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Small millets have always been of local and regional importance and as a result have
attracted little attention both at national and international level. Once an integral part
of Asian and African diets, millets have been forgotten due to many demand and
supply issues. The biggest factor has been absence of technological breakthrough in
yield of millets similar to green revolution increasing yield of rice, wheat, and maize,
thereby shrinking millets’ profitability. Weak value chain in production and
processing of millets, absence of advanced processing technology, lack of industrial
demand for value-added millet products, and relatively shorter shelf life of the crops
creates storage and spoilage-related concerns which have discouraged farmers from
cultivating millets. Millets have many nutritional, health, and environmental
benefits, making them more sustainable as crops. Predicted climate change scenarios
indicate that climate vagaries and shorter effective growing season’s lengths will be
increasingly likely thus increasing the need for short-duration crops such as sor-
ghum, pearl millet, and small millets with enhance climate resilience, without high
fertilizer and pesticide needs.

The goal of the International Year of Millets—2023 easily fits into the 2030
Agenda of the United Nation for Sustainable Development and provides an oppor-
tunity to highlight how the sustainable production, processing, marketing, and
consumption of millets can contribute to alleviating hunger. Millets can be easily
integrated into an existing farming system across ages and cultures, cuisines,
nations, and the dietary preferences. Millets have the potential to help us achieve
SDGs like SDG 2 (Zero Hunger), SDG 3 (Good Health and Well-being), SDG
12 (Sustainable Consumption and Production), and SDG 13 (Climate Action).

There has always been low research priority on millet crops, and most landraces
have already been lost due to a shift from traditional crops and landraces to cash
crops and improved varieties and hybrids. Although millets have started receiving
more attention in recent years, much research is needed for improving the yield and
its attributing traits. Genomics-assisted improvement by utilizing various omics
approaches can potentially contribute to enhanced genetic gains in small millets
improvement, this knowledge is yet to be applied in millets due to the lack of a
complete and annotated genome sequence for many types of millet. I am happy that
the editors of this book have made an exhaustive effort to include chapters that guide
us along various advanced breeding strategies adopted in different kinds of small



vi Foreword

millets, the germplasm and genomic resources available, genomics-assisted breed-
ing, and many more. The book will also motivate other researchers to advance
agronomic and soil management options for millets. This book will be one of its
kind as such type of comprehensive information is not available elsewhere particu-
larly for small millets. I complement the editors of this book for bringing out such a
book which I am sure will benefit the society.

San Jose, Costa Rica Ratan Lal

The Ohio State University
Columbus, OH, USA



The global food system faces many complex challenges, including hunger, malnu-
trition and diet-related diseases; an ever-growing global population that needs
sufficient and healthy food; the climate emergency and the depletion of natural
resources. In such a situation, we need to unlock the great potential that millets
hold as an affordable nutritious food, a worthy component for global healthy diets
and a crop that can withstand climate change.

The International Year of Millets 2023 is an opportunity to raise awareness of the
health and nutritional benefits of millets for better production, better nutrition, a
better environment and a better life. They can become a key crop within global food
systems, with the potential to improve the livelihoods of smallholder farmers,
suitability for cultivation under adverse and changing climatic conditions and to
create sustainable market opportunities for producers and consumers. It also
contributes to achieving the sustainable development goals of the United Nations
(zero hunger, good health and wellbeing, economic growth, responsible consump-
tion and production and climate action).

Millets are a diverse group of small-grained dryland cereals, climate resilient,
tolerant to poor soil condition, drought and harsh growing conditions, do not need
high fertilizer and pesticides, integral to ancestral traditions, cultures and indigenous
knowledge are nutritious that provide dietary fibre, antioxidants, protein and
minerals, including calcium, magnesium, phosphorous, zinc and iron, gluten free
with a low glycaemic index to address intolerances and diabetes. By including
millets in our food basket, we can prevent many lifestyle diseases like hypertension,
diabetes, anaemia, osteoporosis, etc. It can be a source of income for marginal
farmers, a way to create decent jobs for women and youth through innovative
processing, value addition and marketing opportunities and has a huge potential to
transform local agrifood systems.

Small millets are important group of coarse cereals, which have not yet been
explored and exploited to its full potential. Not much attention has been drawn
towards these high nutritional value crops. The objective of the breeders earlier was
to develop high yielding crop varieties that made the world food sufficient; however
with the passage of time, people are also concerned about the nutritional quality of
the food that they eat. This calls for exploration of various different genetic resources
that can complement the carbohydrate-rich diet with their high-quality nutrients.

Vii
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Many food companies are coming forward to include them in their processed
products. Thus, the demand of small millets has increased however their production
is meagre. Many of the small millets have remained unexplored and the knowledge
about the botany, genetics, diversity, breeding methods and incorporation in the
existing cropping systems about small millets is still in the offing. The genetic and
genomic resources of small millets need to be explored at length for some valuable
insights that will eventually aid in yield and quality improvement of small millets.

This book introduces the various types of nutrient packed small millets to the
readers, their genetics botany and diversity, challenges of their cultivation, breeding
strategies, genomic resources available for these crops, how they can be incorporated
into the existing cropping systems, advanced breeding strategies that can be adopted
for genetic improvement of small millets, their processing strategies so that they can
be incorporated into daily diet of humans. Not much work has been done in small
millets; hence, not much literature is available in this regard. So this book will be a
new resource in this field.

This book will benefit all those directly or indirectly involved in the small millet
research and industry. The students, research scholars, scientists, professors and
academicians can use it for small millet improvement while the industrial sector
especially those involved in the nutri-food sector who prepare food products using
small millets will also be benefitted by this book. This book can also be included in
the postgraduate degree program in plant breeding as this book will cover all the
updated technologies being used in small millet improvement. Keeping the view of
current crisis during COVID-19 pandemic and ensuring food security for ten billion
people by the end of 2050, alternative food source must be promoted and their
genetic improvement should be done on prime focus. Therefore, the theme of the
proposed book is of current interest in the global market.

Pusa, India Sweta Mishra
Pusa, India Shailesh Kumar
Pusa, India R C Srivastava
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Maruthamuthu Elangovan and Karnam Venkatesh

Abstract

Plant genetic resources management is a field of science comprising mainly the
activities of collection, characterization, evaluation, conservation, documenta-
tion, distribution, and utilization of diversity existing in a crop species. This
genetic diversity may be in the form of cultivated varieties, wild and weedy
progenitor species, any line which is an intermediate product of plant breeding
activity. The small millets include finger millet, foxtail millet, proso millet,
barnyard millet, kodo millet, and little millet. Small millets are gaining impor-
tance due their special adaptability to harsh and dry climatic conditions. They are
also nutritionally rich. Millets contain higher amounts of protein (finger millet
and proso millet), dietary fiber (barnyard millet, little millet and kodo millet),
calcium (finger millet), iron (barnyard millet), and zinc (foxtail millet). Due to
these facts, management of genetic resources becomes extremely important to
conserve the diversity existing in these crops for future use and development.
ICAR-Indian Institute of Millets Research (IIMR) is one of the National Active
Germplasm Sites (NAGS) with the responsibility to collect, conserve, evaluate,
document, and distribute the millets genetic resources to the bonafied user within
the country. A total of 559 small millet germplasm were collected by ICAR-
IIMR-Hyderabadduring 2015-2021 and conserved in the Millets Genebank.
Nearly about 15,000 accessions of small millets were augmented from various
National and International centers. More than 9300 small millet accessions were
characterized at ICAR-IIMR and approximately 16,500 small millets accessions
have been conserved at Millets Genebank.
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1.1 Introduction

The global as well as Indian agriculture has witnessed tremendous growth in food
production in the recent decades; however it is also facing challenges such as climate
change and malnutrition (Sharma et al. 2015; Kumar et al. 2018). The nation has
witnessed over exploitation of irrigated agriculture lands in the past. However, there
is a need to change the focus towards dry and marginal lands to address the adverse
effects of ongoing and future climate change scenario. Generally, the lower fertility
of dry and marginal lands makes it difficult to achieve higher production from
conventional crops such as rice and wheat. Millets provide a great opportunity due
to their climate resilient hardy nature and can be chosen to replace the conventional
crops in the dry and marginal areas. In addition to their climate resilience, millets are
also rich in several vital micronutrients and vitamins necessary for reducing malnu-
trition (Hariprasanna et al. 2014; Elangovan et al. 2022). Millets also known as nutri-
cereals are reported to be the treasure house of vitamins, minerals, essential fatty
acids, phyto-chemicals, and antioxidants that can help to eradicate the hidden
hunger. Due to the richness of millets in polyphenols and other biological active
compounds, they are also considered to impart role in lowering rate of fat absorption,
slow release of sugars (low glycemic index) and thus reducing risk of heart disease,
diabetes, and high blood pressure (Kumar et al. 2018).

The major millets are pearl millet (Pennisetum glaucum, with synonyms of
P. americanum, P. typhoides, and P. typhoideum), foxtail millet (Setaria italica),
proso millet or white millet (Panicum miliaceum), and finger millet (Eleusine
coracana). Minor millets include barnyard millet (Echinochloa spp.), kodo millet
(Paspalum scrobiculatum), little millet (Panicum sumatrense), and browntop millet
(Urochloa ramoselBrachiaria ramoselPanicum ramosum) (Upadhyaya et al. 2006).

Genetic resources management is a field of science comprising mainly the
activities of collection, characterization, and conservation of diversity existing in a
crop species for future and utilization of trait-specific germplasm in national crop
improvement program (Singh et al. 2019). This genetic diversity may be in the form
of cultivated varieties, wild and weedy progenitor species, any line which is an
intermediate product of plant breeding activity. Plant Genetic Resources are plant
genetic materials of actual or potential use available for change in genetic constitu-
tion of a plant species for the production of an improved cultivar. They are valuable
natural variants in form of exotic and indigenous collections including advance
cultivars, released varieties, RILs, NILs, mutants, genetic stocks, landraces, wild
and weedy relatives etc. (Singh et al. 2019). Genetic resources management caters to
the needs of present as well as future generations of researchers (Singh et al. 2019).
Due to these facts, management of genetic resources becomes extremely important
to conserve the diversity existing in these crops for future use and development.



1 Small Millets Genetic Resources Management 3

1.2 Global Status of Small Millets Conservation

A huge number of millet germplasm collections from 92 countries are conserved at
ICRISAT, ICAR-NBPGR and ICAR-IIMR. A total of 22,971 accessions of small
millet germplasm have been conserved at National Genebank, ICAR-NBPGR, New
Delhi, which includes finger millet (11,587 acc.), foxtail millet (4244 acc.), kodo
millet (2362 acc.), little millet (1885 acc.), proso millet (1005 acc.), and barnyard
millet (1888 acc.). A duplicate set of the 17,330 acc. of small millets are also
conserved at Millets Genebank, ICAR-IIMR, Hyderabad. The status of other small
millets genetic resources in the Genebanks is given in Table 1.1.

1.3  Species Diversity of Small Millets

Finger millet (Eleusine coracana): Finger millet has its origin in the highlands of
Africa. The closest wild relative of finger millet is Eleusine coracana subsp.
africana (Kennedy-O’Byrne) Hilu & de Wet. Eleusine coracana subsp. Africana
has its origin in Africa (Upadhyaya et al. 2008). These two taxa (finger millet and
subsp. africana) are tetraploids (2n = 36) with basic chromosome number x = 9.
These sub-species hybridize where they are sympatric in Africa and derivatives of
such crosses often occur as weeds in cultivated fields (Upadhyaya et al. 2008).

Foxtail millet (Setaria italica): Foxtail millet has its origin in the highlands of
central China and was first domesticated some 5000 years back and later spread to
Europe and India. Setaria viridis is the probable progenitor species with somatic
chromosome number of 18 (2n = 18) same as the cultivated species. Foxtail
millet has been classified into three races namely moharia (Europe, Russia,
Afghanistan and Pakistan), maxima (grown in east China, Japan, Korea, and
USA), and indica (found in India and Sri Lanka) (Upadhyaya et al. 2008).

Table 1.1 Status of millets genetic resources in the Genebank

National Genebank, ICAR- Millets Genebank, ICAR-
Crop name ICRISAT | NBPGR, New Delhi IIMR, Hyderabad
Finger millet 7519 11,587 7806
(IE)
Foxtail millet 1542 4244 4653
(ISe)
Kodo millet 665 2362 344
(IPs)
Little millet 473 1885 694
(IPmr)
Proso millet 849 1005 2128
(IPm)
Barnyard 749 1888 1705
millet (IEc)

Total 11,797 22,971 17,330
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Proso millet (Panicum miliaceum): Proso millet, also called broomcorn and com-
mon millet, was domesticated in Neolithic China as early as 10,000 years ago
(Lu et al. 2009). The cultivated proso millet is classified into five races based on
panicle. The first two races namely miliaceum (open inflorescences and sub-erect
branches with few subdivisions), patentissimum (narrow and diffuse panicle) are
common to Eurasia. The later three races, contractum, compactum, and ovatum
have more compact inflorescences which are drooped, cylindrical, and curved,
respectively (Reddy et al. 2007).

Little millet (Panicum sumatrense): It is commonly cultivated in India, Nepal, and
Western Myanmar and its ancestral species is Panicum psilopodium. The
cultivated species has two races robusta (Northwestern Andhra Pradesh and
parts of Orissa) and nana.

Kodo millet (Paspalum scrobiculatum): 1t is commonly cultivated in India. Kodo
millet is divided into three races (regularis, irregularis, and variabilis) based on
panicle morphology (de Wet et al. 1983).

Barnyard millet (Echinochloa crusgalli and E. colona): Two species of
Echinochloa namely E. crusgalli (native of Eurasia and was domesticated in
Japan) and E. colona (domesticated in India) (Upadhyaya et al. 2008) and both
species have same hexaploid chromosome number of 2n = 54. Another report
suggests that two separate species represent barnyard millet, Echinochloa
esculenta (syn. Echinochloa utilis, Echinochloa crusgalli) is cultivated in
Japan, Korea, and the northeastern part of China while Echinochloa frumentacea
(syn. Echinochloa colona) is found in Pakistan, India, Nepal, and central Africa
(Wanous et al. 1990).

14 Millets Genebank at ICAR-Indian Institute of Millets
Research (IIMR)

ICAR-Indian Institute of Millets Research (IIMR) is one of the National Active
Germplasm Sites (NAGS) with the responsibility to collect, conserve, evaluate,
document, and distribute the millets genetic resources to the bonafied user within
the country. The following progress has been made during the reporting period
2001-2022.

1.5  Millets Genetic Resources Management
1.5.1 Collection

A total of 2273 acc. collected by NRCS/DSR/IIMR from 45 explorations and
423 acc. collected by other individuals during 2000-2021. Indigenous Collection
number for 1928 accessions obtained from National Genebank, NBPGR—New
Delhi. Out of 45 explorations, 10 are in collaboration with NBPGR (Regional
Stations). All eight millets are collected during the exploration, which includes
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finger millet (244 acc.), foxtail millet (102 acc.), proso millet (19 acc.), barnyard
millet (7 acc.), little millet (146 acc.), and kodo millet (41 acc.). The maximum
accessions are collected from Andhra Pradesh (474 acc.) followed by Maharashtra
(447 acc.), Tamil Nadu (431), Madhya Pradesh (266), Karnataka (190), Gujarat
(183), Uttar Pradesh (172), Odisha (141), Rajasthan (135), Chhattisgarh (60),
Jharkhand (58), Uttarakhand (30), Telangana (16), Bihar (13), and West Bengal (1).

1.5.2 Augmentation

A total of 20,000 accessions received from various national and international
centers, which includes, finger millet (10,704), foxtail millet (5096), proso millet
(1666), barnyard millet (1661 acc.) etc. A total of 58,572 acc. of millets are
augmented from ICAR-NBPGR-New Delhi and its Regional Stations followed by
7887 acc. from CGIAR-ICRISAT-Patancheru-Hyderabad etc.

1.5.3 Characterization

A total of 9300 acc. of small millets germplasm materials were characterized during
2003-2021 in which 7002 acc., belonged to sorghum and the remaining were of
other small millets. The characterization of different small millets has been presented
in detail in the following paragraphs

Finger Millet A total of 5400 acc. of finger millet germplasm characterized under
CRP-AB during kharif 2017-2020 for 14 quantitative and 18 qualitative traits. The
grain yield per plant is the most variable trait followed by days to 50% flowering,
leaf blade length.

The maximum frequency in early plant growth was observed in poor (787 acc.)
followed by good (632 acc.). Plant growth habit was observed maximum in erect
(3521 acc.) followed by decumbent (1628 acc.). Leaf color was observed maximum
in dark green (1541 acc.) followed by light green (1002 acc.). Plant pigmentation at
leaf juncture was maximum observed as absence (3973 acc.) followed by present
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(959 acc.). Leaf sheath pubescence was observed as absence (3004 acc.) followed by
presence (2382 acc.). Culm branching was observed maximum as present (2645
acc.) followed by absent (2200 acc.). Ear head shape was observed in semi compact
(1313 acc.) followed by fist (1259 acc.). Ear head size was observed maximum in
intermediate (1065 acc.) followed by large (280 acc.). Finger branching was
observed maximum as absent (3901 acc.) followed by present (878 acc.). The
position of branching was observed maximum in thumb finger (336 acc.) followed
by in all fingers (287 acc.). Finger multiple whorls was observed maximum as absent
(2874 acc.) followed by present (1914 acc.). Gaps on finger were observed maxi-
mum as absent (1157 acc.) followed by present (338 acc.). Spikelet shattering was
served maximum as present (1789 acc.) followed by absent (1023 acc.). Glume color
was observed in light brown (823 acc.) followed by brown (507 acc.), Pericarp
persistence on seed after threshing was observed maximum in persistent (724 acc.)
followed by partially persistent (489 acc.). Seed color was maximum observed as
copper brown (1569 acc.) followed by light brown (1318 acc.). Seed color (28 acc.)
followed by light brown (1318 acc.), copper brown (24 acc.). Seed shape was
observed maximum in round (3161 acc.) followed by reniform (1514 acc.). Seed
surface was observed maximum in smooth (2622 acc.) followed by rough (651 acc.).

Ninety-five accessions were identified with more number of tillers (>12.00).
Thirteen accessions were identified with early flowering (<50.00 days), 157 acc.
identified with more number of leaves (>20.00), 61 acc. identified with longer
leaves (>70.00 cm), 10 acc. with wider leaf (>2.00 cm), 24 acc. with shorter plant
(<50.00 cm), 34 acc. identified with taller (>160.00 cm), 35 acc. identified with
longer finger length (>15.00 cm), 9 acc. identified with wider ear head (>6.00 cm),
34 acc. identified with more fingers on main axis of the ear head (>13.00), 47 acc.
identified with more productive tillers (>13.00), 64 acc. identified with higher grain
yield (>90.00 g/plant), and 11 acc. identified with more 100-seed weight (>1.20 g).
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Foxtail Millet A total of 2580 acc. of foxtail millet germplasm characterized under
CRP-AB during kharif 2017-2020 for 11 quantitative and 19 qualitative traits. The
plant height is the most variable trait followed by grain yield, days to 50%
flowering etc.

The maximum frequency in flag leaf shape of leaf tip shape was observed in
pointed (2384 acc.) followed by pointed to rounded (154 acc.). Absence or weak
pigmentation of basal leaf sheath was observed maximum in 2089 acc. followed by
strong (383 acc.). Dark intensity of green foliage was observed maximum in 1859
acc. followed by medium (567 acc.). Upright plant growth habit was observed
maximum in 1791 acc. followed by spreading (743 acc.). Absent or weak anthocya-
nin coloration of the leaf collar was observed maximum in 2115 acc. followed by
strong (363 acc.). Semi-erect leaf attitude of blade was observed maximum in 1813
acc. followed by slightly drooping (552 acc.). Presence of inflorescence bristles was
observed maximum in 2383 acc. followed by absence (29 acc.). Long panicle length
of bristles was observed maximum in 1495 acc. followed by short (478 acc.).
Presence of inflorescence apical sterility was observed maximum in 1964 acc.
followed by absence (447 acc.). Absence of anthocyanin coloration of the bristles
was observed maximum in 2081 acc. followed by presence (320 acc.). Absence or
weak anthocyanin coloration of flag leaf was observed maximum in 2374 acc.
followed by medium (25 acc.). Absence of glume anthocyanin coloration was
observed maximum in 2010 acc. followed by presence (387 acc.). Semi-erect panicle
attitude to stem was observed maximum in 1336 acc. followed by drooping
(564 acc.). Conical panicle type was observed maximum in 1135 acc. followed by
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spindle (636 acc.). Oblong inflorescence shape was observed maximum in 1090 acc.
followed by pyramidal (808 acc.). Absence of inflorescence lobes was observed
maximum in 1259 acc. followed by presence (1059 acc.). Circular grain shape was
observed maximum in 1025 acc. followed by medium ovate (777 acc.). Brown grain
color was observed maximum in 1489 acc. followed by yellow (332 acc.).
Ninety-seven accessions identified with early flowering (<40.00 days), 46 acc.
with longer flag leaf (>40.00 cm), 23 acc. identified with wider flag leaf (>2.90 cm),
67 acc. identified with longer peduncle (>40.00 cm), 5 acc. identified with thicker
stem (>1.00 cm), 24 acc. identified with more number of basal tiller (>20.00),
60 acc. identified with longer panicle (>27.00 cm), 28 acc. identified with wider
panicle (>3.00 cm), 27 acc. identified with taller plant (>150.00 cm), 34 acc.
identified with shorter plant (<40.00 cm), 41 acc. identified with higher grain
yield (>70.00 g/plant), and 79 acc. identified with more 100-seed weight (>0.35 g).

Proso Millet A total of 645 acc. of proso millet germplasm are characterized along
with four checks viz., GPUP §, TNAU 145, TNAU 164 and TNAU 202 in Aug-
mented Block Design under Institute Project (IIMR/C1/2021-2026/150) at ICAR-
IIMR-Hyderabad during Kharif 2021 for 23 agro-morphological traits. Which
includes 11 quantitative and 12 qualitative traits. The plant height was the most
variable trait followed by date of maturing, days to 50% flowering etc. In the
qualitative data, erect growth habit is the most frequent in 444 acc., absence of
leaf sheath pigmentation in 630 acc., sparse of leaf sheath pubescence in
333 acc., absence of ligule pubescence in 639 acc., glabrous leaf blade pubescence
in 559 acc., arched inflorescence shape in 443 acc., presence of culm branching in
378 acc., absence of lodging in 677 acc., absence of seed shattering in 661 acc.,
intermediate panicle compactness in 303 acc., golden yellow grain color in 470 acc.,
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and oval grain shape in 379 acc. There are 442 acc. of trait specific proso millet
germplasm identified in which, 82 acc. are multi-trait specific germplasm for multi-
trait specific germplasm for 2—6 traits.

Barnyard Millet A total of 553 acc. of barnyard millet germplasm are
characterized along with four checks viz., DHBM 93-3, VL 207, VL 172 and PRJ
1 in Augmented Block Design under Institute Project (IIMR/CI/2021-2026/150) at
ICAR-IIMR-Hyderabad during Kharif 2021 for 25 agro-morphological traits, which
includes 12 quantitative and 13 qualitative traits. The plant height was the most
variable trait followed by days to maturity, days to 50% flowering, grain yield/
plant etc.

In the qualitative data, erect plant growth habit is the most frequent in 349 acc.,
absence of leaf sheath pigmentation in 310 acc., arched inflorescence shape in
359 acc., green inflorescence color in 376 acc., intermediate panicle compactness
in 340 acc., onside spikelet arrangement on the rachis in 383 acc., curved lowest
raceme shape in 340 acc., thick lowest raceme thickness in 317 acc., absence of
lowest raceme branching in 494 acc., presence of culm branching in 443 acc.,
absence of lodging in 541 acc., light grey grain color in 267 acc., and oval grain
shape in 473 acc. There are 411 acc. of trait-specific barnyard millet germplasm
identified, in which 92 acc. are multi-trait specific germplasm for multi-trait specific
germplasm for 2-5 traits.
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Kodo Millet A total of 69 acc. of core collections of kodo millet germplasm
characterized during kharif 2017 for 13 quantitative and 15 qualitative traits. The
days to 50% flowering is the most variable trait followed by plant height etc.

In growth habit, the maximum frequency was observed in erect (27 acc.) followed
by decumbent (23 acc.). In leaf erectness, droopy was maximum observed (31 acc.).
The leaf sheath pigmentation was present in 51 acc. The leaf juncture pigmentation
was absent in 46 acc. The internode pigmentation was absent in 27 acc. The leaf
blade pigmentation was present in 42 acc. In panicle compactness, the maximum
frequency was observed in open (25 acc.) followed by semi-compact (22 acc.). The
panicle exertion was complete in 30 acc. The spikelet arrangement on rachis was
regular in 45 acc. The spike branching was present in 33 acc. the lodging was present
in 40 acc. In grain color, brown was observed maximum (28 acc.) followed by dark
brown (13 acc.). The grain shape was oval in 45 acc.

Eleven accessions identified with more number of basal tillers (>18.00), 10 acc.
identified with early flowering (<56.00 days), 9 acc. identified with longer flag leaf
blade (>35.00 cm), 11 acc. identified with wider flag leaf blade (>1.50 cm), 3 acc.
identified with longer peduncle (>3.00 cm), 6 acc. identified with longer panicle
(>9.00 cm), 7 acc. identified with wider panicle (>2.50 cm), 4 acc. identified with
longer thumb receme (>7.00 cm), 9 acc. identified with longer receme (>10.00 cm),
4 acc. identified with more number of receme (>6.00), 8 acc. identified with taller
plant (>90.00 cm), 12 acc. identified with shorter plant (<60.00 cm), 4 acc.
identified with higher grain yield (>20.00 g/plant), and 17 acc. identified with
more 100-seed weight (>0.40 g).
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Little Millet A total of 66 acc. of new little millet germplasm characterized during
kharif 2017 for 9 quantitative and 12 qualitative traits. The plant height is the most
variable trait followed by days to 50% flowering, flag leaf length of blade etc.

The maximum frequency in plant growth habit was observed in erect (46 acc.),
absence of leaf sheath pigmentation (52 acc.), glabrous leaf sheath pubescence
(58 acc.), absence of ligule pubescence (56 acc.), glabrous leaf blade pubescence
(56 acc.), diffused inflorescence shape (11 acc.), presence of culm branching
(12 acc.), intermediate panicle compactness (8 acc.), presence of lodging (9 acc.),
absence of seed shattering (14 acc.), light brown grain color (19 acc.) followed by
brown (17 acc.), and elliptical grain shape (30 acc.). Four accessions identified for
early flowering (<55.00 days), 8 acc., identified with longer flag leaf blade
(>30.00 cm), 5 acc. identified with longer peduncle (>17.00 cm), 8 acc. identified
with taller plant (>100.00 cm), 6 acc. with longer panicle (>25.00 cm), 7 acc. with
wide panicle (>1.00 cm), and 4 acc. with higher grain yield (>10.00 g/main plant).
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1.5.4 Characterized/Evaluated

A total of 94,081 accessions characterized/evaluated at NRCS/DSR/IIMR, AICRP
on Sorghum and Small millets centers and others. The accessions include germ-
plasm, resistant source materials, and segregation materials. The maximum fre-
quency of 62,789 acc. of millets germplasm materials is characterized during
2003-2021 in which 45,092 acc. belongs to sorghum followed by finger millet
(7002 acc.), pearl millet (5395 acc.), followed by 17,842 acc. for evaluation in
which 11,210 acc. belongs to sorghum followed by finger millet (2960 acc.), little
millet (2172 acc.) etc.

