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Sorghum belongs to the Family Poaceae, Subfamily Panicoideae, Supertibe Amdropogonadae, Tibe
Andropgoneae, Sibtribe Sacchanae, Genus Srghum and Species Soghum biomlor (L.) Moench.
Taxonomically t was frsdescribed by Li maeus in 1753 under thename Holcus . Originadly he de ineat &l
several species of Holcus ,some ofwhichhave been later movedto the tribe Avenae, where the generic nanme
Holas now belongs. In 1794, Moench distingui shed the genus Sorghum fom genws Holcis. It is
a grass pecies cutivated for its grain, which is used for food Hr humans, animd feed, and ethanol
production. Srghum is nave to Ethiopia Seventeen of he 25 pecis are naive to Awt nlia,wih the
rangeofsome extaxding to Africa, Asia, Meoameri ca,and certan island in e hdian and Pacific Oceas.
All the cultivated sorghum taxa of the word have been dassified by infl orescence type, grain and gumes
inb fve races (Durm, Bicolor, Caudatim, K affir and Guinea) and it ermaliates inwlvirg all ofthe pair-
wise combi naions ofthe basic races. Sorghum is onsidered as an offen cress-polinated species, with out -
crossing up © 6 % depending on the genotype and gowing condtims. There are Hur nan types of
soighum viz, Grains a ghum Forage sorghum Sweet orghum and B omass soghum. Fut is a caryopsis
(grain) partially coveredby dumes, round and bluntly pointed c onsists ofembryg endospem ard seal coat
conss tso f pericarp and testa. (bleoptilesand roas emerge fom the germinating seeds. Soighum grain is
used Orhuman ©od ard as £ed for animals; the plant stem and foliage areusad for green chap, hay, slage,
and pasture. In some aras the gem is used as bulding material, and plant remans (affer the head is
harveted) may be used for fuel. It s aC4 plant with higher photosynthetic efficiency and higher diotic
stess bleramce alaptad © a range of evironmerts aound thewoild. Itssmall genome makes sorghum an
attractive model Dr studying the fundional genomics of C4 grases. Drought plerance mdkes sorghum
especialy inportant in dry egons such as northeag Africa (its centar ofdivessity), India, and the uthem
plans of the Unital Sates. Genetic variaion Hr micromtient concertraton and ts aility o @sorb,
trnsbcate, aad accumulae higher mcaonutients n gan nikes it an inpottart maodel forbiofottificaim
researd. Its high level of nbrealing nakes t a1 dtractive asodatbn genet cs sysem. Soighuim is me o fthe
cheapeg sources of mergy ard micronutriens, axd avast nmajority ofhe popuation n sub-Saharan A frica

and India deperd a t Dr their dietary energy and micronutrient requirement. Sorghum provides more than
50 % of the dietary mia autrients, paricul arly Fe and 7h, to the low-income group, patiailarly in mral

Indiawhere both physical md ecanomic acess © mtrent4ich foals slimited. Thus, sorghumisa unique
crop with multiple uses as food, feed, Hdder, fiel, and fber. The crop improvemant methods depend m the
pollinmation @ntrd mechansms and altivar options. As nentioned eatier, soghum is a breeder-fiendly
crop. One can employ the breading netods that can be used to inprove both el1f- and cress polinated
crops with ease norghum. This & the reason why one can find sorghum pure line varieties, hybrids, and
populations & altivar options in different parts of the world. Neady all grain sorghumis harvested as a
standing crop witha combine. Combining time will deperd on the fall weather and the availabilt yofgrain
diying ficilities. Sorghumgrain can bethreshed free of the head whan the seed moisture is 20 25 p ercent.
The seal ® hysiologicdly mature ateven higher moisture levels. The grain sorghum cop can be harveged
br high-noisture grain silage. When fed o livestock, its diges tibility will be increased by grinding or
rolling. High noisture grain sorghum can be combined and ens lal when the grain is dout 25-30%
moistire. In the eaty stages of plant growth, some sorghum species may cortain levels of hydrggen
cyande, hodenine,and nitrates lethalto grazing animals. Plans stresssed by drought orheat can dso cantain
toxc lewek of cyaide andnitrates at laterstages in growth. In thi s revi ew articleon Origin, Dome gtication,
Taxonomy, Baanical Description, Genaics and Cytogenetics, Genetic Diversty, Beeding, Uses,
Nut itional Value andHealth Benefits of Sorghumare discussed.
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and reproduction in any medium, provided the origihal work is properly cited.

Citation K.RM. Swamy. 2023. “Origin, domestiation, taxonomy, botanical descripton, genetics and cytogenetics, genetic diversiy and breeding of
sorghum ( Sorghum btolor (L) Moench).” Inter natbnal Journal of Gurrent Res earch, 15,(10), 26251-26285.




26252 Swamy, Origin domestication taxonomy, botanical descripfon, genetics and cytogenetics, genetic divers iy and
breeding of sorghum (Sorghum bicolor (L.) Moench)

INTRODUCTION

Sorghum belongs to the Family Poaceae, Subfamily Panicoideae, Supertrbe Andropogonodae, Tribe Andropogoneae, Subtribe Saccharinae,
Germus Srghum ad Species Sorghum bi @lor (L.) Moench (Inspection, 2021; Wikip edia, 2023). Taxonomically it was firg descibed by
Linnaeus in 1753 underthe name Hol cus. Originally he delineaed severd species of Holais, some ofwhich havebeenlatermovedto the tibe
Avenae, where he generic nameHol/cus nowbelongs. In 1794, Moench dstinguish ed the genus Sarghum from genus Hol cus (Kumar, 201 6). The
word “ orghum” typically re€rs to ailtivate sorghum (Sorghum bicolor [L.] Moench subsp. bicolor), a member of the grass family Poaceae,
ti be Andropogoneae, and subtribe Sorghinae th is grown for its grain (grin soghum), its sugary sap (sweet sorghum) or as a forage (forage
sorghum) (OE CD, 2017). It 5 a grass species cultivated for its grain, which is used Hr food for humans, animal £ed, and ethanol producti m
(Wikipedia 2023). Seventeen ofthe 25 species are native to Australia, with the range of some extending to Africa, A sia, Mesoanerica, and
certain islands in the Indian and Pacific Oceans (Wikipedia, 2023). All the cultivaed soghum taxa of the world have been classified by
inforescence type, grmin and glunesinto five races (durra,bicolor, caudatum kaffir and guinea) an d int ermmediates nvolving all of'th e pair-wise
combinations of the basic races (de Wet, 1978; Harlan and de Wet, 1972). Srghum bicolr is comnonly known n English as boomcorn,
chicken -om, comnon wild sorghum, duma, £terita, imphee, pwar, bBrage sorghum, grain sorghum, sweet sorghum greatmille, milo, Gui nea
corn, Indian millet, chdam, jonna kafir corn, kaoliang, mtann, sweet soghum, Rhodesian Sudan grass, shallu, shattercane, sordan, sorghum,
sorghum-Sudan grass, and Sudan grass. French common names include gros mil,sorgho du Soudan,sorgho menu, and sorgho (hspection, 2021;
Wikipedia, 2023; Britannica, 2023). Local nanes in different langueges are as follows: Swahili mtama; Spanish: sorgo; French: srgho;
German: orghum; Italim: sorgo; Portuguese: sorgo; Chinese (Maxdarin) gao li éng; Japanese: morokoshi; Hindi: jwar); Arabic: al-churmh al-
sawda (Plantvillage, 2023 ). Sorghum s considered & a1 oftn crosspollinatad sp ecies, with out crossing up © 6 % dep ending on the genotype
and gowing conditions (Hariprasanna and Pati 2015). There are our main typesofsorghum viz., Grain sorghum Forage so ighum Sweet s oighum
and Biomass sorghum (Venkateswaran efa/.,219). The Hur mgjortypes of sorghumare a ollows:

Gnain Sorghum: Grain sorghum can take nany shapes and sizes from a tight-headed, round panicle © an open, droopy p anide thatcan be ot
ortal. Grain s olghum comesinred, orang e,bronze, tan,white, and Hack vareties. Red, orange or bion ze sor ghum are very versatile and can be

used in all segments ofthe sorghumin dustry. Tan, cream and white colored sorghumvarieties are typically made into four for the food industry.
Black and burgundy varieties ontain beneficial antioxid ant propetties and are usedin other food applications.

Forage Sorghum : Depending on which species axd variety s selected, sorghumcan be used for grazing pasture, hay produdion, silage and
green-cop. Forage sorghum typically grows 8-15 feet tall and is mos tpopular for use assilage for feding livestock .

Bimass Sorghum : Did youknow sorghum can beused to nake ethanol? Bomass sorghum has the largest s tature of all the sorghum varidties,
reaching aheight 0f20 et in anornnl growing sea on. Bionass rghumhas been bred to poducea larg e amount o fnon-grinbiomass. These
hybrids are wsed primarily for the production ofbioenergy .

Sweet Sorg hum: Sweet sorghum is predominantly grown for sorghum syrup.Unlike grainsorghum, sweet sorghum is har vested for the s allks
rather than the grain and is crushed like sugarcane or beetstoproduce asyrup. Sweet sorghum was once the predoninate tble sweetener in the
US. Today, swed sorghum is used as a healthy altem ative sweetener to producewhiskey and rum typeproducts aad for biofued and demicaal
production.

In Indi a the rainy season sorghum gminisused mainly as animal/poultty £ed, while the post -rainy-seasm soghum grain is usad primarily for
human consunption (Reldy, 2017). Sorghum is a tropi cal grass that is grown primarily for its grain, al though sweet sorghum (sorgo) is grown
br the sugar-ich jui ce nits sttm and broomorn s grown Hr its branch es. Sorghum produces small,round grains that are often white or red in
oolor. The scientific naming of wild and domesticated sorghum species is complicated, although the domes ticated forns are mow wually placed
in Sorghum bicolor subspecies bicolour (Evolution, 2023 ). Sorghum, a C4 grass that diverged from maize around 15 million yeas ago, s the
ffth most important cereal grown w oddwide. Sorghumis well adapted totopical and sibtropical climates,but the geaterpart ofthe areaof the
crop falls in drought-pone, semi-ard tropicalregions o fthe wodd. In thee harsh envitonmental conditions s orghum is predomin antly grown for
human consumption followed by animal feed and fodder. Sorghumcould also play an important rde in its altemate uses in brewing industry for
theproduction of ethanol, starch sd symp (Balarishna and Bhat, 2016). -Gulti vated soghum ranks ffth n worldwide cereal crop production
behind maize, rice, wheat and barley. It is a widely adapted species capable of gio wing in semiarid, su tt opical, tropical and tenperate climates.
An extensive oot system and the ability © become dormant during water steess make cultivated s orghum drought-res stant, typically requiring
only one-halfto two -hirds theanount ofrainfill as nanize (OE CD, 2017). Sorghum, a cultivated diploid 2n =20)tropical cereal C4 grass plant,
is theffth nost inportant cered crop grown in the world. It 5 a monootyledon plat of topical origin (Nagara, 2017). Sorghum is cal ed as canel
of cropsdue to the high tolemnceofwater and temperature gress and also high photosynthesis efficiency; itis consid ered as s inportant plant n
arid and semi -arid regions (Anagholi ez al.,2000).

Admas and Tesfaye (2018) described that sorghum is nativeto E thiopia aad it ha& renaikable genetic diversity asevidamcedby nany landrace
oollections nede in the country. It is well adapted © a wide range of environmental conditi ons in semi-arid Afiica. The largest diver sty of the
crop germplasm provides greater oppotunities for improvement regarding ts emnvironmental adaptability and acquining better agronomic tmits
fom the crop species. Identi fying and selecting the best varidi & meeting pecific local food and industrial requirements from this great
biadive ity is of high inpo rtance for the Hod secur ty assurance of any given ountry (Dahlberg e al.2002). Sorghums are of tro picalorigin, but
have gread al over the wodd, with currat production n many countiies induding Africa, China, Central and South Anerica India, and the
United States (USDA, 2023).

Gendicvar ability is prerequisite in the existing p opulation Dr varietal improvenent . Loss of genetic variaility leading to genetic erosion has
led © greaer emphads on gernplasm collection and character zation Dr present and future plant breedng progranmes (Prasanna, 2010).
Knowledge of genetic diversity ofacrop usually hd ps the b reederin choosing d esirable parents for the breeding programand gen e int ogressi
fom distantly related ganplasm. The more diverse gamotypes or accessions can be cossed to produ cesuperior hybrids with resistance to abiotic
and biotic stresses. Unders tanding the w ealth of geneti ¢ divesity in sorghum will ficilitate the firther inprovenent of'this crop for its genetic
arch tecture (Elangovanand Babu, 2015). I sa C, plantwith higherphotosynthetic efficiency and higher abiotic stress tolerance alapted to a
range of environments around thewodd. Its small genomemakes sorghum an attractive model ors tudying the functional genomics of C, grasses.
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Drought blerance nakes sorghum especialy inportant in diy regions suich & mortheast Africa (its center ofdiversity ), India, and the southern
plans of the United Sates. Geneticvariadion for micronutrint concertration and its aility © absorb, translocate, and acaimulate higher
mico nutrients in grmin nakes it an inportant nodel for biofortificdion research. ks high level of inbreeding makes it an atractive association
genetics system (Kumar, 2016). Srghum is a stple Hod crop fOr mil ions of poor people in the semiarid tropics of Africa and Asia.ltis one of
theimportant dryland crops grown in narginal soils and a source ofted, odder and biofuel apart fiom food. Itis a short-day C,plat, and its
easy adaptability to hot and dry agroecologi s makes it aclinate change-ompliant crop (Hariprasanna and Patil, 2015). Sorghum is thefifth most
inportant cereal crop after wheat, rice, maize, and barey acoss the world. It is mostly cultivated in the arid and sem -arid tropic for its better
adaptaion to dought, heat, salinity, and floading. It is the nmin staple food for te poorest and most food-nseare people of the world
(Prabh &kar e al.,2022). Fuit & a caryopsis (grain) partially covered by glumes, round and blunfly pointed consists of embryo; endosperm and
seed coat consists of peri carp and testa. Coleoptiles and oots emerge fom the germinating seeds (Balakrishna and Bha, 2016).

Sorghum grain is used Hr human food and as feed for animals; the plant stem and foliage are used for green chop, hay, silage, and pasture. In
some areasthe stemis used as buil ding material ,and plant emain s (after the headis harvested ) nay b e used for fuel (House, 1985). Sorghumis
one of the cheapest sources of energy and micronutrients, and a vast magjority ofthe population in sub-Saharan Africa and India depend on t Dr
thdr detary energy and micronutrient requirement. Sorghum provide more than 50 % of the di etary micronutrients, particulaly Fe aad Zn, ©
the low-ncome group, particularly in mral India where both physical and economic access to nutient-rich Hods slimted. Thus, sorghumis a
unique crop w th multiple uses as food, feed, Hdder,fuel, and fber (Kumar, 2016). The major organis ations/countries which maintainsorghum
genetic resources are the Intemational Crops Research Institute br the Sem -Arid Tropics (ICRISAT), India the National P lant Germplasm
System (NP GS)in Unital States, Ethi opia, Sudan, South Afiica, India and China, pri marily because of the larg e crop i npro venent programmes
(Reddy, 2017). The crop impro venent methads depend on the pollimton control nechansms and cultivar options. As mentioned eatier,
sorghum is a breeder-fiendly crop. One can enploy the breedng methods tha can beused to improve both self- and cross-pollinated crops with
ease insorghum. This is the reaon why onecan find orghumpure line vareties, hybrids, and p opulations as cultivar options in dfferent parts of
theworld. Ho wever, sorghum hybrids are superior topure lines and populations for yid d and other inportant agroromic traits. The dscovery of
cytoplasmic-muclear nmle gerility in sorghumhelped to produce hybrid seeds on a nmss scale using a threedine system (A, B, and R) Dr
commercial cultivaion of hybrids (Kumar, 2016). Trait-based approach for the genetic improvement of sorghum has been aopted by use of

cutting -elge technologies of plant biotechnology and mol ecularbiology © develop genotypes with improved perfornance unde stress during
crop growth and enhan ced quality ofthe produce with extended shdf li £ of seed, grain, and nov d s oghum products (Prdbhakar ef a/ ., 2022).

Nearly all grainsorghum is harvesed as a standing crop with a combine. Combining time will depend onthe fall weather and the availability of
grain drying facilities. Sorghum grain can be threshed fee of the head when the seed moisture is 2025 percent. The seed is physiologically
mature at even higher moisture levels. Frost will generally kill the top ofthe plant axd help to lower the moisture ontent. Some hybrids have a
locse, open type head which hastens fel d drying. The grainsorglum cop canbe hawested Dr high -moisture grain silage. When fed to lives ock,
its digestibility will be increased by grnding or rolling. High moi gure grainsoighum can be combined and ensiled when te gmin is about 25-
30% moi gure (Catter ¢ al, 2023). Harvest 8 done mostly byhandin devd oping countries. The panicle contd ning the grains arecut fom the
stdk when appropriate moisture content of 16-20 % is reached. Seed maturity can be recognized by the appearance ofa black spot at the
connection beween seed and plant. Threshing can then bedone either manually or mechanically. Before storing the seeds, they need to reach a
moisture content of only 10%, as higher moisture content contributes to the growth of mould as well & © the ggmination of the sceds
(Wikipedia 2023). Srghumis marketed accordng to US grin standamds in four classes: soghum white sorghum, tannin soighum, and mxed
sorghum. Thesorghumcla s cannot contain more than3 % soghumwi th apignenta testa (undermat ). Taninsoighums have a pignentedtest a
beneath the pericarp . The pigmentel tesaisseenasa dark layerbetween the 1ight endospemm and the pericap when the catyopsis is scraped to
renove the paicarp. Bleachingusing thechloox bleachtest cause the constituents inthe pericarp and testa to oxidize and gives a pranounced
black color bthe bleached kernels whilenontainin sorghumshave awhite appearance. The white class contains sorghum with a white percaip
without a pi gnmentedtesta and cannd contain more than 2% of sorghum with pignented testa or colored pericarp. Mixed sorghum contans a
bland of kernels with and without pignented testa. The US ako markets “F cod -Grade” white sorghum, a white kernd with tanplant and glume
characteristi cs. The amounts o fanthocy anin pigments th& datk ex these grains areless th an those from grainw thpurpleor red glumes (Waniska
et al., 004).

Sorghum is class ified in Noth Ameri ca according to tsuse & a grain so ghum, sweet sorghum, grass sorghum, broomecorn, or special pumpose.
The statistics presentedinthis article for sorghum refer only to the grain sorghums. Sorghum is used in North America primarily as an animal
£ed. Snmll quantities are also used or Do d manufacture (flour) and still small er quantities of sorghum are used for Hod (breads,grits, breakfist
cereals), aher use (starch), and planting seed (Lukow and McVetty, 2004). The pollen grairs germinde imnediately after contact with
receptive stigma. It is reported that sorghum polla requires light and germinates only after daybreak. The pollen tubs grow through the
stigmatic papiuac down the ovary, through style. Fertilization betw een egg-cel and sperm take place within two hours and devdops inb an
embryo (2n). Second fertili zgion occus between polar micld and spermand develops into an endosperm (3n). The s eed development reaches
physiological maturity with 30 © 40 days after fertilization. The ripeseed (gmin) o fsorghum is usud ly partially encloseal by glunes, which are
removed during threshing and/or harv esting. The shapeo fthe seed is oval to mund ad the color may be red, white, yellow, brown, orshades
thereof.1f only the pericarp is colored, he seed is usudly yellow or red. Pignent n both the pericarp andtestaare in a dark -brown or red-brown
color. The sorghu mgmain consists ofth e testa, embryo, and endosperm The see d coat cansists of the pericarp and testa. P ericarp is he out ermost
layerofthe seed and cansists ofthe epicarp, hypoderm s,mesocarp, and endocarp. The testais situated d irectly below th e endocap and encloses
theendospem. The seeds of sorghum sp ecies can be spread via wind, water, anmals, or humans (clothing, harvest machin ery, vehicles) and can
tavel tolong distan cewhen carried by birds orlivestock (Baakishnaand Bhat,2016).

The soghum crop should be harvstedinmediately afer grain maturity. The right ime for harvest is when grains becone hard and ontain les
thar 25% moisture. Generally 2 methods of harvesting i.e., stalk cut axd cutting of earheads by sickles are adopted. However , in advanced
ocountries ,sorghum havesters areused. In caseofstalk cutmethod, the gants are cut fromnear the ground level. The stalks are tied nto bundles
of convenientsizes and stacked on the threshing floor. After 2-3 days, the earheads are renoved fro mthe pl ants. In o ther nethod ,eath eads on ly
areremoved ffo mthe standing crop and collected at the thres hing floor for theshing after 3 -4 days ofsun-drying. Threshing of earhead sisdone
cither by beating them with sticks or by tramplingunder bullodk feet. Threshing & also done with the help of threshers. The tireshed grain
should be cleanedand dried n sun for 6-7 days to reduce the noisture cantent down to 13-15% for safe storage (Bd akrishnaand Bha, 2016).
Sorghum seed is easily dammged in the threshing operation, especially when the grin is dry. The combine platform shouldbe operated & high as
possibl e to mnimize the nass of stems entering he conbine. Ifnecessary, the cylinder speed can be reduced toone-halftha wed for whea ©
prevent cracking the seed. However, gain noisture willnormally be highe and faster cylinder speeds can beused. The recommended ¢/linder
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speed is 750 -1300 R.P.M. but loss determindions should be made to refine the combine adjustments. An average loss of 19-2 kernds per
square Dotisequal to onebushel per acre loss (Catter et al.,2023).

