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I ntroduction

Sorghum (Sorghum bicolor) is the fifth most important
cereal crop globally and isthe dietary staple of morethan
500 million people in over 90 countries, primarily in the
developing world (Reddy et a. 2010). With its C,
photosynthetic pathway, it is adapted to a wide range of
environmental conditions. It has multiple uses as afood,
feed, fodder, fuel and fiber crop (Paterson et al. 2009).
More than 35 percent of world sorghum production is
going for food consumption (Awika and Rooney 2004)
by the poorest of the poor in the largely low-income
deficit countries. Worldwide, it is grown on about 40
million ha, of which about 9 million ha are cultivated in
Asia; of thisthe largest areaisin India (7.53 milion ha)
which has a production of 7.25 million t (FAOSTAT
2011).

Sorghums are classified based on relative height and
grain/stover productivity and with or without sugars in
the stem. These are: grain sorghum, dual purpose (grain
and fodder) sorghum, fodder sorghum, forage sorghum,
and sweet stalk sorghum. Unlike other countries, there
aretwo distinct sorghum growing seasonsin India, kharif
(rainy season — June to October) and rabi (postrainy
season — October to February). The adaptation, trait
focus and constraints are different in different kinds of
sorghums and hence the breeding approaches differ
accordingly while some of them are cross-cutting.

This review summarizes the research on sorghum
improvement over the past two decades, in relation to
various key constraints that affect sorghum productivity.
These include: diseases, insect pests, drought, high
temperatures, edaphic problems, salinity and aluminum
toxicity, phenology, weeds and yield potential. In
addition, research focus on the traits associated with
nutritional value and alternative uses were aso
mentioned. Finally the way forward for global sorghum
improvement research is briefly discussed.

SAT eJournd | gournal.icrisat.org

Key traitsor areas
Photoperiod and temper atur e sensitivity

Photoperiod sensitivity basically alowsfor the length of
the vegetative phase to vary with planting date, such that
flowering occurs around the same time each season
(Vaksmann et a. 1996). In West Africa and also in
postrainy season in India this mechanism works
particularly well as the end of the season is far more
predictable (and less variable) than the start (Craufurd et
al. 2011). In studies at the International Crops Research
Institute for the Semi-Arid Tropics (ICRISAT),
Patancheru, India involving diverse genotypes in
postrainy season it was established that M 35-1, the
postrainy season ruling variety has a distinct feature of
photoperiod sensitivity and thermo-insensitivity that
offersthe ahility to finish flowering in more or less same
time evenin delayed sowings (Reddy et al. 1987). Further
breeding work involving M 35-1 as parent, severa
improved progenieswere devel oped for postrainy season
adaptation (Reddy et al. 2009b). In future, identification
of markers linked to photoperiod sensitivity QTLsS
(quantitativetrait loci) and cloning and transformation of
other maturity genes may help in transferring
photoperiod sensitivity to elite cultivars for better
adaptation to tropical and subtropical environments.

In addition to photoperiod sensitivity, tolerance to
early and mid-season cold temperature is needed for
increasing the production in temperate and tropical
sorghum production areas around the world where the
plants experience cold stress during emergence and/or at
anthesis. Tolerant genotypes show increase in seedling
vigor, resulting in greater biomassand grainyieldin cold
and dry environments. Sorghum cultivars produced more
leaves, had delayed floral initiation (Caddel and Weibel
1971), and were found to be male sterile (Downes and
Marshall 1971, Singh 1977) when low temperatures
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occur at anthesis. At ICRISAT, Patancheru, simple and
cost-effective screening methodol ogies were devel oped
to screen genotypes for cold tolerance in the same field
trials that are intended for grain yield selections. The
response in seed set and grain filling to cold tolerance
provides good levels of genotypic discrimination.
Panicle harvest index (PHI) and 100-seed weight are the
two traits that will indicate cold tolerance in field trials.
PHI explainsthe reproductive success of the genotypes at
single plant level for reproductive stage cold tolerance.

Yield potential

Sorghum has a high yield potential, comparable to those
of rice (Oryza sativa), wheat (Triticum aestivum) and
maize (Zea mays). On afield basis, yields have exceeded
11,000 kg ha?, with above average yields ranging from
7,000 to 9,000 kg ha! where moisture is not a limiting
factor. In those areas where sorghum is commonly
grown, yields of 3,000 to 4,000 kg ha? are obtained under
better conditions, dropping to 300 to 1000 kg ha! as
moisture becomes limiting (House 1985). Grain yield is
the most important trait in sorghum breeding as in other
crops; however, stover yield is equally important in
sorghum particularly in countrieslike India. Breeding for
grain yield improvement is carried out by selecting
genotypes directly for grain yield and for component
traits. For higher yield, genotypes with a plant height of
around 1.5 m are desirable which are amenable for
mechanical harvesting with medium maturity duration
(100-120 days). Longer duration types give higher yields
but the length of growing period in most sorghum
growing areas does not allow for breeding long-duration
types, with the exception of West Africa. If the crop
duration is reduced, it is likely that the yield will also
decline. Moreover, yield is governed by polygenes and
the effects are cumulative in nature.