The maximum frequency of 61,817 acc. of sorghum germplasm/segregating
materials characterized/evaluated in which 26,271 acc. are characterized/evaluated
at Hyderabad followed by Akola (5300 acc.), Rahuri (4326 acc.), etc., followed by
finger millet (18,262 acc.) in which 7202 acc. characterized/evaluated at Hyderabad
followed by Vizianagaram and Mandya (3157 acc. each) etc.

1.5.5 Conservation

As on 31st March 2022, a total of 48,462 accessions of millets in bulk are being
conserved in the Millets Genebank (MGB). Sorghum was maximum with 27,366
acc. followed by finger millet (8057), foxtail millet, (4573) pearl millet (4094), proso
millet (1463), barnyard millet (1159), little millet (670), kodo millet (333), Tef (36),
browntop millet (25), Quinoa (12), and Jobs Tear (1).
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"g‘r: Medium-term Storage 2 — Small millets (15,985 acc.)

1.5.6 Utilization

A total of 48 final products contributed using the ICAR-IIMR germplasm through
selection/breeding by the AICRP on Sorghum trials during 2007-2021. Maximum
of 22 rabi sorghum varieties followed by 6 sweet sorghum varieties, 7 kharif
sorghum varieties, 1 kharif sorghum hybrid, 5 single-cut forage varieties, one each
of sweet sorghum variety, sweet sorghum hybrid and dual-purpose varieties, 3 spe-
ciality sorghum contributed to the trials.

1.5.7 Distribution

A total of 121,077 accessions distributed to the bonafied users in the country. A total
of 1079 MTAs signed for supplying the germplasm. The maximum of 24,827
accessions distributed to the bonafied users during 2012-2013 followed by 17,981
in 2021-2022. A maximum frequency of 17,000 acc. of millets germplasm
distributed and utilized for Salinity and drought tolerant screening at Gujarat/
Rajasthan followed by 7500 acc. utilized for screening leaf blast, neck blast and
finger blast, 6160 acc. of germplasm evaluated for yield attributing traits etc.
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1.5.8 Submission to National Genebank

A total of 29,508 accessions submitted to the National Genebank for long-term
storage during 2000-2021. The maximum of 4179 accession submitted during
20162017 followed by 2963 during 2020-2021 etc.

1.6  Genetic Stocks Registration with ICAR-NBPGR

A total of 112 millets genetic stocks registered with ICAR-NBPGR during
2002—-2022. The maximum of 84 acc. of sorghum genetic stocks registered followed
by finger millet (19 acc.), barnyard millet (4 acc.), foxtail millet (3 acc.), and little
millet (2 acc.).

1.6.1 Documentation

A total of 3585 accessions of sorghum genotypes have been identified based on their
uniqueness of trait from the compiled information from the published annual reports
from 2000-2001 to 2013-2014. A total of 1775 accessions of millets genotypes have
been identified based on their uniqueness of trait from the compiled information
from the published ICAR-IIMR Annual Reports from 2014-2015 to 2018-2019. A
total of 17,794 sorghum genotypes have been identified based on their uniqueness of
trait in the AICSIP trials from the compiled information from the published AICSIP
reports from 2004-2005 to 2013-2014. A total of 19,710 accessions of pearl millet
genotypes have been identified based on its uniqueness of trait in the AICRP on pearl
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millet trials from the compiled information from the published AICRP on pearl
millet reports from 2001-2002 to 2018-2019. Small millet genotypes were
identified based on its uniqueness of trait in the AICRP on small millet trials from
the compiled information from the published AICRP on small millet reports from
2007-2008 to 2017-2018 viz., 3828 accessions of finger millet, 1000 accessions of
foxtail millet genotypes, 775 accessions of barnyard millet genotypes, 1032
accessions of kodo millet genotypes, 483 accessions of proso millet genotypes,
and 827 accessions of little millet genotypes. Sorghum genotypes were identified
based on its uniqueness of trait in the AICRP on Sorghum from the compiled
information from the published AICRP on Sorghum report from 2014 to 2020.
Pedigree database on Sorghum: Elite Breeding Stocks: AICRP on Sorghum
(1975-2022), Pedigree database on Small millets: Elite Breeding Stocks: AICRP
on Small millets (1986-2022) and Pedigree database on Pearl millet: Elite Breeding
Stocks: AICRP on Pearl millet (1981-2018) are documented to know-how the
germplasm as the parental lines used in their respective crop improvement program.
The distribution of millets germplasm to the bonafied users is documented and
published in four volumes (2000-2007; 2008-2012; 2012-2015 and 2015-2021).

1.7  Challenges to Small Millet Germplasm Resources
Management

* Cross pollinated nature of few of the small millets.

» The data in the form of passport data and characterization data is in huge volume
and requires special efforts and funding to handle and use such huge quantum
of data.

* Mechanisms to use the characterization data for use in crop improvement need to
be developed.

* Often it is difficult to track the utilization of germplasm accessions supplied by
the Genebank due to poor feedback mechanism.

* Platforms for combining and analyzing the data from the different domains are
also essential, and can be adapted to the needs of projects or communities (Weise
et al. 2020).

* More emphasis is required to characterize the germplasm resources at molecular
level and special provisions are necessary to handle the generated data.

» Application of molecular tools in curation of Genebank collections with respect to
minimizing potential duplications.
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Abstract

Millets are small seeded cereals grown for human consumption and animal feed
in various African and Asian countries. They have an excellent nutritional
properties and are less vulnerable to biotic and abiotic stresses compare to other
major staples including rice, wheat, and maize. Major small millets grown in
Nepal include finger millet, proso millet, and foxtail millet. There are thousands
of germplasm accessions of these millets in Nepal either in ex situ or at on-farm
conditions yet to be explored and utilized. These millets are neglected from policy
makers, researchers, development workers, and even by farming communities.
Conservation and utilization of these millets for their genetic improvement could
increase food and nutrition security of the country. In this chapter, we introduce
the nutritional significance and climate-resilient properties of these millets, high-
light their production, conservation and utilization status in Nepal, and discuss
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2.1 Small Millets and Their Significance in Nepal

Millets are the group of crops belongs to grass family characterized by small seeds.
They are well known for their wide adaptability to diverse but adverse agro-
ecological environments in the world, particularly Africa and Asia. Among the
millets, crops with smaller plants and smaller seeds such as barn yard millet, finger
millet, foxtail millet, kodo millet, little millet, proso millet, etc. belong to the group
of small millets. Small millets can be grown in marginal environments with mini-
mum level of inputs. Their grain has an excellent nutraceutical value since they are
rich in minerals, calories, and proteins (Devi et al. 2014). All of these crops are less
vulnerable to various biotic and abiotic adversities compared to other major food
crops such as rice, wheat, and maize. Developing new varieties in small millets with
modern approaches is in less priority so far for any national and international
research programs because of bigger attention to major staple cereals such as rice,
wheat, maize, etc. This is more evident in developing countries like Nepal. In the
context of climate change, small millets are the crops of the future with great
potentiality to cope with food and nutrition insecurity for the global population
(Goron and Raizada 2015). Small millets have multiple significance in Nepalese
context.

2.1.1  Small Millets for Food Security

Finger millet is the fourth most important food crops in Nepal in terms of area and
production after rice, maize, and wheat. Finger millet is consumed mainly as Dhindo
(porridge), Roti (pancake), and Khole (millet soup) (Gaihre et al. 2021) across the
hills and high mountains. Proso millet and foxtail millet are consumed as Khir
(pudding), Bhaat (boiled like rice) (Ghimire et al. 2017). In the most food deficit
regions of the country such as mountain districts of Karnali and Far-western
provinces, proso millet and foxtail millet have significant contribution in food
security together with finger millet because growing rice and wheat is not possible
in those areas due to adverse climatic conditions whereas transportation of food
grains from outside is very expensive due to poor access to roads.

2.1.2 Small Millets for Health and Nutrition

All crops belonging to small millets are nutrient dense as compared to major staples
since they are gluten-free and rich in minerals, micronutrients, vitamins, proteins,
rare amino acids, and fibers (Table 2.1). They are the most important food crops of
economically suppressed but physically hard working people. Due to increasing
trend of non-communicable diseases like diabetes, hypertension, cholesterol etc.,
inclusion of small millets in the regular meal is also increasing in urban populations
since they are getting more conscious to their health and aware on the health benefits
of small millets.
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2.1.3 Small Millets for Animal Feed

Finger millet grains and fermented by-products are used as good feedstuff to animals
while its green as well as dried straw is utilized as highly nutritious forage for
livestock with up to 60% digestible nutrients (Gupta et al. 2017). In Nepal, small
millets are used in regular feed (Kundo) of draft, milk, and meat animals as well as
poultry feed (Daanaa). Green and dry straw of these crops are used by Nepalese
farmers as an integral part of their animal fodder.

2.1.4 Small Millets for Climate Resilience

Small millets are grown in marginal lands with no fertilizer, pesticides, and irrigation
since they are less vulnerable to various biotic and abiotic adversities arisen due to
climate change compare to other major food crops such as rice, wheat, and maize.
Since they are hardy crops, they can tolerate unpredictable environmental change in
dry mountain areas of Nepal. Most of the small millets are short duration crops, thus
can be used as catch crops or crop insurance when there is low rainfall and rice
transplanting is not possible, or even when rice crop is washed out by heavy
flooding.

2.1.5 Small Millets for Organic Agriculture and Agro-Tourism

Small millets are grown in remote mountain areas thus by default organic since
farmers don’t use any chemical fertilizers and pesticides for these crops. Millets flour
is used for the preparation of modern bakery products such as pancakes, cakes,
biscuits, namkins, noodles, pasta, momos, sweets, etc. are also gaining popularity in
recent years. The finger millet grain is used for making high-quality traditional
liquors after fermentation. These crops have been an integral component of agro-
tourism in Nepal due to its dhindo and high quality home-made wine raksi in the
menus of hotels and restaurants.

2.2 Production Status

Globally, foxtail millet and finger millet ranked third and fourth among millet crops
after sorghum and pearl millet (Upadhyaya et al. 2007). Precise data of area and
production under each small millets are not available in many countries because the
production statistics of these crops had often been clubbed with other millets
(Upadhyaya et al. 2010). Finger millet is the fourth most important crop of Nepal
after rice, maize and wheat in terms of area and production. A total of 326,443 t of
finger millet is produced in 2021 from 265,401 ha area with average productivity of
1.23 t/ha (MoALD 2022). Area of finger millet has been static over last three decades
but the production and productivity is slightly increased (Fig. 2.1). Proso millet is the
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Fig. 2.1 Area, production, and productivity trend of finger millet in Nepal for the last three
decades. (Source: MoALD 2022)

second important crop among millets, grown in around 2000 ha with the productivity
of 0.81 t/ha whereas foxtail millet is grown in around 1500 ha with the productivity
of 1.04 t/ha (DoA 2015). Production data of barn yard millet and little millet in Nepal
is not available so far since they are growing in negligible area.

2.3  Conservation Status
2.3.1 Analysis of Conservation Threats

The four-cell analysis is a basic technique of understanding amount and distribution
of traditional crop diversity at community level (Sthapit et al. 2006). This tool
roughly estimates the risk of genetic diversity loss and the reasons why a species
is in the risk zone (Joshi et al. 2020a; Dulloo et al. 2021). Based on the available
national statistics and our own experience, we divided our five small millets into four
cells (Fig. 2.2) to assess their abundance or conservation threats at national level. In
our assessment, finger millet has very minimum threats since it is grown by many
households in larger areas; however, many finger millet landraces are under threats
since their cultivation is in declining trend. Proso millet is cultivated in larger areas
but by less number of households or in particular niches. In contrast, foxtail millet is
cultivated by more households than proso millet but in smaller areas across the
country. Both proso millet and foxtail millet have moderate threat for their conser-
vation and we need to prioritize these crops for on-farm conservation through
community seed banks as well as ex situ conservation at the national and interna-
tional Genebanks. The serious conservation threats are faced by little millet and barn
yard millet since both of these crops are grown by very few number of households in
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More households

e

Finger millet

e

Less households

Fig. 2.2 Four-cell analysis of small millets grown in Nepal

very small parcels of their field. Our major focus for these two crops should be on
exploration and collection, awareness raising and ex situ conservation. Replacement
of landraces by new improved varieties is not so evident on small millets in Nepal
but the threat is there since farmers are reluctant to grow either these crops or
portfolio of landraces of these crops.

2.3.2 Inter and Intra-specific Diversity

Nepal has very wide ranges of altitudinal variation and millets can be grown from the
lowest of 60 m up to 3500 m altitude. Similarly, the variation in land type, topogra-
phy, rainfall, temperature, day length, etc. is also evident within the small boundary
of the country. Due to these variations, there is high genetic diversity in small
millets, especially in finger millet and foxtail millet. Among the millets, finger millet
is the first important crop in Nepal in terms of area and production followed by proso
millet and foxtail millet. Barn yard millet, little millet, and kodo millet are the other
small millets that have been reported to be grown in parts and parcels of the country
(Table 2.2). Not only species diversity, there is plenty of intra-specific diversity
within finger millet and foxtail millet. Lower diversity of landrace is observed barn
yard millet, little millet, and proso millet. Landraces are named based on grain color,
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Table 2.2 List of small millets with their distribution and related species found in Nepal

Common

S. No. | name

1. Finger
millet

2. Foxtail
millet

3. Proso
millet

4, Little
millet

5. Barn yard
millet

6. Kodo
millet

Nepali
name

Kodo

Kaaguno

Chino

Dhaan
kodo

Saamaa

Kodee

Scientific name

Eleusine
coracana (L.)
Gaertn.

Setaria italica (L.)
P. Beauv.

Panicum
miliaceum L.

Panicum
sumatrense Roth.
& Schult
Echinochloa
frumentacea Link.

Paspalum
scrobiculatum L.

Distribution
Widely
distributed
across the
country
including wild
species

E. indica (L.)
Gaertn.
Scattered in
high hills of
Karnali,
Gandaki and
Bagmati
provinces

Localized
mainly in high
hills of Karnali
and Sudur
pashchim
province
Rarely found in
small areas of
Mid hills
Rarely found in

small areas of
Mid hills

Rarely found in
small areas of
Mid hills,
mainly wild

Related species
found in Nepal
(Press et al. 2000)
E. indica (L.)
Gaertn.

Forbesiana,
geniculata,
glauca,
pallidefusca,
palmifolia,
plicata,
tomentosa,
verticillata, viridis
Antidotale,
humidorum,
notatum,
paludosum,
psilopodium,
repens,
sumatrense,
trypheron,
walense

Colona, crus-
galli, crus-
pavonis,
glabrescens, picta,
pyramidalis,
stagnina

P. conjugatum and
P. distichum

shape and size of the heads/panicles, planting season, maturity duration, eating
quality, etc. (Table 2.3).

2.3.3 Ex Situ Collection and Gaps

After the establishment of National Agriculture Genetic Resources Centre
(Genebank) in 2010, collection and conservation of millets genetic resources got
high priority. Among small millets, Nepal Genebank have the largest holdings of
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Table 2.3 Conservation status of different millet species in Nepal Genebank and common
landraces

Number of

Crop accessions Name of common landraces

Finger 1175 Dalle, Jhapre, Chulthe, Laribari, Paundure, Thulo, Sano, Lurke,

millet Lafre, Nangre, Nangkatuwa, Matyangre, Lampate, Asoje,
Kattike, Mudke, Mangsire, Temase, Chaumase, Lekali, Pahenlo,
Rato, Kalo, Seto, Dudhe, Jwain, Samdhi, Bhanchuwa, Chyalthe,
Jhope, Tauke etc.

Foxtail 55 Kalo kaguno, Seto kaguno, Pahenlo kaguno, Rato kaguno, Maal

millet kaguno, Bariyo, Aulel, Ande kaguno, Tinmase kaguno etc.

Proso 51 Kalo chino, Seto chino, Dudhe chino, Rato chino, Hade chino,

millet Kaptede, Katibade, Kolte chino, Batale chino, etc.

Barn yard 6 Seto sama, Rato sama

millet

Little 3 Dhan kodo, Suji kodo

millet

Collection sites of small millets in Nepal Genebank (DIVA-GIS 7.5.0)
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Fig. 2.3 Collection sites of finger millet accessions conserved in National Genebank, Nepal

finger millet accessions (1175 accessions) followed by foxtail millet (55 accessions)
and proso millet (51 accessions) in medium and long-term conservation (Ghimire
et al. 2017) (Table 2.3).

The geo-coordinates (latitudes and longitudes) of the collection sites of five small
millet species have been plotted in the map of Nepal (Fig. 2.3). Finger millet
accessions have been collected from far-east to far-west but we can still see the
collection gaps from southern plane areas. The collections points for other four
species are not distributed across the country. Future exploration and collection
mission of Genebank need to be targeted in those gaps or unexplored areas.
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2.3.4 In Situ and On-Farm Conservation

In situ conservation status of small millets has not been studied and documented
properly but many wild relatives of Echinochloa, Eleusine, Panicum, Paspalum, and
Setaria were reported in various in situ conservation sites (national parks, conserva-
tion areas, hunting reserves, wetlands, etc.) of Nepal as well as in semi-domesticated
conditions alongside with the cultivated land (Table 2.2). However, these species are
not being conserved purposefully but they are being used as forages for domestic and
wild animals. Unlike wild species, cultivated species are being conserved on-farm
either by individual custodian farmers (household Genebank) or with the collective
efforts of the communities (community seed banks). There are more than 130 CSBs
reported in the country (Joshi et al. 2018), one-third of them are actively involved in
conservation of native crop diversity including landraces of small millets. However,
exact number of small millets landraces under conservation in CSBs is not available.

24 Utilization Status

According to MoAD (2022), the average national productivity of finger millet since
31 years is roaming between 1.1 and 1.2 t/ha (Fig. 2.1). Available genetic resources
have not been properly utilized in breeding programs. Research in the fourth
important crop of the nation is not adequate and the situation is even far-below in
other millets. Poor utilization of local landraces conserved in Genebank for the crop
improvement program is due to either lack of information about the desirable
accessions in the Genebank resulting from the poor characterization and evaluation
data, or lack of skill manpower to use these landraces in breeding program as donors
of desirable traits. In recent years, the demand of Genebank accessions is increasing
slowly from scientists and students for research purpose.

2.4.1 Released Varieties

Number of released varieties is one of the indicators of utilization of any genetic
resources. There are a total of eight varieties of small millets released officially by
the National Seed Board for cultivation in Nepal, out of them, five are released
varieties of finger millet and three are recently registered landraces, one each of
finger millet, foxtail millet, and proso millet (Table 2.4). Among the eight in the
table, the first two varieties Okhle-1 and Dalle-1 were released 42 years’ ago.

2.4.2 Characterization and Pre-breeding
Only about 10% of genetic resources stored in Genebanks have been utilized in crop

improvement program which mainly due to a lack of information about the desirable
accessions in the Genebank resulting from the poor characterization and evaluation
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Table 2.5 Number of small millets accessions characterized at the National Genebank, Khumaltar

Characterized Diversity
Crop accessions Method status Reference
Finger 537 Morphological High Bhattarai et al.
millet descriptors (2014)
50 Morphological High Bastola et al.
descriptors (2015)
40 RAPD and SSR High Joshi et al.
markers (2020b)
300 Morphological High Ghimire et al.
descriptors (2020)
Proso 44 Morphological Low Ghimire et al.
millet descriptors (2018a)
Foxtail 44 Morphological High Ghimire et al.
millet descriptors (2018b)

data (Nguyen and Norton 2020). A systematic study of collection, characterization,
and evaluation of local millet landraces and introduced exotic varieties from Africa
and India was carried out by Hill Crops Research Program (HCRP) after its
establishment in 1972. During 1975-1995, more than 1000 accessions of different
millet species were collected from various parts of the country and conserved at
HCRP (Upreti 1995; Baniya et al. 2001). Unfortunately, those germplasm were lost
due to firing of HCRP office building during political conflict period (Ghimire et al.
2017). After the establishment of Nepal Genebank in 2010, germplasm characteri-
zation of Nepalese small millet accessions has been restarted using agro-
morphological descriptors. A total of 927 finger millet accessions and 44 accessions
each of foxtail millet and proso millet have been characterized phenotypically
(Table 2.5). A total of 300 Nepalese finger millet accessions collected from
55 districts of the country have been recently characterized at molecular level in
International Crops Research Institute for Semi-Arid Tropics (ICRISAT) using
genotyping by sequencing (GBS) approach but the result is not published yet.

2.4.3 Unique Genetic Resources

There are many landraces of different small millets with unique characters found in
Nepal (Table 2.6). Landraces like Maal kaguno and Dhan kodo are unique and
endangered but crops like barn yard millet, little millet and kodo millet etc. are
endangered crops since farmers abandoned these crops to grow due to various
factors such as lower yield, processing difficulty, high labor demanding, and rice
food culture.



28

K. H. Ghimire and R. P. Mainali

Table 2.6 Some unique landraces of small millets with their characteristics (Ghimire et al. 2017)

Crop
Finger
millet

Finger
millet

Finger
millet

Finger
millet
Finger
millet

Foxtail
millet
Foxtail
millet
Foxtail
millet

Foxtail
millet
Proso
millet
Proso
millet
Barn
yard
millet
Little
millet

25

Landrace
name

Samdhi kodo

Paaundur
kodo

Raato kodo

Asoje kodo

Nangkatuwaa
kodo

Aule kaaguno
Bariyo

kaaguno
Maal kaaguno

Kaalo
kaaguno
Dudhe chino

Haade chino

Saamaa

Dhaan kodo

Distribution
Scattered in
small areas
of lower hills
Rarely found
in lower hills

Localized in
Jumla

Scattered in
eastern hills
Scattered in
central and
western hills
Localized in
Jumla
Localized in
Lamjung
Localized in
Gorkha

Localized in
Humla

Localized in
Humla
Localized in
Humla
Rarely found
in mid hills

Rarely found
in mid hills

Promotional Initiatives

Unique/
endangered

Endangered

Endangered

Unique

Unique

Unique

Unique
Unique

Endangered

Unique
Unique
Unique

Endangered

Endangered

Characteristic features

White color seeds, white color
porridge, prestigious due to color

Adapted to spring season
cultivation, drought tolerant, good
in back pain for human and animals
Red color seeds, early maturing,
adapted to high altitudes

(>2000 m)

High yielding, early maturity

High yielding, easy picking with
nails

Typical finger-like branching at the
tip of panicles

High yielding, attractive panicles,
early maturing

Medicinal value, good for lactating
animals, effective in mastitis
control

Black color grains, medicinal
value, drought tolerant

High yielding, drought tolerant,
white color seeds

Good taste, drought tolerant, red
color seeds

Considered as holy grains,
consumed in fasting as fruits,
difficult for processing

Drought tolerant, small oval seeds
with shiny brown color

We have discussed that small millets are in low priority of the nation compared to
major food crops. However, finger millet is getting significant attention from both
government and non-government sectors since five decades. Some initiatives from
public and private sectors for the promotion of small millets in Nepal have been
briefly discussed in this section.



2 Conservation and Utilization Status of Small Millets in Nepal 29

2,5.1 Hill Crops Research Programme (HCRP)

Ministry of Agriculture Development established HCRP in Dolakha of eastern
Nepal in 1972 with the research mandate of finger millet, buckwheat, barley, grain
amaranth. Despite of inadequate human as well as financial resources, HCRP under
the umbrella of Nepal Agricultural Research Council (NARC) is working as lead
public institution for small millets research and released five finger millet varieties
together with their quality seeds and package of practices.

2,5.2 National Agriculture Genetic Resources Centre (National
Genebank)

Ministry of Agriculture Development established the National Genebank in Lalitpur
in 2010 with the mandate of promoting conservation and use of agricultural biodi-
versity including small millets. Besides ex situ repository, the National Genebank
has been working for characterization and pre-breeding, support farming
communities for on-farm conservation and support the Government of Nepal for
the development of enabling policy environment for agro-biodiversity conservation.
The National Genebank has been collaborating with national non-government orga-
nization like Local Initiatives for Biodiversity Research and Development
(LI-BIRD) and international organizations like Bioversity International, ICRISAT,
etc. for the promotion of native crops including small millets and facilitate CSBs to
register three landraces of small millets.

2,5.3 Millet Mission Program

The Department of Agriculture (DoA) launched Millet Mission Program in 24 hill
districts from 2013 to promote small millet crops for food security of hill farmers.
Collection of germplasm from project districts and submission in the National
Genebank, distribution of quality seeds and processing machines to the farmers in
subsidized rate, awareness creation programs including training on value chain and
product diversification were the key activities of the program. Unfortunately, this
mission is terminated due to the inadequacy of improved quality seeds and
machines.

2.5.4 Native Crops and Organic Agriculture Promotion Program

The Centre for Crop Development and Agro-biodiversity Conservation (CCDABC)
of DoA is running Native Crops Promotion Program and Organic Agriculture
Promotion Program since 2018 in hill districts in collaboration with provincial and
local governments. Both of these programs have small millets in their mandate
Crops.
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2,5.5 Global Collaborative Projects (In-Situ, NUS, LCP)

The National Genebank-NARC, LI-BIRD, and Bioversity International have suc-
cessfully implemented three important global projects namely In-Situ Conservation
Project (1998-2006), Neglected and Underutilized Species (NUS) (2005-2009) and
Local Crops Project (LCP) (2014-2019). All these projects prioritized small millets
mainly finger millet, foxtail millet, and proso millet as their mandate crop. These
projects were able to create awareness at local and national level, enhance potential
landraces, deploy portfolio of varieties from Genebank to farming community,
empower farmers and CSBs on variety and seed selection, processing, value addi-
tion, and product diversification.

2,6 Problems and Challenges

Although small millets are resilient to adverse environments, there are some biotic
factors (neck and finger blast diseases in finger millet and stem borers and birds in
proso and foxtail millet) and abiotic factors (drought, cold, etc.). There are some
socio-cultural factors affecting small millets production such as rice-based food
habit, detraction of youth population from small millets cultivation and consump-
tion, youth migration, etc. Farmers are reluctant to grow small millets due to their
low productivity per unit area, less profit, high labor demanding (finger millet),
difficulties in processing (proso millet, barn yard millet, little millet), etc. Inadequate
research on these crops to develop high yielding and disease resistant varieties
leaving less varietal options to the millet growing farmers. Research on processing
equipment, value addition, and product diversification is also limited. Lack of policy
environments such as subsidy to farmers growing these crops also hindering the
production of small millets in the country. Besides these challenges, there are great
opportunities to promote these small millets as future smart foods.

2.7  Way Forward

» The National Genebank is holding thousands of accessions of different small
millet species; however, there are still unexplored areas and landraces exists
on-farm. Exploration of such areas with close collaboration with farmers, com-
munity seed banks, and local governments needs to be continued.

» There is an urgent need of safety duplication of collected accessions in interna-
tional Genebanks like Global Seed Vault-Norway, ICRISAT-India, etc. so that
we can repatriate them as and when needed.

* Most of the millet genetic resources conserved so far have not characterized so far
at molecular level. There is an urgent need to characterize and sequence those
accessions using high throughput DNA technology in collaboration with interna-
tional institutes such as ICRISAT.
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* The research mandate of small millets in Nepal is for HCRP of NARC. Since this
station is not suitable for foxtail millet and proso millet, Agriculture Research
Station (ARS) Jumla should be mandated for foxtail and proso millets while
HCRP should be dedicated for finger millet.

» Increased research funding is necessary for institutional as well as researcher’s
capacity enhancement. Moreover, there is an urgency for the deployment of
multidisciplinary team of scientists in HCRP and ARS Jumla without further
delay.

