of | https://www.ncbi.nlm.nih.gov/

databases relevant to biotechnology
and biomedicine

8 DAVID Web  server  for  functional | https://david.ncifcrf.gov/
annotation and enrichment analyses

9 WEGO Web server for visualizing, | https://biodb.swu.edu.cn/cgi-
comparing and plotting GO | bin/wego/index.pl
annotation

10 | gVolante Online interface for completeness | https://gvolante.riken.jp/
assessment

11 | REVIGO Web server to visualize gene | http://revigo.irb.hr/
ontology

12 | DEApp Web application for differential | https://yanli.shinyapps.io/DEApp/

expression analysis

13 | PlantTFcat Online plant transcription factor and | https://www.zhaolab.org/PlantTFc

transcriptional regulator | at/
categorization and analysis tool

14 | STIFAL Online tool for transcription factor | http://caps.ncbs.res.in/stif/
binding site prediction in plants

15 |iTOL Online tool for the display, | https://itol.embl.de

annotation and management of
phylogenetic and other trees

16 | Clustal Webserver for multiple sequence | https://www.ebi.ac.uk/Tools/msa/
Omega alignment clustalo/

Table 1.3 Various webservers and databases used in this thesis
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1.8 Aim of the Thesis

1. Transcriptome profiling of five different tissues of M. concanensis and understand the
resemblance to the transcriptome of M. oleifera.

2. To compare the expression of enzymes involved in the biosynthesis of metabolites
with potential antidiabetic activity in five different tissues of M. concanensis with M.
oleifera.

3. Profiling of biologically active compounds in crude leaf extracts of M. oleifera and M.
concanensis using analytical methods HPLC and LC-MS.

4. To determine the inhibitory activity of potential antidiabetic compounds and crude leaf
extract of M. oleifera and M. concanensis by in vitro assay and in silico docking studies

5. Analysis of drought stress response genes from M. oleifera and investigation of the

cis-regulatory elements in the promoter region.

1.9 Thesis outline

The Moringaceae plant family contains 13 different species, two of which are indigenous
to India, M. oleifera and M. concanensis. The former is a well-known plant, while the
latter has received little attention. Both plants have a high degree of genetic and
phenotypic similarity. A general overview of these species and their therapeutic
properties is provided in the introduction Chapter 1 of this thesis. The chapter further
discussed various computational techniques, programs, databases, and webservers and
experiments used in this research. The transcriptome sequencing of M. concanensis and
its relationship to the transcriptome of M. oleifera are discussed in Chapter 2. This
section covers the assembly of transcriptomes, analyses of both plant transcriptomes, and
the abundance of each transcript. Chapter 3 describes the comparison of the expression
of enzymes involved in the biosynthesis of Quercetin, Chlorogenic acid, and
Benzylamine, three potential antidiabetic compounds present in different tissues of M.
oleifera and M. concanensis. The metabolites in the crude leaf extract of both plants were
guantified and the expression data were further validated using RT-gPCR analysis.
Chapter 4 deals with the investigation of the inhibitory activity of crude leaf extract and
Benzylamine compounds on the digestive enzymes a-amylase, a-glucosidase, and DPP-
4. This chapter expands on the toxicity of Benzylamine, one of the compounds identified
from the plant thought to mediate the hypoglycemic activity of the plant. Moringa species
are known for its drought tolerance capacity, and the genome of M. oleifera has
previously been reported. In Chapter 5, drought stress response genes from M. oleifera

were identified and the binding sites in the promoter region of these were analysed. The
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last chapter, Chapter 6, provides broad conclusions as well as the future direction of this
work. Overall, the thesis discusses the transcriptome profiling of Moringa species,
investigating the potential antidiabetic compounds present in these species, determine
inhibitory activity to study antidiabetic activity, and finally identify the genes potentially

involved in the response to drought stress.
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Chapter 2: Transcriptome profiling of M. concanensis
and M. oleifera.

2.1 Background

The family Moringaceae has a single genus Moringa, with 13 different species, of which
only two species are native to India, Moringa oleifera and Moringa concanensis (Olson
2002; Verdcourt 1985). M. oleifera is one of the most useful trees in the world due to its
medicinal and nutritional properties, and it has been considered as a "magic tree". It is a
plant of great interest because of its numerous health benefits, including anti-
inflammatory, antioxidant, antimicrobial, anti-trypanosomal, antihyperglycemic,
anticancer, and antihypertension activities etc. (Anwar et al. 2007; Gopalakrishnan et al.
2016). This plant is being widely studied and is currently being cultivated all over the
world. M. concanensis, on the other hand, is a small tree that highly resembles M. oleifera,
and is mostly found in the Indian Konkan region (Ahmed, Anwar, and Ahmad 2018).
Though it has traditionally been used as a medicinal plant, very little scientific
information is currently available. This plant has shown great potential and diversity as a
medicinal plant and deserves further research (Padayachee and Baijnath 2012). Multiple
groups have reported on the genome and transcriptome of M. oleifera (Chang et al. 2018,
2022; Shyamli et al. 2021; Tian et al. 2015). In a previous study, important secondary
metabolites, vitamins, and metal ion transporters in five different plant tissues of M.
oleifera was investigated using transcriptome analysis (Pasha et al. 2020) (Figure 2.1).
For the transcriptome assembly, high-quality genome reported by another group (Tian et
al. 2015) was used as reference. Recently, chromosome level genome assembly and
transcriptome data were published by two more groups (Chang et al. 2022; Shyamli et al.
2021). Several genome and transcriptome studies are being conducted for M. oleifera
(Chang et al. 2018; Lin et al. 2022). There has not been any research done on M.
concanensis in this area. This genome, transcriptome, and proteome sequencing for this
plant has not yet been reported. M. concanensis has been used for a variety of purposes
traditionally, and the plant has a strong resemblance to M. oleifera (Anbazhakan et al.
2007), suggesting that these two plants may share similar medicinal properties. The
relationship between the genes responsible for the reported activities can be determined
by analysing the transcriptome of various tissues. In this Chapter, transcriptome assembly

of M. concanensis is reported and compared with previously published transcriptome data
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of M. oleifera. M. concanensis samples obtained from five different tissues, and compared
the expression of the transcripts after sequencing. The gene families of Moringa species
to other closely related plant species was also compared to better understand the species-
specific functions. These transcriptome data permit researchers to investigate various

biological activities and transcript expression in various tissues.
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Figure 2.1: An illustration of the abundance of enzymes involved in the important metabolites,
vitamins and metal ion transporters in M. oleifera tissues (Shafi et al. 2020)

2.2 Materials and Methods

2.2.1 Plant collection, RNA isolation and library preparation

Samples for M. concanensis were collected from IIHR, Bangalore, under the same
conditions, from five tissues (flower, leaf, seed, root, and stem) of three different plants
(Figure 2.2), and authenticated at the FRLHT herbarium (Voucher specimen number:
119975).

Flower Seed

Figure 2.2: Five different tissues used for M. concanensis transcriptome sequencing
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The Total RNA isolated using Sigma kit. The quality of purified total RNA provided was
accessed on the Agilent Technologies 2100 Bioanalyzer using the Agilent RNA chip
(Table 2.1). ~4ug of total RNA used to prepare the RNA seq library using the TruSeq
RNA Sample Prep Kits (Illumina). Ribosomal RNA removed using the RIbo Zero Kit.
The libraries were prepared as per the kit protocol. Following purification, the mRNA
fragmented into small pieces using divalent cations under elevated temperature. The
cleaved RNA fragments will be used to synthesize first strand cDNA using reverse
transcriptase and random primers followed by second strand cDNA synthesis using DNA
Polymerase | and RNase H. These cDNA fragments will then go through an end repair
process, the addition of a single ‘A’ base, and then ligation of the adapters. The products
purified and enriched with PCR to create the final cDNA library.

Sample Nano Drop Qubit A260/280 RIN Value
Concentration Concentration
(ng/pl) (ng/pl)
Leaf 1 130.3 181 2.04 6.1
Leaf 2 265 308 2.11 6.2
Leaf 3 672 714 1.99 6.1
Flower 1 1189 >1000 2.07 7.6
Flower 2 576 756 2.01 8.0
Flower 3 1038 >1000 2.01 7.2
Seed 1 789 880 2.06 7.1
Seed 2 947 950 2.06 7.3
Seed 3 878 948 2.03 7.1
Stem 1 486 606 1.97 7.7
Stem 2 472 554 1.85 7.3
Stem 3 424 492 1.86 8.0
Root 1 320 390 2.12 6.5
Root 2 241 290 2.10 6.3
Root 3 300 294 2.12 6.4

Table 2.1: Quality and integrity value of total RNA isolated from five tissues of M. concanensis. RNA
integrity number (RIN) 6 or higher samples were used for library preparation

2.2.2 Transcriptome sequencing, assembly and annotation

The Illumina HiSeq 2500 platform was used for the sequencing of 15 libraries prepared
for five different tissues (flower, leaf, seed, root, and stem) from M. concanensis. Three
biological replicates for each tissue used for library preparation and each of them was
sequenced in duplicates to check for technical errors. The read quality was further filtered
using FASTQC
Overrepresented sequences from the reads (sequences which appear more than expected

(https://www.bioinformatics.babraham.ac.uk/projects/fastgc).

in the file) were removed using a custom-written script. These sequences might be

adapters, the polyA or any contamination that can be amplified before sequencing them.
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M. oleifera transcriptome reads for five tissues (flower, leaf, seed, root, and stem) were
obtained from our previous study
(https://www.ncbi.nlm.nih.gov/bioproject/PRINA394193) (Shafi et al. 2020). Clean

reads from M. concanensis and M. oleifera were assembled independently. The genome

of M. oleifera (Tian et al., 2015) was used as a reference for both species, and Trinity
program (Haas et al. 2013) was used for the assembly. This included assembly of the
reads into contigs by inchworm, clustering the contigs to generate a de Brujin graph by
chrysalis, and obtaining transcripts based on the de Brujin graph. The default K-mer value
of 25 was used for both assemblies. By aligning back to the reads, the assembly quality
was checked. The BUSCO (Simo et al. 2015) analysis was used to determine the
completeness of M. concanensis and M. oleifera transcriptome assembly. TransDecoder
was then used to predict open reading frames (ORFs) of at least 100 residues. BLASTX
and BLASTP (Altschul et al. 1990) were used to identify homologues from the Uniprot
(Bateman 2019) and Viridiplantae database with an E-value threshold of 1e®, and
functional domains were annotated using HMMER runs (Finn et al. 2011) against the
Pfam database (Sonnhammer, Eddy, and Durbin 1997) with the default parameters. The
GO terms (Ashburner et al. 2000) obtained from the homologous sequences were used
for enrichment analysis and visualized using WEGO tool (https://wego.genomics.cn/)
(Yeetal. 2018).

2.2.3 Transcript abundance estimation

The abundance of the transcripts in each tissue was estimated using RSEM analysis (Li
and Dewey 2011). The reads were aligned to genome using Bowtie-2 (Langmead and
Salzberg 2012) and estimated using eXpress (Roberts and Pachter 2013) methods. The
'trinity_mode' parameter was used to obtain a gene count matrix, in addition to that of an
isoform count matrix. TPM (Transcripts Per Million) values for all the transcripts were

compared across the biological replicates and the average values were reported.

2.2.4 Gene family analysis

Orthology analysis was carried out for M. concanensis and M. oleifera with the well-
studied model plants Arabidopsis thaliana (dicot) and Oryza sativa (monocot) and closely
related plants like Theobroma cacao, Carica papaya using OrthoVenn2 (Wang et al.
2015). An E-value of 1e® and an inflation value of 1.5 threshold was used for the
reciprocal BLAST runs. The results were visualised using a Venn diagram. Each cluster

was annotated and performed functional enrichment analysis with their GO term.
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Transcription factor families were predicted using plantTFcat
(https://www.zhaolab.org/PlantTFcat/) (Dai et al. 2013).

2.3 Results and Discussion

2.3.1 Transcriptome sequencing reads from M. concanensis and M. oleifera

A total of 15 cDNA libraries for five different M. concanensis tissues (flower, leaf, seed,
root, and stem) were sequenced in duplicates using the lllumina HiSeq 2500 platform,
yielding approximately 705 million reads with an average length of 100 bp.

Phred Score

20

10

20 40 60 80 100

Paosition (bp)

Figure 2.3: The mean quality value across each base position in the read for the samples from M.
concanensis estimated by FASTQC

The raw data from the RNA sequencing was deposited in the SRA database under the
accession number (PRINA665353). Following the removal of ambiguous reads and over-
representing sequences detected by FASTQC, high-quality clean reads were chosen for
assembly (Figure 2.3; Table 2.2). M. oleifera reads were obtained from our previous
study (PRINA394193) (Pasha et al. 2020). A total of 270 million reads from five different

tissues were provided for the assembly.
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Biological Tecr_mlcal SRA Rez_id_s Bases Size %GC
samples replicates accession (In million)
Flower 1 1A SRR12717641 29.2 5.8Gbp 2.3G 46
1B SRR12717640 31.2 6.2Gbp 2.4G 46
Flower 2 2A SRR12717656 25.1 5Gbp 2G 45.9
2B SRR12717645 24 4.8Gbp 2G 46.1
Flower 3 3A SRR12717644 30.2 6Gbp 2.3G 46.1
3B SRR12717643 25.9 5.2Gbp 2.1G 46.1
Leaf 1 1A SRR12717642 18.5 3.7Gbp 1.5G 45.7
1B SRR12717638 23 4.6Gbp 1.9G 45.7
Leaf 2 2A SRR12717637 23.1 4.6Gbp 1.8G 46.2
2B SRR12717636 26.8 5.4Gbp 2.2G 46.1
Leaf 3 3A SRR12717639 25.3 5.1Gbp 1.9G 45.9
3B SRR12717665 27.2 5.4Gbp 2.3G 46
Seed 1 1A SRR12717664 25.1 5Gbp 2G 47.9
1B SRR12717663 24.1 4.8Gbp 1.8G 47.8
Seed 2 2A SRR12717662 19.7 3.9Gbp 1.6G 47.8
2B SRR12717661 225 4.5Gbp 1.7G 47.9
Seed 3 3A SRR12717660 19.3 3.9Gbp 1.6G 48
3B SRR12717659 24.3 4.9Gbp 1.8G 47.7
Root 1 1A SRR12717658 21.1 4.2Gbp 1.6G 45.9
1B SRR12717657 22.8 4.6Gbp 1.8G 45.9
Root 2 2A SRR12717655 19 3.8Gbp 1.5G 45.8
2B SRR12717654 9.2 1.8Gbp | 725.4M | 457
Root 3 3A SRR12717653 19.1 3.8Gbp 1.6G 45.8
3B SRR12717652 22 4.4Gbp 1.7G 45.9
Stem 1 1A SRR12717651 24.4 4.9Gbp 1.9G 46
1B SRR12717650 22.4 4.5Ghp 1.9G 45.8
Stem 2 2A SRR12717649 174 2.5Gbp 1.4G 46.8
2B SRR12717648 23.4 4.7Gbp 1.8G 46.6
Stem 3 3A SRR12717647 21.4 4.3Gbp 1.7G 46.7
3B SRR12717646 17.4 3.5Gbp 1.4G 46.5

Table 2.2: The statistics of clean reads generated for five different tissues (flower, leaf, seed, root, and
stem) by transcriptome sequencing of M. concanensis

2.3.2 Transcriptome assembly and unigenes prediction

A genome guided transcriptome assembly was carried out since the M. concanensis
transcriptome reads showed an alignment rate of 91 percent with the M. oleifera genome.
M. concanensis and M. oleifera reads were aligned to the genome, and the alignment was
used as input for transcriptome assembly. The assembly generated 128770 transcripts for
M. concanensis and 66079 transcripts for M. oleifera, respectively. More biological
replicates and sequencing data about over 700 million reads in M. concanensis resulted
in nearly double the number of transcripts when compared to M. oleifera, which had 270
million reads. Following assembly, the abundance of each transcript was estimated, and
transcripts with TPM values > 1 were retained. M. concanensis provided 114097

transcripts with a total length of 157.9 Mb and a N50 of 2635 bp in the final assembly,
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while M. oleifera provided 63103 transcripts with a total length of 75.48 Mb and a N50
of 2066 bp. The assembly revealed that the GC content of M. concanensis and M. oleifera
was 40.36 and 41.74 percent, respectively. The average sequence length was estimated to
be more than 1 kb for both transcriptomes, indicating that fragmented sequences were
predicted in the guided assembly was less compared to a de novo assembly (Table 2.3).
The coding sequences (unigenes) were then predicted from the transcripts of both
assemblies using TransDecoder. This program predicted unigenes with a length threshold
of 100 amino acid residues. The M. concanensis and M. oleifera transcriptome assembly
were predicted 42245 and 32048 unigenes, respectively. The average sequence length

was around 400 amino acids for both species.

| Moringa concanensis | Moringa oleifera
Transcripts
Number of sequences 114097 63103
Total length 157966670 bp 75486012 bp
Longest sequence 16976 bp 10561 bp
Shortest sequence 197 bp 201 bp
Mean sequence length 1384 bp 1196 bp
N50 2635 bp 2066 bp
L50 sequence count 18775 12095
GC content 40.36 41.74
Unigenes
Number of sequences 42245 32048
Total length 17184777 aa 11533090 aa
Longest sequence 5103 aa 2303 aa
Shortest sequence 86 aa 85 aa
Mean sequence length 407 aa 360 aa
Median sequence length 328 aa 295 aa

Table 2.3: Transcriptome assembly statistics (aa: amino acids)

The BUSCO runs were then performed to determine the completeness of both assemblies.
The databases Viridiplantae, Eudicotes, and Embryophytae were used for this analysis.
For M. concanensis, more than 95 percent completeness were observed against all three
databases. In the case of M. oleifera assembly, more than 80 percent completeness was
obtained through BUSCO against these databases (Table 2.4). M. oleifera had
approximately 10 percent fragmented BUSCOs across all three databases, which explains

the differences in completeness between the two plants.
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Transcripts C:98.5% [S:28.9%, D:69.6%], F:1.2%, M:0.3%
Viridiplantae Unigenes C:84.5% [S:49.2%, D:35.3%], F:4.2%, M:11.3%
(N: 425) M. oleifera Transcripts C:87.6% [S:47.1%, D:40.5%], F:11.1%, M:1.3%
Unigenes C:82.8% [S:57.6%, D:25.2%], F:12.7%, M:4.5%
Transcripts C:97.2% [S:60.7%, D:36.5%], F:1.4%, M:1.4%
Eudicots Unigenes C:84.4% [S:48.8%, D:35.6%], F:3.4%, M:12.2%
(N: 2326) . Transcripts C:77.9% [S:55.7%, D:22.2%], F:8.0%, M:14.1%
M. oleifera Unigenes C:72.4% [S:50.9%, D:21.5%], F:9.2%, M:18.4%
Transcripts C:97.7% [S:58.2%, D:39.5%], F:1.6%, M:0.7%
Embryophytae Unigenes C:84.5% [S:47.8%, D:36.7%], F:4.3%, M:11.2%
(N: 1614) . Transcripts C:80.6% [S:57.4%, D:23.2%], F:10.3%, M:9.1%
M. oleifera Unigenes C:75.2% [S:52.5%, D:22.7%], F:12.1%, M:12.7%

M. concanensis

M. concanensis

M. concanensis

Table 2.4: Statistics of BUSCO analysis to assess the completeness of Moringa species transcriptome. The
percentage value of completeness shown in C: Complete; S: Complete and single-copy; D: Complete and
duplicated; F: Fragmented; M: Missing; N: number of genes

