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1. Introduction

1.1. Food and nutritional security - Global scenario

Nutritional security is termed as physical and economic access to enough safe and
nutritious food by all people, always (FAO 2013). International Fund for Agricultural
Development (IFAD) estimates roughly 1.2 billion people around the world are
deprived of this minimum need for their day to day survival (IFAD 2002). Moreover,
the world population is expected to reach 9.7 billion by 2050 (United Nations 2017),
which means almost 3 billion more mouths are to be fed from the current or possible
decrease in food productivity in next twenty years or so. Adding to this, the risks
posed by the climate change, population growth, rising food prices, and degrading
environment are further expected to complicate the food security scenario in the years

ahead (Schmidhuber and Tubiello 2007).

Number of undernourished people (millions)

1000

800

500

400

200

2005 2010 2015 2014 2016 2017

H World M Africa W Asia M Latin America and The Caribbean B Oceania M Northern America and Europe®

Figure 1: Number of undernourished people in the World (2005-2017)
(Source: FAO. 2018). Note: * refer to less than 2.5% of the population each year

Food and Agriculture Organization (FAQO) and the World Health Organization
(WHO) reports shows roughly 821 million people across the globe are suffering from
different forms of malnutrition (FAO 2018) (Figure 1). Roughly 50% of the child
mortality, reported globally, is linked to undernutrition (Grantham and McGregor

1995). Of the 195 million undernourished children in developing countries, 90% live
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in Asia and Africa (UNICEF 2009). Almost 50% of them are in five countries of

which four are in Asia (India - 31.2%, China - 6.5%, Pakistan - 5.1%, and Indonesia -
3.9%) (UNICEF 2009). Prevalence of undernutrition (PoU) in these countries has led
to significant health problems as there exists direct relationship between the
undernutrition and infectious diseases such as diarrhea, malaria, HIV, measles as well
as intestinal helminths, malabsorptive state and anorexia (Baqui et al. 2002; Maleta
2006). Poor families are particularly affected by the PoU which is significant in low-
income groups (Harishankar et al. 2004). In a country like India, where 70% of its
population lives in villages and depends on subsistence farming or other menial jobs
for livelihood, providing safe and nutritious food should become the top priority of
the government (Mehra 2008). This message is well conveyed in the findings of the
Global Nutrition Report (2016) which ranks India in 114" position out of 132
countries on under five stunting; 120" out of 130 countries in the category of under
five wasting and 170" out of 185 countries on the prevalence of anemia - the

debilities which are mainly linked to malnutrition.

Protein Energy Malnutrition (PEM) is regarded as most serious among different forms
of malnutrition with long-lasting impacts (Grover and Ee 2009) (Figure 2). PEM is
defined as the disparity between the protein and energy supply and the body's demand
for them to ensure optimal growth and function (De Onis and Blossner 1997). PEM
can be the primary cause for several health complications such as hypoalbuminemia,
systemic capillary leak syndrome (SCLS), secondary immune deficiency, etc.
(Waterlow 1997; Lehman and Ballow 2014). The mortality rate of children suffering
from PEM can range from 5% to 40% depending on the underlying cause and
economic conditions (Chao et al. 2018). South-East Asian countries have the highest

prevalence of protein-energy malnutrition (Total: 25%; Children: 15%) (De Onis et al.
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1993) when compared to other countries, perhaps due to cultural reasons (Chaparro et

al. 2014).

General
mortality

General
mortality

4>| Malnutrition |

,

Developmental
disability

Low

nutrient ~

intake

Infections

Case
fatality

Susceptibles

h

y
[Wasting| | Stunting |

Figure 2: Protein-energy malnutrition disease model (Source: Stein 2000)

Thus, undernourishment with its two constituents - PEM and micronutrient deficiency
emerge as the major health burdens around the world, particularly in the developing
countries, on both societies and individuals. Although several international
organizations are working on mitigating these problems, the progress achieved so far
is far from satisfactory. Among the various factors contributing towards it, the lack of
availability of low-cost protein diet stands as the predominant one. Thus, there is a
need to develop inexpensive alternative sources of protein diet for the poor and
marginal population of the world for addressing the burgeoning issue of PEM.
Exploiting protein-rich underutilized crop species can be one of the key solutions for

this.
1.2. Underutilized crops

There are about 3,74,000 plant species known so far (Christenhusz and Byng 2016) of
which 30,000 are reported to be edible and safe for human consumption (Shelef et al.

2017). Only 7000 of them have been either cultivated or collected as food so far
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(Khoshbakht and Hammer 2008). Almost 50% of the human calorie intake comprises
only three plants - wheat, maize and rice (Keyzer et al. 2005; Ebert 2014) which
together occupies 40% or 555 million ha of all arable land globally (Tilman et al.
2011; Stamp et al. 2012). Moreover, 90% of the world’s food requirement is met by

only 50 crop species (Collins and Hawtin 1999; FAO 2018).

Consequently, thousands of edible plant species remain relatively “neglected” and/or
“underutilized”, even though they have the potential to contribute for food security,
nutrition, and income generation (Dansi et al. 2012; Chivenge et al. 2015). A good
number of them, however, are not adopted to large-scale cultivation due to lack of
research and development efforts. Dansi et al. (2012) observes that, the majority of
the research grants in developing countries are supporting works on major crops
alone. Adding to this, a perception among the farmers that these crops offer fewer
returns on investment have greatly influenced their choice of major crop for

cultivation (Nelson et al. 2004).

A glimpse of some nutritionally endowed underutilized plant species is provided in
Table-1. With appropriate R&D inputs, popularization and market linkages, these and
other underutilized crops (UUCs) can provide an attractive alternative for addressing
the malnutrition issues and improve food security (Padulosi et al. 1999; Ghane et al.
2010). In addition, UUCs also adds to a variety in the human diet and serves as a
cheap source of supplementary protein for large human population in developing
countries where availability of animal meat is limited and expensive (Kumar et al.
2016; Considine et al. 2017). Among different UUCs, legume species emerge as an

attractive candidate for addressing PEM.
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Table 1: List of promising underutilized plant species with their nutritional value
Protein* | Crude | Dietary «
Name (Nx6.25) | fat* | fibre* Carbohydrates* | Reference
Lupinus uteus L. 33-42 | 412 | 25-40 10.9 A C
(Yellow lupin)
Vicia faba. L.
(Broad bean) 26-34 2-4 15-24 18.93 A D
Pennlsetym glaucum L. 116 5 113 675 B
(Pearl millet)
EI_eusme c_oracana L. 77 15 115 796 B
(Finger millet)
Fagopyrum esculentum
Moench. (Buck wheat) 123 23 101 66.0 B
Ziziphus mauritiana 7.9-87 | 0.8-1.5 | 49-7.3 | 79.5-83.2 E
Lam. (Indian jujube)
Ullucus tuberosus Loz. 13.2 0.7 49 759 F
(Olluco)
Annona squamosal L. 1.96 0.176 391 18.2 G
(sugar-apples)
Panlcum_mlllaceum L. 125 31 14.2 704 H
(Proso millet)

*9/100g; (A) Mlynekova et al. 2014 (B) Kumar et al. 2016 (C) Gdala and Buraczewska 1996 (D)
Mejri et al. 2018 (E) Nyanga et al. 2013 (F) Sperling and King 1990 (G) Albuquerque et al. 2016 (H)
Habiyaremye et al. 2017.

1.3. Underutilized legumes for PEM

Grain legumes by far are the primary source of protein in a vegetarian diet and
therefore consumed by a large section of the human population (Luse and Okwuraiwe
1975). They have long been recognized as a cost-effective substitute for animal
protein (Famurewa and Raji 2005) and a metaphor “Poor man's meat” (Messina
1999) aptly describes their potentials. Nonetheless, many grain legumes are not
affordable to a large section of the population owing to their inhibitive costs and
limited production potential (Graham and Vance 2003; Foyer et al. 2016). The
production data suggests that total global grain legume production in 2013 was only
121 Mt, except soybean (278 Mt), leaving much to be desired in terms of their

accessibility and affordability to resource-poor population of the world.
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On the other hand, wild and underutilized legume species possess an adequate amount

of protein, polyunsaturated fatty acids (PUFAS), essential amino acids, dietary fibre,
vitamins and essential minerals akin to common legumes. Besides, underutilized
legumes are more climate resilient and thrive well in hard climatic conditions (Ebert
et al. 2014). Having adapted to marginal conditions, they are the storehouse of
resistant genes to biotic and abiotic stresses (Stoddard et al. 2006; Bhat et al. 2008;

Bhat and Karim 2009; Ebert et al. 2014).

Table 2: List of prominent tropical underutilized legume species and their nutritional
value

Legume Protein | Fat |Carbohydrates|Fiber| Reference

Adzuki bean® | 25.2 * 57.1 13.5 | Chau et al. 1998

M. pruriens® | 28.0 | 7.8 33.0 8.0 | Janardhanan & Vadivel 2000
Sword bean?® | 35.0 * 69.0 13.5 | Bhat and Karim 2009
Scarletbean® | 20.0 | 7.9 53.1 10.5 | Aremu et al. 2010

Lima bean ? 232 | 0.2 71.1 18.4 | Ezeagu and Ibegbu 2010
Rice bean " 21.0 | 19 67.0 6.4 | Sharma 2014

Lablab?® 27.0 | 1.7 60.0 9.0 | Gulzar and Minnaar 2017
Winged bean®| 34.0 |17.0 22.0 12.1 | Lepcha et al. 2017

*Not detected; * (g per 100 g); ® (%)
The tropical regions, which covers almost 40% of the world’s agricultural area and
being a belt of poverty, need an extra focus in ensuring nutritional security to a
growing world population. Some of the underutilized legumes of this region have
shown great potential in terms of nutritional content and key agronomic traits such as
drought tolerance, resistance to pests and diseases, and adaptation to semi-arid and
arid environments (Mayes et al. 2011; Chivenge et al. 2015; Chimonyo et al. 2016;
Chibarabada et al. 2017; Hadebe et al. 2017; Mabhaudhi et al. 2017a; 2017b). Some
such promising lesser-known tropical legume species and their nutritional attributes

are listed in Table 2. In otherwise less-fertile tropical soil, their ability to fix
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atmospheric nitrogen can boost soil fertility thus reducing the need and dependency

on expensive nitrogenous fertilizers (Gebrelibanos et al. 2013). Additionally, a few of
them are a source of novel bioactive compounds that can be tapped for the production
of therapeutic drugs and functional foods (Bhat and Karim 2009; Maphosa and

Jideani 2017).

Thus, the identification of promising unexploited legume resources for tropical
agriculture can pay rich dividends. The success from such an effort, integrated with a
sustained crop improvement program involving modern plant breeding know-how,
can go a long way in finding a long-lasting solution to PEM and providing nutritional
security for this region. In this context, we have reviewed below the prospects of four
selected underutilized legume species, in addition to velvet bean, covered in this
thesis, which are suited to varied requiremettns of tropical agriculture and to place

them in perspective.

1.3.1. Lablab bean

Lablab purpureus (L.) Sweet - popularly known as lablab bean is one of the
traditional vegetables originated in India (Deka and Sarkar 1990; Fuller 2003).
Despite being labeled as 'underutilized’ (Hammer et al. 2001), lablab bean is now
cultivated in substantial areas in the tropical regions either as a single crop or in
mixed production systems. It is mainly grown as an intercrop with maize (Pengelly
and Maass 2001; Maass et al. 2005). The schematic representation of different uses of
lablab bean is presented in Figure 3. According to Rai et al. (2006), Indo-China region
is the center of diversity of this crop. It is endowed with great variability in terms of
growth habit, morphological characters, maturity including shape, size, the colour of

fruit and seed in this region.
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Figure 3: Overview on uses of Lablab bean (Bhat and Karim, 2009; Naeem et al.
2016; Lepcha et al. 2019)

From the tropical agriculture viewpoint, this species can be one of the excellent
candidates for the fight against malnutrition due to a high content of protein,
carbohydrate (Chau et al. 1998), minerals (Duke 2008) and energy (Deka and Sarkar
1990). Duke (2008) identified many amino acids, micro, and macronutrients as well
as vitamins in lablab which are helpful for human health. Lablab pods and seeds have
other uses including vegetables, forage crop and possess promising nutraceutical and
pharmaceutical properties (Morris 2003). Adaptation to dry conditions and resistance
to major diseases and pests (Amole et al. 2013), makes it an even more attractive
candidate for tropical agriculture. However, little studies have been carried out on
genetic improvement and breeding except for few reports on genetic diversity
estimation using molecular markers (Maass 2005; Wang et al. 2007; Rai et al. 2016).
From the genomics viewpoint, lablab bean is far removed from the genomics
revolution with significant gaps in genomic resource development (Lepcha et al.

2019).
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1.3.2. Rice bean

Rice bean (Vigna umbellata (Thunb.) Ohwi and Ohashi) commonly called climbing
bean, mountain bean, mambi bean, and oriental bean is another promising tropical
legume lesser known, less researched and barely exploited. It belongs to a group of
minor food and fodder crops and is habitually grown as a mixed crop or intercrop
with maize (Zea mays), sorghum (Sorghum bicolor), and cowpea (V. unguiculata) in
addition to an individual crop in upland areas (Khadka and Acharya 2009). According
to available reports, Asia is the center of diversity of this species, where it is
distributed from the Himalayan highlands to South, Southeast and East Asia
(Siriwardhane et al. 1991; Tomooka et al. 2002; Tun and Yamaguchi 2007). It is
mainly used as a dried pulse, besides vegetable, green manure, and fodder crop (Arora

et al. 1980; Isemura et al. 2010).

Rice bean plays an important role in human nutrition, animal feed, and soil
improvement (Mal and Joshi 1991), especially in upland agriculture. Nutritionally, it
has high content of protein, essential amino acids, minerals and essential fatty acids
(Mohan and Janardhanan 1994). The young pods and leaves are used as a vegetable
(Kongjaimun et al. 2012a). The overall potential of rice bean is presented in Figure 4.
It is also resistant to major pests, diseases and does not need fertilizer or extra care
during the growth (Dahipahle et al. 2017). Rice bean shows tolerance to high
temperature with good vyields, requiring 18-30° C and 1000-1500 mm annual rainfall.
It is tolerant to extreme cold/frost conditions (Khanal et al. 2007) which makes it an

ideal candidate for cold regions.

Research efforts so far in this crop have provided basic insights into genetic diversity

and relationship among the germplasm collection and, identification of a few high
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yielding (Rana et al. 2014) as well as insect resistant varieties (Edwards 2006).
Genomic research is still in the nascent stage. Recently de novo assembly from RNA-
Seq data has been developed (Wang et al. 2016; Chen et al. 2016) paving a way for

marker development and other breeding-oriented applications.

1
L{ Vigna umbellata ]
. )

) 1 ) ( ) : )
Pharmaceutical Agronomic Nutritional Bioactive Anti-nutritional
value benefits content compounds substances

-

¥ Antioxidant activity v High biomass ¥ Rich in protein v Antioxidants ’ Toiallphenolics
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v Anti-inflammatory v Energy value D“EG:S-E{I!C"IEIITiIdES
¥ Hypocholestermelic |_| D “ Trypsin inhibitors
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Figure 4: Overview on uses of Rice bean (Bhat and Karim 2009; Sharma 2014,
Dahipahle et al. 2017)

1.3.3. Winged bean

Psophocarpus tetragonolobus (L.) DC., popularly known as winged bean or
Asparagus pea or Goa bean is a tropical legume classified within the phaseoloid clade
of Leguminosae. A predominantly self-pollinated crop, winged bean displays twining
habit, tuberous roots, longitudinally winged pods and both annual and perennial
growth form (Hymowitz and Boyd 1977). It has a diploid genome of 9 pairs of
chromosomes (2n=2x=18, Harder 1992) and an estimated genome size of 1.22 Gbp
(Vatanparast et al. 2016). The plant grows in abundance in hot, humid, equatorial
countries such as Malaysia, Indonesia, Thailand, India, The Philippines, Bangladesh,
Myanmar and Sri Lanka (Harder and Smartt 1992). The exceptional nutritional
quality of this plant, and the fact that these are available at all stages of life cycle

10
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makes winged bean a promising crop for widespread use in protein deficient areas of

the World (Harder and Smartt 1992). If the yields of both seed and tuber are
combined, the winged bean can outdo many crop legumes that are conventionally
grown in the tropics. Consequently, it is projected as a promising alternative for

soybean in these regions.

i
L[ Psophocarpus tetragonolobus ]

|
] I 1

( 1 i il il \
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= . [ .
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7 Antimicrobial Vltamln A ,5,
¥ Anti- mﬂammatur'.r
Processing
L4

‘ Useful Product Development ‘ ¢= | Food and Feed utility |¢=| Safe for edible purpose

Figure 5: Overview on uses of Winged bean (Bhat and Karim 2009; Lepcha et al.
2017, 2019; Tanzi et al. 2019)

Tropical soils are rich in rhizobia and winged bean, native to the cowpea cross-
inoculation group, makes perfect mutualisms with it (National Academy of Sciences
1975; Elmes 1976). In developing countries like India, the single most cause for
childhood blindness is vitamin A deficiency (Rahi et al. 1995). Nearly 254 million
children are in the risk of blindness due to the deficiency of vitamin A (West 2002).
According to National Academy of Sciences (1975), the amount of vitamin A present
in winged bean leaves is up to 20,000 IU per 100 g of edible portion, which is highest
ever recorded in green leaves of tropical plants. This implies that winged bean is

immensely helpful to prevent vitamin A deficiency and its consequences. In

11
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summary, the nutritional eminence along with tropical adaptation makes winged bean
a gifted candidate for cultivation in these less endowed parts of the world (Kadam et
al. 1984; Mohanty et al. 2015). Figure 5 describes the potential attributes of the

winged bean.

1.3.4. Scarlet bean

Phaseolus coccineus L. (syn. Phaseolus multiflorus Wild; 2n=2x=22) - well known as
scarlet runner bean or runner bean is the third-most important cultivated Phaseolus
species worldwide after P. vulgaris (common bean) and P. lunatus (butter bean)
(Santalla et al. 2004; Spataro et al. 2011). However, as compared to common bean, it
is less researched and cultivated. It is a perennial twinning vine which, in transitional
temperate climatic conditions, shows an annual growth habit (Labuda 2010). Runner
bean originated in the mountains of Central America (Spataro et al. 2011) and is
mainly distributed in temperate and tropical areas (Delgado Salinas 1988). Because
of sustained nature towards cooler spells, scarlet bean becomes an important crop in
the Northern part of Europe and in the mountainous areas of southern Europe
(Spataro et al. 2011; Bitocchi et al. 2017). Compared to other Phaseolus species, this
species is more amended to cold temperatures (cold tolerance) and cool summers
(Delgado Salinas 1988; Rodino et al. 2007) and can be promising crop for colder

Himalayan regions.

The beneficial attributes of runner bean are presented in Figure 6. Recently, there has
been a renewed interest in runner bean cultivation, particularly after it has been shown
that the seeds of P. coccineus (runner bean) are more digestible than those of P.

vulgaris (common bean) (Carlderon et al. 1992; Acampora et al. 2007).

12



U Introduction T

]
L{ Phaseolus coccineus ]

| I L| I
1 1 il il
Pharmaceutical Agronomic Nutritional Bioactive Anti-nutritional
value benefits content compounds substances
+ Hypo cholesterol + High biomass + Richin protein + Antioxidants + Tannins, Phytic acids
+ Antioxidant * Nitrogen fixing ability + Essentialaminoacid . phenolic ¥ Trypsininhibitors
+ Antidiabetic ¥ Minerals compounds + Oligosaccharides

+ Anti-obesity effects H &
[ )
¥

‘ Useful Product Development |q:|| Food and Feed utility ‘ q:‘ Safe for edible purpose ‘

Figure 6: Overview on uses of Common bean (Acampora et al. 2007; Bhat and
Karim 2009; Schwember et al. 2017)

From a genomic viewpoint, runner bean has been little studied, notwithstanding the
development of molecular markers and genome sequencing of other legumes in the
last decade. The high genetic diversity of runner bean is vital for breeding purposes,
especially as a source of cold tolerance and disease resistance genes. But the lack of
germplasm characterization limits its utilization as donor species in case of inter-
specific hybridizations, and therefore restricts its use in other Phaseolus breeding
programs. Developing broadly adapted, self-determinate cultivars that enable
mechanical harvesting, evaluating heterosis for hybrid production, and germplasm
characterization are great challenges and opportunities in the future that would

increase its cultivation on a broader scale worldwide.

