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1. General Introduction

1.1 Medicinal plants in healthcare

According to World Health Organization (WHO), around 5.2 billion people around
the world live in less developed countries, mostly in Asia and Africa (Rao and Rajput
2010). About 80% of them (~3.3 billion) depend on traditional medicines for their
primary healthcare needs (Chakraborty 2018). Almost 2000 indigenous groups around
the world practice their own healthcare systems conserved through oral traditions (Liu

et al. 2009; Kebriaee-zadeh 2003).

Medicinal plants are the “backbone” of traditional healthcare system (Davidson-Hunt
2000). The use of plants as medicine dates back to antiquity and to the dawn of
civilization. There are abundant evidences in favor of plants being used for the
treatment of diseases and fortifying human body systems in ancient medical text such
as Ayurveda and alternative medical systems such as Unani, Sidda and Chinese
traditional medicine (Mahima et al. 2012; Sen and Chakraborty 2016). Plant based
healing systems, typical of indigenous groups, also evolved in parallel over the
centuries in different cultures and communities (Kirmayer et al. 2003). The major
benefit of using plant based products for healthcare needs is their holistic action on
the body and lack of side effects (Gautam et al. 2012). They also command better
cultural acceptability (Williams and Ahmad 1999). Recently, bio-prospection of
plants for therapeutically important and biologically active molecules is gaining
impetus. Large scale screening of plant extracts have led to discovery of new
pharmaceutical leads for a number of life threatening diseases (Dewick 2002; Gullo et
al. 2006). Many successful plant based drugs are already in the market for the

treatment of diseases ranging from fever to cancer to neurological problems (Table 1).



Table 1 High value drugs derived from the medicinal plants (Chakraborty 2018)

Drugs Medicinal plant Action against
Vinblastine Catharanthus roseus
Vincristine Catharanthus roseus
Camptothecin Camptotheca acuminate Cancer
Taxol Taxus baccata
Podophyllotoxin Podophyllum peltatum
Artemisinin Artemisia annua
Quinine Cinchona ledgeriana Malaria
Quinoline Cinchona ledgeriana
Digoxin Digitalis purpurea
Digitoxin Digitalis purpurea Cardiac disorder
Quinidine Cinchona ledgeriana
Codeine Papaver somniferum .
- : Analgesic
Morphine Papaver somniferum
Allicin Allium sativum Diabetes
S-Methyl Cysteine Sulfoxide Allium cepa
Nicotine Nicotiana tabaccum Brain disorder
Caffeine Coffea canephora
Diosgenin Dioscorea Mexicana
‘ e Sexual problems
Stigmasterol Glycine max
Cannabinoids Cannabis sativa Psycho-disorder
Tubocurarine Chondodendron tomentosum Muscle disorder
Atropine Atropa belladonna
- - Nervous system
Hyoscyamine Hysocyamus niger

India contributes to about 7% of the world biodiversity and is one of the 12 mega
diverse countries in the world with 16 agro-climatic zones, 15 biotic provinces and
426 biomes (Ghose 2017). Here, plants are distributed from Himalayan to marine and
desert to rain forest ecosystems with over 8000 of them reported to have medicinal
uses (Kamble et al. 2009). The domestic demand for medicinal plants was estimated
at 1, 95,000 MT with an export demand of 1, 34,500 MT during the year 2014-2015.
The consumption of crude drug was 5,12,000 MT in the year of 2014-15 which
accounted for net worth of ¥ 5,500 Cr (Rathore and Mathur 2018). A remarkable
elevation in the export of herbal medicines has been witnessed from ¥ 345.80 Cr in
2005-2006 to ¥ 3,211 Cr in 2014-2015. This shows the market potential for herbal

medicines have increased about nine folds in the last 10 years (Mungikar 2018),
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suggesting India has excellent potential to harness the economic power of this unique

natural resource.

1.2 Genetic improvement of medicinal plants

Genetic improvement of medicinal plants, as compared to traditional food crops is in
the nascent stage with much desired in terms of breeding efforts. Increased yield of
valuable compounds, elimination of unwanted compounds, tolerance to abiotic and
biotic stresses and better homogeneity of the cultivars are some of the challenges that
need attention (Carlen 2011). Encouragingly, medicinal plants show abundant
diversity in wild habitats, germplasm collections and/or already developed cultivars
which can be tapped for novel genes and metabolic pathways. It is therefore important
to conserve and diversity germplasm base to prevent loss of genetic diversity,
including the diversity within species (Kasso and Balakrishnan 2013). Such efforts
have been initiated in Acorus calamus (Chauhan et al. 2006), Aloe vera (Lal et al.
2015), Andrographis paniculata (Mishra et al. 2003), Artemisia annua (Kumar et al.
1999), Asparagus racemosus (Singh et al. 2007), Bacopa monnieri (Darokar et al.
2007), Casia senna (Singh et al. 1997), Catharanthus roseus (Kulkarni et al. 1997),
Foeniculum vulgare (Lal et al. 2006), Lippia alba ( Kumar et al. 1999), Mentha
citrate (Tyagi et al. 1988), Ocimum aficanum (Lal et al. 2014), Papaver somniferum
(Lal et al. 2010), Withania somnifera (Lal et al. 2011) and Hyoscyamus niger (Sharma
et al. 1987). Improved varieties/cultivars have been developed in Artemisia annua
(Alin 1997), Hypericum perforatum (Debrunner et al. 2000), Ginko biloba (Canter et
al. 2005), Thymus vulgaris (Mewes et al. 2008), Catharanthus roseus (Kulkarni et al.
2016), Vetiveria zizaniodes (Lavania et al. 2016), Medicago truncatula (Bell et al.

2001), Salix aegyptiaca (Asgarpanah 2012), Origanum majorana, Foeniculum



vulgare, Carum carvi and Hypericum perforatum (Pank, 2010) etc. both at National

and International levels.

High natural variability present within medicinal plant species is one of the reasons
that classical breeding approaches were mainly used till now (Pank 2010). The other
reasons are that these methods are relatively cheap and allow a return on investments
(Canter et al. 2005). On the other hand, breeding new cultivar by conventional
methods generally takes 5 to 15 years according to species and the selection criteria
(Pank 2010). Thus, to react more quickly to the requirements of the stakeholders,
methods to accelerate the breeding procedures must be factored in, while planning the

improvement programs.

Molecular breeding can be a promising approach to this effect. In recent years,
targeted use of DNA markers has made it possible to identify genomic regions that
control variations in secondary metabolites, including quantitative traits loci (QTLS)
(Collard et al. 2005). For example, in Allium cepa (McCallum et al. 2007) QTL
mapping allowed identification of a genomic regions controlling high-fructan content
(McCallum et al. 2006). A QTL for pungency, mapped in Capsicum annuum (Blum
et al. 2003), has been cloned and sequenced revealing it was different from structural
genes involved in biosynthetic pathways of capsaicinoids (Blum et al. 2003). Other
QTL analyses for plant secondary metabolites includes: Limonene content in
Eucalyptus grandis (Shepherd et al. 1999); linalool, nerol and geraniol contents in
Vitis vinifera (Ronning et al. 1999), fruit metabolites in Solanum lycopersicum
(Schauer et al. 2006); S. tuberosum and S. berthaultii (Yencho et al. 1998) and
swerchinin, swertanone, and swertianin contents in Swertia chirayita (Misra et al.
2010). Analyses have been also carried out in a number of plant species for several

targeted and non-targeted metabolites in order to discover the nature of inheritance



and location of genetic controls - which are elegantly discussed in a review (Kumar
and Gupta 2008). More importantly, the studies in Arabiodopsis thaliana
(Kliebenstein et al. 2002) have shown that the content of plant secondary metabolites
exhibits transgressive segregation which implies unique opportunity to recover

extreme phenotypes for the desired traits (Keurentjes et al. 2006; Schauer et al. 2006).

In addition, EST databases can be used directly for developing functional markers for
prediction of phentoypes (Kumar and Gupta 2008). EST databases for active
ingredients have been developed in several medicinal plant species which include
Plantago major (Aucubin), Gloriosa superba (Colchicine, sitosterol and luteolin),
Withania somnifera (Withaferin A and other alkaloids), Glycyrrhiza uralensis
(Flavanoids), Papaver somniferum (Morphine and codeine), Mentha piperita
(Terpenoids), Allium species (Alliin), Capsicum annuum (Capsaicin, capsaicin and
solanine), Artemisia annua (Artemisinin), Nicotiana tabacum (Nicotine). The details
of these resources are available in http://www.ncbi.nlm.nih.gov; Kumar and Gupta
(2008). Additionally, transcriptomes of hundreds of medicinal plants have been
sequenced, eg, Caryophyllales (Yang et al. 2015), Fabaceae (Cannon et al. 2015),
Oenothera (Onagraceae) (Hollister et al. 2015), Rhodiola algida (Zhang et al. 2014),
Salvia sclarea (Hao et al. 2015), Polygonum cuspidatum (Hao et al. 2012) and Taxus
mairei (Hao et al. 2011). The information uncovered from these studies serves as an
important resource base for the characterization of traits related to secondary
metabolite formation and for probing the relevant molecular mechanisms (Zhang et al.
2014). Further, several SNPs and single-copy orthologous gene sequences have been
extracted from the unigene datasets of multiple medicinal plants (Hao et al. 2012).
They can be effectively employed for large-scale phylogenetic reconstruction and

evolutionary analyses (Yang et al. 2015) in these species.
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Recently, whole genome sequencing has been implemented in several representative
medicinal plant species including Ganoderma lucidum (Chen et al. 2012), Ziziphus
jujuba (Li et al. 2014c), Catharanthus roseus (Kellner et al. 2015), Panax
notoginseng (Chen et al. 2017), Camptotheca acuminate (Zhao et al. 2017),
Calotropis gigantea (Genevieve et al. 2018), Azadirachta indica (Chakraborty 2018)
and many others. They have emerged as valuable model for studying the genetics and
metabolic activities of these herbs (Kellner et al. 2015). These efforts are providing
greater impetus to breeding programs. In cases where conventional breeding is not
successful, new approaches like RNAI technology is providing remarkable alternative
for trait regulation (Allen et al. 2004). This technique, as applied in Papaver
somniferum, resulted in accumulation of precursor (s)-retculine at the expense of
morphine, codeine, oripavine and thebaine (Kumar and Gupta 2008). Besides, a
systems biology approach along with metabolomics is providing promising results to
identify elite cultivars that possess desirable levels of drug molecule/pharmaceuticals
as reported in A. cepa and S. lycopersicum (Saxena and Cramer 2013). Thus,
scientists are gradually recognizing the importance of integrated approach to study the
organism at a cellular and organ levels and describe biological regulation of
secondary metabolites in a most inclusive way. Among others, plant breeders will be
the major beneficiaries of this approach to develop improved cultivars with better

productivity.

1.3 Medicinal legumes

Fabaceae is the third-largest family of angiosperms comprising ca. 730 genera and ca.
19,400 species (Lewis et al. 2005). It includes many valuable plants such as crops,
vegetables, timbers, ornamental and medicinal plants (Maesen and Somaatmadja

1992; Gepts et al. 2005; Brink & Belay 2006; Saslis-Lagoudakis 2011). More than 50



legume species belonging to 38 genera are used in local health traditions (Arora and
Chandel 1972). Many of them possess unique secondary metabolites with important
pharmacological activities (Southon 1994; Dixon and Summer 2003). This includes
alkaloids, polyphenols, phytoestrogens, phenolic compounds, phytic acids, saponins,
lupin, quinolizidine alkaloids and isoflavones (Lopez et al. 2004; Gonzalez-Castejon
and Rodriguez-Casado 2011). Investigations have revealed high structural diversity
among legume secondary metabolites comprising more than 21,000 alkaloids, 700
non-protein amino acids (NPAA), 200 cyanogenic glucosides and glucosinolates,
20,000 terpenoids, 10,000 polyphenols, 1500 polyacetylenes and fatty acids, 750
polyketides, and 200 carbohydrates (Wink 2013). They exhibit wide ranging
properties such as antioxidant, anti-inflammatory and prevention of obesity, aging,
diabetes and heart related ailments (Sharma et al. 2011; Prakash et al. 2011).
Isoflavonoids are particularly widespread in the Papilonoideae subfamily (Wink
2013). They reveal estrogenic, antiangiogenic, antioxidant and anticancer activities
(Dixon and Ferreira 2002) and also useful in chemoprevention of osteoporosis and
complications associated with postmenopausal and cardiovascular diseases (Alekel et
al. 2000). Legumes (soybean and chickpea) containing certain prenylated
isoflavanone such as daidzein, genistein and biochanin (Dixon et al. 2003) have been
used by the Zulu’s of South Africa for the treatment of impotency and erectile

dysfunction (Drewes et al. 2002).



1.4 An overview of Mucuna pruriens (L.) DC.
1.4.1 Botanical description

Mucuna pruriens (L.) DC. is a self-pollinated tropical legume classified within the
phaseoloid clade of Leguminosae (Sathyanarayana et al. 2016). It has a diploid
genome with 22 pairs of chromosomes (2n=2x=22) (Sastrapradja et al. 1974) and an
estimated genome size of 1361 Mbp (Sathyanarayana et al. 2017). Botanical
description and general characters of the species are presented in the Tables 2 and 3.
Unique feature of the plant is densely covered pod hairs with persistent pale-brown or
grey trichomes that cause intense irritation to human skin. The chemical compounds
responsible for itching property have been identified as two proteins viz., mucunain

and serotonin (Agharkar et al. 1991).

Table 2 Botanical classification of Mucuna pruriens (L.) DC.

Based on APG-II
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 Cowhage, Cow-itch, Velvet bean, Bengal bean, Itchy bean,
Krame, Picapia, Chiporra, Buffalo bean, Devil bean




Table 3 General characters of M. pruriens

Vegetative Characters

Roots

Fleshy, usually well nodulated and produced near soil surface.

Stems The long trailing stems are rather slender and sparsely pubescent.
Growth pattern Indeterminate
Growth habit Indeterminate climber

Twining tendency

Pronounced.

Leaves

Numerous, Alternate, Trifoliate, lanceolate/ovate to lanceolate

Leaf texture

Coriaceous/ Membranous

Plant hairiness

Glabrous/ Short appressed hairs/ Pubescent/ Hirsute

Floral and Fruit characteristics

Flower colour

Purple or Yellowish white

Inflorescence

Long cluster raceme

Pod colour

Dark Green or silvery grey

Pod curvature

Slightly curved/ Curved/ ‘S’ Shaped

Pod pubescence colour

Golden Orange/ Velvety Black/ Creamish white

Pod sensation

Itching or Non-Itching

Seed colour

Brown, Black, White, Dark Brown, Grey

Seed shape

Oval, Cuboid, Round

Seed coat patterns

Black /Brown mottled/ Absent

Seed yield

12.83-200.92 g/100seeds

Chromosome Number

2n=2x=

22

1.4.2 Distribution and agronomic potential

M. pruriens came from eastern India or southern China (Burkill 1966; Duke 1981,
Wilmot-Dear 1984). It is now widely distributed in tropical and subtropical regions of
the world including Asia, America and Africa (Fung et al. 2011; Kumar and Saha
2013) with predominant presence in southeast Asia mainly in India, Bangladesh, Sri
Lanka and Malaysia (Fung et al. 2011; Kumar and Saha 2013). In India, it is found in
wild from Himalayas to cape camorin and up to 3000 feet elevation in the hills (Arora

1991). The plant occurs in bushes and damp places of scrap jungles. It grows well in



acidic soil (pH<5.8) with annual rainfall > 400 mm and annual temperature

19°C-27°C (Kumar and Saha 2013).

M. pruriens offers promising agronomic benefits. It generates seed yield of 2000
kg/hectare (Buckles 1995), thrives well under low fertility soil (Siddhuraju et al.
2000), possess resistance against several diseases (Eilitta et al. 2002), shows
allelopathic properties (Fujii et al. 1991) and effective in reducing nematode
population (Carsky and Ndikawa 1998; Gowen et al., 2005). Its impact as green
manure cover crop (GMCC) is well documented in earlier reports (Eilitta et al. 2003;
Jorge et al. 2007). Fast-growing habit of the plant allows groundcover in 60-90 days
resulting in large biomass accumulation vis-a-vis other cover crops (Tarawali et al.
1999). Due to high N fixing ability, it is regarded as “example of green manures
contribution to the sustainable agricultural system” (Buckles 1995). Seeds are also
traditionally used as minor food by many indigenous communities in Asia and Africa
(lyayi and Egharevba 1998, Diallo et al. 2002) and seed-powder can be beneficially
supplemented with livestock feed (Burgess et al. 2003). It is also a source high value
industrial starch (Betancur-Ancona et al. 2002; Lawal 2004). Oil from the seed is used
in the preparation of paint, polish, resin, dye, wood varnish, skin cream and soap

(Ajiwe et al. 1997).

1.4.3 Therapeutic properties

Mucuna species in general and M. pruriens in particular have attracted great demand
from pharmaceutical industries (Siddhuraju et al. 2000; Siddhuraju and Becker 20014a;
Bressani 2000). This is largely due to presence of L-Dopa — the drug widely used for
the treatment of Parkinson’s disease and stimulate aphrodisiac actions (Pulikkalpura

et al. 2015). Various constituents that support anti-parkinsonian activity of levodopa
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in Mucuna seed is presented in Table 4. The seed power also reveals anti-diabetic

(Horbovitz 1998), anti-inflammatory, antimicrobial (Sofowora 1982) neuroprotective

(Misra and Wagner 2007), anti-venom (Guerranti et al. 2008) and antioxidant (Bravo

1998) properties (Sathiyanarayanan and Arulmozhi 2007).

Table 4 Constituents of M. pruriens supporting anti-parkinsonian activity
(Kasture et al. 2013)

Constituents

Pharmacological action/use

References

Inhibits dopa decarboxylase

Umezawa et al. 1975

Neuroprotective

Baluchnejadmojarad et al. 2009

Genisten Tyrosine kinase inhibitor Dunne et al. 1998
Improves neuronal plasticity Mandel et al. 2005
Iron chelator Graf and Eaton 1990
Phytic acid Suppresses _ MPTP _mduced Obata 2003
hydroxyl radical generation
Glutathione Free radical scavenging Kidd 1997
Nicotine Reduces  levodopa — induced Quik et al. 2009; Huang et al. 2011

dyskinesia in rat model of PD

Bufotenine, DMT, | 5-HT1A agonist, reduces | Mufioz et al. 2008; Pytliak et al.
5MeO-DMT dyskinesia 2011; Riahi et al. 2011
. Neuroprot(_ectl'vg, ant|0>-<|'d ant, Maher and Davis 1996; Ruscher et
B-carboline MAO inhibitor  facilitates al. 2007 Moura et al. 2007
activity of DMT ' ’ '
Stearic acid. oleic Neuroprotective: Activates | Lauritzen et al. 2000; Wang et al.
. " | peroxisome proliferator- | 2006; Bousquet et al. 2008; Schintu
acid, linolenic .
acid activated receptor-gamma (arrest | et al. 2009
PD progression)
o Decreased confusion, | Barbeau 1980
Lecithin . .
hallucinations and nightmares
Gallic acid Neuroprotective Lu et al. 2006; Sameri et al. 2011

Coenzyme- Q10

Slows functional decline in early
stage of PD

Shults et al. 2002

Serrano-Duefias et al. 2001; Kari et

Harmine Glutamate receptor antagonist al. 2009

L-tyrosine, Karobath et al. 1971; Charlton and
L-tryptophan, Nutritional value Crowell 1992; Zeevalk et al. 2007;
serotonin Hinz 2009
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1.5 L-Dopa - The key secondary metabolite

L-3,4-Dihydroxyphenylalanine, commonly known as L-Dopa or levodopa (Chemical
abstract service number 59-92-7) is a naturally occurring non-protein amino acid
produced in animals and a few plant species (Kuklin and Konger 1995). It has
chemical formula CoH11NOQa4, giving a molar mass of 197.19 g/mole. The structure is
characterized by the presence of two OH, NH; and a single COOH as a functional

group attached with main skeleton (Fig. 1).

e
HO CHa G COOH
H

HO

Fig. 1: Chemical structure of 3 - (3!, 4' — dihydroxyphenyl) - L - alanine (L - Dopa)

More importantly, L-Dopa is a precursor to dopamine and is considered as gold
standard in the management of Parkinson’s disease (PD) and dystonia (Calne and
Sandler 1970; Khor and Hsu 2007; Abbott 2010). It is administered to patients with
Parkinsonism to improve their motor functions. L-Dopa can overcome the blood brain
barrier, and is converted into dopamine in the central nervous system by dopa
carboxylase (Pulikkalpura et al. 2015). In PD patients, it is administered intravenously
or orally and transferred through the blood circulatory system to the dopamine
deficient cells in the brain, where it is converted to dopamine for neurotransmission
across synapses with motor neurons (Swiedrych et al. 2004). Moreover, L-Dopa can
recover spermatogenic loss which makes M. pruriens seeds the treatment of choice

for infertility (Hornykiewicz 2002; Singh et al. 2013).
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1.5.1 Distribution and biological role in plants

L-Dopa is reportedly found in at least 44 plant families (Daxenbichler et al. 1971;
Table 5) where it acts mainly as an allelochemical to deter the competition with other

plants and as an anti-herbivore (Awang et al. 1997; Nishihara et al. 2004).

Table 5 Sources of L-Dopa in plants

SI. No. Plants Parts L-Dopa (%) References
1 Mucuna pruriens Seeds 9.1% Sathyanarayana et al. 2016
2 Canavalia gladiata Seeds 4.22% Gautam et al. 2012
3 Bauhinia variegata Seeds 2.91% Gautam et al. 2012
4 Acacia leucophloea Seeds 2.39% Gautam et al. 2012
5 Entada scandens Seeds 1.67% Gautam et al. 2012
6 Seshania bispinosa Seeds 4.25% Gautam et al. 2012
7 Tamarindus indica - 3.78% Gautam et al. 2012
8 Prosopis chilensis - Ramya and Thaakur 2007
9 Dalbergia retusa Seed 2.20 Hussain and Manyam 1997
10 Glycine wightii Seed 0.20 Krishnan Marg 2003
11 Alysicarpus rugosus Seed 0.65 Krishnan Marg 2003
12 Cassia hirsuta Seed 2.37-2.82 Hussain and Manyam 1997

The herbicidal effects of L-Dopa has been tested in many plant species (Soares et al.
2014). Artificial treatment using seed extracts have shown changes in gene expression
involved in amino acid metabolism, oxidative stress, melanin synthesis and
lignification (Golisz et al. 2011). These changes appear to alter amino acid
metabolism and iron homeostasis, important for many fundamental biological
processes such as photosynthesis (Golisz et al. 2011). It is also possible that the action
may be related to molecular mimicking of L-Dopa as an amino acid analogue with its

subsequent incorporation into proteins (First 2011; Moor et al. 2011).

1.5.2 Chemistry and biosynthesis

Much of our understanding on L-Dopa biosynthesis has come from the study of
human system where the main path to L-Dopa formation is via hydroxylation of

tyrosine residues by the copper-containing enzyme tyrosine hydroxylase in the

13



company of molecular Oz (Pulikkalpura et al. 2015). The shikimic acid pathway feeds
this progression by converting simple carbohydrate precursors to aromatic amino
acids, particularly tyrosine (Soares et al. 2014). L-Dopa further serves as a precursor
to other neurologically important molecules such as dopamine, adrenaline,
noradrenalin (George 2006) and melanin, which is present in both animals and plants
(Cerenius and Soderhall 2004; Muller et al 2007; Soares et al. 2014). The compound
can also suffer decarboxylation by tyrosine decarboxylase, resulting in tyramine
synthesis (Kulma and Szopa 2007) (Fig. 2a and b). The L-Dopa biosynthesis pathway

in plants is reported to be analogous to that in mammals (Kwang-Hoon 1998).

Shikimic Acid Pathway COOH HOOC i

: jcz o cH i
, 1 (4 steps) (3 steps 2 !
0 /S/\o —p—oH F HOOC™ No—pon =] | P
OH o} COOHE

erythrose 4 phosphate phosphoenolpyruvic acid i

i shlklmlc acid chorlsmic acid i

l (2 steps)
COOH
HOOC

COOH tyrosine COQOH arogenate
hydroxylase dehydrogenase NH,
-
NH, ; ;

L-DOPA L-tyrosine NADPH NADP*

DOFA decarboxylase tyrosine decarboxylase arogenic acid
CO,
HO H
monophenol hydroxylase
-
NH,
HO
dopamine tyramine
dopamine
[hydroxylase
OH
H phenylethanclamine H
HO m N-methyltransferase HO
—_— -
NH, HN
HO HO “CH
norepinephrin epinephrin
(noradrenaline) (adrenaline)

Fig. 2a: L-Dopa metabolic pathway (Soares et al. 2014)
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Fig. 2b: Biosynthesis of dopamine via L-Dopa (Barron et al. 2010)
1.5.3 Extraction and commercial production

Several attempts were made in the past to produce L-Dopa on a commercial scale.
This includes production from Fungi (Sahi et al.1969; Haneda et al. 1971), yeast
species (Ali et al. 2007; Doaa et al. 2010) and extraction from different plant sources
such as Vicia faba (Guggenheim 1913), Musa spp. (Nagatsu et al. (1972), Ginkgo
biloba, Portulaca oleracea (Simopoulos 2004), Acacia nilotica (Vadivel and
Biesalski 2012), Sesbania bispinosa and Entada scandens (Gautam et al. 2012) -

which were all met with limited success.

Among the plants, higher amount of L-Dopa was noticed only in Mucuna species
(Gautam et al. 2012; Ingle 2003). After this discovery, several groups attempted
L-Dopa production through cultured cells of M. pruriens with varying degrees of
success (Brain 1976; Wichers et al. 1985; Huizing et al. 1985; Huang et al. 1995;
Huang and Hu 2001). Presently, large scale production of L-Dopa is being carried out

by chemical synthesis. However, M. pruriens extract reportedly works faster and
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better than synthetic L-Dopa in the treatment of Parkisonism (Hussain and Manyam;
1997; Manyam et al. 2004a 2004b). This makes the plant very important source of

L-Dopa for commercial purification.

1.6 Genetic studies

Little is known on the genetics governing L-Dopa production in Mucuna spp. Three
studies earlier attempted to investigate GXE interaction (GEI) effects on L-Dopa
production. Lorenzetti et al. (1998), in their study, where latitude was used for
environmental factor, found both environmental and genotypic factors responsible for
L-Dopa production. This was supported by St-Laurent et al. (2002) who found
marginal impact of latitude, but concluded that other factors were influential too. On
the contrary, Capo-chichi et al. (2003b) and Mahesh and Sathyanarayana (2011b)
found genotype had greater influence on L-Dopa production, whereas, GEI effect was

minimal when compared to genotype/accession main effect.

Beyond this, so far no work has been carried out to analyze the genetics of L-Dopa
trait in M. pruriens and generate resources for future breeding program. Thus, the
present study was carried out with a primary objective to analyze the genetic and

diversity aspects of L-Dopa trait in M. pruriens including heritability analysis.

1.7 Micropropagation of elite genotypes

Clonal propagation through tissue culture is a mass propagation method that can be
achieved in short time and space. It is an alternative method of propagation (George
and Sherrington 1984) and is being widely used for the commercial propagation of a
large number of plant species including many medicinal plants (Rout et al. 2000a;
Nalawade et al. 2003). The main advantage of this method is, its ability to regenerate

disease free, true to type plants at high frequency from meristems, shoot tips, axillary
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buds or nodal segments (Mallick et al. 2012). This technology could be an affordable
and cost effective means of high-end production of elite planting materials throughout
the year without any seasonal constraints. In view of this, mass multiplication
protocol using axillary bud explants have been standardized for one of the elite

parental lines viz., 500240SK (M. pruriens var. pruriens) as part of this study.

1.8 Amplified Fragment Length Polymorphism (AFLP) Markers

Molecular markers are powerful tool to asses and characterize the genetic resources
(Caetamo-Anollés and Gresshoff 1998; Joshi et al. 2011). Of the several molecular
markers available, ALFP has the capacity to discriminate closely related populations
(Lall et al. 2010) and ability to detect large number of polymorphic loci in a single
analysis (Garcia et al. 2004). AFLPs have also been applied earlier in different plant
species for genome mapping (Zimnoch-GuZowska et al. 2000), DNA fingerprinting
(Powell et al. 1996), genetic diversity studies (Russell et al. 1997) and parentage
analysis (Gerber et al. 2000; Lima et al. 2002). In case of diversity analysis, AFLPs
are particularly chosen as it covers large area of the genome (Karp and Edwards 1995)
and are extremely proficient in revealing diversity at the infra-specific level (Karp and
Edwards 1995; Capo-chichi et al. 2001). Therefore AFLP markers were specifically

employed for genetic diversity analysis in the present study.
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2. Review of Literature

2.1 Medicinal legume Mucuna pruriens (L.) DC.

Many legume species contain organic chemicals in sufficient quantity to be useful as
raw materials for breakthrough scientific, technological and commercial applications.
M. pruriens has fair share of reference in Ayurveda, traditional Chinese and Persian
medicine (Oudhia 2002). The species is best known natural source of L-Dopa - widely
used in the treatment of the Parkinson’s disease and infertility (Hagq 1983; Abbott
2010; Hornykiewicz 2002; Singh et al. 2013). On the other hand, L-Dopa is an anti-
nutritional factor (ANF) in edible varieties (Pugalenthi and Vadivel 2007b). Therefore
development of low/high L-Dopa containing varieties will render Mucuna breeders

and farmers with an invaluable genetic resource for future cultivation.

The northeastern (NE) region of India comprising eight states of Sikkim, Arunachal
Pradesh, Assam, Meghalaya, Manipur, Tripura, Mizoram and Nagaland is
topographically categorized into eastern Himalayas, northeast hills and Brahmaputra
and Barak valley plains (Chatterjee 2008). M. pruriens is thought to be native of
eastern India (Burkill 1966, Wilmot-Dear 1984) which includes parts of northeast
India. The region display abundant distribution of wild M. pruriens represented by
var. pruriens and there is a long history of cultivation of velvet bean (M.pruriens var.
utilis) in the region by several indigenous groups such as Khasi, Naga, Kuki, Jaintia,
Chakma and Mizo etc. who have used it as a minor food for centuries (Arora 1991).
Consequently, considerable work has been done on evaluating nutritional and anti-
nutritional properties of this tribal pulse - the details of which are available in a

review (Pugalenthi et al. 2005). On the other hand, development of superior varieties
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either through conventional breeding or biotechnological methods has received little
attention (Sathyanarayana et al. 2016). In view of this, the present thesis work
attempted to address this gap through two connected objectives. Firstly, to collect and
characterize M. pruriens germplasm from northeast India — the centre of origin of this
crop to understand the diversity represented in the region and secondly, to conduct the
genetic analysis of L-Dopa trait using F2 population to generate baseline data on this
economic trait. Additionally, we demonstrate micropropagation protocol using a

representative genotype to aid mass multiplication of the elite genotypes.

2.1.1 Germplasm collection and characterization

Gene pool provides basic genetic resource for selection and improvement of a crop
species through targeted breeding program. Germplasm of M. pruriens is available in
a few research institutes/organizations across the world (Sathyanarayana et al. 2016).
This includes: United States Department of Agriculture (USDA 1994), International
Institute of Tropical Agriculture (IITA), Nigeria, Centro Internacional de Agricultura
Tropical (CIAT), Colombia, AVRDC - The World Vegetable Centre, Taiwan;

National Biological Institute (NBI), Indonesia (Jorge et al. 2007) etc.

In India, National Bureau of Plant Genetic Resources (NBPGR), New Delhi (Jorge et
al, 2007; Raina et al. 2012), Indian Institute of Horticultural Research (IIHR),
Bengaluru (Mamatha et al. 2010), Jawaharlal Nehru Tropical Botanical Garden and
Research Institute (JNTBGRI), Thiruvanantpuram (Padmesh et al. 2006), Zandu
Foundation for Health Care, Valsad, Gujarat (Krishnamurthy et al. 2005), Arya
Vaidya Sala, Kottakkal; Bharathiar University, Coimbatore (Siddhuraju and Becker

2005) etc. are reportedly maintaining the M. pruriens germplasm although the number
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of collections available with these institutes is not clearly known except 182

accessions reported in case of NBPGR, New Delhi (Sathyanarayana et al. 2016).

However, till date no effort has been made to collect germplasm from northeastern
region of India which is part of larger centre of origin of this species. Besides,
characterization details for many of these germplasm are not available except a few
isolated reports available in literatures. The significant outcomes from these studies

are summarized below;

M. pruriens exhibits considerable variability in pod, flower and seed characteristics.
Earliest indications on the factors governing these traits have come from the
pioneering works of Lubis and co-workers during 1970s and 80s. M. pruriens pod
hairs produces two distinct phenotypes - long rough ones and short smooth ones.
Their work revealed that the combination of size, cell wall surface and type of pod
hairs serve as diagnostic marker for species differentiation. They also showed that, the
trait is controlled by two genes viz., R and N, and abnormalities generated are due to
recessive alleles in homozygous condition (Lubis et al. 1979). Likewise, studies on
flower colour demonstrated that, of the two flower colours produced by the species,
purple is dominant over the white and the genes controlling them are present on a
single locus (Lubis et al. 1978). In case of seed coat colour, their work confirmed that
the range of phenotypes - dark black to white including different shades of brown and
mottled ones are due to multigenic factors (Lubis et al. 1980). These works provide

earliest clues on the genetics of some of the key morphological traits in M. pruriens.

Some independent studies have reported germplasm evaluation in M. pruriens from
different parts of India and World. Important observations from these investigations

are highlighted below:
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Bennet-Lartey (1998) screened 11 accessions of M. pruriens var. utilis from Ghana
for 5 qualitative and 11 quantitative traits and reported good diversity for
phonological and morphological traits. The study identified early maturing genotypes

that can be used for seed production.

First such work in India was reported by Gurumoorthi et al. (2003), who carried out
evaluation of seven M. pruriens var. utilis accessions from Western Ghats of India for
important traits such as - fertility index, seed recovery percentage, days to flowering,
harvest index, leg hemoglobin and chlorophyll contents, besides profiling macro and
micro nutrients in soil samples. The study revealed good variability for these traits in

Indian accessions and established beneficial impact of M. pruriens on soil fertility.

Krishnamurthy et al. (2005) reported variability in seed yield and other agronomic
traits in 19 M. pruriens accessions and identified early and late flowering ones among
both the itching and non-itching types. In addition, they also identified superior
genotypes producing bold seeds, higher seed weight and favourable physico-chemical
properties. It was revealed that the itching trichome lines possessed higher L-Dopa

(4.36-6.12%) content over non-itching lines (2.30-4.18%) possibly due to selection.

Mamatha et al. (2006) evaluated 13 M. pruriens accessions and identified genotypes
with higher nitrogen fixing ability. The results showed positive correlation between
nitrogen fixing ability with traits such as nodule number, nodule biomass and L-Dopa

content in seeds.

Pugalenthi and Vadivel (2007a) studied 11 M. pruriens var. utilis accessions from
South India for yield and vegetative characters and reported significant variability and

its implications on the breeding programs.
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Mamatha et al. (2010) evaluated several M. pruriens var. utilis accessions for
production of biomass, active principle and seed yield. The study revealed that growth
parameters did not vary significantly across the genotypes, but yield parameters did.
Accession ITHR MP 09 recorded highest number of pods per bunch, number of seeds
per pod and branches per plant. Other accessions: IIHR MP 03 recorded highest pod

length (cm) and pod weight (g) and IC 33243 recorded highest 100 seed weight (g).

Mahesh and Sathyanarayana (2011) carried out stability analysis of L-Dopa trait by
planting selected M. pruriens accessions across different locations in Karnataka
varying in environmental conditions. L-Dopa content from different locations ranged
from 1.564% to 3.641%. Despite this variation, the ranking of the genotypes remained
constant without any crossovers. The combined ANOVA results indicated that the
effects of genotypes and environments were significant at 0.05 probability levels.
Based on the results, it was suggested that Mucuna genotypes are relatively stable

across the environments.

Raina and Dutta (2012) evaluated five seed characters in 38 M. pruriens accessions.
Seed colour showed wide variability ranging from creamy white to dark mottled ones.
Seed length varied from 0.80 to 1.70 cm, thickness 0.40 to 1.10 cm and width from
0.50 to 1.30 cm. 100 seed weight (HSW) ranged from 20.80 to 170.40 g. Correlation
analysis of seed characters indicated significant positive correlation between HSW

and seed length, thickness and width.

Sathyanarayana et al. (2012) evaluated 40 M. pruriens (31 wild and 9 cultivated)
accessions using 30 mopho-agronomical characters. Results of PCA for 22
quantitative and eight qualitative characters revealed that the two PCs explained

65.18% and 67.50% of the total variation, which were drawn across the range of
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traits. Cluster analysis demonstrated high morphological diversity in case of wild

accessions (63.05%) as compared to cultivated types (36.95%).

Onyishi et al. (2015) evaluated 15 M. pruriens accessions in Federal University of
Technology, Owerri (FUTO). The results showed significant positive correlation
between pod and seed weight (0.874). The seed weight and pod weight also positively
correlated with number of branches (0.715) and percentage emergence (0.631), but
negatively correlated with number of days to plant emergence (-0.438), days to
flowering (-0.435) and number of days to fruiting (-0.465). This indicated that the
seed and pod weight has significant statistical linkage with these traits which suggests

possibility of achieving simultaneous improvement of the traits.

Kumar (2016) carried out analysis of six M. pruriens accessions using nine
quantitative traits. Variability in 100 seed weight was significant in two genotypes
and the variability in hilum length remained almost insignificant. This study revealed

adequate genetic variability within the germplasm evaluated.

Singh and Dhawan (2017) analyzed trichomes and itching protein - Mucunain
characters in M. pruriens. Results showed wild varieties possessed largest trichome
length (2015+£29uM) compared to cultivated genotypes. They found Mucunain is
expressed in every stage of plant growth, but its expression was high during maturity
(about 170 days). The study also identified unigenes regulating trichome development

such as GLABRA-1, GLABRA-2, and cpr-5.

Hadapad et al. (2018) carried out genetic variability and correlation analysis for
quantitative and qualitative traits in M. pruriens in rubber plantation under hill zone of

Karnataka. High heritability along with genetic advance was recorded for a number of
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traits including leaves at harvest, days to 50 percent flowering, leaf area at harvest etc.
Correlation analysis revealed seed yield per plant showed highly significant and
positive correlation with number of trifoliate leaves per plant, leaf area, number of

pod per bunch and pod yield per plant.

Patil et al. (2018) evaluated M. pruriens genotypes for growth and flowering
characters in areca nut plantation under hill zone of Karnataka. Results showed
significant differences among the genotypes with respect to growth and flowering
attributes. The genotype Arka Dhanvantari recorded maximum plant height (282.03
cm) and number of trifoliate leaves (71.03) at harvest. The days taken for first
flowering and 50 percent flowering were minimum (65.73 and 72.33, respectively)
and maximum (132.20 and 140.67, respectively) in the genotypes Arka Aswini and

Arka Dhanvantari.

2.1.3 Medicinal attributes

Mucuna species has rich history of use in Indian traditional medicine (Oudhia 2002).
They have been a major ingredient of over 60 drug formulations sold in Indian market
(Mustang, useful in male sexual impotence and Gertiforte, useful in senile ‘pruritus’
and fatigue). In addition to Parkinson’s disease (Tharakan et al. 2007), the seed
powder is also used to treat joint pain, irregular menstruation, leucorrhea,

spermatorrhea, and erectile dysfunction (Nadkarni 1982; Ding et al. 1991).

Joshi and Pant (1970) reported hypoglycemic effect of Mucuna seeds and weak
neuromuscular blocking effects of Mucuna pods in rats. Several therapeutically
valued alkaloids like mucunine, mucunadine, prurienine, prurieninine nicotine,
physostinginine, and serotonin have also been isolated in seed extracts (Duke 1981;

Mehta and Majumdar 1994).
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Abraham (2011) studied the efficacy of M. pruriens on the fertility aspects using rat
models. The results revealed significant increase in sperm count, motility as well as
decrease in the quantity of abnormal sperm in the test mice. The resultant histological
changes revealed enhanced effects on target organs which showed changes in the
architecture of testicles with densely packed spermatids in the somniferous tubules of
the mice. Researchers of the KGMU, Lucknow found further evidence on role of
M. pruriens in supporting normal functioning of the male reproductive system

particularly fertility (Shukla et al. 2010).

More recently, Lampariello et al. (2012) reviewed the medicinal properties of
M. pruriens and reported its beneficial effects as aphrodisiac, neuroprotective,
Anti-diabetic, anti-epileptic, anti-neoplastic, anti-helminthic, analgesic and nervous
disorders. A summary of different uses of the M. pruriens including medicinal

properties is given in Fig. 3.

Mucuna pruriens

Bioactive harmaceutical
compounds value

Nutritionally Desirable

versatile properties Antinutrients

FOOD &FEED ATTRIBUTES * High biomass * Antioxidants * Antiparkinson activity * Total free phenolics
* Rich protein content * Nitrogen fixing ability * Phenolic compounds * Hypoglyceimic * Tannins, HCN
* Essential amino acids * Cooking features * Nicotine, Physostingine * Hypocholesteromelic * L-Dopa
* PUFA * Mucunine, Mucunadine * Antitumour effect * Phytic acids
* Minerals & Energy value * Prurieine, Serotonin * Antioxidant activity * Trypsin inhibitors
* Dyes, etc., * Neuroprotective effect * Oligosaccharides

* Learning and memory enhancers

* Antidiabetic & Aphrodiasic

* Antivenom activity

* Antimicrobial & Antiprotozoal

* Analgesic & Anti- inflammatory
Useful Produts Development /

\

Food and Feed utility ¢ Sdfe for edible
purpose

Fig. 3: Overview on uses of M. pruriens (Bhat and Karim 2009)
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2.2 L-Dopa: Distribution and variability

L Dopa is distributed in a wide range of plant families. Earlier, Daxenbichler et al.
(1971, 1972) surveyed 1062 species belonging to 160 plant families and determined
that only Mucuna species produced L-Dopa in sufficient quantity (3.1% to 6.7%) for
commercial extraction. Even though it can be produced more easily by synthetic
methods, natural source has an advantage. Katzenschlager et al. (2004) assessed
clinical effects and pharmacokinetics of natural L-Dopa vis-a-vis standard carbidopa
and showed natural source has distinct edge over synthetic L-Dopa in terms of

efficacy for the treatment of Parkinson’s disease.