Heterosisfor grain and stover yield ishigh in sorghum
and therefore hybrids development should be targeted in
dual purpose background. A heterosis of 30-40% for
grain yield is reported in hybrids compared to the best
varieties (Ashok Kumar et al. 2011b). Hybrids are the
cultivar options and hybrid parents development is
critical for exploiting heterosis. In addition to dua
purpose types, the magjor focus should be on hybrid
parents to develop dwarf hybrids for mechanized
harvesting and fodder hybrids with high recovery ability
(for multi-cut forage purpose) and maturity of 70 to 85
days to 50% flowering. Additionally, forage varieties
amenable for both single- and multi-cuts to meet the
needs of farmers and dairy industry forms another focus
of the program. Genetic and cytoplasmic diversification
of hybrid parents through pedigree breeding is a major
breeding objective in developing improved male and
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female parents. Population improvement is also being
followed for improving the grain and stover yieldsin both
maintainer and restorer backgrounds separately both for
grain (dual purpose) and fodder/forage sorghums.

Considering that caudatum race has been exploited
extensively for diversification of hybrid parents at
ICRISAT, and el sewhere, greater emphasiswas given for
the use of other races (durra and guinea) for hybrid
parents development since 2000 at ICRISAT,
Patancheru (Reddy et a. 2010). Availability of
cytoplasmic-nuclear male sterility (CMS) system, higher
heterosis for grain yield in the improved hybrids, and
strong private sector presence facilitated the
development of improved hybrids in large part of the
globe. In addition to the widely used milo-cytoplasm
(A)), cytoplasmic male-sterile lines are also available in
Az’ Aa’ A4’ A4M’ A4VZM’ A4Gl’ As’ Ae' 9E and KS
cytoplasms (Ashok Kumar et a. 2011b). Considering the
restoration frequency, hybrid performance and
comparable A, and A, CMS effects for grain yield and
resistance to shoot fly and grain mold, it is advantageous
to use A, CMS system for developing hybrid parents,
among the alternate cytoplasms available. This not only
increases the cytoplasmic diversity but reduces the
possibility of epidemics occurrence when a single source
of cytoplasm is used.

Genetic and CM S systems

Inflorescence in sorghum is a panicle or raceme with
spikelets/florets which are either sessile or pedicellate.
The floret is bisexual and the caryopsis or seed is the
product of self-fertilization in sessile florets. However,
there is a 5-15% of outcrossing depending on the wind
direction, nature of genotype and humidity (House 1985).
The genetic male-sterile genes ms, to and al
(described by Rooney 2000) discovered during 1936 to
1971 has greatly helped in diversification and the
improvement of sorghum through recurrent selection. At
ICRISAT, using ms, and ms, genes, several trait specific
gene pools (19) are developed and they were described
by Reddy et al. (2005b). Presently, ICRISAT is
developing populations for the following traits: (i)
Tillering (as it relates to fodder value); (ii) Grain mold
resistance; and (iii) Postrainy season adaptation —
maintainer and restorer backgrounds.

Another system, CMS has been used extensively to
exploit heterosis in sorghum through hybrids
development on alarge scale for commercial cultivation
since 1960. In 1954, Stephens and Holland discovered A
or milo system, which has been commercially exploited
for developing the female hybrid parents and restorers
and several hybrids were released all over the world.
Since then several CMS systems were identified and
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among thesethe most importantare A , A, A, A,, 9E, A,
and A (Schertz 1994). At ICRISAT, the emphasis since
1980 has been to develop high-yielding trait and race
specific male-sterile lines and restorers. So far more than
800 A, CMS lines and more than 1000 A, restorer lines
were developed and documented at ICRISAT,
Patancheru (Reddy et al. 2006, 2007, Ashok Kumar et al.
2011b). Also cytoplasm base of hybrid seed parents is
diversified and high-yielding A, A, and A, based male-
sterile lines were developed and documented. Recently,
ICRISAT, Bamako started working on guinea-based
improved male-sterile lines and restorers and some high-
yielding hybrids were tested and found to be superior
over varieties under harsh conditions prevailing in
Western and Central Africa (WCA).

Diversity assessment and molecular characterization
of cytoplasms and factors influencing CMS systems
(stability of CMS systems, effect of CMS systems on
economic traits, restorer gene frequency and cytoplasm
effect on heterosis) were studied. Diversification of CMS
systems that includes germplasm base and traits and
effect of genetic backgrounds were also studied (Reddy
et al. 2005b). Although diverse male-sterile cytoplasm
lines are available, these alternative sources are not used
in hybrid development primarily because the frequency
of restorer genesin such systemsislow, and male-sterile
anthers cannot be readily distinguished from male-
fertiles. Therefore, there is a need to search for a more
useful form of male sterility, yet different frommilo (A)).
Milo restorers have been developed predominantly on
caudatum-based germplasm. Therefore, they need to be
diversified with guinea race as this showed higher
heterosis compared to other races. Restorer frequency is
low in alternate cytoplasms, hence efforts should be made
to identify and breed for high-yielding non-milo
cytoplasm restorers. Limited work has been carried out
on fertility restoration and there is a need to identify
molecular markers linked to restorer genes. The use of
isonuclear lines will provide a better means to identify
new restorer genes. Although milo male-sterilelineswere
diversified for resistance to biotic and abiotic stresses at
ICRISAT, further breeding for grain yield potential, bold
lustrous grain and superior agronomic performance is
needed.

Water use efficiency

Sorghum is a C, plant with an extensive and fibrous root
system enabling it to draw moisture from deep layers of
soil. It requires less moisture for growth compared to
other major cereal crops, for example, in some studies
sorghum required 332 kg of water per kg of accumulated
dry matter whereas maize required 368 kg of water,
barley (Hordeum vulgare) required 434 kg and wheat
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required 514 kg (House 1985). Maman et al. (2003)
showed clearly that yields of pearl millet (Pennisetum
glaucum) were 1.9 and 3.9 t ha! in 2000 and 2001
compared to 4.1 and 5.0 t ha? of sorghum in 2000 and
2001 respectively under similar water use conditions
(336 and 370 mm in pearl millet; and 330 and 374 mmiin
sorghum in 2000 and 2001 respectively). In another study
involving sorghum, maize and soybean (Glycine max),
sorghum was found to be the most consistent water use-
efficient crop between the two years of varying
environmental conditions with rainfall received from
crop emergence to physiological maturity of 10.1 inches
in 2009 and 16.4 inchesin 2010 in Nebraska, USA (Rees
et al. 2006). Similarly sweet sorghum gives higher
biomass per unit of water used compared to maize or
sugarcane (Saccharum officinarum) (Reddy et al. 2008).

