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ABSTRACT

Inthisunpredictableclimaticscenario, increasing crop productivityunder low
water availability is the foremost challenge. The crops are further seriously
affected, andtheyieldsaredrasticallyreducedduetoelevatedtemperature,
greenhouse gases, and humidity during the waterstress period. Toensure
food security in the coming decades, scientists have summoned to increase
the high-quality food with these climatic vagaries. Though several agronomic
and management strategies were proposed to mitigate the water stress,
geneticimprovement of crops withimproved drought tolerance is the simple,
sustainable and affordable option. Nevertheless, identification and molecular
understanding of the appropriate breeding traits that canalleviate theimpact
of water stress on crop plants are the trickiest part of this strategy. Sorghum
(Sorghum bicolorL.)is gaining itsimportance in water stress tolerance plant
breeding, as it has several clearly defined drought-tolerant component traits
that promote productivity under low water environments. The genomics
and phenomics information generated in S. bicolor would immensely help
breeding plantsresilient to the challenges of a water scarcity. This paper
describes the molecular mechanisms of drought tolerance using sorghum
bicolorasamodel and how thisinformation canbe extrapolatedto breed
better cultivars in other crops.

Keywords: Resilient Plant Breeding; Drought Stress; Phenomics; Drought Tolerant Component Traits;

Genomics Assisted Breeding.

INTRODUCTION
Water Stress and its Impact on Crop Production

The percentage of the planet affected by drought
has more than doubled during the last 40 years
(Vicente-Serranoetal., 2020). Although water stress
has various impactson living organisms, including
human beings, the primary victim would be crop
plantsastheycannotmoveawayfromstress. Among
the several stresses that havoc crop productivity,
drought is considered the primary cause for poor
plant growth and development, thereby leading to
huge loss and frequently threatening food security.

Usually, water stress or drought arises due to
poor availability of soil water and constant loss
of water from plant through transpiration that
support average crop productivity. It is speculated
that the harmful effects of water stress are going
to increase rapidly in the coming years due to
changing climatic conditions and global warming.
Further, incrementing water use byever-growing
urbanized human population will also lead to a
severe shortage of waterinthe future. Although the
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rainfallis adequate, poor distribution of the rainfallin
acalendar year or alterationsin the rainfall pattern
also leads to water stress in plants.

Sometimes water stress also occurs strictly
not because of a water deficit in the environment:
there isenough water in the soil, but several factors
(such as salinity, low soil temperatures and flooding,
fertilizer misapplication, high temperature, high
intensityof light, drywindetc.,) preventordecrease
water uptake by roots and subsequently lead to
water stress in plants. This type of drought is called
pseudo-drought or physiological drought (Arbona et
al. 2013) and in this case, atmospheric conditions
arenot determining factors for drought. Essentially,
when the water potential of the soil is lower than
thewater potential of plants, drought stressoccurs.

Waterstress leads toseveral adverse effectsin
growthand physiology of the crop plants (Bakht et
al.2020andreferences therein)viz., i)itimpedes
germination, ii) reduces leaf water potential and
relative water content, diminishes turgor pressure
and stomatal activity that lead to stomatal closure
and limitation of gas exchange and transpiration
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(subsequently disordered enzyme activities (most
of the enzymes are not produced, but some of
them are induced at high rate (examples: late
embryogenesis abundant protein, heatshock
proteins, peroxidases) and decreased energy
supply from photosynthesis due to increase in
leaf and canopy temperature besides production
of reactive oxygen species (ROS), iii) resulting in
oxidative damage in chloroplasts through alterations
in Photosystem | and Il, iv) affects plant mineral
nutritionand disruptsionhomeostasis, v) messing
up the metabolic processes, vi) decreases the cell
membrane stability and damages cell division,
expansion and elongation, vii) reduces stem length
viii) decreases the number and size of leaves (due
to decrease in the number of stomata, cellwall
thickening, cutinization of the leaf surface and
developed conductive system (thereby increase
in the number of large vessels), submersion of
stomata in succulent and xerophyte plants, the
formation of tubeleavesincerealsand premature
leaf senescence) which lead to lessening in biomass,
ix) increaseinthedifferent system development but
at the cost of decreasing the shoot development,
affecting the normal growth and development of
reproductive organs and x) ultimately affecting the
economic yield.

The response and acclimation of plants to
droughtstress, aswellasotherstresses that cause
soil water deficit, may be governed by the action of
wide array of molecules and metabolites, including
protective compounds and hormones. Recently
Wojtyla et al., 2020 have reviewed a snapshot of
wide array of such molecules and metabolites in
crop plants that are involved in drought sensitizing,
drought-responsive, water stress signal transduction,
memorizing and responding later stages, regulating
andmodifying the geneexpressionandepigenetic
controlof selected genesunderwaterstress (such
as DNA methylation, histone modifications and
gene silencing by small RNA (sRNA), including micro
RNAs).

It should also be noted that there are varying
intensities and duration of water stress that
differently affect the plant depending on the
phenological stage of the crop plants. Drought
stress varies in levels of intensity, duration, spatial
extent and impact. For drought stress, the severity
and duration of the stress and responses of plants
after stress removal and interaction between stress
andotherfactorsareextremelyimportant (Boopathi,
2020). Severe drought occurrences have drastic
impacts on plants and sometimes, it may lead to
complete yield loss. For instance, drought stress
occurs at the germination or reproductive phase
has moreimpact onyield thanit occurs during the
vegetative phase forashort period of time. Further,
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response to the drought stress greatly varies from
crop to crop and even within the crop species (which
clearlyreliesoncropstage, soilheterogeneity, micro-
climatic conditions and so on).

Additionally, it is prominent that mild soil water
deficit (for short periods) may enhance stress
tolerance by inducing stress memory, also referred to
as imprint, training, priming, hardening, conditioning
and acclimation. Information about stress memory
expressed as behavior of plants subjected to
recurrent drought, is still limited. The molecular
reaction of plants to a subsequent drought exposure
can be specifiedinan enhanced response, amore
efficientresponse and a more rapid response. These
mechanisms of drought stress imprint are based
on plant response on metabolomics, proteomics
and transcriptomics levels. Drought stress memory
has been observed in several species such as
Arabidopsis, maize and switch grass (Wojtyla et al.
2020), but a lot has to be done to design a fruitful
strategy tomitigate thedroughtstressin plants.

Water Stress-Related Biotic and Abiotic
Stresses: Interaction and Impacton Crop
Productivity

It is not uncommon to realize the fact that
whenever the water stress occurs in the field, crop
also experiences several other biotic (herbivores,
insects, pathogens (bacteria, viruses, fungi and
nematodes) and abiotic stresses (adverse conditions
such as increased soil and canopy temperature,
light intensity, dry wind speed etc.). Simultaneous
occurrences of several stresses actually speed up
the process of complete loss of crop productivity.
On the other hand, it has also been reported that
trade-off is often seen in plant adaptation between
different biotic and abiotic stresses. However,
initial exposure to one stress often leads to an
enhancedstate of tolerance to different stresses,
designated as cross-tolerance. Plants often prioritize
their response to one stress over that to another
(examples are shown in Khan et al. 2020; Tajima
et al. 2020)

Recent researchers have started understanding
themolecularbasisof combinedbioticandabiotic
stress interactions. Simultaneous occurrence of
several biotic and abiotic stresses during plant
growth provokes complex pathways controlled by
different signaling events and finally lead to positive
or negative impact of one stress over the other
(Pandey et al. 2015). Evidence suggest that under
combined stress plants exhibit tailored physiological
and molecular responses, in addition to several
shared responses as part of their stress tolerance
strategy. Besides, the existence of crosstalk between
plants independently exposed to biotic and abiotic
stresses and their positive (cross-tolerance) or



negative influence onplants havealsobeenshown
(Ramegowda and Senthil-Kumar 2015)

However, our knowledge on molecular and
physiological responses under stress combination
islimited; therefore, further studies are required to
understand these mechanisms. Ahigh throughput
functional genomic approach in association with
highthroughputstress effectquantification methods
in model plant species would also hasten the
process toidentify key strategies that can be used
to develop crop plants tolerant to simultaneous
stresses.

Drought Tolerance Mechanisms

As the plants are sessile, they cannot move
into an environment where it is conducive for their
normal growth and development; instead, they have
amyriad of mechanisms to overcome the problem
of shortage of water. It should be noted that these
mechanisms are not common in all water stress
conditionssinceitisvariedfromplanttoplantand
situationtosituation (mild tosevere waterstress,
duration andintensity of the drought). As soon as the
rootsignals thewaterscarcityinthesoil, theplant
respond physiologically in several ways: turgor loss
(by reduced activity of RuBisco, PEP carboxylase,
NADP malic enzyme, pyruvate phosphate dikinase
and increased expression of ABA biosynthetic genes
and ABA-responsive genes), impairment of osmotic
adjustment (by the accumulation of compatible
solutes such as proline, trehalose, polyamines),
decreased transpiration rate due to closure of
stomata (low stomatal conductance), increasein
antioxidative enzymes such as SOD, CAT and APX,
synthesis of specific proteins such as LEA, etc.,
decreased ratio of C0O,/0,, decrease in accumulation
of ROS, reduced photosynthetic rate and reduced
growth (Tajima et al. 2020)

In response to water stress, a number of genes
are expressed. The list of drought-responsive genes
isever-growing owing to the constant emergence of
novel tools and methods that efficiently characterize
such genes. In general, the drought-responsive
genesaredistinguished intothreetypes: (1) genes
encoding products that straightaway protect plant
cells against water stress such as heat stress
proteins (HSPs) or chaperones, aquaporins (water
channel proteins), LEA protein, osmolytes, anti-
freezing proteins, detoxification enzymes and free-
radical scavengers (2) those that are involved in
theregulation of gene expressions such as protein
kinases MAPK, MAPKKK, CDPK, SOS kinase and
phospholipases and transcriptional factors such
as MYB, MYC, NAC and bZIP and (3) those that
areinvolvedinwaterandionuptakeandtransport
(Bakht et al. 2020).

At the morphological level, the plants respond

towaterstress by fastening the life cycle, producing
more root system, reduced leaf number, areaand
size (by way of rolling in case of rice), drooping of
flowers etc.,

Ingeneral, water stress is mitigated by the plants
by three ways: Escape, Avoidance and Tolerance.
Escape mechanisms involve ceasing the life cycle
early and thereby escape from the severe water
stress before it affects the plant system. Avoidance
includes a variety of protective mechanisms (includes
decreasedstomatal conductance, rolling of leaf and
senescence andimpairment of growth) that delay
or prevent the negative impact of drought on plant.
In contrast, tolerance mechanism is the potential
of a plant to acclimatize a stressful situation which
is characterized by a higher content of chlorophyll,
higher stomatal conductance, photosynthesis and
maintenance of growth and osmotic adjustment
(Ludlow 1993).

Incorporating the above knowledge in improving
drought tolerance in crop plants through various
breeding and agronomic strategies were not
producing sustaining results since each strategy
has some problems and limitations because of
the complexity of drought effects on plants and
the plants’ responses to the drought. For example,
theroleofrootsinextracting the water fromdeep
soil during the drought periodis considered as the
priority trait in drought resistance crop breeding
programs. On the other hand, root development
is the function of genotype and soil and climatic
environments. Of late, it is recognized that root
system improvement alone will not be sufficient
for this purpose since it is difficult to decide what
doweneedfromarootsystemtoincreasedrought
resistance? deep or shallow roots, more or less
roots, a prolific or limited branching root system,
high or low sensitivity to soil water shortage and/or
high or low root hydraulic conductivity?

