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Editorial on the Research Topic

Neglected and underutilized crop species for sustainable food and
nutritional security: prospects and hidden potential

The exploration of neglected and underutilized crop species (NUCs) is indeed crucial in
tackling global food insecurity. These nutrient-rich, climate-resilient crops, often
disregarded for limited commercial value, hold the key to combating malnutrition and
boosting food security, especially in vulnerable regions. These crops, which have not been
previously categorized as major crops and are mainly confined to smallholder farming
areas, are nutrient-dense, climate-resilient, and locally adaptable (Li and Siddique, 2020;
Mudau et al., 2022). The erosion of these crops can hinder the nutritional status and food
security of the poor, and their greater use can augment nutrition and fight hidden hunger
(Dansi et al., 2012; Ojuederie et al., 2015; Joy and Siddhuraju, 2017). It is crucial that we
recognize the hidden potential of these crops and harness them to achieve a more
sustainable future.

This editorial spotlight promising research showcasing the hidden potential of NUCs
and exploring their utilization through modern advancements. The range of research
showcased in this editorial on the Research topic ‘Neglected and Underutilized Crop Species
for Sustainable Food and Nutritional Security: Prospects and Hidden Potential’ is impressive
and covers various aspects of these crops, from their genetic improvement to their potential
applications in diverse fields. The Research Topic consists of 9 publications: 6 original
research articles and 3 reviews focusing on the genetic improvement, conservation and
utilization of some NUCs in addressing global food and nutrition challenges.

Citrus grandis (L.) Osbeck, commonly called pomelo, is an underutilized citrus fruit,
whose potential as a source of flavonoids, phenols, and antioxidants, have been overlooked.

5 frontiersin.org
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The investigation into drying methods for Citrus grandis fruits by
Kumar et al. sheds light on optimizing processes to retain their
bioactive compounds, potentially opening avenues for functional
food development and nutraceuticals. In the parched lands where
water is a precious commodity, foxtail millet stands tall, a beacon of
hope for farmers and food security.

The research by Singh et al. investigated the potential for
improving foxtail millet (Setaria italica L. beauv) yields in rainfed
conditions through germplasm assessment and analysis. From this
research, five superior genotypes emerged through genetic analysis:
Kangni-7, Kangni-1, Kangni-6, Kangni-5, and Kangni-4 offering a
promising approach to revolutionize its production under harsh
conditions and bolster food security and enhance livelihoods.

The effectiveness of using mock genomes for conducting
genomic studies in orphan crops, which lack a reference genome
was investigated by Machado et al. The genotyping-by-sequencing-
Mock approach provided comparable results to standard methods
in the areas of genetic diversity studies, dividing heterotic groups,
selecting testers, and predicting the performance of single crosses.
The study offers a promising approach for leveraging genomic
technologies to improve the development of orphan crops, which
can have significant benefits for global food security and nutrition.
Duckweed, with rapid growth and high protein content, shows
potential for biofuel production, animal feed, and
wastewater treatment.

The assessment of genetic variability among duckweed clones
using DNA barcoding markers has been a subject of interest
(Borisjuk et al.,, 2014; Al-Dakhil et al, 2021). Exploring DNA
barcoding techniques and assessing the biomass accumulation
rates of duckweed species, particularly of native Iranian types,
offer promising opportunities for biotechnological applications.

Taghipour et al. identified four duckweed Iranian species using
two standard chloroplast markers and assessed their growth rates,
emphasizing their potential for sustainable biotechnological
solutions. Growth rates of selected duckweed clones were found
to be higher than common crops, demonstrating their potential for
large-scale biomass production. As a result of the high protein
content of the Native Iranian duckweed, it can be utilized as a
sustainable source of protein for food and feed applications and in
the development of valuable recombinant proteins.

The genetic dissection of agronomic traits in Andean lupin (L.
mutabilis) and Bambara groundnut, offer invaluable insights for
breeding improved varieties and promoting these crops’
consumption. We highlight the potential impact of the research
of Gulisano et al. on Andean lupin improvement for sustainable
agriculture. Their research identifies genetic factors for breeding
adapted Andean lupin varieties, laying the groundwork for its
successful cultivation in Europe and establish a foundation for
further research on plant development and phenology in L.
mutabilis, paving the way for improved breeding programs and a
better understanding of plant development in this species.

Understanding the genetic basis of drought tolerance in
Bambara groundnut is crucial for breeding programs. Odesola
et al. considered both genetic diversity and environmental

Frontiers in Plant Science

10.3389/fpls.2023.1358220

interactions for effective breeding programs. The study paves the
way for developing improved Bambara varieties resilient to climate
change through targeted breeding approaches.

Underutilized legumes (NULSs) in Africa are valuable sources of
nutrition and bioactive compounds offering health-promoting
benefits. Despite their nutritional value, they remain neglected
and underutilized. Legume seeds possessing bioactive compounds
with antioxidant activity could lessen the negative impact of
oxidative stress, and enhance the well-being of man. Popoola
et al. reviewed selected NULs and their nutritional, functional,
and bioactive properties. their potential and challenges, proposing
strategies for increased utilization and their role in developing
sustainable and healthy food systems and strategies proposed for
their increased exploitation.

Moth bean, a highly adaptable and nutritious crop, is
highlighted by Kanishka et al. as a climate-smart crop for food
security and income generation. This underscores the importance
of further research and development efforts. The authors advocates
for increased research and development to unlock its full potential,
leveraging its unique strengths and untapped potential to address
agricultural challenges in a changing climate.

The review of Kudapa et al. focusing on biofortification of
millets through genetic and genomic interventions showcases the
potential of cutting-edge technologies like CRISPR-Cas9 in
addressing micronutrient malnutrition, presenting a viable
solution for sustainable food and nutritional security. Combining
genetic and genomic interventions with harnessing the key
characteristics of millets, offer promising solutions to combat
micronutrient malnutrition and contribute to sustainable food
and nutritional security. Overall, this comprehensive range of
research efforts highlights the multifaceted approach needed to
unlock the hidden potential of neglected and underutilized crops,
paving the way for a more sustainable and food-secure future.
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DNA barcoding and biomass
accumulation rates of native
Iranian duckweed species for
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Sadegh Shojaei’, Nima Rad*, Mahdi Arezoumandi*,
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The Lemnaceae family (duckweed) consists of at least three recognized genera
with six reported species in Iran that are distributed in wetlands. Duckweeds are
the simplest and smallest flowering aquatic monocots with free-floating fronds
that can reproduce asexually every 2—3 days. Duckweed could be a major
source of balanced amino acids and high protein content, which is increasingly
promising for biotechnological applications. For molecular classification and
species identification of the collected samples, DNA barcoding was performed
using two standard chloroplast markers, the spacer region between the ATP
synthase subunits F and H (atpF-atpH) and the intron region of the ribosomal
protein S16 (rps16). The results confirm the presence of four species belonging
to the two genera Lemna and Spirodela. In addition, L. turionifera was detected
for the first time in Iran. Due to the high growth rates of duckweed,
measurement of biomass accumulation and doubling time are important
factors in determining growth potential, especially for native species. The
relative growth rates (RGR), doubling times (DT), biomass accumulation, and
relative weekly yields (RY) of 40 distinct duckweed clones were determined
under standard cultivation conditions. The dry weight—based RGR ranged from
0.149 to more than 0.600 per day, DT from 1.12 to 9 days, and RY from 7 to
108.9 per week. All values are comparable with previous studies. RGR and RY of
selected clones are higher than the growth potential for a wide range of wild
plants and common crops. These data support that native duckweed has high
productivity value and should be further investigated as a potentially rich
protein source for alternative human food, livestock feed, and recombinant
protein production.

KEYWORDS

duckweed, Lemna, RGR, DNA barcoding, biomass accumulation, doubling time,
biotechnology, food security
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Introduction

The cosmopolitan monocotyledonous family Lemnaceae
(duckweed), which includes the smallest and fastest growing
angiosperms known, comprises 36 species in five genera:
Spirodela Schleid., Landoltia Les & Crawford, Lemna L.,
Wolffia Horkel ex Schleid., and Wolffiella Hegelm. (Bog et al.,
2020). However, some authors claim that duckweeds should be
reclassified as subfamily Lemnoideae in the Araceae family
based on a close phylogenetic relationship. However, the
inclusion of duckweed in the Araceae would remove a useful
and well-defined taxonomic category of an angiosperm family
that has been used by duckweed biologists for many years
(Tippery et al, 2021). These tiny aquatic plants grow on or
below the surface of slow-flowing, nutrient-enriched water
bodies. Their morphology is highly reduced to simple leaf-like
structures also known as fronds that appear genus-specific with
or without roots. Duckweeds can create genetically uniform
populations by their rapid vegetative propagation. These
properties, their small size, rapid and high yield growth, and
additionally relatively small genome sizes make duckweeds an
ideal experimental material and a powerful platform for various
biotechnological applications (Appenroth et al., 2013;
Heenatigala et al., 2020; Tippery et al., 2021). Under
optimized growth conditions, duckweed contains a high
protein content of up to 45% with high-quality and easily
digestible amino acids close to the recommendations of the
World Health Organization (WHO), which is an important
nutritional index (Mes et al., 2022a; Pagliuso et al,, 2022).
Therefore, there is increased interest in the use of duckweed
species from the genera Wolffia and Lemna as a good protein
source, particularly for use in human food and animal nutrition
(Edelman and Colt, 2016; Appenroth et al., 2017; Appenroth
et al., 2018). Moreover, the high fiber content (~25% of dry
weight) and polyunsaturated fatty acids (more than 60% of total
fat) are shown to be a unique nutrient composition of duckweed
(Appenroth et al,, 2018). While major crops such as rice, maize,
and wheat often have an imbalance in nutrient composition, the
amino acids, vitamins, mineral profiles, and fatty acid fractions
of duckweed have a high-quality composition (Edelman and
Colt, 2016). The increase in world population, climate change,
and decrease in food supply have increased pressure on food
systems. In addition, excessive land use and agricultural
activities have led to soil erosion, resulting in a 0.4% per year
decline in global crop yields (Pennock, 2019). Therefore, there
are increasing demands for the development of a sustainable
food and feed safety system (Pagliuso et al., 2022). For example,
the European Food and Safety Authority considers all genera of
duckweed as novel foods (Mes et al., 2022b). Most notably, the
ease of cultivation of these tiny aquatic plants in multilayered
vertical farming systems and their high tolerance to a wide
range of environmental conditions around the world may
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reduce competition with terrestrial crops (Coughlan et al,
2022; Pagliuso et al., 2022).

In addition, duckweed can be used in phytoremediation,
water quality measurement, and wastewater treatment.
Duckweeds have the ability to accumulate macronutrients and
micronutrients hundreds of times compared with the mineral
concentration of the water in which they proliferate
(Chakrabarti et al., 2018; Walsh et al., 2021). The high
biomass accumulation with a typically high protein content
between 24% and 45% makes duckweed a suitable supplement
for animal feed (Iatrou et al., 2015; Pagliuso et al., 2022). Further,
duckweed can be used for bioethanol production due to its high
starch accumulation under stress conditions (Sree and
Appenroth, 2014; Liu et al., 2019).

The potential application of duckweed in plant bioreactors
has attracted increasing attention due to its rapid doubling time
(DT) and proliferation of uniform clones with nearly
exponential growth (Edelman et al, 2020). Their growth rate
is nearly 28 times faster than conventional crops used for human
nutrition (Pagliuso et al., 2022; Coughlan et al., 2022).
Undoubtedly, this higher reproductive rate will significantly
shorten the production cycle of duckweed in bioreactors,
leading to a maximum biomass accumulation of up to 100
tons of dry matter per hectare per year (Cao et al, 2018).
Therefore, the study of biomass production and growth factors
in duckweed under different cultivation conditions could be
interesting. There is a number of pilot studies on duckweed
biomass production under environmental conditions where
wastewater or enriched medium is used to grow duckweed.
The reports describe high-yield biomass production of 8 t dw/
ha/y for Wolffia arrhiza (L.) Horkel ex Wimm. (Fujita et al,
1999) and 36 t dw/ha/y for Spirodela polyrhiza (L.) Schleid. (Xu
et al, 2012) and up to 104 t/ha/year for Lemna minor L.
(Frederic et al, 2006), which is comparable to the average
yields of major land crops reported by the Food and
Agriculture Organization of the United Nations (FAO, 2013)
and the U.S. Department of Agriculture (USDA) (Ziegler
et al., 2015).

The quality value of duckweed as a food source depends on
the content and composition of constituents, particularly amino
acid profiles, protein content, and high potential for rapid
growth. Therefore, cultivation conditions and especially the
genetic background of ecotypes are assumed to play a crucial
role (Appenroth et al., 2018; Chakrabarti et al., 2018). Thus,
assuming that different geographic isolates (ecotypes) of
duckweeds have genetically differentiated due to adaptation to
specific environmental conditions, the resulting clones may
exhibit different physiological and growth behavior (Ziegler
et al., 2015; Chakrabarti et al., 2018; Walsh et al., 2021).
Studying a wide range of these ecotypes around the world may
lead to the identification of superior clones in terms of growth
characteristics that can be eligible for other studies in different
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fields, such as biochemical analysis to introduce an alternative
food supply.

To date, only a limited number of extensive studies have
been conducted to investigate growth factors and biomass
production in duckweed ecotypes from different parts of the
world. Bergmann et al. (2000) studied 41 geographic isolates of
12 species from Landolt’s worldwide stock collection at ETH
Zurich (now hosted by the Istituto di Biologia e Biotecnologia
Agraria in Milano, Italy) under in vitro conditions in a synthetic
medium. To assess growth, they reported only wet weight gain
and the percentage dry weight during the 11-day growth period
for selection of superior geographic isolates (Bergmann et al,
2000). Among others, the relative growth rate (RGR) is an
important growth factor that reflects the growth potential,
especially in duckweeds. A comprehensive study of the RGR of
duckweed was already carried out by Landolt (1957), who
investigated 71 clones of 13 species. Ziegler et al. (2015)
presented two other growth factors in addition to RGR to
provide comparable data with other reports, e.g., on terrestrial
crops. RGR, DT, and relative weekly yield (RY) of 39 ecotypes
from 13 duckweed species were determined under standard
cultivation conditions using a modified Schenk-Hildebrand
medium for 7 days. Here, the mean RGR was 0.304 per day
for Spirodela and 0.396 per day for Lemna. In general, RGR
ranged from 0.153 to 0.519 per day, DT from 1.34 to 4.54 days,
and RY from 2.9 to 37.8 per week for the duckweed species
studied (Ziegler et al,, 2015). Sree et al. (2015) investigated the
RGR of 25 clones representing all 11 species of the genus Wolffia,
the genus commonly used for human nutrition. They present a
clone of Wolffia microscopica (Griff.) Kurz with a doubling time
of 29.3 h, which is the fastest growing flowering plant (Sree et al.,
2015). Other reports determining the RGR of duckweed species
have reported an RGR of 0.31 per day for Lemna minor and 0.30
and 0.42 per day for Lemna gibba (Lasfar et al., 2007).

One of the first important steps is the precise identification
of plant species. Several methods, such as morphological,
biochemical, and molecular comparisons, can be used for
correct identification. Among the mentioned marker types,
comparison of molecular data with references is the most
reliable (Dogan et al., 2014; Hasanbegovic et al., 2021; Saran
et al.,, 2021). Specifically for duckweed, identification using only
morphological characteristics is nearly impossible even for
experts because the morphological structure of duckweed is
greatly reduced. Using molecular methods, such as DNA
barcoding, which is based on DNA markers, it is possible to
reproducibly and reliably identify most duckweed species
(Borisjuk et al.,, 2015; Bog et al, 2019). To the best of our
knowledge, the native duckweeds of Iran have not been studied
at the molecular level or in terms of growth rate. This is the first
report on DNA barcoding of the only duckweed collection
in Iran.
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In the present study, RGR, DT, and RY for duckweed species
native to Iran are investigated for the first time. Most of the
clones studied are from the north of Iran, where most of the
duckweed habitats are located. The investigation of 40 Iranian
clones, which can be assigned to four species within the two
genera Lemna and Spirodela, aims to determine accumulation of
biomass yields and to identify the superior ecotypes with high
growth potential under laboratory conditions for future
biotechnological applications and food safety research.

Material and methods
Plant material

Duckweed samples were collected from different natural
ponds in the north of Iran (Mazandaran and Gilan provinces)
and a region in the west of Iran (Kermanshah province). The
geographical distribution map of sampling can be found in
Supplementary Figure 1. Fronds were rinsed in clean tap water
and sterilized using 2.5% sodium hypochlorite solution for 1 min
and subsequently washed three times with sterile distilled water.
Sterilized fronds of all Lemna species were then cultivated in
modified Hoagland medium (Khvatkov et al., 2019) except L.
gibba, which was cultivated in NF medium (Muranaka et al,
2015). Schenk-Hildebrand medium (Schenk and Hildebrandt,
1972) was used for the Spirodela species. All media were
supplemented with 1% sucrose. All clones were cultivated
under standard cultivation conditions (ISO 20079, 2005) with
a 16/8 h light/dark photoperiod with 80 umol/m?*/s light
intensity from fluorescent light tubes (40W) (Pars shahab,
Tehran, Iran) at 25°C.

Morphological identification and
molecular analysis

Duckweed samples were primarily identified
morphologically using the key from Riedl (1976) and the
updated key from Bog et al. (2020) based on frond shape,
frond size, and number of roots and veins. The identity of the
clones that were chosen for the biomass accumulation test was
confirmed by DNA barcoding. For molecular analysis, total
DNA was extracted by a modified CTAB protocol (Murray and
Thompson, 1980). The chloroplast marker from the noncoding
spacer atpF-atpH was amplified using the primers atpF-atpH
forward (5> ACTCGCACACACTCCCTTTCC 3’) and atpF-
atpH reverse (5 GCTTTTATGGAAGCTTTAACAAT 3’) as
described previously (Wang et al., 2010). The PCR conditions
were predenaturation at 94°C for 2 min, followed by 35 cycles
0f 94°C, 15 5; 51°C, 15 5; 72°C, 40 s; and a final extension at 72°
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C for 5 min. The primer set of the second marker, rps16, was
used to amplify the chloroplast ribosomal protein S16 gene
intron with the degenerate primers rpsi6 F (5’
AAACGATGTGGTARAAAGCAAC 3’) and rpsl6 R (5
AACATCWATTGCAASGATTCGATA 3’) as described
previously (Shaw et al., 2005). The PCR conditions were

10.3389/fpls.2022.1034238

94°C, 30 s; 61°C, 50 s; 72°C, 80s; and a final extension at 72°C
for 7 min. The PCR fragments were purified and further
processed for sequencing by the Beijing Genomic Institute
(BGI, Shenzhen, China). Sequences were deposited in
GenBank (https://www.ncbi.nlm.nih.gov/). Accession
numbers of the rpsl6 and atpF-atpH sequences are listed

predenaturation at 94°C for 5 min, followed by 45 cycles at in Table 1.

TABLE 1 Duckweed species investigated for this study with their NCBI accession numbers.

Row Species Strain Origin Accession number
atpF-atpH rps 16

1 Lemna minor 1C Tonekabon pond, Iran MT891062 MW308182
2 Lemna minor 2C Tonekabon pond, Iran MT891063 MZ422535
3 Lemna minor 3a Tonekabon pond, Iran MT891064 MW308183
4 Lemna minor 4BM Mansoori pond, Iran MT891065 MZ422534
5 Lemna minor 5C Tonekabon pond, Iran MT891066 MW308184
6 Lemna minor 6a Tonekabon pond, Iran MT891067 MW308185
7 Lemna minor 7W Tonekabon pond, Iran MT891068 MW308186
8 Lemna minor 8C Tonekabon pond, Iran MT891069 MW308187
9 Lemna minor 9a Tonekabon pond, Iran MT891070 MW308188
10 Lemna minor 10C Tonekabon pond, Iran MT891071 MW308189
11 Lemna minor 11C Tonekabon pond, Iran MT891072 MW308190
12 Lemna minor 12W Tonekabon pond, Iran MT891073 MZ422533
13 Lemna minor 13C Tonekabon pond, Iran MT891074 MW308191
14 Lemna minor 14BM Mansoori pond, Iran MT891075 MZ422532
15 Lemna minor 15C Tonekabon pond, Iran MT891076 MW308192
16 Lemna minor 16C Tonekabon pond, Iran MT891077 MW308193
17 Lemna turionifera 17AM Amir kelaye international lagoon, Iran MT891086 MW308200
18 Lemna minor 18C Tonekabon pond, Iran MT891078 MW308194
19 Lemna minor 19C Tonekabon pond, Iran MT891079 MW308195
20 Lemna turionifera 20AM Amir kelaye international lagoon, Iran MT891087 MW308201
21 Lemna minor 21BM Mansoori pond, Iran MT891080 MW308196
22 Lemna minor 22a Tonekabon pond, Iran MT891081 MW308197
23 Lemna minor 23C Tonekabon pond, Iran MT891082 MW308198
24 Lemna minor 24W Tonekabon pond, Iran MT891083 MZ422531
25 Lemna minor 25C Tonekabon pond, Iran MT891084 MZ422530
26 Lemna minor 26W Tonekabon pond, Iran MT891085 MW308199
27 Lemna gibba 1LA Langarud paddy,Iran MT891088 MW308202
28 Lemna gibba 28 Soostan Lagoon, Iran MT891089 MW308203
29 Lemna gibba 3g Govaver, Iran MT891092 MW308206
30 Lemna gibba 4LA Langarud paddy, Iran MT891093 MW308207
31 Lemna gibba 58 Soostan Lagoon, Iran MT891091 MW308205
32 Lemna gibba 6LA Langarud paddy, Iran MT891090 MW308204
33 Lemna gibba 7S Soostan Lagoon, Iran MT891094 MZ422528
34 Lemna gibba 8S Soostan Lagoon, Iran MT891095 MZ7422529
35 Spirodela polyrhiza 1AM Amir kelaye international lagoon, Iran MT891096 MW308208
36 Spirodela polyrhiza 2AM Amir kelaye international lagoon, Iran MT891097 MW308209
37 Spirodela polyrhiza 3LA Langarud lagoon, Iran MT891098 MW308210
38 Spirodela polyrhiza 4AM Amir kelaye international lagoon, Iran MT891099 MW308211
39 Spirodela polyrhiza 5BM Mansoori pond, Iran MT891100 MW308212
40 Spirodela polyrhiza 6AM Amir kelaye international lagoon, Iran MT891101 MZ422536
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DNA barcoding analysis

To analyze the genetic diversity, atpF-atpH and rps16 sequences
were checked using Chromas Lite 2.6.2 (Technelysium Pty Ltd,
South Brisbane, Australia) and aligned using the BioEdit Sequence
Alignment Editor 7.1.3.0 (Hall, 1999). Reference sequences of atpF-
atpH and rps16 markers for DNA barcoding were prepared from
already identified clones from the duckweed stock collection of the
University Greifswald (Germany) or taken from GenBank (Table 2).
They were chosen to represent a wide geographical distribution of
the species. SeqState 1.4.1 (Miiller, 2005) was used to recode insertion
and deletion (indel) positions using the implemented Simmons and
Ochoterena simple coding algorithm, leading to a final alignment
length of 798 sites including 14 indel coded sites for rps16 and a final
alignment length of 661 sites including 12 indel coded sites for atpF-
atpH. The indel coded alignments can be found as Supplementary
Material 1 and 2. Subsequently, TCS 1.23 (Clement et al., 2000) was
used with default settings to build haplotype networks for each
chloroplast marker. Based on the haplotype results, the alignments
were collapsed to unique haplotypes for which a maximum-
likelihood tree was built using iqTREE 2.1.3 (Minh et al, 2020)
with 1000 bootstrap replicates. The implemented ModelFinder
(Kalyaanamoorthy et al., 2017) chose F81+F (atpF-atpH) and
K3Pu+F (rpsI6) as the best-fit models according to the Bayesian
information criterion. Finally, DnaSP 6.12.03 (Rozas et al., 2017) was
run to count polymorphic and parsimony informative sites and to
estimate nucleotide and haplotype diversity.

Culture conditions for growth
factor analysis

Forty geographic isolates representing four species from two
genera were used for biomass accumulation and DT analysis as

10.3389/fpls.2022.1034238

described in Table 1. According to the ISO 20079 protocol (ISO
20079, 2005), the sterilized duckweed samples were
precultivated for 1 month to acclimatize the clones to the
cultivation conditions. Nutrient media were replenished every
week. A single clone with the same frond number from each
species was used for initial inoculation of 50 ml nutrient medium
in glass jars covered with plastic caps. All glasses were kept under
axenic conditions at 25°C in a standard growth chamber. The
investigated duckweed species showed optimum growth in
different media (unpublished results). For this reason, we used
a specific nutrient medium for each species instead of the
Steinberg medium specified in the ISO 20079 protocol as
mentioned. The growth factors were determined starting with
a four-frond colony for each species, and the initial weight was
determined. The main cultivation phase lasted 7 days, taking
care that the fronds never completely covered the surface of the
medium, which may limit growth.

Calculation of growth parameters

All growth parameters were determined at the onset of the
experiment (ty) and 7 days later (t7). The number of fronds (FN,
and FNy), fresh weight (FW,, and FW), and dry weight (DW, and
DW,;) were measured. At the initiation of the experiment, the
frond numbers were recorded. Then, an equal frond number and
size was surface-dried by filter paper and weighed (FW,). These
reference samples were dried at 37°C for 72 h to determine the dry
weight of the preliminary inoculum (DW,). Frond number, fresh
weight, and dry weight of fronds at t; were determined as for the
reference samples from t,. Three independent experiments were
conducted with each of the clones.

RGR was calculated using Equation (1) (Naumann et al,
2007; Ziegler et al,, 2015). This equation was simplified to

TABLE 2 Reference sequences of atpF-atpH and rps16 markers for DNA barcoding.

Row Reference sequences Strain Origin Accession number
atpF-atpH rps 16

1 Lemna minor 7123 Canada, Saskachewan, Saskatoon MG000397 *

2 Lemna minor 8292 Iran, Mazanda, Ramsar, Ghassem Abbath * *

3 Lemna minor 9441 Germany, Marburg (clone St) * *

4 Lemna turionifera 6573 USA, Montana, Lincoln Co. MG775403 *

5 Lemna turionifera 7683 Korea, Kyonggi, Sosa MG775404 *

6 Lemna turionifera 9434 Russia, Lake Baikal MG775405 *

7 Lemna gibba 7589 USA, California, Los Angeles Co., Covina GU454219 *

8 Lemna gibba 7741 Italy, Sicilia, Siracusa (clone G3) KX212887 *

9 Lemna gibba 8703 Japan, Honshu Aichi GU454222 *

10 Spirodela polyrhiza 7373 Egypt, Mahallet, El Rahabein HG938145 HG938250
11 Spirodela polyrhiza 7498 USA, North Carolina, Durham Co., Durham GU454204 HG938251
12 Spirodela polyrhiza 9500 Germany, Jena, Porstendorf 1967 (clone SJ) GU454208 HG938257

*sequenced but no Genbank number yet.
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Equation (2) for better interpretation of growth potentials. The
values of measured parameters x (Frond number or fresh and
dry weight) in two time points (t, and t;) were placed in
Equation (2).

RGR  t
X, = xoxe "

1)

RGR = (Inx;; — Inx,y) / (£7 — t0) (2)

The RGR unit is based on time (per day). DT (days) or
biomass accumulation (per day), was calculated by Equation (3),
when RGR is measured with frond number values or fresh
weight and dry weight of fronds at the two time points,
respectively.

(BA) DT = In2 / RGR 3)

The yield obtained from the initial inoculum of one frond
(or 1 mg duckweed biomass) after 7 days of cultivation is known
as RY. It was calculated using Equation (4):

RY =lnx,; =Inx,, + RGR x (t7 — t0) (4)

RY is equal to Inx;, and x is one of the growth parameters
measured in the experiment, such as FN, FW, and DW at t,
(Inxy) and at t; (Inx,;). The RY of one frond or 1 mg duckweed
initial inoculum after 7 days has the unit per week.

Data analysis

Statistical analysis was carried out in SPSS 16.0 (IBM, USA).
The normality of the data was confirmed by the Kolmogorov-
Smirnov test. Therefore, parametric methods were used to
compare the means. The variation of means among groups
was compared with one-way ANOVA using the Student-
Newman-Keuls test (SNK), a post hoc test for analysis of the
differences in means, at the level of P <.05.

Results

DNA barcoding of duckweed ecotypes
based on rps16 and atpF-atpH sequences

A total of 40 duckweed clones were collected from the north
of Iran (lakes of Tonekabon, Lahijan, and Langarud) and the
Kermanshah Govaver River. The collected duckweed accessions
were morphologically determined and validated by molecular
methods, i.e., DNA barcoding (Figure 1).

In summary, a total of 24 ecotypes of L. minor, eight ecotypes
of L. gibba, six ecotypes of S. polyrhiza, and two ecotypes of L.
turionifera, a rare species for Iran, were identified with the
chloroplast fragments rps16 and atpF-atpH. All identified clones
were successfully propagated to produce pure clones.
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The species could be very well-distinguished by both
chloroplast markers (rps16 and atpF-atpH) as represented in
the maximum-likelihood phylogenetic trees (Supplementary
Figures 2A, B). Comparison of the two sequence alignments
for both markers separately shows that rpsI6 has a higher
haplotype and nucleotide diversity than atpF-atpH although
differences between different haplotypes within one species are
most often caused by indels (Table 3, Figures 2, 3). For rpsl6,
both clones identified as L. turionifera from Iran showed the
same haplotype (LT1) as the reference sequence of clone 9434
from Lake Baikal, Russia. For L. minor the Iranian clones were
identical to the haplotype (LM1) of 8292, a reference clone from
Iran, too. Two further clones (25C - haplotype LM3 and 12W -
haplotype LM4) showed one or two additional bases but are
more similar to the main haplotype LM1 found for Iran than to
the other two reference clones from Canada and Germany
(haplotype LM2) (Figures 2A, B). For the marker atpF-atpH
only L. gibba revealed different haplotypes, in which the Iranian
clones differed by an additional stretch of three A’s (haplotype
Ig1) from the three reference clones, which showed the same
haplotype (1g2) (Figures 3A, B).

Biomass accumulation and doubling time

The growth potential measured as RGR and RY based on
fresh and dry weight and DT based on frond numbers of 40
geographic duckweed isolates under axenic cultivation
conditions are shown in Table 4. Overcrowding of populations
was not observed during the experiment or at the end after 7
days. This ensured that the growth was not inhibited by
intraspecific competition. In addition, axenic cultivation
prevented inhibitory effects of undesirable microorganisms
(Ziegler et al., 2015). During the 7 days of the experiment, the
increase in frond number, fresh weight, and dry weight never
deviated from an exponential progression.

The mean RGR for all 40 investigated ecotypes was 0.301 per
day for fresh weight, ranging from 0.094 to 0.472 per day for
individual clones belonging to L. minor 26W and S. polyrhiza
2AM, respectively. Additionally, the mean RGR for dry weight
was 0.435 per day with a range from 0.149 to 0.784 per day for
Spirodela clones (Table 4).

As shown in Figure 4A, the mean RGR based on fresh weight
for four species belonging to two duckweed genera ranged from
0.284 per day for S. polyrhiza to 0.332 per day for L. gibba. The
mean RGR for L. minor is 0.274 per day. The RGR for L. gibba
was significantly higher than for any other species (P<.05). This
was due to a higher weight gain and more fronds after 7 days of
cultivation. There were no significant differences between the
mean RGRgy of L. minor and S. polyrhiza due to a wide range of
RGR values among L. minor clones.

The dry weight analysis gave similar results to fresh weight.
Among the 24 L. minor clones, the highest RGRpy values were
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FIGURE 1
Four investigated duckweed species native to Iran; (A) Spirodela polyrhiza. (B) Lemna minor. (C) L. gibba in dorsal view. (D) L. gibba in ventral
view. (E) L. turionifera.

obtained by clones 11C, 23C, and 24W with 0.563, 0.612, and was clone 7S with 0.420 per day. Among the six clones of S.
0.654 per day, respectively. These values were not significantly polyrhiza, 4AM showed the highest value with RGRpy = 0.784
different from each other (P<.05). The clone with the per day. Fresh and dry weight RGR within species are
significantly highest RGRpyw among the eight L. gibba clones significantly different (P<.05), especially in L. minor and S.
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polyrhiza. Some of the ecotypes of L. minor and S. polyrhiza
studied as well as one of the clones of L. turionifera had an RGR
higher than 0.600 per day (Table 4). This is a significantly higher
RGR value compared with other ecotypes.

DT, which is based on the number of fronds, and BA, based
on the fresh or dry weight, reflect the RGR value but
numerically in the opposite way (see Equation (3) above). It
indicates how much time is needed to double the number of
fronds or biomass. DT based on frond number was investigated
for all ecotypes. The lowest DT (rapid growth) within species
was measured for L. minor 11C (2.96 days), L. gibba 6LA (2.14
days), and S. polyrhiza 4AM (2.33 days), which doubled their
frond number every 51 to 71 h (Table 4). A comparison of the
mean values for DT of the investigated clones of the four
species is shown in Figure 4B. The mean value of frond
doubling time for L. gibba with 2.26 days is significantly
lower than that of the other species (P<.05).

The mean biomass accumulation based on fresh weight
(BAgw) of eight L. gibba clones was 2.12 days. Thus, this
species had significantly higher productivity than the other
species (P<.05; Figure 4C). On the other hand, the mean
biomass accumulation based on dry weight (BApyw) of L.
gibba is consistent with BAgyw. However, this is not
significantly different between species (Figure 4E). The
significantly fastest BAgy within L. minor was observed for
strain 11C with 1.87 days (P<.05; Table 4). The two clones of the
rare L. turionifera had BA rates of 1.60 and 3.78 days. To
increase the accuracy of growth parameters in L. turionifera, it
is necessary to continue the work with more ecotypes.

The RY of biomass accumulation based on fresh weight
(RYgw) of all investigated ecotypes ranged from 108.92 (L.
gibba 28) to 7.2 per week (L. turionifera 17AM). The highest
mean RYgyw among the species belonged to L. gibba (82.34 per
week) and the lowest mean RYgw to Spirodela (35.76 per
week) and L. minor (24.61 per week). The differences among
the four species were statistically significant (P<.05;
Figure 4D). Analysis of the RY value showed that the
results were consistent with BA and DT. In addition,
intraspecies data for L. minor showed that the highest
relative yield of 37.09 per week was obtained by L. minor
11C due to its better growth potential. Despite the results for
mean fresh weight (Figures 4D, F), where L. gibba showed the
highest RY g, S. polyrhiza had the highest value in RYpy in
the species comparison with 23.78 per week (Figure 4F) while
L. gibba (5.72 per week) and L. minor (3.70 per week) were
both in the lower range.

Discussion

In the present study, biomass production screening was
performed based on growth potential analysis on native
duckweed species from Iran coupled with DNA barcoding
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based on two standard chloroplast markers. Growth parameters
were used to identify the most productive ecotypes of each of the
four native duckweed species (Spirodela polyrhiza, Lemna minor,
L. gibba, and L. turionifera) among the 40 clones studied. Lemna
minor 11C, L. gibba 2S, and S. polyrhiza 4AM showed growth
rates and a relative yield even higher than any terrestrial plants
reported in previous studies (Ziegler et al., 2015; Koca and
Erekul, 2016). These data demonstrate the importance of
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comprehensive studies on duckweed for biomass accumulation
in biological production systems and food security. In addition,
for the first time, the species L. turionifera was detected for Iran
based on DNA barcoding analysis, and the two clones were
included in the biomass screening.

Primary identification of duckweed based on morphological
characters identified three species belonging to two genera:
Spirodela polyrhiza, Lemna minor, and L. gibba. However,
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TABLE 4 Fresh and dry weight biomass accumulation and doubling time of 40 geographical isolates of native Iranian duckweed representing four
species.

Row

O 0 N N U R W N

[ T N N N
A G A B R = vV ® U R W N = O

17
20

27
28
29
30
31
32
33
34

35
36
37
38
39
40

Species

Lemna minor
Lemna minor
Lemna minor
Lemna minor
Lemna minor
Lemna minor
Lemna minor
Lemna minor
Lemna minor
Lemna minor
Lemna minor
Lemna minor
Lemna minor
Lemna minor
Lemna minor
Lemna minor
Lemna minor
Lemna minor
Lemna minor
Lemna minor
Lemna minor
Lemna minor
Lemna minor
Lemna minor
Lemna minor
Lemna turionifera
Lemna toriunifera
Lemna turionifera
Lemna gibba
Lemna gibba
Lemna gibba
Lemna gibba
Lemna gibba
Lemna gibba
Lemna gibba
Lemna gibba
Lemna gibba
Spirodela polyrhiza
Spirodela polyrhiza
Spirodela polyrhiza
Spirodela polyrhiza
Spirodela polyrhiza
Spirodela polyrhiza
Spirodela polyrhiza

strain

1C
2C
3a
4BM
5C
6a
7TW
8C
9a
10C
11C*
12W
13C
14BM
15C
16C
18C
19C
21BM
22a
23C
24W
25C
26W
mean
17AM
20AM
mean
1LA
28+
3g
4LA
55
6LA
7S
8S
mean
1AM
2AM *
3LA
4AM *
5BM
6AM

mean

377 +0.11
344 +0.12
597 + 0.42
3.73 +0.001
3.67 +0.15
7.05 + 0.02 (-)
4.04 + 0.01
534 +0.16
3.74 % 0.01
3.40 + 0.04
2.96 + 0.02 (+)
497 +0.01
443 +0.01
4.04 +0.01
4.97 +0.02
443 +0.01
4.68 +0.11
461 + 045
5.07 +0.27
378 +0.26
3.96 + 0.19
507 +0.27
2.97 +0.02
5.07 +0.27
438 + 0.05
9.57 + 0.03
422 %030
6.90 + 0.13
250 + 0.01 (-)
2.16 + 0.04
2.16 + 0.07
2.17 +0.03
235+ 0.02
2.14 % 0.01 (+)
248 + 0.05
2.16 % 0.01
226 +0.01
7.22 %093 (-)
2.84 +0.02
3.86 + 0.23
233 +0.05 (+)
293 +0.15
39 +0.21
3.85 +0.21

RGRpw

0.337 £ 0.029
0.279 + 0.005
0.215 + 0.001
0.338 + 0.006
0.343 + 0.002
0.301 + 0.025
0.215 + 0.001
0.202 + 0.005
0.277 £ 0.007
0.260 + 0.002
0.373 £ 0.017 (+)
0.293 £ 0.014
0.306 + 0.007
0.301 + 0.003
0.350 + 0.005
0.326 + 0.002
0.287 + 0.029
0.234 £ 0.015
0.256 + 0.006
0.317 £ 0.019
0.260 + 0.009
0.229 + 0.007
0.175 £ 0.002
0.094 + 0.010 (-)
0.274 £ 0.002
0.196 + 0.033
0.433 £ 0.003
0.314 £ 0.018
0.274 + 0.002 (-)
0.393 + 0.011 (+)
0.379 £ 0.011
0.355 + 0.002
0.306 + 0.004
0.321 £ 0.002
0.298 + 0.007
0.333 + 0.003
0.332 + 0.003
0.323 £ 0.011
0.472 + 0.003 (+)
0.379 £ 0.011
0.200 + 0.009
0.214 £ 0.018
0.117 £ 0.014 (-)
0.284 + 0.002

RGRpw

0.478 + 0.01
0255 + 0.01
0307 + 0.01
0277 + 0.01
0.256 + 0.01
0.287 + 0.02
0332 + 0.02
0.156 + 0.01 (-)
0.294 + 0.003
0273 + 0.01
0563 + 0.01
0302 + 0.02
0.191 + 0.01
0.258 + 0.01
0369 + 0.02
0.489 + 0.01
0326 + 0.03
0216 + 0.02
0327 + 0.02
0512 + 0.01
0.612 + 0.01
0.654 + 0.03 (+)
0.406 + 0.07
0229 + 0.01
0349 + 0.02
0.199 + 0.03
0.628 + 0.02
0.413 + 0.02
0329 + 0.01 (-)
0376 + 0.01
0391 + 0.03
0338 + 0.01
0.403 + 0.01
0333 + 0.03
0.420 + 0.02 (+)
0.412 + 0.01
0375 + 0.01
0.425 + 0.04
0.498 + 0.05
0382 + 0.01
0.784 + 0.02 (+)
0.650 + 0.02
0.149 + 0.07 (-)
0.481 + 0.01

210 £0.18
249 +0.05
3.10 £ 0.06
2.05 +0.03
2.02 % 0.01
235 +0.20
323 +0.02
3.44 +0.08
250 + 0.07
2.67 +0.01
1.87 +0.08 (+)
238 +0.12
227 +0.05
223 +0.03
1.98 +0.03
2.12 % 0.01
2.40 +0.30
34019
272 +0.07
221 %013
2.68 +0.09
3.03 £ 0.09
3.95 + 0.05
7.62 % 0.84 (-)
2.77 + 0.04
336 + 0.36
1.60 + 0.01
248 +0.19
253 +0.02 (-)
1.77 + 0.05 (+)
1.83 +0.05
1.95 + 0.01
226 +0.03
2.16 + 0.01
233 +0.06
2.08 % 0.01
2.12 +0.01
2.16 % 0.08
1.47 + 0.01 (+)
1.83 +0.05
348 +0.16
330 £ 027
6.16 + 0.73 (-)
3.07 +0.08

1.51 + 0.02
272 +0.06
239 +0.02
250 + 0.06
272 %011
244 +0.14
2.18 +0.03
452 + 037 (-)
236 + 0.06
2.68 + 0.01
1.23 +0.03
231 +0.12
363 +0.14
271 +0.12
1.90 + 0.12
1.42 +0.04
2.18 +0.19
326 +0.24
2.14 +0.10
1.36 + 0.04
1.15 + 0.01
1.06 + 0.01 (+)
1.90 + 035
3.04 +0.13
231 +0.03
378 + 0.61
1.11 + 0.04
245 +0.28
2.11 +0.02
1.85 + 0.06
1.76 + 0.06
2.05 + 0.02
1.72 £ 0.02 (+)
2.15 % 0.01 (-)
1.80 + 0.01
1.77 + 0.02
1.90 + 0.02
1.63 + 0.02
1.43 +0.14
1.82 +0.06
0.88 + 0.02 (+)
1.07 + 0.04

13.55 + 6.35 (-)

3.40 + 1.05

RYgw

28.94 + 555
30.68 + 1.14
14.44 + 0.25
29.69 + 1.14
34.87 £ 0.43
2821 +4.84
28.06 + 0.20
12.65 + 0.43
2278 + 1.14
15.86 + 0.01
37.09 + 427 (+)
2031+ 2
2377 + 1.14
29.44 £ 071
2525 + 0.85
2624 + 028
19.40 + 0.24
21.79 + 228
2673 + 1.14
35.60 + 4.55
33.14 + 1.99
17.35 + 0.86
2031 +0.29
7.95 + 0.57 (-)
2461 +0.42
7.20 £ 1.57
14.38 + 0.29
10.79 + 0.93
60.49 + 0.99 (-)
108.9 + 7.94 (+)
69.10 + 5.11
97.13 + 1.42
75.98 + 227
9320 + 1.42
60.73 + 3.13
93.10 + 0.01
8234 + 1.65
28.70 + 2.28
59.25 + 1.14 (+)
5236 + 3.98
40.04 + 2.56
1636 2 (-)
17.84 + 1.71
35.76 + 0.47

RYpw

371 % 0.02
2.14 + 0.09
2.05 + 0.03
1.75 + 0.09
2.05 +0.14
1.75 0.2
2.94 +0.09
1.30 £ 0.12
1.10 + 0.06
1.40 + 0.01
259 +0.23
1.35 + 0.14
225 +0.11
3244026
274 + 043
1.55 + 0.14
1.35 +0.26
1.85 + 020
110 + 0.12 ()
3.64 +0.37
821 + 0.85 (+)
1.95 + 0.03
459 + 0.34
2.14 +0.14
3.70 + 0.05
0.95 +0.20
0.85 + 0.14
0.90 + 0.03
3.98 + 0.01 (-)
6.96 + 0.57 (+)
4,68 +0.40
636 + 0.11
5.02 + 0.20
6.66 = 0.06
592 +0.03
6.17 + 0.06
572 +0.13
274 +0.09 (-)

10.85 + 0.03
408 +0.34

50.88 + 4.83 (+)

40.07 % 0.04

34.01 + 0.01

23.78 +0.76

DT, doubling time (days); BA, biomass accumulation (per day); RGR, relative growth rate (per day); RY, relative yield (per week). Mean values for each species are presented in high light
rows. Values are mean + SE.
(+) indicates the highest growth rate values and (-) indicates the lowest growth rate values.
*Strains with the highest growth rate.
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FIGURE 4

The mean fresh and dry weight—based relative growth rate (biomass accumulation, relative weekly yield, and doubling time based on frond
number) of the four investigated duckweed species. (A) The mean RGR for the species represented by several clones. The number of clones per
species is given above. (B) The mean value of DTy between species is significantly different. Lemna gibba by doubling its fronds every 2.26 days
is faster than other species. (C) The mean BAry of four species of two genera is shown. (D) The maximum rate of mean RYgy of four species
belongs to L. gibba (82.3 per week). (E) The mean of BApy is not significantly different among species. (F) The mean dry weight (mg) produced
after 1 week (RY) from primary inoculum among species is significantly different (P<.05). In all figures: The column height shows the mean
growth parameters of the four investigated species. Error bar was indicated in the figures. Letters above the columns indicate significance
according to ANOVA: means of columns marked with the same letter (either ‘a’ or ‘'b’) do not differ to a statistically significant extent; differences
are statistically significant when the columns are marked with single, different letters. The means of the columns marked with ‘ab’ do not differ
significantly from means of columns marked with either ‘a’ or 'b".
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subsequent DNA barcoding analysis revealed a fourth species: L.
turionifera, which is not easily distinguishable from L. minor due
to the strong reduction in their morphology. After an
appropriate literature research, L. turionifera was not listed for
Iran in Landolt’s monograph (Landolt, 1986), nor in the online
Flora of Iran (2022) (http://flora-iran.com/central-herbarium-
of-tehran-university/plant-list/), nor in the two online platforms
“Plants of the World Online (2022)” (https://powo.science.kew.
org/) and “Global Biodiversity Information Facility - GBIF
(2022)” (https://www.gbif.org/).

The variation of the studied sequences is rather low, as is
known for several duckweed species (Borisjuk et al., 2015; Chen
et al,, 2022), but also to be expected for a DNA barcode as they
should show lower genetic variation within than between species
(Dasmahapatra and Mallet, 2006). Interestingly, with the
exception of two accessions, all other accessions identified as
L. minor show the same haplotype as the reference sequence of
rps16 for clone 8292 from Iran, which was already mentioned in
Landolt and Urbanska-Worytkiewicz (1980) and, thus, has been
kept in culture for more than 40 years, which again could
indicate a relatively constant haplotype pool. However, further
studies are needed to reach similar conclusions as for S.
polyrhiza, namely, that the mutation rate in this species is very
low (Ho et al,, 2019; Xu et al,, 2019). Because the molecular
markers used do not allow us to draw conclusions about
hybridization events, the possibility that the L. minor clones
identified here may be hybrids between L. minor and L.
turionifera cannot be ruled out. Both species occur in the area,
and hybridization between these two species has already been
demonstrated by Braglia et al. (2021).

RGR is an important factor to show physiological responses
of plants to light, temperature, CO,, and nutrients, but its
interpretation is less intuitive (Buxbaum et al., 2022).
Therefore, it is often mathematically transformed and reported
as BA or RY, which are common parameters for large-scale
screening of plant growth potential (Ziegler et al., 2015). Fast-
growing species show higher RGR under standard cultivation
conditions. Higher RGR is due to efficient nutrient and CO,
uptake in fronds (Naumann et al., 2007; Ziegler et al., 2015;
Ghanem et al, 2019). High RGR causes duckweed to rapidly
double its frond number and biomass, which increases its
photosynthetically active surface area per unit area. One of the
most important variations is the nutrient medium. Many studies
demonstrate that duckweed exhibits optimal growth potential
and accumulates more biomass in species-specific nutrient
media (Kittiwongwattana and Vuttipongchaikij, 2013;
Muranaka et al., 2015; Ghanem et al., 2019). This study was
the first to use a nutrient medium optimized for growth for each
species (data in preparation).

In this study, a relative linear relationship between RGR,
DT or BA, and RY was investigated (Figure 4). In addition,
growth factors based on dry weight, especially RYpyy, are more
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reliable parameters to study the stability of biomass gain in the
duckweed family. Approximately 92%-94% of the fresh weight
of duckweed consist of water, which is lost after drying
(Pagliuso et al., 2022). This is confirmed by the relatively low
yield (RYpw) results for L. gibba shown in Figure 4F. Despite
the highest mean RYpyw value (Figure 4D, F) for L. gibba,
almost 90% of the fresh weight was lost to drying. In contrast,
for Spirodela, only 35% of the fresh weight was lost to drying,
and on average, 65% of the weight was retained as dried
biomass (Table 4 and Figure 4F).

Based on the analysis of growth potential of 40 ecotypes,
ecotypes with better growth potential under standard growing
conditions were identified. Spirodela polyrhiza and L. gibba
showed higher average growth factors among the studied
species in this experiment. On the other hand, L. minor, the
most widespread and easily manipulated species, with ecotype
11C provided one of the most productive duckweed clones in
this experiment for future research. Considering that growth
potential is shown to have a wide range of values within genera
and species and, thus, significant differences among clones and
ecotypes, it is concluded that species or genus specificity is not a
reliable method for screening growth potential. In other words,
growth parameters determined for one species or genus cannot
be generalized to all clones of a species. This is consistent with
Bergmann et al. (2000), who suggest focusing on the geographic
isolate (ecotypes) rather than the species level. Ziegler et al.
(2015) also confirm that screening on the ecotype level is the
most reliable method for screening growth factors in duckweed.
We found three ecotypes with high growth potential such as S.
polyrhiza 2AM with an RGRgy of 0.472 per day, which is higher
than the value reported by Ziegler et al. (2015), ranging from
0.168 to 0.386 per day for seven S. polyrhiza clones. Other
dependent parameters, such as BAgy (1.47 per day) and RYgw
(59.25 per week), are consistent with those reported in the
literature (Ziegler et al., 2015). In addition, L. gibba 2S was
found to be the fastest ecotype in biomass accumulation with
1.77 per day. Similarly, the relative yield after 7 days of
inoculation is the highest value (108.92 per week) for L. gibba
28, which is consistent with those from previous reports (Ziegler
et al,, 2015). It is noteworthy that L. gibba already has a good
potential to gain biomass in a short time. This is due to the rapid
proliferation rate and gibbous fronds in this species. As
mentioned earlier, under unsuitable culture conditions, L.
gibba loses its gibbosity and looks like L. minor. NF is the best
culture medium for L. gibba to form gibbous fronds and increase
the rate of biomass accumulation (Muranaka et al., 2015). In
addition, the widely distributed duckweed species L. minor with
ecotype 11C has an RGRpy value of 0.373 per day. This is
comparable to the value of RGRpy = 0.422 per day reported by
Chakrabarti et al. (2018), where L. minor was cultivated with
high-efficiency organic manure. The RGRpy of L. minor 11C
was 0.563 per day, which was among the highest values in the
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study, while Petersen et al. (2021) obtained a maximum RGRpw
of 0.23 per day for L. minor under nonsterile conditions and with
high-yielding agricultural fertilizer treatment. Despite the
different cultivation conditions, the highly concentrated
nitrate-N medium and light intensity (270 umol/m?/s higher
than in the present study) were effective factors for
optimal growth.

Duckweed is described as one of the fastest angiosperms due
to its ability to double its biomass in a short time period.
Demmig-Adams et al. (2022) suggest that the rapid growth of
duckweed, even under limited light conditions, may be related to
relatively thin photosynthetic organs (fronds) without complex
structures on the water surface, allowing all chloroplasts to be
involved in sugar production. The free-floating fronds with high
availability of nutrient resources have higher photosynthetic
yields. Terrestrial plants, on the other hand, use a significant
amount of sugar to build the complex structures of their stems,
leaves, and roots, which is a time-consuming process that
involves the production of some organs that are unusable for
human nutrition. The presented results shown in Table 4
confirm the superiority of growth rate of duckweeds by
comparing their RGR with the RGR of crops. Of course, plant
species differ greatly in their relative growth rate even when
compared under similar environmental conditions (Tomlinson
et al, 2014). However, duckweed is shown to have a higher
RGRpw compared with many crops despite its reduced and leaf-
like structure that makes it one of the lightweights among crops.
Poorter (1989) reports RGRpy of eight herbaceous wild species
under optimized growth conditions with the highest RGR value
of 0.268 per day for Urtica dioica. Potter and Jones (1977) report
RGRpyy after 28 days for nine species of important crops with a
value ranging from 0.202 per day for soybean to 0.391 per day
for sorghum. In contrast, an RGR value of 0.255 per day was
determined for maize under the best experimental conditions.
The data presented in Table 4 and Figure 4 show that most of the
duckweed clones that were studied had an RGR based on
fresh and dry weight (and corresponding RY) that was higher
than the 0.255 per day described for maize. Overall, the superior
growth characteristics and short harvest time of duckweed
compared with crops may lead to higher biomass and
economic production.

As reported by the Food and Agriculture Organization of the
United Nations (FAO), food security is one of the most
important challenges in the world (https://www.fao.org/state-
of-food-security-nutrition/2021). Due to the increase in world
population, reduction in food resources, depletion of nutrients in
soils, and global climate change leading to a reduction in crop
production, it is imperative to pay more attention to alternatives
with low water and soil requirements that are cost-efficient, have
short harvesting times, and produce more biomass. Duckweed as
an aquatic crop has several advantages over terrestrial crops: it
absorbs nutrients directly from water, is easy to grow and
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harvest, has low water requirements (due to its short growing
season), and does not compete with crops in agricultural land
use, allowing for higher biomass production per hectare even in
dry areas (Toyama et al.,, 2017; Tursi, 2019). To date, interest in
large-scale cultivation of duckweed in greenhouses and under
protective structures has grown through commercial companies,
such as LENTEIN'™ (https://www.parabel.com/) and Rubisco
Foods (2022) (https://rubiscofoods.com/).

Conclusion

The results of this study show that three selected ecotypes of
Lemna and Spirodela species can provide high yields of fresh and
dry biomass under optimal growth conditions. The data confirm
that most ecotypes of duckweed can grow faster than traditional
crop plants. However, this high RGR obtained under the
optimized culture conditions for the selected ecotypes may be
different under real environmental conditions. However, the
fact that duckweed as an emergent crop has a high relative
yield and accumulates more biomass in a short time was also
confirmed under agricultural cultivation conditions. The data in
this study illustrate the numerous potentials of the selected
duckweed ecotypes for commercial biomass production and
biotechnological application. However, several strategies are
needed to optimize duckweed growth with low cost, simplicity,
and scalability.
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A genome wide association
study to dissect the genetic
architecture of agronomic
traits in Andean lupin
(Lupinus mutabilis)
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Maria-Jodo Paulo? and Luisa M. Trindade™

*Wageningen University and Research Plant Breeding, Wageningen University,
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Establishing Lupinus mutabilis as a protein and oil crop requires improved
varieties adapted to EU climates. The genetic regulation of strategic breeding
traits, including plant architecture, growing cycle length and yield, is unknown.
This study aimed to identify associations between 16 669 single nucleotide
polymorphisms (SNPs) and 9 agronomic traits on a panel of 223 L. mutabilis
accessions, grown in four environments, by applying a genome wide
association study (GWAS). Seven environment-specific QTLs linked to
vegetative yield, plant height, pods number and flowering time, were
identified as major effect QTLs, being able to capture 6 to 20% of the
phenotypic variation observed in these traits. Furthermore, two QTLs across
environments were identified for flowering time on chromosome 8. The genes
FAF, GAMYB and LNK, regulating major pathways involved in flowering and
growth habit, as well as GA30X1, BIM1, Drl, HDA15, HAT3, interacting with
these pathways in response to hormonal and environmental cues, were prosed
as candidate genes. These results are pivotal to accelerate the development of
L. mutabilis varieties adapted to European cropping conditions by using
marker-assisted selection (MAS), as well as to provide a framework for
further functional studies on plant development and phenology in this species.

KEYWORDS

Lupinus mutabilis, molecular markers, SNP, flowering time, association mapping,
plant architecture
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1 Introduction

Lupinus mutabilis, also known as “Andean lupin”, is an
endemic legume of the Andean region of South America. Firstly
domesticated in the north of Peru (Atchison et al., 2016), L.
mutabilis has been traditionally cultivated in Ecuador, Peru and
Bolivia for soil enrichment and as a food crop (Gross and von
Baer, 1981). Similarly to other Andean grains, in the last 500
years its cultivation has been marginalized and neglected due to
the introduction of western pulses characterized by higher
productivity. The scarce dissemination of its nutraceutical
properties, and the presence of alkaloids providing a bitter
taste to the seeds, have also partly contributed to this
negligence (Chirinos-Arias et al., 2015). Only in the past
decades, the demand for alternative plant protein sources and
the need to maximize agricultural land, by making use of
marginal lands, has sparked renewed interest in this crop, not
only in South America but also in Europe. Lupinus mutabilis
seeds are characterized by a high content of protein and oil (44%
dm and 18% dm, on average respectively), which exceeds that of
any other lupin species and is comparable to soybean. On top of
that, L. mutabilis is adapted to low input farming in temperate
climates and can effectively contribute to the improvement of
poor soils by fixing nitrogen and mobilizing soil phosphates. In
Europe and other temperate climatic regions, the combination of
these features makes L. mutabilis a potentially superior
alternative to current plant-based sources of protein and oil.
Despite this, some challenges need to be addressed to expand its
cultivation on large scale, as L. mutabilis remains to date an
under studied crop. Pivotal to achieving this aim are breeding
programs focused on guaranteeing economic viability and
consumer acceptance of the crop.