Nitrogen use efficiency

Sorghum is grown in a range of soils where nutrient
deficiency in particular nitrogen is common. There are
number of studies establishing variability in nitrogen use
efficiency (NUE) in sorghum. For example, Gardner et
al. (1994) demonstrated that among the sorghum
cultivars studied, M 35-1 was consistently high in NUE.
They also found plants with fewer, larger and thicker
leaves and that lower dark respiration rates are related to
NUE and can be used as a selection criterion in breeding.
Interestingly, sorghum possesses biological nitrification
inhibition that reduces nitrogen losses from sail.

I nsect pests

Nearly 150 insect species have been reported as pests on
sorghum, of which sorghum shoot fly (Atherigona
soccata), stem borers (Chilo partellus and Busseola
fusca), sugarcane aphid (Melanaphis sacchari), sorghum
midge (Senodiplosis sorghicola) and head bugs
(Calocoris angustatus and Eurystylus oldi) are the major
pestsworldwide.

Infester row, artificial infestation and no-choice cage
screening techniques have been standardized to evaluate
sorghum germplasm, breeding material and mapping
populations for resistance to insect pests (Sharma et al.
1992). Large-scale screening of the sorghum germplasm
at ICRISAT hasresulted in identification of several lines
with reasonable levels of resistance to shoot fly, stem
borer, midge and head bugs (Sharmaet al. 2003). Sources
of resistance to insectsin sorghum have been used in the
breeding program, and many varieties with resistance to
insect pests have been developed (Sharma et al. 2005).
Cultivars with resistance to midge have been released in
India and Myanmar, but are cultivated on a limited area
dueto non-availability of seed. However, theselineshave

December 2012 | Volume 10



An Open Access Journa published by ICRISAT

been used by the seed industry to devel op midge-resi stant
hybrids in Australia and USA. Resistance to midge and
shoot fly has been transferred into maintainer lines,
which have been supplied to, and used by the NARS
partners and the industry in developing improved
varietiesin different regions (Ashok Kumar et al. 2011b).

Wild relatives of sorghum belonging to Parasorghum
and Stiposorghum have shown high levelsof resistanceto
shoot fly, stem borer and sorghum midge (Sharma and
Franzmann 2001, Kamala et al. 2008), and have diverse
mechanisms of resistance to insects. These can be used to
transfer resistance genes into the cultigen. The presence
of trichomes has been found to contribute to oviposition
non-preference and the trichomes controlled by a single
recessive gene (House 1985). Polymorphic simple
sequence repeat (SSR) loci associated with resistance to
shoot fly and the traits associated with resistance to this
insect have been identified (Folkertsma et al. 2003), and
are now being transferred into the locally adapted hybrid
parental lines via SSR based marker-assisted seletion
(MAS). The QTLs associated with antibiosis and
antixenosis mechanisms of resistance to sorghum midge
(Tao et al. 2003), and tolerance to green bug (Nagaraj et
al. 2005) have also been identified. MAS will allow for
rapid introgression of the resistance genes, and ultimately
gene pyramiding, into the high-yielding varieties and
hybrids. Sorghum plants having crylAc gene have been
developed. Combining transgenic resistance to insects
with the conventional plant resistance will make plant
resistance an effective component for insect pest
management in sorghum.

While host plant resistance is an effective tool to
manage midge in sorghum, thereisneed to devel op other
tools of integrated pest management (IPM) for managing
white grubs, shoot fly and stem borer and spraysfor head
bugs in sorghum (Sharma 2006). Seed treatment with
systemic insecticides can be very effectivein combination
with host plant resistance for shoot fly control, and can
contribute as much as 20 to 40% increase in grain yield
gain. Intercropping and proper storage of the grain are
other interventions that help reduce losses in dryland
cereals. While effective tools have been developed to
identify sources of resistance to major insect pests in
sorghum, thereisaneed to refine the screening technique
for aphids in sorghum. Also gene pyramiding and
development of cultivars with multiple resistance to
insect pests and diseases, transfer of insect resistance
genesinto CM S-maintainer and restorer lines, exploitation
of aternate CMS systems that are less susceptible to
insect pests, identification of toxin genes for shoot fly,
stem borer and head bugs for developing transgenic
plants with resistance to insect pests, and identification
and application of molecular markers associated with
resistance to insects for use in crop improvement should
be the focus for future research in dryland cereals.
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Diseases