It was concluded by Palta and Turner (2019)
that root system that will lead to an increase in
drought resistance depends on the amount and
distribution of rainfall, the soil characteristics, the
nature and timing of drought and several other
plant characteristics. Therefore, incorporation of
appropriate drought tolerance component traits in
the breeding program often depends on the ultimate
aim of the breeding program (such as understanding
the genetics of drought tolerance mechanisms,
increasing the drought tolerance of the existing
cultivars or producing sustainable yield under water
stress) and it is realized that the decision making
isoftenacomplicated process and oftenendup to
look for other alternative approaches.

Approaches for Mitigating Drought Stress

In order to overcome the effect of water stress
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on crop productivity, various strategies are being
suggested. They may include one or combination
ofthefollowing: i) seed priming i) foliar application
of exogenous water stress moderating chemicals
and/or minerals (such as calcium, silicon), iii)
applicationof microbial consortiumandiv) soil water
conservation methods (Sabagh et al. 2020). For
example, seed priming and exogenous application
of growthregulatorsandosmolytessuchasglycine
betaine and proline at various crop growth stages
plays a significant role in inducing resistance against
abiotic stresses, including drought (Farooq et al.
2006)

Seed priming (which is pre-sowing hydration of
seeds or treating the seeds with ascorbic acid and
potassium chloride) is an important and short-term
approach that helps to initiate the germination
metabolism under drought condition and Ajouri
et al. (2004) recorded a 44% increase in the
germination of wheat seeds through seed priming
under drought conditions. Although osmolytes have
generated positiveresults, theiractual rolesinplant
osmotolerance still remain debatable. Similar to
organic osmoprotectants, the application of abscisic
acid and yeast significantly improved maize under
waterdeficitconditions (Abdelaaletal. 2017) Thus,
ithasbeenshowninseveral studies that theabove
four strategies ameliorate the adverse effects of
drought stress on the crop productivity.

On the other hand, these strategies require
additional cost, effort, time and labour to mitigate
the drought stress in the field. Further, such
strategies would serve better when there is early
drought, or the duration of the water stress is for
minimum period of ten days. Therefore, scientists
are looking foranalternative, simpleand affordable
strategy that can overcome the above limitations.
Plant breeding approaches that focus on evolving
novel cultivars withimproved drought tolerance have
been found as viable and sustainable approach to
mitigate the stress, despite the fact that it possesses
several hurdles, as discussed above and below
sections.

Resilient Crop Breeding for Drought:
Understanding the Reasons for Slow Progress
and What is really needed?

Plant breeding for drought tolerance enhancement
incrop plants strongly requires the insights on the
genetics of drought tolerance mechanisms and
explorationandincorporation of geneticvariationin
drought tolerance traits in breeding program. Several
pieces of evidences suggest that plantresponseto
water stress is controlled by more than one gene
andis highlyinfluenced by environmental variation
(Foolad et al.2003).

The quantification of drought tolerance
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has several serious difficulties since it is a
developmentally regulated and stage-specific
phenomenon. Directselectioninthefieldisunlikely
because of uncontrollable environmental factors
(such as variations in rainfall, interactions with
extreme temperatures and variations in salinity
and nutrient availability) that adversely affect the
precision and repeatability of such trials. There
is no trustworthy field screening technique that
can be used across the years, plant generations
and phenological stages. This is because drought
tolerance at one plant developmental stage may
be poorly correlated with the tolerance at other
developmental stages.

Therefore, it is essential to identify specific
stages from the phenology of the plant (including
seed germination and vigorous emergence,
seedling survival and growth, proper vegetative
and reproductive growth) and should be evaluated
separately for the assessment of drought tolerance
and identification of its genetic components. Each
developmental stage, which should be considered
as a separate trait, may require adifferent
screening procedure and simultaneous or sequential
screening may be impractical or impossible. It
requires specialized personnel and extensive
investments in field nurseries or greenhouse
facilities. These complexities have led to limited
success in developing drought-tolerant plants or
improving cropyields indry environments (Boopathi
2020). In conclusion, regardless of many decades
of research, drought tolerance continues to be a
major defy to plant breeders, partly because of the
apparent complexity of this trait.

At this point, apromising approachis proposed
which can facilitate selection and breeding for
complex drought tolerance traits: identify simply
inherited genetic markers thatare linkedwith the
drought tolerance trait(s) of interest and use them
asindirect selection criteria. The trickiest part
of this approach is the identification of causal or
functional genetic marker linked to the drought
resistance componenttraitthat has definite impact
on economic yield under water stress conditions
(Paterson 2008). During the last three decades, a
large numbersof marker-traitassociations (referred
as quantitative trait loci, QTL) have been reported
in several crops and it has been proposed that
such association not only allows genetic dissection
of physiological and molecular mechanisms
underlying complex drought tolerance traits, but
also accelerates transfer of QTLs through a process
known as marker-assisted selection (MAS).

This special kind of selection facilitates the
transfer of desirablegenes without having to
phenotypically evaluate plants for the trait(s) of
interest in every generation under drought stress



besides reducing both the number of generations
requiredtotransferatraitandtheextentof “linkage
drag”, which is often a recognized as a difficult
part when transferring genes from exotic sources
(Boopathi 2020)

Sorghum: An Ideal Crop for Climate Change

Sorghum [Sorghum bicolor (L.) Moench], also
known as jowar, is an annual crop belonging to family
Poaceae, subfamily Panicoidae, tribe Andropoganae
and subtribe Sorghastrae (Price et al. 2005).
The primary center of origin is Abyssynia. It was
domesticated in Northeast Africa. Sorghum is an
oftencross - pollinated crop and because of that it
holds significant diversity in morphology as well as
inagronomictraits (Ranietal.2013).Itisoneofthe
majorfoodcropsof theworld, particularly Africaand
Asia. Ithas asolid cylindrical rod like stem of about 1
to3metershigh, withterminalinflorescence, which
includesone ortwospikeletswith bisexualflower. It
produces caryopsis type of seeds that possesses ~
4 mm diameter (Ramatoulaye et al. 2016)

After rice, wheat, corn and barley, it is the fifth
most important crop in the world and considered as
the main cereal for over 750 million people living in
semi-aridtropics of Africa, Asiaand Latin America
and cultivatedinabout 98 countries (CCCF, 2011).
Intheworldlevel, sorghumiscultivatedinanarea
of about 39.93 million ha (Mha) with production of
59.35 million metric tons (MMT). More than 90%
ofsorghumproductionareasareinAfricaandAsia.
Globally, Asia accounts for 22% of area with 18%
of production. India accounts for 70% of sorghum
production of the Asian continent. In India, it is
cultivated in an area of 4.01 Mha with production
and productivity of 3.70 MMT and 920 kg/ha,
respectively (USDA 2019). India globally ranks third
inareaafterSudan (7.0Mha) and Nigeria (5.8 Mha)
and stands fifth in production after Nigeria (6.8
MMT), Ethiopia (5.0 MMT), Sudan (4.5 MMT) and
Mexico (4.7 MMT) (www.icrisat.org).

Genus “Sorghum” was classified into five sub
genera viz., Heterosorghum (n = 20), Parasorghum
(n= 5,10, 15, 20), Eusorghum (n = 10, 20),
Chaetosorghum (n = 20) and Stiposorghum (n
=5, 10, 15, 20) (Ejeta and Grenier 2005).
Subgenus Eusorghum contains all the cultivated
sorghum within it. It contains three species viz.,
S. halepense, S. propinquum and S. bicolor (De
Wet 1978). S. bicolor contains three sub species
viz., S. bicolor drummondii, S. bicolor bicolor, S.
bicolor arundinaecium (Harlan and De Wet 1972;
Wiersema and Dahlberg 2007). All the cultivated
species of sorghumis under S. bicolor subsp. bicolor
and there are five cultivated races viz., bicolor,
guinea,cudatum, kafiranddurra. Therearealso 10
intermediateraces (HarlanandDeWet1972). The

cultivatedsorghumevolved fromwildsorghumi.e., S.
arundinaecea, S. verticelliflorum, S. sudanense and
S. aethiopicum. Duraistheoldestand primitive of
fiveracesthatoriginatedfromEthiopiaandevolved
inWest Asia. Among the cultivated races, guinea,
caudatum and kafir have opted for various parts of
Africa and South Africa (Mundia et al. 2019).

Cultivated sorghum is a diploid species with
ten pairs of chromosomes (2n = 20). The genome
size was estimated between ~ 700 Mbp (from Cot
analysis) to 772 Mbp (from flow cytometry) (Paterson
2008). As that of rice, which acts as a model plant
forC3 photosynthesis, sorghumactsasamodel crop
for C4 photosynthesis in tropical grasses. A low level
of gene duplication madeitan attractive genome
model. Genome size of sorghum is 60 % larger
thanriceanditisone fourth of maize or human. In
angiosperm, the first BAC library was established for
sorghum. Whole-genome sequence (~730Mbp) was
made using sorghum cultivar BTX623 by shotgun
method (Paterson et al. 2009)

Besides as food crop, it is also used as an
important dry fodder crop and used in production
of sugar/syrup, wax, alcohol, starch, edible oil
and in brewing. It has an immense potential for
productionof lingo - cellulosicethanolandenergy
by means of biomass combustion (Mullet et al.
2014). Nutritionally, sorghum is superior to other
cereals since it has higher fibre content, mineral
andslower digestibility (Raoetal. 2010; Gorthyetal.
2017). It containsabout 72.6% carbohydrate, 10to
12%protein, 3%fat, 1.6%mineral. Itisarichsource
of amino acids (mainly lysine), riboflavin and folic
acid along with Vitamin-B complex especially niacin
(vitamin B,) It contains nitrogen (212 mg / 100 g)
and starch (5.6 % to 7.3 %) in high quantity along
with copper, zinc and molybdenum. Bran protein
contains four times lysine, two times arginine and
glycine than endosperm protein (Rana et al. 1978).
Phytic acid form complex with protein because of
its binding capacity and these insoluble forms are
readily available for animals and humans. From the
analysis of several sorghum lines, it was evident
that seed phytic phosphorus varies between 170
and 380 mg per 100 g and it’s about 85% of total
phosphorus (Ramatoulaye et al. 2016)

Cultivated and Conserved Accessions of
Sorghum: Importanceand Utilizationin Drought
Tolerance Breeding

Land races and wild relatives of sorghum are
resistant to biotic stresses (such as diseases,
pathogens and insects) and abiotic stresses (such
asdrought, salinity and high temperature). However,
continuous use of varieties and hybrids during the
past several decades steered landraces and wild
relatives vulnerable for extinction. Hence, collection
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followed by conservation of the germplasm by
different approaches are very important to prevent
the extinction of the landraces of the sorghum to
preservetheirdesirableagronomically, economically
andnutritionallyimportanttraits (Gorthyetal. 2017).

Sorghum germplasm had been collected
from Africa and Asia and maintained by various
international institutes such as International Crops
Research Institute for Semi-Arid Tropics (ICRISAT),
Institut de Recherches Agronomiques Tropicales et
des Cultures Vivrieres (IRAT), Office delaRecherche
Scientifique et Technique d’Outre-Mer (ORSTOM),
International Board for Plant Genetic Resources
(IBPGR), United States Department of Agriculture
(USDA) and national institutes such as Indian
Institute of Millets Research (IIMR), National Bureau
of Plant Genetic Resource (NBPGR) and National
Research Center for Sorghum (NRCS). A sum of
26,093 and 5,287 sorghum accessions are being
conservedinNBPGRand [IMRalone, respectively.