In the past decades, numerous studies have investigated the
nutritional profile and potential applications of L. mutabilis
seeds in a wide range of end-use products, from protein, oil
and food additives to cosmetics, medicines and bio-pesticides. In
contrast, few studies have addressed the agronomic aspect of its
cultivation. Research on the adaptation of L. mutabilis to
European soil and climate conditions started only 30 years
ago, when the first European project focusing on 16 selected
lines was initiated. More recently, a second European project
(LIBBIO) has expanded this investigation to 225 L. mutabilis
accessions, by evaluating a wide panel of Andean germplasm
both as a winter crop in Mediterranean conditions and as a
summer crop in North-Central European conditions. Both
projects have pointed out the need of breeding for a better
plant architecture, early maturity and yield stability (Caligari
et al, 2000; Gulisano et al., 2022a). These traits are highly
interconnected. Plant architecture has been identified as the
main factor limiting yield in European environments (Caligari
et al,, 2000). This is to a great extent due to the indeterminate
growth habit characterizing L. mutabilis, which leads to an
overlap of vegetative and reproductive phases, hindering
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uniform maturation and delaying reproductive growth. The
ability to prolong indefinitely vegetative growth after the onset
of flowering, results in flowers and pods abortion in temperate
climatic conditions during the long maturation period (Galek
et al, 2007). Conversely, in Mediterranean environments, dry
conditions at the end of the cropping season can drastically affect
biomass yield and pods set, decreasing considerably seed yield
(Hardy et al., 1997). Early flowering genotypes can contribute to
shorten the growing season and to escape terminal drought and
heat stress (Gulisano et al., 2022a), but only the combination of
determinacy and earliness can ultimately lead to higher and
more stable seed yield.

Similar challenges have characterized the domestication of
other legumes, including “old world” lupin species.
Indeterminate growth habit is typical of many wild relatives of
grain legumes (e.g. pea, soybean, common bean) and its switch
to determinate growth can be considered as one of the most
important traits of their domestication (Krylova et al., 2020).
The identification of genes responsible for growth habit has been
pivotal for the development of determinate varieties, and has
highlighted the interconnection of growth habit with stem
length, flowering duration, yield, resistance to lodging and
suitability to mechanized cultivation (Krylova et al, 2020).
Mutation of TERMINAL FLOWER 1 (TFLI)-like gene
controlling transition to flowering has led to determinate
growth habit in many legumes, including pea (Foucher et al,
2003), faba bean (Avila et al., 2006), common bean (Kwak et al.,
2008) and soybean (Tian et al., 2010). TFLI belongs to the small
gene family CENTRORADIALIS/TERMINAL FLOWERI1/SELF-
PRUNING (CETS), controlling the developmental transition
from indeterminate to determinate growth habit (Wickland
and Hanzawa, 2015). Besides regulating flowering, genes of the
CETS family are also involved in other processes, including
stomatal opening or gibberellic and abscisic acid signaling
pathways (Xi et al., 2010; Ando et al,, 2013). Within the Lupin
genus, determinate cultivars have been obtained in L. albus, L.
luteus, and L. angustifolius through selection of spontaneous or
induced mutants. The first determinate types in L. mutabilis
have been obtained through induced mutation in Poland,
distinguished by medium-tall stems without lateral branches,
resistance to lodgings and early generative growth (Galek et al.,
2007). Nevertheless, the molecular mechanisms underlying
plant-architecture and other yield related traits remains still
unknown in L. mutabilis, due to the lack of genetic and
molecular studies on this crop.

Given the importance of these agronomic traits, a large
number of genomic regions (Quantitative Trait Loci, QTLs)
associated to plant-architecture related traits, flowering time and
seed yield has been identified in the past decades for many grain
legumes (Dargahi et al., 2014; Yao et al,, 2015; Avila et al., 2017;
Klein et al., 2020). These studies have contributed to significantly
increase knowledge on the genetic basis of these traits and to
accelerate breeding of these crops. However, the majority of
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them has focused on identifying QTLs in biparental populations,
hence limiting genetic variation and mapping resolution (Gupta
et al, 2005). With the current development of sequencing and
genotyping technologies at affordable cost, genome wide
association studies (GWAS) have rapidly become a more
common and powerful tool to investigate natural variation and
to identify genomic regions underlying important agronomic
traits. Moreover, GWAS approach allows to exploit higher
phenotypic diversity than biparental mapping populations
derived from targeted crosses, as well as a direct application of
the results from research to breeding.

In this study, we evaluated a panel of 223 diverse accessions
of L. mutabilis in the native Andean region, and over two
cropping conditions in Europe, in order to identify Single
Nucleotide polymorphisms (SNPs) underlying the variation in
plant-architecture, flowering and yield related traits in this
species. A GWAS approach was used to capture the natural
diversity present in the panel, with the objective to develop
genetic markers and highlight genomic regions (QTLs)
harboring causal candidate genes, which are critical for
assisting and speeding up the breeding of L. mutabilis.

2 Material and methods
2.1 Plant materials and field trials

The GWAS panel used in this study comprised 223 L.
mutabilis accessions, 201 provided by the Instituto Nacional
de Investigaciones Agropecuarias of Quito (INIAP, Ecuador),
comprising landraces, varieties and wild material collected
across the Andean region, and 22 L. mutabilis lines developed
in European breeding programs. The panel was evaluated in a
total of four field trials in Ecuador and Europe during the
growing seasons 2019 and 2020. The locations were chosen to
represent an example of cultivation in the native environment as
well as in Mediterranean (winter cycle) and North-Central
European (summer cycle) climates and photoperiod regimes.
The trial in Ecuador (EC, Cotopaxi 0° 55" 35"" S, 78°40° 07.4""
W) was sown in December 2019 and harvested in June 2020. The
field layout was an alpha-lattice design with 3 replicates. Plants
were arranged in plots with 5 rows (80 cm between rows),
containing 40 plants spaced 20 cm. In Europe, the field trials
were set up during winter (Nov 2019 - May 2020) for the
Portuguese site (PT, Lisbon 38° 42" 33.5"" N, 9° 11” 0.5""W),
and during two consecutive growing seasons from April to
October in two locations in The Netherlands (NL-Sc 2019,
Scheemda 53° 09" 60" N, 6° 57" 59.9"°E; NL-Wi 2020,
Winschoten 53° 10" 11.”" N, 7° 2" 56.09"'E). A randomized
complete block design (RCBD) with three replicates was adopted
for the three EU trials. Out of 20 plants present in each plot, at a
distance of 30x30 c¢m, phenotyping was conducted on the 6
central plants. In all the locations, plants were cultivated under
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rain-fed conditions and without the aid of any fertilization,
following local cultivation practices.

2.2 Phenotyping of the GWAS panel

The phenotypic evaluation of the L. mutabilis GWAS panel
across the four environments included the scoring of
quantitative traits related to plant morphology, phenology and
agronomic performance (Gulisano et al., 2022a). The
phenotypes of interest were: flowering time, plant height,
number of branching orders, vegetative yield, number of pods
and seeds produced on the main stem, total number of pods and
seeds produced on the overall plants, and 100 seeds weight. The
traits were scored as described in our previous study (Gulisano
et al., 2022a). Briefly, flowering time was scored as number of
days from sowing until 50% of the plants in a plot had started
flowering. Due to unforeseen circumstances, longer intervals in
scoring of flowering in NL-Sc resulted in suboptimal
phenotyping, as also shown by the low heritability estimate for
flowering in this trial (H2 = 0.24; Gulisano et al., 2022a), hence
these data were excluded from this study. Instead, in Ecuador,
due to the impossibility of collecting data during Covid
restrictions, scoring of flowering time and vegetative yield was
not possible. Phenotyping was conducted on the six central plant
of the plots (five in Ecuador). At harvest, height of the main stem
(cm) and number of branching orders were scored (0 = main
stem only, 1 = main stem and first branching order, etc.).
Number of pods on the main stem (Pods MS) and total
number of pods (Pods T) was also recorded. After harvesting,
seeds were air-dried and counted separately on the main stem
(Seeds MS) and on the total plant (Seeds T). Vegetative yield
(dw, g/plant) was estimated as the difference between the total
amount of biomass harvested (dw) and the seed yield per plant.

2.3 Statistical analysis

Phenotypic data were analyzed using the SpATS mixed
model approach, implemented in statgenSTA R package
(v1.0.8), to correct for spatial gradients in the field by adopting
a 2-dimensional smoothing with P-splines (Rodriguez-Alvarez
et al, 2018). The analysis was conducted in a two-stages
approach, where the final adjusted mean across trial was
calculated after performing a single trial analysis. The best
linear unbiased estimations (BLUEs) of genotypic means were
obtained from the models and then used for the rest of the
analyses. In addition, a random effects model was fitted using
Ime4 R package to calculate variance components of genotype
(G), environment (E) and genotype by environment interaction
(GEI) and estimates of broad sense heritability across trials.
Broad sense heritability was calculated across the three
environments as in (Renaud et al., 2014):
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where VG, VGEI, V. represent respectively the estimated
genetic, GEI and error variance components, while nE represents
the number of environments and nBlock the number of blocks in
each environment. Pearson’s correlations between BLUEs
genotypic values in each trial were estimated and plotted using
the R package corrplot (v0.92).

2.4 Genotyping and SNP development

Reduced representation sequencing and single nucleotide
polymorphism (SNP) typing was performed as previously
described in Gulisano et al. (2022a). Briefly, genomic DNA was
isolated from young grinded L. mutabilis leaves (~20-400 mg,
freeze dried material) using acetyl trimethyl ammonium bromide
(CTAB) method (Doyle and Doyle, 1987) as described in Petit
et al. (2020). To cover some degree of genetic heterogeneity
expected in the accessions, DNA was extracted from a pool of
10 individuals/accession. Restriction site-associated DNA
sequencing (RAD-seq) was used to identify SNPs distributed
over the genome, by digesting 1 ug of high-quality genomic
DNA (at a concentration > 25 ng/pl) using the restriction
enzyme EcoRI. RAD library preparation and sequencing were
performed by Beijing Genomics Institute (BGI, Hong Kong). The
Burrows-Wheeler Alignment Tool based on BWA- MEM
algorithm were used to map the clean sequence reads to the L.
angustifolius ‘Tanjil’ (LupAngTanjil v1.0 refSeq GCF_0018
65875.1) genome reference (Hane et al, 2017). The average
mapping rate was 76.9%, and the properly paired average
63.7%. BCFtools (v1.9) was used to call SNPs in each sample
based on genotype likelihoods. At each locus, SNPs were called as
percentage of the reference allele present on the total number of
reads generated. After SNPs quality control and removal of SNPs
not assigned to any chromosome, a total set of 16,781 biallelic
SNPs was selected for the genetic analysis.

2.5 Genome-wide association studies

Single trait GWAS analysis was conducted separately for
each environment, using 16,669 polymorphic markers after
filtration to remove SNPs with minor allele frequencies (MAF)
<0.02. The GWAS model was based on a linear mixed model for
association mapping as implemented in StatgenGWAS package
v1.0.5 (van Rossum et al., 2020). Single trait GWAS in
statgenGWAS follows the approach of Kang et al. (2008), by
performing a two steps procedure. Firstly, an ‘empty’ model
without any SNP effect is fitted in order to obtain REML-
estimates of the genetic and residual variance components,
computed using the Efficient Mixed Model Association
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(EMMA) algorithm (Kang et al, 2008). Secondly, the single
SNP-effect of interest is tested by using generalized least-squares
(GLS) and F-test, obtaining the effect-size and P-values for all
SNPs. Population structure and individuals’ relatedness were
taken into account by fitting a Van Raden kinship matrix and
adding origin of the accessions as corrections. The adequateness
of genetic relatedness correction was assessed by evaluating
genomic inflation factors. The Bonferroni correction was used
to correct for multiple testing, thus obtaining a threshold of 5.52
for -log;o (p) that was used to state statistically significant SNPs.
Manhattan plots were visualized using gqman package in R
(Turner, 2018). Linkage disequilibrium for this panel was
already estimated in Gulisano et al. (2022a), following the
approach of (Vos et al, 2017). LD was estimated to decay
around 80 kbp of distance.

2.6 Candidate genes identification

The size of the genomic regions investigated to identify
putative candidate genes, controlling the traits under study, was
defined by the extend of the average Linkage Disequilibrium
across the genome. Starting from the position of the detected
significant SNPs, candidate genes were proposed whether
harbored in a maximum physical distance, upstream and
downstream, of 80 kbp. All candidate genes were selected
based on the information contained in the NCBI Lupinus
angustifolius Annotation Release 100 for the genome assembly
GCF_001865875.1 of LupAngTanjil_v1.0 (https://ftp.ncbinlm.
nih.gov/genomes/all/annotation_releases/3871/100/). Special
attention was given to genes with predicted functions related
to the flowering time and regulation of plant growth and
development, based on gene description and relevant
research paper.

3 Results
3.1 Phenotypic analysis

Nine traits relevant for breeding of L. mutabilis accessions
adapted to different cropping conditions in Europe and Ecuador
were investigated using a panel of 223 accessions. Extensive
phenotypic variations were observed for all traits, namely
flowering time, plant height, number of branching orders,
vegetative yield, number of pods and seeds on the main stem,
total number of pods and seeds and seed weight (depicted in
Figure 1). Remarkable variation in flowering time was observed
between the two European cropping conditions. In particular,
flowering occurred at an earlier time in the Netherland than
Portugal, with an average of 81 and 110 days for NL-Wi and PT
respectively. Relevant phenotypic diversity in time to flowering
was observed within the panel, as highlighted by coefficients of
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Boxplots showing the variation of the plant architecture and yield related traits (BLUES data) under study in a collection of 223 L. mutabilis accessions.
The upper and lower end of the boxes indicate respectively the 75th and 25th percentiles, while the line in the middle represents the 50th percentile
(median). The whiskers represent the highest and lowest values, while circles represent outliers outside the 5th-95th percentile interval.

variation (CV %) of 6% in Portugal and 8% in the Netherlands
2020. The overall plant height across different locations ranged
from 24 cm to and 248 cm, indicating that L. mutabilis small
genotypes can be 10 times smaller than tall genotypes as
combination of environmental and genetic effects. As general
trend, plants were shorter on average in PT (60 cm) and EC
(73 cm) compared to NL-Sc (90 cm) and NL-Wi (92 cm) and
characterized on average by a first branching order only.
Contrarily, in NL-Sc and NL-Wi the main stem reached an
average height of 90 and 92 cm respectively, with two/three
branching orders produced. Plant height had high phenotypic
variability within the 223 accessions, as pointed by the CV values
of 17%, 18%, 20%, 13% in Ecuador, Portugal, NL-Sc and NL-Wi
respectively. Vegetative yield reflected the development of L.
mutabilis in different environments. In Portugal, the average
vegetative yield recorded (45.8 g/plant) was between three and
four times lower than the average yield of NL-Sc (133.6 g/plant)
and NL-Wi (174.9 g/plant). Concerning grain yield components,
the average number of pods and seeds produced by the total
plant, as well as by the main stem only, was higher in winter-
Mediterranean conditions, followed by the native environment
(EC) and summer-North European environments. The number
of seeds harvested per plant was on average 42 in EC (CV 47%),
95 in PT (CV 19%), 26 in NL-Sc (CV 49%) and 42 (CV 53%) in
NL-Wi. The number of pods and seeds produced on the main
stem were respectively 9 (CV 20%) and 25 (CV 28%) in EC, 13
(CV 23%) and 42 (CV 21%) in PT, 3 (CV 89%) and 14 (CV 47%)
in NL-Sc and 9 (CV 27%) and 20 (CV 37%) in NL-Wi.
Conversely, the yield of biomass agricultural residues was
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lowest in PT (45.8 g/plant) and highest in NL-Wi (174.9 g/
plant). An exhaustive analysis of the phenotypic traits under
study was conducted in a previous study of diversity and
agronomic adaptation of this collection. There, the mean
values, range of variation and Pearson’s correlation between
plant architecture and yield-related traits are reported (Gulisano
et al., 2022a).

3.2 Heritability estimates and
identification of relevant breeding traits

In the four separate locations, estimates of heritability were
high for flowering time (0.87-0.93) and plant height (0.5-0.8).
Moderate to high heritability was also estimated for number of
pods on the main stem (0.4-0.8), number of seeds on the main
stem (0.4-0.8), total number of pods (0.2-0.6), total number of
seeds (0.2- 0.7), 100 seeds weight (0.1-0.67), and moderate to low
value for vegetative yield (0.1-0.5) and branching order (0.1-0.4).
When looking at the data across locations (averaged data), the
analysis of variance indicated that genotype (G) and
environment (E) had a significant effect on all the traits
analyzed (P< 0.001). The effect of genotype by environment
interaction (GEI) was also highly significant (P< 0.001) for the
majority of the traits but had no significant effect on vegetative
yield. As shown in Table 1, heritability values across locations
were higher for plant height (0.82) and flowering time (0.69),
two traits well known for being under the influence of a high
quantitative genetic component in many crops, as well as for the
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TABLE 1 Estimates of heritability (H,) of breeding traits in single locations (from Gulisano et al., 2022a) and across trials.

NL-Sc NL-Wi Across trials
Block GEI
Plant height 0.72 0.86 0.56 0.57 16.4 45.1 19 3.8 329 0.82
Flowering time - 0.93 0.87 10.8 86.6 0.2 1.4 0.9 0.88
Branching orders 0.33 0.44 0.46 0.07 0.4 44.5 2.7 0.4 429 0.06
Vegetative yield - 0.54 0.17 0.21 35 27.1 5.0 1.5 62.9 0.39
Pods on main stem 0.48 0.42 0.83 0.46 6.2 57.0 0.8 6.6 29.5 0.60
Seeds on main stem 0.46 0.57 0.83 0.53 4.7 70.2 0.3 4.7 20.4 0.63
Pods Total 0.23 0.41 0.69 0.58 1.4 50.0 1.1 9.6 38.0 0.20
Seeds Total 0.21 0.36 0.70 0.64 2.3 58.2 0.9 6.1 325 0.35
100 Seed weight 0.67 0.17 0.63 0.24 2.7 39.5 0.2 3.5 54.1 0.33

For the analysis of variance across trials, the percentage of variance explained by the different components of variance is reported. Total Variance was decomposed in: genotype (G),
environment (E), block effects within trial (Block), interaction of genotype by environment (GEI) and Residuals (¢) effects, reported as percentage of the total variance. Traits that were
not measured are indicated with a dash. Crossed out traits were discarded for this study.

number of pods and seeds produced on the main stem (0.60- phenotypic variance observed. In NL-Wi, SNP M7399 on
0.63). Contrarily, lower heritability values were estimated for the chromosome 8 was found to explain almost 14% of variation
total number of pods and seeds produced (0.20-0.35), and in time to flowering. When the two trials were analyzed together,
almost null for the number of branching orders (0.06). both M11034 and M7399 remained significantly associated to
Overall, variance component estimates showed a preponderant flowering time explaining respectively 5.4 and 13.2% of variation
effect of the environment (Table 1). For this reason, the genetic across trials. Additionally, M7412, M7413 and M7670 on
analysis of these traits should be conducted on the singular chromosome 8 were also detected as significant across trials,
specific environments separately. explaining between 7 and 14% of variation in flowering time.

Notably, it was possible to observe a similar piling up of SNPs on

chromosome 8 also in PT, harboring some of the same markers

3.3 Genome wide association studies detected across trials in association with flowering time (M7670
and M7399), but below the stringent Bonferroni detection

The GWAS analysis was performed using the R package threshold (Figure 3). Instead, the SNP M11034 was also

StatGenGWAS. The Kinship relationship matrix among associated with the number of Pods MS in the trial located in
samples, calculated with the Van Raden method, was included the Netherlands in 2019 (NL-Sc). For Pods MS, one more SNP
together with the country of origin of the accessions as covariate, was detected on chromosome 8 across trials (M7272), while two
to adjust for population structure. The quantile distribution of more SNPs were detected on single trials respectively on
the observed p-values versus the expected p-values (QQ plot) chromosome 18 (M14832) in Ecuador and chromosome 17
confirmed adequacy of the population structure correction. (M14675) in NL-Sc. About 10% of the plant height variation

Due to the large effect of genotype by environment in Ecuador was ascribable to the SNPs M396 on chromosome 1,
interaction on the phenotypic variation, GWAS was performed while no other SNPs associated with this trait passed the
analyzing each trial separately, as well as across all the locations. Bonferroni threshold in the other locations, despite the high
By applying the Bonferroni threshold (-log;o (p) > 5.52), a total heritability and genetic variation recorded. However, the visual
of 5 significant SNPs were identified as associated with flowering inspection of Manhattan plots revealed the presence of different
time, 1 SNP was associated with plant height, 1 SNP with regions likely associated with plant height in the other trials
vegetative yield and 4 SNPs with the number of pods on the (Figure 4). The importance of these SNPs needs to be further
main stem (Pods MS) (reported in Figure 2 and Table 2). investigated considering that Bonferroni is a quite conservative
Contrarily, no significant SNPs were found in association with threshold. As an example, an interesting piling up of SNPs right
the remaining phenotypic traits. Single location GWAS for below the threshold was observed on chromosome 16 for PT,
flowering time revealed the association of the SNP M11043, while another piling up in association with this trait was
located on chromosome 13, with flowering time in the observed on chromosome 12 for both NL-Sc and NL-Wi.
Portuguese environment. M11034 explained ~6% of the Finally, 1 SNP associated to vegetative yield was detected on
Frontiers in Plant Science frontiersin.org
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FIGURE 2
Markers distribution on the 20 chromosomes of L. angustifolius genome. In red, significant markers detected in association with agronomic
traits using Bonferroni threshold (LOD 5.52, experiment wise error o = 0.05).

TABLE 2 SNPs found in significant association with plant-architecture and yield related traits for 223 accessions of L. mutabilis grown in four
different environments.

Traits Markers (@ Position Environment LOD % Var Effect N. of genes
M11034 LGI13 5,615,305 PT 6.39 6.35 15.49 14
M7399 LG08 7,668,768 NL-Wi 6.69 13.9 9.44 20
M11034 LG13 5,615,305 All Trials 6.65 5.48 16.12 14

Fl ing ti

owering time M7399 LGo8 7,668,768 All Trials 7.67 132 7.65 20

(days)
M7412 LGO08 7,670,152 All Trials 5.74 7.25 14.29 20
M7413 LG08 7,680,541 All Trials 6.14 8.16 7.72 18
M7670 LG08 16,132,804 All Trials 5.95 14.33 -21.86 1

Plant height (cm) M396 LGO1 15,690,000 EC 5.99 10.3 14.24 2

Vegetative yield (g) M10925 LGI12 18,150,269 NL-Sc 5.95 19.3 -168.78 29
M11034 LG13 5,615,305 NL-Sc¢ 5.99 593 -5.67 14
M14832 LG18 3,860,231 EC 5.62 10.7 9.02 5

Pods on the main stem (number)
M14675 LG17 20,841,361 NL-Wi 6.03 7.00 4.03 16
M7272 LG08 4,062,540 All Trials 5.65 4.75 12.41 5

SNPs that are detected in more than one environment, or in association with more than one trait, are reported in bold. For each marker we report: the position on L. angustifolius

chromosome (Chr), the trial where the association was detected as significant (Environment), the LOD value of association, the phenotypic variance explained (% Var), the allelic effect

on the phenotypic mean of the trait (Effect) and the number of genes found in a window of + 80 kbp from the marker.
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line indicates the Bonferroni threshold (LOD = 5.52). Common SNPs showed significant association with variation in flowering time across

locations, even if not all of them were detected as significant
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Manhattan plots suggestive of a SNP markers-trait association for plant height on chromosome LG16 and LG12, respectively for L. mutabilis
growing in Mediterranean (Portugal) and North-Central European cropping conditions (NL-Sc and NL-Wi). The red line indicates the Bonferroni
threshold (LOD = 5.52). The black dotted line indicates a suggestive threshold of LOD= 4. The rectangles highlight interesting piling up of SNPs
below the threshold of significance, harboring interesting candidate genes related to plant height.

chromosome 12 (M10925), but only in NL-Sc. The SNPs
detected as significant are reported in Table 2.

3.4 Putative candidate genes

We searched for putative candidate genes in regions close to
the peak of the eight QTLs detected. An interval of + 80 kbp
around the peak of these QTLs was taken as search window for
candidate genes as this is about the size of the linkage
disequilibrium blocks, hence genes outside this window are

Frontiers in Plant Science

30

not likely to be causative for the QTL effect. All search regions
together harbored a total of 91 unique genes on the L.
angustifolius genome. Moreover, the investigation of other
interesting regions previously mentioned as likely associated
with plant height, which did not pass the stringent Bonferroni
correction, led to the identification of 37 additional genes, mostly
related to plant development. The investigation of these genes,
based on functional annotation of their orthologs on Arabidopsis
genome and relevant literature, resulted in a subset of 10 genes as
possibly involved in the control of traits of interest. These genes,
listed in Table 3, are known to play a role in regulation of
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TABLE 3 Functional annotation of ortholog genes proposed as potential candidate genes for plant architecture and yield-related traits in L.

mutabilis.
Trait Chr Candidate genes Function annotation/common name
Plant height (PT) LG16* LOC109329023 transcription factor RF2b-like
Plant height (NL) LG12* LOC109362850 homeobox-leucine zipper protein HAT3
Vegetative yield LG12 LOC109361654 gibberellin 3-beta-dioxygenase 1/GA30X1
(NL-Sc)
LG12 LOC109362161 histone deacetylase 15/HDA15
LG12 LOC109362682 transcription factor BIM1
LG12 LOC109362691 protein Dr1 homolog
Flowering LG08 LOC109354086 protein FANTASTIC FOUR 3
Flowering (PT)/ LG13 LOC109325309 protein LNK3
Pods main stem (NL-Sc)
LG13 LOC109363186 transcription factor GAMYB
Pods main stem (NL-Wi) LG17 LOC109330763 E3 ubiquitin-protein ligase RING1

*Putative candidate genes found in linkage disequilibrium with SNPs detected below the Bonferroni threshold (LOD > 4).

flowering and are involved in different plant growth and
development processes. For instance, the identified genes
encoding the protein FANTASTIC FOUR 3 FAF3, and the
transcription factors LNK3 and GAMYB, are known to
contribute to the genetic control of flowering time in
Arabidopsis and other species (Wahl et al., 2010). FAF3 is
located on chromosome 8 at a distance of 77 kbp from the
SNP M7399 associated with flowering, while LNK3 and GAMYB
are located on chromosome 13 (respectively, 62 kbp upstream
and 44 kbp downstream of SNP M11034). A gene encoding an
E3-ubiquitin protein ligase RING1 was detected on chromosome
17 in linkage with the SNPs M14675, that showed significant
association with Pods MS. Members of the E3 ubiquitin ligases
are well known to play a role in plant growth and development.
Additionally, important genes involved in plant growth were
identified on chromosome 12 and 16. Genetic polymorphism in
these genes may be associated with plant height and vegetative
yield and captured by blocks of closely located markers: M12928
to M12945 on chromosome 16 and M10488, M10515 and
M10527 on chromosome 12 (Figure 4). These included genes
encoding transcription factors involved in vascular development
(RF2b), shade-induced plant growth (HAT3), transcriptional
regulators of flowering time (Drl, BIMI) and genes involved
in the gibberellin signaling pathway (GA30X1).

4 Discussion

Large phenotypic variation for plant height, flowering time,
biomass and yield related traits was observed among the 223 L.
mutabilis accessions studied, indicating that the used panel is
suitable for a GWAS study that requires genetic variation of the
traits. The large phenotypic variation observed in our population
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is beneficial to select breeding candidates in order to initiate a
genetic improvement program aimed at developing superior
varieties adapted to Europe and high performing. One of the key
factors to promote the cultivation of high yielding L. mutabilis in
Europe is breeding towards earliness and semi-determinate
growth habit (Caligari et al., 2000; Gulisano et al., 2022a). In
our extensive phenotypic evaluation of this collection, we
highlighted the presence of strong correlations between plant
height, flowering time and seed yield (Gulisano et al., 2022a).
These findings are in line with previous observations carried out
in other legumes (Gonzalez et al.,, 2016; Annicchiarico et al,
2021). Breeding for plant architecture should be tailored to
specific growing conditions, considering that environmental
conditions highly impact the morphology and yield of L.
mutabilis (Gulisano et al,, 2022a). Generally, restricted plant
architecture, caused by a limited number of branching orders, is
associated with higher seed yield in L. mutabilis. In fact,
indeterminate growth and extensive branching have a
detrimental effect on seed yield, since Andean lupin tends to
produce the largest share of seeds on the main stem and on the
first branching order (Sinjushin, 2015; Gulisano et al., 2022a).
However, from our study emerges that total seed production
positively correlates with late flowering and higher vegetative
biomass when Andean Lupin is cultivated in Mediterranean
cropping conditions (Portugal). This observation supports the
hypothesis that plants with indeterminate growth, thus larger
branching orders, outperform determinate varieties in adverse
climates. One possible explanation is that, under high
temperature or drought, the indeterminate growth habit may
better compensates yield loss, which is more evident in
determinate types, where pods set is stronger negatively
affected by the environmental factors (Martins et al., 2016;
Gulisano et al., 2022a). However, it is important to report that
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extensive branching in Mediterranean conditions is already
constrained by environmental factors such as water scarcity,
hence even plants characterized by an indeterminate growth
habit will not produce more than two branching orders,
maintaining overall a semi-determinate growth. Yet, the effect
that a larger contribution of higher branching orders to seed
yield can have on seed quality and composition remains to be
further investigated.

Given the importance of breeding for earliness and growth
habit in this crop, the collection under study showed enough
phenotypic and genetic diversity in flowering time (about one
month difference between early and late flowering genotypes),
and vegetative yield, to potentially breed for novel early and high
yielding lines. The highlighted variation is therefore suitable to
support breeding aimed at the introduction of L. mutabilis as a
protein and oil crop in Europe. For genetic improvement
purposes, understanding the genetic architecture of earliness,
plants architecture and seed-yield related traits is pivotal. By
evaluating strategic breeding parameters including heritability
and genotype-by-environment interactions (GxE), we
demonstrated that some phenotypic traits of interest are
highly influenced by their genetic components. We report high
heritability values for flowering (H* = 0.88), plant height (H* =
0.82) and production of pods and seeds on the main stem (H* =
0.6) across the different trials, thus across environments and
growing conditions (Table 1). Our results are in line with the
heritability values reported for plant height, productivity on the
main stem and flowering time by previous authors (Hardy et al.,
1998; Guilengue et al., 2020). These findings encourage breeding
towards early varieties with restricted plant architecture and
improved yield in Europe, since high heritability is always
advantageous to increase the expected genetic gain in
crop selection.

To the best of our knowledge, this is the first genome-wide
association study (GWAS) investigating the genetic architecture
of agronomic traits in a collection of L. mutabilis. Since genotype
by environment interaction can alter the QTLs effects, an initial
GWAS analysis carried out on single trial data, followed by a
genome-wide scan across all locations, was considered the best
approach to analyze our data. We have already shown in
previous studies that in the absence of a reference genome for
L. mutabilis, the use of L. angustifolius pseudochromosomes
assembly can be suitable for genome-wide associations in this
species (Gulisano et al, 2022b). In addition, our GWAS
approach also shows that, in the absence of pure highly stable
homozygous lines, a mapping experiment can be conducted
using allele frequencies as marker score, estimated at each
marker locus in pooled DNA samples. We estimated allele
frequencies by counting the number of reads carrying the
reference alleles on the total number of generated reads at a
given variant position. In order to ensure a more accurate
estimation of allele frequencies, as well as accounting for the
presence of alleles of different individuals in the same DNA
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sample, we have discarded SNPs with a reads depth<45x from
the final markers set. This approach of treating markers as a
variable with a continuous distribution was already adopted by
Petit et al. (2020), and is a good option for mapping studies in
crops where a certain degree of cross-pollination is expected
within the accessions. The Efficient Mixed Model Association
(EMMA) approach showed robust performance on the traits and
in the population studied. In GWAS, false discoveries are a
major concern and spurious associations between phenotypes
and testing markers can arise as a consequence of population
structure and differences in relatedness among individuals in the
tested population (Sul et al., 2018). The association model we
used incorporated kinship and the origin of accessions as
covariates to control for spurious association and false
discoveries. The QQ-plots generated after the genome scan
confirmed the high quality of the GWAS models. The
difference between observed and expected —logl0(p) values, in
fact, showed no inflation and values of inflation factors close to
the ideal value of 1 for all the traits.

GWAS analysis identified a total of 5 significative SNPs
associated with flowering time (M11034, chr 13, position
5,615,305; M7399, chr 8, position 7,668,768; M7412 chr 8,
position 7,670,152; M7413, chr 8, position 7,680,541; M7670,
chr 8, position 16,132,804), 1 SNP associated with plant height
(M369, chr 1, position 15,690,000), 1 SNP associated with
vegetative yield (M10925, chr 12, position 18,150,269), and 3
SNPs associated with number of pods on the main stem (M1134,
chr 13, position 5,615,305; M14832 on chr 18, position
3,860,231; M14675, chr 17, position 20,841,361). In agreement
with the idea that the genetic control of agronomic traits might
differ in response to different environmental conditions, our
study points out that the association of genomic regions with
phenotypic traits can be location specific, thus different QTLs
can be detected in different environments. Indeed, most of the
SNPs reported were identified as single location markers. Taking
into account that the Bonferroni correction method is a very
conservative statistics to set a threshold P-value (Kaler and
Purcell, 2019), we have also investigated some genomic regions
where SNPs were piling up in the QQ plots, even if they were not
passing the stringent Bonferroni threshold. We therefore report
on likely association on chromosome 12 and chromosome 16 for
plant height in the Netherlands (NL-Sc and NL-Wi) and in
Portugal (PT), respectively.

Flowering time is a quantitative traits and its genetic control
has been investigated in several crops, including L. albus, where it
has been described as quantitative and under the control of major
QTLs and numerous regulatory genes, including FLOWERING
LOCUS T (Ftal), CONSTANS (CO), FY, MOTHER OF FT AND
TERMINAL FLOWERING LOCUS 1 (TFL1), but also of genes
related to the response to photoperiod and vernalization, as well as
regions involved in hormone signaling pathways (i.e, gibberellin)
(Rychel et al,, 2019). In our panel, we did not detect these major
candidate genes conserved in several crops. However, the
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variation in flowering time in our panel resulted associated with
two large QTL on chromosome 8 (one identified by the SNPs
M7399, M7412 and M7413 and one indicated by the SNP M7670)
with a QTL on chromosome 13 (M11043). In addition, single
trials analysis revealed that the effect of the QTL on chromosome
8 is more relevant in NL, while the effect of the QTL on
chromosome 13 is more relevant in the Mediterranean
environment. Given that M7399 and M7670 respectively
accounted for ~11% and 16% of the phenotypic variation
observed across trials, it is possible to hypothesize the presence
of major QTLs in their surrounding genomic regions. Our
investigation highlighted the presence of the gene FANTASTIC
FOUR 3 (FAF3) at a distance between 65 kb and 77 kb from
M7413, M7412 and M7399, thus located in a linkage
disequilibrium block captured by these three proximal markers.
FAF3 is a member of the FANTASTIC FOUR (FAF) genes family,
which contains four members in Arabidopsis (FAF1-FAF4),
dynamically expressed throughout development (Wahl et al,
2010), and mainly involved in the modulation of the shoot
meristem size. Wahl et al., 2010 reported FAF genes as
redundant in function, indicating that all the four proteins may
perform a very similar role. Interestingly, the FAF genes are
expressed in flowering buds and inflorescence, with an increased
expression during the transition to flowering. Moreover, a
regulatory interaction has been reported between FAF2 and
FAF4 with the WUSCHEL (WU)-CLAVATA (CLV3) signaling
pathway that plays a central role in regulating stem cell
proliferation and differentiation in crop plants, supporting
organogenesis in the floral meristem through a complex
molecular pathway (Wahl et al, 2010). Notably, studies on
Arabidopsis thaliana report FAF1/FAF2 and FAF3/FAF4 to be
recently duplicated paralogs (Blanc and Wolfe, 2004) that could
therefore be characterized by similar structure and functions.
Unfortunately, it was not possible to detect any annotated and
characterized gene in the genomic region surrounding M7670,
hence further studies are needed to elucidate which gene is
responsible for the variation in flowering time associated with
this SNP. In addition to these markers detected on chromosome 8,
we report the finding of SNP M11043 on chromosome 13 as
associated to flowering time across location and in Mediterranean
growing conditions specifically. M11043 is located in a genomic
area that harbors two genes potentially involved in the regulation
of flowering. The gene GAMYB is located at a distance of 44.2 kbp
from the detected marker, while the gene NIGHTLIGHT-
INDUCIBLE AND CLOCK-REGULATED 3 (LNK3) at a
distance of 62.3 kbp. GAMYB is described as a regulator of
flower induction, via the transcriptional activation of the
LEAFY (LFY) gene (Gocal et al., 1999; Zhang et al., 2020), that
results in early flowering both in dicots and monocot (Weigel and
Nilsson, 1995; He et al., 2000). Instead, members of the family of
NIGHTLIGHT-INDUCIBLE AND CLOCK-REGULATED (LNKI
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and LNK2) genes are known to control photomorphogenic and
photoperiodic responses, as well as circadian rhythms (Rugnone
et al,, 2013). Recently, Li et al., 2021 obtained an early flowering
line in soybean by targeted mutagenesis of the four LNK2 genes,
that molecularly interact with major flowering genes, showing that
targeted breeding on these genes can contribute to soybean
expansion to high latitudes in Europe where shorter growing
cycles are needed (Li et al., 2021). Despite we report on LNK3, that
was not previously described as involved in flowering, it will be
beneficial to further investigate its role in L. mutabilis, based on
the strong significant association detected, and the fact that the
polymorphism detected explains ~6% of the flowering
variation recorded.

The genetic analysis carried out in this study showed that
plant height and vegetative yield are likely affected by QTL-by-
environment interaction, since the detected SNPs and the
respective candidate QTLs in linkage with them appeared to
be environment-specific. Hence, different transcriptional
regulators can similarly affect the same traits in response to
different environmental stimuli. In particular, plant height
showed association with the SNP M396 (chr 1, position
15,690,000) in Ecuador, but a piling up of SNP (not significant
based on Bonferroni) was instead observed on chromosome 16
in Portugal, and on chromosome 12 in the Netherlands. On
chromosome 1 we did not report any relevant candidate genes
linked to M396 and plant height. Contrarily, we report the
finding of a transcription factor RF2b-like and a homeobox-
leucine zipper protein HAT3, both harbored in the genomic
regions where we visualize an interesting piling up of SNPs, that
likely resulted as false negative when applying Bonferroni
threshold to detect significant associations. These genes are
respectively involved in vascular development and shoot tissue
organization (RF2b) and in shade-induced plant growth (HAT3),
and can both lead, through different mechanisms, to the
development of semi-dwarf varieties (Dai et al., 2004; Bou-
Torrent et al., 2012).

The association between genetic variants and vegetative yield
was only significant in North-Central European summer
conditions, where the SNP M10925 (chromosome 12, position
18,150,269) was detected. M10925 showed a strong association,
and it is able to explain a large share (~20%) of the phenotypic
variation. This suggest the presence of a major QTL, considering
that vegetative yield is a quantitative and complex trait.
Harbored in this area, we identified 4 different candidate
genes: GIBERELLIN 3-BETA-DIOXYGENASEI (GA30X1),
HISTONE-DEACETYLASE15 (HDAI5), transcription factor
BIM1I and Drl homolog, which are gene involved in the
gibberellin pathway (GA30X1) and regulation of flowering
time (BIM, Drl). On one hand, GA30X1I is involved in the
gibberellin pathways as the enzyme catalyzing the final step of
the synthesis of bioactive gibberellin during vegetative growth,
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and its negative regulation might directly lead to substantial
decreases in biomass production and to the development of
semidwarf types (Hu et al., 2008). On the other hand,
transcriptional regulators of flowering time can promote
flowering in response to hormonal shifts or environmental
stimuli and, as a consequence of the strong interplay between
flowering time and growth habit in legumes, indirectly act on
biomass production and vegetative yield. For example, the
transcription factor BIMI, part of the bHLH family of
transcription factors, can lead to the inhibition of floral
transition in Arabidopsis by transduction of hormonal
brassinosteroid signals to the activation of FLOWERING
LOCUS C (FLC) and consequent floral repression, promoting
in turn vegetative growth. Conversely, defects in BIM1 can lead
to early floral transition (Li et al, 2018). Instead, Drl and
HDA15 play important roles in determining plant response to
different environmental stimuli, such as drought and elevated
ambient temperature (Zotova et al., 2019; Shen et al., 2019). For
example, it is suggested that Drl protein can bind and deactivate
genes sensing environmental cues for drought, releasing in turn
the activity of vernalization and flowering regulators (Vrnl ad
FT1). This mechanism has been described as a successful
drought escape strategy in wheat (Zotova et al, 2019), and
could be linked in L. mutabilis to other successful escape
strategies like accelerated seed maturation and pod filling,
which rely on a preferential partitioning of nutrients towards
reproductive growth, at the expense of vegetative growth.

Finally, four QTLs were also detected in association with
number of pods produced on the main stem (Pods MS). One SNP
was detected across trials (M7272, chr 8, position 4,062,540), while
the remaining three SNPs indicated QTLs location-specific.
M11034 (chromosome 13, position 5,615,305) was detected in
the NL-Sc, M1483 (chromosome 18, position 3,860,231) in EC
and M14675 (chromosome 17, position 20,841,361) in NL-Wi.
On chromosome 17, we highlighted the presence of the E3
ubiquitin ligases RINGI gene in linkage disequilibrium with the
respective significant marker. E3 ubiquitin ligases have been
documented to play an important role in the regulation of plant
growth and development, such as seed dormancy and
germination, root growth and flowering time control, as well as
regulation of several abiotic stress responses (Zhang et al., 2015;
Shu and Wenyu, 2017). Increasing numbers of studies have
documented the key role of the different types of E3s, including
E3-RING as involved in seed biology, root elongation, flowering
time control, light response, ABA signaling transduction and
response to drought and salinity stresses.

L. mutabilis breeding in Europe can beneficiate from the
findings of this study as alleles for the QTLs can be typed and
potentially used to assist the genetic selection. Furthermore, the
highlighted association of genomic regions with the reported
phenotypic traits represents a molecular framework for further
deeper investigations of the intricate networks regulating plant
development and phenology in this species.
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Introduction: Bambara groundnut (BG) (Vigna subterranea [L] Verdc) is an indigenous,
resilient, but underutilized leguminous crop that occurs mostly as genetically
heterogeneous landraces with limited information on the drought tolerant attributes.
This study elucidates the associations between sequencing-based diversity array
technology (DArTseq) and phenotypic character as well as differing indices related to
drought tolerance in one hundred accessions of Bambara groundnut.

Methods: The field experiments were conducted at IITA research stations in Kano
and Ibadan between 2016 and 2018 planting seasons. The experiments were
arranged in randomised complete block design with three replications, under the
different water regimes. The phenotypic traits evaluated was further to construct the
dendrogram. Genome-wide association mapping was conducted based on 5927
DArTs loci with < 20% missing data.

Results and Discussions: The genome wide association study predicted drought
tolerance in Bambara accessions for geometric mean productivity (GMP) and stress
tolerance index (STI). TVSu-423 had the highest GMP and STI values (28.50, 2.40),
while TVSu-2017 had the lowest at GMP (1.74) and STI (0.01) respectively. The relative
water content (%) was significantly higher for accessions; TVSu-266 (60.35, 61.49),
TVSu-2 (58.29, 53.94), and TVSu-411 (55.17, 58.92) in 2016/2017 and 2017/2018,
respectively. The phenotypic characters studied delineated the accessions into two
major clusters and five distinct sub-clusters, indicating variations across all the
geographical locations. The 5,927 DArTseq genomic markers in association with
STI further grouped the 100 accessions into two main clusters. TVSu-1897 from
Botswana (Southern Africa) was in the first cluster, while the remaining 99 accessions
from Western, Central, and Eastern Africa made up the second cluster. The eight
significant Quantitative Trait Loci (QTLs) (24346377|F|0-22:A>G-22:A>G, 24384105|
FI0-56:A>G33 :A> G, 24385643|F|0-53:G>C-53:G>C, 24385696|F|0-43:A>G-43:
A>G, 4177257|F|0-44:A>T-44:A>T, 4182070|F|0-66:G>A-66:G>A, 4183483|F|0-24:
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G>A-24:G>A, 4183904|F|0-11:C>T-11:C>T) identified with Bonferroni threshold was
in association with STI, indicative of variations under the drought-stressed condition.
The observation of consistent SNPs in the 2016 and 2017 planting seasons, as well as
in combination with the 2016 and 2017 planting seasons, led to the designation of
these QTLs as significant. The drought selected accessions could form basis for
hybridization breeding. The identified quantitative trait loci could be useful in marker-
assisted selection in drought molecular breeding programs.

KEYWORDS

accessions, underutilized, chromosome, drought, snps, DArTseq

Introduction

Given its unique resilience attributes, Bambara groundnut (BG)
(Vigna subterranea) belongs to the group of underutilized crops
presently being promoted as climate-smart crops (Feldman et al,
2019). Underutilized plants provide several impressive health
benefits. They are also better adapted to marginal lands and biotic
and abiotic stress conditions. They can contribute significantly to the
diversification and resilience of agroecosystems (Dogan et al., 2014;
Saran et al, 2021; Bozhuyuk, 2022). Throughout much of sub-
Saharan Africa, it is a widely cultivated grain legume (Directorate
Plant Production, 2011; Ahmad, 2013). BG is a highly self-fertilizing
crop with a rather variable yield owing to its inconsistency in its
response to different environmental circumstances, among which is
drought stress (Bamshaiye et al, 2011). Drought tolerance is a
quantitative trait with a lot of complex genetic and phenotypic
control and gradual improvement (Sinclair, 2011). Prior research
work on quantitative traits was based on the identification of single
gene effects on phenotype (Orgogozo et al., 2015), until the recent
advances in genomics and molecular biology improved the
identification of candidate genes and quantitative trait loci (QTLs)
through the simultaneous dissection of these complex traits using
agronomic traits, gene region and association analysis (Jha et al., 2022;
Wang et al., 2022).

The genome-wide association study (GWAS) is the commonest
approach to understanding the association between the complexities
controlling most agronomic traits of interest to their genetic bases. It
relies on the association of several representative markers and a huge
genetically diverse population of organisms. It finds the linkage
disequilibrium between the phenotypic trait and the genetic
markers (Korte and Farlow, 2013) without any prior knowledge of
the level of the kinship of the organism. This mapping approach
makes use of the occurrence of rare alternative forms of a gene on a
particular chromosome at different gene locations to identify a
common site of interest for any genetic relationship (Flint-Garcia
et al,, 2003; Mackay and Powell, 2007). Another benefit of association
mapping for the study of a quantitative trait is that it is highly useful
for researching species that are hard to cross or clone or that take a
long time to reproduce (Nordborg and Weigel, 2008). Overall GWAS
helps find markers, genes, or QTLs associated with phenotypic traits
that can conveniently be used for gene introgression, gene discovery,
or marker-assisted breeding.
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The basic DNA-based marker systems used in mapping the most
complex traits in different crop species include simple sequence repeat
(SSR) and Amplified fragment length polymorphism (AFLP), which
are mostly gel-based markers and are limited in their ability to
perform rapid analysis on a large number of marker loci. Single
Nucleotide Polymorphism (SNP) and the Diversity Arrays
Technology (DArT) marker system are the most recent and better
mapping tools, and they become more robust when used together
(Nadeem et al,, 2018). Diversity Array Technology sequencing
(DarTseq) is one novel platform under the next-generation
sequencing (NGS) platform developed to perform a simultaneous
Single Nucleotide (SNP) discovery of unique nucleotides among a
population, particularly for non-model germplasm sets (Kilian et al.,
2012; Raman et al., 2014). This method for studying genetic diversity
is based on the reduction of complexity through the application of
restriction enzymes that target gene-rich areas. It, thus, thoroughly
covers the genome using DarTseqTM technology to provide a high-
density genetic map that increases the likelihood of finding QTL
(Thudi et al,, 2011). The combination of SNPs and the NGS reported
for other crops of interest had been identified to bring uniqueness to
the identification of genetic variants (SNPs), phylogenetics,
germplasm assessment, and population structure (Grzebelus et al,
2014). A few of the grain crops on which DarT markers have
previously been used include pigeon pea (Yang et al, 2011),
soybean (Vu et al, 2015), and common bean, (Valdisser et al,
2017). Given the abundance of SNPs, the uniqueness of the NGS
platform, and the complexity of drought trait, this study, therefore,
aims to identify marker-trait association of some phenotypic traits of
Bambara groundnut using the representative DarTseq to discover
relevant QTLs for possible future breeding work.

The specific objectives of the present study are:

(ii) To evaluate the performance of DarTseq method-derived
markers in Bambara groundnut,

(ii) Map QTLs/for drought tolerance in Bambara groundnut.

Materials and methods
Plant material and experimental design

For the study, 100 accessions of Bambara groundnut seeds
from 12 African countries were collected from the International
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Institute of Tropical Agriculture (IITA), Ibadan, Nigeria. The 100
accessions (Table 1) were subjected to intense phenotyping of key
traits related to drought. Six of these traits were finally selected
after a thorough field experiment involving two planting seasons
(2016/2017 and 2017/2018), two water regimes (well-watered
(WW) and water-stressed (WS) conditions), and two different
locations (Ibadan and Kano stations research fields of IITA). The
trials were set up using a Randomized Complete Block Design
(RCBD) with three replications. Each plot measured 1 m by 2.5 m
and the distances between rows were 1.00 meters and 0.25 meters,
respectively. The population was phenotyped for the number of
days to 50% flowering (FLW), Visual scoring (VSL) at three weeks,
at six weeks and at the termination of the experiment after the
imposition of drought stress, leaf chlorophyll content (CHL),
number of seeds per plot (SPL), weight of seeds per plot
(WTPL), and grain yield per plot (GYLD). The data were further
subjected to yield trait analysis using the eleven tolerant indices:
Stress Susceptibility Index (SSI), Relative Drought Index (RDI),
Stress Tolerance Index (STI), Geometric Mean Production (GMP),
Tolerance Index (TOL), Mean Production (MP), Yield Index (YI),
Drought Resistance Index (DI), Yield Stability Index (YSI), Stress
Susceptibility Percentage Index (SSPI), and Modified Stress
Tolerance (MSTTI).

DNA extraction and quantification

The 100 accessions of Bambara groundnut, plus two as control,
were raised in controlled environments at the IITA research field and
leaf tissues were sampled for DNA extraction at 4 weeks after
planting. Young leaf tissue weighing one gram was harvested,
promptly frozen in liquid nitrogen, and then kept at 80°C. Using a
typical cetyltrimethylammonium bromide (CTAB), chloroform, and
isoamyl alcohol technique with a little modification by the addition of
20% Sodium Dodecyl Sulphate (SDS), genomic DNA was recovered
from the frozen leaves (Doyle and Doyle, 1987). The quality of the
DNA was performed with 0.8% agarose gel while purity checks at 260/
230 and 260/280 nm absorbance ratios were done with Nanodrop
spectrophotometer (ND2000 V3.5, NanoDrop Technologies, Inc.).
Still using the Nanodrop spectrophotometer, a final adjustment of the
DNA was performed to 100 ng/ul for subsequent DarT and
SNP genotyping.

Genotyping of individual samples using
DarTseq technology

The 102 accessions of Bambara groundnut were forwarded to
Diversity Arrays Technologies commercial service Ltd., Australia
(www.diversityarrays.com) for individual genotyping with the HiSeq
2000 (Illumina) next-generation sequencer. After rigorous quality
control and filtering with a call rate of 80%, marker reproducibility of
95%, and missing data of 20%, 5,927 SNPs were found to be polymorphic
out of a total of 11,821 DarTseq markers generated for further analysis.
Phenotypic data were subjected to analysis of variance (ANOVA) using
the Statistical Analysis System (SAS 9.0) while the treatment means were
all compared using the Duncan Multiple range test at a probability level
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of 0.05. To ascertain the association significance using the established
threshold P<1.68x 107 (Li et al,, 2016), the field data were subsequently
subjected to the Best Linear Unbiased Prediction (BLUP) and correlated
with the genetic sequence using the TASSEL molecular software version
5.2.23 for the Genome-Wide Association Study.

Results
Phenotypic traits evaluation

The result of mean square variance showed significant differences
(P< 0.001) in the performances of the 100 Bambara groundnut
accessions with regards to location, year water regime, and their
interaction effects for all the studied traits. High and positive
correlations were observed for all traits, however, no significant
difference was recorded for the year effect on the 50% flowering
rate while the second-order interactive effect of water and location on
chlorophyll was also not significant. Analysis of variance further
indicated significant differences in the chlorophyll content index
among the accessions with respect to location, water treatment
condition, and all other studied interactions except for water
treatment/location combination (Table 2).

SNPs polymorphism, heterozygosity, minor
allele frequency

A total number of 11,821 DarTseq markers were discovered and
from these, 5,927 SNPs showed polymorphism and were subsequently
retained for further analysis after thorough quality control and
filtering were ascertained. Quality control was ensured at a
consistent call rate > 80%, while marker reproducibility was at >
95%, and missing data < 20%. The most frequently occurring
polymorphism type was a cytosine to thymine combination (907;
15.3%), followed by guanine to adenine (871; 14.7%), with the least
being observed with guanine to thymine at 4% and a proportion of
255 out of the whole 5927 SNPs (Table 3). The sequenced DNAs
generated more transition (Ts) substitutions than transversion (Tv)
substitutions at a percentage ratio of 58% to 39%, leading to an overall
value of 1.52 for Ts/Tv (Table 4). Transitions CoT and A—~G were
represented with 29.8% and 28.9% of the total substitutions,
respectively, while the four transversion classes occurrences were as
displayed in Figure 1. The higher occurrence of transition showed that
the SNPs occurrence is more in the coding region than in the non-
coding region. Furthermore, the fraction of homozygous (G:G, C:C,
A:A, and T:T) observations for individual SNPs were all in the
percentage ratio of 0.5% to 0.8%. A range of 1% to 23%
heterozygosity was observed among the 100 accessions, with an
overall average of 0.06%. Of the accessions, 21 had 1%
heterozygosity, with 67 of the accessions falling within the < 5% of
recommended heterozygous rate for a self-pollinating plant. The
remaining 12 accessions had heterozygous tendencies between 6%
to 23%. The identified individual accession level of outcrossing
evidenced the opportunity that could accrue from exploiting some
of these accessions for further breeding purposes (Figure 2A). The set
criteria for the minor allele frequency (MAF) were at <0.01 to show
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TABLE 1 List of the accessions with their countries of origin.