In most semi-arid tropical environments, economically
important diseases of sorghum are gran mold,
anthracnose, leaf blight, downy mildew, charcoa rot,
rust, ergot and smuts. These diseases, either alone or in
combinations, cause substantial damage to crops
resulting in heavy economic losses every year (Thakur et
al. 2007). Grain mold is a major disease of improved
white-grained, short- to medium-duration sorghum
cultivars that mature during rainy season. The disease
affects both grain production and quality and can cause
30-100% losses depending on cultivar, time of flowering
and weather conditions during flowering to harvest
(Singh and Bandyopadhyay 2000). Several toxigenic
Fusarium spp associated with grain mold complex that
produce mycotoxins, such as fumonisins and
trichothecenes have been characterized (Sharma et al.
2011). Anthracnose, leaf blight and rust are the important
foliar diseases and under favorable conditions up to 50%
losses have been reported (Thakur et al. 2007). Downy
mildew is another destructive disease due to its systemic
nature of infection resulting in the death of plants or lack
of panicle initiation. Charcoal rot is the most important
disease of postrainy (rabi) season sorghum that is
generally grown on residual soil moisture in India. The
disease is more severe and destructive on high-yielding
sorghum cultivars when grain filling coincides with low
soil moisture in hot dry weather. Management strategy
for these diseases has been mainly through host plant
resistance, which is economical, environment friendly
and technically feasible at farmers level. Disease
management through host plant resistance involves
development of a simple and effective screening
technique to identify genetic resistance that could be
appropriately utilized in breeding programs to develop
disease resistant cultivars. Over the years, screening
techniques have been developed and refined for major
sorghum diseases, such as grain mold, anthracnose, |eaf
blight, downy mildew, ergot, rust and charcoa rot.
Although high level of mold resistanceisnot availablein
white-grained sorghum, several tolerant lines have been
identified and utilized in the breeding program. Efforts
are also being made to map QTLs for grain mold
resistance for their introgression into elite backgrounds.
Inaddition, effortsare also required to identify resistance
against toxigenic Fusaria associated with grain mold
complex. Several sorghum germplasm and/or breeding
lines with moderate to high levels of resistance to
anthracnose, downy mildew, rust and leaf blight have
been identified and used in trait-specific breeding
program at ICRISAT (Thakur et al. 2007). Recently grain
mold resistance hybridsin white grain backgrounds were
developed at ICRISAT (Ashok Kumar et al. 2008,
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2011a). Ergot being more a localized problem
particularly in seed production plots, not much effort has
been made to develop resistant hybrid parental lines.
High level of charcoal rot resistance is not available;
moreover, abiotic factors such as soil moisture stress and
high temperature predispose plants to charcoal rot
infection and disease development. Therefore, thereis a
need to explore other methods of disease control in
addition to host plant resistance for the management of
charcoal rot.

Weeds

Striga was first recognized as a serious parasitic weed
nearly 100 years ago. Over the past 60 to 70 years
considerable research efforts have been directed at
understanding and managing it. Striga is a genus of
obligate, root-parasitic flowering plant, with most of the
species occurring in Africa. These include Striga
hermonthica, S. asiatica, S aspera and S. forbesii. Of
these, S. asiatica used to be a major constraint limiting
yieldin sorghumin Asia.

During 1972 to 1985, ICRISAT, Patancheru
concentrated its major effortsin developing athree-stage
screening technique for identifying resistant sources and
improving them for high yield under adaption to rainy
season conditions in India. SAR 1 to SAR 36 refers to
improved restorer lines and varieties developed at
ICRISAT, Patancheru. Work was also directed at
identification of resistant mechanisms (mechanical,
strigol negative and antibiosis). Also several improved
Sriga resistant male-sterile lines were developed at
ICRISAT, Patancheru during 1985 to 2003 (Reddy et al.
2004). These include ICSB 567, ICSB 568, ICSB 569,
ICSB 571, ICSB 572, ICSB 584, ICSB 594, ICSB 598
and ICSB 599 (Reddy et al. 2007).

In Africa, much of the research work on Sriga control
was carried out initially in the national programs of
Nigeria, Sudan, Ugandaand Kenyabefore 1970. 1n 1987,
ICRISAT Striga research effortswere moved to Bamako,
Mali. Efforts were carried out to develop resistant
varieties (Obilana and Reddy 1996), and also various
other control measures such as cultural management
(Hess and Dembele 1996), chemical control (Hess and
Grard 1996) and biological control (Abbasher et al.
1996). Ohilana (2004) indicated that the future research
includes adopting new breeding strategies adopting
marker technology, identifying the physiological basis of
Striga pathogen variability, adopting non-conventional
approach to Striga control including transposon-based
mutation and integrated Striga control technology
exchange and up-scaling.

The networking efforts of ICRISAT in use and
adoption of biotechnology tools — developing RIL
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populations of 296 B x Framida (SRN 4841) (stimulant
negative) and N 13 (mechanical resistant) x E 36-1 at
ICRISAT, Patancheru, phenotyping in pot and field
conditions in WCA and Eastern and Southern Africa
(ESA) through networking with national programs,
genotyping and identification of markers and QTLs in
Germany and at ICRISAT, Patancheru (Haussmann et al .
2000) and adoption of marker-assisted backcross
breeding — paid rich dividends in developing and release
of four Sriga resistant varieties in Sudan in the genetic
backgrounds of popular, but Striga susceptibleimproved
sorghum varieties, Tabat, Wad Ahmed and AG 8. These
four released varieties are AsarecaTl, AsarecaW2,
Asareca AG3 and Asareca AG4.

Therefore, the emphasis now isto follow conventional
and marker-assisted breeding and integrated control of
Sriga and up-scale these through networking and
partnership at ICRISAT African centers.