Sorghumgermplasm canalsobeobtainedfrom
National Germplasm Resource Information Network
(GRIN), European Plant Genetic Resources Online
Catalogue (EURISCO), Plant Genetic Resource
Gateway (PGRG), International Crop Information
System (ICIS) and Chinese Crop Germplasm
Information System (CGRIS).

From the large set of availablegermplasm,
core and mini core collections for specific purpose
or traits can be framed for further study which
will help to identify the accession(s) with trait of
interestsuchasdroughttoleranceandalsohelpsin
recognition of new source of variation. Forexample,
form 242 mini core accessions, several accessions
were identified as useful: 70 accessions for biotic
stress resistance, 12 accessions for abiotic stress
resistance, 13 accessions related to bioenergy
traits and 27 accessions related to nutritional traits
(Upadhyaya et al.2019).

From ICRISAT, 242 cultivars (including 35
hybrids/varietiesforIndiaand SAMSORG 47, 48 and
49for Nigeria) havebeenreleased for commercial
cultivation from the available germplasm lines and
they are widely cultivated by the farmers. Maldandi
(M 35-1) is one of the popular landraces for its
high yielding capacity (www.icrisat.org). Similarly,
sorghum germplasm improvement program has
led to the release of several cultivars and hybrids
specific to the particular ecosystemin Indian
states (examples include sorghum Hybrid CO5,
K tall, CO30, K11 and Paiyur1 for Tamil Nadu,
(www.agritechportal.tnau.ac.in), Nandyal, Guntur
and Anakpalle series for Andhra Pradesh, Fulgar
white, Fulgar yellow, Kanvi, Hagari and Vanigar for
Karnataka, Budh, Perio, Sundhia and Chasatio for
Gujarat, NJ 156, NJ 164, PS 13, Saonar, Ramkel,
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Aispuri, Dagdi, Maldani 35-1 and Ganeri 2 for
Maharastra (Tonapi et al. 2011). Despite these
significant genetic improvement programs, the
improvement of sorghum production, particularly
in India, has met with limited progress.

Sorghum cultivation is subjected to various
abioticandbiotic stresses from the time of sowing
tothe harvest. Main biotic stresses, especially pests,
which limitsorghum production are shootfly, shoot
bug, stem borer, head bug, aphid and grain mold.
Shoot fly is a serious pest which results in aloss of
about 80-90% of grainyield and 68% of fodderyield
(Kahate et al. 2014). Since sorghum is cultivated
inrainfed production systems, droughtis another
primary key constraint for productivity. In addition,
cold (where sorghum is grown in post rainy season),
soil acidity (associated Al** toxicity mostly in Latin
America) and salinity (in some parts of India and
Middle East countries) are also emerging as new
challenges (Reddy 2019) to sorghum production.

Among all these stresses, drought in combination
with high temperatures causes major grain yield
reduction in sorghum attributed mainly to variation
in total biomass accumulation (Craufurdand
Peacock 1993). Drought stressreduced grainyield
significantly when it occurred at the flag leaf stage
and at flowering. The reduction of grainyield at the
flowering stage was due to a significant reduction
of grainnumber (Castro-Navaetal. 2012). Certain
micronutrientssuchasgrainKandFecontentswere
associated with dehydration/drought tolerance in
sorghum. However, the usefulness of dehydration
tolerance can be realized only if it is placed in a
genetic background that has other mechanisms
related to maintenance of productionunder
moisture-deficit environments (Reddy, 2019).

Sorghum Genetic Improvement under Water
Stress: Contributions of Conventional Breeding
Strategies

All the mechanisms of drought tolerance have
been described in sorghum: drought escape,
avoidance and tolerance (Ludlow 1993). Early
maturity or short duration is a well-known “drought
escape” mechanism through which the crop
completesits life cycle before the onset of severe
moisture deficits and is often associated with a
reduction in yields. Short-duration sorghums have
lower evapotranspiration rates because of smaller
leaf area and smaller root densities compared with
long-durationonesandinsomemeasure, yieldloss
can be overcome by increasing the plant density
(Blum 1979).

Drought avoidance in sorghum is a mechanism
for circumventing lower water status or to conserve
arelatively higher level of hydration in tissues
during water stress by maintaining cell turgorand



cell volume either through forceful water uptake by
an improved root system (such as deep penetration
of roots, adequate root density through the soil
profile and adequate longitudinal conductance in
the main roots) or through decrease in water loss
from transpiration and other nonstomatal pathways
(such as through the development, structure and
surface properties of the canopy, ability toadjust
the leaf area and cuticle according to moisture
availability and functional attributes such as osmotic
adjustment) (Ludlow and Muchow 1990).

Drought or dehydration tolerance is a mechanism
by which plant maintains metabolism even at low
water potential. There are multiple ways for a plant
to remain green and productive. Stay-greenis an
important post-flowering drought tolerance trait
in sorghum. Stay-green cultivars/hybrids produce
significantly greater total biomass after anthesis,
retain greater stem carbohydratereserves, maintain
greater grain growth rates and have significantly
greateryields under terminal drought stress than
related but senescent cultivars/hybrids. Stay-green
genotypes are less susceptible to lodging and
more resistant to charcoal rot (Mahalakshmi and
Bidinger2002). Astay-green phenotype may arise
if the onset of senescence is delayed (type A), the
rate of senescence is reduced (type B), chlorophyll
is retained but photosynthesis declines (type C),
greennessisretainedduetorapiddeathatharvest
(typeD), orthe phenotypeisgreenertobeginwith
(type E). The maintenance of leaf photosynthesis
characterizes functional stay-green during grain
filling (types A, B and E). Also selection for both
stay-green and grain yield should be undertaken
simultaneously in plant breeding programs to ensure
that delayed senescence is not due to low sink
demand (Borrell et al. 2014).

Several breeding approaches have been used
for transferring the stress resistance from wild
varieties to susceptible sorghum elite cultivars by
utilizing the variation existing between them which
are the basic for plant breeding. Steps involved in
such breeding methods are creation of variation,
selection, evaluationand multiplication of breeding
materials. Genetic variations are mainly created by
traditional methods such as germplasm collection,
hybridization, mutation and polyploidy. Back crossing
is another important technique used by breeders to
transfertheparticulartrait/ genefromthedonorinto
the desirable sorghumline.

Sorghum production environments have been
grouped into different target populations of
environments (TPE) using long-term climatic data
and used for multi-locational testing of genotypes
developedforeachdroughtpatternof TPE. Different
methods have been proposed for screening (such
aslinesourceirrigationand managed water stress

conditions) and selection of breeding materials (by
employing either indirect selection methods such as
the use of polyethylene glycol or potassiumiodide
toartificially induce water stress or direct selection
methods in which the plants are grown directly in
drought-prone areas during dry season that impose
water stress when the plants are in germination and
seedling emergence stage, post-emergence or early
seedling stage, midseason or pre-flowering stage,
post-flowering orterminal stage and total biomass,
yield and its components are used as criteria for
selection) (Boopathi2020).

Forexample, inregions where terminal (otherwise
called as end-of-season) drought stress is common,
such as those in the Indian peninsula, evolving
early maturing genotypes enables them to escape
terminaldrought. Under terminal drought, typically
experienced by post-rainy season sorghumsin
India, early maturing improved sorghum cultivars
such as CSH 1 (100 days and 4 t/ha), CSH 6 (95
days and 3.2 t/ha) and NK 300 (88 days and 4 t/
ha) produced better grain yields than long-duration
cultivars such as M 35-1 (105 days 1.9 t/ha)and
SPV 86 (108 days and 3 t/ha) (Seetharama et al.
1982). However, under this terminal water stress,
short-duration sorghum genotypes produce equal
grainbut less dry matter than long-duration cultivars.
The lowering of yield due to early maturity can be
reduced by increasing planting density as described
earlier (Blum 1979).

Genetics of drought tolerance in sorghum has
been reviewed by Reddy (2019) and concluded that
characters such as stay-green, root volume, leaf
areaindex, plantheightandharvestindexshowed
high value for phenotypic- and genotypic coefficient
of variation, higher estimates of heritability and
genetic gain and thus indicated the presence of
additive gene effect. This suggested that thereis
considerable scope for the selection of these traits,
which can increase drought tolerance potential
in sorghum. Based on these facts, four basic
approaches to breeding for drought tolerance/
resistance have been proposed.

Thefirstisto breedfor highyields underoptimal
conditions, i.e., tobreedforyield potentialandthen
to assume that this will provide a yield advantage
under suboptimal conditions. The secondis tobreed
formaximumyield by empirical selectioninthe TPE.
The third approach is to incorporate the selected
physiological and/or morphological mechanisms
conferring drought tolerance into traditional
breeding programs. The fourth breeding approach
involves identifying key traits that confer drought
tolerance at specific phenology and its introgression
into the high-yielding background (Reddy 2019).

Although difficult to combine, some sorghum
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hybrids containing both pre-and post-flowering
drought resistance have been developed (Rosenow
etal. 1997).Rao et al. 1999 reported the superiority
of sorghum hybrids over their parents for leaf area
and dry matter production under both pre-and post-
flowering drought stress. The increased performance
of hybrids than their parents is due to greater growth
rates and greater total biomass production, larger
grains and higher harvest index with or without
an apparentincrease in leaf photosynthetic rates
(Menezes et al. 2015).

In contrast, due to the complexity of drought
resistance and low genotypic variance and genotype
(G) x environment (E) variance, genetic gains made
in one season may be lost in consequent seasons.
Yield-basedindices may lead to the development of
genetic materials with specific adaptation but have a
limitedrolein developing genetic stocks or varieties
suitable for other similar water stress locations
i.e., TPE. Progress can be made by selecting for
resistance components specific tothe particular TPE
rather than the entire set of phenotypes that favor
drought tolerance. To this end, it would be highly
desirable to design a breeding program that focuses
onincorporating a specific set of component traits
of drought tolerance. Recently, Birhanetal., (2020)
have identified sorghum genotypes that were well
suited for specific drought stress adaptation through
traditional breeding and research. On the other
hand, inthe conventional method of breeding, there
exist, always, a problem of linkage drag besides their
laborious and time taking techniques (Collard and
Mackill 2008).

In summary, the main problems associated with
conventional breeding approaches that limit the rapid
progressare:i) problemsassociated with breeding
techniques that involve more complex drought
resistance traits thatare controlled by several other
genes, ii) break down of tolerance mechanisms by
several factors and iii) lack of complete information
on genetic control of resistance, combining ability,
gene action, gene effect and linkage drag on crop
improvement under water stress environment. Here
comes the use of molecular markers to overcome
these problems.

Molecular Markers and Its Applicationsin
Sorghum Breeding

Molecular marker is a DNA fragment that has
a definite location on the genome. Molecular
markers are being used for a variety of purposes
in plant sciences, including to tag and trace the
segregation of complex phenological traitssuch
asdrought tolerance and use them toincrease the
breedingefficiencywithinashorttime, providedthe
genetics of these traits were well established with
these markers (Boopathi2020). Different types of
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molecular markers (such as Restricted Fragment
Length Polymorphism (RFLP), Random Amplified
Polymorphic DNA (RAPD), Amplified Fragment
Length Polymorphism (AFLP), Simple Sequence
Repeat (SSR), Expressed Sequence Tags (EST),
Inter- Simple Sequence Repeat (ISSR) and Single
Nucleotide Polymorphism (SNP)) are available for
this purpose (Gupta and Varshney 2000). Among
these, SNPs are considered to be more useful in
the caseof dissectingout the geneticbasisof more
complex phenotypes such as drought tolerance and
further genetic improvement of drought tolerance
using marker-assisted selection (MAS) in sorghum
and other crops as described below.