* Nepalese farmers are facing the problem of improved and quality seed of small
millets. Seed multiplication of promising and locally adapted landraces should be
started through Community Seed Banks or farmers groups and mainstreamed as
in major cereal crops.

» Conservation through utilization is the key for any genetic resources. To enhance
the use of small millets in Nepal, awareness creation and promotional activities
should be launched with improved processing technology, value addition, prod-
uct diversification, and inclusion of small millets in national food and nutrition
programs.
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Small-grained grains called millets are a mainstay in sections of Europe, Africa, and
Asia’s dry and semi-arid areas. The smallest of them are finger millet, kodo, foxtail,
proso, tiny, and barnyard millets (Fig. 3.1). These tiny grains have great nutrition and
offer low-cost sources of protein, minerals, and vitamins to all societies. They have
an endless storage life and are nearly pest-free in storage. Small millets have the
potential to develop into future food crops because of their high nutritional value and
untapped seed output potential, especially in rainfed regions.

Small millets are mostly cultivated in diverse soils, climates, and harsh
environments. The cultivation of these millets is also done with minimum inputs.
By minimum interventions, it is possible to increase the seed yields substantially.
One of the important intervention in millet cultivation is to provide good quality
seeds. This section of the book provides quality seed production techniques in small
millet crops.

3.1 Seed Production in Finger Millet

More than 25 nations in Asia and Africa plant finger millet, often known as ragi in
India. With over 12% of the world’s millet area under its cultivation, it is one of the
most significant millet crops in the tropics. Its cultivation begins at sea level and
continues up to higher altitudes, such as the Himalayas. Its botanical name is
Eleusine coracana (L.) Gaertn is a member of the Poaceae family. The inflorescence
of the crop is a panicle with 2—11 digitate whorls that are either straight or slightly
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Prosomillet Barnyard millet

Fig. 3.1 Different small millets

Fig. 3.2 Finger millet inflorescence and spikeleta. (a) Inflorescence; (b) Spikelet; (¢) Outer glume;
(d) Ovary; (e) Lemma; (f) Palea; (g) Matured spikelet; (h) Grain with in lemma and palea; (i)
Matured grain with in lemma and palea

bent. On one side of the rachis, each spike has 50-70 alternately arranged spikelets.
Three to 13 florets are seen in each spikelet. The anthers are larger than the filaments,
which are quite short. The seed is small and light brown to brick red in color
(Fig. 3.2).
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3.1.1 Floral Biology

In contrast to spikelets, which open from the top down, individual florets inside them
open from the bottom up. The third day after flowering starts is when the majority of
flowers bloom, and the process takes 5—7 days to finish. Between 1:00 and 5:00 a.m.,
anthesis takes place. At the same moment as the lemma and palea start to gape, the
stigma and anthers appear. Before the florets open, the anthers divide lengthwise.
The anther pollinates its own stigma, and during dehiscence, both the sticky stigma
and anther attain the same height. Pollens last for 20 min; however, the stigma is still
open for 5 h. In finger millet, out-crossing is limited to 1-2%.

3.1.2 Stages of Seed Production

Breeder seed—Foundation seed—Certified seed

3.1.3 Seed Production Techniques

3.1.3.1 Land Requirement

The area needed to grow finger millet seeds should be clear of stray plants. It should
not have been the same crop or a different variety of the same crop in the previous
season. Choose fertile soil and avoid problematic soil.

3.1.3.2 Cultural Practices

Main Field Preparation

The main field is prepared by 2-3 plowings to make it fine tilth. During land
preparation, apply the compost or farmyard manure at 5 t/acre (12.5 t/ha) and
incorporate into the soil, 15 day before sowing or transplanting of the crop.

Time of Sowing
Finger millet is a season bound crop and the best season for sowing is June—July and
December—January to harvest the higher seed yield and to maintain quality of seeds.

Seed Material

The seed used for raising a seed crop should be of known its genetic purity,
appropriate class, and obtained only from an authorized agency. During seed
purchasing, carefully examine the following factors.

» For raising a foundation seed crop, a breeder’s seed is required and for raising a
certified seed crop, a foundation seed is required and seed should be purchased
from authentic source.

» That the tag and seal of breeders/foundation seed bags purchased are should be
intact.
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* That the validity period has not expired.
» That all the bags are of the same variety.

Seed Rate and Pre-sowing Seed Treatment
Recommendedseed rate is at 2 kg/acre (5 kg/ha). Selected seeds should be treated
with Azospirillum at 125 g/kg of seeds.

Nursery Preparation

Nursery plots for planting 1 hectare of field require at least 500 m?. The soil should
be plowed two to three times to get fine tilth. Seeds should be broadcasted and
covered with a thin layer of 500 kg/ha (200 kg/acre) farmyard manure. Watering
should be done immediately after sowing.

Method of Sowing

Twenty- to 25-day-old seedlings should be moved to the main field. Per hill, two
seedlings should be sown. The transplants should be gently taken out of the nursery
and placed on a damp surface. They should then be tightly covered after being
positioned immediately in a damp furrow. The transplants must not be allowed to dry
up and must be seeded as soon as they are removed from the nursery. If the soil
hasn’t been watered before, it has to be watered right away and frequently for a few
days until the plants start to take root.

Spacing
Optimum spacing for finger millet should be 30 cm between the rows and plant to
plant is 15 cm.

Fertilization
Generally, fertilizer recommended to get a good crop in rain fed condition is at 40:
20:20 kg NPK/ha, and for irrigated is 100:50:50 kg NPK/ha.

3.1.3.3 Irrigation

Adequate moisture must be ensured at tillering and flowering, both are critical stages
of the crop growth and crop should not allow wilting. During heavy rains the excess
water from the field should be drained out.

3.1.3.4 Weed Control

Weeding must be done on schedule, and cross-cultural interactions must take place.
While plants are still young, particularly 35-40 days after sowing, weeds must be
suppressed. After planting, the first weeding should be done 15 days following, and
the second one 30 days afterwards. In rainfed and irrigated areas, it was suggested to
employ isoproturon at 0.5 kg a.i./ha and oxyflurofen at 0.1 L a.i./ha, respectively, for
pre-emergence soil treatment.

3.1.3.5 Plant Protection
Control measures as per the following schedule should be adopted in seed fields.
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Disease control
Name of the
disease

Blast

Seedling blight

Insect control
Name of the insect

Control measures

Since seeds are the main vehicle for transmission of the illness, treating seeds
with tricyclazole (8 g/kg seed) and applying sprays made from two plant
extracts, notchi and Prosopohis sp., is beneficial. Two sprays of ediphenphos,
kitazin, propiconazole (0.1%), carbendazim, or tricyclazole (0.05%) are
sufficient during the late stages of the crop. The first should be administered
when the ear emerges, and the second should be applied 10 days later, or with
a0.05% Carbendazim or tricyclazole initial spray, followed 10 days later by a
0.2% Mancozeb spray

Pre-emergence damping off seedling blight can be completely controlled by
seed treatment with Agrosan G.N. Mancozeb can be sprayed at a dosage of
0.2% to control the illness and minimize infection

Control measures

Pink stem borer of Ragi Plow deeply soon after harvest to destroy the eggs and pupae,

Aphids of ragi

apply neem cake at 42-50 kg/ha as basal manure, use
pheromone traps to attract and destroy male adult moths, and use
Trichograma cards

Spray garlic extract (100 g crushed and mixed with 50 L of

(Rhopalosiphum maidis), water) or apply manure prepared using Adhatoda vasica
Root aphid of Ragi
Ear head caterpillar of ragi Managed by planting crops in early kharif season

3.1.3.6 Field Inspection

Minimum of two

inspections shall be made to maintain quality of seeds, the first field

inspection should be during flower and the second at maturity and prior to harvesting
to estimate the yield.

3.1.3.7 Rougin

9

It may be necessary to perform two or three rouging sessions to bring the seed plot up
to seed certification standards. The first rouging session should be carried out just
prior to or during the flowering stage. It is crucial that this rouging is done promptly

to eliminate any

off-type plants, including plants of different colors, objectionable

weed plants, and designated diseased plants. The seed field must meet specific

requirements.

Specific Requirements

Factor
Off-types

Maximum permitted (%)*
Foundation Certified
0.05 0.10

# Maximum permitted at final inspection
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3.1.3.8 Harvesting and Threshing

Harvesting should be done in two pickings to ensure that only physiologically
mature ear heads are harvested. These mature ear heads should then be threshed
with bamboo sticks and the grains further cleaned by winnowing.

3.1.3.9 Drying and Storage

The seeds should be sun-dried until they reach a safe moisture level of 12%. Care
should be taken to avoid mechanical damage and contamination during the seed
drying and seed process. The seeds can be stored for up to 13 months under ambient
storage conditions.

3.1.3.10 Seed Standards

Standards for each class

Factor Foundation Certified
Pure seed (minimum) 97.0% 97.0%
Inert matter (maximum) 3.0% 3.0%
Other crop seeds (maximum) 10/kg 20/kg
Weed seed (maximum) 10/kg 20/kg
Germination (minimum) 75% 75%
Moisture (optimum) 12.0% 12.0%
Vapor proof containers (maximum) 8.0% 8.0%

3.2 Seed Production in Foxtail Millet or Italian Millet

The second-most produced millet in the world is foxtail millet. Due to its adaptability
to different altitudes and drought tolerance, it may thrive in poor soils. It is also
planted on dry ground and as a short-term catch crop. Setaria italica (L.) Beauv is
the botanical name for it.

3.2.1 Floral Morphology

The foxtail millet inflorescence is a terminal spike that droops and is made up of a
main stalk, shorter side branches, spikes, and bristles. Each spikelet bears a pair of
glumes that encircle two small flowers, the top one of which is fertile or bisexual and
has three stamens, an oval, smooth ovary, two long styles, and feathery tips. The
lower flower is sterile. The thickened lemma and palea surround the oval, glossy, and

tightly confined grain, which ranges in color from cream to orange, golden brown to
black (Fig. 3.3).
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Fig. 3.3 Foxtail millet inflorescence and its parts. (a) Foxtail inflorescence; (b) Spikelet’s cluster;
(c) Subtended spikelet; (d) Opened spikelet; (e) Outer glume; (f) Grain enclosed in lemma and
palea; (g) Grain

3.2.2 Floral Biology

Foxtail millet, which barely makes up 1.4-4% of all crops, is a highly self-
pollinating, non-crossing crop. The flowers below the apex of a head open when
three-fourths of the head emerge from the sheath. Flowering in a head happens from
top to bottom. A head will fully blossom between 8 and 16 days. Foxtail millet’s
anthesis happens at night and in the morning; however the exact time depends on the
environment.

3.2.3 Stages of Seed Production

Breeder seed—Foundation seed—Certified seed

3.2.4 Seed Production Techniques

3.2.4.1 Land Requirement

Any field that wasn’t previously used to cultivate foxtail millet of any kind, and it
should be clear of stray plants. The chosen field should have good drainage and
aeration of the soil.

3.2.4.2 Cultural Practices

Main Field Preparation

After plowing with MB plow once, the land should be harrowed once, or it should be
plowed twice with local plow. When you are plowing, add compost or farmyard
manure at a rate of 5 t/acre (12.5 t/ha), then work it into the soil 15 days before
planting.
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Time of Sowing

States have different seasons because of their unique environments. July is the
season in Tamil Nadu, July to August in Karnataka, the first 2 weeks of July in
Andhra Pradesh and Telangana, and the third week of July in Maharashtra. In Tamil
Nadu, summer crops should be produced as irrigated crops in January, while kharif
crops should be planted between the beginning of June and the end of July.

Source of Seed

Use a proper class of seed and only receive seed from sources that may be trusted
(Foundation seed for certified seed production). High-quality, healthy seeds with a
high germination rate are ideal.

Seed Rate and Pre-sowing Seed Treatment

It is advised to use 2 kg/acre (5 kg/ha) of seed. Azospirillum should be applied to
selected seeds at a rate of 125 g/kg of seeds. To avoid soil and seed borne illnesses
during the initial establishment of the crop, seed should be treated with Ceresan at
3 g/kg of seed.

Sowing Method and Spacing
Treated seeds should be sown at 30 cm of row spacing and at 10 spacing between the
plants in 3—4 cm depth.

Fertilization

Generally, 40 kg N, 20 kg P,Os, and 20 kg K,O/ha of fertilizer are advised for
healthy crops. The full amount of phosphorus and potash and half of the nitrogen at
planting and the other half 30 days later is applied. The fertilizer recommended for
Karnataka is 30:15:0 NPK (kg/ha).

3.2.4.3 Irrigation

Although crops during the Kharif season are rain-fed, 1-2 irrigations might increase
production if there is a dry spell. Depending on the soil and climate, summer crops
require 25 irrigations. After significant rainfall, extra water should be drained out.

3.2.4.4 Weed Control

In line-sown crops, two rounds of inter-cultivation and one round of manual weeding
are advised for higher seed yields. Two hand weeding sessions are recommended for
broadcast crops, as well as the post-emergence treatment of 2,4-D sodium salt (80%)
at 1.0 kg a.i./ha at 20-25 DAS. Isoproturon pre-emergence spray at 1.0 kg a.i./ha is
also effective in controlling weeds.

3.2.4.5 Plant Protection
Control measures as per the following schedule should be adopted in seed fields.
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Disease control

Name of the

disease Control measures

(a) Downy Removal of crop residues from the field. Fungicidal seed treatment or spray of
mildew Ridomil-MZ at 3 g/L water control the disease

(b) Rust A foliar spray of Mancozeb at 0.2% effectively controls the rust

Insect control
Name of the insect | Control measures

Shoot fly and its Apply Carbofuran 3G granules at 20 kg/ha in furrows or as broadcast
control before sowing in the soil at the time of field preparation

3.2.4.6 Field Inspection

A Seed Certification Officer should conduct two inspections between the flowering
and maturity stages. The first inspection checks isolation and off-types during
flowering, while the second inspection estimates yield and checks off-types prior
to harvest.

3.2.4.7 Rouging

Rouging should be done regularly to remove off-types, volunteer plants, and dis-
eased plants from the seed production plots in order to prevent genetic contamina-
tion. Critical roguing should be done until the flowering stage, and the seed field
must meet specific requirements as detailed below.

Specific Requirements

Maximum permitted (%)™
Factor Foundation Certified
Off-types 0.05 0.10

# Maximum permitted at field inspection

3.2.4.8 Harvesting and Threshing

Harvesting occurs when ear heads are physiologically mature, typically 80—100 days
after sowing. The heads can be harvested with the plant or alone and must be dried
before threshing. Threshing is done by stone roller or trampling, and the grains are
cleaned by winnowing.

3.2.4.9 Drying and Storage

The seeds must be dried under the sun until they reach a safe moisture level of 12%.
It is important to handle them with care during the seed drying and seed processing
to prevent mechanical mixture or contamination.
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3.2.4.10 Seed Standards

Standards for each class

Factor Foundation Certified
Pure seed (minimum) 97.0% 97.0%
Inert matter (maximum) 3.0% 3.0%
OCS (maximum) 10/kg 20/kg
Weed seed (maximum) 10/kg 20/kg
Germination (minimum) 75% 75%
Moisture (maximum) 12.0% 12.0%
Vapor-proof container (maximum) 8.0% 8.0%

3.3 Seed Production in Kodo Millet

Kodo millet, botanically known as Paspalum scrobiculatum L., is a long-duration
cereal crop that thrives in shallow and deep soils of India.

3.3.1 Floral Morphology

The inflorescence of kodo millet consists of two to six racemes that spread widely
along a sub-digitate or short axis. The spikelets are often sessile or on a short pedicel,
and the racemes are 3—15 cm long. Some spikelets are paired in the center of the
raceme, and they are arranged in two rows on a flattened rachis (Fig. 3.4). The rachis
has scabrous borders and is ribbon-like, measuring 1.5-3 mm broad. The tall and
short pedicelled series of spikelets are alternately placed. There is no glume I, and
glume II is the same length as the spikelet. Lemma II encloses both florets, but
lemma I is essentially identical to glume II. The upper floret in the spikelet is a
hermaphrodite flower, whereas the lower one is sterile and reduced to the valve.
Grain is protected by tough, horny, persistent husks.

3.3.2 Floral Biology

Kodo millet is cleistogamous, with less than 20% of open flowers, leading to self-
pollination. Spikelets open from the middle of the raceme and gradually spread to
both ends, between 2:30 a.m. to early morning. Artificially manipulating the tight
lemma damages the flower. Protogyny has been observed in some cultures of Kodo
millet like “IPS 147,” “IPS 197,” “IPS 427,” but apomixis has not been reported.

3.3.3 Stages of Seed Production

Breeder seed—Foundation seed—Certified seed
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Fig. 3.4 Kodo millet inflorescence and its parts. (a) Upper floret; (b) Second glume; (¢) Lemma;
(d) Spikelet; (e) Floret; (f) Rachis; (g) Rachis in spikelet; (h) Inflorescence

3.3.4 Seed Production Techniques

3.3.4.1 Land Requirement

The quality of the seed set is affected by problem soils and the repetition of previous
crops. Certified same-variety crops can be accepted, but volunteer plants must be
avoided.

Main Field Preparation

The main field should be plowed twice before the onset of monsoon to enable the soil
to hold moisture. At the onset of the monsoon, the field should be plowed three times
to get fine tilth and form ridges and furrows. At the time of final plow, apply compost
or farmyard manure at 5 t/acre (12.5 t/ha) and incorporate it into the soil.
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Time of Sowing
The crop is normally sown during second fort night of June to first fort night of July.
In Andhra Pradesh and Tamil Nadu, it is sown in September—October also.

Source of Seed
Seeds for certified production must purchase from authenticated sources and should
meet the required germination percentages.

Seed Rate and Pre-sowing Seed Treatment

For optimal seed production, it is recommended to use 10—15 kg of quality seeds per
hectare. If the seeds haven’t been previously treated, they should be treated with an
organo-mercurial fungicide. Additionally, treating the seeds with nitrogen-fixing
bacteria Azospirullum brasilense and phosphate-solubilizing fungus Aspergillus
awamori at 25 g/kg is beneficial.

Method of Sowing and Spacing
The seed crop is sown in rows 25-30 cm apart. The depth of seeding should not be
more than 3 cm.

Fertilization
Seed crop should be applied with nitrogen at 60 kg, 40 kg phosphorous, and 20 kg
potash per hectare.

3.3.4.2 Irrigation

The rainy season crop does not needs much irrigation. In case of prolonged drought
conditions, one to two irrigations may however be given. The crop is more prune for
water logged condition; hence, water should not be allowed to stagnate in the field.

3.3.4.3 Weed Control

Weeds must be eradicated when still in the early stages of development. Usually, two
weeding separated by 15 days are adequate. For seeded plants, weeding can be done
manually using a hand hoe or a cycle weeder. It is advised to manually weed twice,
between 20 and 35 days after sowing, and to intercrop two to three different crops.
Pre-germination of isoproturon at 0.5 kg ai/ha in Madhya Pradesh regions where
rainfall is guaranteed is also efficient at controlling weeds. Broadleaf weeds can be
controlled by using 2,4-D (80%) sodium salt at 1.0 kg ai/ha at DAS 20-25 following
germination.

3.3.4.4 Plant Protection
Control measures as per the following schedule should be adopted in seed fields.

Disease control

Name of the
disease Control measures
Rust Spraying Mancozeb 75 WP at a concentration of 0.2% helped to some extent

in controlling

(continued)
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Disease control

Name of the
disease Control measures
Head smut It is advised to grow a cultivar that is resistant to disease, such GPUK

3. Additionally, it is advised to soak seeds in hot water at 55 °C for 7-12 min
after treating them with Thiram at a rate of 2.5 g/kg

Insect control
Name of the insect | Control measures

Shoot fly and its Before planting, sprinkle 20 kg/ha of carbofuran 3G granules in the

control furrows. Shoot fly incidence rises as sowing is delayed. It is advantageous
to sow when the monsoon season begins. Plant the crop before the second
week of July. If planting is delayed, use more seed (1 1/2 times the
suggested seed rate) and pesticides must be used based on need

Termites and stem | These two insects are the main pests of the kodo crop. Applying 20-25 kg
borer of Malathion 5% dust per acre into the soil before planting can help reduce
termites

3.3.4.5 Field Inspection

The Seed Certification Officer shall conduct a minimum of two quality inspections
between the blooming and maturity stages in order to preserve the better seed
quality. The first inspection is carried out at the time of blooming to look for isolation
and off-types, and the second is carried out just before harvest to look for off-types
and gauge the output.

3.3.4.6 Rouging

Rogue out off-types at flowering and maturity. Remove smutted plants before
harvest. Seed fields must meet specific requirements. Rogue out off-types at
flowering and maturity. Remove smutted plants before harvest. Seed fields must
meet specific requirements.

Specific Requirements

Maximum permitted (%)*
Factor Foundation Certified
Off-types 0.050 0.10

# Maximum permitted at final inspection

3.3.4.7 Harvesting and Threshing
Crop harvest is done once the ear heads are physiologically mature. The crop is
ready for harvest in around 100 days. When crop is ready for harvest, the ears turn
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from brown to green. After crop being cut close to the ground, the plants are bundled
and stacked for a week before the grains are threshed and cleaned by winnowing.

3.3.4.8 Drying and Storage

The seeds should be cleaned and dried in the sun to reach a safe moisture level of
12%. Care must be taken during the seed drying and processing stages to prevent
mechanical damage and contamination. Proper storage conditions can keep the seeds
fresh for up to 13 months.

3.3.4.9 Seed Standards

Standards for each class

Factor Foundation Certified
Pure seed (minimum) 97.0% 97.0%
Inert matter (maximum) 3.0% 3.0%
Other crop seeds (maximum) 10/kg 20/kg
Weed seeds (maximum) 10/kg 20/kg
Germination (minimum) 75% 75%
Moisture (maximum) 12.0% 12.0%
For vapor-proof containers (maximum) 8.0% 8.0%

3.4 Seed Production in Little Millet

Little millet, botanically known as Panicum sumatrense Roth. Ex. Roem. & Schult
(syn. P. miliare Lam.), is an important crop for food and feed in the tribal belt of
Madhya Pradesh, Chhattisgarh, and Andhra Pradesh in India. It is a quick-growing,
short-duration cereal that can withstand both drought and waterlogging. It belongs to
the family Gramineae.

3.4.1 Floral Morphology

Little millet inflorescence is a panicle, contracted or thyrsiform, 15-45 cm long, and
1-5 cm wide. The spikelet is persistent, 2-3 mm long. Panicle branches droop and
are scabrous at maturity. Spikelets produce on unequal pedicels but solitary at the
end of branches, each consisting of two-minute flowers. The lower one is sterile, and
the upper one is fertile or bisexual without rachilla extension. The lemma I and its
palea enclose the staminate or sterile flower; lemma II and its palea enclose the fertile
flower. Spikelets are elliptical, dorsally compressed, and acute. It has three anthers
about 1.5 mm in length. The glume reaches the apex of florets, thinner than fertile
lemma; the lower glume is ovate, 0.7-1.2 mm long, membranous, without keels, 1-3
veined. The lateral vein is absent in the lower glume, and its apex is acute. The upper
glume is also ovate and without keel but larger than the lower glume. It has 11-15
veins (Fig. 3.5).
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Fig. 3.5 Little millet inflorescence and its parts. (a) Inflorescence; (b) Spikelet; (c¢) Side view of
spikelet; (d) Opened spikelet; (e) Outer glumes; (f) First lemma; (g) Sterile floret; (h) Fertile floret;
(i) Upper glumes; (j) Grain enclosed in lemma and palea

3.4.2 Floral Biology

The panicle begins to produce spikelets on the second or third day after its appear-
ance. Flowering occurs from the top to the bottom, with the largest number of
flowers opening on the sixth or seventh day. It takes about 2 weeks for the panicle
to complete flowering, with anthesis occurring between 9:30 and 10:30 a.m. The
glumes open briefly for self-pollination, and the entire anthesis process is rapid,
taking 2—5 min.

3.4.3 Stages of Seed Production

Breeder seed—Foundation seed—Certified seed

3.4.4 Seed Production Techniques for Certified Seed

3.4.4.1 Land Requirement

Little millet can thrive in nutrient-rich or poor soil, but it thrives best in well-drained
loam or sandy loam soils that are rich in organic matter. The cultivation site should
be selected carefully, it should be free from volunteer plants, and the land should not
have been cultivated with the same crop in the previous season.
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3.4.4.2 Cultural Practices

Field Preparation

The field is prepared by plowing or harrowing two times and then leveling it to make
it a fine tilth. Afterward, the leveled field is formed into ridges and furrows. During
the final plow, 5 t/acre (12.5 t/ha) of compost or farmyard manure should be applied
and incorporated into the soil.

Time of Sowing

Optimum season for the higher seed yield and quality, seeds should be sown in
June—July at the onset of monsoon rains. Summer crop should be sown in the month
of February—March wherever irrigation facility is available.

Source of Seed

Seeds must obtained from an authenticated source and meet the necessary standards
for certified seed production, including seed quality viz., seed health with the
required germination standards.

Seed Rate and Pre-sowing Seed Treatment
Optimum seed rate required for sowing is 4 kg/acre (10 kg/ha). Selected seeds
should be treated with Azospirillum at 60 g/kg of seeds.

Method of Sowing and Spacing
Treated seeds should be sown with row spacing of 30 cm and plant to plant is 10 cm.
The depth of seeding should not be more than 3 cm.

Fertilization
For a successful seed crop, it is recommended to use 50-60 kg of nitrogen, 30—40 kg
of phosphorus, and 20-30 kg of potash per hectare.

3.4.4.3 Irrigation

Kharif crops do not require irrigation, but one irrigation should be given at the
tillering stage if there is long dry spells exist. The first irrigation should be given
25-30 days after sowing, followed by the second one at 4045 days after sowing.
Summer crops require two to four irrigations depending on soil type and climatic
conditions. During heavy rains, excess water should be drained out.

3.4.4.4 Weed Control

Effective weed control in line sown crops requires two inter-cultivations and one
hand weeding, while broadcast crops need two hand weeding. Additionally, post-
emergence application of 2,4-D sodium salt (80%) at 1.0 kg a.i./ha at 20-25 DAS
and pre-emergence spray of Isoproturon at 1.0 kg a.i./ha are effective weed control
measures.
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3.4.4.5 Plant Protection
Control measures as per the following schedule should be adopted in seed fields.

Disease control

Name of the
disease Control measures
Smut Soaking seeds in hot water at 55 °C for 7-12 min, followed by drying, can kill

seed-borne pathogens. Alternatively, treating the seeds with Thiram at 2.5 g/
kg seed or Carboxin at 2 g/kg seeds is also effective

Insect control

Name of the insect Control measures

Shoot fly and its Apply Carbofuran 3G at 20 kg/ha in the soil at the time of field

control preparation

Termites Use Methyl parathion (2%) dust at 20-25 kg/ha before sowing

Stem borer Apply Carbofuran 3G at 20 kg/ha in the soil at the time of field
preparation

3.4.4.6 Field Inspection

Minimum of two inspections should be done between flowering and maturity stages
by the Seed Certification Officer for effective quality control. The first inspection is
done at the time of flowering to check the isolation and off-types and the second
inspection is done during the maturity stage prior to harvest to check the off-types
and to estimate the seed yield.

3.4.4.7 Rouging

Rouging should be done often to remove the off types, volunteer plants and diseased
plants from the seed production field to avoid genetic contamination. Rogueing
should be done up to the flowering stage. The seed field should meet specific
requirements as detailed below.

