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Editorial on the Research Topic
Sorghum and Pearl Millet as Climate Resilient Crops for Food and Nutrition Security

Sorghum and pearl millet serve as a major source of food, feed and fodder for the semi-arid tropical
regions of developing world. These two cereal crops rank within the major six cereal crops with a
staple food for about 250 million people residing in semi-arid tropic and dryland areas of south
Asia and Africa. Sorghum and pearl millet are also regarded as climate-smart crops because of
their extreme tolerance to heat (up to 42°C air temperature), drought, and salinity. This Research
Topic on Sorghum and Pearl millet but also Finger millet and Foxtail millet as climate resilient
and nutrition-rich crops for food and nutrition security comprise 27 manuscripts. It aims to
provide new insights into the genetic resources, high throughput precision phenotyping, breeding
approaches, multiomics platforms, gene editing, disease resistance, and gene mapping. It also aims
to accelerate breeding cycles for climate resilience and improve nutritional quality in these staple
cereal crops.

SORGHUM

In the scope of food and nutritional security, understanding wild progenitors of sorghum (Sorghum
bicolor) would allow us to exploit the underutilized gene pool to develop more climate-resilient
sorghum cultivars. The gene pool of natural sorghum ecotypes may harbor useful gene candidates
for both biotic and abiotic stress. Genetic barriers in gene introgression from wild relatives to
cultivated sorghum species hold a great challenge. Still, with the recent advent of next-generation
sequencing (NGS), more genomic data are available, which expands and extend the sorghum
improvement programs using the novel, yet unexploited genes in sorghum’s wild relatives (Ananda
et al.). Temperature sensitivity and photoperiod of sorghum germplasm are important factors
to identify accurate sources for developing cultivars with a broad adaptation, the photoperiod
and temperature insensitive, photoperiod and temperature-sensitive and photoperiod sensitive
and temperature insensitive sources identified in one of the studies could help breeders to use
exact sources in their breeding program, the photoperiod and temperature insensitive accessions
can be utilized to develop cultivars with broader adaptation. In contrast, the highly photoperiod
sensitive tall accessions can be utilized for biomass and forage improvement and such breeding
is suitable in India and USA (Upadhyaya et al.). This segment of research needs more of specific
product profile including stress tolerance to meet the special market demand. A major challenge
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in sorghum breeding is the post-emergence grass weed. 4-
hydroxyphenylpyruvate dioxygenase-inhibitor herbicides (e.g.,
mesotrione or tembotrione) can control a broad spectrum of
weeds. The sequencing of 317 sorghum lines and QTL mapping
genotypes G-200 and G-350 conferred a very high level of
metabolic resistance to tembotrione controlled by a polygenic
trait (Pandian et al.). Anthracnose is another devastating fungal
biotic stress in sorghum caused by Colletotrichum saublineola;
a review presented by Abreha and coworkers provides a
comprehensive overview of the current knowledge on the
mechanisms of sorghum-C. sublineola molecular interactions,
quantitative trait loci (QTL), and major (R) resistance gene
sequences as well as defense-related genes associated with
anthracnose resistance (Abreha et al.). A systematic validation
of these identified genes and QTLs in coming years can assist
in breeding resilient sorghum cultivars for stress prone regions
particularly in India and Africa.

The contemporary and updated perspective in understanding
the genetic and biochemical interactions between the fungal
pathogens, their corresponding mycotoxins, and their host has
been reviewed (Ackerman et al.). In a multi-location field
study, grain yield (GY) and grain mold resistance was tested.
Genotype-by-trait biplots indicated that GY is highly influenced
by flowering time, 100-grain weight (HGW), and plant height
(PH). In contrast, grain mold resistance was influenced by glume
coverage and pH (Aruna et al.). Another important parasitic
weed in sub-Saharan Africa is Striga hermonthica, it is one of
the most devastating factors for sorghum production. To identify
new sources of resistance to Striga, in total 64 sorghum genotypes
consisting of landraces, wild relatives, improved varieties, and
fourth filial generation (F4) progenies were evaluated for both
pot and field trail which resulted in more resistant and high-
yielding genotypes from F4 derivatives. These genotypes need
more acceptance by the farmers (Muchira et al.). Developing
drought-tolerant sorghum varieties with high protein content
and tolerance to grain mold is highly important. Nagesh et al.
identified four sorghum varieties PYPS 2, PYPS 4, PYPS 8,
and PYPS 11, which are highly stable in low grain mold
incidence (Kumar et al.). This study used additive main effects,
multiplicative interaction (AMMI) and genotype X environment
interaction (GGE) biplot methods.

Pan-genome analysis of sorghum using reference genomes
and 354 genetically diverse sorghum accessions led to the
identification of more than two million SNPs; association analysis
identified approximately 398 SNPs significantly associated with
important agronomic traits. Gene expression analysis under
drought identified 1,788 genes that were functionally linked
to the cell membrane, catalytic activity, molecular function
regulation, response to the stimulus, metabolic process, cellular,
and biological regulation. In total, 79 genes were absent from
the reference genome assembly (Ruperao et al.). More such
research analyses are required to strengthen sorghum pan-
genome assembly for increased traits association and its use in
breeding program.

Improved Nitrogen Use Efficiency (NUE) is one of
the primary goals for the global sorghum improvement
programs. Root tissues of contrasting lines exhibited differential

expression profiles for transporter genes such as ammonium
transporter (SbAMT), nitrate transporters (SbNRT); primary
assimilators [glutamine synthetase (SbGS)], glutamate synthase
(SbGOGAT[NADH], SbGOGAT([Fd]), assimilatory genes nitrite
reductase (SbNiR[NADH]3); and amino acid biosynthesis
associated gene [glutamate dehydrogenase (SbGDH)].
Expression profiling of contrasting sorghum genotypes in
varying N dosages provides new information in understanding
the response of NUE genes toward adaptation to the differential
N regimes in sorghum (Bollam et al.). Investigating the biological
linkage between and among NUE, stay green and late flowering
can offer appropriate breeding road maps for developing optimal
NUE in stay green sorghum cultivars in future.

PEARL MILLET

Pearl millet (Pennisetum glaucum) breeding in India has
historically evolved from open-pollinated varieties to single cross
hybrid breeding in a comprehensive manner with closer and
continued association of CGIAR and NARS centers. To further
accelerate the hybrid breeding efforts for drought-prone areas
in South Asia and Sub-Saharan Africa, the heterotic grouping
of hybrid parental lines is essential to sustain long-term genetic
gains (Yadav O. P. et al). Pearl millet is nutritionally rich
and high in micronutrients such as iron (Fe) and zinc (Zn)
and its increased dietary intake can prevent associated hidden
hunger or malnutrition. The inclusion of minimum standards for
micronutrients such as Fe and Zn content in the cultivar grain
release policy is for the first time reported in pearl millet across
the globe, motivate institutional commitments and progress
toward incorporating essential nutritional traits in breeding
pipelines (Satyavathi et al.). QTLs for Fe and Zn content from
three distinct production environments were generated using a
genetic linkage map consisting of 210 F6 recombinant inbred
lines (RIL) population derived from the (PPMI 683 x PPMI 627)
cross using genome-wide simple sequence repeats (SSRs). Two
constitutive expressing QTLs for Fe and Zn were co-mapped
in LG 2. The second one on LG 3, the QTLs candidate genes
such as Ferritin gene, A+, K*, Zn?* and Mg?* transporters
were identified using bioinformatics approaches (Singhal et al.).
In another study, newly developed open-pollinated varieties (30
OPVs of which 8 are Fe/Zn biofortified) were tested for field
performance and stability for grain yield, grain Fe and Zn
contents across 10 locations in West Africa, resulting in a strong
correlation (r = 0.98xx) between grain Fe and Zn contents that
merit Fe-based selection and can be effective in pearl millet
variety breeding (Gangashetty et al.).

Importance of open pollinated varieties cannot be ruled out
because of lower input cost, wider adaptation and timely seed
availability. OPVs of pearl millet were tested in three different
locations across India to check the variation in grain Fe and
Zn contents. The results showed a highly significant positive
correlation (across environment = 0.83; p < 0.01), indicating
the efficacy of simultaneous selection for both traits (Sanjana
Reddy et al.). A set of 105 forage-type hybrid parents of the
diverse panel was genotyped following genotyping by sequencing
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(GBS) and phenotyped for crude protein (CP) under multi-
cuts for two consecutive years. This led to the identification
of one stable significant single nucleotide polymorphism (SNP)
on LG4 for CP. Nine SNPs were distributed across six linkage
groups except on LG2 (Govintharaj et al.). These identified loci
require validation with robust phenotyping methods in forage
gene pool including photo sensitive breeding materials which
can facilitate forage quality traits improvement in pearl millet
through marker-assisted selection.

Transcript expression profiling for functional classification
of a gene belonging to a small heat shock protein (sHSP)
family in pearl millet under high-temperature stress led
to the identification of two high-temperature-responsive
markers Pgcp70 and PgHSF. Physio-biochemical trait screening
of the contrasting genotypes among the eight different pearl
millet inbred lines at the seedling stage resulted in the
identification of PgHSP20 genes, which can provide further
insights into the molecular regulation of pearl millet stress
tolerance, thereby bridging them together to fight against the
unpredicted nature of abiotic stress (Mukesh Sankar, Satyavathi
etal.).

Foliar blast disease of pearl millet is severe, caused
by Magnaporthe grisea. To unravel the G x E interactions for
identification and validation of stable resistant genotypes against
foliar blast disease through multi-environment testing, a group
of 250 different accessions from 20 different countries were
collected and screened under natural epiphytotic conditions,
which resulted in 43 resistant genotypes which can be used in
future resistance breeding programs for pearl millet (Mukesh
Sankar, Singh et al.).

Pearl millet accessions that can use nitrogen efficiently needs
to be characterized soon. In this aim in total 380 diverse pearl
millet lines consisting of a global diversity panel (345), parents
of mapping populations (20), and standard checks (15) were
evaluated in an alpha-lattice design with two replications. Eleven
nitrogen use efficiency (NUE) related traits across three growing
seasons in an N-depleted precision field under three different
N levels (0%-NO, 50%-N50, 100%-N100 of recommended N,
i.e, 100 kg ha™!) resulted in 25 top N-tolerant and N-sensitive
genotypes under low N conditions. Tolerant genotypes with low
N may help identify genomic regions responsible for NUE. Its
deployment in pearl millet breeding programs through marker-
assisted selection (MAS) can be facilitated (Pujarula et al.). Cabo
Verde Islands are poorly explored for genetic resources related
to plants. Their potential to supplement the genetic pool of
cultivated species is an attempt to identify islands crop wild
relatives (CWR) from the Poaceae family and provide a checklist
of priority CWR taxa, highlighting particular conservation
concerns and the areas which should be the focus of the most
intensive conservation efforts in these islands (Rocha et al.).
Similarly, the total antioxidant content of pearl millet flour
and evaluation of 222 genotypes for antioxidant activity from
inbred lines resulted in 18 candidate genes related to antioxidant
pathway genes (flavanone 7-O-beta-glycosyltransferase, GDSL
esterase/lipase, glutathione S-transferase) residing within or near
the association signal that can be selected for further functional
characterization (Yadav C. B. et al.).

Multiomics combined with speed breeding is one of the
answers to producing highly nutritious food crops (Weckwerth
et al, 2020; Yang et al.). Furthermore, integration of the
individual omics technique employing the “phenotype to
genotype” and “genotype to phenotype” concept together with
the systems biology approach may be beneficial for crop
breeding improvement under different environmental conditions
(Weckwerth et al., 2020). Recently, two important cereal crops,
Pearl millet (C4) and Wheat (C3), were compared at the
physiological and proteomics level to understand the drought
stress response mechanisms. Tissue-specific proteome analysis
of leaves, roots and seeds led to the identification of 12,558
proteins in pear] millet and wheat under well-watered and stress
conditions. The physiological response was demonstrated using
Odum’s model. The study provides for the first time “stay-
green” proteomics signatures for Pear]l millet (Ghatak et al.).
Furthermore, comparative proteome signatures for “stay-green”
and “senescence” traits in Pear] millet and wheat under drought
stress were identified and correlated with the physiological
analysis. NAD-ME type photosynthesis was evaluated in both
the cereals, and discriminant analysis via sPLS led to the
identification of the putative protein markers, and correlation
with an important physiological trait such as root length was
determined. This study provides an opportunity to identify
important molecular processes in Cy traits essential for drought
resistance and incorporate them into C; plants via genetic
engineering (Ghatak et al.).

FINGER MILLET AND FOXTAIL MILLET

The Research Topic also consists of manuscripts on finger
millet (Eleusine coracana) and foxtail millet (Setaria italica), also
members of the Poaceae family. Finger millet is an important
cereal crop in southern Asia and eastern Africa. It has a long
storage period, grows under arid and semi-arid environmental
conditions, and has good nutraceutical properties. Blast disease
in finger millet caused by the filamentous ascomycetous
fungus (Magnaporthe oryzae) is the most devastating disease
affecting the growth and yield of this crop in all its growing
regions. Breeding strategies and challenges in improving this
blast disease resistance in finger millet have been extensively
reviewed (Mbinda and Masaki). A total of 314 global finger millet
germplasm diversity panel accessions were genotyped, using the
DArTseq approach to find the genetic diversity and population
structure within these genotypes, the authors obtained 33,884
high-quality single nucleotide polymorphism (SNP) markers on
306 accessions after filtering, considerable genetic diversity, and
the mean polymorphic information content was determined
(Backiyalakshmi et al.). In crops, MADS-box transcription
factors play vital roles in multiple biological processes. Genome-
wide identification and classification of MADS-box genes in
foxtail millet have not been reported previously. In total, 72
MADS-box genes in the foxtail millet genome give an overview
of the phylogeny, chromosomal location, gene structures, and
potential functions of the proteins encoded by these genes.
Expression patterns of 10 foxtail millet MADS-box genes that
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are upregulated in response to drought were analyzed in
different tissues in response to different abiotic stresses because
the SIMADS51 genes were found to be strongly induced by
drought stress, the function of the SiMADS51 gene was assessed
by expression in the model plants Arabidopsis (Arabidopsis
Thaliana) and rice (Oryza sativa L.) (Zhao et al.). In another
study, 108 diverse landraces and wild accessions of sorghum,
pearl millet, and pigeon pea were studied by genotyping using
the DArTSeq approach, which identified 45249 SNPs in pearl
millet, 19052 in SNPs sorghum and 8211 SNPs in pigeonpea.
Interestingly, sorghum had the lowest average phenotypic (0.090)
and genotypic (0.135) variance within accession distances, while
pearl millet had the highest average phenotypic (0.227) and
genotypic (0.245) distances. These studies are very helpful to the
genebank curators to understand the dynamics of the population
within accession and support the planning of appropriate
germplasm conservation strategies (Allan et al.).

In summary, the variety of studies reported in these diverse
crops, pearl millet, sorghum, finger millet and foxtail millet
are comprehensive and provides immense knowledge to the
coming generations of crop scientists, crop physiologists, plant
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Sorghum bicolor (L.) Moench is a multipurpose food crop which is ranked among the top
five cereal crops in the world, and is used as a source of food, fodder, feed, and fuel. The
genus Sorghum consists of 24 diverse species. Cultivated sorghum was derived from the
wild progenitor S. bicolor subsp. verticillifiorum, which is commonly distributed in Africa.
Archeological evidence has identified regions in Sudan, Ethiopia, and West Africa as
centers of origin of sorghum, with evidence for more than one domestication event. The
taxonomy of the genus is not fully resolved, with alternative classifications that should be
resolved by further molecular analysis. Sorghum can withstand severe droughts which
makes it suitable to grow in regions where other major crops cannot be grown. Wild
relatives of many crops have played significant roles as genetic resources for crop
improvement. Although there have been many studies of domesticated sorghum, few
studies have reported on its wild relatives. In Sorghum, some species are widely
distributed while others are very restricted. Of the 17 native sorghum species found in
Australia, none have been cultivated. Isolation of these wild species from domesticated
crops makes them a highly valuable system for studying the evolution of adaptive traits
such as biotic and abiotic stress tolerance. The diversity of the genus Sorghum has
probably arisen as a result of the extensive variability of the habitats over which they are
distributed. The wild gene pool of sorghum may, therefore, harbor many useful genes for
abiotic and biotic stress tolerance. While there are many examples of successful examples
of introgression of novel alleles from the wild relatives of other species from Poaceae, such
as rice, wheat, maize, and sugarcane, studies of introgression from wild sorghum are
limited. An improved understanding of wild sorghums will better allow us to exploit this
previously underutilized gene pool for the production of more resilient crops.

Keywords: sorghum, crop wild relatives, crop improvement, cyanogenesis, wild sorghum

INTRODUCTION

Sorghum bicolor (L.) Moench, commonly known as sorghum, is ranked among the five main cereal
crops in the world (Mace et al., 2009; Venkateswaran et al., 2014). It plays a vital role in global food
production and is the staple food of billions of people (Mace et al., 2009). Sorghum is a multipurpose
crop cultivated for grain, sweet stem, forage, and broomcorn. It also serves as a source of fuel,
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bioethanol, alcoholic beverages, and building materials. It is one
of the most important food crops of arid and semi-arid regions of
the world, whereas in developed countries it is grown mainly for
forage and animal feed (Hariprasanna and Patil, 2015;
Venkateswaran et al., 2019a). Currently, the USA has the
world’s greatest total sorghum production, followed by Nigeria,
India, and Mexico, with an average global production of 50
megatons per year (FAOSTAT, 2019). Sorghum is well adapted
to high temperature, dry conditions and it is surprising that it is
not even more widely grown. The lower global production of
sorghum, relative to other cereals such as wheat and rice, might
be increased by the exploitation of the hitherto untapped
potential of the extensive gene pool of crop wild relatives
(CWR) in the genus (Sasaki and Antonio, 2009). The use of
Sorghum genetic resources is most immediately applicable to
production of improved sorghum varieties. Sorghum is a genus
within the tribe, Andropogoneae that includes other genera of
plants such as Saccharum (Bonnett and Henry, 2011) and
Miscanthus (Anzoua et al, 2011) that are important biomass
crops. Sugarcane (Saccharum) and sorghum (Sorghum) are
closely related and may be inter-crossed (Gupta et al.,, 1978).
CWR in the Sorghum genus may also be a genetic resource to
support the development of new crops across the tribe either by
introgression of useful genes into genera such as Saccharum or
by domestication of further Sorghum species (Dillon
et al., 2007c).

CWR are plant species that are closely related to a
domesticated crop, from anywhere in the world, including crop
progenitors, landraces, and closely related taxa not historically
involved in agriculture. They represent one of the key sources of
new genetic material to introduce to crop lines through
traditional breeding and, to a lesser extent, genetically modified
(GM) crops. The use of CWR by agricultural scientists started to
become a regular practice in the 1940s (Meilleur and Hodgkin,
2004). They have since been used to produce new lines of many
globally important crops, improving traits such as disease and
pest resistance, nutritional value, yield, and tolerance to abiotic
stresses in crops such as wheat, tomatoes, rice, and many others
(Prescott-Allen and Prescott-Allen, 1986; Hajjar and Hodgkin,
2007). CWR are seen by many as an invaluable source of
diversity which should be drawn upon to further enhance
crops in terms of commercial value, and to facilitate adaptation
to changing environments and pathogens (Hoyt, 1988; Jarvis
et al., 2008; Dempewolf et al., 2014; Brozynska et al., 2016). In
monetary terms, it is estimated that the genetic resources they are
worth over US$150bn (Tyack et al., 2015), highlighting the vital
role they could potentially play in agriculture. Here, we refer to
sorghum’s CWR as the wild taxa in the genus Sorghum Moench,
including sorghum’s progenitors, but not landraces. Species
names and ranks were standardized according to the USDA
(2020). This review aims to understand the historical and current
uses of sorghum crops and difficulties facing sorghum
agriculture, and explores CWR’s potential as viable resources
for future genetic improvement of the crop. To do this we discuss
the origins and domestication of the crop, summarize and clarify
what is known of the taxonomy of the genus and the

phylogenetic relationships between subgenera, the barriers to
gene flow and the potential for crop improvement.

ORIGINS AND DISTRIBUTION OF
DOMESTICATED SORGHUM

The earliest evidence of use of wild sorghum as a food is from the
Sahara, around 7500 BC, where hunter-gatherers lived
(Venkateswaran et al., 2019a). Similarly, a recent study by
Winchell et al. (2017), has shown that the earliest domesticated
sorghums are found in Neolithic populations of Sudan around
fourth millennium BC. The exact origin and location of sorghum
domestication is debated (De Wet et al., 1970; Venkateswaran
et al, 2019a), however, archaeological evidence supports
domestication in eastern Sudan around 3000 BC (Fuller and
Stevens, 2018). Some studies suggest that there may have been
more than one domestication event, potentially explaining the
origin of the group guinea-margaritiferum of genus Sorghum,
which was domesticated more recently (Kimber, 2000; Mace
et al,, 2013). According to archaeological evidence, S. bicolor
originated from its wild progenitor Sorghum bicolor (L.) Moench
subsp. verticilliflorum (Steud.) de Wet ex Wiersema & J. Dahlb.,
which is commonly distributed in Africa (De Wet and Harlan,
1971; De Wet, 1978; Doggett, 1988). There is no direct evidence
available to suggest any contribution of other wild relatives viz.,
Sorghum propinquum (Kunth) Hitchc. and Sorghum halepense
(L.) Pers. to cultivated sorghum, as suggested by Doggett (1988).
Rowley-Conwy et al. (1997), proposed three hypotheses for
sorghum domestication. The first hypothesis is based on the
studies of Murdock (1959), which described an independent
nuclear Mande center in West Africa. The next hypothesis is that
the origin of sorghum could be in eastern Sahara, around 9700-
6200 BC (Ehret, 2014), and the final hypothesis relies on the
evidence of the race durra in India back in 4000 BC.

From its first ancestor in Africa, domesticated sorghum was
distributed across the globe by various means—most commonly
along trade routes. From East Africa, cultivated sorghum was
moved across eastern and southern Africa as a result of human
migration (Mann et al., 1983). It was then introduced to India via
the Middle East trade routes (Mann et al., 1983). Doggett (1988),
reported overland routes from East Africa and Somalia via Aden.
The earliest Sorghum species found in India was S. bicolor and
evidence for domestication and cultivation dating back to
€.2000-1700 BC was found in the Indus Valley (Meadow,
1996; Fuller, 2003). Since then, sorghum has played a key role
in agriculture in India (Kleih et al, 2000) and India is now
considered to be its secondary center of diversity (Appa
et al., 1996).

Sorghum was introduced to China from India, again via sea
and overland trade routes. There are several hypotheses on how
sorghum arrived in China. One of the possible ways was through
the river valleys of Indochina (Venkateswaran et al., 2019a).
However, Hagerty (1941) claims that the emperor Genghis Khan
introduced sorghum to China after his voyage to South Asia
between AD 1206-1228. The Amber cane sorgos are related to
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eastern African sorghums whereas the Kaoliangs probably
originated from the Sorghum bicolor introduced from India
(Doggett, 1988). There is evidence that Kaoliangs might be
derived from native wild diploid sorghum (Harlan, 1995). The
Yellow River Valley is considered to be the area where the earliest
sorghum was cultivated based on archaeological evidence
(Venkateswaran et al.,, 2019a). From China, sorghum was
brought to the USA by the slave traders in the 19" century.
According to Martin (1936), the first sorghum to be introduced
to the USA was the Chinese Amber in 1853. Sorghum was
introduced to Queensland, Australia, in the 1900s by
Americans (Venkateswaran et al,, 2014). Since then sorghum
has become a major summer crop in Australia, accounting for
5% of the global export of sorghum globally (Venkateswaran
et al., 2019a).

TAXONOMY OF SORGHUM

The genus Sorghum was first classified as Holcus by Linnaeus in
1753 and constituted three species; Holcus sorghum, Holcus
saccaratus and Holcus tricolor. Sorghum was separated out
from the genus Holcus by Moench in 1794 (Venkateswaran
et al., 2019a). Following these classifications, domesticated
sorghum was formally recognized as Sorghum bicolor (L.)
Moench (Venkateswaran et al., 2014; Hariprasanna and Patil,
2015). According to the current classification, sorghum belongs
to the kingdom Plantae, division Magnoliophyta, class Liliopsida,
order Cyperales, family Poaceae, tribe Andropogoneae, subtribe

Sorghinae, and genus Sorghum (Hariprasanna and Patil, 2015).
In Snowden’s classification, sorghum was divided into two main
sections, Eu-sorghum and Parasorghum, based on morphological
traits such as color of grains and glumes and persistence of
pedicellate spikelets (Snowden, 1955). However, five subgenera
of Sorghum are now recognized: Eu-sorghum, Chaetosorghum,
Heterosorghum, Parasorghum, and Stiposorghum (Garber and
Snyder, 1951; Harlan and de Wet, 1972; De Wet, 1978; Lazarides
et al., 1991), based on morphological characters (Figure 1).
Despite S. bicolor having been domesticated in East Africa, 17
Sorghum species are native to Australia. Of these, 13 are
endemic, emphasizing the need to preserve sorghum’s CWR
nationally. Native Australian species are present in every
Sorghum subgenus, excepting Eu-sorghum.

The exact number of species in this highly diverse genus is
still not well established. According to Dillon et al. (2001),
Sorghum consists of 25 species distributed across Australia, the
Pacific Islands, Southeast, East and South Asia, and much of
Africa (Table 1). The USDA recently accepted one additional
species to the genus—Sorghum trichocladum (Rupr. ex Hack.)
Kuntze, which is native to Mexico, Guatemala, and Honduras
(USDA, 2020). This species can be found only in limited
locations (Spangler, 2003) and limited information is available
on this species. Kew’s Angiosperm DNA C-values database,
however, currently lists a total of 32 Sorghum species (Leitch
et al., 2019). These differing classifications are based on diverse
parameters, making sorghum taxonomy a complex and
debatable area of study. In this review, Sorghum consists of 24
accepted species (USDA, 2020), with S. bicolor subspp.

Sorghum
Subgenera
Eu Sorghum | Chaetosorghum | | Heterosorghum | | Parasorghum | | Stiposorghum |
Species l Species Species Species Species
l Hybrid I l I S. macrospermum | | S. laxiflorum | * S.grande ¢ 8. amplum
8. nitidum ¢+ 8. brachypodum
S S. S S, * 8. matarankense 8. angusium
almunt halepense propinguum bicolor * 8. leiocladum S intrans
* 8. purpureosericeum * 8. ecarinatum
* 8. timorense * 8. bulbosum
« 8. versicolor 8. plumosum
+ 8. halepense * 8. stipoidenm
* . miliaceum * 8. interjectum
8. controversum Sub sp. Sub sp. nothosubsp. G 0TS
bicolor verticilliflorum drummondii
i *
Race Races Races J, Species Saichochulion,
Guinea- * Bicolor * Verticilliflorum || « 8. elliotii
margaritiferum * Guinea * Arundinaceum || = S. hewisonii
« Caffra/Kafir ||+ Aethiopi . S sud
* Caudatum * Virgatum * 8. niloticum
* Durra * S atterimum
* S drummondii
* 8. nitens
FIGURE 1 | Classification of Sorghum (De Wet, 1978; Dillon et al., 2007a; Wiersema and Dahlberg, 2007; Venkateswaran et al., 2019a; USDA, 2020). *The exact
position within the phylogeny is still uncertain.
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TABLE 1 | Taxonomic information, life form, and ploidy levels of taxa in the genus Sorghum.

Taxon and subgeneric section Subgeneric Gene Current Accepted taxonomy (USDA) (in AGG Grin Global Lifeform/ Ploidy
section pool database to be live Nov 2019) Duration (2n)
S. xalmum Parodi Eu-sorghum Secondary S. xalmum Parodi Perennial 40
S. arundinaceum (Desv.) Stapf Eu-sorghum Primary Sorghum bicolor subsp. verticillifiorum (Steud.) de Wet ex Annual 20
Wiersema & J. Dahlb.
S. bicolor (L.) Moench Eu-sorghum Primary S. bicolor (L.) Moench Annual 20
S. xdrummondii (Steud.) Millsp. & Chase Eu-sorghum Primary Sorghum bicolor nothosubsp. drummondii (Steud.) de Wet ex Annual 20
Davidse
S. halepense (L.) Pers. Eu-sorghum Secondary S. halepense (L.) Pers. Perennial 40
S. propinquum (Kunth) Hitchc. Eu-sorghum Primary S. propinquum (Kunth) Hitchc. Perennial 20
S. grande Lazarides Parasorghum Tertiary S. grande Lazarides Perennial 30, 40
S. leiocladum (Hack.) C. E. Hubb. Parasorghum Tertiary S. leiocladum (Hack.) C. E. Hubb. Perennial 10, 20
S. matarankense E. D. Garber & Snyder Parasorghum Tertiary S. matarankense E. D. Garber & Snyder Perennial 10
S. nitidum (Vahl) Pers. Parasorghum Tertiary S. nitidum (Vahl) Pers. Perennial 10, 20
S. purpureosericeum (Hochst. ex. A. Rich.)  Parasorghum Tertiary S. purpureosericeum (Hochst. ex. A. Rich.) Asch. & Schweinf. Annual 10
Asch. & Schweinf.
S. timorense (Kunth) Buse Parasorghum Tertiary S. timorense (Kunth) Buse Perennial 10, 20
S. versicolor Andersson Parasorghum Tertiary S. versicolor Andersson Annual 10, 20
S. amplum Lazarides Stiposorghum  Tertiary S. amplum Lazarides Annual 10, 30
S. angustum S. T. Blake Stiposorghum  Tertiary S. angustum S. T. Blake Annual 10
S. brachypodum Lazarides Stiposorghum  Tertiary S. brachypodum Lazarides Annual 10
S. bulbosum Lazarides Stiposorghum  Tertiary S. bulbosum Lazarides Annual 10
S. ecarinatum Lazarides Stiposorghum  Tertiary S. ecarinatum Lazarides Annual 10
S. exstans Lazarides Stiposorghum  Tertiary S. exstans Lazarides Annual 10
S. interjectum Lazarides Stiposorghum  Tertiary S. interjectum Lazarides Annual/ 30
Perennial
S. intrans F. Muell. ex Benth. Stiposorghum  Tertiary S. intrans F. Muell. ex Benth. Annual 10
S. plumosum (R. Br.) P. Beauv. Stiposorghum  Tertiary S. plumosum (R. Br.) P. Beauv. Annual 10, 20,
30, 40
S. stipoideum (Ewart & Jean White) C. A. Stiposorghum  Tertiary S. stipoideum (Ewart & Jean White) C. A. Gardner & C. E. Hubb. Annual 10
Gardner & C. E. Hubb.
S. laxiflorum F. M. Bailey Heterosorghum  Tertiary S. laxiflorum F. M. Bailey Annual 40
S. macrospermum E. D. Garber Chaetosorghum  Tertiary S. macrospermum E. D. Garber Annual 40
S. trichocladum (Rupr. ex Hack.) Kuntze - Tertiary S. trichocladum (Rupr. ex Hack.) Kuntze Perennial -

verticilliflorum and drummondii no longer considered separate
species (Figure 1). The traditional classification of the genus,
based on morphological parameters (Venkateswaran et al.,
2014), is of limited value because it results in significant
overlapping of the existing taxa. By contrast, recent studies of
sorghum based on molecular evidence, such as phylogenetic
analyses of DNA sequencing data, have been able to generate a
classification with clear and precise groupings of these species
(Venkateswaran et al., 2014). Although weak molecular evidence
suggests that S. trichocladum is closely related to Australian taxa,
the exact position of S. trichocladum in the phylogeny remains
uncertain (Spangler, 2003).

Eu-sorghum

Eu-sorghum is one of two major sections in the genus Sorghum. It
is mainly distributed in Africa and southern Asia (Price et al.,
2005a). In the original classification by Snowden (1955) Eu-
sorghum was divided into two sub-sections, Arundinaceae and
Halepensia. The sub-section Arundinaceae was further divided
into two series, Spontanea (grass sorghum) and Sativa (grain
sorghum). Spontanea contained 10 wild species whereas Sativa
contained 31 cultivated species. Sub-section Halepensia was
comprised of four wild rhizomatous taxa (De Wet and Harlan,
1971). Subsequently this classification was modified by many
scientists. The number of members included in each group

varied with the classification. For instance, the classification of
de Wet et al. (1970) placed 17 wild species in the complex of
Spontanea, while 31 cultivated species were in Sativa and the
sub-section Halepensia contained four wild grass species.

In the currently accepted classification, Eu-sorghum is
considered the “true sorghum” and contains three species, S.
bicolor, S. propinquum, S. halepense and a hybrid species called,
Sorghum xalmum Parodi (USDA, 2020).

Sorghum bicolor includes most cultivated sorghum lines, and
is distinguished from other species by the bulky, open
inflorescence and the non-pendulous branches separating at
the base. Sorghum bicolor can be separated into three
subspecies: subsp. bicolor (all cultivated sorghums), subsp.
verticilliflorum (wild progenitors of cultivated sorghums), and
nothosubsp. drummondii (Steud.) de Wet ex Davidse (weedy
hybrids and the derivatives of hybridization between S. bicolor
subspp. bicolor and verticilliflorum). The subsp. verticilliflorum
(formerly known as arundinaceum) (Venkateswaran et al.,
2019a) consists of four races of wild progenitors: aethiopicum,
arundinaceum, verticilliflorum, and virgatum. The race
arundinaceum is distributed mostly in Africa and has a large
and exposed inflorescence as well as flexuous branches which are
not dividing at the base. The desert grass, race aethiopicum, is
widely distributed in the African Sahel and has a comparatively
small, constricted inflorescence together with divided sub-erect
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branches. The race virgatum, characterized by a slender
inflorescence and narrow, linear leaf blades, is widespread in
north eastern Africa. The race verticilliflorum which is native to
Africa and distributed in Madagascar can be characterized by a
large open inflorescences with spreading branches divided at the
base (Venkateswaran et al., 2014; Venkateswaran et al., 2019b).
In the Snowden (1955) classification, there are seven weedy taxa
recognized in nothosubsp. drummondii (also known as “Sudan
grass”), which are commonly cultivated as forage. The currently
accepted five races of subsp. bicolor are: bicolor, guinea, kafir,
caudatum, and durra, which are categorized in this subspecies
based only on their spikelet morphology with 10 intermediate
races (Lazarides et al., 1991). Based on molecular evidence, Mace
et al. (2013) also separated guinea-margaritiferum as a distinct
race of subsp. bicolor, with this group previously being included
in the broader guinea race. Guinea-margaritiferums represent an
intermediate race between the wild subsp. verticilliflorum and the
other domesticated races of subsp. bicolor.

Sorghum propinquum is a diploid rhizomatous wild perennial
species that is distributed in Southeast Asia and Indian
subcontinent. Smaller spikelets are distinctive features of S.
propinquum. Another perennial species, S. halepense, also known
as “Johnson grass,” is a tetraploid rhizomatous wild relative that is
widespread in Southern Eurasia and India. According to Snowden
classification 1955, this species contains members of three former
species known as S. halepense, S. miliaceum (Roxb.) Snowden, and
S. controversum (Steud.) (Venkateswaran et al., 2014). Sorghum
halepense has comparatively large inflorescences than other two
species. These two wild perennial species have given rise to hybrids
and hybrid derivatives as a result of their introgression with S.
bicolor (Dahlberg, 2000; Venkateswaran et al., 2014). Sorghum
xalmum, for example, is a hybrid between S. bicolor and S.
halepense (Duvall and Doebley, 1990; Dillon et al., 2007b).

Parasorghum

The section Parasorghum includes seven species: Sorghum grande
Lazarides, Sorghum leiocladum (Hack.) C. E. Hubb., Sorghum
matarankense E. D. Garber & Snyder, Sorghum nitidum (Vahl)
Pers., Sorghum purpureosericeum (Hochst. ex A. Rich.) Schweinf. &
Asch., Sorghum timorense (Kunth) Biise, and Sorghum versicolor
Andersson. Excepting S. purpureosericeum and S. versicolor, all
Parasorghum species are native to Australia, with S. grande, S.
leiocladum and S. matarankense all being endemic (Lazarides et al,,
1991). Sorghum grande is a perennial diploid with a chromosome
number of 30 or 40 (2n = 30, 40), distributed in the Northern
Territory (isolated in Katherine region) and Queensland, Australia.
Sorghum nitidum is also a perennial diploid with 2n = 10, 20 and is
found in Queensland, New Guinea, and Southeast and East Asia.
Sorghum leiocladum is a perennial with 2n = 20 which is distributed
in southern Queensland, New South Wales, and northern Victoria.
Sorghum matarankense is an annual species with 2n = 10 and it can
be commonly seen in north-central parts of the Northern Territory,
Australia. Likewise, S. timorense is an annual species with 2n = 10,
20, found in northern Australia and Timor. Sorghum timorense is
distinguished by a minute, sessile spikelet with an obovoid caryopsis
and a developed pedicellate spikelet. Sorghum purpureosericeum is
an annual with chromosome number 2n = 10 and 20, and is found

in India, the Sahel, and east and west tropical Africa. Sorghum
versicolor is also annual, with a chromosome number of 2n = 10 and
20 and is found in eastern and southern Africa.