SNPs: The Ultimate Marker that can
revolutionize the Sorghum Breeding

In 1996, Lander proposed the use of SNP as
a potential marker and it was first demonstrated
by Wang et al., (1998). SNP represents a single
nucleotide change in specific loci due to single
base transition, transversion, insertion, or deletion.
Transition is found to be common and almost 2/3
of all SNPs are transition and the majority of the
time, they are silent mutation (i.e., less likely to
have amino acid substitutions) due to the wobble
hypothesis (Zhao and Boerwinkle 2002).

SNP genotyping helps to measure the variation
of SNP between the members of species. The
main advantages of SNP markersinclude, theyare
abundant, genetically stable and can be used for
automated high throughput analysis (Al-Samarai
and Al-Kazaz 2015). As they are conserved during
evolution, SNPs are assayed by various methods
(suchasi) hybridization-based methods that employ
Microarrays, ii) analytical methods that use post PCR
amplification products and iii) recently by employing
methods that use next-generation sequencing). Such
methods are briefly described hereunder since itis
imperative to know the principle of SNP detection
assays which is essential to select appropriate
assay for a proficient genetic dissection of drought
resistance component traits (which are complex
and difficult to dissect using conventional tools) in
sorghum and othercrops.

Dynamic allele-specific hybridization (DASH)

It is a hybridization-based method where the
genomic segment is amplified using biotinylated
primers attached to beads (Jobs 1999). Amplified
products are added to the streptavidin column to
remove theunbiotinylated strand by givingawash
with NaOH. Allele-specific probe complementary
to the SNP region is allowed to hybridize with the
target genome in the presence of intercalating
fluorescentdye. Change inasingle nucleotide can
cause a change in melting temperature (Tm). Melting
curvewillbe generated based onthe fluorescence



once the temperature starts to increase. SNP
presence will make a lower curve/ peak than the
expected Tm. This technique can be converted to
a high-throughput type with the implementation of
chip-based methodology and recording the melting
curveinamodernized platform (rapid melting curve
analysis). However, measurement of change inTm
duetoalltypesof mutationsisthe chief limitation
in this method.

SNP microarray / GeneChip array

It is also a hybridization-based method wherein
a small chip, allele-specific probes of 25-mer
oligonucleotides are arranged to form a probe array
(Rapley and Harbron 2004). Millions of probes
can be accompanied in a single array and itcan
be used for parallel genotyping of 10*- 10°SNPs
(Matsuzaki et al. 2004). Amplified regions of SNP
from the target genome are allowed to hybridize in
thechipcontainingaprobewhichareredundantin
naturei.e., the probes are designed in such away to
have a SNP complementary site in several different
locations toincrease the accuracy of SNP detection.
Probe and target hybridization can be inferred by
the intensity of fluorescence signals (Kennedy et al.
2003; Matsuzaki et al. 2004).

TagMan Assay

It combines the hybridization method with
enzyme activity to detect the SNP, based on the
emission of fluorescence (Holland et al. 1991).
An allele-specific probe is designed by having a
fluorophore (reporter) at5’endand quencher (non-
fluorescentdye)at3’end. Whenthe probeisintact,
the activity ofthe fluorophore willbe restricted by the
quencher and there will be no fluorescence signal.
In this method, target DNA containing SNP will be
amplified using forward and reverse primers. During
amplification, if the probes get hybridized with the
target, 5’ nuclease activity of Tagpolymerase cleaves
fluorophore for further extension of the strand. Taq
polymerase can cleave only the hybridized probe
(Syvanen 2001; McGuigan and Ralston 2002). The
released reporter will emit the fluorescence in the
absenceof the quencher, whereas the strand that
doesn’t contain SNPs won’t emit any fluorescence.
If the probeisnot perfectly complementarytothe
target, probe can’t bind efficiently as they havea
low Tm (Livak 1999).

Oligonucleotide ligation assay

The function of DNA ligase is to join the 3’ end
of DNA fragment with 5’ end of the nearby DNA
fragment. Inthis method, two allele specific probes
have been designed so that one probe with its 3’
endislocatedabovethe SNPsiteandsecondprobe,
which hybridizes with the template strand adjacent
to the SNP site (Landegren et al. 1988). Ligase is

sensitivetomismatchat3’end. Ligasewilljointhe
twoadjacent fragments only if the probe’s nucleotide
iscomplementary to the SNP. The ligated product
can be determined by capillary electrophoresis
(using a fluorescent tags such as Combinatorial
Fluorescent Energy Transfer (Tong et al. 2001) or
MALDI-TOF mass spectrometry (described below).

Flap endonuclease

Flap endonuclease is an enzyme that is used
to produce a structure-specific cleavage. In this
method, aninvaderis used, whichis complementary
to the 3’ end of the target segment with a mismatch
atthe SNP site (Olivier 2005). Allele-specific probe
is also designed in such a way that its 5’ end is
complementary to the target site. This leads to
the formation of a triplet structure which will be
recognized and cleaved by the flap endonuclease
onlyiftheallele-specific probeis complementaryto
the SNP site. Reporter and quencher will be attached
to the allele-specific probe and if the cleavage
occurs by the flap endonuclease, fluorescence will
be emitted (Lyamichev et al. 1999).

Pyrosequencing

SNPs are also detected by next-generation
sequencing methods (Ronaghi et al. 1998). Primers
are designed for the regions flanking SNP site.
PCRamplifiestarget DNA andthereaction mixture
contains single-stranded amplified product, primers,
DNApolymerase, dNTPs, ATP sulphurase, apyrase
and luciferase. Primers get attached to the single-
stranded DNA at the complementary sequence
and they are elongated by addinga nucleotide
by DNA polymerase. If the nucleotide added is
complementary to the template strand, it will be
incorporated and pyrophosphate will be released.
Released pyrophosphate will be converted to ATP
by ATP sulphurase. Luciferase uses this ATP and
produces a colored product called oxyluciferin. The
amount of light produced will be detected by the
luminometer. Excess dNTPs added during each cycle
will be eliminated by apyrase (Ahmadian et al. 2000).

RNase H — dependent PCR (rhAmp)

It is also a PCR-based method in which RNase
H-dependent PCR primers (rhPCR or simply
rhPrimers) are used where a single RNA base
and 3’ blocking will be present. As usual, during
amplification, allele-specific primer gets attached
withthetarget DNA, but elongationisnot possible
due to blocking at its 3’ end. If there exists a
correct complementary bonding, then the RNase
H enzyme will cleave the single RNA base, and
it’s blocking moiety. So that elongation can occur
and also reverse primer helps produce the strand
complementary to the SNP containing strand. As
the cycle proceeds, strands with allele-specific
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primers are identified using a universal probe that
is complementary to the tail sequence present in
the allele-specific primers. The probe will have a
reporterandquencher. If the probeisattachedto
thetailsequenceinallele-specific primers, asignal
from the reporter can be recorded, which results in
the detection of SNP (Beltz et al. 2018; Broccanello
et al. 2018).

BeadArray

In BeadArray, about 50,000 individual fibers
are combined to form an optical fiber bundle which
acts as substrate and to create a well, ends of the
each fiber are imprinted (Ferguson et al. 2000).
Microbeads of different types are made to place
in the well which contain a large copy nhumber of
specific oligonucleotide sequence complementary
to the SNPsites (Oliphant et al. 2002). Three probes
havebeendesigned,twoofwhichareallelespecific
and one is complementary to the downstream of the
SNPi.e., locus specific. Genomic DNAs prepared
and made to hybridize with the probes. Allele specific
and locus specific probes get hybridize with genomic
DNA and ligase is used to the join the extended 3’
end and 5’ end of the locus specific primers if they
are perfectly complementary toeach other. Ligated
strand is amplified by PCR using an allele specific
primers and locus specific primers with a fluorescent
tag like Cy3 or Cy5. Amplified PCR products are
made to hybridize with the oligonucleotides on the
microbeads and SNPs are detected by fluorescence
emitted by Cy3 or Cy5 (Shen et al. 2005).

SNPlex

SNPlex is a high-throughput platform similar to
BeadArray and as it employs identical steps such
as hybridization, primer extension, ligation and
PCR amplification. In this method, locus specific
primers will be carrying a biotin tag to separate
specific strand and it can be hybridized with the
allele specific probe with fluorescent tag. Itis used
for concurrent analysis of 48 SNPs in 96 samples
(Tobler et al.2005).

MALDI-TOF-MS

Matrix-assisted laser desorption/ionization-time
of flight—mass spectrometry (MALDI-TOF-MS)is also
used in SNP genotyping where PCR amplification,
hybridization, primer extension and mass detection
issequentiallyinvolved (Tostand Gut2002). Inthis
method, genomic DNAwith SNP siteisamplifiedin
multiplex PCRand they are attached toindividual
wells in the chip as a single-stranded DNA. The
single-stranded DNA with SNP site is extended using
the primers to generate allele-specific extension
products. Primer extension canbe doneinvarious
waysviz.,i)using severaldNTPs and ddNTPs specific
toallele,ii)usingmasstaggedddNTPsandiii)using
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biotinylated ddNTPs. After primer extension, they are
subjected to MALDI-TOF-MS where primer’s mass
indicates SNP and mass difference between the
primer and its extended form shows the identity of
inserted nucleotide and therefore their genotype
(Ross et al. 1998; Griffin and Smith 2000).

Detection of SNPs and their implications

Generally, in the methods mentioned above,
SNPs are detected either based on the estimation
of fluorescence or chemiluminescence. The
fluorescence method is based on the emission of
fluorescence by the employed compound and in
the case of chemiluminescence, light is produced
by various biochemical or chemical reactions
without heat generation (Ahmadian et al. 2000).
Fluorescentdetectionis also based on fluorescent
polarization, where the change in molecular weight
causes the fluorescent dye molecule to produce
various polarization which will be detected using
different techniques (Kwok 2002). Another method
is fluorescence resonance energy transfer, where
the energy transfer occurs from excited non-
radiative fluorophore to nearby acceptor fluorophore.
According to the nearby or far away placements of
donor and reporter (Myakishev et al. 2001). Thus,
understanding the principle of SNP method andits
detection chemistry is imperative to design a sound
high throughput marker system which has immense
potential in plant breeding program in sorghum and
other crops as outlined below.

Applications of Molecular Markers in Sorghum

Though there is significant SNPs usage in
Sorghum, other molecular marker classes (especially
SSRs) have been extensively employed to show
their utility insorghum breeding at various levels.
Molecular markers have been expansively applied
in DNA fingerprinting, QTL mapping and genetic
dissection of agronomically important traits, and
marker-assisted breeding in sorghum. This section
provides a brief description of each application
withaspecial reference to the usage of molecular
markers in the genetic dissection of drought
tolerance traitsin sorghum anditsimplicationsin
plant breeding.

