Overview of sorghum (Sorghum bicolor.L), economic
importance, ecological requirements, and production
constraints in Kenya

Abstract

Sorghum Sorghum bicolar (L) Moench) is an important cereal crop grown in arid and semi-arid areas. It is
ranked as the fifth key cereal crop globally and acts as a source of grain, animal feed, pasturage, fodder,
fiber, fuel, bioethanol, alcoholic beverages as well as building materials. In Kenya, sorghum production is
done mainly by smallholder farmers as a key food and cash crop. Most of the country’s crop production is
mainly in the arid and semi-arid regions with an altitude of between 800 and 2,000-m above.sea level.
The country’s average sorghum yield ranges between 0.7-1ton/ha compared to variety:specific average
yield of >2 tons/ha. The production is mainly constrained by myriad of factors such as climate change
effects, poor agronomic practices, poor fertility management practices, poor pest and disease
management, lack of ready markets, lack of organized market infrastructure, poor research- extension-
farmer linkages and access to credit facilities as well as poor sorghum processing and value addition
technologies. The current work reviews the sorghum crop, with emphasis on its biology, economic
importance, ecological requirements, the current production statusin Kenya and production constraints.
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1.0 Introduction

Sorghum (Sorghum bicolor (L) Moench), is a cereal crop-ranked the world’s fifth most important cereal
grain after wheat, maize, rice and barley (1,2, 3). The crop is native to Africa with Archaeological
evidence supporting that it was first cultivated in north eastern Africa- near the Egyptian-Sudanese border
around 5,000-8,000 years ago (4, 5, 6, 7). It was then distributed to other parts of Africa through
migration and middle east and Asian.countries'such as.India and China through trade routes (8; 9; 10). At
the end of 19" Century, slave trade introduced sorghum to the United States of America from cultivated
farms in North Africa, South Africa and India. Overland trade routes also led to sorghum introduction to
Mexico, Argentina and eventually Australia where it became a major summer crop accounting for 5% of
global export (7).

The crop is commonly known in English as broomcorn, chicken-corn, common wild sorghum, durra,
feterita, forage sorghum, grain sorghum, sweet sorghum, great millet, milo, Rhodesian sudan grass,
shallu, shattercane, sordan, sorghum, Sorghum-Sudan grass, and Sudan grass (11). It is a member of
the tribe Andropogoneae of the grass family (Poaceae) and comprises of about 25 species and five
subgenera (12, 13). Some of these species have grown as cereals for human consumption or pastures
for animals or production of raw materials for industries. One of these species is Sorghum bicolor (L)
Moenchy, which comprises wide range of cultivated sorghums globally. The other species are wild or
weedy with-varying degrees of interspecific compatibility ranging from 0% to 100% (14; 15; 7). The five
subgenera on.the:other hand are: Chaetosorghum, Heterosorghum, Parasorghum, Stiposorghum, and
Eusorghum (16; 17). Among the five subgenera, Eusorghum which comprises the cultivated species, S.
bicolor (L) Moench has been classified into five races based on flower morphology namely: Bicolor
Guinea, Caudatum, Kafir and Durra. (18; 19). Early bicolor sorghum is believed to have arisen from
subspecies venticilliforum in Central Africa (20) while Caudatum, Kafir, Guinea and Dura were created by
crossing early bicolor with wild forms of sorghum.

The sorghum crop is a C4 annual or short-lived perennial grass that typically has one generation per
growing season. Its root system is fibrous comprising of seminal roots, which appear at germination, and
nodal, crown or adventitious roots, which emerge later from the shoot (21; 22). Development of the
seminal root-system is largely determined by the genetic background, while post-embryonic roots, crown
and brace roots produce the major portion of root biomass at the adult stage and react strongly to



environmental conditions (23; 22). Lateral roots have a large influence on root architecture and their
function in water and nutrient uptake is essential (24). Leaves are typically green, grass like and flat, not
as broad as those of maize. It has a small leaf area, long, narrow and pointed leaf blade. Stomata occur
on both surfaces of the leaf. Leaves have rows of motor cells along the mid rib of the upper surface which
roll up leaves rapidly during moisture stress. The leaves develop on the opposite side of the stem and are
covered by a thin wax layer. Their number is however determined by environmental conditions and varies
from 8 to 22 leaves per plant.

Sorghum stems range from solid and dry, to succulent and sweet consisting of nodes and internodes
which are covered by thick waxy layer. The waxy layers’ role is to reduce transpiration and increase
drought tolerance (25). Under favorable conditions, more internodes develop, together with leaves
producing long stems while more nodes lead to development of lateral shoot. The general diameter of
sorghum stem varies from 5mm and 30mm.