Several evaluation reports indicate great variability for L-Dopa content in M. pruriens
accessions. Bell and Janzen (1971) showed L-Dopa varies from 5.9 to 9.0 % in
Mucuna species. Rajaram and Janardhanan (1991) also reported higher L-Dopa
content up to 9% in some Mucuna seeds. The variability for L-Dopa content in
different Mucuna species reported by other groups is presented in Table 6. Further,
Wichers et al. (1993) analyzed tissues such as root, stem and leaf of M. pruriens for

L-Dopa content and showed that, besides L-Dopa, the leaves contains dopamine too.
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Table 6 Distribution of L-Dopa in Mucuna species (Sathyanarayana et al. 2016)

L-Dopa

no.. Mucuna sp. (%) Yield Reference
1 Mucuna andreana Micheli 6.3-89 Bell and Janzen 1971
2 Mucuna aterrima (Piper & 331-42 Daxenbichler et al. 1972; Pieris et al.
Tracy)Holland ' ' 1980
3 Mucuna birdwoodiana 9.1 Chem Abstr 1990
4 Mucuna cochinchinesis 25-49 Prakash and Tewari 1999; Pieris et al.
(Lour.) A. Chev. ' ' 1980; Chem Abstr. 1991
5 Mucuna deeringiana 27-313 Miller 1920; Daxenbichler et al. 1972;
(Bort.) Merr. ' ' Pieris et al. 1980
6 Mucuna gigantea (Willd.) 150-3.78 Daxenbichler et al. 1972; Rajaram and
DC. ' ' Janardhanan 1991
7 Mucuna holtonii (Kuntze) 613-75 Daxenbichler et al. 1972; Bell and Janzen
Mold. ' ' 1971
8 Mucuna monosperma DC. 494 - 456 Arulmozhi and Janardhanan 1992; Mohan
Ex Wight ' ' and Janardhanan 1995
9 Mucuna mutisiana 39-68 Daxenbichler et al. 1972; Bell and Janzen
(Kunth.) DC. ' ' 1971; Bell et al. 1971
Damodaran and Ramaswamy 1937;
Daxenbichler et al. 1972; Mary et al.
3.8-9.16 |1992; Chattopadhyay et al. 1995a;
Mahajani et al. 1996; Prakash and Tewari
1999; Padmesh et al. 2006
) 4.36 -6.12 | Krishnamurthy et al. 2005
10| Mucuna pruriens (L.) DC.  ™157 629 | Singh et al. 2008
5.6 Modi et al. 2008
7.06 -8.13 | Fathimaetal. 2010
5.38-6.98 | Kalidas and Mohan 2011
141 -6.63 | Dhawanetal. 2011
3.29-544 | Rainaetal. 2012
11 | Mucuna pruriens f. Hirsuta 14-15 Chattopadhyay et al. 1995
12 | Mucuna pruriens f.utilis 1.8 Chattopadhyay et al. 1995
13 | Mucuna pruriens 0.945-3.585 | Sathyanarayana et al. 2015
Pieris et al. 1980; Janardhanan and
36-805 Lakshmanan 1985; Mohan and_
' ' Janardhanan 1995; Prakash and Tewari
Mucuna pruriens var. utilis 1999; Siddhuraju and Becker 2001
14 5.60 - 6.56 | Janardhanan et al. 2003
2.30 - 4.18 | Krishnamurthy et al. 2005
7.55-7.93 | Kalaand Mohan 2010
4.11-6.61 | Mamatha et al. 2010
158 -6.18 | Dhawan et al. 2011
15 Mucuna sloanei Fawcett & 334-90 Bell and Janzen 1971; Daxenbichler et al.
Rendle ' ' 1972; Rai and Saidu 1977.
16 Mucuna urens  (Linn.) 492-74 Bell and Janzen 1971; Daxenbichler et al.
Medik. ' ' 1971; Daxenbichler et al. 1972
17 | Mucuna atterrima 4.5% Pieris, N, 1980
18 | Mucuna pruriens 24 g/DW Chikagwa-Malunga, S.K 2009
19 | Mucuna monosperma 5.48% DW | Inamdar 2012
20 | Mucuna pruriens 3.54%DW | Teixeira 2003
21 | Mucuna pruriens var. utilis | 6.36%w/W | Egounlety (2003)
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Conventionally L-Dopa estimation is carried out using spectrophotometric method
described by Daxenbichler et al. (1971, 1972). However, recently more accurate

methods have been developed using superior techniques such as HPLC and HPTLC.

Modi et al. (2008) developed HPTLC based method with good L-Dopa recovery
(100.30%). This was confirmed by Raina and Khatri (2011) with mean recovery of
100.89%. Vachhani et al. (2011) further established efficacy of this method for

precise and accurate molecule fingerprinting.

On the other hand, Rathod and Patel (2014) developed RP-HPLC method for L-Dopa
estimation. Their results showed good linear correlation coefficient (r> > 0.999) for
calibration plots in the range of 10-80 pg/ml. The report suggests HPLC is a preferred
method over HPTLC as it is easy and fast. Also, in HPLC, the solvents used for
mobile phase are not hazardous to the column as compared to other buffered mobile

phase resulting in long life of the column.

However, Pulikkalpura et al. (2015) cautioned that most of the quantifications of
L-Dopa content in M. pruriens seeds based on HPTLC/HPLC involves prolonged,
multistep extraction procedure in acidic media and therefore the drug is subject to
degradation. This needs careful consideration during the large-scale extraction

processes.

Based on the above leads, we have used HPLC method for analysis of L-Dopa

variability in M. pruriens germplasm of northeast India.
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2.3 Genetic diversity estimation

Analyzing the genetic diversity in germplasm collections is an important component
of the plant breeding program (Azhaguvel et al. 2006). Diversity estimation using
morphological traits alone is not reliable owing to influence of environment on their
expression (Tatikonda et al. 2009). Molecular markers, on the other hand, are
independent of such influences and can be reliably employed for the purpose. Of the
different markers used for the diversity analysis, PCR-based markers like RAPD
(Williams et al. 1990), ISSR (Zietkiewicz 1994) and AFLP (Vos et al. 1995) have
become handy as their use does not require sequence information. Conversely, simple
sequence repeats (SSR) or microsatellite is the marker of choice for breeding

applications- but its development is expensive (Thiel et al. 2003).

Of the different molecular markers used, AFLP provides an effective means for
genetic diversity analysis as it covers large genome area in a single assay (Karp and
Edwards 1995). This renders AFLP highly suitable for molecular characterization
studies (Williams et al. 1990). Consequently, it has been widely applied in genetic
diversity analysis in a several legume spp. such as soybean, dolichos bean and
chickpea (Singh et al. 2010; Venkatesha et al. 2010; Sudupak et al. 2004) as well as in
non-legume species such as mangroves (Jianab and Shib 2009), banana (EI-Khishin

et al. 2009) and mustard (Weerakoon et al. 2010).

Several earlier studies have established pre-eminence of molecular markers for
diversity estimation in Mucuna species. A wide range of markers including RAPD,
AFLP, ISSR and SSRs have been used (Capo-chichi et al. 2001, 2003a, 2003b, 2004;

Krishnamurthy et al. 2005; Kumar et al. 2006; Padmesh et al. 2006; Gupta and Kak
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2007, George et al. 2007 Sathyanarayana et al. 2008; 2017). The brief summary of the

results of these studies are given below.

Capo-chichi et al. (2001) analyzed genetic diversity of 40 M. pruriens accessions
using AFLP markers. The results revealed narrow genetic base (3-13%) among the
US landraces. A more comprehensive analysis involving 64 accessions from a wider
geographical region was implemented by the same authors (Capo-chichi et al. 2003a)

which revealed enhanced genetic diversity (0-32%).

In India, Padmesh et al. (2006) carried out first genetic diversity analysis involving 13
M. pruriens (both var. pruriens and var. utilis) accessions collected from the Western
Ghats of India. Their results showed good diversity (10-61%) in the overall
germplasm collection. The study also revealed var. pruriens was genetically more

diverse than var. utilis.

Subsequently, Gupta and Kak ( 2007) used seed protein profiling for genetic diversity
analysis among 20 M. pruriens accessions. The analysis carried out using
SDS-PAGE resulted in total of 11 bands with molecular weight range between

15 KDa - 200 KDa. A similarity coefficient of 65% was recorded in the study.

Kalidass and Mohan (2010) analyzed genetic diversity of five M. pruriens collection
from Western Ghats of India using five RAPD markers. Out of 43 amplified
products, 28 showed polymorphism (65.12%). Similarity coefficient grouped these
accessions into two clusters. The study indicated sufficient diversity within these

clusters.

Leelambika et al. (2010) collected 18 M. pruriens accessions from different
geographical locations across India and NBPGR, New Delhi and carried out

comparative genetic diversity analysis using morphometric, biochemical, isozyme and
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RAPD approaches. The results from DNA/protein markers were in consensus with the

morphometric analysis. The clustering was largely based on taxonomic affiliations.

Sathyanarayana et al. (2011) analyzed genetic diversity among 25 accessions of
Indian Mucuna species using AFLP. The Jaccard’s similarity coefficient
values (0.087 to 0.332) suggested good variability among the accessions indicating
their utility in the breeding programs. The UPGMA and PCoA results showed

grouping based on both genetic as well as phonetic relationships.

Mahesh and Sathyanarayana (2015) collected 35 M. pruriens accessions from diverse
geographical locations of India and studied intra-specific variability for salinity
tolerance using combination of trait phenotyping and AFLP markers. Superimposing
diversity estimates with the phenotyping data revealed 19 divergent parental

combinations useful for the breeding as well as mapping of this trait.

Patil et al. (2016) reported genetic diversity among 59 accessions sampled from six
species and three botanical varieties of M. pruriens using RAPD, ISSR and their
combined datasets. The results demonstrated high inter-specific variation than intra-

specific variation in the genus Mucuna.

Leelambika et al. (2016) combined metabolic and genomic profiling of selected
M. pruriens accession to identify parents for L-Dopa breeding. Based on the results,
the authors identified seven promising parental combinations that can be used for

genetic improvement as well as developing mapping population.

In a first ever report on the development of co-dominant markers in M. pruriens,
Shetty et al. (2015) used EST sequence data from related legume species to develop
microsatellite markers. For this, they analyzed total of 2,86,488 EST sequences from

four legume species viz., Vigna unguiculata, Glycine max, Phaseolus vulgaris and
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Cicer arietinum which generated 22,457 SSRs comprising of 29.08% di-, 46.41% tri-,
7.29% tetra-, and 17.22% penta-nucleotide repeats. Based on 22,457 SSR containing
sequences, 522 primer combinations were designed and 50 were screened against a
diverse panel of 25 genotypes of which three produced polymorphic profiles with an

average PIC of 0.65.

Recently in an effort that can provide greater impetus to genomics assisted breeding
in M. pruriens, Sathyanarayana et al. (2017) reported de novo transcriptome assembly
and differential gene expression among leaf, root and pod tissues. In addition they
have also proposed large number of microsatellite markers which are validated on a

panel of diverse M. pruriens accessions.

Building on these leads, the present thesis aimed at DNA marker (AFLP) based
genetic diversity estimation among M. pruriens collection from northeastern region to

get preliminary insight into diversity represented in its centre of origin.

2.4 Genetic studies on L-Dopa and other traits

Little information is available on the genetics of L-Dopa content in M. pruriens.
Initially, L-Dopa trait was considered to be both environmentally and genetically
controlled with production highest near the equator, due to high light intensity
(Lorenzetti et al. 1998; St.-Laurent et al. 2002). Recent studies contradicted the
importance of latitude on L-Dopa expression (Capo-chichi et al. 2003b) and
confirmed preponderance of genotypic effects (Mahesh and Sathyanarayana 2011). It
has also been shown that, early maturing types show low levels of L-Dopa vis-a-vis
late maturing types (Capo-chichi et al. 2003b). The colour of the seed is also related
to L-Dopa content; darker seeds possess more L-Dopa than light colored seeds

(Siddhuraju el al., 2000).
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Krishnamurthy et al. (2002) evaluated 17 parental lines of M. pruriens for seed
associated characters including L-Dopa content and subjected them to hererosis
analysis. After several backcross generations, they shortlisted 37 F1 lines for heterosis
(%) analysis over the mid parent, better parent and best parent on the seed yield
character. High magnitude of heterosis (40-96%) over the best parent was observed in

four F1 lines.

Mahesh et al. (2016) elucidated the genetic control of agronomic traits through an
AFLP based intraspecific genetic linkage map of Indian M. pruriens using F2
progenies (200) derived from a across between wild and cultivated genotypes. The
results have opened up newer avenues for integrating molecular breeding tools into

ongoing M. pruriens genetic improvement programs.

Recently Chinapolaiah et al. (2017) carried out heterosis and combining ability
analysis for yield and yield contributing traits in M. pruriens to determine the gene
action and to enable selection of superior parents for hybridization. The results
revealed that magnitude of sca variance was greater than gca variance, suggesting the
predominance of non-additive gene action for most of the traits, except days of 50%
flowering, number of flowering inflorescence, number of pod per bunch and 100 seed

weight. The results identified the best parental combinations for heterosis breeding.

In this backdrop, the present study was undertaken with the main objective to detect
the trait association and heritability of L-Dopa content using F2 population derived
from the cross between early lineages (F1) and those adapted for having low L-Dopa
content as well as genotypes not adapted to this system having high L-Dopa content.
The aim of the research was to use them in the selection for future Mucuna breeding

programs on the L-Dopa content.
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2.5 Micropropagation

In vitro culture studies in M. pruriens started with an effort to produce L-Dopa using
cell culture methods. Huizing et al. (1985) first demonstrated presence of L-Dopa in
the cell suspension cultures of M. pruriens by means of HPLC and Thin Layer
chromatography (TLC). Wichers (1985, 1993) found that addition of 2,4-D to the
culture medium suppressed L-Dopa production. Subsequently, Huang et al. (1995)
reported that high yields of L-Dopa under in vitro condition is associated with precise
regulation of pH, concentration of Indole-3-Acetic Acid (IAA) and appearance of
yellowish or brown cell colour which reflected melanin production. Huang and Chen
(1998) found that efficient production of L-Dopa is possible through two stage
configuration. In majority of these studies, Murashige and Skoog (MS) medium
supplemented with 2,4-D was found to be best medium for callus induction.
However, L-Dopa accumulation was more on medium supplemented with 1 mg/L
IAA + 1 mg/L BA (Kavitha and Vadivel 2005). Raghavendra et al. (2012) compared
difference in L-Dopa production in response to elicitor treatment and precursor
feeding. The results showed, precursor feeding triggers higher L-Dopa concentrations
and tyrosine activity. Nonetheless, in vitro production of L-Dopa from cell suspension

culture of M. pruriens so far has met only with marginal success.

Earliest work on micropropagation in M. pruriens was reported by
Chattopadhyay et al. (1995). They cultured hypocotyl, epicotyl and cotyledon
explants on revised Tobacco (RT) medium containing NAA (2.7 uM) and 2iP (9.8
uM). Maximum shoot regeneration was achieved from explants of 6-7 day old
seedlings. The researchers were successful in achieving rooting on half-strength RT
medium in more than 90% of the regenerated shoots by the supplementation of NAA

2.7 utM).
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Later, Faisal & Siddique (2006 a and b) developed protocol for multiple shoots from
the nodal segments of M. pruriens. They used range of cytokinins with cotyledonary
node and axillary bud explants from seven day old aseptic seedlings. The authors
found that, among the hormones, BA (5.0 uM) was most effective in shoot induction.
Media strength and pH were also investigated and highest efficiency of shoot
proliferation was observed in BA (5.0 uM) and NAA (0.5 uM) in half-strength MS
medium at pH 5.8. The best rooting was obtained on half-strength MS medium

supplemented with IBA (2.0 uM).

Sathyanarayana et al. (2008) reported rapid and reliable method for high fidelity
micro-propagation in M. pruriens. Axillary buds, when cultured on MS + BAP (3.5
M) produced 6.7 shoots. This number increased up to 16.33 upon re-culturing on the
same hormonal medium. The shoots attained elongation on GAs (2.89 pM) and
produced roots on half-strength MS liquid medium supplemented with NAA (16.20
uM). RAPD method was used to confirm the genetic fidelity of the regenerated

shoots.

Raaman et al. (2013) standardized protocol for in vitro propagation of M. pruriens
and extraction of enzyme tyrosinase. Axillary buds, internode, root, seed and leaf
were used for callus induction. Results showed maximum green calli were produced
using different concentrations of NAA and IBA+BAP. Maximum white calli were

produced using different concentration of 2, 4-D in combination with kinetin.

Recently, Vishwakarma et al. (2017) standardized protocol for micropropagation and
Agrobacterium rhizogens mediated transformation in M. pruriens and observed that,
Kinetin (14uM) produced four shoots after four weeks culture. Rooting was achieved

on half strength MS medium with NAA (6 uM). Regenerated plants were hardened
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with 75% of survival frequency. Plants were infected by two A. rhizogens strains
(MTCC-532 and MTCC-2364) for hairy root induction, and effect of manual
wounding and acetosyrinzone treatments were tested. Results indicated MTCC-2364
showed hairy roots induction in leaf explants only by manual wounding, whereas in
case of acetosyrinzone (50-250uM) mediated method, hairy root induction was

observed in all the explants except leaf.

As evident from above results, micropropagation has been considerably successful in
M. pruriens. Hence, in the present work, we focused on determining best explants and
hormonal combination for large-scale multiplication of elite genotypes. We have used
accession (500240SK) as representative genotype for our study - the results of which

can be extrapolated to other accessions with minor modifications.
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3. Objectives

The thesis covered following five major objectives:

1. To establish and characterize Mucuna pruriens germplasm from northeast
India.

2. To determine L-Dopa variability among these accessions.

3. To estimate their genetic diversity using molecular markers.

4. To identify parental lines for L-Dopa breeding.

5. To develop micropropagation protocol for elite genotypes.
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4, Materials and Methods

4.1 Germplasm collection and characterization

4.1.1 Collection of germplasm

The germplasm collection was carried out during February/March, 2013-2015. For
ascertaining the distribution of M. pruriens in northeastern region, a detailed

assessment of following published floras was carried out;

= Flora of British India (Hooker 1872)

= Legumes of India (Sanjappa 1992)

= Forest flora of Meghalaya (Hardidasan and Rao 1985-87)
= Flora of Arunachal Pradesh (Hajra et al.1996)

= Flora of Tripura (Deb 1981)

= Flora of Assam (Kanjilal 1938)

= Flora of Sikkim (Hooker 1849)

= Flora of Manipur (Deb 1961)

= Flora of Manipur Volume | (B.S.1 2000)

= Flora of Mizoram (Singh 2002)

= Department of Forests, Ecology, Environment & Wildlife, Nagaland,

Kohima (Annual Administrative Report 2014-15).

Further, herbarium available with the Botanical Survey of India (BSI) regional
offices at Gangtok (Sikkim), Shillong (Meghalaya) and Central National
Herbarium (Howrah, West Bengal) were examined for the description of the
species. A distribution map of M. pruriens in northeast India was prepared and

collection locations were identified accordingly. Accessions were collected from
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natural growing locations, herbal product vendors, traditional healers, and the
backyards of home gardens, both in the form seeds as well as matured pods. Each
collection was given a separate collection number and/or donor’s ID for proper
identification (Fig. 4). A passport data pertaining to name of the collector/donor,

site of collection (province, district, village, longitude and latitude) was recorded.

S Department of Botany
“}%’ sikkim University, Gangtok, Sikkim - 737102

Field Collection Form

Collection No. Dste: Altitude (m}):

Location: LongTLat:

Taluk District: State:

Botanical Name Synoym:

Family- Local Name:

Forest Type Frequency of Occurrence: Abundant Frequent/Cccasional
Habit: Herb | Shrub / Tree | Climber Micro habit: Marshy/ dry /rocky / sandy
Root: Stem: Bark:

Leaves: Howering | Fruiting / Vegitative
Inflorescence: Flower Character:

Hower colour: Fragrance: Fruits:

Special remarks:

Local use (s):

Information by: Age:

Collected by:

Fig. 4: Passport data format
4.1.2 Establishment of germplasm

All the collections were planted in the Sikkim University botanical garden and
established as per the standard package of practices. The site is located in the
eastern part of Sikkim state situated in the eastern Himalayan tract at an altitude
of 1600 m (5410 ft) above the mean sea level (MSL) along 27° 33°N longitude

and 88° 62’ E latitude. The plants were initially raised in pots and arranged as per
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the germplasm layout prepared. For evaluation, we designed a row and block
system with each block comprising four replicates of a single accession. The
germplasm was laid down to have 8-10 such blocks in each row separated by 3 ft
between blocks and 5 ft between rows. The experiments were laid out in a

randomized complete block design (RCBD) (Onyishi et al. 2015) (Fig. 5).

Fig. 5: Germplasm of M. pruriens maintained at Sikkim University

4.1.3 Germplasm evaluation

Totally 50 M. pruriens accessions collected from all over the northeast India were
subjected to evaluation. For seedling establishment, five seeds from each
accession were initially planted in each pot and after germination only single
plant was retained per pot. The potting mixture was prepared as soil: sand:

manure in 2:2:1 ratio. No external fertilizer was applied at any stage. The study
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was conducted during two seasonal periods: April - December 2015 and 2016

coinciding with the legume cultivation spell in the Sikkim-Himalayan hills.

The data on 10 qualitative characters viz., leaf texture/surface, leaflet shape,
flower colour, pod trichome colour, pod sensation, pod curvature, plant hairiness,
seed shape, seed colour, seed coat pattern and 10 quantitative characters such as:
days to emergence, days to flowering, days to first mature pod, number of pods
per plant, days to maturity, 100 seed weight, seed length, seed thickness, seed
area and seed width were recorded adopting Mucuna germplasm descriptor
developed earlier by our group (Table 7). Each qualitative descriptor was scored
by observing three tagged plants per accession. The data was recorded initially
using a scale based on rank descriptors and then converted into binary data (1, 0).
Quantitative traits were scored as mean value integers of four measurements
taken on four replicates of a single accession. Among the qualitative characters,
vegetative growth data was recorded after 45 days, flower and pod data at 50-
60% maturity, and days to maturity when 90% of the pods were about to dry and
seed characteristics and L-Dopa content after harvesting the seeds from mature

pod.

Table 7 List of descriptors used for M. pruriens characterization

Vegetative Characters

Descriptor Investigation Method

Recoded from the leaflets at the third node, use both surfaces:

Leaf texture/surface . . .
Membranous/Semi — coriaceous/Coriaceous

Measured on the terminal leaflet of third trifoliate leaf
Leaflet shape according to the ratio of length (1) to width (w) Round (<1.5) /
Ovate (1.5-2) / Ovate-lanceolate (2-3)

Floral and Fruit Characteristics

Descriptor Investigation Method

The color of fully expanded flower was noted using RHS
Flower color

color chart
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Duration of
flowering

From first flowers to stage when 60% of plants have flowered

Pod curvature

Of fully expanded immature pod (Curved / S-shaped)

Pod trichome color

Velvety black/ Creamish white/ Golden orange

Pod sensation

Itching/non-itching

Plant hairiness

Overall plant hairiness: Very low/Low/ Moderate/Dense

Seed color

When dried at harvest

Seed shape

Round / Oval / Cuboid / Other

Seed coat pattern

Absent/Non mottled/Black mottled/Brown mottled/Dark
brown mottled/ Grey mottled/Dark brown mottled

Morpho-agronomic Characters

Descriptor

Investigation Method

Days to emergence

Number of days from sowing to 50% seedling emergence

Days to flowering

Number of days from emergence to stage when 50% of plants
have begun to flower. Recorded for plants with the same
sowing date, at the same location

Days to first mature
pod

From the emergence to stage when 50% of plants have
matured pods

Days to maturity

From emergence to stage when 90% of pods are ripe

No. of pods per plant

Average from 4 random normal plants

Seed length (mm)

Mean length of 10 mature seeds excluding those from the
extremities of pods

Seed width (mm)

Mean width from hilum to keel of 10 mature seeds measured
for Length

Seed thickness (mm)

Mean thickness of the 10 mature seeds measured for length:
measured perpendicular to length and width

Seed weight (g)

Weight of 100 seeds

Seed area (mm)

Measurement of dried seed length X seed thickness (mm)

4.1.4 Data analysis

The binary and mean value data obtained for the qualitative and quantitative traits

were subjected to following four different analyses.

4.1.4.1 Descriptive statistics and frequency distribution

Qualitative traits were recorded on a scale based on rank descriptors. For 10
quantitative characters - range, mean, standard deviation, standard error and
coefficient of variation were calculated using Graph Pad - Prism 5.01 (Graph Pad

software Inc. 2014) and XLSTAT software V2010.4.01 (XLSTAT 2010). The data
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on quantitative traits, after normalization, were subjected to frequency distribution
analysis to ascertain the number of allocations in each frequency class which was
later used to determine the genotypes falling under extreme phenotypic classes. For
seed characteristics, measurements were made using digital balance and vernier

calipers.

4.1.4.2 ANOVA

The data on quantitative traits were subjected to one way analysis of variance after
normalization of the data-sets. All 50 accessions were initially tested for
differences among their mean values using Tukey-Kramer HSD test (Tukey 1953;
Kramer 1956) at an alpha level 0.05. For 10 vyield traits showing significant
ANOVA, Dunnett’s test (Dunnett 1955) was conducted at 5% significance level.
The cumulative results from all the traits were compared to obtain the most
contrasting parental combinations to use as mapping population parents. The
results were obtained by using software JMP V10 (SAS Inst. Inc. 2008, 2011),
Graph Pad - Prism 5.01 (Graph Pad software Inc. 2014) and Analyse-it V2.2

(Analyse-it, 2009) respectively.

4.1.4.3 Correlation test

Both qualitative and quantitative traits were subjected to correlation analysis using
Pearson’s correlation coefficient test by employing Graph Pad - Prism 5.01 (Graph
Pad software Inc. 2014) or XLSTAT V2010.4.01 (XLSTAT 2010) software. For
this, the qualitative data was first converted into binary (1, 0) data matrix based on
presence/absence of the trait. For quantitative trait, observations were converted

into frequency classes using statistical formula:

Number of classes =1 + 3.322 log (N)
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Where N is the number of observations. Each obtained class was considered as

individual marker and used for developing binary data.

4.1.4.4 Cluster analysis

For both qualitative and quantitative traits, cluster analysis was performed using
Agglomerative Hierarchical Clustering (AHC) based on Euclidean distances of
dissimilarity with Unweighted Pair Group Average (UPGA) aggregation method
using XLSTAT software V2010.4.01 (XLSTAT 2010). For dendrogram
construction, data was organized into Jaccard’s similarity matrix and analyzed by
Un-weighted Pair Group Method with Arithmetic averages (UPGMA) algorithm
using Free Tree V0.9.1.50 software (Pavlicek, et al. 1999). Multi-scale
bootstrapping values of the resulting clusters were determined using the same
software and the trees were generated using Tree View (Win32) V-1.0.0.0

software.

4.1.4.5 Principal Component Analysis (PCA)

PCA was performed for both qualitative and quantitative data using XLSTAT
software V2010.4.01 (XLSTAT 2010). For this, first similarity matrix was used to
generate Eigen values and scores for accessions. The first two principal
components which accounted for the highest variation were then used to plot the

structure.

4.2 Assessment of L-Dopa variability

4.2.1 L-Dopa isolation

L-Dopa was isolated from dried seed samples as per the method described by

Upadhyay et al. (2012) with minor modification. First, the air dried seeds were
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powdered and passed through a mesh sieve. The sieved material (100 g) so
obtained was extracted on water bath with 400 ml 40% ethyl alcohol, 60% water
and 1.5% glacial acetic acid at 60-70°C for 1-2 h. The material was then filtered
and marc was further refluxed three times with 300 ml ethyl alcohol (40%).
Following this, all the extracts were pooled, concentrated up to 40% under the
vacuum using RotaVac (Heidolph, Schwalbach, Germany). It was then kept
overnight to settle down, filtered and air dried by using SpeedVac System (Thermo

Scientific Savant DNA 120) for jelly extract which was used for the assay.

4.2.1.1 Validation of equipment

Repeatability was checked by using varied concentrations (100-1000 ppm) of
standard L-Dopa (Sigma Aldrich, USA) solutions in 10 replicates and the peaks

were determined. For each sample, value was obtained in triplicates.

4.2.1.2 Preparation of standard solution

Standard solution of pure L-Dopa was prepared by dissolving 4.0 mg in 10 ml
(1000 ppm) of 0.1N HCI in a volumetric flask (Stock solution) to determine the
limit of detection (LOD) and limit of quantification (LOQ). One to ten ml of these
stock solutions were diluted to 10 ml to get a concentration range of 100-1000 ppm

for linearity study.

4.2.1.3 Preparation of sample solution

Approx 50 mg grounded extract was taken and dissolved with 15 ml 0.1 N aqueous
HCI separately. The sample was then sonicated for 20 min. After sonication, the
volume was made up to 50 ml with 0.I1N HCI and filtered through 0.22 pum

membrane filter.

45



4.2.2 L-Dopa estimation
4.2.2.1 HPLC procedure

L-Dopa content was analyzed by High Performance Liquid Chromatography
(HPLC, Thermo Scientific DIONEX Ultimate 3000). The sample was manually
injected and detected with double-beam photometer detector operated at a
wavelength of 283 nm. The data was acquired and analyzed using Chromaleon
software. A C18 column (250 x 4.6 mm, 5 um SS) fitted with guard was used for
separation using an isocratic mixture with 0.1M KH2PO4, pH 3.0 by Ortho-
phosphoric acid as mobile phase. The mobile phase was filtered through a 0.45 pum
membrane filter (Sartorius USA) and was then degassed by ultrasonication for 30
min. Analysis was run at a flow rate of 1.0 ml/min and gquantification was by peak
height. Injection volume was adjusted to 20 ul and detection was made at 283 nm.
Standard L-Dopa (Sigma Aldrich) was used for the preparation of calibration curve
and retention time analysis. Each sample was analyzed in quadruplicates and
L-Dopa concentration was finally represented as percentage (%) composition. All

the experiments were performed in triplicates.

4.2.2.2 Calibration curve

Ten different concentrations of stock solutions after dilution (100, 200, 300, 400,
500, 600, 700, 800, 900 and 1000 ppm) with mobile phase were injected in

triplicates.

4.2.2.3 Linearity

Linearity was determined by using 10 concentrations of the standard solution (100-
1000 ppm). The calibration curve was obtained by plotting the absorbance versus

the concentrations of the standard solution.
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4.3 Genetic diversity analysis

4.3.1 Plant material

A total of 50 M. pruriens accessions representing both var. pruriens (38) and var.

utilis (12) collected from northeastern region of India (Table 8) were used.

4.3.2 DNA isolation

One gram of young leaf tissue was harvested from 2-3 week old seedlings from 10
individual plants and bulked separately for each accession. Total genomic DNA
was isolated following Doyle and Doyle (1990) method using Cetyl Trimethyl
Ammonium Bromide (CTAB). Ground leaves were homogenized in CTAB-
extraction buffer containing 0.5% charcoal plus 0.2% B-mercaptoethanol and
incubated at 60°C for 1 h. Purification was carried out twice with SEVAG
(24-chloroform:  1-isoamlyalcohol) and once with phenol: chloroform:
isoamylalcohol (25:24:1). After centrifugation at 12,000 rpm for 2 min, the DNA
was pelleted using 0.67 volume of isopropanol followed by ethanol (70%) wash.
Air dried pellets were re-suspended in 0.5 ml of 1X Tris-EDTA buffer (pH 8.0)
and quantified fluorometrically on agarose gel (0.8%). Ethidium bromide staining

was used to visualize the bands.
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Table 8 List of M. pruriens accessions collected from northeastern region of India

SI. No. Variety Accession number | Place of collection Lat. & Long.

1 Mucuna pruriens var. pruriens 500197WB West Bengal 25941°'N,85%°13'E

2 Mucuna pruriens var. pruriens 500199WB West Bengal 21°15'N, 81°41'E

3 Mucuna pruriens var. utilis 500203MN Manipur 24°44°> N, 93958 E
4 Mucuna pruriens var. pruriens 500204AS Assam 26°11° N, 91944’ E
5 Mucuna pruriens var. pruriens 500205AS Assam 26°11° N, 91944 E
6 Mucuna pruriens var. utilis 500210MN Manipur 25°41'N,94°47'E

7 Mucuna pruriens var. utilis 500211NL Nagaland 25%7°N, 94° 12°E
8 Mucuna pruriens var. pruriens 500212AS Assam 26°11°N, 91°44°E
9 Mucuna pruriens var. utilis 500213MN Manipur 24%44°N. 93°58°E
10 Mucuna pruriens var. utilis 500215AR Arunachal Pradesh 27°08°N, 93°40°E
11 Mucuna pruriens var. pruriens 500216ML Meghalaya 25%9°N. 91997°E

12 Mucuna pruriens var. utilis 500217MN Manipur 25°68'N,93°03'E

13 Mucuna pruriens var. pruriens 500219TR Tripura 23950°N. 91°25°E
14 Mucuna pruriens var. pruriens 500220AR Arunachal Pradesh 27°08°N. 93°40°E
15 Mucuna pruriens var. pruriens 500221AR Arunachal Pradesh 27°08°N. 93°40°E
16 Mucuna pruriens var. pruriens 500222AR Arunachal Pradesh | 27°08°N. 93°40’E
17 Mucuna pruriens var. pruriens 500223AR Arunachal Pradesh | 27°08°N. 93°40’E
18 Mucuna pruriens var. pruriens 500224AR Arunachal Pradesh | 27°08°N. 93°40’E
19 Mucuna pruriens var. pruriens 500225AR Arunachal Pradesh | 28°6°N. 95°03’E
20 Mucuna pruriens var. pruriens 500226AR Arunachal Pradesh | 28°6°N. 95°03’E
21 Mucuna pruriens var. pruriens 500227AR Arunachal Pradesh | 28°6°N. 95°03’E
22 Mucuna pruriens var. pruriens 500228AR Arunachal Pradesh 28°06°N. 95°03°’E
23 Mucuna pruriens var. pruriens 500231AR Arunachal Pradesh 28°06°N. 95°03°’E
24 Mucuna pruriens var. pruriens 500232AS Assam 26°11°N,91%°44°E
25 Mucuna pruriens var. pruriens 500233AS Assam 26°11°N,91%°44°E
26 Mucuna pruriens var. pruriens 500234MZ Mizoram 23°44"N92°43"E
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27 Mucuna pruriens var. pruriens 500235TR Tripura 23°50" N, 91°25'E
28 Mucuna pruriens var. pruriens 500236AS Assam 26°11°N,91°44°E
29 Mucuna pruriens var. pruriens 500237AS Assam 26°11°N,91°44°E
30 Mucuna pruriens var. pruriens 500239MZ Mizoram 23°44"N92°43"E
31 Mucuna pruriens var. pruriens 500240SK Sikkim 27933°N, 88°62°E
32 Mucuna pruriens var. pruriens 500241SK Sikkim 27933°N, 88°62°E
33 Mucuna pruriens var. pruriens 500242SK Sikkim 27933°N, 88°62°E
34 Mucuna pruriens var. pruriens 500243SK Sikkim 27933°N, 88°62°E
35 Mucuna pruriens var. pruriens 500244SK Sikkim 27933°N, 88°62°E
36 Mucuna pruriens var. pruriens 500245TR Tripura 23950°N, 91°25°E
37 Mucuna pruriens var. pruriens 500246TR Tripura 23984°N.91928’E
38 Mucuna pruriens var. pruriens 500248TR Tripura 23950°N.91925°E
39 Mucuna pruriens var. pruriens 500249SK Sikkim 27933°N.88%2’E

40 Mucuna pruriens var. utilis 500255AR Arunachal Pradesh 28°06°N.95%3’E

41 Mucuna pruriens var. utilis 500263NL Nagaland 26°00'N,94°20'E

42 Mucuna pruriens var. utilis 500266NL Nagaland 26922°N.94%47°E

43 Mucuna pruriens var. utilis 500267NL Agaland 25%8°N. 94°08°E
44 Mucuna pruriens var. utilis 500268NL Nagaland 24957°N, 94%3°E
45 Mucuna pruriens var. pruriens 500269SK Sikkim 2795°N, 88953’E

46 Mucuna pruriens var. pruriens 500271SK Sikkim 27933°N. 88°62°E
47 Mucuna pruriens var. pruriens 500274SK Sikkim 27°33°N.88%2’E

48 Mucuna pruriens var. pruriens 500275ML Meghalaya 25%9°N. 91997°E
49 Mucuna pruriens var. pruriens 500276 ML Meghalaya 25%9°N. 91997°E
50 Mucuna pruriens var. utilis 500277NL Nagaland 26°00'N,94°20'E

Note: SK: Sikkim; AS: Assam; AR: Arunachal Pradesh; NL: Nagaland; MN: Manipur; TR: Tripura; L: Meghalaya;
WB: West Bengal; MZ: Mizoram
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4.3.3 AFLP data generation

Totally 22 AFLP primer combinations (PCs) were used. The details of the AFLP
primers are listed in Tables 9a & 9b. Prior to PCR amplification, the quantity of
DNA were checked using a Nano-Drop 2000 spectrophotometer (Thermo

Scientific, USA) by taking the absorbance at 260/280 nm.

4.3.4 AFLP analysis

Twenty two AFLP primers were tested as per the method described by Vos et al.
(1995) with minor modification. The genomic DNA (400-500 ng) was digested
with 5U EcoRI and 1U Msel restriction endonucleases for 2 h at 37°C. The EcoRl
and Msel adapters (AFLP® plant mapping kit, Applied Biosystems, Foster City,
CA, USA) were ligated to digested DNA using 1U T4 DNA ligase (New England
Biolabs, USA). The restricted—ligated DNA was then diluted by 20 fold with Tris-
EDTA (TE) buffer (20 mMTris-HCL, 0.1 mM EDTA, pH 8.0) to perform pre-
selective amplification using PCR master mix (2x Tag polymerase included)
obtained from Thermo Scientific. The pre-selective amplification profile included:
30 cycles of denaturation at 94°C for 20 s, annealing at 56°C for 30 s and extension
at 72°C for 2 min and at last hold at 60°C for 30 min. The pre-selective
amplification was confirmed by running PCR products on 1.5 % agarose gel. Later,
the amplification products were further diluted 10 fold with TE buffer and used as
a template for selective amplification. The selective amplification was performed
in 10 pl reaction volume using selective primer pairs with amplification profile of
denaturation at 94°C for 20 s, annealing at 66°C for 30 s decrease by 1°C/cycle up
to 56°C, extension at 72°C for 2 min for 10 cycles, followed by 94°C for 20 s, 56°C
for 30 s, 72°C for 2 min for 30 cycles followed by 60°C for 30 min. Following

selective amplification, post PCR multiplex sets were made based on fluorescence
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labeled primers. For post PCR multiplexing, 1 ul each fluorescent dye of 6-FAM
(blue), JOE (green) and NED (Yellow) labeled PCR products representing
different selective primer-pairs were combined with 7 pl of Hi-Di formamide
containing 0.3 pl GeneScan™ 500 ROX® as internal size standard. The
multiplexed PCR mixture was denatured for 5 min at 95°C, quick chilled on ice for
5 min and loaded on ABI 3730xI DNA Analyzer for electrophoresis. The fragment
analysis was performed by GeneMapper v 4.0 software (Applied Biosystems,

USA).

4.3.5 Data analysis

Allele frequency and polymorphism for each AFLP fragments were scored
automatically on GeneMapper as well as manually by visualizing the
electropherogram. The data was scored as “1” (presence of fragment), “0” (absence
of fragment) and “.” for (missing data). The genotypic data were used to calculate
different population genetic parameters such as polymorphic information content
(PIC), marker index (MI) and resolving power (RP). The PIC value and mean gene
diversity for each AFLP primer combination was calculated using software

Powermarker v 3.25 and the scores were averaged for each PC.

PIC for each AFLP PC was calculated according to Roldan-Ruiz et al. (2000)
formula: PICi=2fi(1—fi), where PICi is the polymorphic information content of
marker 1; fi is the frequency of the fragments which were present and 1—fi is the
frequency of the fragments which were absent. PIC was averaged over the
fragments for each PC. Marker index (MI) was calculated following Powell et al.
(1996) as PIC x EMR, where EMR (effective multiple ratio, EMR = X n) is

defined as the product of the fraction of polymorphic loci (B) and the number of
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polymorphic loci (n). For each PC, the resolving power was calculated according
to Prevost and Wilkinson (1999) as Rp=XIb, where Ib is the fragment
informativeness and calculated as Ib=1-[2 x |0.5—p|], where p is the proportion of

the genotypes containing the fragment.

Diversity indicators were calculated in total, per population and per AFLP
fragment in GenAlEx 6.5 (Peakall 2012), POPGENE 1.31 (Yeh 1997) or Arlequin
3.1 (Excoffier 2005) software. Number of different alleles (Na), effective number
of alleles (Ne), Shannon's information index (I), gene diversity (h), expected
heterozygosity (He) (Nei 1973) and molecular variance (AMOVA) (Excoffier et al.
1992) within and among the populations were calculated in GenAlEx 6.5 (Peakall
2012). POPGENE/Arlequin 3.1 was used to calculate overall diversity in 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 Gst (Nm = 0.5 (1- Gst)/Gst. The Jaccard’s similarity coefficient values were
used to estimate genetic similarity between the accessions. Based on the similarity
matrix, dendrograms were constructed based on UPGMA by using FreeTree

V1.0.0.0 and TreeView (Win32) VV1.6.6 softwares (Pavlicek et al. 1999).

Genetic structure was investigated using STRUCTURE v 2.3.4. (Pritchard 2000;
Falush 2003) which uses Markov Chain Monte Carlo (MCMC) algorithm. An
admixture model with correlated allele frequencies was used. The K value was set
from 1 to 10, and at least 20 runs were performed for each value of K. The length
of the burn-in period was set to 50,000, and the MCMC chains after burn-in were
run for an additional 100,000 times. The optimal value of K was determined by

examination of the AK statistic (Evanno 2005) using StructureHarvester (Earl

2012).
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Table 9a Details of pre-selective primer used for AFLP analysis

Sl. No.

AFLP Pre-selective Primer
combination

Primer sequence
(5°t03)

1

E-A/M-C

GACTGCGTACCAATTC-A
GATGAGTCCTGAGTAA-C

Table 9b Details of selective primers used for AFLP analysis

SI. No.

AFLP Selective

Primer combinations

Selective primer sequence
(5°to 3

GACTGCGTACCAATTC-ACT (FAM)

! E-ACTIM-CTA GATGAGTCCTGAGTAA-CTA

L | Emomons | A
)| Emomera | T
¢ | EAOMCTC | CATGAGICCTGAGTAACTC
| esommerr | T
6 | EAGOMCAS | CTGAGTCCTGAGTAACAG
1| e e
s | eacamca | OO AA A
o | Emamoas AR
| eRamom | i
n | encamonn | SCTETOOATIC A05 000
| emcimoar | SCICCCTACCANTIC AN 10D
n | ememere | g
14 | EAMGIMCTC | CATGAGTCCTGAGTAACTC
5 | emsamom | ECCCTOCATIC S
O R v
7| eacamcas | SEISCOICCATIC e (08
w | escamem |
0 | eacamers | oA ACe (08
w | eacamenr | CACTOCCTACCATIC AC00E)
n | eseomota | e
29 E-AGC/M-CTG GACTGCGTACCAATTC-AGC (NED)

GATGAGTCCTGAGTAA-CTG
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4.4 Genetic analysis of L-Dopa trait

4.4.1. Hybridization of contrasting parents

For genetic analysis of L-Dopa trait, initially four different crosses were initiated
from the parental accessions which contained extreme L-Dopa contents (Table
10). These accessions were identified based on our L-Dopa analysis. The
hybridization was carried out following hand emasculation, dusting of donor
pollens and bagging for protected pollination. The experiments were conducted
during the months of September-October, 2015 between 9.00-10.00 AM and
seeds from fully matured pods were recovered during November/December 2016.
The progenies consisted total of 59 F1 seeds. From these, single F1 seed from the
cross between 500240SK (High L-Dopa content; 9.03%) and 500212AS (Low

L-Dopa content; 1.55%) was planted to raise F2 progenies (Fig. 6).

Table 10 L-Dopa content among different parental combinations used for crossing

SI. No. Parents for F1
500240SK & (9.03%) X 500212AS 2 (1.55%)

500212AS & (1.55%) X 500240SK < (9.03%)

1
2
3 500175MH & (7.77%) X 500212AS < (1.55%)
4 500212AS 3 (1.55%) X 500175MH 2 (7.77%)

4.4.2 Development of F2 population

Total 959 F2 seeds were obtained from which 400 random seeds were sown for
raising the F2 population. The seeds were sown during the month of April-May,
2017. Seedlings were raised in a pot measuring in 8”x 3” size. All the F2 plants
were maintained as per the standard package and practices and subjected to

further evaluation. Totally 272 surviving F2 individuals were analyzed.
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» Dae of garmination: 01.04.2015 500240SK & 500212AS ¢ » Dae of germination: 01.04.2015

» Harvestad: 12.12.2015 » Harvestad: 03.12.2015
#» No. of =2d in 2ach pod: 4-6, black > No. of z22d in 2ach pod: 4-6, black

colour s22d

» Daystoflowering: 117 days

» Growth habit'plant hairinazs:
Climbar very slight

» Flower colour: White

» Poditchinsss: Iching

» L-dopa:1.550%

colour s22d

» Davstoflowering: 145 daws

» Growth habit'plant hairinsss:
Climber vary slight

» Flower colour: Purple

#» Poditchinsss: Iching

> L-dopa: 9.03%

#» Date of germination: 01.042016

» Harvested:22.122016

#» Numbsrof s22ds from sinzlz Fl plant: 959

#» No. of z22d in 2ach pod: 3-53, dlack color :ead

» Daysto flowering: 156 days

» Growth habit'plant hairiness: Climbas/'very slight
#» Flower colour: Purple (In bunches)

5002408K *
X
500212AS #» Poditchiness: Itching

» L-Dopa: 3820

B -F1 green pod C-F1 dried pod D-F1 sead

Fig. 6: Development of L-Dopa segregating population
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4.4.3 Phenotyping of F2 individuals

Qualitative traits including flower color, fruit color, presence of trichome and pod
sensation were recorded visually. Phenotyping data on length (mm), width (mm),
thickness of seeds (mm), weight of single seed (g) and 100 seed weight were
recorded as per the method described earlier. The data was recorded in five

replicates and then averaged.