Acc Name Country of origin Acc Name Country of origin
1 TVSu-188 Benin 51 TVSu-250 Gambia
2 TVSu-189 Benin 52 TVSu-251 Gambia
3 TVSu-193 Benin 53 TVSu-252 Gambia
4 TVSu-194 Benin 54 TVSu-1 Nigeria
5 TVSu-203 Benin 55 TVSu-2 Nigeria
6 TVSu-288 Benin 56 TVSu-4 Nigeria
7 TVSu-1092 Benin 57 TVSu-5 Nigeria
8 TVSu-1897 Botswana 58 TVSu-9 Nigeria
9 TVSu-85 Burkina Faso 59 TVSu-10 Nigeria
10 TVSu-86 Burkina Faso 60 TVSu-22 Nigeria
11 TVSu-292 Burkina Faso 61 TVSu-174 Nigeria
12 TVSu-1157 Burkina Faso 62 TVSu-182 Nigeria
13 TVSu-1161 Burkina Faso 63 TVSu-258 Nigeria
14 TVSu-1162 Burkina Faso 64 TVSu-265 Nigeria
15 TVSu-1164 Burkina Faso 65 TVSu-266 Nigeria
16 TVSu-1166 Burkina Faso 66 TVSu-282 Nigeria
17 TVSu-1175 Burkina Faso 67 TVSu-286 Nigeria
18 TVSu-2017 Burundi 68 TVSu-326 Nigeria
19 TVSu-2018 Burundi 69 TVSu-338 Nigeria
20 TVSu-395 Cameroon 70 TVSu-354 Nigeria
21 TVSu-399 Cameroon 71 TVSu-362 Nigeria
22 TVSu-409 Cameroon 72 TVSu-593 Nigeria
23 TVSu-411 Cameroon 73 TVSu-595 Nigeria
24 TVSu-416 Cameroon 74 TVSu-682 Zambia
25 TVSu-418 Cameroon 75 TVSu-687 Zambia
26 TVSu-421 Cameroon 76 TVSu-689 Zambia
27 TVSu-423 Cameroon 77 TVSu-690 Zambia
28 TVSu-434 Cameroon 78 TVSu-691 Zambia
29 TVSu-442 Cameroon 79 TVSu-692 Zambia
30 TVSu-445 Cameroon 80 TVSu-693 Zambia
31 TVSu-447 Cameroon 81 TVSu-699 Zambia
32 TVSu-448 Cameroon 82 TVSu-702 Zambia
33 TVSu-449 Cameroon 83 TVSu-713 Zambia
34 TVSu-459 Cameroon 84 TVSu-716 Zambia
35 TVSu-504 Cameroon 85 TVSu-719 Zambia
36 TVSu-1277 Central African Republic 86 TVSu-725 Zambia
37 TVSu-1278 Central African Republic 87 TVSu-731 Zambia
38 TVSu-1284 Central African Republic 88 TVSu-736 Zambia
39 TVSu-1285 Central African Republic 89 TVSu-745 Zambia
40 TVSu-1289 Central African Republic 90 TVSu-978 Zimbabwe
(Continued)
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TABLE 1 Continued

10.3389/fpls.2023.1104417

S/N Acc Name Country of origin S/N Acc Name Country of origin
41 TVSu-1290 Central African Republic 91 TVSu-989 Zimbabwe
42 TVSu-1296 Central African Republic 92 TVSu-1011 Zimbabwe
43 TVSu-1309 Central African Republic 93 TVSu-1014 Zimbabwe
44 TVSu-1320 Central African Republic 94 TVSu-1015 Zimbabwe
45 TVSu-1373 Central African Republic 95 TVSu-1023 Zimbabwe
46 TVSu-1991 Congo 96 TVSu-1026 Zimbabwe
47 TVSu-115 Ivory Coast 97 TVSu-1034 Zimbabwe
48 TVSu-116 Ivory Coast 98 TVSu-1051 Zimbabwe
49 TVSu-118 Ivory Coast 99 TVSu-1056 Zimbabwe
50 TVSu-247 Gambia 100 TVSu-1078 Zimbabwe

TVSu, Tropical Vigna Subterranea.

that the rare allele frequency was well distributed and that the 5,927
SNP markers generated by DArTseq came from distinct sequences.
The majority of MAFs were well distributed (Figure 2B).

Population distribution

Neighbor-Joining Phylogeny was generated with the DArT markers,
and these produced several sub-clusters of related accessions. Clustering
was mostly based on agro-climatic areas and a possible similar genetic
background. This was evident with an observed delineation into two
main clusters, with the first cluster harboring just one accession sampled
from South Africa. The remaining 99 accessions were within three sub-
clusters, having accessions from West, Central, and East Africa all
clustering together. Within the 44 West Africa accessions, there were

approximately seven Central Africa accessions clustered within. The
uniqueness of these seven accessions was in the fact that they all
originated from Cameroon. While 28 selections were from Central
Africa, the remaining 27 accessions were from East Africa. Accession
TVSu-362 from West Africa was found among the bulk of the Central
Africa accessions, while four different accessions from East Africa and
one accession from West Africa were observed to have clustered among
the 27 Central Africa accessions (Figure 3).

Principal coordinate analysis (PCA)

The principal coordinate analysis (PCA) was exploited to measure
the observed variations based on the DArTseq markers. The PCA is
explained by fifteen components with wide-ranging variations, as the
first two principal coordinates explain the largest proportion of the
genetic diversity. Of the total variations, 34 (34%) were accounted for

TABLE 2 Mean squares for the traits for 100 accessions of Bambara groundnut planted in Ibadan and Kano in the 2015/16 and 2016/17 planting seasons.

Source DF FLW CHL VSL RWC SPL WTPL
ACCNS 99 708.34*** 1038.03* 3.95%%¢ 3066.66*** 4771.580% 810.47
LOCATN 1 1950.49* 19084.83*** 98.91°* 879801.16*** 725903.82*** 158246.62***
YEAR 1 6876.45NS 41384.07* 72549+ 8825.63*** 85697.04*** 26723.03***
WTRT 1 369.72%%* 1604.99** 43.974* 3142.25%* 434093.37*** 66457.48***
WTRT*LOCATN 2 405.13** 10.89NS 20531.97*** 114987 143303.4*** 800.24**
LOCATN*YEAR 1 192,717 7181.83*** 1021.87°* 34969.76*** 114.98** 1586.89***
ACCNS*WTRT 99 18.24%** 95.45NS 2.02%* 609.23* 2554.66** 626.7°¢
ACCNS*LOCATN 99 126.76* 297.34°* 3,144 1448.56** 3922.05%** 413.097*
ACCNS*YEAR 99 273.05%** 432,677 3.284%* 916.01* 2631.767* 442457
ACCN*WTRT*LOCAT*YEAR 398 53.74NS 192.54%* 1.86*** 596.15** 0.95%** 350.18***
POOLED ERROR 801 179.86*** 412.22%%% 6.66*** 2225.647* 4439.87* 807.97*

DF-Degree of freedom; FLW-Days to flowering; VSL-Visual Scoring; RWC-Relative water content; SPL-Number of seeds/plotWTPL-Weight of seeds/Plot; Levels of significance - (**P<-0.01%,
*%P<0.001%.)

ACCNS-Accessions; WTRT-Water treatment; LOCATN-location; YEAR-Year.

ACCNS*WTRT-Accessions/water treatment interaction; ACCNS*LOCATN-Accession/location interaction.

ACCNS*WTRT-accession/water treatment interaction; ACCNS*YEAR-accession/year interaction.

WTRT*LOCATN-Water treatment by location interaction; LOCATN*YEAR-location/year interaction.

ACCN*WTRT*LOCAT*YEAR-Accession/water treatment/location/year interaction.

41

Frontiers in Plant Science frontiersin.org


https://doi.org/10.3389/fpls.2023.1104417
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Odesola et al. 10.3389/fpls.2023.1104417

TABLE 3 Summary of genomic sequencing.

EIES Number Proportion Frequency
C 144338 0.23875 0.25002
G 139777 0.23121 0.24212
A 138614 0.22928 0.24011
T 138098 0.22843 0.23921
N 27250 0.04507 0.0472
Y 5637 0.00932 0.00976
R 4896 0.0081 0.00848
w 1852 0.00306 0.00321
M 1479 0.00245 0.00256
S 1418 0.00235 0.00246
K 1195 0.00198 0.00207
CT 907 0.15303s

GA 871 0.14695

T:C 860 0.1451

AG 839 0.14156

T:A 329 0.05551

AT 305 0.05146

G:C 305 0.05146

AC 289 0.04876

CG 285 0.04809

CA 266 0.04488

T:G 259 0.0437

GT 255 0.04302

GG 48 0.0081

C:C 44 0.00742

AA 33 0.00557

T:T 32 0.0054

Total SNPs 5927

C-Cytosine, G-Guanine, A-Adenine, T-Thymine, Y-pyrimidine (C or T), R-Purine (A or G),
S-Strong (G or C), N-Any nucleotide, W-(A or T), M-amino (A or C), K- Keto (G or T).

TABLE 4 Degree of transition and transversion identified using DarTseq.

Polymorphism Type Allele Number of allelic sites Percentage of allelic sites Total percentage
Transition AsG 1710 28.9%

CoT 1767 29.8% 3,477(58.7%)

AsC 555 9.40%

AoT 634 10.70%

GoC 590 10.00%

GoT 514 8.70% 2,293(38.7%)

42

Frontiers in Plant Science frontiersin.org


https://doi.org/10.3389/fpls.2023.1104417
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Odesola et al.

10.3389/fpls.2023.1104417

29.8%%6

FIGURE 1
Percentage distribution of transitions and transversions among the SNPs.

by the PC1 while the remaining variations observed by the rest of the
components were accounted for at just 2.82%. (Figure 4A).
Furthermore, the PCA approach, which is mainly based on the
genetic distance matrix and other data standardization, showed a
consistent pattern with the phylogeny and grouped the 100
accessions of Bambara into three major clusters, similar to what was
observed with the dendrogram. On the left side of the quadrant and
colored red, are the accessions tagged to have originated from West
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FIGURE 2

(A) Gene summary showing the frequency proportions of the heterozygosity frequency and (B) minor (rare) alleles.
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Africa, with the few accessions colored green being known to have been
from Central Africa. Likewise, on the right are accessions from East
Africa with few accessions from Central Africa clustering together. In
addition to the cluster is the accession originating from South Africa.
(Figure 4B). In the dendrogram, the Southern Africa accessions
occupied a main cluster delineating it from other accessions. The
middle of the quadrant is occupied by accessions coming from
Central Africa with some accessions coming from East Africa.
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Phylogenetic relationship among Bambara groundnut accessions from 12 countries. Interactive tree of Life (ITOL) Letunic and Bork (2016) Nucleic Acids Res.
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(A) Principal component contribution and (B) Principal coordinate analysis of total variation of Bambara accessions population based on DArTseq.
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Marker-trait associations

A total of 11,083 “raw” SNPs with potential InDels were found;
following careful filtering of SNPs, which excluded markers with
more than 20% incomplete data and, thus, a read depth of >80%
marker’s call rate, and minor allele frequency (MAF > 0.01) on the
102 lines, there was a yield of 5927 SNPs. Of the 5927 SNPs, 4095
sequences could not be definitively linked to any of the referred mung
bean genomes, while the remaining 1595 SNPs were evenly scattered
across the whole “Mung bean chromosome”. Chromosomes 5 and 7
contained the most SNPs (203 SNPs), followed by Chromosome 8
(199 SNPs), Chromosome 1 (158 SNPs), Chromosome 6 (148
SNPs), Chromosome 11 (134 SNPs), Chromosome 10 (132 SNPs),
Chromosome 3 (120 SNPs), Chromosome 2 (119 SNPs), and

10.3389/fpls.2023.1104417

Chromosome 9 (98 SNPs). Approximately 5% of markers were
mapped to scaffolds that are still unrelated to a chromosome,
making up a tiny portion of the total. The (-log p> 5.5, a= 1)
threshold was taken as the cutoff point for significant detection of
the marker-trait relationship, as shown in the first Quantile-Quantile
figure (QQ plot) (Figure 5A). The different colors (blue, red, and
pink) were observed to be aligned over this threshold, and traits
associated with these colors were identified to be STI Kano 16, STI
Kano 16 & 17, and STI Ibadan 16. Delineating the QQ plot on a
location basis gave a clearer picture of correlation at the same
threshold with the distinct red color observed for the Ibadan
location and the colors red, green, and blue above the threshold
relating the significance of associated trait for the individual years and
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(A) Quantile—quantile (Q-Q) plot of a mixed linear model for Stress Tolerant Indices (STI) for drought studies in a panel of accessions of Bambara groundnut.
(B) The p values of the SNPs and Quantile—quantile (Q-Q) plot of p values for stress-tolerant indices under the two water regimes in Ibadan. (C) The p values
of the SNPs and Quantile—quantile (Q-Q) plot of p values for stress-tolerant indices under the two water regimes in Kano for the two years.
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the combination of the years for the two locations of Ibadan and Kano
(Figures 5B, C). The total 5,927 SNPs identified thus fulfilled these
conditions, and as such, this number of SNPs was used to perform the
association analysis with the stress tolerance indices. This significant
marker was generated using the mixed linear model (MLM)
association analysis and it was only detected for Stress Tolerance
Index (STI), Geometric mean productivity (GMP), Relative Drought
Index, and Mean Productivity (MP). No significant markers were
detected for the other drought indices, namely, Tolerance index
(TOL), Stress Susceptibility Index, Drought Index (DI), Yield index,
Yield stability index (YSI), Modified stress tolerance index (k1STT and
k2STT), and Susceptibility percentage index (SSPI) under the different
water regimes for the two years of planting and the two locations
generated data. The significant association between the phenotypic
traits and the SNPs marker is further displayed with the Manhattan
plots (Figure 6). The Manhattan plot is showing scattered outliers that
are situated on the upper part of the plot at a surpassed threshold of
0.5. The genome-wide significance threshold is indicated by the red
line and the SNPs associated with the trait of interest are highlighted
in purple dots above the threshold. The SNPs were significantly
associated with the stress-tolerant indices for 2016, 2017, and a
combination of the 2016 and 2017 years of planting of the
accession in the Kano state. Eight significant SNPs were identified
based on the mixed linear model (MLM) association analysis. Worthy
of note was the fact that the identified SNPs were unique for the Kano
location in association with the Stress Tolerance Indices. The markers
range for the expression of the phenotypic variation (R2) was between
0.19% and 0.31%, which is within the typical P value for an SNP to be
significant. The eight SNPs, thus, were significant given that all p
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FIGURE 6

GWAS Manhattan Plot identifying the QTLs for Stress Tolerance Indices in Kano for two years.
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values increased exponentially beyond the standard adjustment
threshold of p < 5 x 10-8 (Table 5).

Discussion

Identifying the key genetic underpinnings of complex features is
very critical in organisms as it gives an accurate measure of its diversity
with respect to any trait of interest. This study, thus, explored the
association of the genomic region and the yield-related traits of a
diverse population of Bambara groundnut for drought tolerance using
the New Generation Sequencing (NGS) platform. The application of
the NGS platform has been described to give in-depth knowledge of an
organism’s genome compared to the regular markers (AFLP, RAPD,
ISSR, SRAP, and SSR) application. A wide range of performances
within and across environments for most of the studied drought-related
traits observed with high estimates of values as well as significant and
positive correlations among the 100 accessions of Bambara groundnut
was obtained. For an effective association between the phenotype and
genotype traits of interest through the GWAS approach, the population
size, trait of interest, marker density, and phenotypic evaluation were all
considered to be some of the key factors to variations. The high
population size gave allowance for the production of a higher
number of markers and, thus, a strong verdict of the power of the
QTLs. This study used 100 accessions and this agrees with what was
observed on GWAS by Upadhyaya et al. (2013), Dang et al. (2016), and
Zhou et al. (2017), who all documented a population range of 100-300
for an effective GWAS analysis. Although these large numbers of
accessions can sometimes be hindered by factors, such as the cost of
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analysis, availability of the platform for the analysis, as well as the plant
species itself, and the specific traits of interest. Research has been
conducted on the effective utilization of DarTseq for screening, which
includes drought tolerance in wheat (Mwadzingeni et al., 2017), barley
(Wojcik-Jagla et al., 2018), and rust resistance in Pisum fulvum (Barilli
et al, 2018), as well as the comparative genome analysis in fish (Shams
et al, 2019) amongst others.

To determine the most appropriate stress tolerance criteria, the
overall grain yield was subjected to a correlation coefficient between
yield in irrigated (Yp) and yield in stress (Ys) using the 11 quantitative
indices of stress tolerance. This research identified STI and GMP as
significant among the screened indices to be used in screening Bambara
groundnut, as a positive response was observed with both indices. In
addition to other indices, such as GMP and MP that were collectively
interpreted as being suggestive of greater drought stress tolerance,
Fernandez (1992) had suggested using STT as a measure to distinguish
between genotypes with high yield and stress tolerance potentials. Similar
studies on 14 soybeans genotype identified GMP and STI as correlating
with both stress and non-stress yields, (Kargar et al. 2014). Furthermore,
reports by Khodarahmpour et al. (2011) indicated the use of SSI, STI, and
GMP indices to be more accurate criteria for selecting high yield and heat

TABLE 5 Summary of the eight diagnostic SNPs.

10.3389/fpls.2023.1104417

tolerance in some genotypes of maize. Research on maize, common bean,
barley, and pea by Kristin et al. (1997); Khalili et al. (2004); Karami et al.
(2006), and Souri et al. (2005) all proved to identify both STT and GMP
were applicable and efficient to separate the different genotypes.

Given that Bambara is extremely cleistogamic, the examined
accessions demonstrated significantly greater observed heterozygosity
(Ho = 0.5) than what was expected (Ho = 0.01). This high heterogeneity
observed among a few of the accessions (up to 20%) may serve as a
breeding source for future purposes. Contrary to this, Molosiwa et al.
(2015) observed a practically total deficiency of heterozygosity among
the individual plants of Bambara groundnut landraces studied, while
Odongo et al. (2015) observed an average value of 0.345, which were all
lower than what was observed in this study. Blair et al. (2009) also
identified a value of 0.64% among the 604 genotypes of common bean
analyzed using a set of 36 SSR markers. Likewise, the review by Aliyu
et al. (2016) affirmed less than 5% heterozygosity is usually predicted
for the self-breeding plant. It is, thus, projected that the population size,
possible markers number, and the species type could be key factors in
explaining the huge differences observed in the rate of heterozygosity of
the studied accessions and can, thus, be explored for subsequent
breeding research.

ID No Trait Marker P-value MarkerR2
8 STI_Kano_16 541E-07 0.34844
9 STI_Kano_16&17 24346377|F|0-22:A>G-22:A>G 2.06E-06 0.30767
10 STI_Kano_17 9.63E-04 0.15484
31 STI_Kano_16 7.11E-05 0.21889
32 STI_Kano_16&17 24384105|F|0-56:A>G-56:A>G 2.57E-04 0.18418
33 STI_Kano_17 3.59E-04 0.17897
63 STI_Kano_16 1.82E-05 0.25324
64 STI_Kano_16&17 24385643|F|0-53:G>C-53:G>C 1.24E-04 0.20176
65 STI_Kano_17 8.07E-05 0.21605
67 STI_Kano_16 1.84E-05 0.25299
68 STI_Kano_16&17 24385696|F|0-43:A>G-43:A>G 1.25E-04 0.20175
69 STI_Kano_17 8.91E-05 0.21353
136 STI_Kano_16 4.74E-07 0.35216
137 STI_Kano_16&17 4177257|F|0-44:A>T-44:A>T 2.00E-06 0.30857
138 STI_Kano_17 7.08E-04 0.16227
182 STI_Kano_16 4.70E-07 0.35242
183 STI_Kano_16&17 4182070|F|0-66:G>A-66:G>A 1.77E-06 0.31191
184 STI_Kano_17 744E-04 0.16107
201 STI_Kano_16 3.64E-05 0.23528
202 STI_Kano_16&17 4183483|F|0-24:G>A-24:G>A 1.07E-04 0.2055
203 STI_Kano_17 6.81E-04 0.1632
209 STI_Kano_16 5.35E-07 0.34985
210 STI_Kano_16&17 4183904|F|0-11:C>T-11:C>T 2.22E-06 0.30628
211 STI_Kano_17 7.06E-04 0.16268
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The cluster analysis revealed a distinct pattern of relationships
among the 100 accessions included in this study. This was brought
about by the mutually exclusive grouping of similar descriptions into
the same cluster to authenticate the similar pedigree based on
common generated data. The SNPs presented thousands of markers
that differentiated the accessions on the basis of geographical origin as
it had usually been known with Bambara accessions. The South
African accessions stood out distinctively from other accessions
from other regions while the West African accessions were found
clustering with Central African accessions as earlier evidenced by
Olukolu et al. (2012), whose research observed that East Africa
accessions did not form a unique cluster but rather clustered with
accessions from West Africa. Further supporting the idea that there
are multiple centers of diversity and/or domestication for various
Bambara species, Aliyu et al. (2016) presented significant evidence for
the existence of two primary subpopulations for Bambara groundnut
that have developed as separate groups. Previous reports on diversity
studies on Bambara had always observed that clustering of genotypes
or landraces to be on a known geographical location similar to what
was observed in this study, (Amadou et al.,, 2001; Massawe et al., 2002;
Singriin and Schenkel, 2003; Ntundu et al., 2004). This, thus,
reaffirmed the possible justification of West Africa being the center
of origin of this crop.

The statistical method was another key determinant for the success
of the GWAS (Zhang et al,, 2015). The MLM is preferred to the GLM
model as, by calculating the population structure and the unnecessary
relations among the tested individuals, it allows for a massive reduction
of false associations. According to the GWAS results of these 100
Bambara accessions, eight SNPs were generated and identified to be
significantly associated only with stress-tolerant index (STI) using the
MLM model and this is explained by over 80% of the phenotypic
variation of the Bambara accessions. The minimum p value of the
significant SNPs identified was with markers 24346377, 4177257,
4182070, and 4183904 at (P <1E-6), while the remaining four
markers were at an exponential p value of (P < 1E-4). Similar to what
was observed in this research work, Martinez-Ballesta et al. (2015)
explained their findings on SNPs that are associated with SSI and STT in
relation to the percentage spikelet sterility and yield per plant in rice,
which explains a range of 6 — 21% for the phenotypic variation. Edae
et al. (2014) also reported one DArT marker on chromosome 4A in
wheat and this explained 4% of the phenotypic variation for the Grain
Yield-Stress Susceptible Index. Particularly for drought tolerance using
DArT markers, Zhang et al. (2017) identified 16 SNP loci and eight
candidate genes that were significantly associated while performing a
GWAS in a panel of 66 canola accessions, while Schulz et al. (2016)
used the GWAS platform to focus on anthocyanin and carotenoid
content of petals from 96 diverse rose genotypes. Furthermore, previous
studies on Bambara groundnut identified the nearest flanking markers
from the pre-selected common marker set for internode length QTL in
Bambara groundnut, Ho et al. (2017). All these loci, thus, present a
region that could be considered for the development of markers for the
subsequent selection of drought tolerance in Bambara groundnut.

Genome-wide association study (GWAS) methodologies applied
in this study were able to identify relationships between the SNP
markers and stress tolerance index as the phenotypes of interest for
the association. The complexity of the trait of interest, known to be
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controlled by multiple genes, and the critical nature of GWAS
facilitated effective and repeated field experiments for different years
and different locations. Genome-wide association studies (GWAS)
are, thus, valuable tools needed for identifying candidate genes, as well
as the genetic loci that are responsible for the variations observed in a
targeted quantitative trait.

Conclusions

In order to feed the continent’s ever-growing population,
underutilized crops, such as Bambara groundnut, need an urgent
revolution to increase their productivity by utilizing modern
technologies. Marker Trait Association is, therefore, a profound key
in locating genomic areas linked to these phenotypic traits of breeding
importance and, by doing so, can alleviate most of the production
constraints. The genome-wide association study on Bambara
groundnut was able to establish a strong meeting point between the
phenotypic and genotypic traits. With this, it will make it easier to
take more steps toward the future exploitation of the identified
quantitative loci for marker-assisted selection, marker-assisted
backcrossing, and other genomic and breeding initiatives. Future
prospects can be improved by conducting an omics study on the
identified drought-tolerant accessions to gain a thorough
understanding of the genes that can be up- or down-regulated,
providing clues as to potential genes that could be introduced for
advantageous plant breeding processes for drought stress tolerance.
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Micronutrient malnutrition is a serious threat to the developing world's human
population, which largely relies on a cereal-based diet that lacks diversity and
micronutrients. Besides major cereals, millets represent the key sources of
energy, protein, vitamins, and minerals for people residing in the dryland
tropics and drought-prone areas of South Asia and sub-Saharan Africa. Millets
serve as multi-purpose crops with several salient traits including tolerance to
abiotic stresses, adaptation to diverse agro-ecologies, higher productivity in
nutrient-poor soils, and rich nutritional characteristics. Considering the
potential of millets in empowering smallholder farmers, adapting to changing
climate, and transforming agrifood systems, the year 2023 has been declared by
the United Nations as the International Year of Millets. In this review, we highlight
recent genetic and genomic innovations that can be explored to enhance grain
micronutrient density in millets. We summarize the advances made in high-
throughput phenotyping to accurately measure grain micronutrient content in
cereals. We shed light on genetic diversity in millet germplasm collections
existing globally that can be exploited for developing nutrient-dense and high-
yielding varieties to address food and nutritional security. Furthermore, we
describe the progress made in the fields of genomics, proteomics,
metabolomics, and phenomics with an emphasis on enhancing the grain
nutritional content for designing competitive biofortified varieties for the
future. Considering the close genetic-relatedness within cereals, upcoming
research should focus on identifying the genetic and genomic basis of
nutritional traits in millets and introgressing them into major cereals through
integrated omics approaches. Recent breakthroughs in the genome editing
toolbox would be crucial for mainstreaming biofortification in millets.

KEYWORDS

micronutrients, genetic resources, genomics-assisted breeding, omics, precision
phenotyping, genome editing
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Introduction

The current world population of 7.9 billion, increasing at an
alarming rate of 1.05% annually, is anticipated to reach 10 billion by
2057 (https://www.worldometers.info/world-population/
#pastfuture). To fill the hungry stomachs of the burgeoning
human population, approximately 8-9 billion tons of food are
produced worldwide (FAO, 2021). Despite this, global hunger
affected more than 828 million individuals in 2021 and was
associated predominantly with increased conflict, violence, and
climate variability (FAO, 2021). Access to healthy and nutritious
food will be challenging in the future, with malnutrition already
influencing about one out of three people globally. The minerals
that are essential for human health are classified into two major
categories: (i) macronutrients that include sodium (Na), potassium
(K), calcium (Ca), magnesium (Mg), sulfur (S), and phosphorus (P)
and (ii) micronutrients including iron (Fe), copper (Cu), zinc (Zn),
manganese (Mn), fluorine (F), iodine (I), and molybdenum (Mo),
among others (Bouis and Welch, 2010). Notably, the distressingly
enhancing population growth has led to more than three billion
people worldwide suffering from “hidden hunger” or
“micronutrient deficiencies,” wherein they fail to obtain enough
nutrients or micronutrients from the foods they eat to lead healthy
and productive lives. This is particularly severe in the case of
children, as they fail to develop to their full mental and physical
potential (HarvestPlus, 2019).

The increasing prevalence of micronutrient malnutrition is
likely to have major repercussions among the poor in developing
countries (particularly South Asia and sub-Saharan Africa) who rely
heavily on staple crops such as maize, wheat, and rice, and eat few
micronutrient-rich foods such as fruits, vegetables, and animal and
fish products. For instance, the population in developing nations
have an average intake of Ca less than half of that by the population
that resides in developed countries (Nordin, 2000). Furthermore,
Zn deficiency aftects 17% of the world’s population, with the highest
risk occurring in South Asia and sub-Saharan Africa, while Fe
deficiency affects 32.9% of people worldwide (Kassebaum et al,
2014). In addition to vitamin A, I, Zn, and Fe deficiencies that are
regarded as major health concerns globally according to The World
Health Report (2000), the deficiencies of other nutrients such as
folate are also placing human health at risk (Mayer et al., 2008).

To improve the nutritional status of the global human
population, many intervention strategies were proposed to
combat the ill effects of micronutrient malnourishment such as
dietary diversification, mineral supplementation, food fortification,
and biofortification (Cominelli et al., 2020; Ofori et al., 2022). For
instance, dietary diversification provides diverse staple food to
contribute macro- and micronutrients at the recommended
dietary allowance (RDA) in a sustainable way (Lowe, 2021).
Mineral supplementation pertains to the intake of extra nutrients
via capsules, tablets, or syrups to increase the nutrient levels
obtained through food consumption to contribute to meeting the
RDA requirements in a short term (Tam et al, 2020). Food
fortification involves adding particular nutrients to the food for
increasing their nutritional content in order to aid consumers
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achieve the RDA for such nutrients with recurrent investments
(Das et al., 2019). The aforementioned interventions have been less
successful because of political, socio-economic, infrastructure-
related, and technical constraints that are apparent in many
developing countries. As a result, biofortification is a cost-
effective, sustainable, and consumer friendly solution for meeting
target levels of micronutrients such as Fe and Zn in human
populations with one-time investment (Govindaraj et al., 2019;
Kumar et al., 2019; Kiran et al., 2022). Biofortification is a crop-
breeding process of enhancing the essential nutritional value of
staple food crops as they grow, as opposed to adding nutrients while
processing the edible parts into food products. This process is
facilitated by conventional breeding and genetic improvement
approaches that are based on natural genetic variation, modern
selection methods, and the detection of novel genes and gene
combinations associated with grain micronutrient content. For
instance, HarvestPlus aims to develop nutritious crop varieties
through biofortification to provide higher amounts of Zn, Fe, and
Provitamin-A to vulnerable populations (children and women) via
the staple food that they eat (www.harvestplus.org). To date, 290
biofortified varieties of 12 distinct staple crops (rice, wheat, maize,
cassava, pearl millet, bean, sweet potato, lentil, cowpea, banana/
plantain, sorghum, and Irish potato) have been released in more
than 60 countries across the world (HarvestPlus, 2018).
One example of successful biofortification is the vitamin A-
rich orange-fleshed sweet potato that is grown in several
African countries.

Taking into consideration the present scenario of worldwide
nutritional insecurity, in this review, we attempt to highlight the
role of cereals (particularly millets) in increasing nutritional security
of the global population. Here, we refer “small-seeded grasses”
including sorghum, pearl millet, finger millet, and other small millet
crops by the term “millets.” We provide an update on the emerging
trends, high-throughput phenotyping approaches, and the potential
of genetics- and genomics-based strategies to address hidden
hunger within a limited time frame using nutrient-rich millets as
model crops.

Relevance of millets in the human diet

The major cereal crops and millets that are grown on hundreds
of millions of hectares worldwide (www.fao.org/faostat; Figure 1)
are vital to diets, cultures, and economies around the world,
especially in populous developing regions. The global demand for
all cereals and millets is rising and offers critical entry points for
improving nutrition (Shiferaw et al., 2011; Shewry and Hey, 2015).
They contain enhanced levels of proteins, vitamins, minerals, and
antioxidants, which offer nutritional superiority over other grain
crops. These crops also possess high levels of low glycemic index
non-starchy polysaccharides and dietary fibers, apart from their
enhanced micro- and macronutrient content. In this section, we
describe the composition of key nutrients and minerals in millets
and their relevance in human diets.

An extraneous group of forage grasses that produce small-sized
grains are referred to as “millets.” Millets provide a rich source of
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Global trends in millets production and cultivation. (A) Worldwide millet production in the last two decades. The graph represents production
quantity (million tons) and the area under cultivation (million ha) from 2001 to 2021. Data represent the sum of values reported for millets and
sorghum by FAOSTAT (2021). (B) Relative importance of the leading millet producing countries in the world. Data represent the sum of values
reported for millets and sorghum production in 2021. Source: FAOSTAT (2021)

nutrition, show minimum vulnerability to pathogens, and are
tolerant to abiotic factors including drought and salinity
(Muthamilarasan et al., 2016; Govindaraj et al., 2020;
Vetriventhan et al., 2020; Babele et al., 2022). As a result, millets
serve as ideal staple crops for the semi-arid tropics of Asia and
Africa. They are highly nutritious and superior to rice and wheat
because they are rich in proteins, fibers, minerals, and vitamins
(Saleh et al.,, 2013). Approximately 80% of millets production is
utilized for human consumption, whereas the remaining is used for
livestock feed and beer production (Saleh et al., 2013;
Shivran, 2016). Millet grains are highly endorsed for the well-
being of children, adolescent girls, lactating mothers, elderly,
and convalescents.

Sorghum is grown on over 40.93 million hectares of land
globally, producing 61.36 million tons, while in India, it is
cultivated on approximately 4.24 million hectares and produces
4.81 million tons (FAOSTAT, 2021). Sorghum is one of the
cheapest sources of nutrition, provides a high amount of energy,
protein, Fe, and Zn, and contributes to >50% of the Fe and Zn
requirement (Ashok Kumar et al., 2011; Ashok Kumar et al., 2013).
In general, sorghum grain contains 79%-83% starch, 7%-14%
protein, and 1%-7% fat (Rhodes et al., 2017). Sorghum is mostly
used for food purposes (55%), consumed in the form of flat breads
and porridges (thick or thin), and the vegetative part of the sorghum
plant is used as stover for livestock, especially in drylands. The
nutritional value and chemical composition of sorghum are similar
to major cereals including rice, wheat, and maize. The energy value
(per 100 g) of sorghum grain lies between 296 and 356 kcal and
constitutes mainly polysaccharides such as starch and non-starch,
proteins, and lipids (Table 1). Mkandawire et al. (2013)
demonstrated that sorghum contains the lowest starch
digestibility value when compared to other carbohydrate-rich
crops. For instance, most of the starch particles of sorghum are
gradually digestible (30.0%-66.2%), whereas others are quickly
digestible (15.3%-26.6%) or resilient (16.7%-43.2%). The higher
proportion of slowly digestible and resistant starch in sorghum has
an added advantage, as it offers a low glycemic index and less threat
of chronic diseases like type II diabetes and obesity (Simnadis et al.,
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2016). Non-starch polysaccharides in sorghum consist of 75%-90%
insoluble fibers (mainly arabinoxylans) and 10%-25% soluble fibers
(Martino et al.,, 2012). The lipid content of sorghum is low (1.24-
3.07 g/100g) and contains approximately 83%-88% unsaturated
fatty acids. Furthermore, the levels of mono-unsaturated fatty acids
in several sorghum varieties are lower than those of polyunsaturated
fatty acids, and linoleic (45.6%-51.1%), oleic (32.2%-42.0%), and
palmitic (12.4%-16.0%) acids are some of the major fatty acids
detected in sorghum grains (Afify et al, 2012). As a result, the
natural variation available for protein, fat, and starch content in
sorghum can be exploited to improve nutritional quality through
crop improvement programs.

Other millets possess 10 genera and at least 14 species, of which
pear] millet (Pennisetum glaucum) belongs to Paniceae tribe of the
family Poaceae (Vetriventhan et al., 2020) and occupies 95% of the
production (Nedumaran et al,, 2014). Pear]l millet contains high levels
of micronutrients including Fe, Zn, and lysine (17-65 mg/g of
protein) relative to other millet crops (McDonough et al, 2000;
Haldimani et al., 2001). It is a good source of carbohydrates, resistant
starch, proteins, dietary fibers, o-amylase activity, minerals, vitamins
(A and B), and antioxidants, among others (Goswami et al., 2020)
(Table 1). Increased levels of unsaturated fatty acids (75%) and phytic
acid in pearl millet grains serve as a valuable resource for lowering
cholesterol and phytate levels in individuals, which in turn decreases
cancer risk. It contains high levels of antioxidants such as
polyphenols, anthocyanins, tannins, phytates, and pinacosanols,
which play a crucial role in regulating the aging process. Pearl
millet is free of gluten and is suitable for consumption by people
suffering from celiac disease who are usually allergic to the gluten
from wheat and other cereals. Due to its nutritional superiority, pearl
millet is beneficial for individuals suffering from diseases like diabetes,
obesity, heart disorders, and atherosclerosis (Satyavathi et al., 2021).
Furthermore, one of the key millet crops, finger millet (Eleusine
coracana (L.) Gaertn.), serves as an important source of nutrition for
people living in the developing world (Vetriventhan et al,, 2016;
Hittalmani et al., 2017). Finger millet is an important source of key
nutrients including 18% dietary fiber, 6%-13% protein, 2.5%-3.5%
minerals, 0.3%-3% phenolic compounds, and 0.34% calcium
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TABLE 1 Nutritional status of millet grains compared with other cereal crops (per 100 g).

10.3389/fpls.2023.1123655

Nutrients Sorghum Millet Rice Wheat Maize
Water 124 g 8.67g 129 g 109 ¢g 108 g
Energy 329 kcal 378 keal 360 kcal 339 kcal 364 kcal
Protein 106 g 11g 6.61 g 137 g 875¢g
Total lipid (fat) 346 g 422¢ 058 g 247 g 509 g
Ash 143 ¢ 325¢g 058 g 178 g l44 g
Carbohydrates 721¢g 728 ¢ 793 g 711¢g 739 ¢
Dietary fiber 67¢g 85¢g l4g - 84¢g
Sugars 253¢g - - - -
Minerals

Calcium, Ca 13 mg 8 mg 9 mg 34 mg 5 mg
Iron, Fe 3.36 mg 3.01 mg 4.36 mg 3.52 mg 1.74 mg
Magnesium, Mg 165 mg 114 mg 35 mg 144 mg 110 mg
Phosphorous, P 289 mg 285 mg 108 mg 508 mg 263 mg
Potassium, K 363 mg 195 mg 86 mg 431 mg 381 mg
Sodium, Na 2 mg 5mg 1 mg 2 mg 5mg
Zing, Zn 1.67 mg 1.68 mg 1.16 mg 4.16 mg 2.24 mg
Copper, Cu 0.284 mg 0.75 mg 0.11 mg 0.553 mg 0.154 mg
Manganese, Mn 1.6 mg 1.63 mg 1.1 mg 3.01 mg 0.54 mg
Vitamins

Thiamin (B1) 0.332 mg 0.421 mg 0.578 mg 0.419 mg 0.16 mg
Riboflavin (B2) 0.096 mg 0.29 mg 0.048 mg 0.121 mg 0.23 mg
Niacin (B3) 3.69 mg 4.72 mg 5.09 mg 6.74 mg 2.6 mg
Pantothenic acid (B5) 0.367 mg 0.848 mg 1.34 mg 0.935 mg 0.55 mg
Vitamin B6 0.443 mg 0.384 mg 0.145 mg 0.419 mg 0.47 mg
Folate (B9) 20 ug 85 ug 231 pg 43 pg -
Vitamin B12 0 ug 0 ug 0 pg 0 ug -
Vitamin C 0 mg 0 mg 0 mg 0 mg -
Vitamin E 0.5 mg 0.05 mg 0.11 mg - -
Vitamin K - 0.9 pg - - -

Source: USDA FoodData Central Database (https://fdc.nal.usda.gov/fdc-app.html#/).

(Chandra et al,, 2016). The crop is also valued for its health benefits
like anti-diabetic, anti-tumorigenic, antioxidant, and antimicrobial
properties (Nakarani et al., 2020; Kumar et al., 2021). Millets serve as
a rich source of vitamins and trace elements that are essential for
normal physiological functions in human. Among different millet
crops, foxtail millet has maximum thiamine content (0.59 mg/100g),
whereas proso millet is rich in riboflavin (0.28 mg/100g), which is
very high compared to the riboflavin content of rice (0.04 mg/100g)
and wheat (0.1 mg/100g). Furthermore, kodo millet contains high
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levels of iron (4.0 mg/100g), which is followed by finger millet (3.4
mg/100g), and foxtail millet (2.7 mg/100g) (Chandel et al., 2014). In
addition, zinc levels were also found to be higher in foxtail millet (4
mg/100g), followed by barnyard millet (3.6 mg/100g) and finger
millet (2 mg/100g). Taken together, these studies indicate that the
micronutrient composition of millets are several fold higher as
compared to the average micronutrient content in key non-millet
cereals, thereby offering an inexpensive and sustainable solution
to malnutrition.
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Precision phenotyping for grain
micronutrient content

Precision phenotyping for grain micronutrient content is the
key for the success of millet biofortification programs. Phenotyping
for micronutrient traits such as Fe and Zn is challenging, as they are
accumulated in minute quantities in the grains. Various
phenotyping methods are being used to measure Fe and Zn
concentrations, which include simple staining procedures to
complex analytical protocols. The use of Perl’s Prussian blue for
Fe and diphenyl thiocarbazone-based dithizone (DTZ) for Zn is a
simple technique that gives a rough qualitative estimation of Fe and
Zn in grain (Elango et al., 2021). Furthermore, elemental analysis
techniques such as atomic absorption spectrometer (AAS),
inductively coupled plasma-optical emission spectrometer (ICP-
OES), micro-X-ray fluorescence spectroscopy (U-XRF), secondary
ion mass spectrometry (NanoSIMS) synchrotron X-ray, near-
infrared reflectance spectrophotometer (NIRS), and fluorescence
spectroscopy have been used to precisely measure grain
micronutrient content (Rai et al., 2012; Shobana et al,, 2013;
Govindaraj et al,, 2022). For instance, Govindaraj et al. (2016)
employed X-ray fluorescence spectrometry (XRF) and ICP-OES
methods for estimating Fe and Zn densities in diverse pearl millet
genotypes and identified highly significant and positive correlations
between these two advanced techniques for Fe (r = up to 0.97,
p<0.01) and Zn (r = up to 0.98, p<0.01) contents. Furthermore, the
application of high-resolution nanoscale secondary ion mass
spectrometry (NanoSIMS) allows to qualitatively and
quantitatively map the distribution of these micronutrients across
the sorghum kernel components (Gaddameedi et al., 2022).
Importantly, this knowledge will help reduce the micronutrient
loss during seed and food processing.

In millets, the AAS, ICP-OES, and XRF methods are widely
used for assessing grain Fe and Zn levels (Ashok Kumar et al., 2015;
Pujar et al,, 2020). In the case of finger millet, mineral and protein
content were analytically determined using ICP-OES (Puranik et al.,
2020). In addition, seed nitrogen content was determined using
combustion, which was then followed by thermal conductivity
using the Leco FP-528 Nitrogen/Protein Determinator (Puranik
et al, 2020). Among all, XRF is a low-cost and high-throughput
method for assessing grain Fe and Zn, and there is good
correspondence between ICP-OES and XRF methods for
assessing the grain Fe and Zn, but ICP-OES is more accurate.
Hence, one can use XRF to discard the lines, segregate populations
with low Fe and Zn, and validate all high Fe and Zn lines with ICP-
OES method. Recently, Vetriventhan et al. (2021) reported the use
of ICP-OES method to estimate Fe, Zn, and Ca content in 200
diverse little millet landraces. Of the total number of accessions
evaluated, approximately 80% of accessions revealed consistent
protein and Zn content, whereas less consistency was observed
for Fe (64%) and Ca (30%) content. Notably, significant positive
correlation (R* = 0.69-0.74, p < 0.001) was observed for trait-
specific accessions possessing higher grain weight (10 accessions),
grain yield (15), biomass (15), and having consistently higher grain
nutrient levels (30) over a 2-year period. In addition, five promising
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accessions possessing higher grain yield and Ca content were also
identified (Vetriventhan et al, 2021). After multi-location field
evaluation, promising accessions with superior agronomic
performance and higher grain nutrient levels can be released for
commercial cultivation or used in millet improvement programs.

Genetic resources for nutritional traits
discovery and utilization

Genetic variability acts as a raw material, and its utilization by
plant breeders is a key step in biofortification programs. Genetically
diverse accessions for micronutrient availability that are conserved
in genebanks serve as a rich source of genetic resources for
designing nutrient-dense and high-yielding crops for food and
nutritional security. Understanding the extent of genetic
variability for micronutrients in plant genetic resources along
with underlying genetics of accumulation mechanisms is critical
for the development of nutrient-rich varieties.

Sorghum is a highly diverse species with approximately 256,000
germplasm accessions conserved globally, and the genebank at
ICRISAT conserves the largest collection of over 42,000
accessions originating from 92 countries. These accessions are
well characterized for various morpho-physiological and
agronomic traits (Ashok Kumar et al., 2013). The core collection
(2,247 accessions) and mini core collection (242 accessions)
representing the global sorghum collection conserved at the
ICRISAT genebank have been developed (Grenier et al., 2001;
Upadhyaya et al.,, 2009). On accessing the Fe and Zn
concentrations of all the accessions belonging to the core
collection, large variability was found for Fe and Zn content
ranging from 26-60 mg kg™ and 21-57 mg kg ', respectively
(Ashok Kumar et al, 2012). In addition, when compared to the
germplasm accessions, cultivars and breeding lines were found to
possess less Fe and Zn levels (Reddy et al., 2005). The quantitative
inheritance nature of these traits could be the possible reason for the
observed variability in Fe and Zn concentration. On the other hand,
the lower concentration of these two minerals in cultivars and
breeding lines relative to landraces can be explained by the lack of
breeding interest in these traits until the end of the second
millennium. Based on the consumption level of sorghum (200 g)
and estimated bioavailability of Fe (10%) and Zn (25%) in sorghum,
it is necessary to enhance the Fe concentration by 30 mg kg™ and
zinc concentration by12 mg kg™ over the base levels (30 mg kg ™" of
Fe and 20 mg kg™ of Zn) to meet the RDA requirements. In
addition to the variability observed in grain Fe and Zn content, a
huge variability was detected in grain phytate content, but not much
variability in B-carotene content. On studying diverse sorghum
cultivars (yellow endosperm lines, germplasm lines, high-protein
digestible lines, high-lysine lines, and waxy lines), significant genetic
differences were observed for Fe, Zn, and phytate concentrations
and agronomic and grain quality traits (Reddy et al., 2005). Large
genetic variability for grain Fe and Zn concentrations was also
noted in sorghum hybrid parents (>500 B-lines and 100 R-lines)
and 67 commercial hybrids (Ashok Kumar et al, 2009; Ashok

frontiersin.org


https://doi.org/10.3389/fpls.2023.1123655
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Kudapa et al.

Kumar et al, 2012). Ng'uni et al. (2012) reported that grain Fe
concentration ranged from 2.8 to 6.3 mg/100 g, and grain Zn
content varied from 2.3 to 5.5 mg/100 g in South African sorghum
cultivars. A large genotype x environment interaction was observed
for Fe and Zn content in sorghum. That said, top-ranking genotypes
excelled in most environments and years (Ashok Kumar et al,
2013). Hence, multi-location and multi-season evaluation is critical
for the effective phenotyping for grain Fe and Zn concentrations to
identify stable lines.

Many pearl millet germplasm collections are available
worldwide, which includes the Pearl Millet inbred Germplasm
Association Panel (PMiGAP) (Varshney et al., 2017). The
PMiGAP has been developed at ICRISAT, India based on a core
collection of 1,000 accessions, including landraces and cultivars
originating from across three continents and representing genetic
diversity within 27 countries (Sehgal et al., 2015; Srivastava et al,
2020). The PMiGAP has been completely re-sequenced with
approximately 29 million genome-wide single nucleotide
polymorphism (SNPs) (Srivastava et al., 2020). Besides this, the
Iniari germplasm collection developed by ICRISAT includes
landraces originating from West Africa, which possess high grain
filling capability under terminal water deficit, big seeds, long
panicles, and wide leaves (Ito et al., 1999). Taking advantage of
cross-pollination driven by the protogynous flowers in pearl millet,
breeders are in a continuous search for identifying nutritionally elite
varieties suited for local environments. Recent studies have
demonstrated high variability for grain Fe and Zn content in
different breeding materials (Rai et al., 2014a; Rai et al, 2016;
Upadhyaya et al,, 2016). For instance, Rai et al. (2014a) screened
seeds of parental progenies and restorer parent progenies for
evaluating Fe and Zn variability using X-ray fluorescence
spectroscopy. The mean Fe density of these progenies was found
to be 5%-66% higher compared to the control cultivars.
Furthermore, Rai et al. (2016) and Upadhyaya et al. (2016) used
inductively coupled plasma atomic emission spectroscopy to
scrutinize diverse germplasm accessions and landraces and
observed substantial variability for Fe (51-121 mg kg™') and Zn
(46-87 mg kg™"). In finger millet, grain nutrients assessment of the
core germplasm collection (622 accessions) revealed substantial
variability for Fe (21.71-65.23 mg kg '), Zn (16.58-25.33 mg
kg™'), Ca (1.84-4.89 g kg '), and protein (6.00-11.09%)
(Upadhyaya et al,, 2011a). In another study, Puranik et al. (2020)
also reported substantial variability in finger millet (190 accessions)
for calcium (223.63-422.56 mg 100 g '), potassium (266.60-668.83
mg 100 g '), magnesium (106.36-179.99 mg 100 g'), and protein
content (3.86-11.27% w/w). Similarly, grain nutrients assessment of
a diverse set of germplasm including core collection conserved at
the ICRISAT genebank revealed a significant variability for grain
nutrients in foxtail millet [Fe (24.1-68.0 mg kg™'), Zn (33.6-74.2
mg kg_l), Ca (90-288 mg kg_l), and protein (10.7-18.5%)]
(Upadhyaya et al,, 2011b), proso millet [Fe (41-73 mg kg_l), Zn
(26-47 mg kg_l), Ca (91-241 mg kg_l), and protein (11-19%)]
(Vetriventhan and Upadhyaya, 2018), kodo millet [Fe (14.4-56.4
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mg kg™"), Zn (17.0-31.5 mg kg™'), Ca (121-321 mg kg'), and
protein (5.6%-11.3%)] (Vetriventhan and Upadhyaya, 2019), and
little millet [Fe (17.6-58.0 mg kg_l), Zn (19.4-39.5 mg kg_l), Ca
(92-390 mg kg_l), and protein (6-15.6%)] (Vetriventhan et al,
2021). In the case of foxtail millet, a large variability was detected in
the diversity panel (93 accessions) for potassium (1,477.9-3,365.5
ppm), magnesium (764.7-1,795.3 ppm), phosphorus (1,756.0-
4,135.0 ppm), and sulfur content (703.0-1,908.8 ppm)
(Jaiswal et al, 2019). Taken together, these studies reveal that
continuation of breeding program with planned crosses will pave
the way towards detecting nutrient-rich parental genotypes suitable
for fluctuating environmental conditions.

Breeding approaches for enhancing
micronutrient content in millets

Conventional breeding

The conventional breeding approach involves the selection and
crossing of two parental genotypes possessing high micronutrient
concentrations (e.g., Fe and Zn) to develop a hybrid expressing the
desired trait(s). Natural genetic variation for target traits existing
within the crop gene pool holds the key to successful crop genetic
improvement through conventional breeding approaches.

Biofortified (Zn and Fe rich) sorghum lines (e.g., ICSR 14001 also
known as “Parbhani Shakti”) and hybrids (ICSH 14002, ICSA 661 x
ICSR 196, ICSA 318 x ICSR 94, and ICSA 336 x IS 3760) have been
jointly developed by ICRISAT-Vasantrao Naik Marathwada Krishi
Vidyapeeeth (VNMKYV) and released for commercial cultivation in
India. Furthermore, two sorghum varieties, improved Deko
(12KNICSV-188) and improved Zabuwa (12KNICSV-22),
possessing high Fe and Zn content have been released in Nigeria
(Okwuonu et al, 2021). The improved Deko variety has Fe content
(126 ppm), which is three times higher than that obtained from local
sorghum varieties (40 ppm) (ICRISAT, 2016). These improved
varieties have the potential to boost the nutritional levels of
malnourished populations, especially children, in Nigeria. These
new varieties involved the crossing of local Nigerian germplasm
with improved lines from ICRISAT (Mali). Similarly, in India, a
biofortified (Fe and Zn rich) pearl millet variety (named Dhanashakti)
and a hybrid ICMH 1201 (named Shakti-1201) were released by
ICRISAT and HarvestPlus in 2014. In addition, two varieties, namely,
ICMH 1202 (Nirmal-7) and ICMH 1301, are being evaluated under
advanced varietal trials. Several well-adapted commercial pear]l millet
varieties and their progenies and hybrids with high grain Fe and Zn
content have also been previously reported (Velu et al., 2007; Rai et al,,
2012). However, breeding for higher levels of grain micronutrient
content also depends on the existing environmental conditions,
including soil mineral composition, which further complicates the
process (Feil et al., 2005). As a result, the stability of phenotyping data
should be verified through multi-environmental trials while breeding
biofortified crops for future climates.
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Integrated omics approaches

The conventional breeding approaches have been successful in
the past decades in developing biofortified millet varieties (Rai et al.,
2014b; Satyavathi et al., 2021). However, these approaches alone are
not sufficient to keep pace with the future food and nutritional
demands of the burgeoning population. The realization of
biofortified sorghum and millet varieties for future climates can
be significantly accelerated if assisted by recent innovations in
omics approaches (Varshney et al., 2021a). Furthermore, a huge
genetic variation for micronutrient concentration prevails among
the sorghum and millet germplasm; however, it is yet to be
characterized in detail. Evaluating the available germplasm
accessions for micronutrient concentrations and detection of
high-fidelity molecular markers through genome-wide association
studies (GWAS) will facilitate the identification of quantitative trait
loci (QTLs)/candidate genes/alleles regulating nutritional traits of
interest. The identified QTLs/genes can then be introgressed into
elite cultivars via genomics-assisted breeding or transgene-based
methods to enhance the grain micronutrient content (Varshney
et al,, 2021b). The genetic relatedness of millets with other cereals,
such as rice, wheat, and barley, further enables introgression of
these nutritional traits into major cereal crops. The integration of
different omics approaches such as genomics, transcriptomics,
proteomics, metabolomics, and ionomics is crucial in designing
biofortified crops for the future (Figure 2).

Genomics: QTL mapping and genome-wide
association studies

Radical developments in genomics techniques have led to the
development of various marker systems including mapped
microsatellite or simple sequence repeat (SSR) markers, SNPs
markers, insertion—deletion (InDel) markers, and more recently
haplotype-based SNP markers. Linkage mapping and association

i |
i | |
i | i

Plant genetic resources
1
! 1

10.3389/fpls.2023.1123655

mapping are the two most used tools for dissecting the genetics of
complex nutritional traits in plants (Roorkiwal et al., 2022).
Traditional linkage mapping/QTL mapping explores the
recombination events and marker-trait associations (MTAs) in
bi-parental segregating populations, such as F,, doubled haploid
(DH), and recombinant inbred lines (RILs). This method is very
powerful in capturing major genes with larger effects and rare alleles
(Kumar et al., 2016). On the other hand, GWAS explores functional
variations within genetically diverse panels through linkage
disequilibrium (LD) analysis, which is very efficient and effective
for identifying new genomic regions (Yu and Buckler, 2006;
Roorkiwal et al, 2022). Here, we highlight some key genomics
efforts undertaken in millets to identify genomic regions associated
with grain nutrient content (Table 2).

One of the major concerns in sorghum is the limited
bioavailability of micronutrients in the grain due to complexity of
polyphenols and tannins. For the identification of QTLs for grain Fe
and Zn content, Phuke et al. (2017) developed a RIL population
from the cross 296B x PVK 801, with parents contrasting for grain
Fe and Zn content. This study showed a wide variation in grain Zn
(10.2-58.7 mg kg ') and Fe (10.8-76.4 mg kg ') content existing
within the RIL population. The grain Fe and Zn content was found
to be negatively correlated with yield and positively correlated with
100-seed weight, suggesting a selection pressure of bolder seeds in
biofortification programs. A significant GXE interaction was
observed for both the micronutrients, with Fe being highly
influenced by the environment compared to Zn (Phuke et al,
2017). Furthermore, a genetic map was constructed for 296B x
PVK 801 RIL population with 2,088 markers (1148 DArTs, 927
DArTSegs, and 13 SSRs), covering a distance of 1,355.52 cM with an
average marker interval of 0.6 cM (Kotla et al., 2019). Here, 11 QTLs
(individual environments) and 3 QTLs (across environments) for
Fe and Zn were identified. A common genomic region was
identified for ICRISAT environment, which explained a
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TABLE 2 A list of some key QTLs identified for grain nutrient content in millets.

Trait

Mapping population

Population
type

QTL(s)/MTAs/nearest marker

10.3389/fpls.2023.1123655

Reference

Sorghum | Fe content 296B x PVK 801 RIL qfel.1, gfe6.1, qfe7.1, qfe7.2 5.09- Kotla et al,, 2019
6.80
Zn content 296B x PVK 801 RIL qzn7.1, qzn7.2, qzn7.3, qzn7.4 5.70- Kotla et al., 2019
9.42
Starch Rio x BTx623 RIL 7 QTLs 6.00- Murray et al.,
content 26.00 2008
Fat content Rio x BTx623 RIL 3 QTLs 8.00- Murray et al.,
14.00 2008
Crude Rio x BTx623 RIL 7 QTLs 8.00- Murray et al.,
protein 24.00 2008
content
Lutein KS115 x Macia RIL Lu-1.1, Lu-1.2, Lu-1.3, Lu-2.1, Lu-3.1, Lu- 7.13- Salas Fernandez
content 10b.1 28.50 et al,, 2008
Zeaxanthin KS115 x Macia RIL Ze-6.1, Ze-6.2 18.18- Salas Fernandez
content 25.40 et al,, 2008
B-carotene KS115 x Macia RIL Be-1.1, Be-2.1, Be-2.2, Be-2.3, Be-10b.1 8.00- Salas Fernandez
content 15.15 et al., 2008
Total KS115 x Macia RIL Tc-2.1, Tc-2.2 7.72- Salas Fernandez
carotenoids 20.12 et al,, 2008
B-carotene - Association 14 MTAs - Cruet-Burgos
content mapping panel et al., 2020
Zeaxanthin - Association 38 MTAs - Cruet-Burgos
content mapping panel et al., 2020
Protein - Association 4 MTAs 34.00- Rhodes et al.,
content mapping panel 36.00 2017
Fat content - Association 41 MTAs 29.00- Rhodes et al.,
mapping panel 35.00 2017
Fe content - Association Sobic.001G213400 - Shakoor et al.,
mapping panel 2016
Zn content - Association Sobic.007G064900 - Shakoor et al.,
mapping panel 2016
Mn content - Association Sobic.003G349200 - Shakoor et al.,
mapping panel 2016
Mg content - Association Sobic.001G443900 - Shakoor et al.,
mapping panel 2016
Cd content - Association Sobic.002G083000 - Shakoor et al.,
mapping panel 2016
Pearl Fe content PPMI 683 x PPMI 627 RIL 14 QTLs 2.85- Singhal et al.,
millet 19.66 2021
Zn content PPMI 683 x PPMI 627 RIL 8 QTLs 2.93- Singhal et al.,
25.95 2021
Fe content ICMB 841-P3 x 863B-P2 RIL Xpsmp2214-Xipes142, Xpsmp322- 18.10- Kumar et al,
Xipes181, pgpb11029-pgpb8456 1940 2016
Zn content ICMB 841-P3 x 863B-P2 RIL Xpsmp2214-Xipes142, Xpsmp2214- 19.70- Kumar et al.,
Xipes142, Xpsmp2040-pgpb10727 50.10 2016
Fe content ICMS 8511-S1-17-2-1-1-B-P03 x AIMP RIL 11 QTLs 9.00- Kumar et al.,
92901-S1-183-2-2-B-08 31.90 2018
Zn content ICMS 8511-S1-17-2-1-1-B-P03 x AIMP RIL 8 QTLs 9.40- Kumar et al.,
92901-S1-183-2-2-B-08 30.40 2018
(Continued)

Frontiers in Plant Science

58

frontiersin.org


https://doi.org/10.3389/fpls.2023.1123655
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Kudapa et al.