Grain sorghum can be dried with corn diying equipment. However, becaus ethe gmin is smallerin size, fans may need to beoperted athigher
staicpressure than used for corn. Also, grain sorghum needs to be sonewhat drier than corn for safe storage snce thereisless air novenent
thiough the grain. Grainshould bestored at 13% moisture and in clean bins. The grain should notbeheated over 200° F since £edingvdues are
reduced by high temperature (Catter ef al.,2023). In the eady stages ofpl ant growth, some sorghum species nny contain levels ofhydrogen
cyanide, bord mine, and nitrates lethal to grazng aimals. Plants stressed by drought or heat can also ®@ntain toxiclevels of cyanideand nitates
a later stages in growth (Wikipedia, 2023)

The globd area und er sorghum cultiv ation is estimated & 42.12 million hectares, and the produ ction of sorghum hasbeenestimated tobeat the
level 061 .38 million tonnes. India stands second globally Dr the area under sorghum cultiv ation (6.18 million h ectares)and its p roduction (5.28
million tonn es) (Balakrishna and Bhat, 2016). Sorghum is amon gthe top 10 cropsthat feed the wod d. k isthedigdary ¢aple of nore tha 500
million people n over 30 ocountries, pimaily n the developing word. It is grown o 40 m ha in more than 90 countries in Africa, Asia,
Oceania, and the Americas. The top 10sorghum producers gobally are the United States, India, Mexico,Nigeria, Sudan, Ethiopia, Australia,
Brazil, China, and Buikina Faso. Sorghum accounts Hr 6 %ofthe global coaise cereals production nthe world and is particularly well sutel to
hot ad dry agroecobgies in the world. Global sorghum productivity is low (1.4 t ha ) with wide variation in diffrent parts of the wo rld.
Although poductivity & high in the Amercas, China, and Australia, it is bw n India,Nigeia, ad Sudan (Kunmr, 2016). Broadly, the wodl d
sorghum economy oconsists of two distin ¢t poduction systems: a traditional, subsi staice, smallholder faming production system where most of
the production 5 onsuned directly as f0od (nminly in Affica and Asia) with li mited or no marketable surplus,anda modern, mechanized , high-
input, large -salesec tor where output is used largely as animal £ed (mainly in the developed countries and in Latin America). The fiture of the
sorghum econony is linked with tscomtibutionto food securityin Affia, income goowth and poverty alleviation in Asia, and the e fficient use
of waterin drought pone regions in much of the develop ed world Kumar, 2016). Sorghum bicolar 2n-2x-20) omes fifh affer wheat, maize,
rice, and barley in both area and produdion. It is one of the most important Hod crop in the semi and tropics of India, Affica. Austmlia,
Argentina, mexico . In Indiait is cultivated on large scal ein M aharashtra, Gujmat, Taml Nadu, Karn daka, Rajasthan and M.P. (Agi info, 2016).

Sorghum is the fifh mostimportant cereal crop in the world nextto nmiz, rice, wheat, and badey in terns ofboth produdion and harvested
area. It is a major food crop for more than 500 million people across A fica, Asia and Latin America, particularly br those n the semi-arid
topical regions. It is grown in droughtprone areas where severd other ags cannotreliably grow. Sorghum covered about4 0 million ha of hnd
and produced grains of ca 57.9 million metric tons (MMT). The United Staes, Nigeria and Ethiopia are the leading sorghum-producing
ocountries in the world with a total produdion of8.6, 6.7, aad 52 MMT, repectivdy. In Africa, sorghum is th e second most widely culti vated
cereal crop, only sumpassed by maize (Enyew & a/, 2021). Sorghum can be gowninlarge parts of the t emperate zone because it is an annual
crop that does not require an extremely long growing season. Today, soighum is the wordd'snumber five cereal (grass grain) cop, after maize,
whea, rice, and barley. The top producers of sorghum are the United States and Nigeria followed by Ethiopia, India, Mexico, and China
(Evolution, 2023 ). In 2021, world production of sorghum was 61 million tonne, lel by the United States with 19% ofthe tatal. India, B hicpia,
and Mexioo were secondary producers (Fig.d) (Wikipedia 2023). In this review article on Origin, Domestication, Taxonomy, Botanical
Description,Genetics and Cytogenetics, Genetic Dives ity ,Breeding, Uses, Nuti tional Value and Health Benefitsof Sorghumare discussed.
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Fig.1: Woddma p of sorghum production in2020 by country

ORIGIN AND DOMETICATION

B hiopia is the Vavilovian centers ongin/divemsity br sorghum (Vavilov, 1951). Sorghum o1 ginated inAffica, more known in Ehiopia between
5000 and 7000 yeas ago (ICRISAT, 2005). Curertly sorghum is wid dy found in the dry lowland areas of Africa, A sia (India and China), the
Anericas and Australia. It is an economically,s ocially and culturdly inportat crop gown over a widerange ofecologicd habitas in Ethioia,
in he range of 400-3000 m.a.s.l (Tesh ome et al, 2007). Then, it was distri buted alng the trad e and shippingroutes araund the African co rtirent,
and tirough the Midle Eastto India at least 3000 years ago. It ther joumeyed along the Silk Route into China It was fst taken o Noth
Anerica in the 1700-1800's through the slave trale fom West Afiica and was re-ntroduced in Affica in the late 19th century Hr comnercial
cultivaion and spread to SuthAmerica and Australia (Y tayeh, 2019).
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The ongin and early domestication of sorghum took place in Northeastern Afria, north of the Equator and eas of10° E latitude appmwo ximately
5000 yeas go.New evidaace, howev er, may place the origin & 8000 yeais before present (BP ), 3000y ears earlier thax previously thought and

10-15 ° latitude further north than had been rgported earlier, since carbonized seeds of sorghum, with consis tant radiocarbon d ates 0 8000 years

BP, were excavaed atan early Holocen earch acological site E-75-6, at NabtaPlaya, near the Egypti an-Sudanese b order. Early domestication of
sorghum occurred from Ethiopian borders exten ding west through Sudan and up to Lake Ch ad. There is great prevalence ofdiversity inthis area

as apart from the presence of the primitive race bicolor (Harlan and de Wet, 1972). It is likely that this race arose fromthe domestication of
FEt hiopicum verticilliff ooum complex some 3000 to 5000 years ago. The finding at Nabta Playa may cause some rethinking o f dates; however, it
is ot clear ifthese 8000 year old seeds were fomplants that did na shatter grains, although al tered chemical conposition would indicate me

selection. B color sorghumhas spread across much ofthe old sorghumgro wing w oid induding India. It isthe likd y progenitor of the kaoliongs

of China(Mann ef al., 1983).

The race guinea arose from bicolor with possible interaction with the wild race arundinaceum in the high rainfill arcas of West Africa. The
guinea is now the dominant sorghum of West Africa but hasspread ako aound Tanzania and Malawi. The guinea race arose nore than 2000
years ago. The race caudatum also possibly evolved from bicolor. Today, the caudatums are most dund ant fiom east Nigeta to estem Sudan
and soutiwad into Uganda. The race dura was selected fom early hicolor hat had nova into India sone 3000 yeas ago. With Arab
migration the durra noved int o Ethiopia around 615 A.D and is today t he dominant race in India, Ethi opia, th eNile Valley o fSudan, and Egypt.
Race kafir was pobably derived from bicolor but there is also evidence of association with the wild race vertid Il florum. The kafir & found
primarily in eastern and southern Africa (Mann ef al, 1983). Later sorghum found its way into the Americas afer 1850. Africa has largest
divesity o f cultivat ed an d wild sorghum.In Indi ans ubcontinent, evidence for early cereal cultivation was dis coveral at anarchaedogical site in
westem parts of Rojdi (Saurashtra) dates back to about 4500 before present (Damania, 1980) and considered to be secondary center of origin of
sorghum. Vavilov (1951 ) indicated hat Ethiopia was a center of diversty; and the center of oi gin of sorghum Harlan (1971) expanded on
Vavilov’s work and poposed thatagrianlture originatel independetly n three differentareas and that, in each case, here was a center o forigin
and several non-centers in whid activities o f domesticaion were dispersed over a spatial span of 5000 to 10000 kilo neters. Southern Eurasia,
east to India is the native of Sorghum halep ense, aperennial plant with well developed, creeping rhi zo nes, and ha been introduced as aweed to
all warm tenperate areas of the wordd (de Wet, 1978). Sorghum propinguum s another perennial with stout rhizones and o ccurs primarily in Sri
Lanka and Southern India. Itis ako found between Burma eastward to the islinds of Southestem Asia. S. bicolor has two wild subspecies
associated with it, S. Aicolor subsp. drummondii and S. biolor subsp. verticillifl orum.Sibspecies drummondii 8 an amual w eed asociatel with
both culti vated sorghums and their wild relatives. Subspecies dummondii occurs primarily in A fica and hybridizes w th subspedes Hcolor; all
wild relatives © produce shattercane typ e weeds (Balakrishnaand Bhat,2016). Sorghum origi nated in Ethopia and South Asia. The progenitor of
S. bicolar s Sorghum arundinaceum (2n=20) (Agriinfo, 2016). Sorghum is a tropical grain grown pi narily in semi-arid patts of the world. In
Afica, a major growing area runs across West Affica south of the Sahara, through Sudan, Ethiopia, and Sonmlia. Itis grown in Egypt and
Ugand a, Kenya, Tanzania, Buundi, and Zanbia. Itis an inportant cop in hdia, P akistan, Thailandin certral axd northern China, Aust ralia, in
thedri er areas of Argentina and Brazl, Venezuela, USA, France and Itay. Globally, Sorghum is cultivated in an areaof 4243 mil lionhectres
to produce 59-6) million tonnes (Balakrishna axd Bhat, 2016).

Centre of dmestication and ancient geographic distribution: Sorghum’s centre of domestication is likely he Ethiopia-Sudan region n
Notth -east Africa because the greatest plait diversity and variation in ecological habitats occurs there. Archadogical evidence suggests
sorghum was orginally cultivated around 5000 BP. Studies c onparing the morphol ogy of ancient and modern grain axd data from molecular
markers agr ee that the difierent races be classified asthe sane biological spedes. It & possible that a single domestication event occured and
tha the var bus races were derived from it. Altemativdy, nulti ple domestication events may have occured, leading to the develgpment of
diferent races tha subsajuently anastomosed into the current, extant S. Zicolor lineage (OE (D, 2017). Cultivated sorghum was transportad from
Affica to Indi a via trade routes over the Arabian Peninsula and the hdian Ocean. Durra varieties began emerging in India as the cop was
adapted to the environnental conditions and needs of people. The earlies archaeological evidence of domesticatel sorghum in Indiaisdated
around 4000 BP. Domesticated so rghum continued to be spread from India tothe P @ple’s Republic of China along overland trad e outes. In
China, the crop was adapted to tolerat e temperate conditions and vareties known as the kaoliangs were developed that are tolerant of cooler
early season temperatures. Sorghum came from Affica to Anerica relatively recently through theslave trade. Inthe United Sates, the crop has
been bred for comnercial purposes since its introdudion, resulting in the development of dwarf hybrids which are easierto cultivae on a
commercial scale (OECD, 2017). Sorghum’s adaptability to a mangeof environmental conditions allows it to be cultivaed in multiple regions
around he world with subst antially varied clinates. There are currently two nmin belts of cultivationin Africa. The northern belt ranges fromthe
Ivory Coast north to the Sah ara, and east towards Suda and Ethiopia. The races hicolor, durma, guiner and caudatum are prinmtlygrown inthis
belt. The second African sorghum bdt runsnorth to south ffom Ethiopia to South Afiica. Races grown include kafi r, bicolor and caudatum. In
India, sorghumis mainly auiltiva ed a the Deccan Plateau,with only min or produdtion innorthem India. Sorghumis produced troughout Chi m
but the core of productionisin the notthem region, especially the ares morth of the Qinling mountains, and between the Yellow and Yangtze
Rivers (House, 1985; OECD, 2017).

Sorghum is an ancient crop of African origin axd epedally important in the semiarid tropics of Africa and South Asia, with sgnificant
production dso in China, Southeast Asia, andthe Anercas. Questions regarding the time and place of itsorigin and domestication have been
long deliberated on and debated. The earliest evidence of wild s orghums comes fromhunter-gaherersinthe Sahara dating to about 8100 BC, but
theearliest known domesticated sorghum untilnow dat ed to 2000—1700 BC was repotted fom Late Harap pan India where itis not anative aop.
Recent archeo-botanical evidence, however, points toward the Eastern Sudanese savannah & acenter of origin of sorghum cultivati m
(Venkatesw aran et al., 2019).

S. bicolor onigina ed in Northeasten A fiica, where large variability in wild and cultivaed Hrims e nnins. Archaelogical evidence fiom near the
Egyptia -Sund anes eborder supports that S. bicolor was frst cultivated 8,500 to 4000 years BP. during the early Holocene period. S. bicolor
cultivaion likdy spread from Ethiopia, where t is believa domestication occurred, to Afiica, the Middle East, and India along trad eand
shipping outes over 3000 years go. Cultivation then spread fiom India to China dong the slk ute, andto southest Asia with seed moving
thiough coastal shipping routes. S. bicolor wa introduced into the Unital States (U.S.) for commercial cultivaion from No rth Africa, South
Afica, and India through theslave-trade attheend ofthe 19th centuty. S. biwlor cultivation n South America and Austrdia becane substantial
beginning aound 1950. Currently, S. biwlor iswidely cultivated ind1y areas ofAfrica, Asia, he Americas, Europe, and A wstralia. Sorghum is
cultivaed betwean the latitudes of 50°N in Noth America and Russia and 40°S in Argentina (Vavilov, 1951; Harlan and De Wet, 1972;
Inspection, 2021). There is little information onthe cultivation of S. bicolor in Canada b ecause production is mi nimal. Canad ian fiel d tials were
conductad in the 1970s and 1980s assessing t he suitability of domest icated sorghumas a crop. Interestin S. bicolor Br forage, grain production
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and we Or bioenergy has incres ed in thepastdecade, epecialy in Southwestem Ontari 0 and Qudec. Approxi mately 5,000 © 8,000 acres of S.
biolor aregrown annually in eastem Canada axd production and demonstration plots have alsobeen planted in western Canala. On margin al
land in eastem Ontaro, forage sorghum hybrid CFH-30 was gown & 1.1 million plants per hectare and yielded 14.5 Mg/ha/year
(megagrans/ha/year)inone study and 1.6to 4.8 Mg/ha/year in another udy where crop establishment was poor. For ethanol arops,a studywith
three sweet sorghum varieties and four planting densities showed a production potential of up to 16 Mgha (with cv. Bulldozer' ) and sugar
content as high as 2 Brix (with ov.'Sugamgraze). Yields canran ge considerably among sites and years Inpection, 2021). Ethiopia is the cent er
oforigin Dr sorghum where the distinct agro-ecolegical zons significantly contributed to the genetic divesity of the crops. A large number of
sorghum lan drace accessions have been conserval ex situ. Molecular characterization of this diverse gernplasm can contribute to its e ficient
conserv ation and utilization in thebreeding prograns (Enyew ef a/.,2021 ). Sorghums are oftropical origin, but havespreal alloverthe world,
with curreat production in nany counties including Afiica, China, Central and Suth America, India, and the United Sates (USDA, 2023).
Originating in Africa andsubsequently spreading todifferent continents, sorghum has experienced nultipl e onsets of donestication and
intensive breedi ng selection for various end uses (Wu e a/, 2022). Sorghum was domesticated fiom it s wild ancestor nore than 5,000 years
ago in what is today Suda . The newest evidence cones froman archaecological site near Kassalain Eastern Sud a1, dating from 3500 to 3000
BC, and is associated with the Neolithic Buwana Group culture. It was the stgple food ofthe kingdom of Alodia Wikipedia, 2023). Sorghum
characterised by a tremendous anounto f morphological v ariability is leading to dispute even n the area of greatestdivesity. Vavilov placed its
origin in the northeast Afiica. There is evidence of sorghum in Assyra by M0 BC and in India and Europe by first AD. Domes tication of
sorghum is believed to have commenced in the areacomprising Ethiopia and Egypt around 3000 BC. It is offen accepted that he racesof durra,
guinea and caffra were derived fom S.aethiopicum, S.armdinaceum and S.verticilliforum respectively, as progenitors. Caffra is commo n in
southern centrd (Batu) Afiica, caudatums n central Sudan and guiner in West Africa (Pallavi, 2023). Sorghum probably moved ait of Africa
to India and Chinathrough sailing ships. Evidaice suggets that sorghum was establishedin India before the i me of Chrig but not eadier than
1500 BC. Cultiv g¢ed soghums were first introduced to America and Austrlia dout 100 years ago. Sorghum was introduced into he Middk
East and Mediterranean areas fom Ethiopia and Egypt. The major sorghum pro ducing areas today ind ude the GreatP lains o fNorth America,
Sub-Saharan Afiica, Northeastern China, Dec can Plateau of India, Argentina, Nigeta, Egypt and Mexico. The USSR, France and Spain are the
leading sorghum pmo ducing countries in Europe (Pallavi,2023).

Sorghum origina ed in Africa, and is now cultivat ed widely in tropical and subtropical rgions (Wikipalia, 2023). The plat likely originated in
Aftica, where it is a major Hod crop, and has numerous vareties, including grain sorghums, used for food; grass sorghums, gown for hay and
Ddder; and boo nrorn,used in making brooms and brushes (Britannica, 123). Scientists thi nk that so ighum was domesticated froma wild form
of sorghum more than 5000 y ears ago in the region of present-day Sudan. Gulti vation of sorghum later spread to other regions, including India,
otherparts of Africa, East Asia,and the Mediterran ean region, before sorghum was bought to the Americas (Evolution, 2023 ).

The fist archaeological remnants of sorghum are at Nabta Playa an the Upper Nile, c. 8000 BC. However, these are wild sorghum, with small
grains and a brittle rachis . Sorghum was donesticatal fromits wild ancestor more than 5,000 years ago in what is today Sudan. The newest
evidence comes flom an archaeological sitenear Kassala n eastern Sidan, dating from 3500 to 3000 BC, and is associated with the
neolithic Butana G oup culture. It was the staple food of the kingdom of Al odia. And mo & Sub -Saharan cultures priorto European c doni dism.
Sorghum grain cannot be consumed unless the indigestible husk is removed. During thetransatlantic slave tmde, "the only way to removethe
husk was by haad, with mortar and pestl e." Inthe United States ensl aved women did most o fthe work in preparing e sorghum and were tasked
with cleaning the grain and tuming it nto four. Sorghumin the United Sates was first recorded by Ben Franklin in 1757. Some varieties of
sorghum were important to the sugar trade. In 1857 James F.C. Hyde wrote, "Few subjects are of greater impotance to 5, & a people,than the
producing of sugar, for no country in the wold c msumes so nuch asthe United States, in poportion to its population." The priceof sugar was
nsing because of decreased productionin the British West Indies and nore demand for confectioner and fruit preserves, andthe Unitel Sates
was actively searching for a sugar plant that could be produced in northem states. The "Chnese sugar-cane" as it was called was viewed as a
plaat that would be productive and high-yidding n that region. In 19th-century Bhiopia, dura was "often the first cop sown on newly
cultiva ed land",expl aining that this cered d id notrequirethe thorough ploughing dher cropsdid, and its roots not only d ecomposed irto a good
£rtilizer, but they ako helped to bred upthe soil while not exhau ging he subsoil.In 19th -century European accaunts, nany would wse the term
"millet "to refer to both pearl nillet and sorghum (Wikipedia, 2023).

TAXONOMY

Sorghum was first describel by Linnaeus (1753) under the name Ho laus. Adansonusedthe name Sorghum asan altenative or Holcus.Moench
later separated the genus Sorghum from genus Hol cus (Clayton, 1961). Originally he delineated s everal species of Hol cus, some of which have
been later moved © the tibe Avenae, where e generic name Holcus now belongs. In 17%, Moench distinguishal the genus Srghum fom
genus Holcus (Kumar, 201 6). Sorghumis class fied und er he fimily Poaceae, tibe Andropogon eae, subtribe So rghinae, genus Srghum Moench
and Species Sorghum bicolor (L.) Moench. . Some authors futher divided the gemus into five subgenera sorghum, chaetosorghum,
heterosorghum , parasorghum, and stiposorghum. Vaiation within these fve subgenera except the subgenera sorghum has been des cibed.
Sorghum bi ®lorsubspp. bicolor contains al ofthe cultivated sorghuns (Kumar, 201 6). Sorghum has been variously dassifed. h 1737 Linmeus
descibed two species of sorghum one as Hol cus qlumis gabris and the other as Holous glumis villosis. Snowden (1936,1955) descibal 31
cultiva ed species and 17 reld ed wild specis. Smowden recognizal that te cultivated sorghums could be considered races of one vast pecies,
but he gave species statusto the 48 diflerent typ & to stress the fict that they are well defined by a nunber of distinct characters. At presenthis
species aremore appropriately cansidered to be races of one pecies. Snowden (1936) late subdividal the sorghums into the following section s
subsections, and seres, leaving Sorghastrum as a separate gerus to contain nore distinct types. Celarier 1959) and De Wet (1978) gave the
bllowing five sections of Sorghum: Stiposorghum, Paras orghum, Eusorghum, Heterosorghum, Chaetosorghum. Sorghum ©mprises
approximaely 25 speacies, and is divided into five subgmera: Chadosorghum, Heterosorghum , Parasorghum, Stiposorghum, and Eusorghum .
In addition to S. bicolor, the subgenus Eus orghum contdns the agonomially-inpottant species Sorghum propinguum (Kunth) Hitchc. and
Sorghum hale ense L. (Pers.)(derived fiom past hybridizations betw een S. bi@lor axd S. propinquum (Imspection ,2021).