Stiposorghum

The subgenus Stiposorghum contains a total of 10 species:
Sorghum amplum Lazarides, Sorghum brachypodum Lazarides,
Sorghum angustum S. T. Blake, Sorghum intrans F. Muell. ex
Benth., Sorghum ecarinatum Lazarides, Sorghum bulbosum
Lazarides, Sorghum plumosum (R. Br.) P. Beauv., Sorghum
stipoideum (Ewart & Jean White) C. A. Gardner & C. E. Hubb,
Sorghum interjectum Lazarides, and Sorghum exstans Lazarides,
all of which are endemic to Australia. Among these, S. interjectum
and S. plumosum are perennial species with 2n = 30, 40 and 2n =
10, 20, 30 respectively and the rest are annual species with 2n = 10.
Interestingly, S. ecarinatum, S. bulbosum, S. plumosum, S.
stipoideum, S. interjectum, and S. ecarinatum are distributed in
both the Northern Territory and Western Australia, whereas S.
amplum and S. brachypodum can only be found in Western
Australia and the Northern Territory respectively. Sorghum
intrans is found in north-western Northern Territory and S.
exstans is found on Melville Island and adjoining mainland.
These species have small sessile spikelet and a well-developed
pedicellate spikelet (Lazarides et al., 1991).

Heterosorghum

Sorghum laxiflorum F. M. Bailey is the sole member of
Heterosorghum, and is native to Australia and New Guinea
(Price et al, 2005a). In Australia, it is commonly found in
Northern Territory and Queensland. It is an annual 2n = 40
plant with a comparatively large, sessile spikelet, obovoid to
ellipsoid caryopsis and reduced spikelets (Lazarides et al., 1991).

Chaetosorghum

Sorghum macrospermum E. D. Garber is the sole member of
Chaetosorghum and is endemic to the Northern Territory
(isolated to limestone outcrops around Katherine) (Price et al.,
2005a). It is an annual, 2n = 40 species and has a small, sessile
spikelet with an ovoid to ellipsoid caryopsis as well as a reduced
pedicellate spikelet (Lazarides et al., 1991).

PHYLOGENETIC RELATIONSHIPS OF THE
GENUS SORGHUM

The phylogenetic relationships within the genus Sorghum are
complex, with several unresolved and potentially controversial
issues. The primary gene pool (GP-1) of sorghum contains the
cultivated species, S. bicolor and the wild species S. propinquum
(Harlan and de Wet, 1971). The remaining members of Eu-
sorghum, S. halepense and S.xalmum, belong to the small
secondary gene pool (GP-2) (Stenhouse et al., 1997; Dillon
et al,, 2001). Sorghum has a comparatively larger tertiary gene
pool (GP-3) which includes all the species in the other four
subgenera. Members of GP-1 and GP-2 are closely related to
each other whereas the members of GP-3 are more distantly
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related (Harlan and de Wet, 1971). GP-3 species potentially
contain many important genetic resources for sorghum
improvement. However, species of this gene pool have been
poorly studied as they are restricted to specific geographical areas
(Bhattacharya et al., 2011).

The availability of the S. bicolor genome (Paterson et al., 2009)
has facilitated phylogenetic studies of sorghum species based upon
molecular analysis. To date, there have been several studies into the
sorghum phylogeny based on nuclear genomic information
together with some chloroplast genomic data. In a study by Sun
et al. (1994) the ITS region of 13 sorghum species were sequenced
covering all the subgenera, revealing the very close relationships
within Eu-sorghum. Sorghum bicolor was found to be more closely
related to S. nitidum. However, a similar study by Spangler et al.
(1999), sequencing the ndhF gene of 39 species of the Tribe
Andropogonoeae, suggested some contrary relationships within
the genus as a whole. For example, they suggested a distant
relationship of S. nitidum with S. bicolor by being closely related
to S. laxiflorum, and many other opposite relationships compared to
the results of Sun et al. (1994) (Spangler et al., 1999).

In an attempt to clarify these contradictory classifications,
Spangler (2003), presented a revised unranked classification for
the genus Sorghum based on molecular and morphological
evidence. According to this classification, Sorghum can be divided
into three genera namely, genus Sorghum, genus Vacoparis and
genus Sarga. Although the relationships within these three genera
are still unknown, some of the changes have been already accepted
by International Code of Botanical Nomenclature (ICBN). The
genus Sorghum in this classification contains three species (Sorghum
bicolor, Sorghum halepense, and Sorghum nitidum), the genus
Vacoparis contains two species (Vacoparis macrospermum and
Vacoparis laxiflorum), and the remaining genus Sarga, comprises
eight species; Sarga angustum, Sarga intrans, Sarga leiocladum,
Sarga plumosum, Sarga purpureosericeum, Sarga timorense, Sarga
trichocladum, and Sarga versicolor, which was created by collapsing
sixteen species of sorghum into eight species.

Conversely, a more recent study (Dillon et al., 2007b), used 25
Sorghum taxa (not including S. trichocladum) to resolve the
complex phylogeny of the Sorghum genus as many of the
previous studies have resulted in contradictory classifications (Sun
et al., 1994; Spangler et al., 1999; Dillon et al., 2001; Spangler, 2003;
Dillon et al,, 2004). Using a combined molecular analysis of ITSI,
ndhF, and Adhl, all the sorghum species were placed in a
monophyletic clade with two distinct lineages. The subgenus Eu-
sorghum was in the same clade as Chaetosorghum and
Heterosorghum, consistent with the close relationship of these two
later subgenera to cultivated sorghum that was reported in earlier
studies (Spangler et al., 1999; Dillon et al., 2001; Spangler, 2003;
Dillon et al., 2004) and was later proved by a study by Ng'uni et al.
(2010). The very close relationship of these two subgenera has been
found in many other studies using morphological, cytogenetic and
molecular studies despite their being considered as two separate
subgenera. In addition, another clearly discrete clade was observed
with all the Parasorghum and Stiposorghum species with three
different clusters including S. brachypodum and S. matarankense
in one cluster, S. interjectum and S. ecarinatum in another cluster,

and S. exstans, S. intrans and S. angustum in the third cluster. The
rest of the seven species in those two subgenera formed an
unresolved polytomy within this clade with no clear separation
for these species. Most importantly, this study demonstrates that
most of the modifications in the revised classification of Spangler
(2003) are not valid except for placing Chaetosorghum and
Heterosorghum together in one section. Clearly more molecular
evidence is required before reclassifying the genus Sorghum into
three subgenera.

An alternative explanation for the confusion around the
Sorghum taxonomy is the possibility that the genus is polyphyletic
within the tribe Andropogoneae (Hawkins et al., 2015). Hawkins
et al. (2015) compared four nuclear loci data in 16 sorghum species
together with 57 species in Andropogoneae and were able to identify
two major lineages; clade I: Eu-sorghum, Chaetosorghum and
Heterosorghum, and clade II; Stiposorghum and Parasorghum
supporting previous studies done by Duvall and Doebley (1990);
Sun et al. (1994), and Dillon et al. (2001). These studies were able to
provide evidence of the sister relationships of these species to Eu-
sorghum that was contrary to the single genus Vacoparis proposed
by Spangler (2003). In clade II of the study of Hawkins et al., 2015, S.
matarankense (Parasorghum) is resolved within Stiposorghum
suggesting that it might belong to Stiposorghum or Parasorghum
might be paraphyletic. However, the relationships within the clade
Stiposorghum were only supported by low bootstrap values making
them more difficult to resolve.

GENE FLOW BETWEEN WILD AND
CULTIVATED SORGHUM

It has been found that many major crops are capable of natural
hybridization with their wild relatives (Ellstrand et al., 1999) due
to the fact that they are biologically in the same genus as their
wild progenitors (Harlan and de Wet, 1971). The introgression of
genes from wild relatives into crops supports the increasing
genetic diversity of many species (Arnold, 2004). It is well known
that diversity of wild progenitors is usually higher than that of
the corresponding cultivated varieties. This is a result of
domestication in which the bottleneck effect has limited the
genetic diversity (Papa et al., 2005). Thus, the wild relatives of the
crops may harbor valuable genetic resources and unique sources
of diversity. Many studies have been carried out to study the
extent and direction of the gene flow in crop-wild population
complexes such as maize (Hufford et al., 2013), barley (Jakob
et al, 2014), and rye (Schreiber et al., 2019), but studies on
sorghum are limited. Sorghum bicolor subsp. bicolor has the
advantage of having a wild progenitor, subsp. verticilliflorum,
and its weedy relative, S. drummondii, which are interfertile with
the cultivated species, and also grow sympatrically with
cultivated forms (de Wet et al., 1970; de Wet, 1978). Studies
have been done to detect the direction of gene flow through the
cultivated, wild and weedy forms of sorghum, mainly based on
the agricultural regions in Kenya (Mutegi et al., 2010; Mutegi
et al., 2012), Ethiopia and Niger (Tesso et al., 2008), northern
Cameroon (Barnaud et al., 2009), and western Africa (Sagnard
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et al., 2011). All of these studies have had the same conclusion,
suggesting that the crop-to-wild gene flow is more common. The
studies have also emphasized a close genetic relationship
between wild and crop species of sorghum.

Mutegi et al. (2012) concluded that gene flow is asymmetric
by proving the rate of gene flow from crop-to-wild is higher than
the gene flow from wild-to-crop, and also proposed three
scenarios that could affect this asymmetric gene flow. Firstly,
the sizes of the crop and wild populations might be a reason for
this asymmetric gene flow which favors the larger population size
of the crops compared to the smaller size of the wild populations
in most agricultural lands in Africa. Farmers tend to remove wild
progenitors of sorghum, considering them to be weeds. As a
result, the cultivated sorghum plants produce more pollen than
the wild sorghum, resulted in higher rates of pollen flow from
crop to wild. Secondly, differences in the mating systems between
cultivated and wild sorghum species could be a contributing
factor. The higher rates of outcrossing in wild sorghums relative
to cultivated sorghums facilitate the cross pollination. Thirdly,
seed selection by farmers has an effect on the asymmetric gene
flow. According to this concept, farmers selecting against early
generations of hybrids can reduce the possibility of gene
introgression from wild plants to cultivated plants. The gene
flow between cultivated and wild forms has played a key role in
producing intermediate species of sorghum. Doggett (1965),
suggested that the balance between natural selection for wild
traits and farmer selection for cultivated traits resulted in the
great genetic diversity of sorghum.

CURRENT ISSUES WITH SORGHUM

Genetic Bottlenecks

The wild ancestors of sorghum have various advantageous traits
such as palatable grains, high yield, wide distribution, and higher
abundance over large areas. As a result, they became the main
food source of early people in African savannah (de Wet and
Shechter, 1977). However, with the process of domestication,
most of these morphological traits were changed due to
automatic selection. Tillering of the plants as well as aerial
branching were reduced to have plants with only one main
stem with a single inflorescence which ultimately resulted in
uniform maturity. An extremely compact inflorescence was
produced by contracting the axis and branches. The grain size
became larger as a result of an increase in the amount of
endosperm and subsequently the shape of the grain changed
from elliptic to become more obovate. The breakable spikelet
clusters changed to one remaining attached to the rachises at
maturity (Venkateswaran et al., 2019a).

Many studies supported the concept of co-existence of wild
sorghum with the cultivated sorghum in many agricultural fields
of Africa (Barnaud et al., 2009; Mutegi et al., 2010; Mutegi et al.,
2012). Using pure cultivated, pure wild and putative hybrids,
they have proven that there is a clear genetic divergence between
the populations of pure wild and pure cultivated. Interestingly,
the putative hybrid group played an important role in terms of

genetic diversity by having an intermediate position in between
the pure wild and pure cultivated populations. Genetic diversity
reduction is known to be a result of domestication. According to
the study of Mutegi et al. (2011), the genetic diversity of wild
sorghum is significantly higher than the genetic diversity of
cultivated sorghum in Kenya. These results agreed with the
results of similar studies of Barnaud et al. (2009) and Sagnard
et al. (2011) which were carried out at a local scale in Cameroon
and national scale in Mali and Guinea respectively. In contrast, a
parallel study carried out on a local scale by Mutegi et al. (2012)
indicated that the genetic diversity between these two groups
were similar in terms of gene diversity, allelic richness, and
private allelic richness. However, they were able to discover 19
unique alleles in cultivated sorghum and 31 unique alleles in wild
sorghums suggesting that the two gene pools were able to
preserve their genetic diversity to some extent even if they
were subjected to gene flow. These rare alleles of the wild
plants might be linked with the traits such as drought
tolerance or disease resistance.

A more recent study of Fernandez et al. (2014) has assessed
the genetic diversity of landraces and wild/weedy relatives of
sorghum in western Kenya using SSR markers. These authors
have concluded that wild sorghum populations harbor a higher
genetic diversity relative to the cultivated forms. Furthermore, in
the cluster analysis although the cultivated and wild forms
formed separate groups, the weedy hybrids failed to have a
separate cluster from the wild forms suggesting that so called
“hybrids” are closely related to the wild sorghums. Fernandez
et al. (2014) outlined several reasons for this reduced gene flow
and genetic diversity. For instance; farmer selection for desired
traits and agronomic practices such as weeding have limited the
gene flow and diversity within the cultivated species by means of
reducing the cross pollination between wild and cultivated
sorghums (Okeno et al., 2012). There might be several reasons
for these controversial conclusions of genetic diversity
differences between the wild and cultivated populations of
sorghums. Differences in the experimental design, experimental
area, sample size, and number of markers can affect the results of
these studies. Therefore, a broader scale study which covers
almost all the regions and species of sorghum is required for
further validation these concepts.

Although many studies have indicated that the genetic
diversity of sorghum has been reduced due to domestication,
the study of Venkateswaran et al. (2019a) claimed that the
variability of the plant species within the group has increased
with domestication. Authors have stated that the variability in
plant types, spikelet types, grain types, and inflorescence types as
well as the distribution of the species have been greatly increased
with the process of domestication. The morphological changes
associated with domestication often gave rise to adaptations to
new environments which enhanced the range of the species.
These new characteristics were fixed to the new group of
cultivated sorghum plants.

Grain sorghum farmers have been facing difficulty in attempts
to increase yields per unit of land. While most other major cereal
crops have shown significant improvement in yield gains in the
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past 50 years, sorghum yields have plateaued, with levels peaking
in 1981 (Figure 2) (Mason et al., 2008; Aruna and Cheruku,
2019). One potential cause of this plateau is a low rate of genetic
enhancement, with breeding programs for other crops generally
receiving more funding than sorghum during this time, and
consequently being more successful (Frey, 1996; Mason et al.,
2008). This is problematic due to the unlikeliness of future
increases in sorghum production through a greater availability
of farmland, meaning the majority of increases must come from
further intensification of farming. Successful yield gains through
breeding have sometimes led to losses in other crop traits, such as
various Indian sorghum lines being created and used specifically
for high yields despite reductions in grain quality (Aruna and
Cheruku, 2019). We must continue to tackle sorghum’s genetic
homogeneity issues, increasing the amount of research done and
the breadth of methods used, in order to increase yields again
without sacrificing nutrition.

CROP WILD RELATIVES IN SORGHUM
IMPROVEMENT

Barriers to Use of Sorghum’s Wild
Relatives

Undomesticated sorghum species harbor beneficial traits which can
be employed as prospective markers to the phylogenetic
relationships within the genus as well as between similar plant
families. One of the major constraints to utilizing these genetic
resources of wild relatives is the barriers to gene transfer between
cultivated crops and their wild relatives (Bevan et al., 2017). Some of
the sorghum species in the primary and secondary gene pools have
been extensively used in genetic studies since they have few genetic
incompatibilities with S. bicolor. However, most of the wild
sorghum species belong to the tertiary gene pool and gene
transfer to the cultivated sorghum species is difficult. Recent
phylogenetic studies have revealed the two undomesticated
species S. laxiflorum and S. macrospermum as the most closely
related species to the cultivated sorghum species (Dillon et al,
2007c). Many unsuccessful attempts have been made to produce
viable hybrids (Garber and Snyder, 1951; Sun et al., 1994; Huelgas
et al, 1996). Gene transfer from the crop wild relatives to the
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FIGURE 2 | Trends in the total yields of the world’s five most important
cereal crops. Data obtained from FAO (2019).

cultivated sorghum species is challenging for several reasons. The
main reason is the strong pre- and post-zygotic reproductive
barriers between wild and domesticated species. These sterility
barriers can be seen as a result of differences in genome size,
chromosome morphology, pollen-pistil incompatibilities, and
embryo abortions (Garber and Snyder, 1951; Price et al., 2005b).
Hybrid embryo formation may be impossible due to the pollen-
pistil incompatibilities between S. bicolor and wild species (Hodnett
et al,, 2005). However, successful efforts of hybridization have been
reported with artificial hybridization techniques such as embryo
rescue (Price et al, 2005b). One successful attempt has been
reported between the species S. bicolor and S. macrospermum,
using embryo rescue methods (Price et al, 2005b). Techniques
such as the use of bridge species, irradiation of pollen grains, and
chromosome doubling have also been used to overcome these
sterility barriers (Kumari et al., 2016). Kuhlman et al. (2010) have
also successfully developed a S. bicolor line which is homozygous for
the recessive iap (inhibition of alien pollen) gene, allowing pollen
tubes to grow to completion, even when the pollen is from a GP-3
species. Hybrids have since been made by crossing S. bicolor with S.
macrospermum (Kuhlman et al., 2010), and also with Saccharum
spp. (Hodnett et al, 2010). A detailed account of attempts of
producing hybrids between cultivated sorghum and wild sorghum
has been explained in a review of Ohadi et al. (2017) (Table 2).

Additionally, sorghum CWR may have been overlooked
historically due to their apparent lack of usefulness regarding
advantageous agricultural traits. This trend has been seen in
many CWR (Jansky et al., 2013), including wild sorghum species
having been overlooked in the past due to their low yields and
“weedy” characteristics (Cox et al., 1984; McWhorter, 1989).
However, there are various reasons why Sorghum species should
no longer be viewed this way. Several of these species have been
shown to possess traits which would be desirable in sorghum
crops (Kamala et al., 2002; Venkateswaran, 2003; Cowan et al,,
2020). Increasing genetic heterogeneity through hybridization
can also be unexpectedly beneficial through heterosis—
enhancement of traits through mixing genes of two genetically-
distinct parents. Some benefits can be phenotypically obvious,
for example with Jordan et al. (2004) finding some hybrids of S.
bicolor subspp. bicolor and verticilliflorum with higher yields
than either of the parent plants. This finding was surprising given
that subsp. verticilliflorum typically has low grain yields. Other
benefits of heterosis might be less immediately noticeable,
including reduced susceptibility to pests, pathogens, and
environmental changes (Chen, 2010).

Use of Gene Pools 1 and 2

Due to the incompatibly of crossing S. bicolor with species in GP-3,
most existing hybrids have been made through crosses of S. bicolor
with members of gene pools 1 and 2 (Duncan et al., 1991). These
include: S. bicolor subsp. verticilliflorum (Cox et al., 1984; Jordan
et al,, 2004) and S. propinquum (Wooten, 2001) being used to
increase yield; S. halepense being used to introduce perennialism
(Cox et al., 2002; Dweikat, 2005); and S. propinquum being used to
increase height and earliness of development (Wooten, 2001)
(Table 3). There have also been countless crosses between
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TABLE 2 | Experimental details of hybridization between S. bicolor and its wild

relatives (Ohadii et al., 2017).

Taxon

Status

References

S. bicolor and S. almum
S. bicolor and S.
angustum

S. bicolor and S. bicolor

Successful hybrids
Unsuccessful (in vivo
rescue of the developing
embryos were required)
Unassisted hybridization

Endrizzi, 1957
Price et al., 2006

Schmidt et al., 2013

nothosubsp. drummondii
S. bicolor and S. bicolor
nothosubsp. drummondii
S. bicolor and S.
halepense

Successful hybrids Werle et al., 2014

Successful hybrids Endrizzi, 1957; Hadley,
1958; Sangduen and
Hanna, 1984; Piper and
Kulakow, 1994; Cox

et al., 2002; Dweikat,
2005; Magomere et al.,
2015

Morrell et al., 2005

S. bicolor and S. Natural introgression

halepense
S. bicolor and S. Successful introgression Price et al., 2006;
macrospermum using embryo rescue Kuhlman et al., 2010

S. bicolor and S. nitidum  Unsuccessful (in vivo
rescue of the developing
embryos were required)
Successful hybrids but no
use in sorghum
improvement

Successful hybrids

Price et al., 2006

S. bicolor and S.
propinquum

Paterson et al., 1995;
Wooten, 2001

S. bicolor and S.
versicolor

S. bicolor and S. bicolor
subsp. verticilliflorum

Sun et al., 1991

Cox et al., 1984;
Jordan et al., 2004

Successful hybrids

different commercial lines of the crop (Rosenow and Clark, 1982;
Duncan et al., 1991; Aruna and Cheruku, 2019).

There are also various other traits within gene pools 1 and 2
which have been listed as potentially useful for introgression into S.
bicolor. Harlan (1992), reported that the wild race arundinaceum
was adapted to growing in wet climates, an adaptation not common
in cultivated sorghum species. The wild race virgatum can grow in
drought conditions and their seeds have been shown to be tolerant
to high temperatures (Bramel-Cox and Cox, 1988). In addition,
Bramel-Cox and Cox (1988), showed that high yielding wild species
arundinaceum, virgatum, and verticilliflorum, could be used to
increase the yield of domesticated sorghum. These wild races also
have resistance to the parasitic weed Striga asiatica Lour., a useful
trait in sorghum cultivation (Rich et al., 2004). Other potentially
useful traits in sorghum’s GP-1 and GP-2 include: S. bicolor
nothosubsp. drummondii’s allelopathic properties, which reduce
the growth of weeds in the cultivated field (Baerson et al., 2008), and
resistance to ergot (Tsukiboshi et al., 1998) and nematodes
(Mojtahedi et al., 1993; Viaene and Abawi, 1998); and S.
halepense’s resistance to pests such as green bug, chinch bug, and
sorghum shoot fly (Nwanze et al., 1995; Dweikat, 2005) (Table 3).
Meanwhile, continued crosses between commercial lines will
continue to contribute to recombination efforts, while also
potentially generating serendipitous new phenotypes (such as
yield gains) through heterosis.

Use of Gene Pool 3

Although sorghum’s GP-3 has not yet extensively been used in crop
improvement, it potentially contains a high level of genetic diversity
for use in sorghum improvement. This diversity is suggested by the
ability of these species to adapt to a range of edaphic conditions,
with Australia’s native sorghums collectively covering diverse
habitats including rocky slopes, sand dunes, grasslands, and
forests (Lazarides et al, 1991). The niche diversity of GP-3 is
much greater than that of GP-1 and GP-2, potentially providing
genetic resources with which the environmental tolerances of
sorghum crops could be expanded. For example, there has been
great interest in increasing sorghum’s tolerance to cold temperatures
in order to greatly expand the zone in which it can be grown (Fiedler
etal, 2016, Yu and Tuinstra, 2001). Sorghum leiocladum could be a
good candidate species for cold tolerance genes due to its presence
in temperate regions of New South Wales and Victoria, Australia.
Similarly, Cowan et al,, 2020, found multiple GP-3 species with
greater tolerance to drought than domesticated sorghum, including
S. brachypodum and S. macrospermum. Further research into GP-3
could unveil more environments to which wild species could offer
novel tolerance genes. Species across GP-3 have also been shown to
be resistant to biotic stressors including sorghum shoot fly
(Venkateswaran, 2003; Kamala et al., 2009), spotted stem borer
(Venkateswaran, 2003), and downy mildew (Kamala et al., 2002), as
well as S. angustum, S. amplum and S. bulbosum all showing
resistance to egg laying by sorghum midge (Sharma and
Franzmann, 2001) (Table 3). The identification of such traits
despite the limited number of studies conducted on sorghum’s
GP-3 suggests that there is high potential for finding further
agronomically advantageous traits in this gene pool.

Cowan et al. (2020) also found that, in contrast to other
cyanogenic crops, the leaf cyanogenic glucoside content of drought
stressed wild sorghums is lower than that of the cultivated species
(Cowan et al,, 2020). Interestingly, findings of this study revealed
that drought stress significantly increased the dhurrin concentration
of the aboveground parts of S. bicolor, while the wild species were
not significantly affected. Specifically, the two wild species S.
macrospermum and S. brachypodum were able to maintain a
higher growth rate and an insignificant aboveground dhurrin
content. The regulation of the formation cyanogenic glucosides in
wild sorghum species has not yet been studied in detail or compared
to that of cultivated S. bicolor. Understanding the gene expression
and regulation of cyanogenesis related genes in wild relatives of
sorghum would be a crucial step in utilizing the useful traits in wild
sorghum in crop improvement (Cowan et al., 2020).

Priorities for Future Work

In order to maximize the impact of sorghum improvement using
CWR, various steps must be taken to improve how current work
is executed. These steps include further development and
distribution of S. bicolor lines which can interbreed with
species outside GP-1 and GP-2, further improvements in the
sorghum GM process, increased accessibility for crop developers
and researchers to CWR germplasm, knowledge, and
introgression technology, and a better understanding of how
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TABLE 3 | Details of potential wild sorghum species which can be used to improve cultivated sorghum.

Taxon Gene Traits Status References
pool
S. propinquum 1 Increase grain yield, increase height, and Successfully introgessed to S. bicolor Wooten, 2001
earliness of development
S. bicolor subsp. 1 Increase grain yield Successfully introgessed to S. bicolor Cox et al., 1984; Jordan et al.,

verticilliflorum
S. halepense
S. bicolor subsp.
verticilliflorum

S. bicolor nothosubsp.
drummondii

S. halepense
S. angustum
S. amplum

S. bulbosum

S. macrospermum

S. brachypodum

S. exstans
S. stipoideum
S. matarankense

S. leiocladum

2 Perennialism

1 Ability to grow in drought conditions, seeds
with tolerance to high temperatures, high yield,
parasite resistance

1 Allelopathic properties, resistance to ergot and
nematodes

2 Resistance to green bug, chinch bug, and
sorghum shoot fly
3 Resistance to egg laying by sorghum midge

3 Resistance to egg laying by sorghum midge

3 Resistance to egg laying by sorghum midge

3 Insect and disease resistance, higher growth
rate and an insignificant aboveground dhurrin
content under drought conditions

3 Higher growth rate and an insignificant
aboveground dhurrin content under drought
conditions

3 Resistance to shoot fly

3 Resistance to shoot fly

3 Resistance to shoot fly

3 Cold tolerance

Successfully introgessed to S. bicolor
Reported as potential candidates for
sorghum improvement

Reported as potential candidates for
sorghum improvement

Reported as potential candidates for
sorghum improvement

Reported as potential candidates for
sorghum improvement

Reported as potential candidates for
sorghum improvement

Reported as potential candidates for
sorghum improvement

Successfully introgessed to S. bicolor

Reported as potential candidates for
sorghum improvement

Reported as potential candidates for
sorghum improvement
Reported as potential candidates for
sorghum improvement
Reported as potential candidates for
sorghum improvement
Reported as potential candidates for
sorghum improvement

2004

Cox et al., 2002; Dweikat, 2005
Bramel-Cox and Cox, 1988; Rich
et al., 2004

Moijtahedi et al., 1993; Tsukiboshi
et al., 1998; Viaene and Abawi,
1998; Baerson et al., 2008

Nwanze et al., 1995; Dweikat, 2005
Sharma and Franzmann, 2001
Sharma and Franzmann, 2001

Sharma and Franzmann, 2001

Kuhlman et al., 2008; Cowan et al.,
2020

Cowan et al., 2020

Kamala et al., 2009

Kamala et al., 2009

Kamala et al., 2009

Fiedler et al., 2016

each of sorghum’s CWR might be valuable to the crop
improvement process. De novo domestication of wild
sorghums might also be a valuable method through which new
sorghum lines could be developed (Fernie and Yan, 2019).
Continued research into the morphology and physiology of
CWR species will allow us to determine which species are

potentially the most suitable as genetic sources for crop
improvement, as well as for undergoing de novo domestication,
taking into account potential uses, yields, and crop safety (e.g.
storage of cyanogenic glucosides). Some of sorghum’s key
domestication genes have already been identified (Meyer and
Purugganan, 2013; Tao et al., 2017). Further elucidation of the

Research

Distribution of
knowledge and
resources

Crop
improvement

efforts

domestication
genes
[
Identify useful Update
t;n;:]se:ri\: Sorghum
Sorghum pseey

FIGURE 3 | Roadmap towards the use of sorghum’s wild relatives in crop improvement.
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Sorghum phylogeny might also help in the introgression process
through allowing a better understanding of the relatedness of
each species to the target crop (Figure 3).

All of these steps also rely on the continued conservation of the
CWR species and the intraspecific genetic diversity within them. A
combination of ex situ and in situ conservation techniques is vital
for preserving the maximum genetic diversity (Engels et al., 2008).
Currently, the world sorghum germplasm collection contains
more than 200,000 accessions (FAO, 2009). Among these
germplasm collections, ICRISAT (International Crops Research
Institute for the Semi-Arid Tropics) has the world’s depository of
sorghum germplasm collection, including many accessions from
GP-1 and GP-2, as well as some GP-3 accessions (Wang et al.,
2015). The main GP-3 germplasm collections are located in
Australia at the Australian Grains Genebank (Bhattacharya
et al, 2011; Genesys-pgr, 2020) with additional germplasm—
mainly of the same lines as those held by the Australian Grains
Genebank—held overseas by organizations such as the USDA
Agricultural Research Service and the Millennium Seed Bank.
Because most Sorghum species are native to Australia, in situ
protections in the nation are vital for protecting the genus’
diversity. However, in situ protections of GP-3 species across
Africa and Asia are also necessary, as these represent the genetic
resources which are most easily crossed with the crop.

CONCLUSION

Sorghum is an immensely valuable multipurpose crop with several
end user products. The genus Sorghum is rich in diversity with a
highly beneficial reservoir of untapped genetic resources,
especially in the tertiary gene pool. The wild relatives of
sorghum contain many expedient traits which can be utilized in
crop improvement. However, exploitation of these extremely
valuable traits in crop improvement is still hindered due to the
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Postemergence grass weed control continues to be a major challenge in grain sorghum
[Sorghum bicolor (L.) Moench], primarily due to lack of herbicide options registered
for use in this crop. The development of herbicide-resistant sorghum technology to
facilitate broad-spectrum postemergence weed control can be an economical and
viable solution. The 4-hydroxyphenylpyruvate dioxygenase-inhibitor herbicides (e.g.,
mesotrione or tembotrione) can control a broad spectrum of weeds including grasses,
which, however, are not registered for postemergence application in sorghum due to
crop injury. In this study, we identified two tembotrione-resistant sorghum genotypes
(G-200, G-350) and one susceptible genotype (S-1) by screening 317 sorghum lines
from a sorghum association panel (SAP). These tembotrione-resistant and tembotrione-
susceptible genotypes were evaluated in a tembotrione dose-response [0, 5.75,
11.5, 23, 46, 92 (label recommended dose), 184, 368, and 736 g ai ha~'] assay.
Compared with S-1, the genotypes G-200 and G-350 exhibited 10- and seven fold more
resistance to tembotrione, respectively. To understand the inheritance of tembotrione-
resistant trait, crosses were performed using S-1 and G-200 or G-350 to generate
Fy and Fo progeny. The F1 and F» progeny were assessed for their response to
tembotrione treatment. Genetic analyses of the F1 and F» progeny demonstrated that
the tembotrione resistance in G-200 and G-350 is a partially dominant polygenic trait.
Furthermore, cytochrome P450 (CYP)-inhibitor assay using malathion and piperonyl
butoxide suggested possible CYP-mediated metabolism of tembotrione in G-200 and
G-350. Genotype-by-sequencing based quantitative trait loci (QTL) mapping revealed
QTLs associated with tembotrione resistance in G-200 and G-350 genotypes. Overall,
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the genotypes G-200 and G-350 confer a high level of metabolic resistance to
tembotrione and controlled by a polygenic trait. There is an enormous potential to
introgress the tembotrione resistance into breeding lines to develop agronomically

desirable sorghum hybrids.

Keywords: Sorghum bicolor, resistance, QTL mapping, single gene inheritance, tembotrione

INTRODUCTION

Grain sorghum [Sorghum bicolor (L.) Moench ssp. bicolor] is
one of the most versatile crops with multiple uses, including
for food, feed, and fuel (Ciampitti and Prasad, 2019). Sorghum
performs better than corn (Zea mays) under rainfed and low
input conditions (Valadabad et al., 2000; Staggenborg et al.,
2008). The US is the largest producer of grain sorghum in the
world, and almost half of the US grain sorghum is produced
in Kansas (USDA-NASS, 2020). Sorghum is primarily grown
for cattle feed and ethanol production in the US, whereas it
is a staple food for millions of people in Africa, India, and
South America (Taylor et al., 2006; Dahlberg et al., 2012). Weed
infestation, specifically grass weed species, pose a major problem
in sorghum production and can reduce the crop yields up to 60%
if left uncontrolled (Thompson et al., 2019; Dille et al., 2020).
Palmer amaranth (Amaranthus palmeri), common waterhemp
(Amaranthus tuberculatus), kochia (Bassia scoparia), common
ragweed (Ambrosia artemisiifolia), and common lambsquarters
(Chenopodium album) are the major broadleaf weeds and
johnsongrass (Sorghum halepense), shattercane (Sorghum bicolor
ssp. verticilliflorum), and large crabgrass (Digitaria sanguinalis)
are major grass weeds found in grain sorghum fields (Stahlman
et al.,, 2000; Smith et al., 2010). A wide range of postemergence
(POST) herbicides are available to control broad-leaved weeds in
sorghum. However, herbicide options for POST control of grasses
are limited due to the susceptibility of sorghum to commonly
used grass control herbicides (Thompson et al., 2019).

The  4-hydroxyphenylpyruvate  dioxygenase  (HPPD)
inhibitors (e.g., mesotrione or tembotrione) are widely used to
control a broad spectrum of weeds including grasses in corn
because it can effectively metabolize HPPD inhibitors (Williams
and Pataky, 2010). However, these herbicides are not registered as
POST in sorghum due to crop injury. Although these herbicides
are widely used, to date only two weed species, i.e., Palmer
amaranth and common waterhemp, have been documented to
have evolved resistance to HPPD inhibitors (Heap, 2020). These
herbicides inhibit the HPPD enzyme, which is important for
the conversion of 4-hydroxyphenyl pyruvate to homogentisate,
an intermediate in plastoquinone and tocopherol biosynthesis
pathway in plants (Lee et al., 1998). Plastoquinone is essential
for the carotenoid biosynthesis, which protects the chlorophyll
by absorbing excited electrons released during photosynthesis.
Depletion of carotenoids causes damage to the chlorophyll by
photo-oxidation resulting in bleaching followed by necrosis
and plant death (Dankov et al., 2009). HPPD inhibitors include
four chemical families isoxazole, pyrazole, pyrazolone, and
triketones, and were introduced in the 1980s for weed control
(van Almsick, 2009).

Herbicide resistance in plants can be conferred by two major
mechanisms: (1) target-site resistance (TSR): mutation(s) in the
herbicide target gene leading to the reduced affinity of the target
enzyme for herbicide binding or due to increased expression of
target enzyme; (2) non-target site resistance (NTSR): increased
metabolism or reduced absorption/translocation of herbicides
(Gaines et al., 2020). Metabolism of HPPD inhibitors by
cytochrome P450 enzyme (CYPs) activity is the most common
mechanism of resistance found in crops as well as weeds (Ahrens
etal., 2013). Nonetheless, increased expression of HPPD gene has
also been reported in some biotypes of Palmer amaranth (Nakka
etal., 2017). Recently, a modified HPPD gene from Pseudomonas
fluorescens and Avena sativa which is insensitive to HPPD
inhibitors was used to develop transgenic soybeans (Glycine max)
resistant to HPPD inhibitors by Bayer Crop Science (Matringe
et al., 2005; Dreesen et al., 2018) and Syngenta (Hawkes et al.,
2016), respectively. Dupont-Pioneer used an insensitive shuffled
variant of corn HPPD gene that confers a high level of resistance
to HPPD inhibitors in soybean (Siehl et al., 2014).

CYPs are one of the largest enzyme families involved
in xenobiotic metabolism in microorganisms, insects, plants,
and humans imparting resistance, respectively, to antibiotics,
insecticide, herbicide, and drugs (Pandian et al., 2020). The
activity of CYPs can be inhibited using several chemical
compounds: 1-aminobenzo-triazole (ABT), tetcyclacis (TET),
piperonyl butoxide (PBO), tridiphane, and organophosphate
insecticides such as malathion and phorate (Siminszky, 2006;
Busi et al., 2017). Treatment with CYP inhibitors before herbicide
application will competitively reduce the CYP activity resulting
in decreased metabolism of herbicide, thereby reducing the
level of resistance (Siminszky, 2006). CYP inhibitors have been
widely used to determine metabolic resistance to herbicides in
several plant species.

Specifically, malathion and PBO were used to demonstrate the
inhibition of CYP activity and the reversal of crop tolerance to
HPPD inhibitors in corn (Ma et al., 2013; Oliveira et al., 2018).

Development of sorghum hybrids resistant to HPPD
inhibitors will provide POST herbicide options to control grass
weeds (Thompson et al., 2019). Tembotrione is a triketone
herbicide which has broad-spectrum activity including grass
weeds. Furthermore, the efficacy of tembotrione is high on grass
weeds compared with other triketones (Ahrens et al., 2013).
Mesotrione, a triketone herbicide similar to tembotrione, is
registered for pre-emergence (PRE) use in sorghum but not
as POST; however, tembotrione is not registered for PRE or
POST usage in sorghum. We have used sorghum association
panel (SAP) composed of homozygous sorghum genotypes
representing all cultivated races from diverse geographic regions
including widely used US breeding lines. We hypothesize
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that screening diverse genotypes from the SAP will facilitate
the identification of genotypes resistant to tembotrione; such
resistance, similar to maize, is associated with CYP-mediated
metabolism. The specific objectives of this research were to
identify and characterize sorghum genotypes with resistance to
tembotrione, to investigate the inheritance and mechanism of
resistance to tembotrione, and to identify genetic loci conferring
tembotrione resistance.