2.3.3 Functional annotation and enrichment analysis

The assembled transcripts and predicted unigenes were functionally annotated using the
programs BlastX, BlastP and HMMScan. M. concanensis transcripts showed only 40
percent homology against the Uniprot Viridiplantae database, whereas M. oleifera
showed 60 percent homology. The unigenes predicted from M. concanensis and M.
oleifera showed 94 and 97 percent homology, when performed BLASTP against the same
database (Table 2.5). This shows that the M. concanensis assembly could contain more
non-coding genes than M. oleifera. Further noticed the majority of the homologues were
found in the Theobroma cacao plant, which is closely related to the Moringa species.
Following T. cacao, the highly abundant homologues included Cephalotus follicularis
(pitcher plant), Manihot esculenta (cassava), Fagus sylvatica (beechnut), and Juglans
regia (walnut) (Figure 2.4A). Cacao and Moringa are members of the taxonomic clade
Malvids, while the other species are members of the distantly related clade Fabids. Both
M. concanensis and M. oleifera had an abundance of Protein kinase domain encoding
transcripts. They were also significantly enriched in F-box and ubiquitin related
transcripts (Figure 2.4B). The functional domains of these unigenes were further
annotated using HMMSCAN against Pfam database. Pfam domains were predicted for
87 percent of the sequences from both species (Table 2.5). PPR and Pkinase related

domains were abundant in them (Figure 2.4C).
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Figure 2.4: Function annotation of M. concanensis and M. oleifera transcriptome. Top 10 species
distribution, functions and domains are visualised using pie-chart. A) Species distribution of
homologues hits B) Functions predicted from homologues C) Pfam domain enrichment

Program Database M. concanensis M. oleifera
BlastX Uniprot-Viridiplantae 40% 60%
BlastP Uniprot-Viridiplantae 94% 97%
HMMScan Pfam 87% 87%

Table 2.5: Function annotation of transcripts and unigenes predicted from Moringa species
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GO terms from each homologues were obtained and a functional enrichment analysis was
carried out. The percentage of enriched GO terms in both species was nearly identical.
The metabolic and cellular processes were overrepresented in the biological process

category. In the molecular function category, terms related to binding and catalytic

activity were highly enriched (Figure 2.5).
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Figure 2.5: GO enrichment analysis of M. concanensis and M. oleifera transcriptomes. The graph

depicts the overrepresented GO terms in three categories: cellular component, molecular function, and
biological process. X-axis shows the GO terms and y-axis represents the percentage of unigenes in log

(10) scale and the number of unigenes from M. concanensis and M. oleifera

2.3.4 Relative expression of transcripts in different tissues
To estimate the abundance of transcripts, each of them was mapped back to the reads of

M. concanensis and M. oleifera. TPM values were calculated for each sample using

RSEM analysis. Top ten expressed transcripts in different tissues were analysed. A large
number of these transcripts were either uncharacterized or lacked a functional domain

(Table 2.6).
M. concanensis
Flower Leaf Seed Root Stem
Unknown glucan endo-1,3- | Uncharacterized 36.4 kDa proline- | Unknown
beta-glucosidase protein rich protein
Uncharacterized Repetitive Unknown Elongation factor | Unknown
protein proline-rich cell 1-alpha
wall protein 2
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protoporphyrin IX
chelatase

Unknown Unknown Ribosome Uncharacterized Uncharacterized
biogenesis protein | protein protein
BOP1 homolog
PMEI domain- Unknown Unknown Unknown Uncharacterized
containing protein protein
Polyubiquitin Ferredoxin NADP | Unknown Unknown Elongation factor
reductase 1-alpha
kunitz trypsin polyubiquitin Elongation factor | Uncharacterized Putative
inhibitor 5-like 1-alpha protein polyubiquitin
cell wall-binding | Pentameric Uncharacterized Pyruvate kinase Plant natriuretic
protein EntB polyubiquitin protein peptide A
polyubiquitin Polyubiquitin Laccase Phosphate- Pentameric
induced protein polyubiquitin
Polyubiquitin Mg- Unknown Str_synth domain- | Uncharacterized

containing protein

protein

dioxygenase 4

type-2 domain-
containing protein

Elongation factor | Myo-inositol-1- Uncharacterized Polyubiquitin Unknown
1-alpha phosphate protein
synthase
M. oleifera
Flower Leaf Seed Root Stem
Unknown Germin-like Uncharacterized Uncharacterized myrosinase 5-like
protein protein protein
Unknown Fructose- Uncharacterized Uncharacterized Uncharacterized
bisphosphate protein protein protein
aldolase (EC
4.1.2.13)
MY B-like Unknown Heavy metal- myrosinase 5-like | Polyubiquitin 4
transcription associated (Fragment)
factor EOBII isoprenylated
plant protein
Unknown Unknown Annexin Uncharacterized Thioglucosidase
protein
Plant Ferredoxin— Annexin Unknown Unknown
invertase/pectin NADP reductase,
methylesterase chloroplastic
inhibitor
Unknown glycerate Annexin Polyubiquitin 4 Beta-glucosidase
dehydrogenase 12-like
Unknown Catalase gamma- Uncharacterized Cytochrome P450
interferon- protein CYP83B1
responsive
lysosomal thiol
protein-like
isoform X2
LIM domain- Ferredoxin NADP | Unknown 3-ketoacyl-CoA Unknown
containing protein | reductase thiolase 2,
peroxisomal-like
S-adenosyl Polyubiquitin 4 Uncharacterized Beta-glucosidase | Unknown
methionine- (Fragment) protein 11
dependent
methyltransferase
carotenoid Glutamine Unknown Unknown Adenylyl-sulfate
cleavage amidotransferase kinase

Table 2.6: Top 10 transcripts found in high abundance in various Moringa species tissues. Transcripts with
unidentified function is termed as “Unknown” Transcripts with unknown functions are referred to as

“Unknown”
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Few transcripts which show differential expression and with availability of functional

information are follows.

Transcripts that were highly expressed in different tissues include ubiquitin related and
elongation factor 1l-alpha. By regulating protein cellular localization, regulating
protein activation and inactivation, and regulating protein-protein interactions,
ubiquitination affects cellular processes. Evidence suggests that different abiotic
stresses, such as temperatures, salinity, drought, and pollutants, cause changes in EF1
expression in a variety of plant species (Fu, Momc¢ilovi¢, and Prasad 2012).

One of the common transcripts that are highly expressed in the flower tissue of both
species was pectin methylesterase inhibitor (PMEI). This transcript is involved in plant
immune response during stress conditions. Pectin is a major component in the cell wall
of plants. PMEI will act on this pectin during stress condition and play major role in
plant physiology (Giovane et al. 2004).

In M. concanensis leaf tissue, the glucan endo-1,3-beta-glucosidase transcript was
found to be highly expressed. This protein plays an important role in plant pathogen
defence. During biotic stress, the amount of this transcript will significantly increases
and play a major role in defense response (Kebede and Kebede 2021).

Germin-like proteins, glycoproteins are involved in plant responses to various abiotic
and biotic stresses, particularly pathogens (Dunwell et al. 2008). These transcripts, like
other transcripts involved in the defence response, were found to be the most abundant
in M. oleifera leaf tissue.

Interestingly, many Annexin proteins were abundant in M. oleifera seed tissue. These
calcium binding proteins play a variety of important roles in plants. This gene
functions in response to environmental stresses and signalling during growth and
development of plants (Saad et al. 2020). In M. concanensis, Laccase enzyme was
found in top ten instead of Annexin. This is multicopper protein widely distributed in
higher plants and fungi. This is a lignin-modifying enzyme that is known to play a
significant role in the biodegradation of lignin (Janusz et al. 2020).

Proline-rich protein was the most abundant gene in M. concanensis root tissue. This is
important for plant development. During abiotic stress, these genes shows higher
expression and it is generally involved in a number of developmental processes to plant
death (Gujjar et al. 2019).

Myrosinase, a family of enzymes involved in plant defence against herbivores, was

found to be highly expressed in M. oleifera root and stem tissues. The hydrolysis of
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glucosinolates is carried out by this enzyme. As a result, many biologically active

metabolites are produced which are crucial for crop protection (Piekarska et al. 2013).

Beta-glucosidase, on the other hand, was also found to be expressed in these tissues.

In plants, these genes are crucial for many different aspects of plant physiology that

includes cell wall lignification and degradation, activation of phytohormones and

chemical defense compounds (Morant et al. 2008).

2.3.5 Gene family analysis with closely related species

A Species Sequences

Oryza saliva 49061

Arabidopsis thaliana 35386

Theobroma cacao 44404

Carica papaya 27775

Moringa ofeifera 32048
I: Moringa concanensis 42245

Clusters Singletons
15031 13197
15289 4953
16874 7755

18578 8455

Oryza sativa

Moringa concanensis

“\\

3635

N

J

Maringa oleifera

Figure 2.6: Gene family analysis of Moringa species with closely related plants. A) The phylogeny tree
was generated using species evolutionary distance. Total number of sequences, clusters, and singletons
identified from the analysis has been provided. B) A venn diagram showing the number of clusters shared

among six species studied
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The Gene families of Moringa species were analysed and further compared with other
species. Two closely related plants were selected, T. cacao and C. papaya, for the
comparison. T. cacao had shown highest homology percentage with both the species. In
addition to these evolutionary close plants, model plants like A. thaliana and O. sativa
were chosen. The protein sequences from all selected species were clustered based on the
similarity using OrthoVenn2. A total of 389125 sequences obtained from six species and
were used as input. A total of 29794 gene family clusters and 802 single-copy gene
clusters was identified (Figure 2.6A). The clusters formed between the species are

depicted using a Venn diagram (Figure 2.6B).

GO term enrichment of singletons GO category P-value
M. concanensis

sodium ion import across plasma membrane biological_process 2.17E-06
glycolipid translocation biological_process 9.26E-05
polysaccharide catabolic process biological_process 9.67E-05
photosystem 11 oxygen evolving complex assembly biological_process 0.000205
protein serine/threonine kinase activity molecular_function 0.000382
unidimensional cell growth biological_process 0.00044
M. oleifera

chlorophyll metabolic process biological_process 6.37E-05
response to ozone biological_process 6.42E-05
pentacyclic triterpenoid biosynthetic process biological_process 0.000155
cation transmembrane transporter activity molecular_function 0.000303
protein glycosylation biological_process 0.000428
protein-chromophore linkage biological_process 0.000554
regulation of phosphatidylinositol 3-kinase activity biological_process 0.000805

Table 2.7: GO term enrichment of singletons identified for M. concanensis and M. oleifera

There are 7209 clusters with sequences from all species. This cluster contains
76744 sequences in total. For these proteins, GO enrichment results showed an abundance
of RNA modification, translation, defence response, and transcription regulation in
biological processes. The most enriched term of molecular function was DNA binding,
followed by protein serine/threonine kinase activity. There were several sequences that
could not be found in other species and were unique to those plants. M. concanensis and
M. oleifera had 6455 and 6624 such singleton sequences, respectively. M. oleifera
singletons were enriched for chlorophyll metabolic processes, ozone response, and
protein glycosylation as biological processes. In contrast, M. concanensis singletons were

enriched for unidimensional cell growth, sodium ion import across the plasma membrane,
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and polysaccharide catabolic process (Table 2.7). Further looked at the unigenes that
were only found in Moringa species. There were 2806 clusters in total, with 8265
unigenes shared only by M. oleifera and M. concanensis. The unigenes were mostly
enriched by GO terms such as protein phosphorylation, defense response, ubiquitination,

binding and kinase activities.

Many of the gene families identified from all six species in the orthology analysis
were transcription factors (TFs). TFs are generally involved in the regulation of several
mechanisms that occur in the plant under various conditions. TFs were predicted from
Moringa species and compared them to closely related plants. In all plants, a high
abundance of C2H2, WD40-like, MYB-HB-like, bHLH, and PHD transcription factor
families was observed (Table 2.8). The percentage of these transcription factors was
nearly identical in M. concanensis and M. oleifera, as well as closely related species. At
a closer look of these transcription factors, it was noticed that the number of transcription
factors in M. concanensis was more similar to T. cacao. M. oleifera, on the other hand,

had a lower number of transcription factors and more similar to C. papaya.

Transcription factor | M. concanensis | M. oleifera | T.cacao | C.papaya | A.thaliana | O. sativa
C2H2 779 583 835 402 804 843
WD40-like 607 513 606 250 394 386
MYB-HB-like 372 203 369 193 370 325
bHLH 269 161 230 110 236 242
CCHC(zZn) 179 136 319 192 103 125
bzIP 170 112 171 61 154 155
C3H 151 106 141 53 100 112
AP2-EREBP 150 83 133 95 169 192
NAM 120 69 136 85 140 173
Homobox-WOX 116 102 111 57 114 132
WRKY 99 66 82 50 91 121
FAR 91 50 92 19 26 6
Hap3/NF-YB 74 82 108 49 120 101
Bromodomain 72 58 62 20 39 35
C2C2-CO-like 70 52 50 23 51 57
B3-Domain 67 33 126 40 97 67
GRAS 58 34 70 42 37 69
MADS-MIKC 54 28 59 16 72 58
TCP 54 22 31 22 33 22
Znf-B 52 28 46 30 43 45

Table 2.8: Top 20 predicted transcription factor families for Moringa species and closely related plants

Chapter 2: Transcriptome Profiling 47



2.4 Summary

Transcriptome profiling on five different tissues (flower, leaf, seed, root, and stem) of M.
concanensis and M. oleifera plants was discussed in this chapter. This is the first time the
transcriptome of M. concanensis has been reported. The transcriptome to previously
published data from the closely related plant M. oleifera was compared. M. oleifera is a
well-known plant for its medicinal and nutritional properties, and both the genome and
transcriptome have been published. Total RNA isolated from five different M.
concanensis tissues and sequenced it after assembly and annotation. The raw reads for
the same M. oleifera tissues were obtained from our previous study and assembled using
the same protocol. A total of 114097 (42245 unigenes) and 63103 (32048 unigenes)
transcripts were generated for M. concanensis and M. oleifera, respectively. The
abundance of each transcript in different tissues of both plants enabled a detailed analysis
of highly expressed ones. It was noticed that the genes involved in defense system, abiotic
stresses, and photosynthesis-related genes appeared in the top ten list. This could explain
the high resilience of this plant to drought and other types of stresses. An abundance of
GO terms related to metabolic and cellular processes was found in the enrichment analysis
of unigenes predicted from transcripts. GO terms, associated with binding and catalytic
activity, were also found to be significantly overrepresented in both M. concanensis and
M. oleifera. This might explain how the two Moringa plants are abundant in minerals and
ions, thereby claiming themselves to be ‘superfood’. The majority of the homologous
sequences for both species were predicted through annotations available for the
evolutionarily closely related plant T. cacao. For a gene family analysis, along with M.
concanensis and M. oleifera, two other close species T. cacao and C. papaya, as well as
two model plants, A. thaliana and O. sativa was studied. The sequences from all six
species were grouped into 29794 orthologous groups, with 7209 (76744 sequences)
shared by all species. These sequences were mostly enriched for GO terms like RNA
modification translation, defense response, transcription regulation, and DNA binding.
M. concanensis and M. oleifera had 6455 and 6624 singletons that did not cluster with
other species, respectively. M. oleifera singletons were enriched in chlorophyli
metabolism, ozone response, and protein glycosylation, whereas M. concanensis
singletons were enriched for unidimensional cell growth, sodium ion import across the
plasma membrane, and polysaccharide catabolic processes. Many of these gene families
analysed were transcription factors. They mostly play crucial role in gene regulation
under various conditions. The most abundant transcription factors in both species were
C2H2, WDA40-like, MYB-HB-like, bHLH, and PHD. The enrichment of these
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transcription factors was nearly equal when compared between M. concanensis and M.
oleifera as well as to closely related species. Overall, our transcriptome analysis revealed
differences and similarities between M. concanensis and M. oleifera.
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Chapter 3: Comparative analysis of secondary
metabolites and identification of enzymes involved in the
biosynthesis

3.1 Background

A significant source of active compounds is found in the natural world, specifically in
plants, animals, and microorganisms. The plant kingdom primarily offers a diverse range
of species that are used to treat a variety of diseases in many different parts of the world
(Grover, Yadav, and Vats 2002). Moringa oleifera is one of the plants associated with a
wide range of biological activities (Gopalakrishnan et al. 2016). This study was focused
on antidiabetic properties among all of the biological activities of this plant. Diabetes and
related diseases are serious global public health issues. M. oleifera is high in antioxidants
and bioactive plant compounds, and numerous studies on its antidiabetic activity have
been conducted. Moringa concanensis, a closely related plant to M. oleifera, on the other
hand, has received little attention and has not been thoroughly studied. This plant contains
three major phytochemicals with antidiabetic properties: Quercetin, Chlorogenic acid,
and Benzylamine (Mbikay 2012). M. oleifera leaves contain a high concentration of
Quercetin, a potent antioxidant with numerous therapeutic properties. The obese Zucker
rat model of metabolic syndrome has demonstrated antidyslipidemic, hypotensive, and
antidiabetic effects (Rivera et al. 2008). Another secondary metabolite, Chlorogenic acid,
a phenolic acid found in M. oleifera leaves, is an ester of dihydrocinnamic acid (caffeic
acid) and quinic acid, which has been shown to improve glucose metabolism in the rat
liver by inhibiting glucose-6-phosphate translocase and lowering hepatic gluconeogenesis
and glycogenolysis (Hemmerle et al. 1997; Santana-Gélvez, Cisneros-Zevallos, and
Jacobo-Velazquez 2017). Moringine, an alkaloid isolated from root bark, was later
chemically identified as Benzylamine, which is also found in the leaves M. oleifera
(Chakravarti 1955). The hypoglycemic effect of plants was thought to be mediated by
this substance. Although secondary metabolites for antidiabetic activities have not yet
been researched for M. concanensis, the plant has traditionally been used for a variety of
purposes and because it closely resembles M. oleifera, these plants may share similar
medicinal properties (Anbazhakan et al. 2007). The use of certain plant parts in traditional
medicine can be explained scientifically by using transcriptome data and chemical
identification using mass spectrometry (Upadhyay et al. 2015). A previous study

identified candidate genes involved in biosynthesis of important secondary metabolites,
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vitamins, and ion transporters from M. oleifera (Pasha et al. 2020). The transcriptome
analysis revealed the expression of these enzymes in different plant parts. In order to
efficiently identify the transcripts encoding enzymes from the transcriptome assembly, an
enzyme mining pipeline CAPS_protocol (Joshi et al. 2020) was developed. It determines
true hits using a variety of computational tools such as sequence searches, phylogeny
analysis, and FIR mapping (Figure 3.1). This pipeline was used to identify enzymes
involved in the biosynthesis of Quercetin, Benzylamine, and Chlorogenic acid from the
transcriptome of M. concanensis. The expression of enzymes compared across different
tissues M. concanensis and M. oleifera. These metabolites were further quantified in the
leaf tissue of both species. Overall, this Chapter shows the importance of different tissues
in antidiabetic activity as well as provides a source of active compounds in Moringa

species.
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Figure 3.1: CAPS_protocol: A pipeline to identify enzyme coding transcripts from the assembly with the
help of sequence searches and evolutionary relationships (Joshi et al. 2020)
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3.2 Materials and Methods

3.2.1 Identification of pathway enzymes from transcriptome

The PlantCyc database (Chae et al. 2014) and literature were used to gather information
on enzymes involved in the biosynthesis of Quercetin, Chlorogenic acid, and
Benzylamine. These enzymes were identified from transcriptome of M. concanensis and
M. oleifera using CAPS_protocol (Joshi et al. 2020). For each enzyme, query sequences
were collected from Uniprot database (Bateman 2019) and aligned using Clustal Omega
(Sievers and Higgins 2014). This alignment was then used as input for two iterations of
jumpstart PSI-BLAST (Karolewski et al. 2006) with an E-value threshold of 1% against
the M. concanensis and M. oleifera transcriptomes. Hits with high than query coverage
(>70%) and percentage identity (>40%) were considered further. By aligning them with
query sequences and matching functionally important residues, true hits were identified.
Phylogeny was constructed using MEGA (Kumar et al. 2018). The MUSCLE module
(Edgar 2004) was used to align the sequences, and the maximum likelihood method was

used to build a phylogeny with a bootstrap value of 1000.