Currently, S. bicolor has three recagnized subspecies: swsp. biwlor ,subsp. vertcilliflorum (Steud.) de WetexWiesema& J.Dahlb,and sibsp.
drummondii (Steud.) de Wet ex Davidse. The subspecies Acolor indudes the domesticated sorghum used Br gmin. It is d vid e based on floral
mo1p hology into five interfertile races (biwlor, kafir, caudatum, durra, and guinea)that can poduce 10 intermediate races. Wild typ & of S.
biolor areincluded in the subspecies verticilliflorum. Annud weedy derivatives arising from the hybridization of donesticated sorghum and
subspecies vertcilliforum nmke up he subspecies drummondii. The intergrades of the subspecies drummondii are highly variable due © gene
segregation an dinclude s hattercane (@ feral orm) and Sudan gras (Inspection, 2021).
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The word “sorghum” typically refers to cultivated sorghum (Sorghum bicolor [L.] Moench subsp. bicolor), a member of the grass famly
Poaeae, tibe Andropogon eae, and subtribe Sorghinae that is grown for its grmin (grainsorghum), its sugary sap (sweetsorghum) oras a Prage
(forage sorghum) (Fig.2) (OECD, 2017).

Gnin sorghum sweet sorghum forage sorgh um
Fig. 2.Types of SHrghum

Cultivated sorghum is only one nember of the genus srghum, nade up of 25 species and separded into five taxonomic sections
Chaaosorghum, Heterosorghum, Parasorghum, Stposorghum and Fusorghum. Agronomically impotant Eusorghum secies and include
cultivated sorghum, its wild progenitor(Sorghum bicolor [L.] Moench subsp. verticill iforum [Steud.] de Wet ex Wiersema & J. Dahlb.), Sidan
grass (Orghum bicolor notho subsp. drummondii [Steud.]de Wet ex Davidse), and weedy relaives such as Johnsongrass (Sorghum halepense
[L.] Pers.), shattercane (a feral form ofSorghum bicolor notho subsp. drummondii [Steud.] de Wet ex Davidse) and S. propinquum Kunth)
Hitchc. The division of cultivated sorghum into subspecies and races over the past century has been so mewhat archac, with nany competing
classifications that are not properly validated (OECD, 2017). Synonyms are offen used even at the species level. One such example is the
ongoing use of Sorghum caffrorum and Sorghum wlgare by agencies throughout the world © indicate Sorghum bicolor. Competing nanes and
prioritis were considered and three subsped es were validated Dr S. bicolor: S. bicolor ubsp. bicolor, S. bicolor subsp. verticilliflorum aad S.
biolor subsp. dummondii.S. bicolour subsp. biolor ®mprise the cultivated sorghums; S. bicolor subsp. verticilliflorum compi ses amual
wild relatives of cul tivated s orghum nativeto Africa, Madag ascar,th e Mascarenes, and introdu ced v arieties to India, Austrd iaand the A nericas;
S. biwlor subsp. drummondii comprises annual weedy derwatives arsing flom hybridisaion of cultivated sorghum and S. bicolor subsp
vertcilliflorum (OECD, 2017).

Parasorghum indudes five species (S. grande, S ldo dadum, S. matarankense, S. nitidum, and S. imorens e);

Stposorghum contains 10 species (S. amplum, S. angustum , S. brachypodum , S. bulbosum, S. ecarinatum, S. exstaus, S. int erjectum, S. intr ans, S.
plunosum and S. stipoideum), Chaetosorghum (S. macrospermum) and Heterosorghum (Slaxiflorum) are monotypic (Lazarides & al., 1991).
Harlan and de Wet (1972) and de Wet (1978) further classified and reco gnized three species in the subgenera Eus orghum (S. halepense S.
propinquum, and S. bicolor ) representing all annual wild, weedy and cultivated taxa. S. bicolor firther dividedirnto three subspecies S. bicolor
subsp. Hcolor, dummondii and verticilliforum de Wet, 1978; Mann et al ., 1983 ). Sorghum halep ense and Sorghum propinquum arewild
sorghums, and Sorghum bicolor subsp. drummondii and vertcillifl orum are annua weeds. Srghum bi color subsp. bicolor ontains dl the
cultivat ed so ghums.

It was believad that there were 20 to 30 species of genus Sorghum tha are recognized until now, and thee are classfied into five sections
stposorghum parasorghum, eu-sorghum, het erosorghum and chaetosorghum . Under the section ai-sorghum, three pecies are recognized: S
halepanse (L.) Pers. occurring in India, S. propimquum (Kunth) Hitchc Hund in Sutheast Asia and S. bicolor (L.) Moench, whi ch originated in
Afiica (De Wet, 1978). All classified under genus Sorghum. De Wefts reco gnized S. biolor (L.) Moench representing all annud anltivated ,wild
and weedy sorghuns along with two rhizomatous taxa, S. halepense aad S. propinguum . All types ofthe S. biwlor (the primitives) prop azated
with seeds excep tthe thizomatous taxa’s which reproduces through both seed axd rhizo neproduction. Sorghum bicolo rwas furt her broke down
in three subspecies: S. bicolor sub sp biwlor, S. biwlor b sp drummondii and S. bi @lor b sp verticilliflorum. The cultivaded sorghuns are
classified & S. Hcolor sub P bicolor and reprs ented by aronomic types such & gmin orghum, swedsoghum, Sudan grass and broomcorn
(Wikipedia 2023)

Sorghum or boonrorn 5 a genus of about 25 species offowering plaats n the gmss family (Poaceae). Some of these species are gown
as cereals Br human consumption, in pastures Dr animas as Ddder, and as bristles for biooms. Sorghum grain & a nutritious food rich
in protein, detary fiber, B vitamins, and minerals Seventeen o fthe 25 species are naiv eto Australia, with e mngeof somee xtending to Afiica,
Asia, Mesoanerica,and cettainislands in the Indian and Pacific Oceas (Wikipedia, 2023).

Synony ms for Sorghum bicolor are nunerous (Table 1) (Inspection, 2021).

Table 1. Synonymsf or Sorghum bi color

1)  Andropogon arundinaceus Willd.
2)  Andropogon drummondii Stud.
3)  Andropogon sorghum (L.) Brot.
4)  Andropogon stapfi Hook f.

S)  Andropogon subglabrescens Stud.
6)  Andropogon ver trcillif orus Stud.
7)  Holcus bicolor L.

8)  Holcus cernuus Ad.

9)  Holcus dochna Forssk

10)  Holcus durra Forssk

11)  Holcus saccharatus L.
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12)  Holcus sorghum L.

13)  Milium nigricans Ruz & Pav.

14)  Panicum caffrorum Retz

15)  Rhaphis arundinacea Desv.

16)  Sorghum aet hiopicum (Hack)) Rupr. ex Stpf
17)  Sorghum arundinaceum (Desv.) Stapf

18)  Sorghum basutorum Snowden

19)  Sorghum brevi carinatum Snowden

20)  Sorghum caffiorum (Thunb.) P. Beauv.

21)  Sorghum caudatum (Hack.) S tapf

22)  Sorghum cernuum (Ard.)Host

23)  Sorghum cons picuum Snowden

24)  Sorghum cor iaceum Snowddn

25)  Sorghumdochna (Forssk) Snowden

26)  Sorghum x drummondii (Steud.) Millsp. & Chase
27)  Sorghumdurra (Forssk) Stapf

28) Sorghumel egans (Korn.) Snowden

29)  Sorghum gambicum Snowden

30) Sorghum guineens e Sapf

31) Sorghum hewisonii (Piper) Longky

32)  Sorghumjaponicum (Hack.) Roshev.

33)  Sorghumlanceol atum Stpf

34)  Sorghum macrochaeta Snowden

35)  Sorghum margaritferum Sapf

36) Sorghummelaleucum Stpf

37)  Sorghum melltum Snowden

38) Sorghum membranaceum Chov.

39)  Sorghum miliforme (Hack.) Snowden

40)  Sorghum nervosum Bessa ex Schult. & Schult. f.
41)  Sorghum nigricans (Ruiz& Pav.) Snowden
42)  Sorghumnilotcum (Stapf ex Piper) Snowden
43)  Sorghum notabik Snowden

44)  Sorghum pugioniplium Snowden

45)  Sorghum roxburghii Sapf

46)  Sorghum sacchar atum (L) Moench

47)  Sorghum simulans Snowden

48)  Sorghum splendidum (Hack.) Snowden

49)  Sorghumstapfi (Hook. f.) C. E. C. Fsch.
50)  Sorghum subglabres cens (Steud.) Schweinf & Asch.
51) Sorghumsudanense Piper) Sapf.

52) Sorghumtechnicum Batt.& Trab.

53)  Sorghum us ambarens e Snowden

54)  Sorghum ver ticillif orum (Steud.) Stapf

55)  Sorghumvirgaum (Hack) Stapf

56)  Sorghumvogelianum Piper) Sapf

57)  Sorghum vul gare Pers.

Synonym s (100) for Sorghum bicolor are givenin Table 2 Wikipedia, 2023)

Table 2.Synonyms for Sorghum bicolor

1) Agrosts nigreans (Ruiz & Pav.) Poir.
2) Andropogon besser i Kunth

3) Andropogon bicolor (L.) R oxb.

4) Andropogon caffrorum (Thunb.) Kunth
5) Andropogon compactus Brot.

6) Andropogon dulcis Burm.f.

7) Andropogon niger (Ard.) Kunth

8) Andropogon sacchar atrus Kunth

9) Andropogon sacchar atus (L.) R aspail
10) Andropogon sorghum (L.) Brot.

11) Andropogon subglabrescens Seud.
12) Andropogon truchmenorum Walp.
13) Andropogon usorum Seud.

14) Andropogon vulgare (Pers.)Balansa
15) Andropogon vulgaris Raspail

16) Hol cus arduinii J. EGmel.

17) Hol cus bicolor L.

18) Hol cus cafer Ard.

19) Hol cus caf fiorum (Retz.) Thunb.

20) Hol cus cernuus Ard.

21) Hol cus cernuus Muhl. nom. illeg.
22) Holcus cernuus Willd. non. ilkg.
23) Hol cus compactus lam .

24) Hol cus dochna Forssk

25) Hol cus dora Mieg

26) Hol cus duna J.EGmel.
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27) Hol cus durra Forssk

28) Hol cus niger Ard.

29) Hol cus niger rimus Ard.

30) Hol cus rubens Gaertn.

31) Hol cus saccharatus var. ec hnicus (Korn.) Faw.
32) Hol cus sorghum L.

33) Hol cus sorghum Brot. nom. illeg.

34) Milium bicolor (L.) Cav.

35) Milium compactum (Lam.) Cav.

36) Milium maxi mum Cav.

37) Milium nigricans Ruz & Pav.

38) Milium sorghum (L.) C av.

39) Panicum caffrorum Retz

40) Pani cum frumentaceum Salid. nom. ilkg.
41) Rhaphis sorghum (L.) R oberty

42) Sorghum abys sintum (Hack.) Chiov. nom. ilkg.
43) Sorghum ankolib (Hack.) S tapf

44) Sorghum anomalum Des v.

45) Sorghum arduinii (Gmel.) J.Jxq.

46) Sorghum bas ipltatum Chov.

47) Sorghum bas utorum Snowden

48) Sorghum caf fiorum (Retz.) P.Beauv.

49) Sorghum campanum Ten. & Guss.

50) Sorghum caudatum (Hack.) S tapf

51) Sorghum ce ntroplicatum Chov.

52) Sorghum cernuum (Ard.) Host

53) Sorghum compact um lag.

54) Sorghum cons picuum Snowden

55) Sorghum cor iaceum Snowdn

56) Sorghum dochna (Forssk) Snowden

57) Sorghum dora Mieg) Cuoco

58) Sorghum dul cicaul e Snowden

59) Sorghum dur a Gri seb.

60) Sorghum durra (Forssk) Batt. & Trab.

61) Sorghum el egans (Korn.) Snowden

62) Sorghum eplicatum Chov.

63) Sorghum ex ser tum Snowden

64) Sorghum gambicum Snowden

65) Sorghum gi ganteum Edgew .

66) Sorghum glabrescens (Steud.) Schweinf. & Asch.
67) Sorghum glycychy lum Pass.

68) Sorghum guineens e Sapf

69) Sorghum japonicum (Hack.) Roshev.

70) Sorghum margaritferum Sapf

71) Sorghum medioplicatum Chov.

72) Sorghum melaleucum Sapf

73) Sorghum melanocarpum Huber

74) Sorghum mellitum Snowden

75) Sorghum membranaceum Chov.

76) Sorghum miliforme (Hack.) Snowden

77) Sorghum nankinense Huber

78) Sorghum ner vosum Bessa ex Schult. & Schult.f.
79) Sorghum ner vosum Chbv. nom. ilkg.

80) Sorghum nigricans (Ruiz& Pav.) Snowden
81) Sorghum nigrum (Ard.) Roan. & Schult.

82) Sorghum notabik Snowden

83) Sorghum pallilum Chov. nom. ilkg.

84) Sorghum papyrascens Stapf

85) Sorghum rigidum Snowden

86) Sorghumrolli Chov.

87) Sorghum roxburghii var. hians (Hook.f.) Stpf
88) Sorghum s acchar atum Host nom. ilkg.

89) Sorghum s acchar atum (L.) Pers . nan. ilkg.
90) Sorghum s ativum (Hack)) Batt. & Trab.

91) Sorghum s chimperi (Hack) Chiov. nom. ilkg.
92) Sorghum s imulans Snowden

93) Sorghum s plendidum (Hack) Snowden

94) Sorghum s ubglabres cens (Steud.) Schweinf & Asch.
95) Sorghum tatarcum Huber

96) Sorghum techni cum (Korn.) Batt. & Trab.

97) Sorghum techni cum (Korn.) R oshev.

98) Sorghum truchmenorum K.Koch

99) Sorghum us orum Nees Sorghumvulgare Pers. nom. ilkg.

All the cutivated sorghum taxa ofthe woild have been classified by inflorscence type, grain and glunes into fiveraces (duma, bicolor,
caudatum, kaffir and guinea) and int ermediates involving all ofth e pair-wise combinations of the basic mces (de Wet, 19 78; Harlanand deWet,
1972). The entire races were difErentiated morphologically based on thdr inflorescence, grain and gumes. The race biwlor has its grain
clong ated, with glumes clasping th e grain, which nay be ompletdy covered or exposed. This race is mostly grown west ofthe Riff valley and
also n a mnor sale almost everywh erein Afica.
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Guinea is pimarily West African with a secordary centre n Malawi and Tanzania. The grinis flattened dorso-ventmally, twisting at naturty 90
degrees betwea glumes that are nearly as long as orlonger than the gran. The @wudatum grinis asymnetrical, with g hmes halfthelength of
the grain or less. This race is most abundant in east Nigeria, Sudan and Uganda. Kafir s mostly a race ofeast and Southern Afica. It has
symmetrical gmin, with gluines of varisble length clasping the grain. Dwrra s dominant in Ehiopia and westward across the continent, covering
the dries t parts near he Sahara Itsgrain 5 ounded aad the gunes are very wide (House, 1985). There are fve basic races and ten intermediate
races under cultivated taxa ba ed m fin damental s pilk det types (Haipr sanna and Patil, 2015).

For many years, sorghum breeders have classified cultivat ed sorghuminto races or working groups according to norp hological characteristics. A
system was then developed dividing cultivaed sorghuminto fivebasic nt erfertile races (&icolor, kafir, caudatum, durra and guin &) and ten
inernedi ate races, baed on floral momp hology. This d assificat ion system was wi dely adopted. A more detailed description o fthe characternistics
ofeach of the fivemain races of cultivated sorghum can be ound in Table3.Diagams ofspikelet and head types ofthe mcesare givenin Fig. 3
(Snowden, 1936; Harlan and de Wet, 1972; OECD, 2017).

Table 3. Sorghum race characteris fics

Brolor: Open inflores ences with pendulous branches. Long clasping glimes. Ellipiic grain.

Guinea: Lage, open mflores@nces with pendulous branches. Long, separated glunes that expose grains. Obliquely twisted gra ins.
Durra: Compact infloescences. Flat, ovate shaped sessile spilelets. Middle-ceased lower glunes. Distinct texture of tip of lowa glume.
Caudatum: Compact to open infloescences. Grains with one side flat, opposte side curved. Shorta glumes that expose gains.

Kafir: Moderately compact, ¢y lindrial inflorescences. Ellptic spilelets. Tighty clasping, bong glumes.

Tl s [arrn £ andgas
15 i FLRREL ) AR R ] [ sl 513347

Fig.3: Variations in panicle mo rplology of thefive primary soighum racesin the association m apping panel: IS 608 has semi-compad
panicles; IS 7250 hasloose mnicles ; 1S4631, IS4092 and IS 12937 have compact panicles

Harlan and de Wet (1972) dev eloped a simplified classification of cultivatal soghum that poved to be of real practicd utiity Hr sorghum
researches. They dassified Sorghum bicolor (L) Moen ch,subspp. biwlor into fivebasic and ten hybrd races (Tabl 4 ).

Table 4. Fve basic and ten hybrid races of Sorghum

Basic races Intermediate/hybrid races

1. Race bicolor (B) 6. Race guinea-biolor (GB)

2. Race guinea (G) 7. Race caudatum-bicolor (CB)
3. Race caudatum (C) 8. Race kafir-biolor (KB)

4, Race kafir K) 9. Race durra-bicolor (DB)

5. Race durra(D) 10. Race guinea-caudatum (GC)

11. Race guinea-kafir GK)

12. Race guinea-durra GD)
13. Race kafir-caudatum (KC)
14. Race durra-caudatum (DC)
15. Race kafir-durra KD)

The descriptors for five basic racesin sorghumare given in Table S and Fig. 4 (Harlan and de Wet, 1972).

Table 5. Descriptors for five basic racesof Sorghum

1. Biolor: Grain elongate, sometimes slightly obovate, nearly symmetrical dorsoventrally, glumes clasping the grain, which may be completely
covered or exposed asmuch as one-fourth of its bngth at the tip, pilelets persisent.

2. Guinea: Grain flattened dorsoventrally, sub-lenticubr in outlhe, twising at maturity rearly 90° between gaping involue glumes that are
nearly as longas to longer than the gain. They are easily distinguishable by tle presence of opn glunes.

3. Cawdatum: Grain makedly ymmetrical, theside next to the lower glume flat or inextreme cas es somew hat concave, the opposite side rounded
and bulging, the persisent style dten at the tip ofa beak pointng towards thelower glume, glumes half the length of the grain @ less.

4. Kafir: Grain approximately ymmetrical, more or less splerial, glumes clasping and vaiable in kngth.

5. Durra: Grain rounded obovate, wedge -shaped at the base and broade s slightly above themiddle; glunes very wide,the tip of a different texture
from the lase andoften with a trans vase aease aross the middle.
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All 15 races ofcultivaed sorghum can be idatified by mature pikelets alone, althoughhead type is sonetimes helpfil. This classification is
clear and simple and practcally all of the variation in ailtivated sorghum can be acounted Br by the five basicraces and their internedate
combinations. The ntermediate races involving guinea, Br exampl ¢, have gumes tha en partially and seedstha twist moticeably, butna =
much as n pure guinea . hternediate races involving caudatum have symmetr cal seeds,but the character is not as fully expressed as in pure
caudamm . Other intermediate conbinationscan be recognized in a sinilar nanner. The nethod is so sensitive thateven three-way and possibly
bur-way combinations can also be reognized, but hese are wually produds of nodern plant breeding and not part of the variation of
indgenous varieties. [fthey occurin signi ficat nunbers, they could be best treated assubraces of the main races (Hatan andde Wet, 1972)

The distinguishing characteristics ofthe five int erfertile domesticated s orghumraces are given in Table 6 (Harlan and De Wet 1972; Inspection
2021).

Table & Characteris tics of d o mesticated sorghum races

Race Distinct Ch aracteristics

Open inflorescences with pendul ous banc hes
Long, clasping glumes

Relatively small andelliptc grains

Moderately compact, ¢ylindreal inflorescences
Ellpticspilelets

Tightly clasping, bng glumes

Compact to open inflaes@nces

Grains with one side fht, opposite side curved
Shorter glumes that expos e grains

Bicolor

Kafr

Caudatim

Compact inflorescences

Fht, ovate shaped ses sik spikelets

Middk -creased lover glune

Distinct texture on tip of lower glune

Large, open infloresce nce s with pendulous branc hes
Long, separated glumes that expose grains
Obliquely twisted grains

Durra

Guinea

BOTANCAL DESCRI PTION

Gowth Stages : Recagnizing the key developmentd stages of sorghumcan aid n making critical management decisions. The stag & arebased
on sorghum structures as they develg over he lif ofthe plart. A sorghum plat has 1 0 offici al stages of gowth and developnent,starting with
emer gence — Stage 0 — and ending with he physiological maturity of the grain, Stage 9 (Fig. 5) (GD,2023). Durning the vegetative stae ofthe
sorghum plant, thenumber of leaves isofien used to determine the sage of the plant Grain sorghum leaves are numbered by caunting the ful ly
expanded leaves that have a devd oped collar. When counting leaves, keep n mind that the first leafis short with arounded tip and leaves
alternae fomone side ofthe salk © the other. Once soghum has produced approximately five fully expanded leaves, counting can become
dificult because lower leaves will die and fall off the plant . For instance, the first leaf likely will fall off the plant within 25 days of emergence
(GD, 2023).
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VEGETATIVE _ GRAIN-FILLING
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Fig. 5 Stages of growth in Sorghum
The fol lowing are des criptions of each growth stage along with timely management suggestions (Fig. 6) (GD,2023):

Stage 0: Emergence: Theplant is visibl e when the first leaf known as the coleoptile laf, breaksthrough the il surface. The leoptile leaf is
shorter than the lat er emerging leaves and has a rounded leaf tip . Emergence tine can range from three to 14 days, dgending largdy onsoil
tenperature, noi gure, seedng depth and seedlingvigor.

