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Chapter 1 Introduction

1. INTRODUCTION

1.1. Food security and tropical agriculture

Tropical areas of the world are home to nearly 40% of the human population on this
planet. Access to adequate safe and nutritional food for them has been one of the
major challenges of the twenty-first century. Almost 70% of these people, living in
the arid and semi-arid regions of Asia, Africa, and Latin America, depend on
agriculture as their chief source of livelihood (Rockstrom 2003; Graeub et al. 2016).
Ironically, a greater dearth of nutritional food and clean drinking water is also felt in
these regions (Chibarabada et al. 2017). As of date, South Asia and Sub-Saharan
Africa are reporting the highest number of undernourished populations, particularly
women and children. This is likely to grow further in time due to rapid expansion in
the population (Figure 1) (FAO et al. 2015). As a consequence, there is rising pressure
on the global agriculture sector in general, and the tropical countries in particular, to

produce more with the limited availability of land and water (Godfray et al. 2010).

1990-92 2012-14 Number Regional share
o (millions) (%)
1990-92 2012-14  1990-92 2012-14
() Developed regions 20 15 2.0 1.8
() Southern Asia 292 276 28.8 343
(@ Sub-Saharan Africa 176 214 17.3 26.6
(@ Eastern Asia 295 161 29.1 20.0
South-Eastern Asia 138 64 13.6 79
(3 Latin America
and the Caribbean 69 37 6.8 46
Western Asia 8 19 0.8 23
(1) Northern Africa 6 13 0.6 1.6
0 Caucasus and
Central Asia 10 6 0.9 0.7
Oceania 1 1 0.1 0.2
Total 1015 805 100 100

Figure 1. The numbers and the shares of undernourished people by different regions
of the world. Note: The areas of the pie charts are proportional to the total number of
undernourished in each period (Source: FAO et al. 2015).
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Chapter 1 Introduction

In most of the tropics, major crops are staples such as rice (Oryza sativa L.), wheat
(Triticum aestivum L.), and maize (Zea mays L.) in addition to root and tuber crops
such as Irish potato (Solanum tuberosum L.), sweet potato [Ipomea batatas (L.) Poir.],
and cassava (Manihot esculenta Crantz.). But their production and nutritional quality
are inadequate to address the food security challenges of these regions. Many of them
are poor in protein and micronutrient content (Sarwar 2013; Bohra et al. 2015). This
has caused a greater prevalence of protein-energy malnutrition (PEM) and
micronutrient deficiency in the region (Bhat and Karim 2009). It is, therefore, crucial
to develop an alternative source of protein and micronutrient diet for these regions.
Introduction of soybean [Glycine max (L.) Merr.] was endeavored with much
enthusiasm earlier as it is the most popular source of plant edible protein. But its
production could not match with that realized in the temperate regions due to climatic
factors (Saryoko et al. 2017). Soybean is a short-day and photoperiod-sensitive
species best suited in temperature between 20-30 °C (de Avila et al. 2013); when
introduced in the tropical areas, it flowered early and produced low-yield (Lyu 2017).

Thus, soybean cultivation has not been rewarding.

Tapping the potential of underutilized tropical legume species offers a viable
alternative. Many of these are rich in protein, low saturated fats, and micronutrient
contents (zinc, calcium, folate, and tocopherols) (Seena and Sridhar 2005; Boschin
and Arnoldi 2011; Akinyele and Shokunbi 2015). Further, improving their
productivity is also easier to achieve, as they are adapted to local conditions, and in
turn, can augment the nitrogen-deficient tropical soils for fertility (Chibarabada et al.
2017; Chivenge et al. 2015; Mabhaudhi et al. 2016). Therefore, there is a need to
refocus our efforts to mainstream the lesser-known legume crops through the

deployment of modern breeding tools.
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1.2. Legumes and tropical agriculture

Tropical agriculture is characterized by prolonged dry seasons, low or erratic rainfall,
and less fertile soils (Varshney et al. 2013). In recent years, increased episodes of
mid-season drought are being witnessed possibly due to climate change (Serdeczny et
al. 2017). In addition, only 5% of the total smallholder farms have irrigation
(Rosegrant et al. 2009), seriously hampering crop and livestock production (Muoni
2019). As most of the smallholder farmers still follow age-old agricultural practices
involving hand hoes and ox-drawn mouldboard plows (Zingore et al. 2008), soil
fertility is depleting due to the loss of organic matter and erosion (Amini et al. 2015).
Intensified use of legumes can help ameliorate many of these challenges (Garcia-

Estringana et al. 2013).

Legumes offer a distinct advantage over other crops due to their multiple uses
(Graham and Vance 2003; Mousavi-Derazmahalleh et al. 2019). They are the crucial
component of the low-input agriculture system (Massawe et al. 2016) and an
important source of protein, particularly for low-income families and/or individuals
under the vegan diet (Young et al. 2003). Their protein content ranges from 5% to
39% with white lupin (Lupinus spp.) and soybean among the richest sources (Messina
1999; Vecerek et al. 2008). Grain legumes are also rich in vitamin A, minerals such as
iron (Fe), zinc (Zn), calcium (Ca), etc. (Chibarabada et al. 2017). Thus, they not only
enhance the dietary diversity but also complement the protein and micronutrient
deficiency in tropical diets (Igbal et al. 2006; Chibarabada et al. 2017). Besides, grain,
leaves, and husks of several legumes can be used as animal feed (Crepon et al. 2010;
Jezierny et al. 2010). Some medicinal legumes are the source of antibiotics, alkaloids,
flavonoids, glycosides, and phytochemicals (Tyler et al. 1976; Morris 2003). The

overview of the benefits offered by the legumes is given in Figure 2.

Sikkim University | 2021 3



Chapter 1

Introduction

Conservation agriculture
*[.egume component for crop
diversification

*Nutrient rich crop residues
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*Improves soil aggregation
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*Low fertilize input

*High water use efficiency

*Residue recycling

Figure 2. The benefits of legumes in soil-plant systems and nutrition (Source: Kumar
et al. 2018).

Another significant characteristic of legume species is the symbiotic nitrogen-fixing
ability, which increases soil fertility (Zahran 1999). They can also be used as a cover
crop to conserve soil and water (Muoni 2019). Their ability to provide dense soil
cover prevents the soil-moisture evaporation by reducing the effect of the direct heat
(Farzi et al. 2017). Most importantly, they contribute to income generation through
the sale of legume-based products including grain, livestock feed, etc. (Muoni 2019).
But the success of the latter critically depends upon the market availability and access

to value chains in different stakeholder countries (Muoni 2019).

About 30 legume species are cultivated across the tropical regions (Chibarabada et al.
2017). Soybean, peanut (Arachis hypogea L.), chickpea (Cicer arietinum L.), pigeon
pea [Cajanus cajan (L.) Millsp.], cowpea [Vigna unguiculata (L.) Walp.], and

common bean (Phaseolus vulgaris L.) contributes about 90% of the total production;
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the remaining 10% or less are accounted for by faba bean (Vicia faba L.),
common pea (Pisum sativum L.), lablab bean [Lablab purpureus (L.) Sweet],
Bambara groundnut [Vigna subterranean (L.) Verdc.], lentil (Lens culinaris Medik.),
etc. (Abate et al. 2012). The comparative production trends of legumes across the
world, arid and semi-arid tropics are given in Table 1.

Table 1. Production trends (2010-2012) of some grain legumes in the world and arid

and semi-arid tropics (Sub-Saharan Africa, and South Asia) (Source: Abate et al.
2012, Nedumaran et al. 2015, Chibarabada et al. 2017).

Crop Area Yield Production % of World
(1000 ha)  (kg/ha) (1000 Metric Ton) Production

World

Chickpea 10,914 818 8929 -
Common bean 27,232 723 19,705 -
Cowpea 14,500 454 6155 -
Peanut 22,633 1607 36,379 -
Pigeon Pea 4655 885 3463 -
Soybean 92,622 2348 217,397 -
Lentil 3571 1904 2900 -
Sub-Saharan Africa

Chickpea 398 769 315 3.5
Common bean 5190 596 3045 16
Cowpea 11440 450 5145 84
Peanut 9057 1007 8942 40
Pigeon Pea 499 729 363 10
Soybean 1228 1060 1279 1.3
Lentil 100 1094 90 2
South Asia

Chickpea 8334 855 6792 76
Common bean 11,532 985 5908 30
Cowpea 159 975 154 3
Peanut 7038 1122 8457 31
Pigeon Pea 4118 840 3068 88
Soybean 8490 1275 5735 9.2
Lentil 1700 633 1088 33
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1.3. Underutilized tropical legumes

Underutilized or orphan crops are defined as the minor crops of regional importance,
but with minimum economic relevance at the global level (Naylor et al. 2004; Cullis
and Kunert 2017). They are used for food, feed, and fodder (Tadele 2009). Due to the
lack of economic significance, they are neglected by the scientific community and
industries (Foyer et al. 2016). But in recent years, unlocking the nutritional and
genetic potential of underutilized crops has been pursued as the key strategy to

address global food security challenges (Cheng 2018).

There are several tropical underutilized legume crops whose potential is untapped and
underexploited (Sathyanarayana et al. 2016). This includes Bambara groundnut, faba
bean, lablab bean, winged bean [Psophocarpus tetragonolobus (L.) DC.], azuki bean
[Vigna angularis (Willd.) Ohwi & Ohashi], rice bean [Vigna umbellate (Thunb.)
Ohwi & Ohashi], moth bean (Vigna aconitifolia L.), Lathyrus pea (Lathyrus sativus
L.), horse gram [Macrotyloma uniflorum (Lam.) Verdc.], and velvet bean
[Mucuna pruriens (L.) DC.]. Studies from across the disciplines over the past two
decades have reaffirmed their prospects for nutritional security (Massawe et al. 2016;
Mabhaudhi et al. 2019). Recently, they have gained unprecedented visibility as the
demand for alternative sources of protein is raising (Pugalenthi et al. 2005). They
possess excellent nutritional value and offer a vital source of protein, dietary fiber,
essential amino acids, polyunsaturated fatty acids (PUFAS), vitamins, and essential
minerals along with beneficial bioactive compounds (Palai et al. 2019). A broad
overview of the uses and nutritional potential of underutilized legumes are given in

Figure 3 and Table 2.
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products, functional
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Figure 3. The potential value and the possible utility of the underutilized legumes for
developing new products (Source: Bhat and Karim 2009).

Table 2. Nutritional properties of some underutilized legumes (Source: Palai et al.
2019).

Legumes Protein Fat Carbohydrate Fiber
(9) (9) (9) (9)
Lathyrus pea 28 1 47 2
Winged bean 30-40 15-20 35-45 6-7
Jack bean 29-30 - 50.77-54.28 7.34-9.9
Bambara groundnut 20 6-8 60 3-6
Kidney bean 24 0.8 60.0 25.0
Faba bean 26.12 1.53 58.59 25.0
Lima bean 19-25 1-2 70-75 4-6
Cowpea 8.0 0.5 21.0 7.0
Horse gram 22 0.5 57.2 5.3
Rice bean 20.9 0.9 60.7 4.0
Moth bean 23 1.6 62 5.0
Velvet bean 20.2-29.3 6.3-7.4 49.9-61.2 8.7-10.5
Adzuki beans 20.0 0.5 6.0 13.0
Chickpea 19.0 6.0 61.0 17.0

Sikkim University | 2021 7



Chapter 1 Introduction

Further, the underutilized legumes are capable of adapting to adverse environmental
conditions including extreme temperatures, soil salinity, and pH (Padulosi et al. 2011;
Ebert 2014; Dhillon and Tanwar 2018). For example, the Bambara groundnut is
adapted to acidic soils and has been well-integrated into cereal-based cropping
systems (Musa et al. 2016). It is more resistant to biotic (pests, diseases) and abiotic
(drought) stresses compared to many other commonly grown legumes like peanut and
cowpea (Heller 1997). The crop has become the cheap source of protein for poor

farmers residing in several semi-arid areas (Yao et al. 2015).

Furthermore, as the consumption of legumes at the global level is poised to increase
in both developed and underdeveloped countries due to increasing preference for the
vegetarian diet (Cheng et al. 2019), the global market for underutilized legumes may
attain new niches. Nonetheless, the ‘omics’ level characterization of these species is
still in the nascent stage and a large number of them have remained unexplored at the
proteomic, transcriptomic, and genomic levels (Cullis and Kunert 2017). Since these
resources are crucial for the molecular breeding approach, initiatives like the African
Orphan Crops Initiative (http://africanorphancrops.org), etc., have been undertaken to
make up the resource gap. But research investments hitherto are far from satisfactory

to realize their full potential for the global community (Cullis and Kunert 2017).

1.4. Genomic resources in underutilized legumes

In recent years, next-generation sequencing (NGS) has advanced drastically and
becoming a cost-effective tool, opening up newer opportunities for the improvement
of underutilized legumes (Kulski 2016). During the past decade, the genome sequence
of soybean (Schmutz et al. 2010) was the only reference genome available for work

on underutilized legume species. Now the information is available for many other
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legumes such as barrel medic (Medicago tranculata Gaertn.) (Young et al. 2011),
common bean (Schmutz et al. 2014), wild peanuts (Arachis duranensis and
A. ipaensis Krapov. and W.C. Greg.) (Bertioli et al. 2016), and cultivated peanut
(A. hypogaea L.) (Zhuang et al. 2019). Similar efforts have also been initiated in the
nutrient-dense underutilized legumes like pigeon pea (Singh et al. 2012), lablab bean,
Bambara groundnut (Chang et al. 2019), and cowpea (Xia et al. 2019). The increasing
availability of such genomic resources has added valuable information about
agriculturally important genes in these legume species (Dhaliwal et al. 2020). They
are proving to be useful to understand the crucial gene families, re-arrangements of
chromosomal structure, and evolution in the related legume species (Dhaliwal et al.
2020). Genome sequencing is also playing an important role in comparative genetics
as it facilitates researchers to compare genomes, identify orthologous and paralogous
genes, transfer traits and markers, and provide a comprehensive insight into
domestication and evolution (Huang et al. 2018). The progress of genomic resource

development in some underutilized legumes is outlined in Table 3.
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Table 3. Genomic resources development in some underutilized legumes (Source:
Dhaliwal et al. 2020).

Crop Objective Description Reference
Pigeon Transcriptome 50,566 SSRs, 12,000 SNPs, 0.12 Dubey et al.
pea seq million unique sequences and 150.8 2011
million sequence reads
RNA-seq 1.696 million reads, 3771 Dutta et al.
SSRs 2011
Comparative Cajanus cajan (L.) and Rathinam et
transcriptome Cajanus platycarpus al. 2019
(Benth.) sequence
revealed 0.11 million
transcripts, 82%annotated
Cluster  RNA-Seq 5773 SSR, 3594 SNPs, 62,146 Tanwar et al.
bean unigenes with mean 679 bp length, 2017
and 11,000 genes
annotated for biochemical pathways
RNA-Seq 127,706 transcripts, 48,007 non- Rawal et al.
redundant unigenes, 79% 2017
annotations,8687 SSRs
Whole-genome 1859 SSRs from 1091 scaffolds Tribhuvan et
sequencing constituting 60% genome of the al.2019
cluster bean
Winged CPP34 (PI 16,115 total contigs, Vatanparast
bean 491423) 12,956 SSRs and 5190 etal. 2016
andCPP37 (PI SNPs developed
639033)
accessions
Tissue-specific 198,554 contigs, 24,598 Wong et al.
(leaf, pod root, SSR motifs detected 2017
and reproductive
tissues)
Cowpea  SNP chip- 51 128 SNPs obtained by WGS Mufioz-
Cowpea sequencing of 37 Amatriain et
iSelect different cowpea al. 2017
Consortium accessions
Array
Lablab ORCAE-AOCC  Genomic portal for Yssel et al.
bean orphan crops such as 2019

Dolichos bean
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1.5. Molecular markers in underutilized legumes

Advancements in genomics platforms and techniques have accelerated the plant
breeding efforts in several lesser-known legume species (Varshney et al. 2005),
particularly for large-scale molecular markers and genome sequence development
(Mousavi-Derazmahalleh et al. 2019). Earlier, the molecular markers such as
restriction fragment length polymorphism (RFLP), random amplified polymorphic
DNA (RAPD), inter simple sequence repeats (ISSR), and amplified fragment length
polymorphism (AFLP) were deployed largely to assess the genetic diversity, etc., in
underutilized legumes like cowpea (Fang et al. 2007; Zannouou et al. 2008), pigeon
pea (Malviya and Yadav 2010), lablab bean (Kinmani et al. 2012), winged bean
(Chen et al. 2015), cluster bean (Cyamopsis tetragonoloba L.) (Gresta et al. 2016),
etc. But, their utility was constrained due to dominant nature (except RFLP) and
reproducibility issues. Therefore, the development of species-specific co-dominant
markers, which deliver better reproducibility, polymorphism, and trait-mapping

abilities, was on the priority agenda for these species (Mondini et al. 2009).

In this context, one of the major contributions of genome and transcriptomic
sequencing has been the rolling-out of a large number of species-specific
microsatellite or simple sequence repeats (SSRs) and single nucleotide
polymorphisms (SNPs) markers for some of the underutilized legume species. These
sequence-based molecular markers are providing better reliability for trait mapping,
linkage analysis, and fine-mapping (Dhaliwal et al. 2020). SNPs are ubiquitous and
abundant in the genome due to which they are the marker of choice. In legumes, they
have been developed in cowpea (Muchero et al. 2009), lablab bean (Venkatesha et al.
2013), pigeon pea (Saxena et al. 2014), winged bean (Vatanparast et al. 2016), cluster

bean (Thakur and Randhawa 2018), etc. In addition, the application of hybridization-
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based diversity array technology (DArT) has also increased recently. Despite these
developments, SSRs are still a preferred marker system for breeding programs
(Varshney et al. 2013), as they are cost-effective and even transferable among the
related species (Mason 2015). In the case of the wild species, they can be employed
for wide-ranging applications such as estimating the genetic diversity, gene flow,
crossing over rates, and evolutionary studies; and in the case of the cultivated species,
they find extensive utility for genotyping of the cultivars, estimating kinships, QTL
mapping and marker-assisted selections (Jonah et al. 2011; Kalia et al. 2011).
Hundreds of species-specific SSR markers are now available for the underutilized
legumes such as cowpea (Ogunkanm et al. 2008), pigeon pea (Varshney et al. 2012),
winged bean (Yang et al. 2018), cluster bean (Kumar et al. 2020), velvet bean
(Sathyanarayana et al. 2017), etc. Besides, transferability of the inter-species SSRs
have been successfully tested for lablab bean (Rai et al. 2016; Shivakumar et al.
2017), grass pea (Lathyrus sativus L.) (Shiferaw 2013), velvet bean (Shetty et al.
2015), African yam bean [Sphenostylis stenocarpa (Hochst Ex A. Rich.) Harms]

(Shitta et al. 2015), etc.

1.6. QTL mapping

Most of the agronomically important traits such as yield, quality, disease resistance,
etc., are governed by many genes, and such traits are known as quantitative, complex,
or polygenic traits (Collard et al. 2005). They are influenced by the environment as
well as the gene-environment interactions (Stich and Melchinger 2010). After the
inception of the molecular marker technology in crop breeding, QTL (quantitative
trait loci) mapping has been extensively used to identify the chromosomal location of
the several genes controlling complex traits in many crop species (Mohan et al. 1997).

The QTL mapping is based on the idea that the segregation of DNA markers in the
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offspring of genetically divergent parents can help determine their relative distance on
the chromosome (Paterson 1996). Thus, it requires a bi-parental mapping population.
Although, a wide-varieties of them are available such as F,, test cross, and first back
cross, the most effective, commonly used, and reproducible are recombinant inbreed
lines (RILs), near-isogenic lines (NILs), and double haploids (DH) which achieves
homozygosity up to 99% (Taylor 2019). Except for the DH population which can be
developed quickly (but only possible in a few species due to the requirement of
anther/pollen culture protocol), the genetic stability for other mapping populations
requires several generations of backcrossing or self-pollination (Taylor 2019). Once
produced, the bi-parental mapping population is genotyped using the high-throughput
genomic technologies followed by the development of high-resolution linkage/QTL
maps. Recently, the QTL mapping has been successfully carried out in many

underutilized legumes to dissect the important agronomic traits (Table 4).

However, the conventional linkage analysis and/or QTL mapping suffers from several
limitations. Firstly, the development of bi-parental mapping populations is time-
consuming (Ambreen et al. 2018). Secondly, the possible allelic variation would be
limited as allelic diversity is restricted to what is present in the parents of specific F;
cross or within the RIL population (Borevitz and Nordborg 2003). Thirdly, it might
yield low-resolution maps as only fewer recombination events may occur during the

development of the F, or RIL population (Flint-Garcia et al. 2005).
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Table 4. QTL mapping in some underutilized legumes (Source: Dhaliwal et al. 2020).

Crop Molecular marker/QTL Trait/Objective Reference
Pigeon  gqSMD4 major QTL and Sterility mosaic Gnanesh et al.
pea minor QTLs resistance 2011
13 QTLs for six traits Earliness, plant type, Kumawat et al.
high-density linkage map 2012
339 SSR,4 QTLs Linkage map, fertility Bohra et al.
restoration 2012
C.cajan_01839 for sterility ~ Fusarium wilt, sterility Singh et al. 2016
mosaic,C. cajan_03203 for mosaic disease
Fusarium wilt
3 major QTLs (CcLG11) Sterility mosaic Saxena et al.
resistance 2017a
547 SNP (bead-array), 319  Molecular linkage map Arora et al. 2017
SNP (RAD), 65 SSR
CcLGO08 carry major QTL  Fertility restoration Saxena et al.
2017b
CcLGO07 (8 QTLs), SNP Yield related traits Saxena et al.
S7_14185076 (linked to 4 2020
traits)
Cluster  L19, D1, AB7 and QLTY 3  Mapping Bacterial blight Bajaj 2011
bean (Bacterial blight) and OPQ  resistance and drought
20,0PD10,0PD14,0PQ tolerance
12, OPAC 8 and OPF 9
(drought tolerance) QTLs
Lablab 127 RFLP, 91 RAPD F, population for genetic ~ Konduri et al.
linkage map 2000
41 main effect QTLs (22 Growth phenological and  Yuan et al. 2009
for growth phenological fruit traits
traits and 19 for fruit traits)
40 QTLs (8.1 to 55.0% Inflorescence length Yuan et al. 2011
variation) traits
PvTFLy1 locus Photoperiod responsive Ramtekey et al.
flowering 2019
Cowpea 191 SNP and 184 SSR loci  Molecular linkage map Xu et al. 2011
3 QTLs for pod tenderness, Pod tenderness and total ~ Kongjaimun
2 QTLs for total soluble soluble solid 2013
solid
Major QTLs on LG 11 Days to first flowering, Xuetal. 2013
leaf senescence, nodes to
first flower, and pod
number per plant
QTLson LG 1,4,7 Pod fiber content and pod Suanum et al.
shattering 2016
Ruv2 locus Rust resistance Wu et al. 2018
gCel7.1, gHem7.1, and Pod fiber content Watcharatpong
gLig7.1 et al. 2020
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1.7. Association mapping

Association mapping (AM) overcomes many of the above limitations of conventional
linkage mapping/QTL mapping and offers a faster and efficient means to dissect the
complex traits (Yu and Buckler 2006; Oraguzie and Wilcox 2007; Abdurakhmonov
and Abdukarimov 2008). The AM was first initiated in human genetics to identify the
loci influencing the diseases (Burton et al. 2007). In the case of the plants, it was first
reported for maize flowering time (Thornsberry et al. 2001). Since then, AM has been
widely utilized in several important crop plants with greater advances in statistical
methods, high-throughput genotyping technologies, and increased interest in the
identification of novel alleles (Zhu et al. 2008). The AM has several advantages over
traditional QTL mapping as it is (i) time and cost-effective as natural population or
germplasm collection is used instead of bi-parental mapping population, (ii) generates
higher map resolution as it allows the exploitation of all the recombination events that
occurred during the evolutionary history of a plant (Figure 4), and (iii) facilitates to
test a larger number of alleles as compared to traditional QTL mapping (Mir et al.