3.2.2 Real-Time Quantitative Reverse Transcription PCR (RT-qPCR)

Tissue samples (flower, leaf, seed, root, and stem) for M. concanensis were collected in
three biological replicates from mature field-grown trees at Indian Institute of
Horticultural Research (Bangalore, India). Total RNA was isolated from 100 mg tissues
of all the above samples using the Spectrum™ Plant Total RNA Kit (Sigma-Aldrich).
Total RNA was treated with DNasel enzyme (1U, MBI Fermentas, USA) following
manufactures protocol to remove the presence of genomic DNA. The quality and quantity
were analyzed using agarose gel electrophoresis (1.2%) and nanodrop. A total of 4 ug
total RNA was used for the first-strand cDNA preparation in a 20 pl reaction volume
using the SuperScript™ 11 First-Strand Synthesis SuperMix (Thermo Fisher Scientific)
following the manufacturer's protocol. In triplicates, the RT-gPCR was performed using
a CFX96 RT-gPCR detection system (Bio-Rad, Hercules, CA, USA) in a final reaction
volume of 20 pl containing gene-specific forward and reverse primers (10 pmol/uL each,
Sigma Aldrich), cDNA (2 ul), and 10 pl of 2% iQ SYBR green super mix (Bio-Rad,
California, USA). The reaction conditions were as follows - initial denaturation of 95 °C
for 3 min, followed by 35 cycles - denaturation at 95 °C for 15 s, annealing at 58 °C for
20 s, and extension of 72 °C for 20 s. The melt curve analysis was performed and the
2-AACt method (Schmittgen and Livak 2008) was used to calculate the relative
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expression levels using glyceraldehyde 3-phosphate dehydrogenase (GAPDH) as the

internal reference. All the primer sequences used in this study are listed (Table 3.1).

No | Gene Forward primers (5'-3") Reverse primers (5'-3')

1 4CL CACACGGGAGACATTGGCTACATCG CCTTCATGGCAACCACTGCCGCATC
2 CHS GAACATGTCGAGTGCGTGCGTACTG CCTTGATGGCTGCACTGTGAAGGAC
3 CHI GTTCACTGCGATAGGAGTCTACTTGG CCGAGTACTGTTGACCTGTTAATGGC
4 FLS/F3H | CCAGGTCGGAGGTCTCCAGGCTAC TACCGCTTGGTGGTCTGCGTTCCTG
5 oMT CGTGAGGTATTACAGGGACTTCGTC GAGGTACGATCTGGTGTGACCATG

6 F3’H CATGGCCGTAGACGACTGCAACGTC GCCTTCCCCAAGAACCTCTCAGGTC
7 NFD ATGCTTGGAGGCTCCTTGCTGAG CAGGCATTCTTGTGTCCCAGTCAC

8 HCT CAAAGCCTACATGGTATGCGGCAGG CTGCATCGTGGATTGGCAACCTTAC
9 HQT GCACGTATGAGATCCTGACGGCTC CGACCTTCATAGTGGAAGCCAGTG
10 | C3’'H GTGCCCTGGTGCACAGCTTGGTATC GCAACGGGCTGCGCATGTAAGTCAC
11 | GAPDH TGTCATCTCTGCCCCTAGCA AAGGAAGCTGCTCTACCA

Table 3.1: Primers designed for enzymes involved in Quercetin, Benzylamine, and Chlorogenic acid
biosynthesis. These primers were used for RT-gPCR analysis with an annealing temperature 57°C

3.2.3 Quantification using HPLC analysis

The leaves of M. concanensis and M. oleifera were washed with tap water and dried for
24 hours at 40 °C. The dried materials were ground into a fine powder using an electric
blender and stored in an airtight container for later use. 5 g of dried powdered materials
from both plants were extracted on a magnetic stirrer with 50 ml of Methanol:Water
(30:70) % (v/v), and the extracts were filtered through filter paper. One ml of the leaf
extract from both plants was centrifuged for 5 minutes at 14800 rpm, 4 °C. 10 pl of each
sample supernatant was injected into the HPLC-PDA system for analysis. The parameters
used for the HPLC-PDA setup are given in Table 3.2.

HPLC-PDA set-up

Instrument

Shimadzu Nexera UHPLC

Column

Agilent, Eclipse Plus C18, 5u, 250 mm x 4.6 mm

Mobile Phase A

10mM Ammonium Acetate in Water (0.1% FA)

Mobile Phase B

Acetonitrile (0.1% FA)

Flow Rate 1.0 ml/min

Column Oven 45°C

Auto-sampler Temp. 10°C

Injection Volume 10 ul

Run Time 25 mins
0-2 mins:5% B, 2-13 mins: 5-70% B, 13-14 mins: 70-95% B,

Gradient 14-19 mins: 95% B, 19-19.1mins: 95-5% B, 19.1-25 mins: 5%
B

PDA Range 190-600 nm

Table 3.2: The parameters used in HPLC-PDA system setup
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3.2.4 LC-MS profiling
LC-MS profiling was performed to detect compounds in crude leaf extracts of M.

concanensis and M. oleifera. 30 ul each of the crude leaf extracts from both plants was

centrifuged for 10 minutes at 148000 rpm and the supernatant was transferred to fresh

tubes. The supernatants were spiked with 10 pl each of reserpine (positive ion mode) and

taurocholate-D8 (negative ion mode). 10 ul supernatants were injected to the system after

another round of centrifugation. A pool of plant growth hormones, amino acids,

neurotransmitters, phenolic compounds, organic acids, glucose, glucose-6-phosphate,

reserpine, and Taurocholate-D8 was used as a standard mix and injected 10 pl for

analysis. The parameters used for the LC-MS setup are detailed in Table 3.3.

LC set-up
Instrument Dionex Ultimate 3000 UHPLC
Column Phenomenex, Jupiter, C18, 5u, 300A, 150x 4.6 mm

Mobile Phase A

10mM Ammonium Acetate in Water (0.1% FA)

Mobile Phase B

Acetonitrile (0.1% FA)

Flow Rate 0.4 ml/min

Column Oven 40°C

Auto-sampler Temp. | 10°C

Injection Volume 10 pl

Run Time 55 mins
0-2 mins: 0.2% B, 2-20 mins: 0.2-20% B, 20-35 mins: 20-60% B, 35-

Gradient 40mins: 60-100% B, 40-45 mins:100% B, 45-45.1 mins: 100-0.2% B,
45.1-55 mins: 0.2% BLC

MS set-up:

Instrument Thermo Fisher-Q Exactive

Spray Voltage (+ve) | 4000V

Spray Voltage (-ve) | 2500V

Vaporizer temp 280°C

Sheath gas flow rate | 30Arb

Aux gas flow rate 10Arb

Acquisition type

FS, DDS, Positive & Negative mode

Injector settings

0-3: waste, 3-45 mins: load, 45-55 mins: waste

Table 3.3: The parameters used in LC-MS system setup
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3.3 Results and Discussion

Moringa species is well-known for its diverse biological properties. These species contain
a variety of phytoconstituents, including alkaloids, phenolic acids, glucosinolates,
flavonoids, saponins, tannins, and steroids etc. in different tissues. These compounds
could be contributing to the biological activities of this plant. The antidiabetic activity of
M. concanensis and M. oleifera was investigated in this chapter. Some of the highly
abundant secondary metabolites found in M. oleifera leaves tissue include Quercetin,
Benzylamine, and Chlorogenic acid. These compounds are well known for their
antidiabetic properties. The expression of the enzymes involved in the biosynthesis of
these three metabolites from M. concanensis and M. oleifera was assessed using
transcriptome analysis. A combination of computational analysis and experimental

validation was performed to identify and quantify enzymes.

3.3.1 ldentification and analysis of enzymes involved in the Quercetin biosynthesis
Quercetin is a flavonoid found in a variety of vegetable and fruit species. It is a powerful
antioxidant with numerous therapeutic properties. Many studies have been conducted to
investigate the role of Quercetin in lowering blood glucose levels. This compound is
abundant in leaf tissue of M. oleifera. Quercetin is produced in the flavanol biosynthesis
pathway, which is downstream of the phenylpropanoid biosynthesis pathway. Seven
different enzymes involved in the synthesis of Quercetin from 4-coumarate (Figure 3.2).
The transcripts encoding these enzymes were investigated using M. concanensis and M.
oleifera transcriptome data. Coumaroyl CoA ligase (4CL), the first enzyme in the
pathway that converts 4-coumarate to 4-Coumaroyl-CoA, was identified from the
transcriptomes using homologous sequences. Two hits from M. oleifera and four hits
from M. concanensis were identified (Table 3.4). By clustering them with homologous
sequences, the phylogeny revealed true hits, which were confirmed by mapping FIRs of
AMP-binding domain and catalytic site (Figure S3.1). In contrast to M. oleifera, where
it was only mostly expressed in stem tissue, the transcript encoding the enzyme 4CL was
expressed in the seed, root, and stem tissues of M. concanensis (Figure 3.3). The second
enzyme in the pathway, chalcone synthase (CHS), converts 4-Coumaroyl-CoA to 2'-
4,4'6'-tetrahydroxychalcone. There were four and three hits from M. concanensis and M.

oleifera, respectively (Table 3.4).
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Figure 3.2: Quercetin biosynthesis pathway. The pathway data collected from PlantCyc database and

literature. The EC number for each enzyme is given in brackets

Enzymes . Abundance (TPM values)
Transcript ID | Flower | Leaf | Seed | Root [ Stem
Moringa concanensis
Mcon_2956_c1_gl_il* 11.92 2.72 111.67 162.83 115.28
scL Mcon_120_c68_g1_il 57.43 29.56 1.98 64.07 5.94
Mcon_120_c68_g1_i2 294.82 22.94 1.56 6.27 8.23
Mcon_5750_c42_g1 il 11.75 0.32 0.02 143 86.89
Mcon_2326_c0_gl_il* 342.94 78.47 0.36 61.41 1,564.81
cHS Mcon_3445_c568_g1_il 3.13 3.75 2.03 6.06 1.97
Mcon_3445 _c568_gl_i2 6.47 431 8.61 9.94 5.04
Mcon_1397_c0_g1 il 26,846.30 8.04 165.56 7.51 161.8
CHI Mcon_3295 c4 gl _il* 54.35 32.86 8.11 5.37 187.85
FLS/F3H | Mcon_3065_c4 gl il1* 246.13 28.08 4.53 45.66 1,520.96
Mcon_1833_c5_g1 il1* 128.39 19.67 456.90 551.01 398.61
Mcon_3602_c354_gl_i5 6.51 3.52 1.38 0.7 0.21
Mcon_3602_c354_g1_i7 2.98 1.53 0.64 0.22 0.19
oMT Mcon_3602_c354_g1_il7 0.89 3.26 1.04 0.29 0.14
Mcon_5808_c10 g1 il 37.01 16.78 314.81 114.17 71.6
Mcon_3602_c1171_g1_i3 0.01 0 0 4.98 0
Mcon_489 ¢3618 g1_il* 64.61 162.36 0.08 1.74 112.15
Mcon_1841 c105 g1 _il 43.88 10.75 5.95 202.47 286.71
F3’H Mcon_2574 ¢189 gl _i10 3.53 1.81 20.19 28.48 17.94
Mcon_5180_c10 g1 il 53.29 12.16 4.99 242 293.09
Mcon_5180_c10 g1 i2 10.23 57.53 0.06 0.17 27.2
NFD Mcon_1382_c4 gl _il* 7.61 9.17 9.59 2.55 5.01
HCT Mcon_2956_c5_gl_il* 14.85 9.94 101.31 66.84 131.01
Mcon_489 129 gl_i2* 100.92 89.02 0.34 1.39 0.35
HQT Mcon_489 ¢c129 g1 il 35.74 16.45 2.25 3.68 6.87
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i Mcon_5372_c1_gl_il* 8.46 6.53 160.18 209.16 160.47
e Mcon_2574_c189_gl_i10 353 1.81 20.19 28.48 17.94
Moringa oleifera

Mole_5570_c0_g1_i1* 8.34 8.57 7.46 238.62 238.61
act Mole_9434 c0 g1_il 190.7 52.72 1.96 3757 30,57
Mole 1486 _c0_g1_il* 150.67 428.30 0.03 129.93 23.03
CHS Mole 18614 c1 gl il 1.45 1.01 3.75 2.85 1.8
Mole_17772_c6_gl_il 26,657.45 9.15 17.84 25.89 8.23
CHI Mole_3698_c0_g1_i1* 6.14 37.52 2.38 52.79 9.40
FLS/F3H Mole_16112_c2 g1 _il* 412.14 69.62 1.77 197.99 7.83
Mole_14979 c0 g1 il* 163.21 49.96 55.92 1163.72 996.83
oMT Mole 14220 c0_gl_il 3.14 0.76 11.12 1.9 2.44
Mole 14295 c0_gl_il* 12.14 183.74 0.06 11.18 18.91
F3’H Mole_16822_c0_g1_i2 0.76 0.8 0.01 0.86 3.74
Mole_16822_c0_gl_i3 2.44 23.22 12.74 4.44 12.89
Mole_14496_c0_gl_i3* 5.92 6.27 14.51 7.46 11.29
NFD Mole 14496 _c0_g1_il 0.34 0.01 3.24 0.74 1.99
HCT Mole 5563 c0_gl_il* 4.82 15.67 20.73 185.41 295.28
HQT Mole_13679_c0_gl1_il* 125.49 127.56 2.72 3.08 34.34
C3'H Mole_15334 c0_gl_il* 1.56 12.34 9.64 285.44 287.82

Table 3.4: The table shows the abundance (TPM values) of transcripts encoding the enzymes in the
biosynthesis of Quercetin, Benzylamine, and Chlorogenic acid in five different tissues. * Representative
transcriptome hits were chosen based on clustering with true homology sequences from phylogeny

Using phylogeny, representative sequence hits were found, and the heme binding region
was mapped to the alignment (Figure S3.2). The transcript for this enzyme was highly
expressed in M. concanensis stem tissue, whereas in M. oleifera, it was found in leaf
tissue (Figure 3.3). The conversion of 2'-4,4',6'-tetrahydroxychalcone to (2S)-Naringenin
involves the chalcone flavanone isomerase (CHI). For this enzyme, one hit each in both
species was identified (Table 3.4). These hits were confirmed by mapping binding site
residues with homologues sequences (Figure S3.3). Again, M. concanensis stem tissue
showed high expression of this enzyme. However, in M. oleifera, high expression was
observed in root tissue that follow leaf tissue (Figure 3.3). Flavonol 3 hydroxylase (F3H)
and flavonol synthase (FLS) are bi-functional enzymes. The conversion of (2S)-
Naringenin to kaempferol is catalysed by these enzymes. Single hits each for these
enzymes was found from both species (Table 3.4). The hits successfully mapped for

ferrous iron binding residues, 2-oxoglutarate binding.
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Figure 3.3: Transcript expression of enzymes in five different tissues of M. concanensis and M. oleifera.
The heatmap showing expression (TPM in log (10) values) of enzyme coding transcripts involved in the
biosynthesis of Quercetin, Benzylamine, and Chlorogenic acid in five different tissues

residues, and substrate binding residues with homologues sequences (Figure S3.4).
Similar to CHS and CHI, this enzyme was highly expressed in the stem tissue of M.
concanensis. However, in M. oleifera it was highly expressed in flower tissue (Figure
3.3). Our pathway hypothesized that either tricin synthase (OMT) reaction with (+)-
Dihydrokaempferol or flavonoid 3 monooxygenase (F3'H) conversion of Kaempferol
would produce Quercetin (Figure 3.2). Six hits from M. concanensis and two hits from
M. oleifera were found for OMT enzyme (Table 3.4). The representative hits were
located using phylogeny and mapped metal binding residues (Figure S3.5). In both
plants, OMT expression was minimal in the flower, leaf, and seed (Figure 3.3). The key
final enzyme in the production of Quercetin, F3°H, is a cytochrome p450 family enzyme.
Five hits from M. concanensis and three hits from M. oleifera was identified for this
enzyme (Table 3.4). The hits were mapped for the conserved heme binding region
(Figure S3.6). The transcript encoding this enzyme from both species were seen highly
expressed in leaves (Figure 3.3). Overall, it was found that the initial enzymes in the

pathway were mainly found in the stem and root tissues, and the last enzyme, which is
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involved in the production of the Quercetin, was found to be highly abundant in the leaf
tissue of both plants. The enzyme expression estimated by transcriptome of M.
concanensis was verified using RT-qPCR analysis. Total RNA was isolated from five
tissues and primers were designed for all the enzymes involved in the biosynthesis of
Quercetin. RT-gPCR analysis showed that a majority of the enzymes showed a good

correlation with transcriptome expression (Figure 3.4A-F).
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Figure 3.4: Validation of transcript expression using RT-gPCR analysis. The enzymes involved in the
biosynthesis of Quercetin, Benzylamine, and Chlorogenic acid (A) 4CL, (B) CHS, (C) CHI, (D) F3H/FLS,
(E) OMT, (F) F3’H, (G) NFD, (H) HCT, (I) HQT and (J) C3’H were quantified in five different tissues of
M. concanensis using RT-qPCR. The grey-scale bars represent relative gene expression in flower, leaf,
seed, root, and stem by RT-qPCR analysis (left y-axis). The data represents mean values of three biological
and three technical replicates (total 9 replicates for each sample). Black line represents TPM values of the
transcripts in flower, leaf, seed, root, and stem by RNAseq (right y-axis). The error bars represent the
standard error between replicates in RT-qPCR analysis
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3.3.2 Investigation of Benzylamine biosynthesis pathway

Benzylamine (Moringine), an alkaloid compound isolated from M. oleifera, has been
shown to have antidiabetic properties in recent in vivo studies (Balakrishnan et al. 2018).
This compound is produced in plants by the enzyme N-substituted formamide
deformylase (NFD) from N-benzylformamide (Figure 3.5), and in bacteria by NFD on
the reactant N-benzylcyanide (Fukatsu et al. 2004).

2 Beckmann rearrangement NFD (3.5.1.91)

/
Benzyl oxime N-Benzylformamide Benzylamine

1. NFD: N-substituted formamide deformylase

Figure 3.5: Benzylamine biosynthesis pathway. A single enzyme NFD is involved in the production of
Benzylamine

NFD enzyme belongs to the amidohydrolase superfamily. In order to identify the enzyme
in M. concanensis and M. oleifera transcriptome, bacteria NFD sequences were used as a
query. Single hit for M. concanensis and two hits for M. oleifera were identified using
our transcriptome analysis and sequence searches (Table 3.4). Phylogeny analysis and
FIR mapping were carried out with the homologue sequences to ascertain the hits from
the transcriptome. There are four metal-binding residues conserved in both bacterial and
plant NFDs. These residues were mapped to the identified transcripts (Figure S3.7). The
transcript from M. concanensis was found to be highly expressed in seed and leaf,
whereas the transcript from M. oleifera was found to be mostly expressed in seed and
stem when compared to other tissues (Figure 3.3). The presence of Benzylamine in root
and leaf tissues of M. oleifera has previously been reported. Our findings matched
previous Benzylamine observations in M. oleifera, despite the fact that the TPM values
estimated for this enzyme in various tissues were lower. RT-qgPCR analysis was used to

confirm the expression of the NFD enzyme in M. concanensis (Figure 3.4G).