Specific Requirements

Maximum permitted (%)*
Factor Foundation Certified
Off-types 0.050 0.10

# Maximum permitted at final inspection

3.4.4.8 Harvesting and Threshing

Harvest is done once the ear heads are physiologically mature. Normally crop is
ready for harvest in 80-85 days after sowing. The crop should be harvested when
two thirds of the seeds are ripe. The harvested ear heads are threshed by hand or
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trampling under the feet of bullocks. The threshed grains are further cleaned by
winnowing.

3.4.4.9 Drying and Storage
The cleaned seeds should be sun dried to attain a safe moisture level of 12%.

3.4.4.10 Seed Standards

Standards for each class

Factor Foundation Certified
Pure seed (minimum) 97.0% 97.0%
Inert matter (maximum) 3.0% 3.0%
Other crop seeds (maximum) 10/kg 20/kg
Weed seeds (maximum) 10/kg 20/kg
Germination (minimum) 75% 75%
Moisture (maximum) 12.0% 12.0%
Vapor-proof containers (maximum) 8.0% 8.0%

3.5 Seed Production in Proso Millet

The ubiquitous and significant minor millet known as prosomillet (Panicum
miliaceum) is a member of the Gramineae family. In India, a lot of this short-lived
millet type is farmed. The crop’s fast maturation allows it to avoid drought. Panicum
miliaceum is its botanical name. The land is a member of the Gramineae family.

3.5.1 Floral Morphology

The inflorescence of proso millet is a drooping panicle that is 10—45 cm long, may be
open or compact, and has primary branches that spread, rise or apprises before
ending in a spikelet (Fig. 3.6). There are no bristles below the spikelets. The average
spikelet is solitary and is 0.5 cm in length. There are two glumes and two lemmas in
each spikelet. The outer and inner glumes differ in length; the outer glume is shorter
than the spikelet. Each lemma contains one floret. The lower lemma’s floret lacks a
stamen and is sterile; the upper lemma is fertile and shorter than the lower lemma.
While the palea of the upper lemma (fertile floret) is prominent, the palea of the
lower lemma (sterile floret) is greatly diminished. It contains three stamens, and the
anthers are tan, amber, dark brown, or blackish in color. The ovary features plumose
stigmas and a bifid style.
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Fig. 3.6 Proso millet inflorescence and its parts. (a) Inflorescence; (b) Opened spikelet; (¢) Outer
glume; (d) Inner glume; (e) Inner lemma; (f) Palea; (g) Inner glume; (h) Outer glume; (i) Upper
lemma; (j) Anther; (k) Grain enclosed in lemma and palea; (I) Grain

3.5.2 Floral Biology

Proso millet begins to bloom from the top of the panicle all the way to the bottom.
The period between 10 a.m. and 12 p.m. when proso millet goes through anthesis.
From the beginning of the first flower’s anthesis to the end of the last floret on the
panicle, it takes 12—15 days. In proso millet, anther pollen loss and stigma receptivity
occur simultaneously. Nelson (1984) noted that the anthers were sticky and the
pollen was not shed when the florets were open. The anthers dry out and start to
release pollen shortly after the florets emerge. The florets remain open for
10—15 min. The factors such as high temperatures, low humidity, and bright sunlight
promote the flowering. Flowering gets reduced on cloudy days. It can be stimulated
by heating a panicle with lens. Proso millet (2n = 36) is a self-pollinated crop, but
natural cross-pollination may exceed 10%.

3.5.3 Stages of Seed Production

Breeder seed—Foundation seed—Certified seed
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3.5.4 Seed Production Techniques

3.5.4.1 Land Requirement

Proso millet can be cultivated in both rich and marginal soils. Well drained loam or
sandy loam soils rich in organic matter are ideal for cultivation. The selected land
should be free from volunteer plants. The land should not be cultivated with same
crop in the previous season.

Field Standards

General Requirements

Isolation Distance

Seed fields of foxtail millet shall be isolated from the contaminants detailed below
table

Minimum distance (m)

Contaminants Foundation | Certified
Fields of other varieties 3 3
Fields of the same variety not conforming to varietal purity 3 3

requirements for certification

3.5.4.2 Brief Cultural Practices

Field Preparation

The main field should be harrowed 2-3 times to make it a fine powder and levelled.
The leveled field is formed into ridges and furrows. During the final plow apply
compost or farmyard manure at 5 t/acre (12.5 t/ha) and incorporate it into the soil.

Time of Sowing

Seeds should be sown in June—July onset of monsoon rains to harvest quality of
seed. Summer crop should be sown in the month of February—March wherever
irrigation facilities are available.

Source of Seed

Must be from authenticated source and use a suitable class of seed (Foundation seed
for certified seed production). Seeds should be healthy with the required germination
percentage.

Seed Rate and Pre-sowing Seed Treatment
Recommended seed rate is 4 kg/acre (10 kg/ha). Selected seeds should be treated
with Azospirillum at 60 g/kg of seeds.
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Method of Sowing and Spacing
Treated seeds should be sown in rows of 30 cm with 10 cm plant to plant spacing.
The depth of seeding should not be more than 3 cm.

Fertilization

Proso millet is a short-duration crop, which requires relatively less amount of
nutrients compared to other cereals. To get good crop, general fertilizer
recommendations under irrigated conditions are 40-60 kg N, 30 kg P,Os, and
20 kg K,0O/ha. Apply half of the N and the whole amount of phosphorus and potash
as a basal dose at the time of sowing. The remaining half of N should be applied at
the time of the first irrigation. Under rain fed conditions, the fertilizer dose is reduced
to half of the irrigated crop.

3.5.4.3 Irrigation

Cultivation of the Kharif season does not require watering. However, if the drought
period is prolonged, it should be watered at least once during tillering to increase
yield. The first watering should be done 25-30 days after sowing, followed by
40-45 days after sowing. The summer crop needs to be watered two to four
irrigations depending on the type of soil and climatic conditions. When there is
heavy rain, the excess water in the field must be drained.

3.5.4.4 Weed Control
Hand weeding may be done for the removal of broad-leaf weeds.

3.5.4.5 Plant Protection
Control measures as per the following schedule should be adopted in seed fields.

Disease control

Name of the
disease Control measures
Head Smut Seed treatment with an organic mercury compound such as Ceresan at the rate

of 3 g/kg seed or treatment with hot water (soaking seeds in hot water at 55 °C
for 7-12 min) will reduce the effect

Insect control

Name of the insect | Control measures

Shoot fly and its Early sowing with the onset of monsoon is an effective and cheapest

control method of control. Use seeds treatment with thiamethoxam 25 WDG at 4 g/
kg of seed. Apply Carbofuran (Furadon) 3G granules at 20 kg/ha in furrows
before sowing
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3.5.4.6 Field Inspection

The certified seed must perform a minimum of two checks between flowering and
maturation. The first check was performed at flowering time to check for isolates and
type errors and the second check was performed at the mature stage before harvest to
check for errors and estimate yield.

3.5.4.7 Rouging

Field inspections should be performed regularly to remove stray, voluntary, and
diseased plants from seed production fields to avoid genetic contamination. Care
should be carried out until the flowering stage. Seed field should meet specific
requirements as detailed below.

Specific Requirements

Maximum permitted (%)*
Factor Foundation Certified
Off-types 0.05 0.10

# Maximum permitted at final inspection

3.5.4.8 Harvesting and Threshing

Crop harvesting is done when the cob is physiologically mature. Normally, crops
will be harvested after 65—75 days from sowing. Crop should be harvested when 2/3
of the seeds are ripe. The harvested ear heads are threshed either by hand or trampled
with cows or running of stone rolls. The pulverized particles are then cleaned by
sieving.

3.5.4.9 Drying and Storage
The cleaned seeds should be sun-dried to attain a safe moisture level of 12%.

3.5.4.10 Seed Standards

Standards for each class

Factor Foundation Certified
Pure seed (minimum) 97.0% 97.0%
Inert matter (maximum) 3.0% 3.0%
Other crop seeds (maximum) 10/kg 20/kg
Weed seeds (maximum) 10/kg 20/kg
Germination (minimum) 75% 75%
Moisture (maximum) 12.0% 12.0%

For vapor-proof containers (maximum) 8.0% 8.0%
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3.6 Seed Production in Barnyard Millet

Barnyard millet is an important small millet crop grown in India. Botanically, it is
called Echinochloa frumentacea and belongs to the family Gramineae. Crops can
escape drought due to rapid maturation. The best sowing time is September—October
and February—March. Pollination should not coincide with the rains so that the seeds
are of good quality and effective.

3.6.1 Floral Morphology

The inflorescences of barnyard millet are usually erect, rarely at the apex drooping.
The inflorescences are few to numerous, and dense at the apex with the florets
arranged in four irregular rows on tricuspid axes (Fig. 3.7). The florets are
two-flowered, 2-3 mm long, ovate to elliptical, with a hairless but pointed lower
part, near the stalk and set on short coarse stalks supported by double eyelids. The
lower eyelid is about 1/3 cotton, while the upper eyelid is slightly shorter than cotton.
The lower notes and lemma are slightly pubescent. The lower flowers are neutral
(sterile) with a lemma and a small pale spot, while the upper flowers are hermaphro-
ditic. The sterile lemma has five veins. The fertile lemma is convex, elliptical,
smooth and shiny, pointed or apex, the edges of the leaf sheath rolled downward,
and the top of the sheath unbound. Palea is flat and the surface texture is similar to

Fig. 3.7 Barnyard millet inflorescence and its parts (a) Inflorescence; (b) Arrangement of spikelet
in raceme; (c) Raceme; (d) Spikelet; (e) Lower lemma; (f) Upper glume; (g) Side view of fertile
lemma enclosing grain; (h) View of spikelet from lower glume; (i) Lower glumes; (j) Fertile lemma;
(k) Grain; (1) Grain enclosed in lemma and palea
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that of fertile lemma. Stamens come in three numbers; the upper ovary contains two
distinct types with a hairy stigma. The seed is tightly enclosed in a lemma and is
shiny white, hardened.

3.6.2 Floral Biology

Flowers first bloom in the upper inflorescence and moves downward. Crop takes
10-14 days to appear and 10-15 days to fully flower in hilly conditions. The
maximum number of flowers opens in 6-8 days after flowering. Flowers bloom
from 5 to 10 a.m., the maximum number of flowers bloom at 67 a.m. In an
individual cluster, flowering begins at both fringe ends first, and then continues to
the middle of the cluster. Before the anther splits, the stigmas open and the flower
opens. The flowers will close in half an hour. It is a highly self-mating species.
Treatment of inflorescences with hot water at 48 °C for 4-5 min (observed) was also
effective in inducing male infertility under hilly conditions in barnyard millet on
the farm.

3.6.3 Stages of Seed Production

Breeder seed—Foundation seed—Certified seed

3.6.4 Seed Production Techniques

3.6.4.1 Land Requirement

Millet can be grown in both rich and marginal soils with different textures. A sandy
loam with well-drained, organic-rich loam soils is ideal for seed production. Land
required for barnyard millet production must be free from voluntary crops. The land
should not be cultivated with the previously with same crop.

3.6.4.2 Cultural Practices

Field Preparation

The main field must be plowed and harrowed for two to three times in order to get
smooth and fine tilth. Main fields are formed by ridges and furrows. In the final
plowing, apply organic fertilizer or manures at 5 t/acre (12.5 t/ha) and mix well into
the soil 15 days prior to sowing.

Time of Sowing

Seeds should be sown in September—October for harvest of higher seed yield with
quality. Summer crops should be sown in the month of February—March with proper
irrigated facilities.
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Source of Seed
Must have an authentic origin and use the right kind of seed (basic seed to produce
certified seed). Seeds must be healthy with the standard germination.

Seed Rate and Pre-sowing Seed Treatment
Seed rate is require per acre is 4 kg and it is 10 kg per ha. Seeds should be treated
with Azospirillum at 60 g/kg of seeds before its sowing.

Method of Sowing and Spacing
Treated seeds should be sown with 30 cm of row spacing and with 10 cm apart from
plant to plant and seed should not be sown more than 3—4 cm depth in soil.

Fertilization

Recommended fertilizer dose under irrigation conditions is 40 kg N, 20 kg P,O5 and
20 kg K>O per hectare. Apply half the amount of nitrogen and the entire amount of
phosphorus and potassium at the time of sowing. The remaining half of N should be
applied after the first irrigation. In open-air farming, the dose of fertilizer is reduced
to half of that of irrigated cultivation.

3.6.4.3 Irrigation

Crop cultivated during Kharif season does not require irrigation; however, if the
drought condition is prevail for long period, it should be irrigated at least once at the
tillering stage to increase seed yield. The first irrigation should be done at
25-30 days, followed by 40—45 days after sowing. The summer crop needs to be
irrigated for two to four times, it depends on the type of soil and climatic conditions.
This crop requires proper drainage system, whenever heavy rain is received.

3.6.4.4 Weed Control

The crop should be inter-cropped and manual hand weeding is required. Two manual
hand weedings should be done in broadcast culture. The use of 2,4-D (80%) sodium
salts after germination at 1.0 kg ai/ha at 20-25 days after sowing and Isoproturon at
1.0 kg ai/ha as a pre-spray spray appear also effective in weed control.

3.6.4.5 Plant Protection
Control measures as per the following schedule should be adopted in seed fields.

Disease control

Name of the
disease Control measures
Smut Seed treated with thiram at 2.5 g/kg of seed and soaking seeds in hot water at

55 °C for 7-12 min is done
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Insect control
Name of the insect | Control measures

Shoot fly and its Early sowing with the onset of monsoon is an effective and cheapest
control method of control

Stem borer Apply Carbofuran 3G at 20 kg/ha in the soil at the time of field preparation
Termites When sowing should mix soil with Chlorphyriphos 5D at 35 kg/ha. When

detecting pests on standing plants, dilute Chlorphyriphos 20EC in 5 L of
water and mix with 50 kg of soil, spread over 1 hectare, then water lightly.
Use methyl parathion powder (2%) in the amount of 20-25 kg/ha before
sowing

3.6.4.6 Field Inspection

Seed crop requires minimum of two field inspections between flowering and matu-
rity. The first field inspection should be done at flowering time to check for isolation
and type and the second field inspection should be done at the mature stage before
harvest to check the type and estimate the seed yield.

3.6.4.7 Rouging

Disinfection should be performed regularly to remove varietal, voluntary, and
diseased plants from seed production fields to avoid genetic contamination. Rouging
should be done until the flowering stage. Seed field should meet specific
requirements as detailed below.

Specific Requirements

Maximum permitted (%)*
Factor Foundation Certified
Off-types 0.05 0.10

# Maximum permitted at final inspection

3.6.4.8 Harvesting and Threshing

Crop harvesting will be done when the cob is attains physiologically mature.
Normally, crops will be harvested after 75-90 days from sowing and it should be
harvested when 2/3 of the seeds are ripe. The harvested ear heads are pounded by
manually or trampled with cows and threshed particles are then cleaned by sieving.

3.6.4.9 Drying and Storage
The cleaned seeds should be sun dried to attain a safe moisture level of 12%.

3.6.4.10 Seed Standards

Standards for each class
Factor Foundation Certified
Pure seed (minimum) 97.0% 97.0%

(continued)
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Standards for each class

Factor Foundation Certified
Inert matter (maximum) 3.0% 3.0%
Other crop seeds (maximum) 10/kg 20/kg
Weed seeds (maximum) 10/kg 20/kg
Germination (minimum) 75% 75%
Moisture (maximum) 12.0% 12.0%
For vapor-proof containers (maximum) 8.0% 8.0%
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cropping, and relay cropping systems. Integration of crop production, diverse
farming systems with best conservation measures lead to sustainable production
which eventually increase the revenue and towards better livelihoods. Millets are
reliably are the hardiest, resilient, and climate adaptable crops for adverse, hot and
comparatively dry environments. The droughts are becoming more recurrent in
most prominent agro-ecological regions of the globe, here exists a farmer’s
necessity to accept farming practices, which have the tiniest influence on the
environment although producing adequate quantity to withstand their living.
Millet’s cultivation would be the right choice under these circumstances and
thorough information about the millet-based cropping systems, prominent millet
cropping systems followed in India, and their prospect under alternate land use
and fallow system is described in this chapter. Year 2023 is been celebrated as
“International Year of Millets” and the importance of millet-based cropping
system for enhancement of productivity is more relevant and hence furnished in
the chapter.

Keywords

Millet - Productivity - Soil - Climate - Resilience - Cropping system

Cropping system denotes to crops, arrangements, and its management practices
applied on a precise cultivated field over a period of years. This comprises spatial
and temporal features of managing an agricultural system. Millets play a vital role
towards achieving the nutritional security specifically under areas of rainfed. In
Indian agriculture, three cropping systems are majorly followed and these are
mono-cropping, inter-cropping, and multiple cropping. Millets are the special
crops that even can cultivate in arid-soil, wanting only 350-400 mm yearly rain
and can withstand higher temperatures. However, Sood et al. (2019) stated that tribal
communities in Odisha, Rajasthan, Jharkhand, Karnataka, Uttarakhand, and Madhya
Pradesh take millets as integral part of their diet. Owed to appreciable nutraceutical
properties are gaining popularities among urbanites too. The irrigated area under
millets is less than 10% indicating their mere suitability for rainfed agriculture.
Remunerative cropping systems involving different pulse/cereal/oil seed crops in
millets for diverse regions have been evolved. The detailed information on the basic
concept of cropping system, millet-based cropping systems, prominent millet crop-
ping systems in India, and other related facets are described in this chapter.

4.1 Importance of Millets

Indian agriculture is highly dependent on monsoon rainfall. Millets are also gaining
acceptance among farmers as climate-friendly, drought-resistant crops which can
thrive even on barren soil. Millets are free from gluten further glycemic index is low,
resulting into a balanced and healthy diet for people suffering from diabetics. Millets
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are also anti-carcinogenic and anti-hypertensive foods, as well as aiding in the
prevention of obesity and heart disease. These are also called as miracle crops or
nutricereals because they combine all these characteristics so well. Millets have an
excellent nutritional value and grow well under diverse situations, but they aren’t
utilized to their full potential. Pearl millet and sorghum are known to be major, while
finger millet and other small millets, i.e., foxtail millet, proso millet, little millet,
barnyard millet, kodo millet, and browntop millets, are named as minor millets.
Millets are more affluent in minerals and vitamins than rice and wheat, and have a
significant potential to supply food, fodder, fiber, health, livelihood, and environ-
mental security. Millets are the primary grain to be produced for native use. These
are branded for climate-resilient characteristics due to their ready acclimatization
under an extensive array of agro-ecological situations, improved growth and effi-
ciency in poor fertile situations, less dependence on synthetic manures, and least
susceptibility to various stresses (Kole et al. 2015). As droughts are common in most
prominent agrarian sections, the farmers necessity to implement farming practices
that take the minimum environmental impact though producing a large enough
quantity of yields to withstand their living and the nation’s food mandate. They
also have an extremely low water requirement, require around 80% lesser than rice,
wheat, and sugarcane. The other encouraging fact is that these are exceptional for
preserving soil. Finger millet is cultivated on 10.48 lakh (2016—2020) hectares with
16.37 lakh tonnes production in India. Whereas, other small millets are cultivated
over 5.45 lakh hectares (2016-2020) with 3.95 lakh tonnes production. Despite a
drastic decline in the area in last six decades, production is upheld owing to
enhanced productivity (Fig. 4.1).

4.2 Cropping System and Importance of Millet-Based
Cropping System

Millets are probably the finest alternative for farmers who would like to achieve
triple aims of farming versatility, sustainability, and profitability. The millets-based
farming techniques advantages are many as millets are awfully resistant to harsh
temperatures, droughts, and floods. In India, cropping system varies owed to physi-
cal multiplicities and cultural differences. This perception is as deep-rooted as
agriculture. Farmers preferred mixed cropping specially under dryland
circumstances. This cropping is to curtail the risk of total failure of crop. Cropping
system is the concept of growing one or more crops in the same season and or
different in an agricultural year. System of cropping is also the system under which
diverse crops are grown. On all the whole, cropping is to be progressed based on soil,
water, and climate to afford adequate food, fodder, and satisfactory cash. Hence,
cropping system encompasses all components required for the crop production and
interrelationships between them and environment. An intensive attempt to include
millet crops in cropping systems, especially in vulnerable environments, is a positive
step toward long-term sustainability. The cropping system is mostly determined by
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Fig. 4.1 Status of small millets in India (1950-2020). (Source: Ministry of Agriculture and
Farmers Welfare, Govt. of India, 2020)

type of soil, rainfall, climate, temperature, and the technology. For determining the
cropping pattern, the factors are the following:

Factors Determinants

Natural Soil, rainfall, climate, etc.

Historical Land category, type of possession, system land tenure
Social Social environment, traditions and customs
Economic Size of holdings, input prices and incomes
Government policies MSP, subsidies, export policy and taxes

Hence the cropping systems are decided mainly by soil moisture or rainfall
received, soil type, and length of growing period. Rainfall being the important factor
which influences the choice and success of crop through deciding the length of
growing period. Soil that stores moisture also decides the cropping systems again
through deciding the length of growing period (LGP; Table 4.1). Millets can survive
in areas with as little as 350 mm of seasonal rainfall and in different soils (Tables 4.2
and 4.3). The multiple cropping denotes to cropping intensification in both space and
time dimensions.
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Table 4.1 Choice of cropping system based on length of growing period

LGP (days) Cropping system

<75 Perennial vegetation, mono-cropping with short duration pulses/millets
75-140 Mono-cropping

140-180 Intercropping

>180 Double cropping

Table 4.2 Choice of cropping system based on rainfall received

Rainfall(mm) Cropping system

350-650 Single crop(kharif)

650-750 Intercropping(can be attempted)
750-900 Sequential cropping is possible
>900 Sequential cropping is assured

Table 4.3 Potential cropping systems in relation to rainfall and soil type

Rainfall LGP

(mm) Soil type (weeks) Cropping system

350-650 Alfisol and shallow vertisol 20 Single crop (kharif)
Deep aridsols, entisols 20 Single crop (kharifirabi)
Deep entisols 20 Single crop (rabi)

650-750 Alfisol, entisol, vertisol 20-30 Inter cropping

750-900 Deep vertisols and alfisols, entisols, | 30 Double cropping

>900 inceptisols >30 Sequential and double

cropping assured

4.3  The Forms of Multiple Cropping

1. Mixed intercropping: Rising crops of two or more numbers simultaneously
without distinct row arrangement. This term is also stated as mixed cropping,
e.g., The most seen mixed cropping under rainfed situation is Sorghum, pearl
millet, and cowpea whereas in Southern Karnataka, finger millet, and mustard.

2. Row inter cropping: Rising of two or more than two crops concurrently where
these crops are established in rows and often referred as intercropping, e.g.,
Finger millet + Red gram (8:2).

3. Strip intercropping: Cultivation of crops in two or more numbers simultaneously
under strips wide abundant to permit their cultivation but sufficient for the crops
to interrelate agronomically, e.g., Ground nut and Redgram in 6:4.

4. Relay intercropping: Cultivation of two or more crops instantaneously in which
only a fragment of the life cycle is overlapped. Next crop is sown only later the
first crop touched its reproductive stage of growth, but, earlier to its physiological
maturity and it is habitually referred as relay cropping, e.g., Rice fallow pulse/
sorghum/small millets (Plate 4.1).
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Plate 4.1 Mixed cropping of finger millet with niger/amaranthus/soyabean

44  Existing and Recommended Millet-Based Cropping
Systems Observed at Farmers’ Field

Under dryland conditions, small millets grains are usually sown through broadcast-
ing the seeds at 20-25 kg/ha. Thinning of plants needs to be done after 2 weeks once
they are about 2-3 cm height to lessen the plant density. The plants which are
thinned could be used for feed for animal. Optimum space can be achieved if crops
are sown in rows and for best yields. Monocropping of millets is not much lucrative
in the existing agricultural situation for the fulfilment of the consumers demand and
increasing population. Major millets, i.e., sorghum and pearl millet, are important
component of cropping system in rainfed areas. Being a widely spaced crop and
short to medium crop duration, it provides chances for growing intercrops for better
exploitation of natural resources. In assured rainfall areas, intercropping of sorghum
with red gram at 2:1 or 2:2 ratios or soybean at 2:4 or 3:6 ratios not only give higher
productivity but also expands soil health and provides nutritional security to rural
people in semi-arid regions. Sorghum + chickpea and sorghum + safflower is the
important cropping system in rabi sorghum growing regions of Maharashtra and
Karnataka in India. Dimes et al. (2008) observed that, intercropping of pigeon pea
with sorghum was more climate resilient compared to maize and groundnut under
semiarid regions of Zimbabwe through simulation studies. In western Uttar Pradesh,
Madhya Pradesh, Maharashtra, and Haryana, pearl millet-barley/wheat/rapeseed etc.
as sequential cropping system are practised. As promising intercrop with pearl
millet, leguminous crops like green gram, black gram, ground nut, cow pea, cluster
bean and oilseed like castor, sesame exploit the environment better than sole
cropping. Intercropping in pearl millet generally increases land equivalent ratio
and more specifically monetary returns per unit area (Table 4.4).

In India viz., Andhra Pradesh, Karnataka, Odisha, and Tamil Nadu, finger
millet + red gram in 8:2 ratio proportions gave higher monetary returns (Gowda
et al. 2004). Pradhan et al. (2014) reported from 2-year experiment in Madhya
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Table 4.4 Prominent millet intercropping systems observed in different states

Millet-based intercropping Region References

Finger millet + Red gram (6:1) Andhra Pradesh Kiranmai et al. (2021)
Little millet + Red gram (6:1)

Finger millet + Soybean (9:1) Uttarakhand Singh and Arya (1999)
Finger millet + Ricebean (9:1)

Finger Millet + Frenchbean (3:1) Yadav (2010)

Little millet + Pegion pea (6:2) Karnataka Kumar et al. (2008)
Finger Millet + black gram (8:2) Maharashtra Nigade et al. (2012)
Finger millet + Mothbean (8:2)

Finger millet + Pegion pea (4:1) Chhattisgarh Pradhan et al. (2014)
Finger Millet + Pegion pea (8:2) Bengaluru Mallareddy et al. (2016)
Finger Millet + Pegion pea (6:2) Southern Odisha Anchal Dass (2010)
Finger millet + Okra (4:2) Dapoli Jadhav et al. (1992)

Pradesh, intercropping finger millet with sesame, soybean, black gram, horse gram,
or red gram resulted in sustainable higher yield and net monetary return.
Intercropping foxtail millet with green gram, cow pea, or field beans in 4:2 row
ratio has been found ideal for enhancing productivity of both the crops (Anonymous
2002). Kodo millet with soybean with 4:1 row ratio established as an ideal for
sustainable yield (Anonymous 2007).

Similarly, soybean and pigeon pea can successfully grow as intercrop with little
millet and barnyard millet under rainfed situation. Normally, in southern parts of
India, intercropping of finger millet with crops like sorghum (fodder), field beans,
castor, niger, and pigeon pea and in some regions with bajra (pearl millet). Finger
millet is also alternated with other crops of dryland like horse gram, groundnut, other
small millets, tobacco, cotton, and sesame. In some of the finger millet growing
regions, monocropping is followed. It may be by a fallow or mixed with other crops
in the same season. In most situations, however, it is rotated with sorghum, millet,
cotton, and tobacco. In other parts of India, the dry crop is sometimes rotated with
groundnut, cotton, sorghum, or millets. In the better-fertilized areas with supple-
mentary irrigation, finger millet is grown either before or after crops of gingelly,
onion, sweet potato, chillies, tobacco, wheat, gram, or cotton.