MATERIALS AND METHODS

Plant Materials

Sorghum genotypes from the SAP (Casa et al., 2008) were used
in this study. A commercial sorghum hybrid Pioneer 84G62 and
a corn inbred B73 (naturally resistant to tembotrione) were also
used for comparison.

In vitro Screening

Sorghum genotypes (~317) from SAP along with Pioneer 84G62
and B73 were used for initial screening with tembotrione under
in vitro conditions. Seeds of all genotypes were germinated
in plastic Petri dishes (100 mm diameter x 20 mm height)
containing 0.8% w/v solidified agar medium (PhytoTech
Laboratories, Lenexa, KS, United States). Seeds were surface
sterilized with 2% ethanol for 2 min followed by 5% (v/v) sodium
hypochlorite for 15 min. Subsequently, seeds were rinsed two
to three times with sterile distilled water before placing them
on the agar medium. About 8-10 seeds were placed in each
Petri dish for germination and incubated in a growth chamber
maintained at 24°C with 16/8 h (day/night) photoperiod
under a photosynthetic flux of 200 pmol m~2 s~! (daylight
fluorescent tubes). On germination, seedlings at three-leaf stage
were transferred to culture vessels (PhytoTech Laboratories)
containing solidified agar supplemented with 0.25 wM molecular
grade tembotrione (Sigma-Aldrich, St. Louis, MO, United States).
All transplanted culture vessels were incubated in the same
growth chamber, maintained at the same conditions as indicated
previously. The experiment was conducted with four to eight
biological replicates (two culture vessels with two to four plants
in each culture vessel). The response of genotypes to tembotrione
treatment was evaluated visually (percent injury) at 2 and 4 weeks
after treatment (WAT) based on a 0-100% rating scale (0% is no
injury and 100% is complete death) (Abit et al., 2009).

Whole Plant Assay

Ten sorghum genotypes (Supplementary Table S1) that
exhibited minimum injury and S-1 that was found highly
susceptible to tembotrione under in vitro conditions were tested
along with Pioneer 84G62 for their response to tembotrione
under greenhouse conditions. The seeds of sorghum genotypes
were planted in square pots (15 x 15 x 15 cm) filled with a
potting mixture (ProMix Ultimate; Premier Tech Horticulture,
Mississauga, Ontario, Canada). The seedlings at three-leaf
stage (Roozeboom and Prasad, 2019) were transplanted in
square pots (6 x 6 x 6 cm) and grown in a greenhouse
maintained at 25/20°C, 15/9 h day/night photoperiod with a

photosynthetic photon flux density of 750 wmol m~2s~! and

relative humidity of 60 & 10%. The plants were fertilized (Miracle
GRO® all-purpose plant food; ScottsMiracle-Gro, Marysville,
OH, United States) as needed. The sorghum seedlings at
five-leaf stage (Roozeboom and Prasad, 2019) were treated
with tembotrione (Laudis; Bayer Crop Science, St. Louis, MO,
United States) at 92 g ai ha~! (field recommended dose) with
0.25% methylated soy oil (Destiny; WinField United) using
a bench-top track spray chamber (Generation III; De Vries
Manufacturing, Hollandale, MN, United States) equipped with
a single flat-fan nozzle (80015LP TeeJet tip; Spraying Systems,
Wheaton, IL, United States) delivering 187 L ha~!. Each plant
was considered as an experimental unit, eight replications were
used for each genotype. The response of sorghum genotypes to
tembotrione treatment was evaluated by visual injury rating as
described previously (Abit et al., 2009). The above-ground plant
biomass was harvested 3 WAT and dried in an oven at 60°C for
72 h. The weight of dried biomass was recorded as described later
in a separate section. The experiment was repeated two times
following the same procedure and growth conditions.

Dose-Response Assay

Two genotypes, i.e., G-200 and G-350, that exhibited the least
injury, and one highly susceptible genotype S-1 that exhibited
the highest injury to tembotrione treatment identified from
in vitro and whole plant assays, along with Pioneer 84G62 were
tested in a tembotrione dose-response study to determine the
level of resistance. The sorghum genotypes were treated with
tembotrione at 0, 5.75, 11.5, 23, 46, 92, 184, 368, and 736 g
ai ha~!. The experiment was conducted following the same
plant growth conditions and herbicide application procedure as
described previously in the whole plant assay. The experiment
was conducted in a completely randomized design with four
replications and repeated twice. The above-ground plant biomass
reduction was measured as described previously.

Field Testing

On confirmation of the level of resistance to tembotrione in the
greenhouse, the tembotrione-resistant sorghum genotypes G-200
and G-350 were evaluated in comparison with S-1 (susceptible)
and Pioneer 84G62 (commercial hybrid) under field conditions.
Experiments were conducted in summer of 2017 at two KSU
research sites: Ashland Bottoms Research Farm, Manhattan
(Reading silt loam soil type; Pachic Agriustolls taxonomic class);
and Agricultural Research Center, Hays (Harney silt loam soil
type; Typic Agriustolls taxonomic class). S-Metolachlor at 2 kg
ai ha™! was applied as a pre-emergence herbicide to all plots
at both sites to suppress existing weeds in the field before
planting sorghum. Seeds of sorghum genotypes were planted
in both locations on June 6, 2017 with a 76-cm space between
rows and 7.6-cm space between plants, and 2.5 cm planting
depth at a rate of 172,000 seeds ha=! (Abit et al., 2011). The
experimental plots were 3 m wide and 6 m long with four
rows; the resistant or susceptible genotypes were planted in
the middle two rows along with two border rows planted with
Pioneer 84G62 to avoid herbicide drift from nearby treatments.
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POST application of tembotrione was made to individual plots
when the sorghum plants reached five-leaf stage (Roozeboom and
Prasad, 2019). Tembotrione treatments included 0, 92, 184, and
368 g ai ha~!. Herbicides were applied using a CO,-powered
backpack-type research sprayer equipped with TurboTee 11002
nozzles calibrated to deliver 140 L ha™! at 234 kPa. Experiments
were conducted in a randomized complete block design with
factorial arrangement with sorghum genotype and herbicide dose
as the two factors. All treatments were replicated four times at
each site. Sorghum response to herbicide treatments was visually
assessed 1, 2, 4, and 8 WAT using a scale of 0 (no visible
injury) to 100% (plant death) compared with the non-treated
plants. At physiological maturity, grain weight was measured
for each genotype. Three sorghum heads from each replication
were randomly collected for each genotype separately from all
treatments and dried in an oven at 60°C for 1 week. The dried
sorghum heads from each plant were subsequently threshed to
determine grain yield from a single plant.

Generation and Evaluation of F; and F»
Progeny

To study the inheritance and mapping of tembotrione resistance,
direct and reciprocal crosses were performed using tembotrione-
resistant (G-200 and G-350) and tembotrione-susceptible (S-1)
genotypes in a crossing nursery at KSU research farm, Ashland
Bottoms, KS. The crosses were made using the plastic bag method
(Rakshit and Bellundagi, 2019). The F; seeds were harvested
from individual plants. The F; progeny from S-1 x G-200 and
S-1 x G-350 were evaluated in a tembotrione dose-response
assay by treating the plants with 0, 23, 46, 92, 184, and 368 g
ai ha™! of tembotrione. A total of 10-12 F; plants from each
cross (S-1 x 200 and S-1 x 350) per dose were treated and the
true F; plants were differentiated from the selfed plants by their
response to tembotrione; hence, the susceptible (S-1) was used as
female parent, and the plants that were derived by selfing would
be killed at field recommended dose or higher. In addition, the
selfed plants that survived at low doses were identified by parental
phenotype and vigor and discarded.

Each plant was considered as an experimental unit with
eight replications per dose. The same procedure, as described
previously, was followed for tembotrione dose-response assay of
F; progeny. Three F; plants per cross that exhibited resistance
to tembotrione were selected to generate F, seeds by self-
pollination.

The F, progeny were evaluated under greenhouse conditions
with a single dose of tembotrione to determine the segregation
of resistant and susceptible plants. Approximately 150 seedlings
from a single F, family (total of two F, families) along with the
parents were raised in the greenhouse (as described previously
under the same growth conditions). The seedlings (five-leaf stage)
were treated with 276 g ai ha™! of tembotrione following the same
procedure as described previously. The response of F, plants was
assessed by visual injury rating (as described previously) at 2 and
3 WAT (Abit et al., 2009). Further, plants were grouped as highly
injured/dead (susceptible) or minor/no symptoms (resistant) at
4 WAT in comparison with the parental genotypes. In addition,

total leaf chlorophyll index was estimated in parents and F,
progeny on 3 and 4 WAT. Chlorophyll index was measured
at three different spots on the leaf blade along the length of
the youngest fully opened leaf using a self-calibrating soil plant
analysis development (SPAD) chlorophyll meter (Konica Minolta
SPAD 502 Chlorophyll Meter, Chiyoda City, Tokyo, Japan). The
chlorophyll index obtained from the three spots were averaged
and considered as a total leaf chlorophyll index. However, the
leaf chlorophyll index was recorded from the second run of S-
1 x G-200 F; evaluation which was used for the quantitative
trait loci (QTL) mapping experiment (described later in a
separate section).

HPPD-Gene Sequencing

The HPPD gene from G-200, G-350, and S-1 were sequenced
to determine if any target site alterations confer resistance to
tembotrione. Leaf tissue (three-leaf stage plants) was collected
from three plants (biological replicates) of each genotype grown
in the greenhouse as described previously and under similar
growth conditions. The genomic DNA was extracted using
GeneJET Plant Genomic DNA Purification Mini Kit (Thermo
Fisher Scientific, Waltham, MA, United States) following the
manufacturer’s instructions. The concentration of the DNA
samples was quantified using NanoDrop (Thermo Fisher
Scientific). The sorghum HPPD gene ~2 kb was amplified using
the primers Sg HPPD F (5 GACACGATGAATGCCCATGC
3’) and Sg HPPD R (5 AGAGAGATGACAGTACAGTGTTGT
3’) designed from Sobic.002G104200.1 in the sorghum
reference genome V3.1.1 (McCormick et al, 2017). PCR
was performed using T100 Thermal Cycler (Bio-Rad, Hercules,
CA, United States). The PCR mixture contained 50-80 ng of
gDNA, 0.5 wM each of forward, reverse primer, and 1 x of GoTaq
G2 Green Master Mix (Promega, Madison, WI, United States).
PCR amplification was done using the following PCR cycling
conditions: initial denaturation at 94°C for 5 min, followed
by 35 cycles of denaturation at 94°C for 30 s, annealing at
60°C for 45 s, extension at 72°C for 45 s, and final extension
at 72°C for 7 min. The PCR products were analyzed in 1.5%
agarose gel to confirm the targeted amplicon size and purified
using GeneJET PCR Purification Kit (Thermo Fisher Scientific,
Waltham, MA, United States). The PCR purified samples were
sequenced by Sanger sequencing service provided by GENEWIZ
(South Plainfield, New Jersey, United States). The sequences
were aligned using Clustal Omega multiple sequence alignment
tool (EMBL-EBI) to check for the mutations.

CYP-Inhibitor Study

To determine if CYP-mediated metabolism of tembotrione
confers resistance in G-200 and G-350 genotypes, experiments
were conducted using two CYP inhibitors, malathion and
PBO. The sorghum genotypes G-200, G-350, and S-1, along
with Pioneer 84G62 and a corn genotype B73, were grown
in the greenhouse (as described previously and under similar
growth conditions). Malathion (Spectracide malathion insect
spray concentrate; Spectrum Brands) at 0, 2,000, and 4,000 g
ai ha™! or PBO (Thermo Fisher Scientific, Waltham, MA,
United States) at 4,500 g ai ha~! along with 0.25% non-ionic
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surfactant (NIS) was applied 1 h before tembotrione treatment.
Soil drenching of 5 mM malathion 24 h after primary application
as a booster dose was given only for the malathion treatments.
Tembotrione was applied at 0, 92, 184, and 368 g ai ha™!
with 0.25% methylated soy oil. All the treatments were arranged
in a factorial design. The same procedure, as mentioned in
the earlier tembotrione dose-response assay, was followed for
chemical treatments (malathion, PBO, and tembotrione) and
data collection.

Genotyping by Sequencing (GBS)

A total of 150 plants of a single F, family derived from S-
1 x G-200 (mentioned as Run-2 in Table 4), along with parents,
were grown in the greenhouse as described previously and
under the same growth conditions. An equal amount (two 2-
cm leaf bits; ~150 mg) of leaf tissue was collected from all
plants in 96-deep-well plates. One 3.2-mm stainless steel bead
was added to each well and the leaf tissue was ground for
3 min at 20 cycles per second to obtain fine powder in a Mixer
Mill (Retsch GmbH, Haan, North Rhine-Westphalia, Germany).
Genomic DNA was extracted using the cetyltrimethylammonium
bromide (CTAB) method (Bai et al, 1999) with minor
modifications. The DNA concentration in the extracted samples
was quantified by FLUOstar Omega microplate reader (BMG
LABTECH, Ortenberg, Baden-Wiirttemberg, Germany) using
a Quant-iT PicoGreen dsDNA Assay Kit (Life Technologies,
Grand Island, NY, United States). Each sample was normalized
to contain 10 ng/pwl DNA using QIAgility Liquid Handling
System (Qiagen, Germantown, MD, United States) for library
construction. Approximately 150 ng of genomic DNA of each
sample was used to construct a library following the tGBS
protocol (Ott et al, 2017) with modifications, and the DNA
library was sequenced on the HiseqX 10 platform at Novogene
Corporation, Sacramento, CA, United States. Sequencing reads
were trimmed and de-barcoded using the pipeline described
in the previous tGBS study (Ott et al.,, 2017). Clean reads of
each sample were aligned to Sorghum bicolor genome (GenBank
accession GCA_000003195.3) (Paterson et al., 2009) using BWA
v0.7.12-r1039 (Li and Durbin, 2009) and unique mapped reads
were retained for variant discovery using HaplotypeCaller in
GATK v4.1 (McKenna et al.,, 2010). GATK SelectVariants with
parameters (-select-type SNP -restrict-alleles-to BIALLELIC -
select “QD > 10.0” -select “DP > 200.0”) was applied to
filter variants. The SNPs were converted to ABH format (“A”
represents resistant parent allele, “B” represents susceptible
allele, and “H” represents heterozygous allele) and only
polymorphic SNPs between the R and S genotypes were retained
using a custom-made Microsoft Excel template. The filtered
polymorphic SNPs were used for the construction of a linkage
map and QTL analysis.

Linkage and QTL Mapping

The linkage map was obtained using QTL IciMapping (version
4.5). The grouping and ordering of 606 polymorphic SNP
markers were carried out using the regression mapping algorithm
RECORD (REcombination Counting and ORDering) based
on recombination events between adjacent markers. Further,

rippling was done for fine-tuning of the ordered markers on their
respective chromosomes by the sum of adjacent recombination
fractions (SARF) algorithm with a default window size. The
QTL mapping for recovery (RE) and visual injury (VI) was
performed using the inclusive composite interval mapping
(ICIM) method with additive assumption was performed using
the QTL IciMapping (version 4.5) (Meng et al., 2015). The
logarithm of the odds (LOD) significance thresholds (P < 0.05)
were determined by running 1,000 permutations (Churchill and
Doerge, 1994). Previously reported QTLs for similar regions were
obtained from sorghum QTL Atlas (Mace et al., 2019). The QTLs
(q) were named based on the trait abbreviation followed by the
chromosome number.

Statistical Analysis
Dry biomass (% of non-treated) was calculated following the
formula:

Dry biomass (% of non — treated) =

Biomass of individual plant (g)

Average biomass of the non — treated plants of the genotype (g)
x 100

Tembotrione dose-response data expressed as dry biomass
(% of non-treated) or percent injury were subjected to non-
linear regression analysis using a three- or four-parameter log-
logistic model using a “drc” (Ritz and Streibig, 2005) package
in R (Development R Core Team, 2013) following Knezevic
et al. (2007) and Shyam et al. (2019) to estimate GRsy (dose
required for 50% growth reduction) or ID5 (dose required for
50% visual injury). A “Lack-of-fit” test was performed using
the “model fit” function of “drc” to assess the fit of data to
various regression models. Differences between the estimated
GRsp or IDsp values were tested with each other by t-test
using the “compParm” function in the “drc” package. The dose-
response curves were generated using the “plot” function in the
“drc” package.

ANOVA was performed following Fisher’s LSD test to separate
means and significance at P < 0.05 using the “agricole” package
in R (de Mendiburu, 2014). The plots were generated using
the “R” package “ggplot2” (Wickham and Wickham, 2007).
A x? goodness-of-fit test (Cochran, 1952) was used to fit to a
single dominant gene by comparing the observed and expected
segregation frequencies of tembotrione-resistant or tembotrione-
susceptible plants.

RESULTS

Identification of Tembotrione-Resistant

Genotypes

Among 317 genotypes from the SAP initially screened under
in vitro (tissue culture) conditions, 10 genotypes showed < 70%
tembotrione injury at 2 WAT with significant recovery by
4 WAT (Supplementary Table S1). One genotype, S-1, was
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found highly susceptible to tembotrione as these plants did not
survive tembotrione treatment. In response to the tembotrione
application at 92 g ai ha~! (field recommended dose of
tembotrione), under greenhouse conditions, out of the above 10
genotypes, only two, i.e., G-200 and G-350, showed the least
injury at 2 WAT (73 and 70%, respectively) and the smallest dry
biomass reduction at 3 WAT (25.36 and 25.77%, respectively)
(Supplementary Table S2). In the treated plants, the tembotrione
injury symptoms appeared by 2 WAT, after which in G-200 and
G-350, the symptoms dissipated, and plants started to recover.
However, leaf chlorosis and bleaching symptoms, typical of
tembotrione injury, were visible on all 10 genotypes at a variable
degree. The susceptible genotype, S-1, and Pioneer 84G62 (a
commercially used sorghum hybrid) exhibited 100 and 90%
injury with a biomass reduction of 2.69 and 11.63%, respectively
(Supplementary Table S2).

Tembotrione Dose-Response Assay

Based on the GRs values the resistant genotypes, G-200 and G-
350 required 215 and 154 g ai ha~! of tembotrione, respectively,
for 50% growth reduction which is higher than the field
recommended dose of 92 g ai ha~!, whereas Pioneer 84G62
and S-1 required only 22 and 36 g ai ha™! for the same level
of growth reduction. The GRsy values of G-200, G-350, and
Pioneer 84G62 were significantly different from S-1. Based on
GRs values, compared with S-1, the genotypes G-200, G-350,
and Pioneer 84G62 were ~10 x , 7 x , and 1.5 X more resistant,
respectively, to tembotrione (Figure 1 and Table 1).

Field Testing
The response of sorghum genotypes, G-200 and G-350, along
with S-1 and Pioneer 84G62, to POST application of tembotrione
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FIGURE 1 | Tembotrione dose-response curves obtained by non-linear
regression analysis of above-ground dry biomass of S-1 (susceptible), Pioneer
84G62 (commercial hybrid), G-200, and G-350 (resistant) using the
three-parameter log-logistic model.

TABLE 1 | Regression parameters describing the response of sorghum genotypes
to tembotrione under greenhouse and field conditions.

Genotype Greenhouse Field

GRs5 (SE) RI (R/S) D50 (SE) RI (R/S)
S-1 221 (3.4) 1 68.4 (14.3) 1.0
Pioneer 84G62 36.7 (5.6) 2 62.4 (51.0) 1.0
G-350 154.4 (68.8)** 7 96.6 (17.8)* 1.5
G-200 215.2 (160)* 10 129.6 (71.8)** 2.0

GRsp, dose required for 50% growth reduction; IDso, dose required for 50%
visual injury; SE, standard error; Rl, resistance index; R/S, resistant/susceptible.
Significantly different from S-1 at *p < 0.05, *p < 0.01.
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FIGURE 2 | Tembotrione dose-response curves representing the percent
injury of S-1 (susceptible), Pioneer 84G62 (commercial hybrid), G-200, and
G-350 (resistant genotypes) in response to different doses of tembotrione at
2 weeks after treatment under field conditions.

was tested under field conditions at two sites, Manhattan
and Hays, KS. Because site by herbicide dose interaction was
non-significant, data for tembotrione injury and yield were
pooled and averaged across the two sites. In response to the
tembotrione (POST) application, sorghum genotypes showed leaf
chlorosis and bleaching symptoms followed by necrotic lesions
in susceptible plants. The tembotrione injury was visible on
all four sorghum genotypes at 1 WAT. A dose-response curve
was generated using the injury ratings at 2 WAT. Based on
percent injury at 2 WAT and IDs5( values, the genotype G-200
required the highest dose (129 g ai ha™!) of tembotrione followed
by G-350 (96 g ai ha™!) genotype. Susceptible genotypes S-1
(62 g ai ha=') and Pioneer 84G62 required the lowest dose of
tembotrione (68 g ai ha™!) that caused 50% injury (Figure 2 and
Table 1). Days required for 50% recovery (EDsp) from herbicide
damage was also calculated. The genotypes, G-200 and G-350,
recovered with no injury symptoms by 6 WAT at all doses of
tembotrione, whereas Pioneer 84G62 and S-1 took 8 weeks for
recovery from 1 x and 2 x of application dose, and S-1 did
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TABLE 2 | Recovery (EDsp) and single plant yield (% of non-treated) in response to different doses of tembotrione under field conditions (EDsq: days required

for 50% recovery).

Herbicide dose (g ai ha=1) EDs5g (SE) Yield (%)

S-1 Pioneer 84G62 G-350 G-200 S-1 Pioneer 84G62 G-200 G-350
0 - - - 100a 100a 100a 100a
92 28 (6) 23 (2) 2 (3¢ 18 (1) 53.7de 68.5cd 95.3ab 99.8a
184 30 (10) 25 (3) 21 (2)* 20 (1) 19.4g 45.4cd 72.2cd 78.0bc
368 - 27 (1) 21 @) 9 (1) - 14.69 25.3fg 33.3fg

Significantly different from S-1 at *p < 0.05. Numbers with different letters are significantly different; numbers with the same letters are not significantly different.
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FIGURE 3 | (A) The response of S-1 (susceptible), G-200, G-350 (resistant), and corn to field recommended dose tembotrione (92 g ai ha~ ") (T) or malathion
treatments (M1: 2,000 g ai ha~'; M2: 4,000 g ai ha—") followed by field recommended dose tembotrione. NT: non-treated. (B) Above-ground dry biomass of
sorghum genotypes when pre-treated with malathion or different doses of tembotrione. The error bars represent the standard error (n = 8); different alphabets
indicate a significant difference between treatments (p < 0.05).

not survive 4 x dose of tembotrione (Table 2). In response
to 1 x dose of tembotrione, no significant reduction in grain
yield of G-200 and G-350 was found, whereas the susceptible
genotypes, S-1 and Pioneer 84G62, showed ~40 and 30% grain
yield reduction (Table 2) compared with no treatment. However,
when treated with 2 x and 4 x doses of tembotrione, grain yields
were significantly reduced in all genotypes (Table 2).

Mechanism of Tembotrione Resistance

Upon sequencing the HPPD gene from G-200, G-350, and S-
1, no mutations were identified in the coding region of the
HPPD gene (Supplementary Data 1), suggesting that no target
site alterations confer resistance to tembotrione in G-200 or G-
350. In response to malathion or PBO followed by tembotrione
treatments, G-200 and G-350 exhibited significant biomass
reduction compared with plants treated with tembotrione alone.
Malathion or PBO without tembotrione treatment had no effect
on the sorghum genotypes tested (Figures 3, 4). The corn

inbred line B73 (known to be resistant to tembotrione) did
not show any significant biomass reduction at 92 or 184 g
ai ha™! of tembotrione application (Figure 3A); however, it
exhibited a significant reduction in biomass in response to
pre-treatment with malathion followed by 184 and 368 g ai
ha=! of tembotrione (Figure 3B). The genotype G-200 treated
with malathion followed by 92, 184, and 368 g ai ha™!
showed more than 50% reduction in biomass compared with
plants treated only with tembotrione. There is no significant
difference in biomass accumulation when treated with 2,000 or
4,000 g ai ha™! of malathion, except in malathion followed by
368 g ai ha~! tembotrione treatment (Figure 3B), whereas G-
350 showed significant biomass reduction only when treated
with malathion followed by 92 g ai ha=! tembotrione. The
susceptible genotype, S-1, showed significant growth reduction
at all doses of tembotrione or when pre-treated with malathion
(Figure 3B). The corn B73 exhibited significant biomass
reduction in response to PBO, followed by 92, 184, and 368 g
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FIGURE 4 | (A) The response of S-1 (susceptible), G-200, G-350 (resistant), and corn to field recommended dose of tembotrione (92 g ai ha~") (T) or piperonyl
butoxide (PBO) treatment (M1: 4,500 g ai ha~ ') followed by field recommended dose tembotrione. NT: non-treated. (B) Above-ground dry biomass of sorghum
genotypes when pre-treated with PBO or different doses of tembotrione. The error bars represent the standard error (n = 8); different alphabets indicate a significant
difference between treatments (p < 0.05).

ai ha=! of tembotrione treatment (Figures 4A,B). Both G-
200 and G-350 genotypes also showed a significant reduction
in biomass when pre-treated with PBO followed by all doses
of tembotrione. The S-1 was susceptible to all treatments
applied (Figure 4B).

Inheritance of Tembotrione Resistance

The F; progeny of S-1 x G-200 and S-1 x G-350 showed
an intermediate response relative to parents when treated with
several doses of tembotrione. The GRsy of S-1 x G-200 and
S-1 x G-350 were estimated at 104 and 117 g ai ha™l,
respectively, which were less than their respective tembotrione-
resistant parents, i.e., G-200 (218 g ai ha=!) and G-350 (172 g
ai ha~!) (Figures 5, 6 and Table 3), suggesting that tembotrione
resistance is a partially dominant trait. The F, progeny exhibited
a continuous variation for tembotrione injury and recovery.
Therefore, to perform a x>2-test frequency of segregation of
tembotrione resistance or susceptibility in F, progeny, the plants
that had more than 80% tembotrione injury were grouped as
susceptible and others as resistant. The observed segregation
of resistant:susceptible (R:S) ratios from both the crosses did
not comply with the expected ratios of 3:1 (R:S) for a single
gene inherited trait, indicating that more than one gene is
involved in tembotrione resistance in G-200 or G-350 genotypes
of sorghum (Table 4).

Mapping Tembotrione Resistance

To map the genomic loci controlling tembotrione resistance, a
total of 208,376 SNPs were obtained using GBS from 150 F,
progeny (S-1 x G-200) and parents (S-1, G-200). A subset of
1,954 SNP markers polymorphic to both parents with less than
30% missing values were retained. Further, filtering for missing
rate (> 90%), strong segregation distortion, marker distribution,
and redundant markers resulted in a total of 696 markers that
were used for construction of a linkage map. The map of 1,021 cM
was prepared which had an average distance of 1.7 cM between
two adjacent markers. A total of three QTLs on chromosomes
2, 4, and 8 were mapped with a high LOD score (LOD > 3)
(Figure 7 and Table 5) for two traits, RE, i.e., difference between
leaf chlorophyll index at 2 and 4 WAT, and visual scoring
at 2 WAT VI obtained from 150 F, plants (Supplementary
Figure S1). The LOD score of detected QTLs ranged from 3.0
to 6.0 and the phenotypic variations explained (PVE) values
ranged from 9 to 44%.

DISCUSSION

Identification and Characterization of

Tembotrione-Resistant Sorghum
Tembotrione, an HPPD inhibitor, is widely used in corn for
POST control of both grasses and broad-leaved weeds, but not
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FIGURE 5 | Tembotrione dose-response curves representing the
above-ground dry biomass of S-1 (susceptible), F1 (S-1 x G-200), Fq
(S-1 x G-350), and G-200, G-350 (resistant) using the four-parameter
log-logistic model.

registered for use in sorghum due to crop injury (Damalas
et al., 2018). In this study, we identified two sorghum genotypes,
G-200 and G-350, with a high level of resistance and one
genotype S-1 susceptible to tembotrione from SAP. Even though
cultivated sorghum hybrids are susceptible to tembotrione,
variable levels of responses were reported in sorghum germplasm
upon treatment with tembotrione (Cunha et al., 2016). The
genotypes, G-200 and G-350, were found ~10-fold and 7-fold
more resistant, respectively, under greenhouse and ~2-fold more
resistant under field conditions as compared with S-1 and Pioneer
84G62 (Table 1). In susceptible genotypes, the application of
tembotrione causes foliar bleaching and leaf necrosis followed
by complete plant death (Galon et al, 2016). Interaction of
genotypes with environmental factors such as rainfall, soil type,
and weather conditions plays a key role in plant response to
HPPD inhibitors (Bollman et al., 2008), which may explain the
difference in the level of resistance between greenhouse and
field conditions. Variation in the efficacy of HPPD inhibitors
in response to environmental factors such as temperature and
relative humidity were reported in several weeds (Johnson and
Young, 2002; Godar et al., 2015). However, in both greenhouse
and field conditions, G-200 and G-350 survived the field dose
of tembotrione, whereas S-1 or Pioneer 84G62 were severely
injured (Table 1).

Mechanism of Tembotrione Resistance

The natural resistance to tembotrione in G-200 and G-350
appears to be not conferred by any alteration to the molecular
target of this herbicide, i.e., HPPD gene, because no difference in
HPPD gene sequence was found between the resistant (G-200 and
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FIGURE 6 | Response of parents S-1 (susceptible), G-200, G-350 (resistant),
F1 (S-1 x G-200), and Fy (S-1 x G-350) to different doses of tembotrione.

G-300) or susceptible (S-1) genotype (Supplementary Data S1).
Likewise, no naturally evolved mutations in the HPPD gene that
confer resistance to HPPD inhibitors were found in plants (Lu
et al,, 2020). Nonetheless, recently, soybean varieties resistant to
HPPD inhibitors were developed through transgenic technology
by inserting an insensitive HPPD gene (Sichl et al, 2014;
Dreesen et al., 2018).

The CYP enzymes are known to metabolize HPPD inhibitors
such as mesotrione (Ma et al., 2013; Nakka etal., 2017),
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TABLE 3 | Regression parameters describing the response of sorghum genotypes
and their F1 progeny to tembotrione under greenhouse conditions.

Genotype GRs5g (SE) RI (R/S)
S-1 36 (4) 1.0
S-1 x G-200 104 (27)™ 28
S-1 x G-350 117 (25)™ 3.2
G-350 172 (33)™ 4.0
G-200 218 (60)** 6.0

GR:sp, dose required for 50% growth reduction; SE, standard error; R, resistance
index; R/S, resistant/susceptible. Significantly different from S-1 at *p < 0.01.

TABLE 4 | Chi-square analysis of the segregation of tembotrione-resistant (R) and
tembotrione-susceptible (S) phenotypes in sorghum F» progeny at 4 weeks
after treatment.

Cross Run Total R S P-value

S-1 x G-200 1 200 168 32 0.0032**

2 150 124 26 0.0372*

Runs 1and 2 combined 350 292 58 0.0003**

S-1 x G-350 1 220 197 23 0.0000**
Significantly different at **p < 0.01, *p < 0.05.

tembotrione (Kiipper et al, 2018), or topramezone

(Elmore etal.,, 2015) in naturally evolved resistant weed
biotypes. In this research, the genotypes G-200 and G-350
exhibited significant biomass reduction in response to pre-
treatment with CYP inhibitors, malathion, or PBO followed
by tembotrione application, suggesting that tembotrione is
metabolized by CYP activity (Figures 3, 4). Similarly, the use
of these inhibitors, followed by tembotrione, showed ~10%
more biomass reduction compared with tembotrione alone
treatments in a tembotrione-resistant common waterhemp
population (Oliveira et al., 2018). Metabolism of tembotrione
by hydroxylation followed by glycosylation, catalyzed by CYPs,
has also been reported in a tembotrione-resistant Palmer
amaranth biotype (Kiipper et al., 2018). Furthermore, RNA-Seq
analysis revealed differential expression of several CYP genes,
for example, three to fourfold upregulation of CYP72A219 and
CYPSIES, respectively, was found in the same aforementioned
tembotrione-resistant Palmer amaranth biotype (Kiipper, 2018).
In corn, multiple CYPs located in nsfl locus were found to
metabolize tembotrione, mesotrione, as well as other herbicides
(Williams and Pataky, 2010).

Inheritance of Tembotrione Resistance in

Sorghum

Based on the response of F; progeny (S-1 x G-200 and S-
1 x G-350) to tembotrione treatment, we found that the
tembotrione resistance in G-200 and G-350 is a partially
dominant trait (Figures 5, 6 and Table 3). Furthermore, F,
data demonstrated that this resistance is controlled by multiple
genes (Table 4). Genetic analyses of sweet corn inbred lines
revealed a single recessive allele controlling the sensitivity to
tembotrione (Williams and Pataky, 2008). The genetic basis
of tembotrione resistance is not extensively studied in plants;

however, mesotrione (another widely used HPPD inhibitor)
resistance in several common waterhemp populations across US
Midwest (Huffman et al., 2015; Kohlhase et al., 2018; Oliveira
et al., 2018) was found to be inherited by a partially dominant
polygenic trait.

QTL Mapping

We mapped three QTLs associated with tembotrione resistance
on chromosomes 2, 4, and 8 using the sequence data from
150 F, plants from S-1 x G-200 cross (Figure 7). To our
knowledge, this is the first report of QTLs associated with
tembotrione resistance in grain sorghum. The QTL mapped
using RE were previously reported for other traits in sorghum
related to chlorophyll fluorescence (Fiedler et al., 2014) and
photochemical quenching (Ortiz et al., 2017; Table 5); the QTLs
mapped on chromosomes 2 and 4 using VI were novel QTLs
and not previously reported for any other trait. The QTLs need
to be tested in multiple environments with more number of
F, plants and markers to improve the estimation accuracy, and
experiments are in progress to further fine map and identify
the precise location of the gene(s) responsible for tembotrione
resistance in grain sorghum.

As mentioned earlier, our data indicate that the tembotrione
resistance is a polygenic trait, and such traits can express
differently in different genetic backgrounds. Therefore,
tembotrione resistance can potentially be improved by
crossing G-200 and G-350 or with other commercial genetic
backgrounds. Such work has been reported to enhance
the performance of quantitative traits in different genetic
backgrounds and environmental conditions such as drought
(Reddy et al.,, 2009), stay green (Subudhi et al., 2000), cold
tolerance (Knoll and Ejeta, 2008), and vyield (Nagaraja-
Reddy et al., 2013) in grain sorghum. Therefore, there is
enormous potential for improving tembotrione resistance
by testing the expression of this trait in different genetic
backgrounds and for the development of tembotrione-resistant
sorghum varieties.

Because sorghum can outcross with closely related wild
and weedy species, such as johnsongrass or shattercane, one
of the major concerns of the development of herbicide-
resistant sorghum varieties has been a natural transfer of
such resistance into these weed species (Ohadi et al., 2017).
However, recent reports suggest that the outcrossing rate of
sorghum with johnsongrass was as low as ~1% under controlled
conditions (Hodnett et al., 2019) and 2-16% with shattercane
under field conditions (Schmidt et al, 2013). Although the
possibility of outcrossing is minimal, if an herbicide resistance
trait escapes into the wild species, necessary stewardship
practices must be developed and integrated into sorghum weed
management practices.

In conclusion, we have identified sorghum genotypes (G-200
and G-350) with natural resistance to tembotrione from the
SAP, which can potentially be used to introgress the tembotrione
resistance into breeding lines by conventional or marker-assisted
breeding methods. CYP-inhibitor assay suggested CYP-mediated
metabolism of tembotrione in the resistant genotypes. Genetic
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FIGURE 7 | Quantitative trait loci (QTLs) detected from analysis of 150 plants from a single Fo family of S-1 x G-200 for different traits: (A) recovery (RE); (B) visual
injury 21 days after treatment (V).

TABLE 5 | Quantitative trait loci (QTLs) detected for the recovery (RE) and visual injury 3 weeks after treatment (V1) along with logarithm of the odds (LOD) and phenotypic
variation explained (PVE) explained by QTLs.

Trait QTL Left marker Right marker LOD PVE (%) Add Previously reported trait References
RE gRE8.1 Ch8_20217087 Ch8_20519857 4.32 44.35 —1.97 Efficiency of PSII reaction Fiedler et al., 2014; Ortiz et al.,
centers, chlorophyll 2017
fluorescence
Vi qVvi4.0 Ch4_46023941 Ch4_48400958 6.20 21.23 17.18 - -
VI qVi2.1 Ch2_45821038 Ch2_46847104 3.15 9.71 11.79 - -
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analyses of F; and F, progeny demonstrated that the resistance
is a partially dominant polygenic trait. Furthermore, GBS-based
QTL mapping revealed three QTLs associated with tembotrione
resistance in grain sorghum. Future research needs to be focused
on incorporating the resistant trait with elite breeding varieties,
testing the hybrid performance, and improving herbicide
resistance in high yielding and stress tolerance hybrids.
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Genome-Wide DArTSeq Genotyping
and Phenotypic Based Assessment
of Within and Among Accessions
Diversity and Effective Sample Size in
the Diverse Sorghum, Pearl Millet,
and Pigeonpea Landraces

Victor Allan ", Mani Vetriventhan®', Ramachandran Senthil?’, S. Geetha’,
Santosh Deshpande?’, Abhishek Rathore?, Vinod Kumar?', Prabhat Singh?,
Surender Reddymalla®’ and Véania C. R. Azevedo #**

" Centre for Plant Breeding and Genetics, Tamil Nadu Agricultural University (TNAU), Coimbatore, Indiia, ? International Crops
Research Institute for the Semi-Arid Tropics (ICRISAT), Hyderabad, India

Germplasm should be conserved in such a way that the genetic integrity of a given
accession is maintained. In most genebanks, landraces constitute a major portion of
collections, wherein the extent of genetic diversity within and among landraces of crops
vary depending on the extent of outcrossing and selection intensity infused by farmers.
In this study, we assessed the level of diversity within and among 108 diverse landraces
and wild accessions using both phenotypic and genotypic characterization. This included
36 accessions in each of sorghum, pearl millet, and pigeonpea, conserved at ICRISAT
genebank. We genotyped about 15 to 25 individuals within each accession, totaling
1,980 individuals using the DArTSeq approach. This resulted in 45,249, 19,052, and
8,211 high-quality single nucleotide polymorphisms (SNPs) in pearl millet, sorghum,
and pigeonpea, respectively. Sorghum had the lowest average phenotypic (0.090) and
genotypic (0.135) within accession distances, while pearl millet had the highest average
phenotypic (0.227) and genotypic (0.245) distances. Pigeonpea had an average of
0.203 phenotypic and 0.168 genotypic within accession distances. Analysis of molecular
variance also confirms the lowest variability within accessions of sorghum (26.3%)
and the highest of 80.2% in pearl millet, while an intermediate in pigeonpea (57.0%).
The effective sample size required to capture maximum variability and to retain rare
alleles while regeneration ranged from 47 to 101 for sorghum, 155 to 203 for pearl
millet, and 77 to 89 for pigeonpea accessions. This study will support genebank
curators, in understanding the dynamics of population within and among accessions,
in devising appropriate germplasm conservation strategies, and aid in their utilization for
crop improvement.