3.3.3 Expression of Chlorogenic acid biosynthesis enzymes

Chlorogenic acid, a phenolic substance from the hydroxycinnamic acid family, is present
in a wide variety of fruits, vegetables, coffee plants, and others. The committed step in
the phenylpropanoid pathway is the conversion of the compound, which is derived from

phenylalanine, to p-Coumaroyl-CoA. Chlorogenic acid chemical structure consists of a
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caffeic acid moiety and a quinic acid moiety. This compound has demonstrated its ability

to lower the blood sugar level in mice models. Three major enzymes, Hydroxycinnamoy|-

CoA shikimate hydroxycinnamoyl-transferase (HCT), Hydroxycinnamoyl-CoA quinate

hydroxycinnamoyl-transferase (HQT), and p-Coumaroyl ester 3'-hydroxylase (C3'H), are

involved in the biosynthesis of Chlorogenic acid (Figure 3.6). HCT and HQT, two similar
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Figure 3.6: Chlorogenic acid biosynthesis pathway. Three major enzymes involved in this pathway are
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enzymes from the acyltransferase family. Both enzymes share around 64% sequence
identity. HCTs have been discovered in a wide range of plant species. HQT homologs,
on the other hand, are more closely related to CGA-accumulating plants (Lallemand et al.
2012). Transcript encoding these enzymes were identified from both M. concanensis and
M. oleifera (Table 3.4). Phylogeny analysis and FIR mapping with homologous
sequences were performed to identify the transcript encoding enzyme. Both enzymes
formed a distinct cluster in the phylogeny. These enzymes have conserved two BAHD
catalytic motifs, HXXXDG and DFGWG. The differences in conserved residues such as
H153, and H154 in HCT in the catalytic motif HXXXDG, whereas H153 and T154 in
HQT helped us classify the sequences into two groups (Figure S3.8-S3.9). In comparison
to other tissues for both plants, our transcriptome analysis revealed a high abundance of
HCT enzymes in the root and stem. For M. concanensis, this enzyme showed expression
in seed also. Based on previous studies, HQT is considered one of the key enzymes in
Chlorogenic acid biosynthesis. This enzyme from both plants was found to be highly
expressed in leaf tissue, followed by flower tissue (Figure 3.3). The third enzyme, C3'H,
a cytochrome P450 enzyme. Two hits from M. concanensis and single hit from M. oleifera
were identified (Table 3.4). Oxygen binding and activation, ERR triad and heme binding
region were mapped to the sequences (Figure S3.10). A similar expression pattern to
HCT enzyme was observed for this enzyme in different tissues of both plants (Figure
3.3). Our RT-gPCR analysis supported the transcriptome expression pattern of M.

concanensis (Figure 3.4H-J).

3.3.4 Quantification of metabolites in leaf tissue of Moringa species

The therapeutic effects of Moringa species may be due to the combination of various
bioactive compounds. Several bioactive substances from Moringa species have already
been identified. Our investigation into the transcriptome of M. concanensis and M.
oleifera instigated further study on leaf tissue. The abundance of Quercetin, Chlorogenic
acid and Benzylamine has already been reported in the leaf tissue of M. oleifera. A crude
extract of leaf tissue from both plants was prepared using a solvent mixture of Methanol
(70%) and Water (30%). The secondary metabolites Quercetin, Benzylamine, and
Chlorogenic acid were quantified using HPLC analysis assisted by standard compounds.
A standard curve for each compound were generated (Figure 3.7). The linearity plot
regression coefficient for each compound was determined to be 0.999, indicating that the
method used was proper. The retention time and peak area was measured for each

compound (Figure 3.8A-B) and traced in the crude leaf extracts of M. concanensis
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(Figure 3.8C) and M. oleifera (Figure 3.8D). The concentration of compounds was

quantitatively determined by comparing the peak area of the standard with that of the

samples (Table 3.5).
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Figure 3.7: Standard curves for Benzylamine (BA), Chlorogenic acid (CGA) and Quercetin (Q)
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Figure 3.8: HPLC peaks determined at 254 nm. A) HPLC trace of standards (lowest concentration 0.39
ng on column for Quercetin (Q), Chlorogenic acid (CLA) and 7.81 ng on column for Benzylamine (BA)).
B) HPLC Trace of the standards (highest concentration 50 ng on column for Quercetin, Chlorogenic acid
and 1 pg on column for Benzylamine). C) HPLC Trace of M. concanensis in Methanol:Water solvent. D)
HPLC Trace of M. oleifera in methanol:water solvent

Species Quercetin Chlorogenic acid Benzylamine
M. concanensis 29.379 pg/ml 244.422 pg/ml 168.553 pg/ml
M. oleifera 1.023 pg/ml 171.024 pg/ml 172.113 pg/ml

Table 3.5: Concentration of compounds in M. concanensis and M. oleifera crude leaf tissue extracts
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Figure 3.9: LC-HRMS chromatogram of crude leaf extracts A) M. concanensis and B) M. oleifera in
negative and positive and ionization mode. Corresponding Extracted lon Chromatograms of spiked
Taurocholate-D8 & Reserpine

The compound Quercetin was found to be 30 times more abundant in M. concanensis
than in M. oleifera. M. concanensis had a higher concentration of Chlorogenic acid than
M. oleifera. Benzylamine level in both plants leaf tissue was nearly identical. Many other

compounds must be present in the crude leaf extract to contribute to this activity. To
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identify those compounds, a metabolite profiling by LC-MS was performed. LC-MS
profiling revealed a diverse range of compounds from various classes in leaf tissue
(Figure 3.9). These compounds were annotated using different databases. A large number
of similar compounds was found from various classes in both plants. The antidiabetic
activity of the leaf tissue could be attributed to a combination of Quercetin, Benzylamine,

and Chlorogenic acid, as well as other compounds found in the tissue.

3.4 Summary

M. oleifera leaves have been shown to be beneficial in a variety of chronic conditions,
including hypercholesterolemia, high blood pressure, diabetes, cancer, and overall
inflammation. M. concanensis has traditionally been used as a medicinal plant, but more
research into the biologically active compounds found in different tissues is needed. The
antidiabetic potential of M. concanensis and M. oleifera was discussed in this Chapter.
The compounds found in these plants as well as the enzymes involved in their synthesis
in various tissues was compared. Three important metabolites that are found in leaf tissue
and are known for their antidiabetic activity are Quercetin, Chlorogenic acid, and
Benzylamine (Mbikay 2012). The expression of enzymes involved in the biosynthesis of
these compounds was assessed in different tissues of M. concanensis and M. oleifera.
Compared to other tissues, it was noticed that the final enzymes in each pathway were
abundant in the leaf tissue. Quercetin is a powerful antioxidant found in a variety of
plants. This substance is well-known for its medicinal properties, which include
antidiabetic properties (Bule et al. 2019). The biosynthesis of Quercetin involves seven
enzymes, the majority of which have been found to be expressed in stem tissue. F3'H, the
final key enzyme, was highly expressed in the leaf tissue of both plants. The second
compound, Benzylamine, was initially isolated from M. oleifera (Chakravarti 1955).
Hence, this substance is also known as Moringine. The antihyperglycemic activity of this
compound has previously been reported (Marti et al. 2001). The synthesis of Benzylamine
involves a single enzyme, NFD, which was found to be relatively abundant in leaf and
seed tissues. Chlorogenic acid, the last compound, is a substance that can be found in a
wide variety of fruits and vegetables. This compound has been claimed to modulate
glucose and lipid metabolism (Meng et al. 2013). The biosynthesis of Chlorogenic acid
involves three major enzymes. The key enzyme HQT was found to be highly expressed
in the leaf and flower, while HCT and C3'H were found in the root and stem. Using RT-
gPCR analysis, the majority of the expression pattern estimated by using transcriptome
studies was verified. Since the key enzymes were highly expressed in leaf tissue for all
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three compounds, they were quantified in leaf tissue of both plants. M. concanensis leaf
tissue contained 30 times more Quercetin than M. oleifera, as seen by HPLC analysis.
Both plants contained comparable amounts of Benzylamine, but M. concanensis
contained more Chlorogenic acid. Also, investigated other compounds present in the leaf
tissue and detected them by LC-MS profiling. Overall, the findings from this Chapter
shows that these metabolites are highly expressed and abundant in the leaf tissue of both
plants and have potential antidiabetic properties. In addition, the metabolite profiling

study provides resources for active compounds found in the leaf tissue of both species.

Chapter 3: Metabolite analysis 71



Supplementary Files

ES o
S ~
T o
B o
g“ Q
S o 5
S, o
% S &
0 % . =
‘9&) ’\“S—
esv
2 °
q
%
3, L .
16‘968
Oy,
&y
L ]
QBETN3 ORYSJ
L ]
.
orY
QQ’T\‘N%’Z . . I
L ]
&
W °
19
oY 5
N
Q_{o
Ky
O v
& g x 2
o/ g 2
o
S @ v
Y ~ 2
& [ ©
N g Ve
2 %) o)
§ 3 it
$ 2
=3
19 0 20 0

210

Mole_ 5570 _c0_gl il
Mcon_2956_cl1_gl_il
Q42524 ARATH
P31684_SOLTU
024145_TOBAC
Q67W82_ORYSJ

BPDDVVALPYSSGTTGLPKGVMLTHES
RPDDVVALPYSSGTTGLPKGVMLTHES
BMPDDVVALPYSSGTTGLPKGVMLTHES
BPDDVVALPYSSGTTGLPKGVMLTHES
BPDDVVALPYSSGTTGLPKGVMLTHES
HPDDVVALPYSSGTTGLPKGVML T HJSS

AMP-binding domain

&
réu
¢ @
q <L
&
Q
N
©
Q’\r
0"
w“ﬁ
ov
024 1457 os
.
®
P316g5 SoLTy
L
3,
Jﬁhso
&y U
1
O/Q "
7
"?V
% ~o
e ¢
t
Q
%
<
\ {5
390 400 410

BILERNOERIGEICIRGHNOIMKGY LN
BILERNQIIGEICIRGRIOIMKGY LN
BILERNQIGEICIRGEIQIMKGY LNN

Catalytic site

Figure S1: 4-coumarate-CoA ligase (4CL) phylogeny and FIR mapping

72

Chapter 3: Metabolite analysis



g = 2
SEERE:
g 9; T 2R B 3
S € 5 22 8w a>
% % % R 5 3 é k-
% ?} t 2 2 %, ¢ z “ T
% % 3% %11 |
% & 5 % © \
% % %% %S [ |
R % o % © ¢ ®
4 % s G ™
T Y
%, Vo IS p \ -
Q“(g; K 2 °
% Y % ° L ] i
-, %y, @ < °
"‘J,’ ., O a . ® \ !
G, %y > .
o G %, Y
s, & % “ 9 ]
) .. b
0&%04 < @
Y, s . .
L .
.
L A
..
.
h‘&}q =
92,
n‘!‘(’l pOc
: ®or ° .
:ug“,o,n Y °
maggﬁmmﬂ i S
Pag39s popy, o ®
Pa8404 IPOTR o . |
P48397 IPOPY — |
|® 1
Pagaeo pOPU— | @ |
PABIYS IPONI -~ — IR 2 \ @
thmofm = R ' \
PABINIPOCO T L ] . .
pwn;wo"
ﬁ\?‘
p22sdt
589 » o @ o . .
o0 25 2 3
o y
ov) .
weet \*\,F\ 8 <
W 2 >
C 5 \&‘6 e e 9 [ ] . ™
\
o o o f
Sl .
22 &
of¥ 0(’0 P .
& o L]
o 4"‘% e > o .
&&@é °Q\ L]
-r"’\‘ *f}g 4
& & N . 4
al 4}“ F g ' [ ] [
& @ F e [ ™
& & 59; o £
Py ELY e
£F S IysEs
S OB - ‘
CF3s88ds9; |
& xr o 54 § £33z ¢
CE§Fesisz8c
Y O & g @
FEEEE
§§s g
T d F g
Mole 1486 _c0 gl il L
Mcon_2326_c0_gl_il 1
P24825_MAIZE 5GTVLR]
Q2R3A1_ORYSJ L
P13114_ARATH REMMYQQGCFAGGTVLRN

P30080_SOYBN

* Catalytic residues

OGCFAGGTVLRMS
.

NVUYD 243560

‘—QI.—

»Q}

QIFSBE RUTGR

> 8 3
ifide,
d 5 g
! 1§§ LA fﬁ
) & a .
ENS 885885
" 4 ; ; 4
SeEE I Frid
s L7287 5 8¢
s &
-9 S EEFES
. ¥ o F
. ¥ F
d"&@ &
¢ & o
: ] . > o
. & ‘,4’? &
f e & &
[ F o &
/ . [ ) @ &(F}q‘.rf“ A
L & o
SgP ORI
& s\“ﬁ o
\ ) Sales )
« ® véf"p P
“ \-f,\ &4"(
/ . oY 1‘_‘0«?‘“
. ot et
i i
. .‘.’ Ly
LS v N
. \wV‘L i
e pn“‘)ww\
B Pzﬁwvuw&
7 2\ > o o 30081 SOVEN
: L 3 E B ~ 072586 ONOVI
‘.! — = (023884 PEA
P * * 023882 PEA
‘. 023883 PEA
-e e P30077 MEDSA
‘.‘ e q BSKWQVEDM
. L r‘aamg,,EDSA
. = LN nsw»,“&m
.
.
-
.
T -
.
. °
Y [ ]
| @ H\\%4s
[ > -
TR L W s 2‘ 5 %
S B g 23 % % W R
2282883 %%
g heavsg R
9 3 T ¢4 2% %
TooRZ33IL e
228817 N
3 @& 5 G § = 5 W
§ = y

CEELEELE

{BAHPGGPAI
AHPGGPAI
AHPGGPAI

Figure S2: Chalcone synthase (CHS) phylogeny and FIR mapping
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Figure S6: Flavanoid 3-monooxygenase (F3’H) phylogeny and FIR mapping
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Chapter 4: In vitro and In silico studies to analyse the
Antidiabetic activity of Moringa species

4.1 Background

Diabetes is a disease that has significant impacts on public health due to its various
complications (Piero, Nzaro, and Njagi 2015). For centuries, people all over the world
have used a variety of plants as dietary supplements and conventional therapies to treat a
wide range of diseases. The effectiveness of many traditionally used plant remedies for
treating diabetes has already been studied, and some of them have produced promising
results (Firdous 2014). Moringa oleifera, a plant that is mainly cultivated for food and
therapeutic purposes, is one of these plants and has been used extensively around the
world. Several in vitro studies on M. oleifera antidiabetic activity have been conducted
(Al-Malki and EI Rabey 2015; El-Desouki et al. 2015; Owens et al. 2020). Moringa
concanensis, on the other hand, has received little attention in this regard. A recent study
(Balakrishnan, Krishnasamy, and Choi 2018) found that an ethanolic extract of M.
concanensis leaves had antihyperglycemic activity when tested on glucose, insulin,
biochemical, and lipid profiles in streptozotocin-induced diabetic rat models (STZ).
a-glucosidase, a-amylase, and DPP-4 are considered as important targets for the
management of type 2 diabetes. Antidiabetic drugs can lower the amount of glucose
absorbed in the gastrointestinal tract by blocking enzymes that hydrolyze carbohydrates,
such as a-glucosidase and a-amylase. Inhibiting these enzymes delays and prolongs the
digestion of carbohydrates, causing slower glucose absorption and a lower postprandial
plasma glucose rise (Bhandari et al. 2008). DPP-4 is a serine protease found on cell
surfaces. This enzyme is responsible for the rapid degradation of incretins such as GLP-
1 and GIP. Inhibiting DPP-4 prolongs the action of incretins, which stimulate insulin
secretion. Hence, inhibition of DPP-4 is used as a therapeutic strategy in treating Type 2
diabetes (Ban et al. 2009). These enzymes can be inhibited by Acarbose, Metformin,
Sitagliptin, Vidagliptin, and other synthetic drugs. But due to their side effects, including
diarrhea, stomach pain, and others, their use is restricted. Therefore, in order to effectively
and efficiently lower postprandial glycemic levels, it is important to search for novel
inhibitors in natural products, especially from medicinal plants. The importance of
Moringa leaf tissue was demonstrated in the previous chapter on secondary metabolites.
The antidiabetic properties of leaf tissue from M. oleifera and M. concanensis are

discussed in this chapter. In vitro assay studies were carried out for crude leaf extracts
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against a-glucosidase, a-amylase, and DPP-4 enzymes. Additionally, Benzylamine

inhibitory activity was tested against these enzymes in vitro and in silico.

4.2 Materials and Methods

4.2.1 Chemicals and reagents

The enzymes o-amylase (Aspergillus oryzae; Cat. No. 10065) and a-glucosidase
(Saccharomyces cerevisiae; Cat. No. G5003), Thiazolyl Blue Tetrazolium Bromide (Cat.
No: M2128), Benzylamine (Cat. No. 100-46-9), Dimethyl Sulfoxide (Cat. No. 67-68-5)
as well as other fine chemicals were purchased from Sigma-Aldrich (St. Louis, MlI).
Dulbecco's Modified Eagle's Medium (Cat. No. 11965084) and Fetal Bovine Serum (Cat.
No. 10270106) were purchased from Thermo Fisher Scientific Inc. The DPP-4 drug
discovery kit was procured from Enzo Life Sciences (Farmingdale, New York, NY,
USA).

4.2.2 Sample preparation

M. oleifera and M. concanensis leaves were collected from GKVK, Bangalore and IIHR,
Bangalore respectively. Fresh leaves were washed with tap water, and oven dried for 24
h at 40°C. The dried plant components were crushed to a fine powder with an electric
blender and stored in an airtight container in the refrigerator for future use. 25 g of dried
powdered materials each from both plants were extracted for 24 hours on a magnetic
stirrer with a mixture of 250 mL of Methanol (70%) and Water (30%) (Vongsak,
Sithisarn, and Gritsanapan 2014). The extracts were then filtered using Buchner funnel
and Whatman number 1 filter paper. The crude extract with solvents were stored at -20°C

for further analysis.

4.2.3 a-amylase and a-glucosidase inhibition assay

Assays for a-amylase and a-glucosidase inhibition were performed according to the
standard protocol (Kazeem, Adamson, and Ogunwande 2013) with little modifications to
suit to 96-well plate format. For a-amylase, different concentrations were taken, and a
volume of 0.02 M sodium phosphate buffer (pH 6.9) was used to make the volume up to
50 pL. 50 pL of a-amylase (0.5 mg/mL) was added to this and incubated for 30 minutes
at room temperature. After incubation, 50 pL of 1% starch (soluble potato starch) was
added as substrate and incubated for another 10 minutes. The reaction was stopped by
adding 50 pL of 1% 3,5-dinitrosalicylic acid (DNS). the plate was then heated at 100 °C
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for 8 minutes until the development of an orange red colour. The plate was immediately
read at 540 nm.

Similarly, for a-glucosidase, samples with different concentrations were prepared
and made up to 50 uL with 0.02 M sodium phosphate buffer (pH 6.9). 50 uL of a-
glucosidase (0.5 U/mL) was added to each concentration and incubated for 10 minutes at
room temperature. 50 pl of the substrate, 3.0 mM of p-nitrophenylglucopyranoside
(pPNPG) was added to the plate and incubated for 20 minutes at 37 °C. To stop the reaction,
50 uL of 0.1 M Na2CO3 was added and the absorbance was measured at 405 nm using
plate reader. A set of test samples without enzyme was used to determine the baseline
level of reducing sugars present in the test samples. The corresponding test readings were
subtracted from the absorbance. Test samples with 50 pL of buffer were used as control
for enzyme activity for both a-amylase and a-glucosidase. The percentage inhibition of
enzyme activity for both a-amylase and a-glucosidase were determined by the formulae;
Inhibition (%) = ((AbScontror — ADStest) / AbScontror) * 100 (Butala, Kukkupuni, and
Vishnuprasad 2017).