1.4. Genomic resources in underutilized legume crops

Molecular breeding approaches need genomic resources such as species-specific
molecular markers, genetic/linkage maps, and DNA/RNA sequence information,
which were unavailable even in case of major legume species barring soybean, until

recent past. Of late, speedy developments have been witnessed in legume genomics

13
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due to developments in next-generation sequencing (NGS) and high-throughput

genotyping methods. Consequently, genome sequences and draft assembly for some
important legume crops have been reported during the last 5 years. This includes,
Cajanus cajan (Pigeon pea - 833 Mb genome; Varshney et al. 2012), Cicer arietinum
(Chickpea - 738 Mb; Varshney et al. 2013), Lotus japonicus (Lotus - 472 Mb; Sato et
al. 2008), Medicago truncatula (Barrel clover - 373 Mb; Young et al. 2011) and
Phaseolus vulgaris (Common bean - 588 Mb; McClean et al. 2004) etc. More
recently, efforts are on for sequencing of few other legume species such as:
Trifolium pratense (Red clover - 440 Mb; Sato et al. 2005), Arachis hypogaea
(Groundnut - 2800 Mb; Duan et al. 2012), Lupinus angustifolius (Lupin - 924 Mb;

Yang et al. 2013), and Pisum sativum (Garden pea - 4450 Mb; Yang et al. 2015).

Nevertheless, underutilized species continue to suffer from a dearth of molecular-
genetic and genomic resources and thus remain ‘orphans’ from the genome
revolution. However, decreasing sequencing and genotyping costs are fuelling new
hopes for these crops. As a consequence, RNA-Seq data has been increasingly applied
for genetic studies even in some underutilized legume plants such as faba bean (Vicia
faba - Kaur et al. 2012), adzuki bean (Vigna angularis - Chen et al. 2015a), rice bean
(Vigna umbellata - Chen et al. 2016), hyacinth bean (Lablab purpureus), grass pea
(Lathyrus sativus) bambara groundnut (Vigna subterranea - Chapman et al. 2015),
winged bean (Psophocarpus tetragonolobus - Chapman et al. 2015; Vatanparast et al.

2016) and field pea (Pisum sativum - Kerr et al. 2017).

Towards marker development, Chen et al. (2016), sequenced the whole transcriptome
of rice bean (V. umbellata) and developed first species-specific SSR markers for this

crop. In winged bean, sufficient progress has been made towards the development of
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genic markers based on RNA-Seq data (Wong et al. 2014; Chapman et al. 2015;

Vatanparast et al. 2016). Hane et al. (2017) developed a comprehensive assembly,
draft genome sequence for the narrow-leaf lupin (NLL) (Lupinus angustifolius L.)
(genome size 951Mb) - the first representative of the Genistoid clade
of Papilionoid legumes (Hane et al. 2017). De novo transcriptomic assembly and
analysis of cowpea (V. unguiculata L. Walp.) (620Mb) transcriptome has also been
done by Chen et al. (2017). In adzuki bean (Vigna angularis), Kang et al. (2015)
identified 26,857 high confidence protein-coding genes by transcriptome
sequencing. This group identified a total of 7947 EST-SSRs from which 500 SSR
markers have been validated. The summary of microsatellite marker development

in some different UULS is given in Table 3.

Table 3: Summary of SSR marker development efforts in different UULS

. Study/
S UULS No of Accessions Developed/ Reference
No SSRs (used/for)
Generated
11 29 Generation and | Gong et al.
L Vicia faba characterization | 2010
(Faba bean) 30 40 Genetic Tekalign et al.
diversity 2018
Cros_,s between SSR-based Isemura et al.
326 cultivated and .
. . oy linkage map 2010
’ Vigna angularis wild rice bean
(Adzuki bean) 112 mllllon hlgh Chen et al.
500 38 quality reads;
o | 2015a*
Genetic diversity
99 240 ggﬂta etal.
V. subterranea Genetic diversity NVolosiwa et
3 (Bambara 68 24 olosiwa e
al. 2015
groundnut)
20 45 Heterozygosity | Ho et al. 2016
Cross between
4 V. unguiculata 226 ((JP81610 x eiitli?c-??riig o Kongjaimun et
(Cowpea) TVnuds7) x | 9 " 9 1 a1, 20120
JP81610) P
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Cros§ between SSR-based
430 cultivated and enetic linkage Isemura et al.
5 V. radiate wild Mung g ma 9 12012
(Mung bean) bean P
66 31 103 million high | Chen et al.
quality reads | 2015b*
. .. | Zhangetal.
22 24 Genetic diversit
Lablab Y] 2013
6 purpureus 134 143 Transferability | Rai etal. 2016
(Hyacinth bean) and genetic Keerthi et al.
95 16 diversity 2018
13 472 Genetic diversity | Tian et al. 2013
... IWangetal.
24 230 Genetic diversity 2015
7 V. umbellate 300 32 Genetic diversity | Chen et al. 2016
(Rice bean) . Wangetal.
220 22 Genetic diversity 2016
.. .| langrai et al.
53 65 Genetic diversity 2017
Pisum sativum 1139 15,779,854
(Garden pea) reads
L. purpureus 2567 De r?OVO 16,130,774 Chapman
8 transcriptome reads 2015+
V. subterranea | 1884 assembly 7,887,745 reads
Psophocarpus 16,625,155
1305
tetragonolobus reads
De novo Vatanparast et
Psophocarpus | 12,956 | transcriptome 804,757 reads P
al. 2016*
9 | tetragonolobus assembly
(Winged bean) . . | Wongetal.
18 6 Genetic diversity 2017
32, De novo 57,214,890
. . ~ | Chenetal.
500 transcriptome paired reads;
o1 2017*
assembly Genetic diversity
Cross
between salt
SSR-based Marubodee et
1336 tolerant and linkage ma al. 2015
10 | V.unguiculata salt sensitive g P '
accession
Gupta and
1071 50 Transferability | Gopalakrishna
2010
Genetic Badiane et al.
49 22 relationship 2012
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Wild moth

V. aconitifolia bean (TN67)

11 (Moth bean) 172 and cultivated

SSR-based Yundaeng et
linkage map al. 2018

moth bean
(ICPMO056)
0 SSETEES De novo Draft genome | Chang et al.
12. NA transcriptome . .
L. purpureus information 2019*
assembly

*Whole transcriptome sequencing.

The focus of these activities, along with the development of genome-scale data sets
that can be used in high-throughput approaches has been to facilitate genomics-
assisted breeding in these legumes. However, no such efforts have been made earlier
in M. pruriens. In view of this, the present thesis work focused on the development

and characterization of microsatellite markers in M. pruriens using RNA-Seq data.

1.5. Microsatellites — an overview

Microsatellites are considered superior markers for the genetic studies owing to their
reproducibility, hyper-variability, multi-allelic nature, co-dominant inheritance,
relative abundance and wide genome coverage (Parida et al. 2009; Kalia et al. 2011).
Additionally, chromosome-specific location, ease for automation, and high
throughput genotyping (Parida et al. 2009; Bhat and Karim 2009) makes them a
choice marker in genetic studies including genotypic profiling, marker-assisted
selection, diversity, phylogenetic analysis, etc. (Varshney et al. 2007; Mason 2015;
Paliwal et al. 2016). After the first paper by Litt and Luty in 1989, as on February
2019, PubMed database search with the quoted keyword “microsatellite” shows
almost ~59,000 research publications which have used or discussed microsatellites

(Figure 7) mirroring the popularity of these markers for genetic studies.
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Figure 7: Number of publications retrieved with key word - “Microsatellite” from the
PubMed database 2019 (https://www.ncbi.nlm.nih.gov/pmc)

1.5.1. History of microsatellites

Miesfeld et al. (1981) first identified microsatellites by sequence analysis of the
B-globin gene locus. Later, Hamada et al. (1982) showed its presence in various
eukaryotes ranging from yeast to vertebrates. Delseny et al. (1983) and Tautz and
Renz (1984) confirmed its presence in plants. These tandemly repeated short
nucleotide motifs that contained 1-6 bases have been termed by different names such
as microsatellites (Litt and Luty 1989), simple sequence length polymorphism (SSLP;
Tautz 1989), simple sequence repeats (SSR; Jacob et al. 1991) and short tandem

repeats (STR; Edwards et al. 1991).
1.5.2 Origin and evolution of microsatellites

Microsatellites are widespread both in prokaryotic and eukaryotic genomes (Field and
Wills 1996). Though predominantly located in noncoding regions of the DNA whose
origin and functions are unclear (Hancock 1995; Toth et al. 2000; Oliveira et al.
2006), they are often found even in coding regions (Phumichai et al. 2015; Taheri et
al. 2018). The SSR motifs reveal high mutation rates than the rest of the genome
ranging from 107 to 10 nucleotides per locus per generation (Buschiazzo and

Gemmell 2006). The SSR evolution resulting in an increase or decrease in repeat
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number is associated with its mutation rate. Several research groups described

different mechanisms to explain high mutation rate of microsatellites which include
(@) single-strand DNA slippage (b) double-strand DNA recombination (c)
mismatch/double-strand break repair, and (d) retrotransposition. A detailed review of

this topic is presented by Kalia et al. (2011).

1.5.3 Classification of microsatellites

Depending on the repeat arrangement, size, type, and location in the genome,
microsatellites have been classified into various types. Firstly, Weber (1990)
described it as perfect, imperfect and compound/composite microsatellites, although
Wang et al. (2009) mentioned the terms simple perfect, simple imperfect, compound
perfect and compound imperfect. Uninterrupted series of a repeat nucleotide unit is
called as perfect microsatellites, ex. (AT)is, and the presence of one to three base
disruption in the tandem run of repeats are termed as imperfect microsatellite, ex.
(AT)7;C(AT)10. Lastly, two adjacent distinctive sequence repeats are called compound
or composite microsatellites, ex. (AT)7(GC)s (Kalia et al. 2011). Compared to
imperfect SSRs, longer perfect SSRs contain higher genetic variation in remarkable
level and exhibits greater allelic variability (Buschiazzo and Gemmell. 2006; Kelkar

et al. 2008; Merritt et al. 2015; Bastias et al. 2016).

Depending on the number of nucleotides per repeat unit, SSR’s have been classified
as mono-, di-, tri-, tetra-, penta- or hexanucleotides (Kalia et al. 2011). Based on the
length of the repeat motif, SSR loci are categorized into two groups. Class I, or
hypervariable markers, consisting of SSRs >20 bp, and Class II, or potentially
variable markers, consisting of SSRs >12 bp <20 bp. Microsatellites are also

classified based on their location. Most of the genomic SSRs are of nuclear origin
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(nuSSRs); however, microsatellites are also distributed on mitochondria (mtSSRs)

and chloroplasts (cpSSRs).

1.5.4. SSR development methods

Development of SSR markers follows one of the following three important

methods;

(a) From SSR-enriched genomic DNA libraries

In brief, this method uses SSR isolation by constructing genomic libraries either by
selective hybridization or primer extension method. It uses repeat-specific probes,
which allows selection of repeat motifs based on specific hybridization signals (Senan
et al. 2014). The hybridized DNA fragments are either directly amplified and
sequenced or cloned into a vector before sequencing and searched for the presence of
SSR motifs (Glenn and Schable 2005; Geng et al. 2010). The success of this method
hinges on specific bonding between labelled probes and DNA fragments containing
SSRs (Senan et al. 2014). Primer extension method, on the other hand, uses specific
primers of SSR which allows selective amplification of microsatellite containing
genomic DNA (Robic et al. 1994; Paetkau 1999). The process depends on the
genomic library construction using a suitable vector to recover the library as a single-

stranded DNA (ssDNA) (Ostrander et al. 1992; Paetkau 1999).

(b) From non-enriched genomic DNA libraries

This method uses the screening of non-enriched genomic DNA library for SSR motifs
using hybridization, followed by sequencing (Senan et al. 2014). The idea is, cloning
DNA fragments before enrichment reduces the redundancy, and provides a wide range

of SSR motifs as compared to enriched ones (Golein et al. 2006; Blair et al. 2009a).

20



U Introduction T

(c) Using next generation sequencing methods

Recent advancements in next generation sequencing (NGS) technologies is providing
yet another simple and inexpensive method for the microsatellite development
(Shendure and Ji 2008; Stapley et al. 2010; Ekblom and Galindo 2011; Duan et al.

2017).

The approach involves sequencing of cDNA libraries using any of the popular
platforms, followed by generation and screening of transcript assembly for SSRs
(Severin et al. 2010; Zenoni et al. 2010; Taheri et al. 2018). Even in the absence of
whole genome data, which is the case in many crop plants, de novo assembly has been
proved to be good enough and usable for SSR mining (Yates et al. 2014; Garg et al.
2011a, 2011b) with large amounts of expressed sequence data (Li et al. 2014). SSR
development based on RNA-Seq data has been attempted in a large number of crop
species with considerable success (Li et al. 2018). The schematic view of SSR
development using transcriptome data is given in Figure 8. We have used similar

approach for the genic microsatellite marker development in the present thesis.
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Figure 8: Schematic representation of microsatellite development using RNA-Seq
data
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1.5.5. Why genic SSRs?

It is widely recognized that the development of genomic SSRs is time-consuming and
labour intensive (Chen et al. 2015a). Moreover, they represent non-coding part of the
genome and provide little information on the variation at the genic level (Rakoczy-
Trojanowska and Bolibok et al. 2004). On the contrary, the unigene-based
microsatellite markers, having derived from the transcribed regions of genome (Korir
et al. 2013), reflect true functional diversity and thus provide reliable tool for the
characterization of gene functions and their biological identity (Ronning et al. 2003).

A comparison between genic and genomic SSRs is given in Table 4.

Table 4: Advantages of genic-SSRs over genomic SSRs

Genomic SSRs Genic SSRs

Time consuming High Comparatively less
Development cost High Low
Produce data High Comparatively less
Function Not known Putative function is known
Transferability Less More
Cross species analysis | Less High
Redundancy Less High
Robustness Less High

ne function .
;eachl:erciigtion Less High
Gene tagging Difficult Possible
QTL analysis Not very accurate Accurate

(Data source: Ronning et al. 2003; Varshney et al. 2005; Szalma et al. 2005; Shin et al. 2006; Crossa et
al. 2007; Park et al. 2009)

1.6. Mucuna pruriens (L.) DC.

Mucuna pruriens (L.) DC., also known as ‘cow itch’ or ‘itching bean’ is a promising
tropical species classified within the Phaseoloid clade of Leguminosae which also
include soybean, common bean, mung bean, and relatives (Pugalenthi et al. 2005;

Gepts et al. 2005). The plant contains vital nutrients (Bressani 2002) and is the key
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source of 3, 4 - dihydroxy-L-phenylalanine (L-DOPA) - a dopamine precursor, used

in the treatment of Parkinson's disease (Katzenschlager et al. 2004). It is also a
popular green manure cover crop and offers benefits for soil nutrient improvement

(Lampariello et al. 2012).

However, little efforts have been made for the improvement of this plant except in the
area of genetic diversity estimation (Sathyanarayana et al. 2011; Sathyanarayana et al.
2016; Patil et al. 2016). Undeniably, M. pruriens is one of those legume species that
critically lack genomic resources. Hence, we have attempted to generate and validate

genic microsatellite from the transcriptome data as part of this thesis work.

A detailed review of the current status and future prospects of M. pruriens research

and the synthesis of outcome are presented in the review of literature section.
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2. Review of Literature

2.1. Mucuna pruriens (L.) DC. - Origin, distribution, and cultivation

Mucuna pruriens (L.) is a self-pollinated tropical legume classified within the
Phaseoloid clade of Leguminosae (Duke 1981). It is native to China and Eastern India
(Burkill 1966) where the plant was once widely cultivated as green manure cover crop
(Duke 1981). According to Bort (1909) and Duke (1981), it was initially introduced
into the USA in 1876, and later to Mexico and Central America, during 1920’s by
banana companies (Ceballos et al. 2012). Today it is found in Asia, America and
African countries with wide-ranging distribution in both tropical and subtropical parts
of the world (Fung et al. 2011; Kumar and Saha 2013). In Asia, the species mostly
occurs in Southeast Asian countries like India, Bangladesh, Sri Lanka and Malaysia

(Fung et al. 2011; Kumar and Saha 2013).

Among the three varieties of M. pruriens, var. utilis, commonly called velvet bean,
commands considerable economic significance. This plant played an important role in
the US agriculture during the 19th century (Buckles et al. 1998), and was extensively
used as a rotation crop with corn, cotton, and sugarcane to increase the yield and also
for soil fertility in Citrus orchards in Florida (Duggar 1899; Bailey 1907; Bort 1909).
However, its cultivation decreased in the following decades (1960s and 1970s) owing
to development of high-yielding varieties and adoption of chemical fertilizers and
farm mechanisation as part of the green revolution (Conway 1997; Urquiaga et al.
1999; Okito et al. 2004) - which saw the decline of usage and the research on cover
crops, crop rotation and other traditional soil management practices (Ceballos et al.

2012).
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2.2. Taxonomy

Genus Mucuna Adans. belongs to the Fabaceae family and includes 100 species of
annual and perennial legumes of pantropical distribution (Buckles 1995). In India, it is
represented by ten species (Wilmot-Dear 1987; Aitawade et al. 2012) - of which
M. atropurpurea (Roxb.) DC. ex Wight and Arn is endemic to Peninsular India;
M. imbricata DC. ex Bak., M. bracteata DC. ex Kurz, M. macrocarpa Wall.,
M. sempervirens Hemsl and M. nigricans (Lour) Steud. are largely distributed in the
Eastern Himalayas and M. pruriens, M. monosperma DC ex Wight and M. gigantea
(Wild.) DC. are widely disseminated. Except M. pruriens, and perhaps M. sanjappae

(Aitawade et al. 2012) all other species display perennial growth habits.

Table 5: Botanical classification of Mucuna pruriens (L.) DC.

Based on APG (Angiosperm Phylogeny Group)-I1

Division Tracheophyta

Class Magnoliopsida

Sub-class Rosidae

Order Fabales

Family Fabaceae

Sub-family Papilionoideae

Tribe Phaseoleae

Genus Mucuna Adans.

Species Mucuna pruriens (L.) DC.

Variety Mucuna pruriens var. pruriens (L.) DC.

Variety Mucuna pruriens var. utilis (Wall. ex Wight) Baker ex Burck

Variety Mucuna pruriens var. hirsuta (Wight and Arn.)

Common name CowhageZ Coyv-itch_, Velvet bean, Bengal bea_n, Itchy bean,
Krame, Picapia, Chiporra, Buffalo bean, Devil bean
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M. pruriens is a key member of this genus and exhibits highly promising agronomic
potentials (Sathyanarayana et al. 2016). The botanical placement of the species is
provided in Table 5. Within this species, two main varieties, var. utilis and var.
pruriens, are widely reported (Dassanayake and Fosberg 1980; Wilmot-Dear 1987;
Sasidharan 2004), while the presence of third affiliate viz., var. hirsuta is also
acknowledged (Wilmot-Dear 1987; Almeida 1996; Leelambika and Sathyanarayana
2011). The latter was earlier regarded as an independent species (Baker 1876; Nair
and Henry 1983; Saldanha 1996), but subsequent revisions, especially the one by
Wilmot-Dear (1987), categorically suggested its inclusion, along with few others,
under the botanical varieties of M. pruriens. However, till date, many literature
continue to treat this as an independent species. Such anomalies, though predominant

in M. pruriens, is not uncommon in other taxa of this genus.

The taxonomy of var. utilis, in particular, is confused with numerous synonyms at the
species levels (Duke 1981; Buckles 1995). Burkill (1966) found M. nivea as being
synonymous with M. lyonia and M. cochinchinensis. Genotypes are described either
in terms of their growing regions (e.g., Mucuna sp. var. Ghana, M. sp. var. IRZ, etc.)
or by the popular names they are known in different places like M. cochinchinensis in
Southeast Asia or M. deeringiana in Florida. It is hard to recognize that whether the
name of a cultivar is true representative of its genotype. This issue has impeded the
effective utilization of velvet bean genetic resources in India and other places, and
hence it is necessary to conduct research at the species level as well as to assess the
genetic diversity as well as relationships among the accessions before any breeding

program could be initiated (Capo-chichi et al. 2003).
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2.3. Botanical description

M. pruriens L. (DC.) is a vine legume with a life-cycle ranging from 120 to 330 days
(Tracy and Coe 1918; Bailey 1947; Buckles 1995). The plant exhibit trifoliate leaves
with oblique lateral folioles, 5-20 cm long, 3-15 cm wide. Flowers are white to purple,
4-6 in number and arranged in hanging racemes of 2-3 cm long with wing and keel
3-4 cm in length. Pods are 5-10 cm long, 1-2 cm wide with 3-6 seeds, and covered
densely by velvety itching or non-itching pubescence ranging in colour from silvery
grey to orange to green. Seeds are white, bright black or mottled brown in colour;
hilum 3-5 mm long with long aril (Buckles 1995). Numerous roots, 7-10 m long,
possess abundant nodules near the soil surface. The plants accumulate between 2.2
and 10.9 t/ha of dry biomass and produce between 0.24 and 6.12 t/ha of seed yield
(Duggar 1899; Tracy and Coe 1918; Scott 1919; Watson 1922; Whyte et al. 1955;
Duke 1981; Gohl 1982; Kay 1985; Purseglove 1987; Pugalenthi et al. 2005; Ceballos
et al. 2012). It shows better growth at an altitude below 1600 m with warm and moist
conditions (Buckles 1995; Aitawade and Yadav 2012). It is also a source of several

important pharmaceuticals (Warrier et al. 1996).