2012).

The AM analysis determines the relationship between the molecular marker and the
trait based on linkage disequilibrium (Flint-Garcia et al. 2003) which is defined as a
non-random association between the alleles at different loci in a particular population
(Hill and Robertson 1968). However, it can also face serious setbacks if not executed
properly. For instance, false-positive associations resulting from a strong population
structure have long been considered as a hindrance to detect reliable marker-trait
associations (MTAS) (Zhu et al. 2008). To overcome this and other such experimental
limitations, various statistical models including the mixed linear model (MLM) have

been suggested. The MLM incorporates both population structure (Q matrix), and
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family relatedness or kinship (K matrix) which reduces the rate of false positives (Yu
et al. 2006; Zhang et al. 2010). Defining the correct P-value threshold is another
critical step to discern the true positives (Kaler and Purcell 2019). False discovery rate
(FDR), Sidak correction, Bonferroni correction, permutation test, and Bayesian
approaches are some of the methods used to determine statistically significant MTAs.
In the case of crop plants, FDR and Bonferroni corrections have been widely used for

such rectifications (Kaler and Purcell 2019).

To date, the AM analysis has yielded beneficial results in several underutilized
legume species including root architecture traits in cowpea (Burridge et al. 2017),
fusarium wilt resistance in pigeon pea (Patil et al. 2017), seed-related traits in peanut
(Zhao et al. 2017), iron and zinc concentration in lentil (Singh et al. 2017), flowering,

pod yield per plant and fresh pod per pant in lablab bean (Vaijayanthi et al. 2018), etc.
d
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Figure 4. Schematic comparison of conventional linkage mapping and association
mapping (a) linkage analysis using F, design as an example; only a few possibilities
of recombination to occur within family and pedigree with known ancestry resulting
in low mapping resolution (b) association mapping (showing only in haplotype);
historical recombination and natural genetic diversity are accounted for high mapping
resolution (Source: Zhu et al. 2008).
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1.8. The significance of Mucuna pruriens (L.) DC.

Mucuna pruriens (L.) DC. (Figure 5) is a promising legume for tropical agriculture as
it offers a multitude of uses such as food, feed, fodder, and cover crop (Siddhuraju et
al. 2000; Siddhuraju and Becker 2001). It is a well-known source of
L-3,4-dihydroxyphenylalanine (Levodopa or L-DOPA) - a choice drug in the
treatment of Parkinson’s disease (Soares et al. 2014) and other neurologically active
compounds such as bufotenine, serotonin, nicotine, 5-HTP, N, N-DMT, etc.
(Chikagwa-Malunga et al. 2009). The Ayurvedic system of medicine has long been
using it for the treatment of neuronal disorders, diabetes, gout, tuberculosis
(Sathiyanarayanan and Arulmozhi 2007). Additionally, it exhibits anti-diabetic, anti-
neoplastic, anti-microbial, aphrodisiac, learning, and memory-enhancing properties

(Poornachandra et al. 2005).

From an agronomic standpoint, it grows well in the less fertile and dry soils
(Siddhuraju et al. 2000), produces a seed yield of about 1.3-2.4 t/ha (Kumwenda and
Gilbert 1998; Gurumoorthi et al. 2003), and possesses disease-resistant (Eilitta et al.
2002), nematicidal (Carsky and Ndikawa 1998) as well as allelopathic properties
(Fujii et al. 1991). Its effectiveness as a green manure cover crop (GMCC) due to its
high N, fixing ability has earned it the name ‘magic bean’ (Eilitta et al. 2003).
Besides, cultivated M. pruriens (var. utilis, velvet bean) contain high seed protein (20-
30%; Buckles 1995) akin to other popular legumes such as soybean, pigeon pea,
chickpea (Kumar et al. 1991; Hira and Chopra 1995; Mang et al. 2016) offering a
cheap source of edible protein. Seed powder is a source of high-value industrial starch
(Lawal and Adebowale 2004) and can be supplemented with livestock feed (Burgess

et al. 2003).
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Figure 5. Mucuna pruriens (L.) DC. (a) habit (b) flower (c) different stages of fruit.

Identifying/tagging loci influencing the key agronomic traits is lacking in many
underutilized crop species, M. pruriens being no exception. In the realm of molecular
breeding, so far, only two linkage maps based on AFLP markers for the floral, pod,
and seed traits (Capo-chichi et al. 2004; Mahesh et al. 2016) and one based on SSR
marker (Kumar 2019) have been developed. There aren’t any efforts on the
association mapping so far. Therefore, the present research work was attempted to
identify and validate the M. pruriens association panel in addition to determine
significant marker-trait association for key agronomic traits related to seed, pods, and

inflorescence.
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2. REVIEW OF LITERATURE

2.1. Botany

The genus Mucuna is classified under the phaseloid clade of Leguminosae. It
comprises about 150 species of annual and perennial legumes of pantropical
distribution (Buckles 1995). About nine of them are recorded from the Indian
subcontinent with the majority being perennial species except for M. pruriens
(Wilmot-Dear 1987). The plant is known by several common names such as velvet
bean, Bengal bean, Mauritius bean, itchy bean, buffalo bean, cowhage, cow-itch, etc.
It is a self-pollinated species with a diploid genome (2n = 2x = 22) of approximately
1281 to 1361 Mbp (Sastrapradja et al. 1974; Sathyanarayana et al. 2017), and occurs
both in wild (var. pruriens and var. hirsuta) and cultivated (var. utilis) forms (Figure
6) (Wilmot-Dear 1987; Sasidharan 2004). The wild varieties are known as “cow-itch”
or “itching bean” as they possess highly itching dense trichomes on the pod, while the
cultivated variety is called “velvet bean” as they contain non-itching trichomes
(Pugalenthi and Vadivel 2007a, 2007b). The systematic position and general

characteristics of M. pruriens are presented in Tables 5 and 6, respectively.

Table 5. Systematic position of M. 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 pruriens (L.) DC

Variety pruriens (L.) DC., hirsuta (Wight and Arn.)
Wilmot-Dear, utilis (Wall. ex Wight) Bak. ex
Burck
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Figure 6. Varieties of M. pruriens (a) var. pruriens (b) var. hirsuta (c) var. utilis.

Table 6. Characteristics of Mucuna pruriens (L.) DC. (Source: Sastry and Kavathekar
1990; Agharkar 1991; Rastogi and Mehrotra 1994).

Habit

Leaves
Leaflets
Flower
Inflorescence

Fruit

Seed

Annual herbaceous climber with long thin branches; grows up to 3
to 18m in height

Trifoliolate; lanceolate; opposite; up to 15 to 30 cm in length
Ovate; rhomboid ovate, or elliptic; unequal at the base
Yellowish-white to dark-purple in color

Long clusters or pendulous racemes

Pod: leathery, thick, dark green or silvery grey; curved,
longitudinally ribbed, turgid. In wild varieties (var. pruriens and
var. hirsuta), it is covered with reddish-orange colored trichomes
that are easily dislodged and cause an itching sensation while
collecting the plant in the field. While itching trichomes are
absent in cultivated variety (var. utilis).

Black, brown, dark brown, white, or grey, and sometimes black
/brown mottled seed coat patterns are also found. The number of
seeds ranges from 4-6 in a pod, which may be oval, cuboid, or
round which are 6-12 mm long.
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2.2. Distribution

M. pruriens flourishes well under the acidic soil (pH < 5.8), elevation below 1,600 m,
annual rainfall > 400 mm, warm (19-27°C), and moist tropical climatic conditions
(Pugalenthi et al. 2005; Kumar and Saha 2013). It is native to Eastern India and
Southern China (Duke 1981; Wilmot-Dear 1987); but is now distributed across Asia,
the Americas, West Indies, Africa, and the Pacific Islands (Figure 7) (Fung et al.
2011). In Southeast Asia, it is mainly found in India, Nepal, Bangladesh, Myanmar,
Sri Lanka, and Malaysia (Fung et al. 2011; Kumar and Saha 2013). Within the Indian
sub-continent, its distribution ranges from the lower Himalayan range to the entire
tropical plains of India (Muralia and Pathak 2003). In this region, it is found in dry

evergreen low forests, and throughout the plain mostly inhabiting hedges and bushes.

'ﬂ' W § 8
Flaa »,.%f

Figure 7. Distribution map of M. pruriens
(Source: https://www.cabi.org/isc/datasheet/35134).
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2.3. Agronomic potential

M. pruriens is the only economically important species of the genus Mucuna. It is
regarded as one of the most productive legumes (Fujii et al. 1991) due to its multiple
agronomic potentials. The plant produces a seed yield of 1.3-2.4 t/ha (Kumwenda and
Gilbert 1998; Gurumoorthi et al. 2003), the total biomass of 20-30 t/ha, and dry
matter yield 7-9 t/ha. It is tolerant to drought, high soil acidity, and low soil fertility
(Pugalenthi et al. 2005); but grows poorly in the cold environment and wet soil (Duke
1981). It is resistant to a wide range of pests and diseases due to the presence of
N, N-Dimethyltryptamine (DMT), and L-DOPA which provides a chemical defense
(Ortiz-Ceballos et al. 2012). It also exhibits allelopathic properties (Carsky et al.
1998; Fuji et al. 1991) and is effective in lowering the nematode population (Carsky
et al. 1998; Queneherve et al. 1998). But much needs to be done in terms of the
breeding efforts to augment its production potential for large-scale cultivation.
Developing improved cultivars with low/high L-DOPA content, biotic and abiotic
stress-resistance, and identifying markers and genes for important agronomic traits are
some of the challenges and opportunities in the velvet bean genetic improvement

program.

2.4. Nutritional potential

Seed and immature pods of velvet bean have been used as food by several indigenous
communities in India, the Philippines, Nigeria, Ghana, Brazil, and Malawi (Eilitta et
al. 2002; Janardhan et al. 2003). Cultivated variety (var. utilis) particularly possesses
high crude protein content in seeds ranging from 26.26 - 31.24% (Kalidas and Mohan
2011; Kalidas and Mahapatra 2014) which is akin to prominent legumes such as
pigeon pea (Kumar et al. 1991), chickpea (Hira and Chopra 1995), and soybean

(Mang et al. 2016). The total dietary fiber is similar to that of jack bean
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[Canavalia ensiformis (L.) DC.] (Doss et al. 2011) and the lipid content is higher than
that of other pulses such Vigna spp. and Rhychosia spp. (Kalidass and Mohan 20123,
2012b). It is also a good source of minerals and amino acids (Kalidas and Mohan
2011; Kalidas and Mahapatra 2014) as well as oils such as oleic, linoleic, palmitic,
and stearic acids (Pathania et al. 2020). The comparative nutritional attributes of
M. pruriens varieties vis-a-vis Phaseolus vulgaris L. are provided in Table 7.

Table 7. Comparative nutritional composition of M. pruriens and Phaseolus vulgaris

seeds (Sources: Audu and Aremu 2011; Kalidass and Mohan 2011; Kalidass and Mahapatra
2014).

Component M. pruriens var. M. pruriens Phaseolus
pruriens var. utilis vulgaris
Proximate composition
Crude Protein (%) 27.51-31.24 26.26-28.82 22.50-27.96
Crude Lipid % 6.57-7.84 6.45-7.19 0.92-4.4.3
Total Dietary Fiber (TDF) % 6.52-9.71 8.46-9.73 2.3-5.7
Calorific Value (KJ 100 g-1) 1576.18-1620.43  1567.93-1602.14 1549.5-1840.9
Total sulfur amino acids (%) 1.16-1.32 2.0-2.9
Mineral composition (mg 100 g-1)
Sodium 34.53-98.51 98.39-128.12 40-210
Potassium 1395.41-1600.93 1628.36-1846.23  1320-1780
Calcium 584.15-740.72 689.45-746.15 70-210
Magnesium 440.78-594.60 298.41-341.44 160-230
Phosphorus 410.37-583.07 327.47-456.35 380-570
Manganese 5.55-8.36 3.78-4.49 1.0-2.0
Iron 4.45-7.56 12.41-14.74 3.34-8.00
Zinc 1.42-2.63 6.12-8.25 1.40-6.50
Essential amino acids (g 100 g-1)
Threonine 4.08-5.28 3.40-3.52 3.83-4.01
Valine 3.33-6.30 3.64-4.60 4.82-5.41
Cystine 1.12-2.20 0.38-0.78 0.06-0.09
Methionine 0.54-1.10 0.84-0.96 1.04-1.61
Isoleucine 2.54-5.30 5.26-6.01 4.06-4.27
Leucine 5.17-6.50 5.36-7.01 7.10-7.57
Tyrosine 2.43-5.11 4.36-5.12 2.30-2.94
Phenylalanine 3.13-4.80 3.42-3.78 4.96-5.55
Lysine 4.85-5.40 5.36-5.94 5.87-6.72
Histidine 2.23-4.31 2.20-3.44 2.28-2.57
Tryptophan 0.92-1.21 0.96-1.10 1.20-1.28
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While the high protein content of M. pruriens seeds offers potential alternatives for
mitigating the protein deficiency gaps in the tropics (Muoni et al. 2019), its utilization
as a mainstream food/feed is constrained due to high levels of anti-nutritional factors
such as polyphenols, phytate, alkaloids, saponins, lectins, oligosaccharides,
cyanogenic glycosides, and trypsin inhibitors in its seeds (Pugalenthi et al. 2005).
Thus, it is necessary to integrate the traditional processing methods used by the
indigenous communities with the modern processing technologies to exploit its full

potential as a food and feed.

2.5. Medicinal properties

M. pruriens is well known medicinal plant in India. In the Indian Ayurvedic system of
medicine, it is used for the treatment of various diseases (Sathiyanarayanan and
Arulmozhi 2007) and supplemented as the key ingredient in more than 200 drug
formulations (Chinapolaiah et al. 2019a). Due to the high content of L-DOPA, it is
used in the treatment of Parkinson’s disease and serves as its commercial source
(Lampariello et al. 2012). It also reportedly increases the sperm count and its motility
and augments the transformation of spermatocytes to sperm (Pulikkalpura et al.
2015). The paste of M. pruriens seeds is used to treat scorpion stings and the seed
powder is used to avert the toxic effects of snake bites (Fung et al. 2010; Kumar et al.
2016; Pathania et al. 2020). It also exhibits analgesic, anti-inflammatory (Hishika et
al. 1981), anti-neoplastic, anti-epileptic (Gupta et al. 1997), neuroprotective (Misra
and Wagner 2004), antioxidant (Tripathi and Upadhyay 2001; Rajeshwar et al. 2005;
Kumar et al. 2010), anti-diabetic (Majekodunmi et al. 2011), and antimicrobial
activities (Rajeshwar et al. 2005; Verma et al. 2014). Thus, a detailed investigation of
the safety and efficacy of these extracts/drugs could help design and develop potential

therapeutic targets from this medicinal plant (Pathania et al. 2020).

Sikkim University | 2021 24



Chapter 2 Review of Literature

2.6. Industrial potential

The seeds of the M. pruriens plant are the best natural source of anti-Parkinson’s drug
L-DOPA (Chinapolaiah et al. 2019b) although the synthetic alternative is also
available (Katzenschlager et al. 2004). The high seed-yielding plants are in great
demand from the herbal industries (Chinapolaiah et al. 2019b). It is also the source of
other  bioactive  alkaloids like  serotonin, nicotine  (Duke  1981),
N, N-dimethyltryptamine, choline, bufotenine, indole-3-alkylamine, 5-oxindole-3-
alkylamines, and [-carboline, which are of significant pharmaceutical interest (Ghosal
et al. 1971; Kumar et al. 2012). Thus, the plant could effectively substitute for other
natural/synthetic sources of these drugs for industrial production (Shanmugavel and

Krishnamoorthy 2018).

The demand for starch is rising, and the food industry needs an alternative source of
this polysaccharide. The most commonly used starches are derived from grains of
maize, rice, wheat, and Sorghum spp. and tuber plants such as Irish potato, sweet
potato, sago palm (Cycas revoluta Thunb.), and Adam's needle (Yucca spp.) (Carcea
et al. 1992; Wang et al. 1993; Wiesenborn et al. 1994). The M. pruriens can offer a
potential alternative to these popular sources as it contains about 52% of
carbohydrates in seeds (Betancur-Ancona et al. 2002). Reportedly, Mucuna starches
are beneficial as an ingredient to the production of cookies, custards, sausages,
porridges, puddings, jellies, jams, emulsifiers, and canned products (Betancur-Ancona
et al. 2002; Lawal and Adebowale 2004). Likewise, oxidized starch of M. pruriens is
useful to produce mayonnaise, salad cream, and lemon curd that requires low
viscosity (Adebowale and Lawal 2003). Oil extracts are useful to prepare skin cream,

liquid soap, polish, paint, wood varnish, and resin (Ajiwe et al. 1997).
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2.7. Genetic resources

Germplasm is a source of information of all genes present in a specific plant that can
be preserved for future use (Bhatia 2015). It conserves a wide range of genetic
diversity, generating a pool of diverse genes to act as a reservoir of genetic resources
(Mathur 2013). In the context of M. pruriens, very few research institutes
/organizations across the world are maintaining the germplasm collection
(Sathyanarayana et al. 2016). They include the International Institute of Tropical
Agriculture (IITA), Nigeria; Centro Internacional de Agricultura Tropical (CIAT),
Colombia; United States Department of Agriculture (USDA 1994), USA; National
Biological Institute (NBI), Indonesia; AVRDC - The World Vegetable Centre,

Taiwan (Jorge et al. 2007), etc.

In India, institutes like the National Bureau of Plant Genetic Resources (NBPGR),
New Delhi (Jorge et al, 2007; Raina et al. 2012), Jawaharlal Nehru Tropical Botanical
Garden and Research Institute (JNTBGRI), Thiruvananthapuram (Padmesh et al.
2006), Indian Institute of Horticultural Research (IIHR), Bengaluru (Mamatha et al.
2010), Arya Vaidya Sala, Kottakkal, Bharathiar University, Coimbatore (Siddhuraju
and Becker 2005), Zandu Foundation for Health Care, Valsad, Gujarat
(Krishnamurthy et al. 2005), etc. have been preserving the M. pruriens germplasm.
However, the data on the exact number of accessions maintained by them is not

available (Sathyanarayana et al. 2016).
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2.8. Morphological diversity

The natural population of M. pruriens shows significant variation in flower, pod, and
seed traits (Figure 8) (Sathyanarayana et al. 2016). It produces two flower colors-
white and purple. Pod hairs also show two phenotypes, the long rough ones present in
the wild genotypes, and the short smooth ones found in the cultivated ones (Aminah
et al. 1974). In seeds, a wide range of phenotypic variability has been reported with
colors ranging from extreme black to white with varying shades of brown (Lubis et al.
1980). Wide variability is also reported for other seed traits as well, such as seed

length, width, and thickness in both the wild and the cultivated varieties (Figure 8)

(Leelambika et al. 2010; Sathyanarayana et al. 2012).

Figure 8. Morphological diversity in M. pruriens (a) leaves (b) inflorescence (c) pods
(d) seeds.
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In addition, significant variability has been observed for the agronomic traits such as
fertility index, days to flowering, harvest index, seed recovery percentage, etc. from
Indian accessions (Gurumoorthi et al. 2003). Early maturing genotypes have been
identified from the velvet bean accessions of Ghana (Bennet-Lartey 1998). Such
diversity provides Mucuna breeders with an elaborate opportunity to breed novel and

improved cultivars with desirable traits (Bhandari et al. 2017).

2.9. Conventional breeding

The first conventional breeding in M. pruriens targeted seed traits including L-DOPA
content (Krishnamurthy et al. 2002). The researchers examined a total of 69 F;
hybrids and their back-crosses (BC;) and recovered accessions showing high seed
yield and L-DOPA content together. The heterosis analysis of selected 37 F; lines
over the mid parent, better parent and best parent on the seed yield traits generated a
high magnitude of heterosis (40-96%) over the best parent in four F; lines. A more
recent study on the heterosis and combining ability analysis for yield and yield
contributing traits have recommended different sets of parents for specific combiner
and heterosis for economically important traits such as pod length, pod weight, dry

pod yield per plant, seed yield per plant, etc., (Chinapolaiah et al. 2017).

Recently, the genetic analysis of the L-DOPA trait by hybridizing the contrasting
parents with low (1.55%) and high (9.03%) L-DOPA content found a significant
reduction in L-DOPA (3.82%) among the F; hybrids suggesting low L-DOPA may be
dominant over high L-DOPA content (Tripathi 2018). High heritability (71.3%) and
moderate genetic advance (GAM = 196.23) in this study suggested that the L-DOPA
trait is highly influenced by the additive genes, confirming the selection based on this

metabolic trait would be effective and reliable.
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2.10. Mutation breeding

Mutation breeding is yet another prominent approach to produce superior plant
varieties within a short period (Singh et al. 2016). In this method, chemical treatments
or irradiations are used to produce heritable mutations (Stadler 1928), which
sometimes results in improved traits. In M. pruriens, mutation breeding work has
been initiated recently using y-radiation (Singh et al. 2016). The early results show
that the seeds treated with lower doses (50-200 Gy) produce higher germination and
growth rates vis-a-vis non-treated one. Treatment with 500 Gy produced the highest
(5.7%) and 200 Gy produced the lowest (3.1%) L-DOPA compared to the parents
(3.18%). Mutants were stable up to the M4 generation. This work has demonstrated

the potential of mutation breeding for developing improved varieties.

2.11. Genetic diversity and molecular markers

The genetic diversity in the germplasm collection and the natural population is a
prerequisite for any crop improvement program. In M. pruriens, earlier studies using
the dominant markers such as RAPD (Padmesh et al. 2006; Leelambika et al. 2010;
Patil et al. 2016), ISSR (Chinapolaiah et al. 2018; Patil et al. 2016), and AFLP (Capo-
chichi et al. 2001; Sathyanarayana et al. 2011; Tripathi et al. 2018) have revealed
moderate genetic diversity. But, the need for co-dominant markers has been felt
increasingly for more reliable estimates due to their advantage over the dominant

markers (Mondini et al. 2009).

The first such attempt to develop cross-species SSR markers was initiated by
screening 2,86,488 EST-sequences from four closely related legume species
viz., soybean, common bean, cowpea, and chickpea (Shetty et al. 2015) identifying

22,457 SSR markers. For validation, 522 primer combinations were designed and 50
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were randomly picked and validated using a diverse panel of 25 M. pruriens
genotypes which revealed the high polymorphism information content value
(PIC = 0.65). However, the first species-specific SSR marker development based on
the transcriptome sequence was reported by Sathyanarayana et al (2017), who
identified 7,493 SSR motifs and validated 132 SSR of them using 23 M. pruriens
accessions (Sathyanarayana et al. 2017). A chosen set of 50 markers from this study
were further deployed to assess the genetic diversity among 18 accessions of the
cultivated variety (var. utilis) (Kumar et al. 2019). All these studies not only reported
the usefulness of these markers but also revealed the presence of high genetic
diversity in the M. pruriens germplasm of India (Shannon’s information index,
| > 0.6). However, so far, high-throughput sequence-based SNP markers are not

available in this legume.