Sorghum has a cultivar specific compact panicle in terms of shape and color: Heads are;carried on main
stem or peduncle with primary and secondary branches on which the florets are borne. Peduncle is
usually straight and its length varies from 75 to 500 mm with each panicle containing from 800 to 3000
kernels which are usually partly enclosed by glumes whose colour ranges from black; red, brown or tan.
The flowers mostly self-pollinated with approximately 6% being cross pollinated and they normally open
during night or early morning, with those at the top of the panicle opening first, and take approximately 6
to 9 days for the whole panicle to flower (26; 27). Ripe sorghum seed is partially enclosed by glumes that
are removed during threshing and/ or harvesting. The seeds are oval to round shaped and may be red,
white, yellow or brown in colour and are made up of testa, embryo and endosperm. Although coloured
pericarps have yellow or red seeds most pericarps and testas:are normally dark brown or red brown in
color.

2.0 Economic Importance of Sorghum

Sorghum bicolor (L.) Moench is a multipurpose crop cultivated across the globe as a source of either
grain, sweet stem, animal feed, pasturage, fodder, fibre, broomcorn, fuel, bioethanol, alcoholic
beverages, and building materials (28; 29). Although most developed countries grow sorghum for either
forage, animal feed or industrial purposes, the crop is cultivated as an important food crop in most arid
and semi-arid regions of the Kenya and other parts of the globe (28; 7). The grain Sorghum is used to
make semi-leavened bread, fermented and none fermented porridges, cakes as well as brewing
traditional and modern beers in Kenya and other African Countries (30; 31; 32; 33).

Sorghum plays an important role as a food security crop because of its nutritional quality as well as ability
to survive in harsh environmental conditions. Depending on the variety, it contains significant amounts of
minerals such as phosphorus.(P), potassium (K), calcium (Ca), zinc (Zn), magnesium (Mg), iron (Fe), and
sodium (Na), as well as vitamins:such as A, B, D, E, K and B-carotene (34; 35; 36; 37; 38). On average,
100 g of grain has about 72.1 g carbohydrates, 12.4g water, 10.6 g proteins, 6.7 fibers, 3.5 g lipids and
provides about 1,377 KJ.energy (38). Starch is the dominant carbohydrates which is stored as granules in
the endosperm consisting mainly amylose and amylopectin (39). Sorghum is also a rich source of fiber
found in pericarp and endosperm cell walls and accounts for about 6 to 15 g per 100 g of grain (36). The
protein content isibroadly divided into prolamin such as kafirins and non — prolamin such as globulins,
and albumins. Kafirins are the principal form of protein storage in sorghum grain that account for 70% of
total protein in sorghum whole grain. The remaining albumins, glutelins and globulins account for only
30% (40; 41). The grain is also rich in glutamic acid, proline and leucine and low in lysine (42; 43; 44;).
Sorghum proteins have low digestibility due to high degree of polymerization and extensive disulfide
bridges that are resistant to enzymatic digestion in digestive tract. Their strong interaction with tannins
and starch also hinders protein digestion (40; 45; 46).

Despite these characteristics, the low starch and protein digestibility compared to other cereals makes
sorghum a promising food source for people with obesity and diabetes. Lipid in sorghum grain on the
other hand is constituted of primarily unsaturated fatty acids, with polyunsaturated fatty acids being the
most abundant and primary fatty acids include; Oleic, linoleic, palmitic, linolenic and stearic acids (47; 38).
Sorghum grain also contains important bioactive compounds such as anti-cancer, hypocholesterolemia,



anti-obesity, anti-inflammation, and anti-diabetic (48; 49; 50). An example of these bioactive compounds
are variety specific phenolics compounds containing unique 3-deoxyanthocyanins which are rare or found
in minimal concentrations in other cereal grains (49; 37; 50). Some sorghum varieties especially ones
with pigmented testa contain tannins, which serves as a strong antioxidant in human bodies (37; 50). The
grain is mostly used as a staple food for significant number of people in arid and semi-arid areas in the
tropics and as an emerging heathy glutein free food product in other regions (42). Like any other grains,
some sorghum varieties however, contain phytic acid, trypsin inhibitors, and other compounds classified
to have anti-nutritional components that may have detrimental consequences to human body.