The plant occurs both in wild and cultivated forms. The cultivated variety, represented
by var. utilis, produce non-itching pods with smooth trichome hairs and is grown in
household and home-gardens as a green vegetable across the parts of Central, South
and Northeast India (Pugalenthi and Vadivel 2007a). The wild varieties are classified
under two varieties viz., var. pruriens and var. hirsuta and are commonly referred to
as “itching bean” or “cow itch” due to highly itching persistent trichomes present
abundantly all over their pod surface (Buckles 1995; Pugalenthi and Vadivel 2007b;
Leelambika and Sathyanarayana 2011). The seeds are mostly rich in L-DOPA and

non-edible.
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2.4. Economic importance
2.4.1. Food uses

Mucuna beans have been used as food and feed for centuries in Asian countries like in
Sri Lanka (Ravindran and Ravindran 1988), The Philippines (Laurena et al. 1994;
Jorge et al. 2007), Indonesia (Jorge et al. 2007), and in some African countries like
Ghana, Mozambique, Malawi, Zambia (Onweluzo and Eilittd 2003) and Nigeria
(Jorge et al. 2007). In India, various ethnic groups use it as a minor food (Janardhanan
and Lakshmanan 1985; Rajaram and Janardhanan 1991; Josephine and Janardhanan
1992; Mohan and Janardhanan 1993, 1995). Indegenous groups in Northeast India
like Khasi, Naga, Kuki, Jaintia, Chakma, Mizo, etc. consume the seeds and young
pods as a vegetable (Lampariello et al. 2012). Due to the presence of relatively high
levels of anti-nutritional factors, the seeds are processed with pre-preparation steps
like soaking, boiling and/or roasting or mixed with salt (Arora 1981). The nutritional

and economic significance of M. pruriens are schematically presented in Figure 9.

A
u Mucuna pruriens ‘
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Figure 9: Overview on uses of M. pruriens (Mahesh 2015)
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2.4.2. Nutritional properties

The proximate chemical composition, minerals and essential amino acids in
M. pruriens seeds are summarized in Table 6. The protein content is in the range of
27.5% - 28.8%, which is higher than other food legumes such as pigeon pea (Kumar
et al. 1991) and chickpea (Srivastav et al. 1990; Hira and Chopra 1995; Srivastava and
Ali 2004). However, compared to other oil-rich legumes (ex. soybean, groundnut), the
amount of crude fat (7.19%) is low (Table 6). The total dietary fiber (TDF) and ash
content range from 6.5% - 9.7% and 3.3% - 5.5% respectively. Both the varieties
show higher energy content (1568-1620 kJ 100g™) as compared to pulse crops like
cowpea, horse gram, moth bean, green gram and peas which are in the range of 1318-

1394 kJ 100g™ (Tresina and Mohan 2011; Tresina et al. 2014).

Table 6: Proximate chemical composition, minerals and essential amino acids of
M. pruriens

M. pruriens var. pruriens var. utilis

Crude Protein (%) 27.51-31.24 26.26 - 28.82
Crude Lipid (%) 6.57 - 7.84 6.45-7.19
Total Dietary Fibre (TDF) (%) 6.52-9.71 8.46-9.73
Calorific Value (KJ 100 g™) 1576.0-1620.0 1568.0-1602.0
Total sulfur amino acids (%) 1.16-1.32
Moisture (g 100 g™) 6.7-8.5
Ash (g 100 g™) 3.3-55
Carbohydrate (%) 49.9-61.2

Mineral composition (mg 100 g™
Sodium 34.53 - 98.51 98.39 - 128.12
Potassium 1395.0- 1601.0 1628.0- 1846.0
Calcium 584.0 - 741.0 689.0 - 746.15
Magnesium 440.78 - 596.0 298.0 - 341.0
Phosphorus 410.0 - 583.0 327.0 - 456.0
Iron 4.45 - 7.56 12.41-14.74
Zinc 1.42 -2.63 6.12 - 8.25

Essential Amino Acids (g 100 g™)
Threonine 4.08 - 5.28 3.40 - 3.52
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Valine 3.33-6.30 3.64 - 4.60
Cystine 1.12-2.20 0.38-0.78
Methionine 0.54-1.10 0.84 - 0.96
Isoleucine 2.54 -5.30 5.26 - 6.01
Leucine 5.17-6.50 5.36-7.01
Tyrosine 243-5.11 4,36 -5.12
Phenylalanine 3.13-4.80 3.42-3.78
Lysine 4.85-5.40 5.36 - 5.94
Histidine 2.23-431 2.20 - 3.44
Tryptophan 092-1.21 0.96-1.10
L-DOPA (%) 1-9

Saponins (%) 12-13

Phytic acid (%) 0.48 - 0.65 0.12-0.72
Total phenolics (mg/g) 3.4-4.78 3.26 - 4.88
Total tannins (mg/g) 0.14-0.23 0.14-0.24
Hemagglutinins (HU/mg) 9-166 14 - 162

(Source: Pirman et al. 2001; Gurumoorthi et al. 2003; Tresina and Vadivel 2011; Kalidass and Mohan
2010; Kalidass and Mahapatra 2014; Daffodil et al. 2016).

2.4.3. Anti-nutritional factors

One of the major barriers for the promotion of M. pruriens as a food or feed is the
presence of antinutritional factors, which are present in high concentration as
compared to other edible legumes (Bhat et al. 2007). These compounds include
phenolics, tannins, lectins, phytic acid, trypsin inhibitors and L-DOPA (L-3,4-
dihydroxyphenylalanine) (Ravindran and Ravindran 1988; Siddhuraju et al. 1996).
However, pre-treatment or processing methods such as hydrothermal treatments,
fermentation, and germination have shown promising results in reducing their content
(Siddhuraju and Becker 2001; Wanjekeche et al. 2003). In the case of L-DOPA, a
healthy adult can tolerate approximately 500 mg of L-DOPA per day (Lorenzetti et al.
1998). However, this dose may not apply for long term consumption by pregnant
women, children and the people under medication (Szabo et al. 2002; Jorge et al.

2007).
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2.4.4. Medicinal properties

M. pruriensis an important medicinal plant (Raina et al. 2011). The magic of
M. pruriens is largely due to the presence of L-DOPA (Pugalenthi and Vadivel
2007b). The therapeutic potential of this drug for the treatment of Parkinson’s disease
is well recognized (Abbott 2010). Moreover, it can recover spermatogenic loss and
has proven aphrodisiac property which makes M. pruriens seed the treatment of
choice for infertility (Hornykiewicz 2002; Singh et al. 2013). Katzenschlager et al.
(2004) assessed clinical effects and pharmacokinetics of natural L-DOPA vis-a-vis
standard carbidopa, and reported distinct advantage of natural extracts over the

synthetic preparation in the long-term management of Parkinson’s disease.

Additionally, M. pruriens seed powder is used to treat rubefacient conditions as well
as asthma, cancer, cough, dropsy, cholera, diarrhoea, dysuria, insanity, mumps,
pleuritis, ringworm, dog bite, snakebite, sores, syphilis, and tumours (Kirtikar and
Basu 1985). It has also anti-diabetic (Horbovitz et al. 1998), anti-inflammatory,
antimicrobial (Soowora 1982), neuroprotective (Misra and Wagner 2007), anti-venom
(Guerranti et al. 2008) and antioxidant properties (Bravo 1998; Sathiyanarayanan and
Arulmozhi 2007). In Wistar male rats, the learning skills and memory boosting
activities were found to have enhanced on administering seed extracts from
M. pruriens (Poornachandra et al. 2005). It can stimulate growth hormone (Alleman
et al. 2011) and assist in weight loss (Majekodunmi et al. 2011). Presence of
hypoglycaemic and hypocholesterolemic effects have also been tested in rat models
(Pant et al. 1968). Gupta et al. (1997) reported antineoplastic efficacy in their search

for anticancer plants.
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2.4.5. Agronomic benefits

M. pruriens has been playing a significant role in agriculture as a pasture crop, green
manure, and soil-improving crop. Like other legume species, it can fix atmospheric
nitrogen through a symbiotic relationship with soil microorganisms (Buckles 1995). It
can effectively control nematode population (Carsky and Ndikawa 1998; Queneherve
et al. 1998), shows allelopathic properties (Fujii et al. 1991; Valverde 2003) and
exhibits resistance against wide-ranging diseases (Eilitta et al. 2002). Due to high N,
fixing ability and biomass production, the plant is often regarded as a "characteristic
example of green manures contribution to the sustainable agricultural system"
(Buckles 1995). The agronomic benefits of M. pruriens are dealt in greater detail in
earlier works (Carsky and Ndikawa 1998; Tarawali et al. 1999; Jorge et al. 2007;

Leelambika and Sathyanarayana 2011).

2.5. Genetic studies

2.5.1 Molecular markers and genetic diversity

Elucidating the pattern of genetic diversity and relationship among the accessions in a
germplasm collection is an important prerequisite for any breeding program
(Azhaguvel et al. 2006). Diversity assessment based on morphological characters
alone may not be fully reliable due to a limited number of markers and environmental
effects (Tatikonda et al. 2009). Molecular markers on the other hand are independent
of such influences and can be generated reliably using a small amount of DNA from
any stage of growth. Earlier studies in Mucuna species used RAPD (Random
Amplification of Polymorphic DNA) and AFLP (Amplified Fragment Length
Polymorphism) markers for genetic diversity analysis (Capo-chichi et al. 2001;

Padmesh et al. 2006; Sathyanarayana et al. 2008). Using AFLP method, Capo-chichi
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et al. (2001) reported a narrow genetic base (3-13%) among the 40 US landraces of
M. pruriens. Augmenting of the collection from the CIAT resulted in broadening of
the genetic base of this collection (0-32%) (Capo-chichi et al. 2003). In India,
Padmesh et al. (2006) observed good diversity (10-61%) among the M. pruriens
collection from the Western Ghats of India using RAPD. The study reported a narrow
genetic base within var. utilis (SI-0.82) as compared to var. pruriens (SI-0.70). These
findings were further reinforced by an extended study by Leelambika et al. (2010)
using combined morphometric, biochemical, isozyme and RAPD analysis on a large
number of accessions as well other studies from different geographical regions of
India (Sathyanarayana et al. 2011; Mahesh and Sathyanarayana 2015; Shetty et al.
2015; Patil et al. 2016; Leelambika et al. 2016). It has also been shown that some
isozyme markers can act as a diagnostic markers for taxon delimitation in Mucuna
species (Leelambika and Sathyanarayana 2011). Further, analysis of accessions
involving all the three botanical varieties using AFLP markers established close
genetic similarities between var. pruriens and var. hirsuta (Leelambika et al. 2010). It
was thus suggested that these two varieties, along with their natural hybrids, can be
merged into one sub-group under var. pruriens, thus allowing only two sub-groups
viz., var. utilis and var. pruriens to be recognized in this species. This is expected to

reduce nomenclatural issues in breeding programs.

Recently Tripathi et al. (2018) studied genetic diversity among the Northeast Indian
accessions and reported moderate diversity, high gene flow and extensive admixture
among these accessions. This study assumes significance considering the fact that the
species is reported to have originated in Indo-China region which includes parts of

Northeast India.
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2.5.2. Linkage map and quantitative trait loci (QTL) analysis

Genetic linkage maps act as a critical resource base for important genetic studies and
plant breeding programs (Staub et al. 1996). They are also useful in detecting
chromosomal locations of genes/markers as well as understanding the effects of gene
interactions, especially those governing the complex traits (Hayashi et al. 2001; Sun et
al. 2014). Recently genetic maps have been developed in case of some underutilized
legume species including azuki bean (Han et al. 2005), lima bean (Bonifacio et al.
2012), bambara groundnut (Ahmad 2012) etc. In case of M. pruriens, an AFLP based
linkage map using F2 segregant population, published earlier (Capo-chichi et al.
2004), had shown prospects of good genome coverage with AFLP markers. Using this
lead, the first framework linkage map of Indian M. pruriens indicating QTL positions
for floral, pod and seed traits using F2 intraspecific population has been reported by

Mahesh et al. (2016), thus creating a new genomic resource for Indian M. pruriens.

2.5.3. Genomics and NGS for marker development

Development and deployment of codominant markers such as microsatellites and
SNPs for genetic studies signify important landmark in genomic resource
development in M. pruriens. Microsatellite development using expressed sequence
tags (ESTs) is cost-effective in case of underutilized species. Shetty et al. (2015) thus
explored this option in M. pruriens using publicly available EST databases of four
legume species viz., soybean, common bean, chickpea and cowpea which generated
22,457 SSR containing sequences. From these, primers were designed for 522
sequences and 50 were evaluated against a diverse panel of 25 M. pruriens genotypes,
which produced polymorphic profiles with an average PIC of 0.65. As an extension of
this project, the present thesis work was undertaken to transcriptome sequence two
contrasting parents representing distinct botanical varieties of M. pruriens to generate

a database of species-specific genic microsatellite markers in M. pruriens.

34



3. Objectives

The thesis work comprised the following five objectives:

1. To transcriptome sequence M. pruriens genotypes and construction of de novo

assembly
2. To discover polymorphic microsatellite markers using transcriptome data

3. To validate the microsatellite markers against a panel of diverse M. pruriens

genotypes
4. To annotate the functional attributes in M. pruriens transcriptome

5. To attempt the microsatellite-based genetic linkage map of M. pruriens based on

available markers
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4. Materials and Methods

4.1. Transcriptome sequencing and de novo assembly

4.1.1. Plant material

For transcriptome sequencing, we selected two M. pruriens parental genotypes viz.,
IC0620620 (Figure 10A) and 1C0620622 (Figure 10B), belonging to different
botanical varieties. Genotype 1C0620620 is a cultivated variety representing var. utilis
and 1C0620622 is a wild variety belonging to var. pruriens. They revealed contrasting

phenotypes (Table 7) and an ideal genetic distance determined based on both

morphological and molecular data.
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P2 (Male parent) IC-0620622 (NBPGR ID)
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P1 (Female parent) IC-0620620 (NBPGR ID)

Figure 10: Parents used for transcriptome data and mapping population generation

In addition, a diverse panel of 25 M. pruriens accessions from germplasm collection
as well as a Recombinant Inbred Line (RIL) population (F6) comprising 161

individuals, developed earlier using the above parents, were also raised for QTL
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mapping purpose. All the plants were maintained at the Botanical garden of the
Sikkim University. The latitude and the longitude of the experimental site were
27.31° N and 88.60° E respectively, and the site was 1650 m higher up the mean sea

level.

Table 7: Comparison of morpho-agronomic characters of the parental accessions

Plant 1D M. pruriens
Parameters var. utilis @ var. pruriens &
Place of collection Hunasamaranahalli Triambakeshwar
Karnataka Maharashtra
NBPGR ID 1C0620620 1C0620622
Collectors ID 500108KA 500113MH
Latitude 13°14'N 20°00' N
Longitude 77°62'E 73°7TT'E
Days to emergence 7 5
TLL (cm) 12.837 £2.134 7.81+£0.378
ALL (cm) 12.475 £ 6.44 7.58 £ 0.577
TLW (cm) 8.562 + 1.53 3.46 + 0.374
ALW (cm) 7.825+1.418 3.476 £ 0.447
TLS Ovate Ovate—lanceolate
ALS Ovate Ovate—lanceolate
PL (cm) 10.925 + 2.65 3.287 £ 0.652
LT Membranous Membranous
LC Green RHS 137C Dark green, RHS 137A
DF 127 109
IL (cm) 34.33 £4.99 93.00 £ 6.82
NBPC 31.00+3.74 86.75+9.73
FC Yellow green, RHS 145C | Dark violet, RHS 43A
FL (cm) 5.17 £ 0.287 4.68 +0.083
PTC Creamish white Golden orange
DFMP 140 131
POL (cm) 11.25 + 0.45 8.7+0.79
POW (cm) 2.13+0.126 2.15+0.11
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POC Curved S-shaped

Pl Nonitching Highly itching

NPPC 20.00 £5.02 15.00 £ 5.00

NPPP 203 340

DM 210 170

SL (mm) 15.17 + 1.592 10.52 + 1.524

SW (mm) 11.61 + 0.662 7.63+1.132

ST (mm) 7.32 £0.308 3.83+£0.616

SC White Brown RHS 199C

SP - Black mottled

SS Rhomboid Rhomboid

NSPP 5-6 4-6

HSW (g) 93.05+5.84 27.75 £ 2.598

Note: TLL- terminal leaflet length; ALL- adjacent leaflet length; TLW- terminal leaflet width; ALW-
adjacent leaflet width; TLS- terminal leaflet shape; ALS- adjacent leaflet shape; PL- petiole length;
LT- leaf texture; LC- leaf colour; DF- days to flowering; IL- inflorescence length; NBPC- no. of
flower buds per cluster; FC- flower colour; FL- flower length; PTC- pod trichome colour; DFMP-
days to first mature pods; POL- pod length; POW- pod width; POC- pod curvature; PI- pod itchiness;
NPPC- no. of pods per cluster; NPPP- no. of pods per plant; DM- days to maturity; SL- seed length;
SW- seed width; ST- seed thickness; SC- seed colour; SP- seed coat pattern; SS- seed shape; NSPP-
no. of seeds per pod; HSW- hundred seeds weight; *not scored; the scale measurements are average
value * standard error; RHS- Royal Horticultural Society colour code chart.

4.1.2. RNA isolation

For RNA isolation, tissues harvested from different plant parts and across the
developmental stages such as leaf, young flower bud, pod, and root were used. All the
tissues, after harvesting, were placed immediately in liquid nitrogen and frozen until
use. During RNA isolation, about 0.1 g of each sample tissue was pulverized to a fine
powder using pre-chilled RNase-free treated mortar and pestle. To this, 2 ml of
denaturing solution-1 containing saturated phenol and DEPC treated water (0.8 ml)
was added and mixed. The samples were then divided into two parts and transferred
to 2 ml RNase-free microcentrifuge tubes and allowed to settle for 5 min at room
temperature. To each tube, 0.2 ml of chloroform was then added, mixed well by

continuous inversion, vortexed (<10 s) and incubated in room temperature for 10 min
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for nucleic acid precipitation. The tubes were centrifuged at 13,000 rpm for 10 min at
4° C and the aqueous phase was transferred to a fresh RNAse free microcentrifuge
tubes using sterile pipette. The supernatant was then added with 0.6 volume of
isopropanol, vortexed briefly (<10 s) and kept at room temperature for 10 min to
allow the nucleic acids to precipitate. The samples were later centrifuged at 13,000
rpm for 10 min at 4° C. The pellets were washed with 70% ethanol, air dried for 2-3

min, and finally dissolved in 20-50 ul DEPC-treated water.

4.1.3. RNA quality check

The purity of the isolated RNA samples was examined by measuring the ratio of
absorbance: A260/A280 nm and A260/A230 nm wusing Nanodrop 2000
spectrophotometer (Thermo Scientific, USA). The RNA samples were further tested
using electrophoresis on 1% denaturing formaldehyde-agarose gel by loading 2 ul of
RNA along with dye and ladder. The integrity of the isolated RNA was determined
through an RNA integrity number (RIN), using Bioanalyzer. Only those samples
which have RIN>7.0, purity value of ~2.0 from 260/280 ratio, and 2.0-2.2 from
260/230 ratio, were used for cDNA library construction. In the case of pooled
samples, RNAs from different tissues was pooled in equimolar concentration for both

the genotypes separately and used for cONA library construction.

4.1.4. cDNA library construction and illumina sequencing

The cDNA library construction and sequencing were carried out at the Next
Generation Genomics Facility (NGGF) at Centre for Cellular and Molecular
Platforms (C-CAMP), Bengaluru, India. To obtain good coverage of tissue-specific
transcripts, each sample was regulated to contain the same concentration of RNA

(~400 ng/ul) from which 20 pg was used for cDNA synthesis. For pooled samples,
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equimolar RNA from each bulk was used. First, from the total RNA preparation, poly
(A) mRNA was isolated with oligo (dT) (deoxythymine) beads using column
chromatography. Following purification, mRNAs were fragmented at high
temperature. The first cDNA strand was produced using random hexamer primers and
superscript™ 111 (Invitrogen). The second strand was generated using DNA
polymerase I. Short fragments were purified and after end separation poly (A) tails
were connected using sequencing adapters. Suitable fragments were recovered for
PCR amplification using agarose gel electrophoresis. The paired-end library
preparation was done following the protocol of the Illumina TruSeq stranded RNA

sample preparation kit (Illumina Inc.) as per the manufacturer’s instruction.