DNA Fingerprinting and Genetic Diversity
Analysis in Sorghum

DNA fingerprinting is a technique used to
identifyaparticularindividual fromagroupbased
on its unique pattern in the DNA structure. In
sorghum, DNA fingerprinting has been followed in
various studies for variety and race identification.
For example, CSH-35, an elite cultivar, has been
fingerprinted using the SSR markers from other
similar sorghum accessions (Gangurde et al. 2016).
In the same way, several other Ethiopian lines of



sorghum have been identified by employing SSR
markers (Mogus and Bantte 2012). Arya et al.
(2006) studied 37 accessions using RAPDs and
found useful markers to differentiate important
accessions among the investigated lines. It has
also been shown that a combination of just five
markers are sufficient to differentiate 24 species
of sorghum out of 25 species studied (Dillon et al.
2005). Molecularmarkershavealsobeenemployed
in several recent studies on diversity analysis of
differentcultivars/ varieties/ accessions in sorghum
(Mehmood etal. 2008; Zhu et al. 2020; Sapkota et
al. 2020).

QTL Mapping in Sorghum

Ingeneral, all the agronomic traits have shown
measurable continuous variation (hence they are
called quantitative traits), and they are controlled
by a set of genes. The availability of whole-genome
sequence of sorghum (Paterson et al. 2009) and
several genetic maps allows efficient linkage of
genomics and phenomics information and paves
a new way for genetic improvement of sorghum
under water-limited environments. The hurdlesin
the development of high-density linkage maps have
been nowadays circumvented using next-generation
sequencing and genomics tools. Similarly, limitations
in high throughput phenomics were overcome by
using improved ground and aerial phenotyping
platforms (Yang et al., 2020). Quantitative trait loci
(QTL) mapping is the process by whichitidentifies
theregion of the chromosome(s) that governs the
expressionof the quantitativetraitsandthereare
different methods that detect the QTLs (Harris-
Shultz et al. 2019). In order to have a widespread
application in plant breeding programs through
marker-assisted selection (MAS), identified QTLs
should bein a neutral state i.e., QTL which is having
an effect on a particular trait in one environment
should have the same equal effect on that particular
traitinadifferentenvironment (Alimietal. 2013;
El-Soda et al. 2014).

The chief application of QTL mapping s, it can
efficiently dissect-out the complex traits such as
drought-tolerantcomponenttraitsat thegeneticlevel,
whichisessential tofastenthe progressof drought
tolerance plant breeding as described earlier in this
review. Sorghum is having high water use efficiency
than maize and other crops. QTLs have been
reported for several drought resistance component
traits such as CO, assimilation rate, transpiration
rate and its ratio, stomatal conductance, stomatal
density, epicuticular wax, trichome density on
adaxial and abaxial side, crown root angle, nodal
rootangle, root dry weight, root length, root : shoot
ratio, root volume, pre-flowering drought tolerance,
post-flowering drought tolerance (or stay green trait)
in sorghum (Harris-Shultz et al. 2019).

Four QTL for nodal root angle (QRA1_5, gRA2_5,
gRA1_8, qRA1_10), three QTL for root dry weight
(QRDW1_2, qRDW1_5, gRDW1_8) and eight QTL for
root volume, root fresh weight and root dry weight
were identified (Mace et al. (2012); Rajkumar et al.
(2013). TwoQTLs (gRT6and gRT7) associatedwith
brace roots have also been mapped on sorghum
chromosomes6and? (Lietal.2014). Additionally,
oneof theroot angle QTL was co-located withQTL
forstay-greenandgrainyieldinsorghum (Mace et
al. 2012).

Amongthedifferentdrought-toleranttraits, stay
green trait is gaining its importance owing to its
inherent capacity inimparting drought tolerance
in sorghum. For example, five stay green QTLs viz.,
stg1,stg2, stg3, stg4and stghhave beenidentified
and shown to be potential candidates for drought
tolerance improvement in sorghum (Xu et al.
2000). Among them, Stg2 was found to have more
contribution which was located in chromosome
SBI-03 followed by stg1, stg3 and stg4 which were
located in the chromosome SBI-03, SBI-02 and
SBI-04, respectively (Mace and Jordan 2010; Weers
2011). Stgh was found to be in SBI-01 and it was
co-localized with dhurrin biosynthesis gene (Hayes
etal. 2016). Interestingly, these stgloci were also
found to reduce the canopy size during flowering,
reduce tillering and promote the overall root growth
(Harris-Shultz et al.2019)

Several other QTL mapping studies revealed that
QTLs located at the upper ends on chromosome
SBI-06 were contributing mainly to sorghum growth
and development in various environments. In SBI-
06, QTLs have been mapped for drought response
(Mace et al. 2012; Phuong et al. 2019), thermal
response (Chopra et al. 2017), cold (Parra-Londono
etal. 2018) and also for biotic stress such as ergot
resistance (Parhetal. 2008). Therefore, itmaybe
concluded that this genomic region governs not
onlytheabioticstresstolerancebutalsothebiotic
stress resistance in sorghum. Besides, another
striking point of this genomic segment is it has
alsobeenshownto be associated withyield. Yield
improvement is the ultimate aim of the breeders,
which is also considered as a complex trait. Total
grain yield could be increased by having an early
floweringperiodwithalonggrainfillingdurationand
QTLs governing these traits was also dissected out in
SBI-06 (Saidetal. 2018). Thus, itmaybe concluded
that these QTLs would serve as a potential candidate
for introgression in sorghum genetic improvement
programs through MAS owing to its governance in
multiple stress tolerance and yield under changing
climatic conditions.

It is well established that phenotypes are
continuously changing as they grow and in response
to environmental stresses such as water stress.
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However, it would be difficult to capture those
changes at different time points and to incorporate
such information in QTL analysis. Recently, Miao
etal. (2020) usednovel engineeringand computer
vision technologies to track phenotypic change over
timeinasetofdiversitypanelsandusedfunctional
principal component analysis by employing higher
density SNP markers generated for the same
population. Such genome-wide association studies
can also enable robust time-series mapping
analyses in drought tolerance experiments since
such effort can increase the accuracy and power
of quantitative genetic analyses. However, these
studies have to be done in sorghum or any other
crop under droughtstress.

Further, several otheradvanced genetic mapping
and MAS methods have been proposed since the
traditional bi-parental genetic mapping strategy was
considered to have the following shortcomings: i)
many DNA marker maps are not sufficiently dense
to achieve the potential of QTL mapping, since
sparse marker maps severely limit the power of
QTL mapping ii) even under optimal experimental
conditions, multiple QTLsidentification onasingle
linkage group are difficult or impossible to resolve
iii) populations must berelatively largeinorder to
uncover minor loci and the biological relevance
of loci uncovered depends on the cut-off chosen
for statistical significance and iv) environmental
factors and genetic background potentially have an
enormous impact on results and hence many large,
time-consuming experiments need to be carried out
toanalyzeall theQTLs thoroughly (Young, 1999).

Fortunately, the advanced QTL mapping methods
(to name a few: Bulked segregant analysis and
selective genotyping, advanced backcross - QTL
analysis (AB-QTL), association mapping (which
is also referred as association analysis, linkage
disequilibrium (LD) mappingand structured
association mapping), nested association mapping,
mapping using multi-parent advanced generation
inter-cross (MAGIC) population, Array Mapping,
Genome-Wide Association Analysis (GWAS), TILLING
and EcoTILLING (Boopathi 2020)) have provided
powerful analytical tools to overcome these
limitations.

Association mapping is used to identify markers
that are located in close proximity to the gene of
interest using a natural population. This is because
of utilization of the entire recombinant event that
happenedbetween the populationsin the past for
LD analysis. There are two approaches in association
mapping viz., GWAS and candidate gene approaches
(Singh and Singh 2015). In GWAS, markers used
are located throughout the genome eventually. In
this method, large numbers of markers are to be
usedin alarge population to identify the markers
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associated with trait of interest. In such a case, huge
comparison of genotype and phenotype has to be
done. This limitation can be overcome by using an
elite populationtoincrease LD value. When there
exists a high LD value, low number of markers is
sufficient to genotype the population.

In the candidate gene approach, based on the
previous knowledge from comparative genomics,
genome sequence annotation, transcript profiling
and QTL analysis, the candidate gene(s) is/are fixed
andmarkersintheparticularregionof thegenome
are used to reduce the target genome region. The
main demerit with this approach is that genes
that are not included in the list of candidate gene
may be the main contributing factor for the trait of
interest and researcher may lose the particular gene
associated with it. Association mapping strategy
was successfully employed in sorghum to identify
the locus associated with grain mold resistance
(Nidaetal. 2019), starch metabolism (Chen et al.
2019), malesterility (Girmaetal. 2019), different
quality traits of fodder sorghum (Li et al. 2018),
phytoremediation and heavy metal stress tolerance
(Abou-Elwafa et al. 2019) and cold tolerance under
chilling condition (Moghimi et al. 2019)

However, association mapping is influenced
by various factors such as population structure
and kinship and they result in false association
between marker and QTL. There also exists a
difficulty in identifying QTLs with small effect and
false assessment of LD value leads to problem
in association mapping. Association between the
marker and target will be influenced by the allele
frequency in the genome and strong association
between the traitand populationstructure mayalso
lead to difficulty inanalysis.

Nested association mapping (NAM) take
advantage of both linkage map and association
map by combining low marker density and allele
richness with high resolution map. There are five
NAM population available in sorghum, of which 4
NAM focus on sorghum grain and fifth NAM focus on
bioenergy (Boyles et al. 2019; Grover et al. 2019).
In linkage equilibrium, association mapping and
NAM, recombination is an important event which
occursinslowratein linkage mappingand NAM. In
association mapping, recombination eventoccursin
hugeratebutwithaproblemoffalse-positiveresult.

It can be overcome by using multi-parent
advanced generation inter-cross (MAGIC) population,
anext-generation mapping source that is developed
by using a multiple parents. In sorghum, the first
MAGIC population was created in 2015 using 19
diverselines. These lineswere crossed with male-
sterile line and 10 generations of random mating.
In a random, 1000 fertile plants were identified



and subjected to six generations of selfing to
produce 1000 MAGIC inbred lines. Of these, 200
MAGIC inbred lines were subjected to genotyping by
sequencing (GBS) and 79,728 SNPs were identified
in these sorghum lines (Ongom and Ejeta2018).
Consequently, such high throughput genetic map
can be used for efficient identification of QTLs linked
to several desirable traits in sorghum.

Thus, it is expected that advances in the QTL
mapping strategies, as described above, will
eventually lead to providing promising approaches
for genetic improvement of drought resistance in
sorghum and other economically important crops.

Exploring the Sorghum Genomics and
Phenomics Knowledge

With knowledge of markers and QTLs identified
insorghum, several studies have been carried out
to introgress the trait controlling a particular gene
through marker-assisted back crossing (MABC)
and to select the improved line using the marker
(Nanaiah and Rakshit 2020). For example, striga
resistance gene was introgressed from the resistant
source N-13into different elite cultivating varieties
using MABC (Ali et al. 2016; Afolayan et al. 2019).
Another evidence was the development of ashoot
fly resistance variety by introgressing the resistance
genefromresistance donor J2614into the popular
variety of SPV1411 through MABC (Gorthy etal.
2017)

In sorghum, significant advances have been
achieved through analyses of natural and induced
mutants. Genes inducing the brown midrib (bmr)
phenotype, which is accompanied by ahigher
tolerance have primarily been investigated. To
date, a total of 8 bmr genes have been discovered
in sorghum. Three of these genes have been
characterized at the molecular leveland correspond
to enzymes of the lignin biosynthetic pathway.
Some of these genes have been extensively used
to develop sorghum varieties targeting the feed
industry (Hennetetal. 2020). Inorder todecrease
the lignin content in sorghum, bmré, a recessive
allele that reduces the activity of key enzyme
involved in lignin synthesis, was introduced into
sorghum line 1523777 through backcrossing from
the donor, CMSX5170 (Pinto et al. 2019).