5.0 Sorghum Ecological Requirement

Most sorghum varieties are annuals with a few perennial cultivars (51). The crop is drought tolerant and
grow well in altitude of between 800-2000 meters above sea level. It requires well distributed rainfall of
between 250-900 mm per annum and wide range of temgeratures ranging from 10°C to 30°C (52; 53). It
thrives in soils well moist soils with soil temperature of 15°C or higher at a depth of 10 cm. As a short day
plant, sorghum require short days and long nights. Temperature and day length, therefore, play an
important role in growth and development after germination. A temperature of 27°C to 30°C is required for
optimum growth and development while colder conditions during growth period contributes to delayed
crop maturity. Increased day and night temperatures on the other hand delay flower initiation and
development of premodia (54) and therefore a photoperiod of between. 10 and 11, hours induce flower
formation, while photoperiod of 11 to 12 hours stimulates vegetative growth (55). Although the crop is well
adapted to grow in wide range of soils, it does best in deep, fertile,swell drained loamy soils with pH 5.5-
8.5. It is tolerant to shallow soils and short periods of water logging conditions and therefore can grow
well in soils with 10-30% clay, clay loamy and sandy loamy texture. (55;56; 53). It however grows poorly
on sand soils, except where heavy textured sub soil is-present.

6.0 Sorghum Production in Kenya

Sorghum is ranked third after maize and wheat in terms,of cereal production and has been noted to do
well on a wide range of soils (57; 58). Its_potential to catalyze regional development is considerably high
because it is termed by (59) as a crop with vast untapped potential which can be harnessed in poverty
alleviation, employment creation, and-reducing malnutrition in the country. It is majorly grown in moist mid
altitude, semi-arid lowlands, cold semiarid highlands to humid coastal eco- zones of semi-arid eastern,
western and Coast areas of Kenya with semi-arid-eastern having the greatest total area under sorghum
(60; 53). Some of these areas include: Busia, Siaya, Kakamega, Kisumu, Homabay, Kuria, Migori, parts
of Meru, Embu and Nyeri, Machakos, Kitui,-Makueni, Mwingi, Tharaka nithi, Kajiando, Nakuru, Baringo,
Laikipia, Naivasha, Narok, Taita taveta, Lamu, Kilifi, Kwale, Mombasa and someparts of Koibatek, rift
valley and northeastern Kenya. Production in this regions is mostly carried out by small scale farmers for
subsistence (61). According to (62), approximately 240,000 who holds farm sizes ranging from 0.4 to 0.6
Ha (1 to 1.5 acres) exists within the country. Most of these farmers intercropping sorghum with other
crops such as maize, cowpea, beans and pigeon peas with exceptions of a few who grow sorghum for
the beer industry.(63).

The common varieties within the country are Gadama, Silla, Kari Mtama 1, Kari Mtama 2, IS76, E 1291,
E6518, BJ 28, Ikinyaruka DP, Serena and Seredo (AIC,2002; 53; 65). The grain yield potential of each
variety per 90kg bag is Gadama (8-20bags/acre), Silla (10-20bags/acre), Kari Mtama 1(11-17bags/acre),
Kari Mtama 2 (15bags/acre), 1S76(10-12bags/acre), E 1291(10-15bags/acre), E6518(12-17bags/acre), BJ
28(12-15bags/acre), Serena (10-20bags/acre) and Seredo(l-12bags/acre) (64; 65). lkinyaruka DP,
E6518, E 1291and Sila varieties are good for fodder production with a fodder yield potential of Ikinyaruka
DP (8tons/ha), E6518 (3tons/ha), E 1291 (10-15bags/acre) and Sila(tons/ha) (66; 53).

Although FAO (2018) statistics shows that sorghum production within the Country have been increasing
since 2010, Kenya still imports more than one third of its total consumption (67). The productivity potential
ranges between 2-5ton/ha against the current realized productivity levels of 0.7 tons/ha with
approximately half of the production being utilized as food, 1% as livestock feeds, one fifth processed and
about fifteen percent lost through postharvest losses (61). Even though sorghum is utilized majorly as a
source of food within the country, its demand for industrial use such as manufacture of starch, wax, syrup,



dextrose agar, edible oils and beer has risen over the past years (39). Conversely, the global demand for
sorghum and sorghum seeds is estimated to grow 2% by year 2028 annually with increased utilization of
sorghum for biofuels, ethanol, livestock feed and food industry (68). This signifies the importance of
capitalization on the crop for improved income and livelihood within the country.

7.0 Factors Affecting Sorghum Production in Kenya

Despite the growing population and increased demand for climate smart crops such as sorghum within
the country, the industry growth has been constrained over the years. The low performance is attributable
to: poor agronomic practices, erratic rains due to effects of climate change, low processing capacity and
efficiency, low marketability of brown and red sorghums and lack of harvestings mechanization
technologies (60; 58; 31). Pest and diseases also pose a huge production challenge to small scale
farmers because of either lack of management knowledge of capital (66; 69). The major pests include:
sorghum shoot fly (Antherigona varia), stem borers (Busseola fusca), aphids, bollworm; weevils, aphids
and birds such as quelea. According to 70 and 71, control of quelea birds is labour intensive and it is one
of the reasons farmers avoid cultivation of white sorghum varieties which have. less tannin opt for others
cereals such as maize. Diseases on the other hand include: leaf spot, rust, leaf blight, anthracnose, ergot,
head smut, and covered kernel smut which if the most damaging disease in dry,areas (72;,53).