For sequencing purpose, 5 paired end 2x-100 bp cDNA libraries were constructed.
This included (a) one each from the pooled RNA samples of a var. utilis (accession
1C0620620) and var. pruriens (accession 1C0620622) and (b) three separate libraries
from the leaf, pod and root RNAs of var. pruriens. All the samples were sequenced on
a single lane of 2x100 paired-end run by Illumina HiSeq™ 1000. The library was
connected to a paired-end flow cell comprising complementary adapters and
fragments were amplified to create the overlapping clusters. The adapters were
designed to allow selective cutting of the forward DNA strand after resynthesizing of
the reverse strand during sequencing. The copied reverse strand was subsequently

used to sequence from the other end of the fragment.
4.1.5. Redundancy removal and de novo assembly

The so obtained sequence reads were subjected to quality filtering. Initially, we used
FASTX-Toolkit (http://hannonlab.cshl.edu/fastx_toolkit/index.html) to filter each

read separately. All those sequences which did not match the set criterion - minimum
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length of 200 bp (-1 200) were removed by trimming. For this, we used the tool
FASTX Clipper and FASTA Trimmer, by setting the first base of 15 (-f 15) and last
base of 800 (-1 800) respectively. After removing the adapter contamination, we
checked the quality with the minimum phred score of 20 (-g 20) and minimum
percentage of included bases of 80 (-p 80). After cleaning steps, the quality of output
reads was inspected using FastQC software v. 0.11.3 (Andrews 2010) with the phred
score quality value (Q) >30 (command -Q 30) and demultiplexed using an option of
one mismatch in the index (2016s). By this method, we filtered and recovered a total
of 191,233,242 quality reads (including both the genotypes - 1C0620620 & 622) from
the total of 195,757,776 raw (paired-end) reads. These reads, from both the

genotypes, were used to construct de novo assembly.

Several tools are available for construction of de novo assembly from RNA-Seq reads
such as Multiple-k (Surget-Groba et al. 2010), Rnnotator (Martin et al. 2010), Trans-
ABYSS (Robertson et al. 2010), Velvet-Oases (Schulz et al. 2012), and SOAPdenovo-
Trans (http://soap.Genomics.org.cn/SOAPdenovo-Trans.html). In recent years,
Trinity (Grabherr et al. 2011), which generates individual de Bruijn graphs, is gaining
popularity for de novo assembly construction using transcriptome data. We used
Trinity assembler for construction of de novo assembly in our work. The assembling
process generated a total of 67,561 clean transcripts from a total of 72,561 Trinity

assembled transcripts with 95% identity as cut-off by using CD-HIT v. 4.6.

Considering six-fold variation in the number of reads obtained between the two
genotypes, separate assembly for each genotype was not performed at this stage and a

combined assembly was generated using the data from both the genotypes.
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4.2. Discovery of polymorphic microsatellite markers

4.2.1. SSR identification

For microsatellite discovery, we used MiIcroSAtellite identification search tool,
popularly called as MISA, which identifies simple sequence repeat motifs
(http://pgrc.ipk-gatersleben.de/misa) (Thiel et al. 2003). The criteria for the
microsatellite motifs selection was set as: mono-nucleotide repeats > 10 times, di-
nucleotide repeats > 6 times, tri-, tetra-, penta-, hexa-nucleotide repeats > 5 times.
From the MISA output, we identified repeats up to deca-nucleotide repeats; but the

results here are presented up to hexa- repeats only.

4.2.2. ldentification of polymorphic SSRs

Further, for detection of polymorphic SSRs (pSSRs) between the parental genotypes,
we used a specialized algorithm called IobSTR (Gymrek et al. 2012) which identifies
polymorphic short tandem repeats (STR). For this, reads from each genotype were
mapped against combined assembly: 1C0620620-22. We developed a conventional
STR reference and passed raw reads through the program to be aligned around the
SSR regions. By using the allelotype option in the lIobSTR, BAM files were
genotyped. Using samtools (Li et al. 2009), BAM files generated from the alignment

were sorted and indexed for pSSRs.

4.2.3. Primer design

The above approach identified of total 3865 pSSRs from the total 7943 SSRs of which
787 showed quality value >10. From this, a portion of 134 SSRs was randomly
selected for validation. Primer design was done using Batch-Primer3 program

(http://probes.pw.usda.gov/batchprimer3/) (You et al. 2008). The parameters for
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primer design were set as product size of 70 to 300 bp; primer size of 18 to 22 bp with
optimal length 20 bp; primer melting temperature (Tm) of 50° C to 60° C with an
optimum at 55° C; and primers at least 5 bp away from the SSR locus. The designed
primers were synthesized at Eurofins Genomics India Pvt. Ltd. Bengaluru for

validation.
4.3. Validation of microsatellite markers
4.3.1. Establishment of germplasm

We used a panel of 25 diverse M. pruriens accessions from our germplasm for
validation. These accessions represented different geographical regions in India
including Peninsular, East, and Northeast India. The collection included
representative taxa from the three botanical varieties of M. pruriens viz. var. utilis
(n=6), var. pruriens (n=13), and var. hirsuta (n=6). The list of accessions and the
geographic coordinates of their collection sites are given in Table 8, and the locations
are shown in Figure 11. For germplasm establishment, the seeds of all the
25 accessions were planted in the Sikkim University botanical garden and established
as per the standard package of practices (Figure 12). The experimental site is located
at Gangtok in East Sikkim, positioned in the Eastern Himalayan tract with a longitude
of 27° 33° N, latitude 88° 62’ E with an altitude of 1600 m AMSL (above the mean

sea level).

For seed germination and seedling development, initially, 5 seeds of each accession
were planted in each pot. The potting mixture was prepared by adding soil: sand:
compost manure in 2:2:1 ratio. No external fertilizer or insecticide was applied at any
stage of the plant growth. After successful germination, extra plants were trimmed to

retain only a single plant per pot.
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Figure 11: Map depicting collection locations of M. pruriens accessions used in this
study (Map source: https://d-maps.com/carte.php?num_car=24865&lang=en)

Figure 12: Germplasm of M. pruriens maintained at Sikkim University garden
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Table 8: Details of accessions used for EST-SSR validation

: : Altitude
Sample : : Latitude | Longitude State of
No. Accession No. Variety (N) (E) (Az\r/lniL) Origin
1 500101-KA* |var. utilis 13°14' | 77°62' 910 Karnataka
2 IC-0620620** |var. utilis 13°14' | 77°62' 911 Karnataka
3 IC-0620622** |var. pruriens | 20°00' | 73° 77 745 Maharashtra
4 500120-TN* |var. hirsuta | 09°55' | 78° 07 138 | Tamilnadu
5 IC-0620624** |var. pruriens | 14°48' | 74° 12 7 Karnataka
6 500136-TN* |var. hirsuta | 10°04' | 77° 45 298 Tamilnadu
7 500147-AP* |var. hirsuta | 18°39'| 78° 10 383 Telangana
8 |500154-AP* |var. hirsuta | 16°04' | 78°52' | 434 |Andnra
Pradesh
9 500186-MH* |var. hirsuta | 19°09' | 77° 27 373 Maharashtra
10 | 500192-OR* |var. pruriens | 20° 18" | 85° 62' 31 Odisha
11 | 500193-OR* |var. pruriens | 21°94' | 86° 72' 51 Odisha
12 | 500194-OR* |var. pruriens | 21°94' | 86° 72' 51 Odisha
13 | 500195-OR* |var. pruriens | 21° 63' | 85° 58 650 Odisha
14 | 500196-OR* |var. pruriens | 20° 47" | 85° 12' 186 | Odisha
15 | 500197-WB* |var. pruriens | 26° 71" | 88° 43’ 125 West Bengal
16 | 500199-WB* |var. pruriens | 26° 70" | 88° 80' 65 West Bengal
17 | 500202-TN* |var. hirsuta | 11°48' | 78° 13 554 | Tamilnadu
18 | 500210-MN* |var. utilis 25°41' | 94° 4T 782 Manipur
19 | 500211-NL* |var. utilis 25° 67" | 94° 12 1333 | Nagaland
20 | 500212-AS* |var.pruriens | 26°11' | 91° 44’ 61 Assam
21 | 500217-MN* |var. pruriens | 25° 68' | 93° 03' 776 Manipur
22 500219-TR* |var. pruriens | 23°50' | 91°25' 64 Tripura
23 | 500221-AR* |var. pruriens | 27° 08" | 93°40' 1035 | Arunachal
24 | 500224-AR* |var. pruriens | 27°08' | 93°40' | 20 | Pradesh
25 | 500267-NL* |var. utilis 25°68' | 94°08 1360 | Nagaland

“*Collector’s ID of newly collected accessions; **National genebank ID
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4.3.2. Marker data generation
4.3.2.1. Genomic DNA isolation

For genomic DNA isolation, 0.5-1.0 gm of fresh leaf tissue was harvested from 15
days old seedling. DNA isolation was carried out by wusing the
cetyltrimethylammonium bromide (CTAB) method described by Doyle and Doyle
(1987) with minor modifications. Harvested samples were immediately transferred to
liquid nitrogen to freeze the sample until isolation. During the isolation, the leaf
samples were pulverized using mortar and pestle, and transferred to Oakridge tube
containing 10 ml CTAB extraction buffer along with charcoal (0.5%) and
B-mercaptoethanol (0.2%) and incubated at 60° C for 1h. The supernatant obtained,
after centrifugation was washed twice with SEVAG (24-chloroform : 1-isoamyl
alcohol) and once with phenol: chloroform: isoamyl alcohol (25:24:1) mixtures. The
nucleic acids were allowed to precipitate in isopropanol (0.67 volume) followed by
ethanol (70%) wash. The air-dried DNA pellets were resuspended in 0.5 ml of 1X
Tris-EDTA buffer (pH 8.0). After RNase treatment, the quantity of DNA was tested
using agarose gel electrophoresis with Ethidium bromide (EtBr) as an intercalating

agent.

4.3.2.2. SSR amplification

Totally 134 SSRs were shortlisted for validation. PCR amplification was performed in
a final volume of 25 ul containing 50 ng/ul of template DNA, 1X PCR buffer,
1.5 mM MgCl;,, 2.5 mM dNTPs, 1 uM each primer and 1 U of Taq polymerase. The
PCR conditions were as follows: initial denaturation at 94° C for 3 min followed by
35 cycles of 30 s at 94° C, 30 s at annealing temperature (Tm) and 20 s at 72° C with a

final extension of 7 min at 72° C. The amplification was visualized using gel
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documentation system (Uvi-Tech DOL-008.XD, England). Next, the PCR products
generated by different dye-labeled primers were pooled in equal volume and 1.0 pl of
each amplicon was mixed with 7 pl of formamide, 0.05 pl of the GeneScan™ 500
LIZ® Size Standard (Applied Biosystems, USA) and 2.95 pl distilled water. DNA
fragments were denatured and size fractioned with capillary electrophoresis on an

ABI 3730 DNA Analyzer (Applied Biosystems, USA).

4.3.2.3. Data filtering and analysis

The marker data were filtered using the criteria: minor allele frequency > 0.05 and the
missing percentage <20%. This resulted in 52 primer-pairs (Table 9) for downstream
analysis. Only reproducible and consistent fragments were considered and scored as
dominant marker with the presence of a band indicated as “1”, absence as “0” and “.”
for missing data. The genotyping data were further transformed into a bi-allelic
format (e.g., 1 denoted as AA and 0 as GG) and a HapMap file was produced. The
HapMap file was converted into Variant Call Format (VCF) using TASSEL v 5.2.29
(Bradbury et al. 2007). The quality control on the dataset was performed using VCF
tools (Danecek et al. 2011). Markers with minor allele frequency (MAF) > 0.05, max-
missing sites <20%, and accessions with maximum missing site <20% were retained.
The genotypic data were used to analyse population genetic parameters such as:
polymorphic information content (PIC), marker index (MI), primer resolving power
(Rp), effective multiplex ratio (EMR), observed heterozygosity (Ho), expected
heterozygosity (He), effective number of alleles (Ne), gene diversity (h) and

Shannon’s Information index (I).

The PIC value and mean gene diversity (h) of each SSR marker was calculated using

software Powermarker V 3.25 (Liu and Muse 2005) and the scores/values were
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averaged for each marker. According to Roldan-Ruiz et al. (2000) formula, the PIC
for each marker is calculated as= PICi=2fi(1—fi), where PICi is the polymorphic
information content of marker i; fi is the frequency of the fragments which were
present and 1-fi is the frequency of the fragments which were absent. Marker index
(MI) is the product of PIC and EMR. By following Powell et al. (1996), MI was
calculated as PIC x EMR, where EMR (EMR = B x n) is the product of the fraction of
polymorphic loci (B) and the number of polymorphic loci (n). For each PC, the
resolving power (Rp) was obtained according to Prevost and Wilkinson (1999) using
formula Rp = Y'Ib, where band informativeness (Ib) was calculated by 1 — [2(0.5-p)],

where, ‘P’ is the proportion of accession containing the band/fragment.

Diversity indicators were calculated in total, per population, and per SSR fragment
using the software GenAlEx 6.5 (Peakall and Smouse 2012), POPGENE 1.31 (Yeh et
al. 1999). Number of different alleles (Na), effective number of alleles (Ne) (Kimura
and Crow 1964), Shannon's information index (1) (Lewontin 1972), gene diversity (h),
expected heterozygosity (He) (Nei 1973), and molecular variance (AMOVA)
(Excoffier et al. 1992) within and among the populations, were calculated in GenAlEXx

6.5 (Peakall and Smouse 2012).

POPGENE was used to calculate overall diversity in the collection (total gene
diversity = Ht), diversity within populations (Hs), genetic differentiation (Gst = 1-
HS/HT) and gene flow (Nm), which was estimated from Gst as Nm = 0.5 (1-
Gst)/Gst). Jaccard’s similarity coefficient values were used to estimate the genetic
similarity between the accessions. Based on the similarity matrix, dendrograms were
constructed based on UPGMA, and results were viewed using FreeTree VV1.0.0.0 and

TreeView (Win32) V1.6.6 (Pavlicek et al. 1999) software.
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Table 9: List of 52 EST-SSR primer-pairs used for data generation

S.No. Primer ID Forward Primer Reverse Primer
1 MPU_06 GCATTTCAAATAAACGTCAAC TTGACACAATTTGACAGAGGT
2 MPU_07 AATGGATCCCTTTTCTCTATG TATTGGAATAGATCCCCTTGT
3 MPU _15 AGTTAAAACTCACCCACCCTA TGGAGGTGAGTGAATAGATGA
4 MPU_16 GACTCCAACTCCTCCTTCA ACTGTTGTTGTTGCTGATGTT
5 MPU 18 GAAGAGGAGGTTCAGAACAGT GCATCAGATACAACAAAGGAG
6 MPU 21 CCGAGAGTACAAGGGTAAAAA TTCTCCTTTCCCTGAAGATAC
7 MPU_22 TAAAACTCCTTTTCCTTCTCC AGTTCCTTCAAAATACGCTTC
8 MPU 23 AAGCTTGTCACTGTCAAAAAG ATGCAACACATGTCAACACT
9 MPU 24 CATATCCTAGACCGCAGTTG CGTTTTGGTCATTGTGAAT
10 MPU 27 ATGAGAGTCTGAGGGAGATTG ATGTTGCATTGTCTCAACAGT
11 MPU _30 AAAAACTTTGCAGTACCGATT TGATTCATTCAAAATCTCCAC
12 MPU 31 TGTCATTGGCTTGATATTCTT GGAACGGAAATAAATTCTTGT
13 MPU_33 CCAGCTTACAACAACAGTCTT AACTTTGGACAGGAATATTGG
14 MPU_37 GTTCTCCTTCTCTGGTGAGTC CTAAGACAAGCACACCTCAAG
15 MPU _39 AGTGGCAACTATATGACGGTA GAGTCACAACCAAATAGCTCA
16 MPU_42 CAAAGATGACGAAGATGGATA TCTTTCAACTCAATCTTCCAA
17 MPU 43 GTCTAGGGTGGCTTTGTAGAC CAACACCCACCAAATCTAGTA
18 MPU_45 ATCTCTGTCTCTGTCCCTTTC GCGATCTCTCTCTTTCTCTCT
19 MPU_47 GTTCACCACATCCATTATGAC ACCACACACACACATACACAC
20 MPU_48 GGTGGAGACCTTACACAATATG CACCTCCAGTTTATTCACCTC
21 MPU_49 GGAGGATAAAAGTGCTTCATT ACCGTCCTCTTAATTGTTGAT
22 MPU_52 AAGGAAAGCATATGAAAGGAG ATTCCTCCAATTCTATCTCGT
23 MPU_57 TATCGATCTCAATTCCCATAA TCTCTCTCTAAAGCCCAAAAC
24 MPU_58 CACTCTCAGTGAGTCTTCTGG GAATGCTTGAGGCATAGAAG
25 MPU_59 GAGGTGTTGAAGAAGTGTGAG ATTCCCACCATTCTCATTAGT




0S

26

MPU_64

GCTTTCTATGAATGACTGCAT

AATTTCCAACCATGGATTAAG

27 MPU_65 CCAGTTTAGCTTGCACATACT CCAATAGGCGAATTATATGAC
28 MPU_68 GGGTTAGGGTTACGGAAA GCGATACTTCCTTTTCAAGTC
29 MPU_72 AAGAGCGATAGAGGAAGACAT TGAAGTAGATTGGCAGGTTAG
30 MPU_78 TGAAGAGCTTTCAAAGTGAAG GAACGAATTTTTAGGGTGATT
31 MPU_80 ACCAGAAAGGTAAAGCTCTCA TTTTTGTTACTCTCCAAGCAG
32 MPU_81 TTCTATCGGAGAAGAAGTCG CACACCTCTCTCTCTCTCTCTC
33 MPU_83 CACTCATGGAAGGTTCTAGGT CTCATTTTGCTTTTCAAGAGA
34 MPU_88 GGAACTGGGTATGAGGTATTT AGATGAGACCCCATTTGTTAC
35 MPU_89 ATAGCTCCGATTACCCAAAT CACCCATTTCTCTCTTTCTCT
36 MPU_90 TTCCAAACAGTGGTCATAATC TGTATTGCTGTTGGTAAGGAT
37 MPU_92 CGGTCGTAGTAATCGCTTC GGTTTTGCTCTGTTTTCTCTT
38 MPU_98 TGCCTTATGAGGAATCTTACA GTATTTCCCCTTGTTCATCTT
39 MPU_99 ACTGCAGAATGGAACTTTGTA TAAAAGCCCTACTCAAAATCC
40 MPU_102 GAGAGAACTTCAATTCCCCTA GCTTGTTCATGTTTCTTTGTC
41 MPU_106 GGAGAAATCAAATAGGTCGTC AGTTCAAACCTAACCGAACTC
42 MPU_107 CGTATTTGTTGAACAGGATGT GTCTCTCCTACCTCGATCAGT
43 MPU_111 CATCAACCTTATTCGACTCAT AGTTCCTCCGTTACGTCAT

44 MPU_114 GTCTCTTTCACTCTTCCGTTT GCAAGGTCTCTTTCACTCTTT
45 MPU_115 AAAGGCAATTGAGATCTAAGAA CCTTTGTCTCCTCTTTCTTTC
46 MPU_119 GGGTTTGACAGGAAGTACAA ACTTCCTAGAGCTTCCACTGT
47 MPU_121 TCATCACCATCACCATCAC GATATCTGCCAGGTCCATC

48 MPU_122 TTCCTCGTGGAGATACAGATA TGATGCATGCTATGATTAGAA
49 MPU_123 TTGTGCTGTTGTTATGATTGA CTTTGTTTAAAACTGAACCA
50 MPU_124 CCTTCCCTTTAGATGTGAAAT ACATTGATAGCAGTGGAGAAA
51 MPU_125 AGGAGAGAGAGTGAAATTGGA ACAACGTGAACAGAGAGAGAA
52 MPU_126 TCTATGGGTTTGTCCTCATC CATTTTTCCACAATCACTTTC
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Bayesian framework implemented in the fastSTRUCTURE program (Raj et al. 2014)
was used to examine the population structure with the following commands: -prior
simple -full -seed = 100 -cv=5 for subgroups 2 to 10 (K=2 to 10). By plotting the
marginal likelihood, cross-validation errors against the number of subgroups, and with
the program fastSTRUCTURE script “choosing model complexity” - the output was
generated along with determining the possible range of subgroups. The range of
subgroups identified was then inspected for a proportion of affiliation of genotypes to
particular subgroups (coefficient of ancestry values) and known geographical origin

data to arrive at a precise number of subgroups in the collection.
4.4. Functional annotation of transcriptome

For functional annotation, high-quality reads were separately assembled using Trinity
with default parameters. The assembled unigene sets were pooled and assembled into
non-redundant unigenes. Finally, to gain insight into protein function in our
transcriptome, all non-redundant unigenes were searched against the NCBI’s non-
redundant (Nr) protein database, Swiss-Prot and UniRef90 as well as non-coding
RNA database (ncRNAs) and Conserved Domain Database (CDD) using BLASTX
with an E-value threshold of 1e®. BLASTX searches were also performed on the
assembled transcripts using the legume database (http://plantgrn.noble.org/LegumelP)
and only the top hits were considered. Based on the results, Annocript v1.1.2 pipeline
(Musacchia et al. 2015) was used to obtain Gene Ontology (GO) terms relating to the
biological process, cellular components, and molecular functions. The putative
orthologs of genes implicated in various pathways like Enzyme Classes (EC) and

Kyoto Encyclopedia of Genes and Genomes (KEGG) were also ascertained.
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4.4.1. Sequence similarity with other legume species

We compared the set of genes characterized in M. pruriens transcriptome with the
gene assemblies in other legume species. For this, protein sequences (Medicago
truncatula Gaertn. Mt 4.0; Lotus japonicus (Regel) K. Larsen release 2.5; Phaseolus
vulgaris L. release 1.0; Glycine max (L.) Merr. release 1.1; Cicer arietinum L. and
Cajanus cajan (L.) Millsp. version 5.0) were downloaded from the NCBI database.
We performed BLAST X searches on the 62022 transcripts with an E value cut-off of

1e’®, and the top hit for each transcript was used for further analysis.
4.4.2. Mining transcription factor families

For determining the transcription factor gene families, we downloaded the plant
transcription factors database (PINTFDB) 3.0 (http://pIntfdb.bio.uni-potsdam.de/v3.0)
(Pérez-Rodriguez et al. 2009) and queried M. pruriens transcripts against the

PInNTFDB using BLASTX with an E-value cut-off of 1e™*.