High temperature

Sorghum grows well in atemperature range of 15-40°C
but temperatures below and above this may have a
bearing on crop germination, establishment, flowering
and seed setting. Sorghum flowers and sets seed under
high temperatures (up to 43°C) provided soil moistureis
available (House 1985). In many regions of the world,
sorghum production encounters heat and drought stress
concurrently but heat tolerance and drought tolerance are
unique and independent traits (Jordan and Sullivan
1982). Despite the level of adaptation of sorghum in the
semi-arid tropics, seedling establishment is still a major
problem. Failure of seedling establishment due to heat
stress is one of the key factors that limits yields and
affects stability of production. Thomasand Miller (1979)
reported that sorghum seedlings respond differently
when exposed to varying temperatures, and genetic
variation for thermal tolerance in sorghum has been
shown to exist in certain lines that are capable of
emerging at soil temperature of about 55°C. Peacock et
al. (1993) and Howarth (1989) have discussed the need
for greater diversity in sorghum seedling toleranceto heat
in superior genotypes, as this will improve the crop
establishment in the semi-arid tropics. Genetic variability
for heat tolerance among the genotypes at seedling stage
was demonstrated by Wilson et al. (1982). Using
screening techniques such as leaf disc method (Jordan
and Sullivan 1982) and leaf firing ratings by ICRISAT
breeders, genetic variability past the seedling stage was
demonstrated and positive correlation found between
grain yield and heat tolerance thus making breeding for
heat tolerance aviable option. Genetic variability for heat
tolerance in sorghum was aso reported by other
researchers (Jordan and Sullivan 1982).
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Khizzah et a. (1993) studied four sorghum parental
lines RTx430, BTx3197, RTx7000 and B 35 and their F,
and reciprocals, and F, progenies during their
reproductive phase to assess the genetic basis of heat
tolerance in sorghum. They reported that inbreds were
more heat tolerant compared to their F, progenies. Also,
cultivars which had good late season, field drought
tolerance appeared to be heat tolerant, suggesting a
possible relationship between drought and heat
responses. They also reported cytoplasmic effects for
heat tolerance. Using the F, frequency distribution of the
crosses with B 35, Khizzah et a. (1993) made the
following assumptions: (i) two loci were responsible for
expression of heat tolerance, and (ii) complete
dominance at both gene pairs, but one gene when
dominant is epistatic to the other. Low to high heritability
of heat tolerance reported in sorghum suggests the
feasibility of genetic enhancement. B 35 and BTx3197
could be used as sources for heat tolerance in sorghum
improvement programs (Khizzah et al. 1993). The
importance of additive gene effects over dominance
effectsfor heat tolerance index was reported by Setimela
et al. (2007). However, selection for heat tolerance has
limited success as: (i) laboratory techniquesto screen for
heat tolerance have not been effective in improving heat
tolerancein field studies; and (ii) field screening for heat
tolerance is difficult to manage and is often confounded
with drought tolerance (Rooney 2004). Due to the
confounding effects, though the heat and drought
tolerance areindependent traits, the selection for drought
tolerance traditionally has been assumed to improve heat
tolerance.

Drought

Sorghum has the capacity to survive some dry periods
and resume growth upon receipt of rain. Sorghum also
withstands wet extremes better than many other cereal
crops especially maize. Sorghum continues to grow,
though not well, in flooded conditions; maize by contrast
will die.

At ICRISAT, four specific droughts were recognized.
These are: (1) Seedling emergence under deep planting
and high temperature; (2) Early seedling drought; (3)
Mid-season drought or pre-flowering drought; and (4)
Post-flowering/terminal drought. Among these, the two
distinct drought-stress responses, a pre-flowering
drought tolerance that occurs prior to anthesis and a post-
flowering drought-stress that is observed when water-
limitation occurs during grain-filling stage asin postrainy
season adaptation have been considered as the most
important in sorghum (Rosenow et al. 1983).

At ICRISAT, growth stage-specific breeding for
drought tolerance, which involves alternate seasons of
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screening in  specific drought and well-watered
environments, has been used to breed sorghum that can
yield well in both high yield potential environments as
well as in drought-prone environments (Reddy et al.
2009a). Since hybrids have exhibited relatively better
performance than open-pollinated cultivars for grain
yield under water-limited environments, hybrid cultivar
development (including their parents) should be given
strategic importance for enhancing sorghum production
in water-scarce environments (Reddy et al. 2009a).

Some of the drought tolerant sources identified in
sorghum in early work at ICRISAT include Ajabsido, B
35, BTx623, BTx642, BTx3197, El Mota, E36Xr16 8/1,
Gadambalia, 1S 12568, 1S 22380, IS 12543C, 1S 2403C,
IS 3462C, CSM-63, 1S 11549C, 1S 12553C, IS 12555C,
IS 12558C, IS 17459C, 1S 3071C, 1S 6705C, 1S 8263C,
ICSV 272, KoroKollo, KS19, P898012, P954035, QL 10,
QL27, QL36, QL41, SC414-12E, Segaolane, TAM 422,
Tx430, Tx432, Tx2536, Tx2737, Tx2908, Tx7000 and
Tx7078. ICRISAT hasidentified linesthat are tolerant to
drought at various growth stages. Drought tolerance of M
35-1, ahighly popular postrainy season adapted landrace
in India, has been amply demonstrated.

In another study, the resultsfor the measured variables
[carbon exchangerate (CER), transpiration, transpiration
ratio (CER/transpiration), leaf diffusive resistance, leaf
water potential and osmotic adjustment] showed a
general trend for greater drought resistance in sorghum
than in millet, indicating that the commonly observed
adaptation of the milletsto dry environments may be due
to other factors, such as drought escape or heat tolerance
(Blum and Sullivan 1985).