4.4.4 Variance and heritability analysis

4.4.4.1 Analysis of variance

The data collected for L-Dopa content among parents, F1 and F2 progenies were
subjected to analysis of variance (ANOVA) to test the variations among genotypes
and progenies. The analysis of variance was calculated using Statistical Analysis

System (SAS) software version 9.2 (SAS, 2008).

4.4.4.2 Estimation of variance components

The variability present in the population was estimated by measuring mean,
phenotypic and genotypic variance and coefficient of variation. To estimate the
phenotypic and genotypic variance, genotypic and phenotypic coefficients of

variation were estimated based on the formula of Syukur et al. (2012) as follows:

o2G = (MSG-MSE)
o°P = [6°G + (6°E/r)]

o%E = Var. of P1+ Var. of P2+2 x Var. F1
4

Where: 6°G = Genotypic Variance; o’P = Phenotypic Variance; ¢°E =
Environmental Variance; MSG = Mean Square of Genotypes; MSE = Error Mean

Square from ANOVA)
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Genotypic coefficient of variation (GCV) = [6?°G)Y?/ X] x 100

Phenotypic coefficient of variation (PCV) = [¢?P)*?/ X] x 100

Where: 6°G = Genotypic variance; 6?P = Phenotypic variance; is grand mean of a

character.

4.4.4.2 Heritability estimation in broad sense

Broad sense heritability (h?) of all the traits was calculated according Allard (1960)

using the formula:

h2 =6 [(’G) / (62P)} X 100

Where, h? = heritability in broad sense.

4.4.4.3 Estimation of genetic advance

Genetic advance (GA) was determined as described by Johnson et al. (1955b) as:
GA = K (cP) h?

Where K = selection differential (K = 2.06 at 5% selection intensity); cP = the

phenotypic standard deviation of the character; h? = heritability in broad sense.

The genetic advance as percentage of mean (GAM) was calculated as described by

Johnson et al. (1955a) as given below:

GAM (%) = GA/ X x 100

Where GAM = Genetic advance as percentage of the mean; GA = Genetic advance

and X = Grand mean of character.
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4.4.4.4 Normal distribution curve

Normal distribution curve can be characterized by two statistics, the mean or
average () of the distribution and the standard deviation (o), a measure of the

spread of the distribution. It was plotted by using the following formula:

H=X=(X1+ X2+ Xa+ .......... + Xn) IN=ZN% () /' n

Where X = sample mean, X" (x;) is the sum of x values from i=1 to n.

4.5 Micropropagation of elite genotypes

4.5.1 Seed material and sterilization

Mature seeds of the genotype 500240SK collected from well dried pods of six
months old plant was used as a seed source. The seeds were initially washed for 8-
10 min with detergent - Extran® MA 02 (Merck) followed by 20 min wash in
running tap water. The seeds were then surface sterilized in a mixture of 0.2%
HgCl, +0.05% cetrimide + 0.06% bavistin for 5 min. The seeds were then

thoroughly washed with autoclaved distilled water.

4.5.2 Media and culture condition

Murashige and Skoog’s (1962) salt with 3% (W/V) sucrose was used as basal
medium except in case of seed germination medium which lacked sucrose. After
adding the growth regulators, the pH of the medium was adjusted to 5.6 + 0.1
followed by gelling with 0.8% agar. The media was then autoclaved at 121°C and

1.06 kg/cm? pressure for 20 min.
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4.5.3 Explants preparation

The surface sterilized seeds were germinated on solid MS basal medium without
sucrose and the seedlings were allowed to grow for 12-14 days until the axillary
buds became prominent. The explants were then prepared as per the method
described by Jayanand et al. (2003). Axillary buds measuring 0.8 - 1.0 cm were
aseptically inoculated onto MS medium supplemented with shoot induction
hormones. Apical buds and cotyledonary nodes were prepared as per the method

described earlier (Sathyanarayana et al. 2008).

4.5.4 Multiple shoots induction

The explants - apical bud, axillary bud and cotyledonary node were cultured on
MS medium supplemented with BAP in various concentration (0.00-22.20 uM),
Kn (0.464-23.2 uM) and combinations of BAP (4.44 uM) + Kn (0.93-4.65 pM),
BAP (4.44 uM) + NAA (1.08-5.40 puM) for multiple shoot induction. The induced
shoots were allowed to grow for 30 days and at the end of 30 days, the explants
producing maximum number of multiple shoots were sub-cultured on MS + BAP

(0.44-4.44 uM) for 30 more days for proliferation of shoots.

4.5.5 Elongation and rooting

Micro-shoots grown on subculture medium were transferred on to MS media
supplemented with GAs3 (2.89 - 14.43 uM) for elongation. The shoots of 3-4 cm
length were then transferred to half strength MS medium supplemented with NAA

(0.00 — 16.2 uM) for rooting.
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4.5.6 Hardening of plantlets

After 20 days, plantlets (3-4 cm) with good rooting were removed and thoroughly
washed under running tap water for 2-3 min to remove traces of left-out medium.
They were then transferred to plastic pots containing autoclaved sand: soil: peat
moss (1:1:1) mixture and watered. All the plants were covered with polythene bags
to maintain humidity. The plants were initially maintained in culture room
conditions viz., 25+2° C with 60-70% relative humidity (RH) and a photoperiod of
16:8: light: dark with an illumination of 50 pmol m?2s? flux for a period of one
week. After this, polybags were removed and the plants were transferred to
greenhouse with 25+2° C temperature, and relative humidity 55+5%. After one

month, the plants were transferred to field for establishment.

4.5.7 Statistical analysis

The cultures were examined at regular intervals of seven days and all the
experiments were repeated at least thrice. Data analysis was done using one way
ANOVA and mean values of treatments were compared by Tukey’s HSD test with
5% significance using JMP software version 9 (SAS Inst. Inc. 2008) with

UNIVARIATE procedure.
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5. Results

5.1 Germplasm collection and characterization
5.1.1 Collection of germplasm

Totally 50 M. pruriens accessions were collected covering 18 districts of 8
northeastern states of India namely Assam, Manipur, Tripura, Mizoram, Nagaland,
Arunachal Pradesh, Meghalaya and Sikkim (Fig. 7). The collection included both
the botanical varieties of M. pruriens available in the region viz., var. pruriens (38)
and var. utilis (12). The third variety, var. hirsuta is endemic to peninsular India.

All the accessions were new collections from the region.
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Fig. 7: Map showing geographical locations of germplasm collection

Note: Points in the map indicate collection locality
Map Courtesy: www.mapsofindia.com
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5.1.2 Germplasm evaluation

5.1.2.1 Qualitative characters

The results of evaluation carried out on 10 qualitative characters viz., leaf
texture/surface, leaflet shape, flower colour, pod trichome colour, pod sensation,
pod curvature, plant hairiness, seed shape, seed colour, and seed coat pattern
revealed at least five of them viz., flower colour, pod trichome colour, pod
sensation, seed coat colour and seed coat pattern are highly variable. The details

are given in Table 11.

In case of leaf texture, majority of the accessions showed membranous (56%) or
coriaceous (40%) leaf texture, while very few showed semi-coriaceous (4%)
texture. All three kinds of leaf textures were observed in var. pruriens whereas var.
utilis exhibited only membranous leaf. The leaf shape was predominantly ovate
(72%) except in some accessions of Arunachal Pradesh, Nagaland and Assam

(28%) which showed ovate-lanceolate shape.

In case of flower colour, two accessions, one each belonging to var. pruriens
(500212AS) and var. utilis (500267NL) possessed white flower colour which
added to 4% variability to the total collection of which 2.63% was within var.
pruriens and 8.33% was within var. utilis. The, purple or dark violet flower

emerged as most common (96%) flower colour in both the varieties.

For pod trichome colour, in var. pruriens, 97.36% of the accessions showed golden
orange colour and 2.63% were creamish white. In case of var. utilis, 75% of

accessions showed creamish white and 25% velvety black trichomes.
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The pod sensation was categorized as either itching or non-itching. Of the 50
germplasm accessions, 76% exhibited itching which is typical of var. pruriens and
remaining 24% belonging to var. utilis showed non-itching character. Pod
curvature also showed two variants: curved (28%) which was predominant in var.
utilis and S- shaped (72%) which was common in var. pruriens, although a few
curved accessions (5.26%) were observed even in case var. pruriens. For plant
hairiness, 10.52% of the accessions had low, 18.42% moderate and 71.05%
accession had dense pod hair in var. pruriens. In case of var. utilis, 25% had very
low and 75% had low pod hairs. Among seed traits, one (2%) accession produced

round seed, 34% were oval and 64% showed cuboid shape.

In comparison, seed coat colour and pattern showed considerable variability in
both the varieties. In var. pruriens, seed coat colour ranging from black, dark
brown, brown and grayish brown were observed except white. In case of var. utilis,
only two types of seed coat colour - white and grayish-brown were observed. From
the total accessions, 54% produced black seed (mostly var. pruriens), 22%
produced white seed (only var. utilis), remaining 24% produced combination of

both (Fig. 8a and b).

In case of seed coat pattern, 44% of the accessions showed black mottled seeds
followed by 26% non-mottled ones. Along with this, 4-8% accessions showed
brown/dark brown mottled/ striped and grey mottled seed coat patterns. Large

variability for this trait was observed in both the var. pruriens and var. utilis.
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Table 11 Variability for different qualitative characters

Qualitative Number of accessions representing the characters
characters Count %
Leaf texture/ surface var. vVar- | Total var. var. Total
pruriens | utilis pruriens utilis
Membranous 16 12 28 42.10 100.00 56.00
Semi-coriaceous 2 0 2 5.26 0.00 4.00
Coriaceous 20 0 20 52.63 0.00 40.00
Leaflet shape
Ovate 31 5 36 81.58 41.67 72.00
Ovate-lanceolate 7 7 14 18.42 58.33 28.00
Flower colour
White 1 1 2 2.63 8.33 4.00
Purple 37 11 48 97.37 91.67 96.00
Pod trichome colour
Creamish white 1 9 10 2.63 75.00 20.00
Velvety black 0 3 3 0.00 25.00 6.00
Golden orange 37 0 37 97.36 0.00 74.00
Pod sensation
Itching 38 0 38 100.00 0.00 76.00
Non-itching 0 12 12 0.00 100.00 24.00
Pod curvature
Curved 2 12 14 5.26 100.00 28.00
S-shaped 36 0 36 94.73 0.00 72.00
Plant hairiness
Very low 0 3 3 0.00 25.00 6
Low 4 9 13 10.52 75.00 26
Moderate 7 0 7 18.42 0.00 14
Dense 27 0 27 71.05 0.00 54
Seed shape
Round 0 1 1 0.00 8.33 2.00
Oval 14 3 17 36.84 25.00 34.00
Cuboid 24 8 32 63.16 66.67 64.00
Seed colour
Black 27 0 27 71.10 0.00 54.00
White 0 11 11 0.00 91.67 22.00
Dark brown 4 0 4 10.53 0.00 8.00
Brown 4 0 4 10.53 0.00 8.00
Grayish brown 3 1 4 7.89 8.33 8.00
Seed coat pattern
Absent/non-mottled 7 6 13 18.42 50.00 26.00
Black mottled 22 0 22 57.89 0.00 44.00
Brown mottled 3 1 4 7.89 8.33 8.00
Dark brown mottled 3 3 6 7.89 25.00 6.00
Grey mottled 1 1 2 2.63 8.33 4.00
Dark brown striped 2 1 3 5.26 8.33 6.00
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Fig. 8a: Seed variability in M. pruriens var. pruriens collected from
northeastern region of India

Fig. 8b: Seed variability in M. pruriens var. utilis from northeastern region of India
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Correlation analysis

The binary data of the qualitative characters was used to calculate the degree of
linear correlation between each pair of characters. Pearson’s correlation coefficient
(r?) corresponding to classical linear plot was used to determine how much of the
variability of one qualitative trait was explained by the other. The p value for each
coefficient was used to test significantly different correlations at 5% probability
level and 95% confidence. The results showed that pod curvature and leaf texture
were correlated at r?= 0.463. Pod sensation and leaflet shape were highly correlated
at r’= 0.693. The seed characters were positively correlated with pod characters,
specially the seed coat colour and pod sensation (r’>= 0.609) and seed shape and
pod hairiness (r>= 0.565). But significant negative correlation was found between
the seed colour and pod curvature as well as seed coat pattern and seed colour. The

summary of this analysis is given in Table 12.

Table 12 Pearson’s correlation analysis for 10 qualitative characters

Qualitative | Ls | Fc | PTC | PS | PCc | PH | ss | sc | scp
LT 1 | 0373 | 0181 | 0342 | -0498 | 0463 | 0.224 | 0127 | 0.071 | 0066
Ls 0373 | 1 |-0327|-0690 | 0.693 | -0.603 | -0.218 | 0.089 | 0318 | -0.240
FC 0181 | -0327 | 1 | 0408 | -0.124 | 0.100 | 0378 | 0.029 | -0.016 | -0.121

PTC 0342 | -0690 | 0408 | 1 | -0.656 | 0.690 | 0.295 | -0.071 | -0.341 | 0.160
PS 0498 | 0693 | 0124 | -0656 | 1 | -0.901 | 0.252 | -0.254 | 0.609 | -0.414
PC 0463 | -0.603 | 0100 | 0.690 | -0.901 | 1 | 0218 | 0229 | -0497 | 0.341
PH 0224 | 0218 | 0378 | 0295 | -0252 | 0218 | 1 | 0565 | -0.105 | 0042
ss 0127 | 0089 | -0.029 | -0.071 | -0.254 | 0229 | 0565 | 1 | -0.155 | -0.085
sC 0071 | 0318 | -0.016 | -0.341 | 0609 | -0.497 | -0.105 | -0.155 | 1 | -0.551

scp 0066 | -0.240 | -0.121 | 0.160 | -0.414 | 0.341 | 0042 | -0.085 | -0.551 | 1
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Cluster analysis

Agglomerative Hierarchical Clustering (AHC) based on UPGA provides grouping
of accessions using mean scores of dissimilarity (Euclidean distance). In our study,
cluster analysis based on 10 qualitative characters divided 50 accessions into three
major classes (Fig. 9) depicting within class variance of 61.53% and between class
variance of 38.47%. It clearly distinguished var. pruriens and var. utilis accessions
except one var. utilis accession viz., 500210MN which separated in class-3. This
accession possesses unique morphological characters including semi-determinate
plant height. The Euclidean distances between different classes are shown in
Table 13. The different accessions under each class along with variance explained

by them are shown in Table 14.

The UPGMA dendrogram constructed based on Jaccard’s similarity coefficient
divided 50 M. pruriens accessions into two major clusters i.e. cluster | (var.
pruriens) and cluster Il (var. utilis) with significant bootstrap support between the
two major clusters (Fig. 10). The Jaccard’s similarity coefficient varied from
0.05 to 1 with an average of 0.39 suggesting good diversity for the qualitative

characters.

67



Cl

C3

3 31 32 33 34 35 36 3.7 38 39

Dissimilarity - Euclidean distances

Fig. 9: AHC dendrogram based on 10 qualitative characters

Table 13 Euclidean distance between different AHC classes

Class Number C1 C2 C3
C1 0 3.194 3.086
C2 3.194 0 3.428
C3 3.086 3.428 0

Table 14 Affiliation of accessions among different AHC classes

Class C1 C2 C3
Objects 11 38 1
Sum of weights 11 38 1
Within-class variance 2.127 3.175 0.000
Minimum distance to 0.891 1.058 0.000
centroid
Average distance to centroid 1.340 1.720 0.000
Maximum distance to 2.169 2.793 0.000
centroid
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500211NL 500276 ML
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Principal component analysis of the data on qualitative characters revealed that

first two PCs explained total variation of 43.22% of which 31% was in PC1 and

12.22% in PC2 (Fig. 11). Even though the total variance explained was <50%, the

two PCs grouped accessions based on botanical varieties with group A

representing var. utilis and group B representing var. pruriens. The distribution

and factor loading of various characters across the two principal axes are shown in

Fig. 12.
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5.1.2.2 Quantitative traits

A total of 10 gquantitative traits comprising six yield and four non-yield based traits
were analyzed among 50 germplasm accessions. An average of 28% variation was
observed within yield based traits such as days to emergence, number of pod per
plant, days to flowering, days to first mature pod, days to maturity and 100 seed
weight (Table 15a). In case of non-yield based traits such as seed length, seed
width, seed thickness and seed area, 33% variation was observed (Table 15b). The
maximum and minimum values, range as well as coefficient of variation exhibited

by different yield based traits are shown in the Table 15a and b.

Further, we analyzed variability for 10 quantitative traits separately for var.
pruriens and var. utilis and the results are summarized in Tables 16 and 17
respectively. The average coefficient of variation (CV %) for the six yield based
traits in 38 wild var. pruriens accessions ranged from 8.17 % to 31.73 % with an
average of 19.32%, while in case of non-yield based traits, it ranged from 16.92 to
27.16 with an average of 22.10%. In case of 12 cultivated var. utilis accessions, it
ranged from 6.59 to 20.55 % with a mean of 12.10% for six yield based traits and
11% to 39.46% with a mean of 22.55% in case of four non-yield based traits. In
addition, each quantitative trait was subjected to frequency distribution analysis to
determine the number of accessions falling into distinct classes (Fig. 13a and b).
We also determined variability within each cluster of UPGMA dendrogram. The

outputs are captured separately for var. pruriens and var. utilis.
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Table 15a Descriptive statistics of six yield based traits in 50 M. pruriens accessions

Variable Minimum Maximum Range | Mean | SD SE | % CV
Days to emergence 500255 AR (4.00) 500205AS (13.00) 9.00 7.44 2.07 0.30 | 27.85
Days to Flowering 500221AR (93.00) | 500269SK (132.00) | 39.00 | 111.84 | 10.32 | 1.46 9.23
Days to first mature pods | 500210MN (103.00) | 500271SK (163.00) | 60.00 | 138.46 | 12.27 | 1.74 8.86
No. of pods per plant 500212AS (14.00) 500248TR (68.00) | 54.00 | 33.08 | 13.44 | 1.90 | 40.62
Days to maturity 500210MN (137.00) | 500271SK (197.00) | 60.00 | 170.48 | 14.31 | 2.02 8.39
Hundred seed weight (g) 500216ML (18.88) | 500266NL (173.36) | 154.48 | 57.94 | 4055 | 5.73 | 69.98
Min 8.39
Max | 69.98
Ave | 28.00
Table 15b Descriptive statistics of four non-yield based traits in 50 M. pruriens accessions
Variable Minimum Maximum Range | Mean SD SE | %CV
Seed length (mm) 500222AR (5.47) 500266NL (17.83) | 12.36 | 10.50 | 3.01 0.43 | 28.67
Seed thickness (mm) 500242SK (3.84) 500266NL (10.71) 6.87 6.62 1.84 0.26 | 27.78
Seed area 500222AR (27.24) | 500266NL (173.10) | 145.86 | 70.49 | 36.07 | 5.10 | 51.18
seed width (mm) 500232AS (4.48) 500266NL (12.75) 8.27 8.19 2.09 0.30 | 25.56
Min | 25.56
Max | 51.17
Ave | 33.30
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Table 16 Descriptive statistics of yield and non-yield based traits among M. pruriens var. pruriens accessions

Yield based traits Minimum Maximum Mean SD SE %CV
Days to emergence 500220AR (4) 500205AS (13) 7.84 2.13 0.34 27.1
Days to Flowering 500221AR (93) 500269SK (132) |112.82| 11.03 1.79 10
Days to first mature pods | 500221AR (117) 500271AS (163) | 140.87 | 12.08 1.96 8.57
No. of pods per plant 500212AS (14) 500248TR (68) 37.76 | 11.98 1.94 31.73
Days to maturity 500237AS (145) 500271SK (197) | 172.03 | 14.06 2.28 8.17
Hundred seed weight (g) | 500216ML (18.88) | 500212AS (67.06) | 36.68 | 11.14 1.81 30.37
Min % CV 8.17
Max % CV 31.73
Average % CV 19.32
Non yield based traits Minimum Maximum Mean SD SE %CV
Seed length (mm) 500222AR (5.47) | 500212AS (13.54) | 9.43 1.60 0.26 16.92
Seed thickness (mm) 500242SK (3.84) 500221AR (9.89) 6.03 1.64 0.27 27.16
Seed area 500222AR (27.24) | 500212AS (85.3) | 55.77 | 12.65 2.05 22.68
seed width (mm) 500232AS (4.48) 500223AR (11.8) | 7.37 1.59 0.26 21.59
Min % CV 16.92
Max % CV 27.16
Average % CV 22.10
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Table 17 Descriptive statistics of yield and non-yield based traits among M.

pruriens var. utilis accessions

Yield based traits Minimum Maximum Mean | SD SE | %CV
Days to emergence 500255AR (4) 500268NL (8) 6.167 | 1.27 | 0.37 | 20.55
Days to Flowering 500210MN (94) 500217MN (119) | 108.75 | 7.18 | 2.07 | 6.59
Days to first mature pods 500210MN (103) 500213MN (141) | 130.83 | 984 | 284 | 7.52
No. of pods per plant 500263NL (14) 500203MN (22) 18.25 | 2.38 | 0.69 | 13.04
Days to maturity 500210MN (137) 500217MN (189) | 165.58 | 14.61 | 4.21 | 8.82
Hundred seed weight (g) 500203MN (100.74) | 500266NL (173.36) | 125.26 | 20.02 | 5.78 | 15.98
Min % CV | 6.59
Max % CV | 20.55
Average % CV | 12.10
Non yield based traits Minimum Maximum Mean | SD SE | %CV
Seed length (mm) 500211NL (8.15) 500266NL (17.83) | 13.86 | 3.94 | 1.14 | 28.42
Seed thickness (mm) 500211NL (7.48) 500266NL (10.71) 8.52 096 | 0.28 | 11.33
Seed area 500211NL (56.32) 500266NL (173.1) | 117.13 | 46.22 | 13.34 | 39.46
seed width (mm) 500213MN (9.33) 500266NL (12.75) | 10.78 | 1.17 | 0.34 11
Min% CV | 11
Max % CV | 39.46
Average % CV | 22.55
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ANOVA

Results of one way analysis of variance of different quantitative traits are shown in
Table 18. The F ratio obtained from each trait at prob>F classified them into
significant, highly significant and very highly significant classes in terms of their

contribution to the total variation at o= 0.05.

In case of yield based traits, significant variation was observed for traits such as days
to emergence, days to flowering, days to first mature pod, number of pod per plant.
Moderate variation was recorded for 100 seed weight. Likewise, in case of non-yield
based traits, seed length, seed thickness, seed width was found to have minimal
variation, whereas seed area showed moderate variation. Multiple comparisons of
mean values of traits across different accessions using Tukey’s HSD test determined

the group of accessions which were significantly different from other.
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Table 18 Result of ANOVA for 10 quantitative traits

Traits F- ratio F-test Prob>F

Days to emergence 205.53 ekl <0.0001

Days to flowering 215.84 il <0.0001

Days to first mature pod 256.20 el <0.0001

Number of pod per plant 103.70 foleied < 0.0001

Days to maturity 264.8 Fhx <0.0001
Seed length (mm) 1.46 NS 1
Seed thickness (mm) 0.59 NS 1
Seed width(mm) 0.87 NS 1

Seed area 51.34 ** < 0.0001

100 seed weight (g) 42.65 folael <0.0001

*Significant, ** highly significant, *** very highly significant, NS- Non-
significant at probability levels of 5%

Correlation analysis

Correlation tests were carried out separately for both yield and non-yield based traits
(Table 19). Highest positive correlation was observed between days to flowering and
days to first mature pod at r? = 0.872 followed by days to maturity at r>= 0.52. Days
to first mature pod was positively correlated to days to maturity at r?= 0.627.
Likewise, positive correlation were observed between days to emergence and days to
flowering (r>= 0.350) and days to first mature pod (r?>= 0.385). However 100 seed
weight was negatively correlated with days to emergence (r’= -0.399), days to
flowering (r’= -0.284), days to first mature pod (r?= -0.407), number of pod per plant
(r°=-0.606) and days to maturity (r>= -0.188). In case of non-yield based traits (Table
20), significant positive correlations were observed in for all the traits. Seed length
with highest being with seed area (r?=0.941), followed by seed width (r>= 0.593) and
seed thickness (r> = 0.457). Seed thickness was also positively correlated with seed

area (r>=0.564) and seed width (r>= 0.695).
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Table 19 Pearson’s correlation matrix for six yield based quantitative traits

Variables DE DF DFMP NPPP DM HSW
Days to emergence 1 0.0128 0.0057 0.5751 0.9718 0.0041
Days to Flowering 0.3498 1 <0.0001 0.2288 0.0001 0.0452
Days to first mature pods 0.3851 0.8723 1 0.1606 <0.0001 | 0.0033
No. of pods per plant -0.0812 0.1733 0.2015 1 0.0062 | <0.0001
Days to maturity 0.0051 0.5220 0.6270 0.3819 1 0.1899
Hundred seed weight (g) -0.3995 | -0.2845 -0.4071 -0.6056 -0.1885 1

Note: The bottom triangular matrix gives the Pearson’s correlation coefficient between each pair of traits and the
upper triangular matrix gives the p-values for significance. Values in bold are different from 0 with significant level

alpha=0.05.
Table 20 Pearson’s correlation matrix for four non-yield based quantitative traits
Variables SL ST SA SwW
Seed length (mm) 1 0.0009 0.0000 0.0000
Seed thickness (mm) 0.4566 1 <0.0001 <0.0001
seed width (mm) 0.5934 0.6948 1 <0.0001
Seed area 0.9405 0.5638 0.6373 1

Note: The bottom triangular matrix gives the Pearson’s correlation coefficient between each pair of traits and the
upper triangular matrix gives the p-values for significance. Values in bold are different from 0 with significant level

alpha=0.05.
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Cluster analysis

AHC clustering based on Euclidean distance of dissimilarity classified 10 quantitative
traits into three major clusters (Fig. 14). The variance between the classes was high at
74.26% when compared to within class variance which was at 25.74%. The results
indicate each cluster was significantly different from the other. Within dendrogram,
var. utilis accessions were separated in two classes’ i.e class 2 and class 3 and var.
pruriens separated clearly in class one except one accession 500212AS, which
clustered with class 2 representing var. utilis. The Euclidean distance between
different AHC classes are shown in Table 23 and the affiliation of accessions for each

cluster is represented in Table 24.

Dissimilarity

PETST
PETST
FETSE
FETSY
FETSS
+ FETSS
FETSL
FETSE
FETSE
FETS0T
FEISTT

Fig. 14: Hlustration of the AHC based on 10 quantitative traits
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Table 21Euclidean distances between different AHC classes

Class C1l C2 C3
C1 0 77911 139.129
C2 77911 0 84.731
C3 139.129 84.731 0

Table 22 Affiliation of accessions for different AHC classes

Class

1

2

3

Objects

37

6

7

Sum of weights

37

6

7

Within-class variance

844.151

1256.199

1169.639

Minimum distance to centric

11.263

13.099

15.730

Average distance to centric

27.584

29.859

29.371

Maximum distance to centric

45.697

46.588

47.426

500197WB

500212AS

500210MN

500199WB

500203MN

500213MN

500204AS

500217MN

500263NL

500205AS

500211NL

500266NL

500232AS

500268NL

500267NL

500233AS

500277NL

500215AR

500236AS

500255AR

500237AS

500216ML

500275ML

500276ML

500219TR

500248TR

500235TR

500246TR

500245TR

500234MZ

500239MZ

500220AR

500221AR

500222AR

500223AR

500224AR

500225AR

500226AR

500227AR

500228AR

500231AR
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500240SK
500241SK
5002425K
500243SK

500244SK
500249SK

500269SK
500271SK
500274SK

Jacquard’s similarity coefficients for quantitative traits were found in the range of
0.05 to 1 with an average of 0.54 indicating moderate to high diversity (46%) for
quantitative traits among the studied accessions. The diversity within var. pruriens
was 39%, which was higher than var. utilis which was 31%. The dendrogram based
on Jaccard’s similarity coefficient divided 50 accessions into two main clusters i.e.
cluster 1 and cluster Il (Fig. 15). The grouping pattern indicated partition based on
botanical varieties as the two cluster, | and Il comprised var. pruriens and var. utilis
accessions distinctly. Each major cluster was further divided into sub-clusters namely
la, Ib, Ic and Id in case of cluster | and 2a and 2b in case of cluster Il. Clear cut
differences were observed with respect to studied quantitative traits in terms of their
mean value in each sub-cluster obtained (Table 23). However, no evidence of
grouping based on trait similarities was observed in our UPGMA analysis which
indicated that the accessions under each sub-cluster were quite diverse in terms of

their average trait values.
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Fig. 15: UPGMA dendrogram based on 10 quantitative characters

83

e S00245TR sy

I oSN




Table 23 Quantitative traits mean value from six individual clusters of UPGMA dendrogram

S Cluster (number of accessions)
la (7) 1b (4) 1c (9) 1d (18) 2a (9) 2b (3)
DE | 871+1.38 9.5+2.10 8+1.58 7.11+2.36 6.11+1.45 6.33+0.58
DF | 119.43+5.94| 122.545.10 118+8.13 105.5£10.27 | 109.22+8.32 | 107.33+1.53
DFMP | 147.29+7.25 | 156.75+5.91 | 142.67+10.42 | 133.94+10.63 | 131.56+11.41 | 128.67+1.53
NPPP | 34.14+125 | 39.75+11.24 | 38.33+14.60 | 38.44+11.30 | 18.33+2.34 | 18.00+3.00
DM 167+20.1 | 181.25+14.25 | 175+10.76 | 170.44+12.65 | 167.89+15.87 | 158.67+8.39
SL 8.76x0.60 9.27+1.57 8.38+0.47 10.26+1.83 15.58+2.82 8.7+0.48
ST 7.52+1.34 6.10+1.26 4.30+0.27 6.2911.52 8.63+1.01 8.18+0.90
SA 58.27+5.92 | 50.59+8.59 | 49.42+0.27 | 59.11+15.10 | 136.68+34.87 | 58.47+2.30
SW 7.52+0.78 6.16+£1.10 5.85+0.81 8.35+1.48 10.71+1.16 11+1.45
HSW | 30.01+6.68 | 34.39+4.26 | 29.21+6.60 | 43.52+11.49 | 127.90+22.72 | 117.32+3.77

Note: DE=days to emergence; DF= days to flowering; DFMP= days to first mature pod; NPPP = number of
pod per plant; DM= days to maturity; SL= seed length (mm); ST= seed thickness (mm); SA= seed area;
SW= seed width (mm); HSW=hundred seed weight (g).
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Principal Component Analysis (PCA)

PCA indicated first two PCs i.e. PC1 and PC2 explained a total variation of 61.63% of

which 44.5% was from PC1 alone. The distribution and factor loading of various

characters across two principal axes is shown in the Fig. 16 and 17. A clear grouping

of var. pruriens and var. utilis accessions into two major axes was observed which is

in accordance with the results of UPGMA analysis.

PC1and PC2 : (61.63 %)
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Fig. 16: PCA plot based on quantitative characters
(Blue- M. pruriens var. pruriens; Red- M. pruriens var. utilis)
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Fig. 17: PCA plot depicting dispersion of quantitative characters contributing to variation

5.1.2.3 Identification of elite stocks and parents of mapping population

We evaluated totally 10 quantitative traits which are important for breeding superior
varieties. Thus a detailed analysis was carried out to ascertain the variability for these
traits among the on hand accessions and identify key variants in each group based on

mean difference of their trait scores.

Days to emergence (DE) showed significant variation ranging from 4-13 days among
the different accessions. After evaluation, 20% of accessions were found to be early
emerging (<5 days) and 80% were late emerging (>5 days). From the overall results,
var. pruriens accessions: 500220AR, 500222AR and 500225AR (4 days), 500231AR
(5 days) and var. utilis accessions: 500255AR (4 days), 500210MN, 500215AR (5

days), 500203MN (6 days) were identified as early emerging genotypes.

Number of days to flowering varied from 93 to 132 days. About 24% (9) of the
accessions were under early flowering category and remaining 76% (29) belonged to
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late flowering types. Based on the data obtained, var. utilis accessions: 500210MN
(94 days), 500215AR (98 days) and var. pruriens accessions: 500212AS (97 days),

500240SK (119 days) were identified as early flowering stocks.

The days to first matured pod (DFMP) varied from 103 to 163 days. About 14% of
the accessions fell under early category (103-130 days), 74% in the medium range
(130-150 days) and 12% showed tendency for late first pod maturity (>150 days).
About 55% of var. pruriens and 45% var. utilis showed early first pod maturity.
Nearly, 63% of var. pruriens and 58% of var. utilis accessions were in the medium
range. Based on the overall data it is inferred that, among var. utilis accessions:
500210MN (103 days), 500215MN (130 days) and 500211NL (127 days) and in var.
pruriens, accessions: 500221AR (117 days) and 500222AR (121 days) might be

promising for the breeding program.

Days to maturity (DM) among the studied accessions varied from 137-197 days.
About 40% of the accessions exhibited tendency for early maturity (137-160 days),
and about 60% were late maturing (160-197 days). Based on the above data, var.
pruriens accessions: 500236AS, 500276ML, 500237AS and var. utilis accession:
500210MN were identified as early maturing ones and can be used as parental stock

for breeding maturity period.

Number of pod per plant (NPPP) varied from 14-68 pods. In this category, all the
accessions of var. utilis showed minimum (14-22) NPPC values. In var. pruriens 11
accessions (29%) were in minimum (14-30 pod per plant) and remaining 27 (71%)
were found to be high pod yielding (31-67 pod) accessions. Accessions: 500248TR,
500224AR and 500240SK which showed maximum number of pod per plant may

constitute good breeding stock for this trait.
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5.2 L-Dopa variability and correlation with seed traits

5.2.1 Standardization of method for L-Dopa analysis

The individual as well as mean values of the trials in triplicates obtained for all the
known concentration of L-Dopa are given in Table 24. The mean values at different
trials produced minimum standard deviation in each trail confirming the accuracy of

the instrument.

5.2.2 L-Dopa screening in germplasm

We applied the above standardized protocol to analyze the L-Dopa content in 50
M.pruriens accessions from northeast India and the results are given in Table 25 and
Fig. 18. The L-Dopa contents ranged from 1.55% to 9.03% with the coefficient of
variation of 46.81%. The highest L-Dopa content was recorded in accession
500240SK (9.03%) and the lowest was in 500212AS (1.55%). Frequency distribution
analysis classified 50 accessions into four frequency classes. Majority (>50%) of the
var. utilis accessions were classified within 1.55 to 5% (low to moderate) category
whereas accessions belonging to var. pruriens were present in all the frequency
classes. Only three accessions figured in high L-Dopa content (5-9%) category. The

number of genotypes falling under each frequency class is shown in the Fig. 19.
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Table 24 Summary table on validation of HPLC equipment

sl CDoggéoiI;Sptg”I;— Vcl)_l_.lgr)s;d. Vol. of Area in triplicate Mean + SD
o | “rotal iml) | (amgmpy | MIIQ | A B C ()
1 100 100ul 900ul 9.6 8.91 9.02 9.18+0.07
2 200 200ul 800ul | 19.869 | 17.96 | 18.89 18.91+0.95
3 300 300ul 700ul 28.832 | 27.26 26.34 27.48+1.26
4 400 400ul 600ul 39.893 | 39.02 37.64 38.85+1.14
5 500 500ul 500ul | 48.276 | 44.41 | 46.78 46.48+1.95
6 600 600ul 400ul 59.454 | 60.12 58.02 59.20+1.07
7 700 700ul 300ul | 69.533 | 71.02 | 68.57 69.71+1.23
8 800 800ul 200ul 79.368 | 80.54 76.52 78.81+2.07
9 900 900ul 100ul | 90.384 | 91.56 | 89.22 90.39+1.17
10 1000 1000ul Oul 98.685 | 100.12 | 97.56 98.78+1.28

Table 25 Variability for L-Dopa content (%) among 50 M. pruriens accessions

SI. No. | Accession No. L-Dopa (%) | SI. No. | Accession No. L-Dopa (%)
1 500197WB 2.84 +£0.02 26 500234MZ 2.32 £0.01
2 500199WB 2.69 £0.03 27 500235TR 3.96 £0.04
3 500203MN 1.73 +0.01 28 500236AS 291 £0.01
4 500204AS 4.02 £0.10 29 500237AS 2.87 £0.03
5 500205AS 2.63 £0.02 30 500239MZ 2.19+£0.04
6 500210MN 1.79 +0.01 31 500240SK 9.03+1.02
7 500211NL 2.13+0.04 32 500241SK 2.60 +£0.02
8 500212AS 1.55+0.10 33 500242SK 4.54 +0.03
9 500213MN 1.62 +0.12 34 500243SK 3.68 £0.04
10 500215AR 2.88 £0.04 35 500244SK 2.22 £0.02
11 500216ML 3.29 £0.04 36 500245TR 4.72 £ 0.05
12 500217MN 1.83 £ 0.06 37 500246TR 3.72 £0.03
13 500219TR 2.54 £0.04 38 500248TR 2.48 £ 0.05
14 500220AR 2.06 £0.04 39 500249SK 3.64 £0.04
15 500221AR 2.54 £0.03 40 500255AR 2.31 £0.03
16 500222AR 2.38 £0.03 41 500263NL 1.98 + 0.06
17 500223AR 2.79 £0.04 42 500266NL 3.11+0.01
18 500224AR 2.87 £0.03 43 500267NL 2.64 +£0.02
19 500225AR 9.02£0.21 44 500268NL 3.74 £0.04
20 500226 AR 3.91+£0.01 45 500269SK 5.13 £0.06
21 500227AR 3.58 +0.01 46 500271SK 2.93 £0.01
22 500228AR 2.98 +£0.03 47 500274SK 2.59 +£0.01
23 500231AR 3.26 £0.01 48 500275ML 2.30 £0.03
24 500232AS 2.18£0.04 49 500276ML 2.58 +£0.04
25 500233AS 3.68 £0.01 50 500277NL 2.74 £0.01
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5.2.3 Correlation analysis with seed traits

We analyzed correlation between L-Dopa content with different seed traits. It was
revealed that the L-Dopa content (%) was negatively correlated to all the seed
characters viz., seed length (r?> = -0.136), seed thickness (r?> = -0.213), seed area

(r?=-0.16), seed width (r>= -0.153) and hundred seed weight (r>= -0.271) (Table 26).

Table 26 Pearson’s correlation matrix of L-Dopa content with seed traits

Variables SL ST SwW SA HSW | LD
Seed length (mm) 1 0.457 | 0593 |0.941 0.705 | -0.136
Seed thickness (mm) 0457 |1 0.695 | 0.564 0599 | -0.213
Seed width (mm) 0593 0695 |1 0.637 0.749 | -0.152
Seed area 0941 | 0564 |0637 |1 0.777 | -0.160
Hundred seed weight (g) 0.705 | 0599 |0.749 |0.777 1 -0.271
L- Dopa (%0) -0.136 | -0.213 | -0.153 | -0.160 -0.271 |1

Value in bold are different from 0 with significant level alpha=0.95

5.3 Genetic diversity analysis

5.3.1 Marker polymorphism

Of the 26 PCs selected, 22 (84.61%) successfully amplified. These 22 PCs were used
to investigate 50 M. pruriens accessions. All the PCs generated discrete AFLP
profiles - a snapshot of which from the GeneMapper V 4.0 software (Applied
Biosystems, USA) is presented in Fig. 20. They generated a total of 1208 fragments in
which 1156 (95.70%) were polymorphic. The total number of fragments ranged from
12 (E-CAC/ M-GCT) to 137 (E-ACT/ M-CTC) with an average of 55 fragments per
PC. Polymorphic fragments ranged from 11 (E-AAG/ M-CAT) to 127 (E-ACA/
M-CAA) with an average of 52.55. The percentage of polymorphism varied from
82% (E-ACT/M-CAA) to 100% (E-AAC/M-CAG; E-AAC/M-CTA; E-AAC/M-CTC;
E-ACA/M-CTT; E-AGG/M-CAG; E-ACG/M-CAC; E-ACA/M-CAT; E-AAG/

M-CAC; and E-ACA/M-CAA) with an average of 97.27%. The fraction of
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polymorphic loci was in the range of 0.88 to 1.00 with an average of 0.96. Mean gene

diversity for different PCs varied from 0.17 to 0.37 with an average of 0.23.
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Fig. 20: Representative electropherogram showing AFLP profiles

AFLP profile mainly depends on three major parameters which are enlisted as PIC
(polymorphic information content), MI (marker index) and RP (resolving power) of a
particular PC (Chandrawati et al. 2014). The calculated PIC values ranged from 0.14
to 0.30 with an average of 0.23 per fragment. The highest PIC value (0.30) was
observed for the primer combination: E-ACT/M-CTA and the lowest value (0.14)
were recorded for E-ACG/ M-CAG. Based on the PIC values, the AFLP-PCs:
E-ACT/M-CTA (0.30), E-ACG/M-CAC; E-AAG/ M-CTC (0.29), E-AGG/M-CTA
(0.28), and E-AGG/ M-CAT (0.27) were determined to be more informative than
others. The EMR varied from 11.04 (E-AAG/M-CAT) to 127.41 (E-ACA/M-CAA)
with an average of 52.51. The MI values varied between 2.42 (E-AAG/ M-CAT) to
28.11 (E-ACG/M-CAC) with an average of 12.20. RP varied from 0.37 (E-AAG/
M-CAT) to 20.30 (E-ACT/M-CTA) with an average of 5.19 (Table 27). The various
marker features showed significant correlation to each other. PIC and MI showed a
correlation (r?) of 0.83, p < 0.005; MI and RP showed r? = 0.99, p < 0.005 while

r? = 0.85, p < 0.005 was the correlation between RP and PIC.
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Table 27 Details of marker attributes obtained for different AFLP primer combinations

SI.No. | AFLP Primer combination n nP B di\C/;eerr;?ty PIC EMR MI RP %P
1 E-ACT/M-CTA 69 62 0.89 0.26 0.30 6141 1859 2030 | 98.00
2 E-AAC/M-CAG 43 43 1.00 0.37 0.24 43.00 10.32 14.92 100
3 E-AAC/M-CTA 39 36 0.92 0.30 0.23 35.88 8.28 7.87 100
4 E-AAC/M-CTC 50 47 0.94 0.28 0.26 47.00 12.22 9.59 98.00
5 E-ACA/M-CTT 77 68 0.88 0.32 0.22 67.76 14.96 7.60 100
6 E-AGG/M-CAG 37 35 0.95 0.27 0.27 35.15 9.44 3.42 100
7 E-ACG/M-CAC 99 97 0.98 0.34 0.29 97.02 28.11 9.68 100
8 E-ACA/M-CAT o1 89 0.98 0.37 0.23 89.18 20.47 7.41 100
9 E-AAG/M-CAC 99 o1 0.92 0.28 0.24 91.08 21.84 4.93 100
10 E-ACA/M-CAA 137 127 0.93 0.29 019 | 12741 | 2413 4.89 100
11 E-ACG/ M-CAA 28 27 0.96 0.22 0.22 26.88 5.94 118 96.00
12 E-AAG/ M-CAT 12 11 0.92 0.28 0.22 11.04 2.42 0.37 96.00
13 E-AAG/ M-CTG 53 51 0.96 0.27 0.22 50.88 11.22 2.67 100
14 E-AAG/ M-CTC 68 68 1.00 0.27 0.29 68.00 19.72 234 98.00
15 E-AAG/ M-CAA 39 39 1.00 0.36 0.16 39.00 6.24 1.56 98.00
16 E-ACT/ M-CAA 40 39 0.93 0.18 0.14 39.20 5.46 0.56 82.00
17 E-ACG/ M-CAG 38 38 1.00 0.17 0.14 38.00 5.32 0.65 98.00
18 E-AGC/ M-CTA 72 71 0.99 0.24 0.20 71.28 14.20 1.95 94.00
19 E-ACG/ M-CTG 20 20 1.00 0.25 0.21 20.00 4.20 0.53 98.00
20 E-AGG/ M-CAT 41 41 1.00 0.33 0.27 41.00 11.07 1.44 94.00
21 E-AGG/M-CTA 31 31 0.97 0.36 0.28 30.07 8.40 1734 | 92.00
22 E-AGC/IM-CTG 25 25 1.00 0.28 0.23 25.00 5.75 10.3 98.00

Min| 12 11 0.88 0.17 0.14 11.04 2.42 037 | 82.00%

Max | 137 127 1.00 0.37 030 | 12741 | 2811 2030 | 100%

Avg. | 5491 5255 0.96 0.29 0.23 5251 12.20 598 | 97.21%
1208 1156

n: Total number of fragments; nP: Number of polymorphic fragments; p: Fraction of Polymorphic Loci; PIC: Polymorphic information content;

EMR: Effective multiplex ratio; Rp: Resolving power; M1: Marker index; P: Percent Polymorphism.
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4.5.7 Genetic diversity and population structure

Measures of genetic diversity are provided in Table 28. The effective number alleles
(Ne) for different PCs ranged from 1.16 to 1.60 with mean of 1.38. Pair-wise
similarity measures estimated using Jaccard’s coefficient and Shannon’s index (I)
produced an average values of 0.37 and 0.34 indicating high genetic diversity in our
collection. This is also reflected in the values of h and Ht which produced mean
scores of 0.27 and 0.22, respectively. On the contrary, the indices of genetic
differentiation (Gst) was low (0.08) and corresponding gene flow value (Nm) was
high (6.78) suggesting high levels of gene flow between population groups. As
expected, among the two botanical varieties, genetic diversity within var. pruriens

(wild) was more (I: 0.44) as compared to cultivated var. utilis (0.37) (Table 29).