4.4.3. Expression analysis

For expression analysis, raw reads obtained from transcriptome sequencing of
individual tissues of M. pruriens var. utilis (1C0620620) were aligned to the 620-22
assembly separately using bowtie aligner version 1.1.1 (Langmead and Salzberg
2012). For calculating the read counts, we normalized the levels of gene expression in
each library to create an effective library size. We employed RSEM version 3.0
(Li and Dewey 2011) to compute the read count and estimate/predict expression
levels as FPKM (fragments per transcript kilobase per million fragments mapped)
using edgeR software in R (Robinson et al. 2010). A dispersion value of 0.1 was used

in our expression analysis. Further, differentially expressed transcripts (DETs) were
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assessed with log-fold expression change >4 and a p-value of 0.001. To identify
common DETSs across all the tissue types, pair-wise comparisons between the three
tissues were carried out by comparing the sequenced samples and top 50 DETs were
extracted to generate a heat map and represent the dynamic expression patterns in
different tissues. Besides, based on the annotation, we also extracted information
related to top differentially expressed transcripts in secondary metabolite biosynthesis

classes to determine expression patterns linked to secondary metabolite pathways.

4.5. Microsatellite-based genetic linkage map

4.5.1. Mapping population

The Recombination Inbred Lines (RIL) population of 161 individuals generated
earlier by Mahesh et al. (2016) using the parents: 1C0620620 (9, M. pruriens
var. utilis) and 1C0620622 (&, M. pruriens var. pruriens) were used for linkage map
construction. The comparison of morpho-agronomic characters of the parental
accessions along with F1 hybrid and F2 population are given table 10. The
experiments leading to RIL population generation were conducted by
Prof. N. Sathyanarayana — the supervisor of this thesis and his group at
Sir M Visvesvaraya Institute of Technology, Bengaluru. The pictures of the crossing

experiments are reproduced below with the permission of Dr. S Mahesh (Figure 13).
4.5.2. Polymorphism and segregation analysis

For determining polymorphism, genomic DNA was extracted from the young leaf
tissue (2-3 weeks old) of the F6 RIL individuals using CTAB method described
earlier. For linkage map construction, a total of 100 microsatellite markers were

selected randomly for determining the parental polymorphism. The genotyping were
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Table 10: Comparison of morpho-agronomic characters between the parents, F1 hybrid and F2 population (From Mahesh et al. 2016).

Plant ID M. pruriens
Parameters var. utilis @ var. pruriens & F1 (hybrid) F2 (200 random individuals)
Place of collection Hunasmaranahalli, Triambakeshwar, Mucuna field Gene Bank, Bengaluru, Karnataka
Karnataka Maharashtra
NBPGR ID 1C0620620 1C0620622 -- -
Collectors ID 500108KA 500113MH -- -
Latitude 13°14'N 20° 00" N 13°14'N 13°14'N
Longitude 77° 62'E 73°7T'E 77°62'E 77° 62'E
Days to emergence 7 5 11 6-10
TLL (cm) 12.837 £ 2 1347.81 £0.378 12.00 £ 0.238 *
ALL (cm) 12.475 £ 6.44 7.58 £ 0.577 10.00 £5.44 *
TLW (cm) 8.562 + 1.53 3.46 £ 0.374 8.00 + 0.389 *
ALW (cm) 7.825+1.418 3.476 = 0.447 6.70 £ 0.347 *
TLS Ovate Ovate-lanceolate Ovate Both parental types
ALS Ovate Ovate-lanceolate Ovate Both parental types
PL (cm) 10.925 £ 2.65 3.287 + 0.652 11.2 £0.532 *
LT Membranous Membranous Membranous Membranous
LC Green RHS 137C i):;el?r’l;green, RHS Green RHS 137C Both parental types
DF 127 109 193 125-220
IL (cm) 34.33 £ 4.99 93.00 + 6.82 23.25+5.36 *
NBPC 31.00+3.74 86.75+9.73 22.83 +4.87 *
Yellow green, Dark violet, Dark violet,
FC RHS 14gc RHS 43A RHS 43A Both parental types




GS

FL (cm) 5.17 £ 0.287 4.68 £ 0.083 4.8+0.073 *
PTC Creamish white Golden orange Dense silvery white Both parental, F1 types & black velvety
DFMP 140 131 260 150-280
POL (cm) 11.25+0.45 8.7+£0.79 10.73 £ 0.22 *
POW (cm) 2.13+0.126 2.15+£0.11 1.88 +0.083 *
POC Curved S-shaped Curved Both parental types
Pl Nonitching Highly itching Highly itching Both parental, F1 & extreme phenotypes
NPPC 20.00 £ 5.02 15.00 + 5.00 17 £1.22 *
NPPP 203 340 460 *
DM 210 170 310 180 - 320
SL (mm) 15.17 £ 1.592 10.52 £ 1.524 12.98 £ 1.301 11.95-18.7
SW (mm) 11.61 + 0.662 7.63+1.132 9.29 +0.976 9.78 - 14.57
ST (mm) 7.32 +0.308 3.83+0.616 6.86 + 0.924 575-9.71
. Both parental & F1 types, light brown,
SC White Brown RHS 199C | Black black, dark brown, black/brown mottled
SP - Black mottled Brown mottled -
SS Rhomboid Rhomboid Ovoid Both parental and F1 types
NSPP 5-6 4-6 5-6 5-6
HSW (g) 93.05+5.84 27.75 + 2,598 73.80 + 7.158 42,98 +143.8

Note: TLL- terminal leaflet length; ALL- adjacent leaflet length; TLW- terminal leaflet width; ALW- adjacent leaflet width; TLS- terminal leaflet shape; ALS-
adjacent leaflet shape; PL- petiole length; LT- leaf texture; LC- leaf colour; DF- days to flowering; IL- inflorescence length; NBPC- no. of flower buds per cluster; FC-
flower colour; FL- flower length; PTC- pod trichome colour; DFMP- days to first mature pods; POL- pod length; POW- pod width; POC- pod curvature; PI- pod
itchiness; NPPC- no. of pods per cluster; NPPP- no. of pods per plant; DM- days to maturity; SL- seed length; SW- seed width; ST- seed thickness; SC- seed colour;
SP- seed coat pattern; SS- seed shape; NSPP- no. of seeds per pod; HSW- hundred seeds weight; *not scored; the scale measurements are average value * standard error;
RHS- Royal Horticultural Society colour code chart.
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U Materials and Methods T

carried out as per the method described earlier. Of the 100 markers used, only 62
showed parental polymorphism (62%). From this, we obtained usable data for only 32
markers, while others either failed to amplify in a large number of individuals or
produced extreme linkage distortion in Chi-square test. Consequently, we could use

only 32 markers for linkage map construction.

4.5.3. Scoring of SSR markers for linkage map

The SSR fragments were scored as presence versus absence of bands, and therefore
for the parents, F6 generation markers were assigned to either parental allele for map
construction. Markers originating from each parent were scored according to the
standard coding system using A, B, and H of JoinMap v4 analysis (Van Ooijen 2006)
where “A” is homozygous for parent 1 allele, “B” is homozygous for parent 2 allele,

(132

“H” is heterozygous and the missing data recorded as

4.5.4. Linkage map construction

By using the Grouping Module of JoinMap v4, the robustness of the data sets in terms
of linkage group was confirmed. Locus order of each linkage groups was determined
temporally using the following parameters: A minimum LOD score of 3.0 and
maximum recombination fraction (0) of 0.50 were set as thresholds for linkage group.
Maximum recombination fraction (0), the goodness of fit jump threshold for removal
of loci = 5.0, the number of extra loci after which a ripple is performed =1, and third-
round = yes. Recombination fractions were converted into map distances in

centimorgans (cM) by means of the Kosambi mapping function.
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5. Results

5.1. Transcriptome sequencing and de novo assembly

5.1.1. RNA quality check

All the isolated RNA samples (leaf, pod, root and pooled) were subjected to quality
check using UV absorbance and RIN determination. For all the samples, the ratio of
UV absorbance at 260/280 was in the range of 1.9-2.1 and for 260/230 it was 2.0-2.5.

Further, all the samples reported RIN greater >7.0 (Table 11, Figure 14), confirming

to the quality standards required for transcriptome sequencing.
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Figure 14: Bioanalyzer profiles of the isolated RNA samples
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Table 11: RIN number of isolated RNA samples

RNA Sample
- - . RIN score

Tissue material Given ID

G1 Leaf GlL1 7.5
G1 Pod GlP1 79
G1 Root GlR1 7.7
G1 Pooled G1PP1 7.4
G2 Pooled G2 PP1 7.6

G1: Genotype - 1C0620620; G2: Genotype - 1C0620622.

5.1.2. De novo assembly and redundancy removal

[llumina sequencing from both the accessions generated total of 18.24 GB data
comprising 167,986,452 and 27,801,324 raw reads from the genotypes: 1C0620620
and 1C0620622 respectively (Table 12). This included adapter/primer sequences, low-
quality reads and an empty/blank reads. After rigorous data filtering and quality
check, a total of 191,233,242 (i.e. 97.7%) high-quality clean reads were recovered

from the total raw reads.

Table 12: Summary of data generated for M. pruriens transcriptome (sequencing and
quality filtering).

Sample FASTQ file To_tal number of Total numper (_)f re_ads
size (GB) paired end reads after quality filtering

G1 Leaf 1.86 19,406,426 18,997,424

G1 Pod 5.42 58,585,008 57,166,422

G1 Root 2.69 28,623,354 28,046,508

G1 Pooled 5.68 61,341,664 59,885,295

G1 Total 15.65 167,956,452 164,095,649

G2 Pooled 2.59 27,801,324 27,137,593

Summary 18.24 195,757,776 191,233,242

G1: Genotype 500108KA - 1C0620620; G2: Genotype 500113MH - 1C0620622.

These reads were used to generate transcriptome assembly using Trinity assembler.
The combined assembly - 620-22, generated using all the clean reads produced 72,561
transcripts that included 46,525,999 bases with an average GC content of 44.58%.
The mean values of four individual nucleotides - Adenine, Guanine, Thymine,
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Cytosine were recorded as 27.35%, 23.31%, 26.98%, and 22.36% respectively, with
an N50 length of 987 bp. The Limin et al. (2012) developed software called CD-HIT
v. 4.6 was used to generate non-redundant transcripts and cluster highly similar
fragments. After clustering, totally 67,561 transcripts were retained with an average
transcript length of 641 bp (Figure 15). The longest transcript contained 17,978 bases
with a total 1493 putative non-coding sequences. The detailed assembly statistics of
the combined assembly 620-622 are given in Table 13. In addition, we generated
another assembly exclusively from the reads of the genotype 1C0620620 for aligning
against 620-622 assembly during lobSTR analysis. The comparision between the two

assemblies used for lobSTR analysis is given in Table 14.

Table 13: Statistics of non-redundant set of M. pruriens transcripts obtained from
Trinity assembly

Total number of assembled bases 46,525,999
Number of transcripts 72,561
The total number of sequences after clustering 67,561
The mean sequence length 626
Average % of Adenine 27.35
Average % of Guanine 23.31
Average % of Thymine 26.98
Average % of Cytosine 22.36
Average % of N 0.00
Average % of GC content 44.58
N50 987
Maximum transcript length (bp) 17,978
Average transcript length (bp) 641
Number of putative non-coding sequences 1,493
Length of longest ORF (bp) 2,362
Number of ORF>100 bp 36,228
Number of ORFs on (+) strand 36,421
Number of ORFs minus (-) strand 31,140

Finally, we deposited all the high-quality paired-end reads as well as assembly in the
U.S. National Center for Biotechnology Information (NCBI) sequence read archive
(SRA) database: SRR3453110.
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Figure 15: Length distribution of M. pruriens transcripts in Trinity assembly

Table 14: Statistics of the transcriptome assemblies generated using RNA-Seq data

No. of

Total number No. of | transcripts Average %
Assembly of assembled transéri ts afterp contig | N50 GC
bases P size

clustering
1C0620620-622 | 46,525,999 72,561 67,561 641 987 | 44.57
1C0620620 51,600,321 51,385 43,768 1,004 | 1,571| 42.55

5.2. Discovery of genic microsatellite markers and validation
5.2.1. SSR identification

We detected a total of 6284 transcripts [Additional file 6: Transcripts with the repeats
in the Mucuna assembly identified using Perl script MISA; link - https://static-
content.springer.com/esm/art%3A10.1186%2Fs12864-017-3780-9/MediaObjects
/12864 2017 _3780_MOESM6_ESM.xlIsx; Sathyanarayana et al. 2017; BMC
Genomics] within which 7943 potential EST-SSRs [Additional file 7: Description of
the repeats identified in the assembly using MISA and the percentage of each class
are reported. In addition the position of the start/end of the 7943 repeat sequences is
also reported; link - https://static-content.springer.com/esm/art%3A10.1186%2Fs1
2864-017-3780-9/MediaObjects/12864_2017_3780_MOESM7_ESM.xIsx;
Sathyanarayana et al. 2017; BMC Genomics] were discovered.
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Of these, the mono-nucleotide repeats represented the largest fraction (3638) with the
majority (92%) showing A or T repeats (Figure 16). Additionally, about 1674 di-
nucleotide, 2240 tri-nucleotide and only a small fraction of tetra- (146), penta- (64)
and hexa- (100) nucleotide SSRs were identified in M. pruriens transcripts (Table 15).
Of the 6284 SSR-containing transcripts, 1174 transcripts contained more than one
SSRs. Further, EST-SSRs containing five tandem repeats were most abundant
(18.71%)), followed by ten (17.43%), six (15.45%), eleven (9.31%), seven (7.51%),
and twelve (5.85%) repeats, whereas the remaining tandem repeats, each accounted

for less than 5% of our EST-SSRs (Table 16).

Table 15: Statistics of SSRs identified in M. pruriens transcripts

SSR mining

Total number of sequences examined 67,561

Total size of examined sequences (bp) 42,340,968
Total number of identified SSRs 7,943

Number of SSR containing sequences 6,284 (9.3%)
Number of sequences containing more than one SSR 1,174

Number of SSRs present in compound formation 963

Frequency of SSRs One per 5.3kb
Distribution of SSRs in different repeat types

Mono-nucleotide 3,638 (45.80%)
Di-nucleotide 1,674 (21.07%)
Tri-nucleotide 2,240 (28.20%)
Tetra-nucleotide 146 (1.83%)
Penta-nucleotide 64 (0.80%)
Hexa-nucleotide 100 (1.25%)
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Figure 16: Simple sequence repeats length distribution across different motif classes
in M. pruriens transcriptome

Table 16: Length distribution of the EST-SSRs based on the number of nucleotide
repeats

Repeat < Repeat Type =
Number § | Mono-| Di- | Tri- | Quad- | Penta-| Hexa- Total* |Percentage
5 1269 96 47 59 1471 18.71
6 611 537 36 11 20 1215 15.45
7 329 240 7 3 12 591 7.51
8 260 | 124 2 2 2 390 4.90
9 163 20 2 0 0 185 2.35
10 1238 | 108 18 2 0 5 1,371 17.43
11 653 65 13 0 0 1 732 9.31
12 393 58 9 0 0 0 460 5.85
>13 1354 80 10 1 1 1 1447 18.40
Total 3638 | 1674 | 2240 146 64 100 | 7862
Percentage | 45.80 | 21.07 | 28.02 | 1.83 0.80 | 1.25

*Data are given only up to hexa- nucleotide.
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5.2.2. Detection of polymorphic SSR using IobSTR program

Further, a specialized program lobSTR was employed for identifying the polymorphic
SSRs between the contrasting parents. The IobSTR algorithm, with the input of raw
sequencing data in FASTA/FASTQ or BAM format, reports the presence of alleles at
each profiled STR locus in a custom tab-delimited text format (Gymrek et al. 2012;
Cantarella and D’Agostino 2015). The rapidity/speed of the lobSTR and its
consistency has surpassed the performance of conventional algorithms hitherto used
for STR profiling (Gymrek et al. 2012). Another advantage of IobSTR over the
conventional MISA pipeline is, during the alignment process, it simultaneously
compares two or more samples and provides output in terms of polymorphic SSRs

(pSSR).

This screening for pSSRs in our work recognized a total of 3865 polymorphic SSRs
between the parents [Additional file 8: Polymorphic sequence repeats identified
between the Mucuna genotypes using [obSTR program; link - https://static-
content.springer.com/esm/art%3A10.1186%2Fs12864-017-3780-9/MediaObjects/

12864 2017 3780 _MOESM8_ESM.xlsx; Sathyanarayana et al. 2017; BMC
Genomics]. Further, aligning 1C0620622 reads against the combined assembly
generated 3075 SSR calls of which 1339 were in areas with > 5x coverage and a mean

coverage of 9.54x (Table 17).

Table 17: Allelotype statistics obtained from IobSTR program

Sample Number of Num calls Mean
p SSR Ca||S >=5x Coverage

Combined Assembly

(1C0620620-622) 3075 1339 9.54

G1 (1C0620620) aligned to Refl | 3517 2092 19.15
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Alternatively, alignment of 1C0620620 reads (G1; 500108KA) to the combined
assembly yielded 3517 SSR calls of which 2092 were in areas with >5x coverage and
with a mean coverage of 19.15x. After filtering the SSRs based on the parameters
explained earlier, we obtained a total of 787 polymorphic repeats [Additional file 8:
Polymorphic sequence repeats identified between the Mucuna genotypes using
IobSTR  program; link - https://static-content.springer.com/esm/art%3A10.1
186%2Fs12864-017-3780-9/MediaObjects/12864_2017_3780_MOESM8_ ESM.xIsx;
Sathyanarayana et al. 2017; BMC Genomics]. The results from the IobSTR analysis
are given in Table 18 and the distribution of different SSR motifs from the lobSTR
output is presented in Figure 17.

Table 18: Summary of the repeats in the alignment of M. pruriens transcriptome
based on lobSTR

Repeat | Repeat Size Number of Total SSRs
SSR Type Motit Io(bp) SSRs (%)
Di-nucleotide AG 2 166 4.45
AT 2 27 0.72
AC 2 25 0.67
Tri-nucleotide AAG 3 207 5.55
ATC 3 100 2.68
AGG 3 86 2.31
AAC 3 84 2.25
AGC 3 79 2.12
ACC 3 61 1.64
CCG 3 58 1.55
AAT 3 42 1.13
ACG 3 23 0.62
ACT 3 19 0.51
Tetra-nucleotide | AAAG 4 52 1.39
AAAT 4 29 0.78
AAAC 4 28 0.75
AATG 4 17 0.46
ACTC 4 17 0.46
ACAT 4 16 0.43
AGGG 4 12 0.32

(2]
(6]
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AAGG 4 12 0.32
AACC 4 10 0.27
AGAT 4 9 0.24
AATC 4 9 0.24
AATT 4 8 0.21
AAGC 4 7 0.19
ACCC 4 5 0.13
AGCT 4 5 0.13
ACGC 4 4 0.11
AACT 4 4 0.11
ATGC 4 4 0.11
ATCC 4 3 0.08
AGCG 4 2 0.05
AGGC 4 2 0.05
ATCG 4 1 0.03
ACGT 4 1 0.03
ACTG 4 1 0.03
ACCG 4 1 0.03
ACCT 4 1 0.03
CCCG 4 1 0.03
Penta-nucleotide Total 5 606 16.25
Hexa-nucleotide Total 6 1886 50.56

LobSTR - Polymorphic repeats
160
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E 100 82
= 80
=] 60
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Figure 17: Repeat distribution in M. pruriens transcriptome discovered using IobSTR
program
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5.2.3. Validation of EST-SSR markers

Of the 134 primer pairs shortlisted, 98 (73.13%) produced clear amplification on a
panel of 25 M. pruriens accessions chosen for validation. From this, consistently
amplified marker-bands from 82 primer pairs were selected for analysis. Roughly
2000 marker-bands were produced by these 82 primer-pairs and 125 high-quality
marker-bands denoting 52 primer pairs (Table 9) for 23 accessions (Table 8) were
retained after quality filtering. Accessions 500101KA and 500267NL were removed
due to >20% missing marker data. Different measures of genetic diversity for each

primer-pair are reported in Table 19.