As that of the above biotic stress resistance
improvementinsorghum using MAS, abiotic stress
tolerance improvement has also been shown
successfully in several instances. For example,
an improved line, RSG03123 was obtained by
introgressing stay green QTL from a donor, B35
into R16, a high-yielding cultivar (Kassahun et al.
2010). Performance of one of the introgressed line,
RSG03123 was compared with its parents and it
was found that stay green QTL remain functional in

senescence stage with improved resistance to water
scarcity (Galyuon et al. 2019).

Similarly, studies have been made to introgress
the stable QTL for root volume viz., gRV3 and gRV10
from land race Basavanapada into the recurrent
lines, which were already introgressed with three
stay green trait QTLs and one water use efficiency
QTL for gene pyramiding the lines for drought
tolerance with different drought-tolerant traits
(Kadam and Fakrudin2017).

Incorporation of Useful Information

Sorghum breeding is gaining itsimportance
in various aspects, mainly in the case of drought
response. Various advanced genomics and
phenomics-based approaches like MAS, MAB, MABC
etc., made rapid improvements in sorghum breeding
than the conventional breeding methods. On the
otherhand, several QTLsthathave beenidentified
invarious studies need to be validated as they differ
in these studies for a particular trait.

To this end, a meta-analysis has to be made to
pool all the QTL data set and to identify the exact
candidate gene behind the trait of interest. Joint
analysis of QTLs of several studies provides a
way to combine advantages and avoid the pitfalls
associated with these methods. In this context,
Dawareetal. (2020) developed MetaQTL specific
regional association analysis and demonstrated its
utility to rapidly narrow down previously identified
QTLintervals to few candidate genes. This report
describes the detailed step-by-step guide for
performing MetaQTL specific regional association
analysis to identify important genomic regions and
underlying potential major effect genesgoverning
traits of agronomic importance in cereals. In
sorghum, many genetic, genomic resources and
QTLs associated with desirable agronomic traits
are available in the public domain. Marker-traits
association needs to be validated independently and
suitableSNPassayarerequiredtobegeneratedfor
further sorghum crop improvement.

Detailed structural and functional comparisons
of genes involved in various biological processes
among plant species revealed that actually
orthologous genes exist in plants withsimilar
functions and they represent a basis for ancestors
of the evolution of higher plants. The functions of
some of the master regulators have been shown
tobeconserved, at least insome respects, inrice,
sorghum, maize, poplar and eucalyptus (Hennet et
al. 2020) and the same trend is expected in other
crops too.

Comparative sequence analysis has significantly
altered our view on the complexity of genome
organization, genefunctionand regulatory pathways.
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Several advanced methods of online and offline data
mining tools integrate structural and functional
annotation of published plant genomes with a large
set of interactive tools to study gene function and
gene and genome evolution. Precomputed data sets
cover homologous gene families, multiple sequence
alignments, phylogenetic trees, intraspecieswhole-
genome dot plots and genomic collinearity between
species. Such analysis provides a comprehensible
and up-to-date research environment to support
researchers exploring genome information within
the agricultural crop lineage.

Therefore, the genomics and phenomics
knowledge base developed in sorghum and in a
few other model species constitutes an opportunity
toaccelerateandfacilitate thediscoveryof genes
involved in drought tolerance in sorghum and
grasses. Hence, it is suggested that the working
plandevelopedinsorghum for drought resistance
improvement canalso be applied well toother crops.

Work plan for different TPE

The target population of environments (TPE) is
the set of all environments, fields and seasons in
which animproved variety is targeted to perform
well and owing to its leading role in determining
plant performance, complete understanding of the
TPE is essential. Jongdee et al. (2006) concluded
that TPE could be identified and characterized by
the use of crop models in terms of incident water
stress (whichrequires historical weather data) or
by using the probe and reference genotypesin
multi-environment trials (which requires reference
genotypes that are known for their adaptation to
each target environment). Such effort will be useful
to decide which cultivar (for example, early and
late-season drought-tolerant cultivars) would be
beneficial for this TPE.

Although functional validation is the paradigm
towardtheproof of QTLorgenefunction, alternative
approaches are also noteworthy to identify the
most pertinentgenes to use in future breeding
schemes that focus on evolving early and late-
season drought-tolerant cultivars. Assessment of the
expressiondifferences (at transcription, translation
and metabolome level) of genotypes harboring
different patterns of accumulation and in different
environmental conditions (i.e., different TPEs) would
probably allow for sharpening up our strategies to
maximize their applications in breeding programs
in the future. Further, it is essential to increase
the resolution of the genomics analyses through
the analysis of expression of specific groups of
organs ortissues or cells (e.g., flowers and seeds)
with several time frame sampling. Combining the
recent phenomics approaches (Yang et al., 2020)
with analysis of the arrangements of nucleotide
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diversity of these genes may serve tofocus thefew
candidates to track in the future and its efficient
introgression into the elite cultivars.

Concluding Remarks and Future Prospects

Itis imperative to evolve novel plants that are
phenotypically plastic to the changing climatic
conditions, including water stress. Agap between
germplasm available and its utilization in crop
breeding programmes has been realizedduring
thelastfewdecades. Thisgapshouldbebridgedto
overcome the problems of crop production under
the current changing climatic compulsions. The
creation of a common platform for all the available
crop germplasm will enhance breeding efficiency.
Tothisend, powerful statistical toolsarerequired to
integrate the results of various experimentsin order
to come up with informative decisions. Further focus
on alternative applications of existing crop produce
may also provide useful strategies to cope up the
climatic vagaries. For example, sweet sorghum is
gaining importance in bioethanol production. Though
the drought stress affects the final grain production
toalarge extent, significant size of biomass can be
produced even under severe water stress. However,
themainproblemistherapid degradation of sugar
upon harvest. Thus, genetic understanding through
genomics and phenomics of sweet sorghum under
water-limited environments would have multi-fold
applications: evolving a suitable variety/hybrid
with biotic and abiotic stress tolerance, developing
multipurpose sweet sorghum with moresugar
contentaswellasincreasedgrainandfodderyield
under water stress.

In recent years, climate-resilient approaches
have picked up owing to their importance in
alleviating the problems associated with the
increasing atmospheric carbon content. It is
believed that the progress in increasing the
efficiency of photosynthesis in sorghum by employing
biotechnological approaches can open up novel
avenues in crop productionin other economically
important crops. Sorghum’s C4 photosynthetic
system made it stand better when compared with
other major cereals due to its inherent ability to
overcome drought. Possible effects of drought on
sorghum productivity especially due to climate
change, mechanisms and genetics underlying
drought tolerance and modern genomic strategies
toovercomedrought and other climateresilience
traits were well studied (Nanaiah and Rakshit 2020).

Though SNP assays are gaining its importance,
as it offers several advantages over other kinds
of markers, still some issues have to be settled:
requirement of prior knowledge on SNPs specific
to the trait of interest, time-consuming optimizing
process, bias in the array due to non-random



sampling of polymorphisminapopulation of interest
and usage of small number of samples in SNP
panel. Similarly, there is a scope for improvement
of advanced genetic analysis strategies that are
proposed in this genomics era. For example, in
GWAS, false-positive due to population structure
and multiple testing isa problem that needs to be
addressed by a powerful statistical approach. It is
believed that the upcoming years can realize the
potentials of sorghum genomics and phenomicsin
productivity enhancement not only in sorghum but
in other cropstoo.

REFERENCES

Abdelaal, K.A., Hafez, Y.M., El Sabagh, A. and H.
Saneoka. 2017. Ameliorative effects of Abscisic
acid and yeast on morpho-physiological and yield
characteristics of maize plant (Zea mays L.) under
water deficit conditions. Fresen Environ Bull 26:
7372-7383.

Abou-Elwafa, S.F., Amin AE-EAZ and T. Shehzad.
2019. Genetic mapping and transcriptional
profiling of phytoremediation and heavy metals
responsive genes in sorghum. Ecotoxicology and
ENvIROnmental safety 173: 366-372.

Afolayan, G., Aladele, S. and S. Deshpande. 2019. Marker-
Assisted Foreground Selection for Identification
of Striga Resistant Backcross Lines in Sorghum
bicolor. Covenant Journal of Physical and Life
Sciences (Special Edition) 7.

Ahmadian, A., Gharizadeh, B. and A.C. Gustafsson.
2000. Single-nucleotide polymorphism analysis
by pyrosequencing. Analytical biochemistry 280:
103-110.

Ajouri, A., Asgedom, H. and M. Becker. 2004. Seed
priming enhances germination and seedling growth
of barley under conditions of P and Zn deficiency.
Journal of Plant Nutrition and Soil Science 167:
630 - 636.

Al-Samarai, F. R. and A. A. Al-Kazaz. 2015. Molecular
markers: An introduction and applications.
European Journal of Molecular Biotechnology:
118-130.

Ali, R., Hash, C.T., Damris, O., Elhussein, A. and A. H.
Mohamed. 2016. Introgression of strigaresistance
into popular Sudanese sorghum varieties using
marker-assisted selection. World Journal of
Biotechnology 1: 48-55.

Alimi, N., Bink, M. and J. Dieleman. 2013. Multi-trait
and multi-environment QTL analyses ofyieldand a
set of physiological traits in pepper. Theoretical
and applied genetics 126: 2597-2625.

Anithasri, M.J., Vennila, P., & llamaran, M. (2018).
Studies on screening of Sorghum varieties for
popping. Madras Agricultural Journal 105: 238-
244,

Arbona, V., Manzi, M., Ollas, C. D. amd A. Gémez-
Cadenas. 2013. Metabolomics as a tool to
investigate abiotic stress tolerance in plants.
International journal of molecular sciences 14:
4885-4911.

Arya, L., Sandhia, G., Singh, S., Rana, M. and S. Malik.
2006. Analysis of Indian sorghum [Sorghum
bicolor (L) Moench] cultivars and lines using RAPD
markers. Journal of plant biochemistry and
biotechnology 15: 97-101.

Bakht, S., Safdar, K. and K. Khair. 2020. The Response of
Major Food Cropsto Drought Stress: Physiological
and Biochemical Responses. Agronomic Crops:
Springer; p. 93-115.

Beltz, K., Tsang, D., J. Wang. 2018. A High-Performing
and Cost-Effective SNP Genotyping Method Using
rhPCR and Universal Reporters. ADVANCES in
Bioscience and Biotechnology 9: 497.

Birhan, T., Bantte, K., Paterson, A., Getenet, M. and A.
Gabizew.2020. Evaluationand Genetic Analysis of
a Segregating Sorghum Population under Moisture
Stress Conditions. Journal of Crop Science and
Biotechnology 23(1): 29-38.

A. Blum. 1979. Genetic improvement of drought
resistance in crop plants: a case for sorghum. In:
Mussell, H. and R. C. Staples. Stress Physiology
in Crop Plants. New York Wiley Interscience; p.
430-445.