Keywords: DArTseq, within accession diversity, effective population size, landraces, pearl millet, pigeonpea,
regeneration, sorghum
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INTRODUCTION

Plant genetic resources include landraces, wild and weedy
relatives, improved cultivars, etc. which are of potential value as a
resource for present and future generations of people. Landraces
occupy a major portion in collections conserved in genebanks.
Landraces possess a multifaceted evolutionary history and a vast
diversity, primarily associated with humans, also influenced by
both natural and farmers’ informal selections (Hawkes, 1983).
The high variability and genetic diversity of landraces are well-
known. Harlan (1965) reported the gene-flow from weeds to
landraces and several other authors (Ellstrand et al., 1999; Jarvis
and Hodgkin, 1999; Messeguer, 2003; Gompert and Buerkle,
2016) reported the transfer and diffusion of genes into landraces
from various sources in both self and out-crossing species. Harlan
(1971) emphasized landraces as genetically dynamic populations,
and a result of millennia of artificial and natural selection, also
Hawkes (1983) described landraces as highly diverse populations
or a mixture of heterogenous genotypes, and several other
authors proposed various definitions to landraces, explaining
their heterogeneity and genetic nature (Brown, 1978; Martin
and Adams, 1987; Astley, 1991; Michaelis et al.,, 1991). Brown
(1978), Bellon (2009), and Frankel and Soulé (1981) explained
the occurrence of within and between population genetic
variation in landrace populations and further explained the
within-population diversity is mainly an effect of heterogeneity
over space and time. Many pieces of literature are available
emphasizing the high variability in landraces, however, only a few
studies are available investigating diversity within individuals of
landrace accessions that are conserved in genebanks (Busso et al.,
2000; Bhattacharjee et al., 2002), while few other studies focused
on diversity within landrace populations conserved in situ (Dje
etal., 1999; Pressoir and Berthaud, 2004; Dreisigacker et al., 2005;
Al Khanjari et al., 2007; Jones et al., 2008; Hagenblad et al., 2012;
Kyratzis et al., 2019).

Therefore, understanding the diversity within landraces is
essential to make sure that, in genebanks the genetic integrity
of a given accession is maintained with its innate variability
and diversity without losing any rare allele variants. The major
cause for allele loss in genebank accessions is genetic drift
when accessions are regenerated with small sample sizes (Crossa,
1995). Mode of pollination being the key factor governing the
frequencies of alleles within different individuals of a population,
it influences the variability, quantum of diversity, gene flow and
population dynamics behind evolution. Hammer et al. (1996)
explained the effect of mode of pollination on genetic erosion
of landraces, Zeven (1998) explained the attainment of gradual
homozygosity within inbreeding landrace populations, and Villa
et al. (2005) explained the influence of mode of reproduction in
alteration of genetic structure of landraces. Genebanks exercise
various scientific strategies to preserve the inherent genetic
variability within each accession with theoretical foundations of
various population genetic considerations, mainly the mode of
reproduction, allelic frequencies, distribution of allelic variations,
the proportion of rare alleles, etc. to maintain the genetic integrity
of an accession. Rare alleles, however, are easily susceptible to
random genetic drifts and can be lost permanently (Ramanatha

Rao and Hodgkin, 2002) when handled with inadequate scientific
knowledge about the underlying population dynamics. Thus,
appropriate conservation strategies with statistically estimated
population sizes should be followed. In this study, we have chosen
three crops that differ in pollination behavior, including highly
cross pollinated pearl millet (>85%) (Burton, 1983), and often-
cross pollinated sorghum (about 18%) (Barnaud et al., 2008) and
pigeonpea (about 30%) (Saxena et al.,, 1990), to comparatively
assess the within and between accession diversity. Landraces of
these crops possess large variability within accessions, therefore
chosen for this study.

Classical molecular markers used to assess the genetic
diversity in these crops included SSR (Budak et al., 2003;
Chandra-Shekara et al., 2007; Bashir et al, 2015), RFLP
(Bhattacharjee et al., 2002; Govindaraj et al., 2009), ISSR (Kumar
et al., 2006; Animasaun et al., 2015), RAPD (Chowdari et al.,
1998; Chandra-Shekara et al., 2007), SRAP (Xie et al., 2010), etc.
However, these molecular markers had constrains such as high
cost of genotyping per sample and most of these technologies
are gel-based and lacked the ability to rapidly analyze large
number of marker loci. Recent technological developments in
high throughput genotyping overcame these limitations and
technologies like DArTSeq, by combining DArT (Diversity Array
Technology) with NGS (Next Generation Sequencing), offered
the flexibility of genome-wide characterization of germplasms,
even without prior sequence information, parallelly providing
a low-cost platform for high throughput marker genotyping.
Several studies using DArTSeq on diversity and population
structure assessments have been reported on various crops
evidencing the potential scope of this technology in diversity
assessment (Pailles et al., 2017; Raman et al., 2017; Barilli
et al.,, 2018; Edet et al., 2018; Ndjiondjop et al., 2018). What
makes DArTSeq to stand apart from other GBS (Genotyping
By Sequencing) techniques is their method of complexity
reduction that are targeted over the genomic coding regions
and the additional advantage of genotyping without prior
sequence information extents its scope even toward the under
researched wild accessions. It also offers relatively better genome
coverage with high reproducibility as DArTSeq is performed
at higher sequencing depths and uses strict filtering criterions,
it generates markers with less missing data compared to other
GBS approaches.

With these background, this study aims (i) to assess genotypic
(DArTSeq) and phenotypic characterization of geographically
representative diverse sorghum, pearl millet, and pigeonpea
landraces and wild accessions to comparatively investigate the
extent of diversity within and among accessions, and (ii) to
assess the minimum sample (population) size required to capture
95% of the alleles with an expected probability of 95%, from
the least frequent allele or from the frequency of the rarest
allele for each accession. The scope of this study aims to benefit
genebank curators in understanding the dynamics of population
within and among accessions, and devising proper sampling
strategies (sample size) while regeneration, for effective genebank
management and for their utilization in crop improvement. To
the best of our knowledge, this study is the first of its kind,
and no studies were found utilizing NGS for investigating within
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accession diversity and sample size estimations, particularly for
sorghum, pigeonpea, and pearl millet.

MATERIALS AND METHODS

Plant Material

This study investigated a total of 108 geographically
diverse accessions of sorghum, pearl millet, and pigeonpea
(Supplementary Tables 1-3) (Figure 1), conserved at ICRISAT
genebank. Accessions of sorghum included 31 landraces and
5 wild accessions, collected from 26 different countries from
5 different continents, consisted of all the 5 basic races and
all 10 intermediate races as classified by Harlan and de Wet
(1972). Accessions of pearl millet consisted of 33 landraces and
3 wild accessions, collected from 19 different countries from 2
different continents, and accessions of pigeonpea included 36
landraces collected from 34 different countries from 5 different
continents. All these 108 accessions were raised in fields during
post-rainy 2018 at ICRISAT, Hyderabad, for phenotypic and
genotypic characterization. Sorghum accessions were sown on
black soil, whereas pearl millet and pigeonpea were sown on red
soil. Accessions of sorghum occupied three-rows of 9m length,
spaced 75cm between rows, with a plant-to-plant spacing of
about 10 cm. Accessions of pear]l millet were laid in 4-meter rows,
with each accession occupying 4 rows, spaced 75cm between

rows and 10cm between plants. Each accession of pigeonpea
occupied two rows of 9-meter length, spaced ~75cm between
rows and 50 cm between plants.

DNA Extraction, Complexity Reduction and
Genotyping

Individual plants within each accession of sorghum, pearl millet,
and pigeonpea were labeled with unique plant ID, and leaf
samples were collected from 15 plants in each accession of
sorghum and pigeonpea, and 25 plants from each accession of
pearl millet, totaling a 540, 900 and 540 samples in sorghum,
pearl millet, and pigeonpea respectively. Leaf samples were
collected from 15 days old seedlings of sorghum and pearl millet,
and 2-month old seedlings of pigeonpea. Collected leaf samples
were sealed in zip lock bags or collected using the PCR plates
with corresponding plant ID for each sample and packed with
ice cubes, and sent for DNA extraction on the same day. The
DNA extraction was carried out following the procedure reported
by Mace et al. (2003) and the extracted genomic DNA samples
were sent to DArT Private Limited in Canberra, Australia (www.
diversityarrays.com) for DArTSeq genotyping.

SNP Filtering

The SNP markers from DArTSeq were filtered with a maximum
threshold of 95% reproducibility, 80% call rate for markers, and
50% missing values over samples. The SNPs were not filtered for

FIGURE 1 | Geographical distribution of the sorghum, pigeonpea, and pearl millet accessions used in this study over continents.

. Sorghum A\ Pigeonpea ’ Pear| millet
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minor allele frequencies (MAF) in order to preserve the rare allele
variants, which have the main part of the focus in this study.

Phenotypic Evaluation

To capture maximum phenotypic variability, all the individual
plants within each accession were labeled with unique plant
ID and data on both qualitative and quantitative traits
(Supplementary Table 4) were recorded for all the 3 crops
following the respective crop descriptors (IBPGR and ICRISAT,
1993a,b,c), throughout the growing season. In this study, a large
number of plants including those plants that were used for
DArTSeq and also plants that were not sampled for DArTSeq
were phenotyped. The total plant count for each accession
ranged from 115 to 234 in sorghum, 51 to 116 in pearl millet.
However, in pigeonpea, only 35 accessions had plant count over
10. Two accessions of pigeonpea had a plant count of <14, and
remaining accessions had plant counts between 21 and 33. Thus,
only data from the 35 accessions of pigeonpea was used for
phenotypic analysis.

Phenotypic Data Analysis

Descriptive statistics such as mean, standard deviation, and
standard error were computed for quantitative traits to assess
the spread and distribution of the data. Preliminary analysis
of phenotypic data included investigating diversity among
accessions using the mean and range values. This was followed
by post-hoc tests, which included Student Newman Keuls test
(Newman, 1939; Keuls, 1952) and Levene’s test (Levene, 1960)
to verify statistical significance between means and homogeneity
of variances, respectively. Gower distance metric (Gower, 1971)
was used for within accession diversity assessment using both
quantitative and qualitative data. Pairwise distances between
individual plants were subjected to the ward.D2 agglomerative
clustering algorithm (Murtagh and Legendre, 2014) with 100
bootstraps. The same set of analyses were applied to all three
crops. R software v.3.6.0 (R Core Team, 2019) was used with R-
CRAN packages like “cluster” (Maechler et al., 2019) for Gower’s
distance computation, “fpc” (Hennig, 2020) and “pvclust” (Suzuki
etal., 2019) for bootstrapped clustering, “car” (Fox and Weisberg,
2019) and “agricolae” (de Mendiburu, 2013) for SNK test and
Leveness test, respectively.

Genotypic Data Analysis

DArTSeq derived SNP data after filtering were used for analysis.
Analysis of Molecular Variance (AMOVA) was computed
as proposed by Excoffier et al. (1992), which partitioned the
total variance into within and among population variance
components. AMOVA was carried out considering each
accession (with 15 or 25 individuals) as a separate population.
For testing the significance, results of AMOVA were subjected
to Monte Carlo’s estimate of p-values with 99 permutations.
Heterozygosity was estimated as reported by Nei (1973). For
diversity assessment, Euclidean based modified Roger’s distance
metric (Goodman and Stuber, 1983) was used and distances
between individual plants were computed, which was followed
by ward.D2 agglomerative clustering (Murtagh and Legendre,
2014) and a dendrogram was produced. The “clusterboot”

function from the R-package “fpc” (Hennig, 2020) and the
“aboot” function from the R-package “poppr” (Kamvar et al.,
2015) were used to evaluate the clusters with 100 bootstraps.
Shannon diversity (H’) (Shannon, 1948) was calculated for each
accession using the formula,

A
H == p;log,(pi)

a=1

« _»

Where p; is the estimated frequency of the allele “a” on the whole
sample and A is the total number of alleles in the sample.

Population structure was assessed by DAPC (Discriminant
Analysis of Principle Components) using posterior membership
probabilities while assessing the membership stability by
estimation of a-scores. Phenotypic and genotypic distance
matrices were subjected to Mantel’s correlation with permutation
tests (Mantel, 1967). The minimum seed sample size required to
capture 95% of alleles within an accession with a 95% certainty,
during sampling for regeneration, was calculated as reported by
Crossa (1989) for each accession. Considering the rarest biallelic
locus (SNP), two alleles B; and B, with frequencies of pjand p»,
so that (p; + p» = 1), the two possible outcomes will be,

ki = By is not represented in the sample of n gametes

ky = B, is not represented in the sample of n gametes

Thus the probability of getting at least one copy of the each B;
and B, will be P (ki Nk ),

PNk =1—(1—p1)" = (1= p2)"

All the above-mentioned analyses were performed using R
software v.3.6.0 (R Core Team, 2019). Custom scripted
codes were used for filtering, distance matrix, heterozygosity
estimations, and seed sample size computations, also packages
from R- CRAN and GitHub like “adegenet” (Jombart, 2008) and
“ade4” (Dray et al., 2007) were used for computation of AMOVA
and Mantel’s test, respectively.

RESULTS
Phenotyping

Descriptive Statistics and post-hoc Tests

The variations in the mean and range estimates indicated
considerable variability among landraces and wild accessions of
sorghum, pearl millet and pigeonpea. The SNK test indicated
significant (p < 0.05) mean differences among accessions
(Supplementary Table 5). Levene’s test indicated heterogeneous
variances for all the quantitative traits in sorghum, pearl millet,
and pigeonpea (Supplementary Table 6).

Phenotypic Diversity: Within and Between
Accessions

The Gower’s phenotypic distance matrix (Gower, 1971) was
computed to obtain pairwise distances between plants of all the
accessions. Within accession distances varied from 0.038 to 0.141,
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0.145 to 0.271, and 0.071 to 0.410 for sorghum, pearl millet, and
pigeonpea, respectively (Table 1). In sorghum IS 13215 (0.141)
had the maximum mean within accession distance followed by IS
31637 (0.136) and IS 27325 (0.136), and the accession IS 12919
(0.038) showed the lowest within accession distance followed

by IS 13065 (0.046) and IS 2134 (0.048). In pearl millet, IP
12138 (0.271) showed the maximum within accession distance
followed by the accessions IP 13112 (0.270) and IP 8761 (0.268),
whereas the accession IP 21640 (0.145) had the lowest within
accession distance followed by IP 22039 (0.159) and IP 21752

TABLE 1 | Mean phenotypic distances within and between accessions of sorghum, pigeonpea, and pearl millet.

Sorghum Pigeonpea Pearl millet
Accession Within accession Distance from Accession  Within accession Distance from Accession  Within accession Distance from
number distances other number distances other number distances other
accessions accessions accessions

IS 12919 0.038 0.387 ICP 7035 0.071 0.351 IP 21640 0.145 0.302
IS 13065 0.046 0.318 ICP 11485 0.092 0.335 IP 22039 0.159 0.289
IS 2134 0.048 0.349 ICP 9124 0.094 0.314 IP 21752 0.162 0.317
IS 22407 0.050 0.335 ICP 9150 0.107 0.388 IP 6434 0.194 0.249
IS 22606 0.055 0.402 ICP 14059 0.120 0.316 IP 9446 0.205 0.259
IS 2348 0.060 0.364 ICP 13828 0.125 0.292 IP 11577 0.206 0.256
IS 14485 0.065 0.368 ICP 13628 0.132 0.252 IP 3616 0.207 0.247
IS 33844 0.069 0.342 ICP 11480 0.134 0.293 IP 13459 0.207 0.249
IS 32263 0.070 0.325 ICP 9877 0.143 0.285 IP 3389 0.207 0.245
IS 29605 0.073 0.318 ICP 7057 0.158 0.298 IP 5900 0.210 0.249
IS 13068 0.076 0.323 ICP 14296 0.179 0.263 IP 9824 0.212 0.269
IS 22428 0.076 0.346 ICP 13415 0.180 0.294 IP 10085 0.218 0.255
IS 35474 0.077 0.308 ICP 11491 0.181 0.275 IP 5441 0.218 0.257
IS 11005 0.077 0.365 ICP 9122 0.181 0.284 IP 11984 0.221 0.268
IS 18833 0.087 0.390 ICP 13575 0.189 0.269 IP 18147 0.223 0.269
IS 12965 0.088 0.415 ICP 13889 0.204 0.285 IP 17632 0.225 0.266
IS 34283 0.092 0.353 ICP 13316 0.205 0.305 IP 5253 0.228 0.293
IS 10897 0.092 0.350 ICP 6399 0.206 0.271 IP 6109 0.229 0.259
IS 14010 0.094 0.363 ICP 12190 0.212 0.277 IP 6244 0.234 0.258
IS 40238 0.096 0.347 ICP 11475 0.219 0.320 IP 4952 0.236 0.262
IS 18234 0.096 0.345 ICP 2309 0.227 0.314 IP 18157 0.236 0.260
IS 25476 0.097 0.354 ICP 14388 0.227 0.311 IP 19434 0.237 0.263
IS 3399 0.099 0.345 ICP 13546 0.228 0.284 IP 11677 0.238 0.274
IS 40031 0.099 0.357 ICP 12189 0.229 0.277 IP 20349 0.243 0.268
IS 35217 0.100 0.359 ICP 12041 0.235 0.291 IP 3269 0.243 0.279
IS 29508 0.102 0.346 ICP 16344 0.237 0.298 IP 12155 0.247 0.282
IS 2153 0.108 0.400 ICP 13999 0.242 0.293 IP 14071 0.249 0.264
IS 1128 0.109 0.378 ICP 14169 0.247 0.293 IP 7468 0.249 0.294
IS 40161 0.111 0.340 ICP 14233 0.263 0.294 IP 14418 0.250 0.278
IS 8330 0.112 0.414 ICP 15148 0.274 0.308 IP 6037 0.256 0.264
IS 21858 0.118 0.355 ICP 7621 0.274 0.292 IP 20407 0.257 0.301
IS 32252 0.118 0.370 ICP 10880 0.276 0.299 IP 13363 0.258 0.307
IS 13211 0.134 0.367 ICP 10889 0.299 0.317 IP 10705 0.265 0.276
IS 27325 0.136 0.338 ICP 12840 0.317 0.338 IP 8761 0.268 0.286
IS 31637 0.136 0.351 ICP 13545 0.410 0.384 IP 13112 0.270 0.281
IS 13215 0.141 0.395 IP 12138 0.271 0.275
Overall mean 0.090 0.387 0.203 0.302 0.227 0.271
Overall range 0.038-0.141 0.308-0.415 0.071-0.410 0.252-0.388 0.145-0.271 0.245-0.310
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(0.162). In pigeonpea, ICP 13545 (0.410) showed the highest
mean within accession distance followed by ICP 12840 (0.317)
and ICP 10889 (0.299), whereas the least was noticed in ICP 7035
(0.071) followed by ICP 11485 (0.092) and ICP 9124 (0.094).
The wild accessions of pearl millet had the minimum within
accession distance [IP 21640 (0.145), IP 22039 (0.159), and IP
21752 (0.162)], in comparison to the overall scale of mean
distance values of landraces (0.194-0.271). The same scenario
was observed in sorghum where the wild accessions IS 14485
(0.065), IS 10897 (0.092), IS 11005 (0.077), IS 18833 (0.087), and
IS 22428 (0.076) had low phenotypic within accession distances
in comparison to the overall range of within accession distance
values of landraces (0.038-0.141). On an average, distance among
accessions was found to be higher than that of within accessions
distance in all the three crops. Between accessions distance
values were higher in accessions of sorghum (mean 0.387; range
0.308-0.415), followed by pigeonpea (mean 0.302; range 0.252—
0.388), while low in pearl millet (mean 0.271; range 0.245-0.310)
(Table 1).

Hierarchal clustering was constructed based on Gower’s
phenotypic distance, and the number of clusters was decided
based on the number of accessions in each crop from
which the data were collected. Thus, dendrogram trees were
cut at 36 clusters for sorghum and pearl millet, and 35
clusters for pigeonpea, with the assumption that the individuals
within accession clusters together. A cluster membership bar-
plot was generated to visualize distribution or migration of
individuals of different accessions to different clusters. The
cluster wise stability was evaluated using the “clusterboot”
function from the “fpc” package. The Jaccard coefficients
between clusters of resampled data were >70 for 35 clusters
in sorghum, 15 clusters in pigeonpea, and 16 clusters in
pearl millet (Supplementary Table 7) and the remaining clusters
showed values <70. The bootstrapped cluster dendrograms
were plotted with approximately unbiased p-values (AU) and
bootstrap probability (Supplementary Figures 1A-C) calculated
using multiscale bootstrap resampling in the R-package “pvclust.”
Bootstrap values were low in some cases of pearl millet and
pigeonpea and this low bootstrap values would be a combined
outcome of high variability in the data, large number of
variable individuals, and the nature of clustering algorithm.
Supporting the high variability and presence of valid clusters
in the data, the “pvpick” function from the “pvclust” R-package
yielded 66, 738, and 109 significant clusters in sorghum, pearl
millet, and pigeonpea, respectively. Thus, the presence of large
number of significant clusters within the studied accessions
illustrates the higher variability for the observed traits and
ultimately represents the higher diversity within the studied
landraces. In sorghum, except cluster numbers 7, 13, and 14
all other 33 clusters have shown exclusive clustering of each
accession into singleton clusters (Figure 2A). In cluster number
7, individuals of entries IS 8330 and IS 12965 were found
to clustered together. The individuals of accession IS 2153
were found to be distributed in two clusters (58 individuals
in cluster 14 and 139 individuals in cluster 13). In pearl
millet and pigeonpea, clustering patterns showed that in most
accessions, the individuals were not clustered uniquely, and

found mixed with other accessions. In pigeonpea all the
individuals of three accessions ICP 9150, ICP 7035, and ICP
11485 were clustered in clusters 1, 10, and 14, respectively.
However, in ICP 9124, except a single individual all the
other individuals were clustered in cluster 16 (Figure 2B).
In pearl millet, no exclusive clusters were observed and all
the 36 clusters showed mixing of individuals from different
accessions (Figure 2C). However, The majority of individuals
of wild accessions (IP 21640, IP 21752, and IP 22039) were
distributed in 3 clusters (C-1, C-2, and C-3) showing their
phenotypic similarity.

Genotypic Diversity

After filtering, we obtained 45,249 SNPs from a total of
76,753 SNPs in pearl millet, 19,052 SNPs from a total of
38,898 SNPs in sorghum, and 8,211 SNPs from a total of
10,096 SNPs in pigeonpea. The SNPs displayed good coverage
across genome in all the three crops (Figure3). Over the
10 chromosomes of sorghum the number of SNPs ranged
from 909 to 2,988, and over the 7 chromosomes of pearl
millet the number of SNPs ranged from 5,086 to 6,639, and
from 121 to 755 over the 11 chromosomes of pigeonpea.
The information of number of SNPs in each chromosome
of sorghum, pearl millet and pigeonpea is presented in
Supplementary Table 8.

AMOVA

The analysis of molecular variance (Excoffier et al, 1992)
was performed by providing predefined populations, that each
accession as a separate population. The results showed that the
proportion of molecular variance contributed by within accession
variance depicted a low value of 26.3% in sorghum, a relatively
higher value in pigeonpea (57.0%), and the highest in pearl millet
(80.2%) (Table 2; Figure 4). Variance among populations was
high in sorghum (73.7%), while low in pear] millet (19.8%) and
intermediate in pigeonpea (43%).

Genotypic Diversity: Within and Between

Accessions

Modified Rogers Distance (MRD) (Wright, 1978; Goodman
and Stuber, 1983) between pairs of individuals were estimated.
Pairwise MRD within each accession was averaged, thus the
overall mean genetic distance within each accession varied from
0.031 (IS 33844) to 0.342 (IS 18833), 0.181 (IP 9824) to 0.300
(IP 22039), and 0.040 (ICP 9150) to 0.393 (ICP 10889) in
sorghum, pearl millet, and pigeonpea, respectively (Table 3).
Three of the five wild accessions studied in sorghum namely IS
18833 (0.342), IS 14485 (0.329), and IS 10897 (0.316), showed
higher within accession distance values relative to the studied
landraces and the other two wild accessions, IS 11005 (0.119)
and IS 22428 (0.127), showed midrange values. However, all
the studied wild accessions of pearl millet, IP 21752 (0.273),
IP 21640 (0.279), and IP 22039 (0.300), showed higher within
accession distance values relative to the mean distances of
the pearl millet landraces studied. Averaging the MRD among
accessions were found to be higher in comparison to within
accession distances. Comparing the three crops, higher scale
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FIGURE 2 | Cluster dendrogram of single plant phenotypic distances, using ward.D2 clustering algorithm, 36, 35, and 36 clusters for sorghum, pigeonpea, and pearl
millet, respectively, represented with colors and cluster numbers, with percentage membership of accessions into each cluster denoted by colors in the adjacent bar
graph. (A) the cluster dendrogram for sorghum, (B) the cluster dendrogram for pigeonpea, and (C) the cluster dendrogram for pearl millet.
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FIGURE 3 | SNP densities over chromosomes of sorghum (S-Chr 1-10, the letter “S” represents sorghum), pigeonpea (C-Chr 1-11, the letter “C” represents
Cajanus), and pearl millet (PM-Chr 1-7, the letter “PM” represents pearl millet) after filtering for quality parameters. The x-axis represents SNP positions along each
chromosome (MB) and the y-axis represents SNP densities over chromosomes.

TABLE 2 | AMOVA on DArTSeq- SNP data of sorghum, pigeonpea, and pearl millet assuming each accession as a single population.

Variance components Df Sum Sq Mean Sq Variance % Sigma Phi P-value
Sorghum

Between populations 35 2,508,925 71683.5 73.7 2336.9 0.8895 0.01
Between samples within populations 506 665,752 1315.7 156.3 482.8 0.5797 0.01
Within samples 542 189,717 350.0 1.0 350.0 0.7373 0.01
Total 1083 3,364,396 3106.5 100 3169.8

Pigeonpea

Between populations 35 368,370 10524.8 43.0 331.2 0.6449 0.01
Between samples within populations 503 304,494 605.3 215 165.8 0.3773 0.01
Within samples 539 147,500 273.6 35.5 273.6 0.4297 0.01
Total 1077 820,366 761.7 100 770.7

Pearl millet

Between populations 35 2,294,552 65558.6 19.8 1061 0.4427 0.01
Between samples within populations 981 5,507,738 5614.4 24.5 131381 0.3052 0.01
Within samples 1017 3,038,922 2088.1 55.7 2088.1 0.1978 0.01
Total 2033 10,841,212 5332.6 100 5362.3

of between accession distance values were found in sorghum Heterozygosity among accessions in sorghum varied from
(0.360-0.435), followed by pigeonpea (0.237-0.422) and pearl  0.019inIS 31637 to 0.159 in IS 18833. Among five wild accessions
millet (0.276-0.324). studied in sorghum, three accessions had higher heterozygosity
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FIGURE 4 | Percent contribution by different variance components in sorghum, pigeonpea, and pearl millet partitioned by AMOVA.
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(0.111 in IS 10897, 0.120 in IS 14485, and 0.159 in IS 18833)
in comparison to all the landraces, while the other two wild
accessions had low heterozygosity (0.026 in IS 22428 and 0.051
in IS 11005). In pearl millet, IP 9824 (0.051) and IP 22039 (0.137)
estimated the lowest and highest heterozygosity, respectively. As
in sorghum, the wild accessions of pearl millet viz., IP 21640
(0.134), 1P 21752 (0.118), and IP 22309 (0.137) depicted maximal
heterozygosity estimates in comparison to the landraces. In
pigeonpea, ICP 9150 (0.007) had the minimum heterozygosity
while ICP 10889 (0.187) had the highest heterozygosity (Table 3).

Clustering based on MRD grouped the individuals of
all the accessions into different clusters. The cluster wise
stability was assessed using the “clusterboot” function from
R-package “fpc” with 100 bootstraps. About 33 clusters in
sorghum, 24 clusters in pigeonpea and 19 clusters in pearl
millet showed Jaccard coefficient values >70 and all the other
clusters showed values <70. The Jaccard coefficient values
of all the clusters were presented in Supplementary Table 9.
Bootstrapped dendrograms (Supplementary Figures 2A-C)
with 100 bootstraps were plotted using the “aboot” function
provided in the R-package “poppr.” The dendrogram tree was
cut at 36 clusters considering number of accessions in the
respective crops, with an assumption that the individuals of each
accession should aggregate into singleton cluster. Also a cluster
membership bar-plot was used to visualize this cluster partition
and migration of plants to different clusters. In sorghum, 19
accessions, viz., IS 1128, IS 12919, IS 12965, IS 13065, IS 18234,

IS 18833, IS 2153, IS 21858, IS 22428, IS 25476, IS 31637, IS
32252, IS 32263, IS 33844, IS 3399, IS 34283, IS 13068, IS 35474,
and IS 40031 were found to be uniform, by clustering of all
the individual of an accessions into separate singleton clusters
(Figure 5A), while the landraces IS 29508 and IS 29605 were
found to be grouped in a single cluster. All other accessions of
sorghum were found to have mixtures. In pigeonpea, ICP 2309,
ICP 9124, ICP 7057, ICP 9877, ICP 11480, ICP 14059, ICP 13628,
ICP 7035, ICP 9150, ICP 13828, and ICP 15122 showed perfect
singleton clustering (Figure 5B), while other accessions showed
overlapping of individuals of different accessions which may
be explained due to the heterogeneity achieved in evolutionary
gene-flow or the presence of admixtures in the respective
accessions. In pearl millet, a completely distinctive and complex
distribution of accessions into clusters has been noticed. The
accessions IP 9824, IP 7468, IP 11577, IP 11677, IP 13363, and
IP 19434 showed perfect singleton clustering (Figure 5C) while
all other accessions were not clustered uniquely to singleton
clusters, indicating heterogeneity within landraces and sharing
of alleles between accessions. The wild accessions of pearl millet
showed an interesting pattern of clustering that the individuals
of the accession IP 22039 was shared between cluster numbers
11 and 12 showing the presence of a variable set of alleles or
two subpopulations, and also there can be seen some individuals
of the accession IP 21752 clustered with the individuals of the
accession IP 21640 in cluster number 14 depicting some similar
alleles between these two accessions.
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TABLE 3 | Mean genotypic within and between accession distances, observed heterozygosity within accessions (heWs) and estimated seed sample sizes using the least DATSeg-SNP allelic frequency in all the
accessions of sorghum, pigeonpea, and pearl millet.

Sorghum Pigeonpea Pearl millet
Accession Within Distance Heterozygosity No. of Accession Within Distance Heterozygosity No. of Accession Within Distance Heterozygosity No. of
number accession from other seeds Number  accession from other seeds number accession from other seeds
distance accessions distance accessions distance accessions
IS 10897 0.316 0.389 0.111 89 ICP 10880 0.348 0.334 0.168 89 IP 10085 0.255 0.292 0.092 173
IS 11005 0.119 0.405 0.051 101 ICP 10889 0.393 0.422 0.187 77 IP 10471 0.254 0.285 0.088 173
IS 1128 0.130 0.393 0.037 89 ICP 11475 0.201 0.283 0.058 89 IP 10705 0.265 0.286 0.104 161
IS 12919 0.038 0.381 0.032 89 ICP 11480 0.196 0.276 0.051 89 IP 11577 0.256 0.288 0.092 167
IS 12965 0.035 0.384 0.032 89 ICP 11485 0.066 0.283 0.017 89 IP 11677 0.267 0.288 0.106 161
IS 13065 0.094 0.365 0.033 89 ICP 11491 0.197 0.286 0.052 89 IP 11984 0.241 0.277 0.092 167
IS 13068 0.037 0.367 0.031 89 ICP 12041 0.169 0.242 0.043 89 IP 12138 0.270 0.285 0.103 167
IS 13211 0.145 0.400 0.047 89 ICP 12189 0.230 0.254 0.071 89 IP 12155 0.253 0.280 0.098 161
IS 13215 0.244 0.387 0.084 7 ICP 12190 0.186 0.244 0.053 89 IP 13112 0.225 0.280 0.085 179
IS 14010 0.216 0.367 0.076 83 ICP 12840 0.232 0.254 0.072 89 IP 13363 0.202 0.283 0.064 161
IS 14485 0.329 0.396 0.120 89 ICP 13316 0.228 0.272 0.123 89 IP 13459 0.225 0.285 0.085 161
IS 18234 0.034 0.379 0.024 89 ICP 13415 0.096 0.244 0.016 89 IP 14418 0.243 0.276 0.100 185
IS 18833 0.342 0.435 0.159 89 ICP 13545 0.145 0.246 0.034 89 IP 17632 0.218 0.276 0.085 167
1S 2134 0.240 0.373 0.090 89 ICP 13546 0.181 0.244 0.054 89 IP 18147 0.231 0.286 0.083 155
IS 2153 0.113 0.379 0.048 89 ICP 13575 0.185 0.245 0.053 89 IP 18157 0.251 0.291 0.088 161
1S 21858 0.104 0.376 0.044 89 ICP 13628 0.153 0.256 0.033 89 IP 19434 0.237 0.277 0.088 167
IS 22407 0.165 0.378 0.070 89 ICP 13828 0.040 0.245 0.009 89 IP 20349 0.246 0.284 0.101 197
IS 22428 0.127 0.387 0.026 89 ICP 13889 0.105 0.247 0.025 89 IP 20407 0.246 0.281 0.095 161
IS 22606 0.131 0.380 0.064 7 ICP 13999 0.210 0.253 0.058 89 IP 21640 0.279 0.310 0.134 161
IS 2348 0.085 0.390 0.043 89 ICP 14059 0.085 0.250 0.014 83 IP 21752 0.273 0.311 0.118 167
IS 25476 0.114 0.395 0.034 89 ICP 14169 0.163 0.246 0.051 89 IP 22039 0.300 0.324 0.137 161
IS 27325 0.310 0.381 0.102 47 ICP 14233 0.194 0.246 0.059 89 IP 3269 0.230 0.282 0.090 161
IS 29508 0.128 0.360 0.042 89 ICP 14296 0.166 0.246 0.040 89 IP 3389 0.249 0.282 0.098 179
IS 29605 0.099 0.361 0.036 89 ICP 14388 0.132 0.255 0.039 89 IP 3616 0.259 0.280 0.106 185
IS 31637 0.036 0.400 0.019 89 ICP 15122 0.050 0.237 0.009 89 IP 4952 0.264 0.281 0.108 173
IS 32252 0.245 0.396 0.096 89 ICP 15148 0.199 0.243 0.062 89 IP 5253 0.238 0.286 0.081 155
IS 32263 0.035 0.395 0.029 89 ICP 16344 0.204 0.268 0.063 89 IP 5441 0.248 0.280 0.101 167
IS 33844 0.031 0.381 0.024 89 ICP 2309 0.202 0.274 0.064 89 IP 5900 0.254 0.288 0.105 155
IS 3399 0.038 0.362 0.030 89 ICP 6399 0.220 0.271 0.067 89 IP 6037 0.242 0.281 0.092 173
IS 34283 0.048 0.377 0.034 89 ICP 7035 0.043 0.285 0.011 89 IP 6109 0.246 0.280 0.103 203
IS 35217 0.130 0.373 0.040 89 ICP 7057 0.143 0.265 0.043 89 IP 6244 0.262 0.286 0.102 167
IS 35474 0.109 0.364 0.040 89 ICP 7621 0.243 0.265 0.090 89 IP 6434 0.246 0.282 0.096 167
(Continued)
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Shannon Diversity

The Shannon diversity was estimated for all 36 accessions
in sorghum, pigeonpea, and pear]l millet (Table4). The
values ranged from 0.113 to 2.363 with an overall mean
of 0.275 in sorghum, 0.121-1.739 with an overall mean of
0.498 in pigeonpea and 1.128-2.715 with an overall mean
of 1.856 in pearl millet. In sorghum, the accession IS
22606 (0.113) had the lowest Shannon diversity followed by
the accessions IS 35474 (0.114) and IS 35217 (0.116), and
the accession IS 18833 (2.363) had the highest Shannon
diversity followed by accessions IS 32252 (1.138) and IS 14485
(0.583). In pigeonpea the accession ICP 9150 (0.121) had the
lowest value of Shannon diversity followed by the accessions ICP
15122 (0.148) and ICP 13415 (0.156), and the accession ICP
13316 (1.739) had the highest Shannon diversity followed by the
accessions ICP 10880 (1.542) and ICP 10889 (1.404). In pearl
millet the accessions IP 9824 (1.128), IP 10471 (1.270), and IP
18157 (1.335) had lower values of Shannon diversity and the
accessions IP 21640 (2.715), IP 6109 (2.677), and IP 20349 (2.489)
had higher values. It should be noted that, in both sorghum and
pearl millet, all the wild accessions had high values of Shannon
diversity. Three out of five wild accessions in sorghum IS 18833
(2.363), IS 14485 (0.583), and IS 10897 (0.495) had higher values
relative other accessions of sorghum, while the remaining two
wild accessions IS 22428 (0.192) and IS 11005 (0.198) found
to have intermediate values. Also, the wild accessions of pearl
millet had relatively higher values of Shannon diversity IP 21640
(2.715), IP 22039 (2.382), and IP 21752 (2.359) in comparison to
all other accessions of pearl millet.