The dendrogram based on UPGMA revealed two major clusters (cluster I and II)
accommodating 96% of the accessions; two accessions 500221AR and 500239MZ
formed an out-group (Fig. 21a). Among the two clusters, cluster | was the largest with
27 (54%) accessions and grouped mostly collection from Assam plains (AP). This
was further divided into three sub-clusters namely 1A, IB and IC with 18, 5 and 4

accessions respectively.
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Table 28 Diversity indicators for different AFLP markers across all the populations

Primer Na* | Ne* | h* I* | Ht* | Hs* | Gst* | Nm*
combinations

E-ACT/M-CTA | 1.39 1.36 0.07 0.33 0.21 0.08 0.16 2.56
E-AAC/M-CAG 1.67 1.48 0.14 0.42 0.28 0.13 0.14 3.02
E-AAC/M-CTA 1.42 1.44 0.18 0.38 0.25 0.16 0.10 457
E-AAC/M-CTC 1.47 1.40 0.20 0.35 0.23 0.16 0.12 3.58
E-ACA/M-CTT 1.69 1.35 0.29 0.35 0.22 0.25 0.07 6.23
E-AGG/M-CAG 1.32 1.35 0.27 0.31 0.21 0.24 0.05 8.69
E-ACG/M-CAC 1.67 1.45 0.27 0.41 0.27 0.23 0.08 5.92
E-ACA/M-CAT | 1.69 1.47 0.30 0.42 0.28 0.28 0.08 5.45
E-AAG/M-CAC | 1.45 1.34 0.32 0.32 0.21 0.27 0.08 6.07
E-ACA/M-CAA 1.34 1.30 0.31 0.29 0.19 0.29 0.04 12.20
E-ACG/M-CAA | 1.28 1.33 0.32 0.29 0.19 0.29 0.08 5.90
E-AAG/M-CAT | 1.10 1.23 0.29 0.23 0.14 0.27 0.07 7.17
E-AAG/M-CTG | 1.49 1.43 0.30 0.38 0.25 0.28 0.05 9.60
E-AAG/M-CTC | 1.38 1.36 0.30 0.32 0.21 0.27 0.07 7.17
E-AAG/M-CAA 1.62 1.43 0.29 0.39 0.26 0.27 0.05 10.06
E-ACT/M-CAA 1.07 1.16 0.30 0.19 0.11 0.26 0.04 13.33
E-ACG/M-CAG | 1.07 1.22 0.29 0.21 0.14 0.27 0.07 6.55
E-AGC/M-CTA | 1.28 1.30 0.32 0.28 0.18 0.30 0.05 8.66
E-ACG/M-CTG 1.28 1.35 0.29 0.30 0.20 0.27 0.07 6.79
E-AGG/M-CAT 1.62 1.47 0.32 0.41 0.28 0.31 0.05 10.00
E-AGG/M-CTA | 1.97 1.60 0.34 0.50 0.34 0.29 0.14 3.09
E-AGC/M-CTG | 2.00 1.49 0.29 0.44 0.29 0.24 0.17 2.49
Mean 1.47 1.38 0.27 0.34 0.22 0.25 0.08 6.78

Std. Dev 0.26 0.10 0.07 0.08 0.06 0.05 0.03 3.02

*Na: Number of different alleles; Ne: Effective no. of alleles; h: Nei’s (1973) gene diversity;
I: Shannon’s Information index; Ht: Diversity in overall collections total gene diversity; Hs:
Sub divided population; Gst: Genetic differentiation; Nm: Estimate of gene flow from Gst or

Gcs, Nm=0.5(1-Gst)/Gst.

Table 29 Gene diversity estimates for groups based on botanical varieties and
geographical distribution

Botanical varieties N* Na* Ne* I* h* He* P (%)
var. pruriens 38 1.91 148 | 044 | 0.29 0.25 95.67

var. utilis 12 1.45 140 | 037 | 0.24 0.22 7154
Average 25 1.68 144 | 040 | 0.26 0.23 83.61

Geographical distribution

Eastern Himalayas 11 1.52 139 | 0.35 | 0.26 0.23 75.26
Assam plains 39 1.88 141 | 0.38 | 0.28 0.24 93.77
Average 25 1.70 140 | 0.37 | 0.27 0.24 84.52

N: Number of population; Na: Number of different alleles; Ne: Effective no. of alleles; I
(1973) gene

Shannon’s Information

index;

h: Nei’

S

heterozygosity; P (%): Percent polymorphism
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Fig. 21 (a): UPGMA dendrogram of 50 M. pruriens accessions based on Jaccard’s coefficient
and (b): hierarchical organization of genetic relatedness analyzed by STRUCTURE V 2.3.4
program. Each colour represents one population and length of segment shows estimated
membership proportion of each accession.

Sub-cluster 1A contained mix of var. pruriens and var. utilis accessions while sub-
clusters IB and IC grouped majorly var. pruriens accessions except one var. utilis in
each group (500210MN, 500203MN). However, no location specific (states) grouping
was observed within cluster-l. Likewise, Cluster 1l contained 21 (42%) accessions
which was further divided into two sub-clusters namely 1A and 1IB representing 14
and 7 accessions, respectively. Of these, sub-cluster 1A grouped mostly var. pruriens
accessions from eastern Himalayan region (EH) except one accessions of var. utilis
(500213MN) and sub-cluster 11B mostly separated var. utilis accessions from AP

except two accessions (500246TR and 500248TR) belonging to var. pruriens. Thus,

though not entirely, both varietal and geographical affiliations emerged to have played
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some role in groping of the accessions. The results of PCoA (Fig. 22) also supported
the latter findings although total variation explained by PCoA | and Il were

significantly low.

Principal Coordinates (19.39%)

@ Popl

M Pop2

Coord. 2 (5.64%)

Coord. 1 (9.09%)

Fig. 22: PCoA plot of 50 M. pruriens accessions based on AFLP
(EH = Eastern Himalayas; AP Assam plains)

Close examination of the UPGMA data also revealed configuration of two
independent gene pools representing AP (cluster I) and EH (cluster 1I1B). Therefore,
for AMOVA analysis, we considered two different categories (a) Assam plains and
eastern Himalayan region based on geographical distribution and (b) var. pruriens and
var. utilis based on botanical varieties. Partitioning of genetic variations within and
between population groups revealed, 7% and 8% of the total genetic variations was
accrued from inter-population variation and 92% and 93% variance was contributed
by intra-population variations for botanical varieties and geographical distribution
categories, respectively (Table 30). Low Fst values (0.08 and 0.07) and high Nm
estimates (3.04 and 3.50) for both the categories further supported lack of population

structure as a factor of high gene flow.
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Table 30 AMOVA results based on botanical varieties as well as geographical distribution

Botanical Df ss MS | EstVar. | % Fst | Nm
varieties
AmongPops | 1 | 41602 | 41602 | 1369 | 8% | J0°% | 304
WithinPops | 48 | 798226 | 166.30 | 16630 | 92%
Total | 49| 8398.28 179.99 | 100%
Geographical
distribution
AmongPops | 1 | 37445 | 37445 | 1208 | 7% p0>.g.70§1 350
WithinPops | 48 | 8023.83 | 167.16 | 167.16 | 93%
Total | 49| 8398.28 179.24 | 100%

Df: Degree of freedom; SS: Sum of squares; MS: Mean squares; Fst: Genetic differentiation
among populations; Nm: Estimate of gene flow from Gst or Gecs, Nm= 0.5(1-Gst)/Gst.

To corroborate these findings, we carried out population structure analysis based on
Bayesian statistics. The results revealed presence of two sub-populations as AK was
maximum for K=2. The grouping pattern based on StructureHarvester results (Fig.
21b) was broadly in conformity with UPGMA and PCoA results (Fig. 21a and 22).
For instance, in case of both UPGMA and PCoA, we could recognize formation of
two broad clusters representing Assam plains and eastern Himalayas. The maximum
AK value obtained for K-2 in structure analysis possibly represented this. However
three sub-clusters within cluster-I lacked any pattern of geographical structuring. But
significant gene flow was evident as the structure plot revealed several admixture taxa
in our collection. Likewise, majority of the var. utilis accessions from AP formed part

of cluster-11B even in structure plot.

5.4 Genetic analysis of L-Dopa trait

5.4.1. Analysis of F1 hybrid

Summary of phenotyping data of the parents along with F1 hybrids for different
qualitative and quantitative characters are given in Table 31. F1 hybrids flowered late

as compared to parents. Consequently, maturity period for pods (DFMP and DM)
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were prolonged. L-Dopa content was found to be significantly reduced in F1 hybrid
(3.82%) as compared to high L-Dopa parent (9.03%) and was found to be leaning

towards lower L-Dopa parent (1.55%). The entire F1 plants produced purple flower

colour.

Table 31 Morpho-agronomic characters of parents, F1 hybrid and F2 progenies

M. pruriens var. pruriens

ot 500240SK (3) 500212AS (2) = (et
Leaf texture (LT) Membranous Membranous Membranous
Leaf colour (LC) Dark green Green Dark green
Days to flowering (DF) 120 97 137
Flower colour (FC) Dark purple White Dark purple
Pod trichome colour (PTC) Golden orange Creamish white Golden orange
Days to first mature pod (DFMP) 131 118 154
Pod itchiness (PI) Highly itching Itching Highly itching
Days to maturity (DM) 203 193 217
Seed colour (SC) Black Black Black
Seed coat pattern (SP) Dark black mottled | Dark brown mottled | Dark black mottled
Seed shape (SS) Rhomboid Rhomboid Owoid
Number of seed per pod (NSPP) 3-4 5-6 4-5
Hundred seed weight (HSW) 33.97 +2.47 67.06 + 2.47 38.43+8.45
Seed area (SA) 56.01 85.30 66.56
Seed length (SL) 10.49+0.82 13.54+0.62 11.34+0.87
Seed thickness (ST) 5.34+0.11 6.30+0.30 5.67+0.48
L-Dopa (LD) 9.03% 1.55% 3.82%

LT, leaf texture; LC, leaf colour; DF, days to flowering; FC, flower colour; PTC, plant
trichome colour; DFMP, days to first mature pod; PI, pod itchiness; DM, days to mature; SL,
seed length; SW, seed width; ST, seed thickness; SA, seed area; SC, seed colour; SP, seed
coat pattern; SS, seed shape; NSPP, no. of seed per plant; HSW, hundred seed weight; LD (L-
Dopa).

5.4.2 Analysis of F2 population

The data on segregation of different qualitative characters among the F2 progenies are
given in Table 32. The inheritance pattern of most of the qualitative traits confirmed
to polygenic inheritance. However in case of flower colour, the segregation ratio from
the chi square test (1:5) did not confirm to otherwise monogenic nature of this trait.

Column statistics of different qualitative traits are given in Table 33.
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Table 32 Segregation of qualitative characters in F2 population

Qualitative Number of F2 Qualitative Number of F2
Characters progenies Characters progenies
Leaf Texture/ Surface Pod Sensation
Membranous 163 Low- ltching 42
Semi-coriaceous 37 Itching 161
Coriaceous 72 High- ltching 69
Leaflet Shape Pod Hairiness
Lanceolate 140 Dense 126
Ovate- lanceolate 132 Slight 146
Plant Hairiness Pod Line
Low 183 Yes 133
Semi dense 24 No 139
Dense 65 Flower Colour
Pod Curvature Purple 230
Curved 56 White 42
S- shaped 216
Pod Trichome Colour
Creamish White (CW) 181
Both(CW & GO) 18
Golden Orange(GO) 73

Table 33 Chi square test for qualitative traits in F2 population

. Significant Coefficient of
Traits tiest Df (ag= 0.05)? variation (%)
LS 34.00 1 Yes 4.16%
PC 1.70 1 No 83.199%
PH 13.60 1 Yes 10.40%
PL 45.33 1 Yes 3.12%
FC 1.45 1 No 97.75%

Among the quantitative characters, the F2 progenies were evaluated mostly for seed
traits and the data is given in the Table 34. All the traits showed range of values
typical of quantitative traits. Among these, the seed length ranged between 8.53 mm
to 12.93 mm with an average of 11.24 mm. Seed width varied from 4.93 mm to 8.97
mm with an average of 7.47 mm. Seed thicknesses ranged between 2.42 mm to 6.74
mm with an average of 5.13 mm. The 100 seed weight ranged between 23.22 g to
68.169 with an average of 46.02g. The percentage of coefficient was 7.96% for seed

length, 9.37% for seed width, 15.56% for seed thickness, 20.12% for 100 seed weight.
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Table 34 Inheritance of seed traits among different F2 population of L-Dopa cross

Hundred seed

oo | Sl | s | St s | VL e o
(HSW)ing B
SMPQ01 12.02 8.97 6.10 40.61 73.42
SMP002 11.12 7.68 6.37 50.82 70.87
SMPO003 11.23 7.15 6.31 47.43 70.79
SMP004 11.18 7.94 5.66 48.81 63.31
SMP005 11.52 7.65 5.72 50.21 65.87
SMPO07 11.65 7.56 5.51 49.73 64.16
SMP008 11.59 7.52 6.16 47.82 71.39
SMP009 11.53 6.01 5.39 48.91 62.28
SMPO011 11.52 7.15 5.96 49.21 68.69
SMP012 11.64 6.87 5.44 50.63 63.36
SMPO013 11.41 7.71 5.68 49.81 64.87
SMP015 11.23 7.96 5.88 50.01 65.86
SMPO016 11.78 7.52 5.57 51.22 65.71
SMPOQ17 10.72 1.77 6.06 48.81 64.93
SMP018 11.42 7.88 5.52 48.82 62.94
SMP019 10.86 7.86 6.15 50.21 66.89
SMP021 11.55 7.72 5.39 49.61 62.35
SMP024 12.11 7.52 5.96 50.52 72.16
SMP026 11.41 6.33 5.44 50.23 62.12
SMP027 10.99 7.04 5.68 48.52 62.53
SMP028 10.89 7.25 5.66 49.11 61.66
SMP029 11.01 8.03 6.17 51.51 67.92
SMP030 12.31 6.71 4.69 36.32 57.86
SMP031 11.53 6.51 4.23 36.71 48.48
SMP032 11.86 6.61 4.21 37.52 49.96
SMPO033 11.82 6.93 4.33 39.83 50.74
SMP035 11.71 6.85 4.29 38.11 50.34
SMP036 12.07 8.32 4.58 38.02 55.29
SMPQ37 11.35 6.77 551 48.81 62.54
SMP038 11.29 6.54 6.15 50.22 69.53
SMP039 11.11 6.53 5.39 49.63 59.93
SMP041 11.67 6.56 5.96 48.91 69.58
SMP043 11.37 6.43 5.44 50.32 61.92
SMP044 10.64 7.15 5.68 49.21 60.51
SMP045 10.54 7.14 5.66 50.62 59.66
SMP046 10.83 7.52 6.17 50.22 66.91
SMP047 11.73 7.78 4.39 47.03 51.62
SMP048 12.19 571 3.35 36.43 40.84
SMP050 10.34 8.32 4.58 38.01 47.37
SMP051 11.89 6.01 3.52 46.62 49.16
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SMPO053 12.07 7.48 4.39 63.72 53.15
SMPO054 8.81 7.87 5.17 37.95 45.58
SMP059 9.23 7.56 4.02 68.22 36.96
SMPO060 9.12 7.45 3.73 40.43 34.06
SMP062 8.92 7.45 3.77 64.65 33.65
SMP063 8.86 7.34 3.79 37.95 33.62
SMP068 9.12 7.51 4.08 65.26 37.22
SMP069 8.83 7.77 3.82 38.34 33.82
SMP071 8.81 7.48 4.03 63.56 35.57
SMPOQ73 8.85 7.76 4.95 38.88 43.65
SMPO75 8.72 7.85 4.79 63.02 41.84
SMPQ76 11.43 8.25 4.16 50.61 47.58
SMPO77 12.08 7.43 3.46 61.33 41.89
SMPO078 12.14 7.65 3.62 38.04 43.77
SMPOQ79 12.09 6.47 3.14 64.95 38.06
SMP080 12.02 7.41 4.45 38.64 53.53
SMP082 11.98 7.86 3.91 60.34 46.93
SMPO083 8.93 6.65 441 28.67 39.31
SMPO084 9.78 6.85 3.32 63.91 32.54
SMP085 12.59 8.23 4.88 36.43 61.53
SMP086 10.99 8.13 5.67 39.33 62.34
SMP087 10.62 8.08 571 37.42 60.71
SMP088 9.52 7.98 5.32 37.24 50.71
SMP089 10.27 7.98 544 39.30 55.47
SMPQ94 11.48 8.28 5.09 38.22 58.54
SMP095 10.91 8.21 5.25 38.13 57.35
SMPQ96 12.34 7.66 4.92 34.22 60.57
SMP099 10.03 6.43 5.07 36.61 50.92
SMP100 10.78 6.98 5.56 37.84 60.02
SMP101 9.24 5.39 2.92 27.86 26.98
SMP103 11.83 7.66 3.91 60.81 46.34
SMP105 8.79 6.65 4.45 28.62 38.69
SMP107 9.58 6.41 3.32 52.61 31.87
SMP108 11.15 7.97 5.46 38.42 60.95
SMP109 10.99 7.98 5.22 38.12 57.42
SMP110 10.58 7.85 5.67 37.32 60.03
SMP111 9.28 7.83 5.75 37.71 53.41
SMP114 9.84 7.91 5.65 38.22 55.68
SMP117 11.15 7.85 5.67 37.84 63.25
SMP118 10.22 7.95 5.69 38.45 58.23
SMP119 10.78 6.98 5.45 36.52 58.83
SMP120 12.28 8.78 5.39 39.23 66.25
SMP122 11.51 8.54 4.55 38.31 51.75
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SMP123 11.07 8.44 5.09 39.63 56.4
SMP124 10.79 8.12 5.03 37.62 54.27
SMP126 10.88 7.95 5.02 40.44 54.68
SMP127 10.29 8.44 4.82 39.64 49.71
SMP129 10.04 8.31 5.21 41.22 52.42
SMP130 10.59 8.12 5.18 40.23 54.96
SMP131 10.28 8.15 5.33 40.42 54.86
SMP132 10.51 8.22 5.04 39.21 52.97
SMP133 10.71 8.35 5.52 38.72 59.15
SMP134 10.66 8.32 4.82 42.03 51.44
SMP137 10.89 8.33 4.98 38.41 54.32
SMP138 10.17 5.62 3.83 24.24 39.01
SMP141 10.69 8.25 5.09 39.82 54.49
SMP143 10.72 7.88 5.15 40.03 55.2
SMP144 10.84 8.45 4.67 40.45 50.67
SMP146 11.17 8.09 5.26 39.24 58.75
SMP147 10.91 8.04 4.97 38.41 54.25
SMP148 11.11 8.11 5.09 39.82 56.06
SMP149 10.81 8.01 521 40.03 56.35
SMP150 10.59 7.43 4.71 40.46 49.94
SMP151 10.73 7.89 5.46 39.25 58.64
SMP152 11.48 7.93 4.54 58.64 59.84
SMP153 10.82 8.17 5.22 38.81 56.48
SMP154 10.32 8.26 4.74 42.03 48.94
SMP155 10.72 8.13 4.65 39.32 49.97
SMP157 12.28 6.34 3.89 31.61 47.87
SMP160 10.69 7.41 5.28 40.4 55.58
SMP163 11.79 7.12 5.15 47.71 60.71
SMP164 11.06 8.29 4.71 38.72 52.17
SMP165 10.84 7.36 5.28 41.63 57.23
SMP168 9.77 7.23 524 42.6 51.24
SMP169 12.93 8.76 6.74 68.16 87.26
SMP171 11.81 7.38 5.11 37.62 60.25
SMP173 10.04 6.74 4.37 23.2 43.94
SMP176 10.43 6.98 6.37 50.81 66.48
SMP178 10.97 7.97 6.34 47.4 69.19
SMP179 10.99 7.92 5.66 48.82 62.23
SMP180 11.45 7.93 5.72 49.91 65.51
SMP184 11.64 7.52 551 49.63 64.11
SMP185 12.06 6.11 6.15 49.41 74.25
SMP187 11.9 7.15 5.39 51.75 64.25
SMP188 11.79 7.03 5.96 49.23 70.31
SMP189 11.71 7.49 5.44 50.66 63.79
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SMP190 10.99 7.63 5.71 50.24 62.87
SMP191 11.45 7.97 5.56 49.65 63.11
SMP192 11.64 7.52 6.15 49.31 71.65
SMP193 12.06 6.32 5.39 50.22 65.11
SMP194 11.91 7.15 5.96 49.23 70.97
SMP195 11.79 7.33 544 50.61 64.21
SMP196 11.71 8.13 5.68 49.85 66.6
SMP197 11.12 7.71 6.37 50.82 70.87
SMP200 12.04 7.09 4.85 49.63 58.52
SMP201 11.91 7.73 5.96 49.82 70.97
SMP202 11.51 7.89 5.08 62.01 63.52
SMP203 11.79 7.17 5.96 50.55 70.31
SMP204 10.26 7.49 4.58 27.31 47.09
SMP205 11.71 7.49 544 50.63 63.79
SMP206 10.99 7.72 5.71 49.44 62.87
SMP208 11.45 7.79 5.51 49.64 63.11
SMP209 11.64 7.07 6.15 48.54 71.65
SMP211 12.06 6.73 5.39 50.25 65.11
SMP213 11.15 8.5 491 63.65 65.94
SMP214 11.12 8.45 4.58 48.84 51.01
SMP215 11.01 7.95 5.97 50.22 65.76
SMP216 11.73 8.11 5.84 48.33 68.58
SMP219 10.99 8.33 5.76 47.75 63.73
SMP220 12.58 7.35 4.75 41.24 59.85
SMP221 11.07 7.83 4.15 41.66 46.03
SMP222 10.94 8.08 5.79 50.27 63.45
SMP223 11.73 7.87 5.57 49.25 65.39
SMP226 12.47 6.23 3.95 34.43 49.36
SMP228 10.54 7.82 5.59 50.2 59.02
SMP229 10.34 5.88 3.32 34.23 34.42
SMP231 11.12 7.93 4.58 27.05 51.01
SMP232 11.79 7.52 5.96 51.02 70.31
SMP233 11.01 7.42 5.49 50.82 60.54
SMP234 11.73 7.91 5.72 47.44 67.15
SMP235 10.54 8.22 5.66 48.86 59.69
SMP237 12.06 6.33 4.97 49.22 60.04
SMP238 11.45 7.81 571 49.93 65.51
SMP240 11.64 7.52 5.55 49.61 64.11
SMP241 12.06 7.18 5.64 49.22 68.02
SMP242 11.92 7.15 5.39 48.53 64.25
SMP243 11.71 7.49 5.38 50.65 63.04
SMP244 10.78 8.32 5.61 55.42 60.58
SMP245 11.45 8.14 5.71 50.23 65.51
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SMP246 11.64 7.52 5.55 49.61 64.11
SMP247 11.72 7.53 2.93 36.83 34.37
SMP248 11.25 6.45 3.85 32.42 43.4
SMP249 11.12 8.45 4.58 27.01 51.01
SMP250 11.01 7.85 6.37 50.87 70.19
SMP251 11.73 7.94 6.31 47.45 73.95
SMP252 10.26 8.33 5.66 48.86 58.13
SMP253 11.64 7.52 5.52 49.74 64.11
SMP254 10.59 6.73 6.15 49.33 65.22
SMP255 11.93 7.15 5.39 50.53 64.25
SMP256 11.79 7.66 5.96 49.52 70.31
SMP257 11.71 7.49 5.43 50.64 63.72
SMP258 10.39 8.33 571 50.23 59.42
SMP259 11.45 8.24 571 50.32 65.51
SMP261 11.45 8.24 5.51 49.42 63.11
SMP262 11.64 7.52 6.15 49.22 71.65
SMP263 11.71 6.73 5.39 50.82 63.25
SMP264 11.96 7.15 5.96 49.72 70.97
SMP265 11.79 7.66 5.37 50.62 63.35
SMP267 11.71 8.34 5.68 49.81 66.62
SMP269 10.26 7.49 4.58 28.22 47.09
SMP273 11.37 8.45 4.73 50.81 53.55
SMP274 11.01 7.15 5.78 47.42 63.67
SMP275 11.73 7.97 5.66 48.81 66.41
SMP276 10.99 7.78 5.71 51.12 62.87
SMP277 11.45 7.85 551 49.61 63.11
SMP278 12.06 6.47 5.39 51.23 65.13
SMP279 11.9 7.15 5.96 50.14 70.97
SMP280 11.79 7.46 544 50.64 64.21
SMP281 11.63 7.86 5.68 49.85 66.12
SMP282 11.49 8.32 5.88 50.2 67.61
SMP283 11.42 7.74 5.54 27.42 63.31
SMP284 11.53 7.72 5.494 28.72 63.36
SMP285 11.64 7.52 6.15 49.51 71.65
SMP286 11.57 7.69 5.44 28.71 63.02
SMP287 11.72 7.67 5.39 28.51 63.28
SMP288 11.12 7.65 5.35 29.12 59.41
SMP290 10.43 7.62 5.31 31.06 55.32
SMP291 11.48 8.26 5.72 62.16 65.67
SMP292 11.16 8.36 5.72 54.13 63.63
SMP293 11.69 7.27 571 64.45 66.72
SMP294 10.99 8.06 5.84 57.66 64.23
SMP297 11.35 6.82 5.53 64.68 62.85
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SMP299 12.55 6.54 4.18 44.41 52.59
SMP300 12.26 8.03 6.02 64.28 73.87
SMP301 12.59 6.16 4.17 28.46 52.62
SMP302 11.92 8.06 5.35 64.31 63.8
SMP303 12.19 8.22 5.23 32.65 63.85
SMP304 10.03 6.39 5.12 45.47 51.44
SMP305 11.21 7.28 5.12 32.68 57.39
SMP306 12.76 5.34 411 38.69 52.56
SMP307 11.28 5.24 3.21 26.12 36.23
SMP308 12.74 7.09 4.39 38.45 56.04
SMP309 10.97 7.34 6.06 50.26 66.54
SMP311 11.63 7.94 5.51 49.65 64.08
SMP313 10.75 7.66 6.15 49.13 66.21
SMP314 11.64 7.44 4.22 51.12 49.19
SMP315 12.06 7.72 3.11 48.55 37.46
SMP316 12.65 6.17 4.16 38.86 52.63
SMP317 11.31 7.46 6.06 50.24 68.62
SMP318 11.93 7.94 5.52 49.66 65.74
SMP319 10.41 7.44 6.156 49.23 64.13
SMP322 11.71 7.45 4.226 50.27 49.46
SMP323 11.88 6.87 3.41 49.28 40.39
SMP324 9.22 6.11 2.42 32.85 22.34
SMP325 10.97 8.27 6.06 24.23 66.56
SMP326 11.86 7.94 551 63.81 65.32
SMP327 10.33 8.33 6.15 29.66 63.62
SMP328 12.74 6.53 4.47 50.82 57.06
SMP329 12.93 5.41 3.53 51.23 45.75
SMP330 8.65 7.23 4.22 25.25 36.55
SMP333 8.53 4.93 3.13 24.22 26.52
SMP334 12.85 7.43 5.09 63.81 65.46
SMP335 10.71 5.45 3.43 29.63 36.82
SMP336 10.86 6.31 3.19 36.45 34.64
SMP343 10.97 8.27 6.06 50.23 66.56
SMP344 10.86 8.33 6.15 49.22 66.89
SMP345 11.64 8.24 5.39 50.21 62.83
SMP346 12.06 7.52 5.96 49.21 71.91
SMP347 11.71 7.94 551 49.63 64.54
SMP349 11.73 6.73 5.44 50.63 63.86
SMP351 10.99 7.11 5.68 50.65 62.52
SMP352 12.43 6.94 4.69 54.42 58.33
SMP353 11.37 7.32 4.73 53.64 53.84
SMP355 12.91 7.36 4.71 53.22 60.85
SMP356 12.78 7.23 4.76 54.14 60.92
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SMP359 12.74 7.02 476 52.82 60.75
SMP360 11.66 7.24 5.35 52.52 62.46
SMP361 11.56 7.36 5.23 52.82 60.58
SMP362 11.71 7.28 5.23 54.34 61.26
SMP364 11.93 7.19 473 55.21 56.52
SMP367 11.69 7.18 5.52 55.11 64.64
SMP368 11.63 7.14 5.39 54,62 62.75
SMP370 11.79 7.38 473 54.31 55.79
SMP371 12.19 7.36 472 53.72 57.62
SMP375 11.69 7.41 4.84 54.43 56.66
SMP376 11.61 7.41 4.82 50.74 55.81
SMP377 11.67 7.36 4.82 53.34 56.27
SMP378 12.14 7.28 473 52.42 57.08
SMP379 12.32 7.28 472 55.53 58.11
SMP380 12.59 7.29 478 54,91 60.22
SMP381 12.53 8.04 477 55.32 59.82
SMP384 9.92 7.84 4.75 34.22 47.23

Min. 8.53 4.93 2.42 23.22 22.34
Max. 12.93 8.97 6.74 68.16 87.26
Range 4.40 4.04 4.32 44.96 64.82
Ave. 11.24 7.47 5.13 46.02 58.03
SD 0.89 0.70 0.79 0.25 0.27
% CV 7.96 9.37 15.56 20.12 17.71

P value <0.0001 < 0.0001 < 0.0001 <0.0001 < 0.0001
(S(;gzn:)f igg)n ,t, Yes Yes Yes Yes Yes
(Spk:g’lvr;‘gzs) -0.89 -0.95 -0.87 -0.23 -0.93

5.4.3 L-Dopa analysis in F2 population

The data on L-Dopa analysis in different F2 progenies is given in Table 35. The
content of L-Dopa ranged from 1.44% -5.84% with mean at 3.11%. The normal
distribution curve showed sigmoid distribution (Fig. 23). Further, the correlation
analysis of L-Dopa content with other seed traits showed significantly negative

correlation except moderate correlation with seed width (0.0797) and seed thickness

(0.010) (Table 36).
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Table 35 Inheritance of L-Dopa content among different F2 progenies

SI.No. | F2Code | % L-Dopa+SD | Sl. No. F2 Code % L-Dopa + SD Sl. No. F2 Code | % L-Dopa+SD | Sl. No. F2 Code % L-Dopa + SD
1 SMP001 2.6240.02 41 SMP051 3.6340.02 81 SMP118 1.51+0.01 121 SMP179 5.3440.10
2 SMP002 4.67+0.03 42 SMP053 3.65+0.05 82 SMP119 2.84+0.38 122 SMP180 3.28+0.22
3 SMP003 4.52+0.08 43 SMP054 3.82+0.15 83 SMP120 3.68+0.03 123 SMP184 3.57+0.12
4 SMP004 2.7240.01 44 SMP059 2.5940.12 84 SMP122 3.46+0.05 124 SMP185 5.42+0.02
5 SMPO005 2.98+0.01 45 SMP060 3.5140.23 85 SMP123 4.48+0.82 125 SMP187 2.9440.12
6 SMP007 4.80+0.14 46 SMP062 1.68+0.22 86 SMP124 2.85+0.14 126 SMP188 3.26+0.07
7 SMP008 1.70+0.01 47 SMP063 2.50+0.06 87 SMP126 3.17+0.71 127 SMP189 2.54+0.20
8 SMP009 3.57+0.13 48 SMP068 5.61+0.09 88 SMP127 3.78+0.41 128 SMP190 2.47+0.12
9 SMPO11 4.27+0.06 49 SMP069 1.84+0.09 89 SMP129 2.81+0.33 129 SMP191 5.25+0.02
10 SMP012 3.68+0.07 50 SMP071 4.98+0.11 90 SMP130 4.40+0.11 130 SMP192 3.28+0.11
11 SMP013 4.37+0.19 51 SMP073 2.81+0.14 91 SMP131 3.81+0.23 131 SMP193 1.58+0.04
12 SMPO015 4.16+0.02 52 SMP075 4.68+0.01 92 SMP132 4.88+0.13 132 SMP194 3.95+0.14
13 SMP016 2.72+0.16 53 SMP076 3.36+0.82 93 SMP133 3.91+0.02 133 SMP195 4.11+0.21
14 SMP017 3.96+0.14 54 SMPO077 2.7940.02 94 SMP134 2.1740.05 134 SMP196 1.94+0.01
15 SMP018 1.85+0.21 55 SMPQ78 5.27+0.70 95 SMP137 3.74+0.07 135 SMP197 4.97+0.03
16 SMP019 5.24+0.24 56 SMP079 3.88+0.22 96 SMP138 5.20+0.09 136 SMP200 2.74+0.11
17 SMP021 4.0340.02 57 SMP080 3.64+0.03 97 SMP141 1.49+0.11 137 SMP201 5.1240.02
18 SMP024 1.89+0.05 58 SMP082 3.43+0.09 98 SMP143 2.45+0.05 138 SMP202 4.98+0.08
19 SMP026 4.77+0.01 59 SMP083 1.64+0.03 99 SMP144 5.39+0.27 139 SMP203 4.25+0.06
20 SMP027 2.36+0.03 60 SMP084 5.02+0.82 100 SMP146 3.66+0.02 140 SMP204 3.67+0.01
21 SMP028 5.1740.04 61 SMP085 1.98+0.57 101 SMP147 2.1740.04 141 SMP205 1.69+0.10
22 SMP029 1.50+0.02 62 SMP086 2.44+0.12 102 SMP148 3.87+0.17 142 SMP206 4.61+0.27
23 SMP030 1.62+0.06 63 SMP087 3.20+0.07 103 SMP149 2.83+0.12 143 SMP208 4.07+0.32
24 SMP031 1.66+0.09 64 SMP088 1.54+0.23 104 SMP150 3.63+0.36 144 SMP209 1.7140.21
25 SMP032 4.42+0.04 65 SMP089 2.1340.12 105 SMP151 2.16+0.08 145 SMP211 2.85+0.22
26 SMP033 4.20+0.01 66 SMP094 5.23+0.02 106 SMP152 3.39+0.04 146 SMP213 1.88+0.15
27 SMP0.35 1.81+0.11 67 SMP095 3.08+0.10 107 SMP153 2.59+0.70 147 SMP214 2.89+0.30
28 SMP036 1.53+0.07 68 SMP096 4.53+0.34 108 SMP154 5.84+0.07 148 SMP215 3.96+0.05
29 SMP037 2.56+0.08 69 SMP099 3.81+0.04 109 SMP155 2.29+0.21 149 SMP216 4.58+0.31
30 SMP038 3.42+0.03 70 SMP100 2.34+0.13 110 SMP157 2.24+0.09 150 SMP219 1.83+0.04
31 SMP039 3.42+0.03 71 SMP101 1.72+0.02 111 SMP160 5.08+0.01 151 SMP220 2.12+0.12
32 SMP040 1.71+0.02 72 SMP103 4.13+0.12 112 SMP163 1.78+0.21 152 SMP221 3.51+0.30
33 SMP041 4.58+0.05 73 SMP105 1.44+0.21 113 SMP164 1.52+0.11 153 SMP222 2.29+0.16
34 SMP043 1.87+0.08 74 SMP107 4.92+0.70 114 SMP165 3.45+0.04 154 SMP223 3.36+0.02
35 SMP044 3.12+0.20 75 SMP108 3.85+0.13 115 SMP168 2.30+0.02 155 SMP226 1.83+0.14
36 SMP045 3.92+0.14 76 SMP109 2.31+0.54 116 SMP169 4.04+0.14 156 SMP228 2.31+0.06
37 SMP046 2.7440.34 77 SMP110 5.5240.51 117 SMP171 4.88+0.11 157 SMP229 3.2240.19
38 SMP047 4.26+0.04 78 SMP111 1.63+0.10 118 SMP173 2.87+0.09 158 SMP231 4.59+0.12
39 SMP048 1.74+0.70 79 SMP114 4.51+0.27 119 SMP176 1.55+0.14 159 SMP232 2.43+0.07
40 SMPO050 3.56+0.01 80 SMP117 4.08+0.70 120 SMP178 2.75+0.02 160 SMP233 3.49+0.01
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Table 35 Conti..............

Sl % L-Dopa | SI. % L-Dopa Sl. % L-Dopa
No. | F2Code | SDp No. | F2Code | SDp N F2 Code : SDp
161 | SMP234 | 3.79+0.41 | 201 | SMP282 | 3.29+0.14 | 241 SMP330 4.31+0.16
162 | SMP235 | 2.86+0.33 | 202 | SMP283 | 2.71+0.04 | 242 SMP333 4.09+0.02
163 | SMP237 | 1.64+0.11 | 203 | SMP284 | 3.53+0.13 | 243 SMP334 3.78+0.13
164 | SMP238 | 4.46+0.21 | 204 | SMP285 | 1.84+0.18 | 244 SMP335 3.03+0.06
165 | SMP240 | 3.84+0.24 | 205 | SMP286 | 3.69+0.01 | 245 SMP336 3.33+0.35
166 | SMP241 | 3.81+0.02 | 206 | SMP287 | 1.71+0.15 | 246 SMP343 2.01+0.18
167 | SMP242 | 2.67+0.01 | 207 | SMP288 | 2.51+0.14 | 247 SMP344 2.37+0.08
168 | SMP243 | 1.63+0.30 | 208 | SMP290 | 4.38+0.01 | 248 SMP345 2.76x0.04
169 | SMP244 | 1.81+0.09 | 209 | SMP291 | 4.22+0.71 | 249 SMP346 2.17+0.21
170 | SMP245 | 2.37£0.18 | 210 | SMP292 | 2.66+0.02 | 250 SMP347 1.81+0.29
171 | SMP246 | 3.39+0.11 | 211 | SMP293 | 2.81+0.10 | 251 SMP349 1.72+0.04
172 | SMP247 | 2.23£0.10 | 212 | SMP294 | 1.73+0.04 | 252 SMP351 2.26x0.14
173 | SMP248 | 3.48+0.01 | 213 | SMP297 | 3.2840.02 | 253 SMP352 3.86+0.02
174 | SMP249 | 2.71£0.09 | 214 | SMP299 | 2.73+0.13 | 254 SMP353 2.08+0.03
175 | SMP250 | 2.47+0.12 | 215 | SMP300 | 2.35+0.16 | 255 SMP355 4.15+0.01
176 | SMP251 | 3.77+0.32 | 216 | SMP301 | 2.60+1.10 | 256 SMP356 2.55+0.15
177 | SMP252 | 1.62+0.11 | 217 | SMP302 | 3.09+0.14 | 257 SMP359 3.48+0.31
178 | SMP253 | 2.65+0.05 | 218 | SMP303 | 1.61+0.06 | 258 SMP360 4.17+0.21
179 | SMP254 | 5.49+0.27 | 219 | SMP304 | 2.65+0.17 | 259 SMP361 3.61+0.24
180 | SMP255 | 4.54+0.02 | 220 | SMP305 | 2.25+0.04 | 260 SMP362 1.87+0.04
181 | SMP256 | 1.79+0.21 | 221 | SMP306 | 1.63+0.19 | 261 SMP364 2.160.02
182 | SMP257 | 2.49+0.12 | 222 | SMP307 | 2.57+0.03 | 262 SMP367 3.48+0.06
183 | SMP258 | 3.59+0.11 | 223 | SMP308 | 1.76+0.14 | 263 SMP368 2.48+0.06
184 | SMP259 | 2.56+0.03 | 224 | SMP309 | 1.82+0.23 | 264 SMP370 5.46%0.07
185 | SMP261 | 3.62+0.14 | 225 | SMP311 | 2.08+0.01 | 265 SMP371 2.34+0.11
186 | SMP262 | 1.69+0.06 | 226 | SMP313 | 2.17+0.24 | 266 SMP375 1.83+0.14
187 | SMP263 | 2.77+0.04 | 227 | SMP314 | 3.04+0.06 | 267 SMP376 3.57+0.12
188 | SMP264 | 3.43+0.12 | 228 | SMP315 | 2.06+0.01 | 268 SMP377 4.12+0.22
189 | SMP265 | 3.61+0.01 | 229 | SMP316 | 4.38+0.01 | 269 SMP378 3.52+0.01
190 | SMP267 | 1.85+0.05 | 230 | SMP317 | 2.34+0.25 | 270 SMP379 1.84+0.14
191 | SMP269 | 4.33£0.03 | 231 | SMP318 | 2.39+0.17 | 271 SMP380 3.13+0.26
192 | SMP273 | 2.43+0.14 | 232 | SMP319 | 1.84+0.11 | 272 SMP384 3.47+0.28
193 | SMP274 | 3.32+0.75 | 233 | SMP322 | 2.31+0.21 Min. 1.44
194 | SMP275 | 2.11£0.04 | 234 | SMP323 | 1.85+0.20 Max. 5.84
195 | SMP276 | 1.93+0.23 | 235 | SMP324 | 3.98+0.18 Range 4.40
196 | SMP277 | 2.55+0.02 | 236 | SMP325 | 1.77+0.09 Ave. 3.11
197 | SMP278 | 1.81+0.16 | 237 | SMP326 | 2.74+0.14 SD 111
198 | SMP279 | 3.63+0.12 | 238 | SMP327 | 1.82+0.24 % CV 35.41
199 | SMP280 | 1.62+0.03 | 239 | SMP328 | 2.25+0.01 P value | <0.0001
200 | SMP281 | 4.18+0.18 | 240 | SMP329 | 4.01+1.30 Significant (o =.05)? Yes
Skewness (Pearson) 0.37
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Fig. 23: Normal distribution curve of L-Dopa content among F2 progenies

Table 36 Correlation for L-Dopa content with seed traits in F2 progenies

Traits SL SW ST HSW SA LD
SL 1
SwW -0.065 1
ST 0.129 0.437 1
HSW 0.282 0.127 0.238 1
SA 0.514 0.348 0.909 0.344 1
LD -0.119 0.0797 0.010 -0.056 -0.032 1

Values in bold are different from 0 with a significance level alpha=0.01
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5.4.4 Variance and heritability analysis

The data on genotypic coefficient of variation (GCV), phenotypic coefficient of
variation (PCV), heritability in narrow sense (h?), genetic advance (GA) and genetic
advance as percentage of means (GAM) estimated for L-Dopa content in F2
generation is presented in Table 37. Phenotypic coefficient of variation was higher
(34.26) than genotypic coefficient of variation (24.44) for L-Dopa content.
Heritability in broad sense value was high at 71.35%. Moderate value was recorded

for genetic advance which was 8.60. Genetic advance as percentage of mean was

196.23.

Table 37 Estimates of PCV, GCV, heritability, GA and GA % mean in F2 population

Analysis L- Dopa trait values in F2

Range 1.55-9.03
Estimates of range, mean and standard error (X+SE) 438 £1.61
% Coefficient variation : 500240SK (% CV : P1) 3.65

% Coefficient variation : 500212AS (% CV : P2) 2.59

% Coefficient variation : P1 x P2 (% CV : F1) 6.3
Environment variance (¢ 2 E) 9.815
Phenotypic variance (¢ P) 34.26
Genotypic variance (c* G) 24.445
Genotypic coefficient of variation (GCV (%) 112.77
Phenotypic coefficient of variation (PCV (%) 133.51
Heritability (h?) 71.35
Genetic advance (GA) 8.6
Genetic advance as percentage of mean (GAM) 196.23
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5.5 Micropropagation of elite genotypes
5.5.1 Seed germination

In vitro inoculated seeds germinated within 5-7 days on Murashige & Skoog (MS)
basal medium without sucrose. Presence of seed coat inhibited rate and percentage of
germination by nearly 40% (Table 38). Its removal favoured germination, which rose
to 90%. All the shoots attained a height of 6-7 cm within eight days exhibiting
synchronized seed germination pattern (Fig. 24). Axillary buds became prominent

after 12-14 days (Fig. 24A).