Stage 1: Three-Leaf: Thecolar ofthe thirdleafis visble. Notetha one a leaf scollar Hrms, the leaf no longer expands. This stage ocairs 10
to 15 days afer emergence, depending on w eather conditions, whenthe pgantis typically 3 04 inches td 1.

Stage 2: Five-Leaf: The collar of the fifh fully expanded leafisvisible and the growing point is at or just bd ow the soil surface. This stage
occurs appwo ximately 20 to 25 days afier energence when the plantis 7 to 9 nches tall. Farmers shouldapply most p ost-energernt herbiddes at
orbefore this time Sid edress fertilizer applications are best made atthis stage or within the Hllowing 10 to 15 days.

Stage 3: Growing Point Differentiation (GPD): The pantis entering arapid period of growth. The growing point can be found just above the
ground by splitting the stalk, and the number of seeds per head will be detemmined over the nextcouple of weeks. This stage typically occus 30
to 40 days after emergence, whenthe plant 8 12to 15 inches tall . At this stage, ane ortwo ofthe botto m leaves may have falen o ff and tilles
may be present at the base o f the pl ant. P 1 or to GPD, the plant can withstand considemble stres s with minimum effect on yield. How ever, stres
during GPD can affect the p otential number of seed s per head atflowering. Stage3isa key time to apply irrigation if so il moisture conditi ors are
dry and irrigation is available.

Stage 4: Flag Leaf Visible: The last leaf to emerge prior to heading & called the flag leaf, which is shoter than the preceding leaves. The
sorghum plantis in the fag leaf stage when the leaftip & visible in the whod . The lasttwo or three leaves will filly expand during this period.
Typically, the plant progresses from the flag leafto the oot stage n 5 © 7 days.

Stage 5:Boot: The boot stage is when the sorghum panicle, also known as the head, is in the flag leaf sheath and can be seen @& a tulge or
swelling. Leaf collars ofall leavesare visible, and thepanide ispush ed up through theflag leaf collar by the upper std k, known as the p eduncle.
Thelength ofthe peduncle can beaffcted by stressatthis ime and is influmced by hybrid genetics. With most g ra nsorghumhy trids,theboot
stage ooccurs approximately 50 © 60 days afer energence. Moisture and heat stress during the boot stege and for the next 14 days wil
significantly low eryield. The plant progresses fomthe boat stage o the heading stage in 3 © 5 days.

Heading (Not An Officid Stage): Heading occurs when the panicle becones visible as it emerges fiom the flag leaf sheath. Sorghum is
oonsidered “headed” when 50 % of the panicles n a field arevisibl e. The plant can progres from heading to mid-bloom very quickly . In fact,
some hybrids begin bloo ming as on as he panicle has compl etely emer ged from the leaf sheath.

Stage 6: Howering : Howering or bloomi ng is themostcrtical stage n te lif of the sorghum plant. Aplant begins flowering fiom thetg of
thepanid e and progresses d ow nward. A field of sorghumis in the fowering stage when boomin gh as progressed hadfway downthe panide in
50% of the plants. At thisstage, the peduncle 5 «ill elongating, and it typically takes 4 to 9 days for a singlepanid e to @mplete he flowering
proces. Hybrids are rated ontheir naturity largely basedon the length of time theplant takes o reach the flowerings tage.

Milk (Not An Official Stage): Grain begins forming as som as flowering and pollination are complete. The grain or kernel quickly expandsand
contains amilky fuid. At this point, the sorghum is inthe gran fll period that will notbe conpleted until physiological mat urity is reach ed. The
milk stage usudly lasts 7 to 10 days.

Stage 7: Soft Dough: Sorghum reaches the soft dough sagewhen the grain can be crushed between the thumb and index finger but o longer
contains a mil ky liquid. At this stage, starch is rapidly accumulatng, 50% of the grain’s final weight has been achieved, and the whole plant
moisture is approximatel y 65-68%. Stress at this time can significantly lower yield. By the end of the stage, the grain has colored, and the
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sorghum is ready to harveg @ silage. The softd augh stage will last 7 to 10 days or until the grain can no longer be crushed betweenthe hiumb
and ndex finger.

Stage 8: Hard Dough : At the hard dough stage,grain has reached 75 percent of its finaldiy weight, and nutrient uptake is al nost conplete The
grain can no longer be crushed between thethumb andindex fnger. The seedcoat is nolonger green andhas tumed its fnal color, which can be
white, tan, bronze or red. The total moisture ontent ofthe plait is now decreasing daily, and water stress during this time tends to pronote
lodging . The hard dough stagetypically lasts 10 to 14 days.

Stage 9: Physiological Maturity: At thisstage, the grain has adi eved its maximum dry weight.Physiological naturty is remgnized by a dark
spot or black l ayer a the bottom of he kernel. Grain moisture ®ntent typically manges between 25-35%. Desiccartscan be safly wed to ad in
harvest without relucing grain yield. The totaltine fom floweringtophysological maturity i s app oximately 40 o 45 days.

Stage 0: E ner gence Stage 1: Three-Leaf Stage 2: Five-Leaf

Stage 3: Growing Point Differentiation Stage 5: Boot

(GPD)

Stage 5: Boot Headirg (Not An Official Stage) Stage 6: Flowering

Stage 6: Flowering Milk(Not An Official Stage) Stage 7: Soft Dough
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Stage 8: HARD DOUGH . Stage 9: Physblogical Matu rity

Fig. 6. Growth stages of Sorghun

Table 7. Sorghum Growth Stages

I Emergence, depending on airtemperature and soil moisture between 3 & 10 diys afte seeding
1 Colar of third leaf visible

11 Colar of fifth leaf visble, ~21 daysafta emergence

1\ Change from vegetativeto eproductive growth, 7 to 10 kaves expanded, floral initiation

N All leaves fully expanded

VI Hal f of plants bloaning (in field, or i ndividual plant)

VII "Sft dough": accumulation of ~50% half grain dry weight

VIII  |"Hard dough":accumuhtion of ~75% hal f grain dry weight, nutrient uptake complee
IX Phy siobgical maturity:maximum dry weight of plant reached

Description: Sorghum is annual/ perennial grass, he roots are adventitious and fibrous, stem is erect and made up of nodesand intemodes,the
pith may be sweet, juicy or dry. The leaves are 7 and 28 arrangal alterna ing to opposite side with paralle]l ven ation. Presence of waxy hyer
limts the water loss. The panicle vares loose to compact, in some varieties panicle remain surounded by sheath and sometimes penduncl e
rcured, giving pendent head referred as“ gpose neck”.Panicle consists of spklets in pairs; the sessile ishermaphroditeand feitile while other
pedicill ate issterile. The sessile spiklet cansists of inner and auter glumes endosing two flowers, upp er one is perfect and lowerone is reduced.
The perfect flower has thin narrow haity lenma and smal pelia enclosing three stamen, two lodicules and bifurcated feathery (bush like)
stigma. The pedi dllat eflower is without pelia and ovary. Grain is caryopsis, endosp em is starchy, and embryo consists o fp imule, cdeoptil s,
radical coleothizae refrred as scutelum (Agriinfo, 2016). Sorghumhas a wel I -developed root system and in addition its subtemranean oot
system, sorghum forms strong aerial mots perneating though the soil axd amsuring better stability. The stem is stong, hard, smooth,and
divided by nodes and grows up to 1-1.8 m but swed soighums and highbionmass sorghums are ta ler (25-4 m). Sorghum leaves are 7 and 8 in
numbea awanged alternating to opposite sids with parallel venation. The leaves are 50-100 mm wide and 0.5-08 m long dep ending upon the
genotype. Leaves aid stems are often covered with a wax layer which is an adgtation nechanism to ©lera e drought and nsect atacks. The
panicle varies fom looseto mmpact; in some varieties the panicle enminssurrounded by sheath, although this is not desirable foman economic
yidd point of view. In some genotypes he peduncle is rarred resulting n apendant head referred to as“ gose neck”. The sorghum paricle
consists of spikel etsin pairs, sessile and p edicill ate types; the sessile is hermaphradite and £rtile and the other pedicillate @ntains only anthers.
The grain is caryopsis; the edospemn is starchy; he enbryo onsists of plumule, coleoptiles, and radical coleorhizae refrred © as scutdlum
Kumar, 2016).

Fig.7. Mature Sorghum plant

Cultivated soighum is a cane-like grass with divers e norp hology. Plant height ranges from 0.5 metres (m) to 6 m Culns (stalks)are erect and
range flom slender to stout. Tillers (adventitious stems originating from the plant base) can rage in quantity from noneto profuse Leaf Hades
vary from linear to lan ceolate, and can be smooth or hairy, measuing up to 100 centimetres (cm) long and 10 cm wide with snmo cth to thinly
pibse sheaths. The inflorescence onsistsofa single pani cle w ith many racemes. P anid es may be either compact or open up to 50 ecm long and
30 cm wide; p anicl ebranches are sti fly as cavding or sprealing and pendulous, wit h t he bottom branch being almost half as bng asthe panicle.
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At maturity,racenes have one to eightnades and can be either fragil e or tough.Spikel ets may be glabous or hirsute, el liptic © obovae, and up
to 6 mm long. Glumes (bracts) range from leathery © membranous, ofien with w nged keels. Lower lemmas are approximately 6 mm long whik
upper lemmas are dightly shorter and often awned. Both upper and low er lemmas of sessile spikel ets are somewha dliate and translucent
(Snowden, 1936; Harlan and de Wet, 1972; OECD, 2017).

S. bicolor 8 a C4annual or shott-lived peramnial grass thattypically has one gener ation per growing season. It can produce tllers (advertitious
stems originating from the plant base) but not rhizones. The culms (stalks) typically reach heights from 50 to over 40 cm and arel to 5 cm
thick, sometimes branching abovethe base. Thenodes are glabious or have appressed pubescent hairs. Theinte modes are gldraus. The liguls
are 1 to 4 mmlong. Theleafblades are5 to 100 cmlongand 5 to 100 mm wide. The inflorescence (panicle) is 5 to 60 cmlong, 3 to 30 cm wide,
and may be open or contracted. The primary panicle branches are compound, teminating in racemes with 2 © 7 spikdet pars. The sessik
spikelets are bisexual and 3 to 9 mm in length. The gumes are coriaceous © membmnous aid glabous to densely hisute or pubescent. The
keels on the glumes (bracts) are usually wingel. The upper lemmas vary frombeing awnl ess to having a genicul ate, twisted, 5 to 30 nm a wn.
The anthers are2 to 3 mm long. The pedicels are 1 to 3 mm long. The pedi cellate spikelets are 3 to 6 mm long and are wually shorter than the
sessile spikelets. The p edicill ate spi kelets may bestaninae or steile. Do nesticated soghums producelarge caryops es that areoften exposed at
maturity. Cultivars ad environmental conditions afect the mtitional composition of the caryopses and the composition oftheir components
induding te pericaip (outerlayer), the endospem (storage tissue), and the gem (enbry o) The protein content of th e caryopsis mnges from 7.3
to 156%; fibre fiom 1.2 to 6.6%; lipids from 0.5 to 5.2%;and starch fiom 55.6 to 75.2 % (Inspection, 2021). Sorghum used for grainhas short
panicles and p anicle branch es while srghumused for forageis typically leafier, and late naturing. Sorghumused for grain typicdly grows 60to
120 cm tall and is usu ally shorter han sorghums used for Prage that can grow over 150 cm tall. Sudan grass and sorghum-Sudan grass hybrids
are intermediate in height in between grain sorghuns and Prage soghums (Inspection, 2021). S. bicolor s typically an amual, but some
cultivars are perennial. It grows in clumps that may reach over4 metres high. The grainissmall, ranging from 2 to4 mm in diameter. Sweet
sorghums are sorghum cultivars that are primaily grown for forage, symp poduction, and eth mol; they are taller than those grown for gmain.
Sorghum biolor sthe ailtivated pecies o fsorghum; its wild relatives nake up the botanical genus Sorghum (Wiki padia,2023). Sorghum is an
upright, short -day, summer annual thatis a member of the Poaceae family. The gmss blales are flat, stens are rigid, and there areno creeping
thizomes. Sorghumhas abose, open panicle of short, Ew-foweral racemes. As seed matures, the panide may doop. Glunes vary n ®lor
fom red or reddish bown pyellowish and are at least three quar ters as long & the elliptical grain. The grainispredomnatdy ral or reddish
brown. Sorghums exhibit diftrent heights and naturity dates depending on whetherthey are grain sorghuns (Sorghum bicolor sp. hcolor),
brage sorghuns (Sorghum bicolor), Sudangrass (Sorghum biwlor sp. drummondii), or sorghum-Sudan grass hybrids (Sorghum bicolor x
Sorghum bi®lor var. sudan ense). Gowth characteristicsalso vary depending on the location grown, in puts, and agrommic practices. In general,
brage sorghums are tdler pl ants with later naturity dates and more vegetative growth than grain sorghuns. Sudan grass and sorghum- Sudan
grass hybrids fall in between grain sorghuns and Hrage sorghuns n height (USDA, 2023). Sorghum is a strong grass andusually growstoa
height of0.6 to 2.4 metres, sometines reaching as high as 4.6 netes. Stalks axd leaves are coated with a white wax, andthe pith, or central
pottion, of the stdks of certain varieies is juiy and sweet. The leaves are about 5 cm broad and 76 cm long. The tiny fowers are poduced in
panicles that range from loose to dense; each flower cluster bears 800 3,000 kernels. The seeds vary widel y anong different typesin cdour,
shape, and size, butthey are smaller than those of whea (Britannica, 2023). Sorghumis a tall, erect, annual grass thattypicdly grows toa heigh
of 1 -2 neters. It has long, narrow leaves and produces large, compact clusters of grin on top of its stems. The grainsare typical ysmall and
round, with ahardouter layer that is difficult to remove. Sorghum pl ants @me in nany diferent colors, including red, brown, white, andy ellow,
and oome varietieshavea sw eet taste (Plantvillage, 2023). Sorghum is an annual or perennial g rass. The root systemis fibraus. The stemis erect
with leaves altern ating on oposite sides on nodes. Basal tilles are ormed at the frst node. No.of leaves range fiom 7-28. The leaves have

drought tolerance because of-—Small size of stomaa cells during drought. —A waxy layer which lim ts water loss. And —Presence of motar
cells which causerolling of leaves und er diought gress. Inflorescenceis raceme type (P anicl €). The panicle varies from being very loose to
compact. The panicleconsists of sp ikel ets which occurs in pairs.One par is sessile hermaphradite and fertile. Other pair is pedicellate, naleand
steile. The sessile pikel et has 2 dume with 2 forets. One is £rile bisexua cmsists of a membranouslemne and a sma lthin delicate palea.
Two lodides are present adjacat to fertile lemnn. Lodicules are fleshy and tmncde. Stamens: 3. Pistil: an ovary with two long styles with a
athery stigma Two leathery boat shgped glumes enclsing2 florets. The lower foret is represented by lenma and upper floret is stammnate
with short awned lemma. Palea: absent. Stamens: 3. Pistil : abs ent. Fbweingoccurs 30-40 days after germination i.e., 2-4 days after emergence
of panicle from boot leaf. Flowerng statts n sesile pikelets & ip ofinflorescence and progesses towards bottom. The p edicellate spik elets
open later and complete floweringearlierthan n sesile spikdets. Sorghum is asel fpo llinated crop but 2-10% cross pollination may occur. The
anthers & stignms push out as the glunes open. The aathers dehisceand release poll . Receptivity of stigma staits 2 days bebre opening and
renmnins forseveral days. Sorghumis a shortday plant and hastened by shoit day light periods and high temperat ures. After fertilization, embryo
is developed. The deposition ofstarch grains b egin about 10 days afer fertilizaton. Seed developnent is in 3 stages: milk sage, soft dough stage
and hard dough stage. The seed consists of pericarp (outer coat, 6% by wei ght) endospemn (storage tissue 84%) and embryo (gemm, 10%).
Embry oismade of 70 %fat and 1 3% nthe gran (Susmitha, 2023)

Sorghum is an annual pant, nonoecious, tall, with one to many till ers originating fromthe base or stemno des. Rootsare concentrated n thetop
ofthesoilbuts ometimes extending to twic e that depth, sp reading laterally. The stem (culm) is solid, usually erect ; leaves alternate, sinple,long
leaf sheath offen with waxy bloomwith band ofshortwhite hairs a basenear atachment and articulated,ligule short, blade laacedate orlinear-
lanc @l ate, intially erect later curving, margins flat orwavy (Fig.7) (Balakrishna and Bhat, 2016). Inflorscenceis a termin al p anicle comes out
of flag-lafsheath at headng time. P anid e is 1 ong, conpactorloose, open. Rachis is shot or long with primary, secondayy, and sometines
tertiary branches with spikeletsin pairs and in groupso fthree at the ends o fbranches. Spikelet is ses sile and bisexual or pedicelled and nale or
steile with 2 florets; sessile spikel et is lang with glumes approximately in equallength, lower glime is veinel usually with a coase kee ldike
vein on each sid ¢ upper glume usudly narrower and more pointed with central keel for part of'its length, lower floret @nsisting ofa lemnma
only, upper floret bisexual with lemma cleft at apex, with or without kneed, twisted awn, pdea when present is small and tin, 2 lodicules, 3
stamens, ovary superor, 1 celed with 2 long styls ending in feathery signms. Pedicelled spikeld & persistent or decduous, smallerand
narrower than sessile pikel et, often consisting of only two glunes, sonetimes with lower floret consisting of lemna only and wp er floret with
lemma, 2 lodicules and 3 stamens (Fig.8 ) (Bal akrishna and Bha, 2016) —Fruit is a caryopsis (grain) partially covered by gumes, raund and
blwtly pointed consists of embryo; endosperm and seed coat cansists of pericarp and testa (Fig.9 ). Coleoptiles and oots energe from the
germin ating seeds (Balakrshnaand Bhat,2016).
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1. Part of parnicle: a. Internode of rachis, h Node with branches, c. Branch with several Recemes.
2. Raceme: a. Nod e, b. Internode, c. Sessik spilelet, d. Pedicel, e. Pedicelled spikelet,
f. Termimal pedicelled spilkelets, g. Awn.

3. Upper glone: a. Keel, h Incurved margin.

4. Lower glume: a. Keel, h Keel wing, c. Mimte tooth ermimting keel.

5. Lower lemma: a. Ner ves.

6. Upper lemma: a. Nerve, b. Awn.

7. Palea.

8. Lodicules.

9. Hower: a. O vary, b. Stigma, c. Anthers.

10.Grain: a. Hihm

11.Grain: a. Embryo mar k b. Lateral lines

Fig. 8. Infl orescence and spi kelets of Sorg hum

Pancam

Erprimyn

- -
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Hand -havestng s orghum Mechanized sorghum grain harvesting Cattk grazing on sorghum stalls in afield

Fig.10. Botanical Des aip tion

Fig.11 :Sorghum foliage leaves . L t three panels: Three different views of a leaf showing the sheath and bhde. Right: Close-upof a leaf
showing theligule made up of hairs and a blade

Fig.12 : Two sides of agrain of sorg hum. The depressibn on onesid e shows where the embryo is. The hilun on theother surface is the
atta chme nt pointof the grain
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Hora biology and pollinaton: The many racemes and spikelets that compose the panicle develop about 21 days afer the ons¢ of the
reproductive phase. A single panicle may bear 6 000 flords in tctal. Spikeletsalong tie meemes o ccur in sessile and p edicelled pairs. The sessile
spikeletsare feiti lew hile thepedicelled spikelets are staminate and are Hrmed on a shoort pedicel. The glumes o fthe sess le spikelets encase two
forets. Whilethe low er floretis sterileand ®nsistso fa lemma only,the upper floret is perfect, con sisting of a le mnma, two lodicules flanking the
lemma, three stamens and a single-cel ed ov ary with two plumose stigmas. Ant hesis canbegin as soon & the panicle begins to emerge fiom the
culm, but usually begins several days later afer the peduncle has reached its maximum growth. The first lower © bloom & the uppemost
fower, and Hoomin g continues down thepaniclein a e gular pattern . Sessile spkelets bloom frstw ith pedicelled spikeld s blooming two to Hur
days later. Temperature, size of panicle and variety are the primary factors that determine duration of flowering ,which is typically abou one
week, but varies from 2 to 15 days. Repotsin the literature sm bloom time over a 24 -hour cycl e are inconsis tant. It wasstaed tha the timeof
bloomingis affected by darkness and temperature, but gmeraly occurs beween 10 pmand 8 am. However, cool nights with heavy dews n more
tenperate latitudes are associated with del ayed flowering, rom 8 am to 4 pm. The flower opens in about ten minutes, allowing he sigmas and
anthers to emerge. Pollen may dehisce fom the aithers immediately upon emergence or may dday shortly depending wpon emvi onmental
conditions. The time bet ween the opening and closing of the glumes ranges fromhalf an hourto four hours, bu aversges about two lours.
Cultivated soghum panicles may produce up to 24 million grains of pollen, whichis sensitive to desiccation and enrinsvidle oronly threeto
sixhours. Howev er, inone study, pollenkept at4 °C and 75% rela ve humidity remained visble for 94 hours, and pollen stored i pollimtion
bags in the shade in the feldin D avis, Califomia remai ned viable for over 20 hours. While stigmas can be receptive twvo days before andupto a
week after lowering, the optimal ti ne fia me for pol inationis within he first 72 hours. Pollen germinates inmediatelyupon reaching arecept ve
stigma and fertilisaion of the egg cell o ccuss abouttwo h aurs laer to initiate seal d e vdopment. Cultivat ed s orghumis primarily self-pollinating
howev er, wind -nediated crosspollin ation does occur Insect pollination may also occur, based upon obsewations of loney bees, wild bees
(sometimes known as solitary bees) and one pecies of beetle visiting several sorghum flowers consecutiv ely. Upon collection ofthe msects,
pollen g rains identi cal to thegrains collected fromthe sorghum anthers were foundon all of the insects, with he honeybee carrying the most and
thebeetle canying the least. However, no attenpt was made to determine ifinsectmovement resulted in cresspollin ation (OECD, 2017).