Among several drought tolerant traits, stay-green trait
in sorghum (the capacity of certain genotypesto maintain
their leaves green during the grain-filling period) is the
well characterized and exploited as a post-flowering
drought tolerant trait (Reddy et al. 20093, Haryarimana et
al. 2010). It is well documented to be polygenic and
heritable, and is used extensively in breeding programs
for developing drought tolerant cultivars (Jordan et al.
2012). This phenotype is aso reported to be associated
with reduced stalk lodging, reduced susceptibility to
charcoal rot and maintenance of seed size (Borrell et al.
1999, 2000). Several studies have identified genomic
regions/QTLs underlying stay-green  expression
(Haryarimana et al. 2010). Physiological mechanisms
such as improved capacity and water use efficiency for
water extraction, response to vapor pressure deficit,
transpiration efficiency, leaf conductance and kinetics,
specific leaf area and canopy development have been
associated with stay-green QTLs (Vadez et al. 2011).
These QTLs have been used for developing drought
tolerant cultivars through marker-assisted backcrossing
(Kassahun et al. 2010, Jordan et al. 2012) and effects of
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each QTL on stay-green expression, grain and fodder
yield have been reported. This needs to be further
validated across several genetic backgrounds and
different target regions. Similarly modeling efforts to
characterize soil and agroclimatic parameters for
production areas where postrainy season sorghum is
grown have been reported (Hammer et a. 2010). Further
studiesarerequired tointegrateindividual QTL effectsin
postrainy season sorghum models and successful models
can further be utilized to devel op breeding strategies for
similar agroclimatic regionsin Africa.

Salinity

Salinity toxicity in crops is caused by the presence of
high levelsof solublesaltsin the soil solution, namely the
Na" cation and probably to a lesser extent Cl-. Salinity
affects approximately 830 million ha worldwide and is
becoming an increasing problem in regions where saline
water is used for irrigation. There are many areas with
varying degree of salinity in India, Africa and countries
in West Asia. Salinity retards seed germination and root
emergence causes ion toxicity, osmotic stress and
mineral  deficiencies which  adversely  affect
photosynthetic, physiological and biochemical processes
limiting crop yield (Krishnamurthy et al. 2007, Gates et
al. 2009). The genetic differences can be exploited to
search varieties/cultivars for salt tolerance by rapid
screening methods using different growth parameters
such as relative shoot growth, leaf blades, sheaths, |eaf
water potential, osmotic potential, nitrate reductase
activity and relative water contents. Krishnamurthy et al.
(2007) reported that germination and emergence stagesin
sorghum might be useful criteriato evaluate the effect of
salinity. Using Na accumulation and other measures of
salt tolerance, major and minor QTL s have been mapped
(Flowers and Flowers 2005, Jenks et a. 2007).
Significant variability was observed for high biomassand
grain yield under saline conditions among hybrids and
varieties; hybrids were superior to varieties under field
conditions (10-12 dS) in India (Krishnamurthy 2010). In
astudy at International Center for Biosaline Agriculture
(ICBA), UAE using saline water (2 dS, 8 dS and 13 dS)
showed that hybrids were superior to varieties for
biomass production and two sorghum hybrids ICSA 474
xNTJ2and ICSA 702 x ICSV 93046 were promising for
biomass. The results of multilocational trials of sweet
sorghum improved breeding materials helped to identify
salinity tolerant sweet sorghum varieties (ICSV 93046,
ICSV 25274, 1CSR 93034 and ICSV 25275) and hybrids
(ICSSH 28, ICSSH 58 and | CSSH 64) that are productive
in normal and saline conditions.
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Aluminum toxicity

Aluminum (Al) toxicity is a major abiotic constraint on
sorghum production and productivity worldwide
(Magalhaes et al. 2004). Moreover, over 40% of the
arable lands are acidic. Aluminum toxicity is widely
prevalent in many countries of East Africa (Tanzania,
Kenya) and Latin America (Colombia, Venezuela,
Brazil, Bolivia, Peru, etc). Aluminum in acidic soil
inhibits water and mineral uptake and consequently,
reduces plant vigor and yield. Hanning et al. (1992)
described the mechanisms of tolerance to acid soils and
indicated that it is generally controlled by polygenic
genes in crop plants. In sorghum, the AItSB locus,
located on chromosome 3, was first identified as amajor
determinant for Al tolerance in the sorghum line SC283,
explaining 80% of the phenotypic variation. Root organic
acid release into the rhizosphere resulting in the
formation of stable, non-toxic complexes with Al has
long been hypothesized as a major physiological
mechanism of tolerance via root Al exclusion in plants
(Ma et a. 2001). More recently, genes encoding root
citrate transporters belonging to the MATE (multidrug
and toxic compound extrusion) family, ie, SOMATE has
been cloned in sorghum (Magalhaes et a. 2007).
Aluminum tolerance was found to be rather rare and
present primarily in guinea and to lesser extent in
caudatum sub-populations. AltSB was found to play a
rolein Al tolerance in most of the Al tolerant accessions.
ICRISAT work in Llanos in Colombia and Cerrados in
Brazil (where Al toxicity related acidity in the soil is
predominant) established significant variability for
biomassand grainyieldin field testing. Thiswork helped
to release two high biomass forage sorghums in
Colombia (Reddy et al. 1999). Also, ICRISAT work
demonstrated that there are significant GXE interactions
in sorghum under acid soil conditions for biomass and
grainyield (Reddy and Rangel Andres 1999).

Nutritional value

Sorghum being one of the major food cropsin the world
has predominant role in meeting the dietary energy and
micronutrient requirements particularly in the low
income group populations; thus improving sorghum
nutrition quality is of paramount importance. High
genetic variability for protein content has been reported.
The best method for phenotyping for protein content is
through using Microkjeldahl method or
Techniconautoanalyser (TAA) method. A study on
limited number of germplasm lines and hybrid parentsin
sorghum did not show appreciable variability for -
carotene content in sorghum (Reddy et al. 2005a).
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Similar is the case with yellow endosperm lines wherein
the B-carotene did not exceed 1.1 ppm. For phenotyping
for this trait, spectrophotometry can be followed but
estimation using High-PerformanceLiquid Chromatography
(HPLC) gives more accurate information.