Crop diversification over intercropping has shown the productivity improvement,
profitability, resource utilization, and offer a kind of biological insurance counter to
risk and anomalous rainfall (Dutta and Bandyopadhyay 2006). The finger millet
yield attributes were improved once black gram intercropped with it. The black
grams fix atmospheric nitrogen and made available to finger millet along with
moisture conservation, weed suppression (Dass and Sudhishri 2010).

The use of short duration legume as intercrop helps in providing sufficient ground
cover which condense erosion by stopping rain drop from striking the bare soil. The
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Table 4.5 Finger millet-based cropping systems observed in country

Ratio States
Inter/mixed cropping

Finger millet + pigeon pea 8-10: Karnataka, Tamil Nadu
2
6:2 Bihar

Transplanting of pigeon pea as intercrops with Finger millet | 2:8 Chbhattisgarh

Finger millet + field bean 8:1 Karnataka, Tamil Nadu
6:2 Bihar

Finger + soybean 4:1 Karnataka

Finger millet + black gram/moth bean 4:1 Maharashtra

Finger millet + soybean (mixed cropping system) 90:10 Uttarakhand

Finger millet + Ground nut strip cropping 6:9 Karnataka

Sequential cropping

Finger millet + soybean (Kharif)-Oat Northern hilly region

Potato—paddy—finger millet Northern Bihar

Finger millet—potato—maize Southern Karnataka or Deccan

Finger millet-onion—finger millet plateau

Cowpea/sesamum/black gram/green gram-finger millet
Finger millet-horse gram
Finger millet-Mustard/Barley/Linseed/Tobacco/Gram North India

Finger millet—Potato—finger millet/Maize South India
Finger millet-Groundnut/Sugarcane/Tobacco

inter cropping finger millet + pegion pea (6:2) registered twice higher net return than
mixed sown finger millet + pigeon pea (Dass and Sudhishri 2010). Intercropping
with other crops is also common. It is frequently grown in association with sorghum,
pigeonpea, cotton, and gram. Proportion of component crops in intercropping
depends on the smothering effect of the crops. Results of the experiments at
Bengaluru (Karnataka) have revealed the finger millet and soybean sown in alternate
rows 22.5 cm apart did not depress the finger millet yield (2.5 t/ha) with a bonus
yield (200 kg/ha) of soybean (Anonymous 2014). Staggered planting of pigeon pea
3.3 m apart in May followed by planting finger millet in July in the interspaces
between sowing of the two crops for improving the yield advantage. To minimize the
weed problem in the interspaces, cowpea can be planted and plowed back as green
manure after 45-50 days of vegetative growth (Table 4.5).
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Small millet intercropping systems most commonly seen with pulses in Southern
India. Fingermillet + dolichos, millet/pigeonpea, millet + black gram, millet + castor
are the few examples of intercropping with pulses, whereas with other cereals, finger
millet + maize, finger millet + foxtail millet, finger millet + jowar, finger millet + little
millet are found common. Millets are also intercropped with other species, i.e., finger
millet + mustard and millet + brassicas. Ramachandrappa et al. (2016) deliberated on
the result of conservation furrow on finger millet and groundnut-based intercropping
system. Finger millet (MR-1) + pigeonpea (BRG-2) (8:2) with paired rows of pigeon
pea having conservation furrow recorded the highest finger millet grain equivalent
yield and economic profitability (3774 kg/ha, Rs. 44,940/ha and 2.56, respectively)
in comparison with the with the farmers practice of sole cropping of finger millet
with a yield increase about 45%. The conservation furrow will store the moisture and
help the crop to attain higher yield (Table 4.6).


https://en.wikipedia.org/wiki/Lablab
https://en.wikipedia.org/wiki/Pigeonpea
https://en.wikipedia.org/wiki/Vigna_mungo
https://en.wikipedia.org/wiki/Castor_oil
https://en.wikipedia.org/wiki/Foxtail_millet
https://en.wikipedia.org/wiki/Sorghum_bicolor
https://en.wikipedia.org/wiki/Panicum_sumatrense
https://en.wikipedia.org/wiki/Panicum_sumatrense
https://en.wikipedia.org/wiki/Mustard_plant
https://en.wikipedia.org/wiki/Brassica
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Table 4.6 Influence of conservation furrow on finger millet-based intercropping system

Crop equivalent Net returns B:C Rain water use
Cropping system yield (kg/ha) (Rs./ha) Ratio | efficiency (kg/ha mm)
Finger millet based
Finger 3774 44,940 2.56 5.79
millet + pigeonpea
(8:2)
Finger millet 1869 23,618 1.68 3.50

4.4.1 Rotation/Sequential Cropping

A single crop system is not successful system for long run to maintain sustainability.
The successive cultivation of two or more crop in a year from a unit field is called
crop rotation or sequence cropping. It would be the best option to utilize soil fertility
and labor. The crop rotation can be able to generate employment throughout the
year. The small millet-based cropping systems are prevalent only tribal and hilly
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Table 4.7 Sequence cropping systems observed in country

Crop rotations/sequence cropping
Maize—finger millet (relay/sequential
cropping)

Potato—finger millet
Sunflower—proso millet

Finger millet-groundnut

Finger millet and redgram

Region
Nepal

Karnataka

Pacific Northwest, U.S.

Karnataka

Karnataka/Andhra
Pradesh

Table 4.8 Millet sequence cropping in different parts of country

Sequence cropping

Sorghum—chickpea

Sorghum-wheat
Sorghum-safflower
Black gram—sorghum
Ground nut-sorghum
Pearl millet-wheat
Pearl millet—chickpea
Pearl millet cluster bean

Pearl millet-moth bean/mung bean/cluster
bean

Pearl millet-black gram/barley
Pearl millet-mustard
Groundnut—potato—pearl millet
Paddy—finger millet

Foxtail millet-safflower

State

T.S. Sukanya et al.

References
Pilbeam et al. (2002)

Saravanane et al.
(2011)

Habiyaremye et al.
(2017)

Pavankumar et al.
(2016)

Shankar et al. (2018)

Karnataka, Maharashtra, Madhya Pradesh,

Rajasthan
Punjab
Karnataka

Karnataka, Maharashtra

Karnataka
Haryana

Haryana, Uttar Pradesh

Haryana
Rajasthan

Jammu
Rajasthan, Haryana
Gujarat

Odisha, Madhya Pradesh

Karnataka

areas of India. The small millets rotation or relays cropping with legumes or oilseeds
are able to attain sustainability of crop production. The key finger millet-based crop
rotations or sequential cropping are as follows (Tables 4.7 and 4.8).

4.4.2 Mixed Cropping

Mixed cropping is the traditional practice to get coverage against the total failure of
the crop. Most of small and marginal farmers are adopting this system to fulfil their
basic needs of cereal, legume, and oil seeds. In Garhwal region of Uttarakhand, the
mix cropping of finger millet + soybean (90%:10% crop mixture) was registered
more profitable than the sole cropping (Singh and Arya 1999). The mixed cropping
of lupine and finger millet (50:100 and 75:10 seeding proportion) had a greater yield
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advantage compare to sole of lupine or finger millet. In Ethiopia as reported by Bitew
(2014). Finger millet with black gram or pigeon pea mixed cropping is playing
important role in reducing soil loss through runoff (Dass and Sudhishri 2010).

4.4.3 Strip Cropping

Strip cropping is the necessary method to attain augmented productivity on sloppy
land to guard the soil from erosion. Strip cropping is also an intercropping includes
growing of soil-depletion and soil-conserving crops in alternate strips running
perpendicular to the land grade for reducing erosion. Jakhari et al. (2015) reported
that six rows of finger millet with groundnut in four rows progressively gave more
millet equivalent yield than sole finger millet. The land equivalent ratio of 1.38 was
calculated in 6:4 ratios representing 38 % area advantage compared to sole cropping.

4.4.4 Relay Cropping Systems Observed in South Asia

Maize-millet in Nepal (Pilbeam et al. 2002; Sherchan et al. 1999), potato—millet in
Karnataka, India (Saravanane et al. 2011) and groundnut—millet were established as
feasible cropping system.

445 Cropping System Interactions

The proceeding crop in sequential cropping has substantial effect on the succeeding
crop. In soil, sorghum leave toxic chemicals which restrict the subsequent crops
germination. However, the previous leguminous crop leaves substantial amount of
nitrogen for succeeding crop. A short span of overlapping under relay cropping
happens in sequence of two crops.

» For deep plowing, the deep-rooted crops respond while shallow tillage is suffi-
cient for most cereals.

» Millets require finer seedbed preparation due to seeds smaller in size and all millet
crops are grown on flat seedbed.

 Short duration and varieties of photo insensitive nature are important for effective
sequence cropping. In general, genotypes of determinate growth habit and show
lesser response to population changes.

» The varieties of constituent crops should be less contending and for the peak
demand of nutrient period must be unlike from base crop.

* The base crop sowing and intercrop is to be completed in the fixed ratios.

* The component crops under traditional cropping systems are grown with
sub-optimum plant population.

* When legumes are involved, a share in the requirement of nitrogen of millet is
augmented by legume.
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* The nitrogen required for base crop as the pure crop is adequate for whole
intercropping with millet + legume. For phosphorus and potassium, one-fourth
to one-eighth of the recommendation of intercrop dose is required.

» The nitrogen basal dose is applied to both components rows in millets + legume
intercrop system while, the top dressing is only done for cereal rows. However,
potassium and phosphorus are applied as basal to both crops.

» The total water used in intercropping is nearly the same as for sole crops and
hence the intercropping water-use efficiency is higher than sole crops.

» The intensive cropping diminishes weed hitches in addition, residual toxicity, and
herbicide selectivity are perilous under intensive cropping.

* Chemical weed control is problematic because the herbicide may be selective.

* Recommendation of herbicides under sequence cropping must consider the
following crop, e.g., more dose of atrazine applied to sorghum distresses the
germination of successive pulse crop.

4.5 Pests and Diseases

Plant density plays a vital role and affects the disease incidence. The wider the
separation between individual hosts plants—Iless infection to new plants. Crop
rotation lowers the level of inoculum of many pathogens. Crops in sequence or as
intercrops is effective in lowering populations of soil borne diseases and cover crops
reduced the movement or spread of pathogens. Pest outbreaks are to be less common
in mixed stands due to crop multiplicity than in sole cropping system. Adarsh et al.
(2019) reported that the cropping system with pulses under intercropping, mixed
cropping, sequential cropping, paira cropping, and relay cropping improved soil
properties and have reduced the disease and pests incidence, while Dharam Singh
Meena et al. (2017) revealed that in diverse finger mill-based cropping systems,
finger millet + legumes noted more sustainable harvest and lesser weeds, disease,
and insects infestation for the crop.

4.5.1 Bajra

Over laborious ecological selection concluded an extensive period, a few crops like
pearl millet, mungbean, cluster bean, moth bean, sesame, and castorare grown in
many proportions. Pearl millet is the vital crop, sole pearl millet, or a pearl millet-
fallow alternation is common. Pearl millet is assorted with legumes only when
sowings are late beyond July third week. Most of the farmers in Rajasthan desire
mixed cropping over sole cropping and mixing of pearl millet, mungbean,
mothbean, and sesame is followed. A pearl millet-rotated with wheat bid better
projections in irrigated areas. Table 4.9 shows the most commonly practiced crop-
ping patterns in Rajasthan, India. For varied regions, most appropriate cropping
systems are worked out and conservation of moisture through numerous techniques
formulate a significant commendation in dry areas.
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Table 4.9 Prevailing cropping pattern in agroclimatic zone in Western Rajasthan

First year Second year

Rainy season Post rainy season Rainy season Post rainy season
Pearl millet Fallow Fallow Barley

Moth bean Fallow Pearl millet Fallow

Pearl millet Chickpea Fallow Fallow

Cluster bean Fallow Pear] millet Fallow

Sesame Fallow Fallow Fallow

Pearl millet + grain legumes Fallow Sesame Fallow

Fallow Fallow Grain legume Wheat

Fallow Mustard Cluster bean Fallow

Table 4.10 Suitable pearl millet-based intercropping

Rajasthan Pearl millet + clusterbeanor moth bean/sesame
Haryana Pearl millet + Green gram or sesame

Gujarat Pearl millet + Green gramor sesame

Utttar Pradesh Pearl millet + Green gram or sesame

Madhya Pradesh Pearl millet + Black gram/soybean

Delhi Pearl millet + Pigeon pea/groundnut/castor
Karnataka Pearl millet + Pigeon pea

Mabharashtra Pearl millet + Moth bean or Pigeon pea

Tamil Nadu Pearl millet + cowpea/sunflower

The techniques contain widespread spaced crop and usage of mulch moreover
through manipulating topsoil or by organic resources and to cultivate short duration
cultivars to evade moisture stress condition. Though, adoptions of agronomic
approvals are largely limited to better rainfall/guaranteed moisture available areas
but essential to accept improved agronomic practices more in drier pearl millet
growing areas to withstand the efficiency.

In legume followed by pearl millet cropping sequences, cluster bean prior pearl
millet found more fruitful compared to mung bean or moth bean. Table 4.10
describes the important and generally adopted cropping patterns in different states.

Mixed systems: Varying proportions (2—25%) of crops like sorghum, green gram,
pigeon pea, cowpea, field bean, horse gram, and sesame with bajra or pearl millet
(75-90%) are practiced in mixed cropping systems during kharif season. If the
component crops are traditional long duration crops, pearl millet is harvested early.

Replacement series of intercropping with crops like pigeon pea, groundnut, and
cowpea is adopted in many bajra growing regions during kharif season (8:2, 10:2;
10:4; 2:1). To safeguard more production, higher land equivalent ratio and economic
returns under deviant weather environments, diverse crops are recognized for
intercropping with pearl millet in the nation. Due to its short duration and its
suitability to all three seasons, it fits into many rotational systems with crops like
rice, cotton, sorghum, and groundnut under irrigation. More common irrigated
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system is pearl millet-wheat. Under rainfed conditions, it is rotated in 2-year rotation
with crops like cotton (Rajasthan), Chick pea (Punjab), and tobacco (Gujarat).

4,52 Sorghum

Sorghum is grown in sequence with crops like wheat, pea, Bengal gram, potato
(in north India) and cotton, tobacco, or finger millet (in south India). In rabi
dominant area, systems like groundnut—sorghum and pulses—sorghum are practiced.
Sorghum fits into three crop sequences also. Some three crop sequences are
Sorghum—-wheat-moong, sorghum-wheat—lobia (in north India) as well as
sorghum-ragi—groundnut (south India). Sorghum is also grown with soybean,
pigeonpea, moong, and blackgram in intercropping systems. Some hybrids are
considered more apt for intercropping systems. Rabi sorghum is generally
intercropped with Bengal gram, safflower or even sunflower.

4.5.3 Kodo Millet

Kodo millet + pigeonpea (2:1) or Kodo millet + green gram or black gram (2:1) are
profitable in Madhya Pradesh and the other alternative inter cropping systems are
kodo millet + soybean in 2:1 proportion and kodo millet + horse gram in 4:
2 proportion. Kodo—niger—kodo or kodo—soybean—kodo crop rotation was found
to be sustainable system. On the source of 9 years yield information at Dindori,
India, niger—soybean—kodo millet crop rotation and kodomillet-soybean—kodo mil-
let were emerged as the most remunerative crop rotation (Sukanya et al. 2022).

4.5.4 Foxtail Millet

The yield advantage in intercropping foxtail millet with pigeon pea in 6:1 proportion
was reported by the experiments at AICRP on small millets (Sukanya et al. 2022).
Foxtail millet with pigeon pea in 4:1 or with cotton in 5:1 under heavy soils is an
ideal and remunerative cropping systems for royal seema regions. In Andhra
Pradesh, foxtail millet + groundnut/pigeonpea in 5:1 proportion is recommended.
The other intercropping system is foxtail millet is with castor in 7:1 proportion. If
monsoon is early in Andhra Pradesh, the practice of sowing foxtail millet with 45 cm
spacing at row and rabi sorghum as a relay crop when first crop foxtail millet is
approaching maturity is well practiced.

In medium deep black soils, growing two crops, foxtail millet—-mustard or foxtail
millet—green gram in sequence is gainful than taking one crop of foxtail millet.
Among the rabi crops tested, after kharif foxtail millet growing Jowar found with
higher returns and the following best stood Foxtail millet-Bengal gram cropping
system which provided higher foxtail millet grain equivalent yield as against fallow—
Bengal gram. Foxtail millet as irrigated crop in garden lands during summer is
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Plate 4.2 Foxtail millet and pigeon pea intercropping system in Andhra Pradesh

usually preceded by rice during both kharif and rabi or by rice in kharif and
groundnut in rabi. Summer irrigated foxtail millet can fit into many intensive
cropping systems owing to its shorter duration (Plate 4.2).

4,5.5 Foxtail Millet-Chickpea Sequence

The results (2010 and 2011) at Nandyal, India, showed the improvement in harvest
under cropping systems when in situ soil preservation measures were accepted and
was reported 45%, 34% and 10% more soil moisture storage during development
stages at 25, 60, and 75 DAS, correspondingly as related to cropping system
deprived of soil preservation practices. Enhancing the cropping intensity by 200%
with the insertion of foxtail millet at early kharif followed by chick pea either with or
without in situ soil moisture preservation provided yield benefit of 42% and 35%,
correspondingly (Table 4.11) (Sukanya et al. 2022) (Plate 4.3).

4.6 Nutrient Management Crop Sequence

The 2 years consolidated data (2008 and 2009) at Berhampur in India instituted that
submission of RDF to both crops (rice and finger millet) in order along with an added
dose of FYM at 5 t/ha for finger millet provided more FMGEY (Fig. 4.2), while at
Mandya, India, at irrigated condition, the submission of 75% RDF to rice—sunhemp—
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Table 4.11 Impact of moisture conservation practices in cropping system

Moisture

conservation practice Moisture conservation

(without) practice (with) % rise in moisture

25 60 75 25 60 75 25 60 75
Crop DAS DAS DAS DAS DAS DAS DAS DAS DAS
Foxtail 20.4 18.4 14.5 29.6 24.6 16.0 45 34 10
millet—
Bengal
gram
Fallow— 27.7 19.6 14.6 30.5 26.4 15.6 10 35 7
Bengal
gram

Treatment details

T;: Rice-Finger millet (75% RDF)

T,: Rice-Finger millet (100% RDF)

T;: Rice—Finger millet (125% RDF)

T,: Rice-Sunhemp—finger millet (75% RDF)
Ts: Rice-Sunhemp—finger millet (100% RDF)
Te: Rice-Sunhemp—finger millet (125% RDF)

Plate 4.3 Foxtail millet and niger intercropping system

ragi system provided more grain yield of finger millet as related to rice—finger millet
system with 75% RDF (Table 4.12).
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Fig. 4.2 Rice—finger millet sequence as influenced by different nutrient managing practice at
Berhampur

Table 4.12 Finger millet affected by inorganic nutrient management under irrigated situations

Grain yield Straw yield Benefit cost

Treatments (kg/ha) (kg/ha) ratio
T;: Rice-Finger millet (75% RDF) 3461 5031 1.66
T,: Rice-Finger millet (100% RDF) 3951 5940 1.89
T;: Rice-Finger millet (125% RDF) 4017 6243 1.86
T,: Rice-Sunhemp—finger millet (75% | 4376 6797 2.11
RDF)

Ts: Rice-Sunhemp—finger millet 4216 6549 1.94
(100% RDF)

Te: Rice—Sunhemp—finger millet 4096 6366 1.84
(125% RDF)

4.6.1 Proso Millet

Proso millet intercropping with black gram or greengram at 2:1 proportion is
suggested for Bihar and Uttar Pradesh. Potato—proso millet rotation is lucrative in
western Bihar. Many sequential systems include proso millet either before or after
kharif or rabi crop. Some such systems are proso millet-wheat/barley; proso millet—
chick pea, maize—potato—proso millet or Maize—wheat—proso millet. In India, it is
rarely grown as intercrop, but in the USA, it is successfully grown as inter crop with
crops in high intensity cropping systems. Milenkovic et al. (2019) stated that 1:1
proportion of soybean and proso millet resulted higher biomass yield in Belgrade,
Serbia, while, Chapke et al. (2018) also reported a similar result with proso mil-
let + green gram with 2:1 row ratio in Bihar and Uttar Pradesh, India.
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4.6.2 Barnyard Millet

Barnyard millet and rice bean/niger at 4:1 proportion is endorsed for Uttaranchal.
Mixed cropping with cotton, pigeon pea, or short duration pulse crops is also
practiced. Mixtures of barnyard millet (90%) and soybean (10%) were found as
feasible system. The next better cropping system is the mixed cropping of barnyard
millet with amaranths (90:10) by weight. Sukanya et al. (2022) reported that the
barnyard millet higher grain yield was seen in the mixed cropping of barnyard millet
and Amaranthus (90:10) by weight followed by barnyard millet and Amaranthus (4:
1) (Fig. 4.3).

Treatment

T1: Barnyard millet sole crop

T2: Amaranthus sole crop

T3: Intercropping of Barnyard millet + Amaranthus (4:1)

T4: Barnyard millet and Amaranthus mixed cropping (90:10) by weight
T5: Barnyard millet and Amaranthus mixed cropping (85:15) by weight
T6: Barnyard millet and Amaranthus mixed cropping (80:20) by weight
T7: Farmers practice (60:40) by weight

4.6.3 Little Millet

Little millet + black gram in 2:1 proportion in Odisha; little millet + soybean or
sesamum or Pigeonpea at 2:1 association in Madhya Pradesh; little millet + pigeonpea

Mean Grain yield of barnyard millet
2000

1800 —
1600

1400 ——
% 1200
= 1000 —— .
800 —
600 —+— —
400
200 ~
0 | | | | |
Tl T2 TS T4 TS T6 a4

Fig. 4.3 Barnyard millet grain yield (kg/ha) under different cropping systems at Ranichauri under
rainfed situations
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in 2:1 proportion in South Bihar are found profitable. Little millet and pigeon pea in
8:2 ratio and a conservation furrow between pigeon pea paired row is instituted to be
a better practice to be followed (Sukanya et al. 2022). Little millet—Niger and little
millet—toria are found to be the promising sequence cropping. The experiment
conducted in Tamil Nadu, India, during rainy period discovered that little millet
equivalent yield in little millet + pigeon pea in 6:1 proportion and later horse gram
sequence (Sharmili et al. 2019). Thesiya and his coworkers in (2019) also reported
the similar results with little millet followed by green gram cropping.

4.7 Performance of Millets in Alternate Land Use System

Custard + finger millet gave higher custard apple equivalent yield compared to sole
custard apple, while Amla + finger millet intercropping gave higher amla equivalent
yield and B:C (1810 kg/ha and 2.71, respectively) compared to sole amla (667 kg/ha
and 2.48, respectively) as (Anonymous 2018). Among different intercrops tested
under amla-based intercropping (finger millet, fodder maize, field bean, grain ama-
ranth, cowpea, horse gram), higher crop equivalent yield, net returns and rain water
use efficiency were observed with amla + finger millet, amla + field bean and
amla + cowpea (Anonymous 2013-2017).

4.8 Promising Cropping System: Rice Fallow System

Fallow period refers to the duration when there are no crops are grown between the
two successive crop or one crop is taken in a season and in another season, land
become vacant or without crop. Due to this, the system productivity and net returns
of the farmers decreases. The effective utilization of fallow lands enhances the crop
productivity that led to sustainable system productivity of the cropping system
(Chowdhury et al. 2020; Khan et al. 2018). The rice fallows provide good room
for area extension of millets and intensification of crop, i.e., integrating millets in
existing agricultural practices. Millets are the model crop for cultivation in fallow
stages, i.e., between cultivation of one group of crops and sowing the next. Their
prolific utilization can overwhelm many social and economic problems like labor
migration, low income, and unemployment. Subsequently the harvest of rice during
kharif, climatic conditions in most of the areas found suitable for growing pulses is
profitable due to cool and warm season. The study by Chapke et al. (2011)
communicated that land holding, sorghum area, cost of fertilizers, total inputs cost,
labor cost, cost of irrigations and insecticides used, and yield had substantial
association with returns attained from the sorghum cultivation. The farmers in
Andhra Pradesh are cultivating sorghum after rice on the remaining soil moisture
with zero tillage. Finger millet under rice fallows is likewise a common practice in
few patches of rice regions in Southern part of India. In similar lines, extensive
research on growing other small millets in rice fallow is required for out spreading
the millet area.
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49 Conclusion

The intensive planning in agriculture is lacking as we are living in a country which
has diversified agro-climatic zones resulting into insufficient production. Under
these circumstances, climate resilient nutricereals are imminent and might cater to
nutritive demands of cumulative population. It would advocate that climate change
impacts would be overcome by multiplicity and the climate change is not exclusive
in nature as it is complicated steady deviations over time. The best combination of
cropping practices must be determined for each soil and ecosystem and that are
socially acceptable, economically profitable, and environmentally compatible must
be designed for each ecosystem. The agronomic crop and cropping pattern vary from
situation to situation. Systematic efforts on socio-economic, political, genetic, and
technological developments enabling the acceptance of millets would certainly
progress the food and nutritional safety under the background of climate variation.
The millet cropping systems provide plentiful food, fodder, and produce satisfactory
cash income for domestic and farming expenditures. Cropping design plays a
vigorous role in defining the level of agricultural production and differs from one
situation to another. Conserving water, soil, and maintaining yield depend mainly on
managing cropping systems.
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Abstract

Small millets, also known as coarse cereals comprises finger millet, foxtail millet,
proso millet, kodo millet, barnyard millet, little millet and browntop millet etc.
Small millets are considered as super grains since ancient times owing to their
excellent attributes viz., climate resilience, richness of minerals (Ca, Zn and Fe
etc.), fibers and vitamins etc. Superior nutritional and agroecological traits of
millets are capturing global importance as smart foods and smart crops which can
serve as potential alternative for staple food grains and contributing to global food
and nutritional security. Small millets are being widely cultivated in semi-arid
regions like India as rainfed crops. Despite their admirable characteristics, small
millets production accounts only 2% of worlds cereal production. This is due to
the genetic potential of small millets is hindered by various biotic and abiotic
stresses resulting in substantial yield and economic losses. Among the biotic
stresses, diseases caused by fungal pathogens such as blast (Magnaporthe spp.),
leaf spot or leaf blight (Helminthosporium spp.), rusts, and smuts are the predom-
inant constraints in cultivation of small millets in major millet growing areas.
Addressing these challenges on global scale needs better understanding of the
disease, causal organism along with their symptomatology and epidemiology for
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devising effective management strategies. This book chapter accentuates on
predominant diseases of small millets, their symptoms, modes of survival, and
spread along with integrated mitigation practices as well as novel approaches
which can be exploited for managing diseases in millets resulting in increased
production and productivity of millets.