4.2.4 DPP-4 inhibition assay

DPP-4 activity was determined using the DPP-4 drug discovery kit (Enzo Life Sciences,
Farmingdale, New York, NY, USA), according to the manufacturer’s instructions. This
kit includes human recombinant DPP-4 enzyme, fluorogenic substrate (H-Gly-Pro-
AMC), a calibration standard (7-amino-4-methylcoumarin), an inhibitor (P32/98), and an
assay buffer (Tris, pH 7.5). The kit was stored at —80 °C till the experiment. All of the
samples to be tested, including the inhibitor, were prepared in DMSO solution and then
diluted in assay buffer to produce solutions with a 100 uM concentration. Next, 5 pL of
the substrate and enzyme were diluted in 245 pL of each of the assay buffers. Except for
the blank, 15 pL of the enzyme were added to each well. The inhibitor and the test
compound were also added to the plate and incubated for 10 minutes at 37 °C to allow
the interaction between inhibitor and enzyme. After adding the fluorogenic substrate
provided by the kit, the plate was read using a fluorometer (Biotek Synergy H1 microplate
reader) at Ex:380 nm/Em:460 nm. The absorbance was recorded continuously in each
minute for a total of 30 minutes. The percentage remaining activity in the presence of
inhibitor was calculated using the formula, Percentage Activity remaining (with inhibitor)

= (slope of inhibitor sample/control slope) x 100.
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425 MTT assay

Human hepatoma cells (HepG2), human epithelial colorectal (Caco-2), and pancreatic
beta cell line (MING) were treated with Benzylamine, and cell viability was assessed
using Thiazolyl Blue Tetrazolium Bromide (MTT). Cells were first seeded in 96-well
plates containing a final volume of 100 Cells were seeded first in 96-well plates with a
final volume of 100 pL in each well. Post differentiation of the cells, Benzylamine was
treated with various concentration ranges. Then plate was then incubated at 37 °C for 24
hours. MTT solution was prepared by dissolving 5 mg of MTT in 1 mL PBS. 100 puL of
this solution was added to each well and incubated at 37 °C for 3 hours. To dissolve
formazan crystals, 10 puL of solubilization solution (DMSO) was added to each well and
thoroughly mixed to ensure complete solubilization. The absorbance at 570 nm was

measured after 2 and 24 hours.

4.2.6 In silico docking study

Benzylamine was docked to the enzymes a-amylase, a-glucosidase, and DPP-4 using the
Schrodinger software (Maestro 12.4, Schrodinger 2020-2). The 3D structure of chemical
compounds Benzylamine (ID: 7504), Acarbose (ID: 41774), and Sitagliptin (ID:
4369359) were obtained from PubChem database (Kim et al. 2016). The ligand
preparation at Schrodinger suite was done by LigPrep module from the Maestro builder
panel. After adding hydrogen atoms, removing salt, and ionising at pH (7+2), 3D
structures of the prepared ligands were generated. These structures were then energy
minimized OPLS3e force field by using the standard energy function of molecular
mechanics. High-resolution 3D structures for a-amylase (1B2Y), a-glucosidase (5NN8)
and, DPP-4 (6B1E) were obtained from Protein Data Bank (http://www.rscb.org)
(Berman et al. 2000). Protein structures were prepared using the protein preparation
wizard in Maestro panel. The structures were minimized by using the OPLS3e force field.
Further, potential active sites for the proteins were predicted using Sitemap module. A
receptor grid box was generated using Receptor Grid Generation module at the active site
(with the radius of 20 A around the crystal structure) of each enzyme. The Glide Extra
precision (XP) protocol was used to perform flexible docking in order to predict the
binding affinity and ligand effectiveness as enzyme target inhibitors. Maestro interface

(Schradinger Suite, LLC, NY) was used to visualize docked ligands.
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4.3 Results and Discussion

The antihyperglycemic activity of the Moringa species was discussed in this Chapter as
one of its most significant therapeutic properties. Methanol (70%) and Water (30%)
solvents were used to extract the M. oleifera and M. concanensis leaf tissue, which was
then used in the in vitro assay studies. Based on recent reports in the literature, leaf tissue
was chosen since it contains significant amounts of Quercetin, Benzylamine, and
Chlorogenic acid compounds. The metabolite analysis in the previous chapter had
revealed that compared to other plant tissues, the leaf tissue from these plants had
significantly higher expression levels of the enzymes involved in the biosynthesis of these

compounds.

4.3.1 a-glucosidase and a-amylase inhibition

The carbohydrate metabolizing enzymes a-glucosidase and a-amylase are important
pharmacological targets for type 2 diabetes management. Inhibiting these enzymes can
control postprandial blood sugar levels. It was found that a-glucosidase and a-amylase
enzymes were inhibited by the crude leaf tissue extracts of M. concanensis and M. oleifera
in a concentration-dependent manner (Figure 4.1). At a lower concentration, M.
concanensis exhibited superior inhibitory activity to M. oleifera for a-glucosidase
activity. M. oleifera only displayed 22.14 + 2.48% inhibition at 1.56 mg/ml concentration
while M. concanensis displayed 92.98 + 4.08% inhibition. M. oleifera showed 88.75 %
5.50% activity in almost four times higher concentration (6.25 mg/ml). The ICso values
for M. concanensis and M. oleifera were 0.73 and 3.53 mg/ml, respectively. M. oleifera
exhibited a maximum of 76.90 + 10.97% inhibition for a-amylase, while M. concanensis
inhibited at a maximum of 78.84 + 9.36% at the highest concentration of 50 mg/ml. At a
lower concentration of 25 mg/ml, M. oleifera showed 70% inhibition, while M.
concanensis activity was substantially lower. The ICso was determined to be 17.94 and
29.18 mg/ml for M. oleifera and M. concanensis, respectively. At lower concentrations,
M. oleifera inhibited a-amylase more effectively than M. concanensis. Many studies on
Quercetin and Chlorogenic acid have already been conducted, and their inhibitory activity
to both a-amylase and a-glucosidase has been reported. Benzylamine had been shown
promising antidiabetic activity in vivo. The antidiabetic potential of the chemical
Benzylamine with these enzymes is being researched further. Both a-amylase and a-
glucosidase assay studies showed potent inhibitory activity for Benzylamine (Figure 4.2).

At a concentration of 4.5 mM of this compound, both a-amylase and a-glucosidase
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demonstrated a greater inhibitory activity with ICso values of 3.8 and 3.1 mM,

respectively.
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Figure 4.1: Inhibitory activity of crude leaf extract against enzymes a-amylase, a-glucosidase and DPP-4
in a concentration dependent manner. A) M. oleifera and B) M. concanensis with a-amylase enzyme. C)
M. oleifera and D) M. concanensis with a-glucosidase enzyme. Starch used as control for these assays. E)
M. oleifera and F) M. concanensis with DPP-4 enzyme. P32/98 used as positive control for DPP-4 study.
Values are means * standard deviation (n = 3)

4.3.2 DPP-4 inhibition

The enzyme dipeptidyl peptidase-4 (DPP-4) is necessary for the body to maintain normal
blood sugar levels. DPP-4 rapidly deactivates and inhibits the activity of incretins secreted
in response to meal consumption. In the case of diabetes, inhibiting this enzyme improves
glucose control by increasing incretin activity and insulin production. A fluorometric
assay was used to test the inhibition of DPP-4 by M. concanensis and M. oleifera leaf
crude extracts (Figure 4.1). At a maximum concentration of 12.5 mg/ml, the assay

demonstrated strong inhibition for both M. concanensis (91.82 + 2.64%) and M. oleifera
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(93.8 + 1.9%). Even at the lowest assay concentration (3.125 mg/ml), M. concanensis and
M. oleifera showed an inhibition of 69.97 + 7.45 and 75.22 + 5.54%, respectively. M.
concanensis and M. oleifera inhibited activity was comparable, with 1Cso values of 1.50
and 1.09 mg/ml, respectively. At a concentration of 9 mM, the compound Benzylamine
inhibited DPP-4 activity by 56.6% (Figure 4.2). The ICso for Benzylamine was estimated
to be 5.9 mM in this study.
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Figure 4.2: Inhibitory activity of Benzylamine against enzymes a-amylase, a-glucosidase and DPP-4 in a
concentration dependent manner. Graph showing percentage of inhibition with A) a-amylase B) o-
glucosidase C) DPP-4 enzymes. P32/98 used as positive control for DPP-4 study. Values are means +
standard deviation (n = 3)

4.3.3 Cytotoxicity of Benzylamine

The cytotoxicity of Benzylamine was further investigated in HepG2 (Liver cancer cell
line), Caco-2 (Colorectal adenocarcinoma cell line), and MING6 (Pancreatic beta cell line)
cell lines. The toxicity was assessed using a colorimetric assay that involves the reduction
of yellow MTT by mitochondrial succinate dehydrogenase. Since MTT reduction can
only occur in metabolically active cells, the level of activity is a measure of the cell
viability. The analysis revealed that Benzylamine was cytotoxic to all three cell lines at
higher concentrations (Figure 4.3). The assay was carried out for 2 and 24 hours. After
24 hours of exposure to 9 mM Benzylamine, cell viability was reduced in both HepG2
and Caco-2. However, at lower concentrations, cell viability reached 90%. Because the
compound is found in leaf tissue of Moringa species and the plant extract has previously
been shown to be less toxic to these cell lines, a crude leaf extract concoction was added
to benzylamine sample and tested. Benzylamine, along with crude leaf extract, was found
to have greater benefits in terms of cell viability. MING, on the other hand, demonstrated

high toxicity to the compound even after adding a crude extract concoction.
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Figure 4.3: Cytotoxicity of Benzylamine with HepG2 and Caco-2 cell lines. The experiments are
performed for 2 hours and 24 hours for both Benzylamine (BA) and with concoction of M. oleifera leaf
extract (MO). Values are means * standard deviation (n = 3)

4.3.4 Molecular docking of Benzylamine

The assay studies on the enzymes a-glucosidase, a-amylase and DPP-4 showed promising
inhibitory activity for Benzylamine. Acarbose, a synthetic therapeutic inhibitor, is
frequently used as a positive control for the inhibition of a-glucosidase and a-amylase
inhibition and is very effective at preventing postprandial hyperglycemia. Sitagliptin,
another antidiabetic drug, is very good at inhibiting DPP-4. But these drugs have
undesirable side effects. As a potential antidiabetic drug, we compared the binding
affinity of Benzylamine with Acarbose and Sitagliptin against these enzymes. The
docking study of Benzylamine, Acarbose and Sitagliptin, allowed to display the affinity
and the best binding pose of the respective compounds within the active sites of a-
glucosidase, a-amylase and DPP-4 as well as the interactions and the amino acids
involved in the binding. Acarbose showed the highest docking score (-12.230 kcal/mol)
to the a-amylase (Table 4.1). The high affinity is attributed to the hydrogen bond
interactions between the ligand and the catalytic residues ASP197 and GLU233 of the
receptor (Figure 4.4D). Benzylamine formed a salt bridge with GLU233 and formed a
hydrogen bond with ASP197, with a docking score of -5.857 kcal/mol (Figure 4.4A).

Enzyme Compounds XP Score (kcal/mol)
a-amylase Benzylamine -5.857

Acarbose -12.230
a-glucosidase Benzylamine -6.707

Acarbose -8.763
DPP-4 Benzylamine -5.461

Sitagliptin -8.078

Table 4.1: Docking score of the compounds with enzymes
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For a-glucosidase, Acarbose has slightly better docking score (-8.763 kcal/mol)
than Benzylamine (-6.707 kcal/mol). Acarbose formed two hydrogen bonds with the
catalytic residues ASP518 and ASP616 (Figure 4.4E), whereas Benzylamine formed salt
bridges with these residues (Figure 4.4B). The four hydrogen bonds that observed
between the Acarbose and a-glucosidase play an important role in stabilizing the ligand
in the active site. Whereas, the lack of hydrogen bond interactions between Benzylamine
and a-glucosidase result in a lower binding affinity. Sitagliptin had a higher docking score
against the DPP-4 enzyme (-8.078 kcal/mol), however there was no interaction with the
catalytic residues SER630, HIS740, or ASP708 (Figure 4.4F). Benzylamine showed
hydrogen bond interaction with HIS740 of DPP-4 with a docking score of -5.461 kcal/mol
(Figure 4.4C). The results of the docking study shows that Benzylamine interacts equally
effective with a-amylase, a-glucosidase and DPP-4 enzymes compared with other
compounds, which may be helpful to reduce the postprandial glucose level. The binding
interactions of Benzylamine with the a-amylase, a-glucosidase and DPP-4 identified
through docking studies helped to shed light on the mechanism of its binding with these

three antidiabetic targets.
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Figure 4.4: 2D interaction diagram of ligands with enzymes. Benzylamine docked with A) a-amylase B)
a-glucosidase C) DPP-4. Acarbose docked with D) a-amylase E) a-glucosidase F) and sitagliptin docked
with DPP-4
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4.4 Summary

The inhibitory activity of Moringa leaf tissue against three important gastrointestinal
enzymes was investigated in this Chapter. M. concanensis and M. oleifera leaf tissue
crude extracts were tested for inhibitory activity in a concentration-dependent manner. o-
glucosidase, a-amylase, and DPP-4 have been identified as major enzyme targets for
blood sugar control. Inhibitors of a-glucosidase and a-amylase can slow down the
breakdown of carbohydrates in the small intestine and reduce the postprandial blood
glucose in diabetes. DPP-4 inhibitors can improve glucose homeostasis by modulating
the incretin effect by inhibiting DPP-4 action on GLP-1 and GIP, two important incretin
hormones. Leaf extract inhibited M. concanensis in lower concertation than M. oleifera
for a-glucosidase. The 1Cso for M. concanensis was 0.73 mg/ml, while M. oleifera had a
significantly lower 1Cso of 3.53 mg/ml. M. oleifera demonstrated better activity at lower
concentrations for a-amylase with an ICso of 17.94 mg/ml versus 29.18 mg/ml for M.
concanensis. Both extracts inhibited DPP-4 well, with 1Cso values of 1.50 mg/ml for M.
concanensis and 1.09 mg/ml for M. oleifera, respectively. Overall, leaf tissue from both
plants inhibited o-glucosidase and a-amylase, as well as DPP-4. This suggests that leaf
tissue could be a promising candidate for a low-risk, effective treatment for postprandial
hyperglycemia. It is important to discover alternative drugs made from medicinal plants
that are more potent and have fewer side effects than currently available drugs. Bioactive
compounds from these plants have the potential to act inhibitors for these enzymes,
resulting in glucose homoeostasis, and can be used in the development of novel
therapeutic strategies for the treatment of diabetes. In the previous Chapter, HPLC and
LC-MS analysis confirmed the presence of Quercetin, Chlorogenic acid, and
Benzylamine in these extracts. Since Quercetin and Chlorogenic acid have already been
shown to inhibit these enzymes, Benzylamine was investigated further. By inhibiting the
enzymes a-glucosidase, a-amylase, and DPP-4 enzymes with 1Cso values of 3.1, 3.8 and
5.9 mM, respectively, Benzylamine demonstrated a promising result. Further testing
revealed that the compound was toxic at higher concentrations, but adding a mixture of
crude extract reduced the toxicity. Furthermore, molecular docking of Benzylamine
revealed that it could bind to the active sites of a-amylase, a-glucosidase and DPP-4
enzymes in a manner that was similar to Acarbose and Sitagliptin. Future research into
this compound as a potential antihyperglycemic agent is strongly suggested. Together,
leaf tissue and an active component like Benzylamine may be responsible for the high

antidiabetic activity of the Moringa species.
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Chapter 5. Computational analysis of drought stress
response genes from M. oleifera

5.1 Background

Moringa oleifera is a versatile plant that grows quickly in tropical, subtropical, and
temperate climates (Olson and Fahey 2011). Various Moringa parts are being used in
both traditional and modern medicine (Padayachee and Baijnath 2012). Abiotic stresses
affect the growth, productivity, and development of plants. Plants produce various
physical, biochemical, and genetic strategies to adapt to these environmental factors
(Shameer et al. 2019). In order to combat these stresses and counteract them, plants have
a repertoire of mechanisms, including the ability to induce or repress the expression of
series of response factors with diverse functions. Transcription factors (TFs), an
important group of these regulatory proteins, influence regulatory networks and signaling
pathways involved in plant development and assist in the plant ability to withstand abiotic
stress (Franco-Zorrilla et al., 2014).

Drought is one of the abiotic stresses that harms and restrains different plants the
most. Several TFs regulate the transcriptional response to drought in plants. These interact
with various gene promoter cis-elements through their DNA binding domains and
signaling through ABA-dependent or ABA-independent signal transduction pathways to
regulate target gene networks (Figure 5.1). Based on their conserved DNA binding
domain amino acid sequences, TFs are classified into several family groups. The main
TFs involved in drought are found in the families DREB/CBF, NAC, MYB, WRKY,
bZIP, and HD-Zip (Yang et al. 2016). One of the important TFs from the AP2 superfamily
that is known to play key role in the response to drought stress is DREB. This TF binds
to the DRE/CRT elements in the target gene promoter region (Stockinger, Gilmour, and
Thomashow 1997). Cold stress response genes and their cis-elements in the promoter
region were previously studied in Rosaceae family species (Shafi and Sowdhamini 2022)
(Annexure 1). The investigation of cis-elements in the upstream of stress response genes
was made possible by genome annotation data and algorithms such as STIFAL (Shameer
et al. 2009) and ADASS (Syamaladevi, Joshi, and Sowdhamini 2013).
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Figure 5.1: A schematic representation of stress signal perception and gene expression via ABA-dependent
and independent pathways at cellular level in plants (Yang et al. 2016)

M. oleifera, a major crop grown all over the world. This plant can withstand
extreme drought and thrives in arid environments such as those found in African
countries. This chapter aims to conduct a genome-wide analysis of drought-regulated
genes and their promoter regions in M. oleifera. Transcriptome analysis provided the
DEGs under drought conditions, and cis-elements in their promoter region were analysed.
Overall, this chapter presents a comparative examination of the promoter region of

drought stress responsive genes from M. oleifera.

5.2 Materials and Methods

5.2.1 Transcriptome assembly

The RNA-Seq reads for root and leaves tissues from M. oleifera were downloaded from
a NCBI public repository (PRINA765946). The control and drought stress induced
samples sequencing reads were obtained for both tissues in three biological replicates.
The reads were first aligned to a high-quality whole genome assembly of M. oleifera
(Shyamli etal. 2021) using HISAT?2 with default parameters (Kim et al. 2019). StringTie2

(Pertea et al. 2015) was then used to assemble the aligned reads for all samples into
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transcripts. The transcripts from each sample were further merged using the StringTie2

merge function to create a common set of transcripts for all samples.

5.2.2 Differential gene expression

The differential expression of transcripts were conducted using edgeR (Robinson et al.
2010) and DESeq2 (Love, Huber, and Anders 2014). The transcripts in each sample first
quantified using featureCounts program (Liao et al. 2014). The transcript counts in each
sample were further used to calculate the fold change in differential expression and
significance (P-value) of genes. A multi-factor experiment, differential expression
analysis between pair of groups was conducted using DEApp (Li and Andrade 2017).
Genes with a fold change greater than 1.5 and a false discovery rate (FDR, Benjamini and
Hochberg’s method) less than 0.05 (Anders and Huber 2010) were considered
differentially expressed genes (DEGSs). Volcano plots were generated and differentially

regulated genes were identified.

5.2.3 Functional enrichment analysis

Function annotation of DEGs was carried out using BLASTP against Viridiplantae
database from Uniprot (Bateman, 2019). GO terms (Blake et al., 2015) were obtained
from the homologous sequences. Further, an enrichment analysis was performed using
DAVID (Huang et al., 2009). A scatter plot was generated for the GO term enrichment
using REVIiGO visualization tool (Supek et al., 2011).