We analysed parameters of genetic diversity between population groups representing
different botanical varieties (3) and geographical locations (3). The genetic diversity
index (h) between the geographical locations and botanical varieties were in the range
of 0.35 to 0.37 and 0.34 to 0.36 with mean values at 0.35 and 0.35 respectively (Table
20), where h was significantly lower for genetic subgroups, which ranged from 0.16
to 0.21. In all the groups, the total gene diversity (Ht) was greater than gene diversity
within the groups (Hs). The coefficient of gene differentiation (Gst) was 0.04. The
higher Gst value suggested less genetic differentiation among the population groups
vis-a-vis within group variations. Gene flow indices (Nm) were high and was found in

the range of 1.83 to 4.09.
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Table 19: Polymorphism information of 52 EST-SSR markers for 23 M. pruriens accessions

. No. Primer ID Motif Alleles Na Ne I Ho He h PIC
1 MPU_06 AGG 3 2 1.32 0.41 0.1 0.25 0.23 0.19
2 MPU_07 ACA 2 3 1.38 0.5 0.04 0.27 0.29 0.23
3 MPU_15 TC 3 5 2.5 1.16 0.05 0.6 0.26 0.27
4 MPU _16 ACA 4 4 2.32 11 0.24 0.57 0.2 0.24
5 MPU_18 GAA 2 2 1.54 0.54 0 0.35 0.35 0.35
6 MPU_21 GAA 1 3 1.2 0.37 0 0.17 0.28 0.15
7 MPU_22 TC 3 4 3.04 1.17 0.09 0.67 0.28 0.33
8 MPU_23 CCT 2 3 1.31 0.47 0 0.23 0.25 0.17
9 MPU_24 ATA 2 3 2.1 0.85 0.04 0.52 0.38 0.35

10 MPU_27 AGA 1 5 1.37 0.6 0.09 0.27 0 0.15

11 MPU_30 AT 2 4 1.77 0.8 0.04 0.44 0.35 0.3

12 MPU_31 CAT 3 6 2.5 1.24 0.24 0.6 0.26 0.28

13 MPU_33 GCT 2 2 1.29 0.39 0 0.23 0.27 0.2

14 MPU_37 GTT 2 2 1.63 0.57 0 0.39 0.37 0.31

15 MPU_39 CA 2 5 1.92 0.96 0 0.48 0.37 0.29

16 MPU_42 AG 6 6 5.56 1.75 0.09 0.82 0.15 0.22

17 MPU_43 ACT 2 3 1.33 0.47 0.05 0.25 0.05 0.08

18 MPU_45 GA 3 3 2.14 0.91 0.04 0.53 0.28 0.28
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19 MPU_47 TG 2 2 1.51 0.52 0.05 0.34 0.35 0.28
20 MPU_48 GAG 4 4 2.33 1.01 0.22 0.57 0.22 0.27
21 MPU_49 TG 2 5 2.85 1.23 0 0.65 0.36 0.36
22 MPU_52 GGT 3 6 2.15 1.08 0.33 0.53 0.22 0.25
23 MPU_57 GCG 2 5 1.6 0.8 0.17 0.37 0.29 0.23
24 MPU_58 CAA 2 2 1.29 0.39 0 0.23 0.24 0.2
25 MPU_59 AGA 3 3 1.36 0.49 0.13 0.26 0.2 0.2
26 MPU_64 AT 3 3 2.47 1 0.05 0.6 0.28 0.31
27 MPU_65 CAT 4 4 2.93 1.19 0.4 0.66 0.2 0.26
28 MPU_68 AG 3 4 1.72 0.74 0.18 0.42 0.26 0.27
29 MPU_72 TAG 2 2 1.57 0.55 0.04 0.36 0.33 0.3
30 MPU_78 CAA 2 4 2.24 0.94 0.1 0.55 0.37 0.36
31 MPU_80 GA 1 4 1.22 0.41 0.09 0.18 0.48 0.21
32 MPU_81 GA 2 3 1.36 0.52 0 0.26 0.27 0.19
33 MPU_83 CTT 1 4 1.2 0.4 0.09 0.17 0 0.21
34 MPU_88 TC 2 4 1.52 0.65 0.09 0.34 0.31 0.25
35 MPU_89 TGGGTT 2 3 2.06 0.78 0.09 0.52 0.23 0.21
36 MPU_90 GGT 4 5 4.03 1.45 0.46 0.75 0.16 0.26
37 MPU_92 GGA 3 4 2.4 1.04 0.35 0.58 0.24 0.3
38 MPU_98 AAC 2 3 1.56 0.66 0.05 0.36 0.31 0.26




0.

39 MPU_99 TC 3 4 1.61 0.75 0.09 0.38 0.24 0.26
40 MPU_102 CT 1 6 1.44 0.7 0.13 0.31 0.5 0.28
41 MPU_106 AGA 2 3 1.4 0.53 0.04 0.28 0.27 0.2
42 MPU_107 CTGC 3 6 4.1 1.54 0.25 0.76 0.19 0.26
43 MPU_111 GCC 5 5 3.1 1.32 0.32 0.68 0.17 0.24
44 MPU_114 TTC 2 2 1.31 0.4 0 0.24 0.24 0.21
45 MPU_115 AG 3 4 2 0.95 0.05 0.5 0.23 0.22
46 MPU_119 AGA 1 2 1.1 0.2 0 0.1 0 0.09
47 MPU_121 CAC 2 4 1.44 0.64 0 0.31 0.27 0.2
48 MPU_122 CAG 1 3 1.14 0.28 0.04 0.12 0 0.15
49 MPU_123 AAT 1 4 1.37 0.57 0.04 0.27 0.5 0.25
50 MPU_124 GCA 4 6 5.01 1.7 0.04 0.8 0.2 0.27
o1 MPU_125 AGA 1 4 131 0.53 0 0.24 0.42 0.2
52 MPU_126 GTG 2 2 1.29 0.39 0.17 0.23 0.28 0.26
Average - 2.4 3.73 1.98 0.78 0.1 0.41 0.26 0.24

SD - 1.07 1.25 0.96 0.37 0.11 0.19 0.11 0.06

Na: Number of alleles; Ne: Effective number of alleles; 1: Shannon information content; Ho: Observed heterozygosity; He: Expected heterozygosity (Kimura and Crow
1964); h: Nei’s (1973) gene diversity; PIC: Polymorphism information content.
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Table 20: Gene diversity estimates for groups based on botanical varieties,
geographical distribution and population structure analysis

Population group Na Ne I h
East India 2.23 1.78 0.59 0.37
Geographical Northeast India 2.21 1.68 0.52 0.36
distribution Peninsular India 2.98 1.95 0.72 0.35
Ht Hs Gst Nm
Mean 0.41 0.36 0.04 4.09
SD () 0.19 0.18
var. pruriens 2.67 1.83 0.64 0.36
var. hirsuta 2.46 1.78 0.60 0.36
var. utilis 2.10 1.84 0.59 0.34
Botanical verities
Ht Hs Gst Nm
Mean 0.43 0.36 0.04 2.57
SD () 0.19 0.17
Subgroup 1 2.54 191 0.66 0.19
Subgroup 2 1.87 1.53 0.41 0.16
Population Subgroup 3 2.36 1.77 0.59 0.21
?{i“fzf; sed o ' ibgroup 4 210 | 184 | 060 | 018
grouping Ht Hs Gst Nm
Mean 0.41 0.34 0.04 1.83
SD () 0.19 0.17

Note: Na = Number of different alleles; Ne = Effective no. of alleles; | = Shannon’s Information index;
h = Nei’s (1973) gene diversity; Ht = Diversity in overall collections total gene diversity; Hs = Sub
divided population; Gst = Genetic differentiation; Nm = Estimate of gene flow from Fst, (Nm= (1/Fst)-
1)/4; Fst = Genetic differentiation among populations).

Population structure analysis on 23 genotypes using fastSTRUCTURE revealed the
presence of four to six subgroups based on “choosing model complexity” script, and
four or eight subgroups using likelihood score (Figure 18), with K =4 being the most
probable number. For K =4 subgroups, 21 genotypes showed >80% membership to a
particular subgroup as reported by the coefficient of coancestry value for each
genotype (Figure 19A).
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Figure 18: Results of fastSTRUCTURE analysis across K=2 to K=10 sub-groups.
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error

1.00

Bo.7s

£

=

E

=~ 0.50

=]

g

5

0.25

&

|Mmzz o o 0 o - o £ £ € € W T o T 2 0 Z Z
I—I—ﬁdd;le—OOOOﬁzdzl—ﬁ;O::
- I - - m T S NN Wz e 5=
o~ e o o T — — o0~ o o o~ — 2 in B o o o 2=
— —m —m A AT D At - = = =D =25 - O
o 0O O 0O 0 - o0 9 0090995 995 99=92999
S oo oo S oo 92 o0 o o0o9 goegsg oo 3 o 35 35
W oW W W W 3 W W W oW W W W W R oW W 3w

Genotyvpes
Subgroups .Subgnmpl -Subgn:mp’_’ = Subgroup3 -Subgnmpd

Figure  19A: Population  Structure analysis of the 23 Indian
M. pruriens accessions. Bayesian clustering (fastSTRUCTURE, K =4)



U Results 7

Subgroup 1 comprised nine individuals, mostly belonging to var. pruriens (n=15)

along with one var. utilis accession with mixed representation from the Northeast and
Peninsular India (each n=4) and one accession from East India. Subgroup 2 showed
exclusively var. pruriens accessions from the Eastern (n=4) and Northeast (n=1)
India. Similarly, subgroup 3 separated accessions belonging to Peninsular India with
most accessions belonging to var. hirsuta (n=3) and one each from the other two
varieties. Subgroup 4 was the most heterogeneous group and showed the mixed
representation of two var. pruriens accessions from East India and two

var. utilis accessions belonging to Northeast India.

The genotypes clustered in the neighbor-joining (NJ) tree and principal component
analysis (PCA) are colour-coded from the information of four subgroups revealed in
the fastSTRUCTURE analysis. Both NJ and PCA showed analogous clustering
pattern as fastSTRUCTURE with three out of the four groups grouping in accordance
with their geographical origin (Figures 19A-C). Principal component 1 (PC1;
Figure 19B) accounted for 12.8% of the variability and separated the majority of
Eastern and Northeast accessions from those of Maharashtra + Peninsular India
accessions, with five Northeast or Eastern accessions falling on the left side of the
plot. None of the Peninsular Indian accessions fell right of PC1. Also, all the var.
hirsuta and var. utilis accessions, except one, were positioned to the left of PC1. Of
the two individuals that could be interpreted as having a hybrid ancestry, one was
500217MN (var. utilis, Northeast India) as demonstrated by a ~50% split assignment
to subgroup 1 and subgroup 4, the other being 1C0620620 (var. utilis, Peninsular
India) which was assigned to subgroups 1 and 3 with near equal possibility. Subgroup

2 was completely separated from subgroup 3 by PCL1. Principal component 2 (PC2;
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Figure 19B) accounted for the rest of 10.1% of genetic variability. Subgroup 1, the

largest and most diverse subgroup, clustered entirely below PC2.
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Figure 19B: Population Structure analysis of the 23 Indian M. pruriens accessions-
Scatter plot from principal component analysis (PCA)
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Figure 19C: Population Structure analysis of the 23 Indian M. pruriens accessions -
Neighbor-joining (NJ) tree
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The NJ algorithm generated two main clades (Figure 19C), one showing similar
grouping produced in PCA by PC1 which is also the same as subgroup 2 along with
two accessions from subgroup 4. This clade included only var. pruriens belonging to
the Northeast and Eastern India with the exception of the hybrid 500217MN
(var. utilis). The second clade included subgroups 1 and 3, along with two accessions

of subgroup 2, with no clear-cut clustering pattern based on the variety.

5.3. Functional annotation of transcriptome

A total number of 49,925 (73.9%), 35,535 (52.5%) and 54,450 (80.5%) transcripts
showed significant hits with NCBI-NR, Swiss-Prot and UniRef proteins, respectively,
with 34,686 transcripts having conserved domains and 6248 with hits against the

Rfam database. The details are given in Table 21.

Table 21: Number of M. pruriens unigene hits in different non - redundant databases

Database Total Blast Hits
NCBI-NR 49,925
Swiss-Prot 35,535
UniRef 54,450
Conserved Domains 34,686
Rfam 6,248

Largely, the putative orthologs of genes having roles in different pathways as well as
cellular processes were found to be much conserved in M. pruriens. Further, Gene
Ontology (GO) terms were assigned to M. pruriens transcripts, which showed
considerable similarity with annotated transcripts from other plant species [Additional
file 2 : Number of transcripts assigned to Biological, Cellular and Metabolic
processes from GO analysis of the annotated transcripts of the Mucuna assembly; link
- https://static-content.springer.com/esm/art%3A10.1186%2Fs12864-017-3780-9/
MediaObjects/12864 2017 3780 _MOESM2_ESM.xIsx; Sathyanarayana et al. 2017,
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BMC Genomics]. In our work, a total of 30,575 (45.3%) transcripts were assigned at
least one GO term in the biological process category, 46,961 (69.51%) in the
molecular function category and 30,199 (44.70%) in the cellular component category.
Among the various biological processes, proteins involved in transcription and
(3.56%) and transcription regulations (3.50%) were highly expressed. The genes
involved in other important biological processes such as signal transduction,
carbohydrate metabolism, response to stress, transport etc. were also elucidated
through GO annotations. Similarly, genes involved in ATP, DNA as well as different
metal ion binding activities were most represented in various molecular functions; and
nucleus and cytoplasm related functions were most abundant among the cellular

component categories (Figure 20 A-C).
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Figure 20A: Functional annotation of M. pruriens transcripts. GO term assignment to
the M. pruriens transcripts in Biological process. (The numbers next to categories are
the percentage of each category of biological function.)
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Figure 20B: Functional annotation of M. pruriens transcripts. GO term assignment to
the M. pruriens transcripts in Cellular component. (The numbers next to categories
are the percentage of each category of biological function.)

e Molecular function
iron ion calciumion

catalytic sequence-specific
binding, 1.15 G s

binding, 101 activity, 0.09 DN binding, 0.97
ligase

activity, 1.43

RNA binding, 1.52_,._—\
sequence-specific. N zinc ion

DNA binding / binding, 4.22
transcription
factor, 1.53
hydrolase o
activity, 1.73 / NA binding, 4.15
oxidoreductase

activity, 1.85

nucleotide
binding, 1.18

ATP

heme binding, 1.26
binding, 10.42

GTP binding, 1.39

nucleic acid
binding, 2.04 protein

binding, 3.99

rotein kinase
serine/threonine activity, 2.54
kinase

activity, 2.11

constituent of
ribosome, 2.26

Figure 20C: Functional annotation of M. pruriens transcripts. GO term assignment to
the M. pruriens transcripts in Molecular function. (The numbers next to categories are
the percentage of each category of biological function.)
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The transcripts were also annotated for Enzyme Classes (EC) and KEGG (Kyoto

Encyclopedia of Genes and Genomes) classifications. EC classification was thus obtained for
3963 assembled sequences, whereas KEGG classification was obtained for 3492 assembled
sequences (Table 22) (Additional file 3: Number of transcripts assigned for enzyme
classes and KEGG pathways of the M.pruriens transcripts; link - https://static-
content.springer.com/esm/art%3A10.1186%2Fs12864-017-3780-9/MediaObjects/

12864 2017_3780_MOESM3_ESM.xlsx; Sathyanarayana et al. 2017, BMC
Genomics]. Figure 21A lists top 20 enzyme classes obtained for our annotated transcriptome.
Remarkably, a large amount of these assembled transcripts was related to serine/threonine
protein kinase enzyme class alone (38.4%). Further, Figure 21B shows top 20 KEGG
pathways represented by our transcriptome. The highest number of sequences were related to
pathways linked to protein modification (37.5%) followed by lipid metabolism (8.8%), glycan
metabolism (6.9%), carbohydrate degradation (5.6%), cofactor biosynthesis (4.7%), glycan
biosynthesis (2.8%), carbohydrate metabolism (2.7%), phospholipid metabolism (2.03%),
secondary metabolite biosynthesis (1.94%), purine metabolism (1.89%) and so on. As can be
seen from the results, the highest represented groups included pathways associated with the

housekeeping processes as well as plant development and secondary metabolism.
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Figure 21A: Functional characterization and abundance of M. pruriens transcriptome
for enzyme classes. Transcripts were classified in the top 20 abundant enzyme classes
and KEGG pathways; area under each pie slice represents the value in percept.
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Figure 21B: Functional characterization and abundance of M. pruriens transcriptome
for KEGG pathways - Transcripts were classified in the top 20 abundant enzyme
classes and KEGG pathways; area under each pie slice represents the value in percept.
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Table 22: Number of transcripts assigned for enzyme classes and KEGG pathways of

KEGG Description Occurrence | KEGG Description Occurrence
Protein modification 1310 Plant hormone degradation 12
Lipid metabolism 308 Alkene biosynthesis 12
Glycan metabolism 242 Genetlc' information 11
processing
(Cj:arbohygjrate 199 Protein biosynthesis 9
egradation
Cofactor biosynthesis 166 Isoprenoid biosynthesis 9
Glycan biosynthesis 99 Plant hormone metabolism 8
Carbohy_drate 96 Membrane lipid metabolism 8
metabolism
Phospho_llpld 71 Glucan metabolism 6
metabolism
S_econdary_metabollte 68 Cofactor metabolism 6
biosynthesis
Purine metabolism 66 Cofactor degradation 6
Sulfur metabolism 64 Metabol_lc intermediate 5
metabolism
C_arbohydrgte 62 Cell wall biogenesis 5
biosynthesis
Plant hormone Amine and polyamine
: . 50 : 5
biosynthesis metabolism
I\/_Ietabohc _mtermedlate 46 Organosulfur biosynthesis 3
biosynthesis
Glycolipid biosynthesis 45 Flavonoid metabolism 3
Aromatic compound Carbohydrate acid
: 41 : 3
metabolism metabolism
Pigment biosynthesis 39 Fermentation 3
A_mlne and_ polyamine 39 Alkaloid degradation 3
biosynthesis
Pyrimidine metabolism 30 Xenobiotic degradation 2
. Steroid hormone
Energy metabolism 28 biosynthesis 2
Polyol metabolism 27 Siderophore biosynthesis 2
Glycerolipid metabolism 24 Organosulfur degradation 2
tRNA modification 23 Organic acid metabolism 2
Alkaloid biosynthesis 22 Mycotoxin biosynthesis 2
Secondary metabolite Amine and polyamine
: 21 . 2
metabolism degradation
Protein degradation 21 Thermoadapter biosynthesis 1
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Photosynthesis 21 Steroid metabolism 1
Steroid biosynthesis 18 Sphingolipid metabolism 1
Carotenoid biosynthesis 17 Signal transduction 1
Phytoalexin biosynthesis 16 Quinol/quinone metabolism 1
Alcohol metabolism 16 Nucleoside biosynthesis 1
;Zigg:)ﬁ)ir:rganoid 15 Ketone metabolism 1
Nitrogen metabolism 15 Ketone degradation 1
Terpene metabolism 13 Catecholamine biosynthesis 1
Glycan degradation 13 Alkene metabolism 1

5.4. Sequence similarity with other legume species

We performed a comparative study of M. pruriens assembled contigs with other
related legumes. The results showed 58,208 of 67,561 transcripts (86.2%) from the
combined 620-22 assembly had significant similarity to sequences in one or more
legumes [Additional file 4: BLASTP analysis of the transcripts against the legume
protein databases; link - https://static-content.springer.com/esm/art%3A10.1186%2
Fs12864-017-3780-9/MediaObjects/12864 2017 _3780_MOESM4_ESM.xIsx;

Sathyanarayana et al. 2017, BMC Genomics].
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Figure 22: Legume sequence similarity analysis: Percentage identity of transcripts
against other legume protein databases
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Figure 23: Legume sequence similarity analysis: Relative numbers of transcripts that
had significant sequence similarity by species. The percentage of transcripts showing
similarity value (E-valule<l E"®) in BLASTX searches are shown

About 71% of these transcripts showed>70% sequence identity (Figure 22). The
maximum number (65.62%) of M. pruriens transcripts showed significant similarity
with Glycine max unigenes. This was followed by Medicago truncatula (64.02%),
Phaseolus vulgaris (63.93%), Vigna spp. (62.13%) and Cicer arietinum (61.91%).
These 5 legumes showed almost same amount of similarity shown in BLASTX

searches against M. pruriens. The least similarity was observed with Pisum (14.65%)

and Cajanus (2.49%). The detailed results are presented in Figure 23.
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Figure 24: Distribution of M. pruriens transcripts in different transcription factor
families

82



U Results 7

5.5. Mining transcription factor families

In our assembly, totally 2223 putative transcription factors distributed in at least 55
families were identified representing 3.29% of M. pruriens assembled transcripts
[Additional file 5: Transcription factors identified in the Mucuna assembly using
PINTFDB; link - https://static-content.springer.com/esm/art%3A10.1186%2Fs12864-
017-3780-9/MediaObjects/12864 2017_3780_MOESM5_ESM.xlsx; Sathyanarayana
et al. 2017, BMC Genomics]. Among these, the top categories included the
basic/helix-loop-helix (bHLH; 227), C2H2-type (151), MYB (146), MYB related
(130), NAC (126) and WRKY (122) (Figure 24). Nearly all TF families revealed
minor species-specific differences in relation to TF gene families reported for Lotus,

Medicago, Glycine and Cicer (Table 23).