2.12. Parent line assessments and trait-specific breeding

In M. pruriens, rigorous breeding efforts are needed to develop varieties with
enhanced nutritional content, safe levels of L-DOPA, and resistance to biotic and
abiotic stresses (Mahesh 2015). A glance at this effort indicates that Mahesh and
Sathyanarayana (2011) screened 15 M. pruriens accessions in an attempt to develop
resistant varieties for Fusarium wilt and found four of them (1C471870, 500101KA,
500108KA, 500155AP) to be useful as parental lines (Mahesh and Sathyanarayana
2011). Similarly, the same authors tested 35 accessions for salinity tolerance and
identified several putative parental combinations for breeding/mapping (Mahesh and
Sathyanarayana 2015). L-DOPA is an important constituent of M. pruriens.
Combining both metabolic and genetic diversity data from 40 M. pruriens accessions,
seven putative parental combinations have been suggested for genetic improvement

and mapping of this trait (Leelambika et al. 2016).
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2.13. Genomic and transcriptome resources

The transcriptome information has served as a key resource to identify and
characterize the biosynthesis pathway of important secondary metabolites in several
plant species (Rama Reddy et al. 2015; Hagel et al. 2015; Xu et al. 2015). It has also
facilitated gene expression studies in resource-scarce species (Grabherr et al. 2011;
Garg and Jain 2013) besides offering easy and economic methods to develop species-
specific markers. In the case of M. pruriens, the first transcriptome analysis reported
de novo assembly, functional annotation, and the differential gene expression among
pod, leaf, and root tissues (Sathyanarayana et al. 2017). The de novo assembly was
generated using 67,561 transcripts with an N50 length of 987 bp and a mean transcript
length of 641 bp (Table 8). About 80% of the transcripts were successfully annotated
using the BLASTXx tool. In the case of maker development, a total of 67,561
sequences were examined to identify 7,943 SSR motifs validating 134 of them
(Lepcha et al. 2019). In another study that followed, detailed transcriptome analysis
has been carried out along with biochemical characterization to track the presumptive
biosynthetic pathway of L-DOPA and the genes associated with it (Singh et al. 2018).

However, whole-genome sequencing efforts are still awaited in this species.
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Table 8. Data on M. pruriens transcripts from the Trinity assembly and SSR
identification (Source: Sathyanarayana et al. 2017).

Transcripts obtained from the Trinity SSRs mining

assembly

Total assembled bases 46,525,999  Number of sequences 67,561
examined
Number of transcripts 72,561 Total examined 42,340,968
sequences (bp)
The total number of 67,561 Total number of 7,943
transcripts after identified SSRs
clustering
The mean sequence 626 Number of SSR 6,284 (9.3%)
length containing sequences
Average % of N 0.00 Number of sequences 1,174
containing more than
one SSR
Average % of GC 4458 Number of SSRs 963
content present in compound
formation
N50 987 Frequency of SSRs One per 5.3 kb
Maximum transcript 17,978 Distribution of SSRs in different
length repeat types
Average transcript length 641 Mono-nucleotide 3,638 (45.80%)
Number of putative non 1,493 Di-nucleotide 1,674 (21.07%)
coding sequences
Length of the longest 2,362 Tri-nucleotide 2,240 (28.20%)
ORF (bp)
Number of ORFs > 100 36,228 Tetra-nucleotide 146 (1.83%)
bp
Number of ORFs on plus 36,421 Penta-nucleotide 64 (0.80%)
(+) strand
Number of ORFs on 31,140 Hexa-nucleotide 100 (1.25%)
minus (—) strand
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2.14. Linkage mapping

In the realm of molecular breeding, AFLP based genetic linkage maps have been
developed in M. pruriens reporting the QTL positions for the floral, pod, and seed
traits (Capo-chichi et al. 2004; Mahesh et al. 2016). The first linkage map was based
on the segregation analysis of traits like pod pubescence and pod color in 82 F;
individuals produced from divergent parents (Capo-chichi et al. 2004). A total of 166
AFLP markers were used which generated 20 linkage groups covering over 687.9 cM
with an average distance of 34.4 cM between the markers. The morphological traits
such as pod pubescence and pod color were found to co-segregate at a distance of 4.2
cM. The second genetic linkage map, developed from the Indian M. pruriens
accessions, identified QTL positions for the floral, pod, and seed traits using 200 F,
progenies from an inter-varietal cross involving wild and cultivated genotypes (Figure
9) (Mahesh et al. 2016). This map comprised 129 AFLP markers distributed over 13
linkage groups with an average marker interval of 4.79 c¢cM and spanning a total

distance of 618.88 cM.

However, the use of dominant DNA marker (AFLP) and low genome coverage has
been the critical limitations in the above two maps. Also, the influence of the
environment on F, progeny is not accounted for in these studies. Although SSR-based
genetic linkage map has been attempted (Kumar 2019), due to its low resolution, it is
considered as a preliminary result. Therefore, testing mapping populations in varying
environmental conditions, and the use of co-dominant molecular markers such as SSR
and SNP to develop dense and saturated linkage maps need to be undertaken in this

plant.
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Figure 9. Linkage map of M. pruriens indicating the QTL positions (Source: Mahesh
et al. 2016).

2.15. Association mapping in M. pruriens

Association mapping (AM) identifies the relationship between phenotypic variations
with genetic polymorphism among the unrelated individuals by utilizing naturally
occurring or historical recombination and thus serves as a quick and efficient
alternative to conventional linkage mapping (Ambreen et al. 2018). The success of
association mapping critically depends on the choice of the germplasm which ought to
encompass a wide range of diversity capturing the maximum number of historical
recombination events (Flint-Garcia et al. 2005; Yan et al. 2011). Conventionally, core
collection, which is available only for the selected/mainstream crop species has done
well as association mapping panels (Liu et al. 2017; Zhao et al. 2017; Ambreem et al.
2018). Alternatively, for crops that lack these resources, a diverse panel of accessions

from the germplasm collection can be used, provided they demonstrate the presence
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of high genetic variance and possess weak population structure and low kinship
association among the individuals (Mahajan et al. 2017; Hu et al. 2014). This
approach has been successfully implemented for identifying marker-trait associations
for several agronomic traits in various legume species including seed-related traits in
groundnut (Zhao et al. 2017), iron and zinc concentration in lentil (Singh et al. 2017),
frost tolerance in common pea (Lui et al. 2017), flowering, pod yield per plant and
fresh pod per pant in lablab or Dolichos bean (Vaijayanthi et al. 2018), crude protein
and mineral concentration in Medicago sativa (Jia et al. 2017), etc. However, to date,

not even a single study has explored this opportunity in M. pruriens.

Conventionally, AM analysis is carried out on a large number of populations with
more than 300 accessions. But in the cases where the numbers are limited, it is still
possible to explore marker-trait associations (Soumya et al. 2021). Recently, several
genome-wide association analysis (GWAS) studies have been successfully carried out
in population sizes between 60 and 150 (Ma et al. 2018; Lehnert et al. 2018; Rohila et
al. 2020). Taking cues from these studies, in the present study (a) we evaluated a
panel of sixty-one diverse M. pruriens accessions for suitability as an AM panel;
(b) and performed association analysis on sixteen agronomically important traits using

microsatellite markers.
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3. OBJECTIVES

The thesis covered the following four objectives:

1. To analyze the variability for different seed traits in the natural population of
M. pruriens.

2. To estimate genetic diversity in wild and cultivated genotypes using molecular
markers.

3. To determine population structure and linkage disequilibrium in M. pruriens
population.

4. To carry out association analysis for selected seed traits.
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4. MATERIALS AND METHODS

Two different sets of M. pruriens accessions have been used in this study. For
evaluation of seed traits and estimation of genetic diversity (objectives 1 and 2),
60 accessions of M. pruriens collected from across Northeast India were used. For the
linkage disequilibrium and association analysis (objectives 3 and 4), a different set of
61 accessions from the germplasm collection at Sir Mokshagundam Visvesvaraya
Institute of Technology (Sir MVIT), Bangalore was used. This is because the
association mapping panel requires precise phenotyping of the traits for the reliable
marker-trait association. M. pruriens germplasm of Sir MVIT is well characterized
and offered a much reliable descriptor for different traits. Therefore, this set of
germplasm was borrowed from Prof. N Sathyanarayana’s previous students and used

for the association analysis.

4.1. Variability for seed traits in M. pruriens natural population

4.1.1. Plant material

Seeds of M. pruriens were collected from all the eight states of Northeast India
(Arunachal Pradesh, Assam, Manipur, Meghalaya, Mizoram, Nagaland, Sikkim, and
Tripura) during the year 2016-17 (Figure 10). The collection of 60 accessions
comprised two botanical varieties of which 16 were of var. utilis (cultivated) and the
remaining 44 were of the var. pruriens (wild). The accessions of cultivated variety
were collected from the households and kitchen gardens and, those of the wild variety
was collected directly from the wild. The details of the accessions along with their
collection locations are provided in Table 9. For evaluation, the seeds were raised in

the Sikkim University botanical garden using standard practices.
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=
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©®  Mucuna pruriens
Figure 10. M. pruriens germplasm collection sites in Northeast India.
Table 9. M. pruriens accessions collected from Northeast India.
SI.  Accessions Botanical Area of collection Geographic
No. variety region
1 500270-AR var. utilis Upper Siang (AR) EH
2  500317-AR  var. utilis Upper Siang (AR) EH
3  500314-AR  var. utilis Upper Siang (AR) EH
4 500315-AR  var. pruriens Upper Siang (AR) EH
5 500316-AR  var. pruriens Papum Parey (AR) EH
6 500318-AR  var. pruriens Papum Parey (AR) EH
7  500302-AR  var. pruriens Papum Parey (AR) EH
8  500286-SK  var. pruriens West Sikkim (SK) EH
9 500287-SK  wvar. pruriens  West Sikkim (SK) EH
10 500288-SK  var. pruriens South Sikkim (SK) EH
11  500289-SK  var. pruriens South Sikkim (SK) EH
12 500293-SK  var. pruriens South Sikkim (SK) EH
13 500299-SK  var. pruriens South Sikkim (SK) EH
14 500304-SK  var. pruriens East Sikkim (SK) EH
15 500325-SK  var. pruriens East Sikkim (SK) EH
16 500326-SK  var. pruriens East Sikkim(SK) EH
17 500327-SK  var. pruriens East Sikkim(SK) EH
18 500275-SK  var. pruriens East Sikkim(SK) EH
19 500285-AS  var. pruriens Kamrup Metropolitan (AS) EH
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20 500290-AS  var. pruriens Kamrup Metropolitan (AS) EH
21 500292-AS  var. pruriens Kamrup Metropolitan (AS) EH
22  500305-AS  var. pruriens Kamrup Metropolitan (AS) EH
23 500322-AS  var. pruriens Jorhat (AS) EH
24  500323-AS  var. pruriens Jorhat (AS) EH
25 500324-AS  var. pruriens Jorhat (AS) EH
26  500274-AS  var. pruriens Jorhat (AS) EH
27 500268-NL var. utilis Kohima (NL) IB
28 500271-NL  wvar. utilis Kohima (NL) IB
29 500273-NL  var. utilis Dimapur (NL) IB
30 500276-NL  wvar. utilis Dimapur (NL) IB
31 500278-NL var. utilis Dimapur (NL) IB
32 500279-NL  wvar. utilis Mokokchung (NL) IB
33  500280-NL var. utilis Mokokchung (NL) IB
34 500281-MZ  var. pruriens Mamit (MZ) IB
35 500282-MZ  var. pruriens Mamit (MZ) IB
36 500283-MZ  var. pruriens Mamit (MZ) IB
37 500269-MZ  var. utilis Aizawl (M2) IB
38 500295-MZ  var. pruriens Aizawl (M2) IB
39 500296-MZ  var. pruriens Aizawl (M2) IB
40 500297-MZ  var. pruriens Kolasib (MZ) IB
41 500303-MZ  var. pruriens Kolasib (MZ) IB
42  500272-MN  var. utilis Imphal East (MN) IB
43  500320-MN var. utilis Imphal East (MN) IB
44  500321-MN  var. utilis Imphal East (MN) IB
45  500284-MN  var. utilis Imphal East (MN) IB
46  500294-MN  var. pruriens  Bishnupur (MN) IB
47  500300-MN  var. pruriens  Bishnupur (MN) IB
48 500319-MN  var. pruriens  Bishnupur (MN) IB
49  500309-TR  var. utilis West Tripura (TR) IB
50 500301-TR  var. pruriens West Tripura (TR) IB
51 500306-TR  var. pruriens West Tripura (TR) IB
52 500307-TR  var. pruriens West Tripura (TR) IB
53 500308-TR  var. pruriens West Tripura (TR) IB
54  500310-TR  var. pruriens West Tripura (TR) IB
55 500311-ML  var. pruriens East Khasi Hills (ML) IB
56 500312-ML  var. pruriens East Khasi Hills (ML) IB
57 500313-ML  var. pruriens East Khasi Hills (ML) IB
58 500291-ML  var. pruriens East Khasi Hills (ML) IB
59 500277-ML  var. pruriens East Khasi Hills (ML) IB
60 500298-ML  var. pruriens East Khasi Hills (ML) IB
EH, Eastern Himalaya; IB, Indo-Burma; AR, Arunachal Pradesh; SK, Sikkim;
AS, Assam; NL, Nagaland; MZ, Mizoram; MN, Manipur; TR, Tripura;
ML, Meghalaya.
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4.1.2. Evaluation of seed traits

Data on seed length, seed width, and seed thickness were obtained by manual
measurements with the Vernier caliper. Hundred (100) seed weight was obtained
using weighing balance, while the total protein and carbohydrate contents were
estimated using Bradford (Bradford 1976) and Anthrone (Hedge and Hofreiter 1962)
methods. All statistical analyses such as correlation, principal component analysis
(PCA), one-way analysis of variance (ANOVA) were performed using the R program

(R Core Team 2014) and the SPSS v. 17 (SPSS Inc. 2008).

4.2. Genetic diversity among the Northeast Indian accessions

4.2.1. DNA Isolation and SSR data generation

Leaf tissue from 15-days old seedlings was used for the DNA isolations as described
previously (Doyle and Doyle 1990). Genotyping was carried out using a sub-set of 25
species-specific genic SSR primer pairs (Table 10) chosen from Sathyanarayana et al.
(2017). Polymerase chain reaction (PCR) mixture included: template DNA (50ng/ul),
primers (1uM each), dNTPs (2.5mM), Taq polymerase (1U), PCR buffer (1X), and
MgCl, (1.5mM), maintaining the final volume of 25ul. DNA amplification condition
comprised of initial denaturation at 94°C for 3min followed by 35 cycles of 94°C for
30s, appropriate annealing temperature (Tm) for 30s, and an extension at 72°C for 20s
with a final extension of 7min at 72°C. PCR was performed on a Bio-Rad thermal
cycler (C1000 Touch™). The amplified products were visualized on a UV

illumination gel documentation system (ChemiDoc XRS+, Bio-Rad).
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Table 10. Details of the SSR markers used for genetic diversity analysis.

Markers Forward Reverse

MPU_01 TTCTCACCTGTGTTGCTTATC GCAGGCATATGATAGTGTGAT
MPU_02 CTGAAACACCACCTTTCATAG GGATTAGTGGCTCTATTCAGG
MPU_04 CGATTATACAGCACTCCATGT ACTTAATTCTGGTGGTTTTCC
MPU_05 AAGCTTGTCACTGTCAAAAAG ATGCAACACATGTCAACACT
MPU_06 GCATTTCAAATAAACGTCAAC TTGACACAATTTGACAGAGGT
MPU_07 AATGGATCCCTTTTCTCTATG TATTGGAATAGATCCCCTTGT
MPU_08 CTGCAGGAGGAACTGTTG TGCTGTGTATAATTTGCAATG
MPU_09 ACACCCAGTATCTTCCTCTTC TTGTGCTTTTGATTCTTTAGG
MPU_10 CCTTCCCTTTAGATGTGAAAT ACATTGATAGCAGTGGAGAAA
MPU 11 CCTTCCCTTTAGATGTGAAAT ACATTGATAGCAGTGGAGAAA
MPU 12 AGGAGAGAGAGTGAAATTGGA ACAACGTGAACAGAGAGAGAA
MPU 13 AGGAGAGAGAGTGAAATTGGA ACAACGTGAACAGAGAGAGAA
MPU_14 GACTCCAACTCCTCCTTCA ACTGTTGTTGTTGCTGATGTT
MPU_15 GAAGAGGAGGTTCAGAACAGT GCATCAGATACAACAAAGGAG
MPU_16 ATTCTACAATCACGCATCATC TTTGATGCATAGAAAAGGAGA
MPU 17 TAAAACTCCTTTTCCTTCTCC AGTTCCTTCAAAATACGCTTC
MPU 18 GCATTCTCTGGACATACAAAC GGGAAAATCTGAGAAGAAAAA
MPU 19 CAAAGCTAGCATTAGAAGCAG AAAAATACGTAAAAGGGATGG
MPU_20 TCGTTTCGTTTTCGTTTACTA GATTTGAACTGGGGAAAAA
MPU_22 CACGTTTGTAGGGTAAGATCA  TTTTTGGAACAAAAGAGTGTG
MPU_ 23 CTAGCATTCTTCTTTGGATCA CAAAGCCACTTAAGAGAGAGA
MPU_25 ACAGTTTTGATCCATTTTCCT ACAAAATTGATGCAGCTTTAG
MPU_61 AGAAATTTGTCCCAGGTAGAG ACAAACACAAACACCACAAAC
MPU 124  CCTTCCCTTTAGATGTGAAAT ACATTGATAGCAGTGGAGAAA
MPU 125 AGGAGAGAGAGTGAAATTGGA ACAACGTGAACAGAGAGAGAA

4.2.2. Marker attributes and genetic diversity

Marker attributes such as polymorphism information content (PIC) and major allele

frequency (MAF) were calculated by PowerMarker v 3.25 (Liu and Muse 2005). The

total number of alleles (Na), effective number of alleles (Ne), observed heterozygosity

(Ho), expected heterozygosity (He), percentage of polymorphic loci (%P), gene flow

(Nm), and Hardy-Weinberg equilibrium (HWE) were assessed by GenAlEx v 6.5
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(Peakall and Smouse 2012). HP-Rare v 1.0 (Kalinowski 2005) was used to determine
private/rare allelic richness per locus (Rp) based on the rarefaction approach. The
genetic diversity indices such as - Shannon’s information index (I), Nei’s gene
diversity (h), total genetic diversity (H), genetic diversity within the population (Hs),
and genetic differentiation (Gsr) were determined by using POPGENE v 1.32 (Yeh et

al. 1999).

4.2.3. Genetic relationship

Population structure was analyzed using the Bayesian clustering method implemented
in STRUCTURE v 2.3.4 (Pritchard et al. 2000). For each accession, the proportion of
ancestral contribution was estimated using the admixture model and correlated allele
frequencies. K-values ranging from 1-10 were tested with 10 independent
replications, 100,000 lengths of the burn-in period, and 200,000 Markov Chain Monte
Carlo (MCMC) repetitions for each K. The optimal K-value was obtained by using
STRUCTURE analysis results with STRUCTURE HARVESTER (Earl 2012).
Accessions were assigned to a subgroup depending on the Q-value (membership
proportion), and if the Q-value is < 80%, they were termed admixtures. Analysis of
molecular variance (AMOVA) and pairwise Fsr of geographical population and
subpopulations were carried out using GenAlEx v 6.5 (Peakall and Smouse 2012)
with 1,000 permutations. Genetic relationship based on the distance was arrived
through the construction of unrooted neighbor-joining (NJ) dendrogram and principal
coordinate analysis (PCoA) using Darwin v 6.0 (Perrier and Jacquemoud-Collet
2006). The reliability of the NJ-dendrogram was tested with the bootstrap value of

1000 replicates.
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4.3. Feasibility analysis of association mapping panel

4.3.1. Plant material

A subset of 61 M. pruriens accessions from the germplasm collection of Sir MVIT,
Bangalore was used as the association mapping (AM) panel. The panel comprised
eight accessions of var. utilis, 28 of var. pruriens, and 25 of var. hirsuta
(Figures 11-13). They represented three large geographic regions in India - Eastern,

Southern, and West-Central India (Table 11).

1C-392241 500159-PY 500108-KA 500188-KA

Figure 11. M. pruriens germplasm procured from Sir MVIT for association analysis

(8 accessions of var. utilis; cultivated variety).
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500153-AP 500165-AP 500166-AP 500183-MH 500189-KA

Figure 12. M. pruriens germplasm procured from Sir MVIT for association analysis
(25 accessions of var. hirsuta; wild variety).
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500195-0OR

Figure 13. M. pruriens germplasm procured from Sir MVIT for association analysis
(28 accessions of var. hirsuta; wild variety).
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Table 11. Details of M. pruriens accessions procured from Sir MVIT for association

analysis.
Sl Accession Location of Geographical
No. Botanical Variety No. collection region
1 M. pruriens var. pruriens  1C-265577 NBPGR, Delhi Eastern India
2 M. pruriens var. utilis IC-369144 Jharkhand Eastern India
3 M. pruriens var. pruriens  1C-391885 Orissa Eastern India
4 M. pruriens var. utilis IC-392241 Jharkhand Eastern India
5 M. pruriens var. utilis 1C-392850 Orissa Eastern India
6 M. pruriens var. utilis IC-471870 NBPGR, Delhi Eastern India
7 M. pruriens var. utilis IC-471876 NBPGR, Delhi Eastern India
8 M. pruriens var. pruriens  500191-OR Orissa Eastern India
9 M. pruriens var. pruriens  500192-OR Orissa Eastern India
10 M. pruriens var. pruriens  500193-OR Orissa Eastern India
11 M. pruriens var. pruriens  500194-OR  Orissa Eastern India
12 M. pruriens var. pruriens  500195-OR Orissa Eastern India
13 M. pruriens var. pruriens  500196-OR Orissa Eastern India
14 M. pruriens var. pruriens  500197-WB  West Bengal Eastern India
15 M. pruriens var. pruriens  500199-WB  West Bengal Eastern India
16 M. pruriens var. pruriens 500113-MH  Maharashtra West-Central India
17 M. pruriens var. pruriens  500172-MH  Maharashtra West-Central India
18 M. pruriens var. pruriens 500173-MH  Maharashtra West-Central India
19 M. pruriens var. pruriens  500174-MH  Maharashtra West-Central India
20 M. pruriens var. pruriens  500175-MH  Maharashtra West-Central India
21 M. pruriens var. pruriens  500176-MH  Mabharashtra West-Central India
22 M. pruriens var. pruriens  500177-MH  Maharashtra West-Central India
23 M. pruriens var. pruriens  500178-MH  Mabharashtra West-Central India
24 M. pruriens var. hirsuta ~ 500183-MH  Maharashtra West-Central India
25 M. pruriens var. pruriens  500184-MH  Mabharashtra West-Central India
26 M. pruriens var. pruriens 500190-MH  Maharashtra West-Central India
27 M. pruriens var. utilis 500108-KA  Karnataka Southern India
28 M. pruriens var. hirsuta ~ 500109-KA  Karnataka Southern India
29 M. pruriens var. pruriens  500110-KA  Karnataka Southern India
30 M. pruriensvar. hirsuta  500111-KA  Karnataka Southern India
31 M. pruriens var. pruriens  500112-KA  Karnataka Southern India
32 M. pruriens var. hirsuta ~ 500126-KA  Karnataka Southern India
33 M. pruriens var. pruriens  500130-KA  Karnataka Southern India
34 M. pruriens var. hirsuta  500131-KA  Karnataka Southern India
35 M. pruriensvar. hirsuta ~ 500132-KA  Karnataka Southern India
36 M. pruriensvar. hirsuta  500133-KA  Karnataka Southern India
37 M. pruriensvar. hirsuta ~ 500134-KA  Karnataka Southern India
38 M. pruriensvar. hirsuta ~ 500135-KA  Karnataka Southern India
39 M. pruriens var. utilis 500188-KA  Karnataka Southern India
40 M. pruriensvar. hirsuta ~ 500189-KA  Karnataka Southern India
41 M. pruriens var. hirsuta ~ 500142-KA  Karnataka Southern India
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42 M. pruriens var. hirsuta ~ 500144-AP Andhra Pradesh ~ Southern India
43 M. pruriens var. hirsuta 500145-AP Andhra Pradesh  Southern India
44 M. pruriens var. hirsuta ~ 500146-AP Andhra Pradesh ~ Southern India
45 M. pruriens var. hirsuta 500148-AP Andhra Pradesh ~ Southern India
46 M. pruriens var. hirsuta ~ 500149-AP Andhra Pradesh ~ Southern India
47 M. pruriens var. hirsuta ~ 500151-AP Andhra Pradesh  Southern India
48 M. pruriens var. hirsuta ~ 500152-AP Andhra Pradesh ~ Southern India
49 M. pruriens var. hirsuta ~ 500153-AP Andhra Pradesh ~ Southern India
50 M. pruriens var. hirsuta  500165-AP Andhra Pradesh ~ Southern India
51 M. pruriens var. hirsuta  500166-AP Andhra Pradesh ~ Southern India
52 M. pruriens var. utilis 500159-PY Pondicherry Southern India
53 M. pruriens var. pruriens  500162-PY Pondicherry Southern India
54 M. pruriens var. pruriens  500163-PY Pondicherry Southern India
55 M. pruriens var. pruriens  500164-PY Pondicherry Southern India
56 M. pruriens var. hirsuta ~ 500115-TN Tamil Nadu Southern India
57 M. pruriens var. hirsuta ~ 500120-TN Tamil Nadu Southern India
58 M. pruriens var. hirsuta  500121-TN Tamil Nadu Southern India
59 M. pruriens var. hirsuta 500122-TN Tamil Nadu Southern India
60 M. pruriens var. pruriens  500137-TN Tamil Nadu Southern India
61 M. pruriens var. pruriens  500138-TN Tamil Nadu Southern India

4.3.2. Genotyping

Accessions of the AM panel were genotyped using a sub-set of 66 species-specific

genic SSR primer pairs (Table 12; Sathyanarayana et al. 2017) as per the protocol

described in the previous section (4.2.1).