TABLE 2 Continued

10.3389/fpls.2023.1123655

Crop Trait Mapping population Population QTL(s)/MTAs/nearest marker Reference
type
Fe content - Advanced 18 MTAs 5.07- Pujar et al,, 2020
inbred lines 8.23
Zn content - Advanced 43 MTAs 5.10- Pujar et al,, 2020
inbred lines 8.00
Protein - Advanced 17 MTAs 5.11- Pujar et al., 2020
content inbred lines 5.86
Fe content - Association 21 MTAs 7.00- Anuradha et al.,
mapping panel 18.10 2017
Zn content - Association 24 MTAs 8.20- Anuradha et al.,
mapping panel 16.50 2017
Finger Ca content - Association 44 MTAs 4.80- Sharma et al.,
millet mapping panel 17.79 2022
Fe content® - Association 895 MTAs 5.66- Puranik et al.,
mapping panel 32.31 2020
K content® - Association 454 MTAs 5.78- Puranik et al.,
mapping panel 19.89 2020
Mg content® - Association 5 MTAs 12.39- Puranik et al.,
mapping panel 18.84 2020
Na content® - Association 643 MTAs 5.73- Puranik et al.,
mapping panel 26.46 2020
Zn content® - Association 96 MTAs 7.55- Puranik et al.,
mapping panel 17.07 2020
Ca content - Association 9 MTAs 7.90- Kumar et al.,
mapping panel 41.00 2015
Foxtail Fe content - Association 1 MTA - Jaiswal et al.,
millet mapping panel 2019
Zn content - Association 5 MTAs - Jaiswal et al.,
mapping panel 2019
Mg content - Association 3 MTAs - Jaiswal et al.,
mapping panel 2019
B content - Association 1 MTA - Jaiswal et al.,
mapping panel 2019

“For finger millet, the number of MTAs indicate significant associations [~log;o(p) = 3.00; p <.001 (for GLM) and —log;o(p) = 2.00; p <.01 (for MLM), and an FDR < 0.1] reported by Puranik et al.

(2020).

PVE, phenotypic variance explained; QTL, quantitative trait loci; MTA, marker trait association; Fe, iron; Zn, zinc; Mn, manganese; Mg, magnesium; Cd, cadmium; K, potassium; Na, sodium; Ca,

calcium; B, boron.

phenotypic variance of 9.42% and 5.82% for Zn and Fe, respectively.
After validation, the linked markers identified in this study can be
deployed for developing high-grain Fe and Zn cultivars in sorghum
improvement programs globally (Kotla et al., 2019). To unravel the
genetic determinants of natural variation observed for seed element
concentration, Shakoor et al. (2016) performed a GWA mapping of
alleles regulating 20 traits influencing sorghum seed ionome, i.e., the
mineral nutrient and trace element composition representing the
inorganic component of cellular and organismal systems (Salt et al.,
2008). This study also identified putative genes regulating Zn, Mn,
Ni, Ca, and Cd accumulation in sorghum seeds.

Genetic variation observed among adapted pearl millet inbreds
and hybrids suggests the possibility of improving grain
micronutrient concentrations by selective breeding. In a previous
study, Kumar et al. (2016) performed QTL mapping with 305 (96
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SSRs; 208 DArT) markers distributed across seven linkage groups,
covering a distance of 1,749 cM. Based on the phenotypic data
collected across two different environments, QTLs for Fe and Zn
content were found to co-localize on linkage group (LG) 3. QTL
analysis using a pearl millet RIL population derived from PPMI 683
x PPMI 627 cross resulted in the identification of 14 QTLs for Fe
and 8 QTLs for Zn with phenotypic variation ranging up to 19.66%
and 25.95%, respectively (Singhal et al, 2021). These QTLs
encompassed genes encoding ferritin, and AI’*, K*, Zn®', and
Mg>" transporters. Furthermore, Anuradha et al. (2017)
performed GWAS using an association mapping panel
comprising of 130 diverse lines of pearl millet, showing a wide
range of grain micronutrient content. This study identified a total of
16 genomic regions for grain Fe and Zn content. Some regions were
consistent across locations and years, while others were specific to a
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particular location or year. Furthermore, a GWAS performed using
3 million SNPs generated using GBS resulted in the identification of
several hundred significant MTAs for grain Fe and Zn content. This
study also revealed six candidate genes linked with Fe/Zn uptake.
The most significant candidate was found to be the YUCCA-11
gene, which is known to drive Zn efficiency by auxin biosynthesis
(Manwaring, 2018). Furthermore, Pujar et al. (2020) performed
GWAS analysis using a diverse panel of 281 advanced inbred lines
to identify MTAs for grain Fe, Zn, and protein content. This study
revealed 78 MTAs (including 18 MTAs for Fe, 43 MTAs for Zn, and
17 MTAs for protein content), and some promising candidate genes
associated with grain Fe, Zn, and protein content in pearl millet. For
finger millet, Puranik et al. (2020) identified 418 common MTAs
associated with diverse mineral content using general linear model
and mixed model approaches. Among these, 34 MTAs were above
the Bonferroni threshold. From these 34 MTAs, 18 revealed
homology with candidate genes involved in binding,
remobilization, or metal ion transport (Puranik et al., 2020). After
functional validation of these MTAs, these markers can be deployed
in breeding efforts using genomic breeding approaches to develop
high-grain nutritional quality in finger millet.

Transcriptomics

Recent advances in next-generation sequencing technologies
have greatly revolutionized transcriptome sequencing. Being cost
effective and with high coverage, transcriptomics has been
performed in many crop species to identify candidate genes
associated with nutrient biosynthesis and accumulation (Mishra
et al, 2019). Additionally, RNA-sequencing (RNA-seq) provides
information about the relative abundance of transcripts (at a given
stage/condition) and enables molecular marker development in a
high-throughput fashion. For instance, RNA-seq in grains of three
sorghum cultivars differing in grain color led to the identification of
>3,000 differentially expressed genes, which were mainly enriched
in carbohydrates, amino acid, and flavonoid metabolism that may
influence the grain nutritional content (Zhou et al., 2020).
Furthermore, comparing the expression patterns of the genes
(from an RNA-seq dataset) underlying a GWAS QTL led to the
identification of a putative alpha-amylase 3 gene as a strong
candidate associated with the variation in protein and fat content
in sorghum grains (Rhodes et al, 2017). In a study done by
Mahendrakar et al. (2020), in a set of contrasting mapping
population parents for grain Fe and Zn content, diverse growth
stages revealed tissue- and stage-specific expression patterns for a
total of 29 Fe and Zn metabolism genes. Gene families including
PglZIP, PgINRAMP, and PgIFER were found to be candidates for
grain Fe and Zn content, with ferritin-like gene, PgIFERI, as the
potential candidate gene for grain Fe content.

In a recent study, transcriptome profiling of stage-specific
spikes of pearl millet genotypes contrasting for grain Fe and Zn
content was performed to identify candidate genes expressed in
developing spikes and those associated with the variation in Fe and
Zn levels (Satyavathi et al.,, 2022). Here, 155 and 251 transcripts
were found to be up- and downregulated, respectively, in the
genotypes showing high Fe and Zn content, whereas 349 and 378
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transcripts were differentially expressed during the flowering and
milking stages of development, respectively. Gene Ontology
analysis revealed that the genes involved in metabolic activities
were primarily associated with uptake and transport of Zn and Fe in
pearl millet (Satyavathi et al., 2022). Since finger millet grains
contain higher levels of calcium content, RNA-seq of spike tissues
of two finger millet genotypes contrasting for calcium content (GP-
45, high calcium content; GP-1, low calcium content) was
performed (Singh et al, 2014). A comparison of the relative
abundance of transcripts revealed high expression of 24 calcium
sensor genes (e.g., CaM, CaMLs, CBLs, CIPKs, and CRKSs) in high
calcium genotype. Collectively, these studies demonstrate the
application of transcriptomics and encourage RNA-seq to be
carried out in millets to comprehensively identify and
functionally characterize the function of genes regulating
nutritional content in these crops.

Proteomics and metabolomics

Proteomics and metabolomics represent some of the major
players among omics approaches, as they are critical for
characterizing the biomolecules and trace elements that have a
high nutritional value. These approaches hold potential in
identifying the protein function and in enhancing the production
of crucial metabolic compounds in millets by offering key insights
into the biological pathways. For example, in a recent study, non-
targeted metabolomics analysis using a set of 61 diverse sorghum
accessions enabled the differentiation of temperate and tropical
sorghums based on the accumulation of phenolic acids,
phytosterols, flavonoids, carotenoids, amino acids, sugars, and
fatty acids (Ramalingam et al., 2021). This study offered new
opportunities for generating biofortified sorghum varieties with
enhanced nutraceutical and therapeutic characteristics. Although
no major attempts have been made to analyze the nutrients at a
protein and metabolite scale, these studies will pave the way for the
identification of the proteins and metabolites in sorghum and/or
millet seeds in response to several factors. Importantly, these
approaches will facilitate the development of biomarkers for key
nutritional traits in these crops. Taking into account the intricate
and interrelatedness of physiological and metabolic pathways in
crops, proteomics and metabolomics strategies will enable detection
of putative genes having nutritive properties via a bottom-up
approach. While the grains of millets are the major source of
nutrition for people living in the developing countries, proteome
and metabolome at diverse stages of seed development should be
analyzed to detect candidate genes and their role in nutrient
biosynthesis and accumulation.

lonomics

With continuous technological innovations in genotyping and
sequencing platforms, high-throughput phenotyping assumes
higher importance for enhancing grain micronutrient content in
different crops. To this end, ionomics has emerged as a high-
throughput “elemental profiling” approach for accurately
measuring mineral nutritional content of a living organism
(Baxter, 2009; Huang and Salt, 2016). Precise and accurate
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estimation of grain micronutrients is crucial for expediting the
identification of genotypes possessing high micronutrient content
(Swamy et al, 2016). A large number of elemental analysis
techniques such as AAS, ICP-OES, u-XRF, and NIRS have been
used to correctly measure grain micronutrient levels (Trijatmiko
et al., 2016; Manickavelu et al., 2017; Khokhar et al., 2018). In this
context, community-oriented databases such as ionomic HUB or
iHUB (http://www.ionomicshub.org/home/PiiMS) have been
established to allow researchers to freely access ionomic resources
of different plants including Arabidopsis, rice, and soybean (see
Baxter et al., 2007). From the nutrition point of view, ionomics will
serve as an effective approach to identify mineral transport
mechanisms in millets by detecting the transporter genes and
characterizing their molecular functions (Kumar et al., 2014).
Although ionomic studies in crops are still in their preliminary
stage, the role of ionome can be extrapolated to identify nutrient
levels in grain crops. This information will in turn facilitate the
development of biofortified crops and the required experimental
work plan to enable efficient bioavailability of nutrients.

Transgene-based approaches

Transgenic approaches can be utilized to simultaneously
integrate genes involved in improving micronutrient
concentration and their bioavailability and reducing anti-nutrient
concentration that limit the bioavailability of nutrients in plants. In
addition, genetic engineering can also be used to redistribute
micronutrients among tissues, enhance micronutrient levels in
edible parts, and modulate biochemical pathways to increase
grain micronutrient concentration in commercial crops (Sharma
and Agarwal, 2005). Although the development of biofortified crops
using genetic engineering is a time-consuming, labor-intensive, and
costly effort during the research and development stage, eventually,
it serves as a cost-effective and sustainable strategy, unlike
conventional biofortification programs (White and Broadley,
2005). Transgenic crops with enhanced micronutrient contents
hold the key to address hidden hunger especially among the
smallholder farming households and vulnerable populations
(women and young children) in the developing countries
(Hirschi, 2009).

To date, there is no major study available for improvement of Fe
and Zn by transgenic methods in millets. That said, sorghum has
been targeted to improve provitamin A (beta-carotene)
concentration by expressing Homo188-A (Lipkie et al,, 2013). A
biofortified sorghum with enhanced and stabilized pro-vitamin A
providing 20%-90% of the estimated average requirement (EAR)
for children under age 3 was developed recently using genetic
transformation (Zhao et al., 2019). Moreover, it was
demonstrated that provitamin A can be stabilized in sorghum by
the co-expression of vitamin E through ectopic expression of
homogentisate geranylgeranyltransferase (HGGT) and that
vitamin E can enhance the stability of provitamin A in planta.
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These findings have the potential to impact directly the lives of
millions of people who suffer from vitamin A deficiency, and they
can be applied to enhance provitamin A stability in many food
crops (Che et al,, 2016). Similarly, the content of essential amino
acid lysine was improved in sorghum by the introduction of a
genetically engineered high lysine protein in the living sorghum
cells (Zhao et al., 2003).

Genome editing

A recent development in the genome editing toolbox, Clustered
Regulatory Interspaced Short Palindromic Repeats (CRISPR)/
CRISPR-associated nuclease protein (Cas) systems for precise
modification within the genome, gives researchers a possibility for
accurately targeting the genes or genomic regions of interest (Zhu
et al, 2020). CRISPR/Cas-mediated genome editing has been
successfully used in major cereal crops; however, most millets
have largely remained eluded from this success (Pixley et al,
2022). This is mainly because of the availability of limited
genomic resources and lack of precise transformation systems
developed in millets. A completely annotated whole-genome
sequence is a major prerequisite for predicting the target genomic
regions and designing guide RNA for the CRISPR/Cas system.
Among millet crops, since a complete and annotated genome
sequence is available only for foxtail millet to date (Vetriventhan
et al,, 2020), the off-target effects of genome-edited plants could not
be studied precisely in other millets. Therefore, an effective
application of genome editing systems in the future will rely
mainly on the complete and annotated genomes of millets.

Notably, genome editing can aid in unravelling the mechanisms
underlying nutrient fortification and transferring these key traits to
major cereals. The development of nutrient-rich millet grains can
also benefit from this method by tweaking the expression of genes
involved in homeostasis and/or by editing the regulatory element of
homeostasis genes. For instance, CRISPR/Cas9 approach is being
used to target the k1C genes to create variants with reduced kafirin
levels and improved protein quality and digestibility and improved
lysine content in sorghum (Li et al., 2018). In addition, remarkably
higher levels of mineral nutrients such as Ca (finger millet), Fe
(barnyard millet), and vitamin B in millet seeds can be explored
using genome editing tools to discover the transporters and
signaling genes controlling seed biofortification. These traits can
be transferred from millets to mainstream cereals to strengthen
food sand nutritional security. In millets, biofortification is mainly
limited due to the presence of antinutritional factors such as phytic
acid, tannins, and polyphenols present in grains (Boncompagni
et al,, 2018). To this end, precision genome editing approaches like
base editing can be used to reduce the quantity of antinutrients and
enhance the bioavailability of macro- and micronutrients in millet
grains. Taken together, the availability of high-quality reference
genomes and efficient transformation systems could galvanize
biofortification in millets using advanced genome editing tools,
for sustainable food and nutritional security in the dryland tropics
of South Asia and sub-Saharan Africa.
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Conclusion and future perspectives

Millets have the nutritional potential for feeding vulnerable and
poor populations in the semi-arid tropics of South Asia and sub-
Saharan Africa. However, research efforts targeted towards
exploring and utilizing nutrient-dense millet crops to address
micronutrient malnutrition are still inadequate. Although millet
grains possess significantly higher levels of essential amino acids,
vitamins, and minerals, the bioavailability of nutrients in grains
requires further research for improvement. It is now well known
that biofortification serves as a promising and cost-effective
approach to increase micronutrient content in food crops for
enhancing the nutritional status of target populations (especially
young children, adolescent girls, and women) across the world.
Globally, committed efforts by HarvestPlus, ICRISAT, CGIAR, and
other international and national initiatives are serving as pillars to
achieve these goals. However, biofortification in millets is a
challenging endeavor to make an impact in non-traditional areas
and urban markets. Precision phenotyping for grain micronutrient
content and characterizing diverse millet germplasm at the
genotypic and phenotypic levels (for nutritional traits in
combination with adaptive traits) would be useful for discovering
novel sources of variation in nutritional traits. Recent innovations
in next-generation sequencing technologies will enable the
development of high-quality reference genomes for millets in a
faster and more precise way. As a result, the identification of closely
linked markers for nutritional traits will accelerate mainstreaming
efforts to develop biofortified varieties and will also uncover the
candidate genes controlling these traits. Integration of different
omics approaches/genome editing with conventional
biofortification programs to a larger extent can reflect in the rapid
delivery of nutrient-dense millet varieties to address future food and
nutritional security. Furthermore, since millets display cross-genera
transferability, introgression of genomic regions/candidate genes
associated with key nutritional traits from millets into mainstream
cereals will be facilitated using genomics-assisted breeding or
genome editing approaches. Considering their potential in
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Rainfed assessment of foxtail
millet (Setaria italica L. beauv)
germplasms through genotyping
and principal component analysis
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Indranil Bhattacharjee?, Reena Lawrence?, Ravish Choudhary?,
Sezai Ercisli® and Rohini Karunakaran®’*
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Pradesh, India, 2Department of Genetics and Plant Breeding, Sam Higginbottom University of
Agriculture, Technology and Sciences, Prayagraj, Uttar Pradesh, India, *Department of Chemistry, Sam
Higginbottom University of Agriculture, Technology and Sciences, Prayagraj, Uttar Pradesh, India,
“Division of Seed Science and Technology, ICAR-Indian Agricultural Research Institute, New Delhi, India,
SDepartment of Horticulture, Faculty of Agriculture, Ataturk University, Erzurum, Turkiye, ¢Unit of
Biochemistry, Faculty of Medicine, Semeling, Kedah, Malaysia, "Department of Computational Biology,
Institute of Bioinformatics, Saveetha School of Engineering (SSE), SIMATS, Thandalam, Chennai, Tamil
Nadu, India, 8Centre of Excellence for Biomaterials Science, AIMST University, Semeling,

Bedong, Malaysia

Introduction: Foxtail millet (Setaria italica L. beauv) is an important crop in
underdeveloped countries; however, yield levels are low. The use of varied
germplasm in a breeding approach is critical for increasing productivity. Foxtail
millet can be cultivated effectively in a wide range of environmental circumstances
but it is best suited to hot and dry climates.

Methods: In the current study, multivariant traits were used to define 50 genotypes
in the first year and 10 genotypes in the second year. The phenotypic correlations
among all traits in the entire germplasm were assessed, and the data acquired for
all quantitative characters were subjected to analysis of variance for augmented
block design. Furthermore, WINDOWS STAT statistical software was used to carry
out a principal component analysis (PCA). The presence of substantial variations in
most symptoms was shown by analysis of variance.

Results: Genotypic coefficient of variation (GCV) projections for grain yields were
the highest, followed by panicle lengths and biological yields. Plant height and leaf
length had the highest PCV estimates, followed by leaf width. Low GCV and
phenotypic coefficient of variation (PCV) were measured as leaf length and 50%
flowering in days. According to the PCV study, direct selection based on
characters, panicle weight, test weight, and straw weight had a high and positive
effect on grain yield per plant in both the rainy and summer seasons, indicating the
true relationship between these characters and grain yield per plant, which aids
indirect selection for these traits and thus improves grain yield per plant. Variability
in foxtail millet germplasm enables plant breeders to effectively select appropriate
donor lines for foxtail millet genetic improvement.
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Discussion: Based on the average performance of genotypes considered superior
in terms of grain yield components under Prayagraj agroclimatic conditions, the
best five genotypes were: Kangni-7 (GS62), Kangni-1 (G5-14), Kangni-6 (GS-55),
Kangni-5 (GS-389), and Kangni-4 (GS-368).

KEYWORDS

genotypic coefficient of variation (GCV), phenotypic coefficient of variation (PCV),
genotypic path, phenotypic path, principal component analysis

1 Introduction

Plant genetic resources (PGR) are the backbone of the agricultural
system, playing a positive and distinguishing role in the development
of new cultivars from the past to the present, including the
restructuring of existing ones (Sapkota et al., 2016). Genes for such
traits are typically available in wild animals and landraces, allowing
for the development of genotypes that can endure biotic and abiotic
pressures. The current study concentrated on the genetic diversity of
wild crop relatives. Genetic diversity, endangered plant species,
species diversity, ecosystem stability, global floristic diversity in
food plants, genetic resources in India, wild collections of major
crops, plant genetic resources vis-a-vis crop breeding emphasis, and
conservation of plant genetic resources are among the information
needed to develop a breeding plan for sustainable agriculture: foxtail
millet is a C4 crop that is diploid (2n = 18) (Mohammadi and
Prasanna, 2003; Aghaee-Sarbarzeh and Amini, 2012). Foxtail millet
cultivation is currently restricted to a few pockets, and in some
locations it has been replaced by other crops that require irrigation.
Its high nutritional value, combined with its low water requirement,
makes it a climate-resilient crop appropriate for production in
dryland agricultural systems. It has a tiny genome, and its use as a
model crop for bioenergy has generated much interest, with more
groups working on it than ever before. This troop’s floral morphology
and flowering behavior make it challenging to establish crosses
between the desired parents. As a result, we have seen several
published studies on creating strategies for crossing in foxtail millet
to date. The experiment addresses floral biology, crossing procedures,
and the generation of cytoplasmic male sterile (CMS) lines (Bhat
et al., 2018).

The main component of foxtail millet grain is starch. Aside from
grain, protein and fats are found in significant proportions. There are
also some free sugar and non-starchy carbohydrates (CSE, 2007).
Starch is widely used as a raw material in a variety of sectors,
including textile, food, pharmaceutical, and paper. Native starch has
relatively few industrial applications. Physical, chemical, or enzymatic
processes can be used to create modified starches with specified
qualities for a variety of uses (Kim et al., 2010). Owing to the rapid
expansion of foxtail millet improvement in recent decades, as in other
crops, foxtail millet landraces have been replaced by current cultivars,
resulting in a significant loss of genetic diversity. As a result,
established techniques of maintaining and multiplying foxtail millet
landraces must be reconsidered. This could give germplasm
conservationists and breeders some insight into the domestication,
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evolution, selection, and preservation of the world’s oldest cereal crop
(Ahmed et al, 2013). Foxtail millet is a promising source of
micronutrients and protein compared with other cereals. Foxtail
millet grain is (per 100 g) rich in protein (12.3%), iron (2.8 mg),
and calcium (31 mg) compared with rice (7.9% protein and 1.8 mg
iron) according to the Millet Network of India (MINI). Additionally,
they contain a high quantity of beta-carotene and have a higher
proportion of non-starchy polysaccharides and dietary fiber. Foxtail
millet releases sugars very slowly and thus has a low glycemic index
(GI) and hence can be used in a therapeutic diet but its potential role
as low GI food has remained unrealized and unexploited. The low
glycemic index diet has been shown to reduce blood glucose levels
(Ahmed et al., 2013).

For selecting a new variety, GPB hybridization is one of the most
efficient methods at present, with the ultimate goal of selecting a new
variety (Islam, 2004). Appropriate parental line selection is the most
important aspect of a dry lab experiment to improve the genetic
recombination of potential breeds (Verma et al., 2018; Singh et al.,
2019). Additionally, a vast number of morphologically documented
germplasm studies are needed to determine the differences between
all germplasm populations and their breeding potential. Breeders
assessed a huge number of germplasm varieties, some of which may
or may not have enough discriminatory power for germplasm
selection, characterization, assessment, and management (Maji and
Shaibu, 2012). If this is the case, then principal component analysis
(PCA) can be used to determine parentage and reduce duplication in
experimental data sets in which morphological and physiological
variation occurs on a regular basis in GPB sciences (Singh and
Verma, 2020). PCA is a multivariate statistical methodology that
seeks to simplify and analyze the relationships between a large
number of variants in terms of a relatively small number of
variables or components while retaining all crucial information
from the original genotype data set. (Amy and Pritts, 1991;
Adams, 1995). However, these genotypes of foxtail millets have not
been systemically determined so far; therefore, the current
investigation provides a detailed overview of the rainfed
assessment of S. italica genotypes through genotyping and
principal component analysis.

2 Materials and methods

The experimental material consisted of accessions from 2018 and
2019, including 50 germplasm accessions of foxtail millet from 2018
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and 10 from 2019. These 50 germplasm accessions were collected
from ICRISAT and NBPGR, New Delhi during Kharif 2018. For
evaluation and characterization, these 50 germplasm accessions and
three check varieties were grown in a randomized complete block
design (RBD) at the Field Experimental Centre, Department of
Genetics and Plant Biotechnology, SHUATS, Prayagraj, India. The
selection of the 10 best genotypes from 2019 was based on the yield of
50 foxtail millet germplasm accessions. The characterization site,
Naini Prayagraj, is located at 13° 05' N latitude and 77° 34' E
longitude. The Centre is 924 m above mean sea level. The annual
rainfall ranges from 528 to 1374.4 mm with a mean of 915.8 mm. The
germplasm accession was divided into three blocks, each consisting of
46 accessions and four check varieties (ISE375, ISE1468, ISE132, and
ISE376). Each accession was grown in a single row 3 m in length and
spaced 30 cm apart, and plant-to-plant spacing within the row was 10
cm. After 15 days, the crop was supplied with the recommended dose
of fertilizer (10 kg N and 20 kg P-05 ha as a basal dose and 10 kg N at
the time of earthing up). Irrigation was not provided and crops only
received rainwater and were protected from weeds, pests, and
diseases. For all characters, except days to emergence and days to
maturity, observations were made for five randomly selected plants in
each entry of each replication. The phenotypic correlation coefficients
were obtained using the formula proposed by Vinsonias (2018).

The phenotypic correlations of all traits in the complete
germplasm were estimated, and numerous significant correlations
were found. Data for all quantitative characters were collected and
subjected to analysis of variance for augmented block design using the
method described by Kempthorne (1957). PCA was calculated for 15
quantitative traits to examine the relative value of various traits in
capturing variation across the entire germplasm. The PCA was
performed using WINDOWS STAT statistical software, as
recommended by Fujita et al. (1996).

HGCV

10.3389/fpls.2023.1017652

3 Results

Accessions showed variability among the quantitative and
qualitative characters studied. The genetic parameters of 10
genotypes for 15 characters of foxtail millet were observed.
Genotypic variance was high for plant height and low for leaf
width. Phenotypic variance was at maximum for plant height and
at minimum for leaf width. GCV was at maximum for economic yield
and at minimum for conductivity temperature and depth (CTD).
PCV was at maximum for economic yield and at minimum for CID.
Heritability was at maximum for days of 50% flowering and at
minimum for economic yield. Genetic advance (GA) was at
maximum for plant height and at minimum for harvest index
(Figures 1, 2). Ten accessions were used for calculations of
genotypic and phenotypic coefficient of variation for different
parameters in S. Italica (Singh et al., 2021). GCV and PCV ratios
were highest for economic yield, while GCV and PCV ratios were very
low for CTD. GCV and PCV ratios for all characters were as follows:
days to 50% flowering, 6.50 and 7.03; days to 70% flowering, 5.68 and
5.88; plant height, 20.27 cm and 22.38 cm; leaf width, 10.10 cm and
13.06 cm; leaf length, 10.69 cm and 13.08 cm; pedicle length, 19.07 cm
and 20.43 cm; panicle length, 23.97 cm and 25.25 cm; panicle weight,
32.77 g and 37.36 g; leaf area index, 25.23 and 28.86; stem girth,
8.42 cm and 10.31 cm; soil plant analysis development (SPAD), 7.01
and 10.38; CTD, 3.08 and 3.22; harvest index, 31.70% and 40.77%;
biological yield, 32.55 g and 38.37 g; and grain yield, 47.24 g
and 82.29g.

The heritability and GA ratio was high for the leaf area index and
very low for economic yield and the harvest index. The heritability and
GA ratios for all characters were as follows: days to 50% flowering,
96.26 and 7.29; days to 70% flowering, 93.31 and 7.29; plant height,
82.00 cm and 42.46 cm; leaf width, 59.86 cm and 0.22 cmy; leaf length,

mPCV

FIGURE 1

The genotypic and phenotypic coefficient of variation in 50 accessions for different parameters in S. italica.
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FIGURE 2

Histogram depicting heritability and genetic advance coefficient of variation for different parameters in S. italica.

66.80 cm and 6.40 cm; peduncle length, 87.17 cm and 10.09 cmy; panicle
length, 90.13 cm and 8.10 cm; panicle weight, 76.96 gm and 1.59 gm;
leaf area index, 76.43 and 37.96; stem girth, 66.63 cm and 0.39 cmy
SPAD, 45.61 nm and 5.26 nm; CTD, 91.43°C and 2.12°C; harvest index,
60.47 gm and 0.21 gm; biological yield, 71.99 gm and 4.26 gm; and
economic yield, 32.96 gm and 1.70 gm. Brunda et al. (2014) reported
that different crops have contributed to the overall parameters which
involve the GCV and PCV traits.

3.1 Correlation analysis

The genotypic and phenotypic correlation between yield and yield
components and the interrelationships among them are estimated
and presented in Tables 1, 2. The qualitative and quantitative
characters of the 50 genotypes from 2018 were analyzed to help
identify the 10 best genotypes. The same methodology was used to
select the five best genotypes from the 10 from 2019.

3.1.1 Genotypic correlation

For the 50 genotypes from 2018, the following genotypic
correlations were obtained: days to 70% flowering had a 1%
significant genotypic correlation with days to 50% flowering
(0.466*); grain yield had a 50% significant genotypic correlation
with leaf width (0.184 cm); grain yield had a 1% significant
genotypic correlation with biological yield (0.554**); grain yield had
a 1% significant genotypic correlation with harvest index (1.059%);
and grain yield showed a negative genotypic correlation with SPAD
(—0.403), CTD (-0,037), stem girth (-0.326 cm), and panicle length
(-0.048 cm).

For the 10 genotypes from 2019, the genotypic correlations are
shown in Table 2 and were as follows: grain yield with plant height
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(0.915), peduncle length (0.568 cm*), panicle length (0.551 cm),
panicle weight (1.028 g), SPAD (0.609), harvest index (1.062%),
and biological yield (1.197 g) showed a 1% significant genotypic
correlation; grain yield with leaf width (-0.034 cm), stem girth
(-0.275 cm), and CTD (-0.053) showed a negative genotypic
correlation; and grain yield with days to 50% flowering (0.109),
days to 70% flowering (0.102), plant height (0.015 cm), leaf length
(0.249 cm), peduncle length (0.568 cm), panicle length (0.551 c¢m),
leaf area index (1.028), SPAD (0.098), harvest index (0.609%),
biological yield (1.062 g), and grain yield (1.197 g) showed a
positive genotypic correlation.

3.1.2 Phenotypic correlation

Phenotypic correlations were calculated among the 50 genotypes
from 2018. There was 1% significance with days to 70% flowering,
plant height, leaf area index, leaf length, leaf width, peduncle length,
harvest index, biological yield, grain yield, peduncle weight, and stem
girth. Grain yield with days to 70% flowering (—0.015), panicle length
(—0.036 cm), stem girth (-0.023 cm), CTD (0.043), and SPAD (0.150)
showed a negative phenotypic correlation. Grain yield showed a
significantly increased positive correlation with days to 50%
flowering (0.071), plant height (0.053 cm), leaf area index (0.099),
leaf length (0.117 cm), leaf width (0.084 cm), peduncle length (0.024
cm), panicle weight (0.207 g), biological yield (0.297 g), harvest index
(0.506%), and grain yield (1.000 g). Grain yield showed an increased
positive phenotypic correlation in 10 genotypes.

The relationship pattern of grain yield with panicle weight,
panicle length, leaf width, leaf length, leaf area index, and plant
height was comparable at genotypic and phenotypic levels for the 50
genotypes from 2018. A profoundly huge positive affiliation was
observed for grain yield per plant with panicle length, leaf width,
leaf length, and leaf area index at both the genotypic and phenotypic
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TABLE 1 Estimation of 50 accessions for the genotypic correlation coefficient 15 yield component in foxtail millet from 2018.

Davs of 50%  Davs of 70% Panicle  Panicle  Peduncle Pla Biological Harvest Economic
ys 0 ys 0 length weight length height yield index yield
flowering flowering 0
(cm) (gm) (cm) (cm) (gm) (%) (gm)
1 Days of
50% 1.000 0.474% 0354 | 0.261% 0302 0.117 0.413* 0385 0318 | 0.016 0.067 0.137 0.080 0.361 0.085
flowering
2 Days of
70% 0.474% 1.000 0.081 0.137 0.232* 0.212* 0.232* 0277 0.126 -0.046 -0.091 0.164* 0.170* 0.252* -0.007
flowering
3 Leaf length
(::l) engt 0.354** 0.081 1.000 0330 0343 0.223* 0.287+ 0447 0.097 0.224* 0.030 20279 | 0.125 0.386** 0.140
4 Leaf width
(::l)w‘ 0.261% 0.137 0.330** | 1.000 0.368** 0.250* 0.210% 0.331% -0.118 0.002 0.311% -0.012 -0.089 0.875* 0.151
5 Panicle
length (cm) 0302 0.232* 0.343* | 0368  1.000 0.026 0.245* 0.494 -0.101 0.160 0.029 0.074 -0.140 0.295% -0.032
6 Panicle
weight (gm) 0.117 0.212* 0.223* 0.250*  0.026 1.000 0.234* 0.386* -0216* | -0.004 0.205* 0.010 0.027 0.298* 0.150
7 Peduncle
length (cm) 0413 0.232* 0287+ | 0210  0.245* 0.234* 1.000 0.709%* -0.027 0.645** | 0.096 0.171% -0.140 0.107 -0.022
8 Plant height
(aa:) eght ) sg5e 0.277+ 0447+ | 0331 0.494** 0.386* 0.709** 1.000 0.052 0.445% | 0.234* 0.058 -0.145 0.298* 0.123
9 SPAD 0.318** 0.126 0.097 -0.118  -0.101 -0.216* -0.027 0.052 1.000 0.032 -0.085 -0.216* | -0.376** -0.076 -0.369**
10 Stem girth
(c;"; g 0.016 -0.046 0.224* 0.002 0.160 -0.004 0.645* 0445 0.032 1.000 0.005 20.273% | -0.299%* -0.193* -0.150
11 Biological
vield (gm) 0.067 -0.091 0.030 0311%  0.029 0.205* 0.096 0.234* -0.085 0.005 1.000 0.252* 03124 0.241% 0422+
12 CID 0.137 0.164* 20279 | 0012 0.074 0.010 0.171% 0.058 -0.216* | -0.273** | 0.252* 1.000 -0.080 -0.083 -0.021
13 Harvest
index (%) 0.080 0.170* 0.125 0.089  -0.140 0.027 -0.140 -0.145 20376 | -0.299%* | -0.312** -0.080 1.000 -0.011 0.557*
0
14 Leaf area
d 0.361** 0.252* 0.386" | 0.875**  0.295%* 0.298* 0.107 0.298* -0.076 -0.193* | 0.241% -0.083 -0.011 1.000 0.123
mdex
15 Economic
feld (gm) 0.085 -0.007 0.140 0.151 -0.032 0.150 -0.022 0.123 -0.369** | -0.150 0.422* -0.021 0.557* 0.123 1.000
y

*Significant at the 5% level; ** Significant at 1%.
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TABLE 2 Estimation of 10 accessions for the genotypic correlation coefficient 15 yield component in foxtail millet from 2019.

Days to 50% Days to Peduncle  Panicle  Panicle  Plant Harvest Biological Economic
flowering flowering length length weight height index yield yield
(em) (cm) (gm) (cm) (%) (gm) (em)
1 Days to 1.000 1.467 -0.225 -0.480* -0.100 0.030 0.059 -0.656** | 0.477* -0.555* -0.631% | -0.636™ | -0.241 0692 0.111
50%
flowering
2 Days to 1.467 1.000 -0.475* -0.703** -0.072 0.131 -0.077 | -0.255 0.680** -0.637** -0.695%* | -0424* | -0.329 0.761%* | 0.145
70%
flowering
3 Peduncle -0.225 -0.475* 1.000 0.935* 0.414* -0.147 <0226 -0.545* | 0.024 0.455* 0.421% 0.378* | 0.567* -0.485* | 0.443*
length (cm)
4 Panicle -0.480* -0.703* 0.935% 1.000 0.503* 0.027 -0.062 | -0.399*  -0.029 0.570* 0.624** | 0.525* | 0.610" -0.765%* | 0.436*
length (cm)
5 Panicle -0.100 -0.072 0.414* 0.503* 1.000 0.635% 0241 -0.165 0.515* 0.599** 0.652** | 0.565* | 0.878"* -0.326 0.811%
weight (gm)
6 Plant height | 0.030 0.131 -0.147 0.027 0.635* 1.000 0.546* 0076  0.615** 0.130 0.391% 0.010 0.609* 10.363* | 0.685*
(cm)
7 SPAD 0.059 -0.077 -0.226 -0.062 0.241 0.546* 1.000 0.152 0.004 0.062 0.297 -0.135 0.360 0392 | 0.226
8 Stem girth -0.656** -0.255 -0.545% -0.399* -0.165 -0.076 0.152 1.000 0.094 -0.180 -0.096 0.007 -0.352 -0.049 -0.192
(cm)
9 Harvest 0477+ 0.680** 0.024 -0.029 0.515* 0.615  0.004 0.094 1.000 -0.227 -0.177 -0.228 0.362* 0.061 0.789**
index (%)
10 Leaf area -0.555* -0.637* 0.455* 0.570* 0.599** 0.130 0.062 -0.180 -0.227 1.000 1.045 1.082 0.499* -0.837* | 0.097
index
11 Leaf length | -0.631* -0.695* 0.421% 0.624** 0.652* 0.391% 0.297 -0.096 -0.177 1.045 1.000 0.894* | 0.590** -1.048% | 0.184
(cm)
12 Leaf width -0.636* -0.424* 0.378* 0.525* 0.565* 0.010 -0.135 | 0.007 -0.228 1.082 0.894**  1.000 0.288 0.959%* | -0.044
(cm)
13 Biological -0.241 -0.329 0.567* 0.610* 0.878* 0.609* 0360 -0.352 0.362* 0.499* 0.590** | 0.288 1.000 -0.284 0.842°%
yield (gm)
14 CTD 0.692** 0.761* -0.485* -0.765** -0.326 -0363*  0.392* | -0.049 0.061 -0.837% -1.048% | -0.959** | -0.284 1.000 -0.102
15 Economic 0.111 0.145 0.443* 0.436* 0.811% 0.685* 0226 -0.192 0.789** 0.097 0.184 -0.044 0.842* -0.102 1.000
yield (cm)

**Significant at 1%; *significant at the 5% level.
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levels. Comparative outcomes showed that grain yield per plant had a
positively huge relationship at the two levels in terms of days to
development, panicle length, panicle weight, plant stature, and test
weight. Connection examinations likewise give provided data about
the relationship between other plant attributes. Plant height had an
exceptionally critical positive relationship with number of tillers and
panicle length, which was in line with Nirmlakumari and
Vetriventhan (2010), and furthermore with panicle width and
panicle weight. Leaf area index and panicle weight showed an
exceptionally critical positive relationship among themselves. Thus,
the determination of both of these qualities increases the chances of
improving the other characteristics; therefore, both attributes further
improve grain yield.

It is fascinating to note that stem girth shows a positively huge
relationship with plant height and peduncle length. Phenotypic
correlations in the 10 genotypes collected in 2019 are shown in
Table 2. Economic yield showed a 5% significant phenotypic
correlation with plant height (0.457%), a 1% significant phenotypic
correlation with panicle weight (0.615%), harvest index (0.553), and
biological yield (0.521*), a negative phenotypic correlation with leaf
width (-0.046), stem girth (-0.064), SPAD (-0.113), and CTD
(-0.088), and a positive correlation with days to 50% flowering
(0.104), days to 70% flowering (0.071), plant height (0.116), leaf
length (0.091), peduncle length (0.304), panicle length (0.331),
biological yield (0.521), and economic yield (1.000).

3.2 Path coefficient analysis

The direct and indirect effects of different yield components in
grain yield were calculated through path coefficient analysis at
genotypic and phenotypic levels and are shown in Tables 3, 4. The
phenotypic and genotypic correlations reveal the extent and direction
of association between different characters. These are in agreement
with the results obtained by Brunda et al. (2015) in foxtail millet and
suggest that selection for these traits indirectly improves grain yield.

3.2.1 Genotypic path correlation

Genotypic path correlation revealed a highly positive direct effect
of panicle length. Days to 50% flowering, plant height, leaf width,
biological yield, economic yield, and harvest index showed a negative
genotypic path coefficient analysis with plant height (-0.1375), leaf
width (-0.1275), peduncle length (-0.0190), panicle length (—0.1401),
panicle weight (-0.051), stem girth (-0.6868), CTD (-0.1372), and
SPAD (0.3700). Harvest index showed a significant increase and
positive correlation coefficient analysis with days to 50% flowering
(0.0979), days to 70% flowering (0.2048), leaf area index (0.0218), leaf
length (0.2456), biological yield (0.0109), and economic
yield (0.7547).

3.2.2 Phenotypic path correlation

The phenotypic path in the 50 genotypes collected in 2018 is
shown in Table 5 and revealed a highly positive direct effect of plant
height, leaf length, leaf width, panicle length, and biological yield.
Harvest index showed a negative phenotypic path correlation with
plant height (-0.0630), leaf area index (-0.0032), leaf width
(—0.0431), peduncle length (-0.0561), panicle length (-0.0988),
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stem girth (-0.0201), CTD (-0.281), SPAD (-0.1502), and
biological yield (-0.2820), and a positive phenotypic path coefficient
analysis with days to 50% flowering (0.0419), days to 70% flowering
(0.0582), leaf length (0,0740), and panicle weight (0.0359).

For the 10 genotypes collected in 2019, genotypic path coefficient
analysis is shown in Table 6, which reveals the highly positive direct
effect of harvest index, panicle weight, and plant height. Genotypic
path coefficient analysis showed a positive genotypic path for days to
50% flowering (2.364), leaf length (0.427), panicle length (0.741), and
leaf area index (2.747). Biological yield showed a positive genotypic
path coefficient analysis with days to 50% flowering (0.234), days to
70% flowering (0.296), stem girth (0.366), and CTD (0.236). The
immediate and roundabout impacts of various yield segments on
grain yield were determined through weight examination at
phenotypic and genotypic levels. This examination uncovered the
high and immediate impact of plant height, peduncle length, and leaf
width on grain yield per plant in 50 germplasm assortments. This
demonstrates a genuine connection between these characters with
grain yield per plant and the direct determination of these attributes
helps to improve grain yield per plant. Comparable investigations of
grain yield were carried out at the genotypic and phenotypic level in
terms of panicle weight, test weight, and straw weight. Weight
examination showed that plant height and peduncle length
significantly and immediately affected grain yield. This positive
direct impact of plant stature and peduncle length on grain yield
suggests that the biomass of a plant should be built up to increase
yield. The weight investigation revealed that the immediate impact of
plant height, leaf length, leaf width, and panicle length on grain yield
was positive. For this characteristic to produce the desired results, it
would seem that determination must be focused in a
particular direction.

The immediate impact of days to 70% flowering on grain yield
was low and negative in both genotype and phenotype. The
immediate impact of stem girth on grain yield was positive and
low, which corroborates the findings of Nirmlakumari and
Vetriventhan (2010). This positive direct impact of plant height on
grain yield is attractive as it offers a way to increase straw and grain
yield. The immediate impact of test weight on grain yield per plant
was positive and high in both seasons, which demonstrates the
genuine relationship between these attributes and a straightforward
method for increasing grain yield. There is a tendency to believe that
the determination of panicle length in foxtail millet will lead to plant
height, stem girth, and leaf length being targeted to expand grain yield
per plant. In light of the consequences of the weight examination,
there is a tendency to infer that increasing characters such as panicle
length, plant height, and stem girth, which had a positive connection
with and direct impact on yield, will improve yield. Henceforth, lavish
plants with enormous panicles, increased grain weight, and high
panicle weight might bring about a better return in genotypes of
foxtail millet.

The phenotypic path in the 10 genotypes collected in 2019 is
shown in Table 7 and revealed a highly positive direct effect of plant
height, harvest index, and biological yield. Biological yield showed a
positive phenotypic path with plant height (0.037), leaf width (0.012),
leaf length (0.031), pedicle length (-0.034), panicle length (0.036),
panicle weight (0.052), and SPAD (0.027) and a negative phenotypic
path with days to 70% flowering (—0.013), days to 50% flowering
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TABLE 3 Estimation of 50 accessions for the phenotypic correlation coefficient 15 yield component in foxtail millet from 2018.

Days of 50%  Days of 70% Panicle  Panicle Peduncle  Plant Biological Harvest Economic
flowering flowering length weight length height yield index yield
(em) (gm) (em) (cm) (gm) (%) (gm)
1 Days of 50%  1.000 0.454** 0296 0.215* | 0.268* 0.114 0.347* 0.322% 0.154 0.013 0.063 0033 | 0.076 0.309** 0.086
flowering
2 Days of 70% | 0.454** 1.000 0.053 0.098 0.179* 0.182* 0.152 0.195* 0.037 -0.066  -0.073 0023 | 0.151 0.204* 0.002
flowering
3 Leaf length | 0.296** 0.053 1.000 0311 | 0.309%* 0.201% 0.235* 0.394 0.054 0.177% | 0.028 -0.140 | 0.115 0.369** 0.128
(cm)
4 Leaf width 0.215* 0.098 0.311%* | 1.000 0.331% 0.225* 0.168* 0.304* -0.050 | -0.007  0.282** 0.024 | -0.082 0.833** 0.131
(cm)
5 Panicle 0.268* 0.179* 0309 | 0.331** | 1.000 0.020 0.182* 0414 -0.044 | 0.104 0.060 0026 | -0.141 0.257* -0.021
length
(cm)
6 Panicle 0.114 0.182* 0.201% 0225 | 0.020 1.000 0.184* 0.339* -0.118 | -0.009  0.199* 0011 | 0.048 0.263* 0.157
weight (gm)
7 Peduncle 0347+ 0.152 0.235* 0.168* | 0.182* 0.184* 1.000 0.605* 0.049 0357 | 0.068 0.103 | -0.125 0.098 -0.028
length (cm)
8 Plant height | 0.322** 0.195% 0394 0.304% | 0.414* 0.339** 0.605** 1.000 0.043 0.283* | 0.198* 0.068 | -0.148 0.271% 0.086
(cm)
9 SPAD 0.154 0.037 0.054 -0.050 -0.044 -0.118 0.049 0.043 1.000 0.023 -0.054 -0.039 | -0210* -0.053 -0.193*
10 Stem girth 0.013 -0.066 0.177* -0.007 | 0.104 -0.009 0.357 0.283* 0.023 1.000 0.016 -0.089 | -0.198* -0.130 -0.085
(cm)
11 Biological 0.063 -0.073 0.028 0282 | 0.060 0.199* 0.068 0.198* -0.054 | 0016 1.000 0.095 | -0.310% 0.214* 0.399**
yield
(gm)
12 CTD 0.033 0.023 -0.140 20.024 | 0.026 0.011 0.103 0.068 -0.039 | -0.089  0.095 1.000 | -0.029 -0.065 -0.015
13 Harvest 0.076 0.151 0.115 -0.082 -0.141 0.048 -0.125 -0.148 -0210% | -0.198*  -0.310"* -0.029 | 1.000 -0.011 0.539**
index (%)
14 Leaf area 0.309** 0.204* 0369 0.833** | 0257 0.263* 0.098 0271 20053 | -0.130 | 0214* -0.065 | -0.011 1.000 0.116
index
15 Economic 0.086 0.002 0.128 0.131 -0.021 0.157 -0.028 0.086 -0.193* | -0.085 0.399** -0.015 | 0.539* 0.116 1.000
yield (gm)

**Significant at 1%; *significant at the 5% level.
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TABLE 4 Estimation of 10 accessions for the phenotypic correlation coefficient 15 yield component in foxtail millet from 2019.

Days to 50%  Days to 70%  Peduncle | Panicle Panicle Plant SPAD Harvest  Leaf area Biological Economic
flowering flowering length length weight height index index yield yield
(cm) (cm) (gm) (cm) (%) (gm) (gm)
Days to 50% | 1.000 0.556* -0.217 -0.323 -0.021 0.041 20.071  -0.251 0327 -0.314 -0.405* -0.230 -0.152 0395° | 0.098
flowering
Days to 70% | 0.556* 1.000 0213 -0.390* -0.067 0.044 20120 -0.272 0.389* -0.280 -0.376* -0.370¢ | -0.186 0276 | 0.068
flowering
Peduncle -0.217 0213 1.000 0.879** 0.362* -0.138 -0.188 | -0.356 0.031 0.413* 0.321 0.262 0.538* 0217 | 0.401%
length
(cm)
Panicle -0.323 -0.390* 0.879** 1.000 0.485* 0.025 20.042  -0277 -0.020 0.540* 0471 0358 0.600** -0.408* | 0.425*
length
(cm)
Panicle -0.021 -0.067 0.362* 0.485* 1.000 0.611% 0.181 -0.087 0.504* 0.578** 0.488* 0411% 0.857* 20229 | 0793
weight
(gm)
Plant height | 0.041 0.044 -0.138 0.025 0.611+ 1.000 0.335 -0.025 0.576* 0.156 0.272 -0.078 0.569* -0.105 | 0.650**
(cm)
SPAD -0.071 -0.120 -0.188 -0.042 0.181 0.335 1.000 0.135 0.039 0.001 0.042 -0.216 0.234 0032 | 0175
Stem girth -0.251 0272 -0.356 0277 -0.087 -0.025 0.135 1.000 0.060 -0.132 -0.198 0.049 -0.203 0.112 -0.125
(cm)
Harvest 0.327 0.389* 0.031 -0.020 0.504* 0.576** 0.039 0.060 1.000 -0.225 -0.182 -0.199 0351 0013 | 0.772%
index
(%)
Leaf area -0.314 -0.280 0.413* 0.540* 0.578* 0.156 0.001 -0.132 -0.225 1.000 0.821% | 0746  0478* -0.405* | 0.096
index
Leaf length -0.405* -0.376* 0.321 0471% 0.488* 0.272 0.042 -0.198 -0.182 0.821%* 1.000 0760 | 0.492* -0.436* | 0.136
(cm)
Leaf width -0.230 -0.370* 0.262 0.358 0411% -0.078 0216 | 0.049 -0.199 0.746** 0.760* 1.000 0.253 -0.357 | -0.037
(cm)
Biological -0.152 -0.186 0.538* 0.600** 0.857°* 0.569* 0.234 -0.203 0351 0.478* 0.492* 0.253 1.000 0101 | 0.831**
yield
(gm)
CTD 0.395* 0.276 -0.217 -0.408* -0.229 -0.105 0.032 0.112 0.013 -0.405* -0.436* -0.357 -0.101 1.000 -0.032
Economic 0.098 0.068 0.401% 0.425* 0.793* 0.650* 0.175 -0.125 0.772% 0.096 0.136 -0.037 0.831% -0.032 | 1.000
yield
(gm)

**Significant at 1%; *significant at the 5% level.
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TABLE 5 Genotypic path of 15 yield component traits in 50 foxtail millet accessions from 2018.

**Significant at 1%.

75

Days of 50%  Days of 70% Panicle Panicle Peduncle  Plant Biological Harvest  Leaf area Economic
flowering flowering length weight length height yield Index index yield
(cm) (gm) (cm) (cm) (cm) (%) (gm)

Days of 50%  0.123 0.059 0.044 0.032 0.037 0.015 0.051 0.048 0.039 0.002 0.008 0017 | 0.010 0.045 0.085
flowering
Days of 70%  -0.012 -0.025 -0.002 -0.003 -0.006 -0.005 -0.006 -0.007 -0.003 0.001 0.002 -0.004 | -0.004 -0.006 -0.007
flowering
Leaf length -0.008 -0.002 -0.023 -0.008 -0.008 -0.005 -0.007 -0.011 -0.002 -0.005 -0.001 0.007 | -0.003 -0.009 0.140
(cm)
Leaf width 0.073 0.038 0.092 0.279 0.103 0.070 0.058 0.092 -0.033 0.000 0.087 -0.003 | -0.025 0.244 0.151
(cm)
Panicle -0.014 -0.011 -0.016 -0.017 -0.047 -0.001 -0.012 -0.023 0.005 -0.008 -0.001 -0.004 | 0.007 -0.014 -0.032
length (cm)
Panicle -0.010 -0.017 -0.018 -0.020 -0.002 -0.081 -0.019 -0.031 0.018 0.000 -0.017 -0.001 | -0.002 -0.024 0.150
weight (gm)
Peduncle -0.010 -0.005 -0.007 -0.005 -0.006 -0.005 -0.023 -0.017 0.001 -0.015 -0.002 -0.004 | 0.003 -0.003 -0.022
length (cm)
Plant height  0.096 0.069 0.112 0.083 0.124 0.097 0.178 0.250 0.013 0.111 0.059 0015 | -0.036 0.075 0.123
(cm)
SPAD -0.061 -0.024 -0.019 0.023 0.019 0.042 0.005 -0.010 -0.192 -0.006 0.016 0042 | 0.072 0.015 -0.369**
Stem girth -0.003 0.009 -0.044 0.000 -0.031 0.001 -0.126 -0.087 -0.006 -0.196 -0.001 0.053 | 0.059 0.038 -0.150
(cm)
Biological 0.043 -0.059 0.019 0.200 0.019 0.132 0.062 0.151 -0.055 0.003 0.644 0.162 | -0.201 0.155 0.422%*
yield (cm)
CTD -0.039 -0.046 0.079 0.003 -0.021 -0.003 -0.048 -0.016 0.061 0.077 -0.071 <0282 0.023 0.024 -0.021
Harvest 0.052 0.111 0.081 -0.058 -0.091 0.018 -0.091 -0.095 -0.245 -0.195 -0.203 -0.052 | 0.651 -0.007 0.557+
index (gm)
Leaf area -0.147 -0.103 -0.158 -0.357 -0.121 -0.122 -0.044 -0.122 0.031 0.079 -0.098 0.034 | 0.005 -0.408 0.123
index
Economic 0.085 -0.007 0.140 0.151 -0.032 0.150 -0.022 0.123 -0.369** | -0.150 0.422% -0.021 | 0.557* 0.123 1.000
yield (gm)
Partial R? 0.010 0.000 -0.003 0.042 0.002 -0.012 0.001 0.031 0.071 0.029 0.272 0.006 | 0.363 -0.050
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TABLE 6 Genotypic path of 15 yield component traits in 10 foxtail millet accessions from 2019.
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Days of 50%  Days of 70% Panicle Panicle Peduncle | Plant Biological Harvest  Leaf area = Economic
flowering flowering length weight length height yield index index yield
(cm) (gm) (cm) (cm) (cm) (%) (gm)

Days of 50% | 0.007 0.010 -0.002 -0.003 -0.001 0.000 0.000 -0.005 0.003 -0.004 -0.004 -0.004  -0.002 0.005 0.111
flowering
Days of 70% | -0.040 -0.027 0.013 0.019 0.002 -0.004 0.002 0.007 -0.018 | 0.017 0.019 0012 | 0.009 -0.021 0.145
flowering
Leaf length 0.014 0.030 -0.063 -0.058 -0.026 0.009 0.014 0.034 -0.002 | -0.029 -0.026 -0.024  -0.035 0.030 0.443
(cm)
Leaf width -0.114 -0.167 0.222 0.237 0.119 0.007 -0.015 -0.095 -0.007 | 0.135 0.148 0124 | 0.145 -0.181 0.436
(cm)
Panicle -0.017 -0.012 0.070 0.085 0.170 0.108 0.041 -0.028 0.087 0.102 0.111 0.096 | 0.149 -0.055 0.811
length (cm)
Panicle -0.001 -0.005 0.005 -0.001 -0.023 -0.036 -0.020 0.003 -0.022 | -0.005 -0.014 0.000  -0.022 0.013 0.685
weight (gm)
Peduncle -0.001 0.001 0.003 0.001 -0.003 -0.007 -0.013 -0.002 0.000 -0.001 -0.004 0002  -0.005 -0.005 0.226
length (cm)
Plant height  -0.003 -0.001 -0.002 -0.002 -0.001 0.000 0.001 0.004 0.000 -0.001 0.000 0.000  -0.002 0.000 -0.192
(cm)
SPAD 0.235 0336 0.012 -0.014 0.254 0304 0.002 0.047 0.494 -0.112 -0.087 -0.113 | 0.179 0.030 0.789
Stem girth 0.111 0.127 -0.091 -0.114 -0.120 -0.026 -0.012 0.036 0.045 -0.200 -0.209 <0216  -0.100 0.167 0.097
(cm)
Biological -0.024 -0.027 0.016 0.024 0.025 0.015 0.011 -0.004 -0.007 | 0.040 0.039 0.034 | 0.023 -0.040 0.184
yield (cm)
CTD 0.054 0.036 -0.032 -0.045 -0.048 -0.001 0.011 -0.001 0.019 -0.092 -0.076 -0.085  -0.025 0.081 -0.044
Harvest -0.129 -0.176 0.303 0.326 0.469 0.325 0.192 -0.188 0.193 0.267 0315 0.154 | 0.534 -0.152 0.842
index (gm)
Leaf area 0.018 0.019 -0.012 -0.019 -0.008 -0.009 0.010 -0.001 0.002 -0.021 -0.026 -0.024 | -0.007 0.025 -0.102
index
Economic 0.111 0.145 0.443 0.436 0.811 0.685 0.226 -0.192 0.789 0.097 0.184 -0.044 | 0.842 -0.102 1.000
yield (gm)
Partial R? 0.001 -0.004 -0.028 0.103 0.138 -0.025 -0.003 -0.001 0.390 -0.020 0.007 0.004 | 0.450 -0.003
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TABLE 7 Phenotypic path of 15 yield component traits in 50 foxtail millet accessions from 2018.