Keywords

Diseases - Small millets - Management - Host plant resistance - Epidemiology

5.1 Introduction

Millets are the coarse cereal crops with small seeded grains that are relatively less
cultivated globally than commercial cereal crops like rice, wheat, and maize. Though
millets are known to cultivating since ages majorly by the subsistence farmers under
rainfed conditions in Asian and African countries, they lagging behind to receive
attention from the breeders, consumers, and growers compare to other food crops.
Millets are categorized into two groups viz., major millets (include sorghum and
pearl millet) and minor or small millets comprised of finger millet (Eleusine
coracana L. Gaertn), foxtail or Italian millet (Sefaria italica L.), barnyard millet
(Echinochloa frumentacea L.), Proso millet (Panicum miliaceum L.), kodo millet
(Paspalum scrobiculatum L.), little millet (Panicum sumatrens L.), and browntop
millet (Brachiaria ramosa L. Stapf). Small millets are mostly grown in semiarid
tropics of Asia and Africa and these can be easily grown in diverse agro-ecological
climates where cereals couldn’t able to produce substantial yield. With the growing
health concerns and to sustain in the world of increasing population, agricultural
sustainability is of prime importance which consists of food and nutritional security
for which small millets will serve as an ideal solution. Small millets are regarded as
nutri-cereals owing to their significant nutritional and agro-ecological
characteristics. They are fat-rich, good source of minerals viz., iron (Fe), zinc
(Zn), magnesium (Mg) and calcium (Ca), vitamins, dietary fiber content and richness
of essential amino acids like cysteine and methionine etc. Owing to their remarkable
nutraceutical attributes and climate resilience, millets are capturing global attention
over cereals in recent times which were hitherto predominant (Anju Jr and Sarita
2010). Small millets as smart foods and smart crops can serve as potential alternative
for staple food grains and has capability for contributing to global food and
nutritional security.

Despite their admirable significance, the small millets production accounts only
2% of worlds cereal production where Asia holds 40% of global millet production
which is majorly contributed by India and China. In India, millets occupy 13.8 m ha
(138 lakh ha) of area with production of 173 lakh ton which accounts 80% of Asia’s
and 20% of global millet production (FAOSTAT 2021). Millets are known for their
climate resilience and enduring capacity towards drought and are comparatively less
prone to pest and diseases. However, changing climate scenario has increased the
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exposure to various biotic and abiotic deterrents that limit millet production as well
as productivity. Among the various biotic constraints, diseases caused by fungal
pathogens are wide spread and destructive. Fungal disease recorded on small millets
includes blast, leaf blight/brown spots, smuts, rusts, downy mildew, leaf spot etc. In
addition to the fungal diseases, small millets are also occasionally/sporadically
attacked certain bacterial (viz., Xanthomonas spp., Pseudomonas spp., etc.) and
viral pathogens (like ragi mottle streak virus, sugarcane mosaic virus, etc.) which
are of low economic importance to the millet cultivation under natural conditions.
The genetic potential of small millets is affected by the attack of these diseases
under varying climatic conditions resulting in substantial yield losses. Albeit many
pathogens attack small millets, not all cause significant losses, only some diseases on
specific millets occur in severe form while others show negligible effect unless
prevalence of vulnerable conditions. Addressing these challenges on global scale
needs better understanding of the disease, causal organism along with their symp-
tomatology and epidemiology for devising effective management strategies. Hence,
attempts have been made in this chapter to compile the available information by
accentuating on major diseases of small millets which are of regular occurrence, their
symptoms, modes of survival, and spread along with revised mitigation practices
helping in disease control and improving millets production and nutritional quality.

5.2 Diseases of Small Millets

Small millets are known to cope up against abiotic and biotic stresses; nevertheless,
under favorable conditions, some of the diseases cause heavy losses and can damage
entire crop (Kumar and Singh 2010). All the small millets don’t exhibit same level of
resistance to biotic factors which varies with genus to genus and also depends on
prevailing environmental conditions. Among the biotic constraints, a variety of
diseases caused by fungal, bacterial, and viral pathogens became huge economic
importance over the time which can devour the crop if left uncontrolled. Various
diseases possibly occur on all (seven) small millets are enlisted in the Table 5.1 along
with their causal organisms and nature of disease. Although enlisted table comprised
of many fungal, bacterial, and viral diseases, the number and intensity of fungal
diseases are predominant over the other pathogens which comes about frequently in
severe form.

Here, fungal diseases have been categorized into three groups based on their
nature of infection or survival and spread of pathogen which includes foliar/airborne
diseases (diseases that affect foliar parts, i.e., leaves and stems etc. and spread
inoculum through air), soilborne diseases (diseases that affect stem near soil line,
root, sheath etc. and survival inoculum in soil) and complex or mixed carrier disease
(includes the diseases that affect different (reproductive) plant parts like flowers,
grains, and dispersal of inoculum occurs by various agents like seed or air or insects
etc.). Among the three categories, foliar diseases are abundant and increasing over
the time with emergence of new pathotypes/races or species under diverse environ-
mental conditions. Potential fungal diseases of millets are blast, banded sheath
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Table 5.1 List of small millet diseases along with their causal organisms and host range

S. No. ‘ Disease Causal organism ‘ Host(s) Reference

Fungal diseases

(1) Foliar/air borne diseases

1. Blast Pyricularia grisea Finger, Viji et al.

(Cooke.) Sacc. Barnyard, Proso | (2000)
(PS: Magnaporthe grisea and Little millet

(Herbert) Barr)

Pyricularia setariae Foxtail millet Richardson
Y. Nisik. (1990)
(PS: Magnaporthe setariae)

2. Leaf spot/Leaf Drechslera nodulosum Finger and Sivaesan
blight (Sacc.) Subram & Jain (PS: | Little millet (1987)
(Helminthosporium | Cochliobolus nodulosus)
spp.) Bipolaris setariae (PS: Foxtail and Ramesh et al.

Cochliobolus setariae) Browntop (2021a, b)
millet
Bipolaris panici-miliacei Proso millet Hyung (1997)
Exserohilum crusgalli Barnyard millet | Nagaraja et al.
(2007a, b)
Alternaria leaf Alternaria alternata (Fr.) Little and Kodo | Praveen et al.
blight Keissl. millet (2021)
Cercospora leaf spot | Cercospora eleusinis Finger millet Munjal et al.
(1961)
3. Rust Puccinia substriata Ellis & | Kodo millet Sydow and
Barthol. Butler (1906)
(Syn: Uredo paspali-
scrobiculati Syd.)
Uromyces eragrostidis Finger millet Channamma
et al. (1996)
Uromyces setariae-italicae | Foxtail millet Lu et al. (2000)
Yoshino
Uromyces linearis Berk. & | Little and Proso | Cummins
Broome millet (1971)

4. Smut

Grain smut Melanopsichium eleusinis Finger millet Mundkur and
(Kulk.) Mundk. & Thirum. Thirumalachar
(Syn: Ustilago eleusines (1946)
Kulk.)

Ustilago crameri Foxtail and Pall et al.
Proso millet (1980)
Ustilago panici- Barnyard millet | Vasudeva
frumentacei Bref. (1954)
Macalpinomyces sharmae | Little millet Jain et al.
Vanky (2006)
(Syn: Tolyposporium
sharmae)

(continued)
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Table 5.1 (continued)

S. No. | Disease Causal organism Host(s) Reference
Head smut Sorosporium paspali- Kodo millet Viswanath and
thunbergii (Henn.) S.Ito Seetharam
(Syn: Sorosporium paspali (1989)
Mc Alp.)
Sporisorium destruens Proso millet Sinha and
(Schltdl.) Vanky Upadhyay
(Syn: Sphacelotheca (1997)
destruens)
Ustilago crus-galli Tracy & | Barnyard millet | Pall et al.
Earle (1980)
Ustilago crameri Foxtail millet Kumar (2011)
Kernel smut Ustilago paradoxa Barnyard millet | Viswanath and
Seetharam
(1989)
5. Downy mildews Sclerophthora macrospora | Finger millet Venkatarayan
(Sacc.) Thirum. (1947)
(Syn: Sclerospora
macrospora Sacc.)
Sclerospora graminicola Foxtail and Sinha and
(Sacc.) J. Schrot. Proso millet Upadhyay
(1997)
6. Udbatta disease Ephelis oryzae Syd. Foxtail, Kodo, Das et al.
(PS: Balansia oryzae (Syd.) | Proso and Little | (2016)
Naras. & Thirum.) millet
7. Sheath rot Sarocladium oryzae (Saw.) | Kodo millet Das et al.
Gams & Hawksw. (2016)
2) Soil borne diseases
8. Banded sheath Rhizoctonia solani Kuhn. Finger, Foxtail, | Nagaraja et al.
blight (PS: Thanatephorus Barnyard, (2007a, b)
cucumeris) Proso, Kodo
and Little millet
9. Foot rot Sclerotium rolfsii Finger millet Coleman
(PS: Pellicularia rolfsii) (1920)
3) Complex/mixed carrier diseases
10. Grain mold Fusarium moniliforme, Finger millet Das et al.
Curvularia lunata, (2016)
Alternaria alternata,
Phoma sorghina,
Aspergillus spp.
11. Ergot or Sugary Claviceps paspalis Kodo millet Ramakrishnan
disease and Sundaram
(1950)
Bacterial diseases
1. Bacterial leaf spot | Xanthomonas eleusinae Finger millet Rangaswami
et al. (1961)
Pseudomonas albo- Foxtail millet -
precepitans Rosen.

(continued)



92 G. V. Ramesh et al.

Table 5.1 (continued)

S. No. | Disease Causal organism Host(s) Reference
2. Bacterial leaf stripe | Pseudomonas eleusinae Finger millet Billimoria and
Hegde (1971)
Pseudomonas syringae Van | Proso millet Ramakrishnan
Hall pv. panici (1971)
3. Bacterial leaf streak | Xanthomonas axonopodis Finger millet -

pv. coracanae

Pseudomonas avenae Foxtail, Nagaraja et al.
Barnyard and (2007a, b)
Proso millet

Xanthomonas spp. Kodo millet Nema et al.
(1978)
4. Bacterial leaf blight | Xanthomonas axonopodis Finger millet Desai et al.
pV. coracanae (1965)
Viral diseases
1. Ragi mottle streak disease: Ragi mottle streak virus | Finger millet Mariappan
et al. (1973)
2. Ragi severe mosaic: Sugarcane mosaic virus Subbayya and
Raychaudhuri
(1970)
3. Ragi streak disease: Eleusine strain of Maize streak Anonymous
virus (1975)
4. Wheat streak virus, Sugarcane mosaic virus and Barnyard millet | Sill and
Eleusine virus 2 Agusiobo
5. Wheat streak virus, Rice dwarf or stunt virus and | Proso millet (1955)

Maize leaf streak virus

Note: PS perfect stage, Syn synonym(s)

blight, grain mold, ergot, rust, smut, anthracnose, downy mildew, foot rot, and
sheath rot etc. Fungal pathogens incite various plant parts like root, stem, leaves,
peduncle or grain and adversely affect yield and quality of the produce. Hence, in
this chapter more importance was given to the fungal diseases which were presented
with detailed information while the bacterial and viral diseases were included in a
context to describe their role and symptomatology by respective pathogens under
favorable conditions along with the revised management strategies framed in sus-
tainable manner.

5.2.1 Major Fungal Diseases of Small Millets

5.2.1.1 Blast

Blast caused by Pyricularia spp. is one of the serious threats and most destructive
disease that occur widely in major millet growing regions of world. Blast of millets is
the major production constraints under natural conditions especially in finger and
foxtail millet cultivation causing considerable economic losses with varying



5 Major Diseases of Small Millets and Their Management Strategies 93

damage. In India, the finger millet blast was first reported from Tanjore delta of
Tamil Nadu by McRae (1920). While foxtail millet blast was recorded by Nishikado
from Japan in 1917, but in India, it was reported from Tamil Nadu in 1919, latter it
has also been recorded from Maharashtra, Andhra Pradesh (Sinha and Upadhyay
1997), and Uttarakhand (Kumar 2013). The disease is prevalent in all the major
millet growing areas and spreading to new location as well with emerging
pathotypes showing varying intensities depending on the cultivar, favorable
conditions, and production practices.

Causal Organisms

Pyricularia grisea (Cooke.) Sacc. [Perfect stage: Magnaporthe grisea (Herbert)
Barr] causing blast in finger and proso millet whereas Pyricularia setariae
Y. Nisik. infects foxtail millet.

Kulkarni and Patel (1956) grouped P. setariae into four physiological races on
the basis of pathogenicity, cultural, physiological, and morphological characters of
the fungus. However, Gaikwad and D’Souza (1987) concluded that P. setariae that
infects foxtail millet is different from the isolates that infect rice, pearl millet, and
finger millet.

Host Range

Finger millet, proso millet, foxtail millet, pearl millet, rice and wheat etc., Nagaraja
et al. (2016) described that P. grisea isolated from finger millet possess the potential
to infects rice crops but not vice-versa. Likewise, P. setariae isolated from foxtail
millet shows the ability to infect finger millet, pearl millet, wheat, and
Dactyloctaenium aegyptium (Viswanath and Seetharam 1989).

Economic Importance

Ragi blast is economically one of the most important diseases, while blast of proso
and foxtail millet are relatively of minor occurrence. The disease occurs almost every
year in finger millet during rainy season and losses varies with the time of onset of
the disease, severity, cultivar, and climatic conditions. During late 1970s to 1980s,
incidence of finger and neck blast by M. grisea was increased 1% which resulted in a
corresponding enhancement of yield losses by 0.32% and 0.084% for neck and
finger blast, respectively. However, grain yield losses in finger millet ranged from
6.75% to 87.5% (Rao 1990). In its severe form, foxtail millet blast can lead up to
30—40% loss of economic yield (Nagaraja et al. 2007b) while mean yield loss of ragi
blast ranged from 28% to 36% and may go up to 90% in endemic areas with frequent
disease (Ramappa et al. 2002).

Epidemiology

The crop is susceptible to the blast disease during all stages of its growth, i.e.,
seedling (vegetative) to grain formation (reproductive) stage. Especially, young
seedlings more prone to the blast both in the nursery and field conditions with
favorable weather (Kumar and Singh 2010). Moderate temperature (25-30 °C)
with high relative humidity (>90%) and cloudy days in following days coupled
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with intermittent rainfall creating continuous leaf wetness for more than 10 h are
congenial for rapid development and spread of the disease. Continuous rains at the
time of heading may lead to development of finger blast causing huge yield losses in
both finger and foxtail millet. Also, excessive application of nitrogen fertilizers
observed to enhance the blast incidence (Prakash et al. 2007).

Diagnostic Symptoms

Blast pathogen can infect all the stages of plant in both finger and foxtail millet in
which young seedlings/germlings are more prone for the attack resulted in formation
of dark patches with burnt appearance in nursery under severe infection (Rachie and
Peters 1977). In finger millet, P. grisea attack at different stages of the crop lead to
formation of symptoms like leaf blast, neck blast, and finger blast while in foxtail
millet, P. setariae attacks the leaf lamina producing leaf blast symptoms (Nagaraja
et al. 2007a, b).

On leaf lamina, pathogen produce typical symptoms of water-soaked, spindle, or
diamond shaped lesions which are initially surrounded by chlorotic halo. Typical
leaf blast symptoms are the formation of elliptical or diamond-shaped lesions
containing greyish center with dark brown margins (Plate 5.1). Under severe infec-
tion, adjacent lesions enlarge and may coalesce to form large necrotic areas which
gives the crop burnt appearance from far. The pathogen infects and develops lesions
on the leaf, peduncle, and finger depending on the stage of the crop. The most
damaging stage of finger millet blast is neck blast where the pathogen attacks the
neck region, which significantly reduces number and weight of grain per spikelet
that leads to spikelet sterility (Rath and Mishra 1975). In this, neck portion of 2—4 in.
below the ear immediately turns initially brown and later to black, where olive grey
fungal growth can be observed in the blackened portion under high humid climate.
In finger blast where the pathogen attacks fingers, i.e., attacks usually the apical
portions running towards the base (Plate 5.1a). Infection of finger blast result in
shriveled and blackened seeds which makes unfit for seed purpose and human
consumption because of loss of minerals and vitamins.

Disease Cycle

The pathogen harbors in glumes, straw as well as on some graminaceous weeds.
Anitha et al. (2005) described that the blast pathogen is seed-borne with presence of
inoculum in the pericarp and endosperm (Viswanath and Seetharam 1989). Blast
fungal life cycle is complex due to its nature of disease which show sensitivity to the
weather conditions, survival, and spread inoculum in different ways. During
off-season, i.e., in the absence main host, it survives on the graminaceous weeds
as collateral hosts who provides the primary inoculum for onset of infection. Further,
the fungus spreads mainly by airborne conidia and occasionally through seeds.

Characterization of the Pathogen

For proper diagnosis of the disease, the understanding of the pathogenic
characteristics is needed as much of knowing symptomatology and disease cycle.
Blast caused by the Pyricularia spp. is identified based on its above-described
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¢. Rusts

Plate 5.1 Diagnostic symptoms of major diseases of small millets (compiled from Nagaraja et al.
2016; Das et al. 2016; Kumar and Singh 2010). (a) Finger millet blast (leaf, neck and finger blast,
respectively), (b) leaf spot/blight, (c) rusts, (d) grain smut, (e) head smut, (f) downy mildews, (g)
foot rot or wilt of ragi, (h) udbatta disease of kodo millet, (i) banded sheath blight, (j) sheath rot of
kodo millet
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f. Downy mildews

Plate 5.1 (continued)
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i. Banded sheath blight Jj- Sheath rot of kodo millet

Plate 5.1 (continued)

symptoms in the field while in vitro, pathogen characterized based on morphological
and molecular attributes. Morphological characterization includes studying mycelial
characteristics on agar plates, viz., appearance, color, and amount of melanin
pigment produced as well as the microscopic conidial characters. Molecular charac-
terization of pathogen includes amplification of targeted genomic regions such as
ITS, beta tubulin, TEF, LSU etc. and also by studying the DNA polymorphism using
various molecular markers (Longya et al. 2020).

5.2.1.2 Leaf Spot/Leaf Blight

Leaf blights are also known as leaf spots/brown spots/seedling blights are among the
common diseases occurred on small millets after the blast. Leaf blights in small
millets are caused by different pathogens like Helminthosporium spp., Alternaria
alternata, and Cercospora eleusinis in different millets respective to their host range.
Among them, leaf blights caused by Helminthosporium spp. are gaining importance
because of their increasing severity, distribution, and change in virulence to the new
hosts by adapting to different agro-ecological regions. Leaf blight is a serious threat
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in all the small millet crops yet it is more damaging in the finger millet which was
first noticed by Butler (1918) in India. Ramesh et al. (2021a, b) stated that, leaf blight
caused by Bipolaris setariae was found to be most important and destructive disease
in browntop millet.

Causal Organisms

Drechslera nodulosum (finger millet and little millet), Bipolaris setariae (foxtail and
browntop millet), B. panici-milliacei (proso millet), Exserohilum crusgalli (barnyard
millet).

The genus Helminthosporium belongs to phylum Ascomycota, class
Dothidiomycetes, subclass Pleosporomycetidae, order Pleosporales and family
Pleosporaceae. It produces hyphae, conidiophores, and conidia. Hyphae are septate,
conidiophores are brown to dark brown, erect, parallel-walled, and ceasing to
elongate when the terminal conidium is formed. Conidia are multicellular (six or
more-celled), large (9—40 pm), solitary, club-shaped and pale to dark brown in color,
and are placed along the sides of the conidiophores and their wider end is towards the
conidiophore. Helminthosporium differs from Bipolaris, Drechslera, and
Exserohilum by forming parallel walled, erect conidiophores (Alcorn 1988).

Host Range

Leaf spots/blight pathogens attack all the small millets at all stages of the crop.
Several other hosts are infected by the leaf blight pathogen includes Setaria italica,
Eleusine indica, Dactyloctenium aegyptium, Echinochloa frumentacea, Panicum
miliaceum, Pennisetum typhoides, Sorghum vulgare, and Zea mays (Mitra 1931;
Pall et al. 1980).

Epidemiology

Warm humid regions having temperature ranges from 15 to 30 °C during cropping
season are congenial for the development of symptoms. Under humid conditions,
growth of pathogen on the older spots can be observed. Moderately high temperature
and high relative humidity (R.H) are favorable for leaf blight disease (Nagaraja et al.
2007a, b).

Symptomatology

The characteristics symptom on leaf lamina is appearance of brown to dark brown
spots. These spots are generally oval in shape and measure 8—10 mm in length and
1-1.5 mm in breadth. Later, these spots coalesce to give the brightening appearance
of leaf, especially towards tip which would ultimately be killed prematurely. The
disease also affects culm especially at nodal joints. Symptoms are also seen on leaf
sheath, especially in older plants, where, in the center of the lesion, the wooly growth
of the fungus may be observed under high humid conditions. The area at the juncture
of leaf sheath and leaf blade is usually affected resulting in dark brownish discolor-
ation. In neck infection dark tan lesions are seen initially, which may enlarge and
extend up and down (Plate 5.1). In severe conditions, the neck may break and hang
on to the plant. The pathogen may attack ear head, fingers as well as grains. The
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affected grains may not develop fully and shrivel, resulting in heavy crop losses
(Kumar and Singh 2010).

Disease Cycle

The pathogen survives in soil for over 18 months and the spores on grains are
reported to be viable for a year (Vidhyasekaran 1971; Nagaraja et al. 2007a, b). The
fungus also remains viable on the stubbles and plant debris. Secondary spread is
through air borne conidia. The optimum temperature of 30-32 °C congenial for
initiation of infection, however disease can occur in 10-37 °C (McRae 1922). High
humidity and intermittent rains during the period of ear emergence and before grain
formation causes heavy ear infection results in substantial yield loss. Under severe
infections, young seedlings/germlings may get killed within 3 days after infection
while elder plants get killed 15 days after infection.

Characterization of Pathogen

Diagnosis of the disease done primarily based on the typical leaf blight symptoms
produced in the field on the leaf sheath or by the observation of fungal growth
in vitro based on the morphological characteristics viz., mycelial color, texture,
pigmentation on reverse side of the Petri plate, conidial morphology includes
shape, size, and hilar end structure. Molecular characterization of Helminthosporium
spp. carried using molecular regions like /7S, LSU, SSU and gpdh (glyceraldehyde-
3-phosphate dehydrogenase) gene sequences and DNA profiling etc. (Ramesh et al.
2021a).

5.2.1.3 Rusts

Rusts caused by diverse species of Puccinia and Uromyces in small millets are of
minor economic importance unless disease triangle is fulfilled which is the rare
possibility. The disease occurs every season and in most of millet growing areas
prevailing congenial conditions yet they don’t cause considerable economic losses
(Butler 1918). Out of seven small millets, rusts are economically important diseases
on foxtail millet which is caused by Uromyces setariae-italica, which was first
recorded by Yoshino from Japan. On foxtail millet, it occurs regularly and in severe
form but doesn’t result in heavy yield losses. In India, foxtail millet rust is prevalent
in predominant millet growing states like Karnataka, Maharashtra, Tamil Nadu,
Madhya Pradesh, Bihar, and Andhra Pradesh.

Causal Organism

U. setariae-italica (foxtail millet), Uromyces eragrostidis (finger millet), Puccinia
substriata (kodo millet), and U. linearis (little and proso millet). The rust fungus
produced both uredial and telial stages. Uredospores are yellowish-brown, stalked,
oval to globose, echinulate with 3—4 germ pores, while teliospores are dark brown
colored, single celled, pedicellate, oblong to globose by possessing smooth and thick
walls which gets more concentrated towards apex rather on its base.
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Host Range

Finger millet, foxtail millet, kodo millet, pearl millet and little millet etc. Various
pathogens infecting small millets are harboring on graminaceous hosts as collateral
hosts.

Epidemiology

Low temperature and high relative humidity are favorable for initiation of rust
disease. With the congenial weather conditions prevailing during December and
January, rust appears early in the season, i.e., within 20-25 days after sowing and the
severity of rust increases with the plant ages (Viswanath and Seetharam 1989).

Symptomatology

The disease has potential to affects the crop at all growth stages; however, the
damage is severe only when infection starts before flowering. Disease starts as
small, brown uredosori on both the sides of the leaf. Mature and broken pustules
arranged linearly on the upper surface of the leaves; however, pustules cover entire
leaf blade rather than linear form. Infection can be observed on the most foliar plant
parts like leaf sheath, culms, and stem. The disease is relatively more severe on the
upper leaves in contrast to middle and lower leaves. Under severe infection, prema-
ture drying of leaves and poor grain set are commonly observed in field. Morphology
of spore production is different in all the rusts which includes production of light
yellow black teliospores in U. setariae-italica and U. linearis, respectively.
P. substriata develops small brown, oval spots on upper surfaces of leaf. The
teliospores are dark brown colored, single celled, stalked, oblong to globose shaped
with smooth and thick walls (Kumar and Singh 2010).

Disease Cycle

The uredospores perpetuate, spread, and infect the host and reproduce by forming
uredia in 7-10 days. Collateral hosts such as most graminaceous weed species
possibly play an important role in its disease cycle by aids in perpetuation. Early
infection of rust appears within 20-25 days of sowing depending on prevalence of
inoculum and favorable weather while the intensity increases as the plants grow
older. The dark telial pustules develop at the time of crop maturity (Nagaraja et al.
2007a, b).

Characterization of Pathogen

Genus level characterization of rust pathogens can be done based on the microscopic
analysis of the uredospores and teliospores based on their color, size, shape,
echinulations, presence or absence of stalk, septations, etc.; however, the species
demarcation is difficult based on morphological characteristics. Hence, molecular
features are of increasing importance owing to their consistency, easy application,
and conserved throughout the genus. Molecular regions targeted for species differ-
entiation are majorly based on ITS, LSU, SSU regions, etc.; nevertheless the extrac-
tion of genomic DNA is challenging which need to be taken care (Bai et al. 2021).
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5.2.1.4 Smuts

Small millets possess potential to cope up with biotic factors; however many
pathogens have emerged as threat to the millet cultivation. Among them, smut
pathogens are one of the large groups causing varying damaging symptoms at
different intensities depending on the genotype and favorable conditions. Smut
pathogens belonging to different genus viz., Ustilago spp., Melanopsichium spp.,
Sporisorium spp., etc. are known to attack all the small millets and produce different
kinds of symptoms like grain smut, head smut, and kernel smut. Among the smuts,
the grain smut is common on finger, foxtail, and barnyard millet, while head smut is
common in kodo, barnyard and proso millet (Das et al. 2017). Generally, smuts of
small millets are of minor importance owing to their sporadic nature of occurrence
and low economic losses, these smuts can be controlled by practicing clean cultiva-
tion as well as seed treatment with fungicides.

Grain Smut

Grain smuts are the most commonly occurring smut diseases compared to the other
smuts in small millets. These are common in finger, little, barnyard, foxtail, and
proso millet inciting by different genus. Ragi grain smut was first reported by
Kulkarni (1922) from Kolhapur. Later, its occurrence was recorded by many
scientists such as Coleman (1920), McRae (1924), Narasimhan (1934), Mundkur
(1939), and Venkatarayan (1947) in Mysore state province.

Causal Organism

Melanopsichium eleusinis (finger millet), Macalpinomyces sharmae (little millet),
Ustilago panici-frumentacei (barnyard millet), and Ustilago crameri (foxtail and
proso millet).

Economic Importance

Although the grain smut is negligible important, Mantur (1994) stated that they
possess the ability to appear in epidemic form with an infection of 200 grains per ear.
Recent studies showed the change of virulence in grain smut pathogens, known
summer diseases have appeared to infect during Kharif also. Losses caused by
U. crameri ranges 8-50% of the grain yield (Nagaraja et al. 2007a, b) and 75% of
grain infection (Sundararaman 1921). Jain and Tripathi (2002) investigated yield
loss due grain smut in little millet showed 9.80-53.55% reduction in grain yield and
6.40-38.90% of panicle length.