S. bicolor spredominantly s elf-pollinating, but under s pecific conditions wind -mediated cress pollination can occurover 0%,dep ending a the
genotype, and average dout 6%. As a result of selfpollination a1d out-crossing, nost sorghumlandraces gown by subsistence frners are
mixtures ofinbred ad partially inbred lines. The levd of out-crosing varies and is influenced by he panicle type of thecu tiv a typicdly out-
cossing 8 higher in loose-panid ed grassy sorghumand lower n compactpanicled domesticated sorghum. The estimated aut-crossing rmte in
domesticated sorghumunder feld conditions ranges fom 5% toover40%. Several pollimator species have beenobserval comsecutively visting
domesticated sorghum flowers. Upon ins ect coll ec tion, sorghum pollen grains were Pund on all ofthe insects. However,it wa ot deemined if
inect novement resulted in cross-pollination. More studies are need &l to determinethe extent ofinsect pollimation in S. Bicolor (House 198 5
Inspection, 2021). The flowering ard pollination of S. bicolor is descibed in House (1985). Inflorescence developnent begins when a floral
intial brms 30 to 40 days after germinat on. Donesti catel sorghum nomally fowers 55 to 70 days after germination in warm climates, but
depending on the genotype, fowering may occur 30 to 100 days afer ger mination. Wet and cool weather can also delay fowering. Flowers
begin © open two days after the emergence of the inflorescence from the boot. Flowering starts in the sessile spikelets (mulf flowered
subdivisions o fthe inflorescance) atthe tip of the inflorescerce and progreses downwards over 4to 5days. A sngle panicle nay have wp to
6,000 florets. All heads dona flower at thesame time in a field, so pollenisusudly available for10 to 15 days. Flowering timevaries based on
the genotypeand climate, usually occurring fiom midnight to mid -moming and peaking around sunrise. The swelling o fthe lodiailes facilitates
fower-gpening. Whenthe stigna beco mes visible, thestamen filanents elongate and the anthers becone pendent. Whar the anthes are drythey
dehisce and poll a is shed through the apical pore. Most pollen fom a head fetti lizes eggs on the same head. Cross pollination can occur if
pollenisblown into theair. The stigma is pollin ated before t he emergence ofth e anthers ffom thespikd ets. Pd e grains driff to thestigna and
germin ate. A poll en tube develps with twonuclei and grows down the style to fertilizethe e ge. A sperm nucl eus fertilizes the egg to form a 2n
embryo and the other nucleus fuses with the polar micleito form a3 n endosperm. After pollination, the glumes close aad the enpty aathers and
stigmas usudly protmde. Some long-gluned varieties are cleistogamous (theflorets donot open for fertiliza ion). Unpollinatel stigmas r anain
receptive for upto 16 days. After fertili zation, organ differentiation occurs over approximaely 12 days. Seeds pas through three development
steges: milk, early dough, and la e dough,and rach maturity afterab aut 30 days. S. Aicolor reproducs through s eeds (Inspection, 2021).

Sorghum is considered & a often crosspollinated species, with outcossing up © 6 % depending on the genotype and growing ®nditions
(Harip rasanna and Patil, 2015 ). The floweringoccurs priorto sunrise axd extended up to mid-day, the bl oomi ng staits from tip of the panicle in
downward direction. The stigma is receptive before flower ng and remains receptive for 6 to 8 days. Pollens are viable for £w hous and
itilizaion sconpleted within 2 to 4 hours o fpo llina ion ,jawar is no mally self pollinated cro p butstigmas expo sed bebre dehisce lead to 6 to
30% aoss pollinaion.The glumes open die toswelling o flo diailes and another come out stigma. The stigna remains recep tive Br 8 to 16 days
after blooming (Agrinfo, 2016). Pollination is done on next day between 9to 10 a.m.all flower come to bloom. Ins et ing and shading theheadin
thebag ooll ect the pollen. Another technique is cli pping the heads ealy inthe moming and p laced in the b oxes to flower in potected place. The
oollecta pollens are dusted over exposed gigma or the pollen producing head brushed over emasculatel head (Agriinfo, 2016 ). Sorghum is a
self-pollinated crop with thenaturalcrosspollination fiom 0.6 to 15 % depending onthe genotype, panicle type, and wind direction aad velocity.
The inforescence & araceme, consisting ofone to severl spikdets. The gikelets usually o ccur in pairs, one being sessile and the s econd borne
on a short pedicel, except the terminal sessile spik det, which is acconpanied by two pedicdled s pikelets. The sessile pikel et contans a perfect
fower whereasthe padicillate spikd et possesses only anthers but occasionally has a rudimentary ovary and enpty glimes (Kumar, 2016). In
sorghum anthesis starts with the exsertion of the @mplete panide fom the boot leaf Flowers begintoopen twodays afer conplete emergence
of the panicle. The sorghum headbegins to lower a ts fip and anthesis poceeds succssively downward. Ant hesis takes place firg in the sessile
spikelets. It takes about 6 days for conpletionofanthesis in the panicle with maximum flowering at 3 or 4 days after anthesis begins.Anthes is
takes place during the morning hours, and frequeniy occuss just before or just after sunrise, but may be delayed on cloudy damp mom ings.
Maximum fowering is obsavedbet ween 06:00 and 09:00 h. Because all heads in a field do not fl ower atthe same time po llen is wsually avaihble
br a period of 10—15 days. At the time of flo wering (antheds), the glum & open and all three aathers fall fee, while the twostignas protmude,
ecach m adiff style. The anthersdehisce when they aredry and pollenis Hown into the air. Pollen in the anthers remains viable several hours
after shedding. Flowers remain opax for 30-90 min.Dehis cence of the aathers Br pollen diffusion takes place troughthe apicd pore. The
pollendrifts to thestigma, where it gemminates; thepollen ibe,with two micld, gio ws down the gyle to £itilize theegg and forma 2 n nucleus.
Stigmas get exposed before the antha's dehisce subjecting tem to cross-pollination (K umar, 2016). Pdlin ation Br crossing puposes should
stat soon after nomal pollen shedding s compl et ed duing he moming hours. Sorghum is a breeder-friendly crop & it is anenable Hr cro sing
and sdfing quite easily. For selfing, after panide exsertion, bagging should be done by smipping off the flowered forets & te tip. Crossing is
done by emasculation of selected panicles and dusting of pollen fom identified plats. Hand emasculation is most conmonly practical in
sorghum. Because ofthis easein crossing, hybridi zation is most @mmonly BHllowed n sorghum br trait inprovenent. For effective reults in
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artificial hybrdization the pollen is collected in pollen bags and thoroughly dusted on the emasculated or mal e-sterile panides (Kumar, 2016).
Sorghum bicolor & propagated hrough s eeds produced by self-pollination, but out-crossing rate are in the range o fles s than 10% to 73%and to
nearly 1 00% in individual Sudan grass plants. Windisan impo ttant vector for significant rat es of out-cross ng an d ins ects (honeybees ,wild bees,
beetles )y al so contribute to cross p ollin ation . Sorghum pollen is generdly highly functional forabout 30 minutes after theanthers dehisce, but
its longevity is limited to twoto four houts. Pollen kept nderrefigemtion is c gable of £rtilization for three to Hur days.Pollen viability and
ability to germinate are infuenced by te mperat ure, humidity, and cloud ®ver. Stigmas are receptive br a day ortwo after bloomin g, but may
renmin receptive up to a week or more. The average mumber of sessile spik dets in a sngle in florescence of sorghumis estinated by as 2000 to
4000 and each spikelet has 3 anthers with an average 05000 pollen grins in each. The amount of pollen shed by anthers is a highly varable
tmit, depending onthe genotype (Balakrishna and Bhat, 2016). Plants are primarily self-pollinated , buts ome wind p ollination occurs. Cultivated
sorghum is physiologically a perennial tha is typically giown as an sxmal . In some environ nents a second ra oon (resproutal) cop is p odiced
fom the unharvested roots aad stolons ofthe firstcrop (OECD, 2017).

CGrossing
Emasculationis done in 3 methods

1) In Hand Emasailation: Only the part ofth e pendun cle is emasculated .Fowered tips ad lower branchesare renoved by dipping. About 50
forets that would flower on next dayare selected ard emasculated and covered with suitable pap erbag .

2) In Hot Water Method: Thesorghumhead is imnemsed in water at4 50 to 48 0C for 10 minutes, without injury to the stigma.

3) In Plastic Bag Emasculation: Sorghum heads are covered with plastic bagton create high humidity in side the bag Under high humdity
forets gpen,anth er emerges, but shed no poll ens and th eanther renoved easily by tapping (Agrinfo, 2016).

Enlarg al spikelet and spikeletsin two views are gven in Hg. 13, 14.

Fig 13. Spikelets of cultivated sorghum. Sorghum has sessile and pedicel ate spikelets. The sessile spikelets are
bisexual (nnle and female), whereas the p edicdlate gpikelets may be male or sterile. Notice the feathery
purple stigmas and the yellow anthers on the bisexual florets

Fig.14 . Sorghum spikelets i n two views. Sor ghum h as ses sile and pedicdlate spikeets. The sessile spikel ets a re bisexu al gnale and
femmle), whereas the pedicell ate spikel es may be ma le or sterile. In this exampl e, the anthers appear to have been lo st, probably be cause
the fruits are rehtively mature

GENETIC SAND CYT OGENETIOCS

S. bicolor 5 a genetically diverse diploid (2n = 2x = 20). The classification of S. bicolor has been controversial and challenging due to high
variability within the species. Snowdon (1936 ) defined a conpl ex with annua members of Srghum Moench subg. Sorghum ©mprisng 7
weedy, 13 wild, and 28 cultivated s pecies. All of th e s pecies, n ad dition to p erennial members, were later grouped withinthe singl e species, S.
biolor. In the peer-reviewed literdure and sources of grower information (sed companies, extension publications) termindogy se is
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inonsistent and it is often challenging to determine the species, subspecies, and race or working goup being referenced (Inspection, 2(21).
Sorghum is the ¢4 food crop for whi ch compl et e genomes eq uenc e available and the conplete gmone sequencing of sorghumgen atype Btx 623
estimated the genome sizeas 730 Mb and the GC catent is estimated at37.7%. In sorghum hetero chroma in oc cupies at least 460 Mb and 252
Mb & euchomatin. The sorghum genone contains 5% retrotansposons, 7.5% of DNA transposons and 1.7% of miniature invert & -repeat
tansposabl e elements. Appro ximately 2 7640 protein coding games found in sorghum followed by 5,197 genes contain less than 150 anino acids
have fow exons and 727 pocessed pseudogenes. A total o f67 known micro RNAs (miRN As) and 82 additional miRNAs dentified in soghum
genome. Cytogeneticmaps of sorghum chromosomes were construd & on the basis of thefluorescence insitu hyb ridization (FISH ) ising BACs.
BTx62 3 an elite inbred line was usel © estinnte the molecular size of the each chio mosonme and established a generally accepted size based
nomenclature for sorghum chromosones (SBI-01to SBI-10) axd linkage goups (LG-01 to LG40) Kimet al., 2005a; Kim et al.,, 2005b).
Extensive effots n cop inpro venent have resulted n the development of a nunber of high -yieldng culti vars with substantid yidd ncrenent

over the yeas. The discovery and utilisation of themale sterility system have led to the successful commnercial exploitation of heterosis. A
numbea of biotic and abiotic yield-limitng facors a1d changes in cansumption patem and demand have resulted in a steady declne n
cultivaded area and gran production over the years. Mudh progess has been achieved in te field of sorghum biotechnology, including
genomics over thelasttwo decades. Adoption of genomic ©ols ad molecular breading drategies can help in taloring sorghum cultivars with
desired traits to enhan ce the productivity und er various limiting fictors in theyears to come (Hariprasanna and Pati, 2015). Sorghum is a slf-
polli nating, diploid @ n =2x=20) species belongingtothe Poaceae family with a genome sze of 730 Mb, about 25 % thesize ofmaize (Kumar,

2016). Most of the cultivated sorghum varieties axd land races belong to S. bicolor sabsp. hicolor ofthe Eu-Sorghum sub generic section of the
Sorghum genus and o ther four, Chaetosorghum , Het erosorghum, Parasorghum and Stiposorghum contan 19, wild pecies nafiveto Afiica, Asia
and Australia The S.bicolor is diploid (2n = 20), Chaetosorghu m and Heterosorghum contain the tetraploid (2n = 40). The plady varies in
Parasoghum from 2n =10 to 2n =40 and nost of species in Stiposorghumare diploid with 2n= 10, while S. interjed um has 2n = 30,40 and S.
plumosum has2n =10, 20, 30 (Balakrishn a and Bh at, 2016). -Sorghum is an interesting genus having alarge nunber of well -reco ghized species
taxonomical ly classified nto five subgenera. Gritogaetic an alysis led to the mderstanding of thenature of chro nosomal v arigions, origins ,and
probable rela ionships based on chromosome norphology. Progress in the sciace of conventiond and nolecular cytogenetics, and genomic

research povide a detailed insight into he genone organization of an individual or species, leading to enhanced utilization of gendic and
physical nfomation towards improvement of the crop. The integrafion of genetic,physical, and cytomolecular maps of the Sorghum genus is
useful © scientists wotking on genomics of grass pecies. Lar ge-scale molecular karyotyping of grass genomes would facilitate alignnernt of
related chronosomal regions amongd iffrent grassspecies axd also facilitae genetic and cytog enetic studies o fchromos one organization and
evolution. As compared to other crop species litle is known about the karyomorp hology in sorghum mainly due to the small sze ofits
chromosomes (Rakshit ef al., 2016). Cultivated orghum is a genetically divese diploid 2n = 2x = 20) with 200 classified phenotypic,
genotypic and cytogenetic trait genes. It is sexually compatible with some of'its wild or weedy rel atives, and the levd ofcross-compa ibility
dete mines its primary and secondary gene pools. The primary gene pool lies within section Eusoighumand includes the other diploid pecies S.
propinquum, S. bicolor subsp. verticill florum, and s hattercane. Crosses withinthis gene pool are fully interfertile. The high le vel of feti lity and
spontaneous outcrossing of the primary gene pool leadsto frequent nt ogression when dis tibutions o verlap and canditions are fivo urable. The

secondary gene pool consists of the tetraploid (2n = 4x = 40) nenbers of Eusorghum: Columbus grass (Sorghum almum Paodi) and Johnson
grass. Domesticated soighum is capable of out-crossing with nenber s of the secandaty gene pool despite ploidy level difErences, producing
either stetletripl oids or sonewha £rtile tetrapbids. The tertiary gene pool indudes species fomother sect ons of sorghum. Outcrossing of
cultivat ed sorghum withmembers o fthis gene poolis highly unlikely under naurd c o nditions, and crosses produced through human interv ertion
are anomalous, lethal or almost conpletely sterle. The cultivated sorghum genome has been sequencel. The haploid genome size ®
approximaely 730 Megabase pairs (Mbp), larger t han both Arabidopsisand rice (155 Mbp and 510 Mbp, respectivd y) (OECD, 2017). Sorghum
is apredominantly s elf-pollinated diploid species with 2n = 2x =20 chromos ones. It has a small gsmome relaive © other cereal crops, whidh is
about 730 Mbp. Its whole genome was sequenced and made accessible for publicuse whi dh facilitated the d evelopment of DNA markers, such
as single nucl otide polymorphism (SNPs) for various applications, ncluding analyses of population genetics and identification of genomic

re gions associated with complex traits through quantitativetrait loci (Q TL) and associ ¢ion napping (Enyew eral, 2021). In thepresentstudy,
population gemmics analyses ware perforned on aworldwide cllection of 445 sorghum accessions, covering wild sorghu mand four
end-use subpopulations with diverse agiono mic tratts. Frequent genetic exchanges were Hund anong vaious subpopul aions, and
strong selective sweeps affected 14.68% (~1075 Mb) of the sorghum geno ne, mcluding 3649, 4287, and 3888 genes durng sorghum
donestication, inprovenent of gran s orghum and improvement of sweet sorghum, respectively. Eight di fferent mod els o fhapl otype

changes in domestication genes fiom wild sorghumto landraces and inproved sorghumw ere observed, and Shl-and ShTBI -ty pe
genes were representativ e o ftwo prominent no dels, one of sof selection or multi ple origins and one of hard selection oran early sngle

donestication event. We also demonstrated that the D7y gene, which regulates stem juiciness , was unconsdously selected during
the improvement of grain sorghum. Taken to gether, thes ¢ fndings provide ne w geno mic insights into sorghumdomestication and
breeding selection, and will facilitate firther dissection of the domestication and nolecular breeding of sorghum (Wu e al., 2022).
Genomics has made mapid advances during the past decale. The sorghum genome has been sequenced, and important gen e trans cipt s and

regula oty mechanisms are being deciphered on a large scale worldwide P rabhaka @al, 2022). The genome of S. bicwlor was sequaced. It is
generally considered diploid and contains 2 0 chro nosones, however, there is evidence to suggest a tetrgploid origin for S. biwlor . The gerome

size s approximately 8 00 Mbp (Wikipedia, 2023).

GENETIC DIVERSITY

Gengdicdivesity is the base for survivd of plaats in nature and for crop improvement. Diversity in plant genetic resources provides oppott ity
br plant breeders to develop new and inpro ved cutivas with desimble characteristics,which include both farmer-preferred traits (high yield
poterti d, large seed) and breederpreferred trits pest and diseas e resistance and photosensitivity). Fromthevery begiming ofagriculture, natiral
genetic variability has been exploi tel within crop species to meet subsisten ce Hod requirement. Later the focus shifted to grow surplus Hod br
growing populations. Presenly the Deus is on both yidd and quality agpects of najor food crops to provide balancal di¢ to luman beings
(Bhandan e al.,2017) Genetic divesity ficilitates breedes to develop varieties for specific traits ike qud ity improvement and ol eraxce to
bidicand abiotic stresses. Italso facilitates development of new lines for non - conventiona uses likevarieties for biofuel insorghum, mize etc.
Diversity is also importantw th repectto adaptability ofcrop plaits © varied exvironments wi th special re€rence o changng climai cconditions
(Bhandani @ al., 2017). Sorghum is believed to have a wide range of diverse gernpl am. Plant genetic resources play a1 inportant rde in
generating new high yielding crop varieties with desiral traits. Characteri zation and identi fication of sorghum gen at ypes onferring important
tmits Dr geneticinprovement is a prerequisite in plant breeding activities. Kimber er a/ €013) presaited details ofthe major world sorghum
oollections and brealing lines that totd over 150,000 accessions. Sorghum impro vement deals with production of new cropcutivas tha are
superior to existing ailtivars Drtraits ofinterest. Availability of geneticvariability for these traits, knowledge about their heritability an d inhertance,
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and availability of effective phenotyping nethodologies are fundamental Dr succss of any crop inpro venent program. In fict, the efficiency of
phenotyping and ts robustness decides the success of he crop inprovement pogram in terms of producing a tang ble produ ct or technology
Kumar, 2016). Studying the genetic diversity ofa crop is very impo tant for efective germplasm nmnagenent, utilization, and genotype
selection for crop improvement. It is the most i nportant step for conserving and increasing the rate of gendic gain in crop-breeding prog rams.
The level of genetic dversity within a species is comnonly wed to measure the level of species adaptability and survivd in mpralictable
environmental conditi ons. Similarly, the level of gen etic vari ation w thin apopulation is the basis for gernplasm sel ection in plant breeding and
is vital for crop impro vement. Hence, the conservation ard utili zation of plart geneic variation are aud al to hunan food security (Enyew ef al.,
2021). Thegenetic divesity n sorghum provides an opportunity tosearch for new genes andalleles that are reponsible forconferringdesimble
phenotypes. Genone po filing using nolecular mark ers would provide alarge mmber of DN A markers. Genomic selection pograms would
pave way for effective uti lizati on of so rghu m germplasm br crop inprovement (Prabhakar eral.,2022).

Sorghum seed or grain is a caryopsis fiuit about 34 mm in diameter, sphercal and oblong in shape and Hack, rad and yellow in colar
(Botaical,2023). The seeds of Sorghum vary widely anong different types in colour,shape, and size, butthey are smaler than those of wheat.
Sorghum grains are of diferent colors: white, brown, red, yellow, lemon yellow, ceam, and black (Fig.15) (Bitanica, 2023). Soghum
panicles can range fromvery tight and compacted to preading with longbranches (Fig. 16) (GD,2023).




26272 Swamy, Origin do mestication taxonony, botanical descripton, genetics and cytogenetics, gen etic divers iy and
breeding of sorghumn (Sorghum bicolor (L.) Moench)

Fig. 16 : Variability for compa ctness of SHrghum panide

During 1960s Rockefeller Foundation with hdian Agriculturd Research Program collected a total of 16,138 accessions from diffrent countries
and htemational Sorghum (IS) numbers were assigned to them. At present, ICRISAT is a major repository for the wodd sorghum gernplasm
oollection with a total of 36,774 ac cessions fiom 9 0 countries. The existing colle¢ions o fso rghu m gernplasm conserved at [CRISAT hav ebeen
estimated to represent about 80% ofthe variability present in the crop. About 0% of these collections have cone fom dev eloping ountries n
the semi -arid topics. About 6 0% ofthese collections have come fom six count ies: hdia Ethiopia, Sudan, Camero mn, Swaziland, and Y anen.
The largest collection is fiom India In addition to this, the germplasm maintained at ICRISAT, India, are clasd fied into five races: bi olor,
guinea,caudatum, kafir and durra and their derivative Gopal Reddy & a/.2002; Balak ishna and Bhat, 2016).