5.2.4 STIF analysis

The gene coordinates for each DEG were used to extract 1000 base pair upstream region
by taking into account both forward and reverse gene orientations in the strands. The STIF
algorithm (Sundar et al. 2008) was used to predict cis-elements in the upstream region of
DEGs. 1000 base pair upstream region of the genes was used as input into the STIF server
(http://caps.ncbs.res.in/stif/). A Z-score threshold of 1.5 was used to filter out false
positive TFBS hits (Naika, Shameer, and Sowdhamini 2013). Each predicted hit was
further subdivided into various TF family classes.
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5.2.5 ADASS analysis

The alignment-free domain architecture similarity search (ADASS) (Syamaladevi et al.
2013) was used to compare the TFBS patterns of two gene promoter sequences. A TFBS
architecture was derived from STIF output for each gene and used as input for the ADASS
algorithm. Each predicted TFBS in the upstream sequence was fed into ADASS as
discrete units in order to classify proteins based on similarities in the predicted TFBS
patterns. By comparing all of the TFBS architectures provided, an ADASS distance
matrix was generated. ADASS divides architectures into all possible triplets and
compares all triplets from one architecture to all triplets from another. Distance scores
were assigned to each triplet compared based on events such as shuffling, duplication,
and inversion, and the cumulative score is calculated for each pair of TFBS architecture.

A scatter plot was generated using the distance score.

5.3 Results and Discussion

5.3.1 Differentially expressed genes (DEGs) under drought stress

This study was carried out by utilizing whole genome and transcriptome data (drought
induced) from M. oleifera (Shyamli et al. 2021). DEGs were identified using RNA-seq
reads from the root and leaf tissues of three biological replicates of the M. oleifera plant.
A total of 377 million reads that include control condition and drought induced samples
were obtained from NCBI repository. High quality reads were retained after quality
checking by FASTQC. These reads were first aligned to whole genome of M. oleifera.
Then using StringTie2, a total of 57805 transcripts assembled from the alignment (Table
5.1). The total length of the assembly was around 119 Mb with an N50 of 2502 bp.

BUSCO analysis revealed 99.7% completeness for the transcriptome assembly.

Assembly
Number of sequences 57805
Total length 119461040 bp
Longest sequence 14831 bp
Shortest sequence 158 bp
N50 2502 bp
GC content 42.44%
BUSCO (Eukaryota) C: 99.7%, F: 0%, M: 0.3%

Table 5.1: Transcriptome assembly statistics. BUSCO analysis shows the percentage of complete (C),
fragmented (F) and missing (M) BUSCOs
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Figure 5.2: Visualization of volcano plots of DEGs. The plot compared the DEGs between control and
drought induced samples for leaf and root tissues from M. oleifera. The x-axis, represents logFC value and
y-axis represent -log10 of FDR adjusted P-values. Blue dots represent significantly upregulated DEGs, red
dots represent significantly downregulated genes and green dots represent genes not significantly changed

The read counts from the assembly were then used for identifying differentially expressed
genes. Genes with a false discovery rate (FDR) < 0.05 and an estimated absolute log2
fold change (log2FC) > 1.5 in sequence counts between control and treated samples were
considered significantly differentially expressed. Finally, 1178 DEGs were identified
between control and drought induced samples (Figure 5.2). Of these genes, 609 were
upregulated and 324 were downregulated. Differentially upregulated genes were further

investigated in the study for function annotation and upstream analysis.

5.3.2 Functional annotation and enrichment analysis of upregulated genes

The DEGs were employed for function annotation. Aquaporin pipl, heat shock factors,
protein kinases and various transporters and transcription factors were abundant in the
upregulated genes. Aquaporins are channel proteins that facilitate the transport of water
across plant cell membranes. Heat shock proteins are chaperons that play critical role
under heat and drought stress. Protein kinases mostly involved in the signal transduction
pathways. Also plant transport systems play significant role in adaptation to drought.
Further, it was noticed 43 transcription factors including DREB, bZIP, MYB, WRKY,
and NAC that are important for drought stress adaptation were present in the DEGs.
Almost 200 sequences among 609 DEGs were uncharacterized. Enrichment analysis was
carried out using DAVID and REViGO. Several GO terms were significantly enriched in
biological process (Figure 5.3A) and molecular function category (Figure 5.3B).
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The top abundant GO term in the biological process category was ‘Response to
wounding’. Following this, ‘response to heat’, ‘regulation of defense response’, ‘response
to water deprivation’, ‘response to abscisic acid’ were some of the most significant terms
among others. In molecular functions category, ‘oxidoreductase activity’, ‘metal ion
binding’, various transporters and transcription factors activities were highly abundant.
Collectively, these DEG functions demonstrate their potential consequences in plant
drought stress resistance.

5.3.3 Identification and classification of transcription factor binding sites (TFBS)

Several well-known transcription factors have demonstrated their ability to control the
stress response in plants. Under certain stresses, these transcription factors will bind to
the promoter of the genes. Popular plant-specific transcription factors (TFs) like MYB,
AP2/EREBP, bZIP, bHLH/MYC, HSF, NAC, and WRKY have demonstrated their
capacity to control gene expression in response to drought stress. Potential binding sites
for this TFs are well characterized. In this chapter, STIFAL, an algorithm to predict
popular abiotic stress responsive transcription factor binding sites in the promoter of plant
gene was used to identify these potential binding sites. It employs Hidden Markov Models
(HMMs) of nucleotide binding site patterns of well-known cis-elements for plant stress
response. There are 19 of these cis-element models in STIFAL that were built as HMMs
and validated using the Jack-knifing method. The coordinates from the M. oleifera gene
annotation records were used to obtain 1000 base pair upstream region for each DEGs.
STIF algorithm predicted a total of 4259 TFBS from 586 gene promoters after filtering
false positives with Z-Score cutoff >1.5 (Table 5.2). When compared to the frequency of
these TFBS in the promoters, it was observed certain elements were highly abundant.
These TFBS were further classified into different TF families such as MYB (2223),
bHLH (460), bZIP (371), AP2_EREBP (252), WRKY (351), ARF (276), NAC (231),
HSF (74), HB (19), ABI3_VP1 (2). MYB family showed higher occurrences following
to bHLH, bZIP, WRKY, ARF, AP2 EREBP and NAC, all of them are known to be
involved in the regulation drought stress response. Interestingly, some genes, such as
Sarcosine oxidase and Root phototropism protein, displayed nearly all varieties of TFBS
in the promoter region, suggesting that a multitude of TFs could be regulating these genes.
This analysis provided information on cis-elements in the upstream of DEGs, which were

then compared in a pairwise manner.
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TF family TF subfamily TFBS Genes
ABI3_VP1 ABRE_ABI3_VP1 2 2
AP2_EREBP DREB_AP2_EREBP 209 180
GCC_box AP2 EREBP | 43 38
ARF AuxRE_ARF 276 201
bHLH G_box_bHLH 311 208
N_box_bHLH 149 136
bZIP C_ABRE_bZIP 69 58
G_ABRE_bZIP 43 38
G_box1_bZIP 33 30
G_box2_bZIP 226 194
HB HBE_HB 19 19
HSF HSE1 HSF 74 64
MYB Myb_box1_MYB 487 379
Myb_box2_MYB 253 201
Myb_box3_MYB 285 234
Myb_box4 MYB 92 76
Myb_box5_MYB 1106 534
NAC Nac_box_NAC 231 190
WRKY W_box_WRKY 351 287
Total 4259 Total genes (586)

Table 5.2: Transcription factor binding sites predicted in the 1000 bp upstream region of the genes using
STIFAL with a cut-off >1.5. The number of occurrences of each TFBS at both family and subfamily level
has been indicated

5.3.4 Comparison of transcription factor binding sites among DEGs

The pattern of TFBS was compared across the promoter regions of DEGs and revealed
similarities and differences. ADASS algorithm was used to compare and quantify these
variations in the TFBS pattern. In a pairwise manner, this program compares the TFBS
architecture of various genes. ADASS determined a distance score for each pair of genes
based on the matches and mismatches of TFBS patterns in the promoter region. The
distance scores for a pair of sequences range from 0 (similar) to 1 (diverge). A scatter plot
was generated using the DAD score (Figure 5.4). A cutoff of 0.4 was implemented for
the DAD score to recognise architectures that are very similar. As observed, about 10%
of the DEGs were within this range. Few genes had a DAD score below 0.1, indicating
that they would have conserved cis-elements in the promoter region. The majority of the
genes had scores above 0.4, indicating that even though they play similar roles during

drought stress, the upstream regions of these genes differ greatly from one another.

104 Chapter 5: Drought tolerance



Different TFs may be recruited for the regulation of each gene in response to drought

stress.
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Figure 5.4: Graph showing the distribution of ADASS scores among DEG pairs. The scores vary from
zero (identical TFBS patterns) to one (completely different TFBS patterns). The x-axis represents the
number of gene pairs and y-axis represents pairwise scores

Furthermore, an analysis of gene function versus TFBS architecture in the
promoter region was carried out. There were a few noteworthy instances, such as the
promoter region of the genes for TCP transcription factor, Cytochrome ¢ oxidase subunit,
and Pectinesterase were shared similar binding site patterns (W-box-WRKY ~Myb-box5-
MY B~Myb-box1-MYB). The TCP transcription factor is a plant-specific protein that is
essential for plant growth and development. Cytochrome ¢ oxidase subunit is the last
enzyme in the respiratory electron transport chain of cells. Pectinesterase is cell wall
associated enzyme involved in the degradation of pectin. Despite their diverse activities,
these genes are indirectly involved in the response to drought stress, and the cis-elements
in the promoter region are very similar. Another instance is Heat shock protein, Myosin
binding protein and UDP glycosyltransferase had similar binding sites in the promoter
region with a combination of MYB and bZIP c-elements. In contrast, the TFBS patterns

in the promoters of genes with similar functions did not exhibit much resemblance.
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5.4 Summary

Over the past few decades, significant efforts have been made to decipher the molecular
mechanisms that plants use to respond to and adapt to different stresses. M. oleifera is an
important multi-purpose plant with medicinal and nutritional properties and with an
ability to grow in low water conditions, which makes the species an ideal candidate to
study the regulatory mechanisms that modulate drought tolerance. In this Chapter,
computational approaches were used to identify differentially upregulated genes under
drought stress and analysed their transcription factor binding sites in the promoter of M.
oleifera plant. RNA-seq data, under drought condition from a previous study, were
obtained and assembled using whole genome of M. oleifera. The high-quality reads
generated assembled the transcripts for control condition and drought induced condition
of M. oleifera. The read counts then used for a differential expression analysis which
yielded 609 upregulated genes altogether from M. oleifera tissues. The functions of these
genes showed abundance of Aquaporin pipl, heat shock factors, protein kinases and
various transporters and transcription factors. The functions of these genes showed
significant enrichment of certain GO terms. In biological process, GO terms such as
‘Response to wounding’, ‘response to heat’, and ‘response to water deprivation’ were
some of the most significant terms among others. Various transporters and binding related
GO terms were highly abundant in molecular function category. It was noticed that many
of these DEGs were transcription factors can act as cascade of regulatory genes. The
promoter region of DEGs obtained from genome and analysed further for prediction of
cis-element. The analysis highlighted various cis-elements involved in different stresses
and further compared the patterns among them. The observation that the TFBS
architecture among these DEGs differs quite a bit suggests that different TFs may be
recruited for their activity even though they play similar roles in the plant. Implementing
0.4 threshold for the ADASS analysis revealed that very a few of the DEGs have similar
binding site design in the promoter region. Among these, heat shock protein, myosin
binding protein, and UDP glycosyltransferase all displayed similar binding site patterns
in the promoter region. Also, genes like TCP transcription factor, Cytochrome c oxidase
subunit and Pectinesterase showed similar patterns in the promoter. Despite their distinct
roles in the plant, they are all differently expressed during drought stress. Surprisingly,
these genes are regulated by the same group of TFs. Collectively, this Chapter provides

an overview of drought stress response genes and their promoters from M. oleifera.
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Chapter 6: Conclusions and future perspectives

6.1 Overview

M. oleifera has been used as a food source in traditional medicine due to its wide range
of medicinal and nutritional activities. This is mainly because different phytochemicals
are abundant various parts of this plant (Falowo et al. 2018). Investigations are being
conducted into the potential advantages of various M. oleifera plant components in the
management of metabolic disorders, particularly diabetes. A significant portion of the
population is affected by metabolic disorders, which are frequently accompanied by long-
term complications. The prevalence of diabetes and other metabolic disorders urges for
the improvement of dietary and lifestyle practices as well as the development of more
potent therapeutic options (Samson and Garber 2014). Animal models have shown the M.
oleifera plant to have antihyperglycemic activity (Abd El Latif et al. 2014). The M.
oleifera genome and transcriptome studies are already completed (Chang et al. 2022;
Pasha et al. 2020; Shyamli et al. 2021; Tian et al. 2015). This thesis, reports the
antihyperglycemic potential of M. concanensis, a related Moringaceae plant that was
found in India and is closely resembles to M. oleifera (Olson 2002). This plant has been
traditionally used as medicine for various ailments, despite the paucity of scientific
evidence to support it. The potential antidiabetic mechanisms of this plant were studied
in STZ-induced mice models (Balakrishnan et al. 2018). Compared to M. oleifera,
research on the closely related species M. concanensis had not been as extensive. By
profiling the transcriptome and metabolites, and conducting in vitro assay studies, this
thesis provides an overview of the antidiabetic potential of both M. concanensis and M.

oleifera.

6.1.1 Transcriptome of Moringa species

M. concanensis transcriptome has not been reported, whereas M. oleifera genome and
transcriptome have been reported by multiple groups. Total RNA was extracted from five
different tissues (flower, leaf, seed, root, and stem) of M. concanensis, sequenced and
assembled using M. oleifera genome as a reference (Tian et al. 2015). In addition, the
previous M. oleifera transcriptome reads (Pasha et al. 2020) from five tissues were
assembled using the same protocol. Due to higher number of biological replicates and
sequencing data about over 700 million reads, M. concanensis assembled nearly twice as

many transcripts as M. oleifera, which had 270 million reads. After estimating the
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abundance of each transcript, it was noticed that the transcript coding genes related to
photosynthesis, abiotic stresses, and the defense system were most abundant. This could
account for the plant drought and other stress tolerance. Function annotation of the
transcriptome showed GO terms associated with binding and catalytic activity were
significantly overrepresented in both M. concanensis and M. oleifera. This could possibly
provide some insight into why Moringa plants are so abundant in minerals and ions. The
transcriptome was further compared with other closely related species to determine the
shared gene families. This analysis revealed that M. concanensis singletons were enriched
for unidimensional cell growth, sodium ion import across the plasma membrane, and
polysaccharide catabolic processes, whereas M. oleifera singletons were enriched for
chlorophyll metabolism, ozone response, and protein glycosylation. Additionally, it was
found that the most prevalent transcription factors in both species were C2H2, WD40-
like, MYB-HB-like, bHLH, and PHD. Overall, the transcriptome analysis identified
differences and similarities between M. concanensis and M. oleifera.

6.1.2 Biologically active compounds in leaf tissue

It has been demonstrated that M. oleifera leaves are useful in combating a variety of
chronic conditions, including hypercholesterolemia, high blood pressure, diabetes,
cancer, and overall inflammation. The leaf tissue contains three significant metabolites
known for their antidiabetic properties: Quercetin, Chlorogenic acid, and Benzylamine
(Mbikay 2012). Quercetin, a potent antioxidant commonly found in plants. This substance
is well-known for having medicinal benefits, including those related to diabetes (Bule et
al. 2019). Chlorogenic acid is present in a wide range of fruits and vegetables and this
substance is presumed to alter lipid and glucose metabolism (Meng et al. 2013).
Benzylamine (Moringine) was initially purified from M. oleifera root and leaves and
thought to be mediate the hypoglycaemic effect of the plant (Chakravarti 1955; Marti et
al. 2001). Although M. concanensis has traditionally used as a medicine, more study is
still needed to determine the biologically active substances that can be found in various
tissues. Different tissues of M. concanensis and M. oleifera were examined for the
expression of the enzymes important for the biosynthesis of these substances. This
analysis revealed that the final key enzymes in each pathway were observed to be
abundant in the leaf tissue in comparison to other tissues. This could be attributed to the
antidiabetic activity of the leaf tissue in both plants. The expression estimated from
transcriptome data was further verified using RT-gPCR. Additionally, the metabolites in

the leaf tissue were characterised using analytical methods like HPLC and LC-MS. M.
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concanensis was found to contain more Quercetin and Chlorogenic acid than M. oleifera.
It also revealed that both species had high amounts of Benzylamine. Using LC-MS
profiling, other significant compounds present in the leaf tissue were also identified.
Overall, the study showed that these metabolites are highly expressed, abundant, and
possibly antidiabetic in the leaf tissue of both plants. Additionally, the metabolite
profiling study offers resources for active substances found in the leaf tissue of both

species.

6.1.3 Inhibition of digestive enzymes

The three main enzymes targeted for blood sugar regulation are a-glucosidase, a-amylase,
and DPP-4. The digestion of carbohydrates in the small intestine can be slowed down by
inhibitors of a-glucosidase and a-amylase, which can also lower postprandial blood
glucose levels in diabetes (Bhandari et al. 2008). DPP-4 inhibitors improve glucose
homeostasis by inhibiting DPP-4 action on GLP-1 and GIP, two important incretin
hormones (Ban et al. 2009). Identifying plant based alternative drugs to currently
available medications that are stronger and have fewer side effects is important. M.
concanensis and M. oleifera leaf tissue crude extracts were tested for inhibitory activity
against these enzymes in a concentration-dependent manner. When compared to M.
oleifera, the leaf extract of M. concanensis showed better inhibitory activity for -
glucosidase in lower concentration. In the case of a-amylase, M. oleifera showed better
activity at lower concentrations. The extracts were further assayed for DPP-4 inhibition,
and both extracts inhibited in similar manner. Overall, leaf tissue from both plants
exhibited potent inhibitory activity against a-glucosidase and a-amylase, as well as DPP-
4. This suggests that the leaf tissue may present a viable option for an efficient, low-risk
treatment for postprandial hyperglycemia. Quercetin, Chlorogenic acid, Benzylamine,
and other active phytochemicals may be responsible for the inhibitory activity of leaf
tissue. It has already been noted that the antioxidants Quercetin and Chlorogenic acid
inhibit these enzymes. An unexplored substance Benzylamine is being tested for its
inhibitory properties further. It is interesting that at lower concentrations, this substance
exhibited strong activity against all three enzymes. Further research into Benzylamine
toxicity was conducted using the HepG2 and Caco-2 cell lines. In higher concentrations,
the compound displayed decreased viability; however, when combined with a leaf crude
extract concoction, it displayed better cell viability. In addition, the compound also
employed for molecular docking studies with enzymes. Benzylamine, was able to bind

with the active site of a-amylase, a-glucosidase and DPP-4 enzymes in a manner that was

Chapter 6: Conclusion 111



similar to Acarbose and Sitagliptin. Overall, this analysis reached the conclusion that
bioactive substances from these plants may act as enzyme inhibitors, promoting glucose
homeostasis, and may be used to develop novel therapeutic approaches for the treatment

of diabetes.