Epidemiology

Low temperature and high relative humidity are congenial conditions for rapid
development and spread of the disease. The fungus attack majority of the grains in
an ear by producing sori in flowers and basal parts of palea; however, terminal
portion of the spike may escape the infection. The sori are pale greyish and measure
2-4 mm in diameter. On maturation, the sori rupture and produce dark powdery
(dusty) mass of spores. The spores are dark brown colored, angular to round with
smooth walls measuring 7-10 pm diameter (Das et al. 2017).
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Symptomatology

The symptoms of grain smut can be observed at grain formation stage, i.e., within
few days after flowering. The affected ovaries initially turn into velvety greenish
smut sori without increase in size than the normal grain. Eventually, the glumes are
pushed apart by the transformed spore balls (sori) which are several times bigger in
size. The sorus remains enclosed by thin and delicate membrane, which later easily
get ruptured exposing the sorus. The greenish outer tunica of the sorus gradually
turns pinkish green and finally to dirty black on maturation (Thirumalachar and
Mundkur 1947). With the wind, loosened spores are easily blown away leaving
nothing inside the glumes. Occasionally, infected grains of some crops develop late
in season, remain greenish, and slowly increase in size which release spores upon
pressing (Sharma and Khare 1987).

Disease Cycle

Grain smuts are majorly externally seed and airborne pathogens. Infection of flowers
occurs through secondary inoculum, i.e., air borne spores. Very limited systemic
research has been done on grain and head smuts. Soil borne infection has also been
observed. Fungus serves are dormant dikaryotic mycelium in the seed tissues which
serves as primary inoculum to the following season (Wang 1943).

Head Smut

Head smut in small millets are relatively minor importance with low economic losses
unless left uncontrolled under conditions of fulfilling disease triangle. It is more
common in countries like Europe, Australia, Eastern Asia etc. In India, it is known to
occur widespread on kodo, barnyard and proso millet which have been consistently
reported from Karnataka, Madhya Pradesh (Pall et al. 1980), Tamil Nadu and
Uttarakhand (Kumar et al. 2007).

Causal Organism

Sorosporium paspali-thunbergii (Henn.) S.Ito [Syn: Sorosporium paspali Mc Alp.]
infecting kodo millet, Sporisorium destruens (Schltdl.) Vanky [Syn: Sphacelotheca
destruens] infecting proso millet and Ustilago crus-galli Tracy & Earle causing head
smut of barnyard millet.

Teliospores of S. paspali produced on loose spore ball like masses. Gradually,
spore ball split into individual spores with little pressure. The individual spores are
globose, angular to roughly pear shaped, dark to yellowish brown with thick smooth
wall. The spore germinates by producing septate, single or branched hyphae
constricted at septum, which bears lateral and terminal sporidia.

Economic Importance

S. paspali became endemic but its distribution and severity vary with environment
and cultivar. Viswanath (1992) reported 30-40% loss in grain yield due to
S. paspali. Jain and Yadava (1997) observed that loss in yield ranges
13.15-32.98% vary with smut incidence.
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Epidemiology

Head smut is externally seed borne which appear sporadically late in the crop season
when the crop is about to mature. Temperature range 20-25 °C is optimum for
initiation and colonization of infection.

Symptomatology

Diagnostic symptom of head smut is the transformation of entire panicle into single
sorus in which the inflorescence is deformed and turn to smut ball. Head smut
causing pathogen infects only ovaries of the plant. In addition, head smut also
produces some of characteristic symptoms viz., gall-like swellings on stem, nodes
of young shoots and in the axils of the older leaves. Sometimes, twisted, deformed
clusters of leafy shoots with aborted ears may also develop. The affected ovaries
manipulated into hairy, round and grey sac which initially does not increase in size.
The gall-like swellings are covered by a hairy rough membrane of host tissue
(Mundkur 1943) which on rupturing expose the spore mass carried by wind.

Disease Cycle

The disease is mainly externally seed borne; hence the initial seedling infection starts
by penetration of germ tube from seedborne teliospores through the cell wall. After
entering into the seedling tissue, the hyphae spread inter and intra-cellularly and
become systemic infection which eventually enters the meristematic tissues and
finally infects the ear by the time of crop maturation (Kumar and Singh 2010).

Kernel Smut
Kernel smut is a minor disease affecting barnyard millet occasionally in unprotected
cultivation. It was first noticed in Italy while in India, Viswanath and Seetharam
(1989) reported the incidence of kernel smut from Bihar, Maharashtra, and
Tamil Nadu.

Causal Organism
Ustilago paradoxa Syd., P. Syd. & E.J. Butler

Chlamydospores produced by U. paradoxa are smooth, olive brown in color and
round which measures up to 7-11 pm in diameter.

Symptomatology

Fungi cause infection at the time of flowering which further convert floral parts into
fungal bodies resembles greenish swollen bodies. Infection occurs in scattered
manner with only few grains gets affected in an ear, i.e., up to 25 grains/ear by
forming smut sori of 1.5-4 % 1-2 mm (Nagaraja et al. 2016).

Characterization of Pathogen

Diagnosis of the smut diseases under field conditions can be easily done because of
their unique dusty appearance of reproductive parts but the characterization to the
genus level is only possible with the microscopic studies of teliospore bodies based
on their size, color, shape, septation, arrangement in sori, echinulations etc.
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However, the proper species distinction is possibly through molecular analysis using
molecular markers like RAPD, RFLP, SSR, SNP etc. Another challenging aspect of
smut characterization is the genomic DNA isolation from spores which is different
from regular CTAB protocols and needed to be taken care of during the characteri-
zation (Ladhalakshmi et al. 2012; Goswami et al. 2022).

5.2.1.5 Downy Mildews

This disease is also referred as crazy top/green ear disease. Downy mildew is a one of
the major threats of finger and foxtail millet occurring widely in predominant millet
growing regions of world. In India, green ear of ragi was first reported by
Venkatarayan (1947) in erstwhile Mysore state, followed by Tamil Nadu and
Uttarakhand (Kumar et al. 2007), whereas downy mildew of foxtail millet was
reported from many parts of India such as Karnataka, Tamil Nadu, Maharashtra,
Bihar, Andhra Pradesh, and Kashmir (Rangaswami and Mahadevan 1999). The
disease has potential to be destructive leading to total crop failure owing to under-
development of the affected ears result in substantially yield losses ranges up to 50%
(Pall et al. 1980).

Causal Organism

Sclerophthora macrospora (Sacc.) Thirum. [Syn. Sclerospora macrospora Sacc.]
infecting finger millet whereas, Sclerospora graminicola (Sacc.) J. Schrot. infects
foxtail millet.

Host Range
Finger millet, foxtail millet, pearl millet, maize, Eleusina indica (Ulstrup 1955),
wheat, oat, Eragrostis pectinacea, and Digitaria marginata.

Epidemiology

Moderately high temperature (25-30 °C) and high relative humidity is highly
favorable for disease development. Temperature around 22-25 °C during night
enhance the production of sporangia and facilitates the release of zoospore from
sporangia. Raghavendra and Safeeulla (1973) reported the internal and external seed
borne nature of the pathogen.

Symptomatology

Early symptom of downy mildew affected plant is the chlorosis of seedling leaves.
Characteristic symptoms of downy mildew affected plants are stunting with short-
ened internodes and profuse tillering. Also, pale yellow translucent lesions are
observed on infected leaves. Whitish bloom of sporangiophores and sporangia are
prominently noticed on the leaf surface under humid conditions. Plants with mild
infection may develop ears, but malformed into green leafy structures giving “green
ear” symptom. While the fungus usually invades the entire ear, sometimes only a
portion of the ear is involved, the remainder producing normal grains. On matura-
tion, chlorotic patches can be seen on the upper surface of leaf with corresponding
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downy fungus growth on the lower surface (Kumar and Singh 2010; Nagaraja et al.
2016).

The downy mildew of finger millet generally doesn’t show the characteristic
symptom, i.e., white cottony growth under-side of leaves. Hence, the disease can
only be identified after the formation of ears (reproductive stage of plant). Eventu-
ally, partial/whole ear including palea, lemma, and glumes change into leafy-like
structures. The proliferation takes place first in the basal spikelet and spreads towards
tip. On maturation, the whole ear shows a bush-like appearance with typical “green
ear” symptom (Thirumalachar and Narasimhan 1949).

Disease Cycle

The downy mildew fungus is an obligate parasite and found to be both internally and
externally seed borne (Raghavendra and Safeeulla 1973) with broad host range.
Pathogen life cycle in small millets was elaborated by Safeeulla (1955). Here, the
primary inoculum is mainly soil or seed borne oospores. Disease severity is
influenced majorly by temperature and soil moisture content and time of sowing.
It requires an optimum soil temperature of 20-21 °C with minimum of 12—13 °C and
maximum of 30 °C for initiation of infection by the pathogen. Early sown crop in
contrast to late/timely sown crop is more prone to attack by downy mildew
pathogens. High relative humidity and high soil moisture content favors rapid
development of the disease (Nagaraja et al. 2007a, b). Recently high incidence of
downy mildew was observed in two popular finger millet varieties viz., GPU
28 (blast resistant) and PR 202 (blast susceptible) in the farmers field of Tumkur
district in Karnataka.

Characterization of Pathogen

Diagnosis of the diseases under field conditions is easy due to their unique above-
briefed symptoms of downy fungal growth on lower side of leaves and
corresponding chlorotic patches on upper leaf surface as well as formation of
green ear symptom. Being an obligate pathogen, downy mildew fungus can’t be
cultured on artificial media to study their morphological characteristics. However,
microscopic examination of the pathogen can be done by observing the conidia,
conidiophores, oogonia and oospore etc. Morphological characterization is carried
for the genus-level identification based on the conidiophore branching pattern, kind
of germination, production of sporangia/conidia etc.; morphological classification is
further confirmed and extended to species-level distinction by genomic DNA isola-
tion and amplification of conserved molecular regions viz., ITS, LSU, and cox2
genes (Kara et al. 2020). Nevertheless, the challenges in characterization of downy
mildew pathogen are not scarce in which genomic DNA isolation is the primary
concern that needs to be carried from the fungal filaments or spores scraped from
infected leaves.

5.2.1.6 Foot Rot or Wilt of Ragi
Earliest report of the foot rot/wilt disease was done by Coleman in 1920 from
Mysore state. Afterwards, it was reported from different parts of India where finger
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millet is cultivated. In ragi, losses may reach up to 50% under field conditions with
congenial weather (Basta and Tamang (1983). The disease has been reported mostly
from Karnataka, Tamil Nadu, Gujarat, and Odisha. Due to the sporadic nature, it was
considered of as minor disease but recent studies have shown increased incidence of
the disease under irrigated conditions.

Causal Organism

Sclerotium rolfsii Sacc. [Perfect Stage: Athelia rolfsii (Curzi) C.C. Tu & Kimbr.] or
S. rolfsii (Perfect state: Pellicularia rolfsii). Imperfect stage is prevalent mostly in
both the field and laboratory conditions while perfect stage can be seen rarely under
favorable situation where fertile sporophores are also produced.

Host Range
S. rolfsii has broad host range (Aycock 1966) but among the small millets, finger
millet is the only host reported so far.

Epidemiology

Fungus overwinters as sclerotia in soil which acts as the primary source of inoculum.
Sandy loam soils with low moisture upsurge the disease incidence. The disease
development is favored by warm temperature and high relative humidity which
exists during monsoon season.

Symptomatology

Generally, plants are attacked at inflorescence or seed formation stage. Infection
occurs just above the soil line in the collar region of the plant. The affected area is
water-soaked initially which late turns brown or dark brown which finally shrinks
which cause wilting of the entire plant. The cottony white growth of the fungus is
evident on different plant parts which become roundish ultimately turning into
velvety mustard seed like sclerotial bodies.

Disease Cycle

The fungus survives as sclerotia in soil which is the source of primary infection. The
sclerotia germinates with the on the onset of rainy season to produce basidia and
each basidia produce four haploid basidiospores. The fungus attacks the collar
region of the plant which becomes infected leading to the death of the entire plant.
At the end of the cropping season due to lack of available nutrients and onset of
unfavorable climatic conditions, fungus forms as mass of tightly packed mycelia
called sclerotia. These bodies can be seen easily on the plant which are old and about
to die. These sclerotia get accumulated in soil with plant debris and move through
rain water from field to field.

Characterization of the Pathogen

Diagnosis of finger millet foot rot can be done based on their symptoms which
appear initially at soil line as water-soaked lesions and observation of sclerotial
bodies on sheath with coalesced patches. Systemic studies on characterization of
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S. rolfsii are vast in various food crops based on morphological attributes like
mycelial morphology, pattern of sclerotial production while molecular confirmation
is based on analysis of molecular gene regions like ITS, LSU, SSU, beta-tubulin,
TEF, rpb2, etc. (Mahadevakumar et al. 2016).

5.2.1.7 Banded Sheath Blight (BSB)

Earliest report of banded sheath blight (BSB) was on finger millet at Vellayani,
Kerala, India (Das and Girija 1989). Thereafter, reports on prevalence of disease in
severe forms were also reported from experimental plots of Birsa Agricultural
University, Ranchi (Dubey 1995). Since then, the disease has been observed com-
monly on all small millet growing areas of hot and humid climatic regions.

Causal Organism
Rhizoctonia solani (Basidial state: Thanatephorus cucumeris)

The fungus produces dull (cream) white mycelial colony which later turn light
brown in color. R. solani is identified by its characteristic branching at right angle
and constrictions on the point of branching.

Host Range

Similar to S. rolfsii, R. solani has the wide host range among agriculture and
horticultural crops. All the small millets viz. finger, foxtail, barnyard, proso, kodo,
and little millets are the host for the pathogen.

Epidemiology

Pathogen survives the weather extremities in soil as sclerotia which will act as the
primary source of inoculum for next season. Disease is favored by moderate
temperature (26 = 2 °C) and high relative humidity (>80%) (Dubey 1995). Low
disease severity is observed on the late maturing varieties due to disease escapes in
autumn as the low temperature prevails (Patro 2008).

Economic Importance

BSB generally does not cause high economic losses. However, upon completing
disease triangle, disease has the potential to cause huge economic losses. Infection
on peduncle results neck rot which deteriorate the grain production due to poor grain
filling result in formation of small and shrivelled grains.

Symptomatology

The disease symptoms appear on the lower leaves and leaf sheath as oval to irregular
spots. Initially the lesions are light grey to dark brown in color whose center turns
white with narrow reddish-brown border. The lesions are distributed throughout the
leaf lamina. Under congenial environment, all the lesions may also enlarge and
coalesce to cover the entire leaf sheath and lamina appearing as brown colored
characteristic bands across the plant leaf. Hence, the entire leaf becomes blighted and
dries up. Symptoms are also observed on peduncles, fingers, and glumes. Mycelial
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growth and sclerotia can also be observed on the lesions under humid conditions
(Das et al. 2016).

Disease Cycle

R. solani survives as dormant mycelium which is germinates to produce infective
mycelium under prevailing favorable weather (high relative humidity and moderate
temperature). Symptoms are visible as small irregular or oval brown spots on lower
leaf lamina which later enlarge and coalesce to form bands. Numerous sclerotia are
observed on the blighted leaves which subsequently dies. The fungus also spreads
from field to field through irrigation water, infected soil and plant debris.

Characterization of the Pathogen

Banded sheath blight can be well diagnosed under favorable field conditions due to
their appearance of blight on sheath and presence of sclerotia in severe infections.
R. solani is well studied pathogens regarding its characterization based on morpho-
logical and genomic attributes. Owing to their broad host range, cross-infectivity
studies among crops are gaining importance which confirms the anastomosis group-
ing of R. solani and their specificity to the host species (Al-Fadhal et al. 2019;
Pralhad et al. 2019).

5.2.2 Minor Fungal Diseases of Small Millets

Apart from the major diseases affecting the production potential of small millets
throughout the millet growing areas of world, there are some diseases which are of
course not negligible but of relatively minor importance owing to their irregular
occurrence and damage to the crop and its produce. Such diseases were also listed in
Table 5.1 includes cercospora leaf spot of ragi (Cercospora eleusinis), Udbatta
diseases (Ephelis oryzae) affecting kodo, foxtail, proso and little millet, sheath rot
(Sarocladium oryzae) of kodo millet, and grain mold in finger millet etc. Albeit,
these diseases are less important in small millet cultivation which can be eliminated
by protective cultivation, some of them are most destructive in other graminaceous
crops like major millets (viz., sorghum, pearl millet) and maize, where it showed to
cause huge economic losses especially the grain mold caused by different
deuteromycetes and ergot caused by Claviceps spp. Among these minor diseases,
Udbatta caused by E. oryzae are of relative importance due to its effect on kodo and
little millet in which affected panicles are transformed into a compact agarbatti like
shape, hence the name “Udbatta” (Kumar and Singh 2010; Das et al. 2016; Nagaraja
et al. 2016).

5.2.3 Bacterial Diseases of Small Millets

Along with fungal diseases, a variety of bacterial diseases has been an inconsistent
constraint to the small millet cultivation. Diseases caused by bacterial pathogens are
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of lesser importance compared to the fungal pathogens unless favored by the
prevailing environmental conditions, presence of susceptible cultivar and ample
amount of inoculum during cropping season. They have been reported on all the
small millets in some millet growing corners yet they failed to establish as major
factors under natural conditions. Some of the important bacterial diseases are
bacterial leaf spot caused by Xanthomonas eleusinae and Pseudomonas
albo-precepitans in finger and foxtail millet, respectively, bacterial leaf stripe
(Pseudomonas spp.) in finger and proso millet, bacterial leaf streak (Xanthomonas
spp. and Pseudomonas spp.) in most of small millets and bacterial blight
(Xanthomonas axonopodis pv. coracanae) in finger millet etc.

Systemic studies on bacterial diseases of small millets are very much limited due
to which the literature available is scarce. Generally, bacterial entry to the plant
tissues takes place mainly through natural opening like stomata or through wounds
(physical injury) during inter-cultivation operations or insect damage on leaves,
sheath, and roots. In the absence of main host, bacteria survive in infected crop
debris/residues left in the soil and also on graminaceous weeds and other crop hosts.
Disease development for bacterial pathogens is favored by warm temperature and
high humidity (Nagaraja et al. 2007a, b; Das et al. 2017).

5.2.4 Viral Diseases of Small Millets

Unlike other food crops, small millets are less affected by the viral pathogens which
might be due to their inherent capacity to sustain in moderately extreme agro-
ecological conditions and potential against virus and their transmitting agents.
Diseases caused by the viral pathogens are of mere important in the small millet
cultivation which occurs once in a while but couldn’t able to show consistent
infection to the crop. Of all the small millets, viral diseases majorly prevalent in
finger, proso, and barnyard millet and has been reported from many parts of the
world with less virulent infection. In general, viral pathogens cause symptoms like
chlorotic stripe, streak, mosaic or mottling symptoms on leaves while the early
infection results sterility of the plant where the plant bears no ear. However, finger
millet is reported to be affected by many viral pathogens and cause notable diseases
viz., ragi mottle streak disease (Ragi mottle streak virus), ragi severe mosaic
(Sugarcane mosaic virus), and ragi streak disease (Eleusine strain of Maize streak
virus). Likewise, barnyard millet (Wheat streak virus, Sugarcane mosaic virus and
Eleusine virus 2) and proso millet (Wheat streak virus, Rice dwarf or stunt virus and
Maize leaf streak virus) are also reported to be attacked by viral pathogens in recent
past. Transmission of viruses through biotic agents like insect and non-insect vectors
serves as inoculum which spread to the healthy fields (Nagaraja et al. 2016; Das
et al. 2017).

Despite of their minor effect on small millets, many instances have shown that
viruses are potential agents that can lead to enormous crop losses. One such instance
in finger millet was reported from Chitradurga and Bangalore districts of Karnataka
during Kharif 1966 where the farmers have to abandoned their ragi crop due to the



110 G. V. Ramesh et al.

severe infection by sugarcane mosaic virus which results in infected plants failed to
set seed (Joshi et al. 1966).

5.2.5 Mitigation Strategies of Prominent Diseases of Small Millets

5.2.5.1 Cultural Practices

Several agricultural practices such as timely sowing, maintaining optimum plant
populations and spacing, timely weeding, balanced use of fertilizers, crop rotation,
deep ploughing during summer season, removal of crop residues from the field,
cleaning of field bunds after crop season, uprooting the diseased plant from the field
and burning, regulating irrigation water from entering into other field etc. will help in
reducing chances of disease occurrence. Some of the important cultural practices
which helps in millet disease management are as follows:

Methods
Crop rotation

Deep summer ploughing
Adjustment of date of
sowing

Optimization of plant

population

Use of disease free seeds

Sanitation

Eradication of alternate and
collateral hosts

Fertilizer management

Vector management

Clean cultivation

Disease managed

Majorly controls seed and soil borne pathogens viz., downy
mildew, ergot, smut, banded blight and sheath rot

Expose resting spores of the pathogen and controls disease like
downy mildew, smut, and a few fungal and bacterial leaf diseases

Early sowing reduces blast and rust severity

High plant population favors disease development, so
maintaining optimal plant population helps in managing disease
like downy mildew, blast, rust, and grain mold in millets

Most eco-friendly method for controlling any kind of disease. In
millets downy mildew, banded sheath blight, foot rot, ergot and
blast can be managed using disease free seeds

This helps in the reduction of primary inoculum and surviving
structures of the pathogen. Downy mildew, banded sheath blight,
foot rot, ergot, and blast can be controlled by this method

Their timely removal helps to control diseases like ergot, downy
mildew, rust, blast, leaf spots, and bacterial and viral diseases
Nutrient can affect the relationship between crop and pathogen in
many ways. Regulating the amount of nitrogenous fertilizer
reduces incidence of blast and downy mildew

A number of viral, bacterial and some of the fungal diseases may
get introduced through the visits of their respective vectors to the
hosts. For this reason, eradication of such pathogens should
include this measure to get the optimum result

Practice of clean cultivation like collecting smutted heads in cloth
bags and dipping in boiling water to kill the pathogen will reduce
the inoculum for the next year and minimize incidence

5.2.5.2 Host Plant Resistance
Exploiting host resistance to control disease is not only economical but also a
practical necessity in a low value crop like millets where there is a limitation for



5 Major Diseases of Small Millets and Their Management Strategies 11

Table 5.2 Disease resistant varieties identified and released for the different sorghum growing
areas of India (2000-2018)

Crop Disease Resistant or tolerant cultivars
Finger Blast GPU 26, GPU 45, Chilika (OEB 10), VL 315, GPU
millet 48, PRM 1, Bharathi (VR 762), Srichaitanya, KMR
301, KOPN 235, OEB 526, OEB 532, PPR 2700 (Vakula),
VL 352, GNN-6, GN-5, VL Mandua-348, KMR
340, Dapoli-2 (SCN-6), CO 15
Foxtail Downy mildew Meera (SR 16), SiA 3085, RAU (Rajendra Kauni 1-2)
millet Rust TNAU 196, RAU (Rajendra Kauni 1-2)
Blast RAU (Rajendra Kauni 1-2), SiA 3085
Brown spot, smut RAU (Rajendra Kauni 1-2)
and leaf blight
Barnyard | Grain smut VL Madira
millet Blast Tarini (OLM 203), GNV-3
Grain smut Tarini (OLM 203), OLM 217 and GNV-3
Rust OLM 217
Brown spot Kolab (OLM 36)
Sheath blight Kolab (OLM 36), GNV-3
Head smut Jawahar Kutki 4 (JK 4)
Proso Brown spot GPUP 8
millet Leaf blight PRC 1
Kodo Head smut Jawaharkodo 155 (RBK 155), Jawaharkodo 48 (JK 48), JK
millet 106, JK 65, JK 98, Jawaharkodo 137, JK 13

any additional cash inputs such as fungicides etc. Development of resistance
varieties is the best means of combating the disease, which is predominantly
grown by resource-poor and marginal farmers. Disease resistant varieties identified
and released for the different millets growing areas of India are tabulated in Table 5.2
(Www.aicrpsm.res.in).

5.2.5.3 Biological Control

Biological control is an alternative to synthetic chemical pesticides and having
several benefits to human beings and ecosystem; they can ensure the protection of
plants against biotic and abiotic stresses, production of good quality grains, improve
soil fertility, sustainable and safety of environment. The demand for development
and application of indigenous bioinoculant products has increased among
researchers because of their role in plant growth promotion and crop protection in
sustainable farming systems and also for their economic value. Soil-borne diseases
of millets (e.g., foot rot in finger millet and Banded sheath blight in small millets), for
which adequate host resistance is lacking, use of biocontrol agents are useful.
Bio-control agents especially strains of Trichoderma and Pseudomonas are useful
for seed and soil borne diseases of millets and can be applied as seed treatment and
soil application.
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5.2.5.4 Chemical Control
Disease Chemical control

Downy mildew Seed treatment with Ridomyl-MZ at 6 g/kg seed followed by one or two need
based spray of Ridomyl-MZ at 3 g/L reduces incidence

Blast Seed treatment with carbendazim at 1 g/kg of seed. Spray any one of the
fungicides viz., Carbendazim (0.2%) or Iprobenphos (IBP) (0.1%) or
premixture fungicide (Carbendazim + Mancozeb) (0.1%), Ediphenphos
(0.1%) or propiconazole (0.1%) or Tricyclazole (0.1%). First spray
immediately after noticing the symptoms. Need based second and third sprays
at flowering stage at 15 days interval to control neck and finger infection in
finger millet

Grain mold Spray any one of the following fungicides in case of intermittent rainfall
during earhead emergence, a week later and during milky stage.
Mancozeb + Captan at 0.2%, thiram + carbendazim at 0.2%, Propiconazole at
0.1%. Two to three sprays should be taken up to reduce the grain mold

Smuts Seed dressing with sulfur at 4 g/kg seed
Banded sheath Seed treatment with Mancozeb at 2-3 g/kg. Seed and need based spray with
blight the fungicides viz., propiconazole at 1 mL/L orhexaconazole at 2 mL/L or

Validamycin at 2 mL/L is highly effective

Rust Foliar spray of Mancozeb (0.2%), hexaconazole (0.1%), difenconazole
(0.1%) and propiconazole (0.1%) for control of disease. Two sprays at
15 days interval immediately after appearance of symptoms is recommend
better management of the disease

Leaf spot/leaf Seed treatment with carbendazim at 2 g/kg or mancozeb 0.2% and need based
blight spray

5.2.6 Novel Strategies for Enhanced Control of Small Millet
Diseases

Changing climate scenario following the cultivation practices of small millets has
resulted in increasing reports of new diseases as well as the enhanced aggressiveness
of established pathogens. Besides the unique advantages offered by various existing
management strategies, they do carry few limitations under current perspective.
Management of small millet diseases under current situation needs not only the
conventional approach but also the innovative, cost effective, feasible, efficient
mitigation strategies which can be included in the integrated disease management
(IDM). By keeping in the view of enhanced cost of cultivation due to agrochemicals,
novel ecofriendly strategies need to be explored for controlling the diseases which
will serve as best alternative rather than replacement. Such novel green technologies
include nanomolecule formulations, endophytes biopriming, use of rhizosphere,
phyllosphere-derived bioagents, employing biofumigation techniques, plant immu-
nization approaches (Singh and Gopala 2021), genome assisted breeding methods,
genome editing techniques and multi-omics approach etc.
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» Germplasm exploitation: Achieving durable plant resistance to diseases is ulti-
mate goal of plant disease management which minimizes the use of chemicals.
Analyze the new germplasm and other possible wild relatives for the source of
major gene resistance which can be used for breeding into elite cultivars with
molecular marker-based breeding methods and development of resistant varieties
in relatively short time.

* Use of Microbiome concept: In recent years, use of microbiome in plant disease
management has revolutionized by the ways how microbiome interacting with
plants and in the environment are perceived which may lead to a switch away
from the conventional-driven research and implementation. The potential rele-
vance of microbiome usage in disease management is clear but needs to be
exploited by further research (Jeger et al. 2021).