77

Days of 50%  Days of 70% Panicle Panicle Peduncle | Plant Biological Harvest  Leaf area = Economic
flowering flowering length weight length height yield index index yield
(cm) (gm) (cm) (cm) (cm) (%) (gm)

Days of 50% | 0.025 0.014 -0.005 -0.008 -0.001 0.001 -0.002 -0.006 0.008 -0.008 -0.010 -0.006 | -0.004 0.010 0.098
flowering
Days of 70% | -0.022 -0.040 0.008 0.016 0.003 -0.002 0.005 0.011 20015 | 0011 0.015 0015 | 0.007 -0.011 0.068
flowering
Leaf length 0.017 0.017 -0.078 -0.069 -0.028 0.011 0.015 0.028 -0.002 | -0.032 -0.025 20020 -0.042 0.017 0.401
(cm)
Leaf width -0.064 -0.078 0.175 0.199 0.096 0.005 -0.008 -0.055 -0.004 | 0.107 0.094 0071 | 0119 -0.081 0425
(cm)
Panicle -0.003 -0.008 0.044 0.058 0.120 0.073 0.022 -0.010 0.061 0.070 0.059 0049 | 0.103 -0.028 0.793
length (cm)
Panicle -0.002 -0.002 0.005 -0.001 -0.023 -0.037 -0.012 0.001 -0.021 | -0.006 -0.010 0.003  -0.021 0.004 0.650
weight (gm)
Peduncle 0.002 0.003 0.004 0.001 -0.004 -0.007 -0.021 -0.003 -0.001 | 0.000 -0.001 0.005  -0.005 -0.001 0.175
length (cm)
Plant height | 0.004 0.004 0.005 0.004 0.001 0.000 -0.002 -0.014 -0.001 | 0.002 0.003 -0.001 | 0.003 -0.002 -0.125
(cm)
SPAD 0.161 0.191 0.015 -0.010 0.248 0.283 0.019 0.030 0.492 -0.111 -0.090 -0.098 | 0.173 0.006 0.772
Stem girth 0.050 0.045 -0.066 -0.086 -0.092 -0.025 0.000 0.021 0.036 -0.159 -0.131 -0.119 | -0.076 0.065 0.096
(cm)
Biological -0.012 -0.011 0.009 0.014 0.014 0.008 0.001 -0.006 -0.005  0.024 0.029 0022 0014 -0.013 0.136
yield (cm)
CTD 0.023 0.036 -0.026 -0.035 -0.040 0.008 0.021 -0.005 0.019 -0.073 -0.074 -0.098  -0.025 0.035 -0.037
Harvest -0.089 -0.109 0.316 0.352 0.503 0.334 0.137 -0.119 0.206 0.281 0.289 0.149 | 0.587 -0.059 0.831
index (gm)
Leaf area 0.010 0.007 -0.006 -0.010 -0.006 -0.003 0.001 0.003 0.000 -0.010 -0.011 -0.009  -0.003 0.025 -0.032
index
Economic 0.098 0.068 0.401 0.425 0.793 0.650 0.175 -0.125 0.772 0.096 0.136 -0.037 | 0.831 -0.032 1.000
yield (gm)
Partial R? 0.002 -0.003 -0.031 0.084 0.095 -0.024 -0.004 0.002 0.380 -0.015 0.004 0.004 | 0488 -0.001
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(—0.016), stem girth (-0.016), CTD (—0.011), harvest index (0.013),
and biological yield. (0.016). Path analysis indicated that plant height
and harvest index had a highly positive direct effect on grain yield
(Table 8). This positive direct effect of plant height and biological
yield on economic yield provides scope to increase the biomass of
plants with increased yield.

3.3 Principal component analysis

PCA reduces a very large series of data into a smaller number of
components by looking for groups with very strong intercorrelations
with a set of variables, and each component is explained as a
percentage of variation to the overall variability. The first main
component explains most of the overall population variation,
followed by subsequent components for huge data, PCA was used
to reduce the multivariate data to determine the importance and
contribution of each component to the total variance. From the data
shown in Figure 3, total variation could be 100% explained by 15
principal components (PCs). The PC eigenvalues of 50 genotypes
were calculated and represented F1 to F15. F1 was the largest
contributing PC, followed by F2, F3, F4, F5, F6, F7, F8, F9, F10,
F11, F12, F13, F14, and F15. PC F1 was the most important
contributing character, with an eigen value of 3.590, variability of
23.931%, and a cumulative variance of 23.931%. For the entire
germplasm, PC F1 mainly separated accessions with the following
14 traits: days of 50% flowering (0.324), days of 70% flowering (0.231),
leaf length (0.318), leaf width (0.362), panicle length (0.291), panicle
weight (0.242), peduncle length (0.327), plant height (0.416), SPAD
(0.004), stem girth (0.128), biological yield (0.167), CTD (0.039),
economic yield (0.103), and leaf area index (0.360), which had the
highest loadings in PC F1, indicating the significant importance of
this component. These traits explained the largest portion of
the variability.

The results of the PCA are shown in Figures 3-6. PC F2 had an
eigenvalue of 2.069, a variability of 13.794%, and a cumulative
variability of 37.725%. PC F2 mainly separates accessions with eight
traits: leaf length (0.005), leaf width (0.194), panicle weight (0.155),
biological yield (0.190), CTD (0.044), economic yield (0.499), harvest
index (0.416), and leaf area index (0.253), indicating their significant
importance for these components. The remaining characters
contributed negatively to the first component. The main traits for
PC F3 were days of 50% flowering (0.230), days of 70% flowering
(0.261), leaf length (0.225), panicle length (0.018), peduncle length
(0.064), plant height (0.017), SPAD (0.073), stem girth (0.108),
economic yield (0.165), and harvest Index (0.557). PC F4 had an
eigenvalue of 1.512, a variability of 10.080%, and a cumulative
variability (CV) of 58.221%. PC F5 had an eigenvalue of 1.235, a
variability of 8.236%, and a CV of 66.457%. PC F6 had an eigenvalue
of 1.050, a variability of 7.002%, and a CV of 73.458%. PC F7 had an
eigenvalue of 0.902, a variability of 6.014%, and a CV of 79.473%. PC
F8 had an eigenvalue of 0.798, a variability of 5.323%, and a CV of
84.796%. PC F9 had an eigenvalue of 0.671, a variability of 4.471%,
and a CV of 89.267%. PC F10 had an eigenvalue of 0.460, a variability
0f 3.065%, and a CV of 92.332%. PC F11 had an eigenvalue of 0.419, a
variability of 2.795%, and a CV of 95.128%. PC F12 had an eigenvalue
of 0.323, a variability of 2.156%, and a CV of 97.284%. PC F13 had an
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eigen value of 0.204, a variability of 1.360%, and a CV of 98.643%. PC
F14 had an eigenvalue of 0.109, a variability of 0.729%, and a CV of
99.373%. For the PCA for the entire germplasm, six traits (days to
50% flowering, plant height, peduncle length, panicle weight, leaf
length, and economic yield) explained most of the variance in the first
five principal components, indicating their importance for the
characterization of foxtail millet germplasm accessions.

The principal component analysis featured the eigenvalue,
variability (%), and cumulative variability (%) with respect to
principal components F1 - F9. Component F1 was the largest
contributing principal component followed by F2, F3, F4, F5, F6,
F7, F8, and F9. PC F1 had the highest eigenvalue (5.839), with a
variability of 38.926% and cumulative variability of 38.926%. PC F2
had the second highest eigenvalue (3.613), with a variability of
24.087%, and a cumulative variability of 63.013%. PC F3 had the
third highest values, followed by F4 and F5. PCs F9 and F8 had the
lowest eigenvalues. PC F9 had an eigenvalue of 0.031, a variability of
0.204%, and a cumulative variability of 100.00%. PC F8 had an
eigenvalue of 0.091, a variability of 0.607%, and a cumulative
variability of 99.796%. PC F6 and F7 had moderate ECV values
(Table 4). In the scree plot, the red line represents cumulative
variability (%) with respect to PCs F1 to F9. In the biplot graph, the
PCA in general confirmed the groupings, which were obtained
through cluster analysis. The results of PCA are shown in Figure 7.
The first two PCs with an eigenvalue of >1 accounted for 63.013% of
the total variance. Accessions GS-14 and GS-62 had more PCA value
than the other genotype principal components.

The breeding of high-yielding varieties is dependent on the yield-
contributing morphological features, and we chose a small number of
key traits with a favorable association. F lag leaf area, plant height,
peduncle length, and tiller count per plant are major morphological
yield contributing factors that are positively connected with yield per
plant (Eberhart and Russel, 1966). This experiment suggested that
high yielding foxtail millet accessions can be selected through indirect
selection of panicle length, panicle weight, stem girth, and economic
yield. The accessions GS-14 and GS-62 demonstrated the best
performance for the majority of yield-related parameters, and hence
can be relevant for further investigation in other regions of Uttar
Pradesh similar to the Naini regions.

4 Discussion

The short-term strategy for identifying foxtail millet genotypes
rich in grain nutrients to fulfil the urgent requirement of target
micronutrient and protein-deficient populations is to analyze,
detect, and explore existing genetic diversity. Significant
heterogeneity in all grain nutrients was identified in the foxtail
millet core collection, implying that there is plenty of room for
selecting nutrient-rich accessions for use in breeding approaches.
Field trials were carried out at a variety of sites and across two seasons
(2018 and 2019). Estimates of variability, heritability, genetic advance,
genotypic correlation coefficient, phenotypic correlation coefficient,
genotypic route, and phenotypic path were obtained from the data.
Significant differences were observed in Kharif Season-2018 to Kharif
Season-2019 among the genotypes for all the characters studied. The
results showed that analysis of variance revealed significant

frontiersin.org


https://doi.org/10.3389/fpls.2023.1017652
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

35U3IDS JUB|d Ul SISUOIS

640°UISIaIUOY

TABLE 8 Phenotypic path of 15 yield component traits in 10 foxtail millet accessions from 2019.

**Significant at 1%; *significant at the 5% level.

79

Days of 50%  Days of 70% Panicle Panicle Peduncle | Plant Biological Harvest  Leaf area = Economic
flowering flowering length weight length height yield index index yield
(cm) (gm) (cm) (cm) (cm) (%) (gm)

Days of 50% | 0.013 0.006 0.004 0.003 0.003 0.001 0.004 0.004 0.002 0.000 0.001 0.000  0.001 0.004 0.086
flowering
Days of 70% | -0.038 -0.083 -0.004 -0.008 -0.015 -0.015 -0.013 -0.016 -0.003 | 0.006 0.006 0002 -0.013 -0.017 0.002
flowering
Leaf length -0.007 -0.001 -0.024 -0.007 -0.007 -0.005 -0.006 -0.009 -0.001 | -0.004 -0.001 0.003  -0.003 -0.009 0.128
(cm)
Leaf width 0.008 0.004 0.012 0.038 0.013 0.009 0.006 0.012 -0.002 | 0.000 0.011 -0.001  -0.003 0.032 0.131
(cm)
Panicle 0.008 0.005 0.009 0.010 0.029 0.001 0.005 0.012 -0.001 | 0.003 0.002 0.001  -0.004 0.008 -0.021
length (cm)
Panicle -0.001 -0.002 -0.002 -0.002 0.000 -0.011 -0.002 -0.004 0.001 0.000 -0.002 0.000  -0.001 -0.003 0.157
weight(gm)
Peduncle -0.012 -0.005 -0.008 -0.006 -0.006 -0.006 -0.035 -0.021 -0.002 | -0.012 -0.002 -0.004 | 0.004 -0.003 -0.028
length (cm)
Plant height | 0.036 0.022 0.044 0.034 0.046 0.038 0.068 0.112 0.005 0.032 0.022 0.008  -0.017 0.030 0.086
(cm)
SPAD 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 -0.003 | 0.000 0.000 0.000  0.001 0.000 -0.193*
Stem girth 0.000 -0.002 0.004 0.000 0.002 0.000 0.008 0.006 0.001 0.022 0.000 -0.002 | -0.004 -0.003 -0.085
(cm)
Biological 0.039 -0.045 0.017 0.173 0.037 0.122 0.042 0.122 0034 0010 0.616 0059  -0.191 0.132 0.399*
yield (cm)
CTD -0.002 -0.001 0.008 0.001 -0.002 -0.001 -0.006 -0.004 0.002 0.005 -0.006 -0.058 | 0.002 0.004 -0.015
Harvest 0.059 0.116 0.088 -0.063 -0.108 0.037 -0.096 -0.113 -0.161 | -0.152 -0.237 -0.022 | 0765 -0.008 0.539*
index (gm)
Leaf area -0.015 -0.010 -0.018 -0.041 -0.013 -0.013 -0.005 -0.013 0.003 0.006 -0.011 0.003  0.001 -0.050 0.116
index
Economic 0.086 0.002 0.128 0.131 -0.021 0.157 -0.028 0.086 -0.193* | -0.085 0.399* -0.015 | 0.539** 0.116 1.000
yield (gm)
Partial R? 0.001 0.000 -0.003 0.005 -0.001 -0.002 0.001 0.010 0.001 -0.002 0.246 0001 | 0412 -0.006
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genetically diverse for most of the traits. GCV estimations for grain
yield were the highest, followed by panicle length and biological yield.
Leaf length had the highest PCV estimates, followed by plant height
and leaf width. Leaf length had the highest heritability, followed by
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Phenotypic path diagram for grain yield of 15 yield component in 10 foxtail millet accessions collected in 2019.

FIGURE 4
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FIGURE 5

PCA scree plot series 1 and 2 for 50 foxtail millet accessions collected in 2018.

pedicle length. Biological yield, economic yield, and agricultural yield
all showed significant genetic progress. H arvest index, leaf breadth,
panicle weight, panicle length, and leaf area index were all moderately
recorded. L ow GCV and PCV were recorded in leaf length and days
to 50% flowering. In conclusion, the genotypes Kangni-1, Kangni-7,
Kangni-6, Kangni-5, and Kangni-4 showed the best mean
performance in the agroclimatic conditions of Allahabad. The
direct influence of biological yield on economic yield per plant was
positive and high in both years, which indicates that this feature has a
true link and that direct selection using this attribute will be effective.

In foxtail millet, the direct selection of biological yield resulted in
the simultaneous indirect selection of several panicles, panicle length,
pedicle length, panicle weight, number of productive tillers, and
biological yield for higher economic production per plant. Seed
yield per plant was found to be positively and significantly linked
with biological yield, panicle weight, harvest index, leaf length, leaf

area index, leaf breadth, plant height, days to flowering, and days to
maturity. This suggests that these traits are mostly driven by additive
gene action, and thus direct selection for these traits will result in
increased grain yield. Similar results were reported by Vinsonias
(2018) for plant height and panicle length for plant height for 1,000 g
grain weight and flag leaf blade length (Brunda et al., 2015).
Characters such as leaf length, days to 50% flowering, and days
to 75% maturity demonstrated high heritability combined with
moderate genetic advance, indicating that there is a greater chance
of inheritance from progeny to offspring, and thus these characters
should be prioritized for effective selection. Earlier studies have
also reported a significantly positive association of biological yield
per plant with productive panicle and peduncle length (Brunda
et al., 2014; Kumar et al.,, 2015; Kavya et al., 2017). The positive
correlation of yield with other characters indicated that all these
characters could be simultaneously improved and that an increase

Eigenvalue

] Scree plot
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FIGURE 6
PCA scree plot series 1 and 2 for 10 foxtail millet accessions collected in 2019.

81

frontiersin.org


https://doi.org/10.3389/fpls.2023.1017652
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Singh et al.

10.3389/fpls.2023.1017652

Biplot (axes F1 and F2: 63.01 %)
S T Harvestindex < vield
GS-62 Economicyie
4 nan eight
Days to 70% flowering , "
Panicle.wei

3 | Days to 50% flowering %‘ﬁ)gmﬁﬁe‘d
cheise37s  CTD
9
o
> i ! GS-14
=] L]
<'- Peduncle length
S —@
E . . R’ .

GS-319 Gs-a7 anicle length
=1
® ; Leaf length
GS-55 .Stem girth eaf area index
2 GS-332 |
Leaf width
=3 i Y
GS-389
4 1
4 =3 2 =1 0 a 2 3 4 5
F1(38.93 %)
@ Active variables @ Active observations
FIGURE 7

PCA biplot series 1 and 2 for 10 foxtail millet accessions collected in 2019.

in any one of them would lead to an improvement of other
characters. Selection criteria should consider all these characters
for to improve biological yield in foxtail millet. The PCA data
reduction technique extracts the most important information from
the data table (Islam, 2004), compresses the size of the data set by
keeping only the important information (Maji and Shaibu, 2012),
simplifies the description of the data set (Adams, 1995), and
analyzes the structure of the observations and the variables
(Amy and Pritts, 1991). Often, only the important information
needs to be extracted from a data matrix, and the number of
components that are needed should be considered. This problem
can be overcome by using some guidelines. The first procedure is
to plot the eigenvalues according to their size and to see whether
there is a point in the graph (elbow) such that the slope of the
graph goes from steep to flat and keep only the components that
occur before the elbow. This procedure is called the scree or elbow
test (Cattell, 19665 Jolliffe, 2002). Germplasm evaluation and
characterization for plant breeders and multivariate statistical
analysis estimate the genotypic and phenotypic parameters. The
characteristics described in the list of pre-harvest and post-harvest
observations were used for selecting the five best genotypes. PCV
values were higher than GCV values, which indicates the effect of
the environment on the expression of characters. These results are
based on data for 2 years. The genotypes Kangni-1 (GS-14),
Kangni-7 (GPF-7), Kangni-6 (GS-55), Kangni-5 (GS-389), and
Kangni-4 (GS-368) cannot be found anywhere except SHUATS.

Frontiers in Plant Science

That is why these genotypes are named by SHUATS. These five
best genotypes will be further analyzed through biochemical trait
analysis (Singh et al., 2022).

5 Conclusion

The present study found substantial diversity in the 50 genotypes
of foxtail millet investigated for several agro-morphological variables
that might be exploited efficiently in crop improvement approaches
for diverse traits. According to the findings of this study, plant height
and leaf length had the highest PCV estimates, followed by leaf width.
Leaf length and 50% flowering in days determines the low GCV and
PCV. Furthermore, direct selection based on panicle weight, test
weight, and straw weight had a high and positive effect on grain yield
per plant in both the rainy and summer seasons, indicating the true
relationship between these characters and grain yield per plant, which
aids indirect selection for these traits and thus improves grain yield
per plant. The top five genotypes were therefore chosen using the pre-
harvest and post-harvest attribute observation list. Based on the
average performance of the best genotypes in terms of grain yield
components in the agroclimatic conditions of Prayagraj, the best five
genotypes were Kangni-1 (GS-14), Kangni-7 (GPF-7), Kangni-6 (GS-
55), Kangni-5 (GS-389), and Kangni-4 (GS-368). As these findings
are based on 2 years of data, biochemical testing of these genotypes
validated their consistency.
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Globally, legumes are vital constituents of diet and perform critical roles in
maintaining well-being owing to the dense nutritional contents and
functional properties of their seeds. While much emphasis has been placed
on the major grain legumes over the years, the neglected and underutilized
legumes (NULs) are gaining significant recognition as probable crops to
alleviate malnutrition and give a boost to food security in Africa.
Consumption of these underutilized legumes has been associated with
several health-promoting benefits and can be utilized as functional foods
due to their rich dietary fibers, vitamins, polyunsaturated fatty acids (PUFAs),
proteins/essential amino acids, micro-nutrients, and bioactive compounds.
Despite the plethora of nutritional benefits, the underutilized legumes have
not received much research attention compared to common mainstream
grain legumes, thus hindering their adoption and utilization. Consequently,
research efforts geared toward improvement, utilization, and incorporation
into mainstream agriculture in Africa are more convincing than ever. This
work reviews some selected NULs of Africa (Adzuki beans (Vigna angularis),
African yam bean (Sphenostylis stenocarpa), Bambara groundnut (Vigna
subterranea), Jack bean (Canavalia ensiformis), Kidney bean (Phaseolus
vulgaris), Lima bean (Phaseolus lunatus), Marama bean (Tylosema
esculentum), Mung bean, (Vigna radiata), Rice bean (Vigna Umbellata), and
Winged bean (Psophocarpus tetragonolobus)), and their nutritional, and
functional properties. Furthermore, we highlight the prospects and current
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challenges associated with the utilization of the NULs and discusses the
strategies to facilitate their exploitation as not only sources of vital
nutrients, but also their integration for the development of cheap and
accessible functional foods.

KEYWORDS

antioxidants, bioactive compounds, functional food products, under-exploited
legumes, sustainable development

1 Introduction

Legumes are a group of flowering plants and are classified under
the Fabaceae family. This family is the third-largest in terms of
angiosperm groups, consisting of over 800 different types and
around 20,000 species. Within the Fabaceae family, there are
three subfamilies known as Papilionoideae, Caesalpinioideae, and
Mimosoideae. Of these, the edible legumes are grouped in the sub-
family Papilionoideae. Globally, legumes are regarded as a valuable
and inexpensive alternative protein sources and rank second after
cereals as the most important food crop (Maphosa and Jideani,
2017). Apart from the rich protein and amino acid content, legume
seeds provide a substantial amount of carbohydrates, minerals, and
vitamins (Vadivel et al., 2012; Barman et al., 2018). In addition to
having no cholesterol and gluten, legumes possess low fat and
glycemic index and are rich in dietary fiber and antioxidants. These
legumes possess bioactive compounds which possess antidiabetic,
antimicrobial, anti-atherogenic, anti-thrombogenic, anti-
hypertensive, and anticancer properties amongst others. Legumes
also serve as fodder for livestock and fix atmospheric nitrogen in
soils, thereby enhancing soil fertility and invariably promoting
agricultural sustainability. They are also adapted to diverse agro-
ecological zones and unfavorable environmental conditions,
possessing structures for augmenting the sustainability of dry
subtropical and tropical agricultural systems (Khoury, 2015).

It is interesting to note that some legumes also produce
underground tubers in addition to edible seeds. However, only a
few of these legumes are incorporated into the human diet. Such
dual food legumes fall into the category of neglected and
underutilized legumes (NULs) simply because they have not
received much research focus and are still cultivated at the
subsistence level by resource-poor farmers who hold the genetic
resources of these plants. Tuberous underutilized legumes are
gradually gaining recognition. These include the African yam
bean (AYB) (Sphenostylis stenocarpa) cultivated in West Africa
for the seeds and in East and Central Africa for the tubers (Adewale
and Nnamani, 2022); winged bean (Psophocarpus tetragonolobus),
grown and cultivated in Papua New Guinea Highland, northern
Ghana, and Burma; the Marama bean (Tylosema esculentum)
cultivated in the Southern Africa regions of Botswana, Namibia,
Mozambique, Zambia, and in northern South Africa (Abberton
et al,, 2020a; Abberton et al., 2020b; Ojuederie et al., 2021; Sriwichai
et al,, 2021); Mexican yam bean (Pachyrhizus erosus); Zombi pea
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(Vigna vexillata) an underutilized legume with a pantropical
distribution; hyacinth bean (Lablab purpureus) grown in North
Africa; as well as Tala (Neoapaloxylon tuberosum) cultivated in
Madagascar (Von Wettberg et al., 2021). Different tuber shapes and
sizes of some tuberous underutilized legumes are presented
in Figure 1.

The Bambara groundnut (Vigna subterranea) is a crop that is
extensively grown for its seeds in certain regions of West and
Southern Africa. Nigeria has been reported to be the largest
producer of this crop (Ojuederie et al., 2021; Popoola et al,
2022b; Arise et al., 2022). Tubers of Zombi peas are crispy, rich
in protein (15%) and can be consumed raw (Tripathi et al., 2020;
Von Wettberg et al., 2021). The seeds and tubers of many of the
NULs are also rich in protein. For instance, AYB seeds contain
19.5% protein, while the tubers hold about 15.5% protein
(Ojuederie and Balogun, 2017; Ojuederie and Balogun, 2019;
Abberton et al, 2020a). In winged bean, the protein content of
the seeds and tubers are 29.8% to 42.5% and 20% respectively
(Abberton et al., 2020b). Negi and Gaur (1994) stated that Zombi
peas contain 14.5% protein when their roots are dried. Nevertheless,
a more recent study conducted by Tripathi et al. (2020) to analyze
the nutritional content of seven different Zombi peas accessions
found that the protein content of their tubers ranged from 7.64% to
9.93%. This is remarkable because it was seven to nine times higher
than the protein content found in sweet potato and cassava tubers
(Tripathi et al., 2020). Although Zombi peas is not considered in
this review, its rich nutritional contents particularly the tubers call
for more research attention (Tripathi et al., 2020). The edible tubers
of AYB and winged beans are still propagated at the subsistence
level with no genetic improvement. The mechanism behind
tuberization in AYB is yet to be understood.

Bioactive compounds have been identified in NULs, but with
little or no impact on the nutritional and food security in Africa. In
plants, bioactives perform several functions, ranging from protection
against herbivores and insect pest to attraction of pollinators during
pollination and induction of essential functions (Chandrasekara and
Josheph Kumar, 2016; Divekar et al., 2022). These bioactive
compounds also exhibit pharmacological properties in humans and
animals (Chandrasekara and Josheph Kumar, 2016) which forms a
major part of this review. The bioactive components of the NULSs are
yet to be fully harnessed for improved health and well-being as many
consumers in Africa are unaware of their nutritional and health
benefits. In our previous review, we emphasized the need to integrate
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Pachyrhizus ahipa

Different tuber shapes and sizes of some underutilized legumes: (A) Zombi pea (Vigna vexillata), (B) Winged bean (Psophocarpus
tetragonolobus), (C) African yam bean (Sphenostylis stenocarpa), (D) Mexican yam bean (Pachyrhizus erosus), (E) Marama bean (Tylosema

esculentum), (F) Ahipa (Pachyrhizus aphipa).

the NULs into food systems in sub-Saharan Africa (SSA) to cushion
the negative effects of climate change, soil degradation, poverty, food
insecurity, and malnourishment (Popoola et al., 2022b). This article
attempts to present a broad review of some selected NULs, and their
nutritional and functional properties. The selected NULs include
Adzuki beans (Vigna angularis), African yam bean (Sphenostylis
stenocarpa), Bambara groundnut (Vigna subterranea), Jack bean
(Canavalia ensiformis), Kidney bean (Phaseolus vulgaris), Lima
bean (Phaseolus lunatus), Marama bean (Tylosema esculentum),
Mung bean, (Vigna radiata), Rice bean (Vigna Umbellata), and
Winged bean (Psophocarpus tetragonolobus). In Africa, these NULs
have been relegated to the status of “poor man’s food” with abysmally
low level of cultivation, production, consumption, and utilization
compared to the mainstream legumes. Consequently, the need to
create awareness about their potential utility, health and nutritional
benefits becomes imperative. Also, the relevance of the untapped
bioactive compounds inherent in the seeds of these potential food and
nutrition security crops are discussed. Furthermore, we highlight the
prospects and current challenges associated with the utilization of
these NULs and present strategies to facilitate their exploitation as not
only sources of vital nutrients, but also integration for the
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development of cheap and accessible functional foods. The plant
products and distribution of the selected underutilized legumes and
center of diversity in Africa are presented in Table 1 and Figure 2.

2 Neglected and underutilized
legumes

The term “neglected” or “underutilized” alludes to a class of
legumes that are climate-smart, adapted to marginal areas,
indigenously propagated with fewer or no ex-situ collections, and
have not given priority by policymakers. The term also refers to
legumes that have received little research attention, possess local
significance in production and consumption, traded regionally or
internationally and are usually cultivated on a small scale by rural
families for subsistence, particularly under adverse environment
conditions (Cullis and Kunert, 2017; Yang et al., 2018; Rathi et al.,
2021; Popoola et al, 2022b). While these crops have received
relatively little research and funding, their potential is well
recognized (Cullis and Kunert, 2017; Yang et al, 2018). The
NULs exhibit an array of genetic diversity and exist as wild or
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TABLE 1 Plant products and distribution of the selected underutilized legumes in Africa.

Common Botanical name Seeds = Tuber African Countries
name
1. Adzuki beans Vigna angularis Present | Absent | DR Congo, Kenya, Angola, Zambia, Madagascar, Seychelles
2. African yam bean | Sphenostylis stenocarpa Present | Present | Nigeria, Ghana, Benin Republic, Cameroun, Togo, Niger, Kenya, Ethiopia,
Mozambique, Tanzania.
3. Bambara Vigna subterranea Present | Absent | Nigeria, Ghana, Niger, Mali, Cote d’Ivoire, Benin Republic, South Africa, Kenya.
groundnut
4. Jack bean Canavalia ensiformis Present = Absent | Western, Eastern, and Northern Africa
5. Kidney bean Phaseolus vulgaris Present | Absent | Western, Eastern and Northern Africa
6. Lima bean Phaseolus lunatus Present | Absent | Western, Eastern and Northern Africa
7. Marama bean Tylosema esculentum Present Present Botswana, Namibia, Mozambique, Zambia, and northern South Africa
8. Mung bean Vigna radiata Present Absent Nigeria, Liberia, Sierra Leone, Ghana, Cote d’Ivoire, and DR Congo
9. Rice bean Vigna Umbellata Present = Absent  Egypt, Kenya, Tanzania, Burundi, Somalia, Rwanda
10. Winged Bean Psophocarpus Present | Present | Papua New Guinea Highland, northern Ghana, and Burma Nigeria, Togo, Benin
tetragonolobus

cultivated species across different regions of the world (Agbolade
etal, 2019). These crops are primarily grown by traditional farmers
in SSA, Asia, and North America (Alvarado-Lopez et al., 2019). The
NULs are marked by unique characteristics such as ethno-uses, seed
sizes, growth habits, and fruiting patterns that distinguish them
from the common pea. Furthermore, they are of agricultural
importance owing to their capability to augment soils via
symbiotic nitrogen fixation (Agbolade et al., 2019; Hunter et al,
2019; Popoola et al., 2022b). Underutilized legumes are a great
source of essential nutrients such as dietary fiber, vitamins,
polyunsaturated fatty acids (PUFAs), proteins with essential
amino acids, minerals, and bioactive compounds. These legumes
are therefore considered functional foods that can have positive
effects on our health (Popoola et al., 2020; Rai et al., 2021).
African yam bean, Bambara groundnut, lablab bean, lima bean,
and the winged bean are examples of some commonly cultivated
underutilized leguminous species in SSA (Agbolade et al., 2019;

FIGURE 2

Center of the diversity of some underutilized legumes in Africa
Source: http://www.zipcodezoo.com/Plants/S/Sphenostylis%
SFstenocarpa/Default.asp (February 19, 2023).
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Popoola et al,, 2020). These legumes have the potential to drive
sustainable agri-food systems in the region given their diversity,
climate resilience, nutrient-dense nature, and cultural attachment to
the regional food habits of the communities of origin (Paliwal et al,,
2021). A recent analysis of the utilization and cultivation of lesser
known legumes brought attention to the significant traits and
potential prospects of some of the crops (Popoola et al., 2022b).

3 Nutritional properties of NULs

Nutritionally, the seeds of the selected NULs are rich in
proteins, carbohydrates, minerals (calcium, manganese,
phosphorus amongst others), and a wide range of vitamins
(Table 2). Nutritional information on the tubers is scanty and has
not been studied in detail compared to the seeds (Ojuederie and
Balogun, 2019; Tripathi et al., 2020). Nevertheless, a few reports on
AYB, Zombi pea, and winged beans indicate that the tubers are
nutritionally rich with varied carbohydrates, proteins, ash, dietary
fiber, minerals, and vitamin contents when compared to those of
cassava, potato, and yam (Adegboyega et al., 2019; Konyeme et al.,
2020; Ojuederie et al., 2020; Tripathi et al., 2020). The studies of
Konyeme et al. (2020) emphasized the rich nutritional value of the
tubers, while the investigation of Ojuederie et al. (2020) confirmed
their safe consumption by humans and livestock. Globally, the
demand for food legumes is ever-increasing as one of the essential
nutritional and conventional food with health and pharmacological
relevance (Tadele and Bartels, 2019). The nutritional contents of the
seeds are diverse and have been widely reported and discussed by
many researchers (Gagne-Bourque et al., 2016; Huang et al., 2018;
Omotayo and Aremu, 2021; Popoola et al., 2022a). The nutritional
profile of the seeds varies in different accessions of the same and
different species. This can be exploited by breeders to enhance yield,
taste and value chain for the food and confectionary industries. The
amount of carbohydrates found in the selected underutilized

frontiersin.org
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legumes range from 18.90g in Marama bean (MB) to 70.48g in
Kersting’s groundnut (KG) (Table 2). In legumes, carbohydrates
usually contain resistant starch sugars such as stachyose, raffinose,
and fructooligosaccharides. These sugars have the ability to improve
the microbial environment in our gastrointestinal tract and
promote gut metabolism (Johnson et al, 2020). Adding such
components to food systems can greatly improve health and
ensure nutritional quality. The proteins are of high quality and
range from 7.80g in Lima beans (LB) to 29.60g in winged beans

10.3389/fpls.2023.1105364

(WG) while others also contain a good quantity of protein. The
amino acids found in these legumes are valuable in boosting the
immune system, regulating metabolic processes, and enhancing
glucose and fatty-acid metabolism (Tjahjadi et al., 1988; Semba
etal, 20215 Ayilara et al., 2022). Numerous studies, including those
conducted by Gohara et al. (2016), Nnamani et al. (2017), Baiyeri et
al. (2018), Adegboyega et al. (2020), and Abberton et al. (2022),
have documented the functions of various vitamins and minerals.
Selected underutilized legumes (NULSs) have been found to contain

TABLE 2 Nutritional composition of the selected underutilized legumes' raw, mature seeds, with values per 100g.

Nutrient contents ADB AYB BG JB KB LB MB MGB RB WB
Protein (g) 20.36 22.46 18.8 20.90 23.00 7.80 34.71 23.80 20.50 29.60
Carbohydrate (g) 62.26 53.68 61.30 60.61 70.48 20.90 18.9 61.00 51.31 41.70
Moisture (g) 13.07 9.53 2.10 2.19 Nr Nr 2.80 9.80 Nr Nr
Ash (g) 3.85 4.28 2.40 3.45 5.13 115 3.19 3.51 Nr 3.98
Fat (g) 0.45 3.59 6.20 1.59 1.38 0.38 40.06 1.22 0.60 16.30
Total Dietary Fibre 7.30 7.30 5.50 3.98 20.93 7.00 50.81 4.57 13.10 25.90
Water (g) 13.40 61.50 10.30 Nr 59.00 69.80 Nr Nr Nr 8.34
Energy (kcal/100 g) 334.80 333.67 367.00 338.00 386.39 115.00 544.57 344 318.00 409.0
Folates (B9) ug 0.62 0.10 0.25 0.40 1.11 83.00 0.14 0.62 Nr 45
Thiamine (B1) (mg/100g) 0.46 0.19 0.61 0.51 0.50 0.161 0.38 0.62 Nr 1.03
Niacin (B3) (mg/100g) 2.63 0.07 1.80 1.54 0.51 0.421 0.06 2.25 Nr 3.09
Riboflavin (B2) (mg/100g) 0.22 0.20 0.31 0.20 0.03 0.055 0.06 0.23 Na 0.45
Vitamin B6 (mg/100g) 0.35 0.10 0.44 0.51 4.67 0.161 9.21 0.38 Na 0.175
Vitamin A (mg/100g) 11.39 Nr Nr Nr 0.00 0.00 0.27 200 Na Nr
Vitamin C (mg/100g) 0 12.97 0.27 8.10 0.55 0.00 0.00 4.80 Na 0
Vitamin D (mg/100) 0.00 0.00 342 0.00 0.00 0.00 132.9 0.00 Na Nr
Vitamin E (mg/100g) Nr 0.19 Nr Nr 0.10 0.18 6.27 0.51 Na Na
Vitamin K ((mg/100g) Nr Nr 0.001 Nr 14.90 2.00 0.22 9.00 Na Na
Pantothenic acid (B5) (mg/100g) 147 Nr 1.80 Nr 0.40 0.422 Nr 191 Na 0.795
Sodium (mg/100g) 5.00 1.00 3.60 2.53 53.48 2.00 63.75 15.00 32.00 38
Calcium (mg/100g) 66.00 15.00 1.60 321 104.12 17.00 241.00 216 340.00 440
Copper (mg/100g) 1.09 0.29 0.09 0.43 0.40 0.235 1.04 1.27 1.12 2.88
Iron (mg/100g) 4.98 1.50 5.52 0.83 7.00 2.39 3.95 6.74 5.80 13.40
Magnesium (mg/100g) 127 69.00 7.58 1.95 118.95 43.00 274.50 204 179
Manganese (mg/100g) 1.73 3.35 0.26 0.35 0.80 0.516 1.85 1.23 0.68 3.72
Phosphorus (mg/100g) 381 99.00 32.50 1500 251.30 111.00 454.00 374 Na 451
Potassium (mg/100g) 1254 419.00 183.00 593 1517.36 508.00 895.00 1443 Na 977
Zinc (mg/100g) 5.04 0.78 0.27 2.90 2.38 0.95 6.20 1.88 3.39 4.48
Selenium (mg/100g) 3.10 150.00 Nr Nr 2.10 4.50 0.08 82 Nr 8.20
Beta-carotin (ug) Nr 7.00 047 Nr Nr 0.00 Nr 68 Nr Nr

ADB, Adzuki beans (Vigna angularis); AYB, African yam bean (Sphenostylis stenocarpa); BG, Bambara groundnut; (Vigna subterranea), JB, Jack bean (Canavalia ensiformis); KB, Kidney bean
(Phaseolus vulgaris); LB, Lima bean (Phaseolus lunatus); MB, Marama bean (Tylosema esculentum); MGB, Mung bean (Vigna radiata); RB, Rice bean (Vigna Umbellata); WB, Winged Bean

(Psophocarpus tetragonolobus); Nr, Not reported; Na, Not available.

Values adopted from the United States Department of Agriculture (USDA), Baiyeri et al. (2018), Charrondiére et al. (2020) and Nnamani et al. (2018).
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thiamine, niacin, riboflavin, vitamins A, B6, C, D, E, K, and
pantothenic acid, according to these studies (Table 2).
Underutilized legumes have been found to contain various
mineral elements such as sodium (Na), calcium (Ca), copper
(Cu), magnesium (Mg), manganese (Mn), phosphorus (Ph),
potassium (K), and zinc (Zn) (Baiyeri et al., 2018; Nnamani et al.,
2018; Adegboyega et al., 2019; Adedayo et al., 2021). The vitamins
and minerals are required for optimal health and growth, improved
memory, and blood circulation. Nevertheless, allergenicity,
digestibility, and antinutritional factors (ANF) are major
constraints to their functional utilization. However, various
methods such as steaming, boiling, fermentation, irradiation, and
high-pressure cooking have been found to overcome these
challenges, as indicated in studies conducted by (Maphosa and
Jideani, 2017; Bessada et al., 2019; Tan et al., 2020). Despite this,
underutilized legumes, especially tubers, have not been fully utilized
and their nutritional content has not been fully exploited (Ojuederie
et al., 2020; Ayilara et al., 2022; Popoola et al, 2022a). The
nutritional composition of the selected underutilized legumes’
raw, mature seeds, with values per 100g, is presented in Table 2.

4 Functional properties and probiotics
of underutilized legumes

4.1 Functional properties of
underutilized legumes

Underutilized legumes possess noteworthy functional
properties which are beneficial to food systems. Functional
properties such as solubility, hydration, emulsification, foaming
stability, gel-forming index, and pasting properties govern the
utilization of legumes as protein-rich gluten-free food additives.
The functional properties of these substances should be taken into
account when formulating and processing food, to develop
innovative food products (Bessada et al, 2019). Moreover, the
functionality of legumes is affected by protein including its
molecular size, structure, and charge distribution as well as non-
protein molecules such as carbohydrates, lipids, and salts.

The functional properties of the underutilized legumes
considered in this review are presented in Table 3. The hydration
properties of flour are swelling power, solubility, water, and oil
absorption capacities. These properties influence the structural,
rheological, thermal, and sensory characteristics of foods. Swelling
power is a measure of both intragranular and intergranular water
present in flour/starch under excess water and high thermal
conditions (Tuga and Mironeasa, 2020). According to recent
research by (Palupi et al., 2021), lima bean flour has a swelling
power of 6.88 g/g, a solubility of 18.68%, a water absorption capacity
of 1.93 g/g, and an oil absorption capacity of 1.56 g/g when exposed
to a temperature of 87°C. The African yam bean seed flour
displayed good gelation properties, while protein solubility varied
with pH, with high solubilities in acid and alkali (Oshodi et al,
1997) (Table 2). Ratnawati et al. (2019) revealed that at 95°C, mung
bean and red bean flours had significantly higher swelling powers
(10.5 and 10.1 g/g, respectively) than soybean flour (4.8 g/g). The
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research of Yadav et al. (2018) indicated that adzuki beans had a
hydration capacity range of 0.05 to 0.12 g/seed, a swelling capacity
of 0.04 to 0.15 mL/seed when the cooking time is reduced (48.67 to
74.33 min). Typically, flour with high swelling power elicits high
gelatinization and paste properties which is vital for the structural
and textural development of baked foods (Onyango, 2016). In
addition, the solubility of flour or starch provides an index of the
hydrophilic behavior of amylose molecules under high moisture
and thermal conditions (Dudu et al., 2019). Flour solubility has an
impact on the clarity of drinks as well as foam formation and
stabilization. It also affects emulsification, gelation, and
retrogradation which influences crumb grain formation, texture,
sensory properties, and staling of baked foods. Furthermore, water
and oil absorption capacities are the maximum amount of
intragranular water or oil present in flour under excess moisture
and ambient temperature conditions (Iuga and Mironeasa, 2020).
Emulsification properties consist of emulsifying activity and
stability which are modulated by the ratio of hydrophobic to
hydrophilic amino acids present in the legume flour. Emulsifying
activity is a measure of the ability of flour to form a stable emulsion
(oil-water interaction) by protein dispersion in the presence of oil.
On the other hand, stability measures the strength of the emulsion
formed (Nawaz et al., 2021). Most of the underutilized legumes have
been reported to show good functional properties of solubility,
emulsification, oil absorption capacity, gelation and forming
properties (Okezie and Bello, 1988; Onimawo et al., 1998; Barac
et al., 2015; Arogundade et al., 2016; Mubaiwa et al., 2018;
Diedericks et al., 2020; Yang et al., 2022).

Foaming properties include foaming capacity and stability.
Foaming capacity is the ability of protein or flour to add air when
whipped, and foam stability is the capacity to stabilize foams
(volume) over time (<30 min) (Bessada et al, 2019). Twe et al.
(2016) revealed that African yam bean flour has a foaming capacity
and stability of 18% and 92.6%, respectively. Pasting properties,
mainly pasting temperature, peak, breakdown, and setback
viscosities provide insights into swelling capacity, structural
stability, and amylose retrogradation tendency of flour under
combined high mechanical shearing and hydrothermal
conditions. This is typically carried out in a rapid viscosity
analyzer or a Brabender Visco-Amylo-Graph. These properties
are critical to the functionality of flour in food and industrial
systems. Pasting temperature is the thermal energy required to
destroy flour granule structures leading to the onset of paste
development. Associations between flour composition, pasting,
viscosity, and bulk density of some underutilized legumes have
been investigated (Du et al., 2014). Furthermore, some studies on
legume flour highlighted the relationship of flour microstructure
with pasting even though such studies are scanty for the
underutilized legumes (Shevkani et al, 2021). The pasting
properties of the processed lima bean flour showed a peak of
1172 cP, a breakdown of 83 cP, final of 2377 cP, and a setback
viscosity of 1288 cp (Palupi et al., 2021). Ratnawati et al. (2019)
revealed that the pasting temperature of red kidney bean flour (81.7
°C) was higher than that of mungbean flour (77.9 °C). Flours with
low breakdown viscosity can serve as structuring agents in food
where a minimal structural breakdown is required. Setback viscosity
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is the recovery of viscosity during the cooling of flour after being
subjected to combined high mechanical shearing and hydrothermal
conditions (Cornejo-Ramirez et al, 2018). It is an index of the
retrogradation ability of flour, which is an important prerequisite
for staling activity during product storage. Flours with low setback
viscosity may be utilized in delaying retrogradation activity in
cooked infant formulas, breakfast foods, and pasta products as
well as prevent staling of baked products.

Bulk density is an index of the structural integrity of granules
that relates to the packaging and raw material handling of flour
(Adedayo et al,, 2021). Iwe et al. (2016) revealed that AYB has a
loose bulk density of 0.63 g/mL, repacked bulk density of 0.87g/mL,
water absorption of 0.70%, and oil absorption of 1.48%, all of which
are comparable to that of cowpea and rice. Bulk density in adzuki
beans range 0.76 to 1.00 g/mL (Yadav et al,, 2018). Nwajagu et al.
(2021) showed that M. flagellipes seed flour has a bulk density of 0.8
mg/100g. Okechukwu-Ezike et al. (2020) revealed that black-eyed
beans and black beans have higher bulk densities (0.6 g/cm3) than
brown beans (0.4 g/cm3). Sattar et al. (2017) showed that black
gram (Vigna mungo) flour, green gram (Vigna radiata) flour, and
lentil (Lens culinaris) flour have bulk densities of 0.5 g/cm3, 0.5 g/
cm3, and 0.6 g/cm3, respectively. Flours with high bulk density are
suitable as thickeners, while those with low bulk density can be in
complementary food formulas. The functional properties of the
underutilized legumes considered in this review are presented
in Table 3.

4.2 Probiotics and prebiotics potential of
underutilized legumes

According to The International Scientific Association for
Probiotics and Prebiotics (ISAPP), “Probiotics are live
microorganisms, which when administered in adequate amounts,
confer a health benefit on the host” (Marco et al., 2021). Moreover,
prebiotics are “substrates that are selectively utilized by host
microorganisms conferring a health benefit” (Sanders et al,
2019). In time past, the health benefits of probiotics were realized
from the consumption of milk, soybean, and other dairy products.
However, the problem of short shelf-life, allergenic milk proteins,
high cholesterol content, lactose intolerance, consumer inclination
towards veganism, and economic considerations for developing
countries, have compelled the exploration of non-dairy alternatives
with good nutritional profile and health-promoting factors
(Panghal et al., 2018; Chaturvedi and Chakraborty, 2021;
Chaturvedi and Chakraborty, 2022). In the last decade, the non-
dairy food products market has received positive acceptance and is
projected to reach an estimated 26 billion USD by the year 2025.
The underutilized legumes hold an exceptional capacity to be
utilized as probiotic carriers (Rasika et al., 2021; Chaturvedi and
Chakraborty, 2022). These legumes constitute appropriate matrices
for the production of non-dairy alternatives like plant-based
beverages due to the presence of natural prebiotics including
resistant starch, oligosaccharides, isoflavones, and polyphenols.
These prebiotics exert a wide range of physiological functions
such as immune system modulation, metabolic regulation, and
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anti-inflammatory and anti-cancer properties, and therefore offer
enormous potential for the development of symbiotic foods (a blend
of prebiotics and probiotics) using lactic acid bacteria (LAB)
(Chaturvedi and Chakraborty, 2022; Cichonska and Ziarno, 2022).
Generally, research findings have shown that underutilized
legumes such as adzuki beans, African yam bean, Bambara
groundnut, and mung beans exhibit a low glycemic index due to
their high resistant starch and amylose contents and have been
shown to reduce the risks of high blood pressure and type-2
diabetes (Barac et al. 2015; Johnson et al.,, 2020; Adedayo et al.,
2021; Johnson et al, 2022). Adeoye et al. (2021) reported the
probiotic nutraceutical potential of Bambara groundnut. In the
study, Lactobacillus delbrueckii, L. casei and L. brevis were the
preponderant LAB found in isolates of fermented Bambara
groundnut. The authors further demonstrated the in vitro
antagonistic properties of the LAB isolates against pathogenic
namely Salmonella sp, Escherichia coli, Staphylococcus sp, Shigella
sp and Pseudomonas sp. Very recently, Chaturvedi and Chakraborty
(2022) conducted a study to evaluate the prebiotic characteristics of
synbiotic drinks made from legumes, specifically red kidney beans
and green mung beans. The results indicated that these drinks had a
considerable impact on promoting the growth of the probiotic
Lactobacillus casei ATCC 335, while simultaneously hindering the
colonization of the enteric pathogen Escherichia coli. The study
established that the formulated beverage showed prebiotic and
probiotic potentials that could serve as a veritable alternative to
dairy symbiotic beverages. Thus, the functional and probiotic
properties elicited by the above-mentioned underutilized legumes
serve as a point of reference for their suitability and/or exploitation
in food, industrial and pharmaceutical systems. However, more
research is required in this regard to provide more insight into the
probiotic and prebiotic potentials of underutilized legumes.

5 Bioactive components of
underutilized legumes

Bioactives are compounds that when ingested by humans/
animals have some physiological contributions that could
enhance healthy living and support a decrease in the occurrence
of illness (James et al., 2020; Cui et al., 2021). Commonly, legumes
including the underutilized ones are rich in polyphenols, alkaloids,
saponins, carotenoids, terpenoids, omega-3 fatty acids, flavonoids,
and anthocyanins amongst others (Figure 3). These substances have
varying degrees of abilities to act as antioxidants, antimicrobials,
anticancer agents, anti-tumor agents, anti-inflammatory agents,
and neuroprotective agents (Zheng et al., 2019; Shevkani et al,
2022; Popoola et al., 2022a). Furthermore, it has been suggested that
polyphenols, alkaloids, and saponins play a vital role in protecting
the plant from herbivores and pathogens by serving as defense
mechanisms. They also act as signaling molecules between the plant
and its biotic environment (Divekar et al., 2022).

Several authors such as Oboh et al. (2015); Ajibola and Olapade
(2016); Soetan (2017); Soetan and Atanda (2018); Soetan and
Adeola (2018); Soetan et al. (2018); Adegboyega et al. (2019);
Mayes et al. (2019); Ojuederie and Balogun (2019); Adegboyega
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Selected bioactive compounds in underutilized legumes.

et al. (2020); Adegboyega et al. (2021); Ikhajiagbe et al. (2021);
Ojuederie et al. (2021) and Popoola et al. (2022a) have attempted to
unravel the bioactive ingredients available in underutilized legume
crops such as African yam bean, Bambara groundnut, Kersting’s
groundnut, and winged bean which can be exploited as
nutraceuticals. In general, the seeds contain bioactive compounds
that can improve human health and provide several benefits, such
as aiding digestion, promoting weight loss, and reducing the risk of
heart diseases and type 2 diabetes (Alcazar-Valle et al., 2020;
Bhadkaria et al.,, 2021). In addition to the dietary fiber,
polyphenols, and natural antioxidants embedded in the seeds are
of vital benefits to defend against free radicals (Amarowicz and
Pegg, 2008; Xu et al,, 2017). These components are urgently needed
to be exploited for the benefit of man and animals particularly in the
management of degenerative infections (Silva et al.,, 2007; Singh
et al, 2017). The promising nature of these compounds (Figure 3)
has afforded researchers to look into the possibilities of developing
food-based therapy for disease management but more actions are
still required in this direction (James et al., 2020).

Polyphenols and their derivatives such as flavonoids,
anthocyanins, tannins, and tocopherol are among the essential
bioactive compounds found in underutilized legumes. In a
comparative study of antioxidants produced by Bambara
groundnut (BG) using methanolic extract, Salawu (2016)
identified the presence of several polyphenols in the raw and
cooked BG seeds after quantification using HPLC-DAD. A recent
study identified catechin, epicatechins, rutin, quercetin, iso-
quercetin, kaempferol, luteolin, gallic acid, chlorogenic acid,
caffeic acid, and ellagic acid as polyphenols found in BG (Okafor
et al,, 2022). Likewise, Harris et al. (2018) compared the level of
flavonoids in red and brown BG hulls and observed that the brown
hull had the highest amount of rutin (24.46 + 0,23 mg g'') and
myricetin (1.80 + 0.77 mg g ') while the phytochemicals
chlorogenic acid and ellagic acids which are tannins, had their
highest concentrations in red BG hulls (0.12 + 0.19 mg g™*) and
brown BG (0.11 + 0.08 mg g’l) respectively (Harris et al., 2018).
Their findings revealed that the best source of flavonoids and
tannins were found in the brown and red hulls rather than in the
whole or dehulled BG seeds.

Apart from producing antioxidants, polyphenols are also known
to possess anti-microbial, anti-viral, anti-inflammatory, anti-allergic
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as well as anti-mutagenic effects, scavenging free radicals that cause
cell degeneration and death. The anti-cancer properties of some of
these polyphenols have been previously tested and confirmed. For
instance, ellagic acid, quercetin, catechin, and phenolic acid prevented
several kinds of cancer that affect the skin, stomach, duodenum,
mouth, colon, liver, lung, and mammary glands (Yang et al., 2001;
Okafor et al.,, 2022). Ade-Omowaye et al. (2015) and Soetan et al.
(2018) independently confirmed the presence of antioxidant-related
phytochemicals: phenolics and flavonoids in AYB. Out of nine
underutilized legumes studied by Ade-Omowaye et al. (2015), AYB
had very high total polyphenolic contents of 293.23 mg 100 g and
288.68 mg 100 g' with higher antioxidant activities, (1.00 mmoleTE
100 g and 0.67 mmolTE 100 g'), respectively, including a variety of
BG (0.88 mmolTE 100 g’l). Akinyemi et al. (2020) confirmed the
presence of flavonoids, tannins, alkaloids, saponins, and cardiac
glycosides in Jack beans. According to several studies
(Sowndhararajan et al., 2011; Solomon et al., 2018; Akinyemi et al.,
2020), Jack beans have high levels of antioxidants that have been
shown to possess numerous health benefits such as reducing the risk
of type 2 diabetes, cancer, and inflammation, improving lipid
metabolism, lowering bad cholesterol levels, preventing metabolic
syndrome, and reducing the incidence of cardiovascular diseases.
Legume seeds contain significant amounts of antioxidants due to
their high phenolic, flavonoid, and anthocyanin contents. Consuming
products made from these legumes may help prevent and manage
various chronic and degenerative diseases, as well as address protein-
calorie malnutrition (Foyer et al.,, 2016; Tsamo et al., 2020; Popoola
et al,, 2022a). Studies by Adefegha and Oboh (2012); Kennedy (2014);
Adefegha et al. (2017); Gupta and Prakash (2019), and Adefegha
(2018) have confirmed that these bioactive components of NULs
could play significant roles in increasing the immune level and
support prevention of common diseases such as malnutrition
(severe and acute particularly in infants), sexual enhancers, obesity,
diabetes, heart-related diseases amongst others.

In terms of potentials as nutraceuticals, African yam bean
(Sphenostylis stenocarpa), and Horse gram (Macrotyloma uniflorum)
are legumes worthy of note, due to their anti-diabetic property, anti-
urolithiasis effect, and role in the prevention and management of
cardiovascular diseases, kidney stones, gastritis, pile, and urinary tract
disease (Sharma et al,, 2019; Vijayakumar, 2021). Extracts from mung
bean, adzuki bean, black bean, rice bean, and lima bean have been
documented to exert hepato-protective effects due to the presence of
antioxidant and anti-inflammatory compounds (Vijayakumar, 2021).
The bioactive components and health benefits of the selected NULSs are
presented in Table 4 and Figure 3.

Bioactive proteins and peptides are abundant in legume seeds
(Kortt, 1984; Mojica and Gonzalez de Meija, 2015; Makeri et al., 2016;
Hussein et al,, 2020). A notable bioactive protein in legume seeds is a
lectin. Lectins possess anticancer and immunostimulatory activities.
Lectins also help to reduce the risk of cardiovascular diseases in
obsessed individuals (Roy et al., 2010; Carbonaro and Nucara, 2022).

Haemagglutinins from Jack bean possess anticancer and
immunostimulatory properties (Carbonaro and Nucara, 2022).
Jack bean produces a well-known lectin called Concanavalin A
(Con. A) which has an extremely high anti-hepatoma activity
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TABLE 4 Bioactive components of the selected neglected and underutilized legumes.