N. M. Boopathi. 2020. Genetic Mapping and Marker
Assisted Selection: Basics, Practice and Benefits.
2nd ed: Springer.

Borrell, A. K., Mullet, J. E. and B. George-Jaeggli.
2014. Drought adaptation of stay-green sorghum
is associated with canopy development, leaf
anatomy, root growth and water uptake. Journal of
experimental botany 65: 6251-6263.

Boyles, R. E., Brenton, Z. W. and S. Kresovich. 2019.
Genetic and genomic resources of sorghum to
connect genotype with phenotype in contrasting
environments. The Plant Journal 97: 19-39.

Broccanello, C., Chiodi, C., Funk, A., McGrath, J. M.,
Panella, L. and P. Stevanato. 2018. Comparison
ofthree PCR-based assays for SNP genotypingin
plants. J Plant Methods 14: 28.

Castro-Nava, S., Ortiz-Cereceres, J., Mendoza-Castillo,
Md. C. and A. Huerta. 2012. Biomass production
and grain yield of three sorghum lines differing
in drought resistance. Phyton (Buenos Aires) 81:
149-156.

Chen, B. R., Wang, C. Y. and W. Ping. 2019. Genome-
wide association study for starch content and
constitution in sorghum (Sorghum bicolor (L.)
Moench). Journal of INTEGRATIVE Agriculture 18:
2446-2456.

Chopra, R., Burow, G., Burke, J. J., Gladman, N. and
Z. Xin. 2017. Genome-wide association analysis
of seedling traits in diverse Sorghum germplasm
under thermal stress. BMC plant biology 17: 12.

Collard, B,C. and D.J. Mackill. 2008. Marker-assisted
selection: an approach for precision plant
breeding in the twenty-first century. Philosophical
Transactions of the Royal Society B: Biological
Sciences 363: 557-572.

Craufurd, P. and J. Peacock. 1993. Effect of heat and
drought stress on sorghum (Sorghum bicolor). Il.
Grain yield. Experimental Agriculture 29: 77-86.

107|Spl.| 15



Daware, A., Parida, S.K. and A.K. Tyagi. 2020.
Integrated Genomic Strategies for Cereal Genetic
Enhancement;: Combining QTL and Association
Mapping.InCereal Genomics.Humana, New York,
NY. p. 15-25.

J. De Wet. 1978. Special paper: systematics and evolution
of sorghum sect. Sorghum (Gramineae). American
journal of botany 65: 477-484.

Dillon, S. L., Lawrence, P.K. and R. J. Henry. 2005. The
new use of Sorghum bicolor-derived SSR markers
to evaluate genetic diversity in 17 Australian
Sorghum species. Plant Genetic Resources 3:
19-28.

Ejeta, G. and C. Grenier. 2005. Sorghum and its weedy
hybrids. Crop ferality and volunteerisim CRC Press,
Boca Raton, FL: 123-135.

El-Soda, M., Malosetti, M., Zwaan, B. J., Koornneef, M.
and M. G. Aarts. 2014. Genotype environment
interaction QTL mapping in plants: lessons from
Arabidopsis. Trends in plant science 19: 390-398.

Farooq, M., Barsa, S. M. and A. Wahid. 2006. Priming
of field-sown rice seed enhances germination,
seedling establishment, allometry and yield. Plant
growth regulation 49: 285-294.

Ferguson, J. A, Steemers, F. J. and D. R. Walt. 2000.
High-density fiber-optic DNA random microsphere
array. Analytical chemistry 72: 5618-5624.

Foolad,M.R., Zhang, L.and P.Subbiah.2003. Genetics
of drought tolerance during seed germination in
tomato: inheritance and QTL mapping. Genome
46: 536-545.

Galyuon, I. K., Gay, A., Hash, C. T., Bidinger, F. R. and
C. Howarth. 2019. A comparative assessment of
the performance of a stay-green sorghum (Sorghum
bicolor (L) Moench) introgression line developed
bymarker-assisted selectionandits parentallines.
African Journal of Biotechnology 18: 548-563.

Gangurde, S., Ghorade, R., Moharil, M., Ingle, K. and
A. Wagh. 2016. Microsatellite Based DNA Finger
printing of Sorghum Tellite Based DNA
Fingerprinting of Sorghum [Sorghum Bicolor (L.)]
Hybrid Csh Hybrid Csh-35 With Its Parents.

Girma, G., Nida, H. and M. Mekonen. 2019. A large-
scale genome-wide association analyses of
ethiopian sorghum landrace collection reveal loci
associated with important traits. Frontiers in plant
science 10: 691.

Gorthy, S., Narasu, L. and A.Gaddameedi. 2017.
Introgression of shoot fly (Atherigona soccata L.
Moench) resistance QTLs into elite post-rainy
season Sorghum varieties using marker assisted
backcrossing (MABC). Frontiersin plantscience 8:
1494,

Griffin, T. J. and L. M. Smith. 2000. Single-nucleotide
polymorphism analysis by MALDI-TOF mass
spectrometry. Trends in biotechnology 18: 77-84.

Grover, S., Wojahn, B., Varsani, S., Sattler, S. E. and
J. Louis. 2019. Resistance to greenbugs in the
sorghum nested association mapping population.
Arthropod-Plant Interactions 13: 261-269.

Gupta, P. K. and R. Varshney. 2000. The development

107|Spl.| 16

and use of microsatellite markers for genetic
analysis and plant breeding with emphasis on
bread wheat. Euphytica 113: 163-185.

Harlan, J. and J. De Wet. 1972. A simplified classification
of cultivated sorghum 1. Crop science 12: 172-
176.

Harris-Shultz, K. R., Hayes, C. M. and J. E. Knoll.
2019. Mapping QTLs and identification of genes
associated with drought resistance in sorghum.
Sorghum: Springer; p. 11-40.

Hayes, C. M., Weers, B. D. and M. Thakran. 2016.
Discover y of a Dhurrin QTL in sorghum: co-
localization of Dhurrin biosynthesis and a novel
stay-green QTL. Crop Science 56: 104-112.

Hennet, L., Berger, A. and N. Trabanco. 2020.
Transcriptional Regulation of Sorghum Stem
Composition: Key Players Identified Through
Co-expression Gene Network and Comparative
Genomics Analyses. Frontiers in Plant Science
11: 224.

Holland, P. M., Abramson, R. D., Watson, R. and
D. H. Gelfand. 1991. Detection of specific
polymerase chainreaction product by utilizing the
5’ 3’exonuclease activity of Thermus aquaticus
DNA polymerase. Proceedings of the National
Academy of Sciences 88: 7276-7280.

M. Jobs. 1999. Dynamic Allele-Specific Hybridisation:
A New Method for Scoring Single Nucleotide
Polymorphisms. Nature Biotechnology 17: 87-88.

Jongdee, B., Pantuwan, G., Fukai, S. and K. Fischer.
(2006). Improving drought tolerance in rainfed
lowland rice: an example from Thailand. Agricultural
Water Management 80: 225-240.

Kadam, S. and B. Fakrudin. 2017. Marker assisted
pyramiding ofrootvolume QTLstoimprovedrought
tolerance in rabi sorghum. Research on Crops 18:
683-692.

Kahate, N.,Raut, S., Ulemale, P.and A. Bhogave. 2014.
Management of Sorghum Shoot Fly. Popular Kheti
2: 72-74.

Kassahun, B., Bidinger, F., Hash, C. and M.
Kuruvinashetti. 2010. Stay-green expression in
early generation sorghum [Sorghum bicolor (L.)
Moench] QTL introgression lines. Euphytica 172:
351-362.

Kennedy, G. C., Matsuzaki, H. and S. Dong. 2003.
Large-scale genotyping of complex DNA. Nature
biotechnology 21: 1233-1237.

Khan, N., Bano, A., Ali, S., and M. A. Babar. 2020.
Crosstalk amongst phytohormones from planta
and PGPR under biotic and abiotic stresses. Plant
Growth Regulation: 1-15.

P. Y. Kwok. 2002. SNP genotyping with fluorescence
polarization detection. Human mutation 19: 315-
323.

Landegren, U., Kaiser, R., Sanders, J and L. Hood.

1988. A ligase-mediated gene detection technique.
Science 241: 1077-1080.

Li, J., Tang, W. and Y. W. Zhang. 2018. Genome-wide
association studies for five forage quality-related
traits in Sorghum (Sorghum bicolor L.). Frontiers



in plant science 9: 1146.

Li,R.,Han, Y., Lv,P.,Du,R.and G. Liu.2014. Molecular
mapping of the brace root traits in sorghum
(Sorghum bicolor L. Moench). Breeding science
64: 193-198.

K.J.Livak.1999. Allelicdiscrimination using fluorogenic
probes and the 5 nuclease assay. Genetic
analysis: biomolecular engineering 14: 143-149.

M. Ludlow. 1993. Physiological mechanisms of drought
resistance. In: Biotechnology for Aridland Plants.
Austin, USA: UNIVERSITY of Texas; p. 11-34.

Ludlow, M. and R. Muchow. 1990. A critical evaluation
of traits for improving crop yields in water-limited
environments. ADVANCES in agronomy. 43: Elsevier;
p. 107-153.

Lyamichev, V., Mast, A. L. and J. G. Hall. 1999.
Polymorphism identification and quantitative
detection of genomic DNA by invasive cleavage of
oligonucleotide probes. Nature biotechnology 17:
292-296.

Mace, E. and D. Jordan. 2010. Location of major effect
genes in sorghum (Sorghum bicolor (L.) Moench).
Theoretical and Applied Genetics 121: 1339-1356.

Mace, E., Singh, V., Van Oosterom, E., Hammer, G.,
Hunt, C. and D. Jordan. 2012. QTL for nodal root
angleinsorghum (Sorghum bicolor L. Moench) co-
locate with QTL for traits associated with drought
adaptation. Theoretical and Applied Genetics 124:
97-109.

Mahalakshmi, V.and F.R. Bidinger. 2002. Evaluation of
stay-green sorghum germplasmlines at ICRISAT.
Crop Science 42: 965-974.

Matsuzaki, H., Dong, S. and H. Loi. 2004. Genotyping
over 100,000 SNPs on a pair of oligonucleotide
arrays. Nature Methods 1: 109-111.

McGuigan, F. E. and S. H. Ralston. 2002. Single
nucleotide polymorphism detection: allelic
discrimination using TagMan. Psychiatric genetics
12: 133-136.

Mehmood, S.,Bashir, A.,Ahmad, A., Akram, Z., Jabeen,
N. and M. Gulfraz. 2008. Molecular characterization
of regional Sorghum bicolor varieties from Pakistan.
Pak J Bot 40: 2015-2021.

Menezes, C., Saldanha, D. and C. Santos. Evaluation
of grain yield in sorghum hybrids under water
stress.EmbrapaMilhoe Sorgo-Artigoemperiddico
indexado (ALICE).

Miao, C., Xu, Y., Liu, S., Schnable, P. S. and J. C.
Schnable. 2020. Functional principal component
based time-series genome-wide association in
sorghum. BioRxiv.

Moghimi, N., Desai, J. S. and R. Bheemanahalli.
2019. New candidate loci and marker genes on
chromosome 7 for improved chilling tolerance
in sorghum. Journal of Experimental Botany 70:
3357-3371.

Mogus, Y.and K. Bantte. 2012. DNA Fingerprinting and
Genetic Relationship of Sorghum [Sorghum bicolor
(L.) Moench] Released Lines. Conference of Jimma
University.

Mullet, J., Morishige, D. and R. McCormick. 2014.

Energysorghum—ageneticmodelforthe designof
C4 grasshioenergy crops. Journal ofexperimental
botany 65: 3479-3489.