Table 38 Effect of seed coat on in vitro germination of seeds

SI. No % Seed germination (MS basal medium)
With seed coat Without seed coat
1 60 90.90
2 55.56 81.80
3 63.63 86.70
4 63.63 90.00
5 54.50 91.70

5.5.2 Multiple shoots induction

After inoculation, three explants viz., axillary bud, cotyledonary node (CN) and apical
bud showed differential response for shoot emergence. The CN and axillary buds
cultured on MS basal medium did not yield any shoots; but apical buds gave rise to
single shoot. The number of shoots increased when the plants were cultured on

growth regulator supplemented medium singly or in combination.

The mean number of shoots produced by different explants on MS medium
supplemented with different hormonal combinations is shown in Table 39. Of the

various hormones tested, BAP was more effective over Kn and other combination of
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hormones in all the three explants. The axillary buds produced a maximum of

6.4+0.55 shoots on MS+BAP (22.2 uM) (Fig. 24B).

Table 39 Effect of growth regulators on multiple shoot induction from three different

explants
MS+ H_orm_one No. of shoots induced”
SI. no. combination

(UM) Axillary buds | Cotyledonary node | Apical bud
1. CONTROL o ok 1.0+ 0.0f
2. BAP 2.22 2.6 + 0.54°1 2.6+ 0.55" 3.8+ 0.84°
3. BAP 4.44 3.6+ 0.54Pcdef 3.2+ 0.45%f0N 3.8+ 0.45"
4. BAP 8.88 3.6+ 0.55"cdf 3.8+ 0.450¢df 5.8+0.84°
5. BAP 13.32 4.6+ 0.55 4.2+ 0.45% 5.6+0.89°
6. BAP 17.76 4.6+ 0.55> 4.6+ 0.55™ 2.8+ 0.84
7. BAP 22.20 6.4+ 0.55% 6.4+ 0.55% 2.6+ 0.24"
8. KN 4.65 2.4+ 0.89°% 2.2+ 0.45° 2.6+ 0.24°
9. KN 9.30 3.0+ 0.899f 2.5+ 0.559 2.17+ 0.4%%
10. | KN 13.95 3.2+ 0.45%f 3.6+ 0.55Pcdf 1.6+ 0.55%f
11. | KN 18.60 4.0+ 0.7Pcde 4.4+ 0.55 3.2+ 0.84"
12. | KN 23.25 5.0+ 0.71% 4.8+ 0.84° 2.0+ 0%
13. | 2ip2.47 2.25+ 0.5™ 1.75+ 0.5 1.0+ 0.0ef
14. | 2ip14.93 1.8+ 0.84¢ 2.0+0" 1.6+ 0.54%
15. | BAP 4.44+ KN 2.33 3.6+ 0.89Pcdef 3.2+ 0.45%f 2.0+ Qcdef
16. | BAP 4.44+ KN 4.65 4.4+ 0,55 3.4+ 0.89cdefon 2.0+ 0P
17. | BAP 4.44+ NAA 1.32 | 3.6+ 1.15%% 3.0+ 1.0°¢foM 2.4+ 0.89%¢
18. | BAP 4.44+ NAA 263 | 4.4+ 0.55> 2.6+ 0.891" 1.6+ 0.55%f

YValues are mean + standard deviation of three independent experiments with each
treatment containing 20 replicates. Means followed by same letters are not significantly
different 0=0.05 significance level, as determined by Tukey’s HSD test.

Similar results were also observed in case of CN except for quality of shoots, which
was better in axillary buds compared to CN. Kinetin (23.25 puM) on the other hand
produced maximum of 5.0+0.71 and 4.8+0.84 shoots in axillary buds and CN
respectively. Steady increase in number of shoots was noticed up to 22.2 uM in case
of BAP and 23.20 uM in case of Kn, both in axillary bud and CN explants. Cytokinin
supplementation beyond this concentration adversely affected the shoot development,
as the regenerated shoots became stunted and dense. The combination of BAP
(4.44 uM) + NAA (1.32-2.63 uM) and BAP (4.44 pM) + Kn (2.33-4.65 M) resulted

in 3-5 plantlets in both the explants. Only 2-3 shoots were formed in 2ip (2.5-5 uM).
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On the other hand, the apical bud showed strikingly different response compared to
other two explants. In this case, BAP at much lower concentration of 13.32 uM
induced maximum of 5.6+0.8 shoots, whereas 2ip, Kn and other combinations
resulted in poor response. Since the best response, both in terms of quality and
quantity of shoots were obtained in axillary bud explants, we used this in all our

further experiments.

5.5.3 Elongation and rooting

Elongation of shoots was found to be best on GA3 containing medium. Transferring
the micro shoots to MS + GA3 (2.89-14.43 uM) showed varied degrees of elongation
with GA3 (2.89 uM) producing best response (4.0 cm). The elongated shoots were
rooted on half-strength liquid MS medium supplemented with NAA (0.00-16.2 pM).
Best rooting was obtained on MS+NAA (5.40 uM) (Fig 24D). The details of the

results obtained for elongation and rooting are shown in Table 40.

Table 40 Effect of different concentrations of NAA on root induction

SI. No. | MS+NAA (uM) | Response (%) | No. of roots/ explant’ | Root length (cm)”
1. Control* 0.00 0.00+ 0.00° 0.00+ 0.00
2. NAA 2.70 60.00 3.67 +0.58"™ 4.61+0.16
3. NAA 5.26 100.00 5.00+ 1.00° 2.62+ 0.74
4. NAA 10.8 100.00 6.67+1.15° 2.27+0.84
5 NAA 16.2 100.00 16.67+ 2.89° 2.78+0.51

*Control = Hormone free MS medium.
YValues are mean +* standard deviation of three independent experiments with each
treatment containing 20 replicates. Means followed by same letters are not significantly
different 0=0.05 significance level, as determined by Tukey’s HSD test.
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5.5.5. Hardening and field transfer

Plantlets directly transferred to sand: soil mixture (1:1) exhibited average survival of
60-70% due to frequent fungal contamination. To subvert this, plantlets were initially
transferred to autoclaved mixture of sand: soil: peat moss (1:1:1) and maintained in
growth chamber for 14 days. The acclimatized plants were then transferred to sand:
soil (1:1) mixture and allowed to harden for 30 days (Fig. 24E & F) before finally

transferring to field. This resulted in 95% survival. All the survived plants were

successfully transplanted to the field condition.

Fig. 24: Multiple shoot induction from axillary bud explants of M. pruriens. A: 12 day old in
vitro germinated M. pruriens seedling on MS basal without sucrose. B: Multiple shoots
induction from axillary bud explant on MS+BAP (22.2 uM). C: Proliferation of shoots on MS+
BAP (2.67) D: Rooting of the shootlets on MS+ NAA (5.26 uM) supported on filter paper wad.
E& F: Hardened plantlets.
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0. Discussions

6.1 Germplasm collection and characterization

The centre of origin of a crop plant is generally associated with broad genetic
diversity contributed by the wild and weedy relatives (Harlan 1971; Guo et al. 2014).
M. pruriens is native to eastern India (Burkill 1966; Duke 1981; Wilmot-Dear 1984)
which includes parts of northeast India. This region showcase abundant distribution of
wild variety represented by var. pruriens and there is a long history of cultivation of
velvet bean (var. utilis) by several indigenous groups (Arora 1991). Recently, after the
discovery of L-Dopa from the plant, the prospects for large-scale cultivation of M.
pruriens are growing in the region. As a result, efforts to develop improved varieties
with better agronomic, nutritional and medicinal properties are gaining momentum

(Sathyanarayana et al. 2017).

The success of any plant breeding program depends on determining the variability in
the germplasm collection. Gene pool evaluation can pave a way for identifying
valuable genetic resources as well as defining relevant breeding strategies.
Morphometric evaluation provides early insight on it by capturing the variability of
the agronomic traits (Ghafoor et al. 2003). This is reinforced by the deployment of
multivariate analysis - which provides improved resolution on the relationship among
the accessions, germplasm structure and elite lines (Aremu et al. 2012). Such efforts
have contributed to progress in breeding works in several legumes species such as
alfalfa (Jenczewski 1999); lima bean (Asante 2008); bambara groundnut (Ouedraogo

2008); lentils (Toklu 2009) and cowpea (Adewale 2011).
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On the other hand, germplasm characterization of M. pruriens in India in general, and
northeast India in particular, are lacking. Information available so far are mostly
derived from the evaluation of small number of accessions from a limited
geographical regions (Gurumoorthi et al. 2003; Pugalenthi and Vadivel, 2007a;
Mamatha et al. 2010). Also majority of them have focused on a limited number of
agronomic or nutritional traits (Krishnamurthy et al. 2005). In this background, the
present study focused on collection and characterization of variability represented in
M. pruriens germplasm of northeast India using multivariate analysis as a primary

objective for this thesis work.

6.1.1 Variability in total germplasm collection

Totally 50 accessions were collected from different northeast Indian states and
evaluated. Yield based traits contributed in the range of 8.39% to 69.98% while non-
yield based traits varied from 25.56 to 51.17%. The Jaccard’s similarity coefficient
revealed moderate to high genetic diversity for the qualitative (61%) and quantitative
(56%) traits. The results suggest that the germplasm collection from northeast India
embrace good diversity with regard to both qualitative and quantitative traits. This
observation is in line with previous reports in this crop from other regions of India
(Sathyanarayana et al. 2011). However, earlier works reported only mean score along
with variation for few selected quantitative traits (Krishnamurthy et al. 2005;
Pugalenthi and Vadivel 2007b; Mamatha et al. 2010). In comparison, the present
study, which includes several qualitative and quantitative traits, provides most
comprehensive information for the first time with regard to diversity of M. pruriens in

the northeast India.
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Many seed based traits showed considerable variability among the germplasm
accessions. In particular, HSW which has direct bearing on the seed yield ranged from
18.88 g (500216ML - var. pruriens) to 173.36 g (500266NL - var. utilis) indicating
substantial diversity for this trait. Similarly, other traits such as days to flowering
showed variation from 93 days (500221AR — var. pruriens) to 132 (500269SK — var.
pruriens) days and days to maturity from 137 days (500210MN - var. utilis) t0.197
days (500271SK - var. pruriens). Good variability was also observed for days for
emergence which ranged from 4 (500225AR) to 13 days (500205AS). Even though
number of pods per plant also showed good variability, total number of pods recorded
per plant (14 - 68 in var. pruriens and 14-22 in var. utlis) were low as compared to
other studies. This might be due to fact that the evaluation experiments for the present

study were conducted in potted plants.

Another important character that showed promising variability was days to maturity
which ranged in between 137 days to 197 days. Earliness determined by the plant’s
ability to reach flowering and maturity cycle in a short period is closely associated
with crop’s productivity (Shavrukov et al. 2017). Reducing the crop cycle, in many
cases, has also helped to avoid unfavorable temperatures and low air humidity during
the flowering and pod formation stages (Martinez-Calvo 2008). Thus, early maturing
accessions identified in the present study serves as an important genetic stock for

breeding earliness in this crop.

Overall, large differences were observed for different morphological and phenetic
characters in M. pruriens accession of northeast India. This might be due to extreme
climatic and edaphic variations experienced in the region which comprises some of
the large rivers and mighty mountains including Himalayas. Similar variation in

morphometric traits have also been recorded in other crops including rice varieties
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(Sarhadi et al. 2009; Joshi et al. 2011; Dikshit et al. 2014; Debbarma et al. 2017) and

Jatropha curcas (Saikia et al. 2009; Adreeja et al. 2017) grown in northeast India.

6.1.2 Diversity among var. pruriens accessions

In case of wild variety (var. pruriens), the average coefficient of variation (CV %) for
the quantitative traits ranged from 8.17 % to 46.79 % with an average of 21.59%.
Genetic diversity indices based on Jaccard’s coefficient were high both in case of
qualitative (47%) and quantitative (40%) traits. This is in consensus with earlier
reports by Krishnamurthy et al. (2005) and a Ph.D work by Mahesh (2015) submitted
to Visvesvaraya Technological University, Belagum. Several genotypes also showed
promising trait values and can be a source of important genes for economic traits. It is
well known that the wild germplasm are important reservoirs of resistance genes
against biotic and abiotic stresses (Sudha et al. 2013). Thus, these genotypes might
serve as an important source of breeding lines for introducing wild germplasm into

ongoing breeding programs of M. pruriens.

6.1.3 Diversity among var. utilis accessions

On the other hand, the average coefficient of variation for quantitative traits among
the cultivated var. utilis accessions ranged from 6.59% to 39.46 % with a mean
average of 16.369%. The genetic diversity values based on Jaccard’s similarity value
for qualitative traits was 41% and quantitative traits was 32% indicating low to
moderate genetic diversity for both the groups of traits. This observation is in
accordance with morphological diversity in velvet bean germplasm reported in earlier

study (Sathyanarayana et al. 2012).
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Among the evaluated traits, seed yield and days to maturity (DM) showed
considerable variability ranging from 100.74 g to 173.36 g (seed yield) and 137 days
to 189 days (DM). Generally var. utilis accessions are late maturing types
(Sathyanarayana et al. 2011). However, few accessions in the present study showed
early maturity (500210MN-137 days; 500211NL-149 days and 500263NL-151 days)
than those reported earlier (Sathyanarayana et al. 2012). This might be due selection
of early maturing genotypes by indigenous groups owing to long history of
M. pruriens cultivation in northeast India (Watt 1883; Piper and Tracy 1910; CSIR
1962; Arora 1991). Thus, these accessions might offer significant promise for future

breeding program on developing early maturing genotypes.

6.1.4 Identification of elite genotypes and contrasting parental lines

As can be seen from the foregoing discussion, evaluation of M. pruriens collection
from northeast India based on selected morpho-agronomic traits revealed considerable
variability in our germplasm with potential applications in breeding programs. It has
also revealed good scope for introducing wild germplasm into ongoing breeding
programs, as improvement efforts so far have focused only around cultivated
genotypes. Though crop breeding began with the domestication of wild plants, it has
grown and continued with the improvement of both the landraces and the elite
varieties (Lyu et al. 2013). In this background, the set of accessions comprising both
the cultivated and wild varieties identified as elite genotypes in this study serves as an
important source of breeding material. Further, the accessions possessing extreme
phenotypes can fulfill the necessary pre-requisite for development of mapping
population for linkage mapping (Collard et al. 2005) and other genetic analysis as

attempted in subsequent chapters of this thesis work.
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Considering the fact that the isolated use of morphological markers might lead to
incomprehensive conclusions due to inherent limitations of these markers (Smith and
Smith, 1992; Tatikonda et al. 2009), it is important to supplement morphometric
analysis with that from DNA based markers to gain more realistic insights into
diversity pattern in our germplasm which is attempted as another objective of this

thesis work.

6.2 L-Dopa variability and correlation with seed traits

For breeding L-Dopa content in M. pruriens, generation of reliable data on its
variability in the germplasm collection is an important endeavor. In the present study,
pure L-Dopa was isolated from seed samples using extraction method described by
Upadhyay et al. (2012). The efficacy of this method has been tested in earlier studies
as well (Patel et al. 2016). We determined purity of the isolated L-Dopa using HPLC
method after due validation of the equipment. The results showed single clear peak
with RT (6.319 min.) matching with that of standard L-Dopa (RT 6.345 min.)
attesting to the purity of the isolated sample. The same protocol was further applied to

assess L-Dopa variability among 50 M.pruriens accessions.

The results of L-Dopa analysis revealed broad variability ranging from very low
(1.55%) to very high (9.03%). The observation on high variability for L-Dopa content
in our study is in conformity with other earlier works. For instance, Bell and Jenzen
(1971) reported 5.9-9.0% L-Dopa among six accessions. Daxenbichler et al. (1971,
1972) reported 2.2 — 7.2% in their screening of 36 accessions. Lorenzetti et al. (2000)
found L-Dopa content in the range of 1.9-7.6% among 38 accessions. Few Indian
studies have also showed similar trend with L-Dopa concentration reported in the

range of 3.63-5.05% (Siddhuraju et al. 2000); 2.30-6.12% (Krishnamurthy et al.
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2005); 1.51-6.29% (Singh et al. 2008); 4 - 6.5% (Vijayambika et al. 2010);
411 - 6.61% (Mamatha et al. 2010); 5.4-7.0% (Kalidass and Mohan 2011) and
3.29-5.44 % (Raina et al. 2012). The highest variability among Indian accessions
found in the present study might be due availability of large altitudinal gradient across
northeastern region of India (Chatterjee 2008). Lorenzetti et al. (2000) suggests that
L-Dopa content may vary with altitude due to changes in the intensity of light and
scattered ultraviolet radiation. With regard to correlation analysis, L-Dopa content
was found to be negatively correlated with all other seed characters indicating these
traits are not useful as selection criteria for identifying high/low L-Dopa containing
genotypes. This observation is in conformity with the reports by Raina et al. (2012,

2018) on the same species.

Among the different accessions studied, we determined accessions: 500212AS
(1.55%) and 500240SK (9.03%) as genotype showing extreme phenotype for L-Dopa
content. These accessions were further used as contrasting parents for generating
segregating population to study variability and heritability of the L-Dopa trait which

is discussed in subsequent chapter.

6.3 Genetic diversity analysis

The center of origin of a crop plant represents vital source of genes to farmers and
professional breeders responding to biotic and abiotic stresses and climate change
(Dyer et al. 2014). Medicinal legume M. pruriens is native of southern China,
Malaysia or eastern India (Burkill 1966; Duke 1981; Wilmot-Dear 1984) with
considerable antiquity in these regions (Arora et al. 1991). It is reported that Mucuna
was widely grown in the foothills and lower-hills of the eastern Himalayas during the

eighteenth and nineteenth centuries and was eventually replaced due to introduction
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of more palatable legumes (CSIR 1962; Piper and Tracy 1910; Watt 1883). However,
its cultivation as a minor crop continues even today by many native people who grow
it as home garden crop for dry seeds and green pods (Arora et al. 1991). Recently,
with the discovery of L-Dopa and other agronomic benefits from the plant, the
opportunities for its large-scale cultivation in the region are growing necessitating
development of improved cultivars with enhanced nutritional value and resistance to
biotic and abiotic stresses (Sathyanarayana et al. 2017). Even though, northeast India
represents most important source of gene pool for M. pruriens, little data is available
on the genetic diversity and population structure of this species from the region. Thus,
the present investigation was carried out to meet this objective using AFLP markers.
AFLP was particularly chosen as it offers pan genome coverage comprising large
number of loci from different chromosomal regions, and regarded as choice marker
for diversity analysis (Karp and Edwards 1995; Mueller and Wolfenbarger 1999;
Mikulaskova et al. 2012; Patrick et al. 2012). Earlier, AFLPs have been successfully
used for analyzing genetic variation, phylogenetic relationships and characterization
of natural populations as well as breeding lines across the range of taxa (Hill et al.
1996; Kardolus et al. 1998, Roldan-Ruiz et al. 2000, De Riek et al. 2001; Dubey et al.
2010). Their utility for genetic diversity analysis in Mucuna species is also well

recognized (Capo-chichi et al. 2004; Sathyanarayana et al. 2011).

6.3.1 Marker attributes

Majority of the PCs produced high quality AFLP profiles generating an average of
54.91 total and 52.55 (97.27%) polymorphic fragments per PC. A high rate of
polymorphism indicated good genetic variability among the investigated accessions.
In diversity studies, PIC values are used as primary measure of discriminatory power

or informativeness of PC (Chandrawati et al. 2014). The average PIC value of 0.23
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obtained in the present study although was on lower side, is superior to PIC value
(0.16) reported in earlier AFLP studies on Mucuna spp. (Sathyanarayana et al. 2011).
Higher PIC values obtained in the present investigation might be due to new AFLP
markers employed in the present study. Out of 22 PCs, 9 (41%) produced 100%
polymorphic fragments. Thus, these informative PCs could be used for large scale
germplasm characterization and genotyping. The other two parameters, RP and Ml
provide complementary attributes to the efficiency of the marker system and are used
along with PIC in diversity studies (Gupta et al. 2013; Pecina-Quintero et al. 2013).
Considering combination of PIC, MI and RP parameters, the PCs: E-ACG/M-CAC,
E-ACA/M-CAA, E-AAG/M-CAC and E-ACA/M-CAT and RP PCs E-ACT/M-CTA,
E-AGG/M-CTA and E-AAC/M-CAG are found to be more useful for future diversity
studies. Among these, the PCs: E-ACT/M-CTA, E-AAC/M-CAG, E-AAC/M-CTA
and E-AAC/M-CTC are already reported to be informative in earlier AFLP study on
Mucuna species (Sathyanarayana et al. 2011), and thus our result is in conformity

with the above finding.

6.3.2 Gene diversity and population structure

A pair wise similarity matrix based on Jaccard’s coefficient was constructed to
understand the extent of genetic diversity among all the M. pruriens accessions. A
high level of diversity was noticed (average similarity coefficient: 0.37; average
Shannon’s information index: 0.34) within our collection which is reflected even in
the values of h and Ht with mean scores of 0.27 and 0.22, respectively. This is
significant as the accessions used here correspond to neighboring areas of eastern
India from where M. pruriens is reported to have come from (Capo-chichi et al.
2003). So far, only anecdotal evidences were available to support this theory

including large-scale presence of perennial M. bracteata - a probable ancestor of this
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species (Jaheer et al. 2015) in the region. Thus, high allelic diversity among
M. pruriens of northeast India, reported for the first time in the present study,
provides earliest empirical evidence for the eastern Indian origin of M. pruriens and
paves a way for future investigation on migration and colonization pattern of this
species as well as events that shaped its domestication. Among the two botanical
varieties, var. pruriens which represents wild variety exhibits higher diversity (I: 0.44)
as compared to var. utilis (I: 0.37) which is cultivated. The phenomenon of wild
M. pruriens varieties exhibiting greater diversity vis-a-vis cultivated var. utilis is a
common observation reported in many earlier studies (Leelambika and

Sathyanarayana 2011, Sathyanarayana et al. 2012, 2016).

On the other hand, the population genetic structure investigated using UPGMA,
AMOVA and STRUCUTRE revealed absence of geographical structure in
populations of northeast India. In case of AMOVA - which determines contribution of
individual populations to the total diversity, the results revealed 93% of the variance
was accrued by intra-population variation while only 7% contributed to inter-
population variation pointing towards absence of barriers for the gene flow. To
corroborate this, we estimated Fst and Nm, to measure the extent of gene flow. The
moderate estimate of Fst (0.08.) and high Nm value (3.04) substantiated AMOVA
results of low divergence as a factor of high gene flow. It is well known that gene
flow values (Nm) >1 is strong enough to prevent substantial differentiation due
to genetic drift (Slatkin and Barton 1989). It is likely that M. pruriens has experienced
little geographical isolation in this region due to predominant distribution in the
foothills extending up to plains in this otherwise geographically/climatically diverse
region comprising some of the large mountains and mighty rivers that offers rich

scope for speciation by isolation. Such a situation might have favored long distance
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pollen/seed dispersal allowing frequent exchange of alleles between different
populations leading to low differentiation as noted here. Even though out-crossing is
reported to be rare in M. pruriens (Duke 1981), it cannot be entirely ruled out owing
to presence of numerous natural hybrids as reported in earlier works (Piper and Tracy
1910; Bailey 1947; Burkill 1966; Capo-chichi et al. 2001; Sathyanarayana et al.
2016). It is possible that genetic compatibility between wild and cultivated
M. pruriens population has lead to gene flow and genetic introgression from wild
populations to domesticated ones and vice-versa resulting in inter-varietal hybrids as
reported in common bean cultivars of Andes (Freyre et al. 1996; Beebe et al.1997)

and Mesoamerica (Papa and Gepts 2003).

Further, close examination of the UPGMA and STRUCTURE results points towards
configuration of two independent gene pools possibly representing Assam plains (AP)
and eastern Himalayas (EH). However sub-clusters within cluster-l (Assam plains)
lacked state specific grouping pattern. This might be due to the fact that majority of
these accessions were sampled from the areas adjoining Assam in the neighbouring
states of Meghalaya, Tripura and Mizoram in south, Manipur and Nagaland in east
and foothills of Arunachal Pradesh in the extreme of north. This topography forms a
continuous range with considerable similarity in species distribution (Chattarjee
2008). Thus, M. pruriens distributed along this range perhaps correspond to single
continuous population as gene flow has amalgamated neighboring populations into
one, with common genetic structure. On the contrary, the accessions grouped in sub-
cluster 11A likely represent divergent gene pool representative of eastern-Himalayas
as these accessions were acquired from the lower altitudes of Sikkim-Darjeeling hills
along the Teesta River which represents distinct floristic element. It is also possible
that the latter might symbolize migrated elements from north Bengal plains through
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anthropogenic activities or animal movements as this region (foothills of Sikkim-
Darjeeling) is located adjoining to Siliguri-Malda plains of north Bengal. The
grouping of two Tripura accessions along with cluster-11A possibly can be explained
based on this. That said, not even single M. pruriens population was to be found along
the Sikkim-Darjeeling Himalayan region until few years back. However in recent
years, continuous migration of several tropical plants including M. pruriens has been
observed along the altitudinal gradient of EHs possibly signifying changing floristic
composition of EHs due to climate change which is another interesting work for

future investigation.

The other sub-cluster within cluster 11 (11B) mostly represents accessions belonging to
var. utilis - a cultivated accession. Alignment of var. utilis from AP along with
cluster-1l is little difficult to explain owing to following reasons: Firstly, these
accessions were obtained as seed samples from private vendors/researchers and thus
their precise origin could not be authentically established. Secondly, the variety itself
presents a chequered background with no evidence available on its origin or genetic
history from anywhere in the world and thus it is hard to pinpoint contributing factors
for its atypical distribution. Thirdly, the fact that it freely hybridizes with other
varieties of M. pruriens (var. pruriens and var. hirsuta) has resulted in several natural
hybrids rendering precise genotypic identification difficult. This is evident even from
the results of structure analysis in our study which confirms presence of several
admixture taxa in our collection. The latter problem is common to all the three
varieties of M. pruriens and thus has been a subject of debate in literature on Mucuna
species (Capo-chichi et al. 2001; Eilitta et al. 2002; Sathyanarayana et al. 2016). Thus
future work should focus on genetic history of M. pruriens varieties especially the

cultivated var. utilis to reliably address questions related to pattern of diversity in
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addition to migration, domestication and improvement of this promising underutilized

crop.

6.4 Genetic analysis of L-Dopa trait

Any targeted genetic improvement program begins with the understanding of genetic
mechanism underlying the trait of interest. Such pre-requisites include information on
the nature of inheritance (monogenic or polygenic), variability in the gene pool and
components - both genetic as well as non-genetic influencing the trait of interest
(GXE interactions etc.). These information forms a basis for developing realistic and
meaningful breeding program. However such data are generally lacking in large

number of medicinal plants species and M. pruriens is no exception to this.

To determine the genetic nature of the L-Dopa trait, we analyzed its content in F1
hybrids and 272 F2 individuals. The F1 hybrids showed much lower L-Dopa content
(3.82%) almost leaning towards low L-Dopa parent. This suggests, low L-Dopa
content may be dominant over high L-Dopa content in M. pruriens. The results also
suggests that there exists complete association of decreasing alleles in dominant
parent (low L-Dopa) and increasing alleles in recessive parent (high L-Dopa)

resulting in the above pattern of inheritance.

Among the F2 progenies, L-Dopa distribution was in the range of 1.44% to 5.84%
(Table 37). The highest value obtained (5.84%) in any single F2 individual was less
than the high L-Dopa parent suggesting extensive crossing-over along the genomic
region controlling L-Dopa. We obtained sigmoid normal distribution curve for the
L-Dopa content. This suggests L-Dopa content is a quantitative trait controlled by
multiple loci. Such observations have been used earlier to draw inference on QTLs in

other crop species as well (Kumar and Gupta 2015). However, this is first any such
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report on the genetic nature of L-Dopa trait in M. pruriens or any other plant species

where L-Dopa is present.

We also analyzed segregation of different seed traits in F2 progeny to determine their
correlation with L-Dopa content. The P value was significant between all the seed
traits (Table 38). However, most of them showed significant negative correlation with
the L-Dopa content except seed thickness (0.010) and seed width (0.0797) which
showed moderate correlation with L-Dopa content. This might be due to involvement
of novel genes, which expresses independent of seed development events in L-Dopa
production pathway. That said, the biosynthetic pathway and/or genetic regulation of
L-Dopa production in M. pruriens has not been mapped so far. In mammals, L-Dopa
production takes place via hydroxylation of tyrosine residues by tyrosine hydroxylase
(Tabrez et al. 2012). In plants, it is believed to be analogous to that in mammals
(Soares et al. 2014). Nonetheless, the overall correlation analysis suggests seed
variable parameters may not be a selection criterion for identifying the genotype with

high L-Dopa content.

It is widely regarded that the estimates of genetic and phenotypic variances and
covariance are important for the prophecy of breeding values and for the prediction of
expected genetic response of selection programs. In addition, genetic variability,
heritability and genetic advance measures the relative degree to which a character is
transmitted to the progeny (Eid, 2009; Ajayi et al. 2014). Therefore a breeder must
have inside knowledge about the nature and magnitude of heritability (h?) and genetic
advances (GA) before launching any breeding program. Since biochemical traits are
often inherited in a complex manner and influenced by the environment, path
coefficient analysis will be an added advantage (Kahani and Hittalmani 2015). The
study on the above aspects is essential to identify superior genotypes (Kahani and
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Hittalmani 2015). Further, the crosses between genotypes with highest genetic
divergence would be liable for improvement because, they have higher probability to
yield desirable recombinants in the progeny. Keeping in view these factors, genetic
studies in M. prureins was undertaken to estimate the genetic component of variance
for L-Dopa content and further to compute the heritability, coefficients of variability

and genetic advance in F2 segregating population.

On an expected line, the results showed higher phenotypic coefficient of variation
(PCV; 133.51) than genotypic coefficient of variation (GCV; 112.77) for L-Dopa
content. The difference between PCV and GCV is probably due to environmental
effects (Kahani and Hittalmani 2015). Similar results are reported by Yadeta et al.
(2011) and Sharma et al. (2010). However, since GCV provides only genetic
variability information present in quantitative traits, it is not possible to determine the
amount of heritable variation only from the GCV value. In this situation, GCV along
with heritability estimates results in the improved outcome for the amount of

advancement to be expected from the selection (Burton and Devane 1953).

Broad sense heritability (h?) was thus calculated to analyze the heritable portion of the
variation. Broad sense heritability is the ratio of genotypic variance to total variance
(Hanson et al. 1956) and provides measure of effectiveness of selection. Johnson et al.
(1955a) reported that heritability in broad sense can be categorized as low (0-30%),
medium (30-60%) and high (>60%). Further, Singh (2001) has reported, heritability
value greater than 80% can be regarded as very high, values between 60 to 79% are
moderately high, values between 40-59% are medium and values less than 40% are
low. From this view point, moderate to high heritability estimate (71.3%) was
obtained for L-Dopa content in the present study. The result suggests that the

environmental factors did not affect greatly the phenotypic performance of this trait
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and selection based on the phenotypic performance will be reliable and effective for
L-Dopa content. Lesser effects of environmental factors on L-Dopa production in
M. pruriens is also established in earlier studies involving GXE interaction effects
reported by Capo-chichi et al. (2003) and Mahesh and Sathyanarayana (2011). High
heritability estimates leading to better selection efficiency have been reported in many
earlier studies involving several crop species (Sreelathakumary and Rajamony 2004;

Lestari et al. 2006; Yadeta et al. 2011; Qasim et al. 2013; Syukur and Rosidah 2014).

However heritability in broad sense includes both the additive and epistatic gene
effects (Burton, 1953; Johnson et al. 1955a). Hence, the heritability estimates
becomes more significant when accompanied by estimates of genetic advance (GA).
The GA determines the improvement that may be made in a fastidious character by
applying certain amount of selection intensity. Therefore we estimated genetic
advance in this trait. The moderate value of GA (8.60) obtained for L-Dopa content in
the present study indicate the trait is under additive gene action and thus its
improvement could be achieved through mass selection (Ibrahim and Hussein 2006;

Khatun et al. 2015).

In summary, it can be concluded that high heritability with moderate genetic advance
values obtained for L-Dopa content reflect the presence of additive gene action for the
expression of this trait which is fixable for next generations and selection in next

population based on this character would be reliable.

6.5 Micropropagation of elite genotypes

Micropropagation is an important biotechnological tool used for multiplying elite
genotypes in various plant species (Yasodha et al. 2004). Propagation of plants using
in vitro methods has five main advantages over conventional method namely
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multiplication of elite clones, multiplying plant throughout the year, regeneration of
pathogen free plant even from the infected mother plants, cloning of male sterile lines
and production of large number of plants in short time (Rani and Raina 2000).
Selection of mother plant source for in vitro multiplication is an essential prerequisite
for large scale propagation of the elite plant. Micropropagation of a superior/elite
genotypes is usually carried to meet the production requirement of a quality and
quantity plant material to enable availability at large commercial scale (Tesfa 2016).
Hence it is imperative to employ efficient propagation system that realizes mass
multiplication of newly evolved genotypes in a short period of time. Sanger et al.
(2011) carried out similar study to ensure high quantity and quality of sugarcane
planting material within a short period of time and space. Such studies have also been

reported in medicinal plant Artimisia annua (Gupta et al. 1996).

6.5.1 Seed germination

In velvet bean, the dehusked seeds showed better germination than the seeds with
seed coat. Removal of seed coat was found to increase the germination percentage by
almost 50%. Decrease in germination with seed coat is attributed to the presence of
phenolic compounds and their subsequent oxidation during germination process.
Inhibition of germination due to oxidation of phenolic compounds in seed coat is a
common phenomenon in legume plants as reported in Phaseolus vulgaris (Deshpande
et al. 1982), pigeon pea (Singh 1993). Therefore, their removal of might have

triggered better germination responses in the present study.

6.5.2 Micropropagation

Micropropagation, which is also known as as clonal propagation, is the technique of

triggering the meristematic tissues of plants predetermined to form shoot to result in
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multiple shoots by the influence of hormones in vitro. This has been the technique of
widespread use, as the process is simple and involves lesser effort. The major benefits
include rapid multiplication, maintenance of uniformity, disease free plant
regeneration and propagation of sexually derived sterile hybrids. It has been proved
unique in case of virus free plant establishment (Biswas et al. 2007) and genetic
transformation through Agrobacterium tumefaciens and particle bombardment

techniques (Gondo et al. 2009).

In the present study, of the three explants tried, the axillary bud and CN produced
equal response, which was higher compared to apical buds on BAP (2.2-22.2uM)
containing medium. The result indicates explant specific nature of response to the
plant growth regulators due to differential expression of genes in different plant parts
(Chandra and Pental 2003). The superiority of axillary buds over CN and the apical
bud for clonal propagation is also reported in Dolichos (Sujatha et al. 2007). In
Turkish chickpea, the apical buds produced shoot numbers as low as 1-3 (Aasim et al.
2008). However, failure of cotyledonary nodes to produce good quality shoots is not

clearly understood and remains unexplained.

Of the various hormones tested for clonal propagation, BAP was found to be superior
over Kn and other hormonal combinations in evincing better response from CN and
axillary bud explants. Superiority of BAP over Kn for multiple shoot induction is in
accordance with Eclipta alba (Franca et al. 1995), Sapium sebiferum (Siril and Dhar
1997), and Pterocarpus marsupium (Suresh and Ajay 2004). The stunted nature of
shoot formation corresponding to increased concentration of BAP in the medium is

also reported in Orthosiphon (Keng et al. 2004) and Eupatorium (Martin 2004).
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Nonetheless, earlier report in M. pruriens (Chattopadhyay et al. 1995; Faisal and
Siddique 2006 a & b) showed maximum shoot induction on NAA + 2ip and
NAA + BAP, while this hormone combination produced only 3-5 shoots inducing
basal callus in the present study. These differential responses, revealed by different
M. pruriens varieties indicate possible existence of genotype specific responses within
M. pruriens varieties. Similar results are reported even in Mulberry cultivars
(Tewary et al. 1996). It is well established that, in cultured tissues, the requirement for
exogenous hormone depends on the endogenous levels in the plant tissue which varies
with organ, plant genotype, and the phase of the growth (Suresh and Ajay 2004).
Thus, the result establishes requirement of independent standardization in each of the

varieties of M. pruriens after careful consideration of varietal identity.

Axillary bud explants showed better elongation on GAs containing medium which
were induced for optimum rooting on NAA supplemented medium. The inductive
effect of GAs on elongation of shoots is well-established in plant tissue culture
(Jayanand et al. 2003). Successful elongation of shoots using GAs has been achieved
even in pigeon pea (Villiers et al. 2008). NAA as the key hormone for rooting is also
reported in several micropropagation protocols like M. pruriens var. pruriens, Pisonia
alba, Hyptis suaveolens, Jatropha curcas and M. pruriens var. utilis (Chattopadhyay
et al. 1995; Chandra et al. 1999; Britto et al. 2001; Rajore et al. 2002; Sathyanarayana

et al. 2008).

Thus, the comparative evaluation of axillary bud, apical bud and cotyledonary node
reveals that the axillary bud and the cotyledonary node explants produced best
response on MS medium supplemented with BAP (22.2 uM) of which, axillary bud
proves better over the CN in terms of quality of shoots in M. pruriens and thus can be
used in large scale micropropagation of elite genotype (500240SK).
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/. Summary and Conclusions

Among the handful of plants that produce L-Dopa, M. pruriens is the best known
source in terms of both quality and efficacy of the drug (Ghosal et al., 1971; Misra
and Wagner, 2004, 2007). Notwithstanding the agronomic and medicinal potential
offered by this species, it has remained largely underexploited owing to poor research
efforts, particularly in the direction of genetic improvement. In view of this, the
present thesis work was carried out to (a) collect and characterize the M. pruriens
germplasm from northeast India - part of centre of origin of this crop and (b) perform
genetic and heritability analysis of L-Dopa trait using F2 segregating population. In
the end, we have proposed mass multiplication protocol for elite genotype for large-

scale propagation.

7.1 Germplasm collection and characterization

Fifty M. pruriens accessions belonging to both var. pruriens (38) and var. utilis (12)
were collected from different parts of northeast India and established in Sikkim
University botanical garden. All the accessions were evaluated for 10 qualitative and
quantitative traits each, as per the standard descriptors. The results showed qualitative
characters exhibiting mean diversity of 61%, and quantitative traits showing mean
diversity of 56%. Wild germplasm represented by var. pruriens was more diverse for
both qualitative and quantitative characters. The UPGMA clustering grouped the
accession into major clusters based on taxonomic and phenetic affinities. The work
also suggested good scope for inclusion of wild germplasm in the breeding programs.
The multivariate analyses helped identification of several elite and contrasting

parental lines for inclusion in the breeding program.
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7.2 Assessment of L-Dopa variability

For L-Dopa analysis, HPLC based method was first standardized using several
validation experiments. The standardized protocol thus developed was used to screen
variability in the germplasm collection. The results revealed L-Dopa content in the
range of 1.55 to 9.03% at 46.80% coefficient of variation suggesting existence of high

variability for this trait in the germplasm collection.

7.3 Genetic diversity estimation

Almost all the primer combinations produced high quality AFLP profile. They
generated an average of 54.91 fragments suggesting good genetic variability among
the studied accessions. Of the 22 PCs, 9 (41%) produced 100% polymorphic
fragments. Based on the combination of PIC, MI and RP parameters, the PCs -
E-ACG/M-CAC, E-ACA/M-CAA, E-AAG/M-CAC and E-ACA/M-CAT and RP PCs
E-ACT/M-CTA, E-AGG/M-CTA and E-AAC/M-CAG have been suggested as useful
PCs for diversity studies. The Jaccard’s similarity coefficients based genetic diversity
estimates showed good diversity (0.37) which is reflected even in the values of h and
Ht with mean scores of 0.27 and 0.22, respectively. The population structure
investigated using UPGMA, AMOVA and STRUCUTRE revealed absence of
geographical structure. In case of AMOVA, the results revealed 93% of the variance
was accrued by intra-population variation, while only 7% contributed to inter-

population variation pointing towards absence of barriers for gene flow.

Thus, it can be concluded that, M. pruriens population of northeast India exhibits
good diversity providing credence to northeast Indian origin theory of this species.
Pair-wise estimates of genetic differentiation were low and AMOVA revealed no

evidence of genetic structuring, suggesting species did not experience severe
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bottleneck events. However, clustering based on UPGMA and STRUCTURE broadly
point to presence of two gene pools representing Assam plains and eastern Himalayas.
The future work should focus on the mechanisms underlying such variation besides
addressing key questions related to migration and domestication history of

M. pruriens varieties in general and var. utilis in particular.

7.4 Genetic analysis for L-Dopa trait

To determine the genetic nature of L-Dopa trait, we analyzed L-Dopa content in 51
F1 hybrids and 272 F2 individuals derived from a single cross. All the F1 hybrids
showed lower L-Dopa content (average: 3.82%), suggesting low L-Dopa may be
dominant over high L-Dopa content. In F2 populations, the highest L-Dopa value
obtained (5.84%) for any single F2 individual was less than the high L-Dopa parent
(9.03%) suggesting extensive crossing-over along the genomic region controlling the
L-Dopa production. Further, we obtained sigmoid normal distribution curve for
L-Dopa content suggesting quantitative nature of the trait. This is first any such report
on the genetic nature of L-Dopa trait in M. pruriens or any other plant species.
Further, high heritability (71.3%) with moderate genetic advance as percentage of
mean values (196.23) obtained for L-Dopa content reflect the presence of additive
gene action which is fixable for next generations and selection based on this trait

would be reliable and effective.

7.5 Micropropagation of elite genotypes

Mass multiplication of representative elite genotype 500240SK was attempted using
three different explants. Of these, the auxiliary bud and CN produced equal response
(6.4 0.55) and was higher compared to apical buds (2.6+ 0.24) on BAP containing

medium. The result indicates explants specific nature of response to the plant growth
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regulators due to differential expression of genes in different plant parts. BAP
(22.2uM) was found to be superior over Kn and other hormonal combinations.
Axillary bud explants showed better elongation on GAz (2.89 uM) containing
medium which were induced for optimum rooting on NAA (5.40 uM). The protocol
proposed will be useful for large scale production of viable, uniform and healthy

plants with maximum survival rate.

In conclusion, investigation encompassed in this thesis is expected to trigger research
works on extended germplasm collection, development of core collections, linkage
map development etc. in an immediate future. In a longer run, this will form a strong
starting point for both conventional as well as molecular breeding regimes involving
Marker Assisted Selection (MAS) and other biotechnological interventions for
L-Dopa breeding. Further, a comparative RNASeq analysis between contrasting
L-Dopa parents identified during the study and their correlation with metabolomics is
likely to provide key information and leads on the biosynthetic pathway of L-Dopa
production in M. pruriens and the gene candidates involved. All these will go a long
way in targeted genetic improvement of L-Dopa content and sustainable cultivation of

this important medicinal plant.
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8. Future Prospects

The anticipated future works as an extension of this thesis work are as follows:

1. Widening of germplasm base using collection from extended geographical
regions for categorizing trait specific germplasm.

2. Development of core collection sets for L-Dopa trait.

3. Validating genetic nature of L-Dopa trait through 6™ generation mean
analysis.

4. Development of RIL (F6) population for L-Dopa content.

5. QTL mapping of L-Dopa trait using co-dominant markers such as SSR or
SNPs.

6. Identification of gene involved in L-Dopa synthesis pathway through

functional genomics approaches.
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ARTICLE INFO ABSTRACT

Medicinal legume Mucuna pruriens L. (DC.) is an ecologically and economically important species known world-
wide for anti-Parkinson's drug L-Dopa. The plant is native to eastern India which includes parts of northeast India
where it has long history of cultivation. Recently, with the discovery of novel medicinal properties and agro-
nomic benefits, the prospects for its large-scale cultivation in the region is growing necessitating development of
improved cultivars. However, little data is available on genetic diversity and population structure from its native
range to use as resource base for future molecular breeding works and conservation planning. Here we describe
first empirical study on genetic diversity and gene flow of M.pruriens from northeast India based on AFLP
markers.