Relationship Between Phenotypic and

Genotypic Distances

Mantel’s correlation between phenotypic and genotypic distance
matrices showed highly significant positive correlation (r = 0.45,
P < 0.01) for sorghum, pearl millet (r = 0.13, p < 0.01), and
pigeonpea (r = 0.19, P < 0.01), thus depicting the effectiveness of
complimentary use of molecular and phenotypic tools as a better
approach for the assessment of the genetic diversity.

Population Structure Using DAPC

Detecting the number of clusters using the find.cluster function
hasn’t shown any significant elbow of reduction in BIC values
(Supplementary Figure 3), instead, a gradual reduction in the
BIC values was seen on increasing number of clusters. So
that, DAPC was carried out using 36 clusters representing the
36 accessions in sorghum, pearl millet and pigeonpea. The
optm.a.score function detected an optimal first 45 PCs for
pearl millet and first 7 PCs for both sorghum and pigeonpea.
Based on the posterior membership probabilities the population
membership graph showing the population structure was created.
In sorghum (Supplementary Figure 4A), 17 accessions (IS 1128,
IS 12965, IS 18234, IS 18833, IS 2153, IS 21858, IS 25476, IS
31637, IS 32252, IS 32263, IS 33844, IS 3399, IS 34283, IS 35217,
IS 35474, 1S 40031, and IS 40161) were clustered exclusively into
separate populations, whereas both the accessions IS 29508 and
IS 29605 were clustered into a single population and all the other
accessions are seen to have mixtures at different levels. In the
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TABLE 4 | Shannon diversity (H') estimates within each accession of sorghum,
pigeonpea, and pearl millet estimated from the DArTSeg—-SNPs.

Sorghum Pigeonpea Pearl millet
Accession H Accession H Accession H
number number number
IS 22606 0.113 ICP 9150 0.121 IP 9824 1.128
IS 35474 0.114 ICP 15122 0.148 IP 10471 1.270
IS 35217 0.116 ICP 13415 0.156 IP 18157 1.335
IS 13068 0.117 ICP 13828 0.161 IP 13363 1.357
IS 14010 0.117 ICP 9124 0.167 P 11577 1.408
IS 18234 0.119 ICP 14059 0.168 IP 5253 1.430
IS 3399 0.120 ICP 7035 0.212 IP 12138 1.458
IS 33844 0.120 ICP 9877 0.239 IP 10085 1.518
IS 12965 0.120 ICP 13628 0.261 IP 8761 1.5631
IS 12919 0.123 ICP 14296 0.282 IP 18147 1.664
IS 34283 0.128 ICP 11485 0.312 IP 13459 1.685
IS 31637 0.129 ICP 11491 0.313 IP 10705 1.706
IS 13065 0.131 ICP 13889 0.318 IP 12155 1.706
IS 40238 0.132 ICP 13545 0.321 IP 11677 1.709
IS 22407 0.132 ICP 9122 0.342 IP 6037 1.710
IS 32263 0.134 ICP 13999 0.397 IP 6244 1.758
IS 25476 0.135 ICP 14388 0.398 IP 20407 1.797
IS 40031 0.136 ICP 12041 0.404 IP 19434 1.802
IS 40161 0.138 ICP 11480 0.419 IP 11984 1.809
1S 1128 0.147 ICP 13575 0.449 IP 9446 1.925
IS 2348 0.155 ICP 6399 0.449 IP 5900 1.952
IS 29605 0.159 ICP 14233 0.473 IP 6434 1.972
IS 13211 0.167 ICP 12190 0.532 IP 7468 1.975
IS 29508 0.179 ICP 11475 0.541 IP 17632 1.978
IS 8330 0.185 ICP 12840 0.544 IP 5441 2.019
IS 2134 0.189 ICP 15148 0.561 IP 3389 2.026
IS 22428 0.192 ICP 12189 0.575 IP 3269 2.059
IS 11005 0.198 ICP 13546 0.587 IP 4952 2.076
IS 2153 0.234 ICP 16344 0.623 IP 3616 2.133
IS 27325 0.288 ICP 7057 0.626 P 13112 2.256
IS 21858 0.390 ICP 2309 0.667 IP 21752 2.359
IS 13215 0.494 ICP 14169 0.679 IP 14418 2.379
IS 10897 0.495 ICP 7621 0.798 IP 22039 2.382
IS 14485 0.583 ICP 10889 1.404 IP 20349 2.498
IS 32252 1.138 ICP 10880 1.542 IP 6109 2.677
IS 18833 2.363 ICP 13316 1.739 IP 21640 2.715
Overall mean 0.275 0.498 1.865
Overall range 0.113-2.363 0.121-1.739 1.128-2.715

population structure of pigeonpea (Supplementary Figure 4B),
seven accessions (ICP 13828, ICP 14059, ICP 7035, ICP 11485,
ICP 14169, ICP 15122, and ICP 9150) were found to be pure, and
in pearl millet (Supplementary Figure 4C), seven accessions (IP
6434, 1P 7468, 1P 9824, IP 18157, IP 13363, and IP 3389) were

seen to be clustered perfectly without any posterior probability
for assessment to other populations while all the other accessions
in both pearl millet and pigeonpea have a considerable amount of
mixtures depicting the heterogeneity in the respective accessions.

For all the 36 populations, the quality of the attribution of
accessions into populations were investigated by estimating the
a-scores (Supplementary Table 10). An a-scores of 1 represents
an accurate allocation of the plants into groups. Twenty-seven
clusters (1, 3, 4, 5,6, 7, 8, 10, 11, 13, 14, 15, 17, 18, 19, 21, 22, 23,
24, 27, 28, 29, 30, 33, 34, 35, and 36) in sorghum, 3 clusters in
pearl millet (4, 24, and 30) and 17 clusters in pigeonpea (1, 2, 10,
11, 12, 13, 14, 15, 16, 17, 21, 22, 24, 25, 29, 32, and 33) showed
a greater reliability (a-score = 0.81-0.99). The clusters (2, 9, 12,
16, 26, and 31) in sorghum, the clusters (2, 5, 6, 8, 10, 12, 13, 15,
16, 17, 18, 19, 20, 21, 25, 26, 27, 28, and 29) in pearl millet and
the clusters (4, 5, 6, 7, 9, 18, 19, 20, 23, 26, 30, 31, 34, and 36) in
pigeonpea showed an average reliability (a-score = 0.65-0.80) in
the attribution, whereas 3 clusters (20, 25, and 32) from sorghum,
14 clusters (1, 3,7, 9, 11, 14, 22, 23, 31, 32, 33, 34, 35, and 36) from
pearl millet and 5 clusters (3, 8, 27, 28, and 35) from pigeonpea
were found to have a low reliability (a-score = < 0.65) in the
attribution to the DAPC detected populations.

Estimation of Seed Sample Size

Seed sample sizes required for regeneration to capture 95% of
the alleles with an expected probability of 95%, was estimated
based on the allelic frequencies of the DArTSeq-SNPs, for each
accession using the model proposed by Crossa (1989). The
results of the sample sizes required are given in Table 3. Seed
sample sizes for sorghum ranged from 47 to 101, 155 to 203
for pearl millet, and 77 to 89 for pigeonpea. The seed sample
size increments exponentially after the alternate allele frequency
attains a value below 0.1 (Figure 6) depicting the need for an
exponentially larger sample size for conserving the alleles with
frequencies below 0.1. The number of rare allelic variants or
markers (frequency less than or equal to 5% within accessions)
preserved in the recommended sample size for each accession of
the three crops (Supplementary Table 11) ranged from 345 to
3,075 in sorghum, 231 to 878 in pigeonpea, and 3,444 to 6,726
in pearl millet.

DISCUSSION

Sorghum, pearl millet, and pigeonpea are the important food
crops, providing food and income to a large population thriving
in the arid and semi-arid tropics. However, in this era of modern
agriculture, landraces of these crops are becoming prone to
genetic erosion, (Hammer et al.,, 1996; Shewayrga et al., 2008;
Pattanashetti et al., 2016). Most landraces, that were permanently
extinct from the farmers’ field over the course of agricultural
development, are only available in genebanks’ collections. As
each landrace possess a unique genetic fingerprint of ages of
acclimatization to diverse environmental conditions, they are
considered as an indispensable source of genetic variations
by plant breeders and can address a potential scope in the
development of improved varieties with higher productivity,
nutrients, and climate resilience, etc. (Dwivedi et al., 2016).
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Thus, conserving landraces with their inherent genetic variability
is crucial for ensuring food security in the near future and
also for sustainable agriculture. ICRISAT genebank conserves
about 42,000 accessions of sorghum, 24,000 accessions of pearl
millet, and over 13,000 accessions of pigeonpea, wherein about
86% of sorghum and pearl millet collections and over 60%
of pigeonpea collections are landraces. The main focus of
genebank curator is to maintain the genetic integrity and
diversity within accessions while regeneration. Hence, this study
assessed the diversity within landrace accessions by phenotyping
and genotyping a large number of plants within each accession
and estimated the seed sample size required in order to conserve
the inherent diversity.

Enormous variability was observed within and among
landraces of sorghum, pigeonpea, and pearl millet. Molecular
variance within accessions was observed to be low in sorghum
(26.3%), highest in pearl millet (80.2%), while pigeonpea showing
an intermediate within accession variance of 57.0%. Our results
are in correspondence with previous works, by various authors
(Tostain et al., 1987; Tostain and Marchais, 1989; Busso et al.,
2000; Bashir et al., 2015) on pearl millet landraces, reported a
high intra-population variation of 70-90% and higher observed
heterozygosity of 0.77-0.82. However, Bhattacharjee et al. (2002)
reported a low 30.89% within accession variability using RFLP
markers in pearl millet, also the author addressed this low
variability as a contradiction for a cross-pollinated crop like pearl
millet and discussed various instances that would have caused
this lower variability. In sorghum, Adugna (2014) reported a
54.44% molecular variance due to diversity within landrace
populations that were conserved on farms in Ethiopia. No
studies investigating landraces diversity within accessions were
reported in sorghum and pigeonpea, while few studies are
on landraces conserved on-farm that are continually evolving
through outcrossing and selections (Dje et al., 1999; D’Andrea

and Casey, 2002; Songok et al., 2010; Adugna, 2014; Bashir et al.,
2015).

The phenotypic and genotypic within accession distances
were scaled toward the higher values in pear]l millet, so that
blurring the differentiation of within and between accessions
diversity. The density distribution of within and between
accession distances in pearl millet showed this scenario clearly,
exhibiting the merging of densities (Figures 7C,F) of within and
between accession distances in both phenotypic and genotypic
evaluation. Pigeonpea being often cross-pollinated also depicted
a pattern of overlapping within and among accession distances
in both phenotypic and genotypic evaluation (Figures 7B,E).
Whereas, sorghum showed a clear separation of distances within
accessions from distances between accessions in both phenotypic
and genotypic assessment, depicting the higher uniformity and
homogeneity within the accessions (Figures 7A,D). The higher
values and merging of between and within accession distances
in pearl millet and pigeonpea shows the high phenotypic and
genotypic heterogeneity within accessions, and also the clear
separation of densities of within and between accession distances
in sorghum clearly explains the higher uniformity within the
accessions of sorghum.

Population structure analyses indicated that most of the
accessions in sorghum were uniform enough to cluster
individuals of single accession together as a singleton clusters. In
sorghum, accessions IS 29508 and IS 29605 were clustered into
a single population in both DAPC and ward.D2 clustering with
genotypic distances, indicating the presence of high similarity
and common alleles in these two accessions. The accession IS
33844 showed high uniformity with a low within accession
diversity (0.031), and a selection from this landrace has been
released as a variety in India as ‘Parbhani moti’ (Upadhyaya and
Vetriventhan, 2018). Pear]l millet and pigeonpea showed a higher
heterogeneity within accessions, while most of the accessions
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showed mixed populations. In pigeonpea and pearl millet only
some accessions showed singleton clustering. High population
mixtures in these crops correspond to their pollination behavior,
and sharing of alleles between populations. Landraces generally
differ between populations, based on the intensity of selection
imposed by farmers, their pollination mechanisms, the level of
gene-flow within and between population, and level of exchange
of seed materials between farmers. Previously several authors
reported pollen flow between populations and the mixing of
landrace populations in sorghum and pigeonpea (Songok et al.,
2010; Kassa et al., 2012; Adugna, 2014; Westengen et al., 2014).
Harlan (1965) reported the gene-flow from weeds to landraces
and several other authors (Ellstrand et al., 1999; Jarvis and
Hodgkin, 1999; Messeguer, 2003; Gompert and Buerkle, 2016)
reported the transfer of genes into landraces from various sources
in both self and outcrossing species. Also, some studies reported
the mixing of the population by a considerable exchange of
seeds within cultures or regions (Louette, 1997). The level of
heterogeneity and diversity in landraces are crop-specific and
associated with their mode of fertilization (Villa et al., 2005)
and also several authors (Hammer et al., 1996; Zeven, 1998)
stated the influence of mode of pollination in various population

genetics factors over the course of evolution of landraces. Hence,
complying to the effect of mode of reproduction on diversity,
a higher degree of outcrossing (about 85%) in pear] millet
(Burton, 1983) could impose a higher diversity in pearl millet, in
comparison to lower outcrossing crops such as sorghum (about
18%) (Barnaud et al, 2008) and an intermediate outcrossing
crops (about 30%) like pigeonpea (Saxena et al., 1990), and this
varies with species.

Most of the accessions that showed relatively higher within
genetic distances in sorghum and pear]l millet were wild
accessions. Thus, using wild accessions in this study helped us in
the comparative assessment with landraces and also aided in the
better understanding of the effect of domestication and different
evolutionary forces that shaped the landraces. Historically
farmers conserving landraces on-farm and multiplied desirable
phenotypes, which survived both natural and artificial selection.
The effect of this farmers’ selection led to local adaptations
and variations within the landrace populations (Zeven, 1998).
Teshome et al. (2016) studied the maintenance of landrace
diversity in sorghum by farmers belonging to different regions in
Ethiopia and reported a narrow preference to specific economic
traits and selection by farmers. Thus, the wild accessions in this
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case lack of farmers’ selections and its obligatory to be highly
diverse as these are evolving under natural selection.

Comparing diversity of the three crops in our study,
heterozygosity (Figure 8A), phenotypic (Figure 8B), and
genotypic (Figure 8C) within accession diversity of sorghum
were notably low for most of its accessions, intermediate for
most of the accessions of pigeonpea and followed a more stable
trend around the maximal values for pear]l millet. Similar to
the molecular within accession distances, Shannon diversity
revealed diversity estimates, scaled over the higher values for
pearl millet, followed by an intermediate in pigeonpea and lower
estimates for sorghum (Figure 8D). However, in sorghum and
pigeonpea both highly diverse and highly uniform accessions
with maximal and minimal estimates of genotypic distances
and Shannon diversity were observed. The higher diversity
estimates indicate the presence of higher variability within
accessions. In case of pigeonpea most of the accessions were
found to have molecular within accession distances <0.250
except two accessions viz., ICP 10880 (0.348) and ICP 10889
(0.393). On further investigation into the individual plant
within accession distances of these accessions, it appeared that,

some individuals within these accessions were diverse from
all the other individuals of the respective accession. Such that,
the accession ICP 10880 had two individuals that were highly
divergent from all other individuals by a mean distance of
0.410 and 0.434. Also these individuals were found to cluster
separately in hierarchal clustering. Same for the accession ICP
10889, where some individuals were highly divergent from
the other. In case of sorghum, most of the accessions had a
molecular within accession distances <0.250 except three wild
accessions viz., IS 10897 (0.316), IS 14485 (0.329), IS 18833
(0.342) and one landrace IS 27325 (0.310). In the landrace IS
27325, it can be seen that the individuals are divided into three
subgroups in hierarchal clustering. Thus, higher diversity in
some landraces of sorghum and pigeonpea can be due their
pollination behavior, which ultimately influences the population
substructure. The lower outcrossing in these crops offers the
higher probability of fixation of various alleles within a fewer
members or individuals, restricting the frequency/occurrence
of some allele within a small group of a landrace population,
thus gradually over generations, forming distinct subpopulations
within groups. These varied groups of individuals are however
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not phenotypically variable enough to consider it as separate
population, but however assimilated a genetically distinct
fingerprint from various elements throughout the course of
evolution. Similar cases of extreme values of low and high
diversity were previously encountered by researchers. Zeven
(1998) emphasized the low diversity and increased homozygosity
in inbreeding accessions and also explained the influence of
farmers’ selection and sampling strategies for reduction of
diversity in landrace populations. Adugna (2014) and Westengen
etal. (2014) found both high and low within-population diversity
in sorghum landraces cultivated in Ethiopia and reasoned the
low within landrace diversity could be due to farmers’ sampling
during migration, as farmers tend to carry few heads during
migration and settlements.

Based on the level of diversity within each accession of
different crops, appropriate conservation and regeneration
strategy should be followed to conserve the genetic integrity
and diversity of landraces. ICRISAT genebank follows various
pollination control and sampling strategies to maintain
the genetic integrity and diversity within accessions, while
regenerating different crops. Theoretically, selfing will be a good
strategy to maintain the genetic integrity and diversity in self-
pollinated crops and often-cross pollinated crops (out-crossing
>5%), because of the low effect of inbreeding depression, and
to preserve alleles within the population. In cross-pollinated
species like pearl millet, sib mating is the best strategy to
mimic the random mating, and for that ICRISAT genebank
performs cluster bagging (bagging few panicles of different
individuals of the same accession) that reduces the effect of
inbreeding depression. However, in both cases, the appropriate
population size needs to be ensured while regeneration for
capturing the rare alleles. Small sample sizes while regenerating
landraces may lead to genetic drift which results in the loss
of some rare alleles. Crossa (1989) based on his results on
stimulated populations, reported a practical system for maize
regeneration, wherein the author discussed that the ideal system
of regeneration involves equalizing the genetic contribution of
parents and avoiding small population sizes and, also Crossa
(1995) suggested a practical seed sample size of 130-200 in
monoecious crops for retaining the rare alleles in most of the
loci. FAO standards specify a sample size of 30 individuals in a
completely random mating population and 60 individuals for
completely selfing species to capture 95% of the alleles which
have a frequency >0.05 (FAO, 2014). However, in sorghum,
pigeonpea, and pearl millet, no detailed molecular studies were
done previously utilizing NGS tools to determine optimum
population size requirements for regeneration. Therefore,
we estimated the minimum sample size to capture 95% of
the SNP alleles spread throughout the whole genome with
an expected probability of 95% based on the least frequent
allele or the frequency of the rarest allele for each accession
following Crossa (1989). From our study, seed sample sizes
were found to be minimal for sorghum (47-101), and pigeonpea
(77-89), and high for pearl millet (155-203). The sample
size required to conserve the genetic integrity of germplasm
depends largely on the frequency of the least common alleles
or genotypes.

In conclusion, sorghum, pigeonpea, and pearl millet
accessions showed higher within and among accession diversity,
indicating that the regeneration strategies at ICRISAT genebank
are appropriate to ensure the genetic integrity of each accession.
Information from this study will support genebank curators in
understanding within accession variability and assists in devising
scientific sampling strategies (sample size) for regeneration to
maintain the genetic integrity and variability. This could also
help breeders in the utilization end to understand the population
dynamics and subpopulation structure, to forward the material
with appropriate breeding techniques.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are publicly
available. This data can be found here: http://dataverse.icrisat.
org/dataset.xhtml?persistentld=doi:10.21421/D2/CCSOZ8

for pigeonpea http://dataverse.icrisat.org/dataset.xhtml?
persistentld=doi:10.21421/D2/WU4JFA  for  pearl http://
dataverse.icrisat.org/dataset.xhtml?persistentld=doi:10.21421/
D2/DSYLHB for sorghum.

AUTHOR CONTRIBUTIONS

VCRA, MV, SD, and AR contributed to conception and design of
the study. VCRA, MV, VA, RS, VK, PS, and SR conducted field
experiments and data collection. This work is part of VA’ thesis
research. SG supported student research as chairman. VA and
MYV performed the statistical analysis and wrote the first draft of
the manuscript. VCRA reviewed and approved the first draft. All
authors contributed to manuscript revision, read, and approved
the submitted version.

FUNDING

We acknowledge funds by global diversity crop trust (GCDT) and
genebank platform for funding support for this study.

ACKNOWLEDGMENTS

We thank Dr. Juan Andres (Biometrics and Statistics Unit
Head, CIMMYT, Mexico) for his kind help in AMOVA for
the DArTSeq data and Shannon diversity. Also, we extend
our thanks to Dr. Jorge Franco (Professor of Biometrics
and Statistics, Universidad de la Republica, Uruguay), Dr.
Carolina Paola Sansaloni (High-throughput genotyping and
sequencing specialist, CIMMYT, Mexico) and Dr. Fernando
Henrique Ribeiro (Associate Scientist-Agricultural Statistics,
CIMMYT, Mexico) for their kind support in calculation of
genotypic diversity.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fpls.2020.
587426/full#supplementary-material

Frontiers in Plant Science | www.frontiersin.org

54

December 2020 | Volume 11 | Article 587426


http://dataverse.icrisat.org/dataset.xhtml?persistentId=doi:10.21421/D2/CCSOZ8
http://dataverse.icrisat.org/dataset.xhtml?persistentId=doi:10.21421/D2/CCSOZ8
http://dataverse.icrisat.org/dataset.xhtml?persistentId=doi:10.21421/D2/WU4JFA
http://dataverse.icrisat.org/dataset.xhtml?persistentId=doi:10.21421/D2/WU4JFA
http://dataverse.icrisat.org/dataset.xhtml?persistentId=doi:10.21421/D2/DSYLHB
http://dataverse.icrisat.org/dataset.xhtml?persistentId=doi:10.21421/D2/DSYLHB
http://dataverse.icrisat.org/dataset.xhtml?persistentId=doi:10.21421/D2/DSYLHB
https://www.frontiersin.org/articles/10.3389/fpls.2020.587426/full#supplementary-material
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles

Allan et al.

Within and Among Accessions Diversity of Sorghum, Pearl Millet, and Pigeonpea

Supplementary Figure 1 | Cluster dendrogram with unbiased bootstrap
probability values for edges, with ward.D2 clustering for Gower’s distances, for
single plant phenotypic data (A) The cluster dendrogram of sorghum, (B) the
cluster dendrogram of pigeonpea, and (C) Cluster dendrogram of pearl millet.

Supplementary Figure 2 | Cluster dendrogram with bootstrap probability values
for edges, with ward.D2 clustering for Modified Roger’s distances, for single plant
genotypic data (A) The cluster dendrogram of sorghum, (B) the cluster
dendrogram of pigeonpea, and (C) Cluster dendrogram of pearl millet.

Supplementary Figure 3 | Values of BIC vs. number of clusters with maximum of
70 clusters in DAPC analysis for (A) sorghum, (B) pigeonpea, and (C) pearl millet.

Supplementary Figure 4 | Population structure using the posterior membership
probabilities, using K = 36 in DAPC analysis: (A) The population structure of
sorghum. (B) Population structure of pigeonpea and (C) Population structure of
pearl millet.

Supplementary Table 1 | List of accessions of sorghum used for phenotypic and
genotypic within accession diversity evaluation.

Supplementary Table 2 | List of accessions of pigeonpea used for phenotypic
and genotypic within accession diversity evaluation.

Supplementary Table 3 | List of accessions of pearl millet used for phenotypic
and genotypic within accession diversity evaluation.
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Climate change has significantly altered the biodiversity of crop pests and pathogens,
posing a major challenge to sustainable crop production. At the same time, with the
increasing global population, there is growing pressure on plant breeders to secure
the projected food demand by improving the prevailing yield of major food crops.
Finger millet is an important cereal crop in southern Asia and eastern Africa, with
excellent nutraceutical properties, long storage period, and a unique ability to grow
under arid and semi-arid environmental conditions. Finger millet blast disease caused
by the filamentous ascomycetous fungus Magnaporthe oryzae is the most devastating
disease affecting the growth and yield of this crop in all its growing regions. The
frequent breakdown of blast resistance because of the susceptibility to rapidly evolving
virulent genes of the pathogen causes yield instability in all finger millet-growing areas.
The deployment of novel and efficient strategies that provide dynamic and durable
resistance against many biotypes of the pathogen and across a wide range of agro-
ecological zones guarantees future sustainable production of finger millet. Here, we
analyze the breeding strategies currently being used for improving resistance to disease
and discuss potential future directions toward the development of new blast-resistant
finger millet varieties, providing a comprehensive understanding of promising concepts
for finger millet breeding. The review also includes empirical examples of how advanced
molecular tools have been used in breeding durably blast-resistant cultivars. The
techniques highlighted are cost-effective high-throughput methods that strongly reduce
the generation cycle and accelerate both breeding and research programs, providing
an alternative to conventional breeding methods for rapid introgression of disease
resistance genes into favorable, susceptible cultivars. New information and knowledge
gathered here will undoubtedly offer new insights into sustainable finger millet disease
control and efficient optimization of the crop’s productivity.

Keywords: allele mining, finger millet, gene pyramiding, M. oryzae, marker assisted selection, molecular breeding,
QTL mapping, transgenesis
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INTRODUCTION

Environmental stresses cause reduced growth and significant
yield losses in food crops. Avenues for improvement of crops
to combat individual and multiple stresses are major breeding
goals, and different approaches have been used to improve
stress tolerance (Calanca, 2017). Among the biotic stresses, pests
and diseases are the most important limiting factors that affect
finger millet production worldwide. Finger millet blast caused
by the filamentous fungus Magnaporthe oryzae (sexual amorph
Pyricularia oryzae) is the most devastating disease affecting
the production and productivity of finger millet because of
its destructive nature under favorable conditions and its wide
distribution in all finger millet-growing areas (Yoshida et al.,
2016). M. oryzae infects a finger millet plant during nearly
all growth stages and reduces the crop grain yield by up to
100% (Senthil et al., 2012; Takan et al., 2012). Due to the
importance of finger millet blast disease, effective disease control
measures are needed to ensure global food security, especially
in arid and semi-arid regions of African and Asia where the
crop is majorly cultivated. Over the years, various pursuits
have been made to develop new cultivars that are resistant to
the disease. The unavailability of the whole-genome sequence
and the limited genomic resources of finger millet has greatly
hampered studies of the genetics of resistance to the blast
disease compared with other major cereals. As a result of this
shortcoming, the understanding of broad-spectrum resistance to
finger millet blast disease remains a knowledge gap. Previous
work on the pathosystem of the blast fungus on finger millet
relied primarily on the phenotypic features and virulence tests
using various hosts (Wu et al., 2014; Que et al., 2019; Rasool et al.,
2020). These studies concentrated on screening and selection
of finger millet cultivars or new advanced lines toward selected
strains of blast fungi but with limited success, because the
phenotypic traits obtained are extremely variable due to the
genetic instability of the blast pathogen. In addition, it often takes
a long time and high cost for breeders to develop new varieties
with broad-spectrum resistance to blast disease when these
strategies are adopted. Additionally, the studies are influenced by
environmental pressures and are prone to human errors, leading
to ambiguous results.

With the advent of new biotechnological tools, current
research strategically focuses on understanding the biotic stresses
on finger millet, particularly in advancing the molecular genetics
of blast disease in order to develop an integrated management
system for blast disease resistance in finger millet. With the
advancement of high-throughput sequencing platforms, there
has been a tremendous increase in the modern genomic tools
available, such as molecular markers, expressed sequence tags
(ESTs), gene expression profiling, genome-wide association
studies, genetic transformations, and, more recently, genome
editing, have been used successfully in various crops to explore
the genetic basis of stress tolerance for guidance in the
development of plants of superior quality. DNA molecular
markers have also been used for population genetics and
evaluation of genetic variations that occur between and within
plant populations, and their polymorphic structure and level can

be invaluable in crop breeding. This review outlines a set of recent
molecular and genomic tools that are used to study the finger
millet blast fungus.

Finger Millet and Finger Millet Blast

Importance

Finger millet [Eleusine coracana (L.) Gaertn.] is an allotetraploid
(2n = 4X = 36) member of the Poaceae family. The crop is
mostly grown and consumed by people in the poverty-stricken
arid and semi-arid tropics of Asia and sub-Saharan Africa (Takan
et al.,, 2012). Its grains have excellent nutraceutical properties,
such as high dietary fiber content, amino acids (methionine,
phenylalanine, tryptophan, cysteine, isoleucine, and leucine),
vitamin B complex, calcium, and iron compared with maize,
rice, wheat, and sorghum (Kumar et al, 2016b; Gupta et al,
2017). It is also gluten-free and can be stored for a long period
(Chandrasekara and Shahidi, 2010). As a member of the small
millets, finger millet is the most climate-resilient crop which can
be cultivated under a diverse range of climatic conditions. It ranks
fourth on a global scale of production, followed by sorghum, pearl
millet, and foxtail millet (Upadhyaya et al., 2007). These qualities
make the finger millet an important food and nutritional security
crop and a valuable genomic resource. Although the global finger
millet production has been increasing, reaching 4.5 million tons
in 2018 (FAOSTAT, 2019), the increase is not concomitant with
the demand for finger millet because of the rapidly increasing
human population and industrialization. To date, no published
data exists on associated economic loss due blast disease in finger
millet. To overcome this challenge, there is a need to increase
finger millet production by at least 40%, like other major cereals
(Kumar et al., 2018).

The availability and access to diverse genetic resources is
central to genetic improvement of any crop. These genetic
resources have to be characterized for their effective utilization
in crop improvement programs. Field and in vitro genebanks
constitute a huge pool of finger millet germplasm collections.
As of 2010, 35382 finger millet accessions were conserved
in gene-banks across the world. The National Bureau of
Plant Genetic Resources (India) and the International Crops
Research Institute for the Semi-Arid (ICRISAT) genebanks
across the world accounted for 26.9% and 16.8% of the global
collections. Other institutions including Kenya Agricultural &
Livestock Research Organization (Kenya), National Agricultural
Research Organization (Uganda), Ethiopian Biodiversity
Institute (Ethiopia), Southern African Development Community
(Zambia), and others accounted for the remaining for the
remaining 56.3% (FAO, 2010). These finger millet collections are
rich in rare alleles for target traits from which researchers and
crop breeders can obtain the genetic materials to expedite their
work in a sustainable way. However, a systematized usage of
genebank accessions has not progressed very far in finger millet
research and breeding programs due to the scanty information.
The ongoing initiative by ICRISAT and other collaborators to
sequence several collections to expedite its use for breeding. It is
our view that this effort will provide an opportunity to mine novel
alleles for breeding next generation of finger millet varieties.

Blast disease caused by M. oryzae is the most important disease
affecting the growth and yield of finger millet. The fungus infects
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FIGURE 1 | Blast disease symptoms on finger millet (A) blast infection of the finger millet | (B). infection on leaves (C). panicle and neck bast symptoms.

many other economically important crops, such as rice (Mentlak
et al., 2012), foxtail millet (Sharma et al., 2014), barley (Tufan
et al., 2015), wheat (Cruz and Valent, 2017), and other grass
plants within the Poaceae family (Wang et al., 2011; Han et al,,
2018). Under favorable conditions, the pathogen infects leaves,
stem, collar, node, neck, fingers, and roots, causing substantial
crop losses in all finger millet-growing areas. Blast infections
occur mostly on the leaves, with the first symptoms of the
disease appearing as small gray or brownish dots on the leaves.
Following 2-3 days of infection, the dots grow into diamond-
shaped lesions of 1.5 cm in length and 0.3-0.5 cm in width, with
a white or grayish center (Figure 1). The head blast significantly
reduces finger length, seed weight, number of seeds per finger,
and total grain yield (Mgonja et al., 2013). The yield losses due
to blast have been reported to be between 30 and 50% in large
rice-producing areas under favorable environmental conditions
(Correa-Victoria and Zeigler, 1993; Skamnioti and Gurr, 2009).
Efforts are on-going to develop finger millet varieties with blast
resistance. Therefore, continuous studies on blast disease are
essential to overcome this disease and thereby sustain finger
millet production in the future.

Biology and Pathogenicity of M. oryzae

Magnaporthe oryzae is plant-pathogenic filamentous ascomycete
fungi that belongs to the Pyricularia family. Ascomycete fungi
are host specific and causes blast disease on more than 50
cultivated and wild monocot plant species (Gladieux et al,
2018). Based on the polyphyletic nature of Pyricularia genus,
it is believed that reproduction in the finger millet blast
fungus is asexual, producing clonal populations (Figure 2).
M. oryzae is heterothallic and both mating types MATI1 and
MAT?2 occur in single mating type gene that has two alleles,
MATI-1 and MATI-2. However, isolates from single agro-
ecological region are usually of only one mating type and
where the both mating type idiomorphs occur, the strains

cannot interbreed (Takan et al., 2012). Despite this observation,
occurrence of highly fertile and hermaphrodite isolates, and
isolates haboring the two mating types has been reported (Saleh
et al., 2014). Finding suggest that sexual recombination may
contribute to genetic variability. Differences have been observed
in the two mating types in septoria leaf blotch wheat pathogen
Mpycosphaerella graminicola isolates with MATI-1 isolates having
significantly greater pathogenicity than MATI-2. On contrary,
M. oryzae isolates with MATI1-1 and MATI-2 idiomorphs were
found to have similar pathogenicity on different monogenetic
lines of rice. This has not been tested on finger millet blast
strains, and similar results are hypothesized. Despite this
suggestion, the finger millet blast fungus sexual recombination,
pathogenicity variation, habitat adaptation, and fitness need
to be investigated. Further, the phylogenetic evolution and
geographic transmission patterns of the finger millet blast
pathogen need to be explored.

Magnaporthe oryzae infects the host in two stages, the
biotrophic stage where it obtains nutrients from live cells and
a necrotrophic stage where it obtains nutrients from dead cells
(Park et al., 2009). During infection, conidia attach to the host
leaf surface by adhesive secretions released from the apical part of
the spore tip during hydration. Subsequently, the spore anchors
itself tightly to the hydrophobic (non-stick) finger millet surface
to allow germination. After that, the conidia produce germ tubes
which form a melanized appressoria. A mature appressorium
then breaks the leaf cuticle by creating cellular turgor pressure
through the accumulation of compatible solutes such as glycerol
and secretion of cell wall degrading enzymes; therefore, gaining
entry into the epidermal cells (Marcel et al., 2010; Mentlak et al.,
2012). Once inside to the host tissues, M. oryzae spreads to
adjoining cells through the plasmodesmata without causing any
perceptible alteration to the cell walls of the host (Galhano and
Talbot, 2011). Under favorable conditions of high humidity, the
fungus sporulates abundantly from disease lesions, permitting the
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FIGURE 2 | A schematic representation of the infection cycle of M. oryzae.

disease to quickly spread to adjacent finger millet plants and its
relatives by wind and water droplets (Mentlak et al., 2012).

Management Strategies of Finger Millet
Blast Disease

Management of blast disease is a challenging issue, and its
control relies on three broad strategies various farming practices,
application of chemical and biological agents, and breeding
of blast resistant varieties. Some of the cultural and farming
practices that have been applied to control blast disease include
planting time, spacing, crop rotation, nutrient management
(nitrogen and silicon), and water management (Mgonja et al,,
2013). These farming practices are commonly used by resource-
poor subsistence farmers in developing countries who cannot
afford other methods of disease management. Preventive and
curative chemicals, such as organophosphorus fungicides, critical
elements in effective blast disease management not only in finger
millet but also in other crops. Treatment of planting seeds with
systemic fungicides such as tricyclazole and application of foliar
sprays of edifenphos or kitazin with first at the time of ear
emergence or application of carbendazim followed by mancozeb
after seven to ten days at the same time been demonstrated
to be effective in controlling blast disease (Nagaraja et al.,
2007). The indiscriminative nature of chemicals often leads
to the development of resistance in phytopathogens. Despite
their effectiveness, agrochemicals pose potential risks to human
health, food safety and the environment. The growing global
concern on the environment, coupled with a strong drive to
sustainable agriculture, has led to the advancement of non-
chemical alternative strategies methods to control blast disease.
Biological control (use of microbial antagonists to suppress
diseases) of finger millet blast disease has been considered a
viable and sustainable alternative method to synthetic chemical
fungicides. Bioinoculants offers multiple beneficial aspects such
as the production of quality grains, protection of crops against

biotic and abiotic stresses; soil fertility enhancement and are
environmentally safe. Biological agents have successfully been
used to manage fungal diseases, such as powdery mildew (Mgonja
et al., 2007; Anand et al., 2010), verticillium wilt disease (Yuan
et al., 2017), and anthracnose (Hernandez-Montiel et al., 2018).
Biological control (use of microbial antagonists to suppress
diseases) of finger millet blast disease has been considered a
viable and sustainable alternative method to synthetic chemical
fungicides. Bioinoculants offers multiple beneficial aspects such
as the production of quality grains, protection of crops against
biotic and abiotic stresses; soil fertility enhancement and are
environmentally safe. Biological agents have successfully been
used to manage fungal diseases such as powdery mildew
(Mgonja et al., 2007; Anand et al., 2010), verticillium wilt
disease (Yuan et al, 2017), and anthracnose (Hernandez-
Montiel et al., 2018). Attempts have been made to control blast
disease using bioinoculants. For example, indigenous rhizosphere
Pseudomonas sp. strain MSSRFD41, had been shown to control
blast disease and promote the growth of finger millet in vitro but
this approach has not been applied at natural field conditions
(Sekar et al., 2018). Similarly, endophytic Bacillus tequilensis
GYLHO01 inhibits the growth of M. oryzae rice blast and thus
has a high potential application as a bioinoculant for control
of rice blast pathogen (Li et al., 2018). These examples offer
encouraging results, affirming that bioinoculants can significantly
contribute to limit the damage caused by blast disease. However,
no effective bioinoculant has been formulated and widely
adopted for effective biological control of blast disease pathogen.
Effective adoption of bioinoculants requires an improvement
in understanding of the complex plant-microbe interactions,
and an efficient and stable antagonist for the pathogen under
different agroecological conditions must be obtained for this
control strategy to be realized. More efforts should also be
done to authenticate the currently available outcomes setting
up effective formulations and application protocols and deepen
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the knowledge and awareness on the value of biocontrol agents.
Like other blast control strategies, it is our view that biocontrol
should not be used alone, but should be implemented in an
integrated management framework for sustainable protection of
finger millet from M. oryzae.