Table 12. Details of SSR primer pairs used for association analysis.

Marker
ID Forward Primer Reverse Primer
MPU_06 GCATTTCAAATAAACGTCAAC TTGACACAATTTGACAGAGGT
MPU_14 GACTCCAACTCCTCCTTCA ACTGTTGTTGTTGCTGATGTT
MPU_15 GAAGAGGAGGTTCAGAACAGT GCATCAGATACAACAAAGGAG
MPU 16  ATTCTACAATCACGCATCATC TTTGATGCATAGAAAAGGAGA
MPU 18 GCATTCTCTGGACATACAAAC GGGAAAATCTGAGAAGAAAAA
MPU 19 CAAAGCTAGCATTAGAAGCAG AAAAATACGTAAAAGGGATGG
MPU_20 TCGTTTCGTTTTCGTTTACTA GATTTGAACTGGGGAAAAA
MPU_22 CACGTTTGTAGGGTAAGATCA TTTTTGGAACAAAAGAGTGTG
MPU_23 CTAGCATTCTTCTTTGGATCA CAAAGCCACTTAAGAGAGAGA
MPU 24  GGTGTTATTTGTGTGAATTGG ACCAATATTTTGCTCTTTTCC
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MPU 27  ACAGTTTTGATCCATTTTCCT ACAAAATTGATGCAGCTTTAG
MPU_30 AGTTAAAACTCACCCACCCTA TGGAGGTGAGTGAATAGATGA
MPU_31  AGTACATGGGGATAGAGCAAT GGTGTCTTTTCTCTCCTCACT
MPU_37 TGGTCTCTCTAAACGACAGAG AATAAGCATGCAGAGAGAGTG
MPU_ 39 AGTGGCAACTATATGACGGTA GAGTCACAACCAAATAGCTCA
MPU 40 GCTACATATGGAATTGATTGG AGATAAGGGACGAAAAATCAG
MPU 42 CAAAGATGACGAAGATGGATA TCTTTCAACTCAATCTTCCAA
MPU_43  GTCTAGGGTGGCTTTGTAGAC CAACACCCACCAAATCTAGTA
MPU_ 45  ATCTCTGTCTCTGTCCCTTTC GCGATCTCTCTCTTTCTCTCT
MPU_46  TAGGAGACCCAATTAGAGGAG CCGTAACAACACATCCTTAAA
MPU 47  GTTCACCACATCCATTATGAC ACCACACACACACATACACAC
MPU 48 GGTGGAGACCTTACACAATATG CACCTCCAGTTTATTCACCTC
MPU 49 GGAGGATAAAAGTGCTTCATT ACCGTCCTCTTAATTGTTGAT
MPU 51  ATCGTTTGTCAACCATTAGAG ATAATTATCACCCCACAAGGT
MPU 52  AAGGAAAGCATATGAAAGGAG ATTCCTCCAATTCTATCTCGT
MPU 54  TCTCTCAACCAGTATCTCACC CCACTGAACAACTCATGGTAT
MPU 57 TATCGATCTCAATTCCCATAA TCTCTCTCTAAAGCCCAAAAC
MPU_58 CACTCTCAGTGAGTCTTCTGG GAATGCTTGAGGCATAGAAG
MPU_59 GAGGTGTTGAAGAAGTGTGAG ATTCCCACCATTCTCATTAGT
MPU_60 CTCTGTCCAACTCCTGAAGAT CTACATCGCAACCGACAC
MPU 62  ATGAATGACTTGTTCCATGAT GCAAGATGAAGTCATAAATCG
MPU 63 GGATCTTCTAAACCCGTTATC AGCAAAAACAAAGTGGTAGTG
MPU 64 GCTTTCTATGAATGACTGCAT AATTTCCAACCATGGATTAAG
MPU 65 CCAGTTTAGCTTGCACATACT CCAATAGGCGAATTATATGAC
MPU_68 GGGTTAGGGTTACGGAAA GCGATACTTCCTTTTCAAGTC
MPU 72  AAGAGCGATAGAGGAAGACAT TGAAGTAGATTGGCAGGTTAG
MPU 73  CGATATAGCACCAGAAATAGC AGTAACGCTTTCTCTCTCCTC
MPU 78 TGAAGAGCTTTCAAAGTGAAG GAACGAATTTTTAGGGTGATT
MPU 80 ACCAGAAAGGTAAAGCTCTCA TTTTTGTTACTCTCCAAGCAG
MPU 81  TTCTATCGGAGAAGAAGTCG CACACCTCTCTCTCTCTCTCTC
MPU_83  CACTCATGGAAGGTTCTAGGT CTCATTTTGCTTTTCAAGAGA
MPU_85 GAGTGCTAACAAGCTCAAGAA AGGGTTCTTCTTCTTCATCAC
MPU 87 CTAAACCTGTTGAGACAAGGA CAGACACATTTCAACAAGATG
MPU 88 GGAACTGGGTATGAGGTATTT AGATGAGACCCCATTTGTTAC
MPU 89  ATAGCTCCGATTACCCAAAT CACCCATTTCTCTCTTTCTCT
MPU 90 TTCCAAACAGTGGTCATAATC TGTATTGCTGTTGGTAAGGAT
MPU 92 CGGTCGTAGTAATCGCTTC GGTTTTGCTCTGTTTTCTCTT
MPU 94  AGTATTTGAACGAGAGGCTTT ATCGTCGTCTTCTTCTTCTTC
MPU 96 CTCCTCTGAATACACAGCATC TAACAGGTCCAAGAGTTCTCA
MPU 98 TGCCTTATGAGGAATCTTACA GTATTTCCCCTTGTTCATCTT
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MPU_99  ACTGCAGAATGGAACTTTGTA TAAAAGCCCTACTCAAAATCC
MPU_100 GGGTACGGATAAAGAGATGAT CACAACATTCATTTGATTGAC
MPU_101 TGGAAATAGGAATGAGTTTGA TATAAGAAAATCCCGTTGTCA
MPU_102 GAGAGAACTTCAATTCCCCTA GCTTGTTCATGTTTCTTTGTC
MPU_106 GGAGAAATCAAATAGGTCGTC AGTTCAAACCTAACCGAACTC
MPU_107 CGTATTTGTTGAACAGGATGT GTCTCTCCTACCTCGATCAGT
MPU_108 GGCATAGATACTGAACGAGAA GCAGAGAAAATACAAAACCTG
MPU_111 CATCAACCTTATTCGACTCAT AGTTCCTCCGTTACGTCAT
MPU_114 GTCTCTTTCACTCTTCCGTTT GCAAGGTCTCTTTCACTCTTT
MPU_115 AAAGGCAATTGAGATCTAAGAA CCTTTGTCTCCTCTTTCTTTC
MPU_121 TCATCACCATCACCATCAC GATATCTGCCAGGTCCATC
MPU_122 TTCCTCGTGGAGATACAGATA TGATGCATGCTATGATTAGAA
MPU_123 TTGTGCTGTTGTTATGATTGA CTTTGTTTAAAACTGAACCA
MPU_124 CCTTCCCTTTAGATGTGAAAT ACATTGATAGCAGTGGAGAAA
MPU_125 AGGAGAGAGAGTGAAATTGGA ACAACGTGAACAGAGAGAGAA
MPU_130 TCTATGGGTTTGTCCTCATC CATTTTTCCACAATCACTTTC

4.3.3. Assignment of putative chromosome location

As reference genome and microsatellite-based high-resolution genetic linkage map
are not available for M. pruriens, the putative or pseudo chromosome locations of all
66 SSR markers were allocated using chromosome sequences of Phaseolus vulgaris
with the assumption that chromosomes of both the species are syntenic and most
species within the Milletieae tribe of Fabaceae have 11 pairs of chromosomes (Doyle
2012; Cannon et al. 2015). The putative chromosome number was allocated based on
the homology mapping in EnsemblPlants - Phaseolus vulgaris database
(https://plants.ensembl.org). The sequences of SSR markers of M. pruriens validated
by Sathyanarayana et al. (2017) were used as a search query in EnsemblPlants
BLAST tool (https://plants.ensembl.org/Multi/Tools/Blast) against the genome
sequence of Phaseolus vulgaris where an e-value < 1e-05 was used as a threshold.

The chromosome number with maximum hit was allocated as the putative location of

the particular SSR marker in the genome.
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4.3.4. Population structure

Population structure and genetic relationship of the AM panel accessions were
determined according to the method described in section 4.2.3 of the materials and
methods. In addition, the kinship coefficients (Fj;; individual level) were estimated
following Loiselle et al. (1995) to determine the relatedness between the individuals.
TASSEL v 5.0 (Bradbury et al. 2007) was used to generate the kinship coefficient
matrix among all pairs of accessions. The kinship heat map was obtained using

GAPIT, R package (Wang et al. 2014).

4.3.5. Linkage disequilibrium

Linkage disequilibrium (LD) was estimated using the square value of the correlation
coefficient (R?). The values of R? between all pairs of SSR markers were obtained
using software package TASSEL v 5.0 (Bradbury et al. 2007) and R? values with
P < 0.001 were considered significant. To determine the extent of LD in the mapping
population, the LD was estimated separately for each pseudo-M. pruriens

chromosome as well as across the genome.

4.4. Association analysis

4.4.1. Phenotyping

Sixteen traits related to seed (seed length, seed width, seed thickness, seed yield per
plant, hundred seed weight), pod (pod length, pod width, number of pods per cluster,
number of pods per plant), inflorescence (inflorescence length, flower buds per
inflorescence, flower length, pedicel length), and biochemical attributes (L-DOPA,
total protein, total carbohydrate) were evaluated for two consecutive years (2015 and
2016) as per the descriptor (Sathyanarayana et al. 2012). For data scoring, we used

manual measurements using Vernier caliper, weighing balance, and counting as
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relevant for the trait. The L-DOPA content was estimated as per Daxenbichler et al.
(1972). The total protein and total carbohydrate contents were estimated using
Bradford’s (Bradford 1976) and Anthrone (Hedge and Hofreiter 1962) methods,
respectively. All statistical analyses were performed using the R program (R Core

Team, 2014).

4.4.2. Estimation of variance components and broad-sense heritability

To estimate the variance, genotypic and phenotypic coefficients of variation were
evaluated using Syukur et al. (2012) as follows:

6°G = (MSG — MSE) / r

o°P = 6°G + 6’Elr

Where, 6°G = genotypic variance, 6°P = phenotypic variance, 6°E = environmental
variance (error mean square from the analysis of variance); MSG = mean square of

genotypes; MSE = error mean square; r = number of replications.

The broad-sense heritability for each trait was estimated according to Allard (1960) as
follows:

H?= (6*G/ 6° P) x 100

Where, H?= heritability in broad-sense; 6°G = genotypic variance; 6°P = phenotypic

variance.

4.4.3. Genetic diversity
Genetic diversity analysis of the AM panel was carried out using the SSR data
generated from the 66 species-specific SSR markers (Table 12) as per the method

described in section 4.2.2.
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4.4.4. Association mapping

TASSEL v 5.0 (Bradbury et al. 2007) was used for the association analysis. A mixed
linear model (MLM) was employed to determine the marker-trait association (MTA).
The MLM is considered superior over the general linear model (GLM), as GLM
incorporates only population structure (Q matrix) which often results in false
positives; instead, MLM incorporates both Q and K matrix (kinship) which
overcomes this limitation (Yu et al. 2006). Normally in such studies, Bonferroni
multiple test correction (P = 0.05/n; n is the number of markers used in the study) is
applied to obtain the threshold P-value as it provides a stringent cut-off to avoid false
positives. However, it assumes that the loci are independent, which is not always true,
given that certain loci may be in linkage disequilibrium. Therefore, to avoid loss of
beneficial MTAs, in addition to Bonferroni correction, we also used a less stringent
criterion, P = 1/n as an additional cut-off. This approach has been beneficially used in
some earlier studies (Li et al. 2012; Yang et al. 2014; Xu et al. 2018). The Manhattan
plots and quantile-quantile (Q-Q) plots for MTAs were generated using CMplot, R

package (Yin et al. 2021).

4.4.5. Annotation of marker function

Further, to test the reliability of our MTAs, the putative function of each
trait-associated marker was determined using the Arabidopsis thaliana (L.) Heynh.
genome database (https://www.arabidopsis.org). For this, the transcripts of SSR
markers were used as a query sequence and matched against the reference genome
sequences of A. thaliana with the BLAST tool, and then the top hits were selected as
the putative gene/function of the respective marker. An e-value < 1e-05 was used as a

threshold.
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5. RESULTS

5.1. Variability for seed traits in M. pruriens population

5.1.1. Germplasm establishment

A total of 60 M. pruriens accessions obtained from different locations of Northeast
India were established in the garden of Sikkim University (Figure 14). The collection
comprised of two botanical varieties, of which 16 were of M. pruriens var. utilis
(cultivated) and the remaining 44 were of the var. pruriens (wild). They belonged to
two geographic regions viz. Eastern Himalaya (25 accessions) and Indo-Burma

(35 accessions) (Table 9).
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Figure 14. M. pruriens germplasm established at Sikkim University.
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5.1.2. Variability for the seed traits

The one-way ANOVA revealed significant variability (P < 0.05) for the six seed-
based economic traits such as seed length, seed width, seed thickness, hundred seed
weight, total protein, and total carbohydrate contents in 60 accessions (Table 13). The
statistics of six seed-based traits for var. utilis and var. pruriens and entire accessions
of Northeast India are depicted in Tables 14 and 15. In var. utilis, the total protein and
carbohydrate contents ranged from 27.35 to 33.16% and 27.50 to 60.50%. The seed
length, seed width, seed thickness, and hundred seed weight varied from 15.40 to
21.20 mm, 11.20 to 15.20 mm, 7.20 to 11.40 mm, and 108.86 to 263.99 gm,
respectively. The highest and the lowest coefficient of variation (CV) were observed
for hundred seed weight (CV = 26.84%) and total protein content (CV = 6.08%). In
var. pruriens, the total protein and carbohydrate contents ranged from 19.21 to
31.75% and 23.03% to 56.33%. The seed length, seed width, seed thickness, and
hundred seed weight varied from 7.80 to 15.80 mm, 5.40 to 10.80 mm, 3.20 to 7.60
mm, and 11.51 to 80.92 gm, respectively. The highest and the lowest CV were
observed in hundred seed weight (CV = 51.30%) and total protein content
(CV = 6.24%).

Table 13. One-way ANOVA for six seed-based traits in M. pruriens of Northeast
India.

Trait F Fcrit P-value Sig
Seed length 210.881  4.007 5.6404E-21 falaied
Seed width 207.298  4.007 8.33688E-21 falaied
Seed thickness 151.962  4.007 7.64141E-18 falaied
Hundred seed weight 270.026  4.007 1.72642E-23 faleka
Total protein 8.357 4.007 0.0054 *k
Total carbohydrate 17.087 4.007 0.0001 Hokk

F, calculated F value; F crit, F critical value; Sig, significance; ***significant at
P < 0.001; **significant at P < 0.01.
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Table 14. Variability for six seed-based traits in M. pruriens of Northeast India.

Mucuna pruriens var. utilis

Traits Minimum Maximum Mean SE CV (%)
Seed length (mm) 15.40 21.20 1758 0.34 7.63
Seed width (mm) 11.20 15.20 1269 0.24 7.59
Seed thickness (mm) 7.20 11.40 9.11 0.33 14.29
Hundred seed weight (gm)  108.86 263.99 155.22 10.41 26.84
Protein (%) 27.35 33.16 29.97  0.45 6.08
Carbohydrate (%) 27.50 60.50 43.87  2.60 23.73
Mucuna pruriens var. pruriens

Traits Minimum Maximum Mean  SE CV (%)
Seed length (mm) 7.80 15.80 10.16  0.28 18.42
Seed width (mm) 5.40 10.80 755 0.19 17.23
Seed thickness (mm) 3.20 7.60 513 0.15 20.10
Hundred seed weight (gm) 11.51 80.92 3248 251 51.30
Protein (%) 19.21 31.75 2846  0.26 6.24
Carbohydrate (%) 23.03 56.33 3478 0.94 17.91

SE, standard error; CV, coefficient of variation.

Table 15. Variability for six seed-based phenotypic traits in M. pruriens from

Northeast India.

Accession No. SL SW ST SWt TPr TCr

500268-NL 21.20 15.20 11.20 263.99 30.85 41.05
500269-MZ 16.80 12.80 7.40 137.90 32.04 28.11
500270-AR 17.80 12.60 9.20 152.95 27.63 47.83
500271-NL 18.80 14.20 11.40 226.16 33.16 27.50
500272-MN 17.40 12.40 7.80 122.02 29.73 62.50
500273-NL 15.80 11.60 9.40 134.38 29.44 48.33
500276-NL 18.20 12.60 9.80 167.13 29.15 39.66
500278-NL 16.60 12.60 7.20 108.86 27.92 45.33
500279-NL 18.20 12.60 9.20 157.68 29.13 43.83
500280-NL 17.80 12.60 9.80 147.35 32.33 39.66
500284-MN 15.40 11.20 7.20 115.65 29.94 51.66
500309-TR 17.80 12.60 8.40 194.48 30.61 43.02
500314-AR 18.40 11.60 9.20 115.77 32.46 33.83
500317-AR 17.20 12.60 9.20 143.14 29.77 65.50
500320-MN 17.20 12.40 8.80 152.89 27.35 37.33
500321-MN 16.60 13.40 10.60 143.13 27.96 46.83
500274-AS 11.40 8.40 5.40 44.92 30.27 30.33
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500275-SK
500277-ML
500281-MZ
500282-MZ
500283-MZ
500285-AS
500286-SK
500287-SK
500288-SK
500289-MZ
500290-AS
500291-ML
500292-AS
500293-SK
500294-MN
500295-MZ
500296-MZ
500297-MZ
500298-ML
500299-SK
500300-MN
500301-TR
500302-AR
500303-MZ
500304-SK
500305-AS
500306-TR
500307-TR
500308-TR
500310-TR
500311-ML
500312-ML
500313-ML
500315-AR
500316-AR
500318-AR
500319-MN
500322-AS

9.80
14.20
8.20
7.80
7.80
9.80
11.20
9.40
8.20
8.60
10.60
9.40
9.40
10.40
8.40
9.40
8.60
7.80
8.20
10.40
10.20
8.20
12.40
11.80
9.80
11.60
9.40
9.40
10.40
10.20
10.40
8.40
8.40
15.80
11.20
10.60
10.20
14.60

7.80
10.60
6.40
5.80
5.60
6.20
8.40
6.60
7.20
6.40
8.20
6.60
6.60
7.80
5.80
7.60
6.80
5.40
6.40
7.80
7.20
6.20
10.40
8.20
7.60
8.60
6.80
6.80
7.80
7.80
7.60
8.20
7.60
10.80
8.40
8.40
7.20
10.20

5.80
7.60
3.60
4.20
3.60
5.20
6.60
4.40
4.40
3.80
3.60
4.60
3.80
5.60
4.20
5.20
4.20
3.20
4.60
5.20
5.40
3.60
6.40
5.20
5.20
6.20
4.40
5.60
5.40
6.60
4.60
5.60
5.60
5.80
6.20
5.60
5.40
7.40

44.41
80.92
22.55
18.50
16.72
29.60
46.93
41.11
21.05
16.92
27.30
27.94
20.72
32.43
16.51
31.14
29.02
15.07
25.12
39.90
29.96
15.61
72.51
42.63
33.68
23.76
12.21
29.00
11.51
28.01
24.55
23.73
27.70
78.10
49.50
23.20
69.41
23.52

27.62
30.13
27.58
27.25
29.18
29.79
27.77
28.62
28.98
30.32
29.21
29.50
27.04
27.56
28.25
19.21
27.63
27.06
29.42
28.89
29.36
31.75
29.29
28.65
28.37
27.63
27.75
28.11
28.71
30.23
29.02
26.61
28.25
28.46
28.73
28.96
27.58
28.75

28.33
29.16
41.33
33.04
25.50
33.66
30.16
38.33
36.50
39.83
36.16
39.50
23.03
30.66
34.33
56.33
37.33
42.16
35.66
31.33
31.83
41.33
39.83
35.05
30.16
34.16
26.33
32.16
38.66
33.16
39.16
33.33
49.33
34.01
37.03
24.50
26.83
40.03
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500323-AS 12.20 8.20 5.20 42.90 30.06 36.33
500324-AS 13.60 9.20 6.40 24.24 27.63 32.02
500325-SK 10.40 7.20 5.20 3451 29.08 30.83
500326-SK 8.60 6.20 4.40 27.86 28.77 37.33
500327-SK 10.20 7.20 5.40 32.31 29.16 34.16

Minimum 7.80 5.40 3.20 11.51 19.21 23.03
Maximum 15.80 10.80 7.60 80.92 31.75 56.33
Average 10.16 7.55 5.13 32.48 28.46 34.78
SE 0.14 0.09 0.08 1.21 0.13 0.45

Ccv 18.42 17.23 20.10 51.30 6.24 17.91

SL, seed length (mm); SW, seed width (mm); ST, seed thickness (mm), HSW, hundred
seed weight (gm); TPr, total protein (%); TCr, total carbohydrate (%); SE, standard
error; CV, coefficient of variation.

The relationships between the six seed-based traits were further analyzed by
correlation coefficients coupled with a two-tailed t-test for determining the strength of
the correlation. A significant positive correlation (P < 0.05) was observed among all
the studied seed traits except between the protein and carbohydrate content. The

correlation matrix of six seed-based traits is depicted in Table 16.

Table 16. Correlations among the six seed-based traits.