The high estimates of Jaccard's coefficient and Shannon's index reveal good genetic diversity supporting
centre of origin theory. However, pair-wise estimates of genetic differentiation (Fsy, Nei's D) were low and
AMOVA revealed no evidence for genetic structuring suggesting high levels of gene flow and absence of genetic
drift or bottleneck events. Clustering based on UPGMA and STRUCTURE analyses were in conformity with these
findings, but point to existence of two independent gene pools representing perhaps Assam plains and eastern
Himalayas — the two disparate components of geographically diverse northeast India. The mechanisms under-
lying such variation besides implications on genetic diversity along with scope for future investigations are
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Population structure

discussed.

1. Introduction

Mucuna pruriens (L.) DC. is a diploid tropical legume (2n = 2x = 22)
classified within the phaseoloid clade of leguminosae. It is perhaps the
most important domesticated species of the genus Mucuna grown
world-wide in a range of environments including temperate conditions
(Duke, 1981; Russell et al., 1992; CABI, 2015) as food, feed, fodder and
cover crop (Siddhuraju and Becker, 2001; Pulikkalpura et al., 2015).
The seeds contain L-Dopa (L-3,4 dihydroxy phenylalanine) - a non-
protein amino acid well-known for the symptomatic treatment of Par-
kinson's disease. The species comprise three botanical varieties of which
wild var. pruriens and var. hirsuta (itching beans) shows orange or
silvery-grey trichomes which induce highly itching skin reactions upon
contact due to presence of proteinaceous substances, mucunain and
serotonin (Agharkar, 1991). They often colonize open fields, hedge-
rows, by woodland margins or on lake shores (Duke, 1981; Lampariello
et al., 2012). The cultivated var. utilis (velvet bean) bears smooth non-
itching trichomes and is mostly grown as cover-crop for superior bio-
mass, nitrogen fixing ability and in homestead gardens for edible pods

and nutritious seeds (Haridas et al., 2013).

The centre of origin of a crop plant is normally associated with
broad genetic diversity contributed by wild and weedy relatives
(Harlan, 1971; Guo et al., 2014). M.pruriens is thought to be native of
eastern India or southern China (Burkill, 1966; Duke, 1981; Wilmot-
Dear, 1984) which includes parts of northeast India; but concrete data
to support this theory is not yet available and wild ancestor of the
species is yet to be discovered. The region however showcase abundant
distribution of wild variety represented by var. pruriens and there is a
long history of cultivation of velvet bean (var. utilis) in the region by
several indigenous groups of northeast India such as Khasi, Naga, Kuki,
Jaintia, Chakma and Mizo etc. who have used it as a minor food for
centuries (Arora, 1991). Recently, with the discovery of highly im-
portant medicinal properties, the prospects for its large-scale cultiva-
tion in the region are growing. As a result, widening the genetic re-
source base to develop improved cultivars with better agronomic and
nutritional potential is gaining momentum (Sathyanarayana et al.,
2017). In this background, the present investigation was carried out to
analyze genetic diversity and population structure of M. pruriens from
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Fig. 1. Collection locations of the germplasm used in the study (Note: Points in
the map indicate collection locality). Map Courtesy: www.mapsofindia.com

this region to (a) examine the northeast Indian origin theory of
M.pruriens and (b) generate baseline data for future molecular breeding
works. AFLPs were particularly chosen as it covers large area of the
genome (Karp and Edwards, 1995) and are extremely proficient in re-
vealing diversity at the infra-specific level (Karp and Edwards, 1995;
Capo-chichi et al., 2001).

2. Materials and methods
2.1. Germplasm collection and genomic DNA isolation

A totally 50 M. pruriens accessions representing two botanical
varieties viz., var. pruriens and var. utilis were collected from different
parts of northeast India during Feb—April 2015 and 2016. Subsequently,
voucher specimens were deposited in the herbarium of the Botany de-
partment, Sikkim University, Gangtok. The collection areas covered and
the list of accessions acquired are depicted in Fig. 1 and Table 1, re-
spectively. The seedlings were raised in triplicate from all the acces-
sions in the Botanical Garden of Sikkim University during July-August
2016 and the total genomic DNA was isolated from pooled young leaf
tissues from each accession following CTAB method (Doyle and Doyle,
1990). The quality and quantity of DNA were assessed using a Nano-
Drop 2000 spectrophotometer.

2.2. AFLP data generation

Twenty two AFLP primers (Tables 2a and 2b) were tested as per the
method described by Vos et al. (1995) with minor modifications. The
genomic DNA (400-500 ng) was digested with 5U EcoRI and 1U Msel
restriction endonucleases for 2h at 37 °C. The EcoRI and Msel adapter
(AFLP® plant mapping kit, Applied Biosystems, Foster City, CA, USA)
were ligated to digested DNA using 1U T4 DNA ligase (New England
Biolabs, USA). The restricted-ligated DNA was then diluted by 20 fold
with TE buffer (20 mMTris-HCL, 0.1 mM EDTA, pH 8.0) to perform pre-
selective amplification. The pre-selective amplification was carried out
using ready PCR master mix including Taq polymerase (Thermo Sci-
entific, USA). The cycling profile included: 30 cycles of denaturation at
94°C for 20s, annealing at 56 °C for 30s and extension at 72 °C for
2min and at last hold at 60 °C for 30 min. The pre-selective amplifi-
cation was confirmed by running PCR product on 1.5% agarose gel and
amplification product was further diluted by 10-folds with TE buffer
and used as a template for selective amplification. The selective
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Table 1
List of M. pruriens accessions used in the study.

Sl no. Variety Accession no. Place of collection
1 Mucuna pruriens var. pruriens 500197WB West Bengal

2 Mucuna pruriens var. pruriens 500199WB West Bengal

3 Mucuna pruriens var. utilis 500203MN Manipur

4 Mucuna pruriens var. pruriens 500204AS Assam

5 Mucuna pruriens var. pruriens 500205AS Assam

6 Mucuna pruriens var. utilis 500210MN Manipur

7 Mucuna pruriens var. utilis 500211NL Nagaland

8 Mucuna pruriens var. pruriens 500212AS Assam

9 Mucuna pruriens var. utilis 500213MN Manipur

10 Mucuna pruriens var. utilis 500215AR Arunachal Pradesh
11 Mucuna pruriens var. pruriens 500216ML Meghalaya

12 Mucuna pruriens var. utilis 500217MN Manipur

13 Mucuna pruriens var. pruriens 500219TR Tripura

14 Mucuna pruriens var. pruriens 500220AR Arunachal Pradesh
15 Mucuna pruriens var. pruriens 500221AR Arunachal Pradesh
16 Mucuna pruriens var. pruriens 500222AR Arunachal Pradesh
17 Mucuna pruriens var. pruriens 500223AR Arunachal Pradesh
18 Mucuna pruriens var. pruriens 500224AR Arunachal Pradesh
19 Mucuna pruriens var. pruriens 500225AR Arunachal Pradesh
20 Mucuna pruriens var. pruriens 500226AR Arunachal Pradesh
21 Mucuna pruriens var. pruriens 500227AR Arunachal Pradesh
22 Mucuna pruriens var. pruriens 500228AR Arunachal Pradesh
23 Mucuna pruriens var. pruriens 500231AR Arunachal Pradesh
24 Mucuna pruriens var. pruriens 500232AS Assam

25 Mucuna pruriens var. pruriens 500233AS Assam

26 Mucuna pruriens var. pruriens 500234MZ Mizoram

27 Mucuna pruriens var. pruriens 500235TR Tripura

28 Mucuna pruriens var. pruriens 500236AS Assam

29 Mucuna pruriens var. pruriens 500237AS Assam

30 Mucuna pruriens var. pruriens 500239MZ Mizoram

31 Mucuna pruriens var. pruriens 500240SK Sikkim

32 Mucuna pruriens var. pruriens 500241SK Sikkim

33 Mucuna pruriens var. pruriens 500242SK Sikkim

34 Mucuna pruriens var. pruriens 500243SK Sikkim

35 Mucuna pruriens var. pruriens 500244SK Sikkim

36 Mucuna pruriens var. pruriens 500245TR Tripura

37 Mucuna pruriens var. pruriens 500246TR Tripura

38 Mucuna pruriens var. pruriens 500248TR Tripura

39 Mucuna pruriens var. pruriens 500249SK Sikkim

40 Mucuna pruriens var. utilis 500255AR Arunachal Pradesh
41 Mucuna pruriens var. utilis 500263NL Nagaland

42 Mucuna pruriens var. utilis 500266NL Nagaland

43 Mucuna pruriens var. utilis 500267NL Nagaland

44 Mucuna pruriens var. utilis 500268NL Nagaland

45 Mucuna pruriens var. pruriens 500269SK Sikkim

46 Mucuna pruriens var. pruriens 500271SK Sikkim

47 Mucuna pruriens var. pruriens 500274SK Sikkim

48 Mucuna pruriens var. pruriens 500275ML Meghalaya

49 Mucuna pruriens var. pruriens 500276ML Meghalaya

50 Mucuna pruriens var. utilis 500277NL Nagaland

MN: Manipur; NL: Nagaland; AS: Assam; AR: Arunachal Pradesh; ML:
Meghalaya; SK: Sikkim; MZ: Mizoram; TR: Tripura; WB: West Bengal.

Table 2a
Details of pre-selective primers used for AFLP analysis.

SL no. AFLP pre-selective primer combination Pre-selective primer sequence
(5’ to 3)
1 E-A/M-C GACTGCGTACCAATTC-A

GATGAGTCCTGAGTAA-C

amplification was performed in 10 pl reaction volume using selective
primer pairs with amplification profile of denaturation at 94 °C for 20s,
annealing at 66 °C for 30 s decrease by 1 °C/cycle up to 56 °C, extension
at 72 °C for 2 min for 10 cycles, followed by 94 °C for 20's, 56 °C for 30's,
72°C for 2min for 30 cycles followed by 60 °C for 30 min. Following
selective amplification, post PCR multiplex sets were made based on
fluorescence labelled primers. For post PCR multiplexing, 1 pl each of 6-
FAM, JOE and NED labelled PCR products representing different se-
lective primer pairs were combined with 7ul of Hi-Di formamide
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Table 2b
Details of selective primers used for AFLP analysis.

Sl no. AFLP selective primer
combinations

Selective primer sequence
(5" to 3)

1 E-ACT/M-CTA GACTGCGTACCAATTC-ACT (FAM)
GATGAGTCCTGAGTAA-CTA

2 E-AAC/M-CAG GACTGCGTACCAATTC-AAC (NED)
GATGAGTCCTGAGTAA-CAG

3 E-AAC/M-CTA GACTGCGTACCAATTC-AAC (NED)
GATGAGTCCTGAGTAA-CTA

4 E-AAC/M-CTC GACTGCGTACCAATTC-AAC (NED)
GATGAGTCCTGAGTAA-CTC

5 E-ACA/M-CTT GACTGCGTACCAATTC-ACA (FAM)
GATGAGTCCTGAGTAA-CTT

6 E-AGG/M-CAG GACTGCGTACCAATTC-AGG (JOE)
GATGAGTCCTGAGTAA-CAG

7 E-ACG/M-CAC GACTGCGTACCAATTC-ACG (JOE)
GATGAGTCCTGAGTAA-CAC

8 E-ACA/M-CAT GACTGCGTACCAATTC-ACA (FAM)
GATGAGTCCTGAGTAA-CAT

9 E-AAG/M-CAC GACTGCGTACCAATTC-AAG (JOE)
GATGAGTCCTGAGTAA-CAC

10 E-ACA/M-CAA GACTGCGTACCAATTC-ACA (FAM)
GATGAGTCCTGAGTAA-CAA

11 E-ACG/M-CAA GACTGCGTACCAATTC-ACG (JOE)
GATGAGTCCTGAGTAA-CAA

12 E-AAG/M-CAT GACTGCGTACCAATTC-AAG (JOE)
GATGAGTCCTGAGTAA-CAT

13 E-AAG/M-CTG GACTGCGTACCAATTC-AAG (JOE)
GATGAGTCCTGAGTAA-CTG

14 E-AAG/M-CTC GACTGCGTACCAATTC-AAG (JOE)
GATGAGTCCTGAGTAA-CTC

15 E-AAG/M-CAA GACTGCGTACCAATTC-AAG (JOE)
GATGAGTCCTGAGTAA-CAA

16 E-ACT/M-CAA GACTGCGTACCAATTC-ACT (FAM)
GATGAGTCCTGAGTAA-CAA

17 E-ACG/M-CAG GACTGCGTACCAATTC-ACG (JOE)
GATGAGTCCTGAGTAA-CAG

18 E-AGC/M-CTA GACTGCGTACCAATTC-AGC (NED)
GATGAGTCCTGAGTAA-CTA

19 E-ACG/M-CTG GACTGCGTACCAATTC-ACG (JOE)
GATGAGTCCTGAGTAA-CTG

20 E-AGG/M-CAT GACTGCGTACCAATTC-AGG (JOE)
GATGAGTCCTGAGTAA-CAT

21 E-AGG/M-CTA GACTGCGTACCAATTC-AGG (JOE)
GATGAGTCCTGAGTAA-CTA

22 E-AGC/M-CTG GACTGCGTACCAATTC-AGC (NED)
GATGAGTCCTGAGTAA-CTG

containing 0.3 ul GeneScanTM 500 ROX® as internal size standard. The
multiplexed PCR mixture was denatured for 5min at 95°C, quick
chilled on ice for 5min and loaded on ABI 3730xl DNA Analyzer for
electrophoresis. The fragment analysis was performed by GeneMapper
v 4.0 software (Applied Biosystems, USA).

2.3. Data analysis

Allele frequency and polymorphism for each AFLP fragments were
scored automatically on GeneMapper as well as manually by visualizing
electropherogram. The data was scored as “1” (presence of fragment)
and “0” (absence of fragment) and “.” for (missing data). The genotypic
data were used to calculate different population genetic parameters
such as polymorphic information content (PIC), marker index (MI) and
resolving power (RP). The PIC value and mean gene diversity for each
AFLP primer combination was calculated as part of summary statistics
using software: Powermarker v 3.25 and was averaged over the frag-
ments for each primer combination (PC).

PIC for each AFLP PC was calculated according to Roldan-Ruiz et al.
(2000) formula: PICi = 2fi(1 — fi), where PICi is the polymorphic in-
formation 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. PIC was averaged over the fragments for each PC. Marker
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index (MI) was calculated following Powell et al. (1996) as:
=PIC X EMR, where EMR (effective multiple ratio, EMR = 3 X n) is
defined as the product of the fraction of polymorphic loci () and the
number of polymorphic loci (n). The resolving power (RP) of each PC
was calculated according to Prevost and Wilkinson (1999) as: Rp = ZIb,
where Ib is the fragment informativeness and calculated as:
Ib = 1-[2 X |0.5 — p|], where p is the proportion of the genotypes
containing the fragment.

Diversity indicators were calculated in total, per population and per
AFLP fragment in GenAlEx 6.5 (Peakall and Smouse, 2012), POPGENE
1.31 (Yeh et al., 1997) or Arlequin 3.1 (Excoffier et al., 2005) softwares.
Number of different alleles (Na), effective number of alleles (1/(2pi2))
(Ne), Shannon's information index (—1=X(pixIn(pi))), gene diversity/
expected heterozygosity (Nei, 1973) (1 — >pi?), (where pi is the fre-
quency of the i™ allele and Tpi? is the sum of the squared allele fre-
quencies) and molecular variance (AMOVA) (Excoffier et al., 1992)
within and among the populations were calculated in GenAlEx (Nei,
1987). POPGENE/Arlequin 3.1 was used to calculate overall diversity
in collections (total gene diversity = Ht), diversity within populations
(Hs), genetic differentiation (Gst = 1 — HS/HT) and Gene flow (Nm)
which was estimated from Gst as Gst (Nm = 0.5 (1 — Gst)/Gst). The
Jaccard's similarity coefficient was used to estimate genetic similarity
between the accessions. Based on the similarity matrix, dendrograms
were constructed using the unweighted pair group method with ar-
ithmetic mean (UPGMA) by using FreeTree V1.0.0.0 and TreeView
(Win32) V1.6.6 softwares (Pavlicek et al., 1999).

Genetic structure was investigated using STRUCTURE v 2.3.4.
(Pritchard et al., 2000; Falush et al., 2003), which applies the Markov
Chain MonteCarlo (MCMC) algorithm. An admixture model with cor-
related allele frequencies was used. The K value was set from one to ten,
and at least twenty runs were performed for each value of K. The length
of the burn-in period was set to 50,000, and the MCMC chains after
burn-in were run for an additional 100,000 times. The optimal value of
K was determined by examination of the AK statistic (Evanno et al.,
2005) using StructureHarvester (Earl and von Holdt, 2012). The output
of structure analyses was visualized using the software CLUMPP v1.1.2
(Kopelman et al., 2015) and DISTRUCT v1.1 (Rosenberg, 2016).

3. Results
3.1. Marker polymorphism and AFLP features

Of the 26 PCs selected, 22 (84.61%) successfully amplified. These
22 PCs were used to investigate 50 M. pruriens accessions. All the PCs
generated discrete AFLP profiles - a snapshot of which from the
GeneMapper v 4.0 software (Applied Biosystems, USA) is presented in
Fig. 2. They generated a total of 1208 fragments in which 1156
(95.70%) were polymorphic. The total number of fragments ranged
from 12 (E-CAC/M-GCT) to 137 (E-ACT/M-CTC) with an average of 55
fragments per PC. Polymorphic fragments ranged from 11 (E-AAG/M-
CAT) to 127 (E-ACA/M-CAA) with an average of 52.55. The percentage
of polymorphism varied from 82% (E-ACT/M-CAA) to 100% (E-AAC/
M-CAG; E-AAC/M-CTA; E-AAC/M-CTC; E-ACA/M-CTT; E-AGG/M-CAG;
E-ACG/M-CAC; E-ACA/M-CAT; E-AAG/M-CAC; and E-ACA/M-CAA)
with an average of 97.27%. The fraction of polymorphic loci was in the
range of 0.88 to 1.00 with an average of 0.96. Mean gene diversity for
different PCs varied from 0.17 to 0.37 with an average of 0.23.

The discriminatory power of the informative AFLP profile mainly
depends upon three parameters namely polymorphic information con-
tent (PIC), marker index (MI) and a resolving power (RP) of a particular
PC (Chandrawati et al., 2014). The calculated PIC values ranged from
0.14 to 0.30 with an average of 0.23 per fragment. The highest PIC
value (0.30) was observed for the primer combination: E-ACT/M-CTA
and the lowest value (0.14) was recorded for E-ACG/M-CAG. Based on
the PIC values, the AFLP-PCs: E-ACT/M-CTA (0.30), E-ACG/M-CAGC; E-
AAG/M-CTC (0.29), E-AGG/M-CTA (0.28), and E-AGG/M-CAT (0.27)
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Fig. 2. Representative electropherogram showing AFLP profiles.

Table 3
Details of marker attributes obtained for different AFLP primer combinations.
SL no. AFLP primer combination n nP B Gene diversity PIC EMR MI RP %P
1 E-ACT/M-CTA 69 62 0.89 0.26 0.30 61.41 18.59 20.30 98.00
2 E-AAC/M-CAG 43 43 1.00 0.37 0.24 43.00 10.32 14.92 100
3 E-AAC/M-CTA 39 36 0.92 0.30 0.23 35.88 8.28 7.87 100
4 E-AAC/M-CTC 50 47 0.94 0.28 0.26 47.00 12.22 9.59 98.00
5 E-ACA/M-CTT 77 68 0.88 0.32 0.22 67.76 14.96 7.60 100
6 E-AGG/M-CAG 37 35 0.95 0.27 0.27 35.15 9.44 3.42 100
7 E-ACG/M-CAC 99 97 0.98 0.34 0.29 97.02 28.11 9.68 100
8 E-ACA/M-CAT 91 89 0.98 0.37 0.23 89.18 20.47 7.41 100
9 E-AAG/M-CAC 99 91 0.92 0.28 0.24 91.08 21.84 4.93 100
10 E-ACA/M-CAA 137 127 0.93 0.29 0.19 127.41 24.13 4.89 100
11 E-ACG/M-CAA 28 27 0.96 0.22 0.22 26.88 5.94 1.18 96.00
12 E-AAG/M-CAT 12 11 0.92 0.28 0.22 11.04 2.42 0.37 96.00
13 E-AAG/M-CTG 53 51 0.96 0.27 0.22 50.88 11.22 2.67 100
14 E-AAG/M-CTC 68 68 1.00 0.27 0.29 68.00 19.72 2.34 98.00
15 E-AAG/M-CAA 39 39 1.00 0.36 0.16 39.00 6.24 1.56 98.00
16 E-ACT/M-CAA 40 39 0.98 0.18 0.14 39.20 5.46 0.56 82.00
17 E-ACG/M-CAG 38 38 1.00 0.17 0.14 38.00 5.32 0.65 98.00
18 E-AGC/M-CTA 72 71 0.99 0.24 0.20 71.28 14.20 1.95 94.00
19 E-ACG/M-CTG 20 20 1.00 0.25 0.21 20.00 4.20 0.53 98.00
20 E-AGG/M-CAT 41 41 1.00 0.33 0.27 41.00 11.07 1.44 94.00
21 E-AGG/M-CTA 31 31 0.97 0.36 0.28 30.07 8.40 17.34 92.00
22 E-AGC/M-CTG 25 25 1.00 0.28 0.23 25.00 5.75 10.3 98.00
Min 12 11 0.88 0.17 0.14 11.04 2.42 0.37 82.00%
Max 137 127 1.00 0.37 0.30 127.41 28.11 20.30 100%
Avg. 54.91 52.55 0.96 0.29 0.23 52.51 12.20 5.98 97.27%
1208 1156

n: Total number of fragments; nP: Number of polymorphic fragments; : Fraction of Polymorphic Loci; PIC: Polymorphic information content; EMR: Effective
multiplex ratio; Rp: Resolving power; MI: Marker index; P: Percent Polymorphism.

were determined to be more informative than others. The EMR varied
from 11.04 (E-AAG/M-CAT) to 127.41 (E-ACA/M-CAA) with an
average of 52.51. The MI values varied between 2.42 (E-AAG/M-CAT)
to 28.11 (E-ACG/M-CAC) with an average of 12.20. RP varied from
0.37 (E-AAG/M-CAT) to 20.30 (E-ACT/M-CTA) with an average of 5.19
(Table 3). The various marker features showed a significant correlation
to each other. PIC and MI showed a correlation (r2) of 0.83, p < 0.005;
MI and RP showed r? = 0.99, p < 0.005 while r? = 0.85, p < 0.005
was the correlation between RP and PIC.

3.2. Genetic diversity and population structure analysis

Measures of genetic diversity are provided in Table 4. The effective
number alleles (Ne) for different PCs ranged from 1.16 to 1.60 with
mean of 1.38. Pair-wise similarity measure estimated using Jaccard's
coefficient and Shannon's index (I) produced average values of 0.37 and
0.34 indicating high genetic diversity in our collection. This is also
reflected in the values, h and Ht which produced mean scores of 0.27
and 0.22, respectively. On the contrary, the indices of genetic differ-
entiation (Gst) was low (0.08) and corresponding gene flow value (Nm)
was high (6.78) suggesting high levels of gene flow between different
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Table 4
Diversity indicators for different AFLP markers across all the populations.
Primer combinations Na*  Ne*  h* I* Ht*  Hs*  Gst* Nm*
E-ACT/M-CTA 1.39 136 0.07 033 021 0.08 016 256
E-AAC/M-CAG 1.67 1.48 0.14 0.42 0.28 0.13 0.14 3.02
E-AAC/M-CTA 1.42 1.44 018 038 0.25 0.16 010 4.57
E-AAC/M-CTC 147 1.40 020 035 023 016 0.12 3.58
E-ACA/M-CTT 1.69 135 029 035 0.22 025 0.07 6.23
E-AGG/M-CAG 1.32 1.35 0.27 031 0.21 0.24 0.05 8.69
E-ACG/M-CAC 1.67 1.45 027 041 027 023 0.08 5092
E-ACA/M-CAT 1.69 1.47 030 042 0.28 028 0.08 545
E-AAG/M-CAC 1.45 134 032 032 021 0.27 0.08 6.07
E-ACA/M-CAA 1.34 1.30 031 029 019 029 0.04 1220
E-ACG/M-CAA 1.28 133 032 029 019 029 0.08 590
E-AAG/M-CAT 1.10 123 0.29 023 0.14 0.27 0.07 7.17
E-AAG/M-CTG 1.49 1.43 030 038 025 028 0.05 09.60
E-AAG/M-CTC 1.38 136 030 032 021 027 0.07 717
E-AAG/M-CAA 1.62 143 029 039 026 0.27 0.05 10.06
E-ACT/M-CAA 1.07 116 030 0.19 011 026 0.04 1333
E-ACG/M-CAG 1.07 122 029 021 014 027 0.07 6.55
E-AGC/M-CTA 1.28 130 032 028 0.18 030 0.05 8.66
E-ACG/M-CTG 1.28 135 0.29 030 0.20 0.27 0.07 6.79
E-AGG/M-CAT 1.62 1.47 032 041 028 031 0.05 10.00
E-AGG/M-CTA 197 160 034 050 0.34 029 014 3.09
E-AGC/M-CTG 200 1.49 0.29 044 029 024 017 249
Mean 1.47 1.38 0.27 034 0.22 025 0.08 6.78
Std. Dev 0.26 0.10 0.07 0.08 0.06 0.05 0.03 3.02

*Na: Number of different alleles; Ne: Effective no. of alleles; h: Nei's (1973)
gene diversity; I: Shannon's Information index; Ht: Diversity in overall collec-
tions total gene diversity; Hs: Sub divided population; Gst: Genetic differ-
entiation; Nm: Estimate of gene flow from Gst or Ges, Nm = 0.5(1 — Gst)/Gst.

Table 5
Gene diversity estimates based on botanical varieties and geographical dis-
tribution.

Population Groups N* Na* Ne* I* h* He* P (%)
Botanical varieties

var. pruriens 38 1.91 1.48 0.44 0.29 0.25 95.67
var. utilis 12 1.45 1.40 0.37 0.24 0.22 71.54
Average 25 1.68 1.44 0.40 0.26 0.23 83.61
Geographical distribution

Eastern Himalayas 11 1.52 1.39 0.35 0.26 0.23 75.26
Assam plains 39 1.88 1.41 0.38 0.28 0.24 93.77
Average 25 1.70 1.40 0.37 0.27 0.24 84.52

*N: Number of population; Na: Number of different alleles; Ne: Effective no. of
alleles; I: Shannon's Information index; h: Nei's (1973) gene diversity; He: Ex-
pected heterozygosity; P (%): Percent polymorphism

population groups. On an expected line, among the two botanical
varieties, genetic diversity within var. pruriens (wild) was more (I: 0.44)
as compared to cultivated var. utilis (0.37) (Table.5).

The dendrogram based on UPGMA revealed two major clusters
(cluster I and II) accommodating 96% of the accessions; two accessions
500221AR and 500239MZ formed an out-group (Fig. 3a).

Among the two clusters, cluster I was the largest with 27 (54%)
accessions and grouped mostly collection from Assam plains (AP). This
was further divided into three sub-clusters namely IA, IB and IC with
18, 5 and 4 accessions respectively. Sub-cluster IA contained mix of var.
pruriens and var. utilis accessions while sub-clusters IB and IC grouped
majorly var. pruriens accessions except one var. utilis in each group
(500210MN, 500203MN). However, no location specific (states)
grouping was observed within cluster-1. Likewise, Cluster II contained
21 (42%) accessions which were further divided into two sub-clusters
namely ITA and IIB representing 14 and 7 accessions, respectively. Of
these, sub-cluster IIA grouped mostly var. pruriens accessions from
eastern Himalayan region (EH) except one accessions of var. utilis
(500213MN) and sub-cluster IIB mostly separated var. utilis accessions
from AP except two accessions (500246TR and 500248TR) belonging to
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var. pruriens. Thus, though not entirely, both varietal and geographical
affiliation emerged to have played some role in groping of the acces-
sions.

Close examination of the UPGMA data also revealed configuration
of two independent gene pools representing AP (cluster I) and EH
(cluster IIB). Therefore, for AMOVA analysis we considered two dif-
ferent categories (a) Assam plains and eastern Himalayan regions based
on geographical distribution and (b) var. pruriens and var. utilis based
on botanical varieties. Partitioning of genetic variations within and
between population groups revealed, 7% and 8% of the total genetic
variations was accrued from inter-population variation and 92% and
93% variance was contributed by intra-population variations for bota-
nical varieties and geographical distribution categories, respectively
(Table 6). Low Fst values (0.08 and 0.07) and high Nm estimates (3.04
and 3.50) for both the categories further supported lack of population
structure as a factor of high gene flow.

The results revealed presence of 2 sub-populations as AK was
maximum for K = 2. The grouping pattern based on StructureHarvester
results (Fig. 3b) was broadly in conformity with UPGMA results
(Fig. 3a). For instance, in case of UPGMA, we could recognize formation
of two broad clusters representing Assam plains and eastern Himalayas.
The maximum AK value obtained for K-2 in structure analysis possibly
represent this. However three sub-clusters formed within cluster-I
lacked any pattern of geographical structuring. But significant gene
flow between population groups was evident as the structure plot re-
vealed several admixture taxa in our collection. Likewise, majority of
the var. utilis accessions from AP formed part of cluster-IIB even in
structure plot.

4. Discussion

The center of origin of a crop plant is normally associated with
broad genetic diversity due to presence of wild and weedy relatives
(Guo et al., 2014). They represent vital source of gene pool to farmers
and professional breeders responding to biotic and abiotic stresses and
climate change (Dyer et al., 2014). Medicinal legume M. pruriens is
thought be native of southern China, Malaysia or eastern India (Burkill,
1966; Duke, 1981; Wilmot-Dear, 1984) with considerable antiquity in
these regions (Arora, 1991). It is reported that Mucuna was widely
grown in the foothills and lower hills of the eastern Himalayas during
the eighteenth and nineteenth centuries and was eventually replaced
due to introduction of more palatable legumes (CSIR, 1962; Piper and
Tracy, 1910; Watt, 1883). However, its cultivation as a minor crop
continues even today by many native people who grow it as home
garden crop for dry seeds and green pods (Arora, 1991). Recently, with
the discovery of L-Dopa and other agronomic benefits from the plant,
the opportunities for its large-scale cultivation in the region are
growing necessitating development of improved cultivars with en-
hanced nutritional value and resistance to biotic and abiotic stresses
(Sathyanarayana et al., 2017). Even though northeast India represents
important source of gene pool for M.pruriens, little data is available on
genetic diversity and population structure of this species from the re-
gion. Thus, the present investigation was carried out to meet this ob-
jective using AFLP markers. AFLP was particularly chosen as it offers
pan genome coverage comprising large number of loci from different
chromosomal regions, and regarded as choice marker for diversity
analysis (Karp and Edwards, 1995; Mueller and Wolfenbarger, 1999;
Eva Mikulaskova et al., 2012; Patrick et al., 2012). Earlier, AFLPs have
been successfully used for analyzing genetic variation, distance based
phylogenetic relationships and characterization of natural populations
as well as breeding lines across range of taxa (Hill et al., 1996; Kardolus
et al., 1998; Roldan-Ruiz et al., 2000; De Riek et al., 2001; Dubey et al.,
2010). Their utility for genetic diversity analysis in Mucuna species is
also well recognized (Capo-chichi et al., 2004; Sathyanarayana et al.,
2011).



P.K. Tripathi et al.

(a)

Plant Gene 15 (2018) 6-14

SW2214R

S002224R

)

ST
S00233A8

SN

SW22IAR

100

SW2154R

S275M

SW225AR
S21TMN

SNo21EML

0023243
SWTAS

SWBSTR

100

0023648
SW2244R

SW22TAR

SW2124%
SW22EAR

<
~

e ~

SNz

—_

seo210mM

SW22EAR B

SW2204R

SWZIAR
SeozTem

SWNSAS 1o

SN20IMN

S002044%

5002635 AT

15

N24ETR
00243 3K

024K

N0215TR
00241 3K

11 A

N02423K

T K
S0213MN

97

002453K

00274 3K
S00240 3K

R

S0015TVUB
soo15ve WV

SW2INL

SMOZmEN
S00263NL

NR2ETR

N2ETR
S02554R

83
47
&0
{L@LL
F,
72
83

0.1

soo2eTnL W

100

“
o

0

2 R 8
(=1 L)

Fig. 3. (a) UPGMA-dendrogram of 50 M. pruriens accessions based on Jaccard's coefficient and (b) hierarchical organization of genetic relatedness analyzed by
STRUCTURE V 2.3.4 program. Each colour represents one population and length of segment shows estimated membership proportion of each accession.

4.1. Marker attributes

Majority of the PCs produced high quality AFLP profiles generating
an average of 54.91 total and 52.55 (97.27%) polymorphic fragments
per PC. A high rate of polymorphism indicated good genetic variability
among the accessions investigated. In diversity studies, PIC values are
used as primary measure of discriminatory power or informativeness of
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PC (Chandrawati et al., 2014.). The average PIC value of 0.23 obtained
in the present study although was on lower side, is superior to PIC value
(0.16) reported in earlier AFLP studies on Mucuna spp. (Sathyanarayana
et al., 2011). Higher PIC values obtained in the present investigation
might be due to new AFLP markers employed in the present study. Out
of 22 PCs, 9 (41%) produced 100% polymorphic fragments. Thus, these
informative PCs could be wused for large scale germplasm
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Table 6
AMOVA based on botanical varieties as well as geographical distribution.
Population Df SS MS Est. Var. % Fst Nm
group
Botanical varieties
Among Pops 1 416.02 416.02 13.69 8% 0.08 & 3.04
p > 0.001
Within Pops 48 7982.26 166.30 166.30 92%
Total 49 8398.28 179.99 100%
Geographical distribution
Among Pops 1 374.45 37445 12.08 7% 0.07 & 3.50
p > 0.001
Within Pops 48 8023.83 167.16 167.16 93%
Total 49 8398.28 179.24 100%

Df: Degree of freedom; SS: Sum of squares; MS: Mean squares; Fst: Genetic
differentiation among populations; Nm: Estimate of gene flow from Gst or Gcs,
Nm = 0.5(1 — Gst)/Gst.

To corroborate this, we carried out population structure analysis based on
Bayesian statistics.

characterization and genotyping. The other two parameters, RP and MI
provide complementary attributes to the efficiency of the marker
system and are used along with PIC in diversity studies (Gupta et al.,
2013; Pecina-Quintero et al., 2013). Considering combination of PIC,
MI and RP parameters, the PCs: E-ACG/M-CAC, E-ACA/M-CAA, E-AAG/
M-CAC and E-ACA/M-CAT and RP PCs E-ACT/M-CTA, E-AGG/M-CTA
and E-AAC/M-CAG are found to be more useful for future diversity
studies. Among these, the PCs: E-ACT/M-CTA, E-AAC/M-CAG, E-AAC/
M-CTA and E-AAC/M-CTC are already reported to be informative in
earlier AFLP study on Mucuna species (Sathyanarayana et al., 2011),
and thus our result is in conformity with the above finding.

4.2. Gene diversity and population structure

A pair wise similarity matrix based on Jaccard's coefficient was
constructed to understand the extent of genetic diversity among all the
M. pruriens accessions. A high level of diversity was noticed (average
similarity coefficient: 0.37; average Shannon's information index: 0.34)
within our collection which is reflected even in the values of h and Ht
with mean scores of 0.27 and 0.22, respectively. This is significant as
the accessions used here correspond to neighboring areas of eastern
India and southern China from where M. pruriens is reported to have
come from (Capo-chichi et al., 2003). So far, only anecdotal evidences
were available to support this theory including large-scale presence of
perennial M. bracteata - a probable ancestor of this species (Jaheer
et al., 2015) in the region. Thus, high allelic diversity among M. pruriens
of northeast India, reported for the first time in the present study pro-
vides earliest empirical evidence for the eastern Indian origin of M.
pruriens and paves a way for future investigation on migration and
colonization pattern of this species as well as events that shaped do-
mestication of this species. Among the two botanical varieties, var.
pruriens which represents wild variety exhibit higher diversity (I: 0.44)
as compared to var. utilis (I: 0.37) which is a cultivated variety. The
phenomenon of wild M. pruriens varieties exhibiting greater diversity
vis-a-vis cultivated var. utilis is a common observation reported in many
earlier studies (Leelambika and Sathyanarayana, 2011; Sathyanarayana
et al., 2012, 2016).

On the other hand, the population genetic structure investigated
using UPGMA, AMOVA and STRUCUTRE revealed absence of geo-
graphical structure in M. pruriens population of northeast India. In case
of AMOVA - which determines contribution of individual populations to
the total diversity, the results revealed 93% of the variance was accrued
by intra-population variation while only 7% contributed to inter-po-
pulation variation pointing towards absence of barriers for gene flow.
To corroborate this, we estimated Fst and Nm to measure the extent of
gene flow. The moderate estimate of Fst (0.08.) and high Nm value
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(3.04) substantiated AMOVA results of low divergence as a factor of
high gene flow. It is well known that gene flow values (Nm) > 1 is
strong enough to prevent substantial differentiation due to genetic drift
(Slatkin and Barton, 1989). It is likely that M. pruriens has experienced
little geographical isolation in this region due to predominant dis-
tribution in the foothills extending up to plains in this otherwise geo-
graphically and climatically diverse region comprising some of the
large mountains and mighty rivers that offers rich scope for speciation
by isolation. Such a situation might have rather favored long distance
pollen/seed dispersal allowing frequent exchange of alleles between
different populations leading to low differentiation as noted here. Even
though out-crossing is reported to be rare in M. pruriens (Duke, 1981), it
cannot be entirely ruled out owing to presence of numerous natural
hybrids as reported in earlier works (Piper and Tracy, 1910; Bailey,
1947; Burkill, 1966; Capo-chichi et al., 2001; Sathyanarayana et al.,
2016). It is possible that genetic compatibility between wild and cul-
tivated M.pruriens population has lead to gene flow and genetic in-
trogression from wild populations to domesticated ones and vice-versa
resulting in inter-varietal hybrids as reported in Andes (Freyre et al.,
1996; Beebe et al., 1997) and Mesoamerican cultivars of common bean
(Papa and Gepts, 2003).

Further, close examination of the UPGMA and STRUCTURE results
points towards configuration of two independent gene pools possibly
representing Assam plains (AP) and eastern Himalayas (EH). However
sub-clusters within cluster-I (Assam plains) lacked specific grouping
pattern. This might be due to the fact that majority of these accessions
were sampled from the areas adjoining Assam in the neighboring states
of Meghalaya, Tripura and Mizoram in south, Manipur and Nagaland in
east and foothills of Arunachal Pradesh in the extreme of north. This
topography forms a continuous range with considerable similarity in
species distribution (Chatterjee, 2008). Thus, M. pruriens distributed
along this range perhaps correspond to single continuous population as
gene flow has amalgamated neighboring populations into one with
common genetic structure. On the contrary, the accessions grouped in
sub-cluster IIA likely signify divergent gene pool representative of
eastern-Himalayas as these accessions were acquired from the lower
altitudes of Sikkim-Darjeeling hills along the Teesta River which re-
present distinct floristic elements. It is also possible that the latter might
symbolize migrated elements from the North Bengal plains through
anthropogenic activities or animal movements as this region (foothills
of Sikkim-Darjeeling) is located adjoining to Siliguri-Malda plains of
North Bengal. The grouping of two Tripura accessions along with
cluster-IIA possibly can be explained based on this. That said, not even
single M. pruriens population were to be found along the Sikkim-Dar-
jeeling Himalayan region until a few years back. However, in recent
years continuous migration of several tropical plants including M.
pruriens has been observed along the altitudinal gradient of EHs pos-
sibly signifying changing floristic composition of EHs due to climate
change which forms another interesting piece of work for future in-
vestigation.

The other sub-cluster within cluster II (IIB) mostly represents ac-
cessions belonging to var. utilis - a cultivated accession. Alignment of
var. utilis from AP along with cluster-II is a little difficult to explain
owing to following reasons: Firstly, these accessions were obtained as
seed samples from private vendors/researchers and thus their origin
could not be authentically established. Secondly, the variety itself
presents a chequered background with no evidence available on its
genetic history from anywhere in the world and thus it is hard to pin-
point contributing factors for its atypical distribution. Thirdly, the fact
that it freely hybridizes with other varieties of M. pruriens (var. pruriens
and var. hirsuta) has resulted in several natural hybrids rendering pre-
cise genotypic identification difficult. This is evident even from the
results of structure analysis in our study which confirms presence of
several admixture taxa in our collection. The latter problem is common
to all the three varieties of M. pruriens and thus has been a subject of
debate in literature on Mucuna species (Capo-chichi et al., 2001; Eilitta
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et al., 2002; Sathyanarayana et al., 2016). Thus future work should
focus on genetic history of M. pruriens varieties especially the cultivated
var. utilis to reliably address questions related to pattern of diversity in
addition to migration, domestication and improvement of this pro-
mising underutilized crop.

5. Conclusion

It is concluded that M. pruriens population of northeast India ex-
hibits high diversity providing credence to northeast Indian origin
theory of this species. Pair-wise estimates of genetic differentiation
were low and AMOVA revealed no evidence of genetic structuring,
suggesting species did not experience severe bottleneck events or ex-
tensive genetic drift in the region. However, clustering based on
UPGMA and STRUCTURE broadly point to presence of two independent
gene pools representing Assam plains and eastern Himalayas. Large
topography related genetic variation may be maintained by strong se-
lection in these gene pools despite high gene flow observed within this
species. Thus future work should focus on the mechanisms underlying
such variation besides addressing key questions related to migration
and domestication history of M. pruriens varieties in general and var.
utilis in particular.
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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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Conclusions: The M. pruriens transcriptomic resources generated in this study provide foundational resources
for gene discovery and development of molecular markers. Polymorphic SSRs identified can be used for
genetic diversity, marker-trait analyses, and development of functional markers for crop improvement. The
results of differential expression studies can be used to investigate genes involved in L-Dopa synthesis and

other key metabolic pathways in M. pruriens.

Keywords: Velvet bean, Mucuna pruriens, Transcriptomics, Differential gene expression, EST-SSRs, Population

structure, Leguminosae, Fabaceae

Background

There are many minor food legumes whose potential is
underexploited and untapped. Adzuki bean [Vigna
angularis (Willd.) Ohwi & Ohashi], velvet or itching bean
(Mucuna spp.), bambara groundnut (Vigna subterranea
L.), faba bean (Vicia faba L.), horse gram [Macrotyloma
uniflorum (Lam.) Verdc.], hyacinth bean (Lablab purpu-
reus L.), grass pea (Lathyrus sativus L.), moth bean [Vigna
aconitifolia (Jacq.)], rice bean [Vigna umbellata (Thunb.)
Ohwi and Ohashi] and winged bean [Psophocarpus tetra-
gonolobus (L.) DC.] are prominent members of this group
[1]. Many of them possess rich nutritional value and form
an important source of protein, vitamins and minerals in
low-income, food-deficit countries [2]. Being well adapted
to marginal conditions, they may serve as storehouses of
vital genes related to biotic and abiotic stress tolerance.
Developing genomic resources and characterizing these
important agronomic traits would help in identifying
genes which could potentially be used in targeting other
legumes to increase their tolerance.

Mucuna Adans. comprises 105 species [3] and is
classified within the phaseoloid clade of Fabaceae,
which also includes soybean, common bean, mung
bean and other relatives [4]. Mucuna pruriens (L.)
DC. (velvet bean) is reported to be native to China
and East India [5] but has now attained a pantropical
distribution with a major niche in the Indian sub-
continent [6]. Like common bean and mung bean,
velvet bean has a chromosome number of 2n=2x=
22 [7], but with a much larger estimated genome size
of between 1,281 to 1,361 Mbp/C (A.N. Egan & N.
Sathyanarayana, unpublished data). The plant exhibits
a climbing habit, hairy aerial parts and a long inflo-
rescence of white or dark purple flowers. Pods are
mostly green or brown in color with 4-6 seeds. In
wild plants, the pods are thickly covered with soft or
stiff orange bristles that cause intense allergic irrita-
tion to human skin in vars. pruriens and hirsuta
whereas the cultivated var. wutilis has non-irritant
hairs. Botanically, it is represented by two varieties,
var. utilis (cultivated) and var. pruriens (wild) - while
the presence of a third group, var. hirsuta (wild), is

also reported [8]. Owing to a wide-ranging geograph-
ical and climatic distribution, the species exhibits rich
phenotypic diversity, especially in the Indian sub-
continent.