Enhancement of grainiron (Fe) and zinc (Zn) contents
is one of the major breeding objectives at ICRISAT and
elsewhere. Large-scale screening of sorghum core
germplasm accessions, hybrid parents and commercial
hybrids showed high genetic variability for grain Fe and
Zn contents and most of thisvariation isheritable (Reddy
et al. 2005a, Ashok Kumar et al. 2012). Significant
positive association exists between grain Fe and Zn
contents (r>=0.6-0.8) and it is possible to simultaneously
improve both the traits (Ashok Kumar et al. 2009, Reddy
et al. 2011). Additive gene action playssignificant rolein
conditioning the grain Zn content while non-additive
gene action is predominant for grain Fe content (Ashok
Kumar et al. 2012).

High energy sorghum

Sorghum has distinct advantage as energy sorghum
because of its high biomass production and adaptation
across semi-arid tropical environments. Hence, this crop
iswidely believed asamodel biofuel feedstock owing to
its adaptation and ease of handling segregating
generations. Sorghum biomass yields vary between 15
and 25 t ha?, but have been reported to be as high as 40 t
ha' (Rooney et al. 2007). Sorghum is avery robust plant
that not only produces high biomass but also accumul ates
large quantities of sugarsin the stalksthat can be used for
biofuel production without scarifying the grains. Sweet
sorghum or high energy sorghum can also thrive under
moderate water stress conditions (Reddy et al. 2004,
2008), on marginal lands and with little external inputs
(Rao et al. 2009). It also can be grown successfully in
degraded and marginal lands contaminated with heavy
metals (Zhuang et al. 2007). Thus, energy sorghum (both
biomass and sweet sorghum) iswell suited for land of low
productivity or at higher risk for drought or waterlogging
stress and is unlikely to replace food crops from higher-
quality land (Rao et al. 2010). Specific traits of interest
are stalk sugars accumulation, biomass yield, post-
flowering drought adaptation, water use efficiency, non-
lodging and cell wall composition. Post-flowering
drought adaptation in sorghum is associated with the
stay-green phenotype and four major QTLSs associated
with this trait were identified. In India, stay-green, tall
stature and a medium to long growth cycle have been
proven useful in selection criteria for improving dry
matter yield under terminal moisture stress. With the
availability of the sorghum genome sequence (Paterson et
al. 2009), and the recent release of a sorghum consensus
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genetic linkage map that includes major effect genes
make it feasible to associate individual genes or clusters
of genes with specific QTLs (Mace and Jordan 2010),
which greatly enhances breeding efforts. Elucidating the
genetic basis of stem sugar and stem juice accumulation,
modifying cell wall composition through bmr alleles
introgression so that sorghum biomass can be processed
more efficiently, maximizing biomass yield for a given
geographic areaand production system, and understanding
the different mechanisms underlying drought tolerance
are the main focus areas among sorghum researchers that
target bioenergy traits. As mapping populations and
collections of mutants increase, it will become easier to
identify genes of interest, and it will ultimately become
possible to identify all the genes involved in a particular
process or pathway, and know how they interact. Plant
breeding will continue to play an important role in
combining this information to generate germplasm that
will enable sustainable bioenergy production.

Fodder quality

Extensive market survey of fodder trading in India has
shown that the ratio of stover to grain priceis narrowing
and is now about 0.5 (Sharma et al. 2010). Additionally
price premiums are paid for higher quality stover and a
difference of about 1 percentage unit in stover
digestibility was associated with a price premium of
about 5% (Blummel and Rao 2006).

Phenotyping for stover fodder quality of pipelined and
release tested hybrids and open-pollinated varieties has
shown that about 5 units difference in stover digestibility
exists that can be exploited without detriment to grain
and stover yield (Blummel et al. 2010b). Price premium
for such stover is 25 to 30%. Near Infrared Spectroscopy
(NIRS) platforms were developed and validated to
phenotype for stover quality in multidimensional crop
improvement programs (Sharma et al. 2010). The dry
stalks are controlled by a simple dominant gene, D;
juicinessisrecessive (House 1985).

Stay-green QTL introgression can improve stover
digestibility by 3 to 5 percentage units without detriment
to grain and stover yields, in addition to improving
drought resistance of sorghum cultivars and their water
use efficiency. Brown mid-rib introgressions improved
stover quality similarly, but had a depressing effect on
grain and stover yields.

Fortification and densification work has shown that
sorghum stover based feed blocks, feed mash and feed
pellets have the potential to increase average milk yields
(currently <4 kg day™?) by 3- to 4-fold (12 to 16 kg day™)
(Anandan et al. 2010). The effect of such intensification
on natural resource usage and greenhouse gasemissionis
dramatic. For example an increase in average daily milk
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yield from 4 to 6 kg would reduce methane emission from
Indian dairy by more than 1 million tons per year
(Blimmel et al. 2010a).

Alternative uses

Sorghum is an important food and fodder crop in semi-
arid tropics. At present, most of the sorghum produced in
India is consumed as human food in the form of roti,
bhakri or chapathi inIndiaand ugali, kisra, injera, to, etc
in Africa. Main traditional uses of sorghum encompass
utilization of grain for food and stalks as fodder. The
possible promising alternative food products from
sorghum are bakery products, maltodextrins as fat
replacers in cookies, liquids or powder glucose, high
fructose syrup and sorbitol. Malted sorghum can be a
good alternative for baby weaning foods. Popped
sorghum and sorghum noodles, al so as breakfast or snack
foods form good alternative uses.