NULs Phytochemicals/Bio- Health Benefits References
Food active Contents
Sources
1. Adzuki Phenol (tocopherols) and Antioxidant activities, anti-atherogenic, anti-thrombogenic, and (Gohara et al., 2016; Luo et al.,
beans Flavonoids hypochloremia effects 2016; Johnson et al., 2022)
2. African Phenols and flavonoids Antioxidant activities as nutraceuticals (Huang et al., 2018; Soetan
yam bean Resistant starch, slowly Stabilizes glucose metabolism and insulin levels improves mental et al., 2018; George et al., 2020;
digestible starch (SDS), and performance and modulates appetite Lin Tan et al., 2020)
non-starch polysaccharides
3. Bambara Tannins and flavonoids Neuroprotective, cardioprotective, antitumor, and antioxidant properties (Lin Tan et al., 2020; Adedayo
groundnut, et al., 2021)

4. Jack bean Polyphenols: flavonoids, Antioxidant with anti-diabetic, anti-cancer, and anti-inflammatory (Akpapunam and Sefa-Dedeh,
tannins, alkaloids, saponins, properties. 1997; Sowndhararajan et al.,
and cardiac glycosides Improves lipid metabolism, prevents metabolic syndrome, lowers bad 2011; Akinyemi et al., 2020)

cholesterol levels, and reduces cardiovascular diseases incidence and cancer
risk
Haemagglutinins Anticancer and Immunostimulant activities (Carbonaro et al., 2015)
5. Kidney Phenolic (tocopherol, total Promotes weight loss, anti-cholesterol, and anti-diabetic, and (Kan et al., 2017; Idoko et al.,
bean phenolics, total flavonoids hepatoprotective properties. 2020)
and antioxidant activities

6. Lima bean = Polyphenols, Flavonoids and | Anti-diabetic, antifungal, antiproliferative properties, hepaprotective activity, (Agostini-Costa et al.,, 2014;
Tannins antioxidant effects, trypsin, hypocholesterolemia activities Drago et al,, 2016)

7. Marama Oleic acid Enhances glucose homeostasis and anti-inflammatory activity. (Omotayo and Aremu, 2021;

bean Stearic acid Reduces blood pressure and atherosclerosis risk, improves heart function Omotayo and Aremu, 2019)
Palmitic acid Hypolipidemic and anti-inflammatory properties associated with the
Polyphenol prevention of cardiovascular disease, metabolic syndrome, and diabetes-
related insulin resistance.
Antioxidant, anti-bacterial, anti-fungal, anti-inflammatory, antihyperglycemic
and pro-apoptotic properties; protects against free radical-induced
erythrocyte hemolysis; represses rotavirus-induced inflammation
8. Mung Tannins and phytic acid Attenuates blood glucose level and insulin responses to plasma cholesterol (Gemede and Ratta, 2014;
bean and starchy foods reduces cancer risks Ganesan and Xu, 2018)

9. Rice bean Phenols and Flavonoids Antidiabetic properties including a-glucosidase inhibition and advanced (Yao et al., 2012; Bhagyawant
Phenolic acids (p-coumaric glycation end-product formation inhibitory activities. et al,, 2019; Kaur et al,, 2021)
acid, ferulic acid, and sinapic
acid)

Flavonoids (catechin,
epicatechin, vitexin,
isovitexin and quercetin)
10. Winged Polyphenol Anticarcinogenic, antioxidant, anti-inflammatory, antitumoral, antimicrobial, (Mohanty et al., 2013; Bassal
Bean antimutagenic, anti-ischemic and anti-allergic properties et al., 2020)
Lectin Antiploliferative activity (Kortt, 1984)

arising from its resistance and structural stability to in vitro
proteolysis and denaturation (Carbonaro et al, 2015; Huldani
et al,, 2022). The high level of lectins in winged bean has also
been shown to have antiproliferative activity on human cancer cell
lines. Two lectins (B2 and B3) were identified in winged bean which
exhibited the same amino-terminal sequences and the sequence of
lectin B3 to residue 40 reflected extensive homology with other
legume lectins such as soybean lectin (Kortt, 1984).

Saponins are often regarded as antinutritional factors (ANTSs) in
grain legumes as they inhibit active transport and simultaneously
increase the general permeability of enterocyte barrier (Bennetau-
Pelissero, 2018). Thus, saponins increase the permeability of the
small intestinal mucosal cells, facilitating the uptake of substances
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to which the gut would normally be impermeable. It also reduces
the bioavailability of nutrients and decreases enzyme activity,
resulting in an inhibition of growth. Notwithstanding, saponins
have some positive health benefits as they contain a triterpenoid
aglycone (sapogenin) linked to one or more oligosaccharide groups
with the ability to absorb free radicals and activate antioxidant
enzymes (Hai et al., 2021). Saponins in legume seeds contain two
major components soya-saponin I (approximately 630 to 900 mg/
kg) and dehydrosoyasaponin I (approximately 650 to 1300 mg/kg).
The hilum portion of legume seeds has been identified as having the
highest saponin content compared to the cotyledons (Hai et al.,
2021). Research findings reveal that Japanese and Chinese
populations have a lower risk for breast, colon, corpus uterine,
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and prostate cancers due to their high intakes of legumes and
legume products, which are good sources of saponins (Messina
et al,, 1994; Shi et al,, 2004). Thus, they tend to have a longer life
span than Africans (Lu et al,, 2017). Terpenoids are a sub-group of
triterpenoids and have been implicated to reduce bad cholesterol
level and possess anti-cancer and antimicrobial properties (Marrelli
et al,, 2016). To our knowledge, little or no research has been done
on the benefits of saponins and terpenoids derived from African
underutilized legumes. This is an aspect of research that should be
promoted to enhance the livelihood of the African population and
would aid in the attainment of the Sustainable Development Goal of
the United Nation on better health and well-being.

Alkaloids just like saponins are considered ANTs, and have been
reported in a few underutilized legumes but not in detail (Konyeme
et al., 2020; Popoola et al,, 2022a). Alkaloids are naturally essential as
defense agents which make up approximately 20% of the known
secondary metabolites available in plants (Kaur and Arora, 2015).
Therapeutically, alkaloids are particularly well-known as
antioxidants, anti-inflammatories, anesthetics, and cardioprotective
agents (Kurek, 2019; Heinrich et al., 2021). The presence of alkaloids
in some underutilized legumes (winged bean, AYB, and Kersting’s
groundnut) suggests their potential application as anti-cancer, anti-
inflammatory, antimicrobial, and analgesic agents amongst others
(Kaur and Arora, 2015; Popoola et al., 2022a). Jack bean and AYB
have been found to exhibit higher contents of alkaloids (0.645g/100g)
and (22.195-183g\100g) (Konyeme et al., 2020). More investigations
are needed on underutilized alkaloids, especially about their contents
and variability as regards quinolizidine (QA) and pyrrolidone (PA).

Carotenoids such as -carotene, lutein, and cryptoxanthin have
been detected in most legumes though much lower compared to
that of fruits and vegetables (Tee et al., 1995). Carotenoids are
widely distributed in legumes and have been reported to exhibit
health-promoting benefits such as antioxidants, better visual
function, and reduction of cardiovascular diseases (Voutilainen
et al,, 2006; Ku et al., 2020; Maoka, 2020). In a study to evaluate
bioactive components of selected underutilized legumes indigenous
to Nigeria, James et al. (2020) found out that, fermentation and
germination reduced carotenoid, anthocyanin, tannin, and
flavonoid contents of the legumes.

Lipid profiles of underutilized legumes has been fairly documented
but their effects on blood lipid levels are limited (Zhang et al., 2010;
Adebowale et al., 2011). However, research has linked the consumption
of these diets to a decreased risk of heart disease and obesity, according
to (Hossain et al., 2016). Furthermore, Yao et al. (2015) discovered that
the Cil2 landrace of Bambara groundnut from Cote d’Ivoire contained
a high concentration of n-6 fatty acids, which are classified as
polyunsaturated fatty acids (PUFAs) and include Omega-6 linoleic
acid (C18:2, ¥-6) and Omega-3 alpha-linoleic acid (C18:3, ®-3). These
acids cannot be produced by the body and must be obtained through
diet. Studies have also shown that consuming diets rich in Omega-6
fatty acids can reduce the incidence of cardiovascular disease and
obesity, as noted by (Patterson et al., 2012; Djuricic and Calder, 2021).
Oleic, stearic and palmitic acids have been recorded for Maraba bean
(Omotayo and Aremu, 2021). The fatty acids components such as
palmitic, palmitoleic, oleic, arachidonic, eicosapentaenoic,
docosapentaenoic, lignoceric, docosahexaenoic and nervonic acids
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have not been studied extensively in African underutilized legumes.
Further studies are required to unravel the PUFAs available in these
lesser-known legumes.

6 Antimicrobial properties of
underutilized legumes

Infections resulting from microbial sources are a great source of
threat to plants, animals, and human health, which have necessitated
the use of effective, safe, and sustainable biocontrol methods. This is
particularly important due to the resistance of microbes to antibiotics
and other control mechanisms as well as the search for novel
antimicrobial agents (Udeh et al, 2020). Underutilized legumes are
embedded with inherent antimicrobial abilities through the presence of
different phytochemicals which include phytate, tannins, anthocyanin,
flavonoids, etc. (Ayilara et al., 2022). These phytochemicals have been
reported to be capable of controlling both gram-positive and gram-
negative pathogenic bacteria (Ramatsetse et al., 2023). For instance,
Bambara groundnut has been reported to inhibit the growth of
different human pathogenic organisms which include Klebsiella
pneumonia, Escherichia coli, Bacillus aureus, Pseudomonas
aeruginosa, Candida albicans, Klebsiella aerogenes, Aspergillus niger
and Staphylococcus aureus (Klompong and Benjakul, 2015; Wanyama
etal, 2017; Oyeyinka et al., 2021) (Table 5). Antimicrobial properties of
other selected underutilized legumes are shown in Table 5. The
mechanism of action of the underutilized legumes as antimicrobial
agents includes disruption of the microbial activity, chelation of crucial
micro mineral elements (zinc and iron), suppression of the cell surface
microbial enzymes, hydrophobic and electrostatic interaction with the
cell membrane and cell wall (leading to the production of large pores
and consequently its disintegration), induction of morphological
changes in bacteria cells, increase in the permeability of cell wall
which results to cell lysis and death, penetration of the cytoplasmic
membrane, reduced intracellular ATP concentration and the
prevention of spore germination and mycelial growth in fungi
(Sitohy et al., 2013; Lopes and Brandelli, 2018; Udeh et al., 2020; Jia
et al, 2021). On antifungal potentials, an array of proteins/peptides
from mungbean, kidney bean, African yam bean, lima beans, brown
kidney, winged beans), have elicited antifungal effect against plant and
human pathogens including Fusarium oxysporum and Coprinus
comatus, Verticillium dahlia, Botrytis cinerea, Setosphaeria turcica,
Rhizoctonia solani, Mycosphaerella arachidicola, Helminthosporium
maydis, Candida albicans, Gibberalla sanbinetti, Sclerotinia
sclerotiorum, etc. (Mani-Lopez et al.,, 2021). More research focus is
required on arrays of antimicrobial properties of underutilized legumes
of Africa which will possibly lead to cheaper means of drug discovery
and good health care in Africa.

The species of legumes, the concentration of the extract, and the
type of extractant (solvent) used are essential factors that affect the
activity of underutilized legumes as antimicrobial agents (Shelke
et al,, 2022). Kaundal et al. (2019) reported that when different
solvents (dichloromethane, 1-butanol, water and ethyl acetate) were
used to assess the antimicrobial properties of Horse gram against
human pathogenic organisms (Bacillus sp., E.coli, Shigella sp.,
Staphylococcus sp. and Salmonella sp.), ethyl acetate and
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TABLE 5 Antimicrobial properties of underutilized legumes.

10.3389/fpls.2023.1105364

Botanical Extractant = Part Microbe or disease control References
name used
Horse gram | Dolichos biflorus Water Seeds Escherichia coli, Pseudomonas aeruginosa, Bacillus subtilis and Staphylococcus aureus (Basu et al,,
2017)
Mung bean Vigna radiata Water Hull Bacillus cereus (Kanatt et al.,
Bengal Cicer arietinum 2011)
gram
Lablab bean | Lablab Peptide Seeds Bacillus cereus (Bai-Ngew
purpureus et al,, 2021)
Bambara Vigna Water Hull, Klebsiella pneumoniae, Aspergillus niger, Pseudomonas aeruginosa, Candida albicans (Udeh et al,,
groundnut subterranea seeds Staphylococcus aureus, Escherichia coli and Bacillus cereus 2020)
Adzuki Vigna angularis Ethanol Seed E. coli and Staph aureus (Jia et al,
bean coat 2021)
Kidney Phaseolus Methanol Seeds Multidrug-resistant Enterobacterales (Ebrahim
bean vulgaris et al,, 2022)
Marama T. esculentum Water Testae Campylobacter jejuni, Staphylococcus sp., Escherichia coli, Shigella sp., Yersinia sp., (Chingwaru
bean MRSA, and Salmonella sp. et al,, 2015)
Mung bean Vigna radiata Ethanol Seed L. monocytogens, C. jejuni, S.aureus, E.coli, B. subtilis and Pseudomonas aeruginosa (Keawpeng
Flour et al., 2022)
Winged Psophocarpus Methanol Leaves Pseudomonas aeruginosa (Latha et al.,
bean tetragonolobus 2007)

dichloromethane extracts revealed antibacterial activities while the
aqueous and 1-butanol extract showed no antibacterial properties
(Kaundal et al., 2019). Hence, it is essential to carry out further
research on different underutilized legumes to unravel the best
extractant that can be used to extract the active ingredients in
different NULs to promote their potential in the discovery of
new drugs.

In addition, different plant parts are used in the production of plant
extracts, these include the pods, seeds, flowers, hall, root, stem, tuber,
and leaf, where different types and different forms of phytochemicals
can be found (Henciya et al,, 2017; Zhong et al.,, 2022). More research
should be carried out on underutilized legumes to unravel the different
parts of each NULs that can give a maximum recovery and variety of
antimicrobial active compounds.

7 Prospects in harnessing the benefits
of underutilized legumes

Too much reliance on a few staple crops to meet the food and
nutritional needs of man is a potential threat to the global fight
against food insecurity and to ensure that the zero hunger
sustainable development goals (SDGs) are achieved by 2030.
Traditional or indigenous food crops in Africa have major roles
to play in realizing the SDGs 2 and 3 of the United Nations if given
the utmost attention and necessary improvement for human
consumption. The African populace needs to be sensitized to the
benefits derived from her indigenous legumes. Furthermore,
researchers in Africa must embark on collaborative research and
give priority to these legumes in crop improvement programs using
a holistic approach. Cellular oxidative stress has been implicated in
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the development of chronic diseases such as cardiovascular disease,
cancer, arthritis, diabetes, and degenerative diseases in humans.
Nevertheless, antioxidants in foods regulate and reduce oxidative
destruction by inhibiting oxidation caused by reactive oxygen
species (ROS), and improve the shelf-life and quality of these
foods (Ames et al, 1993; Altemimi et al., 2017). The bioactive
components of legume seeds possess antioxidant activity which
could mitigate the effects of oxidative stress. However, these
bioactive forms a small percentage of the nutritional components
of legume seeds.

Singh et al. (2021) revealed that bioactive compounds are
concentrated in different parts of the seeds of legumes. For
instance, phenolic compounds such as flavonoids and dietary
fibers occur in the seed coat while non-flavonoids such as
oligosaccharides and dietary fiber occur in the cotyledons (Singh
et al, 2021). Including dietary fibers from legume seeds and
cotyledons in one’s diet has several positive effects on human
health. These fibers can assist with digestion in the gastrointestinal
tract by increasing water-holding capacity, viscosity, bulk,
fermentability, and the ability to bind bile acids, as noted by
Stosh and Yada (2010). In addition, it is known to reduce serum
cholesterol in hypercholesterolemic people and postprandial
glycemia. The dietary fiber in the seed testa has been reported to
be significantly higher than the quantity in the cotyledons (Sergio
et al., 2020). These bioactive compounds could also be used to
design functional food products. Unfortunately, most of the
bioactive components of the seeds of underutilized grain legumes
are unknown. Therefore, there is a need for these bioactives present
in Africa’s indigenous legumes to be extracted, purified, and
characterized using biochemical approaches with the chemical
structures elucidated with the aid of high-tech equipment
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(Figure 4). To extract the bioactive compounds from these NULs,
modern extraction techniques can be employed for maximum
efficiency. Once extracted, these components are further purified
using chromatographic methods, such as high performance liquid
chromatography (HPLC) or column chromatography, before being
profiled using analytical techniques such as nuclear magnetic
resonance (NMR), gas-chromatography-mass spectroscopy (GC-
MS), GC-time of flight-MS (GC-TOF-MS) which improves
resolved peaks, LC-MS, or Fourier Transform Infrared
spectroscopy (FTIR) used to detect different functional groups of
metabolites. These techniques help to identify and quantify a variety
of primary and secondary metabolites in the purified bioactive
compounds (Pandey et al., 2016).

Different methods have been used for the extraction of bioactive
compounds; these include microwave-assisted extraction (MAE)
soxhlet extraction (SE) using different solvents as well as ultrasonic/
ultrasound-assisted extraction (UAE). Other modern methods also
in use include supercritical fluid extraction (SFE), solid-phase
extraction (SPE), enzyme-assisted extraction, pressurized liquid
extraction (PLE) or accelerated solvent extraction (ASE), and
extraction assisted by a pulsed electric field. These recent methods
are efficient in the removal of flavonoids from plant products.
Current reviews have discussed in detail, the use of these modern
methods for the extraction of essential bioactives from plants
(Selvamuthukumaran and Shi, 2017; Chaves et al., 2020).

The MAE is one of the modern extraction methods that has
received much patronage due to several merits such as a reduction
in utilization of solvents, enhanced yield recovery, better selectivity,
reproducibility, reduced operation time, and less sample
manipulation (Alara and Abdurahman, 2019; Alara et al., 2019;
Nour et al., 2021). MAE utilizes microwave energy for faster heating
which results from a range of electromagnetic spectrums of light
(300 MHz to 300 GHz) with short wavelengths usually between 1
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electromagnetic radiation on vibrations of both the extraction
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solvents and the analytes being extracted enhances the extraction
yield (Ameer et al,, 2017; Chaves et al,, 2020). It is essential to note
that the efficiency of the extraction process is dependent on several
factors such as the temperature and particle size, solvent-solid ratio,
as well as the nature of the solvent used for extraction.

MAE utilizes microwave energy for rapid heating which results
from a range of electromagnetic spectrums of light (300 MHz to 300
GHz) with short wavelengths usually between 1 cm™' and 1 m™".
The combined effect of increased temperature within the extraction
medium and the effect of microwave electromagnetic radiation on
vibrations of both the extraction solvents and the analytes being
extracted enhances the extraction yield (Ameer et al., 2017; Chaves
et al,, 2020). It is noteworthy that the efficiency of the extraction
process is dependent on several factors such as the temperature and
particle size, solvent-solid ratio, as well as the nature of the solvent
used for extraction. The extraction efficiency is dependent on
factors such as the nature of the solvent, solvent-solid ratio,
temperature, as well as particle size. To enhance the extraction
process, optimization of modern extraction methods is required.
Synergistic effects could be obtained if there is a combination of the
above novel extraction methods. Tsamo et al. (2020) used an ultra-
performance liquid chromatographic system with a PDA detector
coupled to a mass spectrophotometer detector (UPLC-qTOE-MS)
to identify phenolic compounds in the seeds of Kersting’s
groundnut. A total of 57 potential compounds were identified,
among which were flavonoids; catechin, gallocatechin, quercetin,
rutin, naringin, kaempferol, 7-rutinoside, and eriodictyol 7-
rutinoside.Gallocatechin is known to enhance lipid metabolism
and aids the prevention of metabolic syndrome as has been
reported in some other legume seeds such as pea and lentils
(Mirali et al., 2017; Jha et al., 2019; Tsamo et al., 2020). Table 6
shows different modern methods used in extraction of bioactive
components of plants, including seeds.

With the advancement in sequencing techniques and omics
technologies such as genomics, proteomics, transcriptomics,
metabolomics, and the genome editing tools such as the
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TABLE 6 Bioactives from legumes and their extraction conditions.

Plant
source

Extraction
method

Bioactive

compound

Extraction conditions

10.3389/fpls.2023.1105364

References

Phenolic MAE Phaseolus Effective extraction of polyphenols at a temperature of 150°C using 50% ethanol (Sutivisedsak
phytochemicals vulgaris (L.). et al., 2010)
inositols and o Optimized Mung bean 0.5 g dry sample, 2 cycles of 3 min, 50°C, 10 mL 50:50 (ethanol: water, v: v), resulted in (Carrero-
galactooligosaccharides MAE (Vigna extraction of bioactive carbohydrates between 74.1 and 104.2 mg.g—1 dry sample Carralero
radiata) et al,, 2018)
inositols,0ot- MAS Alfalfa Optimal extraction temperatures of 40°C (leaves), and 80° C (seeds) resulted in higher (Solarte et al.,
galactooligosaccharides (Medicago yields of inositols (2x) and o-GOS (7 x) with more Pinitol in leaves and stems (24.2-31.0 2021)
(GOS) sativa L.) mg_g-' and 15.5-22.5 mg_g-', respectively) while seed extracts were rich in -GOS,
leaves and mainly in stachyose (48.8-84.7 mg_gl).
stems
Quercetin flavonoid Sequential Red kidney The extraction efficiency of quercetin was enhanced yielding 35.8 mg quercetin/g kidney (Aghajanian
MAS bean bean et al,, 2020)
Saponins UAE red lentils The ethanol extraction efficiency of total saponin content in red lentil seeds was increased = (Del Hierro
(Lens (11 g 100 g"). et al,, 2018)
culinaris)

MAE, Microwave assisted extraction; UAE, Ultrasound-assisted extraction.

CRISPER-Cas9 or TALEN, underutilized legumes can be
genetically improved for better utilization and acceptance as these
legumes are currently faced with some production constraints such
as high antinutritional factors in the seeds which reduce the
bioavailability of minerals, prolonged cooking time due to
hardness of the seed coat of some pulses, and photoperiod
sensitivity which also affects tuberization in tuberous legumes.
The utilization of plant-based functional foods can be enhanced
by the use of innovative technologies for the extraction and
microencapsulation of bioactive compounds using novel
technologies in metabolomics (Nayak et al., 2021; Pattnaik et al,
2021). Metabolomic studies can be used to identify rich value-added
compounds from different parts of underutilized legumes such as
the seeds, leaves, stems, or tubers, listing the main bioactive
metabolites identified and the factors affecting their production.
Metabolomics finds its usefulness in the identification of
metabolites after the bioactives have been extracted using one of
the modern methods discussed above. It highlights the expressions
and changes of metabolites, as well as their interactions and
resulting phenotypic traits in plants subjected to harsh
environmental conditions. Under such stress, plants must adapt
their metabolomic pathways to maintain metabolic homeostasis, a
process referred to as acclimation (Joshi et al., 2021; Makhumbila
et al., 2022).

Chen et al. (2020) studied the metabolomic profile of common
bean and identified major findings related to amino acids,
flavonoids, isoflavonoids, purines, and proline metabolism. These
pathways enhanced the plant’s potential for defense against
pathogens like Fusarium solani (FS). The study combined RNA
sequencing and metabolomics techniques to investigate changes in
gene expression and metabolic processes in common bean infected
with FS. The results showed that metabolic pathways were enriched,
leading to an increase in metabolites involved in plant defense
response. Infected common bean seedlings responded with
modifications to their cell walls, the generation of reactive oxygen
species, and a synergistic hormone-driven defense response. The
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study also found that infected plants induced energy metabolism,
nitrogen mobilization, accumulation of sugars, and arginine and
proline metabolism (Chen et al., 2020; Makhumbila et al., 2022).
Reliable software tools such as GCMS, LC-MS, and NMR are
required to analyze the vast amounts of data generated by
metabolomic technologies. These tools should be capable of
visualizing, detecting peaks, normalizing/transforming sample
data, annotating, identifying, quantifying, and statistically
analyzing targeted and untargeted metabolite variations using
algorithms for univariate and multivariate analysis (Sun and
Weckwerth, 2012; Junot et al., 2014; Makhumbila et al., 2022).
There are now several metabolomic pathway databases available
online that group metabolites with similar functions. These
databases include the Kyoto Encyclopedia of Genes and Genomes
(KEGG), Cytoscape, MapMan, and iPath, which are relevant to
plants. Cytoscape is an open-source software platform used to
visualize complex networks and integrate them with any type of
attribute data. MapMan is a user-driven tool that displays large
datasets onto diagrams of metabolic pathways while iPath is a
relevant tool for plants (Fukushima and Kusano, 2013; Patel
et al,, 2021).

With the advent of Next-generation Sequencing (NGS), the cost
of sequencing has plummeted, making it possible to sequence large
and complex genomes in a shorter period (Hamilton and Robin
Buell, 2012; Kumar et al., 2021). Several whole genome sequencing
studies are underway for some underutilized crops, and some have
been completed. Once these sequences are available, they can be
applied for in-depth structural and functional genomic studies to
characterize and annotate the genes. Furthermore, the availability of
the whole genome sequence will accelerate the development of
genetic linkage maps of genomic regions that control particular
traits of the plant, as well as the accumulation of bioactive
compounds. The coupling of sequencing technologies with
bioinformatics and high-through put phenotyping techniques
genomic studies and bioinformatics tools could facilitate the
improvement of the genetic pathways for the production of
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bioactive compounds and identification of genes that regulate
essential agronomic traits relevant to the quality of NULs
(Mochida and Shinozaki, 2011; Steinwand and Ronald, 2020;
Kumar et al, 2021). Utilization of various genomics approaches
such as genome-wide association studies (GWAS); marker-assisted
selection (MAS) and genomic selection (GS) have been used to
identify useful markers linked to nutritional traits and bioactives in
various crops. For instance, a study on 94 chickpea genotypes from
a diverse population using GWAS resulted in the identification of
eight single nucleotide polymorphisms (SNPs) associated with Fe
and Zn content in chickpea seeds (Diapari et al., 2014), while two
closely associated SNPs markers for Fe and Zn were identified by
GWAS in lentils (Khazaei et al., 2017). Following the identification
of SNPs linked to these trace elements, marker-assisted selection
can be applied for the introgression of these traits into underutilized
legumes through the process of biofortification. This is particularly
relevant in the current global pandemic as Zn is known to be an
immune booster. Shreds of evidence have shown that Zn deficiency
increases the risk of infectious diseases, autoimmune disorders, and
cancer (Roohani et al., 2013; Haase and Schomburg, 2019; Wessels
and Rink, 2020; Wessels et al., 2020). Although most of the NULs
especially the African yam bean are good sources of Zn and Fe, the
levels of these elements could be enhanced through biofortification.
Legumes with high Fe and Ze levels could be harnessed to boost the
immunity of risk groups mainly the elderly and patients with
inflammatory or autoimmune diseases. With the use of modern
breeding methods, an international organization located in
Malaysia, Crops for the Future is spearheading research on some
underutilized species such as bambara groundnut and winged bean
to enhance food and nutritional security.

Omic technologies should be employed to enhance the
functional components of NULs towards ensuring food and
nutritional security. The use of transcriptomic analysis for the
identification of regulatory genes in biochemical pathways can
assist researchers to gain significant insight into the functional
mechanisms of plant’s biosynthetic pathways especially those
involved in secondary metabolite synthesis. The transcriptomic
analysis is usually carried out to study gene expression in plants.
This is done using microarray technology or RNAseq analysis.
Available transcriptome data of some model legumes could be
applied to study NULs when the transcripts have been obtained
as has been reported for Medicago trunculata using theCTDB
(RNASeq) and MtGEA (Mocroarray) (Garg and Jain, 2013).
Integrated use of omics technologies methods to enhance the
nutrient potential of any crop, could influence nutritional security
if applied in food processing and formulations (Tian et al., 2016;
Nayak et al., 2021). If this is not done the rich bioactive compounds
inherent in most of these indigenous legumes will remain unknown
and untapped. Molecular studies should therefore be used for
genetic dissection of antioxidant activities in NULs and nutrient-
related traits. This has not received much research attention thus
far. Apart from enhancing the nutritional contents of these legumes,
omics technologies coupled with genome editing could aid the
reduction of antinutrients like oxalate and phytic acid which affects
the bioavailability of vital minerals, thereby enhancing
human health.
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TThe CRISPR/Cas 9 method of genetic manipulation in plants
has gained a lot of attention and acceptance for crop improvement
because it is straightforward, adaptable, and accurate (Bhowmik
et al, 2021). It would be very useful for enhancing genetic
improvement in NULs. This technology is constantly evolving
and has a wide range of applications, such as producing
knockouts, precise modifications, multiplex genome engineering,
or controlling gene expression (Arora and Narula, 2017; Baloglu
et al., 2022). CRISPR/Cas9 relies on two key components: a Cas9
endonuclease and a guide RNA (gRNA) consisting of two small
RNA molecules: the CRISPR RNA (crRNA) which is a 20-
nucleotide sequence that matches the target DNA, and the
transactivating crRNA (tracrRNA), which serves as a binding
scaffold (Bhowmik et al., 2021). The CRISPR/Cas9 technology is
highly useful for improving genetic traits in plants. Though it has
been utilized in gene editing of known legumes such as soybean,
cowpea, and the model legume Medicago trunculata (Curtin et al,
2018; Al Amin et al., 2019; Bao et al., 2019; Ji et al., 2019; Bao et al.,
2020; Juranic et al., 2020; Chen et al., 2020; Wolabu et al., 2020;
Bhowmik et al,, 2021), very few attempts have been made on
genome editing in underutilized legumes. The bottleneck has been
in getting the whole genome sequence of the underutilized legumes.

Meng et al. (2017) developed an efficient CRISPR/Cas9 system
for inducing targeted mutations in the MtPDS gene in the model
legume M. truncatula. Among the 309 TO transgenic plants, 32
displayed the albino phenotype. To determine if the albino
phenotype was due to the targeted mutation, 16 out of the 32
transgenic plants were randomly selected for sequence analysis.
Results revealed that all the albino plants had mutations at the
targeted site of the MtPDS gene. These findings were supported by
Baloglu et al. (2022). Efforts are ongoing by the African Orphan
Crops Consortium (AOCC) through a network of international to
regional public-private partnerships and collaborators, to generate
genomic sequences of some underutilized legumes (Faba bean,
Mungbean, Bambara groundnut, Marama bean, Mungbean, and
Lablab purpureus). The complete genome sequence of Mungbean
published in 2014 permitted genomic research and molecular
breeding of mung bean (Kang et al, 2014; Baloglu et al., 2022).
Schafleitner et al. (2015) evaluated agronomic traits in 1481
Mungbean collections based on the availability of its whole
genome sequence. This paves the way for genome editing to be
used for the genetic improvement of this species to enhance its
yield, nutritional content, and resistance to diseases. The lack of
whole genome sequences in most of these beneficial underutilized
legumes poses challenges to their improvement using CRISPER/
Cas9. Despite the absence of a genome reference sequence for Faba
bean, significant advancements have been made in genetic and
genomic resources to aid molecular breeding. The robust synteny
shared with the model legume M. trunculata allows for the use of
omic technologies like transcriptomics and comparative genomics.
These methods help identify single-nucleotide polymorphisms
(SNPs), develop high-density consensus genetic maps, and predict
the candidate genes responsible for various desirable traits.
Bhowmik et al. (2021) discussed these approaches in their study.
The genome editing technology no doubt has the potential to
enhance crop improvement in various ways. However, some
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individuals are against its global acceptance pushing for regulations
on its use. Nevertheless, genome editing technology differs from
genetic engineering or modification which requires novel genes to
be inserted into another organism of a different species. Across
many countries and regions in the world, different regulatory
approaches are being sought. In Africa, the National Biosafety
Management Agency of Nigeria released the first gene editing
guidelines which paves the way for its utilization in the
improvement of economic crops in the country. Other African
governments should take a cue from Nigeria and develop a
regulatory framework for gene editing.

8 Conclusion

There is no doubt that underutilized legumes are rich sources of
micronutrients and bioactive compounds with a great capacity to
achieve zero hunger of the Sustainable Development Goals (SDG) by
2030. The rich bioactive compounds inherent in underutilized
legumes which are yet to be tapped have great health benefits for
man. Most phytochemicals in legumes are regarded as antinutritional
components as they have no nutritional value. However, recent
studies have shown that these non-nutrients such as tannins,
glycosides, and saponins possess hypocholesterolemic and
anticarcinogenic activity while flavonoids possess antioxidant
activities which are essential for scavenging reactive oxygen species
which cause oxidative stress in diseased conditions. If the abundant
bioactive compounds in these underutilized legumes are identified
and employed as therapeutics or used in the development of
functional food products, it will greatly enhance human health,
reduce the over utilization of the common legumes as well as help
to increase food, protein, and nutrition security in Africa. The
renewed efforts in this direction will be to evolve strong research
and development between industries (pharma and foods) and the
academia/research for appropriate food-based or pharmaceutical
product developments. Thus, incorporating NULs rich in bioactive
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The advances in genomics in recent years have increased the accuracy and
efficiency of breeding programs for many crops. Nevertheless, the adoption of
genomic enhancement for several other crops essential in developing countries
is still limited, especially for those that do not have a reference genome. These
crops are more often called orphans. This is the first report to show how the
results provided by different platforms, including the use of a simulated genome,
called the mock genome, can generate in population structure and genetic
diversity studies, especially when the intention is to use this information to
support the formation of heterotic groups, choice of testers, and genomic
prediction of single crosses. For that, we used a method to assemble a
reference genome to perform the single-nucleotide polymorphism (SNP)
calling without needing an external genome. Thus, we compared the analysis
results using the mock genome with the standard approaches (array and
genotyping-by-sequencing (GBS)). The results showed that the GBS-Mock
presented similar results to the standard methods of genetic diversity studies,
division of heterotic groups, the definition of testers, and genomic prediction.
These results showed that a mock genome constructed from the population’s
intrinsic polymorphisms to perform the SNP calling is an effective alternative for
conducting genomic studies of this nature in orphan crops, especially those that
do not have a reference genome.

KEYWORDS

genotyping-by-sequencing, SNP-array, formation of heterotic groups, genomic
prediction of single-crosses, minor crops, underused crops, simulated genome

1 Introduction

Molecular markers have been used to develop genomic tools to improve economically
important crops (Mammadov et al., 2012; Thomson, 2014). Currently, single-nucleotide
polymorphism (SNP) markers are the most used in genomic studies (Fritsche-Neto et al.,
2021), as they provide higher resolution due to their frequent occurrence and uniformity
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throughout the genome (Gupta et al, 2008). Rapid advances in
next-generation sequencing (NGS) technologies, combined with
high levels of diversity in SNP, have made it possible to develop
high-throughput genotyping platforms (Bachlava et al., 2012).

There are several genotyping platforms for obtaining SNPs
throughout the genome, which have provided an infinity of
sequencing information with remarkable improvements in
coverage, time, and costs, making it possible to genotype
thousands of samples with many markers (Bevan and Uauy,
2013), with SNP array and NGS platforms being the most
appropriate for this purpose (Rasheed et al, 2017). There are
many array-based genotyping platforms available in major crops
such as maize (Unterseer et al., 2014), wheat (Winfield et al., 2016),
rice (Singh et al, 2015), and soybean (Lee et al, 2015). These
platforms have many advantages, such as fast scans with high call
rates and density. However, they present an investigation bias when
the set of individuals does not faithfully represent the genetic
diversity explored in the study panel. Furthermore, it has a high
cost and is inaccessible to small breeding programs (Messing and
Dooner, 2006; Frascaroli et al., 2013), especially those of
unprofitable crops.

Beyond crop-specific SNP arrays, NGS-based platforms are
adaptable to various crops, regardless of prior knowledge of
genomics, genome size, organization, or ploidy (Rasheed et al,
2017). Genotyping-by-sequencing (GBS) appears as an alternative
to overcome the verification bias since it is based on sequencing
and, therefore, allows the discovery of alleles in the diversity panel
analyzed, in addition to having a lower cost when compared to SNP
array. However, GBS generates many low-quality markers with a
high rate of lost data (Heslot et al., 2013). The advances in genomics
in recent years have increased the accuracy and efficiency of
breeding programs for many crops. However, adopting genomic
enhancement for several other staple crops essential in developing
countries is still limited, especially for traits under complex genetic
control, which are crucial to crop performance (Varshney et al,
2012). This is because most studies use the array-based and GBS-
based SNP marker approach, which depends on a reference genome
for SNP discovery. Crops that do not have a reference genome
cannot take advantage of biotechnological tools to improve their
genetic gain and develop modern cultivars faster (Armstead
et al.,, 2009).

There are many crops of unique relevance to developing
countries, essential for the food, nutritional, and economic
security of these countries, which still do not have a reference
genome (Baldermann et al., 2016; Hendre et al,, 2019). These crops
are more often called orphans. The term “orphan” is derived from
the condition of neglect and helplessness of these crops by the
scientific community, leading to the designation of such species as
underused, neglected, or minor crops (Tadele and Assefa, 2012).
GBS also appears as an option for genomic studies in these crops,
especially when they do not have a reference genome (Sabadin et al.,
2022). With these data, it is possible to build a mock reference to
perform the SNP calling, where the discovery of polymorphisms
will be intrinsic to the study population without using an external
genome (Melo et al., 2016). This pipeline has already been
successfully used in several genomic studies (Adhikari et al., 2018;
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Holloway et al., 2018; Munjal et al., 2018; Matias et al., 2019;
Sabadin et al,, 2022). Adopting this technology in poorly studied
crops has a tangible impact on the progress of the breeding process
(Ye and Fan, 2021).

Recent studies have compared the performance of genotyping
platforms and how this choice affects genomic studies regarding
genetic diversity studies (Elbasyoni et al., 2018; Darrier et al., 2019),
genome-wide association study (GWAS) (Negro et al,, 2019), and
genomic prediction (Chu et al., 2020). Only one report compares
the performance of the mock reference pipeline with standard
genotyping approaches in genomic prediction studies (Sabadin
et al., 2022). However, this study used a relatively small
germplasm panel. It did not consider the effect of genotyping
platforms on population structure, the formation of heterotic
groups, and the choice of testers, which is fundamental for a
breeding program that wants to synthesize single crosses.

Although some reports are available, there still needs to be a
consensus on how different platforms provide the results. Thus, we
conducted a full study on this topic with a robust germplasm panel.
For this, we compared different genotyping scenarios from the
beginning of the breeding process with the approach of genetic
diversity and population structure, advancing to the formation of
heterotic groups and choice of testers to the synthesis and
prediction of single crosses. Thus, this information will be
valuable to leverage genomic studies and accelerate the
development of cultivars in minor crops without a reference
genome. Therefore, our goals were to verify whether the source of
SNP can influence the assessment of the population structure of
parental lines, to ascertain if the source of SNP can affect the
determination of heterotic groups and the prediction of single
crosses performance, and check if the GBS and the mock genome
efficiently performs the SNP calling in orphan crops (without
reference genome).

2 Materials and methods

To facilitate the understanding of the analysis carried out in this
study, a workflow is described in Figure 1. Each stage of the analysis
is detailed in the following sections.

2.1 Species model

We used maize as a model species in this study because it is
already well-established regarding SNP array, with several array
options available (Ganal et al., 2011; Unterseer et al., 2014; Xu et al,
2017), and GBS protocols are also well-established for this species
(Crossa et al,, 2013; Li et al., 2015; Wang et al., 2020). In addition,
maize has a diverse, complex, and dynamic genome (Schnable et al.,
2009), which is suitable for this study. We used a public panel of
tropical maize germplasm containing 360 parental lines (Yassue
et al, 2021a). The genomic and phenotypic information about
this panel is available on the Mendeley platform (https://

data.mendeley.com/datasets/5rtc89t7v5/1).
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FIGURE 1

The workflow of analysis performed in the study. The different colors represent different stages of the analysis. Genomic information from the three

SNP datasets was used in all analyses. SNP, single-nucleotide polymorphism.

2.2 Phenotypic data

The phenotypic dataset consists of 903 maize single crosses
(Fritsche-Neto et al., 2019) derived from a diallel cross between 49
parental lines to a public tropical maize diversity, selected based on
nitrogen use efficiency (Mendonca et al., 2017). Field trials were
carried out in Anhembi (22°50'51"S, 48°01'06”W) and Piracicaba
(22°42'23"S, 47°38'12"W), in the State of Sao Paulo, during the
second growing season, from January to June 2016 and 2017. Single
crosses were evaluated in an augmented block design, where each
block consisted of 16 single crosses and two checks (commercial
single crosses). In both locations and years, the single crosses were
evaluated under two nitrogen (N) conditions, low N with 30 kg N
ha™" and ideal N with 100 kg N ha™". Each location x year x N level
combination was defined as an environment.

Each plot consisted of 7m rows spaced 0.50 m apart.
Conventional fertilization and weed and pest control were carried
out. The traits evaluated were grain yield (GY, mg ha™'), plant
height (PH, cm), and ear height (EH, cm). The plots were harvested
manually, and the grains were harvested with a moisture content of
approximately 18%. Subsequently, grain yield was corrected for
13% moisture, according to Mulvaney and Devkota (2020). More
details on the phenotypic dataset’s experimental design and
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cultivation practices were previously reported by Fritsche-Neto
et al. (2018) and Galli et al. (2020).

2.3 Genetic-statistical model for
obtaining BLUEs

The joint analysis of each trait was performed to estimate the
means of the single crosses across the environments. Thus, an
equation was adjusted to obtain the Best Linear Unbiased Estimator
(BLUE) for each genotype, and later, the adjusted means of these
across the environments evaluated by the following mixed model
were estimated:

y=QIl+Sb+Tc+Ug+Vi+e,

where y is the vector of phenotypic values of single crosses and
checks; 1 is the vector of fixed effects of the environment (site x
year x N level combination); b is the vector of random effects of
block nested within environments, where b ~ N(0, I6,); ¢ is the
vector of fixed effects of checks; g is the vector of fixed effects of
single crosses; i is the vector of fixed effects of the interaction
checks x environments; € is the vector of random residual effects,
where ¢ ~ N(0, De). An unstructured covariance matrix across
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environments was assumed for the residual term (De) due to the
contrasting doses of N. Q, S, T, U, and V are the incidence matrices
for I, b, ¢, g, and i. The analysis was performed using the ASRemI-R
(Butler et al., 2018).

2.4 Genotypic data and analysis

The 360 lines belonging to the public tropical maize diversity
mentioned above were genotyped using two SNP high-density
genotyping platforms: 1) Aﬁ‘ymetrix® Axiom Maize Genotyping
Array (SNP array) and 2) GBS method following the protocol
described by Poland et al. (2012). In this last method, individual
samples of genomic DNA were digested by two restriction enzymes,
Pstl and Msel, to reduce the genome complexity uniformly.
Subsequently, the samples were included in a sequencing plate,
performed on the Illumina NextSeq 500 platform (Illumina Inc.,
San Diego, CA, USA).

The raw GBS data were used for two purposes: the first was to
perform the SNP calling using the B73 line of temperate germplasm
as a reference genome. The second purpose was to build a simulated
reference genome (mock genome) according to the GBS-SNP-
CROP pipeline proposed by Melo et al. (2016) and use it to
perform the SNP calling. This pipeline aggregates custom analysis
and filtering procedures with bioinformatics tools on raw GBS
readings. The method employs a variant calling strategy based on
patterns of polymorphisms within the individual or cluster and
across populations or clusters to identify sequencing or PCR errors.
Finally, the pipeline uses a reading grouping strategy based on
similarity to generate representative sequences, that is, a simulated
reference of GBS fragments. Details of each stage of mock genome
building can be found in Melo et al. (2016).

Further analysis was performed considering three SNP datasets:
1) SNP array, 2) GBS with SNP call using B73 as the reference
genome (GBS-B73), and 3) GBS with the simulated genome being
used as the reference genome (GBS-Mock). For GBS datasets,
according to standard parameters, SNPs were scored from raw
data using the TASSEL 5.0 GBSv2 pipeline (Glaubitz et al., 2014).
With the use of the Burrows-Wheeler Alignment tool (BWA) (Li
and Durbin, 2009), the tags were aligned against the reference
genome (GBS-B73 and GBS-Mock).

As two genotyping platforms (SNP array and GBS) were
performed, the parental lines that showed a very contrasting
genotypic profile between the two platforms were removed from
the analysis to obtain a fair comparison. Thus, between sequencing
errors and divergences in genotypic profiles between platforms, 330
parental lines remained, among which 45 parental lines make up the
diallel, which generated 751 single crosses. The number of markers
concerning the raw data was 18,413 (SNP array), 131,350 (GBS-
B73), and 46,9126 (GBS-Mock). All SNP sets underwent quality
control, in which low call rates (<90%) and non-biallelic markers
were removed from the datasets. The remaining missing data were
imputed by the Beagle 5.0 algorithm (Browning et al, 2018).
Pairwise linkage disequilibrium was calculated as the correlation
of allele frequencies squared (r*), and values greater than 0.99 were
removed from the datasets using the SNPRelate package (Zheng
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etal, 2012), resulting in 12,704 (SNP array), 11,153 (GBS-B73, and
4,935 (GBS-Mock) SNP markers.

Subsequently, new quality control was performed, in which
heterozygous loci in at least one individual were removed. High-
quality polymorphic SNPs from the parental lines were combined
(in silico) to build an artificial single-cross genomic matrix. In
addition, duplicate markers between chromosomes were removed
to avoid overparameterization caused by multicollinearity. Finally,
markers with minor allele frequency (MAF)<0.05 were removed
from the single-cross genomic matrices, resulting in 11,884 (SNP
array), 10,361 (GBS-B73), and 4,801 (GBS-Mock) SNP markers to
perform the remaining analysis.

2.5 Analysis of population structure and
genetic diversity

The three SNP datasets (SNP array, GBS-B73, and GBS-Mock)
from the 330 parental lines were used to assess the population
structure of the panel. In these analyses, in particular, heterozygous
loci and rare variants (MAF< 0.05) were considered to capture all
diversity and variability to perform principal component analysis
(PCA) and determine the relatedness between parental lines.

K-means clustering was applied, using the total within-cluster
sum of square (WSS) method to determine the optimal number of
clusters so that the total intra-cluster variation is minimized
(Kassambara, 2017). The factoextra package (Kassambara and
Mundt, 2020) was used for this. Subsequently, Kendall’s method
determined the coincidence in forming clusters among the different
datasets (Kendall, 1938). Kendall’s tau correlation coefficient was
tested at a probability level of 0.01. PCA was performed, and biplots
were constructed to assess population structure.

The genetic distances between the parental lines were calculated
for each SNP dataset using the Rogers distance (Rogers, 1972).
Subsequently, to measure the correlation among the kinship
matrices, the Mantel correlation test (Mantel, 1967) was applied
to detect significance. The Mantel correlation test is non-parametric
and computes the significance of the correlation similarity measures
using 1,000 permutations of the rows and columns of one distance
matrix. The heatmaps of the genetic distance matrices were
obtained using the superheat R package (Barter and Yu, 2018).
Correlations were obtained using the vegan package (Oksanen et al.,
2019), and each analysis was performed for each SNP
dataset scenario.

2.6 Full diallel genomic analysis

To find out how diversity and population structure can
influence the formation of heterotic groups, it was necessary to
construct in silico genome of the 751 single crosses from parental
lines. Therefore, at this stage, we combined phenotypic and
genotypic information from these individuals to estimate general
(GCA) and specific combining abilities (SCA). For this, the
following diallel model was adjusted:
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Y:ZPgP + ZHh + €,

where y is the adjusted phenotypic data vector of the single
crosses for the trait, gp is the random effects vector of the GCA
captured by the markers of the parental lines, and h is the random
effects vector of the SCA that denotes the interaction effects across
the parental lines. Zp and Zy are incidence matrices that relate y to
gpand h to g, ~ N (0, GZPGP) and h ~ N (0, 6°4H), where 6%p and
GZH are variance components associated with GCA and SCA,
respectively. Gp and H are relationship matrices for the parental
lines and single crosses, respectively. Finally, € ~ N (0, 0231): where
0% is the variance associated with the residuals.

The Gp relationship matrix was calculated using the SNP markers
according to (VanRaden, 2008), where Wp is the matrix of centered and

W, W
patterned markers. Therefore, Gp = —2—=

(Technow et al., 2014; Lopez-
Cruz et al,, 2015), where p is the number of markers. This resulted in an
average diagonal G,, value of ~1; therefore, 6°, was defined on the same
scale as 6%. The elements of the H matrix were obtained directly from
the Gp (Bernardo, 2002; Technow et al., 2014). The matrix H for all
possible crosses was obtained with the Kronecker product between Gp’s,
H = G, ® G, (Covarrubias-Pazaran, 2016). A model was built with
their respective kernels for each SNP marker source. Analyses were
performed using the ASRemI-R package (Butler et al., 2018).

2.7 Heterotic groups and testers

The determination of heterotic groups was performed based on
SCA estimates for each trait. These estimates corresponded to a
matrix of genetic distances. According to Falconer and Mackay
(1996), the genetic distance between parents positively affects
heterosis. This association depends on dominance effects or
differences in the frequency of the alleles that control the trait
considered (Falconer, 1960). Burstin et al. (1994) also found that
SCA variance is an indicator for predicting hybrid performance by
genetic distance between parents. According to this information, it
was assumed that the higher the SCA estimates, the greater the
distance between the parents and the more significant the heterosis.
From this, the 45 lines were divided into two heterotic groups.

The SCA estimates were submitted to a clustering algorithm, K-
means, which grouped them according to the SCA estimates. To
estimate the correlation between the heterotic groups formed for the
different genotyping methods, Pearson’s correlation was applied and
tested at a probability level of 0.01 by Student’s t-test. Subsequently, the
identification of the best tester in each group was performed according
to the GCA estimates. The best tester of a given group was the line that
showed the highest GCA with the other group. Based on this, the
coincidence of testers between the scenarios was evaluated.

2.8 Obtaining single-cross combinations
and genomic prediction

After the parental lines were divided into heterotic groups, only the

single crosses corresponding to interpopulation crosses via North
Carolina II (NCII) design were considered for the following analyses.
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The number of single crosses changed according to the configuration of
heterotic groups for each trait in the three SNP scenarios.

For the genomic prediction of the single crosses, an additive-
dominance genomic best linear unbiased prediction (GBLUP)
model was used, as described below:

y=lu+Za+Zd+e,

where yis the adjusted means vector of the single crosses for the
trait; p is the mean (intercept); a is the vector of additive genetic effects
of individuals, where a ~ N (0, G,6%,); d is the vector of dominance
effects, where d ~ N (0, GdGZ 1); € is the random effects vector of the
residuals, where € ~ N (0, I 6%). Z is the incidence matrix for a and d.
07, is the additive genomic variance, 6% is the dominance genomic
variance, and 6% is the residual variance. G, and Gy are the additive
and dominance genomic relationship matrices, respectively, of the
single crosses, where G, = % and G; = %
pi is the frequency of an allele at locus i and W is the matrix incidence

>, where
of markers (VanRaden, 2008). The W, matrix was encoded as 0 for
AjA,, 1 for A;A; heterozygote, and 2 for A,A, homozygote. For Wp,
genotypes were coded as 0 for both homozygotes and 1 for the
heterozygote. The genomic relationship matrices were built using the
snpReady package (Granato et al, 2018). The genomic prediction
models were performed using the sommer package (Covarrubias-
Pazaran, 2016). It is worth noting that all three sets of markers were
used to build the kernels. The Mantel correlation test (Mantel, 1967)
was applied to detect the significance between the additive and
dominance genomic relationship matrices.

To evaluate the model performance, we used the CV-o. cross-
validation with five folds and four replicates (Yassue et al., 2021b). The
predictive ability was estimated by Pearson’s correlation between
predicted genotypic and observed values from the validation set. The
prediction accuracy was estimated by the correlation between
predictive ability and heritability, according to Mrode (2014).
Correspondence between phenotypic and genotypic selection was
calculated for each set of markers through the percentage of
common genotypes selected by their adjusted means from the
phenotypic analysis and their genomic estimated breeding values
(GEBVs) from the genomic prediction model concerning different
intensities of selection (1%, 10%, 20%, 30%, and 40%). The heritability
in the broad-sense (H?) and the narrow-sense (h?) was also estimated
by the equations below:

~2

and W? = 94

2+6Y) (62+06%+62)°

~2
H2: a
(67 +

Q| +

where 62 is the additive genetic variance, 63 is the dominance
genetic variance, and 6‘? is the residual variance.

3 Results

3.1 Genetic diversity and
population structure

According to the WSS method, for all datasets, the optimal
number of clusters among the 330 parental lines that minimized
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within-group variance and maximized between-group variance was
six (Figure S1). Subsequently, the K-means clustering method
showed a remarkable similarity in the arrangement of clusters
among datasets (Figure 2). This similarity is confirmed by the
coincidence values in the clustering (Table S1), with correlation
coefficients above 0.95.

Concerning PCA, the SNP datasets showed similar
performances regarding the variance explained by the principal
components. The first principal components hold the highest
percentage of explained variance (Figure S2A). When considering
the first 10 main components, SNP array showed the highest value
of cumulative explained variance (27.3%). At the same time, GBS-
B73 and GBS-Mock presented discounts of 24.1% and 16.8%,
respectively (Figure S2B).

In general, PCA revealed that the first eigenvectors exhibited
similar patterns of variance in all combinations between datasets,
supported by the coefficient of determination (R?). However, the
other eigenvectors showed less similarity between the captured
variance patterns (Figure 3). The first four eigenvectors of SNP
array and GBS-B73 showed high values of R* (Figure 3A). In
contrast, for SNP array and GBS-Mock, the highest values of R?
were concentrated in the first three eigenvectors (Figure 3B). For
GBS-B73 and GBS-Mock, all eigenvectors showed high magnitude
R?, with the former being slightly higher than the
others (Figure 3C).

Biplots were constructed to visualize the spatial distribution of
lines in all SNP datasets (Figure 4; S3, 54). For this, the first three
PCs were used, together with the information obtained by the K-
means clustering method (Figure 2). All datasets showed the same
pattern of dispersion among the lines, in agreement with the cluster
analysis, which suggests that the SNP datasets capture similar
patterns of variance (Figure 4).

Rogers distance matrices (GD) from all SNP datasets sampled
similar groups and subgroups, with slight differences between them

Dim2 (9.6%)
Dim2 (9.6%)

10
Dim1 (14.4%)

10
Dim1 (14.1%)

[¢]1[w]s

10.3389/fpls.2023.1164555

(Figure S5). Regarding the Mantel correlations between the GDs,
high magnitude correlations (>0.83) were observed involving
different scenarios (Table 1).

3.2 Variance components,
genomic heritability, and genomic
relationship matrices

Broad- and narrow-sense heritabilities were higher for EH,
followed by PH and GY (Table S2). GY showed broad-sense
heritability for all SNP datasets, on average, 36% higher than
narrow-sense heritability. This difference is significantly smaller
for the other traits, 15% and 6%, for PH and EH, respectively. The
narrow-sense heritability for all SNP datasets was practically the
same for GY. As for PH, there was a slight difference in SNP array,
and GBS-Mock presented heritability slightly higher than that of
GBS-B73. For EH traits, narrow-sense heritability varied little
among SNP datasets, with GBS-Mock and SNP array showing the
highest heritabilities. The heritabilities in the broad-sense (H?)
followed the same tendency.

Regarding the additive genomic relationship matrices (Ga) across
the single-crosses, SNP array, GBS-B73, and GBS-Mock showed high
Mantel correlations (Table 1; Figures S6A-C). However, the genomic
dominance relationship matrices (Gd) showed lower correlations than
Ga. The correlations between the dominance relationship matrices
(Gd) were lower but still from medium to high. GBS-Mock stands out
with a correlation of 0.72 with GBS-B73.

3.3 Heterotic groups and testers

Based on SCA estimates, the 45 parental lines were divided into
heterotic groups as the genetic distance between them for the evaluated

10
Dim1 (12.4%)

5

cluslerZ e

FIGURE 2

K-means clustering method for dividing the 330 parental lines into subpopulations applied to all SNP datasets: (A) SNP array, (B) GBS-B73, and (C)

GBS-Mock. SNP, single-nucleotide polymorphism.
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Heatmap of the coefficient of determination (R?) of the 10 first eigenvectors built from the Rogers distance among all SNP datasets: (A) SNP array
and GBS-B73, (B) SNP array and GBS-Mock, and (C) GBS-B73 and GBS-Mock. SNP, single-nucleotide polymorphism

traits, GY, PH, and EH. Accordingly, two heterotic groups were formed
for all SNP datasets (Figure 5). The formation of heterotic groups
among the SNP datasets was quite similar, with high correlations,
higher than 0.94 for GY and 0.87 for PH and EH (Table S3). There was,
at most, a change in the allocation of two parental lines between
heterotic groups in different SNP datasets. Likewise, the SCA
correlations of the parental lines among the SNP datasets were
higher than 0.96 (Table S4).

GCA estimates from each parental line, trait, and SNP dataset
were used to choose the best tester in each group (Table 2). Thus,
the testers matched among SNP datasets in the respective
heterotic groups for each trait. Based on GY, the tester chosen
for heterotic group one (HP;) was L023, and for heterotic group
two (HP,), it was L006. As for PH and EH, L001 was elected as the
HP, tester and L003 as the HP, tester. The correlations between
the GCAs confirm this result, with maximum correlations
(Table S4).
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3.4 Genomic prediction

The predictive ability estimated by the additive-dominance
model for all traits and following the same trend as the other
results did not vary significantly among SNP datasets. The mean
values of PA were 0.58 for GY, 0.64 for PH, and 0.83 for EH.
Prediction accuracy also did not vary significantly between SNP
datasets. It showed a high magnitude for all traits, with a mean value
of 76% for GY, 78% for PH, and 90% for EH (Figure 6). The
coincidence between selected individuals based on the adjusted
means of the phenotypic analysis and the GEBVs of the genomic
prediction model was generally satisfactory. It increased with rising
selection intensity (Figure 7). Although GY is considered the most
complex, the selection coincidence levels of this one were similar to
the other traits. SNP array showed slightly higher coincidence
values for almost all selection intensities. However, the different
datasets showed approximate coincident values.
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TABLE 1 Mantel correlation of Rogers genetic distance (GD) matrices for
330 parental lines and of additive genomic relationship (Ga) and
dominance genomic relationship (Gd) matrices for 751 maize single
crosses estimated from SNP array, GBS-B73, and GBS-Mock markers.