In the current biotechnology era, the breeding of blast-
resistant varieties offers the best cost effective and reliable
approach for the management of finger millet blast disease,
especially in developing countries dominated by subsistence
farming. A number of improved finger millet varieties such as
such as IE4795, IE 1055, IE 2821, IE 2872, IE 4121, IE 4491,
IE 4570, IE 5066, IE 5091, and IE 5537 with broad-spectrum
resistance to blast pathogen coupled with desirable agronomic
traits such as early flowering, medium stalk length, and high
yields have been developed through conventional breeding
methods in eastern Africa and Asia. Such The development and
deployment in several production systems of these varieties has
been a collaborative work of international research institutions
and national finger millet breeding programs. The use of such
varieties in integrated management of blast disease is desirable
because they require minimal fungicides, subsequently lowering
production cost. From our unpublished data on appraisal of
occurrence, impact, risk factors and farmers’ knowledge and
attitudes of finger millet blast disease in Kenya, results showed
that many farmers did not know the existence of blast resistant
lines and this observation could be the same in all other
finger millet growing regions. Farmers should therefore be made
aware of the benefits planting resistant lines as opposed to
their preferred cultivars. Local finger millet landraces and their
wild relatives are commonly used as sources of variation of
introgression and hybridization to incorporate the range of useful
adaptations for disease resistance into cultivated finger millet.
Even though genetic resistance will continue to be the main
strategy for control of blast disease, the success of this method
is short-lived due to the instability of the M. oryzae genome,
especially the fast-evolving genes, leading to the breakdown of
resistance under field conditions (Mgonja et al., 2013). Abiotic
stresses, such as drought, have also displayed a partial or complete
breakdown of resistance (Gupta et al., 2017). To overcome this
challenge, gene staking/pyramiding and identification of new
partial resistance (R) genes against finger millet blast disease are
an important goal of finger millet breeding. Staking of multiple
R-genes or the alleles of a major R-gene, which recognize the
unique set of M. oryzae strains through a conventional breeding
approach or transgenesis, has been considered for the attainment
of dynamic and durable resistance against different strains of
the pathogen (Das et al., 2017; Kumari et al., 2017). Modern
biotechnological techniques are simpler, cost-effective, can be
performed over a short period, and are more efficient than
classical breeding methods.

Breeding Approaches for Improvement

of Disease-Resistant Varieties

The current breeding approaches combine two or more objectives
which include increasing grain yield, improving resistance to
resistance to various biotic and abiotic stresses and enhancing

nutritional quality. Therefore, new finger millet varieties that
combine all these traits are desirable. Due to the severity of
blast disease, conventional breeding approaches for transferring
robust and durable resistance to M. oryzae into adapted
finger millet germplasm has been a goal of many breeding
programs (Upadhyaya et al., 2011; Mgonja et al, 2013).
A major challenge for finger millet breeding is that different
inheritance models that have been published among the sources
of resistance to M. oryzae due to the pathogen’s specificity.
The drawbacks of conventional breeding due to genetic drag
and erosion, reproductive hindrances and longer period it
takes has necessitated the need for novel breeding methods.
Although some achievements have been achieved through
conventional breeding strategies, dynamic, efficient, versatile,
and contemporary tools and resources must be continually be
developed and applied in order to create the necessary paradigm
shift needed in finger millet research and breeding.

The rapid advancement in next-generation sequencing
techniques together with the declining associated costs and high-
performance computation, have resulted to extensive discovery
of numerous genomic resources in plants and other organisms.
The wealth of information emanating from the post-genomic
era has enabled a better understanding of the physiological,
biochemical, and molecular mechanisms involved in genotype
and its relationship with the phenotype especially for complex
traits, facilitated systematic improvement of crop breeding, and
allowed for the efficient use of genetic resources. Novel DNA-
driven breeding techniques such as marker-assisted selection
(Ghatak et al., 2017), gene pyramiding (Chen et al., 2008; Singh
et al, 2013), marker-assisted backcross breeding, (Valarmathi
etal., 2019; Ponnuswamy et al., 2020), speed breeding technology
(Chiurugwi et al., 2019; Hickey et al., 2019) and a combination
of them have been utilized in several crops such as rice, soya
bean, maize and wheat. To our knowledge, no finger millet
variety has been developed and released based on marker-assisted
selection (MAS) technique to date, despite the potential of MAS
in other cereal crops improvement has been demonstrated for
important traits such as bacterial blight resistance in rice (Pandey
et al., 2013). Application of these contemporary approaches will
ultimately expedite finger millet breeding efforts against blast
disease. However, a lot of knowledge is required before full
application of molecular breeding in finger millet as most of
the available data for the crop currently is on diversity studies
and limited QTLs.

Plant genetic engineering which encompasses genetic
transformation and genome editing have opened new avenues
to modify crops and provided solutions to solve specific needs,
establishing it as one of the most important and dynamic
biotechnological tools to revolutionize agriculture. This
technology can integrate foreign genetic material into different
plant cells to produce transgenic plants with new desirable
traits, such as drought tolerance, pest and disease resistance,
and quality improvement. To circumvent the controversy
of genetically modified organisms, innovation in genome
editing tools that cause genome changes without producing
transgenic plants are currently being explored (Luo et al., 2015;
Miroshnichenko et al., 2019).
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As an orphaned crop, the status of finger millet genetics
and genomics still lags behind that of 204 other food cereal
crops, such as maize, rice, wheat, and barley, and even other
small millets due to limited research interests and investments.
Few biotechnological approaches have been tested on finger
millet for crop improvement (Sood et al, 2019). However,
this reality is rapidly evolving as the cost of technologies
decreases, leading to an exponential decline in the cost of the
generation of new knowledge. A vast reservoir of more than
28,041 finger millet germplasm is available in various institutions
worldwide for genetic and breeding research (Ceasar et al., 2018).
The long-awaited whole-genome sequence and annotation will
trigger much higher-resolution research on functional genomics,
proteomics, comparative genomics and forward and reverse
genetics to unravel the molecular mechanisms mediating major
agronomic traits, such as yield, grain quality, abiotic stress
tolerance, and pest and disease resistance. Subsequently, the
genomic knowledge will be transferred into crop productivity
through molecular breeding and better agronomic husbandry.

With the expected large amounts of omics sequencing
data, finger millet scientists need to prepare the emerging
opportunities and challenges for multi-omics big data integration
by means of artificial intelligence for a feasible improvement
approach. Studies on genome collinearity show a high genomic
synteny between finger millet and rice, foxtail millet and maize,
in that order (Hittalmani et al., 2017; Pandian and Ramesh,
2019). Blast resistance in finger millet has been studied using
comparative genomics, and different approaches have been
used to genetically improve finger millet for effective, durable
resistance to important diseases. Several R-genes and quantitative
trait loci (QTL) in finger millet linked to the blast pathogen have
been reported and sequenced (Ramakrishnan et al., 2016; Odeny
etal., 2020). These genes and QTL show high sequence similarity
in rice and barley, signifying a common evolutionary ancestry
for these R-genes (Ramakrishnan et al., 2016). Similar methods
could be used to identify novel alleles for blast resistance through
syntenic studies with the data available from rice, pearl millet,
barley, and other related plants. To date, there is no literature
reporting mutation breeding in finger mullet to generate new
varieties. Still, this avenue can be explored given the successful
mutation breeding of rice, which has focused mainly on grain
quality and taste, agronomic traits, and resistance against pests
and diseases. Traditional finger millet landraces have been widely
used as genetic resources of breeding programs (Mirza and Marla,
2019). However, the lengthy 10-15-year breeding cycle from
crossing to variety release slows the progress.

The majority of the traits, such as resistance to blast
disease, are polygenic, and this poses a major challenge when
combining large numbers of traits. To supplement conventional
breeding, shorten breeding cycles, and accelerate research
activities, powerful tools, such as speed breeding protocols, which
accelerate plant growth and development, may be explored in
finger millet breeding strategies (Watson et al., 2018). Speed
breeding technology is able to achieve up to six generations per
year of barley (Hickey et al., 2017), wheat (Watson et al., 2018),
and oats (Gonzélez-Barrios et al., 2020), presenting a robust tool
to reduce the long period of breeding cycles effectively. Several

speed breeding protocols that utilize prolonged photoperiods and
controlled temperatures to accelerate growth and development
have been developed for the worlds major cereals. Finger
millet is a tropical, short-day plant, but its speed breeding
protocol is yet to be developed. In order to realize the actual
and potential opportunities of speed breeding technology, it is
essential to optimize the parameters at a low cost for finger millet.
Being time and resource saving, speed breeding technology
will accelerate research, improve stability, and increase global
finger millet production to meet food security demands of the
increasing population.

Blast Disease Improvement Due to
Markers and Genotyping Systems

Molecular markers are highly treasured in plant genetics. Over
the years, molecular markers have played a prominent and
versatile role in finger millet breeding for cultivar improvement,
taxonomy, population genetics, plant physiology, and genetic
engineering (Veluru et al., 2020). Characterization of finger millet
using isozyme makers found fixed heterozygosity at several loci
that was identical across the examined accessions (Werth et al.,
1994). DNA-based makers such as restriction fragment length
polymorphism (RFLP), amplified fragment length polymorphism
(AFLP), simple sequence repeat (SSR), expressed-sequenced tag
(EST), and markers have been used to generate genetic map of
finger millet (Dida et al., 2007; Babu et al., 2014a). Both isozyme
and DNA marker analyses have indicated a low variation within
cultivated finger millet. Highly variable makers will therefore be
required for their application in the crop’s breeding.

The advancement in high-throughput sequencing techniques
has facilitated sequencing for whole genome sequencing and re-
sequencing projects, generating large volumes of sequence data
quickly and at a reasonable cost. Next generation sequencing
techniques presents new avenues for high-marker density
genotyping procedures such as genotyping by sequencing (GBS),
which can be used to unravel large numbers of single nucleotide
polymorphisms (SNPs) for species identification, diversity
analysis, linkage mapping, and genome-wide association studies
(GWAS) (Elshire et al., 2011). Because of its high throughput and
robustness, GBS can be used to unravel the close variation of
cultivated finger millet genotypes. GBS was successfully applied
to establish the genetic diversity, population structure and ploidy
level among 112 Vanilla planifolia accessions and identified
521,732 SNP markers (Hu et al., 2019). Further, genetic diversity
of olive germplasm (Olea europaea L.) was achieved through GBS
technology (Zhu et al.,, 2019). These results validate the efficacy
of genomics-based tools in species genotyping and demonstrate
GBS as an effective marker for cultivar genetic diversity analysis
in several cultivated crops, providing a vital tool for genomics-
assisted plant breeding. Although the genome sequence for finger
millet has not been release so far, considerable gains of GBS have
been achieved. For example, Tiwari et al. (2020) discovered genes
and QTLs governing seed protein content and related traits in
finger millet using SNPs discovered via GBS technology. Likewise,
GBS was used to identify genomic regions which govern grain
nutritional traits in finger millet and generated 169,365 SNPs and
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three subpopulations (Puranik et al., 2020). These two examples
signify the utility of GBS in genome wide association analysis
in mining of novel fundamental genetic information which is
essential for marker-assisted breeding against blast disease. The
limitations which may arise is that many of the SNPs identified
from blast infection are likely to be associated with broad stress
or infection responses.

The main challenge posed by the use molecular markers in
plant breeding is the high cost of establishing, maintaining of
molecular laboratories and inadequate qualified human resource.
Moreover, the huge capital requirement for development of
markers another major impediment in use of molecular markers
in plant breeding programs especially in many developing
countries where finger millet is grown. These countries should
put more efforts to surmount these challenges. These challenges
could be resolved through establishment of specialty regional
and continental molecular laboratories could cut costs and bring
synergy in research and plant breeding activities.

Resistant Genes and QTLs for Blast

Disease

Molecular marker-based breeding approaches have been valuable
in the development of blast resistance and in improving
important agronomic traits in crops, such as rice and foxtail
millet (Tabien et al, 2002). The majority of these traits, for
instance, blast resistance, are under quantitative genetic control
(Fu, 2015). Nine blast R-genes (Pita, Pi9, Pi2, Piz-t, Pi-kh, Pi36,
and Pi37) belonging to the nucleotide-binding site-leucine-
rich repeat (NBS-LRR) family have been cloned in rice by
using different strategies (Ameline-Torregrosa et al., 2008). EST
sequences of NBS-LRR regions of finger millet have shown
homology with Pi-kh and Pi21, indicating that rice blast R-gene
orthologs may be playing a crucial role in conferring resistance
in finger millet (Kumar et al., 2016a). Genetic mapping and
molecular characterization of quantitative traits enable genome-
aided breeding in improving the finger millet crop. The common
tools used for analyzing the quantitative traits are association
mapping and linkage analysis. Association mapping for resistance
has been done using genic-SSR markers strongly linked to blast
QTL from the finger millet NBS-LRR region in the identification
of QTL for finger blast and neck blast resistance. Babu et al.
(2014b) identified five significant QTL for finger blast and neck
blast. The finger blast QTL were strongly associated with the
genic-SSR primer FMBLEST32 and rice SSR RM262 (Babu et al.,
2014a). The FMBLEST32 marker was designed from a Pi5 rice
blast gene known for a relatively broader spectrum resistance
to M. oryzae (Wang et al.,, 1994). Ramakrishnan et al. (2016)
identified two leaf blast resistance QTL strongly associated with
markers UGEP101 and UGEP95 by association mapping.

Gene Pyramiding for Blast Resistance

The notable losses of finger millet to blast disease necessitates
the development of highly improved and novel strategies to
enhance the capacity of various finger millet varieties that can
survive attacks caused by the ever-evolving, mutating M. oryzae
pathogen while also enduring the variable farming and climatic

conditions with a high level of grain quality. Although fungicides
are an option for the control of blast disease, they are expensive
or not readily available to subsistence and smallholder farmers
who are the dominant producers of finger millet in the tropics
of sub-Saharan Africa and Asia. Finger millet varieties with
resistance to M. oryzae fungi offer a cost-effective, easy-to-
use, and environmentally-friendly management strategy (Pastor-
Corrales et al., 1998). Several sources of blast disease resistance
have been identified among primary and secondary gene pools of
finger millet (Wang et al., 1994; Babu et al., 2014b; Ramakrishnan
et al, 2016; Odeny et al, 2020), However, development of
varieties with durable blast disease resistance is difficult. In
particular, the broad and dynamic virulence diversity of the blast
pathogen has been a limiting factor for host-plant resistance to
blast disease because it renders the resistant varieties susceptible
within a short period (Odeny et al., 2020).

The advancement of molecular methods in plant breeding has
significantly broadened the identification of various R-genes in
finger millet and other important crops of the Poaceae family.
The presence of a set of different R-genes in the same plant averts
the infection from multiple pathogen races, thereby avoiding
fungal evolution by preventing recombination between different
fungal races. Previous evidence on rice blast disease has shown
that integrating a set of different valuable R-genes or QTLs
into the same plant would block the infection from several
pathogen strains, consequently preventing the fungal evolution
through the averting recombination between different fungal
races (Yasuda et al.,, 2015). Gene pyramiding involves stacking
of multiple-genes, which results in the simultaneous expression
of the various genes in the same plant (Delmotte et al., 2016).
Although ahis approach looks promising in compacting blast
and other fungal disease in rice and other cereal crops such
as maize (Zhu et al., 2018) and wheat (Cruppe et al., 2020),
although, it has not been tried in finger millet. An assessment
of the performances of three approaches to control root-knot
nematode: cultivar mixtures, crop rotation, and pyramiding of R-
genes in pepper and lettuce under controlled conditions for more
than 3 years (Djian-Caporalino et al., 2014). Results from their
work demonstrated that pyramiding of different genes conferring
resistance to root-knot nematodes in one genotype was more
durable and suppressed the emergence of virulent isolates than
pyramiding of different genes conferring resistance to root-
knot nematodes in cultivar mixtures and crop rotations. These
empirical results, together with theoretical considerations of
qualitative and quantitative disease resistance and retrospective
analysis, pinpoint that gene pyramiding is the most powerful
strategy to provide durable resistance to plant pathogens.

However, gene pyramiding has challenges, including
compromised efficacy of stacking genes, if critical assumptions
are not adhered to and virulence gene mutations occur, which
are often independent of one another. Moreover, the masking
of gene expression of resistance, genotype X environment
interactions, the phenotypes, and physiological and biochemical
penalties linked with R-genes, could eviscerate the agronomic
performances. The long period required to obtain a successful
variety through gene pyramiding is another major impediment,
especially to seed companies. This challenge has been resolved
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by the new approaches, such as novel sequencing technologies,
marker-assisted selection, genetic engineering, and genomic
editing. These new methods have aided in the discovery of new,
essential R-genes with ease and facilitated their combination into
a single variety. The breakdown of pyramided genes has also been
recorded in several experiments and explained the theoretical
projection (Delmotte et al., 2016; Rana et al., 2019). In turn, this
creates probabilities of the emergence of multi-virulent pathogen
strains, such as M. oryzae. Therefore, it is imperative to strike a
balance between an economic impact and effective strategies for
controlling the disease.

Allele Mining and Blast Resistance
Genes

The advancement made in breeding of superior crops has been
achieved by to gathering of valuable alleles from vast plant genetic
resources from different agro-ecological regions of the world.
The wild relatives and landraces of crops still have numerous
untapped valuable alleles which could be sustainably exploited
for development of superior cultivars which are able withstand
environmental variations and still retain the preferred qualities.
Introgression of novel alleles from wild relatives into cultivated
crop varieties such as stripe rust resistant wheat (Liu et al,
2020), tomato against tomato leaf curl virus, late blight and
root knot nematodes (Kumar et al, 2019), development of a
rice mega rice variety “Tellahamsa” for bacterial blight and
blast resistance (Jamaloddin et al., 2020) as proven that specific
alleles and their combinations produce dramatic trait changes
when introgression into a suitable genetic background. At the
moment, no report exists on gene pyramiding on finger millet.
More efforts should therefore be done to unravel more new
important alleles to continually enrich the genetic potential of
crops. The techniques and prospects of allele mining in the
genomic era has been extensively reviewed (Kumari, 2018), so it
is not discussed in detail here.

Together with other constraints, blast disease causes a yield
loss of as high as 100% in areas infested with the pathogen
(Mgonja et al., 2013), purporting a need to understand the
molecular mechanism of blast resistance and identify R-genes
for the blast disease. With the advancement of sequencing
technology, enormous sequence and expression data has been
deposited into various databases. The use of these novel genomic
tools has accelerated discovery and annotation of novel genes
and further facilitated the development of allele-specific-markers.
Due to the scarcity of genomic resources for genetic improvement
of finger millets, comparative genomics will play a critical role
in analyzing the most useful and essential agronomic traits,
like blast resistance (Kumar et al., 2016a). Comparative analysis
of finger millet and rice genomes has demonstrated that most
of the chromosomes are highly collinear with 85% synteny
(Srinivasachary et al., 2007). Synteny relationship between rice
and rice mapped blast R-genes through association mapping
using NBS-LRR EST sequences, M. grisea and Pi rice genes of
rice. Babu et al. (2014b) found that the finger millet blast and neck
blast QTL were linked to rice genes, such as Pi5, Pi21, Pi-d(t), and
NBS-LRR. Therefore, these rice blast R-genes (Pi5, Pi21, Pi-d(t),
and NBS-LRR) can be targeted for allele mining in finger millet.

Transgenesis for Blast Resistance

The improvement of finger millet using biotechnological
tools has lagged when compared with the research made in
other major cereals. Genetic engineering of finger millets is
essential to improve the nutritional quality and resistance to
abiotic and biotic stresses. Improvement of crops through
biotechnological techniques depends largely on successful and
efficient plant tissue culture protocols that can be categorized
into direct organogenesis, indirect organogenesis, and somatic
embryogenesis (Loyola-Vargas and Ochoa-Alejo, 2018). Previous
studies on finger millet have identified several inherent challenges
associated with in vitro regeneration, such as the severe
recalcitrant nature, polyploidy, and genotypic dependence, which
singly or collectively frustrate the plant tissue culture work
and, consecutively, the crop improvement systems through
transgenesis (Dosad and Chawla, 2016). Plant regeneration in
finger millet using different explants in different genotypes has
been reported, such as epicotyl (Patil et al., 2009), shoot apical
meristem (Babu et al., 2018; Ngetich et al., 2018), mature seeds
(Bayer et al., 2014; Pande et al, 2015), and mature embryos
(Satish et al., 2016). These protocols provide an opportunity
to improve in vitro plant regeneration studies in finger millet,
although optimization is required for each genotype. To date,
there is no literature on in vitro regeneration of finger millet using
anther culture, protoplast, and protoplasmic fusion. Attempts
should also be made to establish a genotype-independent in vitro
regeneration system for finger millet.

Various protocols have been used for genetic engineering
of finger millet, including biolistic (Gupta et al, 2001),
microprojectile bombardment (Latha et al, 2005), and
Agrobacterium tumefaciens-mediated transformation (Ceasar
and Ignacimuthu, 2011; Hema et al, 2014). Among them,
Agrobacterium-mediated transformation is the most successful
and frequently used method to deliver DNA for the production of
transgenic finger millet. However, there have been few attempts
to use these procedures for developing transgenic finger millet
lines resistant to blast disease. Latha et al. (2005) produced
transgenic finger millet plants resistant to leaf blast disease
by using the biolistic transformation technique to introduce a
gene coding for an antimicrobial peptide of prawn. In other
work, finger millet plants conferring resistance to leaf blast
disease were developed via Agrobacterium-mediated genetic
transformation of a rice chitinase (chill) gene (Ignacimuthu
and Ceasar, 2012). Results from these two studies demonstrated
a high level of resistance to leaf blast disease in the transgenic
plants compared with the untransformed control plants. Blast
disease also affects the neck and the fingers, yet there is no
reported work on transgenic finger millet resistant to these crop
organs. A transgenic approach for developing finger millet with
broad and durable blast resistance necessitates screening many
potential antifungal genes and pyramiding of possible genes
because the fungus is highly variable and can often overcome
the deployed blast-resistant cultivars in a short period when
resistance is dependent on one major R-gene. Stacking multiple
R-genes into a single variety through genetic transformation is
a promising tool for breeding durable and superior resistance,
especially when the R-genes emanate from different gene clusters
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and different host resistance interactions between the R-genes
and their effector proteins are provided (Dong and Ronald, 2019).
The whole-genome sequence of finger millet, which is anxiously
being awaited by finger millet research enthusiasts, is expected
to be exploited to facilitate the new genome editing tools,
especially, the CRISPR/Cas system. CRISPR (clustered regulatory
interspaced short palindromic repeats) and its associated proteins
(Cas) guide the complex to cleave complementary DNA. The
CRISPR/Cas system 1is revolutionary and innovative tool for
plant genome editing because of its simplicity, a wide range
of applications, and is cost-effective (Langner et al., 2018). In
order to produce only genome edited plants lacking any foreign
DNA inserts. It is therefore vital to establish a protoplast-
based regeneration system for finger millet to accomplish the
goal of producing blast-resistant finger millet and also propel
research and innovation in the crop to the next and higher level
comparable to rice, wheat, barley, and maize.

Integrating Disease Resistance Genes
With Other Crop Disease Control
Strategies

In a permanently dynamic world and society, environmental
protection and agricultural sustainability remain the core drivers
for food security. Despite the technological advancements made
over the past two decades, a real food crisis due to plant diseases
has emerged as a significant threat to food security worldwide.
Integration of durable disease R-genes in the advent of pathogen
evolution caused by climate change perturbations and other
evolutionary pressures provides sturdy protection against crop
diseases. It complements a diversified, integrated management
of M. oryzae because the simultaneous use of m control
‘weapons guarantees maximum returns. Empirical studies and
theoretical models demonstrate that an amalgamation of different
selective pressures delays the emergence of virulence (Anderson
et al, 2019). For example, the durability of an introgressed
R-gene(s) targeting a pathogenic fungus, such as M. oryzae,
could be significantly elevated through the application of
fungicides targeting that particular pathogen. Generally, all
agricultural practices intended to control a given pathogen
should theoretically be integrated to increase their respective
effectiveness and durability (Anderson et al., 2019; Hu et al,,
2020). In cognizance of smallholder farmers who predominantly
cultivate finger millet, such combinations may be constrained by
financial, technical knowhow, human health, and environmental
factors. To achieve the goal of integrated management of blast
disease in finger millet, community engagement and extension
services, a healthy partnership between all players in the finger
millet value chain and training programs should be emphasized
to achieve long-term success.
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Physiological and Proteomic
Signatures Reveal Mechanisms of
Superior Drought Resilience in Pearl
Millet Compared to Wheat

Arindam Ghatak't, Palak Chaturvedi’**, Gert Bachmann’, Luis Valledor?, Ziva Ramsak3,
Mitra Mohammadi Bazargani*, Prasad Bajaj®, Sridharan Jegadeesan¢, Weimin Li',
Xiaoliang Sun’, Kristina Gruden?, Rajeev K. Varshney® and Wolfram Weckwerth'’.7*

" Molecular Systems Biology Lab (MOSYS), Department of Functional and Evolutionary Ecology, University of Vienna, Vienna,
Austria, 2 Plant Physiology Lab, Organisms and Systems Biology, Faculty of Biology, University of Oviedo, Oviedo, Spain,

3 Department of Systems Biology and Biotechnology, National Institute of Biology, Ljubljana, Slovenia, * Agriculture Institute,
Iranian Research Organization for Science and Technology, Tehran, Iran, ° Center of Excellence in Genomics & Systems
Biology, International Crops Research Institute for the Semi-Arid Tropics, Hyderabad, India, ¢ Premas Life Sciences,
Bengaluru, India, ” Vienna Metabolomics Center (VIME), University of Vienna, Vienna, Austria

Presently, pearl millet and wheat are belonging to highly important cereal crops.
Pearl millet, however, is an under-utilized crop, despite its superior resilience to
drought and heat stress in contrast to wheat. To investigate this in more detalil,
we performed comparative physiological screening and large scale proteomics of
drought stress responses in drought-tolerant and susceptible genotypes of pearl
millet and wheat. These chosen genotypes are widely used in breeding and farming
practices. The physiological responses demonstrated large differences in the regulation
of root morphology and photosynthetic machinery, revealing a stay-green phenotype
in pearl millet. Subsequent tissue-specific proteome analysis of leaves, roots and
seeds led to the identification of 12,558 proteins in pearl millet and wheat under
well-watered and stress conditions. To allow for this comparative proteome analysis
and to provide a platform for future functional proteomics studies we performed a
systematic phylogenetic analysis of all orthologues in pearl millet, wheat, foxtail millet,
sorghum, barley, brachypodium, rice, maize, Arabidopsis, and soybean. In summary, we
define (i) a stay-green proteome signature in the drought-tolerant pearl millet phenotype
and (i) differential senescence proteome signatures in contrasting wheat phenotypes
not capable of coping with similar drought stress. These different responses have a
significant effect on vyield and grain filling processes reflected by the harvest index.
Proteome signatures related to root morphology and seed yield demonstrated the
unexpected intra- and interspecies-specific biochemical plasticity for stress adaptation
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for both pearl millet and wheat genotypes. These quantitative reference data provide
tissue- and phenotype-specific marker proteins of stress defense mechanisms which
are not predictable from the genome sequence itself and have potential value for
marker-assisted breeding beyond genome assisted breeding.

Keywords: climate resilience, senescence, cereals, drought stress, proteomics, stay-green trait, secure food

production, marker assisted breeding

INTRODUCTION

Feeding nine billion people with balanced nutritional diet
under unpredictable severe weather events is a challenging task.
Emerging evidence suggests that the climate change crisis will
cause shifts in food production and yield loss, causing a severe
threat to food security (Lunt et al., 2016). A key strategy to adapt
in a changing climate is to develop elite germplasms that can
survive under hostile weather conditions with stable yields and
to promote underutilized crop species. Focusing and exploiting
the large reservoir of minor and underutilized crop plants would
provide a more diversified agricultural system and an alternative
healthy food resource, ensuring food, and nutritional security
(Mabhaudhi et al., 2019).

The world today relies on a small number of crop species
for food, majorly Cs cereals (wheat, rice, barley), and few Cy4
cereals like pearl millet, maize and sorghum (Alexandratos and
Bruinsma, 2012). By far, the abundance of genetic resources
and potentially beneficial traits of C,4 cereals are neglected.
However, to alleviate the food crisis, efforts are ongoing to
engineer Cy traits into Cjz crop species, which can massively
increase C3 crop yields (von Caemmerer et al., 2012; Weissmann
and Brutnell, 2012; Wang et al., 2014; Rangan et al.,, 2016).
However, such efforts require an improved understanding
of the physiological traits (such as deep rooting, stay-green,
and senescence etc.) and system-level analysis to identify the
regulatory networks underlying these physiological traits under
abiotic stress condition in a comparative manner.

Drought can adversely and drastically affect the agricultural
sector. It causes land degradation and biodiversity loss. Every
year, around 8.5 million ha of rain-fed land and 1.5 million ha
of irrigated lands are affected because of salinization (Hanjra
and Qureshi, 2010). Drought induces profound changes at the
morphological, physiological and biochemical level in all plant
tissues (Anjum et al., 2011), mostly disturbing the complicated
relationship between sink and source of plant organs. Upon
perception of drought stress a complex response is initiated which
includes massive transcriptional reprogramming along with
anatomical and physiological alterations which include deep root
system, changes in leaf morphology, closure of stomata, cuticular
wax thickening, hormone induction, reactive oxygen species
(ROS) scavenging, osmolyte synthesis, nitrogen assimilation, and
amino acid metabolism (Lamalakshmi Devi et al., 2017). These
active processes involve genes, proteins and small molecules
(metabolites), which play a crucial role in shaping the final
phenotype of the plants (Ghatak et al., 2018; Weckwerth et al.,
2020). However, response to drought is species-specific and often
genotype-specific (Campos et al., 2004). It also largely depends

upon the duration and severity of water loss, age, and stage of the
plant development (Pinheiro and Chaves, 2011).

Proteomics has become a powerful tool for analyzing plant
response to various environmental stimuli (biotic and abiotic),
especially in the comparative studies of genetically diverse
germplasms subjected to drought stress, providing fundamental
insights into plant responses to pre-determined stress and
biochemical pathways that participate in the acclimatization
process. Proper evaluation of the data can contribute to
the identification of the potential candidates, which are then
correlated with the quantitative trait loci (QTLs). These
candidates can be further integrated into the marker-assisted
breeding strategy to enhance the selection of plants with
desired traits (Tuberosa and Salvi, 2006). Several studies were
performed to understand the effect of drought stress on crop
plants at proteomics level (Riccardi et al., 2004; Ford et al,
2011; Komatsu et al.,, 2014; Chmielewska et al., 2016; Ghatak
et al, 2016; Ghatak et al, 2017a,b; Michaletti et al., 2018;
Rodziewicz et al., 2019).

Wheat (Triticum aestivum L.) and pearl millet (Pennisetum
glaucum (L.) R. Br.) are most important cereal crops. Wheat is
a Cj cereal crop with a hexaploid genome (~17 Gb) (Appels
et al., 2018). It is a food source of > 50% world population.
The yield of wheat is severely compromised under harsh
climatic condition, especially drought (Ahmed et al., 2020).
Contrastingly, pearl millet is a C4 grass highly cross-pollinated
diploid (2n = 2x = 14) with a relative genome of 1.79 Gb
and high photosynthetic efficiency (Varshney et al.,, 2017). It is
an underutilized crop, despite its immense nutritional potential
which has not been tapped. Unlike wheat, pearl millet is
cultivatable in areas with drought, low soil fertility, high salinity,
low pH or high temperature. As compared to other cereals,
pearl millet showed greater ceiling temperatures for grain yield,
making it a climate-resilient crop suitable for semi-arid regions of
the world (Varshney et al., 2017). Projected changes in crop yields
owing to climate change demand a paradigm shift to enhance the
cultivation and distribution of such crops in the market reducing
the burden of the crops with high commercial value, e.g., wheat
and maize without compromising their nutritional importance.
However, there is a lack of studies that provide insights into
the molecular machinery underlying stress tolerance in millets in
comparison to other important cereals.

To address this aim, in the present study comparative
physiological and proteome changes were evaluated in the
leaves, roots and seeds of two different pear] millet and
wheat genotypes from different geographical origin subjected
to drought: (1) to identify physiological traits associated with
tolerance to the deleterious effect of drought stress, (2) to

Frontiers in Plant Science | www.frontiersin.org

January 2021 | Volume 11 | Article 600278


https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

Ghatak et al.

Drought Stress Tolerance in Cereals

characterize physiological traits such as photosynthetic activity,
root length, seed weight and weight of the plant with contrasting
degree of drought tolerance, (3) to explore the implications
of drought stress on proteome, and identify tissue-specific
(roots, leaves and seeds) drought stress-responsive proteins
which attribute to the stress tolerance of these crops, (4)
to identify and compare abundance profile of the proteins
involved in C4 pearl millet photosynthetic metabolism and
wax biosynthesis with the orthologous proteins present in
C; wheat, and (5) to integrate physiological and biochemical
parameters (i.e., identified proteins) using multivariate analysis
to obtain a comprehensive picture of the plants “physiological
trait/proteome levels” under drought stress.

MATERIALS AND METHODS

Plant Material, Growth Conditions, and

Drought Treatment

Two different genotypes of pearl millet (843-22B and ICTP8203)
and spring wheat (White Fife and TRI 5630) from different
geographic origins (Table 1A) were selected for this study:
wheat genotypes, one originating from the United Kingdom,
accession number TRI 5357 (White Fife, here indicated as UK),
the other from Iran, accession number TRI 5630 (indicated
as IR). Pear] millet genotypes originated from different states
of India primarily used for breeding and research. Seeds were
obtained from the gene bank repository of International Crops
Research Institute for the Semi-Arid Tropics (ICRISAT), India
and IPK, Germany. The experiment started in February and
concluded in July. Plants were grown in a controlled condition:
the temperature was max 30°C during the daytime, 26°C at
nighttime (£2°C). Relative air humidity was 60% during the day,
and 80% at nighttime; the light was provided by metal halide
lamps (HRI-TS 250W/NDL Neutral white, Radium, Germany)
at an intensity of 220 wmol photons m~2 s~! (7 am. to 9
p.m). The plants were grown in custom made cylindrical pipes
(Ghatak et al., 2016). Each pipe was made of 5 polyethylene
segments (15 cm each) amounting to a total height of 75 cm
with an inner diameter of 10.3 cm. The total soil volume
was 6.25 L. Each tube had two access openings (one in the
upmost segment, and one in the 2nd segment from the bottom)
for monitoring soil dehydration (monitored by measuring the
volumetric soil water content (volume of water/total volume
ratio), in percentage) and soil temperature by means of 1%
accurate theta probes by (ADC ML3™) sensors. Soil mixture
consisted of three parts of potting ground (peat, humus),
2 parts of sand, 1 part of styromull (Royal Brinkman, the

TABLE 1A | Description of the genotypes used in the studly.

Wheat
Triticum aestivum L.

Pearl millet
Pennisetum glaucum (L.) R. Br.

United Kingdom (UK) IRAN (IR) Telangana, India Maharashtra, India
White Fife TRI 5630 843-22B ICTP8203
Sensitive Tolerant Sensitive Tolerant

Netherlands) and 0.1 % NPK was added as initial fertilizer and
no pesticides were used.

The irrigation was adapted to the plant physiological needs,
i.e., shoot/root development and evapotranspiration, being
higher for wheat, and lower for pearl millet (Figure 1A). As
a consequence, the wheat plants were kept at ~32% of soil
volume (71.11% of field capacity), and pear]l millet plants at
~24% of soil volume (53.33% of field capacity). The drought
stress began when the plants reached the developmental stage of
phase 51-53 on the BBCH scale, which was achieved in 8 weeks
for pearl millet and 10 weeks for wheat. The difference in soil
water content between control and stressed plants was the first
indication of the drought imposed. The plant material (roots,
leaves and seeds) were collected considering four biological
replicates in each condition (control and stress) for proteomic
analysis after 13-days of drought period. The harvested samples
were frozen in liquid nitrogen to stop any enzymatic activity.
The tissue samples were ground in liquid nitrogen using mortar
and pestle. Pulverized tissues were stored at —80°C until further
analysis. Table 1B provides the details of the genotypes, harvested
tissues and their abbreviations used in the manuscript text,
figures and tables.