6.1.4 Moringa genes responsible for drought tolerance

The benefits of Moringa for health and nutrition are well known. Due to its high capacity
for stress tolerance and ability to grow in unfavorable conditions, it is an important crop.
These plants can withstand extreme drought conditions and thrive in dry regions like those
found in African countries. It is interesting to know the genes responsible for this plant
drought tolerance system. Recently, the transcriptome of drought induced M. oleifera
plant was made available (Shyamli et al. 2021). These reads were used in a differential
expression analysis to identify drought stress upregulated genes. These genes were
responsible for the majority of the regulation of the defense response, water deprivation
response, heat response, and other processes. These DEGs also revealed a number of
transcription factors, such as DREB, bZIP, MYB, WRKY, and NAC, that are essential
for drought stress adaptation. The 1000 bp promoters of all the upregulated DEGs were
extracted and examined for the presence of cis-elements. It was found that the binding
site patterns in the promoter regions of these drought stress response genes were
divergent. Even though these gene promoters are involved in the response to drought
stress, analysis of the TFBS architecture showed that there is only a very small percentage
with similar architecture. This implies that they may function similarly at the gene level
but very differently at the level of the cis-regulatory elements. Therefore, different TFs

from a diverse repertoire could be used to regulate and express these genes.

6.2 Future directions

Several computational and experimental techniques were used in this thesis to obtain

insights into the antidiabetic properties of two Moringa species. A number of significant

conclusions were drawn from this study. As a result, several lines of future research may
be initiated, some of which are covered below.

e Moringa species: There are 13 species of the Moringa genus, which have been widely
cultivated in Asia and Africa for their variety of uses. This thesis was focused only on
M. concanensis and M. oleifera which were found in India. There is very little
documentation or research done on the significance of the other species within the

genus, which are equally as important and valuable. All plant parts of this genus are
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used in the indigenous systems of human medicine for the treatment of a variety of
ailments and also rich sources of various phytochemical compounds. But there has not
been any substantial investigation into other species compared to M. concanensis and
M. oleifera. M. stenopetala, a species from the genus that morphologically resembles
M. oleifera and M. concanensis, would make an intriguing subject for further study.
Also. M. peregrina and M. ovalifolia, are some of the species which have started
receiving attention recently (Padayachee and Baijnath 2012). Further research of these
underutilized species in the genus may yield valuable information for both food and
medicine.

e Biological activities: The plant M. oleifera is well known for its wide range of
biological functions. Traditionally, a variety of ailments have been treated with M.
concanensis and M. oleifera. This thesis studied antidiabetic property of these plants
using transcriptome and metabolome profiling. The availability of these data can be
now used to explore the genes or molecules important for many other diseases. Also,
many undiscovered vital functions of the plant, particularly in M. concanensis can be
uncovered using the data provided by this thesis.

¢ Virtual screening of compounds: The three compounds Quercetin, Chlorogenic acid,
and Benzylamine were the main focus of this thesis. It is known that these substances
are adding to the antidiabetic properties of the plant. However, the antidiabetic effect
of the crude extract may be due to other unidentified plant compounds that have not
yet been researched. Over 8000 compounds were found when the crude leaf extract
from both plants was profiled using LC-MS. Docking these substances to enzyme
targets like a-amylase, a-glucosidase, and DPP-4 is possible. This will provide
potential candidates for further assay studies following to toxicity estimation.
Additionally, these substances can be used to investigate other promising biological
functions of leaf tissue in both species.

e Derivatives of Benzylamine: The research revealed Benzylamine as a potential
antidiabetic substance. The three digestive enzymes a-amylase, a-glucosidase, and
DPP-4 were all highly inhibited by this substance. The concentration of the substance
used, however, was significantly higher than that of other well-known drugs. The
derivatives of Benzylamine may provide a new insight in to the activity. In addition to
Benzylamine, diBenzylamine and dihydroxyBenzylamine were also identified by LC-
MS. These substances might be more effective than Benzylamine. In-depth knowledge

of the derivatives of this compound that gives the plant its best activity could be gained
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through docking of these substances and comparison with Benzylamine through
experiments.

e Genome sequencing: Drought-tolerant genes and their promoter regions were
investigated because the M. oleifera genome has already been determined. By
uncovering the genome of closely related M. concanensis species can provide
information about this plant drought resistance system and allow comparisons with M.
oleifera. Additionally, it can shed light on the evolutionary relationship between this
plant and M. oleifera. The evolution of key genes involved in the biosynthesis pathway
will give us a clear understanding of the expression differences between these two

species.

6.3 Conclusions

This thesis overall discussed the transcriptome profiling of the two species of Moringa,
M. concanensis and M. oleifera. Antidiabetic potential of Moringa species, one of the
many biological properties attributed to these plants was further studied using the
transcriptome and metabolome information. The major compounds that are important for
antidiabetic activity from these plants were focused in this research. Transcriptome and
RT-qPCR analysis revealed the abundance of enzymes involved in the biosynthesis of
these compounds in different tissues of the Moringa species. The findings suggested that
leaf tissue is essential for this activity, which prompted to quantify the metabolites in leaf
tissue and conduct an in vitro experiment as part of further research. Finally, in this thesis
there is conclusion that the strong inhibitory activity of compounds like Benzylamine
against digestive enzymes may contribute to the high activity of leaf crude extract. These
studies collectively demonstrate the antidiabetic potential of M. concanensis and M.
oleifera as well as the transcriptome resources for Moringa species. In addition, this thesis
also examined the genes responsible for ability of M. oleifera to withstand drought stress.
Scientific studies should concentrate on species like M. concanensis that are genetically
vulnerable due to a number of factors but have great potential as medicines. Expanded
efforts are highly required so that these valuable species do not go unnoticed and receive
the respect they deserve. This species can be researched and evaluated further for its

various properties, and it can help to conserve and appreciate a natural resource.
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Abstract

Background: Plant species from Rasaceae family are economically important, One of the major environmental fac-
tors impacting those species is cold stress. Although several Rosaceae plant genomes have recently been sequenced,
there have been very few research conducted on cold uprequlated genes and their promoter binding sites. In this
study, we used computational approaches to identify and analyse potential cold stress response genes across tan
Rosaceae family members.

Results: Cold stress upregulated gene data from apple and strawberry were used to identify syntelogs in other
Rosaceae species. Gene duplication analysis was carried out to better understand the distribution of these syntelog
genes In different Rosaceae members. A total of 11,145 popular abiotic stress transcription factor-binding sites were
identified in the upstream region of these potential cold-responsive genes, which were subsequently categorised
into distinct transcription factor (TF) classes. MYB classes of transcription factor binding site (TFBS) were abundant,
followed by bHLH, WRKY, and AP2/ERF. TFBS patterns in the promoter regions were compared among these species
and gene families, found to be quite different even amongst functionally related syntelogs. A case study on important
cold stress responsive transcription factor family, AP2/ERF showed less conservation in TFBS patterns in the promoter
regions, This indicates that syntelogs from the same group may be comparable at the gene level but not at the

level of cis-requlatory elements. Therefore, for such genes from the same family, different repertoire of TFs could be
recruited for requlation and expression. Duplication events must have played a significant role in the similarity of TFBS
patterns amongst few syntelogs of closely related species.

Conclusions: Our study overall suggests that, despite being from the same gene family, different combinations

of TFs may play a role in their regulation and expression. The findings of this study will pravide information about
potential genes involved in the cold stress response, which will aid future functional research of these gene families
involved in many important biclogical processes.

- Keywords: Rosaceae, Cold stress, Syntelog, Gene duplication, Gene promoter, Transcription factor, AP2/ERF family

Background

Rosaceae family is the third most economically important
plant family after Poaceae (grasses) and Fabaceae (leg-
umes) [1]. It includes some of the most widely produced
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as well as important ornamental and timber species.
Abiotic stresses affect plant development, growth and
decrease their productivity. Plants respond to these envi-
ronmental conditions by developing various physical,
biochemical and genetic strategies. Substantial efforts
have been made over the last few decades to decode plant
molecular mechanisms in reaction and adaptation to var-
ious stresses. At the agricultural, genetic and molecular
research levels, important traits such as fruit size, shape
and flavour, yield and plant response to either biotic or
abiotic stress are being targeted in order to improve tra-
ditional breeding [5]. Advances over the past few years in
genomics and bicinformatics of Rosaceae have provided
new opportunities to identify information in the level of
genes responsible for their development [6].

Many abiotic stresses like cold, drought, salinity and
heat have an impact on plant growth, development and
agricultural productivity. Temperature is one of the most
important environmental factor, which could regulate
growth and development of the plant [7]. Plants have a
repertoire of machinery to combat these stresses and
counteract them by repressing or inducing expression
of a series of response factors with diverse functions. An
important group of these regulatory proteins is transcrip-
tion factors (TFs), which help the plant to survive abiotic
stress by affecting regulatory networks and plant devel-
opment signalling pathways [8]. Plants from Rosaceae
family are often grow in cold condition and are subjected
to low temperatures [9]. It is important to understand the
mechanism and distribution of genes involved in the cold
stress response in these species. Plants reprogram their
genes through regulatory mechanisms (transcriptional,
post-transcriptional, and post-translational modifica-
tions) in response to cold stress. Therefore, studying the
regulatory mechanisms involved in response and adap-
tion to cold stress is pivotal to improve cold tolerance in
plants [10].

In response to cold stress, several proteins such as
dehydrins, heat-shock proteins and cold-regulated pro-
teins are also involved in membrane stabilisation [11].
The finding of Arabidopsis C-repeat-binding factors
(CBFs) which is an AP2/ERF transcription factor, helped
in better understanding the gene regulatory mechanisms
in response to cold [12, 13]. DRE/CRT/LTRE (dehydra-
tion responsive element/C-repeat/low temperature
responsive element) cis-elements are mostly found in
the promoters of many cold stress response genes and
has been proven necessary for gene transcription under
cold stress [14, 15]. This sequence is the recognition site
for the CBE/DREB family of transcription factors, which
bind and activate cold-responsive genes [16, 17]. The
CBF transcription factor genes are also a part of the cold
regulon and are induced in response to cold, and their

induction is regulated by components upstream in cold
response pathways [18, 19]. In addition, there are many
other TFs and regulators, such as MYB, WRKY, NAC,
SIZ1 and HOS1, which have key roles in cold stress toler-
ance [10]. These genes are direct or indirect players in the
crucial role of protecting plants against cold stresses [20].

With next-generation sequencing (NGS) techniques,
knowledge in the field of plant science has advanced.
The ability to sequence transcriptome using RNA-seq
has enabled a large-scale comparative analysis of many
plants under different conditions such as abiotic stresses.
There are few such reports available for Rosaceae plants
in response to cold. A transcriptome study on strawberry
identified candidate genes and revealed diverse regula-
tory network that responded to cold stress [21]. Another
study on apple identified differentially expressed genes
(DEGs) during cold stress at various intervals [22]. In
addition to these, few other findings on genes involved
in chilling and freezing stress and study on their regula-
tory network for peach and almond [10, 23] were also
reported.

‘There are several gene families, which share highly con-
served genome sequences with each other among the
related species, as well as other taxonomic families. Even
though many Rosaceae genomes are sequenced recently,
a detailed study on cold regulated genes across these spe-
cies has not been reported. In this study, we aim for a
genome wide analysis of cold regulated genes and their
promoter region in Rosaceae family species by focusing
on ten plants within this family. Cold upregulated genes
information for apple and strawberry obtained from the
literature was used to investigate putative genes in other
Rosaceae species. In addition, cis-elements in the pro-
moter region of gene was compared. The findings from
our study will pave the way for the comprehensive analy-
sis and the understanding the mechanism of cold stress
tolerance of these plants. This type of research can be
expanded to other plant families and for different stress
responses, resulting in a list of genes that can be targeted
further.

Results

Cold stress upregulated genes in Rosaceae species

In this study, ten plant species from Rosaceae fam-
ily was selected based on their availability of genome
sequence and chromosome information. For cold
stress upregulated gene information, species belongs
to the subfamilies Maloideae (M. domestica, P com-
munis and P. bretschneideri), Rosoideae (F vesca, R
chinensis and R. occidentalis) and Prunoideae (P. per-
sica, P. avium, P. dulcis and P. mumie) were surveyed.
A study from Zhang et al. [21] on transcriptome analy-
sis to identify cold stress response genes in strawberry
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reported 901 upregulated DEGs. Another transcrip-
tome study from Fan Du et al. [22] on apple identified
1883 cold stress upregulated genes. For both plants,
a total 2784 differentially upregulated genes infor-
mation was obtained from literature. Separately, we
obtained genome sequence and chromosome informa-
tion for each species from various databases (Fig. 1,
Additional file 1).

Functions of cold-stress upregulated genes from
both M. domestica and F. vesca were investigated and
GO terms obtained from the homologous sequences.
An enrichment analysis using these GO terms identi-
fied terms such as ‘response to salt stress, ‘response
to water deprivation, ‘response to abscisic acid” and
‘response to cold. Various DNA-binding and kinase
domains were also significantly enriched in functional
domain and enrichment analysis (Additional file 2).
These genes were then used to identify potential cold-
stress responsive genes in eight other species from
Rosaceae family.

Identification of syntelogs and gene duplication analysis

Syntelogs (fusion of homologue and synteny) were pre-
dicted across Rosaceae species using cold stress DEGs
from E vesca and M. domestica. Syntenic and collinear
gene pairs between each species were identified using
MCScanX program. It uses homologous gene pairs and
gene co-ordinates in the chromosome to identify col-
linear blocks across species. A total of 313,768 protein
sequences were obtained from genome data for Rosaceae
species and all-versus-all BLAST searches were per-
formed. Co-ordinates of each sequence were collected
from annotation and provided to MCScanX algorithm
along with homologue gene pairs from BLAST. The pro-
gram detected syntelogs for all species and we selected
32 syntelog groups based on the presence of DEGs
from F vesca and M. domestica in each group. These
groups include 1469 genes from different Rosaceae spe-
cies (Fig. 2). An analysis of these groups showed that 35
genes from F vesca (of chromosomes 1, 2 and 6) retain
a collinear relationship with 37 genes from M. domestica

Pyrus bretschneideri (Chinese pear)
Pyrus communis (European pear)
‘ Malus domestica (Apple)
’ Prunus avium (Sweet cherry)
.’3 Prunus persica (Peach)
Q Prunus dulcis (Almond)

‘ Prunus mume (Chinese plum)

. Rosa chinensis (Chinese rose)

. Rubus occidentalis (Black raspberry)

i
‘ Fragaria vesca (\Woodland strawberry)

2n=34
Maloideae
2n=14
Pruncideae
—
\ 2n=16
Rosoideae |
10
100 90 80 70 50 50 40 a0 20 10

Million years ago

Fig. 1 Plant species from Rosaceae family selected for this study. Phylogenetic tree depicts the estimated divergence time (in million years) for each

species using TimeTree
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(of chromosomes 4, 8, 13 and 15). A higher number of
syntelog genes were observed for Maloideae species (P
bretschneideri-305 and P. communis-231) compared to
other subfamily species. However, two Prunoideae spe-
cies (P persica-45 and P. avium-61) identified compara-
tively low number of syntelogs. In order to understand
the distribution of these genes among Rosaceae, physi-
cal location in the chromosomes were compared. The
chromosome-wise distribution indicates that these genes
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Fig. 2 Interspecies collinear blocks between each chromosome of a) £ vesca and M. domestica with b) R bretschneideri, ¢} £ communis, d) P avium,
e) £ mume, f) £ persica, g) P dulcis, h) R. chinensis and i) R. occidentalis, Each line indicates syntenic relationship and different colours, generated
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are mostly distributed evenly among chromosomes of
respective species (Additional file 3). The syntelog distri-
bution among various subfamilies led us to examine the
degree of gene duplication in the dataset.

Genes arising out of different duplication events like
WGD, tandem, proximal or dispersed and singletons
were classified into different categories using MCScanX
program (Table 1). We observed more than 50% of the
syntelogs in P. bretschneideri, P. mume, R. chinensis and
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Table 1 Number and percentage of duplications calculated for 32 syntelog group genes from different plants as classified by

duplicate gene classifier

Species Mumber of genes Number of duplications (percentage)

WGD/Segmental Dispersed Proximal Tandem Singleton
F vesca 35 01{0} 10(285) 5{14.3) 4(11.4) 16 (457}
M. domestica 37 0 (0} 20 (54] 5(13.5) 2(54) 10{27)
B avium &1 12(19.7) 16 (26.2) 18{29.5) 15 (24.8) o)
P bretschneideri 305 157 (51.5 18 (5.9) B9 {22.6) 1(0.3)
B cormmunis 231 64 (274.7) 43184) HO (34.8) 43(188) 110.4)
P dulcis 156 64 (32.6) 18(9.2) 40 {204) 60 (30.6) 442
£ mume 208 107 (514 11 (5.3) 36(17.3) 51 (24.5) 3(014)
B persica 45 0(0) 11(244) 13(289) 16 (35.6) 6(13.3)
A. chinensis 202 108 (53.5) 12(59) 36178 41 (20.3) 5(2.5)
R occidentals 210 112 (53.3) 10 48) 47 (22.4) 390185 2(09)

R. occidentalis have been duplicated and retained from
WGD events. Whereas in P dulcis, P. commuunis and P,
avium, the retained genes were 32.6, 27.7 and 19.7%,
respectively. No WGD events was identified from F
vesca, M. domestica and P. persica. However, the propor-
tions of dispersed duplication in F vesca, M. domestica,
P dulcis, P. communis, P. avium and £ persica were con-
siderably higher than other species. From the selected
set of 37 genes from M. domestica, 54% were dispersed
duplication. Around 45% of the genes from F vesca was
singletons.

Functional annotation and enrichment analysis

Syntelog gene functions were investigated by perform-
ing BLASTP and HMMSCAN against annotated plant
sequences from Viridiplantae clade. Each of the 32
groups is associated with a distinct gene family and com-
prises of at least one or more genes from each of the
Rosaceae species (Additional file 4). We identified two
groups of AP2/ERF transcription factor classes consist-
ing of 115 genes in total from different Rosaceae spe-
cies. These genes have a central AP2 functional domain.
CBF proteins from AP2 family act as a key regulator in
the cold signalling pathway. Another group of transcrip-
tion factor WRKY, known to regulate either positively or
negatively to cold stress, was observed. SQUAMOSA-
promoter binding protein (transcription factor involved
in the control of early flower development) was also pre-
sent. Dehydrin COR genes, a multi-family of cold-reg-
ulated proteins present in plants, produced in response
to cold and drought stress, was found in these groups.
Two groups of cytochrome family of genes were pre-
sent. These genes may involve directly or indirectly in
the response to cold stress. Apart from these groups,
few kinases, proteases and phosphatases were also part

of syntelog groups. HMMSCAN was performed against
Pfam database to verified the functions and domain
architecture for each gene.

A functional enrichment analvsis was carried out using
the GO terms derived from the homologous sequences
and depicted in a scatter plot (Fig. 3). In biological pro-
cess, majority the genes were involved in oxidation-
reduction process. Notably, a higher enrichment for GO
term ‘cold response’ with significant log size P-value was
observed. Also, abiotic stress related terms like ‘response
to water deprivation’ and ‘response to osmotic stress’
were significantly enriched in the syntelog genes. Ethyl-
ene activated signalling pathway related genes were also
abundant in the groups. The role of ERF genes under cold
stress has been reported in earlier studies. It can regulate
gene expression either negatively or positively. Various
molecular functions such as oxidoreductase activity, cat-
ion channel activity and ion binding activities were also
enriched in this group of genes.