Table 23: Number of transcripts encoding for transcription factor families
in M. pruriens compared to other legumes. The data on M. pruriens is from our
study; data for Glycine max, Medicago sativa and Lotus japonicus is from Libault et
al. (2009); data for Cicer arietinum is from Garg et al. (2011).

ITF family M. pruriens ;:riiceetznum gg;ine 223(\1/:&90 J!Enl(::)tcl;r?icus
bHLH 227 488 393 71 64
AUX/IAA-ARF 64 216 129 24 36
C2C2-CO-like 16 15 72 15 21
C2C2-GATA 44 49 62 29 16
C2C2-YABBY 13 8 18 6 4
C3H 93 594 147 41 50
CAMTA 18 26 15 6 4
MYB 146 528 791 171 191
PHD 10 489 222 45 47
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The results of differential expression analysis (DEG) showed a total of 4387

5.6. Expression analysis

differentially expressed transcripts among three tissues of [C0620620 with >4 log-fold
expression change and significant p-value of 0.001. Among these, 1897 were
expressed commonly in all three tissue types; 191 to 372 were shared among different

tissue types and 25 to 1489 were unique to particular tissues (Figure 25A).

A Leaf Pod

Figure 25A: Differential transcript expression in leaf, root, and pod tissues - diagram
showing overlap of genes between leaf, root, and pod tissues showing differential
transcript expression

B
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Leal/iRoot

Leaf/Pod Pod/Root

Figure 25B: Differential transcript expression in leaf, root, and pod tissues - pairwise
comparisons across tissues showing differentially expressed transcripts. Those above
the line are transcripts up-regulated and those below are down-regulated within the
pairwise comparison
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In case of leaf transcriptome, totally 1606 transcripts showed up-regulation, while

2361 exhibited down regulation as compared to roots, followed by 182 up-regulated
and 550 down-regulated against the pod tissue. Likewise, pairwise comparison of
pods and roots showed 555 and 946 transcripts as up-and down-regulated,
respectively (Figure 25B). The top 50 differentially expressed transcripts in each of

the three tissues showing varying expression patterns is shown in Figure 26.

IC0620620-622 Roots IC0620620-622 Shoots IC0620620-622 Pods

Cluster |

@L%%@ "
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Figure 26: Heat map and complete linkage hierarchical clustering of differentially
expressed transcripts of leaf, pod, root, and pooled transcriptomes. The various shades
in the boxes showed similar tendencies of gene expression

From among the differentially expressed transcripts, we found 223 were related 43
different TF families such as MYB, MADS, WRKY, and bHLH some of whose
members are linked to secondary metabolite pathways. Thus, we further investigated
the expression of other genes implicated in secondary metabolism/biosynthesis. The
results revealed top 47 transcripts in this category showed varying differential

expression patterns (Figure 27). Highly expressed transcripts included those linked to
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the flavonoid, phenylpropanoid, isoprenoid, and wax pathways [Additional file 9:

Fold change expression values of the transcripts in each of the tissue analysed related
to the secondary metabolite pathways link - https://static-content.springer.com/
esm/art%3A10.1186%2Fs12864-017-3780-9/MediaObjects/12864 2017 3780

_MOESM9_ES M.xlsx; Sathyanarayana et al. 2017, BMC Genomics].

4-202 4

Leaf-IC0620620 Pod-IC0620620 Root-1C0620620

mJMﬁa

Figure 27: Differential transcript expression in leaf, root, and pod tissues - heat map
of secondary metabolite associated differentially expressed genes of leaf, pod, and
root transcriptomes. The various shades in the boxes showed similar tendencies of
gene expression. Labels along the right side correspond to transcript names.

5.7. Microsatellite based genetic linkage map

Linkage analysis was performed using JoinMap 4.0 software. A minimum LOD score
of 3.0 and maximum recombination fraction (0) of 0.50 were set as thresholds for
linkage group. Recombination fractions were converted into map distances in

centimorgans using the Kosambi mapping function.
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Using the above threshold, 32 SSR markers were mapped into 11 linkage groups

(Figure 28) which covered a total distance of 837.04 cM in length. Linkage groups
ranged from 4.49 cM to 186.48 cM in length with an average of 76.04 cM per linkage
group. While most linkage groups consisted of only two to three linked markers, two
linkage groups showed five linked markers. The largest linkage group spanned 186.48

cM (Figure 28).
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Figure 28: Thirty-two SSR markers incorporated into linkage groups constructed

using JoinMap 4 (Van Ooijen 2006) and spanning 837 cM.
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6. Discussion

Legumes are an important source of food, fodder, oil and fiber products for human
beings (Phillips 1993). They are also the source of vitamins, protein, minerals, iron,
calcium, magnesium, zinc in addition to omega-3 fatty acids (Pandey et al. 2016) and
valuable pharmaceuticals (Sathyanarayana et al. 2016). Even though quite a few
edible legumes are available on the market, their production rate, as compared to
consumption requirement, has remained unmet and an ever-increasing demand has
been witnessed (Ali and Kumar 2000). Also, changing food habit by a significant
portion of the world population to a protein-rich vegetarian based diet has created

unwarranted scarcity to plant-based protein resources (Bhat and Karim 2009).

There are several minor food legumes whose potential is underexploited. Bambara
groundnut (Vigna subterranea L.), faba bean (Vicia faba L.), adzuki bean (Vigna
angularis), velvet bean (Mucuna spp.), moth bean (Vigna aconitifolia), rice bean
(Vigna umbellata), horse gram (Macrotyloma uniflorum ), hyacinth bean (Lablab
purpureus L.), grass pea (Lathyrus sativus L.), and winged bean (Psophocarpus
tetragonolobus (L.) DC.), are important members of this grouping (Sathyanarayana et
al. 2016). Many of them possess exceptional nutritional value and are an important
source of protein in resource poor, food-deficit countries. Having adapted to marginal
growing conditions, they also serve as a storehouse of important genes linked to biotic
and abiotic stress tolerance (Bhat et al. 2008; Bhat and Karim 2009). However, almost
all these crops suffer from poorly developed infrastructure, particularly in terms of
genetic and genomic resources, thus limiting their application in the context of food

security.

Medicinal legume M. pruriens (L.) DC. has fascinated the world as a source of the

anti-Parkinson’s medicine L-DOPA (Lloyd et al. 1975). It is also a well-known green
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manure cover crop and offers significant agronomic benefits including high nitrogen

fixation, soil nutrient improvement and protein content (Pugalenthi et al. 2005;
Ceballos et al. 2012). This Ph.D. thesis describes an effort to develop genomic
resources, particularly species-specific microsatellite markers for M. pruriens using
RNA-Seq data and validate a sub-set of them on a panel of diverse genotypes.
Furthermore, a preliminary attempt has been made to develop a frame-work genetic
linkage map to act as a basis for future molecular breeding efforts in this legume

species.

6.1. Developing genetic resources through transcriptomics

The Fabaceae is second only to the Poaceae in economic importance, with a large
number of species utilized as food crops, industrial crops, fodder, medicines and
construction materials (Wiersema et al. 2016). The genome sequencing of several
legume species including Soybean (Glycine max (L.) Merr.; Schmutz et al. 2010), the
Common bean (Phaseolus vulgaris L.) (Schmutz et al. 2014), Alfalfa (Medicago
sativa L.) (Young et al. 2011), Lotus (Lotus japonicus L.) (Sato et al. 2008), Cowpea
(Vigna unguiculata (L.) Walp.) (Mufioz-Amatriain et al. 2017), Pigeon pea (Cajanus
cajan (L.) Millsp.) (Varshney et al. 2012), and Lupin (Lupinus angustifolius L.) (Hane
et al. 2017) have been completed, providing basic genomic resources across Fabaceae.
However, a number of orphan crop species used as minor food or those used for
applications other than human consumption are in need of efforts to generate genetic
and genomic resources to act as intellectual capital upon which to build a larger
scientific future. We present here the first de novo transcriptome assembly for M.
pruriens, an orphan legume crop used both for human consumption and medicine,
providing an important genetic resource base for future genetic studies and breeding
efforts.
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Within the phaseoloid legumes, Mucuna is a monophyletic genus (Moura et al. 2016)

that represents an early-branching and distinct evolutionary lineage. It is allied, in
many ways, with monotypic Haymondia wallichii (DC.) Egan and Pan (Egan and pan
2015; Egan et al. 2016) or with tribe Desmodieae (Egan et al. 2016; Li et al. 2013;
Stefanovic et al. 2009; de Queiroz et al. 2015). The inclusion of our transcriptomic
data representing the Mucuna lineage thus fills a void within the emergent resource
base of RNA-Seq data available for comparative evolutionary studies among different

legume species.

In our species-level (combined for both the varieties) transcriptome assembly, we
recovered 67,561 transcripts of which over 86% have been annotated against one or
more legume proteomes. This represents a repertoire of expressed genes that can be
used in downstream analyses for genetic analysis and crop improvement efforts. Our
total number of recovered transcripts is quantitatively similar to a number of recent
legume RNA-Seq studies. For instance, in Trifolium pratense L., Istvanek et al.
(2014) recovered 64,761 transcripts of which ~73% were annotated. From a genomic
outlook, the annotated complement of genes in our work may seem relatively higher
for a diploid species. The Phaseolus vulgaris L., (common bean) is estimated to have
~28,000 coding genes (Mufioz-Amatriain et al. 2017), Glycyrrhiza uralensis Fisch.,
(Chinese licorice) has ~ 35,500 genes (Mochida et al. 2017) whereas Glycine max (L.)
Merr., (soybean) - a recent polyploid crop (Egan and Doyle 2010) has between
~46,000 and 56,000 protein-coding genes (Glycine max Wm82.a2.vl build at
phytozome.jgi.doe.gov; Schmutz et al. 2014). The large number of annotated
transcripts in our study may be due to the presence of many isoforms, alternatively
transcribed transcripts, and/or gene fragments that failed to assemble completely with

the settings used for the de novo assembly. It may be also due to a higher complement
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of coding genes expressed in plants that produce a high quantity of secondary

metabolites (Pichersky and Gang 2000).

In gene regulation and function, transcription factors (TFs) play an important role.
Therefore, we assessed the number and distribution of transcription factors gene
families within M. pruriens (Figure 24; Table 23). The results revealed that the
overall distribution of transcripts coding for transcription factors among the various
known protein families is akin to that of soybean and other legumes (Libault et al.
2009). Transcription factors constituted ~3.3% of annotated transcripts in our work
which is similar to that in Medicago truncatula and Lotus japonicus but little higher
than that of Psophocarpus tetragonolobus (Table 25) [Additional file 5: Transcription
factors identified in the Mucuna assembly using PINTFDB link - https://static-
content.springer.com/esm/art%3A10.1186%2Fs12864-017-3780-9/MediaObjects/

12864 2017 3780 _MOESM5 ESM.xlsx; Sathyanarayana et al. 2017; BMC
Genomics] (Vatanparast et al. 2016) and significantly lower than that estimated for
soybean (Glycine max (L.) Merr.) (Schmutz et al. 2014) or chickpea (Cicer arietinum
L.) (Garg et al. 2011). Understandably, soybean is expected to have more number of
TFs than most other legumes due to its polyploid status. In our data, the MYB as well
as bHLH (basic-Helix-Loop-Helix) gene families, are two of the most prevalent TF
gene families, both of which play vital roles in secondary metabolite biosynthesis,
predominantly for flavonoid and anthocyanin compounds (Vom Endt et al. 2002).
With regards to differences within TF gene families of Mucuna relative to other
legumes, our work reported several events of expansion (e.g. C2C2-GATA, CAMTA)
and contraction (e.g. PHD), signalling the evolving nature of TF across the legume

lineages.
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6.2. Differential transcript expression across tissues

In our study, differential expression analysis carried out for three different tissues of
genotype 1C0620620 (Figure 24A-C) [Additional file 9: Fold change expression
values of the transcripts in each of the tissue analysed related to the secondary
metabolite pathways, link - https://static-content.springer.com/esm/art%3A10.1186%
2Fs12864-017-3780-9/MediaObjects/12864 _2017_3780_MOESM9_ESM.xlsx;

Sathyanarayana et al. 2017; BMC Genomics) found thousands of differentially
expressed transcripts between pods, roots and leaves. Transcripts highly expressed in
one tissue against others indicate tissue-preferred expression — the information which
is highly useful for further analysis on gene expression pattern. For instance,
transcripts related to anthocyanin biosynthesis were upregulated in leaves vis-a-vis
pods or roots (Figure 27). Uniquely expressed genes in leaf, root or pod tissues will be
of great significance to determine their contributions towards commercially important
traits in Mucuna. Genes related to secondary metabolism are particularly important
as Mucuna is a natural source of mucunain and serotonin, chemicals present in pod
hairs that cause itching (Reddy and Lerner 2010), and of elevated levels of
L-DOPA found in seeds (Brain et al. 1976). L-DOPA is the precursor to dopamine,
norepinephrine, and epinephrine (adrenaline), key neurotransmitters in the brain, and
is extensively used in the treatment of Parkinson’s disease (National Collaborating
Centre for Chronic Conditions (UK). 2006). Recent studies have revealed that some
Parkinson’s patients respond better to Mucuna seed extract as a L-DOPA source and
that this natural source is likely to be more effective as neuroprotective drug than
L-DOPA itself while reducing adverse side effects (Katzenschlager et al. 2004). In
our laboratory, efforts have been initiated towards further studies on the expression of
genes specific to L-DOPA and other important secondary metabolites in this plant to

gain more insights on the regulation of genes involved.
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Tissue-specific expression of transcripts/genes involved in secondary metabolism has

been reported in different plants, especially those possessing medicinal uses (e.g. in
citronella, Cymbopogon winterianus Jowitt (Devi et al. 2016)). For comparison
between root and leaf, we found transcripts upregulated in the root vis-a-vis leaf
transcriptomes were mostly related to secondary metabolism. Similar results have
been reported in a comparison of root and shoot tissues in Leucaena
leucocephala (Lam.) de Wit (Ishihara et al. 2016). The highly upregulated gene in the
root transcriptome related to secondary metabolism in our study was isoflavone
reductase which showed a ~6-fold surge relative to pods and leaves (Figure
27) [Additional file 9: Fold change expression values of the transcripts in each of the
tissue analysed related to the secondary metabolite pathways, link - https://static-
content.springer.com/esm/art%3A10.1186%2Fs12864-017-3780-9/MediaObjects

/12864 2017 3780 _MOESM9 ESM.xlIsx; Sathyanarayana et al. 2017, BMC
Genomics]. Isoflavone reductase is an enzyme unique to the plant kingdom involved
in the isoflavonoid phytoalexin biosynthesis and has been implicated in stress-related
responses. In soybean (Glycine max (L.) Merr.), overexpression of isoflavone
reductase was shown to enhance resistance to the Phytophthora sojae and confer
antioxidant activity in the plant (Cheng et al. 2015). As root secondary metabolites are
very less studied in M. pruriens, this information may enable newer research areas
and allow identification of novel secondary metabolites of pharmaceutical

importance.

Other transcripts associated with plant pigments such as anthocyanins revealed
differential expression in leaf tissue compared to pods and roots. These pigments
produce dark colors, mostly blue and purple in the above-ground plant tissues and

also confer important antioxidant properties (Konczak et al. 2004). The predominant
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secondary metabolism-related transcript upregulated in the leaves was chalcone

synthase, the first step enzyme in the phenylpropanoid pathway that leads to the
biosynthesis of several flavonoid secondary metabolites, including anthocyanins
(Husain 2010). NAD(P)H-dependent 6’ deoxychalcone synthase was moderately
upregulated in the pod transcriptome. This is an enzyme implicated in the
biosynthesis of isoliquiritigenin, a secondary metabolite known mainly from licorice
(Glycyrrhiza spp.), a closely related legume genus. Isoliquiritigenin exhibits a number
of beneficial pharmacological properties such as anti-viral, anti-inflammatory, anti-
microbial, and cardioprotective effects and has shown significant anti-cancer
properties (Peng et al. 2010). Thus, in combination with RNA-Seq and whole
genomic resources developed from other medicinal legumes, our transcriptome
provides a valuable resource for genetic studies related to secondary metabolites of

medicinal application and interest in legume species.

6.3. Detection and validation of microsatellite markers

Microsatellites, or SSRs, are excellent genetic markers to aid genetic diversity
assessment, constructing framework genetic maps, mapping useful genes, marker
assisted selection and comparative mapping studies as well as association analysis
(Gonzalo et al. 2005; Barakat et al. 2011). Thus, development of an SSR database
known to be polymorphic within M. pruriens was highly desired in the direction of
genetic improvement of this medicinal plant. In agreement with this need, we
detected, within our transcriptome, over 3800 EST-SSRs of di-nucleotide or higher
repeats (Table 15, Figure 16). Among these, tri-nucleotide repeats were the most
copious, a sensible result given the coding nature of the transcriptome (Varshney et al.
2005). Other legumes exhibit similar trend, including the peanut (Bosamia et al. 2015)

and winged bean (Vatanparast et al.2016).
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We found, certain repeat motifs were more prevalent than others in our ~3800 EST-

SSRs polymorphic between parents (Table 18), an observation reported even in other
legumes previously (Vatanparast et al. 2016, Mun et al. 2006). Within our
polymorphic SSR collection, (AG),, (AAG),, and (AAAG), were most common in
each repeat class (Table 18), a bias that was first identified
in Arabidopsis (Zhang et al. 2004). Inside our full set of detected SSRs, motif type
(AG/CT), comprised 70.4% of all di-nucleotide repeats, with the (CG/GC), motif
nearly non-existent (Figure 16). This bias towards AG and against CG repeats has
been proved across eukaryotes (Téth et al. 2000), including other legumes such
as Phaseolus (Blair et al. 2009b) and Psophocarpus (Vatanparast et al. 2016). Earlier
works have suggested that AG repeats are commonly found in 5> UTRs (untranslated
regions) (Mun et al. 2006) and, as such, may be related to transcription and regulation
(Zhang et al. 2004). In the full set of detected SSRs, the (AAG/GTT), repeat motifs
and their complements were the most prevalent. The order ranking of tri-nucleotide

repeat classes closely resembles that found in winged bean (Vatanparast et al. 2016).