Sorghum is the important cereal crop around the word and henceunderstanding and utilizing the gen etic variation in sorghum accessions are
essential Dr improving the cop. A good understanding ofgen d¢icvar ability among te accessions will endle precision breeding. So profiling
the genetic diversity of'so rghumis imminent.In the present investiga ion, forty sorghumaccessions consisti ng of sw eetsorghum, grain sorghum,
Pragesorghum mutant nes, naintainerlines, and restorerlines were screened for genetic diversity wing quantitative traits. Ob servations were
recorded on 14 quantitativ e traits, aut of which9 diversetraits conti buting to naximum variability were sel ected for genetic dvemsity analysis.
The pinciple component analysis revealad tha the panicle width, stem gith, and leaf breadth contributed naximumtowards divergence. By
using hierarchical cluster analysis, the 40 accessions were grouped under 6 clusters. Chister I contained naxi nu m number of acces sions and
cluster VI contained the mininum. The maximum interchister dist aice was obseved baween cluster VI and cluster IV. Cluster Il had the
highest mean value for hundredseed weight and yield. Hence the selection of parents must be based on the wider nterd uster dstanceand
superior mean performance for yid d and yid d components. Thus in the present investigation quantitative data were able © reveal he existence
of a wide genetic diversity among the srghum accessions wed providing scope for further genetic improvement (Sweta Sinha and
Kumarav adivel ,2016).

The aim of this study was to evaluate the level of genetic divesity within and anong sorghum germplasms collected flom diverse institutes in
Nigeria and Mali using Single Nucleotide Polymorphic markers. Genetic diversity among the gernplasm was low with an average
polymorphism information content value of 024. Analysis of Mol ecular Variation revealed 6% variaion anonggernplasm and 94 % withn
gernpl asms. Dendrogram reveal ed three groups of clustering which indi cate variatons within the germplasms. Private allel s identified in the
sorghum accessions from National Certer for Gendic Resources and Biotedinology, Ibadan, Nigera and Internationa Crop Research Institute
br the Semi-Arid Tropics, Kano, Nigeria shows their pros pect for sorghum impro vement and dis covery o fnew agronomic traits. The p resence
ofprivate aleles and genetic varigion within the germplasms indicates that the accessions are va uable resources bDr future breeding pograms
(Afolayan ef al.,2019). Sorghumis a drought-bleratstaple crop Hr half a billion people in A fiica and Asia, an impottantsource of animal feed
thoughout the woil d and a biofuel feedstock ofgrowing importance. Cutivaed soighumand ts inter-fertile wild relatives constitut e the primary
gene pool for sorghum Underganding and characterizing he divesity within this vauable resource is fun danental for it s eff ctive utilization in
crop improvement. Here, we repot analysisofa sorghum pan-genome to explore gen etic div ersity within th e sorghum prinary gene pool.We
assenbled 13 genomes representing cutivatel soghum and its wild rlatives, and integrated hem with 3 other published gemomes to gaerate a
pan-genome of 44,079 gene families with 222 6 Mb ofnew sequence identified . The pan-gemome displays substantial gene-content var ation,
with 64% of gene families showing presen ce absen ce variation amonggenomes. Comparisons betwea core genes and dispensable ge nes suggest
tha dispasable genes are important for sorghum adaptaion. Extensive genetic variation was uncovered within the pan-genome, and the
digribution of these variaions was influenced by variaion of recombinaion rate and transposable element content acoss the genome. We
idatified presence/absence variarts that were under selection during sorghum domestication and improvement, axd denonstrated that such
variation had impo tant phenotypic outcomes that ould conti bute to crop improvement. The constructed sorghum pan -genome rep resens an
inportant resource dPr sorghum impro venent and gene discovery (Yongfu Tao ef a/.,2021). Thisstudy ai med t o investig ate the gen ¢i cdiversity
of Ethiopian sorghum using gene-based sngle nudeotide polymorp hism (SNP) markers. In total, 359 individuds reresenting 24 landrace
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accessions were genotyped using 3001 SNP mark ers. The SNP natkers had noderatdy high polymorphism inbrmation cantent (PIC =024)
and gene diversity H = 029), on averge. This study revealed 48 SNPlod that were significantly deviated fiom Hardy—Weirberg equilibrium
with excess heterozygosity and 131oci p resumed to beunder selection (P <001).The analysis of molecu larvariance (AMOVA) ddermined that
35.5% of the total varation occurred within and 64.5% anong the accessions. Simil afly, significant diferentidions were observed among
geographic regions andpedun cle shap e-based groups. In the latter case, accessions withbent peduncl es had higher gen etic variaion than those
with eret peduncle. More alleles that are private were found in theeast em region than in the other re gons of th e country, suggesting a good
sitt conservation staus in the est. Quster, principal coordinats (PCoA), and STRUCTURE analyss reveded distinct accesson clusters.
Hence, cross breeding genotypes fomdi fferent clusters and evaluating thdr progaies for desimable traits is advantageous. The excepti onally
high heterozygosity observed in acces sion SB4 and SB21 fomthe westem geographic region is anintriguing finding of this sudy,whi v merits
firther inves tigation (Enyew eral., 2021).

BREEDING
Gemplasm

The mmjor organisationy countries which maintain sorghum genefic resources are the International Crops Research Institute for he Semi-Arid
Tropics (ICRISAT), India, the National Plant Germplasm System (NPGS) in United Staes, Ethiopia, Sudan, South Africa, India and China,
primarily becauseof the large crop improvement pogrammes (Reddy,2017). The International Crops Research Institute for Semarid Tropis
(ICRISAT) at Hyderabad, India is the maj or germplasm collection centre and serv eto disseminate sorghum access ons all over the world. The
National Certre for Sorghum at Hyderdbad n hdia and mme @ Ahmadu Bello Universty, Zaria, Nigeri a are the national gernplasmrepostaies
(Palavi, 2023).

Breeding Objective (Agrinfo, 2016):

1)H igh grain and fodder yield.

2) E arly maturty

3) Resistance to drought, lowHCN content, leafy, sw eetjuicy fod der.
4)Resistance to disease - Hight, downy mildew, rist, smut, charoal, etc.
5)Resistance to insect pests -Midge,stem borer andshoot fly,etc

6) Bread nmking quality.

Breeding Methods : The crop improvement nethads depend on the pollination control nechanisms and cultivar options. As mentioned eatier,
sorghum is a breeder-fiendly crop. One can enploy the breedng methodstha can beused to improve both self- and cross-pollimated crops with
ease insorghum. This is the reaopn why onecan find rghumpure line varieties, hybids, and populations as cultivar optionsin dfferent parts of
theworld. Ho wever, sorghum hybrids are superior topure lines and populations for yid d and other inportant agroromic traits. The discovery of
cytoplasmic-muclear nmle gerility in sorghumhelped to produce hybrid seeds on a nmss scale using a threedine system (A, B, and R) Dr
commercial cu ltivation of hybrids (Kunar, 2016).

Pure Line Selection: h this method superior land races are selected ffomlocd wniform variety and grown asplant poogenies in the nextyear.
Unifom superior progenies harvested and bulk el as improved stran for firther evaluation. In varietal evaluation,if improved grain shows
superiority over the existing variety , it is relesed fOr conmercial cultiv dion on large scale. eg., 1) M-35-1, 2) Sd-3, 3) Yashda , 4) Maulee(
RSLG-262) (Agrinfo, 2016). Pure line selection 8 the most comnon method ofcrop breeding particulady n self-polinated crops.Pur line
selection is practiced under two situations: (i) when there 8 aneed to develop a variety from a lan drace population, and (ii) while devd qping a
variety fom a segregating population. Forexanple, in sorghum, for post-riny season adaptaion in India, the bcal landracs fom the state of
Maharashtra were collected and single plant sele¢ins were made fora couple of generationsand the perfornance Br grain and sover yidds ofthe
selected lines was compared. The line showi ngbetter performance han te check variety br yidd traits acros locations was released Hr comnerciad
cultiva on. In thecase of segregating populations, the i ndividual plants are heterozygous in the beginning as hey are he podicts of crosing
betweentwo homozygotesand attain h omozygosity i successive generdionsupon self-pollination . Indivi dual plant selections have to be carried out
bratleast five © six generations to achieve the desired level of homozy gosity of a pure line. A higher nunber of plants (3000—10,000) of
segregating popula on are evaluated and seledion & practical to obtain thedesired plants (Kumar, 2016).

Pedigree Method: This method consists ofhy bridiza ion between desirable complenentary parental lines, followed by selection ofsuperor
plants, in the segregating generation, till homozygosity is achieved. i.e., F5-F. The selected p lants are bagged to prevent out crossing vareties
developed by pedigree method are P V-86 (R-24 XR-16), SPV-04 (Swati) SPV 86 XM-35-1) CSV-15R, (SPV-475 X SPV-462) (Agi nfo,
2016).

Back Cross Breeding : It isusal totrmansfer oneor few inherited traits from donor to anoth er desirable genotype ( recipient parat ) resistan ce to
disase like grain mold, downy mildew, rwst, smut, and resstanceto insect pest like mid geg shoot fly, sttm borer @uld be introduced in
desirable strain by back cross breeding.Simil aty cytoplas mic genetic male sterlity could also be introduced by this nethod (Agriinfo, 2016).

Hybrid Breeding: Seals of hybrid sorghum are producel using cytoplasmic genetic male sterility typically known as A, B and R line system.
Kambine K afir - 60 (ms) was initial m.s line is used n hybrid seed production. Male sterile line is known as A line its maintainerisknownas B
lire. Line A and B are isogenic excepttha line A is nnle steil elineand B is male fettile. Thedifference lines only in cytoplasm, where line A
has sterile cytoplasmands line B has fertile cytoplasm. Any £rtile ine can be conveted into nmle steile by backcross breeling methaod
(Agriinfo, 2016).

Maintainceof A, Band RLines: Aplanting A and B linein 4:2 ratios in isolated fid d Maintaince male sterile line A. Seed producal on A line
is male sterile. Line B is self fertile growing cop isolation or bagging the heads of B line plants, maintains B line. Simil ady ine R is also self
£ttile, is also multiplied by planting in solated field. n comnercial seed pro duction, i.e bulk poduction of A, B and R line is referred as
Hundation seed production and production of A X R refered as cetti fed seed produ ction.

A Line (msms) XB Line (msms) = A line (msms)
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Male Sterile X Male Fertile = Male Sterile
ALine (nmsms) X R Line (MsMs) = ( Msms) Hyb rid Seed
Male sterile X Male Fertile = Male Fertile

New hybrids can be developed by improving performance of ‘A’ and ‘R’ linesor both by the back crossbreedirg method. Every yearcrosing
programme of restorers with promising male sterile ines is undetak em and hybrids are tested for performance. Ifperformance of particular
hybrd found superior, itis nultiplied m largescale for comnercial cultivation. The p opular hybrids are CSH-1, CH -5, CH -12, CSH-15 and
CSH -16 (Agiiinfo, 2016).

Hybridization -Based Methods: The term hyb ridization refers to the crossing of two gen etically di flerent individuals asit com- binesthe tmits
oftwo varieties and provides an opportunity to select plants with desirable features of both parents thirough recombination in the segreating
progeny. As the natural varidility for most tmits is inited or already explateal, here 5 aneed to crate new variability by making artifcia
hybrids to make any further dentin developing inpro ved varigies through selection in the segregating populations. As mostofthe tmits of
inerest in soghum are quantitatively inherited, soighumbreeders generaly use te pedigree nethod of selection in se gregating populations. In
the pedigree method, the recordsofthe ancestryor pedigree ofeach progeny is nnintained axd t ® easy to trace back he parertageand selection.
With the pedigree sys- tam, the F, generation represents the fist and thenaximum opportunity Hr sd edion. Selection Drsuperiority is based m
the vigor and cther agronomic features of progeny (families). Ih F,, selection & limited © individuals. In F; and subsequent genermtions, wtil a
reasomble level of genetic homozygosity is reachal, selection is practicel both within and between fimilies. Of the 700 sorghum f nale
parerts (A /B-pais ) developed by ICRISAT br varicus trats of globd impottance, nore than @0 parents are used in crossng to develop hem
using the pedigree nethod (Kumar, 2016). Population improvement is another important nethod Hr sorghum inpro venent, whi ch indudes: (i)
the development of bioad genetic-based gene pools, and (ii) ts improvement trough recurrent sdection methods. h sorghum a single gene in
recessive homozygous condition confers nmle stenlity and eight differ- ent genes reported in sorghum are involved in ontrol of genetic male
steility. Using these genes, population improvement methods can be successfully deployed n sorghum which pro-vides a bng-term breeding
strategy © derive diverse axd broad genetic-based superior varieti s/hybiid parents. More tan 5 sorghum hybrd parents (A< B-pais) at
ICRISAT were developed wing population inpro venent methods (Kumar, 2016).

Heterosis breding is nost inportant as hybrids are the ailtivar options n sorghum wherever they are available. Although heterosis was
denon grated as early as 1927 in sorghum its omnerwcial exploitation wa possibleonly after he dscoveryofa stdle and heritable g/toplasmic-
nuclear male sterility (CMS) nechanism (Kuma, 2016). h sorghum, commercial exploitation of heterosis has been possible owing to
availability ofa stable andheritable CMS mechanism enabling large-scale, economic hybrid seed production and sufficiently high magnitude of
heteosis acress arange of production envionments forecono mic characters. The gre ater cantribution o fhybrids to yield, compared to improved
and landrace varieties, has been denonstratal in almost every situation/condition. The hybrids besides being sup et or for gran yield and other
tmits ofinterest are stable across environments. In India, many improved high yielding hybrids and varieties of kharif,r abi, forage, and sweet
sorghum, suitable to different zones/st at es, have bea released for cu ltivation, which resulted i n higher production and productivity P rabhakar et
al .,2022).

Mass Selection: Mass selection dffers fiom pure line selection, wherein a number of desirable plants (instead of only one) are seleded and
compo sting is done onthe havested seed to produce the next generation. This method has a few drawbacks. Itis not known whether he plaats being
grouped arechomogencous and some of them i fheterogeneouswaild segregae firther in Hllowing gen erations, and epeded selection waild be
required. Mas selection is generally pradiced to purify a variety. A large number of sing k plans aeselected fom an inpure variety population,
eachline progeny tested, aad similar type progenybulkedto formth epureseed lot. The succes of the nethod depends upon high heritabiity, tha s,
thepresence ofadditive gene action and mininel infuence of genaype @vironment interaction o the expression ofthe selected trat. Mass
selection is relativdy les wsed in sorghumexceptbr the improvement of plant height or grain size (Kunar, 2016).

Breeding for nutrition content: Quality sorghum grain isusudly hard (vitreous), whit ewith a pearly luster, bold and round, with a hin sed
ooat (p eicarp), and w thout a colored subcoa (tesa). Howev er, here aremany variations in color, hardness, and shape o fthe grain used Hr food
in diferent parts of tile world. The quality of sorghum protein is deficient, lik ethat o fseveral other cereal crops, becaise of alow c ancertrati m
ofthe ssential anmino acid, lysine. High-lysine sorghum typ & havebeen found gowing In the wollo have district of Ethiopia, and severd other
sources now been Id entifi ed . Breeding prograns areactively studying the possibility of Inco rporating this traitinto theirbetterlines and varieties
br farmer us e. Many problems are invol ved, probabl yl imiting high dysine sorghumto specialuses (House, 1985).

Resistance Breeding: The resistance could be incoporated in gv e strain when desirable donor presant is availabl e by back cross breedng.
Effctive id entification of donor and screening technique of mode of inheritance in needed, the characters controlled by recesive gene could
easily be trans ferred byback cross breeding than character contoll @ by domin ant genes. The inpo ttant red stance source for pest and discase
are given below (Agrinfo, 2016).

Bibtechndogy: Trait -based gproach for the genetic improvement of sorghum ha been adopted by use of cutti ng-edge technologies of plaat
biaechnology and nolecular biology to develop gemotyp es wth improved performance und er stress dur ng crop growth and ehanced quality of
the produce with extended s helf life of seed,grain, and novel sorghumproducts (Prabhakar efal.,2022). Plant biot echnology is ncreasingly used
br S. bicolor inprovenent with the applicadion ofmol ecular genetics, genomics, and plant transfdmation. Transgenic traitshave been added ©
S. bicolor wing Agrobacterium-mediated transformation and particle bombardment. S. bicwolor has been highly recalcitrant to genetic
tmnsformati on and until recently the transrmation eff ciency wasless han 10% (Inspection, 2021).

Breeding

Mostimprovements to S. bicolor havebeen achieved usng convantional breeding. Canventional sorghum breeding nethods include gernplasm
evaluation and enhancement, backcrossing, pedigree selection, reairrert selection axd hybrid development using cytoplasmic and genetic male
stenlity. Limited genetic variation is oundinsorghumsinmany locations (i.e., the ger nplasm base is narrow),so crosses between, or selection
fom collections made wi thin the same areausual y reult in minimalyidd increase. Toincrese desirable traits, collections fom other breeding
programs, and breeding procedures including the fornmtion of compo sites, which retan nore variability are oflen used. One major crop
inprovement was the int roduction of chemicall y induced brown midrib mutants that hav e less ligninin the stalk and, therefore, have inproved
fbre digestibil ity (House 1985; Insp ection, 2021).
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Sorghum is p edominantly self-pollinated cop, in which cross-pollination ranges from 5% to 15% with an average of about 6%. Thus, breedi ng
procalures appli cable to both self- and crosspollinated cops can be deployed to sorghum impro venent. Defining breeding goals is nust for
any plant breeder before start o fthe wotk. In cas e of sorghum breeding, fist, th ebreeder needs to understand the requirenents o fth e Ammers, the
millers,the baes, thetarget environments, includingthe kvd of biotic and abioti cstiesse's, consu mer preferen ce, the processing ndustyy ,and
the production practices of the famers. Goals of sorghum breeding aw as revolv e around yield and yield stability, red stance to diseases and
pests, tolerance/resistance to diought, salinity and hightenperature stresses, redudion in aiti rutritional factors, improving the grain protein
quality, identifying particular genotypes to pecific end uses, earliness, photo- and thermo -insensitivity, wider adapt ability ,high biomass,high
sugar content, and several agronomic trait inprovements. Choice of breeding methodology in sorghum depends on the type of cultivar
(varieties/hybrids) int eded to be developed. In the development oflines and varidies in often cross pollinatal crop like soghum, breeding
procalures applicable to selfpollinated crops are followed. How ever, as t allows cross-pollination to some extent, availability of male sterlity
sources made it easy forbreeder to exploit heterosis n the form of hy b ds.In this chapterdiferentconventional andsdection procedures, which
are commonly used in sorghum improvement, are repres ented with detaled discussion and schematic represent ation (Rakshit and Bellundagi,
2019.).

The major miles tones in sorghum breeding in India

e Diversification of genetic base of culfi vars using exotic germplasm.
e Devdopnent of hybrid parents and release of hybrids to exploitheterosis for grain,fodder and biomass yields.
e Populationimprovement appro achto augment he brealing material with desirdletraits and allel es.

Sorghum is one of the fst crops in which heteosis cauld be beneficially exploited n India. Comnercial e xploitation of heterosis has been
possibl e owing to the availability of a stable and heritable CMS mechanism, enabling large sale, economic hybrid seed production and high
magnitude of heeross for economic traits. The hybrid pogramne in India was initiated in eadly 60s by atempting cosses of Indian tall
cultivars & well as temperate dwarf parents as male parats on exotic CMS lines (CSH 1to4). With the breeding efforts in the Indi 1 sorghum
improvement program, improved and promising paratal lines became available and wereused to develop fiture set o fhybrids (CSH 6onwards)
after 1975. From CSH 13 to the latest hybrid CH 30, diversification of hybrids became a prioity and traits such as eadiness, grain sizeand
mold tolerance were inco pord ed in new hybrids. The multi-cut forage s orghum hybrid CSH 24MF provid es forthe hi ghest Hrage yield (9 1ton
fesh forage/ha)coupled with superior Brage qual ity (8% protein and 50% digestibility). Sweet sorghum cultiv as with high stem sugar content
were also identified and released . Notable ones are th e varieties sich as SSV 84 (high brix), CSV 24SS (High stalk ard sugar yields) and hybn d
CSH 22 SS (High stdk aad sugaryields) (Bal akrishnaand Bhat,2016)

Advancem ents and Challenges

Breeding eftrts of nearly 50 yeas have catapulted the yields of so ighum by many Hlds for both grain and fodder use. However, chall mges
renrin in the areas of improving resis taxce to biotic and abioticstresses, sgni fcantimprovementin terns of nutriti onal quality, bi oavailabii ty,
and consumer acceptability. For the past severd decades,severd programsinIndia atempted to improvevareties an dor hybi d parents through
pedigree breeding approach. Moredmanatic acaruals in terns o fgrain yiedd and fodder/ biomass yid d cane through n the initial y ears and have
reached a pla eau thereafter. While the increase n productivity was possible by intiogressing exotic material in kharif grains orghumtypes, t
resulted in greater suscetibility ofthe cultivars thus develop a to biotic stresses and loss of consumer prefrence, in nany instances. While
complete immunity against major pestsand diseases are not av ailable, there 5 en cugh scope to build fair level o ftolerance agairst mosto fthes e
pests and diseases by conventional breeding and high resstance aga st grain nold and major pests by biotechnologicd approach and gene
pyramding. Genetic resistance in canjunction with other components of integrated plant protection management could offer lasting bw cost
solutions. Increments in productivity were much slower in mbi-alaptad cultivas compared to kharfadapted mes (Kumar e al., 2010).
Temperate photo-nsensitive germplasm could mthelp d evelopment of rabi (post-rainy) cultivars of grain sorghum adapted to reced ng moigure
conditions wherelocal varieties (such as M35-1 that wasreleasal in 1937) are lagely cultivated (Reddy eral, 2008; Rakshit & al.,2012).