The proximate nutritional composition, total protein
content and in vitro protein digestibility of M. pruriens
seeds are similar to other edible legumes [9]. Conse-
quently, it is used as a minor food crop by native peoples
of India and Africa while its use continues as livestock
feed — a common use in the early 1900s in the USA [5].
It is known to produce seed yield of 2,000 kg/hectare
[5], perform well under dry farming and low soil fertility
conditions [10], exhibits allelopathic properties [11], and
is effective in lowering pathogenic nematode populations
[12]. Positive impacts of M. pruriens as a green manure
cover crop are well documented in earlier studies [13].
The fast-growing habit of M. pruriens allows ground-
cover within 60-90 days, producing large biomass vis-a-
vis other cover crops [12]. This, coupled with high nitro-
gen (N,) fixing ability, has led the species to be regarded
as a “featured example of green manure’s contribution to
the sustainable agricultural system” [5].

Seeds of M. pruriens contain high levels (1-9%) of L-
Dopa (L-3,4 dihydroxy phenylalanine) [14, 15] - a pre-
cursor of dopamine used in the treatment of Parkinson’s
disease [16]. Daxenbichler et al. [17] screened 1000 species
in 135 plant families and found only Mucuna spp. to con-
tain sufficient L-Dopa for commercial use. Biochemically,
L-Dopa is a non-protein amino acid produced as an inter-
mediate product in the enzymatic synthesis of dopamine
from L-tyrosine [18]. Although its efficacy for the
treatment of Parkinson’s disease is widely recognized [19],
ingestion of large amounts of Mucuna plant parts,
particularly its nutritionally rich seeds, is discouraged due
to potential toxicity and associated side effects from long-
term consumption of L-Dopa [20]. Nonetheless, it is has
been reported safe to consume 500 g/day of Mucuna-
based food with L-Dopa content < 0.1% [15].

Notwithstanding these benefits, the agronomic potential
of M. pruriens has remained largely underexploited. Much
needs to be done in terms of breeding efforts especially to
develop improved varieties not only for high or low L-
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Dopa content, but also for enhanced nutritional value,
resistances against biotic and abiotic stresses, and self-
supporting, determinate cultivars. With the advent of gen-
omic tools that can aid in developing molecular markers,
genetic maps etc., the genetic improvement of underuti-
lized crops has been greatly facilitated, enabling the
development of improved genotypes or varieties with
enhanced trait values [21, 22]. However, studies focusing
on the development of genomic resources of M. pruriens
are lacking, with only a few reports available on the use of
molecular markers such as RAPDs and AFLPs (reviewed
in [6]). In recent years, transcriptome sequencing has
emerged as an efficient method to generate genomic-level
data, large expressed sequence tag (EST) sequences, and
molecular markers. Next generation sequencing (NGS)
technologies are providing cutting-edge approaches for
high-throughput sequence generation [22], allowing rapid
and comprehensive analyses of plant genomes and cost-
effective means of analyzing transcripts [23, 24].
Transcriptome sequencing has been successfully used for
marker development in many underutilized legume plants,
such as faba bean [25], adzuki bean [26], rice bean [27],
hyacinth bean, grass pea and Bambara groundnut [28],
and winged bean [28, 29], but has not yet been applied to
research on Mucuna.

The present study reports the first transcriptome
sequencing of M. pruriens genotypes. The objectives of
this study were to (a) generate ESTs through whole tran-
scriptome sequencing of two M. pruriens accessions; (b)
develop and annotate a de novo transcriptome assembly;
(c) discover and validate polymorphic microsatellite
markers; (d) compare transcript expression in leaves,
roots, and pods; and (e) perform genetic diversity and
population structure analyses in a set of germplasm acces-
sions for simple sequence repeat (SSR) marker validation.
This study sets the stage for future molecular breeding,
population and adaptation genomic studies, and provides
a valuable resource for ongoing research into this
agronomically and medicinally important legume species.

Materials And Methods

Plant material & RNA isolation

Two accessions representing different botanical varieties
of M. pruriens and exhibiting contrasting phenotypes
(Additional file 1: Table S1) were chosen for the study:
M. pruriens var. utilis (1C0620620; collector’s ID:
500108KA) is a cultivated accession and var. pruriens
(IC0620622; collector’s ID: 500113MH) is a wild acces-
sion. Accessions are available in the germplasm center of
India. The plants were grown in the greenhouse facility
of Sikkim University, Gangtok, India and a mapping
population was developed. Young leaf, root and imma-
ture pod tissues were harvested for RNA isolation. Leaf,
root, and pod tissues were chosen to maximize the
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number of genes expressed across tissues of different
developmental processes and involved in key metabolic
processes such as photosynthesis and respiration to 1)
enable comparison with other transcriptomes utilizing
the same tissue types (esp. Leaf) and 2) maximize
sequencing across a range of developmental and
metabolic processes.

Total RNA was isolated from each of the tissues using
the method described by Ghawana et al. [30]. Pooled sam-
ples for both the accessions were prepared by combining
equimolar concentration of total RNA for each of the
tissues. Total RNA quality was assessed using NanoDrop-
ND 2000C spectrophotometer and bioanalyzer. Samples
with RIN (RNA integrity number) greater than 8.0 along
with the ratios of 1.9-2.1 (260/280) and the ratios of 2.0-
2.5 (260/230) were selected for sequencing.

Synthesis of cDNA library and lllumina sequencing
RNA-seq library preparation and sequencing was carried
out at Next Generation Genomics Facility (NGGF),
Centre for Cellular and Molecular Platforms (C-CAMP),
Bangalore, India. For tissues extracted from accession
1C0620620, tissues were pooled prior to sequencing by
combining equimolar concentration of total RNA for
each of the tissues and sequenced as a single library.
Four paired-end ¢cDNA libraries were generated repre-
senting each tissue for 1C0620622. The paired-end
2x100 bp library preparation was done following the
protocol of the Illumina TruSeq RNA sample pre-
paration kit (Illumina Inc.) as per the manufacturer’s in-
struction. One paired-end ¢cDNA library was separately
generated from the pooled RNA samples of genotype
1C0620622. In total, five libraries were prepared and
sequenced on a single lane of a 2x100 paired-end run by
Ilumina HiSeq™ 1000.

De novo assembly and redundancy removal

To obtain a robust overview of the transcripts in the
Mucuna species, we generated a de novo assembly com-
bining the filtered reads of the two accessions. Raw reads
were filtered using quality value (Q) =30 and demulti-
plexed using an option of one mismatch in index. A
total of 191 million reads from both the genotypes were
used to develop the combined de novo assembly (re-
ferred to subsequently as 620-22). We used Trinity [31]
with default parameters and a minimum contig length of
200 bp for assembly generation. To generate non-
redundant transcripts, highly similar fragments were
clustered using CD-HIT v. 4.6 [32] with 95% identity as
cut-off, resulting in a total of 67,561 transcripts from the
total of 72,561 Trinity assembled transcripts. Separate
genotype-wise assembly was not performed at this stage
due to the six-fold difference in the number of reads
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obtained between the two genotypes (1:6 relative ratios
between 1C0620620: 1C0620622).

Annotation and gene ontology

For protein functional annotation, transcripts longer than
200 bp were searched against non-redundant protein da-
tabases of NCBI, Swiss-Prot and Uniref90 using BLASTX
with an E-value cut-off of 1. 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. The Annocript
v1.1.2 pipeline [33] was employed to obtain Gene Onto-
logy (GO) terms for describing biological process, cellular
components, and molecular functions. The Enzyme
Classes (EC) and Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathways were also annotated using
the Annocript pipeline.

Sequence similarity with other legume species

To compare the complement of genes characterized in
the M. pruriens transcriptome assembly against gene
assemblies in other legume species, protein sequences
(Medicago truncatula Gaertn. Mt 4.0; Glycine max (L.)
Merr. release 1.1; Lotus japonicus (Regel) K. Larsen
release 2.5; Phaseolus vulgaris L. release 1.0; Cicer arieti-
num L. and Cajanus cajan (L.) Millsp. version 5.0) were
downloaded from the NCBI database. BLASTX searches
were performed on the 620-22 transcripts with an E-
value cut-off of 1™, and the top hit for each transcript
was used for further analysis.

Mining transcription factor families

For mining transcription factor gene families, we down-
loaded the plant transcription factors database (PInTFDB)
3.0 (http://plntfdb.bio.uni-potsdam.de/v3.0) [34] and que-
ried M. pruriens transcripts against the PInTFDB using
BLASTX with an E-value cut-off of 1e°.

Mining of SSRs and detection of polymorphic SSRs

SSRs were searched in the 620-22 transcripts using the
Perl script MISA (http://pgrc.ipk-gatersleben.de/misa)
[35]. The microsatellite unit size and minimum number
of repeats assigned was as follows: mono-nucleotide
repeats more than 10 times, di-nucleotide repeats more
than 6 times, tri-, tetra-, penta-, hexa-nucleotide repeats
more than 5 times. The program was run up to deca-
nucleotide repeats, but the results presented here are up
to hexa- repeats only. For detecting the polymorphic
SSRs between the mapping population parents, reads
from each of the two genotypes were mapped to the
620-22 assembly. We used lobSTR v 3.0.3 [36] to iden-
tify polymorphic SSRs. This program provides a unique
advantage over the conventional MISA pipeline as it can
simultaneously compare two or more samples during
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the alignment process. We built a custom STR reference
and the raw reads were passed through the program to
be aligned around the SSR regions. BAM files from the
alignment were sorted and indexed using samtools.
Sorted BAM files were genotyped using the program
allelotype within lobSTR. LobSTR identified 3,865
polymorphic SSRs, 787 of which were retained after
selecting those having a quality value =10 and the alter-
native allele present in one of the samples. Of the 787
polymorphic SSRs, a subset of 134 SSRs was selected
randomly and primers were designed using Batch-
Primer3 (http://probes.pw.usda.gov/batchprimer3/) [37].

Genic SSR amplification and validation

A total of 25 M. pruriens accessions (Table 1) representing
different geographical locations in India (Fig. 1) were se-
lected from the Sikkim University germplasm collection
for marker validation using the 134 EST-SSRs. The
collection comprised representative taxa from all the three
botanical varieties of M. pruriens viz. var. utilis (n=6),
var. pruriens (n=13), and var. hirsuta (n=6). Genomic
DNA was isolated from young leaves using a modified
cetyltrimethylammonim bromide (CTAB) method [38].
PCR amplification was performed in a final volume of
25 pl containing 50 ng/pl of template DNA, 1X PCR buf-
fer, 1.5 mM MgCl,, 2.5 mM dNTPs, primers (1 uM each)
and 1U of Taq polymerase. The PCR conditions were as
follows: initial denaturation at 94°C for 3 min followed by
35 cycles of 30s at 94°C, 30s at the annealing temperature
(Tm) and 20s at 72°C with a final extension of 7 min at
72°C. The amplification was visualized using a UV
illumination gel documentation system (Uvi-Tech DOL-
008.XD, England). Subsequently, PCR products from dif-
ferent dye-labeled primers were pooled in equal volumes
and 1.0 pl each of amplicons were mixed with 7 pl of
formamide, 0.05 pl of the GeneScan™ 500 LIZ® Size Stan-
dard (Applied Biosystems, USA) and 2.95 ul of distilled
water. DNA fragments were denatured and size fractioned
using capillary electrophoresis on an ABI 3730 DNA
Genetic Analyzer (Applied Biosystems, USA).

We applied stringent filtering criteria (minor allele
frequency > 0.05 and missing percentage less than 20%
for each marker band) for the marker bands produced,
which resulted in 52 primer-pairs and 125 high-quality
alleles/bands for all the downstream analysis. For data
analysis, each marker-band was scored as a dominant
marker with presence of a band in a genotype indicated
as “1” and absence “0.” Further, the genotyping data were
converted into bi-allelic format (e.g., 1 denoted as AA
and 0 as GG) and a hapmap file was generated. The hap-
map file was converted into Variant Call Format (VCF)
using TASSEL v 5.2.29 [39]. The quality control on the
dataset was performed using VCFtools [40]. Markers
with minor allele frequency (MAF) >0.05, max-missing
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Table 1 Details of accessions used for EST-SSR validation

Page 5 of 18

Sample Accession number/ Variety Latitude (N) Longitude (E) Altitude State of Origin
Number Collector ID (AMSL) (m)

1 500101KA* var. utilis 1314 77°62' 9 Karnataka

2 1C0620620** var. utilis 1314 77°62' M Karnataka

3 IC0620622** var. pruriens 20°00" 73°77" 745 Maharashtra

4 500120TN* var. hirsuta 9°55' 78°07' 138 Tamil Nadu

5 IC0620624** var. pruriens 14°48' 74°12' 7 Karnataka

6 500136TN* var. hirsuta 10°04 77°45' 298 Tamil Nadu

7 500147AP* var. hirsuta 18°39' 78°10" 383 Telangana

8 500154AP* var. hirsuta 16°04" 78°52' 434 Andhra Pradesh
9 500186MH* var. hirsuta 19°09 77°27' 373 Maharashtra

10 5001920R* var. pruriens 20°18' 85°62" 63 Odisha

11 5001930R* var. pruriens 21°94" 86°72" 51 Odisha

12 5001940R* var. pruriens 21°04' 86°72' 51 Odisha

13 5001950R* var. pruriens 21°63' 85°58' 650 Odisha

14 5001960R* var. pruriens 20°47" 85°12" 121 Odisha

15 500197WB* var. pruriens 26°71" 88°43' 125 West Bengal

16 500199WB* var. pruriens 26°70" 88°80' 65 West Bengal

17 500202TN* var. hirsuta 12°57° 79°56' 43 Tamil Nadu

18 500210MN* var. utilis 25°41" 94°47" 782 Manipur

19 50021 TNL* var. utilis 25°67' 94°12' 1333 Nagaland

20 500212AS* var. pruriens 26°11" 91°44" 61 Assam

21 500217MN* var. utilis 25%68' 93°03' 776 Manipur

22 500219TR* var. pruriens 23°50" 91°25' 64 Tripura

23 500221AR* var. pruriens 27°08" 93°40' 1035 Arunachal Pradesh
24 500224AR* var. pruriens 27°08' 93°40" 296 Arunachal Pradesh
25 500267NL* var. utilis 25%8' 94°08' 1360 Nagaland

*Collectors ID of newly collected accessions; **National genebank ID

sites <20%, and accessions with maximum missing site
<20% were retained. Estimates of expected heterozygo-
sity (He), observed heterozygosity (Ho), effective number
of alleles (Ne) [41], polymorphism information content
(PIC), gene diversity (h) [42], and Shannon’s Information
index (I) [43] were calculated using the software
GenAlex 6.5 [44] and POPGENE [45]. Phylogenetic tree
construction using the neighbor-joining (NJ) algorithm
and principal component analysis (PCA) were performed
using TASSEL. The resulting tree was visualized as a
mid-point rooted tree using FigTree v1.4.2 [46]. A plot
of PC1 versus PC2 was made in R (http://www.r-projec-
t.org/) [47] using the ggplot2 package (ggplot2.org) and
the geom_text_repel function in ggrepel (http://github.-
com/slowkow/ggrepel) to plot accession names. Popula-
tion structure was investigated using a Bayesian
framework implemented in the program fastSTRUCTURE
[48] with the following commands: —prior simple —full —
seed =100 —cv=>5 for subgroups 2 to 10 (K=2 to 10).
The output was investigated with “choosing model

complexity” script included in the program fastSTRUC-
TURE and by plotting marginal likelihood and cross-
validation error against the number of subgroups to deter-
mine the possible range of subgroups. The range of
subgroups identified were then inspected with proportion
of membership of genotypes to respective subgroups
(coefficient of ancestry values) and known geographical
origin information to determine the precise number of
subgroups in the collection. The results were visual-
ized using a plot made in R with ggplot2, reshape
(http://had.co.nz/reshape) and RColorBrewer (http://
colorbrewer2.org) packages.

Expression analysis

For analyzing differentially expressed transcripts, raw
reads obtained from transcriptome sequencing of leaf,
root, and pod tissues of the M. pruriens var. utilis
(IC0620620) were aligned separately to the 620-22
assembly using bowtie aligner version 1.1.1 [49]. We
normalized the gene expression level in each library to
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Fig. 1 Map depicting collection locations of Mucuna pruriens used in this study
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produce an effective library size for use in calculating
read counts. We used RSEM version 3.0 [50] to calcu-
late the read count and the estimated expression
levels as fragments per transcript kilobase per million
fragments mapped (FPKM) using edgeR software in R
[51]. A dispersion value of 0.1 was used in the
expression analysis. Differentially expressed transcripts
(DETs) were determined with log-fold expression
change >4 and a statistically significant p-value of
0.001. Pair-wise comparisons among the three tissues
were conducted by comparing the sequenced samples
to identify common DETs across all the tissue types.
The top fifty DETs from pair-wise comparisons across
tissues were extracted to generate a heat map and
demonstrate the dynamic expression patterns in
different tissues. In addition, we also extracted the
top differentially expressed transcripts from secondary
metabolite biosynthesis classes based on annotation to

determine expression patterns related to secondary
metabolite pathways.

Results

Sequencing and de novo assembly

[lumina sequencing generated 18.24 GB of data contain-
ing 167,986,452 and 27,801,324 raw reads for genotypes
1C0620620 and 1C0620622, respectively (Table 2). The
combined assembly 620-22 produced 72,561 transcripts.
After clustering, 67,561 transcripts were retained with
an N50 length of 987 bp and a mean transcript length of
641 bp (Table 3; Additional file 1: Figure S1).

Functional annotation and characterization of M. pruriens
transcripts

A total of 49,925 (73.9%), 35,535 (52.6%) and 54,450
(80.6%) transcripts showed significant hits with NCBI-
NR, Swiss-Prot and UniRef proteins, respectively, with



Sathyanarayana et al. BMC Genomics (2017) 18:409

Table 2 Summary of data generated for Mucuna pruriens
transcriptome. G1 is Mucuna pruriens var. utilis (1C0620620;
collector’s ID: 500108KA); G2 is M. pruriens var. pruriens
(IC0620622; collector's ID: 500113MH)

Sample fastq file Total number of Total number of
size (GB) paired end reads reads after quality
filtering

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

G1 Pod 542 58,585,008 57,166,422

G1 Root 269 28,623,354 28,046,508

G1 Pooled 568 61,341,664 59,885,295

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

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

34,686 transcripts having conserved domains and 6,248
with hits against the Rfam database. Broadly, the puta-
tive orthologs of genes involved in various pathways and
cellular processes were found to be conserved in M.
pruriens. Further, GO terms were assigned to M. prur-
iens transcripts that showed significant similarity with
annotated proteins from other plant species (Additional
file 2). 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 cat-
egory and 30,199 (44.70%) in the cellular component
category. Among the various biological processes, genes
coding for proteins involved in transcription (3.56%) and
transcription regulation (3.50%) were highly represented.
The genes involved in other important biological pro-
cesses such as carbohydrate metabolism, signal transduc-
tion, response to stress, transport, cell wall organization
and protein folding were also identified through GO an-
notations. Similarly, ATP, DNA as well as different metal

Table 3 Statistics of non-redundant set of Mucuna pruriens
transcripts obtained from Trinity assembly

Total number of assembled bases 46,525,999
Number of transcripts 72,561
The total number of transcripts after clustering 67,561
The mean sequence length 626
Average % of N 0.00
Average % of GC content 4458
N50 987
Maximum transcript length 17,978
Average transcript length 641
Number of putative non coding sequences 1,493
Length of the longest ORF (bp) 2,362
Number of ORFs =100 bp 36,228
Number of ORFs on plus (+) strand 36,421
Number of ORFs on minus (-) strand 31,140
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ion binding activities were most represented among the
molecular functions; and integral membrane, nucleus
and cytoplasm related activities were most represented
among the cellular component categories (Fig. 2).

Enzyme classes were obtained for 3,963 assembled se-
quences, whereas associated KEGG classification was ob-
tained for 3,492 assembled sequences (Additional file 3).
The top 20 abundant enzyme classes observed for the M.
pruriens transcriptome are listed in Additional file 1:
Figure S2A. The greatest number of assembled transcripts
belonged to the serine/threonine protein kinase enzyme
class (38.4%). Besides this, Additional file 1: Figure S2B
displays the top 20 KEGG pathways represented by the as-
sembled transcriptome sequences. The highest number of
sequences belonged to protein modification pathways
(37.5%) followed by lipid metabolism and glycan metabo-
lism. As evident from the results, the highest represented
groups included several pathways associated with
housekeeping processes as well as plant development and
secondary metabolism.

Sequence similarity with other legume species

A comparison of assembled transcripts against pro-
teomes of chickpea, pigeon pea, soybean, common
bean, mung bean, garden pea, barrel medic and Lotus
showed that 58,208 of 67,561 transcripts (86.2%) from
the 620-22 assembly had significant similarity to se-
quences in one or more legumes (Additional file 4).
About 71% of these transcripts had >70% sequence
identity (Additional file 1: Figure S3A). The largest
number of M. pruriens transcripts showed significant
similarity with soybean transcripts followed by
Medicago, Phaseolus, Vigna, Cicer and the least
similarity with Pisum and Cajanus (Additional file 1:
Figure S3B). The lack of strong correlation with tax-
onomy (e.g. greater similarity to Medicago than to the
phaseoloid, Cajanus) is presumably due to varying
quality of the different genome assemblies.

Mining transcription factor families

In total, 2,223 putative M. pruriens transcription factors
distributed in at least 55 families were identified repre-
senting 3.29% of M. pruriens assembled transcripts
(Additional file 5). Among these, the basic/helix-loop-
helix (bHLH; 227), C2H2-type (151), MYB (146), MYB
related (130), NAC (126) and WRKY (122) were among
the top categories (Fig. 3). However, almost all the
families showed minor species-specific differences in
relation to TF gene families reported for Cicer, Lotus,
Medicago and Glycine (Table 4).

Detection of genic SSR markers
We detected a total of 6,284 transcripts (Additional file 6)
within which 7,943 potential EST-SSRs (Additional
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file 7) were discovered. The mono-nucleotide SSRs repre-

sent:

ed the largest fraction (3,638), with the vast majority

(92%) comprising A or T repeats, which likely represent

rem

nants of mRNA poly-A tails (Fig. 4). Only a small

fraction of tetra-nucleotide (146), penta- (64) and hexa-
(100) nucleotide SSRs were identified in M. pruriens
transcripts (Table 5). Of the 6,284 SSR-containing
sequences, 1,174 transcripts contained more than one
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. 3 Distribution of Mucuna pruriens transcripts in different

SSR. Further, EST-SSRs with five tandem repeats were
most common, followed by ten, six, eleven, seven, and
twelve tandem repeats, whereas the remaining tandem

repeats each accounted for less than 5% of the our
EST-SSRs (Additional file 1: Table S2).

Table 4 Number of transcripts encoding for transcription factor
families in Mucuna pruriens compared to other legumes. The
data on M. pruriens is from our study; data for soybean,
Medicago and Lotus is from Libault et al [69]; data for Chickpea
is from Garg et al [70]

TF family M. pruriens  Chickpea  Soybean  Medicago  Lotus
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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Screening for SSRs using lobSTR identified a total of
3,865 SSRs polymorphic between the parents (Additional
file 8). Aligning 1C0620622 (G2) reads against the com-
bined assembly yielded 3,075 SSR calls, with 1,339 of
these present in areas with greater than 5x coverage and
a mean coverage of 9.54x. Alternatively, alignment of
1C0620620 (G1; 500108) reads to the combined assem-
bly yielded 3,517 SSR calls, 2,092 of which were present
in areas with greater than 5x coverage and with a mean
coverage of 19.15x. After filtering the SSRs based on the
parameters mentioned earlier, we obtained a total of 787
polymorphic repeats (Additional file 8). The details of
the SSR repeats from the lobSTR analysis are given in
Additional file 1: Table S3 and the distribution of differ-
ent SSR motifs from the lobSTR output is presented in
Additional file 1: Figure S4.

EST-SSR validation and population structure

Of the 134 primer pairs selected, 98 (73.13%) success-
fully amplified the genomic DNA of 25 M. pruriens ac-
cessions. From this, consistently amplified marker-bands
from 82 primer pairs were chosen for further analysis.
Nearly 2,000 marker bands were amplified by these 82
primer pairs and 125 high-quality marker-bands repre-
senting 52 primer pairs across 23 accessions were
retained after quality control (Additional file 1:Table S4).
Accessions 500267NL and 500101KA were dropped due
to >20% missing marker information. Various measures
of genetic diversity for each primer pair are reported in
Additional file 1: Table S4. Parameters of genetic diver-
sity were also estimated between the population groups
representing different geographical locations (3) and
botanical varieties (3). The genetic diversity index (h)
between different geographical locations and botanical
varieties ranged from 0.35 to 0.37 and 0.34 to 0.36 with
mean values of 0.35 and 0.35 respectively (Table 6),
whereas h was much lower for genetic subgroups,
ranging from 0.16 to 0.21. In all groups, the total gene
diversity, Ht, was higher than the gene diversity within
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Table 5 Statistics of SSRs identified in Mucuna pruriens
transcripts

SSRs 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 1,174
than one SSR
Number of SSRs present in compound 963
formation
Frequency of SSRs One per 53 kb

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%)

the groups, Hs. The coefficient of gene differentiation
(Gst) was 0.04, which indicated very less genetic differ-
entiation among different population groups as com-
pared to within group variations. Gene flow indices
(Nm) were relatively high, ranging from 1.83 to 4.09.
Population structure analysis using fastSTRUCTURE
on the 23 genotypes suggested the presence of 4 to 6
subgroups using the “choosing model complexity”
script, and 4 or 8 subgroups based on likelihood
score (Additional file 1: Figure S5), with K=4 being
the most probable. For K =4 subgroups, 21 genotypes
had >80% proportion of membership to a respective sub-
group as determined by the coefficient of coancestry value
of each genotype (Fig. 5a). Subgroup 1 is composed of
nine individuals, mostly of var. pruriens (n=5) and only
one var. utilis, with mixed representation from peninsular
and northeast India (each n=4) but only a single
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Fig. 4 Simple sequence repeat length distribution across different motif classes in Mucuna pruriens transcriptome
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Table 6 Gene diversity estimates for groups based on botanical varieties, geographical distribution and population structure analysis

Population group Na Ne | h
Geographical distribution East India 223 1.78 0.59 037
North East India 221 1.68 0.52 0.36
Peninsular India 298 1.95 0.72 035
Ht Hs Gst Nm
Mean 041 036 0.04 4.09
SD (#) 0.19 0.18
Botanical varieties var. pruriens 267 1.83 0.64 0.36
var. hirsuta 246 1.78 0.60 0.36
var. utilis 210 1.84 0.59 0.34
Ht Hs Gst Nm
Mean 043 036 0.04 257
SD (#) 0.19 0.17
Population groups based SG1 2.54 1.91 0.66 0.19
on K=4 sub grouping G2 187 153 041 016
SG3 236 1.77 0.59 0.21
SG4 2.10 1.84 0.60 0.18
Ht Hs Gst Nm
Mean 041 0.34 0.04 1.83
SD (#) 0.19 0.17

Na- Number of alleles; Ne- Effective no. of alleles [41]; |- Shannon information content; h- Nei's gene diversity [42]

accession hailing from eastern India. Subgroup 2 is exclu-
sively composed of var. pruriens from eastern (n =4) and
northeastern (n = 1) India. Subgroup 3 is exclusively from
peninsular India with most accessions of classified as var.
hirsuta (n = 3), but with one each from the other varieties.
Subgroup 4 is the most heterogeneous group and includes
two var. pruriens accessions from eastern India and two
var. utilis accessions from northeast India.

The genotypes in the NJ tree and PCA are color coded
from the information of 4 subgroups in the fastSTRUC-
TURE. NJ and PCA revealed similar clustering of
genotypes as fastSTRUCTURE with at least three out of
the four groups clustering largely according to their geo-
graphical origin (Fig. 5). Principal component 1 (PCl;
Fig. 5b) accounted for 12.8% of genetic variability and
separated the majority of northeastern and eastern ac-
cessions from peninsular + Maharashtra accessions, with
five northeastern or eastern accessions falling on the left
side. No peninsular accessions fell right of PC1. Further-
more, all hirsuta and all utilis accessions but one were
found left of PCl. The utilis accession (500217MN,
northeast India) is one of two individuals that could be
interpreted as having a hybrid ancestry, evidenced by a
~50% split assignment to subgroupl and subgroup 4,
the other accession being 1C0620620 (var. utilis, penin-
sular India) and assigned to subgroups 1 and 3 with near
equal probability. Subgroup 2 is entirely separated from
subgroup 3 by PC1. Principal component 2 (PC2; Fig. 5b)

accounted for another 10.1% of genetic variability.
Subgroup 1, the largest and most diverse subgroup,
clustered exclusively below PC2.

The neighbor joining algorithm produced two main
clades (Fig. 5c), one equating to a similar grouping sepa-
rated in PCA by PC1 which is also the same as subgroup 2
plus two accessions from subgroup 4. This clade includes
only var. pruriens from the northeastern and eastern areas
with the exception of the potential hybrid 500217MN, var.
utilis. The second clade includes subgroups 1 and 3 plus
two accessions of subgroup two, with no clear clustering
based on variety.

Expression analysis

A total of 4,387 transcripts were differentially expressed
among three tissues of 1C0620620 with log-fold expres-
sion change >4 and a statistically significant p-value of
0.001, of which 1,897 were commonly expressed in all
three tissue types; 191 to 372 were shared between tissue
types and 25 to 1489 were unique to tissues, respectively
(Fig. 6a). In leaf, 1,606 transcripts exhibited up-regulation
and 2,361 transcripts exhibited down regulation as com-
pared to roots, followed by 182 up-regulated and 550
down-regulated against the pod tissue. Similarly, pairwise
comparison of pods and roots exhibited 555 and 946 tran-
scripts were up-and down- regulated respectively (Fig. 6b).
The top fifty differentially expressed transcripts in each of
the three tissues are visualized to show varying expression



Sathyanarayana et al. BMC Genomics (2017) 18:409

Page 11 of 18

Proportion of m

.00- r

o
Iz

m
33 27 E
i

M o z
> 2 9 3
2 3% 3
g

Q
s

3 |C062&22
50g454-AP
2| Bhotse-mH
A s001980R
I 500192-OR
B
=1 50020%TN
o |C(ﬁ20620
bt 7-WB
o~ 500224-AR A 500¢°
o0 ry 50021248
o 50021QMN 500195°0R
00199-WB 500494-OR
1c0620684%2 0
500120.TN 500218 TR 217N A
00221-AR  BO217MN - 5001950R
500211-NL
500138 TN

500147AP
-2

0 2 4
PC1 (12.8%)
Subgroups ®1©2@3®4 Subgroups ¢ 1A2H3@4

Fig. 5 Population Structure analysis of the 23 Indian Mucuna pruriens accessions. a Bayesian clustering (fastSTRUCTURE, K =4); b Scatter plot from
principal component analysis (PCA); ¢ Neighbor-joining tree generated for all accessions

500186-MH
500193-OR

W“

500224-AR
1C0620620

1C0620622
500154-AP

500202-TN

500120-TN

{lcoezosu
500199-WB

—L R

500136-TN
500147-AP
500210-MN
500221-AR

500211-NL

500192-OR
500196-OR

500212-AS

patterns (Additional file 1: Figure S6). Among the differ-
entially expressed transcripts, 223 were found to encode
for TFs representing 43 different families, including MYB,
MADS, WRKY, and bHLH families, some of whose mem-
bers are involved in secondary metabolite biosynthesis.
We also investigated the expression of other genes
involved in secondary metabolism/biosynthesis and ob-
served that the top 47 transcripts in this category showed
varying differential expression patterns (Fig. 6¢). Among
these, highly expressed transcripts included those belong-
ing to flavonoid, isoprenoid, phenylpropanoid, and wax
pathways (Additional file 9).

Discussion

Developing genetic resources for Mucuna through
transcriptomics

The legume family is second only to the grass family (Poa-
ceae) in economic importance, with a number of species
utilized as crops, fodder, industrial agents, construction ma-
terials, and medicines [52]. The genomes of legume species
including soybean [53], the common bean (Phaseolus
vulgaris L.) [54], cowpea (Vigna unguiculata (L.) Walp.)
[55], Medicago sativa L. [56], Lotus japonicus L. [57],
pigeonpea (Cajanus cajan (L.) Millsp.) [58], and Lupin
(Lupinus angustifolius L.) [59] have been sequenced, pro-
viding critical genomic resources across Fabaceae. However,
a number of economically important legumes, including or-
phan crop species or those used for purposes other than

human consumption, are in need of efforts to develop
genetic and genomic resources to act as intellectual infra-
structure upon which to build a broader scientific future.
To our knowledge, we present the first de novo transcrip-
tome assembly described for Mucuna pruriens, the velvet
bean, an orphan legume crop used both for human con-
sumption and medicine, providing an important genetic re-
source base for future genetic studies and breeding efforts.

Mucuna is a monophyletic genus [60] that represents
an early-branching, distinct evolutionary lineage within
the phaseoloid legumes. Mucuna is variously allied with
monotypic Haymondia wallichii (DC.) AN.Egan &
B.Pan bis [4, 61] or with tribe Desmodieae [4, 62—64].
The addition of our transcriptomic data representing the
Mucuna lineage thus fills a void within the developing
resource base of transcriptomic data available for
comparative evolutionary studies across legumes.

Within our species-level transcriptome assembly, we
recovered 67,561 transcripts and annotated over 86% of
these against one or more legume proteomes (Additional
file 1: Figure S3), presenting a large collection of
expressed genes that can be used in downstream ana-
lyses for genetic study and crop improvement programs.
Our total number of transcripts recovered is quantita-
tively similar to a number of recent legume transcrip-
tomic studies. As an example, I$tvianek et al. [65]
recovered 64,761 transcripts from red clover (Trifolium
pratense L.), ~73% of which were annotated. From a
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genomic perspective, our complement of annotated
genes may seem high for a diploid species. The common
bean, Phaseolus vulgaris L., is estimated to have ~28,000
coding genes [54], Chinese licorice, Glycyrrhiza uralensis
Fisch., has ~ 35,500 genes [66], whereas soybean, Glycine
max (L.) Merr., a recent polyploid crop [67], has be-
tween ~46,000 and 56,000 protein-coding genes (Glycine
max Wm82.a2.vl build at phytozome.jgi.doe.gov; [53]).
The higher number of annotated transcripts in our study
may be due to the presence of multiple isoforms, alter-
natively transcribed transcripts, and/or portions of genes
that did not completely assemble with the settings we
used. Our higher number of annotated genes could also
include an increased complement of coding genes neces-
sary for plants that produce a high degree of secondary
metabolites [68].

Transcription factors (TFs) play important roles in gene
regulation and function. We assessed the number and

distribution of TF gene families within M. pruriens (Fig. 3;
Table 4) and found that the overall distribution of tran-
scription factor encoding transcripts among the various
known protein families is similar to that of soybean and
other legumes [69]. Transcription factors constituted
~3.3% of annotated transcripts, a number similar to that
in Medicago truncatula and Lotus japonicus but slightly
higher than that of Psophocarpus tetragonolobus (Table 4,
Additional file 5; [29]) and considerably lower than that
estimated for soybean [54] or chickpea [70]. Soybean likely
has a higher number of TFs than most legumes due poly-
ploidy. The MYB and basic-Helix-Loop-Helix (bHLH) TF
gene families are two of the most prevalent TF gene
families in our data, both of which play important roles in
secondary metabolite biosynthesis, particularly for flavon-
oid and anthocyanin compounds [71]. In terms of differ-
ences within TF gene families of Mucuna relative to other
legumes, we noted several events of expansion (e.g. C2C2-
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GATA, CAMTA) and contraction (e.g. PHD), evidence of
the evolving nature of TF across lineages within legumes.

Differential transcript expression across tissues within
Mucuna
Differential transcript expression analysis performed by
pair-wise comparison among the three tissues of geno-
type 1C0620620 (Fig. 6 and Additional file 9) found
thousands of differentially expressed transcripts across
leaves, roots, or pods. Transcripts highly expressed in
one tissue versus others suggest tissue-preferred expres-
sion, which can be helpful for further studies (Additional
file 1: Figure S6). For example, transcripts involved in
anthocyanin biosynthesis were upregulated in leaves
relative to pods or roots (Fig. 6¢). Uniquely expressed
genes in leaf, root or pod tissues will be of importance
to understand their contributions towards economically
important traits in Mucuna. Genes involved in second-
ary metabolism are especially important as Mucuna is a
natural source of mucunain and serotonin, chemicals
found in pod hairs that promote itching [72], and of
high levels of L-dopa found in seeds [73]. L-dopa is the
precursor to dopamine, norepinephrine, and epinephrine
(adrenaline), important neurotransmitters in the brain,
and is widely used in the treatment of Parkinson’s dis-
ease [74]. Recent studies have shown that some Parkin-
son’s patients better tolerate taking ground Mucuna
seeds as a source of L-DOPA and that this natural
source may be more effective and neuroprotective than
L-DOPA itself while lessening adverse side effects [19].
We have initiated further investigation on the expression
of genes specific to L-Dopa and other important second-
ary metabolites in this plant to gain further understand-
ing on the regulation of genes involved, the results of
which will be reported in a secondary paper.
Tissue-preferred expression of transcripts involved in
secondary metabolism has been found in other plants,
especially those used for medicinal purposes (e.g. in
citronella, Cymbopogon winterianus Jowitt [75]). Beyond
L-Dopa, many other important secondary compounds
have evolved within legumes [76]. For comparisons be-
tween root and leaf, those transcripts upregulated in the
root relative to leaf transcriptomes were mostly related
to secondary metabolism. A similar result was found for
comparison of root and shoot tissues in Leucaena leuco-
cephala (Lam.) de Wit [77]. In our study, the most
highly upregulated gene involved in secondary metabol-
ism in the root transcriptome was isoflavone reductase
which exhibits a ~6-fold increase relative to pods and
leaves (unigene MP60067 in Fig. 6¢ and Additional
file 9). Isoflavone reductase is an enzyme unique to
the plant kingdom involved in the isoflavonoid phyto-
alexin biosynthesis pathway and is suggested to play
important roles in stress responses. Overexpression of
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isoflavone reductase in soybean was shown to en-
hance resistance to the oomycete Phytophthora sojae
and induce antioxidant activity in the plant [78]. As
root secondary metabolites have been less investigated
in M. pruriens, this work may enable new areas of re-
search and lead to discovery of novel secondary com-
pounds of pharmaceutical interest.

Other transcripts related to secondary metabolites,
such as anthocyanins, showed differential expression in
leaf tissue relative to pods and roots. These plant pig-
ments produce dark colors, particularly blue and purple,
in above-ground plant tissues and also provide import-
ant antioxidant properties [79]. The strongest secondary
metabolism-related transcript upregulated in the leaves
was chalcone synthase, the first step in the phenylpropa-
noid pathway that leads to production of many flavonoid
secondary metabolites, including anthocyanins [80].
NAD(P)H-dependent 6’ deoxychalcone synthase was
moderately upregulated in the pod transcriptome and is
an enzyme involved in synthesis of isoliquiritigenin, a
secondary compound known primarily from licorice
(Glycyrrhiza spp.), a related legume genus. Isoliquiriti-
genin provides a number of useful pharmacological
properties such as anti-inflammatory, anti-viral, anti-
microbial, and cardioprotective effects and has shown
remarkable anti-cancer properties [81]. In combination
with other transcriptomic and genomic resources, our
transcriptome provides a useful resource for genetic
studies related to secondary metabolites of medicinal
application and interest.

Detection and validation of microsatellite (SSR) markers

in Mucuna pruriens

The medicinal potential afforded by secondary chemistry
within Mucuna has no doubt led to its popularity
throughout India where it is a component in over 200
indigenous Ayurvedic drug formulations used against a
wide range of disorders, such as menstrual discomfort,
neurological issues, sexual dysfunctions, tuberculosis
and even elephantiasis [14]. Consequently, M. pruriens
is found throughout India in both cultivated and wild
forms. Microsatellites, or SSRs, are excellent genetic
markers to aid in construction of genetic linkage maps
and association analysis. As such, development of a data-
base of SSR markers known to be polymorphic within
M. pruriens may be useful for future genetic improve-
ments of this important medicinal plant. Within our
transcriptome, we detected over 4,000 EST-SSRs of di-
nucleotide or higher repeats (Table 5; Fig. 4). Of these,
tri-nucleotide repeats were the most abundant, a sen-
sible result given the coding nature of the transcriptome
[82]. Other legumes exhibit the same trend, including
the winged bean [29] and peanut [83].
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Certain repeat motifs were more prevalent than others
in our ~3,800 EST-SSRs polymorphic between parents
(summarized in Additional file 1: Table S3), a finding
noted in other legumes previously [29, 84]. Within our
polymorphic SSR set, (AG),, (AAG),, and (AAAG), are
most prevalent in each repeat class (Table S3), a bias
that was first recognized in Arabidopsis [85]. Within our
full set of detected SSRs, motif type (AG/CT), com-
prises 70.4% of all di-nucleotide repeats, with the (CG/
GC),, motif nearly nonexistent (Fig. 4). The bias towards
AG and against CG repeats has been demonstrated
across eukaryotes [86], including within other legumes
such as Phaseolus [87] and winged bean [29]. Prior stu-
dies have suggested that AG repeat motifs are commonly
found in 5’ untranslated regions [84] and, as such, may
be involved in transcription and regulation [85]. In the
full set of detected SSRs, the (AAG/GTT), repeat motifs
and their complements are the most prevalent. The
ranking of tri-nucleotide repeat classes closely mirrors
that found in winged bean [29].

Validation of SSRs discovered via transcriptome se-
quencing is the next step to building a working marker
set for genetic improvement efforts. Of the 134 primer
pairs we screened, over 73% successfully amplified gen-
omic DNA across 25 Mucuna accessions. Our success
rate is comparable to or somewhat lower than other
efforts to validate transcriptome-derived SSR markers in
legumes: Dutta et al [88] had a 80% success rate within
pigeon pea; Liu et al [89] found 82% success in Alfalfa,
whereas Jhanwar et al [90] found a high (98%) success
rate in the cultivated chickpea. For genic-derived SSRs,
marker dropout could be cause by chimeric primers, by
the creation of primers across intron/exon splice sites,
or by creation across alternative splice sites or chimeric
transcripts.

Assessing genetic diversity and population structure
within Indian Mucuna pruriens accessions

The relative influence of different barriers to gene flow,
such physical or geographical separation or incipient
genetic or morphological changes that impact the ability
to crossbreed, against promoters of gene flow, such as mi-
gration or the movement or interbreeding of individuals
by human mediation, ultimately impacts genetic diversity
within a species, particularly cultivated species [91]. Given
the economic, medicinal and ethnobotanical importance
of M. pruriens, assessing the genetic diversity within M.
pruriens is an important endeavor. Our efforts to create
and validate a database of potential SSR markers ultim-
ately yielded 52 polymorphic markers for genetic diversity
assessment within 23 Indian M. pruriens accessions repre-
senting all three M. pruriens varieties and sourced across
India. All but two of the 52 markers showed adequate to
high ability to discern ancestry based on the Shannon
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Information Content (I) [43] using the suggested cutoff of
[>0.3 [92], attesting to the utility of these markers for
genetic diversity assessment. The average I across all our
markers is 0.78, a value much higher than the ancestral
discerning power of RAPD markers in M. pruriens (aver-
age of 0.62 across 15 primer pairs) [93]. The average poly-
morphic information content (PIC) across our 52 markers
in M. pruriens is 0.24, a value similar to that obtained by
Leelambika et al. [94] but higher than all estimates using
AFLP or RAPD data which ranged from 0.166 [95] to
0.174 [94], attesting to the appropriate choice of SSR
markers for assessing genetic diversity in Mucuna.

We explored genetic diversity across different subpop-
ulation divisions based on geography (East, Northeast,
and Peninsular India), variety (M. vars. pruriens, hirsuta,
and utilis), and empirical genetic structure (fastSTRUC-
TURE subgroups 1-4) (Table 6). East India showed a
slightly higher gene diversity than other geographical
areas, a finding somewhat surprising given that all
accessions for East India are of a single variety, M. p.
var. pruriens. Peninsular India had the highest average
number of alleles, which could be attributed to this area
comprising accessions from all three varieties, leading to
an overall higher average number of alleles through in-
clusion of the allelic diversity specific to variety. Many
cultivated crops are genetically depauperate compared to
their wild relatives [96], and M. p. var. utilis is no excep-
tion. Wild accessions (M. vars. pruriens and hirsuta) had
higher gene diversity and a higher average number of al-
leles than cultivated (M. p. var. utilis) accessions (Table 6),
corroborating previous studies in Mucuna [93, 94]. Similar
trends are found throughout legumes, for example within
Phaseolus vulgaris [97]. However, estimates of gene flow
were high regardless of subdivision type (i.e. geography,
variety, genetic structure), suggesting significant mixing
among germplasm. All that said, caution is warranted in
interpreting these comparative results given our low
number of accessions examined.