Mundia, C. W., Secchi, S., Akamani, K. and G. Wang.
2019. ARegional Comparison of Factors Affecting
Global Sorghum Production: The Case of North
America, Asia and Africa’s Sahel. Sustainability
11: 2135.

Myakishev, M. V., Khripin, Y., Hu, S. and D. H. Hamer.
2001. High-throughput SNP genotyping by allele-
specific PCR with universal energy-transfer-labeled
primers. Genome research 11: 163-169.

Nanaiah, G.K.and S. Rakshit. 2020. Genomic Designing
for Climate Smart Sorghum. Genomic Designing
of Climate-Smart Cereal Crops: Springer; p. 171-
219.

Nida, H., Girma, G. and M. Mekonen. 2019. Identification
of sorghum grain mold resistance loci through
genome wide association mapping. Journal of
cereal science 85: 295-304.

Oliphant, A., Barker, D. L., Stuelpnagel, J. R. and
M.S. Chee. 2002. BeadArray™ technology:
enabling an accurate, cost-effective approach to
high-throughput genotyping. Biotechniques 32:
S56-S61.

M. Olivier. 2005. The Invader®assay for SNP genotyping.
Mutation research/fundamental and molecular
mechanisms of mutagenesis 573: 103-110.

Ongom, P. O. and G. Ejeta. 2018. Mating design and
genetic structure of a multi-parent advanced
generation intercross (magic) population of
sorghum (Sorghum bicolor (L.) Moench). G3:
Genes, Genomes, Genetics 8: 331-341.

Palta, J. A. and N. C. Turner. 2019. Crop root system
traits cannot be seen as a silver bullet delivering
drought resistance. Plant and Soil 439: 31-43.

Pandey, P.,Ramegowda, V.and M. Senthil-Kumar.2015.
Shared and unique responses of plants to multiple
individual stresses and stress combinations:
physiological and molecular mechanisms. Frontiers
in Plant Science 6: 723.

Parh, D., Jordan, D. and E. Aitken. 2008. QTL analysis
of ergot resistance in sorghum. Theoretical and
Applied Genetics 117: 369-382.

Parra-Londono, S., Fiedler, K. and M. Kavka. 2018.
Genetic dissection of early-season cold tolerance
in sorghum: genome-wide association studies for
seedling emergence and survival under field and
controlled environment conditions. Theoretical and
applied genetics 131: 581-595.

A. H. Paterson. 2008. Genomics of sorghum.
International Journal of Plant Genomics.

Paterson, A.H.,Bowers, J. E.and R. Bruggmann. 2009.
The Sorghumbicolorgenomeandthe diversification
of grasses. Nature 457: 551-556.

Phuong, N., Afolayan, G., Stuitzel,H., Uptmoor, R.and M.
El-Soda. 2019. Unraveling the genetic complexity
underlying sorghum response to water availability.
PloS one 14.

Pinto, M. D. O., Silva, M. and B. D. A. Barros. 2019.
Marker-assisted backcrossing of bmr6 into

107|Spl.| 17



biomass sorghum line. In Embrapa Milho e
Sorgo-Resumo em anais de congresso (ALICE).
In: simpdsio brasileiro de genética molecular de
plantas, 7, Campos do Jorddo. Resumos.[Sl]:
Sociedade Brasileira de Genética.

Price,H.J.,Dillon, S.L.,Hodnett, G., Rooney, W.L., Ross,
L. and J. S. Johnston. 2005. Genome evolution
in the genus Sorghum (Poaceae). Annals of
Botany 95: 219-227.

Rajkumar, Fakrudin, B. and S. Kavil . 2013. Molecular
mapping of genomic regions harbouring QTLs for
root and yield traits in sorghum (Sorghum bicolor
L. Moench). Physiology and molecular biology of
plants 19: 409-419.

Ramatoulaye, F., Mady, C. and S. Fallou. 2016.
Production and use sorghum: a literature review.
Journal of Nutritional Health & Food Science 4: 1-4.

Ramegowda, V. and M. Senthil-Kumar. 2015. The
interactive effects of simultaneous biotic and abiotic
stresses on plants: mechanistic understanding
from drought and pathogen combination. Journal
of plant physiology 176: 47-54.

Rana, B., Parameswarappa, R., Anahosur, K., Rao, V.,
Vasudeva Rao, M. and N. Rao. 1978. Breeding
for multiple insect/disease resistance. All
India Coordinated Sorghum Improvement Project
Workshop17-19.

Rani, C., Umakanth, A. V., Iraddi, V., & Tanmay, V. K.
(2013). Heterosis Studies for Ethanol Yield and
Its Related Traits in F 1 Hybrids of Sweet Sorghum
[Sorghum bicolor (L.) Moench]. Madras Agricultural
Journal 100: 1- 8.

Rao, B. D., Patil, J. and M. Rajendraprasad. 2010.
Impact of innovations in value chain on sorghum
farmers. Agricultural Economics Research ReviEw
23: 419-426.

Rao, D. G., Khanna-Chopra, R. and S. Sinha. 1999.
Comparative performance of sorghum hybrids
and their parents under extreme water stress. The
Journal of Agricultural Science 133: 53-59.

Rapley,R.and S.Harbron.2004. Molecularanalysisand
genome discovery: Wiley Online Library.

P.S. Reddy. 2019. Breeding for Abiotic Stress Resistance
in Sorghum. Breeding Sorghum for Diverse End
Uses: ELSEVIER; p. 325-340.

Ronaghi, M., Uhlén, M. and P.Nyrén. 1998. Asequencing
method based on real-time pyrophosphate.
Science 281: 363-365.

Rosenow, D., Ejeta, G. and L. Clark. 1997.Breeding for
pre-and post-flowering drought stress resistance
in sorghum. Proceedings of the International
Conference on Genetic ImproveMeNT of Sorghum
and Pearl Millet. Lincoln, Nebraska: INSORMIL; p.
400-411.

Ross, P., Hall, L., Smirnov, I. and L. Haff. 1998. High
level multiplex genotyping by MALDI-TOF mass
spectrometry. Nature biotechnology 16: 1347-
1351.

Sabagh, A. E., Hossain, A. and C. Barutcular. 2020.
Adverse Effectof Droughton Quality of Major Cereal
Crops: Implications and Their Possible Mitigation

107|Spl.| 18

Strategies. Agronomic Crops: Springer; p.635-
658.

Said, A., Uptmoor, R. and M. El-Soda. 2018. Mapping
Quantitative Trait Loci Associated with Yield and
its Related Traits in Sorghum bicolor. Egyptian
Journal of Agronomy 40: 251-259.

Sapkota, S., Boyles, R., Cooper, E., Brenton, Z., Myers,
M. and S. Kresovich. 2020. Impact of sorghum
racial structure and diversity ongenomic prediction
of grain yield components. Crop Science.

Seetharama, N., Reddy, B. S., Peacock, J. and F.
Bidinger. 1982. Sorghum improvementfor drought
resistance in Crops with Emphasis on Rice. Los
Banos, Laguna, Manila, Philippines: International
Rice Research Institute.

Shen, R., Fan, J. B. and D. Campbell. 2005. High-
throughput SNP genotyping on universal bead
arrays. Mutation Research/Fundamental and
Molecular Mechanisms of Mutagenesis 573: 70-
82.

Singh, B. and A. K. Singh. 2015. Marker-assisted plant
breeding: principles and practices. New Delhi:
Springer.

A. C. Syvéanen. 2001. Accessing genetic variation:
genotyping single nucleotide polymorphisms.
Nature ReviEws Genetics 2: 930-942.

Tajima, Y., Loo EP-l and Y. Saijo. 2020. Plant physiological
and molecular mechanisms in cross-regulation of
biotic-abiotic stress responses. Priming-Mediated
Stress and Cross-Stress Tolerance in Crop Plants:
ELSEVIER; p. 21-34.

Tobler, A. R., Short, S. and M. R. andersen. 2005.
The SNPIlex genotyping system: a flexible and
scalable platform for SNP genotyping. Journal of
biomolecular techniques: JBT 16: 398.

Tonapi, V., Patil, J., Rao, B. D., Elangovan, M., Bhat, B.
V. and K. R. Rao. 2011. Sorghum: vision 2030.
Directorate of Sorghum Research, Rajendranagar,
Hyderabad 500: 38.

Tong, A. K., Li, Z., Jones, G. S., Russo, J. J. and J. Ju.
2001. Combinatorial fluorescence energy transfer
tags for multiplex biological assays. Nature
biotechnology 19: 756-759.

Tost, J. and I. G. Gut. 2002. Genotyping single nucleotide
polymorphisms by mass spectrometry. Mass
spectrometry reviews 21: 388-418.

Upadhyaya, H. D., Vetriventhan, M. and A. M. Asiri.
2019. Multi-Trait Diverse Germplasm Sourcesfrom
Mini Core Collection for Sorghum Improvement.
Agriculture 9: 121.

Vicente-Serrano, S. M., Quiring, S. M., Pefia-Gallardo, M.,
Yuan, S. and F. Dominguez-Castro. 2020. A review
of environmental droughts: Increased risk under
global warming? Earth-Science Reviews 201:
102953.

Wang,D.G.,Fan,J.B.andC.J. Siao.1998. Large-scale
identification, mapping, and genotyping of single-
nucleotide polymorphisms in the human genome.
Science 280(5366): 1077-1082.

B. D. Weers. 2011. Integrated analysis of phenology,
traits and QTL in the drought tolerant sorghum



genotypes BTx642 and RTx7000: Texas A&M
UNIVERSITY.

Wiersema, J.H.and J. Dahlberg.2007. The nomenclature
of Sorghum bicolor (L.) Moench (Gramineae).Taxon
56: 941-946.

Woijtyla, Paluch-Lubawa, E., Sobieszczuk-Nowicka, E. and
M. Garnczarska. 2020. Drought stress memory
and subsequent drought stress tolerance in plants.
Priming-Mediated Stress and Cross-Stress
Tolerance in Crop Plants: ELSEVIER; p. 115-131.

www.icrisat.org/what-we-do/crops/sorghum/sorghum.
htm#0 accessed on 20 April 2020.

www://agritech.tnau.ac.in/agriculture/millets_
sorghum.html accessed on 20 April 2020.

Xu, W., Subudhi, P. K., Crasta, O. R., Rosenow, D. T.,
Mullet, J. E. and H. T. Nguyen. 2000. Molecular
mapping of QTLs conferring stay-green in grain
sorghum (Sorghum bicolor L. Moench). Genome
43: 461-469.

Yang,W.,Feng, H.and X.Zhang. 2020. Crop Phenomics
and High-throughput Phenotyping: Past Decades,
Current Challenges and Future Perspectives.
Molecular Plant 13(2): 187-214.

N. D. Young. 1999. A cautiously optimistic vision for
marker-assisted breeding. Molecular breeding
5(6): 505-510.

Zhao, Z.and E. Boerwinkle. 2002. Neighboring-nucleotide
effects on single nucleotide polymorphisms: a
study of 2.6 million polymorphisms across the
human genome. Genome research 12:1679-
1686.

Zhu, M., Chen, J. and N. Yuyama. 2020. Genetic
Diversity and Population Structure of Broomcorn
Sorghum Investigated with Simple Sequence
Repeat Markers. Tropical Plant Biology: 1-11.

107|Spl.| 19


http://www.icrisat.org/what-we-do/crops/sorghum/sorghum