Validation of SSRs discovered through transcriptome sequencing is an important step
to building a working marker-set for M. pruriens genetic improvement efforts. Of the
134 primer pairs we screened, over 73% amplified genomic DNA successfully across
25 Mucuna accessions. This is comparable to or little lower than other efforts to
validate genic SSR markers in legumes. Dutta et al. (2011) had 80% success rate in
pigeon pea; Liu et al. (2013) recorded 82% success in Alfalfa, whereas Jhanwar et al.
(2012) found a very high (98%) success rate in the chickpea. For transcriptome
derived SSRs, marker dropout could be possible by chimeric primers, by the primer
creation across intron/exon splice sites, or across alternative splice sites or chimeric

transcripts.
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6.4. Assessing genetic diversity and population structure

Genetic diversity within a species is subject to the relative influence of different
barriers to gene flow such as physical or geographical separation, incipient genetic or
morphological changes that impact the ability to crossbreed against promoters of gene
flow such as migration or the movement or inter-breeding of individuals by human
mediation, etc. (Ellstrand and Rieseberg 2016). Given the medicinal and
ethnobotanical importance of M. pruriens, assessing the genetic diversity within this
species is an important endeavour. Our efforts to create and validate a database of
polymorphic EST-SSR markers for M. pruriens, discussed in the earlier section,
ultimately yielded 52 polymorphic markers within 23 Indian M. pruriens accessions
representing all three varieties and sourced across India. All but two of the 52 markers
we used in the study showed adequate to high ability to discern ancestry based on the
Shannon Information Content (1) (Lewontin et al. 1972) using the suggested cutoff of
1>0.3 (Smith et al. 2004). This attested to the utility of these markers for genetic
diversity assessment. The average | across all our markers was 0.78, a value
significantly higher than the discerning power of RAPD markers in M. pruriens
(average of 0.62 across 15 primer pairs) (Padmesh et al. 2006). The average
polymorphic information content (PIC) across 52 markers was 0.24, a value close to
that obtained by Leelambika et al. (2016) but little higher than all estimates using
AFLP or RAPD data which ranged from 0.166 (Sathyanarayana et al. 2011) to 0.174
(Leelambika et al. 2016), confirming to the appropriate choice of SSR markers for

assessing genetic diversity in Mucuna.

We also explored genetic diversity across different subpopulation based on variety
(M. vars. hirsuta, pruriens and utilis), geography (Peninsular, East and Northeast

India), and empirical genetic structure (fastSTRUCTURE subgroups 1-4) (Table 20).
96



U Discussion 7

The results indicated that East India has slightly higher gene diversity than other

geographical areas, a finding somewhat surprising considering the fact that all
accessions for East India are of a single variety, M. p. var. pruriens. Peninsular India
had the highest average number of alleles. This is attributed to this area comprising
accessions from all three varieties, thus leading to an overall higher average number
of alleles by the inclusion of the allelic diversity specific to this variety. Many
cultivated crops are genetically less diverse as compared to their wild relatives (Flint-
Garcia 2013), and M. pruriens var. utilisis no exception. Wild accessions
(M. vars. pruriens and hirsuta) showed higher gene diversity and an average number
of alleles as compared to cultivated (M. p.var. utilis) accessions (Table 20),
corroborating previous studies on this aspect in Mucuna (Padmesh et al. 2006;
Leelambika et al. 2016). Similar trends have been recorded throughout legumes, for
instance within Phaseolus vulgaris (Papa and Gepts 2003). Nonetheless, estimates of
gene flow were high irrespective of subdivision type (i.e. geography, variety, genetic
structure), suggesting significant mixing among germplasm. All that said, caution is
warranted at this stage in interpreting these results given our low number of

accessions examined.

Our population genetic substructure examination revealed K =4 subgroups (Figure 19
A-C) with coefficient of ancestry placing most accessions strongly within a particular
subgroup. Both geography and variety were correlated to groupings within genetic
substructure, PCA, and clustering analyses suggesting their impact on portioning of
genetic diversity. For example, subgroups 2, 3 and 4 contained genotypes mostly
collected from the East India, Peninsular India + Maharashtra and Northeast India,

respectively, except for a few individuals whose placement was variable. Subgroup 2
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grouped only var. pruriens accessions that are mostly from Eastern India whereas

subgroup 3 mainly separated var. hirsuta with one accession each of var. pruriens and

var. utilis.

We found neither geography nor variety correlated fully with clades generated by the
NJ algorithm in contrast to earlier cluster analyses based on ISSR data where
accessions largely associated based on their taxonomic affiliations (Leelambika et al.
2016). However, a more recent analysis using ISSR and RAPD markers across several
Mucuna species, including all pruriens varieties, found evidence via UPGMA cluster
analyses for varietal cohesion of var. utilis and var. pruriens, as well as their sister
relationship, but found that var. hirsuta clustered quite distantly from the others,
suggesting a possible separate evolutionary trajectory for this variety (Patil et al.

2016).

The lack of strict varietal clustering across three population structure assessment
methods coupled with high estimates of migration and clear suggestion of at least two
hybrid individuals as found by mixed coancestry within fastSTRUCTURE analyses
suggests that hybridization takes place easily between varieties in this species, a
conclusion also suggested previously (Leelambika et al. 2016). It is also possible that
these variations may signify ancestral states perpetuated into extant populations.
However, the small population size used in this study resulted in limited power to
clearly recognize subgroups containing consistent genotypes across the three methods
tested. Thus, a comprehensive study involving higher number of samples derived
from extended geographical regions are needed to make generalized inference on the

population structure and divergence of Indian M. pruriens.
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6.5. Genetic linkage map

The 32 polymorphic EST-SSR markers used in our study were mapped into
11 linkage groups which covered a total distance of 837.04 cM in length. Linkage
groups ranged from 4.49 cM to 186.48 cM in length with an average of 76.04 cM per
linkage group. While most linkage groups consisted of only two to three linked
markers, two linkage groups showed five linked markers. The largest linkage group

spanned 186.48 cM.

From a genetic perspective, our efforts to develop framework linkage map met with
limited success owing to low resolution of the map. This was due to the failure of
microsatellite amplification in a large number of progenies and/or extreme linkage
distortion. The reasons for such deviation within genic microsatellite markers
especially in an inter-varietal cross are well-known (Min et al. 2017). As the map
attained is of lower resolution than expected, this result can be at best described as a
preliminary result. This also restricts its relevance for larger scientific
discussion/inferences. Thus, large number of markers from extended SSR collection
must be tried out in the future to convert this into a workable genetic linkage map.
Markers developed both from MISA and IobSTR analysis in this project work
provides enough scope for accomplishing this and holds significant promise to go

over this objective once again in the near future.
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7. Summary and Conclusions

M. pruriens is a plant with promising benefits. It is widely known for valued drug
L-DOPA (L-3,4-dihydorxyphenylalanine) - a precursor of neurotransmitter dopamine
as well as nutritional and soil improving properties. Non-availability of genomic
resources, however, has impended effective utilization of its genetic resources for

breeding key agronomic traits.

Microsatellites or simple sequence repeats have emerged as choice markers in plant
genetics and breeding owing to many desirable attributes including codominant
inheritance, reproducibility, relative abundance, wide genome coverage, chromosome
specific location and amenability for automation. However, no effort has been made
till date towards their development and deployment in M. pruriens breeding program.
In this background, the current Ph.D. thesis aimed to develop and validate species

specific EST-SSR markers for M. pruriens through RNA-Seq data analysis.

Our Illumina sequencing efforts on two contrasting genotypes generated ~18.24 GB
data comprising 167,986,452 and 27,801,324 raw reads for genotypes 1C0620620 and
1C0620622 respectively. The Trinity assembly generated after filtering the raw reads
yielded 67,561 high quality transcripts. This represents a large collection of genes for
downstream analyses and future genetic improvement efforts in this crop.
Additionally, the inclusion of our transcriptomic data representing
the Mucuna lineage fills a gap within the developing resource base of transcriptomic

data available for comparative evolutionary studies across the legume species.

In our transcriptome, we assessed the number and distribution of TF gene families

within M. pruriens. The results indicated that the overall distribution of TF encoding
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transcripts among the various known protein families is akin to that of other legumes
with MYB and bHLH emerging as two most predominant TF gene families.
Differential expression analysis found thousands of differentially expressed
transcripts among three tissues of genotype 1C0620620. This information will be
helpful for further analysis on gene expression pattern in this species particularly of
those involved in secondary metabolite pathways including that of L-DOPA. Based
on this information, efforts have been initiated in our laboratory for further
investigation on the expression of genes specific to L-DOPA as well as other
secondary metabolites in this species to gain further understanding on the regulation

of genes involved.

Development of an EST-SSR database within M. pruriens was highly desired in the
direction of genetic improvement of this medicinal plant and therefore was a principal
focus of this thesis. From our transcriptome analysis, we successfully detected a total
of 6284 transcripts within which 7943 potential EST-SSRs were discovered. Further,
for the first time in any legume species, we used a specialized program called IobSTR
for identifying polymorphic SSRs between the contrasting parents. This screening
identified over 4000 pSSRs which represents the largest collection of polymorphic

SSR information in this crop so far.

Validation of discovered marker is yet another important criterion towards building a
working marker set for M. pruriens. For this, we chose a sub-set of 134 primer pairs,
over 73% of which amplified genomic DNA successfully across
25 Mucuna accessions. This is comparable to other efforts to validate genic SSR

markers in legumes.
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Given the medicinal and ethnobotanical importance of M. pruriens, assessing the
genetic diversity within this species is an important endeavour. We therefore explored
genetic diversity across different subpopulation based on variety, geography, and
empirical genetic structure. The result indicated that the species has moderately higher
gene diversity in East India than other geographical areas. Peninsular India had the
highest average number of alleles. Wild accessions (M. p. vars. pruriens and hirsuta)
showed greater gene diversity and average number of alleles as compared to
cultivated (M. p. var. utilis) accessions. Estimates of gene flow were high irrespective

of subdivision type, suggesting significant mixing among germplasm.

Our population genetic substructure examination revealed K=4 subgroups with
coefficient of ancestry placing most accessions strongly within a particular subgroup.
Both geography and variety were correlated to groupings within genetic substructure,
PCA, and clustering analyses suggesting their impact on portioning of genetic
diversity. We found neither geography nor variety correlated fully with clades
generated by the NJ algorithm. The lack of strict varietal clustering across three
population structure assessment methods coupled with high estimates of migration
and clear suggestion of at least two hybrid individuals within fastSTRUCTURE
analyses suggests that hybridization takes place easily among the varieties in this
species. It is also possible that these variations may signify ancestral states
perpetuated into extant populations. However, the small sample size used in this study
resulted in limited power to accurately recognize subgroups containing consistent
genotypes across all the three methods tested. Thus, further studies involving a large
number of samples derived from an extended geographical region are needed to make
generalized conclusions on the divergence and population structure of Indian M.

pruriens.
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Towards genetic linkage map construction, 32 polymorphic EST-SSR markers used
were mapped into 11 linkage groups which covered a total distance of 837.04 cM in
length. Linkage groups ranged from 4.49 cM to 186.48 cM in length with an average
of 76.04 cM per linkage group. While most linkage groups consisted only two to three
linked markers, two linkage groups showed five linked markers. The largest linkage
group spanned 186.48 cM. However, as the map attained was of lower resolution than
expected, the result can be at best described as a preliminary outcome. This also
restricts its relevance for larger scientific discussion/inferences on this topic. Thus, a
large number of markers from extended SSR collection must be tried out in future to
convert this into a workable genetic linkage map. Markers developed from this project
provide enough scope for accomplishing this and holds significant promise to go over

this objective in the near future.
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8. Avenues for future research

Medicinal and agronomic potential of M. pruriens has remained largely
underexploited. Efforts are needed to breed improved varieties not only for high or
low L-DOPA content but also for developing cultivars resistant to biotic and abiotic
stresses. Varietal development focusing on traits such as early maturing, erect, dwarf,
self-supporting determinate cultivars and non-shattering pod with reduced anti-
nutritional factors are other major breeding objectives in velvet bean. For initiating
molecular breeding efforts towards attaining these goals, characterizing world-wide
germplasm and developing functional markers such as EST-SSRs, SNPs, Intron
spanning regions etc. are an immediate need. Also, so far, only two genetic linkage
maps are available, that too with dominant AFLP markers. More efforts are needed to
develop high density QTL-maps based on codominant markers as well as association

analysis of target traits.

In addition, diminishing genotyping and sequencing costs are fuelling new hopes of
whole genome sequencing as well as sequence-based trait mapping such as
genotyping by sequencing (GBS) and/or Genome wide association studies (GWAS) in
this crop. These efforts in combination with other ‘omics’ techniques such as
proteomics and metabolomics can foster discovery of candidate genes and pathways
involved in important biochemical and agronomic traits. As genome sequencing is
becoming increasingly affordable, efforts such as deep sequencing of velvet bean
genome should be put forward to enable large scale analyses of gene content,
evolution of repetitive elements, linkage and association mapping. Prior to that, it is
important to answer key questions concerning domestication and migration history of

this orphan legume to bring its evolutionary history into perspective.
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Abstract

Velvet bean (Mucuna pruriens var. utilis) offers significant economic benefits to tropical agriculture as food, fodder and
medicinal crop; but suffers from poor breeding efforts. The genetic diversity and taxonomic confusion prevailing in this
plant are not well investigated so far. In this study, we used a set of 43 transcriptome derived genic-microsatellite markers
on a panel of 18 pan-India velvet bean accessions to determine the genomic composition and population structure. The
results revealed low to moderate genetic diversity (average Ht=0.25), low population differentiation (Fst: 0.05) and a high
estimate of gene flow (Nm: 4.71). Extensive admixture and absence of clear-cut population structure characterize this set of
collection. The results underscore the need for comprehensive pre-breeding efforts to broaden the genetic diversity of this

important medicinal legume crop.

Keywords Microsatellite - Velvet bean - Population differentiation - Genetic diversity - Admixture

Introduction

Mucuna pruriens (L.) DC. is a self-pollinated tropical leg-
ume characterized by high N, fixing ability, biomass produc-
tion and protein content [15]. It is also the key natural source
of L-Dopa (3, 4-dihydroxy-L-phenylalanine)—a nonprotein
amino acid used in treatment of Parkinson’s disease [1, 4].
The plant is a native to China and eastern India where it was
once cultivated as green manure cover crop [9, 16, 30]. It
is now widely distributed all over the Indian sub-continent
and beyond—both in wild and cultivated forms. In India,
it is recognized by three distinct botanical varieties classi-
fied based on the nature of pod pubescence. The wild varie-
ties viz., var. pruriens and var. hirsuta possesses abundant,
long stinging pod hairs and are known by the name “itching
bean”—the name evocative of itchy dermatitis they induce
due to an allergic reaction caused by proteinaceous sub-
stance mucunain in the trichome hair [5]. The cultivated
var. utilis possesses non-stinging, silky hairs and is com-
monly referred to as velvet bean. The economic benefits of
the latter are dealt in greater detail in more recent review

< N. Sathyanarayana
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Department of Botany, Sikkim University, 6th Mile, Samdur,
Tadong, Gangtok, East Sikkim 737102, India

Published online: 25 May 2019

papers [7, 30]. From the taxonomic view point, dozen or so
cultivated Mucuna species are reported so far in the genus
Mucuna [28]. These include M. deeringiana, M. utilis, M.
pruriens, M. cochichinensis, M. nivea, M. capitata, M. has-
sjoo, M. diabolica, and M. aterrima [19, 21, 30]. However,
a more recent monograph on this genus [22] determined
these as merely synonyms of M. pruriens var. utilis. None-
theless, wide-ranging morphological variability coupled
with numerous inter-varietal hybrids [1, 3] as well as geno-
types introduced from earlier seed exchange programs pose
significant challenge for the taxonomic identification and
parental selection in velvet bean breeding programs even
today. Thus, DNA profiling using molecular markers could
help to determine the genomic composition in the germ-
plasm collection and provide way forward for future genetic
improvement studies in this crop [32]. Thus, we applied a
set of 50 polymorphic genic-microsatellite markers derived
from our recent transcriptome sequencing efforts to analyze
genetic variation in velvet bean germplasm of India. Genic
microsatellites were particularly chosen as they represent
the coding region of the genome and thus provide a reliable
estimate of genetic diversity.

@ Springer
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the Context of Some Underutilized
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Abstract

Broadeninglegume resource base is imperative to meet the ever-increasing demand
for protein-rich diet in the developing world. Many legumes species considered to
be minor on a global scale have now been investigated and found to possess excel-
lent nutritional value. Some of them are even a storehouse of rare drug molecules.
Till date, their large-scale adoption for cultivation has remained unmet owing to
poor research investments in these crops. Many of them have skipped genom-
ics revolution and lack targeted genetic improvement programs. Recently, there
has been renewed interest in these crops, and progress in genetic and genomics
resources development is catching up, fueling greater promise toward molecular
breeding and gene discovery programs in the near future. This review focuses
on providing nutritional potential and prospects of genomic research in four
lesser-known legume species: velvet bean, winged bean, rice bean, and lablab
bean, which are grown as minor crops across the Indian subcontinent.

Keywords: Genomics, legumes, genomic resources, transcriptome, nutritional
potential, segregant population, genetic map

1.1 Introduction

Trends in human population growth and pattern of consumption imply that
the global demand for food will continue to grow for the next 40 years. This,
along with depleting land and water resources in addition to climate change,
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Abstract

Background: The medicinal legume Mucuna pruriens (L) DC. has attracted attention worldwide as a source of

the anti-Parkinson’s drug L-Dopa. It is also a popular green manure cover crop that offers many agronomic benefits
including high protein content, nitrogen fixation and soil nutrients. The plant currently lacks genomic resources and
there is limited knowledge on gene expression, metabolic pathways, and genetics of secondary metabolite production.
Here, we present transcriptomic resources for M. pruriens, including a de novo transcriptome assembly and annotation,
as well as differential transcript expression analyses between root, leaf, and pod tissues. We also develop microsatellite
markers and analyze genetic diversity and population structure within a set of Indian germplasm accessions.

Results: One-hundred ninety-one million two hundred thirty-three thousand two hundred forty-two bp cleaned reads
were assembled into 67,561 transcripts with mean length of 626 bp and N50 of 987 bp. Assembled sequences were
annotated using BLASTX against public databases with over 80% of transcripts annotated. We identified 7,493 simple
sequence repeat (SSR) motifs, including 787 polymorphic repeats between the parents of a mapping population. 134
SSRs from expressed sequenced tags (ESTs) were screened against 23 M. pruriens accessions from India, with 52 EST-SSRs
retained after quality control. Population structure analysis using a Bayesian framework implemented in fastSTRUCTURE
showed nearly similar groupings as with distance-based (neighbor-joining) and principal component analyses, with most
of the accessions clustering per geographical origins. Pair-wise comparison of transcript expression in leaves, roots and
pods identified 4,387 differentially expressed transcripts with the highest number occurring between roots and leaves.
Differentially expressed transcripts were enriched with transcription factors and transcripts annotated as belonging to
secondary metabolite pathways.
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Abstract Integrating targeted metabolic profiling with ge-
netic diversity estimates is vital for selecting genetic
stocks for breeding as well as mapping a biochemical
trait. In Mucuna pruriens (L.) DC., copious amount of
L-Dopa in seeds is viewed both as a boon and bane.
Our objective of this work was to assess in conjunction
both L-Dopa and genomic diversity in a selected set of
germplasm to elucidate their relationship and identify par-
ents for L-Dopa breeding/mapping. The findings revealed
good genetic as well as metabolic (L-Dopa) diversity
among the studied accessions. However, we could not
establish direct relationship between these two as the
marker data measured using AFLP and ISSR were not
correlated with the seed L-Dopa contents. Based on the
consensus information from both the data sets, seven pa-
rental combinations have been suggested. These findings
are expected to pave way for genetic improvement as well
as genetic mapping of L-Dopa trait besides integration of
molecular markers in M. pruriens breeding programs.
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Introduction

Genetic diversity among the members of a species is critical
prerequisite for successful plant breeding programs. Its two
major data sources: trait phenotype and DNA markers denote
different facets of genome polymorphism, and are sometime
applied independently in parental selection. However, when
neutral DNA markers are employed for this purpose, integra-
tion of phenotypic data with genotypic information is strongly
recommended. This consideration is even more critical in case
of' biochemical traits where the trait expression is restricted by,
among other things, the fitness it confers to the plant. In such
cases, especially for the crops with a long history of domesti-
cation that possess commercially relevant chemical pheno-
types, complementation of DNA markers with chemical pro-
filing is considered necessary to achieve the desired end re-
sults (Laurentin et al. 2008).

Mucuna pruriens L. (DC.) - is a self-pollinated tropical
legume classified within the phaseoloid clade of
Leguminosae which also includes soybean, mung bean and
relatives. It is the source of several important pharmaceuticals
(Warrier et al. 1996), the most prominent being 3, 4
dihydroxy-L-phenylalanine (L-Dopa), present in copious
quantity in seeds (1.4-9.1 %). Daxenbichler et al. (1971)
screened 1000 species in 135 plant families, and found only
Mucuna sp. to contain sufficient L-Dopa for commercial use.
Biochemically a non-protein amino acid produced as an inter-
mediary product in the enzymatic synthesis of dopamine from
L-tyrosine, its efficacy for the treatment of Parkinson’s disease
is well established (Soares et al. 2014). However prolonged
consumption of drug or preparations containing it is known to
induce severe side effects in humans as well as diminish per-
formance and health in livestock (Katzenschlager et al. 2004).
Due to this, it is regarded as greater risk among all the anti-
nutritional substances present in this otherwise protein rich
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