The advancal breeding programmes in forage breeding using diverse germplam lines has resulted in nore than doubling of bBrage yidds in
hybrids conpared to varieties. However, absence of hetero ss Hr biomass produdionhad limited the progress in enhancement o fforage yid & of
late. There isno easy answerto enhan ce forageprodudion potential cther than looking atdiverse genetic backgroundstoyield nore biomass or
generate high heterosis Dr forage yield traits. The only sweet sorghum hybrid CSH 22 SS rdeasedin the @untry isthe bench mark for sweet
sorghum pmo ductivity. There is a need to develop new er cultivars that produce high stdk yield axd more mergy in diffrent agro-climaic areas
ofthe ountry. They should also possess red stance/tolerance to various stresss ad should be of stagg ered maturity ines to wida the harvesg
window, ensuing continuous supply of feed stock to the sweet sorghum pro cessing plants. Any increase in biomass resulting from these
breeding p rogrammes w ould also ensure animpottantrole for sweet sorghumas bot firstand second generation biofuel (Balakrishna and Bhat,
2016).

Majo r Types of Sorghun

Gnin Sorghum: Grain sorghum can take nany shapes and sizes from a tight-headed, round panicle © an open, droopy panide that canbe short
ortal. Grain s olghum comesinred, orange, bronze, tan ,white, and black vareties. Red, omangeor bionze orghumare vay versatie and canbe
used in all segments ofth e sorghum in dustry. Tan, cream and white colored sor ghum vari eties are ty pi cally nade into fourforthe Hod industy.
Black and burgundy vaiieties ontain b enef cial antioxidant propaties and are used in other foo d applications.

Forage Sorghum : Depending on which species axd variety s selected, sorghum can be used for grazing pasture, hay production, silage and
green-cop. Fom ge sorghum typically grows 8-15 feet tall and is mos t popular for use assilage for fedinglivestock .

Bibmass Sorghum : Did you know sorghum can beused to nake ehanol? Bomass sorghum hasthe largest stature of all the s oighum varieti &,
reaching a height of20 £etina nomal growing season. Bi omass sorghum has beenbred o produce alarge amourt of non-grinbiomass. Thes e
hybrids are wsed primarily for the production ofbioen ergy.

Sweet Sorg hum: Sweet sorghum is predominantly grown for sorghum s yrup . Unlike grainsorghum, sweet sorghum is har vested for the s allks
rather than the grain and is crushed like sugarcane or beetstoproduce asyrup. Sweet sorghum was once the predominate table sweetener in the
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US. Today, swed orghumis used as a healthy alternaive sweetenerto produce whiskey and rum type products and for biofuel and chemical
production.

Typesof Sorghum (Plantvillage, 2023).
Sorghum is aver saile copthatcome in many different varieti s, each with its own unique characteristi cs and uses.
Gnain sorg hum ,also known as nilo, 8 themost widdy grown type axd & used Dr food, ani nal fed, and biofiel production.

Sweet sorghum has a high sugar content and is us ed ©orthe production o fsorghu m syrup, nolasse, and other s weete ners.

Fora ge sorghum ,which is pimaril y usel for animmnl feed, is harvesed forits leaves and stalks rather than its gmin.
Bwomcorn sorg hum gown for the production ofbro oms an d bushes, which are made ffomth e plant'slong, sti fffibers.

Dual -purposesorghum ,as thename suggests, is grown forb oth grain and forage an dis used to £ed both humans and animals.

High -tannin sor g hum ,on te oth er hand,is grown forits high tamnin ontent, which makes it resistant to tird and nse¢ damage.

Ther e are many specidty varigies of sorghumtha are grown for specific wses, such as omamentl purposes, traditional medidne, and
cultural practices.

Harvesting (Plantvillage, 2023).

Thehawesting procedure forsorghum can vary depending onthe specific variety, climate, and soil conditions. However, there are some general
stgs that canhelp ensure a siccessful and efici ent harvest:

Determin e maturity: Sorghum shauld be harvested when it reaches physiological maturity, which is when the seedhead turns fomgreen
yellow, brown, orred axd theseals become hard anddifficult o dent.

Timing : The timing of the harvestwil dep end on the climate and vari ¢y, but generally, sorghum is harvested durning the dry season, when the
seeds have matured and dried out.

Equipm ent:Use approprate equipment, such as acombine hawv st er orsickl e, o hawest the sorghum

Cutting: Use a sickle orcombine haw ester to cut the stalks nearthe base of the plant . The stalks can be cut at a hei ght 0f10-15 cm above the
ground to leav e some stubble for erosion control and oil conservation.
Drying : Allow the soghum to dryin the field for a £w days to aweek b reduce noisture contentand improves torag e quality.

Threshing: Use a thresher or ot her equipment to remove th eseeds from the seed head. Altana ively, the seed heads canbe beat en with astick to
release he seeds.

Vari eties

Hybrids and varieties r eleas ed through AICRP at Nafonal Level are givenin Table 8.

Table 8. Hybrids and varietis released through AICRP at Na tional Leve

Hyhbrid Centre Recommended for the states of Remarks
. Kharif Hybrid, 205 an ht, White midrib colour, sani erec
CH 26 Dev Gen Sexds Maharashtra , Kamataka, MP, Souh Gujarat leaves, semi compact panick. Tolerant to Charcoal rot, Ergot
and north AP & TN ;
Rust shoot fly, aphidsand s tan borer.
Kharif Hybrid, 205 an ht, Tan plant color with cy lindrca
S 27 ICAR-IIMR Rajasthan, North Gujarat, UP, AP and Tamilsemi mpmt panicle and Whlt.e bold elllptnal seed. M edium)
Nadu maturiy group. Tolaant to grainmould disase under natura
conditions
Kharif Hybrid, 203 cms, medium tll, Medium M aturity
Maharashtra , Kamataka, MP, South Gujarat{Long bold panicle, bold grains, blarent to shoot fly and grai
CS128 Nuzveedussceds and north AP (Zone IT) mold. High grain andfoddery ields, high res ponse to nitrogeq]
fertilizer.
Kharif Hybrid, 220 Cm tall, White midrib colour, sani erec
Maharashtra , Kamataka, MP, South Gujarat{leaves, semi compact panick, lustous grain, M edium
C8129 Mzhodaya Seeds and north AP (Zone II) maturiy, Resisant tofolia disases, moderately resisant t
grain mold.
Maharashtra, Karnataka, MP, South|Resisant to lodging. Non-shattering. Tan, 216 cm tall, plan
CH 30 ICAR-IIMR Gujarat, North AP uncer rainfd Kharijcolor with symmetric emi compact panick and white bol
cultivation elliptral seed.
CH 31R Dev Gen seds All rabi sorghum growing staites ofIndia f({)azio?l}};}?tld with high grain yield and fodder yield. Tolaan
Kharif hybrid, 221 cm tall, White midrib colour, ssmi erec
Maharashtra , Kamataka, MP, South Gujarat{leaves, semi compact panicle, Tolerant to Charcoal rot, Ergot
C8132 Dev Genseds and north AP Rust shoot fly, aphids and stem borer. Non-lodging, & non
sham?ri ng highly responsive for De;p soils
. Rajasthan, UP, North Gujarat, South Andhra| Kha.rlf hybrl(?, 185 cm, eafly maturity, Well exered eompac
CH 33 Nuzivee du s eeds panicle, medium boldgrain, Non-lodging, & non shatteri ng
Pradesh & TN . ;
tolerant to maj or pest and disases.
CH 34 Hitech s eds Maharashtra , Kamataka, MP, AP, Chatts garhiKharif hy brid, 210 cmtall, medium maturity, ear head — sean




26277 Inanational Jourml of Cument Research, Vol 15, Isswe, 10, pp. 26251-26285, October, 2023

Gujarat, and Rajasthan compact,, awn less, log bulging panicle, board in upper par
to symmetrial in slape, white medium length stigma)
creamy white medium bold grain, esistant to downy mildew
under natural conditions escapes graimold due to litle bif
more maturity duation.

Kharif hy brid, 215 cmtall, medium maturity,ear head — san
CS135 Aol Maharashtra , Kamataka, MP, South Gujaratjcompact, oblong withtapering apex; internodes covered by
a and Telangana leaf sheath, dull green mid rib, non-lodging non shattering|

moderately tolerant tomajor pests and disases.

CSV 24SS ICAR-IIMR All sorghum growi ngareas of India. Sweet sorghum variety
. . . |Medium tall (183 c¢m) seni compact ear head, pearly white
CSV 26 R ICAR-IIMR (CRS) (}}fal]? ;bsie:;orﬁfnndis;?r?llglzassoélfizré?am *™lustous seed, tolaant tocharcoal rot shoot fly, stan borer, shoo
& £ g ) bug and sugarcane aphid And tolemnt to terminal drought
csv 27 ICAR-IIMR All sorghum growi ngareas of India Dual purpose kharif variety resisance to grain moulds non
) lodging & non -shatteri ng

Rabi  sorghum  growing areas ofTall (210 cm), sani compact oy lindrical ear head, pearly white
CSV 29R Bjapur Maharashtra,  Karnataka and Andhrallustous seed, tolerant to charcoal rot, shoot fly, stem borer,shool

Pradesh under Deep black soik bug and sugarcane aphid.

CSV 30F Rahuri All forage sorghum growing areas of India. Forage Sorghum, Goose neck tendency of panicle observed
sometimes due to environment al fluct wtions

Under minfed conditions in Kharif seas ol Kharif variety, 210-250 an tall, juiey stem, white col ourmid-rib

CSv 31 Palem in Andhra Pradesh, Tamil Nadu, Rgastha waxy bloom, seni-compact symmetric paq1cle, pearly Whl.te sed
4 Gui arat and grey yellow endospem, tolerant to grain mold and resistnt to|
and Ly ara anthracnose and laf blight

All forage sorghum growing areas of

CSV 32F ICAR-IIMR Maharashtra, Tamilnadu and Karnataka|Forage S orghum
(Zone 1)
Al f h . Forage Sorghum, Tall, thinstan, high tilering , first cut after 62
CSV 33MF TNAU l&Horage sorghum growing states (Zone 14ay s subsequent cut after 50 days, 1039 g/ha geen fodder yield
) 280 g/ha dry fodderyield resistnt to leaf blight anthracnose

USES

In Indi a the rainy seasonsorghum grainisused mainly as animal/poultry feed, while the post-miny-seasm soighum grain is used primarily for
human casumption (Reldy, 2017). Sorghum cultivation has been linka by archeologicd research © ancient Sudan around 6,000 to
7,000 BP . Onespecies, S. bicolor,native o A fii ca with nany cultivated forms, is acommon crop worldwide, used forfood (in the form o fgrain
or sorghumsyrup ), animal fodder, the production ofalcoholic beverages, and biofuel s. In Nigeria, the pulvei zed red leaf-sheaths of sorghum
have been used to dye leather, andin Algeria, sorghumhas been wed © dye wool (Wikipedia, 2023 ).Sorghumis cultivatedin many paits of the
world bday. The grmin find use as human food, and Br making liquor, animal £ed, or bio-based ethanol. Sorghum gran is glute fee, high
in resstant starch, and has nore abundant and divese phenolic compounds compared to other major cereal crops (Wikipedia, 2023).

Culinary uses: Sveet sorghum is the only crop poviding gmin and gem that can be used as substrates Dr the production of sugar, alcohol,
symp, fodder, fuel, bedding, roofing, fencing, and paper (Laopaiboon et d., 2007) The juicy stalks of sweet sorghum, which & similar to
sugarcane is utilizing for preparation of symp and jaggery. Sorghum grin is germinated, dried, and groundto form nalt, which isusad as a
substratum for fermentation in beer production. A waxy s oighum id entified in Mexico (a mutantvariety tha is neady 100% amylop ectin) may
be advantageous for brewing; however, nomal sorghu m (ap proximately 75% amylopectin and 25% amylose) is nore commonly used forbeer
production.

Sorghum grain is used for human food and as feed for animals; the plant stem and fol iage are used for green chop,hay, silage, and pagure. n

some areas the stemis used as building nmterial, and plant remains (after the head is harvested) may be used for fiel House, 1985). An
unleav med bread prepared with four ground from the grainis one of the most common foods made of soghum. Someimes the dugh is
£rmented before the bread is prepared. Sorghum is also boiled into aporridoga ogmel. Beer is commonly made of the grain in many parts of
Afica, often with grain of various co brs. There are "sp ecialty" sorghuns, such as pop sorghum and sweet sorghum, that can be parched and

eaten. These specialty sorghums are frequently grown as borders of large fid ds (House, 1985). Sorghum grmain flour is usal to make Roti
(unleav ened bread), Sarkati, Ammam, Pops, and Ganji (thin pomidge) in rural India. Some of the value-added soghum produds available
commercialy in India are sorghum-rich mul tigrain Atta, soighum Rawa (fne and coarse rawa for Upma, Dosa and Idli), extuded products

(Vermieelli and P asta), flaking (breakfast cereal), baked products (Biscuits and Cookies) and instant mixes (Dosa m x, Idli mix and Pedamix)

(Dayakar Rao ef al.,2014). Sorghum grain is a staple food for millions of people inthe semiari dregims of Africa and Asia where it is used ©

make food products such as tortillas, breads, cakes, noodls, cousous, beer and porridge. Sweet sorghum sap can be processed nto sweeteners
br the Pod industry or ferment ed i nto ethanol. Nearly all sorghum poduction 97%) in he western hemisphere 5 brlivesto k feed and Hrage
becawse itis a lower cost al ternative © mai ze andrequires less water to grow. Developing countries a so us es orghum plant products for cooking
fiel, constu ction materials, leather dyes and as physicad suppott for vining crops like yams (OECD, 2017).

Sorghum is cultivaed for its grain, which 5 an inportant food source for people living n dry tropical and subtropicd regims of the world.
Sorghum grain, stens, and leaves are also usal aslivestock £ed and fodder. Sorghum grain can be fermented © make beverages. Fermented
sorghum bev erages are tradition ally brew ed i n parts of Africa (br example, alo, iki gage, or tdiapal o). Comnercial brewers are also expoiting
sorghum Pr usein gluten -fee beers (Evolution, 2023 ). Sweet rghumor sorgo accumulates sicrose (a sugar) in ts stem.Sweet sorghum stems
can be crushad to extract tie sugary juice, which an be pro cessed into sorghum symp. The juice can also be feimented and-distilled to nake
sorghumrum. Sweet sorghum is of interest for produdng hofuels, although it is not yet widely exploited for that pumpose, unlike maize and
sugarcane (Evolution, 2023 ). Worldwide,sorghumis afood gran for humans. In the United States, sorghumisused pinarilyas afeed grainfor
livestodk. Feed value of gran sorghum s similarto corn. The gain has mor protdn and fatthan corn, but is lowerin vitamin A. When
compared with com ona perp ound basis, grain sorghu mfeedin g value anges fom 90% to nearly equal to corn. The gran is hi ghly palatableto
livestok, and ntake seldom limits livestock productivity. Howev er, some sorghumvarieties and hybi ds which w ere develop el todeterbirdsare
less palat dle dueto tannins and phaolic conpounds inthe seed. The grmin should be cracked or rolled before feeding to cattle; this improves
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theportion digested mm (Carter et al., 2023). h many parts of Asia and Afiica, sorghum grain is used to make flat breads that form the staple
Hod of many cultures. Popp ed grains are a popul ar snack in parts of Western India. In hdia, where itis commonly called jwaarie, jowar, jola,
or jondhalaa , sorghum is one of the staple sources of nutrtion in Rajasthan,Punjab, Haryana, Uttar Pradesh, axd the Deccan plateau gates
of Maharashtra, Kamataka , and Td angana. An Indian bread caled Hriakri, jowar roti, or plada rottiis preparel from this grain. In Tunisia,
where t is comnonly called drod, a tradition al porridge dish is preparel with ground sorghum powder, milk, and sugar. The dish is a saple
breakfist meal consumed in winter months. In Central America, tortill & are sometimes made using sorghum. Although cornis the preferred
grain for making tottillas, sorghum is widely used and is well accepted in Honduras. White sorghum is preferred for making tortillas. Sveet
sorghum syrup is known asmolass es in sone partso fthe United Staes, although it is not true nolasses. In Southen A fii can counti &, so ighum,
along withmil k, sugar and butter, is used to nake Mal tdbella, avariation o fmillet porrd dge (Wikip edia, 2023).

Alooho lic beverage: In China, sorghum is known as gzoliang and is £rmented and distilled to produce one form of clear spirits known
as baijiu of whichthe most Aimous is Maotai (or Mouta). In Tawan, on the island called Ki nmen, plain sorghum is made into sorghum liquor.
In several countries in Africa, including Zimbabwe, Burundi, Mali , Bukina Faso, Ghana, and Ni geria, sorghum of both the red and whi €
varieties is used to make traditiona opaque beer. Redsorghum imparts a pi rkish -brown ®lour to the beer (Wikipedia,2023).

Bib-based ethanol : In Australia, Scuth Anerica, and the Unitel States, sorghum grain & used prinarily for livestock £ed and in a goowing
number ofethanol plants. In some countries, sweetsorghum st dks areused for producing biofuel by squeezing the juice and then fernenting it
ino ethanol . Texas A&M Univesity n the United States 5 curr ently mnning trial st o find the best vari eties for et hanol produ ction from sorghum
leaves an dstalks inth e USA (Wikipalia, 2023).

Agricultural uwses: It is usedin feed and pasurage for livestod . Is wse islimited, however, because thestarch ad potein in sorghum is more
dificult for animals to digestthanthe starchesand protein in com. One study on cat tle showed that steam-flak ed so ghum was prefrab le to dry -
wlled sorghumbecauseitimpro ved daily weight gan. In hogs, sorghum has been shown to bea more efficient £ed choicethan com whenboth
grains were pio cessed inthe same way (Wikip elia, 2023).

Animal f eed: Sorghum is an excellent feed for livestock aad conpanion animals. The feeding valie ofsorghum dBr livestock speci es isgen erally
considered 95% or more of the feeding v alue of yelbw dent mniz. Brow nsoighums are considered © have 80-85% the feeding value o fma ize.
So rghum nust be properly processed t o enhan ce ts digestibility. Popping,steam fak ing, and rec mstitution are wed to p repare sorghum grain n
beef cattle £edlots in the USA. Grinding, olling, cushing, and pelleting are usal for poultry and swine £eds. Srghum has a pro ximae
compo dtion, amino acid contaits, and mutritional value similar to those of maize. Howev er, due to its lower fat content,s oighum usually las a
slightly lower gross, digestibl e, and metabd izable energy. Lysine and treonine are the first and second 1imiting amino acids. Most sorghum
hybrds do not contain condensed tanninsin contrast to impressions given insome publications. Kernek hat ontain condensed tannins have a
clearly pigmen ted, hick testa These sorghums are dassed asbrown or tamin sorghums. The brown sorghums are grown in some areas where
bids and nolds are major problems. Birds will consume brown sorghums when other Hods are scarce. Animals fod brown sorghumrations eat
moee feed and produce about the same amount of gain so feed efliciency &5 rduced significantly. Sorghum used as a feed grain is genenlly
softer than that used for food gmin; its gminis offen colored. Itisseldom £d without coarse grinding or breaking-other poceses involwe
various soaking procedures, flaking, and popping. The purpose is to expose alarger portion ofthe seed to the aimal's dig & tiv e enzymes. Ifnot
teated, some grain (when used as feed) will pass through the aninal undig sted (House, 1985). The sorghum plant nakes good feed. It can be
chopped Dr silage or fed direcly to the animas. Sudangrmss is wed & pagure and made into hay. The stoverthe portion rennining afer the
head Is removed -is offen used as hay. This, however, Is poorer In quality han stover fiom sorghum managed as a £ed crop (House, 1985).
Cyanide can be produced in poisonous quantities by some sorghumand Sudan grass. The cy anid e concantration is great est in seedling p lants and
declines as the plant grows: it is low after 30 to 40 days of growth and virtudly absent just before heading. The co ncentration of cyanide ismost
serious in new growth following aitting. The greatest dangeroccurs if re growth is damaged by frost. The cyanideprdblem can be managed by
careful attention ©selection of varieties low incyanide, and by proper grazing. Presen ce of cyanide needn o be a serious restri¢ion o the use of
sorghum brage for feed (Hows e, 1985).

The stover (mature cured stalks of com with the eas renpved that are wed a feed Or lvesto k) remaining after harvesting the grain 8 aitand
£dto cattle, sheep and goats, or may begrazed. Sone firmers grind harvet & stover and mix it with sorghum bran orsaltto feed li vestock .
Brown midrib (BMR) lines of Sorghum biwlor wereused as forage sources for livesto ck becaise of their reduced lignin content and higher
digedibility of the sover. Broom sorghum (broomern, S. vidgare)is also used as asaurce of animal feed in some regions, athough it isless
digdible than S. Acolour .Sudan grass andits hybids nay be us & as pasture, hay, green dop, or silage Dr livestock. Sweet sorghums are used
brthe produdion of syrup or molasses, andare being considered as potenti al sources for fiel ethanol. Production of ethanol fom sorghum grain
or swed orghum biomass (stalks) has gained increasing interest in recent years. To produce ethanol from sorghumgrain, the whole grain is
ground, gel atinized, and converted to fernentable carbohydmtes using enzymes. The produd, distillers’ grairs, contains approximaely 30%
protein, and 5 commonly wed & fed forlivestock in either wet ordry Hrm Balakrishnaand Bhat, 2016).