Estimation of population genetic substructure revealed
K=4 subgroups (Fig. 5a) with coefficient of ancestry
placing most individuals strongly within a particular sub-
group. Both geography and variety are somewhat corre-
lated to groupings within genetic substructure, PCA,
and clustering analyses, indicating their impact on struc-
ture of genetic diversity. For instance, subgroups 2, 3
and 4 contain genotypes mostly collected from east
India, peninsular India + Maharashtra and northeast
India, respectively, except for a few accessions whose
placement was variable. Subgroup 2 comprises only var.
pruriens accessions that are mostly from eastern India
whereas subgroup 3 is mainly var. hirsuta with one
accession each of var. pruriens and var. utilis.

Neither geography nor variety correlated completely
with clades produced by the NJ algorithm, in contrast to
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previous cluster analyses based on ISSR data which were
largely associated by taxonomy [94]. That said, a recent
analysis using ISSR and RAPD markers across several
species of Mucuna, 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
apart from the others, suggesting a separate evolutionary
trajectory for this variety [98]. The lack of strict varietal
clustering across our three population structure assess-
ment methods (Fig. 5) coupled with high estimates of mi-
gration (Table 6) and clear suggestion of at least two hybrid
individuals as determined by mixed coancestry within fas-
tSTRUCTURE analyses suggests that hybridization can take
place easily among varieties, a conclusion also suggested
previously [94]. Alternatively, these variations may repre-
sent ancestral states perpetuated into extant populations.
However, the small sample size used in this study resulted
in limited power to accurately identify subgroups contain-
ing consistent genotypes across all the three methods
tested. Thus, further studies involving larger samples
derived from extended geographical regions are needed to
make generalized conclusions on the divergence and popu-
lation structure of Indian M. pruriens.

Additional files

Additional file 1: Figures and tables highlighting the analysis and
results obtained in this study. Figure S1. Length distribution of Mucuna
pruriens transcripts in Trinity assembly. Figure S2. Functional
characterization and abundance of Mucuna pruriens transcriptome for
enzyme classes (A) and KEGG pathways (B). Transcripts were classified in
the top 20 abundant enzyme classes and KEGG pathways; area under
each pie slice represents the value in percent. Figure S3. Legume
sequence similarity analysis. Percentage identity of transcripts against
other legume protein databases (A) and relative numbers of transcripts
that had significant sequence similarity by species (B). The percentage of
transcripts showing similarity value (E-value < 1E-05) in BLASTX searches
is shown. Figure S4. Repeat distribution in Mucuna pruriens
transcriptome discovered using lobSTR program. Figure S5. Results of
fastSTRUCTURE analysis across K= 2 to K= 10 subgrounds. Subgroup
number K plotted against marginal likelihood (A) and cross validation
error (B). Figure S6. 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. Table S1. Contrasting phenotypes of the
two genotypes used for transcriptome sequencing. Table S2. Length
distribution of the EST-SSRs based on the number of nucleotide repeats.
Table S3. Summary of the repeats in Mucuna pruriens transcriptome
based on lobSTR. Table S4. Polymorphism information of 52 EST-SSR
markers for 23 Mucuna pruriens accessions. Ho: Observed heterozygosity;
He: Expected heterozygosity (Kimura & Crow, 1964); PIC: Polymorphism
information content; Na: No. of alleles; Ne: Effective no. of alleles; I: Shan-
non information content; h: Nei's (1973) gene diversity. (DOCX 4530 kb)
Additional file 2: Number of transcripts assigned to Biological, Cellular
and Metabolic processes from GO analysis of the annotated transcripts of
the Mucuna assembly. (XLSX 249 kb)

Additional file 3: Number of transcripts assigned for enzyme classes
and KEGG pathways of the M.pruriens transcripts. (XLSX 26 kb)

Additional file 4: BLASTP analysis of the transcripts against the legume
protein databases. (XLSX 4558 kb)
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Additional file 5: Transcription factors identified in the Mucuna
assembly using PInTFDB (http:/pIntfdb.bio.uni-potsdam.de/v3.0,
Pérez-Rodriguez et al. 2009) (XLSX 81 kb)

Additional file 6: Transcripts with the repeats in the Mucuna assembly
identified using Perl script MISA (MicroSAtellite; http://pgrc.ipk-gatersleben.de/
misa; Thiel et al. 2003) (XLSX 2581 kb)

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 7,943 repeat sequences is also
reported. (XLSX 302 kb)

Additional file 8: Polymorphic sequence repeats identified between the
Mucuna genotypes using lobSTR program, including the full list and the
filtered list. (XLSX 545 kb)

Additional file 9: Fold change expression values of the transcripts in
each of the tissue analyzed related to the secondary metabolite
pathways. (XLSX 227 kb)
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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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legume sp. (Szabo and Tebbett 2002). Nonetheless, a healthy
individual can safely consume 500 g of Mucuna based
food/day with 0.1 % L-Dopa (Lorenzetti et al. 1998).
Teixeira et al. (2003) further confirmed this dose based on
research in Faba bean and Broad bean (Vicia faba) where it
is present in 0.2—0.5 % respectively and still consumed safely
worldwide. Breeding varieties with low and high L-Dopa con-
tent therefore offers significant promise for large scale culti-
vation of M. pruriens.

Variability for L-Dopa content in M. pruriens germplasm is
reported in number of earlier studies (Mary Josephine and
Janardhanan 1992; Krishnamurthy et al. 1996; Kalidass and
Mohan 2011; Fathima et al. 2010 etc.). Besides, quite a few
workers analyzed genetic diversity in natural population using
DNA markers (Capo-Chichi et al. 2001; Capo-Chichi et al.
2003a; Padmesh et al. 2006; Sathyanarayana et al. 2011).
However, so far, comprehensive L-Dopa phenotypes have
not been included systematically in diversity surveys in
M. pruriens germplasm. Our objective in this study was there-
fore to assess L-Dopa diversity in M. pruriens by targeted
profiling to elucidate the relationship between metabolic and
genome diversity in this plant to identify promising genetic
stocks for breeding/mapping this trait.

Materials and Methods
The Plant Material

Totally 40 M. pruriens accessions were used in this study. The
collection comprised representative genotypes from both the
botanical varieties of M. pruriens viz.: var. utilis (Joy et al.
2007) and var. pruriens (Lorenzetti et al. 1998) (Table 1).
These accessions originated from different geographical loca-
tions in India and included both cultivated (var. utilis;
velvetbean) and wild (var. pruriens, itching bean) varieties.

L-Dopa Isolation and HPLC

Healthy seeds recovered from 10 replicates of each assayed
accession were pooled separately and pure L-Dopa was ex-
tracted following modified Daxenbichler et al. (1971) and
Brain (1976) methods. Finely ground seed powder was
defatted using petroleum ether and L-Dopa was extracted with
0.1 N HCI added with 80 % ethanol and 0.1 % ascorbic acid.
The purity of the isolated L-Dopa was further confirmed by
subjecting the random samples to TLC analysis (Gunendi and
Pamuk 1999) with L-Dopa from the Sigma Aldrich chemicals
used as a standard.

The isolated L-Dopa samples were analyzed on High
Performance Liquid Chromatography (HPLC, Agilent
Compact LC1120 system). The sample was manually injected
and detected with double-beam photometer detector operated
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at a wavelength of 283 nm. The data was acquired and ana-
lyzed using EZ-Chrom Elite compact software. A C18 column
(250 x 4.6 mm, 5 um SS column,) fitted with a guard column
was used for the separation using an isocratic mixture of ace-
tonitrile as mobile phase. The mobile phase was filtered
through a 0.45 um membrane filter (Sartorius USA) and
was then degassed by ultrasonication for 30 min. Analysis
was run at a flow rate of 1.0 ml/min and quantification was
by peak height. Injection volume was adjusted to 20 pl and
detection was made at 283 nm. Standard L-Dopa (Sigma
Aldrich) was used for preparation of calibration curve and
retention time analysis. Each sample was analyzed in quadru-
plicates and L-Dopa concentration was finally represented as
percentage composition. All the experiments were performed
in triplicates.

L-Dopa Data Processing and Analysis

The L-Dopa data was subjected to one- way ANOVA and the
mean separation was achieved based on significant Tukey’s
HSD test at 5 % significance using JMP software version 10
(SAS 2012). Later, the L-Dopa content was set into frequency
distribution classes to transform the quantitative data to a bi-
nary matrix. Thus obtained binary matrix was used to generate
Jaccard’s similarity coefficient matrix and the cluster analysis
was conducted with the same using NTSYS-pc version 2.1
(Exerter software; Rohlf 2009) to visualize the relationship
among accessions based on their L-Dopa content. The corre-
lation between the cluster tree data matrix and the similarity
matrix was calculated using Mantel’s test (1000 permutations).

DNA Isolation

About 1 g of young leaf tissue was harvested from 2-3 week
old seedlings from ten individual plants and bulked separately
for each Mucuna accession. Total genomic DNA was isolated
following modified Doyle and Doyle (1990) method using
cetyl trimethyl ammonium bromide (CTAB). Ground leaves
were homogenized in CTAB-extraction buffer containing
0.5 % charcoal along with 0.2 % [3-mercaptoethanol and incu-
bated at 60 °C for 1 h. Purification steps were carried out twice
with SEVAG (24-chloroform: 1-isoamlyalcohol) and once
with phenol: chloroform: isoamylalcohol (25:24:1). After cen-
trifugation at 12,000 rpm for 2 min, the DNA was pelleted
using 0.67 volume of isopropanol followed by wash with eth-
anol (70 %). Air dried pellets were re-suspended in 0.5 ml of
1X Tris- EDTA buffer (pH 8.0) and quantified fluorometrically
on 0.8 % agarose gel using ethidium bromide staining.

ISSR Genotyping

Amplification of ISSRs was carried out in a 25 pl reaction
mixture containing 0.3 mM dNTP’s, 10 mM Tris-HCI, 3 mM
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Table 1 List of M. pruriens

accessions used in the study SL No.  Accession Name Accession Place of collection Latitude and
Number longitude

1. M. pruriens vat. utilis 500102KA  Karnataka -

2. M. pruriens var. utilis 500101KA  Karnataka -

3. M. pruriens var. utilis 500108KA  Hunasamaranahalli, Karnataka 13°14'N, 77°62' E
4. M. pruriens var. utilis 1C385925 NBPGR, Dumka, Jharkand 24°26' N, 87°24' E
5. M. pruriens var. utilis 1C385928 NBPGR -

6. M. pruriens var. utilis 1C392850 NBPGR, Moudi, Orissa 22°06' N, 86°40' E
7. M. pruriens var. utilis 1C471876 NBPGR, Delhi 28°62'N, 77°23'E
8. M. pruriens var. utilis 1C185926 NBPGR -

9. M. pruriens var. utilis 1C385841 NBPGR, Pakud, Jharkand 24°62' N, 87°84'E
10. M. pruriens var. utilis 1C369144 NBPGR, Latehar, Jharkand 23°74'N, 84°50' E
11. M. pruriens var. utilis 1C395793 NBPGR, Narmada, Gujarat 21°89'N, 73°48' E
12. M. pruriens var. utilis 1C392241 NBPGR, Sawalpur, Jharkand 23°78'N, 86°43'E
13. M. pruriens var. utilis 1C385926 NBPGR, Dhangadih, Jharkand 24°26'N, 87°24' E
14. M. pruriens var. utilis 1C385842 NBPGR, Mohanpur, Jharkand 24°48' N, 86°69' E
15. M. pruriens var. utilis 1C326953 NBPGR, Jaunaji, Solan, HP 30°90"N, 77°09" E
16. M. pruriens var. utilis 1C471870 NBPGR, Delhi 28°62'N, 77°23'E
17. M. pruriens var. utilis 500155AP Tandur, Andhra Pradesh -

18. M. pruriens var. pruriens ~ 500112KA  Mysore, Karnataka 12°18' N, 76°42' E
19. M. pruriens var. pruriens  500113MH  Triambakeshwar, Maharashtra 20°00' N, 73°77' E
20. M. pruriens var. pruriens ~ 500110KA  Devarayanadurga, Karnataka 13°33'N, 77°10’E
21. M. pruriens var. pruriens  500116TN  Raw drug vendor, Madurai -

22. M. pruriens var. pruriens ~ 1C265577 NBPGR, Njeezhoor, Kerala 9°58' N, 76°52' E
23. M. pruriens var. pruriens  1C391941 NBPGR, Gaatogaon, Orissa 21°65' N, 85°63'E
24, M. pruriens var. pruriens ~ 1C391885 NBPGR, Anandpur, Orissa 21°65' N, 85°63'E
25. M. pruriens var. pruriens  500138TN  Chittanavasal, Tamil Nadu 10°38'N, 78°82' E
26. M. pruriens var. pruriens ~ 500123KL  Seed company, Kerala -

27. M. pruriens var. pruriens ~ 500109KA  Shimoga, Karnataka 13°56' N, 75°38' E
28. M. pruriens var. pruriens ~ 500111KA  Shivaganga, Tumkur, Karnataka 13°33'N, 77°10" E
29. M. pruriens var. pruriens ~ 500115TN  Raw drug vendor, Madurai -

30. M. pruriens var. pruriens ~ 500120TN  Raw drug vendor, Madurai -

31. M. pruriens var. pruriens ~ 500121TN ~ Raw drug vendor, Madurai -

32. M. pruriens var. pruriens ~ 500122TN ~ Raw drug vendor, Madurai -

33. M. pruriens var. pruriens ~ 500143KA  Basarikatte, Karnataka 13°18'N, 75°49' E
34. M. pruriens var. pruriens ~ 500144AP  Pathur, Andhra Pradesh 18°03'N, 78°18' E
35. M. pruriens var. pruriens ~ 500146AP  Ghanapur, Andhra Pradesh 18°39'N, 78°10" E
36. M. pruriens var. pruriens ~ 500147AP  Dhurzgaon, Andhra Pradesh 18°39'N, 78°10' E
37. M. pruriens var. pruriens ~ 500148AP ~ Mancheppa, Andhra Pradesh 18°40' N, 78°10" E
38. M. pruriens var. pruriens ~ 500149AP  Pochampad Dam, Andhra Pradesh ~ 18°89'N, 78°10" E
39. M. pruriens var. pruriens ~ 500150AP  Kanakapura, Andhra Pradesh 19°05' N, 78°45' E
40. M. pruriens var. pruriens ~ 500151AP Kadam, Andhra Pradesh 19°37'N, 78°30’' E

MgCl,, 50 mM KCl, 0.1 % Triton X-100, 1.0 U Tag DNA
polymerase, 10 pmol primer and 50 ng of genomic DNA.
Amplification was performed in PTC-200 Peltier thermal cy-
cler (MJ Research, USA) using the thermal profile: initial
cycle of 94 °C for 2 min, 36 °C for 2 min and 72 °C for
2 min followed by 38 cycles of 94 °C for 1 min, 36 °C for
1 min and 72 °C for 2 min with a final extension of 72 °C for

7 min. The products were held at 4 °C. Reaction mixture in
which template DNA was replaced by distilled water was used
as negative control. Amplified products were resolved on
1.5 % agarose gel (0.5X TBE) followed by ethidium bro-
mide staining. The gel was then visualized, photographed
and archived using BIO-RAD™ gel documentation sys-
tem (BIO-RAD, USA).
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AFLP Genotyping

AFLP fingerprinting was carried out as per Capo-Chichi et al.
(2001) with minor modifications. Genomic DNA (500 ng)
was digested with 10 U of Eco RI and 4 U of Mse I (New
England Biolabs, USA) at 37 °C for 3 h. Without inactivating
the restriction enzymes, adapters [Eco RI (5 pmol) and Mse 1
(50 pmol)] were ligated to the restricted DNA fragments in
ligation buffer [1x T4 DNA ligase buffer, 1 pl of T4 DNA
ligase NEW ENGLAND BIOLABS, USA)] and incubated at
37 °C for 12 h. Pre-amplification of the diluted (2-fold) -
ligated DNA was carried out with the primers complimentary
to the Eco RI and Mse I adapters with two sets of selective
nucleotides, one with cytosine and guanine and the other with
adenine and cytosine respectively in PTC-200™ thermocycler
(MJ RESEARCH INC. USA) using the following cycling
parameters: 20 cycles of 94 °C for 30 s, 56 °C for 60 s,
72 °C for 60 s. The diluted (4-fold), amplified products were
used as template for selective amplification. The second am-
plification was carried out with twelve selective primer com-
binations of Eco RI and Mse I each with three selective nucle-
otides in a total volume of 10 pl. The PCR program consisted
of two segments. The first segment comprised of 12 cycles
with one cycle at 94 °C for 30 s, 65 °C for 30 s, and 72 °C for
60 s. The annealing temperature was then lowered by 0.7 °C
per cycle during the first 12 cycles to reach an optimum tem-
perature of 56 °C. The second segment comprised of 23 cycles
at 94 °C for 30 s, 56 °C for 60 s and 72 °C at 60 s.

Gel electrophoresis was carried out using Sequegen DNA
sequencer (BIORAD™, USA). Following amplification, the
PCR products were mixed with 8 pl of formamide
stop/loading buffer and denatured at 94 °C for 5 min, then
chilled immediately to 4 °C. Eight microliters of each reaction
mixture was loaded onto a 6 % denaturing PAGE. The gel was
pre-run in 1X TBE freshly prepared from a 10X TBE stock
solution. The key electrophoresis parameters included voltage
set at 1200 V and temperature at 45 °C. The DNA bands were
visualized using silver staining.

Data Analysis
Marker Attributes/ Features

Genotyping data obtained from each marker system was used
for assessing its discriminatory power by evaluating: (i)
Polymorphism information content (PIC), (ii) Marker index
(MI) and (iii) Resolving power (Rp). The PIC value and mean
gene diversity for each primer / enzyme combination was
calculated as part of summary statistics using Power Marker
version 3.25 (Liu and Muse 2005) and was averaged over the
fragments for each primer combination. The marker index was
calculated as given in Varshney et al. (2007) as MI = PIC x
EMR where, EMR is “the effective multiplex ratio and is
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defined as the product of total number of loci/fragments per
primer (n) and the fraction of polymorphic loci/fragments ([3)
(E=n*fp)".

Resolving power of each primer was calculated according
to Prevost and Wilkinson (1999) which is given as Rp =" I,
where I, represents the band informativeness. The I, can be
represented into a 0—1 scale by the following formula:
I, = 1-[2%]0.5-P|] where, p is the proportion of the accessions
containing the band/ fragment.

Cluster Analysis

Each ISSR/AFLP marker was treated as a unit character and
scored as a binary code (1/0). The results were analyzed using
NTSYS-pc version 2.1 (Exerter software; Rohlf 2009) with
SIMQUAL option on the basis of Jaccard’s coefficient to gen-
erate genetic similarity coefficients among all the possible
pairs and ordered in a similarity matrix (Jaccard 1908). The
resulting matrices were subjected to clustering by UPGMA
(Sokal and Michener 1958). The goodness of fit of the clus-
tering to the data matrix was calculated by the COPH and
MXCOMP programs. The robustness of the phenograms
was tested by bootstrap analyses of 1000 iterations using
Winboot software (Yap and Nelson 1996).

Multivariate and Correlation Analysis

UPGMA clustering pattern of all the three data sets: AFLP,
ISSR and L-Dopa were analyzed and the data from the marker
analysis were compared with L-Dopa profiling using NTSYS-
pc version 2.1 (Exerter software; Rohlf 2009). Comparison of
clustering obtained by AFLP: L-Dopa and ISSR: L-Dopa was
based on Pearson’s correlation and a Mantel test between the
matrices with 1000 permutations. The data sets also were
compared by tree plots to visualize the correlation.

Results
L-Dopa Variability

TLC analysis produced single clear band matching in colour
and Ry (0.387) with that of standard L-Dopa sample
confirming high purity isolations. The L-Dopa screening re-
vealed moderate to high variability among different acces-
sions which ranged from 1.09 % (IC369144) to 3.59 %
(500185MH) (Table 2). Frequency distribution analysis gen-
erated seven major frequency classes (Fig. 1) with majority of
them falling in the middle range of 1.50-1.90 % (Doyle and
Doyle 1990); 1.91-2.31 % (Doyle and Doyle 1990) and 2.32—
2.72 % (Capo-chichi et al. 2003a).
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Table 2 L-Dopa content (%)

among 40 M.pruriens accessions SL. No. Accessions L-Dopa (%) Mean + SD” SL. No. Accessions L-Dopa (%)

based on HPLC analysis Mean + SD”
1. 1C369144 1.091 + 0.041" 21. S500122TN 2.03 £0.018"
2. 1C385928 1.481 £ 0.010° 22. S00111KA 2.08 £ 0.030"
3. 1C391885 1.52 £0.010% 23. S00108KA 2.099 + 0.007%!
4. 1C385841 1.542 + 0.020° 24. 500110KA 2.1 £ 0.006"
S. 500115TN 1.57 + 0.020® 25. 500144AP 2.107 + 0.007*
6. 1C385926 1.626 + 0.0201 26. 500112KA 2.153 + 0.010%
7. 500101KA 1.672 + 0.016% 27. 500150AP 2.16 + 0.020F
8. 500146AP 1.68 + 0.0139 28. 500148AP 231 4 0.053"
9. 1C385842 1.633 +0.0254 29. 500109KA 2.321 + 0.049"
10. 1C392850 1.69 + 0.0301 30. 1C392241 2351 +0.011™
11. 1C385925 1.73 + 0.026% 31 1C395793 2.36 + 0.023"
12. 500143KA 1.75 £ 0.0191 32. 500123KL 237 +0.021M
13. 1C391941 1.85 + 0.040° 33. 1C265577 2.4 + 0.009"
14. 1C326953 1.863 £ 0.048° 34. 1C471870 2397 + 0.019"
15. 500155AP 1.878 + 0.048°P 35. 500147AP 2.4 +0.024"
16. 500102KA 1.93 £ 0.015" 36. 1C471876 2415 +0.018"
17. 500138TN 1.939 £ 0.010n 37. S00149AP 2.5+ 0.031"
18. IC185926 1.939 + 0.00°" 38. 500113MH 2.76 + 0.017°F
19. 500120TN 2.01 +0.004" 39. 500121TN 2.95 + 0.025°¢
20. S00151AP 2.01 £ 0.020" 40. 500185MH 3.585 £ 0.030°

Y Values are mean = standard deviation of 10 independent experiments. Means followed by same letter are not
significantly different at 5 % significance level as determined by Tukey’s HSD test

ISSR Analysis

A total of 42 ISSR primers (Table 3) were used for estimation
of inter and intra-varietal variations out of which 27 showed
scorable markers. A total of 264 markers were generated of
which 243 were polymorphic with number of products rang-
ing from 1 (829) to 17 (P3). On an average single primer
generated 9.7 products per primer with 92.04 % polymor-
phism. The results of marker attributes are detailed in

14+ ik
12
10+
81 6
6
4.

| 5 3 5
$Q

No. of Accessions

Percentage of L-Dopa

Note: The values above each bar indicate the frequency of accessions in that particular class

Fig. 1 Frequency distribution of M. pruriens accessions differing in
L-Dopa content. Note: The values above each bar indicate the frequency
of accessions in that particular class

Table 4. The PIC values ranged from 0.14 (819) to 0.49
(829) with an average of 0.26 per fragment. The marker index
(M) for different primers ranged from 0.49 (829) to 3.91(P3).
Positive correlation was observed between PIC and MI values
(* = 0.45, p < 0.005). Resolving power (Rp) of the primers
ranged from 0.0 (829) to 5.34 (ISSR2) with an average of 2.45
per primer. The Rp values were also found positively corre-
lated with MI (% = 0.69, p < 0.005).

The Jaccard’s similarity coefficient based on ISSR data
revealed moderate genetic variability that ranged from 0.60
to 0.96 with an average at 0.61. At an inter-varietal level
the extent of variability was more in wild “itching bean”
(var. pruriens) as similarity index is from 0.60 to 0.72
(mean value of 0.63) vis-a-vis cultivated velvetbean (var.
utilis) where similarity index ranged from 0.80 to 0.96
with mean value of 0.85.

The UPGMA dendrogram (Fig. 2) categorized 40 acces-
sions into seven clusters at approximately 60 % confidence
levels. Cluster II supported at 75.2 % confidence interval
limits along with cluster IV (BS59.2 %) and VII (50.7 %)
separated wild accessions belonging to var. pruriens; while
cluster-III (66.1 %) and V (BS68.7 %) majorly partitioned
cultivated accessions belonging to var. utilis except
IC391941, IC391818 and IC265577 which belonged to
var. pruriens. Within Cluster I and cluster VI accessions be-
longing to all the three varieties were intermixed. Several sub-
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Table 3  ISSR primer sequences used in the study Table 4  Marker attributes for different ISSR primers
SI. No. Primer Name Sequence 5-3' SL.No. Primer Name PIC* EMR® Mr Rp*
1. 807 AGAGAGAGAGAGAGAGT 1. 811 0.24 8.00 1.92 1.86
2. 808 AGAGAGAGAGAGAGAGC 2. 814 0.37 6.02 2.23 322
3. 811 GAGAGAGAGAGAGAGAC 3. 817 0.33 5.00 1.65 0.42
4. 814 CTCTCTCTCTCTCTCTYA 4. 819 0.14 10.00 1.40 4.32
5. 817 CACACACACACACACAA 5. 827 0.19 5.01 1.52 3.60
6. 821 GTGTGTGTGTGTGTGTT 6. 829 0.49 1.00 0.49 0.00
7. 827 ACACACACACACACACG 7. 830 0.19 8.00 1.52 1.44
8. 829 TGTGTGTGTGTGTGTGC 8. 841 0.24 9.00 2.16 0.92
9. 830 TGTGTGTGTGTGTGTGG 9. 842 0.22 4.95 1.09 0.74
10. 835 AGAGAGAGAGAGAGAGYC 10. 845 0.22 10.01 2.20 2.86
11. 842 GAGAGAGAGAGAGAGAYG 11. 846 0.32 1.98 0.63 0.90
12. 845 CTCTCTCTCTCTCTCTRG 12. 847 0.24 7.04 1.69 2.08
13. 846 CACACACACACACACART 13. 855 0.28 8.00 2.24 1.82
14. 847 CACACACACACACACARC 14. 856 0.15 4.97 0.75 242
15. 856 ACACACACACACACACYA 15. 857 0.19 11.00 2.09 2.50
16. 861 ACCACCACCACCACCACC 16. 866 0.21 11.00 231 1.68
17. 862 AGCAGCAGCAGCAGCAGC 17. 873 0.19 13.00 2.47 2.38
18. 863 AGTAGTAGTAGTAGTAGT 18. 880 0.25 11.00 2.75 1.94
19. 865 CCGCCGCCGLeGeeaeea 19. 898 0.29 12.00 3.48 1.70
20. 880 GGAGAGGAGAGGAGA 20. 901 0.25 11.05 2.76 3.18
21. 818 CACACACACACACACAG 21. 907 0.33 9.00 2.97 334
22. 819 GTGTGTGTGTGTGTGTA 22. ISSR1 0.22 13.00 2.86 2.02
23. 826 ACACACACACACACACT 23. ISSR2 0.33 10.00 3.30 5.34
24. 838 TATATATATATATATARC 24. P1 0.32 7.00 2.24 1.94
25. 841 GAGAGAGAGAGAGAGAYC 25. P2 0.23 15.00 345 4.54
26. 855 ACACACACACACACACYT 26. P3 0.23 17.00 391 532
27. 857 CACACACACACAAGCT 27. P4 0.28 11.00 3.08 3.58
28. 866 CTCCTCCTCCTCCTCCTC Minimum 0.14 1.00 0.49 0.00
20. 873 GACAGACAGACAGACA Maximum 0.49 17.00 391 5.34
30. 887 DYDTCTCTCTCTCTCTC Average 0.26 8.89 2.19 245
31. 898 CACACACACACAGCT . ] ]
3. 901 GTGTGTGTGTGTYR bE\ii_‘)]lsy;f‘:c’gj;‘;izlft‘:iitﬁzti‘mm
33. ISSR-1 CGTAGTCGTTCCTCCTCCTCCTCC .
34, ISSR-2 ACTACGACTTCCTCCTCCTCCTCC dMI' Marker Index
35. ISSR-5 TCCTCCTCCTCCTCCRY Rp- Resolving Power
jj E:i; Zﬁiﬁfg:géizéi?gngTAA good fit (Romesburg 1990) and shows 'that the original matrix
was well represented by cluster analysis.
38. P1 GTAGCACTCC
39. P2 TCGGCACGCA
40. P3 CTGATACGCC AFLP Analysis
41. P4 GTGTCTCAGG
42. P5 CCCCGGTAAC

groups were also found within two major clusters IT and III. A
cophenetic-value (ultra-metric) matrix was generated from the
coefficients of SAHN’s similarity matrix. The cophenetic cor-
relation coefficient between the cophenetic matrix and the data
matrix of ISSR data was 0.82. Such a high value is considered

@ Springer

Analysis of 40 Mucuna accessions with 12 selective primer pairs
(Table 5) identified a total of 1612 fragments with number of
products ranging from 82 (Eco RI + CAC & Msel + GCT) to
172 (Eco RI + ACT & Msel + CTC) confirming high multiplex
ratio produced by the AFLP markers. On an average single
primer generated 134 products that produced a total of 1609
polymorphic fragments with a percentage of polymorphic loci
equal to 99.16 %. The results of marker attributes are detailed in
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Fig. 2 UPGMA dendrogram
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sets. Note: The data indicated in
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information on varietal type and
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the branch nodes of the
dendrogram indicates the
bootstrap support for the
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Note: The data indicated in the braces adjacent to the accession name contains information on varietal type and L-
Dopa (%). Also, the values at the branch nodes of the dendrogram indicates the bootstrap support for the clustering

Table 6. The PIC values ranged from 0.145 to 0.214 with an
average of 0.174 per fragment. The highest PIC value (0.214)
was observed for the primer combination E-ACT/M-CAT and
the lowest (0.145) was recorded for E-CAA/M-GCT. The MI
values ranged from 14.58 to 34.03 with an average of 23.42 per
primer combination. Highest value (34.03) was scored with the
primer pair for E-ACT/ M-CAT and the lowest value (14.58) for
the primer pair E-CAC/M-GCT. A positive correlation was
observed between MI and PIC values (* = 0.98, p < 0.005).
Resolving power (Rp) ranged from 22.50 to 49.06 with an av-
erage of 34.8 per primer combination. Highest value (49.06) was
scored with the primer combination E-ACT/ M-CTC and the

pattern obtained

lowest value (22.50) for E-CAC/ M-GCT. The Rp values were
also found positively correlated with MI (r* = 0.60, p < 0.005).

Similarity index in case of AFLP markers ranged 0.10 to
0.81 with an average of 0.19. At inter-varietal level, wild
accessions showed greater variability as similarity index
ranged from 0.10 to 0.81(mean value of 0.19) vis-a-vis culti-
vated velvetbean (var. utilis) where it was 0.13 to 0.37 with
mean value of 0.22. The comparison of marker attributes and
genetic diversity indices between the two marker systems used
in the present study is given in Figs. 3 and 4.

The UPGMA dendrogram (Fig. 5) grouped 40 accessions
into three clusters at approximately 70 % confidence level.

@ Springer



246

Tropical Plant Biol. (2016) 9:239-251

Table 5 Oligonucleotide

adapters and primers used for Name of the oligonucleotide Code Sequence

AFLP analysis
Eco RI adapter E-0 5"-AAT TGG TAC GCA GTC TAC-3'

3'-CC ATG CGT CAG ATG CTC-5’
Mse T adapter M-0 5'-TAC TCA GGA CTC AT-3’
3'-G AGT CCT GAG TAG CAG-5’

Eco RI primer E-A00 5'-GAC TGC GTA CCA ATT C A-3’
Mse I primer M-C00 5'-GAT GAG TCC TGA GTA A C-3’
Eco RI primer E-C00 5'-GAC TGC GTA CCA ATT C C-3’
Mse T primer M-G00 5'-GAT GAG TCC TGA GTA A G-3°
Eco RI + 3-CAC E-CAC 5'- GAC TGC GTA CCA ATT C CAC-3’
Eco RI + 3-CAA E-CAA 5'-GAC TGC GTA CCA ATT C CAA-3’
EcoRI + 3- ACT E-ACT 5'-GAC TGC GTA CCA ATT C ACT-3’
Eco RI + 3- AAC E-ACC 5'-GAC TGC GTA CCA ATT C AAC-3’
Msel + 3-GCT M-GCT 5'-GAT GAG TCC TGA GTA A GCT-3’
Mse 1+ 3-GCA M-GCA 5'-GAT GAG TCC TGA GTA A GCA-3’
Mse 1+ 3-CAT M-CAT 5'-GAT GAG TCC TGA GTA A CAT-3’
Msel + 3-CAG M-CAG 5'-GAT GAG TCC TGA GTA A CAG-3’
Msel+ 3-CTA M-CTA 5'-GAT GAG TCC TGA GTA A CTA-3’
Msel + 3-CTC M-CTC 5'-GAT GAG TCC TGA GTA A CTC-3’

Cluster I and III supported at 89 % and 66 % confidence
interval limits separated wild itching bean accessions belong-
ing to var. pruriens; while cluster-II (74.6 %) majorly separat-
ed cultivated accessions belonging to var. utilis except
500138TN which belonged to var. pruriens. The high r-

Table 6 Marker attributes for AFLP primer combinations

Primer combination PIC* EMR® MI° Rp!

E-CAC/M-GCT 0.180 81.02 14.58 22.50
E-CAC/M-GCA 0.180 101 18.18 27.18
E-CAAM-GCT 0.145 113 16.39 23.44
E-CAA/M-GCA 0.188 120 22.56 34.00
E-ACT/M-CAT 0.214 159 34.03 55.32
E-ACT/M-CAG 0.172 116 19.95 27.68
E-ACT/M-CTA 0.164 146 23.94 35.82
E-ACT/M-CTC 0.196 172 33.71 49.06
E-AAC/M-CAT 0.175 156 27.30 39.60
E-AAC/M-CAG 0.158 140 22.12 34.16
E-AAC/M-CTA 0.159 149 23.69 32.06
E-AAC/M-CTC 0.158 155.95 24.64 36.78
Maximum 0.214 172 34.03 49.06
Minimum 0.145 81.02 14.58 22.50
Average 0.174 134.08 23.42 34.80

#PIC- Polymorphic Information Content
® EMR- Effective Multiplex Ratio
¢ MI- Marker Index

4Rp- Resolving Power

@ Springer

value 0f 0.91 from the Mantel’s test suggest that the similarity
coefficient data obtained for AFLP markers is well represent-
ed by the cophenetic matrix generated from the tree data.

Correlation among the Marker Data and L-Dopa
Diversity and Identification of Contrasting Parental Lines

The correlation between the markers was assessed using
Mantel’s test (r-statistic). AFLP data was weakly correlated
with ISSR (r = 0.15) along with variation in the grouping of
accessions. Likewise data from both the marker types were
poorly correlated to L-Dopa content [AFLP: L-Dopa
(r = 0.33); ISSR: L-Dopa (r = 0.29)] which was very well
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Fig. 3 Comparison of marker attributes between AFLP and ISSR
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Fig. 4 Comparison of genetic diversity indices obtained from AFLP and
ISSR

reflected in the clusters obtained. The clustering pattern did
not correspond to the frequency distribution classes of
L-Dopa. However, overlaying the genetic distances with
L-Dopa frequency classes paved way for identification of
several contrasting pairs of accessions. To achieve this, gene-
tic diversity threshold of >80 % in case of AFLP and >25 % in
case of ISSR between any two accessions with L-Dopa dif-
ference of >1.0 % was considered. Based on this, 7 parental
genotype combinations were elucidated. Among these,
500108KA (2.1 %) x 5S00185MH (3.59 %) showed highest
genetic distance 88 % (AFLP) and 33 % (ISSR) followed by
500121TN (2.95 %) x 1C369144 (1.09 %) which shared a
genetic distance of 86 % (AFLP) and 30 % (ISSR). The
highest L-Dopa difference observed among these accessions
was 2.5 % between 500185MH (3.59 %) and 1C369144
(1.09 %) with genetic distance of 85 % (AFLP) and 30 %
(ISSR) respectively. Other parental combinations are listed
in Table 7.

Discussion

Diversity estimates provides a rationale for conservation strat-
egies and support selection of starting material for plant breed-
ing programs (Laurentin et al. 2008). Conventionally these are
obtained by measuring polymorphism at morphological or
DNA level. Biochemical traits represent different facet of ge-
nome polymorphism normally not covered by neutral DNA
markers. In such cases, complementation of targeted/non
targeted metabolic profiling with DNA markers has been
shown to be essential to attain pragmatic diversity estimate.
This aspect is well demonstrated in pepper (Joy et al. 2007,
Tam et al. 2005), mulberry (Bhattacharya and Ranade 2001;
Awasthi et al. 2004; Bhattacharya et al. 2005) and fenugreek
(Dangi et al. 2004) - the commercial value of many of which is
largely affected by their secondary metabolite content.

Therefore, our objective of this work was to assess L-Dopa
and genomic diversity in M.pruriens germplasm together to
elucidate their relationship and suggest parents for breeding/
mapping programs particularly targeting L-Dopa content.
The results of L-Dopa screening revealed moderate to high
variability in Indian germplasm. Padmesh et al. (2006) found
homogeneous distribution among the genotypes from the
Western Ghats of India. High variability revealed in the pres-
ent study is explained by broad genetic base encompassed in
our germplasm which represent pan India collection.
However, significantly higher as well as lower L-Dopa con-
tents than presented in this work are also reported in literature
(Mary Josephine and Janardhanan 1992; Krishnamurthy et al.
1996; Fathima et al. 2010; Kalidass and Mohan 2011). This
suggests possible role of environmental factors on synthesis.
On the other hand, diverse analytical platform used for L-
Dopa estimation might have also influenced this variability.
It has been recorded that the plants grown near equator ac-
count for high L-Dopa synthesis; Lorenzetti et al. (1998) ex-
plains this as due to latitude related factors such as radiation.
However, the fact that synthesis as function of irradiance
could be either stimulatory (Wichers et al. 1983) or inhibitory
(Brain 1976; Pras et al. 1993) for the active principle produc-
tion suggests that even factors other than latitude might be
responsible for variability in L-Dopa content in M. pruriens.
The Jaccard’s similarity coefficient based on ISSR and
AFLP data revealed moderate to high genetic variability —
the degree of which was more in wild (var. pruriens) com-
pared to cultivated (var. utilis) accessions. This observation
corroborates with Padmesh et al. (2006) who found var. ufilis
(mean similarity index of 0.82) to be genetically less diverse
than var. pruriens (MSI = 0.70) as well as Capo-Chichi et al.
(2003a). Narrow genetic base among the cultivated accessions
might be due to hybridization involving closely related par-
ents. Thus efforts are needed to broaden the genetic base of
cultivated accessions to reinforce breeding program.
Nonetheless, high overall genetic diversity observed in this
otherwise self-pollinated species suggests diversification as a
factor of adaption to different environmental conditions.
Cluster analysis based on ISSR data partitioned accessions
into seven groups majorly determined by varietal affiliation with
a few intermixes. Similar pattern was also observed in case of
AFLP data where the resultant three major clusters were mainly
based on taxonomic association. M. pruriens varieties interbreed
with ease producing hybrids which forms significant portion of
its natural population (Padmesh et al. 2006). Quite often they
even fashion transitional morphotypes presenting considerable
taxonomic ambiguities. Accessions positioned as intermixes in
our dendrograms conceivably represent such hybrids. Wilmot
Dear (1987) suggests presence of three botanical varieties in
M. pruriens viz. var. pruriens, var. hirsuta (both wild forms)
and var. utilis (cultivated form). Of these, var. hirsuta and
pruriens are nearly identical with only nature of indumentum
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Fig. 5 UPGMA dendrogram based on AFLP and L-Dopa data sets.
Note: The data indicated in the braces adjacent to the accession name
contains information on varietal type and L-Dopa (%). Also, the values at

serving as point of distinction between them. Leelambika and
Sathyanarayana (2011), after examining several accessions
belonging to these varieties confirmed close genetic similarities
between these two suggesting merger of var. pruriens and
var. hirsuta in one subgroup under the name var. pruriens thus
allowing only two groups viz. var. utilis (cultivated +
non-itching trichomes) and var. pruriens (wild + itching
trichomes) to be recognized within M. pruriens. The
results of the present investigation further support this
view point.

@ Springer

the branch nodes of the dendrogram indicates the bootstrap support for
the clustering pattern obtained

The Mantel test between the two marker data sets revealed
r=0.237 implying non-significant correlation between AFLP
and ISSR data sets. This is plausible as the genomic coverage
as well as diversity detection system of the two markers vary
drastically. Such observations are reported even in Momordica
charantia L. sp. (Behera et al. 2008a) and Dioscorea sp.
(Velasco-Ramirez et al. 2014).

We further examined correlation between the chemical
phentoyping data (L-Dopa) with that from marker analysis
(ISSR and ALFP) to determine parental genotypes for L-
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Table 7 Putative parental

combinations identified for L- Putative parental combination % Genetic distance % L-Dopa

Dopa breeding/mapping difference

AFLP ISSR

500185MH (W, 3.59) X 500108KA (C, 2.1) 88 33 1.49
500121TN (W, 2.95) X IC369144 (C, 1.09) 86 30 1.86
500143KA (W, 1.75) X 500185MH (C, 3.59) 86 32 1.84
500143KA (W, 1.75) X 500121TN (C, 2.95) 85 31 1.20
500185MH (W, 3.59) X 1C369144 (C, 1.09) 85 30 2.50
500113MH (W, 2.76) X IC369144 (C, 1.09) 83 27 1.67
500113MH (W, 2.76) X 1C385928 (C, 1.48) 81 37 1.28

The value in parenthesis represents percentage of L-Dopa. The accessions indicated as W-wild: var. pruriens; C-

cultivated: var. utilis respectively

Dopa breeding. The idea was: positive correlation between the
two would imply DNA markers used in the study are corre-
lated to genetic loci controlling this biochemical trait. This
proposition makes parental selection fairly straight forward
as the integration of both the datasets provide stringent genetic
diversity estimate for parental selection (Laurentin et al.
2008). However, Mantel test between marker data sets
and L-Dopa content in our study returned non-significant
correlation [AFLP: L-Dopa (r = 0.33); ISSR: L-Dopa
(r = 0.29)]. In sesame (Sesamum indicum L.) such lack of
correlation is attributed to higher diversification rate at the
metabolic level (Laurentin et al. 2008). Similar observa-
tions are also recorded in case of Rhizobia (Wolde-
Meskel et al. 2004). On the contrary, strong correlation
between genome variation and metabolite diversity was
observed in a study involving endophytic fungi (Seymour
et al. 2004). The results of the present investigation possi-
bly point to lower penetration of the marker data, both
ISSR and AFLP to the changes in the L-Dopa levels sug-
gesting the need for in depth marker analysis using extend-
ed primer collection. On the other hand, it is quite possible
that the marker patterns and metabolic profiles reflect dif-
ferent facets of genetic polymorphism in M. pruriens as
neutral markers like ISSR and AFLPs are particularly in-
sensitive to gene expression and may occur most frequent-
ly in non-coding portions while variation in L-Dopa pro-
files might be due to changes in biosynthetic pathway re-
lated genes influenced by different selection pressures.
Nonetheless, Dai-fu et al. (2009) suggests that in such sit-
uations where the distances determined by fingerprinting
does not reflect the differences in the metabolic profiling,
cluster analysis based on marker data can be employed as a
tool to identify genetically diverse lines which also tend to
appear contrasting for the desired trait. Based on this, we
have identified 7 putative parents which are contrasting at
both genomic and metabolic levels using independent cri-
terion and initiated segregating population from one of
them to identify QTLs linked to L-Dopa trait.

Conclusions

This research represents first comprehensive investigation on
relationship between DNA and L-Dopa diversity in Indian
M. pruriens germplasm. To the best of our knowledge, this
is also first report on identification of parents for L-Dopa
mapping/breeding. The contrasting parents revealed here will
form a basis for future mapping studies on L-Dopa trait.
Together with ongoing efforts on species specific
microsatellites and SNP marker development, this will pave
a way for successful integration of molecular markers in
breeding programs starting from development of saturated
linkage maps and identification of markers/QTLs linked to
L-Dopa and other economic traits in M. pruriens.
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