GBS-B73 GBS-Mock

SNP array 0.91** 0.83**
GD

GBS-B73 - 0.91**

SNP array 0.97** 0.96**
Ga

GBS-B73 - 0.99**

SNP array 0.78** 0.58**
Ga

GBS-B73 - 0.72%*

Rogers genetic distance (GD) matrices were computed with markers from 330 parental lines
data. Ga and Gd matrices were computed with markers from 751 maize singles-crosses.
SNP array, Affymetrix® Axiom Maize Genotyping array; GBS-B73, genotyping-by-sequence
with SNP calling using B73 as reference genome; GBS-Mock, genotyping-by-sequence with
SNP calling using the mock reference built with all parental lines.

SNP, single-nucleotide polymorphism.

**Empirical significance level from permutations.

The symbol "-" means that the correlation of a value with itself is maximum, that is "1".

4 Discussion

Recent crop genetics and genomics advances have gained
remarkable attention and offered genotyping technologies
(Chakradhar et al, 2017). Various genotyping platforms are
available to meet the most diverse needs regarding costs per
sample and different marker densities (Thomson, 2014). GBS, in
particular, has emerged as a cost-effective strategy for genome-wide
SNP discovery and population genotyping due to the simple library
preparation and the robust approach to genome reduction (Elshire
et al., 2011).

All this progress is focused on a small group of crops (Tester
and Langridge, 2010) to the detriment of smaller agricultural
species, considered orphans, historically poorly researched (Mayes
et al, 2012), in that the large majority do not have a reference
genome. Sabadin et al. (2022) showed that using mock genomes
could be a worthy strategy that permits using SNP markers for
genomic selection in orphan crops. However, orphan crop breeding
programs focused on single-cross development must also determine
heterotic groups to maximize the heterosis. Our study aims to go
forward and verify the usefulness of mock genomes as a method to
permit reliable heterotic group clustering.

4.1 Influence of genotyping methods on
population structure and diversity

The study of the characterization of genetic diversity,
population structure, and genetic relationships among elite
germplasm parents, based on molecular markers, can accelerate
genetic gains in breeding programs (Romay et al., 2013; Adu et al,
2019). This study helps understand how the germplasm is organized
in selecting parents that present effective contributions and in the
designation of heterotic groups (Wu et al., 2016). Thus, genomic
data not only allow the estimation of genetic diversity but also
combine them with phenotypic information to find new functional
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genes and build prediction models (Milner et al., 2019). However, in
this topic, the focus is on whether, with the simulated reference
genome, there is the discovery of the same polymorphisms and how
it reflects on the population structure of the lines.

The WSS method indicated the optimal number of clusters by
locating a curve on the plot, which is generally considered an
indicator of the optimal number of groups (Kassambara, 2017).
With this information and the results of the K-means clustering, the
parental lines were partitioned into subpopulations, where the SNP
datasets showed similar behavior (Figure S1; Figure 2; Table S1), in
agreement with the spatial distributions obtained in the biplot
graphs (Figure 4), in which all SNP datasets showed the same
dispersion pattern between lines. This suggests that the SNP
datasets capture similar patterns of variance, despite the
difference in the number of markers between them, where GBS-
Mock has a lower number and the difference in the genotyping
platform itself (array and GBS). Thus, SNP array, GBS-B73, and
GBS-Mock revealed similar performances concerning genetic
diversity and the population structure of parental lines. Darrier
et al. (2019) compared the performance of SNP array and GBS to
investigate the extent and pattern of genetic variance in barley and
observed that the two methodologies selectively access the
informative polymorphism in different portions of the genome.
Despite this, their results showed a strong positive correlation
between the matrices of both genotyping approaches, supporting
their similarity and validity.

PCA shows that these variance patterns captured by the SNP
datasets are more similar concerning the first eigenvectors
(Figure 3). However, the captured variance is more consistent
when comparing GBS-B73 and GBS-Mock (Figure 3C). This can
be explained by the verification bias existing in SNP array since this
bias arises when the markers are not obtained from a random
sample of the polymorphisms of the population of interest since the
matrix is constructed using temperate maize lines (Frascaroli et al.,
2013; Heslot et al., 2013; Unterseer et al., 2014), and the lines in the
study are from tropical germplasm.

The matrices of genetic distances among the parental lines revealed
similar patterns, showing the formation of subpopulations between the
lines (Figure S5). When using wheat as a model species to test for
verification bias and investigate its impact on genetic diversity
estimates, Chu et al. (2020) observed a tendency for SNP array,
leading to an underestimation of molecular diversity within the
population. These results agree with a previous study on wheat lines
(Elbasyoni et al.,, 2018) and maize lines (Frascaroli et al., 2013). Despite
the verification bias mentioned above and the difference between the
reference genome used, the temperate B73 genome, or the mock
genome, the population structure between the lines did not show a
significant difference, as the correlations between the matrices of
genetic distances were of high magnitude. Even though GBS-Mock
uses a different reference genome from SNP array and GBS-B73, their
correlation was high (Table 1). Elbasyoni et al. (2018), investigating the
influence of SNPs from different genotyping platforms on genomic
prediction, observed a high correlation (r = 0.77) between SNP array
and GBS genetic distance matrices. These high-magnitude correlations
suggest that the broad sampling of diversity is well represented by the
approaches used in the study. This is supported by the GWAS by
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SNP, single-nucleotide polymorphism.

Darrier et al. (2019). They indicated that SNP array and GBS methods
could detect markers closely associated with genes that control key
phenotypic traits.

4.2 Influence of genotyping methods in the
determination of heterotic groups in the
choice of testers

Heterosis is a fundamental phenomenon in obtaining superior
single crosses. Establishing heterotic groups to exploit them
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effectively throughout the breeding cycles is necessary. These, in
turn, are made up of genetically related parental lines, which
generate little or no heterosis when crossed with each other.
Crossing with lines from another heterotic group tends to result
in vigorous single crosses (Lee, 1995). Therefore, genetic diversity
among heterotic groups tends to increase the level of heterosis
detected in hybrid combinations (Falconer and Mackay, 1996; Fu
et al,, 2014). Badu-Apraku et al. (2011) reported in their diallel
study between maize lines that their genetic diversity was small, and
because of this, distinct heterotic groups could not be identified.
Significant genetic diversity was found in a similar study with other
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Predictive ability via additive—dominance GBLUP model estimated by Pearson’s correlation between predicted and observed genotypic values of
the validation set for all SNP datasets (SNP array, GBS-B73, and GBS-Mock). GBLUP, genomic best linear unbiased prediction; SNP, single-
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maize lines, and two clear heterotic groups were identified. The type
of predominant gene action in the parents under investigation is
another factor that affects heterotic clustering. When additive and
non-additive effects are significant, and there is a predominance of
additive gene action over non-additive gene action, heterotic groups
are easily identified (Badu-Apraku et al., 2015; Badu-Apraku et al,
2016a; Badu-Apraku et al., 2016b).

The PH and EH traits showed higher proportions of additive
variance captured by the Ga matrices than GY (Table S2). Although
these traits have polygenic inheritance, GY is the most complex trait
and most influenced by dominance deviations (Fischer et al., 2008;
Hallauer et al., 2010). According to Hallauer et al. (2010), most of
the loci involved with GY in maize are due to the occurrence of
dominance. This is reflected in a greater difference between H> and
h? for GY than for the other traits, confirming the greater influence
of dominance deviations on this trait. The additive genomic
relationship matrices of the single crosses (Ga) showed high
correlations among SNP array, GBS-B73, and GBS-Mock,
indicating that these approaches capture similar additive variance
patterns. GBS-Mock captures additive relationships in single
crosses similar to standard procedures, SNP array, and GBS-B73
(Table 1; Figures S6A-C). However, the correlations between the
dominance relationship matrices (Gd) were lower but still from
medium to high. In both Ga and Gd, the correlations between SNP
array and GBS-Mock were lower, which can be explained by the fact
that these SNP datasets use different reference genomes to perform
SNP calling.

SCA reflects the action of non-additive gene effects, indicating
intra-allelic interactions, is one of the most important parameters in
identifying superior single crosses, and is an indicator of genetic
distance between parents (Sprague and Tatum, 1942; Carvalho,
1993). Thus, using the SCA estimates as the genetic distance
between the lines to identify the panel structure, two heterotic
groups were formed, in which the distance between them is
maximized. The correlations between the SCA estimates were
almost perfect (Table S4). In other words, SNP array, GBS-B73,
and GBS-Mock presented equivalent SCA estimates. Thus, the
composition of heterotic groups practically did not change from
one SNP dataset to another. Therefore, the determination of
heterotic groups was similar regardless of the platform used
(Figure 5; Table S3).

In addition to presenting distinct heterotic groups, a well-
established breeding program also offers good testers. When
crossed with parental lines, these provide information about the
genetic value of the lines when evaluating the ability to combine
between them since it is associated with the additive effects of alleles
and additive-type epistatic actions (Cruz and Vencovsky, 1989;
Albrecht et al., 2014). The correct choice of a tester can have great
significance in the expectation of a successful selection process
(Miranda Filho, 2018). According to Hallauer and Martinson
(1975), a good tester presents simplicity in use, information that
correctly classifies the relative merit of the lines, and the potential
for maximizing genetic gain. Thus, based on the GCA estimates
between the lines, testers were elected for each heterotic group
based on the evaluated traits and the SNP datasets. As expected,
there were no differences in tester choice between SNP datasets, as
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the correlations between GCA estimates across rows were perfect
(Table 2; Table S5).

The genotyping approaches produced very similar results but
not the same as previous results regarding the study of the
population structure of parental lines; it was expected that this
would somehow influence the formation of heterotic groups and the
choice of testers. However, given the results, the genotyping
platform and, more specifically, the approach that uses the
simulated genome as a strategy, the GBS-Mock, produced similar
results to the standard procedures.

4.3 Influence of genotyping methods on
genomic prediction of single crosses

Assessing the performance of all single-cross combinations of
parental lines that excel in a breeding program is impractical in
most cases, given that the number of combinations grows
exponentially as the number of elite parents increases. Thus,
obtaining estimates of the genetic values of single crosses not
evaluated became viable with the increased availability of
molecular markers and genomic prediction models (Hallauer
et al, 2010). Therefore, to accelerate genetic gain with limited
resources, the prediction of single-cross performance is highly
important in modern breeding programs (Basnet et al., 2019).

However, few studies still address how genotyping platforms
influence single crosses’ prediction and, more specifically, regarding
the mock genome as a tool for more sophisticated analyses, such as
genomic prediction. Only one recent study shows the mock

TABLE 2 Choice of the best tester according to the SNP datasets (SNP
array, GBS-B73, and GBS-Mock), evaluated traits (GY, PH, and EH), and
heterotic groups (HP; and HP,).

Testers

GY SNP
array L023 L006
GBS-B73 L023 L006
GBS-
Mock 1023 L006
SNP
array L001 L003
PH GBS-B73 L001 L003
GBS-
Mock L001 L003
EH SNP
array L001 L003
GBS-B73 L001 L003
GBS-
Mock L001 L003

SNP array: Affymetrix® Axiom Maize Genotyping array: GBS-B73, genotyping-by-sequence
with SNP calling using B73 as reference genome; GBS-Mock, genotyping-by-sequence with
SNP calling using the mock reference built with all parental lines.

SNP, single-nucleotide polymorphism.
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genome’s efficiency in predicting maize single crosses, which may
be an alternative for crops that do not yet have a reference genome
(Sabadin et al, 2022). However, our study is more complete and
more representative because obtaining approaches from the
population structure phase is crucial for the intended use of
germplasm through the division of heterotic groups, the
definition of testers, and, finally, the genomic prediction of
single crosses.

Predictive ability and prediction accuracy are closely related
measures. Therefore, we will only discuss it based on predictive
ability. GY showed the lowest predictive abilities in all SNP datasets,
and EH has the highest in the additive-dominance GBLUP
prediction model (Figure 6, Table S2). Combs and Bernardo
(2013) suggested that genomic predictions are more accurate for
traits with higher heritability. In the results of Hayes et al. (2010),
complex traits controlled by many small effect loci, such as GY,
showed lower predictive abilities than less complex traits. Although
GBS-Mock has a lower number of markers, this approach presented
a similar performance to the other SNP datasets for all traits,
corroborating the hypothesis that it is possible to substantially
reduce the number of markers and maintain a high predictive
ability (Tayeh et al., 2015; Ma et al., 2016; Sousa et al., 2019), except
for long-term breeding cycles without updating the training
population that would demand high marker densities (DoVale
et al,, 2022). In addition, the genetic distance estimates between
the SNP datasets were very similar (Figure S5).

Selection intensity must be chosen thoughtfully, as genetic
variability can be drastically reduced with high selection pressure.
The choice of appropriate selection intensities depends on the size
of the population and the duration of the breeding program,
whether short-term or long-term. In general, selection intensities
ranging from 10% to 40% are used in plant breeding, the highest
being applied at the beginning of a breeding program (Hallauer
et al, 2010). For the coincidence of individuals by phenotypic
selection and genomic selection, the SNP datasets showed similar
behavior as the selection intensity was increased, being more
pronounced from 1% to 10% of selection intensity. From then on,
observing the coincidence of selection gains smaller increments
(Figure 7). Our results for predictive ability and coincidence of
selection agree with the results of Sabadin et al. (2022). It is valid to
consider that those different intensities modify the response rates.
Thus, this coincidence between phenotypic and genomic selections
is expected to reach a plateau and subsequently decrease.

Despite the apparent differences between SNP datasets, the
general message is that these approaches perform comparably in
the analyses performed in this study, even accessing different types of
genomic sequences. While SNP array is derived from exome capture
and therefore focused on coding sequence variation, the GBS data
represent a wider diversity survey in genomic regions associated with
low levels of DNA methylation, which may also include many genes
and gene regulatory regions (Darrier et al., 2019; Negro et al., 2019).
However, the physical distribution of markers reveals higher
frequencies of SNPs at the gene-rich telomeric ends of each of the
chromosomes for both approaches, with this frequency being more
pronounced in SNP array (Bayer et al,, 2017). The platforms probably
capture nearby markers in linkage disequilibrium with quantitative
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trait loci (QTLs). In this sense, using different platforms can be
advantageous, as it allows the identification of additional QTLs.

4.4 Possible applications of the mock
genome in plant breeding

Until recently, only the main commercial crops benefited from
state-of-the-art technologies. However, the development of the GBS
platform emerged as an alternative for using such technologies to be
viable for orphan crops. Approaches like this can convert orphan
crops into crops rich in genomic resources and substantially reduce
the breeding process (Varshney et al., 2009; Varshney and May,
2012; Varshney et al,, 2012).

Previously, this process was much slower than nowadays. Rice, for
example, took almost 20 years to stop being an orphan crop and
become a basic model for cereals (Varshney et al,, 2009). Introducing
these crops into the genomic era also accelerates the identification of
genes underlying important agronomic traits and improves our
understanding of the evolution of these species (Ye and Fan, 2021).
However, many minor crops are becoming rich in genetic resources as a
result of investments from various public and private initiatives, such as
the African Orphan Crops Consortium (AOCC) (Hendre et al,, 2019),
which is a global partnership that is generating resources genomics for
101 African orphans. One of the objectives of this Consortium is to
create reference genomes for these cultures. Although some efforts are
being made to pay greater attention to these crops (Chiurugwi et al,
2019; Gregory et al., 2019; Jamnadass et al., 2020), the ideal is still far
from being achieved with a view to several species relevant to local diets
around the world that are understudied.

Despite initiatives and investments, not all crops will benefit, so they
cannot take advantage of modern breeding tools. While these advances
are being consolidated, mock genomes can be an alternative, where the
absence of a reference genome presents a barrier to the efficient use of
GBS data (Melo et al.,, 2017; Hale et al, 2018). In the meantime, the
present study has shown that using a population-tailored mock
reference to perform SNP discovery is a valid alternative. With this
approach, it was possible to carry out investigations to outline a breeding
program, from studies of diversity and population to genomic
prediction studies. However, it is important to emphasize that a
population with maximum representativeness must be considered
when building a mock reference to capture all the population
polymorphisms (Sabadin et al., 2022).

These advantages of using a mock genome in genomic studies
must consider some caveats; for example, diploid crops with smaller
genomes are preferred over cross-pollinated or polyploid orphan
crops, as they have genomes that are too complex to be sequenced.
However, genome size will become less of a barrier with advances in
sequencing technologies and bioinformatics tools (Armstead et al.,
2009). Another challenge is in the SNP calling due to the limitations
of GBS, which can lead to incorrect identification of homozygotes
and heterozygotes because of the low coverage of NGS reads, in
addition to a large number of lost and low-quality data (Heslot et al.,
2013). According to Sabadin et al. (2022), the mock genomes do not
present the physical position of the markers in a constant reference,
which hinders studies such as GWAS and candidate gene discovery.
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Negro et al. (2019) stated that SNP array and GBS are
complementary to detect QTLs tagging different haplotypes in
association studies. In this sense, using other platforms can be
advantageous, as it allows the identification of additional QTLs.
However, no studies still demonstrate the performance of mock
genomes for these purposes. When looking for these larger effect
marks, the results will probably differ from those obtained with SNP
array due to changes in coverage between platforms.

Given what has been shown, it is possible to infer and
recommend that a mock genome constructed from the
population’s polymorphisms to perform the SNP calling is an
excellent strategy to support plant breeders in studies of diversity,
population structure, the definition of heterotic groups, choice of
testers, and genomic prediction in species that still do not have a
reference genome available, which is an alternative for the rapid
advancement of orphan crop improvement. This approach will play
a key role in improving the genetic potential of orphan crops and
helping develop sustainable food systems.
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Moth bean (Vigna aconitifolia) is an orphan legume of Vigna genus, exhibiting
wide adaptability and has the potential to grow well in arid and semi-arid areas,
predominantly across different eco-geographical regions of Asia, particularly the
Indian subcontinent. The inherent adaptive attributes of this crop have made it
more tolerant towards a diverse array of abiotic and biotic stresses that
commonly restrain yield among other Vigna species. Additionally, the legume
is recognized for its superior nutritional quality owing to its high protein content
as well as amino acid, mineral and vitamin profile and is utilized as both food and
fodder. Moth bean can play a vital role in sustaining food grain production,
enhancing nutritional security as well as provide a source of income to resource-
poor farmers amid rise in global temperatures and frequent drought
occurrences, particularly in rain-fed cropping systems which accounts for
about 80% of the world's cultivated land. However, this minor legume has
remained underutilized due to over-exploitation of major staple crops. With
the exception of a few studies involving conventional breeding techniques, crop
improvement in moth bean for traits such as late maturity, indeterminate growth
habit, shattering and anti-nutritional factors has not garnered a lot of attention.
Recent advances in sequencing technologies, modern breeding approaches and
precision phenotyping tools, in combination with the available crop gene pool
diversity in gene banks, can accelerate crop improvement in moth bean and lead
to the development of improved cultivars. Considering the recent surge in
awareness about the development of climate-smart crops for sustainable
agricultural future, collective effort towards effective utilization of this hardy,
neglected legume is the need of the hour.

KEYWORDS

moth bean, genetic diversity, crop improvement, stress tolerance, climate change,
sustainable agriculture
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1 Introduction

Agricultural sustainability is stymied by excessive reliance on
major staple crops, climate change as well as deterioration of
cultivable land. These limitations extend a challenge to global
food security while simultaneously accentuating rural poverty and
malnutrition in developing and under-developed nations. Many
crops are missing from agricultural fields while others have seen a
slump in both cultivation and usage. Evolution of new pests and
pathogens along with enhanced crop uniformity in farmers’ field are
posing a serious threat to crop production. Tackling global food
demand and hidden hunger warrants a radical shift from current
unsustainable agricultural practices and call attention to alternative
potential future crops. Introduction of new crop species in cropping
systems and enhancing crop diversity through the utilization of
diverse germplasm can play vital role in global food and nutritional
security. Underutilized plants are the potential genetic resources to
be exploited to address the decreasing nutritional quality and stress
resilience in the already mainstreamed cultivars. ‘Underutilized’
plant species are those that had been grown widely in the past or
have the capability to be grown extensively in the future, however,
are cultivated restrictively owing to agronomic, economic or genetic
causes (Gruere et al,, 2006). They are also known as ‘orphan’ or
‘neglected’ crops owing to insufficient information available about
them as a result of sparse consideration from research and
development (Eyzaguirre et al, 1999). These crops remain
‘underexploited’ or ‘minor’ since their economic potential has not
been ascertained (Padulosi and Hoeschle-Zeledon, 2004).

Pulse crops are exceptional sources of quality protein, in
addition to being utilized for their medicinal properties, as fodder
for livestock, for enriching soil as a result of symbiotic relationship
with nitrogen-fixing bacteria and mitigating greenhouse emissions
(Lemke et al., 2007; Singh et al., 2007; Stagnari et al., 2017). The
current scenario of booming food insecurity signals an urgency to
reformulate and steer crop improvement and production agronomy
strategies, in the coming decades, towards grain legumes to
successfully determine climate-resilient species having enhanced
grain attributes (Considine et al., 2017). Crop diversification,
alternative cropping systems and value-added products’
development are significant contributions made by underutilized
legumes, to the life of local communities. Mostly, these minor pulses
are adapted to marginal lands. The genetic resources of these
orphan plants face rapid destruction owing to changes in
traditional food habits and depreciation of traditional farming
culture along with the introduction and acclimatization of high
yielding crops. Therefore, mainstreaming of these underutilized
crop plants, essentially minor legumes, should be set in motion in
order to impede global food concerns.

Moth bean [Vigna aconitifolia (Jacq.) Marechal syn. Phaseolus
aconitifolius Jacq. (2n= 2x=22)] is an underutilized, minor grain
legume. It is also known as mat bean, math, mattenbohne, matki,
dew bean, Turkish gram or haricot papillon (Heuze et al., 2020).
Moth bean is an annual herbaceous trailing legume of warm and
dry habitats, particularly the semi-arid and arid regions of Indian
subcontinent. It is principally grown for its protein-rich seeds,
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sprouts and green pods that are used as vegetable, apart from
being equally important as feed and fodder for livestock and as a
cover crop as well as green manuring, hence serves as multipurpose
crop (Saravanan and Ignacimuthu, 2015) (Figure 1). Integrated
consumption of moth bean like pulse legume crops with cereals is
expedient as they have a complementary relationship, for moth
is rich in lysine and leucine and cereals supply sulphur-
containing amino acids, thereby supplementing mutual amino
acid deficiencies.

As a prospective major legume crop, Vigna aconitifolia is quite
notable for being the most drought hardy and heat tolerant pulse
among Asian Vignas (Tomooka et al., 2011). It is usually grown on
marginal and sub-marginal lands with poor moisture holding
capacity. Having a deep, fast penetrating tap root system and a
dense low-lying leaf cover that resembles a mat, it can withstand
lack of water and drying, hot temperatures (~ 40°C), by keeping the
soil moist as well as lowering soil temperature, thereafter also
reducing the possibility of soil erosion. The multi-adaptive nature
of moth bean, in addition to requiring little to no care and input, has
led it to being recognized as an arid legume. Notwithstanding the
attributes of moth bean that makes it a future legume for sustainable
agriculture, it is only grown limitedly and there has been a
precipitous reduction in the cultivable area and production of the
legume over the past decade (Figure 2) owing to agronomic
bottlenecks viz., low variability, slow growth, longer maturation
duration, substandard yields due to poor seed set and below par
response to fertilizer treatments (Harsh et al., 2016). Its competence,
with respect to agronomy, genetics and nutrition has been vastly
overlooked. This review attempts to encapsulate the work done in
Vigna aconitifolia, in an effort to harness its potentialities to curb the
unprecedented challenges to global agriculture.

2 Origin and distribution

Moth bean is considered to be a native of India, Pakistan,
Myanmar and Sri Lanka (Piper and Morse, 1914; Purseglove,
1974; Rachie and Roberts, 1974; Jain and Mehra, 1980). Vavilov
(1926) and De Candolle (1986) reported India as the center of origin
for wild and cultivated forms of V. aconitifolia (Jacq), and Marechal
(1978) proposed that Sri Lanka and Pakistan are the centers of
diversity of this minor legume. Dana (1976) proffered that the wild
forms of moth bean were distributed from Sonoran Desert of Mexico
to Tapachula, near the Guatemalan border in Central America.

Vigna aconitifolia is principally cultivated in India. It is also
grown in Sri Lanka, Myanmar, China, Pakistan, Malaysia, Africa
and is also grown in the South-Western states of the USA (Jain and
Mehra, 1980; Munro and Small, 1998; Brink and Jansen, 2006;
Kochhar, 2016). In India, it is distributed from the North-West
Himalayas (up to the height of 6000 m) to Karnataka in south and
from the foot hills of North-East Himalayas in the east to Saurashtra
in the west (Arora, 1985). Moth bean is essentially grown in the arid
and semi-arid regions, particularly in the North-Western states.
Rajasthan, Maharashtra, Gujarat, Punjab, Haryana, Jammu and
Kashmir, Madhya Pradesh and Uttar Pradesh are the prime moth
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FIGURE 1

Highlights of the morphological features of Moth bean: A typical plant type with central branch and trailing primary branches (A), Inflorescence and
pods in a branch (B), papilionaceous flower (C), semi-erect pods arrangement in peduncle (D) and seed shape and size (E). Seeds are placed ina 2.5

cm dish.

bean growing states (Arora, 1985) (Figure 3). Rajasthan, the driest
state in India, contributes the most, both in terms of production as
well as area, at national level (Gupta et al, 2016; Viswanatha
et al., 2016).

3 Taxonomy and phylogenetic
relationship

Moth bean belongs to the genus Vigna and sub-family
Papilionoideae which comes under the family Fabaceae. It is
considered as one of the most primitive species among the Vigna
genus, with respect to its evolution (Smartt, 1985). Earlier, moth
bean or Dew gram (Phaseolus aconitifolius Jacq. syn. Vigna
aconitifolia (Jacq.) Marechal) was a part of the genus Phaseolus.
Thereafter, it was shifted to the Vigna genus of the tribe Phaseolae.
Vigna and Phaseolus, together, form a very elaborate taxonomic
group called the Phaseolus-Vigna complex. Verdcourt (1970)
proposed that the genus Phaseolus be restricted to exclusively
include those American species that have a tightly coiled style
and pollen grains without course reticulation, thereby significantly
promoting the concept of Vigna. In the taxonomic revision made by
Verdcourt (1970) in Phaseolus Linn. and Vigna savi, species with
yellow-colored flowers, under subgenus Ceratotropis Piper, were
transferred to Vigna genus, Ceratotropis Verdc. Subgenus. This led
to an increase in the number of species included in the genus Vigna.
Marechal (1978) followed Verdcourt by presenting a monograph on
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the Phaseolus-Vigna complex and also proposed nomenclatural
changes, following which, Phaseolus aconitifolius (Jacq.) became
Vigna aconitifolia (Jacq.) Marechal. This taxonomic system is
generally accepted now.

The wild, conspecific forms as well as cultigens of moth bean are
not recognized (Marechal, 1978). The precursor of moth bean is
thought to be Phaseolus trilobata (L.) (syn. Phaseolus trilobus), which
is a wild species endemic to India, with both being diploid and having
chromosome number 2n=22 (Darlington and Wylie, 1955; Biswas
and Dana, 1976a). Phaseolus trilobata and Phaseolus aconitifolia were
considered to be equivalent by some while others believed Phaseolus
trilobata to be the wild form of Phaseolus aconitifolia, however,
studies have established both of them to be different (Sampson, 1936;
Whyte et al., 1953; Klozova, 1965; West and Garber, 1967). Similarly,
Vigna aconitifolia was classified with Vigna radiata and Vigna
mungo, nonetheless, RAPD analysis to study genetic variability
showed interspecific differences among them (Dana, 1980; Kaga
et al, 1996). Takahashi et al. (2016) have performed molecular
phylogenetic analysis of Vigna species using rDNA-ITS and atpB-
rbcL sequences which divided the Aconitifoliae section into various
branches, of which V. aconitifolia is one (Figure 4).

4 Nutritional profile

Moth bean is primarily consumed by people in the arid and
semi-arid regions of South Asian countries, particularly India
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FIGURE 2

Graphs showing the cultivated area in million ha (A), production in million tonnes (B) and productivity in g/ha (C) of seven pulse crops, including
Moth bean, in India from 2010-2020. [Source: Directorate of Economics and Statistics, India (eands.dacnet.nic.in); Food and Agriculture Organization

Corporate Statistical Database (FAOSTAT) (www.fao.org/faostat)].

(Adsule, 19965 Takahashi et al., 2016). Ripe seeds are often
consumed whole or split and can be cooked, roasted or fried. In
India, a popular use of moth bean seeds is in the form of ‘dal’ (bean
stew) or ‘bhujia’ (crispy snack), in addition to being used in the
preparation of papad, mangori, rabri and vada (moth bean fritters)
(Senthilkumar and Ngadi, 2020). The seeds are also ground into
flour and often mixed with other flours to make unleavened bread
(Brink and Jansen, 2006). Sprouted as well as cooked seeds are a
popular breakfast dish while fried, split moth bean can be readily
consumed (Medhe et al.,, 2019). Boiled immature green pods are
consumed as a vegetable. As a medical use, the seeds are used to
treat fevers. The roots are found to be narcotic (Brink and Jansen,
2006). Other pharmacological properties of Moth bean include
anti-hypertensive, anti-oxidant, anti-cancerous, anti-bacterial,
diuretic and hypocholesteromic activities (Adsule, 1996; Ma et al.,
2010; Saravanan and Ignacimuthu, 2015; Panicker and Hamdule,
2021; Verma et al,, 2021). Moth bean also contributes indirectly to
human nutrition by being used as fodder for livestock.

In terms of the nutritional aspects of moth bean, it is considered
as a good and inexpensive source of protein in cereal-based
vegetarian diets among the people of developing nations. The
protein content in moth bean seeds ranges from 20 to 24%
(Gopalan et al., 1989; Adsule, 1996; Longvah et al., 2017). It is rich
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in the essential amino acids, lysine (6.63 g/100 g protein) and leucine
(7.85 g/100 g) that are deficient in cereals and thus complements the
amino acid profile of cereals. Among the total soluble protein present
in moth, the glutelin fraction was found to be the highest at 63.93 g/
100 g of total soluble protein, followed by glutelin, albumin and
prolamin (Sathe and Venkatachalam, 2007). Additionally, the total
carbohydrate content in moth bean was found to range from 52 to
68%, the total fat ranged from 1.1 to 3.9% while the crude fiber
content ranged from 3.9 to 4.5%. Moth bean is also found to be rich
in minerals such as calcium, magnesium, iron, phosphorus and
potassium as well as vitamins like niacin, thiamine and riboflavin
(Longvah et al., 2017; USDA FoodData Central, 2019). A comparison
of the nutritional profile of moth bean with other pulses is illustrated
in Table 1.

Moth bean, like other pulses, also contains flatulence-producing
oligosaccharides such as raffinose, stachyose and verbascose. Also,
like other legumes, it contains anti-nutritional and phytonutrient
factors that affect the nutrient bioavailability as well as palatability
and digestibility of moth bean. These factors include trypsin
inhibitors, phytic acid, saponins and phyto-haemagglutinins
(lectins). Trypsin and chymotrypsin inhibitors have been involved
in reducing protein digestibility and thereafter in pancreatic
hypertrophy (Liener, 1976). Phytic acid interferes with the
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Distribution and locations of moth bean germplasm holdings across the world.
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Taxonomic relationships among moth bean and other species of the genus Vigna [Source: Adapted from Takahashi et al. (2016)].
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TABLE 1 Comparative analysis of the nutritional composition of moth bean with other pulses.

Chickpea

Kidney bean

Dry peas

Moth Bean

Rice bean

. . Lentil (Lens ; . Black gram Green gram Bambara groundnut ’
Composition | (Cicer : (. (Phaseolus vulga-  (Pisum (Vigna ACK g een grar . 9 (Vigna
o culinaris) . ) e (Vigna mungo)  (Vigna radiata)  (Vigna subterranea)
arietinum) ris) sativum) aconitifolia) umbellata)
Energy (KJ) 12019 1251 +23 1252 + 14 1269 + 13 1291 + 16 1219+5 1229410 1514.78" 1265
Carbohydrates .
@ 39.56 +0.16 4847+ 1.12 48.61+0.65 48.93 +0.45 52.09 + 0.96 43.99+0.76 46,13+ 0.64 55 + 0.50 5126
Protein (g) 18.77 +0.42 22.49+0.58 19.91 + 1.44 2043 +0.79 19.75 = 0.38 21.97 063 2253 +0.43 2246 + 0.02° 19.97
Fat (g) 5114011 0.64+0.02 1.77 %004 1.89 +0.06 1.76 + 0.09 1.58 +0.06 1144017 5.80 + 0.02° 0.74
Moisture (g) 8.56+0.37 9.20+0.77 9.87+0.30 9.3340.61 8.14 £ 0.49 8704033 9.95+0.42 9.82 + 0.02° 11.12
Total diet
ﬁl‘:er (g;e ary 25224039 16.82 +1.30 1657 +0.63 17.01 +0.63 15.12 + 0.49 20.41 £ 0.06 17.04 +0.38 450 + 0.01° 1337
Minerals and trace elements
Iron (mg) 6.78+0.75 7.57+0.67 6.13+0.77 5.09+0.45 7.90 £0.17 5.97+0.56 4.89+0.46 18.51 £ 0.10° 476
Magnesium a
(wg) 160+ 17.5 101+ 13.9 17397 123+8.1 205+ 135 190+ 19.1 198 +39.2 347.15 £ 0.01 201
M
(mag';ga"ese 2174033 1.55+0.26 124+0.11 1.08 % 0.09 1.07 + 0.02 1.83+0.34 1.05+0.08 10.46 + 0.05* 1.68
Phosphorus N
() 2674219 2744274 409 +32.4 334+183 362 +31.7 345365 353 +33.6 738.04 £ 0.15 270
Potassium (mg) = 935+ 37.9 756 + 63.6 1324 + 195 9224674 1356 + 53.2 1 1093 +24.5 1177 +743 1702.10 + 0.50° 1196
Sodium (mg) 26.56 = 10.12 11.20 +0.08 10.45 +0.05 23.40+0.07 26.34 + 0.10 26.80+3.77 12,48 +0.07 135.30 + 0.05" 10.62
Calcium (mg) 150+ 18.3 76.13 +7.23 126+ 8.1 75.11 + 13.93 154 + 17.0 86.18 +8.99 92.43 +10.68 256.56 + 0.05" 200
Zinc (mg) 3374026 3.60+0.23 269 +0.34 3.10+0.14 1.92 +0.08 3.05+024 2.67+0.13 19+01° 2.29
Vitamins
Thiamine (mg) | 037 +0.40 0.40 +0.073 0.30 +0.020 0.56 % 0.049 0.45 = 0.070 0.32+0.024 0.45+0.027 0.28° 0.46
Riboflavin (mg) = 0.24+0.011 0.22+0.026 0.19+0.018 0.16+0.013 0.09 = 0.005 0.11+0.08 0.27+0.011 0.12° 0.14
Niacin (mg) 2.10+0.06 2.54+0.12 242+0.15 269+0.15 1.87 + 0.08 1.85+0.13 216+0.13 216 232
Biotin (ug) 0.93 + 0.07 174 +0.16 0.77 + 0.18 0.53 +0.12 212 +021 128 +0.18 135+ 0.16 - 2.65
Total folic aci
(p‘;t;‘l olicadd 11 129 132467 316+20.1 110493 349 + 10.8 134+ 14.2 145+5.4 - 122
Vitamin E (mg) | 1.72+0.07 0.19 +0.02 023 +0.01 0.32+0.02 0.79 + 0.05 0.23 +0.02 0.33+0.02 822 + 1299 1.06

(Source: Longvah et al. (2017); Oyeleke et al. (2012)% N’Dri Yao et al. (2015)"; Hardy (2016)< Baptista et al. (2017)d).
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bioavailability and absorption of minerals in the body and inhibits
proteolytic enzymes and amylases while saponins are gastric
irritants (Davies and Nightingale, 1975; Erdman, 1979; Singh and
Krikorian, 1982; Deshpande and Cheryan, 1984; Pugalenthi et al.,
2005; Bouchenak and Lamri-Senhadji, 2013). However, food
preparation techniques, such as soaking, sprouting, boiling,
pressure cooking as well as fermentation of moth, aid in
improving the taste as well as the bioavailability of nutrients as
they deactivate these anti-nutritional factors besides allowing the
digestion and assimilation of its starch and protein (Khokhar and
Chauhan, 1986; Kigel, 1999; Xu and Chang, 2008; Deshmukh and
Pawar, 2020).

Regardless of being nutritionally dense, the present
consumption levels of moth bean are rather low which can be
attributed to its underutilized status. While there are indirect
evidences that support its role in reduction of diseases, they are
more based on its nutritional composition, therefore, focused
research on the clarification of the health effects of moth bean
should be undertaken.

5 Crop improvement

5.1 Plant genetic resources (PGR): status
and trait discovery

Major moth bean ex-situ collections are maintained by the
Indian National Gene bank, ICAR-National Bureau of Plant
Genetic Resources, New Delhi, India. In India, systematic
exploration and collection of the germplasm work commenced as
back early as the 1940s, with the establishment of the Plant
Introduction unit in the Division of Botany, IARI (Indian

TABLE 2 Moth bean germplasm holdings at some key centers worldwide.

10.3389/fpls.2023.1179547

Agricultural Research Institute), New Delhi. Intensive collection
efforts, carried out by National Bureau of Plant Genetic Resources,
from 1971 till date, have resulted in the assembly of 3422 accessions
of moth bean. These accessions include primitive cultivars/
landraces, primarily from the states of Rajasthan, Gujarat,
Maharashtra, Karnataka, western Uttar Pradesh, Punjab, Haryana
and Madhya Pradesh. Variations in growth habit, leaf location as
well as pod and seed color were observed in major collections of V.
aconitifolia. The collections made from Rajasthan and Gujarat have
turned out to be more promising and are currently being utilized in
extensive characterization and evaluation programmes, to identify
superior genotypes (Bisht and Singh, 2013). Besides germplasm
collections from within the country, NBPGR further plays a crucial
role in the augmentation of the germplasm from other countries as
well. 41 accessions of moth bean have been introduced from Sri
Lanka, USA (19), Mexico, USSR, Thailand (5) and others (14).
Other small collections are being held by institutions worldwide are
University of Georgia, USDA (56 accessions), VIR (48), Australian
Grain Gene bank (35), AVRDC-The World Vegetable Centre (26),
CIAT, Columbia (8) and Leibniz Institute of Plant Genetics and
Crop Plant Research (6) (Table 2; Figure 3). Moth bean has
orthodox seeds that can be dried and stored for a longer period
with minimum to no loss of viability. A limited range of germplasm
accessions can also be found in countries such as Bangladesh,
Belgium and Kenya. Active collections are being maintained at
NBPGR, Regional Station, Jodhpur (Rajasthan). The working
collections of a range of Vigna species are also maintained at the
Indian Institute of Pulses Research (IIPR), Kanpur, India and its
coordinating centers (Asthana, 1998). More than 2000 accessions of
moth bean have been characterized and evaluated at NBPGR,
Regional Station, Jodhpur (Singh et al., 2001). Yield and other
growth characteristics have shown a wide range of variation, as

Countries Institutes/Centers Accessions

India National Bureau of Plant Genetic Resources, Jodhpur 3422
Pakistan National Agricultural Research Centre (NARC), Islamabad 66
Japan NARO (National Agriculture and Food Research Organization) 43
Kenya Kenya National Gene Bank of Kenya, Crop Plant Genetic Resources 50
Russian Federation N.I. Vavilov Research Institute of Plant Industry Russian VIR, St Petersburg 64
Taiwan World Vegetable Centre, Taiwan AVRDC, Taiwan 26
USA Plant Genetic Resources Conservation Unit, Southern Regional Plant Introduction Station, USDA-ARS, Griffin, GA 58
Australia Australian Grains Genebank 36
Australia Australian Pastures Genebank, Australia 28
Ukraine Ustymivka Experimental Station of Plant Production, Ukraine 35
Belgium Botanic Garden Meise, Belgium 7
Colombia Centro Internacional de Agricultura Tropical, Colombia 8
Germany Gene bank, Leibniz Institute of Plant Genetics and Crop Plant Research, Germany 7
Brazil Embrapa Recursos Genéticos e Biotecnologia, Brazil 7

(Source: Agrawal et al. (2019); Zahoor (2007), www.genesys-pgr.org, www.gene.affrc.go.jp).
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demonstrated in Table 3. Nodulation and nitrogenase activity as
well as resistance to insect pests and diseases have shown extensive
varietal divergence in moth bean (Rao et al., 1984; Dabi and Gour,
1988). Quality characters have also demonstrated a substantial
amount of variability (Figure 5).

5.2 Conventional breeding

Initially, moth bean breeders focused mainly on the
maintenance of crop genetic resources, germplasm evaluation,
and genetic diversity assessment (Cullis and Kunert, 2017).
Owing to the difficulty in handling the tiny flowers that drop off
during crossing, hybridization programmes were unsuccessful in
minor legumes like moth bean resulting in lack in genetic studies.
However, studies on germplasm evaluation resulted in the
identification of promising genotypes in addition to providing
information on diversity, heritability, and other genetic
parameters as well as the correlation between traits and
environmental influences that could be useful in expediting
genetic gains (Vir and Singh, 2015; Kohakade et al., 2017; Sahoo
etal, 2019; Pal et al,, 2020; Chaudhary et al., 2021). A few promising
accessions identified through germplasm evaluation, are 1C36245,
IC36555, 1C36667, 1C36577 and IC36604 (Vir and Singh, 2015).
Likewise, Sihag et al. (2004) reported that in terms of the traits
studied, MH 65, MH 34/66, MH 45, and MH 66 were the most
promising genetic stocks, and their use in the moth bean varietal
improvement programme could be propitious. Similarly, Kohakade
et al. (2017) identified five promising genotypes (DHMB-32,
DHMB-26, DHMB-31, DHMB-30 and DHMB-16) under the

TABLE 3 A comparative account of agronomic traits of moth bean.

10.3389/fpls.2023.1179547

hybridization programme based on inter-cluster distances, cluster
mean and per se performance. Systematic germplasm evaluation
studies by various workers have identified valuable trait-specific
accessions for moth bean improvement (Table 4). In moth bean
breeding programmes, these accessions could be a valuable resource
for improving moth bean resistance to major biotic and abiotic
stresses and for enhancement of grain yield. Variety development
programme in moth bean was probably initiated in the late 1960 or
early 1970s (Singh and Mann, 1976). Traditional germplasm-
selected varieties were of spreading types that covered the ground
like a mat, grew slowly, and matured in 100-120 days. These
varieties (Type-I, Type-3, MG-l, Baleswar-12, and so on) were
introduced prior to 1970. However, under ideal conditions, these
fodder types barely give about 200-300 kg/ha of yield (Kumar,
2002). Further selections from the germplasm resulted in
identification of high yielding varieties with long and medium
duration (Maru moth) maturity before the inception of AICRP
on Arid legumes in 1992 (Table 5). Work on arid legumes viz.,
cluster bean, moth bean, cowpea and horse gram started in 1992.
High-yielding varieties that mature in 75-90 days have thus been
developed as a result of continuous, sincere, and deliberate efforts to
improve this crop’s genetics and yield. As a result, the newer
cultivars (Jadia, Jawala, IPCMO-912, and CAZRI moth-1) could
produce higher yield while also withstanding the extreme heat and
limiting soil moisture conditions. These varieties were also better
suited to areas with high levels of rain (250- 350 mm) (Kumar,
2002). In 2003, CAZRI moth-2 (CZM-2) was developed by Central
Arid Zone Research Institute, which was the first variety to be
released through hybridization and has gained wide popularity in
recent years owing to its high yield potential and considerable

- Overall
Traits
range
) 37.85 84.93 46.29
Days to 50% flowering 63.73 (32.0-84.0) 29.50-106.67
(29.5-47.5) (43.7-106.7) (36.3-50.7)
. 73.78 82.84 72,57
Day to 80% maturity 135.09 (90.3-158.7) 54.50-158.67
(54.5-89.5) (57.0-105.0) (61.7-91.0)
5135 107.44 32.07
Plant height 26.45 (11.7-49.3 11.63-153.13
ant height (cm) (37.5-94.3) ( ) (11.6-153.1) (19.5-40.4)
6.09 5.01 0437
Primary branches/plant - 1.58-12.00
rimary branches/plan (1.6-12.0) (23-88) (32-6.0)
2223 20.98 35.08
Clusters per plant - 4.40-73.67
(4.4-55.1) (9.0-73.7) (14.8-58.8)
62.57 4952 66.05 98.66
Pods per plant 20.00-148.83
(20.0-129.0) (24.8-128.3) (20.8-145.2) (65.3-148.8)
3.51 3.95 3.37 3.99
Pod length 2.20-5.51
od length (cm) (2.4-4.0) (22-5.3) (2.9-3.8) (3.3-5.5)
5.74 6.75 5.67 496
Seed d 2.00-10.00
eeds per po (4.85-7.0) (2.0-10.0) (3.2-69) (3.6-6.9)
2.39 2.90 232 2.60
100-seed weight (g) 1.50-4.60
(16-3.2) (1.5-4.6) (15-2.9) (1.7-3.3)
574 6.17 6.94 11.41
Yield/plant 0.94-20.64
ield/plant (g) (0.9-12.1) (16-19.1) (1.8-20.6) (43-20.5)
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FIGURE 5

Variability in the shape, size and color of Vigna aconitifolia seeds conserved in the Indian National Gene bank, New Delhi.

TABLE 4 Potential trait-specific accessions identified in germplasm for utilization in moth bean improvement.

Traits

Agronomic
traits

Materials used

49 genotypes

Trait attributes considered

Pods per plant, seeds per pod, pod length, hundred seed
weight (g), biological yield, harvest index, and seed yield/
plant

Promising entries

1C370469, GP387, 1C415116, IC310670,
1C329040, RMO225, RMO-257, 1C983

References

Pal et al., 2020

Early maturity

Mutant of moth bean

variety RMO-40

62 genotypes

Phenological traits like days to initial flowering, days to 50%
flowering, days to maturity,

Pod length and seeds/pods

1C432859

MH 65, MH 34, MH 66, and MH 45

Bisht and
Singh, 2013

Sihag et al.,
2004

Heat tolerance

10 germplasm lines &

varieties

Relative water content (RWC), membrane stability index
(MSI), and proline, protein, and chlorophyll (Chl)

MO 40, Jadia, IC36157, Jwala, and Maru
moth

Tiwari et al.,
2018

Mutant of moth bean

variety Jadia

Relative water content (RWC), membrane stability index
(MSI), and proline, protein, and chlorophyll (Chl)

1C296803

Bisht and
Singh, 2013

Drought
Malamb
tolerance . Plant height, root length, branches plant dry mass, root dry 1C129177, IC103016, 1C415139, Sambane
32 accessions . and Bhatt,
mass, chlorophyll & relative water content 1C415155 and IC36157 2014
i Disease intensity (%), Disease incidence (%) & Plant Disease PLMO 12, 1C36096, 1C415152, Meghwal
204 accessions
Index (%) 1C129177, 1C129177, et al, 2015
YMV
i 11 i & 10
e gff)acizetrype YMV disease incid ded on a single-plant basi 013393-C, Yagoob et al,
type isease incidence was recorded on a single-plant basis DMB-118-E 2015
germplasm
Leaf crinkl Vir and Singh,
i ca cr'm ¢ 44 accessions Leaf crinkle disease scoring on a single plant basis 1C39786 Irand sing
virusresistance 2015
P inhibitors, phytic acid, radi . tivity, Gupta et al,,
25 accessions rotease inhibitors, phytic acid, radical scavenging activity, 13070, 10ggs1, 139711 and 139774 P
and tannins 2016
Phytochemicals
60 accessions Comprehensive biochemical profiling includes higher IC36361, IC-311448, IC415152 and Bhadkaria
contents of magnesium and iron RMO-257 et al, 2021
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TABLE 5 List of moth bean varieties developed through conventional breeding approaches in India.

Maturity
(Days)

Grain yield
(Kg/ha)

Variety

Salient features

Type-1 120 200-300

It was selected from a local collection, medium-sized brownish-red seed with an average forage production of 10-14 q per

ha
Type3 120 370-375 Forage type, selected from a local collection, produces 22-25 g/ha of gr'een fo.rage, has narrowly lobed leaves, and has a
canopy that extends outward and trails horizontally.
MG 110-115 350.450 Selected from a local collection, extremely vulnerable to YMV, plants are taller (45-55 cm), harvest Index is poor (10-12
percent)
Baleshwar- 110115 400-475 Selected from a local collection; plants are taller; green fodder yields 15-17 g/ha; seeds are brown and medium size;
12 extremely vulnerable to YMV.
Jadia 8590 450-500 Selected from a local collection, has a spreading growth habit, dark brown, medium bold seeds (100-seed weight of 2.5-
2.5g), is prone to yellow mosaic virus, and produces 10-12 g/ha of green fodder production.
Jawala 80-90 500-550 Selected from a local collection, resistant to YMV, and with an average fodder yield of 17-18 g/ha.
Maru 80-85 500-550 Selected from the local collection, this variety is a semi-spreading type that performs well in planting situations that are
moth less affected by the Cercospora leaf spot disease. It is also suitable for intercropping.
IPCMO- 80-85 450-500 Selected from a local collection; vining type; has broad, deeply lobed leaves; seed protein is 22-24 percent; harvest index is
800 20-25.
IPCMO Pure line selection from a local collection in the Jhunjhunu district; matures in 90-100 days; produces 3-4 pods per cluster
80-85 450-500 X . .
880 with medium to bold seed (2.8-3.1 g/100 seeds); seed yield: 4-5 q/ha.
IPCMO- . . . .
o1 75-85 400-500 This variety shows field tolerance to YMV and Bacterial blight, narrow leaflets.
CAZRI . . . . . . . . - .
Moth-1 72-75 400-500 It is semi-spreading and dual-purpose variety responding to inputs, Field resistance to YMV, bold grain with 25% protein
CAZRI - . R . . .
Moth-2 75-85 1000-1200 This is the first variety produced through hybridization (RMO-40 x Jadia); erect plant habit and profuse podding.

(Source: Kumar (2002); Solanki et al. (2018)).

podding (Solanki et al., 2018). In addition to these, its introduction
to the marginal irrigated farming system, development of early
maturing, photosynthetically efficient plants, breed of input
responsive genotypes, development of varieties suitable for inter/
mixed cropping system, identification of ‘dual types’ (high grain as
well as fodder yielder) and development of varieties resistant to
biotic and abiotic factors are some of the priority areas which
should be taken care of in future genetic improvement programmes
on moth bean.

5.3 Interspecific hybridization

In India and other Asian countries, Vigna species constitute an
economically significant group of 10 cultivated crops (domesticated
species) and more than 100 wild species (Schrire et al., 2005; Bisht
and Singh, 2013; Takahashi et al., 2016). Moth bean is the most
interesting of the Asian Vigna species that have been domesticated
as it is highly resistant to drought and heat (Tomooka et al., 2014).
The wild ancestor of the moth bean hasn’t been precisely described,
but it is said to have occurred in India (Arora and Nayar, 1984).
Understanding the genetic basis of crop domestication aids in the
identification of beneficial genes (or genes) in wild relatives of
cultivated crops that can be used in plant breeding. In addition, as a
reliable strategy for expanding a crop species’ genetic base,
interspecific hybridization has successfully introduced beneficial

Frontiers in Plant Science

traits from wild relatives into closely related crops (Singh, 1990).
Varying degrees of success in interspecific hybridization of Vigna
has been reported (Chen et al., 1983; Singh, 1990; Pandiyan et al.,
2012; Tomooka et al., 2014; Basavaraja et al., 2019). Cross-
compatibility between V. aconitifolia and other relative species
hasn’t been studied much, but it has been crossed as a seed
parent with V. trilobata, and V. trilobata has been crossed with
success, as a pollen parent, with V. mungo, V. radiata, and V.
aconitifolia, but the reciprocal hasn’t reportedly worked (Bisht et al.,
2005). The interspecific hybrids between V. aconitifolia and V.
trilobata produced viable seeds. The F; hybrids had 5.7% pollen
fertility, but complete seed sterility. Colchicine-induced
amphiploids had 89.7% pollen fertility and such plants had fairly
regular meiosis, suggesting the possibility of such crosses. Hybrid
sterility is segregational in nature (Biswas and Dana, 1976b).

5.4 Tissue culture approach

Through interspecific hybridization, efforts have been made in
the recent past to develop disease-resistant as well as high-yielding
varieties of moth bean. However, interspecific cross incompatibility
and hybrid sterility are some significant hurdles for moth bean
variety development programme. Consequently, it is conceivable
that moth bean quality and yield can be improved by using a
combination of tissue culture techniques and traditional breeding

frontiersin.org
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methods. Tissue culture is a potent method that enables scientists to
cultivate and manipulate plants in a sterile environment. It is an
advantageous method for plant breeding. Therefore, cell and tissue
culture application to moth bean assumes a special significance.
However, the lack of or low rate of plant differentiation from
cultured cells is one of the major obstacles towards the utilization
of cell and tissue culture techniques in grain legume breeding
programmes (Bajaj and Gosal, 1981; Gresshoff and Mohapatra,
1982; Mroginski and Kartha, 1984; Saxena, 2004). Several studies
have reported that many legumes have now been successfully
cultured and regenerated as whole plants. Bhargava and Chandra
(1983) initiated callus cultures of two cultivars of Vigna aconitifolia
(moth bean) (IPCM0-926, RDM-120) and studied their growth and
differentiation. Likewise, Godbole et al. (1984) optimized the
cultural conditions for whole moth bean plant regeneration from
explant shoot apices and cotyledons, callus cultures derived from
explant shoot apices, and field transfer of rooted plantlets. As
a practical issue, the development of shoots and subsequent
plantlets from excised roots is of interest because it provides a
new source of somaclonal variation. Gill and Eapen (1986)
attempted to develop cell and tissue cultures in moth bean,
whereby a successful attempt was made in moth bean plant
regeneration from hypocotyl protoplasts. Eapen and Gill (1986)
were able to be regenerate plants from root explants of moth bean
by culturing on Murashiage and Skoog’s basal medium without
any phytohormone, but the addition of cytokinins increased the
frequency of plant regeneration.

Protoplasts, on the other hand, are also an excellent source of
inducing variation in Vigna. Protoplasts from this important group
of economic crops have been isolated and regenerated into cell
colonies and callus tissues. Callus cultures derived from shoot apices
of moth bean provided a high yield of viable moth bean protoplasts
as a starting point for the development of an efficient and
reproducible moth bean protoplast isolation and regeneration
method (Krishnamurthy et al., 1984). Similarly, Arya et al. (1990)
regenerated plants from leaves’ protoplasts of Vigna aconitifolia
‘Jadia’ and reported that protoplasts from highly homozygous
legumes are of application in moth bean improvement. Kumar
et al. (1988) demonstrated successful plant regeneration from cell
suspension cultures lines of Vigna aconitifolia in L-6 medium
containing 44.5 M 2,4-D, which resulted in the highest growth
rate. Till date, no systematic study has been reported in moth bean
on the effects of cultivar, basal medium, different medium
combinations (Murashiage and Skoog medium (MS), 2,4-D & 6-
Benzylaminopurine (BAP) and interactions on callus induction,
callus propagation and subsequent plant regeneration (Bhargava
and Chandra, 1983; Bhargava and Chandra, 1989). Furthermore,
Jangid et al. (2010) studied factors affecting callus induction in moth
bean and found significant differences, for both callus initiation
days and callus fresh weight, between the varieties, explants,
medium combinations, and their two- and three-way interactions
while also reporting that MS medium supplemented with 1.0 mg-1,
2-D was the best medium for maintaining callus in all of the tested
types. There have been numerous attempts made to develop moth
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bean regeneration protocols in vitro (Arya et al., 1990; Chandra and
Pental, 2003; Kaviraj et al., 2006). When tested on Indian moth
varieties, the in vitro regeneration techniques developed by these
researchers failed to deliver the expected outcomes. Hence,
Choudhary et al. (2009) developed an effective method for
regenerating moth bean using somatic embryos and in vitro-
grown plantlets that resulted in well-formed roots being
successfully hardened and established in soil. Recently,
regeneration potential, gene expression, and genetic stability were
found to be affected by heat treatment in moth bean (Jangid et al.,
2010). Additionally, the response of tissue to callus formation was
studied in explants that had been heated at 37, 42, or 47°C for 10
minutes (Sharma et al., 2018). The results showed that most of the
heat treatments slowed down regeneration, and a few polypeptides
in the protein profile of the callus were both up-regulated and
down-regulated by the heat treatments. Understanding the
mechanism of flowering regulation in in-vitro cultures is practical
and theoretically relevant. The effect of growth regulators such as
abscisic acid and proline on in vitro flowering manipulation in moth
bean has been investigated by Saxena et al., 2008. On the contrary,
moth bean presents an efficient system to be used for in vitro
mutagenesis because it exhibits an efficient regenerability from
various explants and bear seeds under in vitro conditions (Saxena
et al., 2006). Likewise, Narayan et al. (2015) demonstrated that
gamma radiation exposure increased the number of shoot bud
primordia and the number of shoots per explant in callus generated
from primary leaves of seedlings of moth bean seeds. Such explants
also resulted in a higher number of flowering plantlets under in vitro
growth conditions. Considerable success has been achieved in moth
bean in vitro culture plant regeneration, and this progress offers an
alternative option, over conventional breeding or interspecific
hybridization, for the improvement of moth bean.