Physiological Measurements

Stomatal Conductance, Leaf Chlorophyll Content,
and Chlorophyll Fluorescence

The effect of drought stress was examined by measuring
stomatal conductance (gs) (mmol m~2 s~ using PWMR-4
porometer (PP Systems, United States), leaf chlorophyll content
using SPAD chlorophyll meter (SPAD 502, Minolta, Tokyo),
and chlorophyll fluorescence (Fy/Fy,) using plant efficiency
analyzer (PEA) (Handy PEA, Hansatech Instruments, King’s
Lynn, United Kingdom). Mature and fully expanded green
leaves were used for the measurement at regular interval until
the drought treatment was completed. The measurements were
performed non-destructively on plant attached leaves.

Plant Weight (Biomass), Root Length, Panicle/Spike
Characteristic (Numbers of Panicle/Spike per
Biological Replicate), Seed Weight, and Harvest
Index
For the measurement of plant weight (biomass), the cylindrical
pipes were dismantled, and the intact plant was removed carefully
from the soil. Panicles and spikelets on culms were counted; seed
weight was recorded before putting them into liquid nitrogen.
Harvest index (HI) was calculated according to Schauer et al.
(2006) with the formula:

Harvest index (HI) % = [Total yield (i.e., seed weight)/Total
yield + plant weight (i.e., biomass)] x 100

Protein Extraction and Pre-fractionation

The total protein from roots, leaves and seeds was extracted
according to Chaturvedi et al. (2013) and Valledor and
Weckwerth (2014). In brief, homogenized tissue weighed (20 mg
for root, leaf and seed tissue, respectively), and suspended in 200
nL of protein extraction buffer [100 mM Tris- HCI, pH 8.0; 5%
SDS, 10% glycerol; 10 mM DTT; 1% plant protease inhibitor
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FIGURE 1 | Physiological parameters. (A) Soil moisture content was measured using sensors ML 3 ThetaProbe. (B) Stomatal conductance was measured using
PWMR-4 Porometer. (C) Leaf chlorophyll content was determined using SPAD chlorophyll meter. (D) Chlorophyll fluorescence (Fy/Fm) was determined using plant
efficiency analyzer (PEA). All the analysis was performed under control and stress condition in pearl millet and wheat genotypes (color indication: blue—control and
red—drought stress; lines: dotted lines—tolerant genotypes and direct line—sensitive genotypes).
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TABLE 1B | Details of the genotypes, tissues harvested and abbreviations used in
the figures and tables.

Cereal Genotype Genotype Conditions Tissues Abbreviations
crops name applied harvested for figures
and tables
Wheat White Fife  Sensitive ~ Control (C)  Root (R) UK-C-R
(indicated Seed (S) UK-C-S
as UK)
Leaf (L) UK-C-L
Stress (St)  Root (R) UK-St-R
Seed (S) UK-St-S
Leaf (L) UK-St-L
TRI 5630 Tolerant Control (C)  Root (R) IR-C-R
(indicated Seed (S) IR-C-S
as IR)
Leaf (L) IR-C-L
Stress (St)  Root (R) IR-St-R
Seed (S) IR-St-S
Leaf (L) IR-St-L
Pearl 843-22B  Sensitive  Control (C)  Root (R) PM-S-C-R
Millet (PM) S) Seed (S) PM-S-C-S
Leaf (L) PM-S-C-L
Stress (St)  Root (R) PM-S-St-R
Seed (S) PM-S-St-S
Leaf (L) PM-S-St-L
ICTP8203  Tolerant Control (C)  Root (R) PM-T-C-R
M Seed (S) PM-T-C-S
Leaf (L) PM-T-C-L
Stress (St)  Root (R) PM-T-St-R
Seed (S) PM-T-St-S
Leaf (L) PM-T-St-L

cocktail (Sigma P9599)] and incubated at room temperature
for 5 min followed by incubation for 2.5 min at 95°C and
centrifugation at 21,000 x g for 5 min at room temperature.
The supernatant was carefully transferred to a new tube. Two-
hundred microliters of 1.4 M sucrose were added to the
supernatant and proteins were extracted twice with 200 wL TE
buffer-equilibrated phenol followed by counter extraction with
400 WL of 0.7 M sucrose. Phenol phases were combined and
subsequently mixed with 2.5 volumes of 0.1 M ammonium
acetate in methanol for precipitation of proteins. After 16 h of
incubation at —20°C, samples were centrifuged for 5 min at
5,000 x g. The pellet was washed twice with 0.1 M ammonium
acetate, once with acetone and air-dried at room temperature.
The pellet was re-dissolved in 6 M Urea and 5% SDS, and
protein concentration were determined using the bicinchoninic
acid assay (BCA method). Proteins were pre-fractionated by
SDS-PAGE. Forty micrograms of total protein were loaded onto
the gel. Gels were fixed and stained with methanol: acetic acid:
water: Coomassie Brilliant Blue R-250 (40:10:50:0.001). Gels were
destained in methanol: water (40:60).

Protein Digestion and LC—MS/MS
Gel pieces were destained, equilibrated and digested with trypsin,
desalted and concentrated (Chaturvedi et al., 2013). Prior to

mass spectrometric measurement, the tryptic peptide pellets were
dissolved in 4% (v/v) acetonitrile, 0.1% (v/v) formic acid. One
ig of the digested peptide from each tissue sample (4 biological
replicates for each condition) was loaded on a C18 reverse-phase
column (Thermo scientific, EASY-Spray 500 mm, 2 pm particle
size). Separation was achieved with a 90 min gradient from 98%
solution A (0.1% formic acid) and 2% solution B (90% ACN and
0.1% formic acid) at 0 min to 40% solution B (90% ACN and
0.1% formic acid) at 90 min with a flow rate of 300 nL min~'.
nESI-MS/MS measurements were performed on Orbitrap Elite
(Thermo Fisher Scientific, Bremen, Germany) with the following
settings: Full scan range 350-1,800 m/z resolution 120,000 max.
20 MS2 scans (activation type CID), repeat count 1, repeat
duration 30 s, exclusion list size 500, exclusion duration 30 s,
charge state screening enabled with the rejection of unassigned
and +1 charge states, minimum signal threshold 500.

Peptide and Protein Identification

Raw data were searched with the SEQUEST algorithm present
in Proteome Discoverer version 1.3 (Thermo, Germany) as
described in Valledor and Weckwerth (2014). We have used the
following settings in Proteome Discoverer for data analysis which
include: Peptide confidence: High, which is equivalent to 1% false
discovery rate (FDR), and Xcorr of 2, 3, 4, 5, 6 for peptides
of charge 2, 3, 4, 5, 6. The variable modifications were set to
acetylation of N-terminus and oxidation of methionine, with a
mass tolerance of 10 ppm for parent ion and 0.8 Da for the
fragment ion. The number of missed and non-specific cleavages
permitted was 2. There were no fixed modifications, as dynamic
modifications were used.

For identification, newly annotated pearl millet genome
database containing 38,579 genes (Varshney et al., 2017) and
UniProt database containing the annotations of 136,865 genes for
wheat was used. Peptides were matched against these databases
plus decoys, considering a significant hit when the peptide
confidence was high. All the MS/MS spectra of the identified
proteins and their meta-information were further uploaded to
PRIDE repository. Sample codes for the raw files deposited in
the PRIDE are provided in Supplementary Table S1. Submission
details are as follows; Project name: Comparative physiological
and proteomic signatures reveal contrasting stay-green and
senescence phenotypes in drought tolerant and susceptible pearl
millet and wheat genotypes. Project accession: PXD021446.

The identified proteins were quantitated based on total ion
count, followed by an NSAF normalization strategy (Paoletti
et al., 2006):

(NSAF); = (PSM/L)i/ X, (PSM/L);

In which the total number spectra counts for the matching
peptides from protein k (PSM) was divided by the protein length
(L), then divided by the sum of PSM/L for all N proteins.

Statistical Analysis and Data Integration

Statistical analysis for physiological data points was performed
using Statgraphics (ver. 17.2.05) and SIMCA (version 13) for
OPLS-DA analysis. For both PCA and OPLS-DA, data were
centered and scaled using z-transformation.
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Bioinformatics for Functional Annotation

To assign functional descriptions to pearl millet and wheat
sequences, BLAST search (Altschul et al., 1997) was performed
against Arabidopsis proteins release Araportll (Cheng et al.,
2017), rice (Kawahara et al., 2013), tomato SL3.0_ITAG3.2 (Sato
et al., 2012), potato (Xu et al., 2011), and plants in Swiss-Prot
(Bateman et al., 2017) using default settings. Every accession
was assigned one best match (alignment coverage of shorter
sequence > 70%; E-value < 10710), prioritizing Arabidopsis
and rice matches over the rest, when available. Assignment of
pearl millet and wheat accession with MapMan plant functional
ontology terms (Thimm et al., 2004) was also based on BLAST
results against the same databases (alignment coverage of shorter
sequence > 70%, E-value < 1020, bit score > 50, positives
% > 60). Pearl millet and wheat accessions then inherited the
BIN assignment from the corresponding best match; unmatched
sequenced were assigned BIN 35.2 (not assigned. unknown).
To enable visualization of high-throughput experimental results,
MapMan and GSEA mapping files were created for each species
(available from www.gomapman.org/export/current/, Ramsak
etal., 2014).

Gene Family and Phylogenetic Analysis

For gene family analysis of 11 plant species, DIAMOND
(Buchfink et al, 2015) was used with an e-value cutoff
of < 1.0e-05. In addition to pearl millet, wheat sequences were
downloaded from Swiss-Prot, while PLAZA v4 resource (Van Bel
et al., 2018) was used for Arabidopsis thaliana, Brachypodium
distachyon, Glycine max, Hordeum vulgare, Oryza sativa ssp.
japonica, Oryza sativa ssp. indica, Sorghum bicolor, Setaria italic,
and Zea mays. To reduce redundancy present in wheat sequences,
these were pre-processed using CD-HIT (Fu et al, 2012)
(>80% identity; >80% coverage for shorter and longer sequence
compared). The proteins were clustered using OrthoMCL v2.0.9
(Li et al,, 2003), to define gene families with paralogs and
orthologs. Single copy genes in an OrthoMCL cluster for all
species were used to construct a phylogenetic tree in SeaView
with muscle for multiple sequence alignment, Gblock to select the
conserved regions and PhyML to construct the phylogenetic tree
(bootstrap 1000).

Statistics for Proteome Data Analysis

Data were normalized using normalized spectral abundance
factor (NSAF) approach and subjected to multivariate (Principal
components analysis (PCA), K-means clustering) analysis which
was performed using the statistical toolbox COVAIN in MATLAB
(Sun and Weckwerth, 2012) and univariate (two-way ANOVA)
analysis was performed considering two factors, treatment
(control and stress), genotypes (pearl millet and wheat) and
their interactions. Each table consists of df (degree of freedom),
F-value (F-test) and p-value (of the F-test) for every factor.
For K-means clustering analysis, proteins were chosen only if
they were present in all four biological replicates of at least
one condition. All the identified proteins were categorized into
functional groups to allow a functional view of the tissue-specific
proteome. The sum of the NSAF values for each functional
category was then visualized using spider plots. Sparse partial

least squares (sPLS), discriminant and network analysis were
performed to integrate physiological parameters and proteome
data to show the interaction between proteins (predictors) and
physiology (response). sPLS was performed employing R package
mixOmics. Generated networks were visualized and filtered (only
edges equal or higher than 0.9 were maintained) in Cytoscape
v.2.8.3 (Escandon et al., 2017).

The Venn diagrams were produced using GeneVenn'.
A protein was considered as differentially expressed between two
samples if three conditions were met: (1) the protein was detected
in all four replicates at least in one of the treatments, (2) p-value
for differential expression was < 0.01 and (3) the fold change
in protein NSAF values between the samples was at least 1.5.
Volcano and spider plots were produced using Microsoft Excel
2015. Box plots were constructed using program R (version 3.5, R
Core Team 2019) (package ggplot2).

RESULTS

Genotypic Variation of Physiological
Responses, Plant Biomass, and Yield
Under Drought Stress

In order to investigate the physiological basis of genotypic
variation under drought stress, several parameters were
determined, including stomatal conductance, Fy/Fp,, root growth
and others (see section “Materials and Methods”). All the
recorded observations are provided in Supplementary Table S2.

Principal component analysis (PCA) and orthogonal partial
least squares discriminant analysis (OPLS-DA) was performed
considering all the factors and variables of the physiological data
(Supplementary Figure S1A). A clear separation was observed
between pearl millet and wheat genotypes on discriminant
function 2 (PC2) as well as between control and stress
condition of each genotype on discriminant function 1 (PC1).
Several physiological parameters separated individual genotypes.
The data revealed that the growth parameter of all the
compared genotypes was affected differently. The PLS-DA
emphasizes the differential diagnostic values discriminating
between the genotypes and treatments. Stomatal conductance
and photosynthetic parameters such as F/F,, and chlorophyll
measurements (SPAD) discriminated most between control
and stressed plants, whereas the number of the panicles
and spikelets was the highest discriminant value between the
genera Pennisetum and Triticum as observed in the PCA
(Supplementary Figure S1B).

The determination of basic growth parameters is essential
in the characterization of drought stress response mechanisms
(Jones, 2007). Overall, plant biomass was decreased under
stress condition in all the four genotypes compared to controls
(Supplementary Table S2). The highest reduction in biomass was
observed in TRI 5630, followed by ICTP8203 (Supplementary
Table S2), but they also showed the highest seed yield under
drought. Stressed plants of the wheat genotypes have shown
decrease in the seed weight compared to the pearl millet

'http://genevenn.sourceforge.net/
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genotypes and the most severe effect was observed in White
Fife which is the most susceptible genotype to drought stress
(Supplementary Table S2).

Contrasting Genotype Effects of

Stomata Responses to Drought Stress

The immediate response of plants under drought stress is
stomatal closure to prevent water loss via transpiration (Buckley,
2019). Plants grown under drought conditions tend to have
lower stomatal conductance, thus helping to conserve water and
maintain an adequate leaf water status but at the same time
reducing leaf internal CO, concentration and photosynthesis.
The precise relationship is also dependent on other factors, like
genotypes, drought history and environmental conditions. We
measured stomatal conductance (gs) at regular intervals from
the start until the conclusion of the stress treatment, considering
fully grown leaves using a PWMR-4 porometer. It was observed
that control plants of tolerant genotypes TRI 5630 and
ICTP8203 showed stomatal conductance ranging between 130
and 150 mmol m~2s~! and sensitive genotypes (White Fife and
843-22B) showed conductance between 40 and 50 mmol m~2s~!
(Figure 1B and Supplementary Table S2). Stomatal conductance
of the stressed plants declined as drought stress progressed. In
the sensitive genotypes White Fife and 843-22B, the conductance
declined gradually and reached 10 mmol m~2s~1. Interestingly,
the most significant and rapid effect was observed in the tolerant
genotypes TRI 5630 and ICTP8203 where stomatal conductance
reached 20 and 40 mmol m~2s~!, respectively, at the end of
drought treatment (Figure 1B).

Contrasting Regulation of Chlorophyll
Content and F,/F,, Under Drought Stress
Revealed a Stay-Green Phenotype vs.
Senescence Phenotypes in Pearl Millet
and Wheat

In order to understand the photosynthetic capabilities of
pearl millet and wheat genotypes, leaf chlorophyll content was
determined using a SPAD meter (Figure 1C and Supplementary
Table S2). The SPAD values in the stressed plants declined as
the drought stress progressed. In the control condition, SPAD
value ranged between 20 and 40% approximately for both the
genotypes of pearl millet and wheat. Under dehydration state,
SPAD value reduced to 10-24% approximately. The highest
chlorophyll content recorded during stress was in ICTP8203
(24%), followed by 843-22B (14%), TRI 5630 (14%), and
White Fife (> 10%).

Drought stress consistently and significantly reduced the
maximum efficiency of PSII photochemistry (F,/Fp,), though
this effect varied in its severity among the different genotypes
(Figure 1D and Supplementary Table S2). By the end of
the drought regime, the highest F,/Fp, ratio was observed in
ICTP8203, followed by 843-22B and TRI 5630. This correlates
directly with the SPAD measurements, indicating the stay-green
phenotype of ICTP8203 in contrast to the other genotypes. The
lowest reading was recorded in White Fife (Figure 1D).

Comparative Analysis of Tissue-Specific
Pearl Millet and Wheat Drought Stress

Proteomes

To perform a detailed proteome study, not only a full genome
sequence is required, but also accurate gene annotation plays
a critical role (Valledor et al., 2012). Here, for a comparative
proteomics study, we identified unique and shared gene families
between pearl millet and wheat using OrthoMCL (Li et al,
2003). Because of the high redundancy of the wheat genome
annotation, the wheat sequences were clustered using CD-HIT
(Fu et al., 2012), resulting in a set of 69,215 sequences (from
the initial 136,866). From the total 46,954 gene families detected
by the OrthoMCL algorithm, 9,457 were found to be shared
between pearl millet, wheat and Arabidopsis (Figure 2A). On
the gene level, ~40% of the proteomes was shared between
Arabidopsis and pearl millet (13,710 proteins for Arabidopsis
and 11,535 proteins for pearl millet). Comparative analysis was
also performed considering sorghum (Sorghum bicolor) and
foxtail millet (Setaria italica) (Figure 2B). In the comparison
between pearl millet and sorghum, 70-75% of the proteome
was shared (19,865 proteins for pearl millet and 20,279 proteins
for sorghum). Foxtail millet represents the evolutionarily closest
plant species to pearl millet in this ortholog family analysis
(Figure 2C, blue). Between these two species, ~70-80% of
the proteome was shared (21,447 proteins for pearl millet
and 22,170 proteins for foxtail millet). For wheat, the closest
related plant species is barley (Hordeum vulgare) (Figure 2C,
red), where coverage of the former is 59% (30,624 proteins of
the reduced redundancy sequence set) and 94% for the latter
(18,239 proteins).

From all the detected peptides in roots, leaves and seeds,
12,558 proteins were identified from both pearl millet and
wheat genotypes, of which 4,564 proteins were identified in
pearl millet (843-22B and ICTP8203) genotypes (Supplementary
Table S3). In wheat genotypes (White Fife and TRI 5630), 7,994
proteins were identified (Supplementary Table S4). In order to
generate a broad survey of identified proteins with altered tissue-
specific abundance under drought stress, a Venn analysis was
conducted which determines the dynamics of the proteome in
selected genotypes of pearl millet and wheat under control and
drought stress (Supplementary Figure S2). We performed two-
way ANOVA analysis of the identified pearl millet and wheat
proteome for every factor: (i) treatment (control and stress) and,
(ii) genotypes (pearl millet and wheat) and (iii) their interactions.
Here, each tissue (root, leaf and seed) was analyzed separately
(Supplementary Table S5).

Functional Categorization and Statistical
Analysis of the Drought Stress Proteome
in Contrasting Pearl Millet and Wheat

Genotypes

The tissue-specific DEPs (differentially expressed proteins) in
pearl millet (843-22B and ICTP8203) and wheat (White Fife
and TRI 5630) genotypes are represented using volcano plots
(Figures 3A,B), and the list of DEPs are summarized in
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Supplementary Tables S6, S7. K-means clustering analysis was
employed to investigate the co-expression/abundance pattern of
the identified proteins from the compared genotypes. For cluster
analysis, proteins were considered if they were present in all
the four biological replicates of at least in one tissue/condition.
Tissue-specific grouping of proteins in different condition
(control and stress) lead us with clusters k = 30 in 843-22B and
k =35 in ICTP8203 (Supplementary Table S8), similarly, k = 50
in White Fife and TRI 5630 (Supplementary Table S9). Cluster
analysis revealed specific groups of proteins with changing
abundance in tissue or drought stress condition.

Functional categorization of the identified proteins was
performed according to Ramsak et al. (2014). Tissue-specific
functional distribution of the proteome for pearl millet (843-22B
and ICTP8203) and wheat (White Fife and TRI 5630) genotypes
under drought stress is depicted in Figure 4 via spider plots
using the total NSAF score summed up for different functional
categories (Chaturvedi et al,, 2013, 2015). The overall pattern
demonstrates a remarkable variation of proteome functionality
between the sensitive and tolerant-genotypes expressed as ratios
of drought stress vs. controls. In pearl millet, major enhanced
functional categories in 843-22B are transport and stress-related
proteins in the root, mitochondrial electron transport, TCA cycle,
Cl-metabolism in leaf. In contrast, ICTP8203 showed drought

stress enhanced protein functions for cell wall degradation,
signaling and polyamine metabolism in the root, light reactions,
photorespiration, transport and signaling in leaf and a strong
regulation was observed in the development and polyamine
metabolism in seed tissue. In wheat, White Fife showed
enhanced regulation in protein categories of cell wall synthesis,
mitochondrial electron transport, and redox in root tissue. In
the leaf, TRI 5630 showed pronounced proteome regulation in
the functional categories of gluconeogenesis, lipid metabolism,
amino acid metabolism and carbohydrate metabolism compared
to the White Fife. Similarly, seed proteome of TRI5630 showed
enhanced proteome regulation compared to White Fife, e.g., C1
metabolism, secondary metabolism and transport (Figure 4).
Functional categories and related proteins distinguishing the
genotype- and tissue-specific drought stress response according
to Figure 4 can be found in Supplementary Tables S10, S11.
Principal component analysis (PCA) of protein NSAF scores
was performed using COVAIN (Sun and Weckwerth, 2012).
All the tissues were separated by the first principal component
(PC1) providing hints for tissue-specific proteome functionality
in both pearl millet and wheat. In pearl millet, the strongest
variation was observed in root and leaf tissues (Supplementary
Figure S3A). In PCA of ICTP8203, leaf proteome showed the
strongest variation in response to drought stress compared

Frontiers in Plant Science | www.frontiersin.org

January 2021 | Volume 11 | Article 600278


https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

Ghatak et al.

Drought Stress Tolerance in Cereals

A B. Significant .
6 6 *Significant o
. Significant . Significant 7 +Non-significant 5 :zﬁ’:g‘;’i‘éwm
o *Non-significant 5 ° *Non-significant Ts ‘§‘
3 4 2 4 8s s @
s g 2
z : & &3 .
&3 ‘o g, =4 s
g i\ ; § 1 s, s, "
R s g 32 g e ¥
1 . A 15 :‘;::".'.“ . ‘5{: ‘et 1 1
b * Y 1591 i
o 0 o 0-5 4 3 2 41 0 1 & - ° 5 4 3 2 - 4. 8.2 2 3 4 5
4 5 43 2 4 0 1 2 3 4 56 $ 4 3 2 4 9 1 2 3 4 5 Lug (Fold Change) LOQZ (FOIU Chanqe)
2
Log, (Fold Change) Log, (Fold Change) UKR IRR
o PMSR o PM-TR Significant DEPs: 242 Significant DEPs: 56
Significant DEPs: 44 Significant DEPs: 11
¢ 6 8 4
. ! «Significant 6 . . significant -+ Significant . i +Significant
g « *Non-significant N + Non-significant 5 * Non-siginificant i *Non-Significant
i — i - -3
B | 3 S ‘
% £ B4 s . %
> L N ;_ T
s, & a3 a2
= . o? EA I e
= 2
§' 2 . § 2 & —'? 51 % .
e 1
1 1
0 o
0 i 0 i 5 4 3 2 4 0 1 2 3 4 5 5 4 3 2 4 0 1 2 3 4 5
6 5 43 2 4 0 1 2 3 4 56 £ 5 43 24012 3 4 56 Log, (Fold Change) Log, (Fold Change)
Log, (Fold change) Log, (Fold change) UKL RL
PMSL PM.TL Significant DEPs: 55 Significant DEPs: 32
Significant DEPs: 56 Significant DEPs: 42 n &
6 6 i L i
. | «Significant | +Significant | . Significant
5 i *Non-significant 5 « Significant - 5 i *Non-significant 5 E *Non-significant
—;; i *Non-significant S = i
24 s . - e !
g E T . H i
i, g, i 3| s & "
> . & ) 2| . s
) I : e %G g 5
32 RS 2’ Sl ' : <
o TN S . b 2ode, 1 R 1 -
1 S A 3 ; i .
! B 5 . - :
0 H 0 543 2 4 01 2 3 45 5 43 24 012 3 4 56
4 3 2 4 0 1 2 3 4 4 2 4 0 1 2 I Log2 (Fold Change) Lo(;|2 (Fold Change)
Log, (Fold change) Log, (Fold change) UKS IR-S
PM-S-S PM.TS Significant DEPs: 94 Significant DEPs: 51
Significant DEPs: 14 Significant DEPs: 9
FIGURE 3 | Volcano plots. (A) Represents differentially expressed proteins (DEPS) in root, leaf and seed tissues of pearl millet genotypes. (B) Represents differentially
expressed proteins (DEPs) in root, leaf and seed tissues of wheat genotypes.

to roots and seeds (Supplementary Figures S3B,C). Positive
loadings of PCl1 represent proteins with higher abundances
in roots, whereas negative loadings depicted higher levels in
leaf and seed tissues (Supplementary Table S12). In 843-22B,
the root proteome showed the most substantial variation
followed by seed and leaf tissues in response to drought stress
(Supplementary Figure S3D). These tissue-specific proteome
effects were in contrast to the tolerant genotype (ICTP8203).
Considering loadings, the highest positive loading showed
proteins with higher abundance in seed and leaf tissues,
while negative loading showed proteins with higher abundance
in root tissue (Supplementary Figure S3E). Interestingly, it
was observed that the seed proteome of both pearl millet
genotypes showed only a small difference between control and
stress condition.

Contrasting proteome effects were observed in wheat
genotypes compared to pearl millet genotypes. Here, the
strongest variation was observed in seed and leaf tissues
(Supplementary Figure S4A). In TRI 5630, the seed proteome
showed the strongest variation in response to drought stress
compared to root and leaf tissues (Supplementary Figure S4B).
Positive loadings of PCI represent proteins with higher
abundances in seed and leaf tissues, whereas negative loadings
depicted higher levels in root tissue (Supplementary Figure S4C
and Supplementary Table S13). However, in wheat sensitive

genotype White Fife, most substantial variation was observed in
the leaf followed by root tissues (Supplementary Figures S4D,E).

DISCUSSION

Physiological Comparison of Whole

Plant Responses to Drought Stress

To integrate all physiological information into an intuitive
coherent visualization model, we used the visualization strategy
of Odum, an approach which integrates systems-theoretical ideas
for the analysis of multivariate systems in ecology (Odum, 1994;
Weckwerth, 2019). Here, each symbol and size determine systems
state variables and their quantity representative for the individual
pearl millet and wheat phenotypes under drought stress
(Figure 5). Using this visualization strategy an n-dimensional
multivariate data matrix and its intrinsic dynamics can be
intuitively recognized by visual inspection. This principle is also
known as coherent perception, e.g., face recognition, and by using
symbols and sizes, we translate highly complex multivariate data
into an intuitive visual model otherwise depicted by multivariate
statistics such as PCA (Weckwerth and Morgenthal, 2005;
Weckwerth, 2008; Weckwerth, 2019). Figures 5A,B determines
the physiological response of the wheat and pearl millet under
well-watered condition. Grain yield allows direct estimation
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FIGURE 4 | Spider plots. (A) Represents functional distribution of the proteome in the root, leaf, and seed tissues of pearl millet genotypes. (B) Represents
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of the drought tolerance capacity of the individual genotypes
(Fischer and Wood, 1979). Under well-watered conditions,
pearl millet (843-22B and ICTP8203) and wheat (White Fife
and TRI5630) genotypes were found to have comparable grain
yields. By contrast, water stress treatment resulted in different
grain yields between the genotypes. A significant response was
observed between White Fife and TRI5630. White Fife was not
able to maintain its yield under drought stress (Figures 5C,E and
Supplementary Table S2). A similar response was also observed
by Inzanloo and co-workers, where a sensitive genotype Kukri
showed a significant drop in the grain yield under stress condition
(Izanloo et al., 2008).

In contrast, pearl millet genotypes were able to restore their
grain yield under drought stress (Figures 5D,F). Bidinger et al.
(1987) reported a similar response of pearl millet under mid-
season drought (panicle initiation to flowering) stress. This
effect is also related to biomass production during drought
stress. The significant reduction in biomass of these drought-
tolerant genotypes and the resulting higher harvest index can be
attributed as an adaptive response where plants endure low tissue
water content through maintenance of cell turgor via osmotic
adjustment and cellular elasticity and divert their entire energy
to protect seed production under harsh conditions (Farooq et al.,
2009). Also at the proteome level, there are relatively small
changes in both pearl millet genotypes between well-watered
and drought stress conditions which are in stark contrast to
wheat. Accordingly, the proteome data reflect the physiological
data. In this context, it is being reported by Begg that pearl
millet even under favorable conditions tends to have a shorter

crop cycle than any other cereals because it has a “built-in”
drought escape mechanism of early flowering, inherited from its
wild progenitors which are evolved in semi-desert environments.
Therefore, pearl millet has not only a short crop cycle but also
short grain-filling period and small seed sizes which is a clear
advantage in unfavorable growth conditions such as heat and
drought (Begg, 1965).

One significant difference in C3 and C4 plants species is their
photosynthetic capacities. Globally, 85% of higher plant species
follow Cs-type photosynthesis whereas only 4% of the plant
species belong to the C4-type majorly originated in arid regions
where high temperature occurs with water stress (Yamori et al.,
2014). To investigate these photosynthetic capabilities in more
detail chlorophyll content and chlorophyll fluorescence of plants
were measured along with stomatal behavior (see below). In all
the genotypes, the imposition of drought stress resulted in a
decrease in chlorophyll content (Figure 1C and Supplementary
Table S2). In this study, the pale leaves with a lower chlorophyll
content in White Fife (>10% SPAD units), 843-22B (14% SPAD
units) and TRI 5630 (14% SPAD units) senesced early, while
the green leaves with a high chlorophyll content in ICTP8203
consistently stayed green. The similar effect was observed in
drought-tolerant and susceptible cultivars of peanut under water
stress (Katam et al., 2016). Previous studies also revealed that a
decrease in chlorophyll concentration under drought stress could
be related to the increase in the activity of enzyme chlorophyllase
(Ashraf et al, 1994). Drought stress-induced decrease in the
pigment content was also previously reported in several plant
species, including durum wheat (Loggini et al, 1999). The
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(A) Model for Cz wheat under well-watered condition. (B) Model for C4 pearl millet under well-watered condition. (C) Model for White Fife genotype under stress
condition. (D) Model for 843-22B genotype under stress condition. (E) Model for TRI 5630 genotype under stress condition. (F) Model for ICTP8203 genotype under
stress condition. [Different color code indicates different regulation of the physiological parameters under control (dark color) and stress (light color, diminished
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stay-green trait, in contrast, protects the leaf from the degradation
of chlorophyll, stabilizes photosystem and helps to produce
normal grain (Thomas and Ougham, 2014; Kamal et al., 2019).
However, few reports are available on the mechanism of how this

trait protects chlorophyll under drought and which dominant
genes control this trait under drought conditions (Walulu et al.,
1994). Senescence is typically characterized by chlorophyll loss
and a progressive decline in photosynthetic capacity. Early onset
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of senescence affects assimilation and grain filling in crop plants
(Xu et al,, 2000). This effect can be correlated to wheat genotypes
as they were not able to maintain their chlorophyll content
under drought. Accordingly, ICTP8203 showed a stay-green
phenotype in contrast to all the other genotypes (Thomas and
Howarth, 2000). In this context, Fy/Fp, ratio was also highest in
ICTP8203 (Figure 5E) followed by 843-22B and TRI 5630 under
drought treatment (Figure 1D and Supplementary Table S2).
The Fy/Fy, ratio of White Fife (Figure 5C) was significantly
reduced, indicating a severely impaired photosystem under
drought conditions. Programmed leaf senescence is initiated
contributing to the plant survival under drought conditions (Lu
and Zhang, 1998; Munne-Bosch and Alegre, 2000, 2004; Lu et al,,
2002) but also resulting in yield losses (Borrell and Hammer,
2000; Jiang et al., 2004; Rivero et al., 2007).

The tolerant genotypes of pearl millet and wheat ICTP8203
and TRI 5630 also showed a different stomata regulation than
the susceptible ones. ICTP8203 and TRI 5630 showed stomatal
conductance ranging between 130 and 150 mmol m~2s~! under
control condition, already higher than in the sensitive genotypes
(White Fife and 843-22B) ranging from 40 to 50 mmol m~2s~1,
During drought stress, the range of stomata closure was higher
and more rapid in the tolerant genotypes. A similar response
was observed in the study performed on soybean genotypes
(Liu et al., 2005) and Amaranthus species under drought stress
(Liu and Stutzel, 2002). The rapid stomatal response may act as
a drought resistance mechanism, which permits to keep water for
later use and thus maintain higher leaf water potentials (Jones,
1974). In principle, stomatal closure protects plants against
excessive water loss but also restricts the diffusion of CO; into the
photosynthetic parenchyma, especially for C; plants. Stomatal
closure causes more significant decrease in transpiration than in
photosynthesis rates, thereby increasing the relative leaf water use
efficiency (WUE) (Pou et al., 2008). Thus, more dynamic and
more extensive regulation of stomata in the tolerant genotypes is
one of the pre-requisites for better performance under drought
stress. Furthermore, the stomatal limitation on photosynthesis
can be accompanied by a decrease in the rate of consumption
of ATP and NADPH for CO, assimilation that could result in a
decrease in the rate of linear electron transport and consequently
in Fy/Fyn (Baker and Rosenqvist, 2004) which was primarily
observed in the susceptible wheat genotype, White Fife.

Considering the observations of photosynthetic capabilities
and stomata regulation the tolerant varieties seem to compensate
differences between Cj3- and Cy-type photosynthesis. The
differences are instead found in the stay-green vs. programmed
leaf senescence phenotypes.

Another very strong effect is the different root length between
wheat and pearl millet but also between the intraspecific
genotypes (Figure 5 and Supplementary Figure S5). Due to
this difference in root length, water retention capacity is very
different for wheat and pearl millet genotypes (Figures 5C-F).
Root length was increased in all the genotypes under drought
stress (Figures 5C-F). Root length appeared to be an important
trait for drought stress tolerance, as reported in the previous study
(Leishman and Westoby, 1994). However, unexpectedly, here
the sensitive pearl millet genotype 843-22B showed maximum

root length as compared to other genotypes. The impact
of root system and its mechanism on yield under drought
conditions is also comprehensively discussed in many major
crops (Tuberosa and Salvi, 2006; de Dorlodot et al., 2007; Comas
et al., 2013; Sehgal et al,, 2015). Controlled greenhouse and
field conditions show different variations of plant functional and
molecular traits (Hoehenwarter et al., 2008; Holmgren et al.,
2012; Nagler et al., 2018; Weckwerth et al., 2020). In future
studies all the drought-related traits and molecular signatures
which are described in our study will be also tested under
field conditions.

Proteome Signature for “Stay-Green”
and “Senescence” Trait Under Drought

Stress
Stay-green is an important agronomical trait which can
contribute to higher yield production under drought stress
condition (Harris et al., 2007; Thomas and Ougham, 2014).
However, not much is known about the protein changes
leading to this effect. In the present study, a significant change
in protein patterns of pearl millet genotypes provided a
clear indication of the processes that underlie the stay-green
or senescence trait in ICTP8203 and 843-22B, respectively
(Figure 6A and Supplementary Table S14). ICTP8203
showed enhanced regulation in photosynthetic activity under
drought stress. This correlates with significant higher levels
of chlorophyll a-b binding protein (Pgl GLEAN_10021964),
protein kinase (Pgl_GLEAN_10013653), thylakoid lumenal
19 kDa protein (Pgl GLEAN_10006356), ferredoxin-NADP
reductase (Pgl_GLEAN_10033849). This higher photosystem
activity resulted in lower levels of reactive oxygen species
(ROS) proteins such as peroxidases (Pgl_ GLEAN_10014871,
Pgl GLEAN_10027105, Pgl GLEAN_10006633), glutathione
reductase (Pgl GLEAN_10019381, Pgl GLEAN_10036180),
glutathione  synthetase = (Pgl GLEAN_10035689), and
peroxiredoxin (Pgl GLEAN_10024324) under drought stress.
Furthermore, the higher levels of several stay-green-associated
proteins such as 14-3-3 (Pgl_GLEAN_10007318), chlorophyll
synthesis proteins (such as magnesium chelatase ATPase
subunit I) (Pgl GLEAN_10038264), ribulose bisphosphate
carboxylase small chain (Pgl GLEAN_10020566), and
uroporphyrinogen  decarboxylase  (Pgl_GLEAN_10000112)
were also observed in ICTP8203. 14-3-3 are the binding proteins
that show strong interaction with the enzymes involved in
nitrogen and carbon metabolisms which may influence the
degradation process (Huber et al., 1996). Overexpression of
Arabidopsis gene GF14< (which encodes 14-3-3 protein)
in cotton lead to stay-green phenotype and also improved
drought tolerance of transgenic cotton under drought stress
(Yan et al., 2004). Similarly, overexpression of 14-3-3 protein
delayed leaf senescence in potato plant (Wilczynski et al., 1998).
A protein related to photorespiration (aminomethyltransferase;
Pgl_GLEAN_10027187) also showed higher levels in ICTP8203
under drought stress (Supplementary Table S14).