SL SW ST HSW TPr TCr
SL 1
SW 0.9737 1
ST 0.9227 0.935" 1
HSW 0.928" 0.922" 0.903" 1
TPr 0.390" 0.344™ 0.3417 0.386 1
TCr 0.347" 0.377" 0.321 0.3397 -0.136™ 1

SL, seed length; SW, seed width; ST, seed thickness; HSW, hundred seed weight;
TPr, total protein; TCr, total carbohydrate, **significant at correlation at 0.01 level
(2-tailed), *significant correlation at 0.05 level (2-tailed), ™not significant.
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To understand the pattern of diversity among the seed traits, principal component
analysis (PCA) was performed. The first two components (PCs) explained 87.29% of
the total variance. The PC1 contributed 68.34% of the total phenotypic variation and
revealed the highest positive correlation with seed length (0.98), seed width (0.98),
seed thickness (0.96), and hundred seed weight (0.96). The PC2 contributed 18.95%
of the phenotypic diversity, which was positively correlated with total carbohydrate
content (0.76) and negatively correlated with the total protein content (-0.74). Wild
and cultivated varieties of M. pruriens formed a separate cluster in the PCA scatter
plot. The PCA scatter plot and Eigen values of five PCs for six phenotypic traits are

provided in Figure 15 and Table 17.

PCA - Biplot

Groups

[.] pruriens

utilis

Dim2 (19%)

4 %) 0 2
Dim1 (68.3%)

Figure 15. Scatter plot of M. pruriens accessions from Northeast India based on six
seed-based traits from the principal component analysis (PCA). Note: red circles and
sky-blue triangles represent var. pruriens, and var. utilis, respectively.
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Table 17. Eigen values of the five principal components (PCs) for six seed-based
traits.

Traits PC1 PC2 PC3 PC4 PC5
Seed width 0.98 0.04 -0.11 0.08 -0.10
Seed length 0.98 -0.01 -0.09 0.09 -0.15
Hundred seed weight 0.96 -0.02 -0.08 -0.27 0.01
Seed thickness 0.96 0.00 -0.16 0.10 0.23
Total carbohydrate 0.41 0.76 0.49 0.00 0.01
Total protein 0.44 -0.74 0.51 0.01 0.01
Eigen values 4.10 1.14 0.55 0.10 0.08
% of Variance 68.34 18.95 9.24 1.64 1.42
Cumulative % 68.34 87.29 96.53 98.18 99.59

5.2. Genetic diversity among the Northeast Indian accessions

5.2.1. Marker attributes and genetic diversity

Of the total 25 genic-microsatellite markers used in the study, 22 produced
polymorphic and 3 markers (MPU_07, MPU_09, and MPU_61) produced
monomorphic profiles after three repeated amplifications. Therefore, further analyses
were carried out using the data from the 22 polymorphic markers. The details of the
marker attributes are provided in Table 18. A total of 61 alleles were generated with
an average of 2.77 alleles per marker. The number of alleles ranged from 2 (in many)
to 4 (in MPU_04, MPU_05, MPU_13, and MPU_23) per marker. The mean value of
major allele frequency (MAF = 0.692) was high and ranged from 0.51 in MPU_124 to
0.88 in MPU_05. The expected heterozygosity (He) per marker varied from 0.219
(MPU_14) to 0.646 (MPU_13) with a mean value of 0.477. A low average value of
observed heterozygosity (Ho = 0.020) was recorded, which ranged from 0 in many
microsatellite markers to 0.401 in marker MPU_13. The average value of
polymorphism information content (PIC = 0.312) was moderate (PIC between
0.25 - 0.5), which varied from the lowest of 0.172 in MPU_Q05 to the highest of 0.375

in MPU_124. A major proportion of microsatellite markers (19) were moderately
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polymorphic with PIC > 0.25. Only three markers viz. MPU_05, MPU_06, and

MPU _14 produced low information with PIC < 0.25. Based on the PIC values,

markers such as MPU_10, MPU_19, MPU_20, MPU_124, and MPU_125 were

determined as informative with all of them showing PIC > 0.35. All the microsatellite

markers were found to have deviated from the Hardy-Weinberg equilibrium (HWE) at

a significance level of P < 0.001.

Table 18. Marker attributes of microsatellite markers used for genetic diversity

analysis.
Markers  NO-Of  viaF Gene He PIC  HWE
Alleles Diversity

MPU_01 3 0.706 0.364 0.566 0.283 falaied
MPU_02 3 0.720 0.380 0.515 0.304 falaied
MPU_04 4 0.667 0.372 0.627 0.333 falaied
MPU_05 4 0.882 0.197 0.367 0.172 falaied
MPU_06 3 0.816 0.291 0.392 0.245 falaied
MPU_08 2 0.733 0.391 0.367 0.315 falaied
MPU_10 2 0.569 0.490 0.469 0.370 Fkk
MPU_11 3 0.756 0.354 0.511 0.288 falaied
MPU_12 3 0.651 0.454 0.359 0.351 falaied
MPU_13 4 0.663 0.425 0.646 0.331 falaied
MPU_14 2 0.873 0.222 0.219 0.197 falaied
MPU_15 3 0.745 0.363 0.537 0.294 falaied
MPU_16 2 0.714 0.408 0.401 0.325 falaied
MPU_17 3 0.692 0.401 0.556 0.318 falaied
MPU_18 2 0.695 0.424 0.381 0.334 falaied
MPU_19 2 0.634 0.464 0.447 0.356 falaied
MPU_20 2 0.591 0.483 0.481 0.367 falaied
MPU_22 3 0.667 0.390 0.580 0.303 falaied
MPU_23 4 0.667 0.401 0.598 0.313 falaied
MPU_25 3 0.667 0.420 0.600 0.328 falaied
MPU_124 2 0.517 0.499 0.407 0.375 falaied
MPU_125 2 0.593 0.483 0.479 0.366 falaied
Mean 2.773 0.692 0.394 0.477 0.312 -

SE 0.160 0.019 0.017 0.023 0.011 -

MAF, major allele frequency; He, expected heterozygosity; PIC, polymorphism
information content; HWE, Hardy-Weinberg equilibrium; SE, standard error;

***significant at P-value < 0.001.
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The effective number of alleles (Ne) ranged from 1.29 to 3.03, with an average of
2.03. The mean value of Ne was lower than that of the total number of alleles
(Na = 2.773), indicating the contribution of fewer alleles for the variation. The
average values of Shannon’s information index (I = 0.496) and Nei’s gene diversity
(h = 0.326) were suggestive of moderate to high genetic diversity which was further
supported by total gene diversity (Hrt) value of 0.330. The average values of the
genetic differentiation indices such as Gsr (0.038) and Fst (0.061) were high
indicating low genetic differentiation among the population groups. The high value of
gene flow (Nm = 7.48) indicated widespread genetic exchange among the population
groups. The genetic diversity indicators obtained across different microsatellite alleles

are depicted in Table 19.

To ascertain the genetic diversity between and within the populations, the accessions
were assumed into different population groups based on geographical locations of
collection and varietal affiliation. Based on geographical location, accessions were
assigned into two groups viz. Indo-Burma (IB) region, and Eastern Himalayan (EH)
region. Likewise, the accessions were grouped based on varietal affiliation into var.
utilis (cultivated) and var. pruriens (wild). Among the two population groups based
on the geographical location, | varied from 0.468 to 0.479 with an average of 0.474,
and h varied from 0.307 to 0.312 with an average of 0.309 (Table 20). The percentage
of polymorphic SSR loci (%P) was found to be 95.45% in the IB subgroup, followed
by 95.21% in the EH subgroup. Between the two botanical varieties, | varied from
0.444 to 0.476 with an average of 0.460 and h from 0.290 to 0.311, with an average of
0.311 (Table 20). The percentage of polymorphic SSR loci was found to be 95.45 and

90.91% in var. pruriens and var. utilis.
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Table 19. Genetic diversity indicators obtained using microsatellite markers across all
populations of Northeast India.

Markers Na Ne h | Hr Hs Gst Fst

MPU_01 3 2304 0259 0410 0.264 0.263 0.005 0.004
MPU_02 3 2122 0.283 0.447 0.291 0.271 0.057 0.114
MPU_04 4 2699 0295 0468 0.295 0.292 0.009 0.015
MPU_05 4 1595 0.186 0.301 0.184 0.181 0.019 0.026
MPU_06 3 1.868 0.255 0401 0.260 0.232 0.076 0.124
MPU_08 2 1.610 0373 0552 0.370 0.359 0.027 0.039
MPU_10 2 1.893 0.411 0.600 0.411 0.402 0.021 0.033
MPU 11 3 2.066 0275 0.435 0.274 0.271 0.011 0.017
MPU_12 3 1580 0.398 0584 0421 0.353 0.164 0.292
MPU _13 4 3.036 0313 0485 0.318 0.287 0.084 0.101
MPU_14 2 1.293 0.291 0447 0.291 0.284 0.019 0.025
MPU_15 3 2164 0.278 0.439 0.278 0.277 0.004 0.007
MPU _16 2 1.699 0380 0.561 0.387 0.375 0.030 0.046
MPU_17 3 2311 0.289 0.457 0.297 0.280 0.052 0.095
MPU 18 2 1.679 0386 0569 0.394 0.362 0.076 0.113
MPU _19 2 1.823 0.401 0588 0.401 0.394 0.017 0.027
MPU_20 2 1930 0.408 0.597 0.410 0.407 0.005 0.009
MPU_22 3 2.386 0.288 0.448 0.288 0.287 0.004 0.008
MPU_23 4 2505 0.290 0455 0.289 0.287 0.009 0.020
MPU_25 3 2543 0294 0465 0.294 0.289 0.018 0.031

2

MPU_124 1.704 0414 0605 0426 0378 0.112 0.178
MPU_125 2 1922 0408 0597 0.410 0.407 0.009 0.014
Mean 2773 2033 0326 049 0330 0.315 0.038 0.061
SE 0.160 0.091 0.014 0.018 0.015 0.013 0.009 0.015

Na, number of different alleles; Ne, effective no. of alleles; h, Nei's gene diversity;
I, Shannon's information index; Hr, total gene diversity; Hs, subdivided population;
Gst, genetic differentiation; Fsr, genetic differentiation among populations,
SE, standard error.
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Table 20. Genetic diversity estimates in populations based on the collection location
and varietal affiliation.

Geographical

location Na Ne Ho He h | %P
Indo-Burma Hotspot 2686 2.110 0.021 0486 0.312 0.479 95.45%
Eastern Himalaya 2591 2.002 0.022 0460 0.307 0.468 95.21%
Mean 2638 2.056 0.022 0473 0.309 0.474 95.33%
SE 0.034 0.038 0.001 0.009 0.002 0.003 0.001
Botanical varieties Na Ne Ho He h I %P
var. utilis 2500 1.935 0.006 0442 0.29 0.444 90.91%
var. pruriens 2.682 2.062 0.027 0460 0.311 0.476 95.45%
Mean 2591 1998 0.017 0.451 0.301 0.460 93.23%
SE 0.091 0.064 0.011 0.009 0.011 0.016 0.023

Na, number of different alleles; Ne, effective no. of alleles; Ho, observed
heterozygosity; He, expected heterozygosity; h, Nei's gene diversity; I, Shannon's
information index; %P, percentage of polymorphic loci; SE, standard error.

5.2.2. Population structure

The population structure based on Bayesian statistics revealed the presence of two
major groups as AK was maximum at K = 2 (Figure 16). The 60 M. pruriens
accessions from the Northeast were assigned into two major groups: STR-I and
STR-1I. STR-I comprised of 35 accessions (11 var. utilis and 24 var. pruriens) of
which 17 were derived from EH and 18 were from the IB region. Similarly, STR-II
was comprised of 25 accessions (5 var. utilis and 20 var. pruriens) of which 9 were
affiliated to EH and 16 were to IB. Out of the total accessions evaluated, 26 showed
>80% of shared ancestry and these accessions were considered as admixtures. The
STRUCTURE analysis was heterogeneous, i.e., no clear-cut grouping was observed

either based on geographical or varietal affiliation.
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500277ML-p
500279NL-u
500234AS-p
500326SK-p
500308TR-p
500318AR-p
500280NL-u
500319MN-p
500278NL-u
500314AR-u
500322AS-p
500275SK-p
500327SK-p
500322A8-p
500281MZ-p
500326SK-p
500299SK-p
500300MN-p
500312ML-p
500321MN-p
500320MN-u
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Where, p = var. pruriens and u = var. utilis are
botanical varieties of M. pruriens and SK =
Sikkim, AS = Assam, AR = Arunachal Pradesh,

NL = Nagaland, MN = Manipur,

ML =

Meghalaya, TR = Tripura, MZ = Mizoram are

the places of collection in Northeast India.
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Figure 16. Population structure of M. pruriens population from Northeast India
inferred using STRUCTURE software (a) population structure based on inferred
ancestry (Q-matrix); STR- | and STR-II indicate the names of two subpopulations
(b) hypothetical subpopulation estimation of M. pruriens from Northeast India using
AK-values revealing the highest peak at K = 2.
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The minor peak at K = 6 indicated the existence of subgroups in two major groups.
Therefore, independent STRUCTURE analysis for both STR-1 and STR-Il was
performed in which the highest peak was observed at K = 3 for STR-I, and the
resultant subgroups were named as STR-1 (A), STR-1 (B), and STR-1 (C) (Figure 17).
Subgroup STR-I (A) was comprised of var. pruriens majority of which were from the
EH region, while subgroup STR-1 (B) was comprised of var. utilis, all derived from
the IB region; STR-1 (C) had accessions from both the regions and varieties. For
STR-II, the highest peak was observed at K = 2, and the resultant subgroups were
named STR-Il (A) and STR-II (B) (Figure 17). Subgroup STR-II (A) was entirely
comprised of var. pruriens in which the greater number of the accessions represented
the EH region, while a similar trend for the 1B derived accessions was noticed in

subgroup STR-I1 (B).

Three independent analysis of molecular variance (AMOVA) was performed for the
populations based on geographical location, botanical varieties, and subpopulations
derived from the STRUCTURE analysis. Results of AMOVA are depicted in
Table 21. In the populations based on geographical location, 96% of the variance was
contributed by within-population variance and only 4% contributed to variation
among the populations. In the case of botanical varieties, 6% variance was explained
by among variety variance, and 94% was within the variety. In STRUCTURE-derived
five subpopulations, the molecular variance among the populations was 27% and
within subpopulations was 73%, respectively. The overall Fsr values for the
populations based on the geographical locations, botanical varieties, and
STRUCTURE-derived subpopulations were 0.032, 0.058, and 0.269, respectively.
These data suggested maximum genetic differentiation in STRUCTURE-derived

subpopulations followed by populations based on botanical variety and geographical
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origin. To find out the genetic divergence among the STRUCTURE-derived five
subpopulations, pairwise Fst was estimated, which ranged from 0.189 between
STR-II (A) and STR-11 (B) to 0.410 between STR-I (B) and STR-I (C) at P < 0.001
(Table 22). The expected heterozygosity (He) was also estimated for each
subpopulation which varied from 0.191 in STR-I (C) to 0.371 in STR-II (B) with an

average of 0.317 (Table 23).

(a) Deltak = meant|L™(KH] / sdiL{K)}) (b)

B STR-1(A) P sTR-1(8) M STR-1(0)

(c) (d)

Deltak = mean(|L"(K)]) / sdiLik]]

B STR-11(A) [ STR-11(B)

Figure 17. Population structure of STRUCTURE-derived subpopulations STR-I and
STR-IlI (a) hypothetical subpopulation estimation of STR-I using AK values,
revealing the highest peak at K = 3 (b) population structure analysis of STR-I based
on inferred ancestry (Q-matrix); STR-1 (A), STR-I (B), and STR-I (C) indicate the
names of three subpopulations (c) hypothetical subpopulation estimation of STR-II
using AK-values, revealing the highest peak at K = 2 (d) population structure analysis
of STR-II based on inferred ancestry (Q-matrix); STR-1I (A) and STR-II (B) indicate
the names of two subpopulations.
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Table 21. Analysis of molecular variance (AMOVA) among and within the
populations based on geographical distribution, varietal affiliation, and
STRUCTURE-derived subpopulations.

Geographical distribution

Sources of variation Est Var %Var Fst P-value*
Among population 0.217 4% 0.001
Within population 6.503 96% 0.032 0.001
Total 6.72 100% 0.001
Varietal affiliation
Sources of variation Est Var %\Var Fst P-value*
Among population 0.385 6% 0.001
Within population 6.496 94% 0.058 0.001
Total 6.881 100% 0.001

Structure subpopulations
Sources of variation Est Var %Var Fst P-value*
Among populations 1.920 27% 0.001
Within Population 5.444 73% 0.269 0.001
Total 7.364 100% 0.001

Est Var, estimated variance; %Var, percentage of variance; *With 999 data
permutations.

Table 22. Matrix depicting pairwise Fst of subpopulations from STRUCTURE
analysis.

STR-1(A) STR-1(B) STR-1(C) STR-1I(A) STR-lI (B)

STR-1 (A) *
STR-1(B)  0.218 *

STR-1(C)  0.365 0.410 *

STR-I1 (A)  0.228 0.336 0.347 *

STR-11(B)  0.243 0.268 0.328 0.189 *

*Fsr values between the same subpopulation.

Table 23. Expected heterozygosity (He) of STRUCTURE derived subpopulations.

STRUCTURE derived subpopulations Expected heterozygosity (He)

STR-I (A) 0.370

STR-1 (B) 0.324

STR-1 (C) 0.191

STR-II (A) 0.328

STR-I1 (B) 0.371

Mean 0.317

Standard error 0.033
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5.2.3. Genetic relationship

To determine the genetic relationship, we constructed the neighbor-joining (NJ)
dendrogram based on a simple matching coefficient and performed principal
coordinate analysis (PCoA). The accessions in the NJ tree and PcoA plots (PC1 vs.
PC2) are color-coded from the information of two subgroups identified using the
STRUCTURE analysis (STR-I1 and STR-I1I). The NJ algorithm grouped 60 accessions
(25 from EH and 35 from IB regions) into two main clusters: Cluster-1 and Cluster-I1
(Figure 18). Cluster-1 was comprised of 26 accessions (19 var. pruriens and 7
var. utilis) derived from both the geographical regions (10 from EH and 16 from IB
regions). The other cluster, Cluster-I1l was comprised a total of 32 accessions
(24 var. pruriens and 8 var. utilis), among which 13 were from EH and 19 were from
IB regions. Two accessions from EH emerged as out-group accessions. Similar to
STRUCTURE, the clustering pattern in the NJ tree did not reveal any clear-cut
differentiation either based on the geographical location or varietal affiliation. The
PCoOA scatter plot depicted a similar trend as that of the NJ tree (Figure 19). Axes

I and 1l of PCoA explained 15.85 and 9.08% of the total variance.

Sikkim University | 2021 68



Chapter 5 Results

Cluster - 1 500298V p
uster - eoaoeng(n “Poavep
- STy S0802Rp
S02BAVNI0ZT0ARU SO2Kp
S002865K-p 500294VN-D ;
500303MVE-p
—— S0200MSp 50029246p
500311M-POTR %M_p
S003164Rp
S00009TR
S00301TR .
50030545, P _.--
S00317/R e
500321V g
S S S00304SK-p
--------------- i — S0315Ry

S0B14Rp \\_mzm
500279NL-u
500319VN-p
5003265Kp 500278NL-u
50032200046 p S00274/6-p
S SRYSD a2
500327SKp
500300VN-p
Cluster - 1T b S
S00282VE-p ] mm-p \
500283VZ-pX027 INL-41 500306TRp
500269VZ-u S0TMp
S00288SK-p 500313VLp
S002B7SKp 578K
| " - Accessions from STR-I
50028545 .
0 02 0 Accessions from STR-IT

Figure 18. NJ tree depicting the genetic relationship among M. pruriens accessions
from Northeast India. Note: Red and green colors depict the accessions belonging to
two subgroups of STRUCTURE viz. STR-1and STR-II.
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Figure 19. PCoA scatter plot based on SSR data depicting the distribution of
M. pruriens accessions in two axes. Note: Red and green colors depict the accessions
belonging to two subgroups of STRUCTURE viz. STR-1 and STR-II.
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5.3. Feasibility analysis of association mapping panel

5.3.1. Germplasm establishment

A total of 61 M. pruriens accessions obtained from the germplasm collection of
Sir MVIT, Bangalore was used for linkage disequilibrium and association analysis.
The panel comprised of 8 accessions of var. utilis, 28 of var. pruriens, and 25 of
var. hirsuta. They were established in the Botanical garden of Sikkim University.
These accessions represented three large geographic regions in India such as Eastern
(15 accessions), West-Central (11 accessions), and Southern (35 accessions) India
(Table 11). All the statistical estimates required for association mapping were

performed on this panel.

5.3.2. Population structure

STRUCTURE analysis (AK vs. K plot) revealed a sharp peak at K = 2, indicating the
presence of two genetic groups in our association mapping (AM) panel (Figure 20).
Forty-eight accessions showed > 80% membership within respective subgroups, and
13 were admixtures with < 80% of shared ancestry (Figure 20). Majority of the
17 accessions in the subgroup-1 (designated as MpSTR-1), and 44 accessions in the
subgroup-2 (MpSTR-1I) aligned with Eastern (14) and Southern India (34),
respectively. Accessions from West-Central India did not form an independent

subgroup but merged with one of the two major clusters.

To ascertain the partitioning of variation, we performed AMOVA on three population
groups assumed based on: (a) geographical distribution, (b) varietal affiliation, and
(c) subgroups identified in STRUCTURE analysis (Table 24). All three revealed
higher within gene pool variance vis-a-vis among gene pools. The ratios for within to

between gene pools variance were 93:7 in case of geographical distribution, 97:3 for
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varietal affiliations, and 89:11 for STRUCTURE-derived subpopulations. We

estimated population differentiation (Fst) within each group separately. The results

revealed low to moderate differentiation in groups based on the varietal affiliation

(Fst = 0.032) and geographical origin (Fst = 0.070) and high genetic differentiation

(Fst=0.105) in groups based on STRUCTURE analysis (Table 24).

Table 24. Population differentiation and AMOVA based on geographical distribution,
varietal affiliation, and STRUCTURE analysis within M. pruriens association panel.

Geographical distribution

Sources of variation Est Var %Variance P-value* Fst
Among populations 1.048 7% 0.001

Within populations 13.841 93% 0.001 0.070
Total 14.889 100% 0.001

Varietal affiliation

Sources of variation Est Var %Variance P-value* Fst
Among populations 0.463 3% 0.001

Within populations 14.172 97% 0.001 0.032
Total 14.635 100% 0.001
STRUCTURE

Sources of variation Est Var %Variance P-value* Fst
Among populations 1.619 11% 0.001

Within populations 13.794 89% 0.001 0.105
Total 15.413 0.001
Est Var, estimated variance; %Var, percentage of variance; *with 999 data

permutations.
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Figure 20. Population structure of M. pruriens association mapping panel inferred
using STRUCTURE software (a) population structure at K = 2 based on inferred
ancestry (Q-matrix) in which two sub-populations are indicated as MpSTR-1 (red
color) and MpSTR-II (green color) (b) hypothetical sub-population estimation using
AK-values (K = 2) indicating two subpopulations.
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To determine the genetic relationship, we constructed the NJ dendrogram based on a
simple matching coefficient and performed PCoA. Two main clusters were revealed
by the NJ algorithm, which was named MpNJ-I and MpNJ-1I (Figure 21). Similar to
STRUCTURE results, the majority of the accessions (25 out of 28) in MpNJ-I were
derived from Southern India, three were from West-Central India. But considerable
mixing was observed among the 33 accessions in MpNJ-Il, as 15 of them belonged to
Eastern India, eight were from West-Central India, and 10 were from Southern India.
The accessions in the NJ tree and PCoA plots (PC1 vs. PC2) are color-coded from the
information of two subgroups identified using the STRUCTURE analysis (MpSTR-I
and MpSTR-II). We didn’t find any indication of grouping based on geographical
origin or varietal affiliation as accessions representing these groups were pretty much

mixed up among both the clusters.