Identification and classification of Transcription Factor
Binding Sites (TFBS)

In plants, various TFs such as MYB, AP2/EREBP, bZIP,
bHLH/MYC, HSE, NAC, HB and WRKY have been
shown to regulate abiotic stress response. We obtained
1000 base pair upstream region for each syntelog gene
using the coordinates from the genome annotation data.
STIF algorithm (STIFAL) identified 11,145 TFBSs from
the promoter sequence of 1408 syntelog genes after fil-
tering false positives hits. We analysed the distribu-
tion of TFBS predicted in the promoter of each syntelog
gene and compared the frequency predicted for each
TF classes across species. A greater number of certain
TFBSs than others was observed, could be partly due to
the differences in the length of these cis-elements. We
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Biological process

Maolecular function

Cellular component

]

Fig.3 Scatter plots for significant GO terms from the categories of Biological process, maolecular function and cellular companent enriched

in the syntelog genes from 32 groups: The scatterplot shows the cluster of enriched terms in two-dimensional space (sermantic x and y axes
corresponding the log size valug). Bubble colour and size indicates the log10 p-value of the GO term

classified these TFBSs into different transcription fac-
tor families such as MYB (6126 number of occurrences),
AP2/EREBP (776), bHLH (991), bZIP (735), ARF (728),
WRKY (901), NAC (634), HSF (123), HB (60), and ABI3/
VP1 (2). In general, MYB showed higher occurrences in
the promoters, following to bHLH, WRKY, AP2, bZIP,
ARF and NAC families (Table 2, Additional file 5). For E
vesca and M. domestica, 35 genes each were analysed and
predicted 238 and 185 TFBS, respectively. We observed a
slight increase in ARF, bHLH and WRKY binding sites in
E vesca compared to M. domestica. Whereas, M. domes-
tica showed an increase in AP2 and MYB binding sites.
AP2/ERF transcription family is the key regulator in
cold signalling pathway. During cold stress, CBF/DREB
TFs will bind to the cis-elements in the promoter of
CORs and activate the pathway. In our study, we pre-
dicted a total of 776 AP2 binding sites (GCC-box and
CRT/DRE) across all species. Around 50% of the syn-
telog genes of M. domestica has AP2 binding site in the
promoter, which is highest, compared to other species
(around 30-40%). F vesca syntelog genes showed less
AP2 binding site abundance (25%) in the promoters. In
the promoters of a few genes, we observed a cascade of
AP2 binding sites. UDP-Glycosyltransferase gene from
P. bretschneideri predicted a cascade of seven AP2 bind-
ing sites (bBHLH~AP2~AP2~AP2~AP2~AP2~AP2
~AP2) in the promoter. B-Box domain protein from P
communis (pycom08g04150) predicted nine repeated
AP2 TFBS along with other binding sites (b HLH~MYB
~MYB~MYB~MYB~MYB~MYB~bZIP~AP2~ AP
2~AP2~AP2~AP2~AP2~AP2~AP2~AP2).  These
repeated AP2 binding sites were predicted within 200bp
upstream, six of them were GCC-box. There were many
instances having more than five AP2 cis-elements repeats
in the promoters of the genes. Interestingly, the AP2/ERF

genes from P mume (Pm020604) and P dulcis (Prudu-
126A014155P1) showed repeated AP2 binding sites in
their promoters. These genes could be playing an impor-
tant role in the regulation of cold stress genes.

Clustering and comparison of transcription factor binding
sites among syntelogs

An analysis across promoter region of syntelog genes
showed similarities and differences in the pattern of
TEBS. ADASS algorithm was employed to compare TFBS
architecture from different genes in a pairwise manner.
A distance score is then assigned for each pair of genes
on the basis of matches and mismatches of TFBS pat-
terns in the promoter region. The distance scores vary
from 0 (highly similar) to 1 (highly divergent} for a pair of
sequences. A comparison of TFBS architecture between
E vesca and M. domestica syntelogs showed around
30% of the genes were present within 0.5 score, sug-
gesting similar patterns (Additional file 6a). Further, we
expanded this analysis across other Rosaceae species. For
E vesca gene promoters with other species, a significant
number of genes showed similar binding site patterns in
the promoters (Additional file 6b). For M. demestica with
other species showed comparatively higher conservation
than E vesca with rest of the species (Additional file 6c).
A threshold 0.4 was set to identify similar architecture
among svntelogs. The percentage of genes that fall within
threshold 0.4 for each species is shown in (Fig. 4). A dis-
tance tree was constructed to analyse the clustering of
similar architecture. The ADASS score for all species
was used to generate the distance score matrix and used
to cluster similar sequences for all syntelogs. A distance
tree was constructed from the matrix using NJ method
in Phylip package and was viewed in Dendroscope (Addi-
tional file 7). TFBS architecture compared between each
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syntelogs, showed many clusters. In most of the clusters,
we could see syntelogs clustered together from an evolu-
tionarily closely related species. A majority of them are
from same subspecies and very few of them shown with
different subspecies from Rosaceae family. We looked at
highly similar syntelog genes from F vesca and M. domes-
tica. Many genes had an ADASS score of less than 0.1,
indicating that they would have conserved cis elements in
the promoter region. The table (Additional file 8) shows
the top 50 such genes, which can be used as candidate
genes for future research.

AP2/ERF gene family analysis

One of the largest groups of TFs families, AP2/ERF
genes are involved in the regulation of biotic and abiotic
stress responses. This family is characterised by a con-
served AP2-DNA binding domain. The AP2 sub-family
encodes for TFs with two AP2 domains and known to
regulate developmental process of plants. While the ERF
and DREB proteins having a single AP2 domain are the
key regulators in response to biotic and abiotic stress.
Two groups out of 32 were identified as AP2/ERF family.
These groups include 121 syntelog genes from F vesca (2),
M. domestica (3), P avium (5), P bretschuneideri (32), P
communis (14), P dulcis (14), P mume (14), P. persica (2),
R. chinensis (13) and R. occidentalis (13). Domain analysis
showed only one sequence from R. occidentalis has two
AP2 domains, while all other members have a single AP2

F. vesca (Fv) M. domestica (Md) P. avium (Pa) P. bretschneideri (Pb) P. communis (Pc)
Ro I ro I ro [ ro [ ro [
Re I Re Re Re Re
Pr. — 0y rr I po e
o M S Wy e er
rd I
" o pe po I
. — - - S o I o
i o I P I P
wo s [ vid [ M e
Fv o F I v [ Fv

L] 8 10 18 20 L] s 10 185 20 L] s 10 1% = 1) 5 10 18 E [ 5 10 18 20

P. dulcis (Pd) P. mume (Pm) P. persica (Pp) R. chinensis (Re) R. occidentalis (Ro)
R I Ro [ ro [ Ro [ re [
/e re [ re [ Fo e
ro ro Pm Fo [ ro [
em I P ro I rd rd
Fo e I ro [ o e I
Fo e Fo [ ro Fo [
ra [ = I ra [ ey Ly |
o BT T T e |
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Fig. 4 Percentage of ADASS scores among gene pairs within threshold 04 for each species. The x-axis represents the percentage number of
syntelog pairs with the query specias and y-axis represents the target species compared

domain (Additional file 9). Both genes from F vesca were
located on chromosome 6 and M. domestica genes were
at 4, 8 and 9 chromosomes. Synteny analysis using these
sequences showed the organisation of syntelogs in vari-
ous chromosomes of other Rosaceae species (Additional
file 10). The DREB TFs activate multiple cold-regulated
genes (CORs) by interacting with DRE/CRT elements,
present in the promoters. We analysed the promoter
sequence of these 121 genes. The TFBS architecture from
each gene was compared using ADASS algorithm. A scat-
ter plot was generated using the distance score (Fig. 5)
for each species. Inter-species analysis showed compara-
tively less similar TFBS pattern within this gene family.
Less number of gene pairs were retained when given a
threshold of 0.4. This conveys that, although being synte-
logs from the same gene family, the binding site patterns
in the promoter are substantially different.

Discussions

Rosaceae family members typically grow in cold condi-
tion and often subjected to cold stress tolerance. It is
important to study the cold tolerance mechanism and
the genes involved in the stress tolerance for these
plants. In this study, we used computational approaches
to identify and analyse putative cold stress responsive
genes and their transcription factor binding sites in the
promoter of Rosaceae plants. We obtained differen-
tially upregulated gene information for cold stress from
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M. demestica (3)

P. bretschneideri (32)

F. vesca {2)

P communis {14)

Fig. 5 A case study on AP2/ERF farmily of syntelog genes, Scatter plots showing Inter species ADASS scores for gene pairs between Rosaceae
species. Mumber of genes from AP2/ERF syntelog groups for each species have baen given in the bracket, The scores vary from zero {identical TFBS
patterns) 1o one ompletely different TRBS patterns). The s-axis represents the number of syntelog pairs and y-axis represents painwise scores
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apple and strawberry to identify putative genes in eight
other Rosaceae family species. A functional annotation
of these DEGs showed a variety of gene families such
as transcription factors, cytochromes, kinases, trans-
ferases and membrane proteins. Majorities of the genes
were transcription factors and most of them were from
the groups of AP2/ERF and MYB transcription factor
families. For other species, genes evolved from a com-
mon ancestor were traced using synteny analysis. There
were a total of 1469 syntelogs from all ten species that
were analysed in detail. When we compared the num-
ber of syntelogs predicted from Maloideae (2n=34),
Prunoideae (2n=16) and Rosoideae (2n=14) subfam-
ily species, we noticed a direct correlation with genome
size and chromosome number. Higher number of syn-
telogs were identified from Maloidae species. A high
number of syntelogs were identified in both P. bretsch-
neideri and P communis from Maloideae subgroup
compared to other species. Evolution of protein-coding
gene families happens through events like WGD or
segmental duplication, tandem duplication, and chro-
mosomal and gene rearrangements. We observed more
number of dispersed duplication events in M. domes-
tica, could be due to recent WGD in Maloideae clade

(30-45 MYA) compared to other plants [24]. Apart
from the WGD events, other duplication events (like
tandem, dispersed and segmental) have contributed to
the repertoire of this syntelogs in these species. This
suggests that evolutionarily cold stress response gene
pool would have expanded and contributes to the cold
survival among the Rosaceae family plants.

A function annotation and enrichment analysis of
these potential genes showed many transcription fac-
tors in these groups, which play a significant role in
plant development and stress tolerance. They act as
regulatory proteins by regulating a set of targeted genes
in a coordinated manner and consequently enhance
the stress tolerance of the plant. AP2/ERF is an impor-
tant transcription factor family that has a major role in
response to cold stress. So far, many cold stress respon-
sive genes and their gene regulatory network have been
reported in plants. ICE-CBF-COR pathway is one of
the most studied pathway related to cold stress in plant
crops [25]. CBF, a member of the AP2/ ERF family of
transcription factors, are expressed in response to cold
temperatures, which in turn, activates many down-
stream genes that leads to cold acclimation chilling
and freeze tolerance in plants [26]. Apart from these
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key regulators, many other TF families such as bHLH,
WRKY, NAC and MYB also known to helps in regulat-
ing the gene expression under cold stress.

A cis-element is required in the promoters of stress-
responsive genes for the expression under specific stress.
The gene promoter analysis using STIFAL identified
and classified popular abiotic stress transcription fac-
tor-binding sites for these putative cold stress response
genes. There are 19 such models of cis-elements in STI-
FAL, based on abiotic stress response transcription factor
families, which were built as HMMs and were validated
using Jack-knifing method [27]. STIFAL predicted a total
of 11,145 TFBSs from the promoter sequence of 1408
syntelog genes. MYB is the largest and diverse group of
TFs and often co-occur with other TFs. Hence, MYB
classes were most abundant followed by bHLH, WRKY
and AP2/ERF TF families. However, the trend remains
almost similar when compared the occurrences of TFBS
between Rosaceae species. CBF or DREB transcription
factors, which belongs to AP2/ERF family, is the key
regulator in the pathway, which binds to the DRE or CRT
cis-elements in the promoter of CORs. The abundance of
this important cold regulated transcription factor fam-
ily in the dataset was revealed by functional annotation
and enrichment analysis. Aside from the AP2/ERF family,
other TF families known to be involved in the cold stress
response include WRKY, bHLH, bZIP, MYB, and NAC
[28]. In our analysis, we observed that these cis-elements
are highly enriched in the promoter region. MYB was
the most abundant TFBS found in almost all gene pro-
moters. Following MYB, the presence of other TFBS in
bHLH (991), WRKY (901) AP2/EREBP (776), bZIP (735)
and NAC (634) suggests that these TF families are impor-
tant for cold stress tolerance in these plants. Separately,
we noticed a few gene promoters that are enriched with
various group of TF families, which could play role in
multiple stress response or other functional roles. PP2C-
type protein phosphatase gene from P duleis (Prudu-
126A011712P1) predicted 34 various TFBSs in 1000bp
promoter sequence. This includes MYB (20), NAC (2),
AP2 (2), WRKY (2), ARF (2), bHLH (2) and HSF (4) TF
family binding sites. Another gene, serine/threonine-
protein kinase from P dulcis (Prudul26A014996P1) pre-
dicted 32 cis-regulatory elements including MYB (7),
NAC (4), AP2 (1), WRIY (4), ARF (6), bHLH (6), HSF (3)
and bZIP (1). Apart from highly abundant MYB binding
sites, tandemly repeated AP2 binding sites were observed
in many of the promoters. It will be interesting to investi-
gate the role of these genes in response to stress.

Further, we noticed few sequences from differ-
ent Rosaceae species sharing highly similar promoter
sequences, The TFBS pattern was conserved among those
syntelogs. A higher amount of conservation was observed

in closely related species in terms of position and combi-
nation of TFBS. Cytochrome p450 genes from Maloideae
species P communis and P. bretschneideri showed similar
TEBS architecture (AP2~AP2Z~MYB~MYB~AP2~A
P2~bHLH~MYB~MYB~MYB~HSF). Gene duplica-
tion events must have played a role in this conservation
among closely related Rosaceae family species. There
are also instances of similarities between different sub-
family species, such as P communis (pycom09g00070), a
cytochrome p450 gene with Hypostatin resistance gene
from P. dulcis (Prudul26A022009P1). These two different
species genes showed same promoter TFBS architecture
(WRKY~MYB ~MYB ~MYB ~ MYB ~ AP2). These simi-
larities and differences in TFBS architecture in each syn-
telogs were further studied using an in-house algorithm
ADASS. Overall, we find that for most of the species, M.
domestica and R. occidentalis have higher percentage
of association. Whereas, P avim showed less associa-
tion with M. domestica compared to other species. Even
though the number of syntelogs were less in P. persica,
it showed higher percentage with M. domestica. This
analysis suggest that the trend is almost similar when we
see the percentage of similar gene promoter sequences
within threshold 0.4 across Rosaceae species.

There have been recent WGD events in the Maloideae
and Prunoideae clades, therefore we can expect at the
genome level, We noticed few TFBS patterns within same
subfamily species were similar, whereas the patterns
among syntelogs were divergent when compared across
other subfamilies from Rosaceae species. This indicates
that the similarity in the promoter region of the syntelog
genes could be proportional to the evolutionary distance
of the species. Our study overall suggests a novel method
for identifying potential target genes in biotic and abiotic
stress research. It also provides information on key genes
for a large number of species within or across plant fami-
lies. This analysis can be used to investigate the crosstalk
between TFs and other important genes.

Conclusions

In this study, we conducted a comparative genome wide
study for putative cold stress-response genes in ten
Rosaceae species. Qur in silico study reveals useful infor-
mation about expanded pool of cold-responsive genes
and abundance of popular transcription factor binding
sites in the upstream of such genes in the Rosaceae fam-
ily species. Synteny analysis from apple and strawberry
identified syntelog groups containing putative cold stress
response genes from all species. Using WGD analysis,
the number of syntelogs associated with the species evo-
lutionary distance. Putative binding sites in the promot-
ers of these genes were identified, and their conservation
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across species was investigated using computational algo-
rithms. The information of putative cold stress respon-
sive genes from Rosaceae family allows further studies for
understanding the mechanism, regulation by TF binding
and molecules involved in cold response.

Methods

Collection of DEGs and genome data

A literature survey was carried out to obtain differentially
expressed genes (DEGs) under cold stress from Rosaceae
family species. Cold stress upregulated genes for Fragaria
vesca (Strawberry) and Malus domestica (Apple) was col-
lected from Zhang et al. [21] and Du et al. [22], respec-
tively. The genome information of M. domestica [29],
E vesca [30], Prunus avium (Sweet cherry) [31], Pru-
nus dulcis (Almond) [32], Prunus persica (Peach) [33],
Pyrus bretschneideri (Chinese pear) [24], Pyrus commiu-
nis (European pear) [34], Rosa chinensis (Chinese rose)
[35], and Rubus occidentalis (Black raspberry) [36] were
obtained from Genome Database for Rosaceae (GDR)
[37] (http://www.rosaceae.org/), and the Prunus mume
(Chinese plum) genome [38] sequence was obtained
from NCBIL repository (https://www.ncbinlm.nih.gov/
genome/?term=txid102107[orgn]). A species tree was
generated and the divergence time was obtained using
online tool TimeTree [39].

Synteny and duplication analysis

Synteny analysis was performed to investigate collinear
blocks between the chromosomes of Rosaceae species.
First, all versus all BLASTP [40] with an E-value thresh-
old 1.0E-5 was performed to predict potential homolo-
gous gene pairs in Rosaceae species. DEGs obtained for
M. domestica and F vesca from literature were used as
input. Predicted homologs location in the chromosome
for corresponding plants were obtained from the genome
annotation data. Collinear blocks between Rosaceae spe-
cies were detected using MCScanX package [41]. Con-
served collinear blocks were visualized with the web
based VGSC (Vector Graph toolkit of genome Synteny
and Collinearity) [42]. Different types of duplication
events (Tandem, Proximal, Dispersed and WGD/Seg-
mental) were further estimated using duplicate gene clas-
sifier module of MCScanX program.

Function annotation and enrichment analysis

Function annotation of syntelog genes was carried out
using BLASTP program [43] against Viridiplantae data-
base from Uniprot [44]. GO terms [45] were obtained
from homologous sequences to understand basic set
of biological process and molecular function mediated
by these genes. Further, an enrichment analysis was

performed using DAVID [46] and scatter plot was gener-
ated using REVIGO visualization tool [47]. The domain
composition of each syntelog gene was studied using
a java based tool Domosaic [48]. An E-value threshold
1.0E-5 was given for HMM search against Pfam database
[49].

Promoter cis-elements analysis

The chromosome location and gene co-ordinates for
the syntelog genes were obtained from genome annota-
tion data obtained from GDR, ]Gl and NCBI. Thousand
base pair upstream region for the syntelogs was extracted
using gene co-ordinates information. Promoter region
was extracted for both forward and reverse orientations
of the gene in the strands (for reverse direction, reverse
complement of the sequence has been used). STIFAL, an
algorithm [50] to predict popular abiotic stress respon-
sive transcription factor binding sites in the promoter of
plant gene, was used to identify potential binding sites.
It uses Hidden Markov Models (HMMs) of nucleotide
binding site patterns of cis-elements that are well known
for stress response in plants. One thousand base pair
upstream region of the genes was provided as input to
STIFAL server (http://caps.ncbs.res.in/stif/). A Z-score
threshold =1.5 was applied to filter out false positive
TEBS hits [27]. Each predicted hits were further classified
into different TT family classes.

Analysis of TFBS in the promoter region

Alignment-free domain architecture similarity search
(ADASS) [51], originally used for the comparison and
analysis of domain architectures, was used to analyse
the similarities in TFBS pattern among a pair of syntelog
promoter sequence. Here, each predicted TFBS in the
upstream sequence was provided as discrete units into
ADASS, in order to classify proteins according to simi-
larity in the predicted TFBS patterns. For each gene, a
TFRBS architecture was derived from STIFAL output and
used as input for ADASS algorithm. A distance matrix
was constructed using ADASS algorithm by comparing
all the TFBS architectures. ADASS divides the architec-
tures into all possible triplets and, compares compare
between a pair of architecture. For each triplet compared,
distance scores were assigned based on events like shuf-
fling, duplication and inversion and the cumulative score
is calculated for each pair of TFBS architecture. PHYLIP
[52] was used to construct a distance tree using the score
matrix from ADASS and viewed using Dendroscope [53].

Abbreviations
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