Most sorghum cultivation areas located in arid and semi-arid areas'which are designated to be sensitive
to climate variability and highly vulnerable to events such as droughts ((73; 74; 75). Owing to the fact that
optimal crop growth and yield require provision of all nutrients,in rightful forms‘and amounts, water plays
a major role as a solvent for all soil chemical reactions (76). Most of the sorghum production areas within
the country have however been experiencing erratic rains ad.frequent drought over the past years (77).
The constant dry spells coupled with poor water..conservation technologies and limited agronomic
knowledge base among other factors play an important role towards below optimal sorghum production
within the country (69).

Although efforts have been made to promete sorghum production in many parts of the country, the crop
has for a long time remained mostly a'crop for rural families and local market. This phenomenon is
attributable to the fact that the crop is-generally considered to be a food crop for the poor and vulnerable
populations in arid and semi-arid regions. Middle class urban dwellers who are endowed with
comparative higher purchasing power therefore prefer other cereals over sorghum and its products hence
the low demand in urban centers. Production of sorghum marketable products has also been another
challenge because of existence of weak link between farmers, local processors and market as well as
poor consumer sensitized on utilization of the available sorghum based products (78; 31).

As an orphaned crop, use of certified seeds among farmers is limited. While farmers growing sorghum
for East African breweries are able to constantly access and use certified seeds to meet the company’s
quality standards, majority of farmers producing for local market rely on local varieties sourced from
informal seed supply systems (79). The most common informal seed supply systems include: recycling
on-farm local seed accessions retained from previous harvests or farmer-to-farmer seed exchange
networks. The major challenge with these informal seed sources is non-guaranteed seed quality in terms
of viability, vigor as well as pest infestation and disease infection.

Access to adequate agricultural information is very essential to increased agricultural productivity (80).
According to (81), lack of information sources in rural areas restrains farmer’s agricultural production.
Public agricultural extension officers play an important role of linking farmers with current technologies
and market. The research- extension — farmer link in Kenya has however been deteriorating over the
years with the current extension: farmer ratio standing at 1800:1 compared to the FAO recommendation
of 400:1 (82). As a result, many smallholder farmers have limited sources of useful and reliable, soil and
water management, agronomic and marketing information leading to low uptake of technologies, crop
production and yields in the region.

According to (83) and 84 efficient use of fertilizers is key in sorghum production. The current withdrawal of
Kenyan government from fertilizer market and abandonment of price controls to encourage private
investors have led to improved fertilizer distribution but led to increased prices which are unaffordable to



most smallholder farmers. Additionally, sorghum farmers are not prioritized in the current subsidized
fertilizer scheme operated by the government.

According to research carried out by (85, 86), there exists a positive relationship between new
technologies adoption level and the availability of credit. Availability of credit eases the cash constrictions
and enabling farmers to purchase inputs such as improved cultivars, fertilizer, pesticides with ease. Lack
of collateral among rural small scale farmers in arid and semiarid areas however limit their access to
credit facilities (87 and 88). Additionally, though government policies play a major role in cushioning
farmers, unlike other crops, there exists limited specific legal or regulatory framework for sorghum
production (89).

8.0 Conclusion and Recommendations

The review indicates that sorghum plays an important role as a source of food, animal feed, pasturage,
fodder, fibre, fuel, bioethanol, alcoholic beverages, and building materials. It is also a wonder C4 plant
that can grow well in arid and semiarid areas, its production within Kenya is however constrained by
negative climate change effects, pest infestation, diseases infections and poor access to farm inputs.
Other factors such as poor access to agricultural information, poor access to credit facilities, poor market
infrastructure as well as value addition technologies are key factors that has continuously limited sorghum
production within the country. According to the review, there exists a huge untapped market for sorghum
grains locally and globally. Achieving optimal production potential in order to tap the increasing local
demand demand and growing local and global market therefore requires adoption of climate smart
technologies, improved flow of information to farmers, streamlined government policies, credit services as
well as organized market infrastructure.

7.0 REFERENCES

1. Akram A, Fatima M, Ali S, Jilani G, Asghar R. Growth, yield and nutrient uptake of sorghum in response
to integrated phosphorus and potassium management. Pakistan. Journal of Botany, 2007: 33(4): 1033-1037.