In PCoA, the principal axes 1 and 2 explained 28 and 26% of the total variance
(Figure 22). The dispersion was relatively homogeneous in all four quadrants
signifying the diverse nature of the accessions. The clustering pattern in PCoA largely
corresponded with that of the NJ dendrogram. We also estimated the relative kinship
between these accessions to measure their relatedness. About 55.29% of kinship
coefficient (F;;) values between any two accessions were within 0 to 0.05 and there
was a subsequent reduction in frequency with an increase in kinship value
(Figure 23). The heat map (Figure 24) revealed substantial differences among the

accessions.
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Figure 22. Scatter plot depicting dispersion of M. pruriens accessions (AM panel)
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Figure 24. Heat map of kinship matrix generated for M. pruriens AM panel based on
180 filtered SSR markers data. The dendrogram is shown on the top and left.
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5.3.3. Linkage disequilibrium

Linkage disequilibrium (LD) analysis revealed that 1.84% of SSR marker pairs were
in LD (R>0.1) at P < 0.001, in which 1.76% of SSR marker pairs were in LD with
R?>0.2. This result was based on 7684 pair-wise comparisons generated by 180 SSR
alleles. The average value of R? (0.032) revealed that there is no high LD among the
7684 SSR pairs in the tested AM panel. Further, LD between each pair of SSR
markers located on the same chromosome was tested (Table 25). Among the pseudo-
chromosomes, overall LD ranged from 0.037 to 0.091 with an average of 0.052. The
P < 0.001 was used as a level of significance for testing LD between each SSR pair
located on the same chromosome. Based on the average of significant LD within the
chromosome, chromosomes 3, 4, 8, and 11 were found to possess the highest
significant LD with R? > 0.5, followed by chromosomes 1 and 5 (R* > 0.4),
chromosomes 2, 6, 7, and 9 (R? > 0.3) and chromosome 10 (R?> 0.2). Likewise, the
highest average non-significant LD was found in chromosomes 4, 8, and 10
(R22 0.3), followed by chromosomes 1, 2, 3,5, 6, 7, 9, and 11 (RZZ 0.2). The highest
ratio between the number of significant LD and the number of non-significant LD was
recorded in chromosome 3 (0.15), followed by chromosome 9 (0.07), chromosomes 1,
8, and 10 (0.06), chromosomes 2, 4, 6, and 11 (0.05) and chromosomes 5 and 7
(0.04). The LD decay plot is depicted in Figure 25 where R® between each pair of

markers was plotted against genetic distance (kb).
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Table 25. Linkage disequilibrium between SSR markers located on the same
chromosome.

No. Avg.  No.sig.RY

Chr. No.of Avg. % sig.

AVQ.R? o2 Yo > non non No. non

No. SIg.R" - Sig. R R sig. R sig.R? sig.R?
1 0.049 10 0.458 5.85 161 0.024 0.06
2 0.044 7 0.399 5.15 129 0.025 0.05
3 0.091 14 0.502 13.33 91 0.028 0.15
4 0.055 6 0.503 441 130 0.034 0.05
5 0.041 5 0.414 3.68 131 0.027 0.04
6 0.046 7 0.370 5.15 129 0.029 0.05
7 0.037 11 0.354 3.38 314 0.026 0.04
8 0.059 3 0.539 5.45 52 0.031 0.06
9 0.051 6 0.369 6.59 85 0.029 0.07
10 0.046 4 0.280 6.06 62 0.031 0.06
11 0.052 5 0.551 4.76 100 0.027 0.05
Average 0.052 7.09 0.431 5.80 125.82 0.028 0.06

Genome 0.032

Chr, chromosome; Avg, average; R® estimated of linkage disequilibrium;
Sig, significant.

Expected R’
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Figure 25. Linkage disequilibrium decay plot of M. pruriens accessions where
R? between each pair of markers was plotted against genetic distance (kb = kilobases).

Sikkim University | 2021 79



Chapter 5 Results

5.4. Association analysis

5.4.1. Phenotypic variability

The one-way ANOVA revealed significant variability (P < 0.05) for the majority of
the phenotypic traits evaluated, except for pedicel length, and L-DOPA content
(Table 26). Inflorescence length and flower length showed the highest (CV =84.97%)
and the lowest variations (CV = 6.90%) (Table 27). Variability of the entire AM panel
is provided in Table 28. We observed moderate to high estimates (42.86% to 99.93%)
of broad-sense heritability (H?) for the 16 phenotypic traits (Table 27). Traits such as
number of pods per cluster, number of pods per plant, hundred seed weight, seed yield
per plant, etc., showed very high heritability values ranging from 93.34 to 99.93%.
Among the biochemical traits, total protein (98.58%) and total carbohydrate (95.71%)
recorded high heritability, and L-DOPA content revealed a moderately high

heritability (62.50%).

Table 26. One-way ANOVA for sixteen phenotypic traits in M. pruriens AM panel.

Trait F F crit P-value Sig
Inflorescence length 6.17923  3.15593 0.0036918 e
Flower buds per inflorescence  6.07893  3.15593 0.00401051 *x
Pedicel length 0.1835 3.15593 0.83282943 ns
Flower length 1.44912  3.15593 0.24315107 ns
Pod length 55.7498  3.15593 3.1155E-14 falaied
Pod width 10.9331  3.15593 9.3518E-05 falaled
Number of pods per cluster 3.77094  3.15593 0.02886454 *

Number of pods per plant 5.95592  3.15593 0.0044406 **
Seed length 92,7291  3.15593 8.5725E-19 foleiel
Seed width 85.0834  3.15593 5.6245E-18 Fkk
Seed thickness 89.9942  3.15593 1.6569E-18 falaied
Seed yield per plant 8.34948  3.15593 0.00065056 faleka
Hundred seed weight 120.926  3.15593 2.04E-21 foleiel
L-DOPA 0.78607  3.15593 0.46042512 ns
Total protein 3.403 3.15593 .039 *

Total carbohydrate 5.648 3.15593 .005 *x

F, calculated F value; F crit, F critical value; Sig, significance; ns, non significance at P
< 0.05; ***significant at P < 0.001; **significant at P < 0.01; *significant at P < 0.05.
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Table 27. Variability and broad-sense heritability of phenotypic traits in M. pruriens
AM panel.

Traits (unit of measurement)  Range Average+SE CV(%) H?* (%)

Inflorescence length (cm) 1.60-93.00 18.85+2.05 84.97  96.93
No of flower buds per

inflorescence 4.25-83.75 25.54+2.40 73.37  62.23
Flower length (cm) 4.05-5.18 4.61+0.04 6.90 52.94
Pedicel length (cm) 0.30-4.50 0.60+0.07 80.45 42.86
Pod length (cm) 6.43-14.03 8.80+0.21 18.71  99.93
Pod width (cm) 1.43-2.55 1.82+0.03 14.07  98.14
No of pods per cluster 2.50-28.00 10.83+0.77 55.71  98.83
No of pods per plant 27.25-405.75 147.43+11.66 61.77  96.77
Seed length (mm) 7.73-16.90 10.88+0.28 20.19  96.62
Seed width (mm) 6.15-12.77 8.18+0.20 19.17  93.92
Seed thickness (mm) 3.01-9.61 5.33+0.18 26.08  97.27
Seed yield per plant (gm) 41.13-1136.60  303.61+30.94 79.60 93.34
Hundred seed weight (gm) 12.83-146.36 41.714£3.75 70.31  95.93
L-DOPA (%) 0.95-3.24 2.07+0.06 22.81  62.50
Total protein (%) 15.07-29.19 22.94+0.42 1414  98.58
Total carbohydrate (%) 6.54-28.25 14.60+0.68 36.44  95.71

SE, standard error; CV, coefficient of variation; ANOVA, one-way analysis of
variance; H? broad-sense heritability; ns, not significant; ***significant at
P < 0.001; **significant at P < 0.01; *significant at P < 0.05.

The values of correlation coefficients indicated a significantly high positive
correlation (R > 0.70) between some important seed, pod, and inflorescence traits
(Table 29). For instance, hundred seed weight was strongly correlated (R > 0.70) with
seed thickness, seed width, seed length, and pod length, and moderately correlated
(0.30 < R < 0.70) with pod width and flower length. A similar trend was observed for
seed yield as well. In PCA, the first five principal components (PCs) explained
81.39% of the total phenotypic variance of which PC1 accounted for 34.15% and PC2
accounted for 24.68% (Figure 26; Table 30). The resultant scatter plot distinctly
separated the cultivated and wild accessions. However, we couldn’t find clear-cut

separation for the two wild varieties - var. pruriens and var. hirsuta (Figure 26).
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PCA - Biplot
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Figure 26. Scatter plot of M. pruriens accessions (AM panel) based on sixteen
phenotypic traits from the principal component analysis (PCA). Note: red circles,
green triangles, and blue squares represent var. hirsuta, var. pruriens, and var. utilis,
respectively.
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Table 28. Variability for phenotypic traits in M. pruriens association mapping panel.

Accessions 1L FBpl FL PedL PodL PodW NPpC NPpPt SL SwW ST SYpPt HSW LDp TPr TCr

IC-265577  13.00 14.00 467 048 1240 235 575 6425 1392 925 564 200.77 5430 240 2172 21.04
IC-369144  4.88 8.25 493 065 1310 245 650 13050 15.14 1277 9.61 109140 14587 1.09 27.86 19.37
1C-391885 38.00 6525 480 065 813 1.55 1400 166.75 10.11 6.93 4.27 31529 3294 152 2597 1751
1C-392241 3.63 5.25 485 038 10.23 1.80 2.50 33.00 1572 1024 793 163.64 86.17 235 20.02 11.10
1C-392850 5.00 6.75 460 058 1345 2.08 5.75 4950 16.54 1237 9.03 41591 146.36 1.69 18.85 24.84
IC-471870 3.88 5.25 488 0.63 14.03 2.55 4.50 96.25 1690 11.29 8.25 553.00 112.21 240 2413 18.01
IC-471876 8.00 9.00 500 050 11.18 2.20 4.50 51.75 15.07 1154 883 24151 8120 242 1640 10.60
500108-KA 3425 30.75 516 057 1125 210 2175 203.75 1564 11.68 7.29 92911 9565 210 23.60 13.79
500109-KA 38.75 6225 443 048 825 223 28.00 33350 992 691 498 46364 2644 232 2166 2271
500110-KA 11.75 18.00 420 030 950 2.05 10.25 116.00 9.78 7.77 493 19419 3345 210 21.23 20.74
500111-KA 3125 5400 480 055 730 1.78 1575 19850 9.22 7.37 507 26256 2796 208 2237 10.86
500112-KA 4100 3550 485 058 883 208 2350 27750 1141 839 553 57945 8483 215 2036 28.25
500113-MH 93.00 8375 468 070 870 215 15.00 343.25 10.69 8.03 3.78 544.06 2884 276 28.05 22.38
500115-TN 2750 20.25 498 053 848 1.58 18,50 150.25 9.27 6.62 388 239.80 3513 157 2199 16.67
500120-TN  2.50 6.50 415 050 813 1.83 4.50 2725 1011 7.70 4.63 41.13 3026 201 2573 16.46
500121-TN 2525 36.00 515 058 825 185 8.75 16250 13.00 9.24 515 31641 4099 295 2477 16.89
500122-TN  4.50 6.25 415 450 833 1.80 4.25 3525 946 7.02 422 4842 2405 203 2428 12.28
500126-KA 28.00 4200 490 048 815 1.68 1475 28375 820 7.13 411 293.10 19.76 198 2855 9.78

500130-KA 2763 3925 415 063 790 143 19.50 150.25 991 862 557 28785 3839 148 2181 18.26
500131-KA 1150 1175 445 035 913 1.63 7.00 21450 7.73 650 3.01 136.73 12.83 147 23.08 13.73
500132-KA 3200 36.75 505 045 7.65 155 1250 21250 930 6.24 443 236.99 2238 148 2236 10.30
500133-KA 4.85 5.75 445 061 818 1.63 5.25 136.25 9.80 7.68 4.73 19940 2960 147 2578 8.28
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500134-KA  6.50 7.75 425 0.61 10.18 2.20 4.50 15750 896 7.37 593 214.65 2886 324 1735 1352
500135-KA 2.88 7.50 405 041 6.93 220 5.00 73.00 923 770 411 9443 2445 210 2876 7.50
500137-TN  29.12 30.75 480 060 880 1.78 9.25 12450 1187 997 549 26458 4046 194 2279 7.82
500138-TN  7.80 8.30 410 050 8.60 1.80 5.50 14350 950 7.00 450 210.70 2890 194 17.78 20.86
500142-KA  6.88 7.25 430 048 7.78 1.63 7.00 21850 9.69 743 414 25524 2349 146 20.83 16.65
500144-AP 1055 1000 4.08 035 830 1.80 9.75 30550 9.09 759 539 465.63 3223 211 2171 18.83
500145-AP 1000 1325 415 035 840 1.73 11.00 28425 831 7.18 486 386.34 2708 203 2194 1884
500146-AP  3.50 4.50 455 044 880 195 4.00 5550 11.01 841 492 9440 2961 168 19.23 19.65
500148-AP  2.73 8.00 438 050 870 1.73 4.25 80.00 10.81 891 503 18226 4280 231 2094 18.36
500149-AP  2.13 4.25 415 0.60 658 220 3.50 4475 950 7.81 4.09 58.72 2515 250 2448 24.28
500151-AP  1.60 7.25 418 053 838 150 5.50 4975 799 6.15 3.81 49.73 1752 173 2285 13.04
500152-AP  2.00 6.25 445 055 773 170 3.75 3550 1066 7.61 5.89 65.45 3515 193 2157 19.02
500153-AP 41.75 60.75 515 065 9.00 1.68 1400 37550 1198 862 566 1136.60 4833 3.02 2570 21.39
500159-PY 38.25 40.25 518 064 11.98 2.08 1425 165.75 1491 11.73 7.04 884.89 96.44 215 2371 18.44
500162-PY  9.75 1650 470 070 9.13 1.80 11.00 8250 10.72 751 498 158.48 32.00 224 2298 19.37
500163-PY 10.00 1350 445 060 863 1.78 7.50 117.25 8.89 6.73 438 178.18 29.00 210 1854 12.76
500164-PY 30.00 42,00 510 048 745 1.68 7.25 77.00 1021 746 420 146.22 26.63 225 2641 9.04
500165-AP  2.25 7.25 415 060 643 218 5.50 3350 969 7.84 514 64.16 31.88 228 2310 20.87
500166-AP  29.13 4650 460 045 850 1.63 21.25 13375 995 764 557 264.20 3435 180 2310 9.22
500172-MH 1650 2925 478 063 7.75 175 11.50 140.00 10.82 7.41 436 150.04 2278 236 2031 1421
500174-MH 18.12 3375 425 058 7.88 162 6.25 7400 10.88 7.90 479 133.04 31.29 252 1507 19.19
500175-MH 31.75 51.00 475 043 898 1.73 1050 178.00 10.75 7.75 513 267.77 26.14 222 2588 12.00
500176-MH 37.00 6150 473 065 913 1.65 26.50 19575 10.77 747 479 327.65 29.11 299 20.79 15.23
500177-MH 23.00 3225 460 050 838 1.78 1525 28150 11.72 9.21 513 606.52 39.25 230 2573 12.93
500178-MH 29.00 3375 470 050 7.88 1.63 1575 150.75 10.39 8.12 547 338.25 39.00 267 29.11 16.15
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500182-MH 1238 17.25 450 058 840 175 13.75 14325 10.16 7.39 469 203.77 2595 154 2790 10.14
500183-MH 36.00 39.75 493 053 800 1.58 16.00 21450 11.71 842 516 41029 3328 162 2471 11.68
500184-MH 38.25 47.75 488 0.70 7.63 153 1475 405.75 1065 7.44 570 72743 3265 162 2919 7.94
500188-KA 1205 17.00 480 058 1235 1.95 9.25 75.00 1559 1135 930 476.88 10597 172 20.07 10.30
500189-KA 3725 36.00 488 060 870 165 18.75 165.75 9.20 6.52 508 27950 2935 142 1977 9.74
500190-MH 18.38 30.00 478 048 913 175 15.00 163.75 8.47 6.87 3.72 16564 1759 198 2912 7.60
500191-OR 1838 3275 455 058 813 1.78 10.50 12450 1046 7.84 566 23479 3287 263 2317 956
500192-OR  6.25 11.00 445 048 7.70 1.60 8.00 7175 1083 7.69 448 13570 3298 282 2145 9.04
500193-OR 1225 2475 428 045 800 1.68 7.25 7650 1021 6.86 517 12091 2759 227 2268 9.28
500194-OR  9.35 1700 470 065 813 1.50 7.00 8400 949 708 492 13039 2722 215 2275 956
500195-OR 20.25 30.75 480 058 7.60 155 1400 116.75 10.69 833 537 21872 3250 095 18.75 11.28
500196-OR 10.88 23.00 455 055 818 1.68 1225 7425 1108 876 6.05 236.84 4100 167 2200 8.46
500197-WB  9.20 1950 478 045 655 153 6.75 9850 936 6.63 471 12056 2132 212 2268 6.54
500199-WB 16.50 2550 455 0.60 7.30 175 15.00 164.75 10.62 8.10 562 306.48 3235 224 2412 6.64
Minimum 1.60 4.25 405 030 643 143 2.50 2725 773 6.15 3.01 4113 1283 0.95 15.07 6.54
Maximum 93.00 8375 518 450 14.03 255 28.00 405.75 16.90 12.77 9.61 1136.60 146.36 3.24 29.19 28.25
Average 18.85 2554 461 060 879 1.82 10.83 14743 10.88 8.18 533 303.61 4171 2.07 2294 14.60
SE 2.05 2.39 0.04 006 021 0.03 0.77 1166 028 020 0.18 30.94 3.75 0.06 042 0.68
CV% 8497 7337 6.89 8546 18.71 14.07 5572 6177 20.19 19.17 26.08 79.60 70.32 2281 14.138 36.44

IL, inflorescence length (cm); FBpl, flower buds per inflorescence; FL, flower length (cm); PedL, pedicel length (cm); PodL, pod length (cm);
PodW, pod width (cm); NPpC, number of pods per cluster; NPpPt, number of pods per plant; SL, seed length (mm); SW, seed width (mm); ST,
seed thickness (mm); SYpPt, seed yield per plant (gm); HSW, hundred seed weight (gm); LDp, L-DOPA content (%); TPr, total protein (%);
TCr, total carbohydrate; SE, standard error; CV, coefficient of variation.
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Table 29. Correlation matrix of phenotypic traits evaluated on the M. pruriens AM panel.

IL FBpl FL PedL PodL PodW NPpC NPpPt SL SW ST SYpPt HSW LDp TPr TCr

IL e ** ns ns ns ** ** ns ns ns ** ns ns * ns
FBpl 0.92 ** ns ns ns e e ns ns ns ** ns ns * ns
FL 0.50 0.46 ns ** ns ** * ** ** ** ** ** ns ns ns
PedL -0.06  -0.08 -0.13 ns ns ns ns ns ns ns ns ns ns ns ns
PodL -0.08 -0.18 0.33 -0.01 i ns ns il ** ** ** ** ns ns *

Podw -0.10 -0.21 0.00 0.00 0.60 ns ns ** ** ** * ** * ns **
NPpC  0.70 073 035 -011 -0.10 -0.18 e ns ns ns ** ns ns ns ns
NPpPt  0.67 063 025 -014 -011 -0.11 0.62 ns ns ns ** ns ns * ns
SL -0.01 -0.08 049 -0.04 0.79 0.53 -0.10 -0.18 ** *x ** ** ns ns ns
SW -0.05 -0.14 038 -0.06 0.77 0.57 -0.11 -0.16 0.93 *x ** ** ns ns ns
ST -0.15 -0.19 034 -0.07 0.76 0.49 -0.10 -0.18 0.87 0.88 ** ** ns ns ns
SYpPt 0.46 039 051 -0.08 0.48 0.30 0.41 0.61 051 0.56 0.50 ** ns * ns
HSW -0.07  -0.17 038 -0.04 0.84 0.56 -0.07  -014 089 091 0.90 0.59 ns ns *

LDp 0.13 0.17 -0.01 0.00 -0.01  0.27 -0.04  0.05 0.09 0.01 -0.03  0.02 -0.08 ns ns
TPr 0.29 029 0.9 0.07 -0.16 -0.02 0.16 0.31 -0.12 -0.07 -0.21 0.26 -0.12  -0.05 ns

TCr 0.09 -0.01 -0.17 -0.04 0.26 0.45 0.03 0.11 0.19 0.20 0.09 0.25 0.30 017 -0.22

IL, inflorescence length; FBpl, flower buds per inflorescence; FL, flower length; PedL, pedicel length; PodL, pod length; PodW, pod width;
NPpC, number of pods per cluster; NPpPt, number of pods per plant; SL, seed length; SW, seed width, ST, seed thickness; SYpPt, seed yield
per plant; HSW, hundred seed weight; LDp, L-DOPA; TPr, total protein; TCr, total carbohydrate; ns, non significance; **significant at
P < 0.01; *significant at P < 0.05. Note: Below diagonal elements represent the Pearson’s correlation coefficients and the above diagonal
represent the significance values.
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Table 30. Eigen vector and Eigen values of the first five principal components (PCs)
for phenotypic traits.

Traits (Abbreviation) PC1 PC2 PC3 PC4 PC5

Hundred seed weight (HSW) 0963 -0.032 -0.076 -0.023 -0.110
Seed width (SW) 0.947 -0.032 -0.097 0.032 0.032
Seed length (SL) 0.941 -0.002 -0.103 0.017 0.178
Seed thickness (ST) 0911 -0.096 -0.176 -0.080 0.036
Pod length (PodL) 0.883 -0.062 0.004 0.004 -0.057
Pod width (PodW) 0.657 -0.147 0.479 0.220 -0.033
Inflorescence length (IL) -0.034 0917 0.103 0.020 0.098
Flower buds per inflorescence (FBpl) -0.133 0905 0.051 -0.004 0.190
No. of pods per plant (NPpPt) -0.102 0.820 0.179 -0.039 -0.260
No. of pods per cluster (NPpC) -0.079 0.812 0.010 -0.187 -0.099
Seed yield per plant (SYpPt) 0.617 0.632 0.032 0.077 -0.243
Flower length (FL) 0.424 0575 -0.420 -0.017 0.315
Total carbohydrate (TCr) 0.307 0.024 0776 -0.135 -0.334
Pedicel length (PedL) -0.063 -0.141 -0.003 0.752 -0.127
Total protein (TPr) -0.127 0.408 -0.222 0.610 -0.163
L-DOPA (LDp) 0.043 0.076 0596 0.206 0.714
Eigenvalue 5464 3950 1515 1.098 0.996
% of Variance 34152 24.686 9.468 6.861 6.228
Cumulative % 34152 58.838 68.306 75.167 81.395

5.4.2. Genetic diversity

The summary of the marker attributes, as well as individual markers, are given in
Tables 31 and Table 32. Initially, 66 markers produced 232 alleles with an average of
3.52 alleles per locus. Stringent filtering criterion was applied that retain 180 SSR
alleles based on minor allele frequency > 0.05, along with sixty-one accessions which
showed maximum missing site < 20% for further analysis. The major allele frequency
(MAF) varied from 0.50 to 0.94, with an average of 0.73 indicating high genetic
diversity and polymorphism at the observed loci. The heterozygosity (Ho) values
ranged from 0.00 to 0.59 with a mean value of 0.12 and the gene diversity (He) varied

from 0.03 (MPU_122) to 0.73 (MPU_42) with a mean value of 0.36.
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Table 31. Marker attributes of SSR markers used for association analysis.