5.5 Mutation breeding

Mutation is a highly effective technique to generate the desired
variation in crop plants. It has been extensively used in many of the
world’s most important crops, including wheat, rice, pulses, millets,
and oilseeds, and several original and review studies show its
effectiveness (Khadke and Kothekar, 2011; Raina et al., 2016;
Jegadeesan and Reddy, 2018; Pandit et al, 2021). Work on the
varietal improvement of moth bean crop is minimal; a mutation
breeding programme in moth bean was taken up in 1983, to
isolating mutants with high yield potential, early maturing and at
the same time possessing tolerance to drought conditions. Henry
and Daulay (1983) researchers examined the performance of
induced mutants in moth bean, treating seeds of the Jadia variety
with aqueous solutions of EMS at doses ranging from 0 to 3 percent.
In the M, generation, they found 25 mutants with higher pods than
their parents. The mutants were further carried forward up to Ms
and Mg generation and tested under dry land conditions for yield
performance, along with other high-yielding varieties. On the
contrary, to improve arid legumes, a mutation breeding technique
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utilizing chemical and physical mutagens was undertaken,
(Ramkrishna et al., 2008; Jain et al.,, 2013). The most commonly
used mutagens, namely, Ethyl methane sulphoanate (EMS), Methyl
methane sulphonate (MMS), Sodium azide (SA) and
Hydroxylamine (HA) were used in moth mutation breeding and
the effectiveness of the mutagens was tested on three different bean
crops. Moth bean genotypes had the highest efficiency, followed by
cluster bean, while mung bean genotypes had the lowest efficiency
(Sharma and Kakani, 2002; Ramkrishna et al., 2008). Four moth
bean varieties, RMO-40, RMO-257, Jwala and CZM-1, were tested
for their response to EMS, MMS, SA, and HA, induced biological
damage, polygenic variability, and comparative mutagenic
effectiveness and efficiency. This was performed to better
understand how different moth bean varieties respond to different
types and treatments of chemical mutagens. Subsequently, the
mutagenic progenies, concerning yield and yield attributes in M,
and Mj; generation, were evaluated. Treatment efficacy declined in
the following order: MMS > SA> EMS > HA. The moth bean
variety, RMO-40, was shown to have the maximum mutagenesis
effectiveness with a concentration of 1.0 mM Sodium azide. In M3
generation, 15 progenies showed higher seed yield with superior
magnitude of yield contributing traits than the best check, RMO-
225 (Jain et al., 2013).

Many national and state agricultural universities, including
Bhabha Atomic Research Centre (BARC), Mumbai (India), have
been doing intensive mutation research since decades by employing
X-rays, gamma rays, fast and thermal neutrons in order to generate
genetic variability in these arid legume crops (D’Souza et al., 2009). As
a result, research on induced mutations in oilseeds and legumes has
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remained at the leading edge of Indian agricultural research for
developing popular varieties with higher productivity in these crops.
Khadke and Kothekar (2018) studied the effect of EMS and SA on
moth bean trypsin inhibitor content. On electrophoresis, various
viable and micro mutants of moth bean were found to have
between three and seven iso-inhibitors of trypsin. Some viable
mutants had considerable differences in their TI profiles when
compared to the control. The TT content of these mutants reduced
by 25 to 45 percent, and the seed protein content of micro mutants
and viable mutants differed significantly. In 1994, the release of the
first early maturing mutant variety, RMO-40, sparked an interest in
mutagenesis, leading to the development of a series of short-duration
varieties, including RMO-257, RMO-225, RMO-435, RMO-423, and
RMO-2251 (Table 6). All of these cultivars were early maturing (60-67
days), exhibited completely transformed plant types, were semi-erect
to erect, and had synchronous maturation. Due to short growing
seasons, these varieties could successfully fend off drought problems
and circumvent devastating diseases like YMD (yellow mosaic disease)
and Cercospora leaf spot. Such varieties are more suited to low rainfall
(200-250 mm) and shorter growing season. Varieties developed
through mutation breeding could be direct mutants with good agro-
morphological traits or the resultants of hybridization with mutants
for mutant trait introgression in more adaptable and elite genetic
backgrounds Pulses with narrow genetic bases have enormous
potential for increasing genetic variability through a combination of
mutation breeding and conventional breeding approaches. This could
lead to the development of elite varieties that are suitable for various
agro-climatic zones, thereby improving pulses production
subsequently leading to nutritional security.

TABLE 6 Popular high yielding moth bean mutant varieties under cultivation in India.

Mutant i
: Special features References
variety
RMO-40 - . . . . .
(Rajasthan 62-65 600 to This is an extra early maturing, escapes drought, short stature, and non-spreading variety with synchronous Sharma and
Mtjth 40) 900 maturity. Kakani, 2002
RMO-225 600 to
(Maru 64-67 750 This variety has a short duration and a high level of resistance to the yellow mosaic virus. Kumar, 2005
vardan)
600 to This variety is erect with medium duration, has good yield potential, leaves green colored, mutant from
RMO-435 67-70 . ) h Kumar, 2005
800 RMO-40and has fodder value. Therefore, it is suitable for all moth-growing areas of the country.
500 to This mutant from RMO-225 variety is utilized for both grain and fodder production. It is a variety that Jain et al.,
RMO-257 65-67 550 matures early and has a moderate level of resistance to bacterial blight and YMV. Its flowers are arranged in 2013; Sharma
clusters and each one has a little petiole. et al., 2015
550 to The cultivar can be used for either seed or fodder cultivation. It can also resistant attacks from insects and Jain et al.,
RMO-423 67-70 L.
600 the yellow mosaic virus. 2013
RMB 25 67-70 600 to It gives a higher seed (28.6%) and fodder yield (15.4%) than RMO-225 and RMO-257. The variety has field Sharma et al.,
700 resistance to yellow mosaic virus and high protein content. 2015
RMO-2251 600 to Solanki et al.,
(Maru dhar) 63-67 650 It is a short duration variety with early maturity, erect plant type and average incidence of YMV. o 12011; :
CAZRI 550- Solanki et al.,
Moth3 62-64 750 Escapes YMV. Early maturing and erect. Heavy pod-bearing. Drought tolerant. o d;()ll: :
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6 Abiotic and biotic stress tolerance
and adaptive traits in moth bean

6.1 Heat stress tolerance

Moth bean is a highly adaptable annual legume that thrives in
arid and warm climates, making it one of the most temperature-
resistant legumes in arid climates (Sachdeva et al., 2016). It has a
deep and fast-penetrating root system, can thrive in open fields for
up to 30-40 days, and can withstand temperatures of more than
45°C. By virtue of its adaptive features, whereby it can sustain harsh
environmental conditions, moth bean is widely recognized as an
arid legume. To mitigate heat stress, moth bean has developed
morphological accommodations such prostrate development
thereby shading the soil to reduce temperature, large leaves with
dense canopy for transpirational cooling, higher biomass but poor
partitioning, indeterminate growth, and a fast-penetrating tap root
system (Sharma et al.,, 2014; Harsh et al., 2016). The crop appears to
have a genetic buffer that allows it to quickly adapt to rapidly
changing moisture conditions as well as deprived and hot
environments. Temperature stress, contrarily, has been shown to
speed up plant growth in moth bean begetting reduction in both
vegetative and grain yields (Khadke et al,, 2011; Sharma et al., 2014).
Similar results were observed in a study based on the induction of
thermo-tolerance for deciphering the efficaciousness of heat
acclimation in nine different varieties of moth bean, which
showed that all nine varieties could tolerate a sudden temperature
rise of 42°C, and that the development of thermo-tolerance was
linked to the induction of peroxidase (POX), ascorbic peroxidase
(APOX), and catalase (CAT) enzymes (Sharma et al., 2014; Harsh
et al,, 2016). Likewise, the accumulation of total sugar and proline,
as well as an increase in the activity of CAT, GPOX (glutathione
peroxidase), and SOD (superoxide dismutase), was seen in thirty-
seven genotypes of moth bean under heat stress in earlier
investigations. (Harsh et al., 2016; Tiwari et al,, 2018) and by that
mutagenesis was suggested as an effective means of improving
thermo-tolerance by altering the osmo-protectants and anti-
oxidative enzymes that go along with it.

6.2 Drought tolerance

As a drought-tolerant crop, moth bean has had a long history of
success in rain-fed arid environments. Pre-meditated and need-
based efforts have been made for decades to increase the
productivity and adaptability of this drought-resistant crop in
harsher and more hostile conditions. There has been paucity in
systematic research on the physiological basis of yield in rain-fed
conditions and the mechanism for drought resistance in this crop,
despite its economic importance. Physiological investigations of
yielding ability in moth bean types under rain-fed conditions
established that the crop is a poor seed producer despite
producing enough dry matter. Leaf water potential, osmotic
potential, and pressure potential were measured at regular
intervals over a period of time. There were noticeable changes in
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transpiration amongst the different varieties (Srivastava and Soni,
1995). It is quite difficult to predict the outcome of crop production
in arid and semi-arid areas. However, the choice of proper plant
type and adopting an appropriate cropping system may provide
yield stability in the region. The importance of the adoption of
suitable genotypes and cropping systems has been emphasized by
several investigators (Singh and Reddy, 1988; Lawn, 1989). Higher
photosynthetic rates and more effective water use have been linked
to the increased performance of mixed crops under low-rainfall
conditions. Kathju et al. (2003) suggested that under both low and
high rainfall situations, planting early and late genotypes in
alternate rows at a 1:1 ratio is an ideal strategy for maintaining
the production stability of moth bean. Priyanka et al. (2011)
investigated the effect that a low water potential, caused by PEG
(polyethylene glycol), has on growth, sugar content, and enzymes
related to stress (such as catalase, GPOX). Additionally, SDS-PAGE
(Sodium dodecyl-sulfate polyacrylamide gel electrophoresis)
analysis was performed on seedlings of twelve moth bean
genotypes and traits such as seed set and abscisic acid
concentration in the pods as well as root traits have been proven
to increase the tolerance of moth bean to drought (Kumar et al,
2019). Accordingly, Garg et al. (2001) reported that on rise in water
stress in three moth bean genotypes (RMO-40, Maru moth, and
CZM-32 E), net photosynthetic rate and starch and soluble protein
content dropped besides a marked decline in the nitrate reductase
activity of the plant. Discordantly, there was a build-up of reducing
and soluble sugars as well as proline content at pre-flowering phase
of the genotypes under study. A germplasm collection comprising
of 32 genotypes was evaluated under both dry (terminal drought)
and wet (rain-fed) environments. The results exhibited significant
differences for genotypes, treatment (stress), and the GxS effects.
Also, the differences in the amount of chlorophyll were significant
for genotype and combination of genotype and stress treatment.
The treatment effect showed a significant difference and led to the
identification of two varieties (Maru moth and Jadia) and five
accessions (IC 129177, IC 103016, IC 415139, IC 415155, and IC
36157) that were drought tolerant (Malambane and Bhatt, 2014). In
another study, Sachdeva et al. (2016) reported that three cultivars
(IC103016, IC36011 and IC36157) were more drought tolerant
because they sustained greater RWC (Relative Water Content) and
MSI (Membrane Stability Index) along with plant height, leaf area,
seed weight and plant dry mass besides higher levels of proline
accumulation. Recognized as having a primitive plant type, moth
bean has evolved to survive but not for increased productivity. In
this context, early partitioning, early maturation, and semi-erect to
erect growth habit types may be preferred to the conventional sort.
Consequently, such advantageous plant traits will not only lead to
an increase in yield but also encourage the cultivation of this crop in
new and unexplored areas.

6.3 Salinity tolerance
Regulation of proline biosynthesis as well as its degradation,

uptake and transport are one of the key mechanisms of the plant
defense system, which plays a compelling role in the survival of
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osmotically stressed plants (Stewart and Lee, 1981; Verma et al,
1992). The gene encoding the enzyme, ornithine delta-
aminotransferase (delta-OAT) that is involved in proline
biosynthesis pathway, was isolated from moth bean cDNA library
by complementation of Escherichia coli proBA mutant auxotroph
(Delauney et al.,, 1993). Zhu et al. (1998) transformed rice var.
Nipponbare with P5SC gene obtained from moth bean and
increased biomass in salt and water stress conditions. Similarly,
when the rice cultivar, ADT 43, was transformed with Al-pyrroline-
5-carboxylate synthetase (P5CS) gene obtained from moth bean
and it was observed that under 200 mM NaCl, the transformed
plants showed better plant growth and biomass production while
the control plants died within 10 days (Karthikeyan et al., 2011). In
another study, the overexpression of P5CS gene derived from moth
bean in rice cultivar IR-50, showed tolerance to high salt (200 mM
NaCl) conditions (Anoop and Gupta, 2003). Surekha et al. (2014)
used P5CSF129A, a mutagenized P5CS gene obtained from moth
bean, in combination with CaMV35S, a constitutive promoter, for
the genetic transformation of Cajanus cajan to enhance proline
accumulation and salt tolerance. Moreover, the P5CS gene from
moth bean was transplanted into the hybrid larch (Larix x
leptoeuropaea (Dengler)) to improve the productivity of Larch, a
tree species that thrives under stresses like cold, salt, and frost, by
which the transgenic tissues exhibited a thirtyfold increase in
proline concentration (Gleeson et al., 2005).

6.4 YMV disease resistance

Biotic stresses such as Yellow Mosaic Disease (YMD) and the
pod borer extend major production challenges for various Vigna
crops. Like other Vigna crops, moth bean has not received the
proper scientific attention towards management of biotic stresses,
and among many, the crop requires particular consideration of
YMYV and Bacterial Leaf Spot disease. The Mung bean yellow mosaic
virus (MYMV) is resistant to mung bean’s morphological and
biochemical diversity, according to recent investigations. In terms
of resistance, morphological characteristics such as leaf thickness
and trichome density are varied. Leaf thickness was found to be
higher in the MYMV-resistant genotypes compared to the highly
sensitive ones. Similarly, high levels of trichome density were found
in resistant genotypes, compared to low levels seen in the most
susceptible ones (Patel et al., 2013; Mantesh et al., 2020). In another
study, 204 moth bean lines were screened for resistance to the Mung
bean yellow mosaic virus (MYMYV). Thirteen of the 204 accessions
studied showed resistance or tolerance to MYMYV in the field
(Meghwal et al., 2015). Stress tolerance genes must be identified
which requires substantial information on the control of gene
expression as well as the biochemical activity of specific proteins
involved in the process of tolerance. According to Tiwari et al.
(2018), the genes for stress-enzymes such as Catalase, Cyt P450
monooxygenase, heat shock proteins (HSP 90 and HSP 70),
oxidoreductase, protein kinases, dehydration-responsive protein
(DRP), universal stress proteins, and ferridoxin NADH oxidase
were over-expressed in stressed samples. Additionally, expression
profiling revealed ten transcripts to be up-regulated and 41 to be
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down-regulated, whereas 490 exhibited no significant change under
moisture stress (Tiwari et al., 2018).

6.5 Insect resistance

Specific management measures to reduce yield losses due to
insect pests, such as Jassids, white flies, pulse beetles, white grubs,
and other storage pests is imperative Callosobruchus chinensis L.
and Callosobruchus maculatus L. are major bruchid pests of most
Vigna species, particularly cultivated ones. In light of this, bruchid
resistance enhancement is prioritized in all Vigna crop breeding
programmes. Plant breeders have long aimed to improve the
bruchid resistance of cowpeas, mung beans, adzuki beans, and
black gram. These Vigna crops have sources of bruchid resistance,
but the resistant germplasm is limited. A wild moth bean accession,
TN67, was recently discovered to be extremely resistant to C.
chinensis (Somta et al, 2018). For Vigna crop breeding, wild
moth bean’s resistance gene(s), including moth bean with C.
chinensis resistance could be highly favorable (Somta et al., 2018).

7 Biotechnological interventions

7.1 Genetic linkage map and QTL mapping
for agronomic traits

The work done in moth bean, with respect to breeding, is
exiguous, therefore, mapping populations, core sets or trait specific
reference sets are lacking in the crop. In addition, studies analyzing
the genetic variability in V. aconitifolia germplasm, by way of
molecular techniques like DNA markers, have been sparse (Sharma
et al., 2021). Nevertheless, recently, there has been some progress.
Despite having the potentiality to be a new food crop of the future
owing to being a source of genes for resistance against biotic and
abiotic stresses, the genetics of the domestication process in moth
bean is not known. Its domestication will principally involve
phenotypic changes, including reduction of seed dormancy and
pod shattering, increased organ size and earlier flowering and
maturity, which needs extensive knowledge of its genomic
resources that are currently scarce. Recently, Yundaeng et al.
(2019) constructed a genetic linkage map for moth bean, based
on an F, population of 188 individuals produced from a cross of
wild moth bean (TN67) and cultivated moth bean (ICPMO056),
and utilized it for the identification of quantitative trait loci (QTL)
for domestication-related traits that can be used for genetic
improvement of the moth bean and related Vigna species. The
genetic linkage map comprised of 11 linkage groups (LGs) of 172
simple sequence repeat (SSR) markers that spanned a total length
of 1016.8 centimorgan (cM), with an average marker distance of
7.34 cM. Additionally, a high genome synteny was observed
between moth bean and other orphan legumes; mung bean
(Vigna radiata), adzuki bean (Vigna angularis), rice bean (Vigna
umbellata), and yard long bean (Vigna unguiculata) based on
comparative genome analysis. A total of 50 QTLs and 3 genes
associated with 20 domestication-related traits were identified.
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Most of the QTLs belonged to five LGs (1, 2, 4, 7, and 10). Pod
shattering, trailing plant canopy, seed dormancy, poor yield
potential, less responsive to input resources, late flowering and
maturity are the key attributes of moth bean which indicates that
the crop is still under active domestication. In another study,
Somta et al. (2018) developed QTL mapping in F, population
(188 plants) of moth bean by crossing resistant accession, TN67
(male parent) and susceptible accession, TPCMO056 (female
parent) for seed resistance to adzuki bean weevil (Callosobruchus
chinensis L.). Segregation analysis suggested that C. chinensis
resistance in TN76 is controlled by a single dominant gene,
designated as Rcc. QTL analysis revealed one principal and one
modifying QTL for the resistance, named qVacBrc2.1 and
qVacBrc5.1 respectively. qVacBre2.1 was located on linkage
group 2 between simple sequence repeat markers CEDG261 and
DMB-SSR160 and accounted for 50.41 to 64.23% of resistance-
related traits, depending on the trait and population, while
qVacBre5.1 was detected in only one population. Somta et al.
(2018), suggested that markers CEDG261 and DMB-SSR160
should be useful for marker-assisted selection for C. chinensis
resistance in moth bean. A list of genetic linkage maps in Vigna
aconitifolia is depicted in Table 7. Oliveira et al. (2020) presented
the first physical map of moth bean and compared chromosomes
with other Vigna and Phaseolus species. As with Yundaeng et al.
(2019), a high magnitude of genome synteny was observed between
moth bean and other related pulse crops such as mung bean (Vigna
radiata), adzuki bean (V. angularis), rice bean (V. umbellata), yard
long bean (V. unguiculata) as well as common bean (Phaseolus
vulgaris) (Oliveira et al., 2020). As a result, molecular markers and
genomic resources developed in these crops will be highly useful in
moth bean crop improvement programmes.

7.2 Transcriptome analysis

An extensive study was done to identify genes associated with
moisture stress tolerance utilizing differential transcriptome
assembly under stressed and non-stressed environments (Tiwari
et al,, 2018). They have identified 51 differentially expressing
transcripts along with 1287 useful SSRs (Simple sequence
repeats). Another study was done to identify genes associated
with heat stress utilizing forward suppression subtractive

TABLE 7 List of genetic linkage maps in Vigna aconitifolia.

Name of

10.3389/fpls.2023.1179547

hybridization (SSH) ¢cDNA library of heat tolerant cultivar RMO-
40 (Gurjar et al,, 2014). A total 125 unigenes, out of which 21 were
novel to moth bean, were identified. Functional annotation of EST's
(expressed sequence tags) led to the identification of enzymes and
heat-shock proteins involved in plant defense against heat stress. In
a first ever attempt to identify heat stress responsive genes in moth
bean, an elevated temperature of 42°C for 5 min was given to a heat
tolerant moth bean cultivar RMO-40 (Rampuria et al., 2012).
Utilizing SSH ¢DNA library, 488 unigenes were identified that
were constructed from 738 ESTs. Annotation and semi-
quantitative PCR analysis indicated 20 signaling genes and 16
transcription factors associated with heat stress in moth bean.
Recently, a number of transcriptome studies in other Vigna
species have been added to the public data bases. Transcriptome
derived resources, particularly EST-SSR markers, from other Vigna
species can be utilized in genetic mapping, marker trait association
and marker assisted selection for improvement programmes in
moth bean.

7.3 Genetic transformation

Direct transformation was found to be an efficient transformation
method in moth bean (Kohler et al., 1987a). Protoplast was used to
transform moth bean by using PEG (polyethylene glycol) treatment
and electroporation method. The plant genotype also has the role in
the transformation success rate (Kohler et al, 1987b). In another
transformation method, 60% plating efficiency was observed using
co-cultivation of protoplast cells with Agrobacterium tumefaciens
containing the Ti plasmid derivative pGV38501103 (Eapen et al,
1987). Particle bombardment method was also successfully used for
direct gene transfer in moth bean using mature embryos (Bhargava
and Smigocki, 1994) and hypocotyl explants (Kamble et al., 2003). A
stable transformation was reported by co-cultivation of primary
leaves and cotyledonary nodes, as well as vacuum infiltration into
cotyledonary nodes of moth bean (cultivars Jadia and Jawala), with
Agrobacterium tumefaciens strain EHA105 accommodating the
binary vector p35SGUSINT (Kumar et al, 2008; Kumar et al,
2010). Unlike the earlier studies, genotypic effect was not observed
in transformation frequency in this study. However, other studies
show that the methodology and genotypes influence the
transformation frequency (Kamble et al.,, 2003).

PV explained by the

: Trait Gene/QTLs Linkage grou References
population Q QTLs (%) 9ge group
Rec
Callosobruchus chinensis .
IPCMO056 x TN67 R qVacBre2.1 50.41 - 64.23 2 Somta et al., 2018
L. resistance
qVacBre5.1 12.19 5
D ticati lated Pdt1.1-, Npdd1.1-, Sdwal.1 12346789 Yund tal
omestication related 1 1,2,3,46,7,8,9, undaeng et al.,
TN67 x ICPMO056 cation re: + 372 - 68.67 g €
quantitative traits 10 2019
Sd100wt2.1+, Sdi2.1+, etc.

Frontiers in Plant Science

frontiersin.org


https://doi.org/10.3389/fpls.2023.1179547
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

C.etal

8 Future perspectives

The impact of drastic changes in global environment on crop
productivity has been recognized by the agricultural sector,
resulting in increased awareness about Climate Smart Agriculture
(CSA) approach in order to increase food security and mitigate the
effects of climate change. Orphan crops, though neglected, are well

10.3389/fpls.2023.1179547

acclimatized to current conditions. Moth bean has evolved and is
adapted to hot arid and semi-arid agro-climatic conditions, which
makes it a relevant crop amid such challenging situations, with the
potential to serve as an alternative to major legume crops. However,
owing to its agronomic constraints, cultivation of the crop is still
confined to traditional growing areas. Moth bean has not been fully
exploited and has also lagged behind other pulses in terms of the
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A blueprint for the mainstreaming of moth bean to develop climate-smart varieties.
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quantum of developed genetic and genomic resources. Since there is
limited number of genetic resources, considerable efforts are needed
to carry out extensive explorations as well as characterization and
evaluation of the collected moth bean germplasm for employing the
genetic variability for high yield potential, yield stability, improved
salinity tolerance, multi-disease and pest resistance as well as
enhanced nutrition. With respect to genomic resources, extensive
efforts are needed for development of reference gold standard
genome since it is fundamental to understand the genome
composition and gene repertory of the crop. Further, whole
genome resequencing (WGRS), transcripts and genome-wide SSR
and SNP markers are required for the identification and annotation
of novel genetic polymorphism/candidate genes which are
responsible for different agro-morphological, biotic and abiotic
stresses as well as biofortification traits, along with being crucial
for the construction of genetic linkage maps and physical maps in
the future. Therefore, by utilizing recent advances in breeding
methods such as haplotype-based breeding, precision-based
phenotyping and high throughput genotyping, accompanied with
bioinformatic resources, in association with available genetic
diversity can help in accelerating domestication in moth bean and
expediting its productivity. Identifying pan-genome sequence
variation associated with advantageous traits and utilizing them
for development of varieties will have a greater impact. Neo-
domestication of stress adapted wild species using mutation
breeding and TILLING and de novo domestication through new
breeding techniques (NBTs) including genome editing tools like
CRISPR/Cas could also help in development of novel plants with
desired traits (Tomooka et al., 2014; Zsogon et al, 2018).
Additionally, utilization of innovative value-added agricultural
practices besides adopting effective marketing strategies can be
instrumental in the promotion of moth bean as a potential major
legume crop (Figure 6). Concentrated, continuous and coordinated
efforts are required, from both the scientific community and policy-
makers, for implementing these approaches which will not only aid
in the development of high yielding and climate-resilient varieties,
but also in the mainstreaming of moth bean for re-diversification of
global food systems. Finally, when these challenges will be
addressed, moth bean, being nutritionally sound and
environmentally hardy, is going to be a hopeful climate-smart
legume crop for sustainable food and nutritional security across
the globe.
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Dinesh Kumar®, M. S. Ladaniya, Manju Gurjar, Sachin Mendke,
Sunil Kumar and Dilip Ghosh

Indian Council of Agricultural Research- Central Citrus Research Institute, Nagpur, Maharashtra, India

Introduction: Nutritional content in citrus fruit is enormous. Citrus grandis (L.)
Osbeck is underutilised citrus crop that receives little attention due to the lack of
knowledge regarding its nutritional value. Citrus waste disposal poses a problem
due to economic and environmental factors.

Methods: The metabolites flavonoids, phenols and antioxidant capacity in the
dropped fruits of the underutilised citrus species pomelo (Citrus grandis (L.
Osbeck) were examined.

Results and discussion: Hesperidin varied from 1.22 to 2.83% and 1.08 to 1.16%
from 10 mm to 14 mm whereas naringin dominates in fruits measuring 10 mm
and 12mm with 60.61%, 60.77%, and 47.76%, 45.87% in freeze dried (FD) and hot
air oven dried (HAOD) samples. According to the results of the antioxidant assays,
the highest concentrations of ABTS azino-bis (3-ethylbenzthiazoline-6-sulfonic
acid) and DPPH (2, 2-diphenyl-1-picrylhydrazyl radical) were found in freeze
dried samples, ranging from 9.679 to 10.416 mmol L™ Trolox and 14.825 to
16.432 mmol L™ Trolox, respectively. However, the Ferric Reducing Antioxidant
Power (FRAP) assay revealed higher content in samples of both FD and HAOD
that were 10mm in size (4.578 mmol L™ Trolox and 3.730 mmol L™* Trolox). Total
phenol content was measured, and the highest concentrations were found in
fruits with a diameter between 10 mm and 18 mm. It ranged from 48.479 to
54.498 mg GAE Ltin FD samples and from 45.757 to 51.159 mg GAE Lt in HAOD
samples. The smallest fruits, or those that were still in the immature stage, had
the highest content. It was found that when the immature dropped fruits were
dried by HAOD, the content decreased. At p<0.01 and p<0.05, there was a
significant positive correlation between the flavonoids, antioxidants, and total
phenols. The results showed that the immature dropped immature fruits of lesser
known underutilised citrus sp. Citrus grandis can act as potential source of
flavonoids, total phenol concentration, and antioxidant potential. Freeze drying
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can be recommended to recover the most bioactive substances from
physiologically dropped fruits of Citrus grandis for use in the pharmaceutical
and nutraceutical sectors. This study will help in reducing the environmental
impact caused due to citrus dropped fruits and its responsible management.

KEYWORDS

pomelo (Citrus grandis), immature dropped fruits, phytochemicals, waste utilization,
nutraceutical source, freeze drying

1 Introduction

Fruit consumption has gained increasing interest among
consumers due to the existence of several bioactive and its ability
to protect from diseases such as diabetes, cancer, neurodegenerative,
among others (Lapuente et al, 2019). The presence of bioactive
chemicals neutralises dangerous reactive oxygen species for the body,
preventing oxidation of vital macromolecules like DNA, RNA, and
proteins and minimizing the occurrence of diseases (Zou et al., 2016).
Citrus, a member of the Rutaceae family and the Aurantioideae
subfamily, is one of the most significant fruit crops. Citrus reticulata,
Citrus sinensis, Citrus limon, Citrus aurantium, and Citrus paradisi
are among the citrus species grown for commercial purposes (Turner
and Burri, 2013). China, Brazil, India, Mexico and United States of
America are the top countries that produce citrus fruits (Marti
et al., 2009).

Citrus fruits are liked all around the world for their pleasant
taste, distinctive flavour, and nutritive value. Citrus fruits composed
of a large number of phytochemicals and bioactive substances, such
as ascorbic acid, carotene, flavonoids, antioxidants, phenolic
compounds, minerals, etc. Citrus fruits have found use in the
manufacturing of numerous cosmetics, functional foods,
pharmaceuticals, and nutraceutical medications due to its
antioxidant, anti-inflammatory, anti-cancer, and anti-fungal
properties (Hayat et al, 2010; Kumar et al, 2021). Due to the
diverse climatic conditions, India has a vast array of citrus genetic
diversity and is also the home to numerous underutilized citrus
species that are still unexplored (Kumar et al., 2021).

Citrus grandis (L.) Osbeck sparsely cultivated and underutilised
citrus crop that receives little attention due to the lack of knowledge
regarding its nutritional value. Pomelo comes in white and pink
colour segments and is commonly known by other common names
like Pummelo, shaddock, or Chinese grapefruit. Three main
categories of citrus flavonoids include flavanones, flavones, and
flavonols in which flavanones can be found as aglycones or
glycosides. Hesperitin, narirutin, and didymin belong to the
rutinosides group, whereas naringin, neohesperidin and
neoeriocitrin belong to the neohesperidosides group. Naringenin
and hesperitin comes under the aglycone forms (Tripoli et al,
2007). Reactive oxygen species that are produced under stressful
circumstances can lead to the oxidation of biomolecules, which can
interfere with the healthy cells’ normal metabolism and operation.
Oxidative stress leads to development of several diseases, including
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cancer, atherosclerosis, and Alzheimer’s disease. Citrus fruits
contain natural antioxidants that scavenge or neutralise
dangerous free radicals, lowering the risk of disease (Kumar et al.,
2019; Kumar et al., 2021). Phenolic compounds are responsible for
flavour and colour of the food and have many health promoting and
antioxidant properties (Gasecka et al., 2020).

Immature citrus fruits that are green in colour, drop from the
stem-branch or ovary-stem junction due to physiological reasons,
food deficiencies, insufficient pollination, ovule dysplasia,
degeneration, or changes in endogenous hormones, etc. This
phenomenon is well known as physiological dropping (Sun et al.,
2015). The immature fruits that have fallen to the ground due to
physiological dropping are typically dumped in the field or treated
as waste. If carefully explored, these rejected dropped citrus fruits
can provide a low-cost and environmentally friendly platform for
the formulation of nutraceuticals or value-added food supplements.
The dropped fruits can also be sold in dried form. In comparison
to the conventional sun-drying process, oven drying and freeze
drying are more appealing due to their easy control, industrial use,
availability during off-season, higher retention of nutritional value,
and low temperature and pressure operation (Sun et al, 2015;
Bhatta et al., 2020).

Currently, researchers have made attempts to examine the
flavonoids and antioxidants in juvenile dropped fruits of
commercially cultivated citrus species, but no study has been
done to elucidate the nutritional content from the dropped
underutilised citrus species, i.e. pomelo. Moreover, there is
relatively little knowledge about how drying methods affect the
phytochemical and antioxidant content. An experiment was
conducted in light of the significance and health advantages of
pomelo; to understand how drying procedures affect flavonoids,
antioxidant capacity, and phenolic content, as well as how effective
they are at producing the highest yield.

2 Materials and methods
2.1 Chemicals and reagents

Standards of flavonoid compounds, such as hesperidin,
narirutin, naringin, quercitin, and naringenin (97% purity),

antioxidant standard Trolox (97% purity), radical cation ABTS*
azino-bis [3-ethylbenzthiazoline-6-sulfonic acid], 2, 2-diphenyl-1-
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picrylhydrazyl radical (DPPH), 2, 4, 6-Tri (2-pyridyl)-s-triazine
(TPTZ), and gallic acid were purchased from Sigma-Aldrich
(Mumbai, India). Chemicals such as sodium acetate trihydrate,
ammonium acetate, acetonitrile, dimethyl sulphoxide, and
acetonitrile were of the HPLC grade for use in the extraction
procedure and in HPLC technique (Himedia, India). Additional
chemical substances and reagents utilised in the study, such as
methanol, ferric chloride, folin-Ciocalteu reagent, sodium
carbonate, manganese dioxide, and 37% hydrochloric acid, were
of analytical grade (Himedia, India).

2.2 Plant materials

ICAR- Central Citrus Research Institute experimental blocks
with the geographic coordinate’s latitude: 21°9°0”N and longitude:
79°9°0”E, respectively, were the site of collection for the immature
dropped pomelo (Citrus grandis) fruits, which are oblate spheroid
in shape (Figure 1). The region’s average ambient temperature at
the collection time was 26.7°C, with relative humidity 60%. Its
average relative humidity ranges from 13.8% to 99.3%, and its
temperature ranges from 9.3°C to 43.6°C. Pummelo belongs to the
Rutaceae family. The tree typically stands between 6 and 15 metres
tall, with a 10 to 30 cm thick, crooked trunk. Spines of upto 5 cm
can be found. Fruits are around 10 to 30 cm wide; the peel is clingy
or more or less readily removed with greenish-yellow or pale-yellow
in color. The albedo is soft, white, or pink and is divided into 11 to
18 segments and contains few, large, yellowish-white and white
seeds. Samples were taken in accordance with all applicable
institutional rules and regulations.

10.3389/fpls.2023.1193635

2.3 Drying treatment and
extraction method

The collected immature dropped fruits from 8mm to 24mm were
segregated and thoroughly washed with tap water in order to remove of
the dirt. The samples were then sliced into 0.5 cm thickness and divided
into two separate portions. One portion was stored in microwave-oven
(RIVOTEK, Riviera Glass Pvt. Ltd., Mumbai, India) for 24h to 36h at
45-50°C for the hot air drying (HAOD) procedure. For the freeze
drying (FD) process, a set of additional portion were placed in an ultra-
low deep freezer (NEW BRUNSWICKTM, Eppendorf, India) for 12 to
24h at - 80°C, and they were lyophilized in a vacuum freeze dryer
(iGene Labserve Pvt. Ltd., New Delhi, India) for 24 to 48h at — 50°C to
— 55°C and at 14 to 20 Pa of pressure. The HAOD and FD samples
were ground into a fine powder in a blender and passed through a sieve
of 50 microns before examination. The resulting powder was kept until
further study at -20°C in a deep freezer (Blue Star Ltd., Mumbai, India).

2.4 Determination of antioxidant capacity

Tecan Infinite M200 Pro 96-well microplate reader was used to
measure antioxidant capacity (Tecan Group Ltd, Switzerland). The
nitrogen radical scavenging activities ie. ABTS and DPPH are
determined as reported (Mena et al,, 2011). The reaction was allowed
to run at a temperature of 25°C and a wavelength of 414 nm for the
ABTS assay and 515 nm for the DPPH test for 50 minutes. In both the
assays, water and methanol respectively were used as blanks. Minor
modifications were made to the procedure (Benzie and Strain, 1996) in
order to assess the antioxidant capacity using the FRAP assay. In this

A
$mm 10 mm 2z
14 mm 16 mm 18 mm
20 mm 22 mm
Small fruits of Pummelo

2 232 202

14 mm

22 mm

20 mm

Small fruits of Pummelo

After Freeze Drying

After Hot Air Oven Drying

FIGURE 1

Immature Pomelo (Citrus grandis) dropped fruits varying from size 8 mm to 24 mm after (A) FD and (B) HAOD.
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assay, the FRAP reagent was prepared freshly using 300 mM acetate
buftfer, TPTZ solution, and ferric chloride solution in 10:1:1 ratio. A
sample extract of 2 pl was then mixed with the FRAP reagent. After 40
min of reaction time at about 25°C, the absorbance was recorded at 593
nm. The results were quantified from the standard curve prepared using
trolox and the results obtained were expressed as mmol L™ Trolox.
Three replicated trails were carried out during the experimental trials.

2.5 Determination of total phenol content

Total phenolic content was determined by mixing about 10 uL
of sample extract with 790 pL milli-Q water, 50 pL Folin-Ciocalteu
reagent and 150 UL of 20% sodium carbonate solution (Singleton
and Rossi, 1965). The eppendorf tube containing the reaction
mixture was shaken to agitate properly and was kept at room
temp 23.5°C for 1 hr. The absorbance of the sample solution was
recorded at 750 nm. The findings are reported in terms of mg GAE
L™ and were measured using gallic acid as the standard.

2.6 Determination of
flavonoids composition

The Agilent Model No. 1260 Infinity System (M/s. Agilent
Technologies Pvt. Ltd., United States) containing UV detector were
used to analyze the flavonoid content of dropped immature pomelo
fruits. Only the hesperidin and naringin flavonoids which are primarily
present and persistent biomarkers in citrus fruits were found in the
dropped immature fruits, despite the study carried out used the
standards of flavonoids such as narirutin, hesperidin, naringin,
quercetin, and naringenin respectively. The reverse phase column
Nucleosil C-18 of 4.6 mm in diameter and 100 mm in length and
mobile phase containing 5 mM ammonium acetate as solvent A and
acetonitrile as solvent B in 75:25 (v/v) ratio was used in the analysis.
The pH of the mobile phase was adjusted using acetic acid. 3 mg of the
powdered sample material was mixed with 5 mL of dimethyl
sulphoxide (DMSO) for extraction, and the mixture was then
sonicated in a 2K1008008 series sonicator (Life-Care Equipments
Pvt. Ltd., Mumbai, India). 5 UL each of sample solution as well as
standard was then injected into an HPLC system for measurement
after being filtered via a 0.45 p nylon filter. The flow rate of the mobile
phase was 1.0 mL/min, and the column temperature was kept at 20°C.
Hesperidin and naringin, two flavonoids, were detected and quantified
at 284 nm from their corresponding peak areas and calibrated against
each standard (stock solution-600 ppm) diluted with the help of the
mobile phase (Omidbaigi and Nasiri, 2004; Marten, 2007). The
obtained results were reported as a percentage (%).

2.7 Statistical analysis

For each analytical parameter, three replicated measurements
were conducted, and the findings were expressed as mean standard
deviation (SD). For comparison and to identify significant
differences in the data, Tukey’s honestly significant difference
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(HSD) test (multiple range test) and one-way analysis of variance
(ANOVA) were performed. The correlation between flavonoids,
antioxidant capacity, and total phenol concentration in the sample
extracts was evaluated using Pearson correlation coefficients. The
probability values (p) <0.01 was considered significantly different.
After comparisons, the means in the table with the different-letter
superscripts are determined to be statistically significant.

3 Results

3.1 Antioxidant capacities of dropped
pomelo fruits

Free radicals from oxygen are known for damaging the human
body and leads to conditions like cancer, cardiovascular disease, and
problems associated with ageing (Bellocco et al., 2009). The ABTS,
DPPH, and FRAP assays were assessed to determine the antioxidant
capacity. Figure 2 illustrates the results of antioxidant capacity of
dropped fruits of Citrus grandis that ranging from size 8mm to 24mm
as measured by the ABTS and DPPH assay. When measured using
the ABTS assay, the antioxidant capacity varied from 9.679 to 10.416
mmol L™ trolox in FD and from 9.460 to 10.093 mmol L™ trolox in
HAOD samples, whereas the DPPH assay measured 14.825 to 16.432
mmol L trolox in FD and 13.458 to 15.914 mmol L trolox in
HAOD samples. Fruit's DPPH content decreases as it attain a higher
level of maturity (Rekha et al., 2012). Lower values were obtained
with the FRAP assay, which assess ferric-reducing activity, but it
exhibited the same trend as the ABTS and DPPH assays (Figure 2).
The FD samples of the pomelo dropped fruits resulted in the
retention of the FRAP content values ranging from 3.803 to 4.578
mmol L Trolox. The results from HAOD fruits ranged from 3.066
to 3.780 mmol L™ Trolox. The greatest concentration was recorded in
fruits of 10 mm size (4.578 mmol L™ Trolox in FD and 3.730 mmol L’
! Trolox in HAOD). The lowest amount was quantified in dropped
fruits of size 24 mm, with concentrations of 3.103 mmol L™! Trolox in
FD and 3.803 mmol L' Trolox in HAOD.

3.2 Total phenol content of dropped
pomelo fruits

Phenols are regarded as one of the primary components of
citrus fruits. It shields the fruit from detrimental effects of UV
radiation and pathogens, as well as from predators. Figure 3 depicts
the total phenol content found in the various-sized dropped pomelo
fruits. The findings indicate that the 12 mm sample had the highest
total phenol content (52.403 mg GAE L' in FD and 50.530 mg
GAE L in HAOD), followed by the 18 mm and 10 mm samples,
which had amounts of 53.096 mg GAE L™ in FD and 49.338 mg
GAE L' in HAOD and 52.403 mg GAE L' in FD and 50.530 mg
GAE L' in HAOD, respectively. The findings were consistent with
those of vacuum FD Citrus reticulata Blanco dropped fruits with
TPC values 50.50-54.19 mg GAE Lt (Kumar et al., 2021). Similarly,
the concentration of total phenol decreases in Citrus sinensis L.
Osbeck dropped fruits with maturity (Kumar et al., 2022a). Their
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FIGURE 2
Changes in the antioxidant capacity in immature dropped fruits of Pomelo assessed by ABTS, DPPH and FRAP assay after (A) FD and (B) HAOD. The
data with different superscripts are statistically significant at p<0.01 as per Tukey's honestly significant difference (HSD) multiple range test.

findings showed that TPC content ranged from 41.736 to 55.161 mg
GAE L', which was lower than our findings. The variance in the
results can be attributable to different citrus species examined.

3.3 Flavonoid content of dropped
pomelo fruits

One of the main secondary metabolites, citrus flavanones, is
commonly found in the diglycoside form (Tripoli et al, 2007).
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Statistical analysis revealed substantial significant differences in the
amounts of flavonoids in the various sizes of immature dropped fruits
of the pomelo (Citrus grandis) as shown in Table 1. Different fruit
sizes (12 mm, 14 mm, 16 mm, and 18 mm) were compared for
difference in the flavonoid compounds using HPLC chromatograms,
detected at a wavelength of 284 nm (Figure 4). The flavonoids
hesperidin and naringin were quantified with the peaks against
those from standards. It was found that hesperidin has longer
retention duration than naringin. Dropped fruits when assess
reported naringin as the predominant flavonoid. The fruit of 10
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FIGURE 3
Changes in the total phenol content in immature dropped fruits of Pomelo after FD and HAOD. The data with different superscripts are statistically
significant at p<0.01 as per Tukey's honestly significant difference (HSD) multiple range test.

TABLE 1 Flavonoid contents (hesperidin and naringin) in immature dropped fruits of Pomelo after freeze drying and hot air oven drying.

e ] idin (% inain (%
Fruit size (mm) Drying methods Hesperidin (%) Naringin (%)

FD 1.210% + 0351 52.870° + 2.339
1 8

HAOD 0.930° + 0.396 42.680°" + 2.450

FD 1.220% + 0.108 60.610° + 4.665
2 10

HAOD 1.080° + 0.114 47.760° + 2.027

FD 2.830° + 0.173 60.770" + 1.947
3 12

HAOD 1.160° + 0.185 45.870°" + 0.830

FD 1.610° + 0.139 55600 + 1.057
4 14

HAOD 0.880%° + 0.321 45.040°° + 2.933

FD 0.880° + 0.230 49.990° + 2256
5 16

HAOD 0.520° + 0.171 41.510% + 1.527

FD 1.230° + 0.072 45.500°% + 1.778
6 18

HAOD 0.470° + 0.026 37.510°¢ + 3.468

FD 0.630° + 0.226 43.130% + 2278
7 20

HAOD 0.480 + 0.122 31.060% + 2.230

FD 0.150¢ + 0.053 37.010° + 2.886
8 22

HAOD 0.229 + 0.026 35.890°% + 1,047

FD 0.760° + 0.044 41.240% + 1.835
9 24

HAOD 0.200% + 0.036 29.390° + 2.629
Tukey’s HSD at 1% FD 0.6389 8.8562

HAOD 0.6951 8.001

Where, FD, Freeze drying and HAOD, Hot air oven drying.
Values are of three replicated trials + standard deviation.
The data with different superscripts are statistically significant at p<0.01 as per Tukey’s honestly significant difference (HSD) multiple range test.
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mm, 12 mm, and 14 mm size had highest concentrations of 60.61%,
60.77%, and 55.60% in FD samples and 47.76%, 45.87%, and 45.04%

in HAOD samples, respectively.
determined, they varied from 0.15

When hesperidin levels were
to 2.83% (FD dropped fruits)

and 0.20 to 1.16% (HAOD dropped fruits). Dropped fruits ranging
from 8 mm to 14 mm had the highest hesperidin content but when
compared to naringin, the content was lower.

3.4 Correlation between antioxidants, total
phenol and flavonoids

According to the parameters that were examined, the results of
FD were much better than those of the HAOD approach for
bioactive chemical and antioxidant capacity. The parameters of
the freeze-dried samples listed in Table 2 were correlated using

TABLE 2 Pearson'’s correlation coefficient of flavonoids, antioxidants and total phenol content in dropped pomelo fruits after FD treatment.

Naringin Hesperidin ABTS DPPH FRAP TPC
Naringin -
Hesperidin 0.804** -
ABTS 0.716* 0.284 -
DPPH 0.764* 0.757* 0.594 -
FRAP 0.778* 0.559 0.805** 0.832** -
TPC 0.628 0.688* 0.472 0.840** 0.875%*

**Correlation coefficient (r) values significant at p < 0.01.

*Correlation coefficient (r) values significant at p

< 0.05.

Correlation coefficient (r) values not marked with any asterisk means not significant.
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Pearson’s coefficient. Citrus fruits contain larger concentrations of
flavanone glycosides during the early developmental phases, or in
immature fruits, than other categories of flavonoids (Omidbaigi and
Nasiri, 2004; Ye et al, 2011; Lou and Ho, 2016). Naringin and
hesperidin, two flavonoids, were shown to be substantially
associated at p<0.01 and p<0.05 with correlation coefficients (r)
of 0.804. The antioxidant tests ABTS (r= 0.716), DPPH (r= 0.764),
as well as FRAP (r= 0.778) also demonstrated a statistically
significantly positive correlation with naringin flavonoid at
p<0.05. However, hesperidin correlated only with the DPPH with
r= 0.757 at p<0.05. Hesperidin flavonoid also showed a positive
correlation with TPC (r= 0.688 at p<0.05). Between the antioxidant
capacity measured by the ABTS and DPPH assays and that of the
FRAP assay, the correlation coefficient (r) in dropped pomelo fruits
was 0.805 and 0.832, which were deemed significant at p<0.01 and
p<0.05. At both p<0.01 and p<0.05, the total phenol showed a
significant correlation with both DPPH (r= 0.840) and FRAP (r=
0.875). The correlation coefficient in immature calamondin peel
and pulp was 0.7911 at p<0.01 (Lou et al., 2014a).

4 Discussion

In the ABTS assay, the radical cation 2, 2’-azino-bis (3-
ethylbenzothiazoline-6-sulfonic acid) (ABTSe") can be found as
an antioxidant. Higher quenching ability shows the sample’s higher
antioxidant capability (Barecca et al, 2011; Kumar et al, 2021;
Kumar et al., 2022b). In the assay of DPPH, the DPPH is stable free
radical. In this assay, the purple DPPH solution transforms into a
colourless product indicating the presence of antioxidants. An
increase level of discolouration indicates a greater antioxidant
capacity (Almeida et al, 2011). The DPPH assay is used to
measure both hydrophilic and lipophillic antioxidants, whereas
ABTS assay reveals only the hydrophobic antioxidants (Floegel
et al, 2011). The observation reveals two important features i.e. (i)
the FD treatment were found to retain antioxidants more effectively
than the HAOD method and (ii) the immature fruits were found to
have greater antioxidant capacity in comparison to mature fruits.
According to the ABTS assay, dropped fruits between the sizes of 10
mm and 16 mm had higher antioxidant capacities in both FD and
HAOD fruits than mature fruits between the sizes of 18 mm and 24
mm, with a p-value of 0.01. After FD, sour cherries had a higher
ABTS scavenging activity than with the other convective procedures
that were used in the study (Wojdylo et al, 2013). Moreover,
immature kumquats showed increased radical scavenging activity
(Lou and Ho, 2017). Similar to this, fruits with a diameter between
10 and 14 mm and dropped fruits with a diameter of 18 mm had
greater DPPH concentration. According to research, the juice of
Chinotto fruits reported higher DPPH radical scavenging activity in
immature fruits than in mature fruit juice (Barecca et al,, 2010). A
similar pattern was seen in the extract of thinned immature Citrus
unshiy fruits (Kim and Kim, 2017). The ABTS and DPPH assay
results are consistent with those of other researchers (Gasecka et al.,
2020; Kumar et al., 2021; Kumar et al., 2022a), who also discovered
a higher antioxidant content when freeze-drying the Leccinum
scabrum (Bull.) Gray and Hericium erinaceous (Bull.); citrus fruits
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namely Citrus reticulata Blanco and Citrus sinensis L. Osbeck
respectively. The findings of FRAP assay pointed out a direct
relationship between the content and the drying method used.
Similar results were found while studying the effect of drying
process on Nagpur mandarin (Kumar et al, 2021), immature
mandarin fruits (Ye et al, 2011), and physiological drop citrus
fruits (Sun et al, 2013; Kumar et al, 2021), respectively. In
contradiction to the results obtained, the FRAP activity was found
to be lower in the unripe chinotto fruits (Barecca et al., 2010). Due
to prolonged exposure to hot air, the HAOD method caused
oxidation. On the other hand, the FD approach operated at lower
air pressure for a shorter period of time and thus lessened this
oxidation effect (Wojdylo et al., 2013).

The amount of total phenolic content was greatly impacted by the
drying process. The largest phenolic concentration was found in FD
samples operated at temperatures between —50°C to —55°C for 24 to
48 h compared to samples dried in hot air ovens at 45-50°C for 24 to
36 h, which had a lower phenolic content. The primary enzyme in the
phenylpropanoid pathway for the biosynthesis of phenolic
compounds is phenylalanine ammonia lyase. The decrease in the
activity of this enzyme during the citrus fruit developmental stages
and simultaneous increase in the activity of polyphenol oxidase
enzyme is attributed to the decrease in the content of total phenols
(Gupta et al., 2021).The varying concentration could also be due to
the higher temperature of hot air oven (Wojdylo et al., 2013). The
findings showed that the content of the dropped immature fruits get
influenced during their maturation stages. Phenolic compounds acts
as antioxidants (Rice-Evans and Miller, 1996). As a result, samples
with greater phenol contents had higher antioxidant potential
(Buyukkormaz and Kucukbay, 2022). Similar observations were
seen with vacuum-drying of kumquats (Ozcan-Sinir et al., 2019).
The findings are consistent with the research done using rose hip
(Rosa rubiginosa) and persimmon leathers (Karaman et al,, 2014;
Ruiz et al, 2014). FD samples when assessed recorded minimum
degradation of phenolic content. Several researchers observed similar
results when drying sour cherries (Wojdylo et al., 2013), kumquat
(Lou et al., 2015); studying maturity stages with Citrus unshiu (Kim
et al,, 2022), Citrus aurantium (Mansour, 2018) and thinned
immature Citrus unshiu (Kim and Kim, 2017) respectively. On the
other hand, hot air drying enhanced the total phenol content (TPC)
of the aqueous extract of dried lemon (Citrus limon) pomace
(Papoutsis et al., 2017). The total phenol concentration observed in
our investigation is in accordance with earlier studies done on
mandarins (Ye et al,, 2011), immature citrus fruits, green and ripe
Chinotto (Citrus x myrtifolia Raf.) fruits (Barecca et al., 2010).

Hesperidin is the main flavonoid in mandarin, sweet orange, and
lemon, whereas naringin is mostly present in the citrus species of sour
orange, pummelo, and grapefruit (Dhuique-mayer et al., 2005;
Vanamala et al, 2006). The amount of flavonoids varies greatly
amongst citrus species. The variable content is caused by a number
of factors, including genetic and environmental, geographic origin,
meteorological conditions, soil qualities, time of fruit collection, storage,
portions of the fruit, etc (Lu et al., 2006). According to the experimental
findings, drying methods and flavonoid content are interconnected.
The content was found maximum in the vacuum FD samples.
Immature calamondin peels, an underutilised citrus species, showed
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the same behaviour (Lou et al,, 2014b). Due to increased PPO activity
and decreased chalcone synthase gene expression, there is a drop in
flavonoid concentration during citrus fruit development (Gupta et al,,
2021). The flavonoid content of Citrus unshui decreased with increase
in maturity (Kim and Lim, 2020; Kim et al., 2022). Calamondin, Citrus
grandis Osbeck, Chinotto (Citrus myrtifolia Raf.), and other immature
citrus fruit extracts likewise showed a shifting pattern in flavonoid
content (Barecca et al., 2010; Lou et al., 2014b; Kim and Kim, 2017).
The study’s findings were consistent with those of experimental tests
done on grape skin and immature physiologically dropped citrus fruits
(Sun et al, 2013; Sun et al., 2015; Kumar et al., 2021; Kumar et al.,
2022a). Finally, it can be said with certainty that the FD approach
should be used to retain the flavanone glycosides hesperidin
and naringin.

Significant correlation was observed between antioxidants, total
phenol and flavonoids as per the results obtained. The study with C.
aurantium citrus fruits found similar results with significant
correlation (Mansour, 2018). Flavonoids are responsible for
antioxidant capacity (Sun et al, 2013). Other researchers have
also found positive correlation between total phenol and
antioxidant compounds in Satsuma mandarin and Ponkan,
immature kumquat and Citrus sinensis L. Osbeck fruits (Xu et al.,
2008; Lou et al., 2015; Kumar et al., 2022a). Phenolic molecules are
thought to contribute significantly to antioxidant capability (Xu
et al,, 2008). More is the total phenol content; more is the
antioxidant capacity (Rice-Evans and Miller, 1996). The findings
are consistent with research undertaken with physiological drops in
citrus fruits, respectively (Sun et al., 2013; Kumar et al., 2021).

The findings of the current study will increase consumption of the
little-known, underutilised citrus fruit pomelo in light of the growing
consumer interest in items with authentic nutritional content. At the
same time, the study will encourage industrial applications of dropped
fruits towards nutraceutical formulations, herbals, etc. The study will
also address the issue of citrus dropped fruits as waste and will
contribute in valorization. The socioeconomic status of the citrus
growing region will also improve as a result of the study.

5 Conclusions

In this paper, we investigated the bioactive components,
primarily flavonoids, antioxidants, and total phenol of immature
dropped fruits of underutilised pomelo species and determined their
correlation. Furthermore, we studied the impact of FD and HAOD
on the assessed components. We found that Naringin was the main
flavanone glycoside present in all the different sized fruits with the
highest level in the 10 mm and 12 mm sizes. Next, in comparison to
other dropped fruits, immature fruits with sizes ranging from 10 mm
to 16 mm were found to have abundant antioxidant capacity
measured by ABTS, DPPH, and FRAP assay. In case of total
phenol content, fruits between 20 and 24 mm in diameter had the
lowest levels and those between 12 and 18 mm in diameter had the
greatest levels. Flavonoids and total phenol contributed well to the
antioxidant capacity and significant correlated at p<0.01 and 0.05.
The results of the study highlights that (1) Drying effect had a
substantial impact on the flavonoids, antioxidant potential, and
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total phenol content of dropped fruits and (2) FD performed at —
50°C to — 55°C for 24h to 48h was found to be more efficient for
obtaining maximum recovery than hot air oven drying at 45-50°C for
24h to 36h. This kind of approach appeared to very useful and offer
crucial information regarding the bioactive components of
underutilised citrus spp. Citrus grandis focusing mainly the
dropped fruits which are usually unexplored due to the lack of
information. The FD examined reveals great potential applications
which can be adapted in the citrus industry in the future.
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