Interestingly, we observed decreased levels of ferrochelatase
(Pgl_GLEAN_10011603) which reduces cytotoxicity and in
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turn, increases chlorophyll biosynthesis (Nagahatenna et al.,
2015). In contrast, the sensitive pearl millet genotype 843-22B
demonstrated opposite regulation of the proteome compared
to ICTP8203, contradicting the stay-green process (Figure 6A).
Proteins binned into the functional category of RING finger
ubiquitin showed increased levels in 843-22B compared to
ICTP8203 under drought stress. The observed regulation of the
proteome is positively correlated to the physiological analysis
where maximum efficiency of PSII photochemistry (Fy/Fp),
chlorophyll content and yield was highest in ICTP8203 by the
end of the drought stress. Hence, the proteome of ICTP8203 can
be identified as “stay-green” signature.

Wheat genotypes demonstrated a different regulation of
the proteome compared to pearl millet and did not show
the “stay-green” trait at the phenotypic level. The significant
changing pattern of proteomes, indicated “senescence” processes
(non-sequential and sequential) in TRI5630 and White Fife,
respectively (Supplementary Table S14). TRI5630 showed
a significant increase in sucrose synthase 4 (SS) (W5I774,
AO0A1D6SCX5) (more than 6 and 11-fold change, respectively)
under drought stress. Increased levels of sucrose content in
leaf contributed to non-sequential senescence process. Moreover,
increased sugar mobilization promotes stable yield and enhances
the tolerance mechanism, which is indicated by higher stem
reserve remobilization under drought stress (Shi et al., 2016).
Remobilization of stored carbon reserves in wheat is also
facilitated under drought stress, which enhances plant senescence
process and accelerates grain filling process (Yang et al., 2000,
2001). This can also be correlated to the phenotypic data of
TRI5630 showing stable yield despite decreased photosynthetic
and chlorophyll biosynthetic proteins.

Interestingly, we also observed increased levels of 4-alpha-
glucanotransferase (W5BL76, W5B4C2) (with > 2-fold change)
in TRI5630 under drought stress whereas in White Fife these
isoforms showed decreased levels or no change under stress.
It has been reported that 4-alpha-glucanotransferase is an
essential component of the pathway from starch to sucrose
and cellular metabolism in leaves at night (Chia et al.,, 2004).
Therefore, increased levels of 4-alpha-glucanotransferase can
indicate higher sucrose content in the leaf of TRI5630, which
supports the leaf non-sequential senescence process. In White
Fife, despite higher levels of photosynthetic and chlorophyll
biosynthetic proteins and a decrease in reactive oxygen (ROS)
proteins, the total yield was decreased under stress condition
(Supplementary Table S14). The possible reason could be
a sequential senescence process in which young leaves are
successively formed at the top region of the plant and lower older
leaves undergo senescence.

Regulation of Wax Biosynthetic Proteins
Under Drought Stress Indicate Higher
Capacities for Drought Protective
Cuticular Wax Biosynthesis in Pearl
Millet Compared to Wheat

Plants are evolved with diverse adaptive strategies to cope
with water deficit conditions. Accumulation of cuticular waxes

is such a strategy which contributes to drought resistance
(Samuels et al.,, 2008; Lee and Suh, 2015). Seo et al. (2009)
demonstrated that increase in the cuticular wax synthesis
improves drought tolerance in Arabidopsis species. Reduced
wax production leads to drought sensitivity in rice (Zhu and
Xiong, 2013). It is also known that cuticular wax biosynthesis
is also controlled at post-transcriptional and post-translational
levels (Lee and Suh, 2015). At the proteome level, we identified
the regulation of two key rate-limiting enzymes of cuticular
wax biosynthesis in pearl millet and wheat leaf tissue which
includes 3-ketoacyl-CoA synthase (KCS) and ATP-binding
cassette (ABC) transporter. In pearl millet genotypes, one
of the 3-ketoacyl-CoA synthase (Pgl_ GLEAN_10030730)
showed enhanced levels under stress condition in the sensitive
genotype 843-22B compared to the tolerant genotype ICTP8203
(Figure 6B). Similarly, GWAS study lead to the identification
3 SNPs located between two predicted genes encoding for
3-ketoacyl-CoA synthase in pear]l millet under drought stress
(Debieu et al., 2018). Interestingly in wheat genotypes (White
Fife and TRI 5630), this gene family was not detected in either
condition. 3-ketoacyl-CoA synthase is not only involved in
decarbonylation and acyl-reduction of wax synthesis pathways
but also involved in elongation of C24 fatty acids which is an
essential condensation step during wax and suberin biosynthesis.
A study performed by Yu and coworkers demonstrated that
OsWSL1 encodes 3-ketoacyl-CoA synthase (KCS) genes in
rice, catalyzes the formation of C20-C24 VLCFA precursors
of leaf waxes. The OsWSL1 mutant showed a pleiotropic
phenotype with decreased growth, sparse wax crystals and
drought sensitivity, suggesting that OsWSL1 may be relevant
to drought tolerance (Yu et al., 2008). Export of cuticular wax
is mediated by the ATP binding cassette (ABC) transporters
(Pighin et al., 2004; Bird et al., 2007; Panikashvili et al,
2007). In both the pear]l millet genotypes three ATP-binding
cassette (ABC) transporter proteins (Pgl_ GLEAN_10004859,
Pgl GLEAN_10002141, Pgl_ GLEAN_10006800) were identified
and showed increased levels under stress condition compared
to controls. Intriguingly, this protein showed an opposite
regulation pattern in wheat genotypes (A0A1D5VIGS,
A0A1D6C5F5, A0OA1D6BMJ3, A0A1D6D783) under drought
stress (Figure 6B). Information on wax biosynthetic genes
is sparse in wheat due to the lack of functional genomic
studies. However, it is known that wheat employs another
parallel wax biosynthetic pathway, which is predominant in
the reproductive stages and responsible for the biosynthesis of
B-diketones (Tulloch, 1973). Recently, the pearl millet genome
study has shown substantial enrichment and expansion of wax
biosynthetic genes which may contribute to heat and drought
tolerance of this crop in semi-arid regions (Varshney et al., 2017)
compared to other cereals. Taking a look at the translational
level of these genes in the leaf tissue of pearl millet genotypes,
four genes Pgl GLEAN_10006822, Pgl GLEAN_10030730,
Pgl_ GLEAN_10005799, and Pgl GLEAN_10005798 were
identified which belonged to the group of terpenoid backbone
biosynthesis, suberin biosynthesis and ABC transporters,
respectively. These data indicate that wax biosynthesis is
enhanced in pearl millet at the proteome level, especially in
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ICTP8203. In contrast, these pathways are not detected in wheat
and drought-dependent enhancement is also not observed.

Drought Responsive Regulation of the
Key Photosynthetic Proteins of Pearl
Millet (NAD-ME Type) and Wheat Under

Drought Stress

Global depletion of atmospheric CO; levels led to the
evolution of C4 photosynthesis from ancestral C3 photosynthesis.
Among C4 plants, there are three biochemical subtypes,
based on the C4 acid decarboxylation enzyme in the bundle
sheath (Hatch, 1987; Leegood, 2002) (1) NADP-malic enzyme
(NADP-ME) type, (2) NAD-malic enzyme (NAD-ME) type, and
(3) phosphoenolpyruvate carboxykinase (PEPCK) type (Leegood,
2002). Distribution of C4 grasses is strongly influenced by rainfall
level, e.g., areas with decreasing rainfall (from 900 to 50 mm
per annum) demonstrates an increased abundance of NAD-ME
subtype grasses compared to NADP-ME subtype grasses. This
geographical distribution of C4 grasses with different biochemical
subtypes may also reflect different drought tolerance capacities
(Ghannoum, 2009). However, at the proteome level, there is no
evidence suggesting that these three C4 biochemical pathways
have different sensitivities to water stress. Pear]l millet has
been classified as a NAD-ME subtype (Edwards and Walker,
1983). The enzymes involved in C4 photosynthesis are also
present in C3 plants of course without the Kranz anatomy but
expression regulation is different, and activities are much lower.
These enzymes operate for different metabolic processes, and
they also have different inter- and intracellular localization.
At the proteome level, we have identified all significant
enzymes associated with the C4 pearl millet NAD-ME subtype

photosynthesis under control and drought stress in both the
genotypes wheat with different abundance level (Figure 7 and
Supplementary Figure S6).

Carbonic anhydrase (CA) and phosphoenolpyruvate
carboxylase (PEPC) are two important enzymes at the
beginning of the C4 carbon fixation process and may be
directly related to photosynthesis efficiency. They both are
located in the cytosol of mesophyll cells, whereas in Cs
plants, they are predominantly located in chloroplast stroma
(Ignatova et al, 2019). CA at the proteome level showed
decreased levels under stress condition compared to controls
in both the genotypes of pearl millet (Pgl GLEAN_10019649,
Pgl_GLEAN_10007313, Pgl GLEAN_10019645). In contrast,
PEPC (Pgl_GLEAN_10033512, Pgl_ GLEAN_10037989,
Pgl_GLEAN_10033055, Pgl GLEAN_10026714, Pgl GLEAN_
10036281) showed increased levels under drought stress
in the tolerant genotype ICTP8203 (Figure 7). In wheat
genotypes, CA (AOA1D5WHU?7) showed increased levels
in White Fife under stress condition but did not show any
regulation in TRI 5630. PEPC (A0OA1D5YFRI, AOA1D6RUCS3,
AO0A1D6C446, AOA1ID6BRX9, AOA1D6RR40, AOAID6ALVY,
A0A1D5WD42, and AOA1D6AHU2) showed decreased levels
in both the genotype under stress condition (Figure 7).
Phosphoenolpyruvate carboxylase (PEPC), the second most
abundant enzyme of the C; pathway, is an important
and multifaceted enzyme that catalyzes the irreversible
B-carboxylation of phosphoenolpyruvate (PEP) to vyield
oxaloacetate (OAA) and inorganic phosphate (Pi) (Hatch, 1987).
It also provides oxaloacetic acid to the tricarboxylic acid cycle
(TCA cycle) and catalyzes reactions involved in amino acid
metabolism in Cz plants and non-photosynthetic tissues of
C4 plants (Westhoff and Gowik, 2004). Ding and co-workers
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demonstrated that overexpression of PEPC led to higher CO,
assimilation compared to wild-type under progressive drought
stress (Ding et al., 2015). Similarly, Jiao et al. (2002) determined
that expression of maize C4-PEPC in transgenic rice led to
improved photodetoxication and photosynthetic capacity under
drought stress. However, mutation of two PEPC genes of
Arabidopsis [PPC1 (AT1G53310), PPC2 (AT2G42600)] led
to severe growth arrest phenotype and reduced the synthesis
of malate and citrate and severely suppressed ammonium
assimilation (Shi et al., 2015).

Interestingly, NAD-malic enzyme (NAD-ME) showed
increased levels in stressed plants compared to controls in
both the genotypes of pearl millet (Pgl GLEAN_10013928,
Pgl GLEAN_10034558). In contrast, the reverse trend was
observed in wheat genotypes (AOA1D5S6L5, AOA1D5U9X7)
under drought stress (Figure 7). NAD-ME plays a major role in
determining flux through the TCA cycle by providing pyruvate
for oxidation. However, studies claim that antisense potato lines
do now show any perturbation in flux through the TCA cycle but
an alteration in glycolytic metabolism (Jenner et al., 2001).

Several other enzymes were also identified which included
malate dehydrogenase (MDH), pyruvate phosphate dikinase
(PPDK), aspartate aminotransferases which are majorly located
in mitochondria of bundle sheath and cytosol of mesophyll
cells in C4 plants (Taniguchi et al, 1995), and alanine
aminotransferases that lead to the reversible conversion of
pyruvate to alanine. All the identified proteins showed reduced
levels under stress condition compared to controls in pearl
millet genotypes with a significant response in 843-22B
(Supplementary Figure S6). In contrast, in wheat genotypes,
only the sensitive genotype White Fife showed decreased levels
of these proteins compared to controls. In contrast, the tolerant
genotype TRI 5630 showed enhanced regulation under stress
condition. These identifications indicate that the combined
activities of several proteins may enable tolerant genotypes
ICTP8203 and TRI 5630 to retain its photosynthetic efficiency
under drought stress compared to sensitive genotypes 843-22B
and White Fife. However, the pattern does not lead to a clear
functional interpretation, and future studies will focus more
on these pathways.

Integration of Proteome With
Physiological Data of Pearl Millet and
Wheat Phenotypes Demonstrates the
Enormous Plasticity of Drought Stress
Adaptation

The physiological data of the preceding discussions were used as
predictable traits to identify protein networks which show high
predictive power. Accordingly, we had several scenarios where
we could exploit the predictive power of protein correlation
networks for traits such as yield (seed weight), harvest index, root
length and many more. For statistical modeling, we employed
a method called sparse least square discriminant analysis sPLS-
DA (see section “Materials and Methods”). Plants use different
strategies to cope with drought stress, ranging from drought
avoidance to desiccation. Drought avoidance is associated with

the minimization of water loss and simultaneously maximization
of water uptake (Ludlow and Muchow, 1990). Evidence suggests
that the adverse effects of drought can be successfully avoided
by changing carbon allocation patterns to allow the formation
of a deep root system before the onset of a growth-limiting
water shortage. Accordingly, root traits are now considered as
important targets under drought stress for yield improvement.
Therefore, we decided to identify protein correlation networks
predictive for root length which has been highly distinguishable
between pearl millet and wheat genotypes. Pearl millet genotypes
showed increased root length under stress condition compared
to controls with extensive elongation in 843-22B. Using sPLS, key
stress proteins correlating with the root length were identified
for each genotype individually (Supplementary Figure S7
and Supplementary Table S15). The identified proteins were
functionally classified using MAPMAN and represented in an
interacting network based on the color of the functional bins
(Supplementary Table S15).

Furthermore, the discriminant analysis allowed determining
differences of predictive protein levels between 843-22B and
ICTP8203 for root length (Figure 8A). The genotypes showed
remarkable plasticity and differences in the same set of predictive
protein correlation networks (Figure 8A). Based on this analysis,
proteins binned in the functional categories of stress, reactive
oxygen species (ROS) and oxidative pentose phosphate pathway
(OPP) showed the highest correlation scores with the root
length. Annexin protein was positively correlated to the 843-22B
(Figure 8A). Plant annexins are Ca?* dependent phospholipid-
binding proteins, and they participate in the regulation of
plant development as well as in plant protection from the
drought and other stresses. Annexins have been identified as
a component of signal-transduction pathways in many species,
such as soybean (Feng et al., 2013) and rice (Jami et al., 2012).
In the study performed by Konopka-Postupolska and Clark,
overexpression of annexin 1 (AnnAtl) not only allowed plants
to retain their growth and productivity potentials under severe
drought stress condition but also provided them protection
against oxidative stress, however the mechanism of protection
mediated by AnnAtl can be different in different tissues
(Konopka-Postupolska and Clark, 2017). Similarly, defense-
related proteins such as diseases resistance response protein
also showed positive correlation scores with increased root
growth of 843-22B (Figure 8A) indicating activation of defense-
related pathways.

Two isoforms of phenylalanine ammonia-lyase showed a
positive correlation with the tolerant ICTP8203 root phenotypes
(Figure 8A) suggesting an activated biosynthesis of antioxidative
compounds. Phenylpropanoid compounds not only fulfill
various essential functions during plant development but also
they act as essential protectants against various biotic and
abiotic environmental stresses. Two isoforms of peroxidases also
showed a positive correlation with the ICTP8203 root phenotype.
Peroxidases are the bifunctional enzymes which not only act on
oxidizing agents but also produce ROS (Passardi et al., 2004).
In plants, this enzyme is involved in many physiological and
developmental processes which include their association with cell
elongation processes, and also with reactions that restrict growth.
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Reduction in cell wall plasticity leads to the stiffening of the cell
wall. Covalently bound cell wall peroxidases play a significant
role in this process either by catalyzing the polymerization of the
phenolic monomers of lignin or by participating in the formation
of cross-bridges between various polysaccharide polymers. Based
on the identified protein candidates, it can be concluded that
under drought stress, antioxidant activity was enhanced in
ICTP8203 compared to 843-22B.

The same approach was applied to the stress proteome of
the wheat genotypes and correlated to the root phenotypes
(Supplementary Figure S8 and Supplementary Table S16).
This analysis revealed rather different patterns compared to
pearl millet except peroxidases, which were also identified.
In the discriminant analysis, proteins majorly binned in
the functional category of lipid metabolism, stress, amino
acid metabolism, carbohydrate metabolism and secondary
metabolism were determined (Figure 8B). In the physiological
analysis of White Fife and TRI 5630 showed increased root
length under stress condition compared to controls. Two
isoforms of eukaryotic translation initiation factor 3 (elF3)
showed a positive correlation with White Fife (Figure 8B).
A study performed by Singh and coworker demonstrated
that the overexpression of a gene encoding elF3g (TaelF3g:

Triticum aestivum eukaryotic initiation factors), one of the 11
subunits of eukaryotic translation initiation factor 3 (eIF3),
showed enhanced tolerance to abiotic stress in yeast and
transgenic lines of Arabidopsis (Singh et al., 2013). B-glucosidase
is actively involved in cell-wall modification, stress defense,
phytohormone signaling, and secondary metabolism; it also plays
an essential role in the hydrolysis of cellulose by converting
cellobiose to glucose. Here in this study, p-glucosidase and
B-amylase showed a positive correlation with White Fife, which
indicates that carbohydrate metabolism was activated in the
roots of White Fife under drought stress condition. In soybean
roots, B-glycosidase showed higher accumulation under stress
condition (Wang and Komatsu, 2018).

Drought stress has adverse effects on seed production;
however, it also largely depends upon the duration of drought
stress, the growth stage of the plant and seed filling period.
In the present study, genotypes of wheat and pearl millet
showed contrasting effects of drought on seed productivity.
Based on the physiological analysis, pearl millet genotypes
were able to maintain productivity under stress conditions
compared to the wheat genotypes, especially ICTP8203. The
stress proteome of pearl millet genotypes was correlated with
the seed weight (Supplementary Figure S9 and Supplementary
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Table S15) and proteins binned in the functional category
of stress, carbohydrate metabolism, lipid metabolism, amino
acid metabolism, signaling and development were identified
(Figure 9A; Supplementary Table S15). Two isoforms of late
embryogenesis abundant (LEA) protein and lipid transfer protein
(LTP) were identified and showed a positive correlation with
ICTP8203. These proteins were also differentially abundant in
seed proteome of ICTP8203 and not in 843-22B, which confer
that these proteins can be used as potential tissue-specific
genotype marker for ICTP8203 (Figure 9A). Glycogen synthase
which is binned in the functional category of carbohydrate
metabolism also showed a positive correlation with ICTP8203,
and it has been reported that glycogen synthase confers enhanced
tolerance against abiotic stresses (Joshi et al., 2018; Figure 9A).

Similarly, two isoforms of heat shock proteins were also
identified, showing a positive correlation with ICTP8203. Many
small heat shock proteins (sHSPs) play a major role in the
protection of seeds from desiccation. This also indicates that
accumulation of protective proteins might play a significant
role in the drought-responsive mechanism of ICTP8203, leading
to healthy seeds even under water deficit condition; indeed,
the productivity of plants does not get as severely affected as
for other compared genotypes under drought stress. Further,
the chitinase protein was identified, which showed a positive
correlation with 843-22B (Figure 9A). In plants, chitinases
are induced in defense response against abiotic stress and
constitutively expressed in plant organs, such as seeds. A class
1 chitinase has been previously identified as an abundant
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protein in the soybean (Glycine max) mature seed coat
(Gijzen et al., 2001).

sPLS and discriminant analysis of wheat seed proteome lead us
to identify proteins binned in the functional category of reactive
oxygen species (ROS), photosynthesis, stress, glycolysis, and
secondary metabolism (Figure 9B, Supplementary Figure S10,
and Supplementary Table S16). Several isoforms of histones
were identified, which showed a positive correlation with White
Fife. Increasing evidence shows that chromatin organization
plays a very important role in the transcriptional reprogramming
of stress-responsive gene expression, proper resource allocation
to growth vs. stress responses, acclimation, and long-term
stress memory (Chinnusamy and Zhu, 2009; Mirouze and
Paszkowski, 2011). Several studies have also reported that
histones play an important role during the process of grain
filling and drought stress leads to the modification of this protein
(Kalamajka et al., 2010). Further, two isoforms of superoxide
dismutase were identified, which showed a positive correlation
with White Fife, indicating that scavenging mechanism was
activated under drought stress. Similarly, two isoforms of
phosphoglycerate kinase also showed a positive correlation
with White Fife. Phosphoglycerate kinase is an enzyme that
catalyzes the reversible transfer of a phosphate group from
1, 3-bisphosphoglycerate (1, 3-BPG) to ADP producing 3-
phosphoglycerate (3-PG) and ATP (Fermo et al, 2012).
These results indicate that energy metabolism was activated
under drought stress.

CONCLUSION

The need for drought-tolerant crops is critical, and will surely
grow in coming years because of the increase in food demand per
capita, ongoing degradation of soil, depletion of water resources,
and the accelerating effects of global climate change. Therefore,
the development of improved drought-tolerant varieties is the
challenge for plant breeders and crop physiologists. One strategy
to increase crop productivity is to endow them with Cy4
traits. However, this approach needs a better understanding
of the molecular and physiological level. Here, we exploited
a comparative approach to define molecular and physiological
components of C3 and C4 plants under drought stress and
identified the traits which can be of help in the ongoing
engineering process. The results herein presented, reflect the
complex mechanism at physiological and proteome level that C3
wheat and C4 pearl millet employ in adapting to the drought
stress environment, which also testifies toward the plasticity
of these plants. An intriguing result is that tolerant lines of
pear]l millet and wheat seem to override already differences
between Cs- and Cy-type photosynthesis. These results are
subject to future studies. Our results also provide evidence
that one of the most substantial advantages for enhanced
drought-tolerance is the stay-green trait, and we demonstrate
the first proteome signature in pearl millet for this trait. Other
important characteristics of drought resistance are related to
root morphology, efficient photosynthetic machinery and wax
biosynthetic enzymes.

We suggest several strategies for engineering enhanced
tolerance in the crop plants under drought stress: (1)
Identification and mapping of quantitative trait loci (QTL)
for root length in cereal crops as it is an important trait for
survival under drought stress. (2) Enrichment and expansion
of stay-green protein signatures and wax biosynthetic genes.
(3) Further investigation of reactive oxygen species (ROS) in
roots as they can act as efficient signaling molecules which
can enhance root to shoot crosstalk under drought stress. This
study also provides information on yield-associated traits,
tissue and genotype specific marker that can be exploited for
marker-assisted breeding for improving drought tolerance
in crop plants. This knowledge is very important because
of the large discrepancy between gene expression level and
protein activities, which are dynamically modified by actual
field conditions in a strongly fluctuating climate. To our
knowledge, it is the first report on a comparative physiological
and proteomic analysis of wheat and pearl millet in response to
drought stress, thus, serving as a large-scale reference study for
future investigations.
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Supplementary Figure 1 | (A) Orthogonal partial least squares discriminant
analysis (OPLS-DA) was performed considering all the factors and variables of
physiological parameters under control and stress condition in pearl millet and
wheat genotypes. (B) Principal component analysis (PCA) of all the physiological
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Supplementary Figure 2 | Venn diagrams represent total proteome identification
in root, leaf and seed tissues of pearl millet and wheat genotypes under control
and stress condition.

Supplementary Figure 3 | Principal component analysis (PCA) of pearl millet
genotypes. (A) PCA considering all the tissues of pearl millet tolerant and sensitive
genotypes (84322B and ICTP8203) under control and stress. (B) PCA of
ICTP8203 under control and drought stress in roots, seeds, and leaves. (C)
Loading graphs of average for 100 positive and 100 negative loadings. (D) PCA
of 843-22B under control and drought stress in roots, seeds, and leaves; (E)
Loading graphs of average for 100 positive and 100 negative loadings.

Supplementary Figure 4 | Principal component analysis (PCA) of wheat
genotypes. (A) PCA considering all the tissues of wheat tolerant and sensitive
genotypes (White Fife and TRI 5630) under control and stress. (B) PCA of TRI
5630 under control and drought stress in roots, seeds, and leaves. (C) Loading
graphs of average for 100 positive and 100 negative loadings. (D) PCA of White
Fife under control and drought stress in roots, seeds, and leaves. (E) Loading
graphs of average for 100 positive and 100 negative loadings.

Supplementary Figure 5 | Root length measurements: Box plots represent root
length of the plants under control and stress condition in pearl millet and wheat
genotypes; Root length pictures of pearl millet and wheat plants under control and
stress condition.

Supplementary Figure 6 | Regulation of C4 photosynthesis pathway proteins in
pearl millet (843-22B and ICTP8203) and wheat (White Fife and TRI 5630)
genotypes under control and stress condition.

Supplementary Figure 7 | sPLS-based network constructed using quantified
proteins as a predictor and root length as a factor for pearl millet genotypes
(843-22B and ICTP8203) under stress condition. The interacting network was
correlated with the odum’s model of physiology. Only those correlations equal or
higher, in absolute value, than 0.9 are shown. Green line = negative correlation,
Red line = positive correlation.

Supplementary Figure 8 | sPLS-based network constructed using quantified
proteins as a predictor and root length as factor for wheat genotypes (White Fife
and TRI5630) under stress condition. The interacting network was correlated with
the odum’s model of physiology. Only those correlations equal or higher, in
absolute value, than 0.9 are shown. Green line = negative correlation, Red

line = positive correlation.
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Africa is home to important centers of origin and diversity of crop wild relatives (CWR),
including many species adapted to adverse agroecological conditions, namely drought
and poor soils. Plant genetic resources from Cabo Verde Islands have been poorly
explored for their potential to supplement the genetic pool of cultivated species. In
this paper we identify Cabo Verde’s CWR from the Poaceae family and provide a
checklist of priority CWR taxa, highlighting those of particular conservation concern
and the areas which should be the focus of the most intensive conservation efforts
in these islands. Our results revealed that Cabo Verde archipelago is an important
center of CWR diversity of West African crop millets, namely fonio (e.g., white fonio,
Digitaria exilis, and black fonio, Digitaria iburua) and other African millets [e.g., pearl
millet (Cenchrus americanus = Pennisetum glaucum), teff millet (Eragrostis tef), finger
millet (Eleusine coracana), barnyard millet (Echinochloa colona), proso millet (Panicum
miliaceum), and foxtail millet (Setaria italica)], which represent a diverse group of cereal
crops, and important components in agriculture and food security of this country. Also,
hotspot areas of diversity for in situ conservation were identified in Cabo Verde, as well as
several populations occurring under extreme habitats conditions that are well adapted to
drylands and poor soils. The evaluation of their potential for new ecologically important
adaptive characteristics associated with tolerance to abiotic stresses is discussed.
The survey of international Germplasm Banks revealed that very few accessions from
Cabo Verde are conserved, contributing to the loss of genetic diversity of plant genetic
resources in this archipelago. Particularly, the diversity of millets and the associated
indigenous knowledge are critical for the food security and cultural identity of many poor
farmers in Cabo Verde.

Keywords: conservation strategies, crop wild relative (CWR), millets, plant genetic resources, grass flora, oceanic
island, prioritization
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INTRODUCTION

Crop Wild Relatives (CWR) are those species growing in
natural habitats that are genetically related to food, fodder
and forage crops, medicinal plants, condiments, ornamental
and forestry species used by humankind (Maxted et al., 2006).
CWR are valuable sources of adaptative traits, contributing
to biotic and abiotic stress tolerance, and thereby allow crop
improvements with a wide range of agronomical and nutritional
benefits (Castafieda-Alvarez et al., 2016). As actual or potential
gene donors, CWR have a wide range of important genetic
traits due to their widespread adaptation to different habitats
and to continuous in situ evolution and because they have
not undergone domestication processes (Vincent et al., 2013;
Zhang et al., 2017).

Considering an increasing population, the conservation
of CWR diversity to ensure food security is of paramount
importance and has been widely recognized by several world
organizations, namely the Food and Agriculture Organization
(Vincent et al., 2013). The Global Crop Diversity Trust
has proposed projects like the “Global initiative to collect,
conserve, and use crop wild relatives” (Dempewolf et al,
2014), and the 2030 agenda of Sustainable Development
Goals (SDGs), implemented in 2015 by the United Nations,
advocates the promotion of sustainable agriculture (SDGs2) by
reinforcing resilience and adaptation to climate change (SDGs13)
and preventing desertification and protection of biodiversity
(domesticated and wild species) (SDGs15) (Sonesson et al., 2016).
Like other Plant Genetic Resources, CWR are mainly threatened
by the impacts of anthropogenic activities, such as habitat
destruction, pollution and urbanization, and even competition by
invasive species, but climate changes seem to be a particularly
serious problem for this group (Ford-Lloyd et al., 2011; van
Treuren et al., 2017; Teso et al., 2018; Allen et al., 2019).
Some CWR may be passively conserved in situ due to strategies
targeting other species, namely in protected areas, but specific
conservation linked to CWR remains necessary.

The need for CWR conservation has been widely discussed
(Heywood et al, 2007; Maxted et al, 2013) and the CWR
inventory seems to be a crucial step to identify the conservation
requirements (Zhang et al., 2017; Teso et al., 2018). Approaches
to protect CWR diversity can involve an individual, national,
regional or global level planning, with prioritization criteria
that should ensure a successful conservation strategy with
limited resources for implementation (Allen et al, 2019).
The prioritization criteria can be adjusted according to the
conservation strategy to be adopted, however, the main ones are:
(i) economic value of the related crop, mainly its importance
for human food and livestock supply; (ii) genetic potential as
gene donor, priority being given to CWR that are more closely
related to the crop; (iii) occurrence status of the CWR, as native,
introduced or invasive on the geographical area in question;
and iv) threat status (Maxted et al., 2013). Moreover, the Gene
Pool (GP) (Harlan and de Wet, 1971) and Taxonomic Group
(TG) (Maxted et al., 2006) concepts are used to determine
the crossability between a crop and CWR. They are based on
genetic and taxonomical relativeness, respectively GP and TG,

and determine how closely a CWR relates to a crop and how easily
they can cross (Maxted et al., 2006; Vincent et al., 2013).

The Poaceae family, with the third highest global priority
among crop wild relatives, accounts for ca. 150 priority
CWR distributed over 18 genera [Aegilops (=Amblyopyrum),
Agropyron,  Avena, Cenchrus (=Pennisetum),  Digitaria,
Echinochloa, Eleusine, Elymus, Hordeum, Oryza, Panicum,
Saccharum, Secale, Setaria, Sorghum, Tripsacum, Triticum, and
Zea] which, all except Aegilops and Tripsacum, belong to the
global priority list of 92 CWR genera (Vincent et al., 2013).
Among these genera are found most of the species that are wild
relatives of the main consumption cereal crops (e.g., rice, wheat,
maize, and oat), and other Poaceae food crops, such as sugarcane
and sorghum, that substantially contribute to the human dietary
energy (Vincent et al., 2013; Allen et al., 2019). Furthermore, in
the semi-arid tropical regions of Africa and Asia, millets (small
grain crops) are important sources of energy and protein for
millions of persons living in developing countries (Amadou
et al, 2013). The millets group comprises many different
species, with pearl millet (Cenchrus americanus = Pennisetum
glaucum), foxtail millet (Setaria italica), proso millet (Panicum
miliaceum), and finger millet (Eleusine coracana) being the most
important ones (Dwivedi et al., 2012; Amadou et al., 2013; Tadele,
2016). The maintenance of African millet diversity depends on
agricultural, food and livelihood dynamics at the farmer level,
since every community holds local cultivars to address their
agroecological conditions, farming practices, and food needs
(IPGRI, 2002). Small millets of the Poaceae family have been
commonly mentioned as ‘smart foods™ or ‘nutri-cereals’ because
they are more efficient in water and nitrogen use than major
cereals like rice or maize (Muthamilarasan and Prasad, 2021).
They grow in a diverse range of environmental conditions, as
they are more tolerant to diseases, pests, and abiotic stresses
(Vetriventhan et al., 2020).

To secure the long-term conservation, worldwide genebanks
hold accessions of cultivated and wild germplasm of small
millets, but only of the most important species, as is the case of
finger millet, foxtail millet, and proso millet (Muthamilarasan
and Prasad, 2021). Recently, Varshney et al. (2017) report the
whole-genome sequence of pearl millet, providing an important
resource to improve agronomic traits in arid environments and
accelerate millets crop improvement.

Millets are well adapted to adverse climatic conditions (limited
rainfall) and are mainly cultivated in marginal agricultural areas
(Tadele, 2016), playing a major role in rural agriculture of
West African countries, and particularly in the tropical dry
islands of Cabo Verde (Teixeira and Barbosa, 1958). Although
its agriculture is limited by a set of natural constraints (e.g.,
persistent drought periods, scarcity of quality soil, small territory
available as farmland), this archipelago has shown considerable
progresses toward overall development in the agriculture sector
during the last two decades (Varela et al., 2020). Nevertheless,
there is only official information on cultivation for two
Poaceae species, Zea mays (maize) and Saccharum officinarum
(sugarcane) (Monteiro et al., 2020). Maize is cultivated as a
rainfed crop and used for human food and fodder; sugarcane
is the most important irrigated crop and occupies the largest
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harvest area, its main purpose being the production of a by-
product, the highly alcoholic drink “grog,” very much appreciated
and exported as a national product (Monteiro et al., 2020).

Therefore, and despite the great importance of the Poaceae
family as the dominant element of the native flora of Cabo
Verde, the potential of plant genetic resources of these islands
to supplement the genetic pool of cultivated species has
been poorly explored. Considering the huge wealth of natural
grass populations occurring in these islands under extreme
environmental conditions, from dry lowlands to less dry altitude
zones or even to subalpine regions (Neto et al., 2020), assessing
the diversity of wild species with potential adaptive characteristics
for abiotic stress tolerance would generate new data on varieties
of Cabo Verde adapted to drought conditions (Essoh et al., 2020).
This could contribute to valorise plant genetic resources and, in
the future, to generate new eco-products with national economic
impacts at the industry and economy levels.

Although this is one of the most important plant families in
Cabo Verde and despite the importance of several crop species for
humans and livestock, studies are scarce, particularly concerning
the diversity of grasses in this archipelago. Moreover, there are
threats, particularly to the endemic flora (Romeiras et al., 2016),
requiring in situ (in natural habitats) and ex situ (in gene banks)
conservation of the unique plant genetic resources that can assist
the improvement of these crops and, consequently, ensure food
security (Monteiro et al., 2020).

In this paper we intend to identify Cabo Verde’s CWR from the
Poaceae family and to provide a checklist of priority CWR taxa,
highlighting those of particular conservation concern. Based
on a gap analysis, hotspot areas of Poaceae CWR diversity
will be identified for this archipelago, in order to provide new
data to propose future in situ conservation actions. Also, the
total number of ex situ accessions will be identified for the
African continent and, specifically, for Cabo Verde, in order to
support future management of seed collection and conservation
of local plant genetic resources. Finally, for the priority CWR
Poaceae species identified, a comparative global analysis will be
performed, and the results will be discussed in the context of West
African food security.

MATERIALS AND METHODS

Study Area

Cabo Verde is a North Atlantic Ocean archipelago and
corresponds to the southernmost islands of Macaronesia. It is
located at latitudes 14°45" - 17°10’ N and longitudes 22°40" -
25°20" W, about 1,350 km south-west of the Canary Islands and
ca. 560 km from Senegal’s coast. The archipelago (see Figure 1)
has a total area of ca. 4,033 km? and includes ten major islands
distributed in three groups: Northern Islands [Santo Antio,
Sdo Vicente, Santa Luzia (the only uninhabited island), and
Sao Nicolau]; Eastern Islands (Sal, Boavista and Maio); and
the Southern Islands (Santiago, Fogo and Brava) (Duarte and
Romeiras, 2009). Currently, the population is estimated at 556
thousand inhabitants but is expected to reach 679 thousand in
2050 (United Nations [UN], 2019).

Cabo Verde has a dry tropical climate with two well-
marked seasons conditioning the distribution of its flora and
vegetation (Neto et al, 2020). The long dry season of 8-
10 months varies between November and July, and the sparse
and irregular humid rainy season of 1-3 months, usually occurs
from August to October (Monteiro et al., 2020). Mean annual
temperature is usually around 25°C with low thermal amplitude,
due to maritime influence; lowest monthly average temperatures
normally occur in January or February (ca. 18°C), and the
highest in September (ca. 27°C), however, temperatures as
high as 35-40°C can occur in internal regions of the arid
Eastern Islands (Duarte and Romeiras, 2009). The average
annual relative air humidity ranges from 75% to more than
80% (Monteiro et al, 2020). Particularly, the topography of
the islands contributes to significant spatial variations of flora
and vegetation, with altitude and exposure to northeast trade
winds leading to contrasting weather conditions (Duarte et al.,
2008). The northern and southern islands are characterized by
high mountains, offering a wide range of habitats over relatively
short distances, whereas the eastern islands are lower and drier
(Romeiras et al., 2015). Particularly, the lowland flora of Cabo
Verde is markedly of Afrotropical origin and dominated by
grass species, whereas the endemic mountain flora that mainly
occurs on the north/northeast-facing slopes shows affinities
with Madeiran and Canarian flora (Rivas-Martinez et al., 2017;
Freitas et al., 2019).

Poaceae Crop Wild Relatives’ Inventory
and Data Collection

The Poaceae checklist from Cabo Verde was mainly based on
data collected in previous fieldwork and inventories performed
over the last two decades by M.C. Duarte, and on data from the
literature (e.g., Lobin, 1986; Arechavaleta et al.,, 2005). Further
data was obtained from specimens housed in worldwide herbaria
(e.g., LISC, LISU, COL K, and P), from Cabo Verde collections
(e.g., in Parque Natural do Monte Gordo, Sdo Nicolau Island),
and information available in the Global Biodiversity Information
Facility website (GBIF.org, 2020).

After completing the checklist of Cabo Verde CWR species,
specific information was gathered on: (i) their status in Cabo
Verde Islands - native or introduced; (ii) their distribution in
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