2. FAO. Food and Agricultural Organization of the United Nations.
2018.Faostatstatisticsdatabase. 11/02/2019http://wwuwi.fao.org/faostat/en/#data/QCProductionof selected
cereal crops. Accessed on 4/3/2019

3. Rashwan AK, Yones HA, Karim N, Taha EM, Chen W. Potential processing technologies for developing
sorghum-based food products: An update and comprehensive review. Trends Food Science and
Technology, 2021: 110:168-182.

4. Dahlberg J, Wasylikowa K. Image and statistical analyses of early sorghum remains (8000 BP) from the
Nabta Playa archeological site in the western desert, Southern Egypt. Vegetation History and
Archaeobotany, 1996: 5(4): 293-299.

5. Winchell F, Stevens CJ; Murphy C, Champion L, Fuller DQ. Evidence for sorghum domestication in fourth
millennium BC Eastern Sudan. Spikelet morphology from Ceramic impressions of the Butana Group.
Current Anthropology. 2017: 58(5): 673-683.

6. Winchell F, Brass M, Manzo A. On the Origins and Dissemination of Domesticated Sorghum and Pearl
Millet across Africa and into India: a View from the Butana Group of the Far Eastern Sahel. African
Archaeological Reviews, 2018: 35: 483-505 https://doi.org/10.1007/s10437-018-9314-2

7... Venkateswaran K., Elangovan M., and Sivaraj N. “Origin, Domestication and Diffusion of Sorghum
Bicolor,” in: Breeding Sorghum for Diverse End Uses. Editions. (Cambridge, United Kingdom: Wood head
publishing). 2019: pp.15-31.

8. Appa R, Prasada Rao K, Mengesha M, Reddy V. Geographical distribution,application of agricultural
waste can enhance soil health in soils acidified by tea cultivation: a review. Environmental Chemistry
Letters, 1996: 1-27.

9. Kileih U, Ravi SB, Rao BD, Yoganand B. Industrial utilization of sorghum in India, International Crops
Research Institute for the Semi-Arid Tropics, 2000: 106(6): 363-367.

10. Shewale SD, Pandit AB. Uses of sorghum and value addition. In: T.D. Pereira edition. Sorghum
cultivation, varieties and uses. Nova science Publishers, Incorporated. New York. 2011: pp. 181.

11. Taylor JR. Sorghum and millets: Taxonomy, history, distribution, and production. In Sorghum and millets.
AACC International Press.2019: pp. 1-21.




12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

Bhattacharya A, Rice N, Shapter FM, Norton SL, Henry RJ. Sorghum. In Wild crop relatives: Genomic and
breeding resources. Springer, Berlin, Heidelberg, 2011: pp. 397-406.

USDA. National nutrient database for standard reference legacy release. Full report. Sorghum grain. 2019:
4(2): 32-43.

De Wet JMJ, Harlan JR, Price EG. Origin of variability in the Spontanea complex of Sorghum Bicolor.
American Journal Botany,1970: 57(6): 704-707.

Harlan JR, De Wet JMJ. A simplified classification of cultivated Sorghum. Crop Science, 1972: 12(2):172.

Garber ED. Cytotaxonomic studies in the genus Sorghum. University of California Publications in
Botany,1950: 23:283-362.

De Wet JMJ. Systematics and evolution of Sorghum Sector, Sorghum (Gramineae). American. Journal.
Botany, 1978: 65(4): 477- 484.

Dahlberg J. A, Burke JJ, Rosenow DT. "Development of a sorghum core collection: refinement and
evaluation of a subset from Sudan.” Economic Botany, 2004: 58(4): 556-567.

Morris GP, Ramu P, Deshpande SP, Hash CT, Shah T, Upadhyaya HD, Riera- Lizarazu O, Brown PJ,
Achanya CB, Mitchell SE. Population genomic and genome-wide association studies of agroclimatic traits
in sorghum. Proceedings of the national academy of sciences,2013: 110(2): 453-458,

Dahlberg J. Dispersal of sorghum and the role of genetic drift. African crop science Journal, 1995: 3(2):
143 - 151.

Coudert Y, Perin C, Courtois B, Khong NG, Gantet P. Genetic control-of root development in rice, the
model cereal. Trends in plant science, 2010: 15: 219-226.

Singh V, van Oosterom EJ, Jordan D R, Messina CD, Cooper M, Hammer GL. Morphological and
architectural development of root systems in sorghum and maize. Plant Soil, 2010: 333: 287-299. doi:
10.1007/s11104-010-0343-0

Hochholdinger F, Woll K, Sauer M, Dembinsky D: Genetic dissection of root formation in maize (Zea
mays) reveals root type specific development programmes. Annalsof Botany 2004: 93:359-368

Lynch JP. Steep, cheap and deep: an ideotype to optimize ,water and N acquisition by maize root system.
Annals of Botany, 2013: 112: 347-357.