Major allele frequency (MAF)

Average 0.73

SSR marker with lowest MAF 0.5 (MPU_52)

SSR marker with highest MAF 0.95 (MPU_20, MPU_122)
Observed heterozygosity (Ho)

Average 0.12

SSR marker with lowest Ho 0.00 (MPU_39, MPU_47, MPU_80)
SSR marker with highest Ho 0.59 (MPU_90)

Expected heterozygosity (He)

Average 0.36

SSR marker with lowest He 0.03 (MPU_122)

SSR marker with highest He 0.73 (MPU_42)
Polymorphism Information Content (PIC)

Average 0.29

SSR marker with the lowest PIC 0.09 (MPU_20)

SSR marker with the highest PIC 0.38 (MPU_52)

The PIC, which provides the relative informativeness of each marker, ranged from
0.09 (MPU_22) to 0.38 (MPU_52) with an average of 0.29 (Table 31 and 32). The
major proportion of SSR markers (43) were moderately polymorphic
(PIC-value > 0.25) with PIC-values ranging from 0.26 to 0.38 (Table 32). Based on
the marker statistics, the SSR marker MPU_52 was highly informative. The mean and
private allelic richness per marker were 2.82 and 0.06 respectively. The majority of
the SSR markers deviated from the Hardy-Weinberg equilibrium (HWE) at a
significance level of P < 0.001 and very few markers deviated at P < 0.01 (MPU_46
and MPU_115) and P < 0.05 (MPU_92) (Table 32). The SSR markers MPU_122 and

MPU_130 showed no significant deviation.
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Table 32. Details of marker attributes and diversity of individual SSR markers used for the association mapping.

SSR Putative chromosome . Ne MAF PIC  Ho He | h Hr  HWE
Markers location of marker

MPU_16 Chr01 4 1.83 0.61 0.36 0.16 0.39 0.74 0.43 0.45 falaied
MPU 42 Chr01 7 3.83 0.69 0.34 0.08 0.73 1.49 0.24 0.32 falaied
MPU_48 Chr01 6 2.01 0.57 0.37 0.22 0.50 0.85 0.48 0.50 falaied
MPU 114 Chr01 2 1.27 0.91 0.14 0.02 0.19 0.33 0.22 0.25 falaied
MPU 115 Chr01 2 1.23 0.81 0.26 0.13 0.19 0.33 0.30 0.30 faled
MPU 130 Chr01 2 1.16 0.56 0.37 0.14 0.12 0.21 0.37 0.50 ns
MPU_23 Chr02 5 1.83 0.71 0.33 0.07 0.42 0.82 0.34 0.36 falaied
MPU_37 Chr02 3 1.42 0.79 0.28 0.06 0.29 0.48 0.30 0.30 falaied
MPU 51 Chr02 3 2.05 0.65 0.35 0.18 0.49 0.82 0.35 0.44 bk
MPU_52 Chr02 4 1.76 0.50 0.38 0.35 0.43 0.77 0.44 0.49 bk
MPU_88 Chr02 4 1.67 0.63 0.36 0.10 0.38 0.61 0.36 0.41 bk
MPU_89 Chr02 3 1.77 0.71 0.32 0.07 0.42 0.63 0.43 0.45 bk
MPU_46 Chr03 2 1.74 0.59 0.37 0.57 0.42 0.61 0.48 0.48 fake
MPU_47 Chr03 2 1.39 0.90 0.17 0.00 0.25 0.40 0.25 0.27 falaled
MPU_57 Chr03 4 1.64 0.69 0.34 0.07 0.37 0.65 0.35 0.37 falaled
MPU_64 Chr03 3 2.69 0.68 0.33 0.03 0.62 1.03 0.42 0.42 bk
MPU_96 Chr03 2 1.47 0.71 0.33 0.17 0.29 0.45 0.34 0.36 falaled
MPU_98 Chr03 3 1.37 0.90 0.17 0.02 0.23 0.39 0.26 0.30 falaked
MPU_06 Chr04 2 1.24 0.83 0.24 0.08 0.19 0.33 0.26 0.26 bk
MPU 14 Chr04 2 1.97 0.56 0.37 0.07 0.49 0.68 0.49 0.49 falaked
MPU 18 Chr04 3 1.40 0.88 0.19 0.04 0.19 0.32 0.13 0.14 bk
MPU 49 Chr04 4 1.78 0.54 0.37 0.03 0.42 0.64 0.31 0.43 falaled
MPU 102 Chr04 3 1.12 0.92 0.13 0.03 0.09 0.17 0.18 0.18 falaled
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MPU_111
MPU_125
MPU_54
MPU_62
MPU_72
MPU_80
MPU_83
MPU_92
MPU_22
MPU_68
MPU_78
MPU_81
MPU_94
MPU_123
MPU_19
MPU_45
MPU_60
MPU_87
MPU_100
MPU_101
MPU_124
MPU_20
MPU_39
MPU_40
MPU_58
MPU_65

Chr04
Chr04
Chr05
Chr05
Chr05
Chr05
Chr05
Chr05
Chr06
Chr06
Chr06
Chr06
Chr06
Chr06
Chr07
Chr07
Chr07
Chr07
Chr07
Chr07
Chr07
Chr08
Chr08
Chr08
Chr08
Chr08

AN OPADNNDORERPDOIOIOTWWWNOIONDNDWDNO BM~O

2.32
1.18
2.95
1.83
1.62
1.23
1.10
1.53
2.65
1.53
2.04
1.12
2.39
1.32
2.25
1.98
3.04
2.94
1.36
1.87
2.79
1.16
1.35
1.84
1.42
2.75

0.51
0.87
0.64
0.59
0.70
0.91
0.93
0.74
0.69
0.74
0.58
0.88
0.68
0.78
0.53
0.67
0.73
0.54
0.81
0.61
0.74
0.94
0.88
0.68
0.74
0.71

0.37
0.20
0.35
0.37
0.33
0.15
0.13
0.31
0.33
0.31
0.37
0.19
0.34
0.28
0.37
0.34
0.31
0.37
0.26
0.36
0.30
0.09
0.18
0.34
0.31
0.31

0.22
0.03
0.29
0.16
0.08
0.00
0.01
0.21
0.04
0.11
0.05
0.02
0.25
0.16
0.22
0.19
0.26
0.08
0.03
0.19
0.19
0.05
0.00
0.08
0.03
0.25

0.56
0.14
0.66
0.45
0.32
0.17
0.09
0.32
0.61
0.33
0.51
0.10
0.57
0.24
0.51
0.39
0.66
0.66
0.26
0.45
0.64
0.11
0.24
0.44
0.28
0.62

1.05
0.26
1.24
0.64
0.48
0.30
0.17
0.62
1.05
0.50
0.78
0.19
0.96
0.50
0.92
0.69
1.19
1.20
0.45
0.76
1.20
0.19
0.44
0.69
0.44
1.08

0.48
0.19
0.44
0.41
0.23
0.16
0.09
0.40
0.40
0.39
0.47
0.18
0.34
0.33
0.43
0.25
0.32
0.49
0.34
0.47
0.29
0.07
0.26
0.43
0.32
0.35

0.49
0.19
0.44
0.46
0.31
0.16
0.09
0.41
0.42
0.39
0.48
0.19
0.42
0.33
0.49
0.44
0.36
0.50
0.34
0.47
0.31
0.07
0.27
0.47
0.34
0.37

*k*k

*k*k

*k*k

*k*k

*k*k

*k*k

*k*k

*k*k

*k*k

*k*k

*k*k
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**k*k
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*k*
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MPU_108 Chr08 3 1.04 0.93 0.12 0.02 0.04 0.09 0.08 0.08 ik
MPU _27 Chr09 5 1.09 0.94 0.10 0.04 0.08 0.17 0.07 0.07 falaie
MPU_31 Chr09 6 2.13 0.62 0.35 0.17 0.52 0.87 0.36 0.40 ik
MPU 43 Chr09 3 1.55 0.71 0.32 0.07 0.33 0.52 0.33 0.35 ikl
MPU_59 Chr09 2 1.37 0.74 0.31 0.10 0.26 0.42 0.28 0.31 kel
MPU_73 Chr09 3 1.50 0.78 0.29 0.13 0.31 0.51 0.31 0.32 ik
MPU_ 122 Chr09 2 1.03 0.94 0.10 0.03 0.03 0.06 0.07 0.07 ns
MPU _15 Chr10 4 2.13 0.64 0.33 0.07 0.51 0.91 0.44 0.47 kel
MPU_30 Chr10 4 1.20 0.84 0.23 0.05 0.16 0.33 0.21 0.22 kel
MPU_99 Chr10 3 1.32 0.82 0.25 0.11 0.23 0.44 0.33 0.34 kel
MPU_107 Chr10 5 2.99 0.67 0.33 0.14 0.64 1.19 0.41 0.42 kel
MPU_ 24 Chril 6 1.98 0.73 0.31 0.05 0.48 0.84 0.40 0.40 falaie
MPU_63 Chrll 2 1.85 0.53 0.37 0.09 0.46 0.65 0.46 0.49 falek
MPU_85 Chril 3 1.43 0.83 0.24 0.11 0.24 0.43 0.23 0.24 Fkx
MPU_90 Chr1l 4 3.29 0.75 0.30 0.59 0.69 1.27 0.22 0.27 Fkx
MPU _106 Chril 2 1.32 0.87 0.20 0.08 0.17 0.25 0.14 0.16 kel
MPU 121 Chr1l 3 1.27 0.83 0.24 0.02 0.19 0.32 0.29 0.29 kel
Minimum 2 1.03 0.50 0.09 0.00 0.03 0.06 0.07 0.07 -

Maximum 7 3.83 0.94 0.38 0.59 0.73 1.49 0.49 0.50 -

Average 3.52 1.78 0.73 0.29 0.12 0.36 0.62 0.32 0.34 -

SE 0.17 0.08 0.02 0.01 0.01 0.02 0.04 0.01 0.02 -

Chr, chromosome; Na, total number of alleles; Ne, effective number of alleles; MAF, Major allele frequency; Ho, observed heterozygosity; He,
expected heterozygosity, I, Shannon’s information index, h, Nei’s gene diversity; Hr, total gene diversity; HWE, Hardy-Weinberg Equilibrium;

ns, non significance; ***significant at P < 0.001, **Significant at P < 0.01, *Significant at P < 0.05
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Shannon’s information index (I = 0.62) and Nei’s gene diversity (h = 0.32) suggest
high genetic diversity within our AM panel (Table 32). Total gene diversity value
(Ht = 0.34) (Table 32) substantiated this finding. For more perceptive analyses, we
subdivided the AM panel accessions into two groups: the first one based on three
regional gene pools (Eastern, Central-West, and Southern India) and the second one
on three botanical varieties (var. utilis, var. pruriens, and var. hirsuta). We estimated
genetic diversity statistics independently for each one of these gene pools (Table 33).
In the case of regional gene pools, | varied from 0.56 to 0.67, and h varied from
0.28 to 0.34. Accessions from West-Central India (I = 0.67, h = 0.34) and Southern
India (I = 0.64, h = 0.34) were more diverse as compared to the ones from Eastern
India (I = 0.0.56, h = 0.31). The percentage of polymorphic SSR loci was 96.97% for
South Indian accessions followed by 89.39% and 87.88% for West-Central and
Eastern Indian accessions, respectively. Among the three varietal gene pools, | varied
from 0.44 to 0.72, and h varied from 0.28 to 0.36 (Table 33). Wild varieties,
var. pruriens (1 =0.72, h =0.36) and var. hirsuta (1 = 0.62, h = 0.34) were genetically
more diverse than the cultivated var. utilis (I = 0.44, h = 0.28). The percentage of
polymorphic SSR loci were recorded as: 98.48%, 96.97%, and 72.73% in

var. pruriens, var. hirsuta, and var. utilis.

Sikkim University | 2021 92



Chapter 5 Results

Table 33. Genetic diversity estimates for the regional gene pools and botanical
varieties within M. pruriens association mapping panel.

Regional gene pool Na Ne I h Ho He %P
Eastern India 248 165 056 031 009 033 87.88
West-Central India 256 195 067 034 013 040 89.39
Southern India 315 175 064 034 013 035 96.97
Varietal gene pool Na Ne I h Ho He %P
M. pruriens var. utilis 1.98 153 044 028 006 027 7273

M. pruriens var. pruriens  3.11 192 072 036 012 041 98.48
M. pruriens var. hirsuta 3.00 172 062 034 014 035 96.97

Na, total no. of alleles; Ne, effective no. of alleles, I, Shannon’s information index;
h, Nei’s gene diversity, Ho, observed heterozygosity, He, expected heterozygosity;
%P, percentage of polymorphic loci

5.4.3. Association mapping

For association analysis, we employed the mixed linear model (MLM) which
integrates both population structure (Q matrix) and kinship (K matrix) to avoid false
positive marker-trait associations (MTAs). Only two MTAs involving two SSR
markers (MPU_83 and MPU_122) passed the stringent Bonferroni adjusted threshold
P < 277 x 10™ (P = 0.05/180, where 180 is the number of markers used in the
analysis). These two associations were for the seed yield per plant (phenotypic
variance explained, PVE = 31.12%) and the pedicel length (PVE = 25.07%)

(Figure 27).

We also used a less stringent criterion of P < 5.55 x 10 (1/180) as a cut-off for the
reasons explained in the materials and method (section 4.4.4). By this method, a total
of 15 additional MTAs related to inflorescence length, flower buds per inflorescence,
flower length, pedicel length, seed length, seed width, seed thickness, hundred seed
weight, and seed yield per plant were identified (Table 34). The PVE for these MTAs

ranged from 14.72 to 31.12%. These MTAs were contributed mainly by 10 SSR
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markers: MPU_19, MPU_42, MPU_54, MPU_57, MPU_58, MPU_83, MPU_89,
MPU_108, MPU_111, and MPU_122. We found four MTAs contributing for hundred
seed weight, two each for seed length, seed width, and pedicel length, and at least one
each for inflorescence length, flower buds per inflorescence, flower length, seed
thickness, and seed yield per plant. The highest PVE (31.12%) was observed in MTA
between SSR marker MPU_83 and important agronomic trait, seed yield per plant.
This crucial MTA was also spotted at Bonferroni adjusted threshold P < 2.77 x 10™
(Figure 27). The Manhattan and Q-Q plots of MTAs at P < 5.55x10° are given in
Figures 28 and 29, and the MTAs significant at threshold P < 0.05 and PVE > 10%

are provided in Table 35.

The association analysis also revealed four SSR markers which associated with
multiple agronomic traits (P < 5.55 x 10%; PVE > 10%). Marker MPU_83 was not
only associated with the seed length and seed width, but also with the seed yield per
plant. SSR loci MPU_54 was associated with seed thickness and hundred seed weight.
MPU_42 was associated with seed length and seed width, and MPU_19 was
associated with flower length and flower buds per inflorescence. These MTAS were
justified by the high significant correlations (P < 0.05) values between these traits

(Table 29).
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Table 34. Marker-trait associations identified using mixed linear model (MLM) at
P < 5.55 x 10" with phenotypic variance explained (PVE) >10%.

Trait Marker P-value PVE (%)
Inflorescence length MPU _58 450 x 10° 14.72
Flower buds per inflorescence MPU_19 2.33x 107 19.43
Flower length MPU 19 4.09x 10°° 15.48
Pedicel length MPU_57 3.03x 107 15.81
MPU_122 2.60x 10™ 25.07
Seed length MPU_42 4.35% 107 15.43
MPU_83 4.99x 10°° 14.94
Seed width MPU_42 5.20x 10° 15.61
MPU_83 2.55% 107 18.48
Seed thickness MPU_54 5.04x 107 15.15
Seed yield per plant MPU_83 1.00x10™ 31.12
-4
Hundred seed weight MPU_54 2.88x10 26.1
MPU_89 1.10x 107 20.27
MPU_108 7.68x10™ 22.08
MPU_111 2.78x 107 16.85
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Figure 27. Manhattan plot (P-value) for MLM depicting significant marker-trait
association at adjusted Bonferroni threshold P < 2.77 x 10™ (a) seed yield per plant
(b) pedicel length. Q-Q plot (quantile-quantile) of MLM (c) seed yield per plant
(d) pedicel length.
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Figure 28. Manhattan plot (P-value) for MLM depicting significant marker-trait
association at adjusted threshold P < 5.55 x 10 (a) seed length (b) seed width
(c) seed thickness (d) hundred seed weight. Q-Q plot (quantile-quantile) of MLM
(e) seed length (f) seed width (g) seed thickness (h) hundred seed weight.
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Figure 29. Manhattan plot (P-value) for MLM depicting significant marker-trait
association at adjusted threshold P < 555 x 10° (a) inflorescence length
(b) flower buds per inflorescence (c) flower length. Q-Q plot (quantile-quantile) of
MLM (d) inflorescence length (e) flower buds per inflorescence (f) flower length.

Table 35. MTAs identified at a significance level of P < 0.05 with phenotypic
variance explained (PVE) >10%.

Trait Marker P-value PVE
Inflorescence length MPU_19 0.01189 16.54
MPU_58 0.0045 14.72
MPU_62 0.0455 10.53
MPU_64 0.00644 13.88
MPU_80 0.01113 11.42
MPU_83 0.01239 11.07
Flower buds per inflorescence MPU_19 0.00233 19.43
MPU_64 0.01205 11.80
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Flower length

Pedicel length

Pod width

No of pods per cluster

No of pods per plant

Seed length

Seed width

Seed thickness

Seed yield per plant

Hundred seed weight

Total protein

MPU_19
MPU_58
MPU_57
MPU_62
MPU_80
MPU_94
MPU_98
MPU_122
MPU_125
MPU_130
MPU_60
MPU_89
MPU_19
MPU_59
MPU_62
MPU_64
MPU_107
MPU_30
MPU_62
MPU_64
MPU_92
MPU_42
MPU_83
MPU_42
MPU_54
MPU_60
MPU_83
MPU_100
MPU_14
MPU_42
MPU_43
MPU_54
MPU_73
MPU_100
MPU_22
MPU_64
MPU_83
MPU_87
MPU_54
MPU_89
MPU_108
MPU_111
MPU_80
MPU_83

0.00409
0.00959
0.00303
0.01397
0.00742
0.00958
0.00681
2.60E-04
0.01089
0.00953
0.01803
0.02074
0.00658
0.018
0.01583
0.008
0.01259
0.01939
0.02502
0.03645
0.00613
0.00435
0.00499
0.0052
0.01477
0.02505
0.00255
0.00815
0.02739
0.01169
0.00568
0.00504
0.02589
0.01194
0.01493
0.01813
1.00E-04
0.01548
2.88E-04
0.0011
7.68E-04
0.00278
0.0279
0.01775

15.48
11.95
15.81
10.61
12.79
11.89
13.04
25.07
11.40
11.81
11.60
10.17
14.75
10.77
12.01
13.87
11.98
10.29
10.72
10.06
14.80
15.43
14.94
15.61
13.41
10.70
18.48
18.07
10.60
12.11
13.29
15.15
10.27
13.27
11.16
10.85
31.12
10.94
26.70
20.27
22.08
16.85
11.08
12.92
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5.4.4. Annotation of marker function

To test the reliability of our MTAs, putative gene/function for each trait-associated
marker (P < 5.55 x 10°%; PVE > 10%) was determined by annotating the related SSR
primers using the Arabidopsis thaliana (L.) Heynh. genome database. Out of the
10 trait-associated markers, the BLAST analysis annotated seven markers viz.,
MPU_19, MPU_42, MPU_54, MPU_89, MPU_108, MPU 111, and MPU_122
(Table 36). Importantly, the SSR marker MPU_19, associated with flower length and
flower buds per inflorescence, was annotated as 4-coumarate-CoA ligase 2, and
MPU_42 associated with seed length and seed width was annotated for Zinc
transporter 7 precursor. Likewise, the SSR marker MPU_54 associated with traits
such as seed thickness and hundred seed weight was annotated for sucrose non-
fermenting 1- related protein kinase 2 (SnRK2) gene, and MPU_89 associated with
hundred seed weight was annotated as 3-dehydroquinate synthase. The SSR
MPU _108, associated with a hundred seed weight matched with NAC domain-
containing protein which is a plant-specific transcription factor (TF) associated with
multiple aspects of stress and development. Further, MPU_111 (hundred seed weight)
and MPU_122 (pedicel length) were annotated with Ubiquitin-specific protease and

LEUNIG homolog (LUG and LUH), respectively.
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Table 36. Putative Gene ID/description of the trait-associated markers obtained from
Arabidopsis annotated genes using BLAST results.

Markers  P-value  Associated Gene ID/ Role attributed
Traits Description

MPU_19 0.00671 FL, FBpl 4-coumarate-  Catalyses the activation of
CoA ligase 2  4-coumarate and a few
(4CL; EC related substrates to the
6.2.1.12) respective CoA esters and

thus channels the common,
phenylalanine-derived
building block into the
otherwise widely distinct
branches of general
phenylpropanoid
metabolism (Hamburger
and Hahlbrock 2004).

MPU 42 0.00326  SL,SW Zinc Mediates zinc uptake from
transporter 7 the rhizosphere (Grotz et
precursor al. 1998; Milner et al.
(AT2G04032) 2013).

MPU 54  6.95E-04 ST,HSW  Sucrose Involved in the abscisic
nonfermentin  acid (ABA) signalling and
g 1- related plays a central role in plant
protein kinase  stress signal transduction
2 (SnRK2) (Feng et al. 2018)

MPU 89 0.00294 HSW 3- Catalyzes the
dehydroquinat transformation of the
e synthase seven-carbon sugar 3-

deoxy-D-arabino-
heptulosonate 7-phosphate
(DAHTYP) into the
carbocycledehydroquinate
(DHQ) (Negron et al.
2011).

MPU 108 0.00133 HSW NAC domain- Plant-specific transcription
containing factors (TFs) associated
protein with multiple aspects of the

stress and development
region (Mathew et al.
2016).

MPU_111 0.00311 HSW Ubiquitin- The organ size in plants is
specific reported to be regulated by
protease 23 two reversible processes
(AT5G57990) called ubiquitination and

deubiquitinating (Shi et al.
2019)
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MPU 122 1.53E-04 PedL LEUNIG The two proteins may act
homolog cooperatively to coordinate
(LUG and inflorescence architecture
LUH) through their influences on

auxin biosynthesis,

transport, and perception

(Douglas et al. 2017)
FL, flower length; FBpl, flower buds per inflorescence; SL, seed length; SW, seed
width; ST, seed thickness; HSW, hundred seed weight; PedL, pedicel length.
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6. DISCUSSION

6.1. M. pruriens in Northeast India

6.1.1. Regional significance of M. pruriens

India’s Northeastern region represents a culturally and geographically unique
landscape in the subcontinent as it embodies elements of two biodiversity hotspots,
viz., Eastern Himalayas and Indo-Burma regions (Mittermeier et al. 2004; Kamei et al.
2012). M. pruriens is thought to have originated in Eastern India (Burkill 1966; Duke
1981; Wilmot-Dear 1987), which encompasses Northeast India (Tripathi et al. 2018).
Both cultivated (var. utilis) and wild (var. pruriens) varieties grow profusely in lower
to middle elevations all along this region. Seed is the most important part as it serves
as the chief source of edible protein (Janardhanan et al. 2003; Pugalenthi et al. 2005),
animal feed (Eilitta and Carsky 2003; Muinga et al. 2003), as well as a source of
pharmaceutical ingredients (Lampariello et al. 2012; Sathyanarayana et al. 2016).
Anecdotal shreds of evidence suggest the presence of great variability in M. pruriens
of Northeast India. In addition to the diversity contributed by the wild variety
(var. pruriens), indigenous communities have moved forward with the artificial
selection of velvet beans by growing them in their home garden for dry seeds and
young pods (Arora 1991) resulting in rich germplasm. Nevertheless, despite their
promising potential for genetic improvement programs (Sathyanarayana et al. 2017),
M. pruriens germplasm from Northeast India is poorly explored for their offerings.

Thus, the first two objectives (1 and 2) of this thesis were undertaken to address this

gap.