The industrial products made from sorghum grain
include alcohol (potable grade) and lager beer. Other
technologies such as production of glucose, maltodextrins,
high fructose syrup and cakes from sorghum are yet to be
scaled up. The juice from sweet sorghum stalks is
fermented to produce ethanol (biofuel) and other sweet
sorghum products like syrup and jaggery have received
good attention in production of food productslike sweets
and ready to serve foods.

Recently the NutriPlus Knowledge (NPK) program of
the Agribusiness and Innovation Platform (AIP) at
ICRISAT hasdemonstrated that sweet sorghum juiceand
syrup can be used as sugar alternative for meeting certain
requirements of the beverage industry (DattaMazumdar
et a. 2012). Value addition, through conversion of the
juice to syrup and beverages, offers farmers an excellent
opportunity to improve farm income and productivity in
semi-arid regions. In this study a new method to produce
clarified sweet sorghum juice was demonstrated. Further,
flavored nutritious beverage formulations, with
acceptable sensory properties were successfully devel oped
using the clarified juice and syrup.

The expert meeting held at ICRISAT discussed the
scope for various alternative uses in sorghum (CFC and
ICRISAT 2004). The solid bagasse which remains after
pressing sweet sorghum has several potential uses. One
potential use is as an animal feed source, directly after
chopping or after ensiling (Linden et a. 1987). It hasalso
been used as a source of pulp for the paper industry
(Belayachi and Delmas 1997). Another potentia use of
the bagasse is as a fuel source for the processing plant.
With the addition of asolid fuel boiler, the bagasse can be
used to provide process heat to run the plant. With its
heating value it is likely to require only 20-30% of the
available biomass to fuel the plant (Bennett and Annex
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2009). In addition, processes for conversion of
lignocellulosic material to ethanol are becoming more
economically viable, making sweet sorghum bagasse a
possible source of biomass for such a process. Studies
have demonstrated that a large portion of the insoluble
carbohydrate (cellulose and hemicellulose) from
sorghum can be readily converted to ethanol (Siposet al.
2009).

Malting and processing quality

Understanding the malting properties of sorghum
varieties and identifying varieties that yield malts with
highest levels of enzyme (o-Amylase and B-Amylase)
activity is key to adoption of sorghum in the malting
industry. Sorghum has been malted for centuries and is
used for the production of baby food and traditional
alcoholic and nonal coholic beverages. Both o-Amylase
and B-Amylase are needed to hydrolyze starch and
produce fermentabl e sugarsin these processes. However,
improvements and standardization of malting procedures
and of malt evaluation techniques need to be made.
Malting properties were investigated for 16 sorghum
varieties using a germinator method (which mimics the
pneumatic malting process) and for six sorghum varieties
using a jar method (which mimics the floor malting
process). Density of caryopses decreased for all
sorghums after malting. Dry matter losses ranged from 8
to 19%. o-Amylase activity determined by colorimetric
assay ranged from 25 to 183 U/g, with two cultivars
having activity levelssimilar to that of commercial barley
malt. Reduction in pasting viscosity was significantly
correlated with a-Amylase activity. Sorghum diastatic
(SDU) power was positively correlated to o-Amylase
activity in cultivars with SDU values >30.
B-Amylase activity was low, ranging from 11 to 41 U/g.
The jar malting method yielded malts with lower dry
matter losses and low levels of o-Amylase and
B-Amylase activity, except for one cultivar (Beta et al.
1995) Thus, to obtain the highest levels of enzyme
activity with the lowest dry matter losses, malting
conditions need to be controlled and optimized.

Summary

Sorghum improvement research has come a long way
from using simple methods like mass selection to
advanced level of selection using molecular markers for
trait improvement. Efforts are underway to use new
genomic tools for sorghum improvement facilitated by
the availability of aligned genome sequence. In addition
totheyield and quality, biotic and abiotic constraints and
the presumed climate change effects profoundly
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influence the sorghum area and its importance globally.
The climate change effects modify the length of growing
period across the sorghum regions, but this can be
mitigated to some extent by re-targeting and re-
deployment of existing germplasm. Predicted temperature
increases, through their effect on increasing rate of crop
development, will have greater negative impact on crop
production than therelatively small (+/— 10%) changesin
rainfall that are predicted to occur. Yield gap analyses at
ICRISAT and elsewhere showed that the negative
impacts of climate change can be largely mitigated
through greater adoption of improved crop, soil and
water management innovations by farmers and better
targeted crop improvement approaches by researchers,
more explicitly focused on adaptation to climate change.
Keeping al these points in view, crop improvement
research in sorghum need to be oriented towards greater
genetic and cytoplasmic diversification for high yield and
large grain, Striga, shoot fly and grain mold resistance,
drought, acid soil and salinity tolerance, postrainy season
adaptation, sweet stalk traits and grain micronutrient
density. The grain and stover quality attributes need
specia attention in sorghum improvement programs to
enhance the market value.

Combining classical breeding techniques with new
sciencetools helpsin efficient and quick development of
improved products. While the genotyping tools are
increasingly available and more affordable now,
phenotyping is not receiving equal attention in sorghum
likein other crops. One should keep in mind that without
good quality phenotyping data, the genotyping data s of
no use, no matter how it was generated. Therefore the
progress in sorghum improvement in the years to come
depends upon the quality of the phenotyping datathat we
generate for traits of interest and most appropriate use of
genomic tools available. Further enhanced collaboration
is required between IARCs (international agricultural
research centers) and NARS (national agricultura
research system) partners across the globe to make use of
new tools and information in development of improved
products.
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