Bahole TV, Legwaila GM. Sorghum bicolor (L.) Moench.:Record from PROTA A4U.Brink, M. and Belay,
G. (Editors). PROTA (Plant Resources of Tropical Africa), Wageningen, Neitherlands. 2006.

House LR. A guide to sorghum breeding. 2" Edition. ICRISAT, India. 1985: 212Pgs.

Barnaud A, Trigueeros G, Mokey D, Joly. H: High outcrossing rates in fields with mixed sorghum
landraces: how are landraces maintained? Heredity, 2008:101(5): 445-452.

Hariprasanna K, Patil JV. Sorghum: Origin, Classification, Biology and Improvement. In: Madhusudhana,
R., Rajendrakumar, P Patil, J. (eds)» Sorghum Molecular Breeding. Springer, New Delhi. 2015.
https://doi.org/10.1007/978-81-322-2422-8 1.

Bollam S, Romana KK; Rayaprolu'L, Vemula A, Das RR, Rathore A, et al. Nitrogen use efficiency in
Sorghum:.exploring native variability for traits under variable N-Regimes. Frontiers of Plant Science, 2011:
12:643192..doi: 10.3389/fpls.2021.643192

Taylor, JRN.: Overview: importance of sorghum in Africa. Department of Food Science, University of
Pretoria, South Africa,2003.

Beinah ‘A, Kunyanga C, Ngugi K. Utilization and Processing of Sorghum by Small Holder Farmers in
Drought. Prone -Agro-Ecological Zones of Kenya. Advances in Social Sciences Research Journal,
2020:7(10),116-121.

Sawadogo-Lingani H, Owusu-Kwarteng J, Glover R, Diawara B, Jakobsen M and Jespersen L. Sustainable
Production of African Traditional Beers with Focus on Dolo, a West African Sorghum-Based Alcoholic
Beverage. Frontiers of Sustainable Food Systems, 2021: 5:672410. doi: 10.3389/fsufs.2021.672410.

Akin PA, Demirkesen I, Bean SR, Aramouni F, Boyaci IH. Sorghum Flour Application in Bread:
Technological Challenges and Opportunities. Foods, 2022: 11, 2466. https://doi.org/10.3390/
foods11162466

Hill H, Lee LS, Henry RJ. Variation in sorghum starch synthesis genes associated with difference in starch
phenotype. Food chemistry, 2012: 131(1): 175 — 183.

Bean S, Wilson J, Moreau R, Galant A, Awika J, Kaufman RC, Adrianos S, loerger B. Structure and
composition of the grain. In Sorghum: State of the Art and Future Perspectives; Ciampitti, 1., Prasad, V.,
Eds.; ASA and CSSA: Madison, WI, USA.2016.




36.

37.

38.

39.

40.

41.

42,

43.

44,

45,

46.

47,

48.
49,

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Martino HSD, Tomaz PA, Moraes EA, Concei¢do LL, Oliveira DS, Queiroz VAV, et al. Chemical
characterization and size distribution of sorghum genotypes for human consumption. Rev Inst Adolfo Lutz.
Séo Paulo,2012: 71(2):337-44.

Serna-Saldivar SO, Espinosa-Ramirez J. Grain Structure and Grain Chemical Composition. In Sorghum
and Millets: Chemistry, Technology, and Nutritional Attributes, 2nd ed.; Taylor, J.R.N., Duodu, K.G., Eds.;
Woodhead Publishing: Duxford, UK. 2019: pp. 85-129.

USDA. National nutrient database for standard reference legacy release. Full report. Sorghum grain. 2019:
4(2): 32-43.

Dicko MH, Gruppen H, Traoré AS, Voragen AG, Van Berkel WJ. Sorghum grain as human food in Africa;
relevance of content of starch and amylase activities. African Journal of Biotechnology, 2006:5(5): 384-
395.

Mosse J, Huet JC, Baudet J. The Amino Acid Composition of Whole Sorghum Grain_in Relation to Its
Nitrogen Content. American Association of Cereal Chemists, 1988: 65(4):271-271

Shewry PR, Tatham AS. The protamine storage protein of cereal seeds; structure. and. evolution.
Biochemical Journal, 1990: 267(1): 1 - 12.

Belton PS., and Taylor, J. R. N. Sorghum and millet: Protein sources for Africa. Trends in food Science and
technology, 2004:15(2): 92 — 98.

Pellet PL, Ghosh S. Lysine fortification: Past, present, and future. Food and nutrition Bulletin, 2004: 25(2):
107 - 113.

Galili G, Amir R. Fortifying plants with the external amino acids lysine and to improve nutritional quality.
Plant biotechnology journal, 2013:11(2): 211 — 222.