6.1.2. Variability for seed-traits
The phenotypic evaluation revealed a good variability for seed-based traits. The data

obtained for seed length, seed width, seed thickness, and hundred seed weight
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conformed with the earlier reports from the South Indian accessions (Leelambika et
al. 2010; Sathyanarayana et al. 2012) indicating their likely recent diffusion from the
common genetic stock. The two varieties - var. pruriens and var. utilis showed a wide
difference in the seed characters. The minimum ranges of utilis were higher than the
maximum values obtained in the case of pruriens. Var. utilis was more than double
the size of var. pruriens as far as seed characters are concerned. Such wide variation
indicates the role of selection either by breeding tools or by farmers’ selection.
However, the availability of the limited data concerning the genetic background of
these accessions, and the nature and specific outcomes from such efforts (very
minimal) restricts us from expanding the relevance of this observation for larger

inferences.

The seed protein and carbohydrate contents in Northeast Indian accessions were
consistent with the previous reports (Gurumoorthi et al. 2003; Kalidass and Mohan
2011) and were comparable to soybean (Mang et al. 2016). A significant correlation
was observed between different seed-based traits suggesting their utility in breeding
programs. Further, detailed studies on lipid, fibers, moisture, ash, and minerals
contents along with the reliable processing methods to overcome the anti-nutritional
factors, as described in some earlier studies (Leelambika et al. 2010; Sathyanarayana
et al. 2012), will reinforce the utility of this germplasm as food and feed source in this

region.

6.2. Genetic diversity and relationship among the Northeast Indian accessions
6.2.1. Genetic diversity
In any genetic diversity studies, estimates of expected heterozygosity (He) and the

polymorphism information content (PIC) provides insight into the evolutionary
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pressure on the alleles and the rate of mutation that a locus might have undergone
over a while (Botstein et al. 1980; Shete et al. 2000). Additionally, the PIC values
reveal information on the utility of the markers for linkage analysis (Shete et al. 2000,
Salem and Sallam 2016), while He indicates gene diversity and provides an estimate
of genetic distance and average heterozygosity among the genotypes in a population
(Nei 1990; Shete et al. 2000). Our study revealed that the mean PIC from SSR
markers was moderate (PIC between 0.25-0.50) and was analogous to earlier report
with ISSR markers (Chinapolaiah et al. 2018); but superior over AFLP
(Sathyanarayana et al. 2011; Tripathi et al. 2018) and previous study with SSR
markers (Kumar et al. 2019). The average He (0.477) along with Shannon’s
information index (I = 0.496) further supported this. The value of I in the present
study was higher than that of AFLP markers (I = 0.340) reported by Tripathi et al.
(2018) for M. pruriens from Northeast India. The superiority of the genic-
microsatellites over the AFLPs might be due to their improved efficacy over the
dominant AFLP for revealing the genetic differences. It is recognized that AFLPs
detect multiple loci distributed throughout the genome as compared to SSR markers

which detect multiple alleles at a given locus (Li et al. 2011).

Further, independent analysis of the two population groups representing Eastern
Himalayas and Indo-Burma regions revealed similar He and I, suggesting the identical
distribution of genetic diversity among these regions. This might be due to a close
similarity in their environmental conditions. Even the two population groups that
arrived based on the botanical varieties showed comparable genetic diversity, which is
in deviation with the earlier reports on this aspect (Tripathi et al. 2018). The overall
high genetic diversity observed in the Northeast Indian germplasm might be due to its

status as a primary center of diversity of M. pruriens. This provides supplementary
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evidence to its origin in Eastern India, as reported earlier (Sathyanarayana et al. 2011;
Triathi et al. 2018). However, caution must be exercised while using this information
as additional studies involving a large number of accessions from multiple
geographical areas are needed before we conclusively settle this issue. On the
application side, the superior allelic diversity in M. pruriens germplasm of the
Northeast region might offer a storehouse of genes and novel genetic resources for

future molecular breeding programs in this crop.

6.2.2. Genetic relationship

Knowledge of population structure is necessary for comprehending the genetic
diversity information, particularly in the case of mapping applications (Eltaher et al.
2018). In genome-wide association studies (GWAS), determining the population
structure of the association panels is the first step before specking the true marker-trait
associations and underlying genes controlling the traits (Luo et al. 2017). In the
present study, STRUCTURE analysis, in addition to NJ dendrogram and the PCoA
results, identified two genetic subgroups among the M. pruriens accessions of
Northeast India. However, none of the three analyses established a clear-cut
relationship between them either based on the geographical location or varietal
affiliation, evocating other factors to warrant due consideration. Further, the
STRUCTURE plot revealed that 43.33% of these accessions display >80% of shared
ancestry, suggesting the presence of widespread genetic admixtures. These
observations are consistent with Tripathi et al. (2018). Perhaps the well-acknowledged
fact that M. pruriens varieties can interbreed readily (Sathyanarayana et al. 2011)
could explain the presence of a large number of genetic mosaics. Nonetheless, the
weak population structure in M. pruriens of Northeast India points to their

significance for the GWAS.
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Population differentiation represented by Fst is yet another important estimate of
genetic structure, and its value > 0.15 is proof of significant population divergence
(Frankham et al. 2002). By this account, even though considerable divergence was
observed among the hypothetical STRUCTURE-based subgroups in our population,
very low differentiation appears to have shaped the two other subgroups -
geographical origin and botanical varieties. These observations coincide with the
AMOVA results. The major part of the total variation was accounted for within
subgroups, and only a minor proportion was contributed among the subgroups. In any
such population, the gene flow value (Nm) < 1 suggests restricted gene flow (Wright
1965). But we observed a very high Nm value (7.483), indicating high genetic
exchange between the population groups leading to low genetic differentiation
(Eltaher et al. 2018). It is well known that Nm > 1 is strong enough to hinder genetic
differentiation due to genetic drift (Slatkin and Barton 1989). Earlier Tripathi et al.
(2018), based on the AMOVA results, recorded the absence of barriers for gene flow
between the M. pruriens populations of Northeast India. Perhaps this further explains
the presence of the high genetic admixtures. Population history and past
anthropogenic activities, which are not considered for want of more data in this study,

might be the other factors triggering low population divergence.

6.3. Feasibility analysis of association mapping panel

6.3.1. Population structure

As stated previously, 61 M. pruriens accessions representing different varietal and
geographical populations obtained from the germplasm collection of Sir MVIT,
Bangalore was used for LD analysis and association mapping. The low to moderate
Fst values (0.032, 0.070) in M. pruriens varietal and geographical populations used

indicated less divergence among different populations in AM panel. The population
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structure analysis from the distance-based NJ tree, PCoA, and Bayesian-based
STRUCTURE largely conformed to each other in suggesting the minimal influence of
the geographical origin and/or the varietal affiliation on the grouping of the
accessions. High gene flow estimates (Nm = 3.03), presence of genetic admixtures,
and higher within-population variance in AMOVA further concur with this. These
observations are also chronicled in different germplasm collections in earlier studies
(Sathyanarayana et al. 2016). Put together, these imageries suggest one or more of the
(i) extensive pollen flow across long geographic distances, (ii) lack of inter-varietal
barriers for hybridization, (iii) long seed dispersal, and (iv) high seed germination
rates are contributing to low divergence of M. pruriens gene pools. The resultant
genetic events appear to have shaped it as a highly adaptable species as evident from
its wide and diverse distribution range. Alternatively, this might also suggest
incomplete lineage sorting during diversification as observed in safflower
(Carthamus tinctorius L.) (Ambreen et al. 2018). However, we warrant caution here
as our experiments are based on the limited sample size. Future studies must examine
more samples from a broad geographical range to confirm these results. Further, low
pairwise Kinship estimates between the majority of the accessions in the AM panel
suggested a weak relationship. Low population divergence and kinship estimates

further support the suitability of this panel for the association analysis.

6.3.2. Linkage disequilibrium

In association mapping studies, determining the magnitude of linkage disequilibrium
(LD) and LD decay is crucial as they affect the mapping resolution and the marker
deployment (Flint-Garcia et al. 2003). So far, there was no report on LD in
M. pruriens; therefore, we attempted to determine this in the first place before

undertaking the AM. Our results returned a low level of LD (average R? = 0.032) for
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all the possible combinations of SSR marker pairs which was further confirmed by the
fact that only about 1.84% of them were at significant LD (P < 0.001). There may be
several reasons for this observation. Firstly, a large distance between the marker pairs
on the same chromosome might have caused low LD. This inference needs further
examination as our results are based on the pseudo-chromosomal locations assigned
based on the BLAST analysis as the original locations were unknown from any of the
previous studies. Secondly, the low LD may be also due to the high levels of out-
crossing (Jin and Bao 2009). In our study, we recorded the presence of significant
gene flow among the members of AM panel indicating this could be another factor
contributing to the low LD. Nonetheless, low LD has been a common observation in
other related legume species such as faba bean (Sallam and Martsch 2015), barrel
medic (Branca et al. 2011), etc. On the implication side, low LD and sharp LD decay
underscore the need for the deployment of more markers in association mapping

studies.

6.4. Association analysis

6.4.1. Phenotypic variability

We observed significant variability for the majority of the flower, pod, seed, and
biochemical characteristics in our AM panel. This is consistent with earlier reports in
different M. pruriens germplasm (Gurumoorthi et al. 2003; Kalidas and Mohan 2011;
Sathyanarayana et al. 2012). The majority of the seed and pod-based traits revealed a
significant positive correlation possibly due to a key role played by the pod in the
seed development as a protection and nutrient source (Bennet et al. 2011). Few
accessions (I1C-369144, 500113-MH, 500126-KA, 500135-KA, 500178-MH,
500184-MH, and 500190-MH) showed high seed protein content akin to soybean.

These stocks will be useful in breeding for protein content. But, unlike previous

Sikkim University | 2021 108



Chapter 6 Discussion

studies (Tripathi et al. 2018; Kumar et al. 2019), we found less variability for the
L-DOPA content. The estimation method used (Daxenbichler et al. 1972) for the
L-DOPA analysis is old and laborious; thus, it is plausible that poor recovery and
associated shortcomings might have skewed this experiment. It is thus necessary to
revisit this data using a more reliable L-DOPA estimation method available in recent
literature (Pulikkalpura et al. 2015; Singh et al. 2018). For other traits, we recorded
moderately-high to high heritability (H*> > 60%). Two earlier studies found analogous
observation in M. pruriens for traits such as pod length, pod width, pod weight,
hundred seed weight, seed yield per plant, and inflorescence length (Hadapad et al.
2018; Chinapolaiah et al. 2019a). Present results reinforce them. High heritability
means less influence of the environmental factors rendering phenotypic selection
reliable besides contributing to high additive effect in the breeding programs (Tiwari

et al. 2011; Rosmaina et al. 2016).

6.4.2. Genetic diversity

For genetic diversity analysis, we deployed 66 SSR markers on 61 M. pruriens
accessions of AM panel which generated a moderate PIC-value (0.25 < PIC < 0.50).
This corroborates with the earlier report in M. pruriens (Kumar et al. 2019) albeit
slightly higher allelic range and allele per locus endorsing our choice of the SSR
markers. Shannon's information index suggests high genetic diversity (I = 0.62) in our
germplasm collection. The value is higher than that reported using AFLP (0.34) and
SSR (0.47) markers in earlier studies (Tripathi et al. 2018; Kumar et al. 2019). In a
predominantly self-pollinating species like M. pruriens, one will expect lower levels
of genetic diversity. But higher values recorded here and in some other earlier studies
(discussed in Sathyanarayana et al. 2016) categorically point to the presence of out-

crossing in this species as observed by Padmesh et al. (2006). This is partly supported
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by a high average gene flow among the population groups (Nm = 3.03). Thus, further
studies on the pollination mechanism in M. pruriens can throw more light on the
drivers of genetic diversity in this species. Among the three geographical regions,
accessions from West-Central and Southern India revealed higher diversity than that
of Eastern India which is consistent with Kumar et al. (2019). Of the three botanical
varieties, wild varieties (var. pruriens and var. hirsuta) were more diverse than the
cultivated variety (var. utilis) - the finding documented in many earlier studies
(Leelambika and Sathyanarayana 2011; Sathyanarayana et al. 2012, 2016; Tripathi et
al. 2018; Kumar et al. 2019). Nonetheless, wide phenotypic and genetic diversity in

our AM panel signifies its utility for the association analysis.

6.4.3. Association mapping

Among the recent approaches used for the fine-scale mapping of the desirable traits,
association mapping has produced fast and reliable results in several legume taxa.
This includes MTAs for seed-related traits in peanut (Zhao et al. 2017), iron and zinc
concentration in lentil (Singh et al. 2017), frost tolerance in pea (Lui et al. 2017),
flowering, pod yield per plant, and fresh pod per pant in lablab (Vaijayanthi et al.
2018), crude protein and mineral concentration in alfalfa (Medicago sativa L.) (Jia et
al. 2017), etc. However, in M. pruriens it has never been put to use (Lepcha et al.
2019), perhaps due to lack of resources common in neglected or underutilized species.
Thus, the present study attempted AM of key agronomic traits in M. pruriens.
Usually, a large number of accessions (>300) are used in the association studies. In
comparison, the number of accessions used here is small (61). But several recent
studies have demonstrated the feasibility of finding the right marker-trait associations
even using a small number of accessions (Soumya et al. 2021; Ma et al. 2018; Lehnert

et al. 2018; Rohilla et al. 2020).
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The present AM analysis identified 15 significant MTAs (P < 5.55 x 107 using
MLM with high PVE ranging from 14.72 to 31.12%. These associations are also
benefitted by the moderate to high heritability observed for all the trait-associated
markers (H? ranging from 42.86 to 97.27%). Four SSR markers were associated with
multiple traits. They are mostly comprised of seed or inflorescence traits that are
highly correlated. Such an account of a single marker associated with multiple traits
can be attributed to closely linked QTLs affecting different traits (Rakshit et al. 2010).
Alternatively, it may also be due to the pleiotropic effect of the linked QTLs on

different traits (Miller and Rawlings 1967).

6.4.4. Annotation of marker function

To further confirm our AM results, we determined the putative functions of the
trait-associated markers by annotating them against the corresponding genes/loci in
the Arabidopsis thaliana (L.) Heynh. database (https://www.arabidopsis.org). The
results produced some useful insights. For instance, the SSR marker MPU 111,
associated with a hundred seed weight corresponded with the ubiquitin-specific
protease 23 gene in A. thaliana. Another gene belonging to the same family in rice
(Oryza sativa L.) viz., ubiquitin-specific protease 23 is known to exert a positive
regulatory influence on grain width and size (Shi et al. 2019). SSR marker MPU_54
associated with the traits such as seed thickness and hundred seed weight was
annotated for sucrose non-fermenting 1-related protein kinase 2 (SnRK2) gene. This
gene is involved in the abscisic acid (ABA) signaling during seed germination,
dormancy, and seedling growth and has a central role in plant stress signal
transduction (Feng et al. 2018). The SSR MPU_108, associated with a hundred seed
weight was traced to NAC domain-containing protein which is a plant-specific

transcription factor (TF) associated with the multiple aspects of the stress and
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development. It is reported that three NAC TF encoding genes (ONACO020,
ONACO026, and ONACO023) are expressed at very high levels during the seed
development in rice (Oryza sativa L.) and exhibits a strong association with the seed
size or weight with the sequence variations located in the upstream regulatory region
(Mathew et al. 2016). SSR marker-MPU_122 associated with pedicel length was
annotated for LEUNIG homolog (LUG and LUH). Likely, these two proteins act
cooperatively to coordinate inflorescence architecture through their influence on
auxin biosynthesis, transport, and perception (Douglas et al. 2017). The marker
MPU_89 associated with a hundred seed weight was annotated to 3-dehydroquinate
synthase gene which catalyzes the transformation of the seven-carbon sugar 3-deoxy-
D-arabino-heptulosonate 7-phosphate (DAH7P) into the carbocycledehydroquinate
(DHQ) (Negron et al. 2011). This pathway controls the production of precursors of
aromatic amino acids in several prokaryotes, fungi, and plants (Ganem 1978).
Scrutinizing its relationship with L-DOPA biosynthesis in M. pruriens might throw
open fascinating insights on the regulation of aromatic amino acids, particularly
Tyrosine production during L-DOPA production. Thus, MTAs identified in the
present study will be useful for improving the seed yield and related economic traits
in M. pruriens. To the best of our understanding, this is the first report on marker-trait

association based on AM in any Mucuna species from anywhere in the world.
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7. SUMMARY AND CONCLUSIONS

The M. pruriens can meet three burgeoning needs of tropical agriculture: low-cost
protein source, high-value medicinal plant, and an excellent green manure cover crop.
But like other underutilized crops, it lacks modern breeding resources. ldentifying
marker-trait associations (MTAs) could prompt marker-assisted breeding paving a
way for the early development of the improved varieties in this plant. Recent studies
have demonstrated the feasibility of identifying marker-trait associations even using a
small number of accessions (<100) triggering the hope for resource-poor crops.
Taking a cue from there, we characterized a panel of 61 M. pruriens accessions across
two consecutive years and performed association mapping using 66 genic-
microsatellite markers. In addition, a detailed analysis of genetic diversity and seed
trait variability among the 60 M. pruriens germplasm accessions from Northeast India
has been carried out to supplement the existing AM panel in future GWAS studies.

7.1. Variability for seed traits in M. pruriens natural population of Northeast
India

M. pruriens is grown by several indigenous communities of Northeast India for edible
pods and seeds. But, the germplasm is poorly explored for its offerings. In this study,
60 accessions collected from different locations of Northeast India revealed a
significant variability for the six seed-based traits (P < 0.05). The two varieties-
var. pruriens and var. utilis showed a wide difference in their seed characters and
formed distinct clusters in PCA scatter plot. Almost all the seed-based traits were
positively correlated (P < 0.05) suggesting their utility in the breeding programs. The
presence of good phenotypic and genetic diversity in the M. pruriens natural
population of Northeast India signifies their utility as an important resource base for

future GWAS studies in this plant.
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7.2. Genetic diversity among the Northeast Indian accessions

We observed a moderate to high genetic diversity in M. pruriens population from
Northeast India (I = 0.496). This provides credence to the hypothesis of its origin in
Eastern India. A moderate PIC value was recorded for most of the SSR markers
(0.25 < PIC < 0.50) suggesting their efficiency for the genetic diversity analysis. The
distance-based NJ-tree, PCoA plot, and Bayesian-based STRUCTURE revealed the
absence of a structured population. We also observed that high gene flow has
triggered low genetic differentiation among the population group. The overall high
genetic diversity among the M. pruriens population from the Northeast region of India
signifies a possible storehouse of several novel genes. Besides, high genetic diversity
and weak population structure observed imply their use in future GWAS or genomic

selection programs.

7.3. Feasibility analysis of association mapping panel

For association analysis, we used 61 accessions of M. pruriens procured from
Sir MVIT, Bangalore as an association mapping (AM) panel. The distance-based NJ
tree, PCOA plot, and Bayesian-based STRUCTURE analysis revealed an analogous
trend suggesting the minimal influence of the geographical origin and/or the varietal
affiliation on the grouping of the accessions in our AM panel. Low pairwise kinship
(Fij) suggested weak relatedness between the accessions. A low level of LD (average
R? = 0.032) for all the possible combinations of SSR marker pairs and its sharp decay
implied the need for more markers for identifying reliable MTAs. Based on the weak
population structure and low relatedness between accessions, the panel of accessions

was determined to be suitable for the association mapping.
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7.4. Association analysis

A significant phenotypic variability and high broad-sense heritability were observed
for many of the traits measured in AM panel accessions. Fifteen MTAs were
identified in association analysis for agronomically important traits with PVE >10%
from MLM. Their reliability tested through annotation against the Arabidopsis
genome database lends further credence to this. This is the first report on association
mapping study in M. pruriens and the results are expected to offer significant
groundwork for future marker-assisted breeding and mining candidate genes for

important agronomic traits in this promising underutilized legume for the tropics.
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8. FUTURE PROSPECTS

Although M. pruriens has enormous nutritional, agricultural, and medicinal potential,
it has remained largely underexploited. Research works focusing on developing early
maturing, self-supporting varieties possessing low/high L-DOPA content and
resistance to biotic and abiotic stresses are the key challenges and opportunities in this
promising legume species. To further strengthen the molecular breeding efforts

initiated through this work, we suggest the following future actions:

1. Fortification of AM panel to encompass a large number of accessions from diverse
locations.

2. Determining the stability and utility of the identified MTAs under additional
environments.

3. Development/validation of robust L-DOPA phenotyping method using
LC-MS/MS.

4. Developing MTAs for other important traits relevant to this crop, particularly
indeterminate growth habit - a major detriment in commercial cultivation of this

crop.
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Abstract The tropical legume Mucuna pruriens (L.) DC. is one of the protein-rich crops well suited for the arid regions of
the world, which suffers from low soil fertility and protein-energy malnutrition. Though thought to have originated in
Southern China or Eastern India, which includes parts of Northeast (NE) India, the genetic diversity of M. pruriens from
this region is poorly documented. In this study, we used 25 species-specific genic-microsatellite markers to investigate the
diversity and population structure of sixty (60) M. pruriens accessions from Northeast India alongside assessing variability
for the six seed-based economic traits. The study revealed high genetic diversity (I = 0.496), poor population differenti-
ation (GST = 0.038 and FST = 0.061), extensive gene flow (Nm = 7.48), and admixture genotypes in addition to good
variability for the seed-based economic traits. These findings will provide a strong basis for future studies on association

mapping in addition to broadening the germplasm base for breeding programs in this lesser-known legume crop.

Keywords Genetic diversity - Microsatellite - Mucuna pruriens - Population structure - Seed traits

Introduction

The Mucuna pruriens (2n = 2x = 22) is a self-pollinated
tropical legume classified within the phaseoloid clade of
Leguminosae. It is botanically represented by two varieties
(sometimes also referred to as subspecies in literature),
namely var. utilis (cultivated) and var. pruriens (wild)—
while the presence of a third entity viz. var. hirsuta (wild)
is also documented [61]. The species is native of southern
China or eastern India [5, 8, 60, 61]. It grows opulently in
Northeast (NE) India, which houses two critical biological
hot spots of the world, namely Eastern Himalaya (Sikkim,
Arunachal Pradesh, and some parts of Assam) and Indo-
Burma (Meghalaya, Manipur, Mizoram, Nagaland, and
Tripura) [4]. All along this region, the wild variety (var.
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pruriens) occurs ubiquitously while the cultivated ones
(var. utilis; velvet bean) are found mainly near the settle-
ments of the indigenous people like Naga, Kuki, Mizo,
Chakma, Khasi, Jaintia, etc. They grow it as a home gar-
den/backyard/hedge plant for edible seeds and unripe pods
[1]. Seed is the economically vital part of the plant and is
copiously produced in all three varieties [4]. They are the
source of valuable phytochemicals, as well as nutritional
substances [36, 56]. Most importantly, seeds contain (up to
9%) non-protein amino acid- L-3, 4 dihydroxy-L-pheny-
lalanine (L-DOPA)—a choice drug in the treatment of
Parkinson’s disease [55]. Besides, M. pruriens extracts are
known to possess anti-microbial, anti-diabetic, aphrodisiac,
anti-neoplastic, learning, and memory-enhancing proper-
ties [39, 46]. The protein content of the cultivated velvet
bean ( 27.5-28.8%) is comparable to other popular food
legumes such as Cajanus cajan [25), Cicer arietinum [18],
and Glycine max [32]. It also promises high energy content
(1568-1620 kJ 100-1) akin to pulse crops like Vigna
unguiculata, V. radiata, V. aconitifolia, Macrotyloma
uniflorum, and Pisum sativum [43, 59]. It has been a pre-
ferred green manure cover crop [11, 20] and generates lofty
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the Context of Some Underutilized
Legumes—A Review
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Abstract

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

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

1.1 Introduction

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