Pasturing cattle orsheep on sorghum stubble, after the grainhas been harvested, is a common practice. Both raughage and dropped leadsare
utiized. Stubblew ith secondary growth must be pastured carefully because of the danger of prussic acid (HCN ) poisoning (Carteret al., 2023).
Grain orghum may also be used as whole-plant sil age, however another sorghum, sweet soighum was developed as asilage crop. Sweet
sorghum pmwo duces much hi gher forageyields than grain soghum, bu £ed quality will likely be lesserb ecause there is no gran. Some gowers
mix grain sorghum with s oybeans to produce ahigher protdn silage crop (Carter ef a/.,2023). In the early stages ofplant giowth, so me sorghum
species may contan levels of hydrogen cyanide, hodenine, and nitrates lethal to grazing animals.Plants stressed by drought or heat can also
oconfain toxiclevels of cyanide and nitrates atl aterstags in growth (Wikipalia, 2023).

Industrial uses : Sorghum grin or sweet sorghumbiomass isused Dr ethaol production.Yields of alco hol (182 ° poof) per tonne of sorghum
grain are comparable with mai ze (387 vs. 372 L). The commaercial technology rquired to ferment sweet sorghum biomas s nto al cohol has been
developed in Brazil to extend the millseason and complenent sugarcane production. One tonn e of sweet sorghum bionmss has the potential ©
yidd 74 L of2 (00° proofalcohol. In Southem axd West Afiica, sorghum malt is used dr alcoholic andnon-almholic b everages, weaning Dods,
and breakfast foods. Sour-opaquebeers areproducal comnercialy in Southern Affica. Opaque beeris poduced following t he b asic steps ofthe
tmditional process. Breweries in Mexi co, Afica, and Asia use sorghumgritsas anadjunct n bewi ng lager beer. In Nigeria,sorghum and maize
are used © produce lager or clear beer without barley malt. Niger im breweries poduce clear beer fiom a combination of nalted sorghum,
sorghum, and/ or maize grits with commercial enzy nes to convat thestarch to fmmentable sugars because soghum nelt has alow dias fatic
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pover. The same approach is now used by several U.S.-based bewers to produce a sorghum-based gliten-fee lagerbeer for targeted o
indviduals with allergic reactions to gluten. The quality of clear beer 8 good, but thetast ediffers fiom barley malt beer. Srghum grits, meal,
and four can be used alone or mixed with wheat flour © produce an array o fbaked gods.However, orghum dos mot contain guten so the
amount of sorghumfour inthe Hends depmd m the quality ofthe wheat flour, baking procedure, Hmulation, and quality of the bak ed products
desired. New food type sorghums that produce excellent yields of flour with a bland flavor and light cd or are available. They can be used ©
extend w heat-based products without affecting flavor. Sorghum can be puffed, popped, shredded, and flaked to produ ce realy -to-eat breakfast
cereals . Extrusion of soghum produces acceptabl e snacks and precooked produds. In the Sudan, sorghum is wet-milled to produce starch with
properties and uses similar to those of maize starch. Commercial wetmil ing of orghum in he USA was d sontinua in the 1970s becaus of
poor economics. Speci fic types of sorghumare used to produce a sweet s oighum sy mup co mprised o fsucrose, glu ®se and fiuctose. This s ugar is
extacted ffom the stalk and cooked to concentrd e the soluble sugars in the juice. The enzymatic conversion of starch from sorghum gran ©
liquid glucose symp is a so possible.

Other uses: It is also used for making a traditional corn broom. The reclaimed stalks of the sorghum plant are wed to make a
decorative mllwork naterial marketed as Kirei boad (Wikip alia, 2023). Broomcorn inflorescencesare ised in some types of decorations, as
well as 1 natural biistle brooms (Evolution, 2023 ). Some ofthe pro dicts pr¢ared from Sorghumis given in Fig.17

Popped s orghum Boiled

Tanmnrind-Sorghum s auce Sorghum based mixed jam

[ Sorghum based toffee Sorghum based tamato s auce Multi gaim cookies with sorghum
Fig. 17. Prod wts pre pared from Sorghum
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NUTRITIONAL VALUE

Sorghum is one of the cheapest sources of energy and micronutrients, and a vast najorty ofthe population in sub-Saharan Africa and India
depend m it Dr thdr dietary energy and micro nutrient requirement . Sorghum provides nore than 50 % of th e dietary micronutrients, particulrly
Fe and Zn, © the bw -income grow, paticularly in rural India whereboth physica ad economic access to nutrent-i ch Hods slimited. Thus,
sorghum s a unique cop with multiple uss a bod, £ed, Ddder,fuel ,and fiber (Kumar, 2016).

Congituents o fSorghumaregivenin Table 9 (Bdaknishna and Bhat, 2016).

Table 9. Constituents of Sorg hum
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Nutrtiond valueper 100 g Sorghum grain is given in Table 10 Wikipedia, 2023).

Erer gy | 329K (79 leal)
Carb ohydrates 72.1 g

Sugars 253 g

Dietary fiber 6.7¢g

Fat 346 g

Saturat ed 0.6l g
Monounsat urat ed 1.13 g
Polyunsaturated 1.56 g
Protein ] 10.6 g
Vitamins Quartity %DV '
Vitamin A equiv. 0% 0 pg
Thiamine(B1) 29%0.332 mg
Rboflavin (B2) 8% 0.096 mg
Niacin (B3) 25%3.69 mg
Pantothenic acid (BS) 7%0.367 mg
Vitamin B6 34% 0.443 mg
Fohte (B9) 5% 20 pug
Vitamin C 0%0mg
Vitamin E 3%0.5mg
Minerals Quartity %DV '
Cal cium 1%13 mg
Copper 14% 0.284 mg
Iron 26%3.36 mg
Magnes ium 46% 165 mg
Mangan ese 76% 1.6 mg
Phosphorus 41%289 mg
Potassium 8%363 mg
Selenium 17% 12.2 pg
Sodum 0%2mg

Zinc 18% 1.67 mg
Other constituents Quartity

Wat er 124 ¢
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Table 11. Nutritioml ®m positionof Sorg hum grains per 100 g

ETEng mmpaen o ST e .

[Tl

The gmin is edible and nutritious. It can be eaten raw when young axd milky,but has tobe boiled or ground nto four when nature. Sorghum
grain is 2% catbohydrates including 7%d etary fiber, 11% protein, 3% fit,and 12 % water (table). In aeferen ce amount of 100 grams (3.5 o0z),
sorghum gmin supplies 79 calories and rich @ontents (0% or more of the Daily Value, DV) of several B vitamins and did¢ary minerals. Al
sorghums contain mixed polyphenols, such as phenolic acids axd favonoids. Sorghum grains are me of the highest food surces
of proanthocyanidins (Wiki pedia, 2023). S. bicolor s rich in mnemrls like phosphorus, potassum and znc.The nutritional values of S.
biolor arecomparable to thos e ofrice, cornand wheat. The energy value of 100 g S. biwlor grirs ranges fom 296.1 to 35.0 kcal. The grains
oonfain 60 — 75% carbohydrates, 8 — 13% protein and 4 — 6 % fat. The saccharose and glucose contaat in the galk is 10 — 16%.In
comparison sugarcane ha asugar contentof 10 - 20%. Thus S. B color can be wsed as an alternaiveto sugar cane. The low stacch digestibility
of sorghum is caused by the asso ciation betweenthe st arch granules with the proteins and tannins. The digestibility of theprteins & lower than
thse of wheat and com. In cantrast © the prolamins of wheat, tye and barley, he kafirins of sorghum do not provoke allergic reactions or
autoi mmine response in humans. Furthermore, the propetties of sorghum inhibit the expression oftoxic peptides relatal to gliadin, naking S.
biolor a safe grain for consumption by people with celiac dsease. owar 5 he fines¢ substitate for wheat and 1ce when it comes © nutrition
becawe ithas highlevels of thiamine, niacin, riboflavin, and bl ate Wikipedia, 2023).

HEALTH BENEFEFITS

Sorghum is acoarse gran, primarilyusedasfood in sem -arid tropic an d sub tropics of Asia and Africa and aninportant feed grain and fadder
crop in the Americas and Australia. Sorghum is the principle source of energy ,protein, vit amin ,minerals, andtrace elements Dr milions of the
poorest people. Sorghum grain ha cetain propetties that make t suitable to be consumed by people suffring fom chronic disorder s. The
nutritional value along with specific nutrents in the grain has been ©ound to prevent and cont ol life style diseass and disoders. Gluten-fee

sorghum Podisrecommended for gluten-ntolerarce and cdi ac patients, relativel y low glycemic index and low glycemic s orghum bHod reduces
thersk ofdiabetes. Sorghum has low fat cortent and rich source ofantioxidants, polyphaols, dietary fiber, and magnesium (Ciacci e al., 2007,
Dayékar Rao et al., 2014)

The following health bend is have beenreportedby Dayakar ef al. 2014)

Celiac disease (CD) isan immune-mediated enteropathy triggered by the ingestion of gluten in genetically susceptibleindividuals andisore of
the nost common lifelong di sorders worldwide. Consumption ofgluten fiee sorghum pwo ducts can be suitable for individuals suffring from
celiac dis ease. Sorghumiis rich in dietary fi ber and has low glycemic index which help in the lower plasma gl ucos e level and control of diabetes .

Consumption of sorghum may have po s tivehealth impact on people suffering from cancer.

Natural oxicansin Sorghun: Sorghum can contain a cyanogenicgly osidethat can produce Hydrogen cyanide (HCN ) during times of gress
orif damagedby frost or mastication. Sorghumecan also accunmlate toxic levels of nitrates. Cattl e and rarely horseshavebeen poisoned.

Allerg ens in Sorghum : Sorghum pollen sensitivity has been re cognized as a potenti al health probl emin causing bronchial asthma.

Allebpathic properties in Sorghum: Sorghum is wdl recognized for its allelopathic effcts on o her crops and mature sorghum plants possess
anunberofwater soluble al eloch emicals

The following he alth benefits have beenreportedby WMDEC 2 022)

Anfi -infammatory effects: Sorghum & known to berid in phenolic ®@mpounds, many of which act as antioxidants. It has also been shown to
be good atreducing some forms o f inflammati on due to its anfioxidant popetti &.
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Anti -ancer effects: Sevaral of the phenolic compounds in sorghum have been linked to anti-cancer effects. The t annins in sorghum which
contribute to the grain’s pig mentation, may inhibit an enzyme linked to he development of breast cancer. Another set of phenolic @mpounds
Pund in sorghum, known as3-deoxyanthocy midins ,havebeenshown to havea destructive eftect on sone human cancer cells.

Weightloss: The starches ins orghum are difficult Hr the luman body to digest, compared to other grains. As aresult, soghum is m excelent
additiontoany neal, helping you feel full without c onti buting t co many caloriesto yourdiet.

Safe for celiac disease: Sorghumand its bypoducts, including sorghum four, have been determined to be a safealtem ative grain for those with
Celiac’sdiscase. Thebiggest health risk ofsorghum is ied 0 its potential & an aller gen.

Sorghum allergy: Allergies as sociated with grases and grass pollen are extremely comnon.Unfortunately, Sorghum is agrass andiskown to
produce an dl ergic reaction in ome people.Food allergy symptoms include tingling or tching o fthe mouth, swelling in and arourd the mouth,
abdominal pain, nausea, vomiting, and even fainting. Severe allergicreaction or anaphylaxis can resultin any food allegy and can be lif-
threatening.

The following health bend is have beenreportedby HBS (2023):

Sorghum may inhibit cancer tumor growth: Compounds in sorghum calel 3 Deoxyanthoxyanins (3-DXA) are presert in darker-cobred
sorgums, and to alesser extent in white sorghum. Scientists at the Uni versity of M ssour testad extracts ofblack, red, and white s orghumsand
Pund that all three extracts hadstrong antip oliferativead ivity against hunancolon cancer cells.

Sorghum may protect against diabetes and ins uin resistance: Advancel glycaion endproducts (AGEs) are increasingly implicated inthe
complications of diabetes. A study from the Universty of Georga Neutracaitical Research Libraries showed that soighum brans with a high
phenolic ontent and high anti-oxidant popertties inhbit potein gycation, wh ereas wheat, 1 ce or oatbran, and 1 ow-phenolic sorghumbrandid
not. These results suggest that“ certain varieties of sorghum bran may affect critical biological processes that are important n diabetes and
inalin resistance.”

Sorghum is safe for people with ceiac dbease: Up to one percent of the U.S. popul ation (and about /2% wordwid ) is believed tohave Celiac
Diseas e, an autol mmune reaction to glutex proteins found in wheat, bad ¢ and tye. While so rghum has long been thought safe for celiacs,no
clinical testing hadbea d me until res eardiersinItaly made astudy.First,they conduded laboratory tests; afferthose tests egablished the likely
safety, they f£d celiac patients sorghumrderived food products for five days. The patients experiencel no synptons and the levd of disase
markers (antitansglutaminas e atibodies ) was unchanged at the end ofthe five-day period .

Sorghum may hep manage cho lesterol: Sciatists & the University of Nebraska observed that sorghum is a1 ch source of phyto diemicals,and
decided to study s orghum’s potenti al for managing cholestel. They £d different levels of so rghumlipids © hamsters forfour weeks, and found
tha the healthy fats in sorghum significantly reducel “bad” (non-HDL) cholesterol. Reductions rangel from 18% in hamstes fed a diet
induding 0.5% sorghum lipids, to 69% in hamsters £d adiet including 5% sorghum lipids. “Good” (HDL) cholesterol was mot affeded.
Researchers concludad that “grain sorghum contains beneficial components that cauld be used as Hod ingrelients ordietary supplements to
manage cholesterol levels in humans.”

Advantage of so rghum over maize in southafrican dets: Soighum has been widely consumed as a stgple food and in beverages th oughout
Afica. Morereceniy, com has replaced sorghum in some areas. Researchers fiom the University of Witwaters ramd Malical School in Suth
Afiica bdievethat“the change o fthe staplediet of Black Saith A ficans fom sorghum to maize (com) isthe causeo fth e epidemc of squamous
carcinoma ofthe esophagus.” They link the cancers to Fusarium fungi tha grow freely o nmaize but are far less comnon an orghum and n ote
tha “ countries in Africa, in which the staple oo dissoighum,havea low incidace of squamous carci noma of th e eso phagus.”

Antioxidantsinsorghum high rel ati ve to other grains a nd to f ruits: oseph Awi ka and Lloyd Rooney, at Texas A &M Univessity ,canducted
an extensive review of scores of studis nvolving sorghum and concluded that the phytochemicals in sorghum “ have potential to signiciantly
inpact human health.” In patticular, they cted evidence hat sorghum may reduce the risk ofcertain cancers and promot e cardovascular he dth.

Sorghum may help treat human melanoma: Scientists in Madid gudial te efect of three differert conponents fiom wine and one fom
sorghum, to gauge their effects mn the growth ofhuman nelanoma cells. While results were mixed, they concludedthat all four components
(phenolic fractions) “havepotential as therapeutic agentsin the treatnents of human melan oma” although the way in which each slow el cancer
growth may di fer.

The following helth benefits have been reported by Anericansorghun 2023): High nutritional value: Sorghum hasa whopping 22 grans
of protein in a 1 cup (192 gram) seving of the cooked, whole grain. A woman’ s daily recommended protein intake 5 4 6grans and aman’s is 5
grams. On average, that neans sorghum contains 43 percent of your daily prot dn intk e. One serving also contains 47 percent of your daily
reco mmended iron and 55 percent of your phosphows intake. It’s also a good source of nagnesium, copper, calcium, zinc and potassium. A
serving of sorghum also contains arourd 30 percent of your re conmend ed int ake o fboth niacin and thi amin. These two B-vitanins help s to
metabolize and properly absorb cabohydrate and nutrients.

Rich in antioxidants: Sorghum contains a wide variety of beneficial phytochemical s that act as antioxidants in the body, such as tannins,
phenolic acids, arthocyains, phytosterols and policosanols. In fact, thebran layer of sorghum has significantly higher amounts of antioxidants
than fruits such asblueb erries, strawberries and pums. Antioxidants help to slow down aging and antio xidant-rich Hodshave been linked to a
lower risk ofheart disease, can cer, typelldiabdes, and sone neurdogical discases as well. Many studis indicde that whole gran onsumption
significantly lowers mortality from cardiovas cular disease. Anti oxidait phytochemicals are believed to be the main reason and they havebeen
shown to reduce bood cholesterol and prevent arterial dotting.

Impwoves digestive health: Sorghumis one of the best sources available for detary fiber. One serving cantans 48 percent of your daily
reconmended intake of fiber. Fiber 5 vital for overall digestive function. k keeps your digestive tract noving and of course prewents
constipation. But it also h eps to regul ate blood sugar, bw er cholesterol, and prevent diverti culitis, hemorthoids, gallston & and kidn ey stones
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Inhibits ancer: Certain phyto chemicals in soighum have aso been shown to have cacer-nhibiting popetties, patiaul arly in gastointestinal
and skin cances. Studies haveshown that sorghum consumption is linked © lower inddences of esoph geal cancer globd ly, ncluding patts of
Aftica, Russia, India, China and Iran. Wheat and @rn consumption have been linked © elevated rateso fesophaged cancer. Whole grains n
general are correlated with reducedrisks of other Hrms of digestive tract can cer, especially colon cancer. It is unknown if this is due tothe
phytochemical s or diet ary fiber in grai ns, but as sorghum is high in both, it would certainly provide the same benefts as ¢hergrains.

Glutenfree: Sorghumis safe to eat Dr those with Cdiac disese. The Joumal of Agriculural and Food Chemistty published a study that
analyzed the genome of sorghum to detemine ifitcomtained any gluten proteins. They confirmed that glutex is absentin al varieties of
sorghum.

Currentl ynon-genetically modified: Another benefit of sordhumisthat t’s anon-genetically nodified crop.

Although, the company DuPont Pioneer 8 working to develop a genetically modified (GM) variety. Most plant genetic engineeringto date h
been to improve a crop’s herbicide tolerance ad rsistaice to pests. DuPont is working on a new type of gen etic engineering to enh ance the
mico nutrient ontent of sorghum. Their god & to develop a “biofortified” grain of soighum with higher vitamin A, more easily absorbed irm
and 7nc, and a1 improved balance of amino acids. They have aready grown trial GM s orghum crops in Africa. GM sorghumis not grown n
Notth America yet, but always buy cettified organic sorghum pro dicts when you can find them. This will ensure tere is no GM nmerial
present, as well as avoiding harmful pesticide esidues.

Many uses: Sorghumis a very vers afi le grain.Itis best eaten in its whole grain fom to get the mostnutriti on. Itcan be prep ared similar torice.
Try soaking whole sorghum for 8 hours or overnight to first brek down the enzymes axd make it more digestible. Then badl t in hreetimes as
much water or about an hour or until tender. It can also be cooked in a rice steamer or slow cooker. Sorghum fl our is becoming a popular
gluen-fee substitute for wheat flour in baked goods. Mak e sure you buy the whole grain form of sorghum flour, which is simply the whok
grains gound into flour. Refined sorghum flour is also available, but like most refined products, the nutrient cantent is reducel. In some
ocountries ,sorghum is eaten as porridge or boiled d irectly irto various dishes. The Ethiopian bread inj era can be made fiom sorghum, as well &

many gluten-fee beers and even biofuels. As its popularity rises,sorghumis becoming much more conmon in gro@ry stores and narkets. It's
definitely a grmin thatd eserves aplace atourtable.

The following health bend is have beenreportedby PPP (2023):

Sorghum aids in digestion: Adding asevingortwo ofsorghum to yourdailydiet can do your digesti ve system a world of good! A serving of
sorghum contains 48% of the recommended daily int ak e of fiber! Fiberis theultimate b ody regulator, helping food stay its course through y our
digegive system. Adequate fiber intake dso preverts constipation, diarrhea bloating, cramping and other digestive issues. Fiber dso helps to
eliminate bad cholesterol fromthe body, which contibut & to hearth ealth.

Sorghum boosts eneigy: While all grairs technically give you energy, sorghum wins the blue ribbon in our hearts. Sorghumis an excellent
energy soucce because it is considered a conplex catbohydrate, which provid es sustained energy for se veral hours. Sorghu malso ®ntains niacin,
orvitamin B3, whichisknown to help comvertfood toenergy.

Sorghum promotes bone health: We’ve got god news for your vegetan ans out here: soghummakes iteasier for people whorely ona plant-
based diet to consume and absorb key nutrients hat ontrbute to bonehealth. Sorghum contains both magne ium and cal cium, whid help to
promote bon ehealth . Magnesiumin creas es the absorption ofcal cium in your body, while caldum actually builds your bones.

Sorghum prevents cancer: Sorghum transforms your pantry into your medicine cabinet, since it contans dsease-fghting mutrents like
antioxidants. Sorghum is full of phytoch emicals, which are antioxidants that prevent certain types of cancer (skin cancer, colon cancer, and
esophageal cancer, oname a fow).P hyobch emicals are also excell ent for maintaining cardiovascular health.

Sorghum is safe for gluten intolerance: The USDA recognizs soghum as 100% gluten-fee, meaning it’s safe br people with Celiac’s
Diseas e and gluten intolerance to eat on a regular basis. Both sorghum flour and wholegmin sorghum are great substitutes Hr wheattased
recipes. With their, light, nutty flavor, sorghum alsoh & no problemtak ng the potlightin traditional dishes.

Sorghum increases drculation: Sorghum contains ion, copper, zanc, and magnesium which all have a hand in improving circul ation. Copper
helps the body absorb ion better, which canprevent anemia. Having plenty of iron and copperin your body helps with circulat on an dstimul ates
cell gowth and repair. Iron and copper aso hep maintain enegy levds.
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