Taylor J, Bean SR, Loerger BP, Taylor JRN. Preferential binding of sorghum tanins with y-kafirin and the
influence of tannin binding on kafirin digestibility and biodegradation. Journal of cereal sciences,2007:
46(1): 22 — 31.

Da Silva LS, Taylor J, Taylor JRN. Transgenic sorghum with altered kafirin synthesis: kafirin solubility,
polymerization, and protein digestion. Journal of agricultural and:food chemistry, 2011: 59(17): 9265 —
9270.

Adeyeye A, Ajewole K. Chemical composition and. fatty acid profiles of cereals in Nigeria. Food
Chemistry, 1992: 44(1): 41 - 44.

Anglani C. Sorghum for human food—A review. Plant Foods Human Nutrition, 1998: 52: 85-95.

Taylor, JRN, Schober TJ, Bean SR(2006). Novel food and non-food uses for sorghum and millets. Journal
of Cereal Science, 2006:44: 252-271.

Duodu KG, Awika JM. Phytochemical-Related Health-Promoting Attributes of Sorghum and Millets. In
Sorghum and Millets:Chemistry, Technology, and Nutritional Attributes, 2nd ed.; Taylor, J.R.N., Duodu,
K.G., Eds.; Woodhead Publishing: Duxford, UK.2019: pp. 225-258.

Ananda GKS, Myrans H, Norton.SL, Gleadow R, Furtado A, Henry RJ. Wild Sorghum as a Promising
Resource for Crop:Improvement. Frontiers of Plant Sciences, 2020: 11:1108. doi: 10.3389/fpls.2020.01108.
Young KJ; Long,SP. Crop ecosystem responses to climatic change: maize and sorghum. In: Reddy, K.R.,
Hodges, H.F. (Editions).. Climate change and global crop productivity. CABI Publishing. Wallingford,
2000: ‘pp. 107-131.

Esilaba AQ et al. KCEP-CRAL Sorghum Extension Manual. Kenya Agricultural and Livestock Research
Organization, Nairobi, Kenya. 2021.

Prasad VBR,Govindaraj M, Djanaguiraman M, Djalovic I, Shailani A, Rawat N, Singla-Pareek SL, Pareek
A, Prasad PVV. Drought and High Temperature Stress in Sorghum: Physiological, Genetic, and Molecular
Insights.and Breeding Approaches. International Journal of Molecular Sciences 2021:22(18): 9826

Murty. UR. Technology for increasing sorghum production in India. National Research Centre for
Sorghum, Hyderabad, India. pp. 67.

Agbede TM, Ojeniyi SO, Adeyemo A J. Effect of poultry manure on soil physical and chemical properties,
growth and grain yield of sorghum in southwest, Nigeria. American-Eurasian journal of sustainable
agriculture, 2008: 2(1), 72-77.

Ashiono GB, Ouma JP, Gatwiku. Farm yard manure as an alternative source in production of cold tolerant
sorghum in the dry highlands of Kenya. Journal of Agronomy, 2006:5(2): 201-204.

Kenya Industrial Research and Development Institute. Increasing sorghum utilization and marketability
through food diversification.2011.

Mwadalu R, Mwangi M. The potential role of sorghum in enhancing food security in semi-arid eastern
Kenya: A review. Journal of Applied Biosciences, 2013: 71, 5786-5799.



60.
61.
62.
63.
64.

65.
66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

a. 7339-7353.
Orr A, Mwema C, Mulinge W. The Value Chain for Sorghum Beer in Kenya. Paper No. 16, Telangana:
International Crops Research Institute for the Semi-Arid Tropics (ICRISAT).2013.
Njagi T, Onyango K, Kirimi L, Makau J. Sorghum Production in Kenya: Farm Constraints and
OpportunitiesTechnical Report. Tengemeo Institute of agriculture and policy development, Nairobi. 2019:
43Pgs.
KAVES. USAID KAVES. Value chain analyses, Journal of stored products, (June).2013: 13Pgs.
Muui CW, Muasya RM, Kirubi DT. Baseline survey on factors affecting sorghum production and use in
eastern Kenya. African journal of food, agriculture, nutrition and development, 2013: 13(1):
AIC. Field Crops Technical Handbook. 2002.
Infonet. https://infonet-biovision.org/PlantHealth/Crops/Sorghum.2022. Accesed 31/08/2022.
Muui CW., Muasya RM, Nguluu S, Kambura A, Kathuli P, Mweu B, Odhiambo DO (2019). Sorghum
Landraces Production Practices in Nyanza, Coast and Eastern Regions, Kenya. Journal of:Economics and
Sustainable Development, 2019: 10(10):134-143.
KNBS. Economic Survey, 2017.
Market watch. Global and United States Sorghum and Sorghum Seeds Market Report and Forecast 2022-
2028. 2022.
Kagwiria D, Koech OK, Kinama JM, Chemining’wa GN, Ojulong HF. Sorghum production practices in an
integrated crop livestock production system in Makueni county; eastern Kenya. Tropical and Subtropical
Agroecosystems,2019: 22 :13-23
Miano MD, Karanja D, Mutuku R, Maina L. The role of the marketin addressing climate change in arid
and semi-arid lands of Kenya: the case of Gadam sorghum. 2010.
Habindavyi E. Morphological characterization of sorghum (sorghum:bicolor) diversity in Burundi, CBM
Swedish Biodiversity Centre, Uppsala University. 2009.
WEFP. Growing Rainfed Crops in Dryland Zones: Cereals and Legumes. Field Practitioners Guide No. 6.
Rural Resilience Programme, World Food Programme, Nairobi. 2018.
Maliva R, Missimer T. Aridity and drought Arid Lands:Water Evaluation and Management, Springer,
Berlin, Heidelberg. 2012: pp. 21-39
IPCC. Special Report on the Impacts of Global Warming of 1.5°C above Pre-Industrial Levels and Related
Global Greenhouse Gas Emission Pathways, in‘the Context of Strengthening the Global Response to the
Threat of Climate Change,  Sustainable Development, and Efforts to Eradicate Poverty, World
Meteorological Organization, Geneva, Switzerland.2018.
Spinoni J, Barbosa P, Bucchignani<E, Cassano J, Cavazos T, Christensen JH, Dosio A. Future global
meteorological drought hot spots: a study based on CORDEX data. Journal of Climate, 2020: 33 (9): 3635-
3661.
Weil R, Brady NC. The nature and properties of soil. 15th edition. Pearson. 2017: 1104pp
Marshall S. The Water.Crisisin Kenya: Causes, Effects and Solutions. Global Majority E-Journal, 2011: 2
(1):31-45
Chepng’etich E, Nyamwaro-SO, Bett EK, Kizito K. Factors that influence technical efficiency of sorghum
production: A case of small holder sorghum producers in Lower Eastern Kenya. Advances in Agriculture,
2015: 11pgs. doi.org/10.1155/2015/861919
Kagwiria D, Koech OK, Kinama JM. Sorghum production practices in an integrated crop livestock
production system in Makueni county, Eastern Kenya. Tropical and Subtropical Agroecosystems, 2019: 22:
13-23,
Kelil A, Girma Y, Hiruy M. Access and Use of Agricultural Information in Africa: Conceptual Review.
Information and Knowledge Management, 10(7): 1-5.
Yaseen M, Xu S, Yu W, Hassan S. Farmers’ Access to Agricultural Information Sources: Evidences from
Rural Pakistan. Journal of Agricultural Chemistry and Environment, 2016: 5: 12-19. doi:
10.4236/jacen.2016.51B003.
MOALF. Situational analysis of the agriculture sector in Kenya. Final Report. Nairobi, Kenya. 2020:
154Pgs
Tonitto C, Ricker-Gilbert JE. Nutrient management in African sorghum cropping systems: applying meta-
analysis to assess yield and profitability. Agronomy Sustainable Development, 2016: 36 (10)
https://doi.org/10.1007/s13593-015-0336-8




84.

85.

86.

87.

88.

89.

Ostmeyer TJ, Bahuguna RN, Kirkham MB, Bean S and Jagadish SVK. Enhancing Sorghum Yield Through
Efficient Use of Nitrogen — Challenges and Opportunities. Frontiers of Plant Sciences 13:845443. doi:
10.3389/fpls. 2022.845443

Ndambiri HK, Ritho C, Mbogoh SG, Ng’ang’a SJ, Muiruri EJ, Cherotwo FH. Assessment of farmers’
adaptation to effects of climate change in Kenya. Journal of economic and sustainable development: 2012:
3(12). ISSN 2222-2855 (online).

Njuguna E, Nyairo N. Formal Conditions that Affect Agricultural Credit Supply to Small-scale Farmers in
Rural Kenya: Case Study for Kiambu County. International Journal of Sciences: Basic and Applied
Research, 2015: 20 (2):59-66

Mbugua I. Factors Determining Access to Credit Facilities for Farmers in Cherangany. Constituency in
Trans- Nzoia County. MBA thesis. University of Nairobi. 2013: 56 Pgs.

Musembi EK. Demand for agricultural credit by rural smallholder farmers: a case of climate smart
agriculture villages in nyando basin, Kenya. MA thesis. University of Nairobi. 2019: 77 pages.

Alila PA, Atieno R. Agricultural policy in Kenya: Issues and Processes. Institute for:Development Studies,
Nairobi, Kenya.2006.