* Use of genomic tools (CRISPR/Cas9) for improved resistance/control: CRISPR/
Cas9 system has been utilized vastly in the field of plant pathology and plant
breeding for various approaches. This system facilitates genome editing of
various organisms precisely using RNA-guided DNA endonuclease activity. It
has been exploited to enhance disease resistance in different commercial crops
such as rice, wheat, tomato, and grape. Apart from the genome editing of crops,
genome editing of fungal and fungi-like pathogens can also provide new insights
for plant disease management in eco-friendly manner. Durable management of
plant diseases perceives the targeting of multiple plant disease resistance
mechanisms with CRISPR/Cas9. The insights gained by probing fungal and
oomycete genomes with this system will be powerful approaches (Paul et al.
2021) and will be dual purpose, i.e., for deep understanding the pathogen as well
as framing management strategies. CRISPR/Cas9 system has facilitated targeted
mutagenesis efficiently and precisely in plants to enhance resistance to fungal
diseases.

* Multi-omics approach: It facilitates the comprehensive understanding of the
mechanisms underlying ability and nature of plant-mediated effects during
interactions of plant tissue and the microbial communities. Multi-omics approach
allows to study different plant defense pathways as well as the pathogen response
to counteract them by producing various toxic metabolites. There are many
pathways apparent in plants needs to be explored for a better understanding and
control such as salicylic acid (SA) signaling pathway as prime importance
followed by other critical plant hormones such as abscisic acid and jasmonic
acid which regulates acquired resistance in plants and mediates the interactions
between members of plant microbial communities (Crandall et al. 2020).

5.2.7 Looking into the Future of Small Millet Diseases
and Conclusion

With the everyday increasing population of world demands, not only the food
security but also the nutritional security are combined to form agricultural
sustainability. Updated reports show that the agricultural production needs to be
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increased 50% by 2050 to meet the growing food and nutritional demand (FAO
2020). Nutritional security is as much important as food security for better quality of
life which can be fulfilled by the cultivation of millets on large scale. Erstwhile
commercial crops like rice, wheat, sugarcane, maize, etc. have been given more
importance owing to their wide distribution and acceptance as daily food. In recent
times, millets especially small millets gain huge attention with growing health
concerns which are fulfilling by their nutraceutical properties. This results in
increasing area of cultivation followed by bringing new problems, i.e., new reports
of pests and diseases throughout the predominant millet growing areas which were
unseen before on particular crop.

However, systemic research in small millets on many aspects like breeding of
new varieties, sequencing of genome, etc. are still underway. With the advent of
advanced genomic approaches like next generation sequencing (NGS), genome
editing techniques, etc. made identification, cloning, and transfer of resistant
(R) genes easy. Using of such approaches in small millets aids in better understand-
ing of the crops and paves way for possible manipulation of crop genome to generate
disease-resistant crops which is an ecofriendly perspective. This will make the small
millets possibly the ecofriendly alternative for nutraceutical supplement, cost effec-
tive due to no use of pesticides, farmer friendly. Also, surveillance of the established
diseases and regular monitoring of new diseases aid in achieving the food and
nutritional security.

It is concluded that the fungal diseases pose a significant challenge to the small
millets production, now and in the future. In this chapter, attempts have been made to
briefly summarize the key aspects of some of the most significant diseases of small
millets which are threatening its production potential. We acknowledge that, along
with major diseases which detailed in chapter, there are many other minor diseases
viz., bacterial and viral diseases that also threaten production; however, keeping the
space limitations in mind, we have concentrated more onto fungal diseases which are
major threat in reality and considered to have the greatest impact on yield. This
chapter serves as a reference point for pathologists accompanied in field study in
non-exhaustive manner to comprehend the complexity of diseases and to contem-
plate them in a more holistic manner.
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Abstract

Small millets, which are mostly grown in rainfed environments, are a forgotten
subclass of millets. Sorghum and pearl millets are referred to as “big millets,”
while finger, kodo, little, foxtail, proso, barnyard, and browntop millets are
considered as “small millets” in the Indian context. Small millets are high-valued
crops with excessive nutritional attributes and climate resilience. They can serve
as an essential crop for nutritional security in present world. The present scenario
calls for better utilization of small millets through innovative postharvest
processing. The conventional processing of millets is also important to study as
they are more adaptable to local processors. Hence, a detailed study of conven-
tional and advanced methods in millet processing can bring new opportunities for
efficient utilization of millets, along with new product development which can
help in sustainable agricultural growth and income generation for the farmers as
well as processors. This chapter discuss in detail various conventional and
modern techniques of small millet processing together with a comparative analy-
sis among them to find a solution for better adoption of these methods.
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6.1 Millet Processing: A Brief Introduction

Millets are more nutrient-rich than refined cereals, although they have gained less
attention. Millets are among the first foods that humans have grown. Depending on
the size of the grain, these are categorized as major millets and minor/small millets.
They require less input than other grains since they can withstand challenging
agroclimatic conditions. Additionally, numerous studies have shown that small
millets are superior to commonly consumed grains like wheat and rice in most
nutritional categories. They contribute to a well-balanced diet and, if regularly
taken, play a significant part in sustaining nutritional security. Additionally, they
are crucial to the economies and food security of developing nations on the
continents of Asia and Africa. Small millets play a crucial role in achieving food
and nutritional security, yet despite this, their production and cultivation have seen a
rapid drop. Small millets are generally taken for coarse cereals including foxtail,
finger, proso, barnyard, kodo, little millets, teff, fonio, job’s tear, guinea, and
browntop millet (Muthamilarasan and Prasad 2021). The main obstacles include
inadequate policy backing compared to foods like wheat and rice, underdeveloped
markets, and limited technology adoption, particularly in developing nations.
Investments in manufacturing and processing facilities are insufficient. Concerns
about the low production and consumption of small millets also include ignorance
about the inadequate nutritional value of current dietary patterns and resistance to
change them.

In rain-fed, semi-arid locations all throughout the world, little millets were a
common traditional crop; however, the advent of cash crops limited their production
to specific places. Millets can tolerate water-limiting situations because of their
improved water and nitrogen usage efficiency, which are agroecological features.
For instance, while wheat and maize need 450 and 500 g of water, respectively, to
yield 1 g of dry biomass, foxtail millet only needs 250 g. Micro- and macronutrients,
total protein, fiber, and resistant starch are all abundant in small millets as well. In
contrast, tiny millet and barnyard millet have high iron concentrations (between
10 and 18 mg per 100 g), while finger millet is high in calcium (around 364 mg per
100 g) and potassium (about 320 mg per 100 g). Additionally, the majority of small
millets are gluten-free, which makes it easier to prepare foods with a low glycemic
index (Rao et al. 2011).

Although efficient procedures and equipment are available for main cereals to
assure processing and storage with minimal wastage, such equipment for harvesting
and/or threshing is not always available for small millets, which represent a bottle-
neck in the large-scale production of seed grains. All millets have different grain
morphologies and structures; hence, it is necessary to create and employ crop-
specific technology. Because millet grain tends to get rancid due to its higher lipid
content, long-term storage of millet grains necessitates safety precautions such
maintaining temperature above ideal to prevent sprouting or rotting. These measures
must be taken to prevent widespread loss of valuable produce.
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6.2 Millet Processing Technologies

The millet processing involves conversion of raw millets after harvest into a usable
product which can be either directly consumed or can be subjected to further
secondary or tertiary processing. The millet processing technologies can be classi-
fied into major two headings.

1. Mechanical processing technologies
2. Bioprocessing technologies

Before going through the details of small millet processing, there is a strong need
to understand the structure of millet grains. Sorghum and millets have comparable
anatomical and basic kernel structures. It is possible to distinguish between the
pericarp (outer covering), endosperm (starchy section), and germ as the primary
anatomical components (oily part). The pericarp of foxtail, common, and finger
millets is like a bag that is only weakly connected to the endosperm at one location.
In these utricle-type kernels, the pericarp easily separates, exposing the inner
endosperm beneath the seed coat or testa. Sorghum and pearl millet have
caryopsis-type kernels, which take a little more force to break the pericarp since it
is entirely connected to the endosperm. These three main kernel constituents are
distributed differently relative to one another. Pericarp, endosperm, and germ distri-
bution in pearl millet are 8.4%, 75.0%, and 16.5%, respectively (Abdelrahman et al.
1984). In the sorghum kernel, the endosperm to germ ratio is 8.4:1, whereas it is 4.5:
1 in pear]l millet. Because the germ is so small in common and finger millets, the
endosperm to germ ratio of 11:1 to 12:1 is substantially higher than it is in sorghum.
From 5.6% to 14.8% of millet is protein.

Millet processing is similar to other cereal grains processing, where we transform
the coarse cereal grains into usable and more palatable form or convert it into some
useful, value-added products. We are well aware that millets are rich in fiber and
micronutrients. Now the focus has changed to secondary metabolites including
bioactive phytochemicals. Germ, a starch-containing endosperm, and the pericarp,
a protective layer, are the three main components of millets that are partially
separated and/or modified during processing. The separation of the offal (part not
typically used for human consumption) from the edible component is typically the
first step in processing cereal or coarse grain. The pericarp and occasionally the germ
make up the offal. Removal of offal is also known as decortication or dehulling. The
primary reasons why millet foods are less popular among people who eat rice and
wheat are the outer tough seed coat and related characteristic flavor (Malleshi et al.
1986), cultural attachments, and lack of processed millet goods equivalent to rice or
wheat (Hadimani and Malleshi 1993). The millet processing machineries are scarce.
Minor millets have more limitations in processing compared to major millets
because of their small size and irregular grain shapes. Most of the commercial
industries are also involved in the processing of rice and wheat, which are grown
and consumed on a very large scale. There are still few machineries which are used
for primary processing of millets. Decortication is an important unit operation in
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Fig. 6.1 Traditional small millet processing manually in Jawadhu Hills. (Photo: Ms Maria, ODI,
UK)

millet, which enhances biological availability of nutrients, reduces antinutrients, and
enhances protein availability (Pushpamma et al. 1990). Decortication of millets are
generally done by rice dehullers. Some unit operations like parboiling prior to
decortication facilitates bran removal. Other operations like dehulling, soaking,
germination, roasting, drying, polishing, and milling are discussed in detail in
subsequent sections (Fig. 6.1).

6.3  Conventional Processing of Small Millets

One of the significant traditional food groups that has recently been removed from
most people’s diets is little millets. Small millets have been grown for more than
3000 years, making them an essential component of Indian history and culture. They
play a significant role in the food system and culture of the scheduled tribes and
scheduled castes, as well as other marginalized and impoverished populations living
in deprived, rain-fed regions of India. Small millets, which are C4 crops, have a high
tolerance for warmer temperatures and the capacity to bounce back quickly from
drought and heat stress (Davis et al. 2018). They are also a safe source of food
because they are grown with almost any agricultural chemicals (Kam et al. 2016).
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They are a part of various cropping systems that also include several uncultivated
greens and many nutrient-dense crops including horsegram, niger, cowpea, etc. They
also provide wholesome fodder. Reviving the cultivation and consumption of small
millet is one of the viable answers in the context of dwindling biodiversity, climate
change, severe irrigation water scarcity, and pervasive hunger.

Despite all these advantages of millets, its utilization is not at par due to
processing limitations. Also, the socio-economic factors affect its cultivation and
utilization. The major interventions to be incorporated to enhance utilization of
millets can be primary processing of small millets, small-scale mechanical
processing, early adopters’ experiences with mechanized processing, and
implications of these achievements for boosting local and regional food systems
and diversifying diets. To make small millets palatable, their husks must be
removed. This is an essential step in the production of grain-rice and in the
subsequent processing of grains for human use. Women have traditionally overseen
manually processing small millets with husk in all communities that are in the small
millet production regions of India. Several tasks are involved in manual processing,
but the main ones are the following:

1. Drying the grains to the ideal moisture level

2. Cleaning the grains to remove small and large stones and other unwanted
materials using a winnowing pan

3. Removing the husk using a wooden or stone grinder followed by drying and hand
pounding in mortar or just through hand pounding in mortar

4. Separating the unwanted fractions from millet rice and grits

Up till clean small millet rice is obtained, the second and third processes will be
repeated twice or three times. Small millets must be manually processed, which is a
specialized job that requires a lot of labor. Processing 5—8 kg of wheat requires 4 h of
labor from women. Most young women are not prepared for that level of work, and
there has not been enough knowledge and skill transfer across generations related to
manual processing. The cultivation and consumption of small millets with husk have
drastically decreased as a result of this, along with the ease with which rice and
wheat (considered as superior foods) are available in the Public Distribution System.
Even in places where little millets were still produced, they have changed from being
a food crop to a commercial commodity.

Variation in raw materials in the case of small millets and their shorter shelf life
are major challenges in their processing. Various tiny millet crops have different
grains with regard to shape, grain surface characteristics, hardness, husk-grain
bonding, and anticipated rice recovery (Karthikeyan 2016). Additionally, there are
variations in the same small millet crop due to differences in cultivars, farming
methods, and microclimate in different production regions and years. Kodo millets
have hardness of around 25.5 N with the force required to split the husk is around
18.5 N. The terminal velocity of grain is measured as 3.75 m/s, which is important in
their separation using aspiration. The average recovery of whole-milled grain is
around 60-64%. In the case of Barnyard millet, the hardness, force required to
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dehusk, terminal velocity, and average recovery are 23.8 N, 17.3 N, 3.08 m/s, and
60-65%, respectively. Foxtail millet and little millet have better recovery in range of
70-75%, but they have lower terminal velocity (Muniappan et al. 2018).

Some of the mechanical processing equipment available for millets includes
aspirator cum grader of capacity varying from 50 to 500 kg. The destoners are
available for 50-500 kg capacity. Aspirator cum grader cum destoners are also
available with some industries. AVM Engineering (AVM), VICTOR AGRO
SALES (Victor), Perfura Technologies Private Ltd. (Perfura), KMS Industries
(KMS), and Vishra Agro Sales are a few companies that manufacture these devices.
In Karnataka, Bhavani Industries, Vishwa Agro Tech, and Bio-Tech are other
companies that do the same. Some of the huller designs manufactured included
single-chamber centrifugal impact huller developed by Victor and AWM and
improved by Dhan foundation and TNAU; double-chamber centrifugal impact huller
developed by Dhan foundation and TNAU; CIAE model abrasive huller by CIAE,
Bhopal, offered by Perfura; portable impact huller, 200-400 kg/h capacity; and table
top impact huller developed by Dhan foundation. These equipments were found to
perform well for small millets; still there are several modifications which are
required to harness best possible mechanical processing of small millets (Fig. 6.2).

A new improvised design of millet processing was developed by McGill. For
usage in homes, a hand-operated rubber roller dehuller has been created. The
prototype was tested on various millets, including foxtail and kodo millets, as part
of Mr. Subhash Palaniswamy’s master’s thesis. After two passes, the efficiency of
this dehuller for small and foxtail millets is over 90%. In India, the hand-operated
dehuller is prepared for transfer and expansion. Dr. Samson Sotocinal of SAS
Technologies designed and constructed a large-scale rubber roller dehuller at McGill
with a theoretical processing capacity of 175 kg of small millet per hour. When it
was first tested with small millet, it had a one-pass efficiency of about 90% (Fig. 6.3).

The development of a double-chamber centrifugal dehuller resulted in its basic
components being a feed hopper, two cast iron centrifugal chambers, impellers with
curved vanes, a blower, and separate exits for collecting kernel and husk. A 5-hp
motor with an appropriate power transfer system powers the device. Additionally, a
grain elevator is offered to make it simple to feed grains into the machine. When the
machine is running, the hopper’s contents are thrown against the cast iron chamber at
a high speed after entering the impeller through the feed housing, where they gain
momentum. Impact causes the husk to split, and the kernel is then freed from the
husk (Durairaj et al. 2019).

The 2-3-month shelf life of dehulled tiny millets is a significant barrier to the
commercialization of small millet products. The presence of more fat than other
cereals and the degradation of its triglycerides through lipolysis and subsequent
oxidation of de-esterified unsaturated fatty acids are blamed for the poor keeping
quality of small millet grains. The hydrolysis of the triglyceride, which causes the
off-odor and taste in the flour and its products, is caused by the lipase enzyme, which
is concentrated in the pericarp, aleurone layer, and germ. Several institutes are
conducting storage trials incorporating three different settings, namely, vacuum
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Fig. 6.2 Victor single-chambered CF dehuller (left) and AVM single-chamber CF dehuller with
grader (right)

packing, modified atmosphere packaging, and hermetic storage, to extend the
shelf life.

6.4 Bioprocessing Processing in Millets

Due of polyphenols’ positive impact on diabetes prevention, interest in them has
increased. Millets are a group of ancient plants that are both food and animal feed
and are high in polyphenols. They are cultivated all throughout the world and have
been developed to produce under hot, dry circumstances. Millets include
polyphenols that have antidiabetic effects. Millet, however, is typically consumed
following heating, germination, fermentation, and other processing techniques,
which could change the polyphenol content and hence impair their capacity to
fight diabetes. Millets are typically processed using a variety of techniques at
home. These techniques include milling, soaking, cooking, roasting, germination
and fermentation. The number of polyphenols in the finished product can be altered
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Fig. 6.3 Enterprise level
rubber roller type dehuller
developed by McGill

by methods. There are other additional processing techniques as well, including as
soaking, grinding, shelling, high-pressure, ultrasound, and microwaving. These
processes can alter the polyphenol content of millets and the physicochemical
features and eating quality qualities of millets. Cereal processing methods include
soaking and dehulling. Typically, millets are dehulled before processing. Millets can
be processed, whereas soaking can be employed to lower the amount of several anti-
nutritional components. In germinated foxtail, high-pressure soaking can raise the
TPC and lower the levels of tannins and other antinutrients. In addition to soaking
and dehulling, milling is frequently utilized to minimize particle size for further
processing by maximizing endosperm, bran, and germ separation.

Additionally, the use of ultrasonography, enzyme therapy, and their combination
have an impact on the amount of certain polyphenols in millets. Ultrasonication
(UA) and UA following enzyme treatment with xylanase (XUA), both of which
increased the TFC extraction rates, were 1.4- and 1.3-fold higher than tannin
extraction rates were 1.1- and 1.2-fold higher. Additionally, XUA resulted in a
greater extraction of phenolic compounds in finger tissues compared to UA. In finger
millet treated with UA and XUA samples, there were 3-(3’/-malonyl) glucoside
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cyaniding, 6-C-pentosyl-8-C-pentosyl luteolin, and trimers of catechins. Moreover,
the caffeic acid derivatives, which may have been released by xylanase, were
exclusively found in finger millet that had undergone XUA processing, such as
caffeoyl and dicaffeoyl shikimic acids. Although polyphenols are initially found in a
stable. Exogenous enzyme therapy can lower millets’ polyphenol content in their
natural grain form. Additionally, microwave therapy caused various effects on the
polyphenol content of various millets (Wang et al. 2022).

Numerous research has exclusively examined the changes in the past in the
antioxidant capacity and polyphenol levels before and after processing. There has
not been many comparison research on how polyphenols change both before and
after processing impact diabetics. During processing, polyphenols are reduced
potentially interfere with any positive effects on diabetes. Moreover, even though
catechins and ferulic acid, two polyphenols, are well-known for their effects on
inflammation, blood sugar, and antioxidants, among others. Additionally, millets’
traces of polyphenols and their derivatives must be investigated to determine their
possible health advantages for people.

6.5 Conclusions

Small millets processing units are being encouraged at the village level in production
regions because the presence of local processing infrastructure is anticipated to
lessen labor-intensive processing, which is anticipated to increase small millets’
uptake. Various preliminary processing of millets has been developed and improved.
In bioprocessing of millets, several technologies are still in pipeline. Several
methods of extraction, encapsulation, and bioavailability have been researched in
recent past to improve the utilization of millets, as the millets are hub of many
nutrients. There is a wide scope of processing in millets to achieve its maximum
utility and to realize it as wonder food using modification in traditional processing
and improved processing technologies.
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Abstract

Small millets comprise of a group of cereals widely cultivated and consumed
across the arid and semi-arid parts of the world. These cereals are highly
nutritious and show excellent adaptability to various biotic and abiotic stress
conditions. Nevertheless, these grains have remained largely underutilized owing
to their coarse nature. With climate change and malnutrition becoming major
concerns across the globe, the small millets are receiving greater attention
recently. Furthermore, the increased incidence of chronic lifestyle disorders has
led to an upsurge in consumer preference towards foods including the small
millets with potential health-promoting attributes. The small millet grains are
nutritionally rich and are good sources of protein and dietary fibre. Further, these
grains are rich sources of micronutrients including minerals, viz. calcium, iron,
zinc and B vitamins including thiamine, niacin, riboflavin, etc. The small millet
grains are also good source of phytochemicals especially phenolic compounds
with potential human health beneficial effects. In this chapter, the nutritive value,
phytochemical composition and potential health promoting effects of small
millets including finger, foxtail, little, proso, kodo and barnyard are presented.
We have also described the impact of different processing techniques on the grain
nutritional characteristics.
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7.1 Introduction

Millets encompass a group of small-seeded cereals belonging to the grass family,
Poaceae. They are widely cultivated across the arid and semiarid parts of the world,
where they assume significance as staple crops, providing food and nutritional
security to the resource-constrained people. Millets include the major millets as
well as the small or minor millets; Sorghum (Sorghum bicolor) and pearl millet
(Pennisetum glauccum) are the major millets. The small millets, named so owing to
their small size, include finger millet (Eleusine coracana (L.) Gaertn.), foxtail millet
(Setaria italica (L.) P. Beauv.), proso millet (Panicum miliaceum (L.)), barnyard
millet (Echinochloa frumentacea (Indian barnyard millet); Echinochloa esculenta
(A.) Braun; Japanese barnyard millet), kodo millet (Paspalum scrobiculatum (L.))
and little millet (Panicum sumatrense Roth. ex. Roem. & Schult.).

Millets including the small millets are hardy crops and exhibit agronomical
superiority in terms of their shorter growing seasons, wider adaptability to different
environments, ability to grow in marginal lands and requirement of lesser inputs and
minimum incidences of biotic stress (Bandyopadhyay et al. 2017; Vetriventhan et al.
2020; Malleshi et al. 2020). Small millet grains are regarded as ‘nutri-cereals’, as
they are highly nutritious and possess excellent nutraceutical value. They house a
plethora of micronutrients and bio active phytochemicals with human health-
promoting attributes. Despite their nutritional and agronomical superiority, these
grains have been largely ignored for long years mainly because of the lack of
awareness (Majid and Priyadarshini 2020). However, recently, as there is an
increased consumer preference for healthy foods, these grains are regaining their
significance globally. Increasing research on its health benefits shows that small
millets can be exploited as potential therapeutic foods in the management of chronic
lifestyle disorders including diabetes mellitus, hypertension, obesity, etc.
(Chaudhary Kanchan 2013; Ren et al. 2016; Anis and Sreerama 2020). These grains
are now regarded as promising crops for the future owing to their climate-smart
nature and sustainable food and nutritional security and adding diversity to food
basket. This chapter is focussed on the nutritional aspects, composition of
phytochemicals and the potential human health benefits of the underutilized small
millets.

7.2 Nutritive Value of Small Millets

The small millet grains differ from one another in different characteristics including
grain type, size, shape, colour, 1000 kernel weight, etc. (Fig. 7.1; Table 7.1). Most
small millets possess husk which has to be removed to produce edible form of the
grain. An exception is finger millet; as are utricles, the pericarp layers can be easily
removed by rubbing.

The nutritional composition of small millets may vary depending on the grain,
genotype and environment among other factors (Vetriventhan et al. 2020). The
balanced nutritional composition of small millets in comparison with other
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Finger millet Foxtail millet Little millet

Proso millet Kodo millet Barnyard millet

Fig. 7.1 Different types of small millets

commonly consumed cereals including rice, wheat and maize is presented in
Table 7.2. The small millet grains contain about 60—78% carbohydrates, 6-12.3%
protein, 1.9-4.3% fat and 1.3-2.7% ash. The grains are rich in total dietary fibre and
also micronutrients including minerals and B vitamins. They also contain
phytochemicals such as phenolic compounds with potential bioactivities.

7.2.1 Carbohydrates

As with most other cereals, carbohydrates are the major nutritional component of
small millets with starch as the main carbohydrate. The total starch of small millet
grains varies with a content of 55-65% (finger millet), 56-73% (foxtail millet),
42-51% (little), 58—77% (proso millet), 47-60% (kodo millet) and 48—60% (barn-
yard millet) (w/w) db (reviewed in Kaimal et al. 2021). Millet starch is composed of
approximately 20-30% amylose and 70-80% amylopectin. Nevertheless, small
millets including foxtail, finger and proso also have genotypes with waxy (high
amylopectin)-type grains like that of sorghum (Serna-Saldivar and Espinosa-
Ramirez 2019; Taylor 2017).

Regarding the starch granule morphology, finger, proso, kodo and little millets
contain two types of starch granules, viz. large polygonal type and small polygonal
and/or round type. Finger millet also contains compound type granules, which is
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Table 7.1 Small millets: general description

Common Grain Grain shape; | 1000 kernel
name Scientific name type Grain colour | size weight (g)
Finger Eleusine coracana Utricle Light to Round or 23
millet dark brown globose
1.2-1.8 mm
()
Foxtail Setaria italica Caryopsis | Pale to Ovoid 2.0
millet yellow 1-2 mm (d)
orange
Little Panicum Caryopsis | Grey, paleto | Elliptical to 1.9
millet sumatrense straw oval
1.8-1.9 mm
®
Proso Panicum miliaceum | Utricle White to Oval 6.1
millet yellow 3 mm (1) and
orange 2 mm (d)
Kodo Paspalum Caryopsis | Dark brown | Elliptical to 6.7
millet scrobiculatum to blackish oval
2.5 mm (1)
Barnyard | Echinochloa Caryopsis | Pale Tiny 4.2
millet [frumentacea elliptical to
(Indian) oval
Echinochloa 2 mm (1)
esculenta
(Japanese)

Information from Taylor (2017); Serna-Saldivar and Espinosa-Ramirez (2019)
d diameter, / long

Table 7.2 Nutritional composition of small millets in comparison with rice, wheat and maize

Protein Fat Ash Carbohydrate | Total dietary fibre

Grain (%) (%) (%) (%) (TDF) Energy
Finger millet 7.16 1.92 2.04 66.8 11.2 320
Foxtail millet | 12.3 4.30 2.6 60.1 10.7 331
Little millet 10.13 3.89 1.34 65.5 7.7 346
Proso millet 11.5 3.5 2.7 64.5 9.6 341
Kodo millet 8.92 2.55 1.72 66.2 6.4 331
Barnyard 6.2 2.20 1.3 65.5 12.6* 307
millet

Rice, raw, 7.9 0.52 0.56 78.24 2.81 356
milled

Wheat, 10.59 1.47 1.42 64.72 11.2 321
whole

Maize, dry 8.8 3.7 1.17 64.7 12.2 334

Source: Longvah et al. (2017); Indian food composition tables; Malleshi et al. (2020)
% Roopashree et al. (2014)
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made up of closely packed small granules (McDonough et al. 1986; Kumari and
Thayumanavan 1998). Depending on the rate of enzymatic hydrolysis upon inges-
tion, starch can be categorized in to three types, viz. rapidly digestible (RDS), slow
digestible (SDS) and resistant starch (RS). Though there is a variation in the time
taken for hydrolysis (as the name suggests), both RDS and SDS are absorbed in the
small intestine, while RS remains unabsorbed and gets fermented in the large
intestine (Kaimal et al. 2021). RS imparts several health benefits including potential
antidiabetic effect. As they are resistant to digestion, RS is now a days included
along with the dietary fibre component of food. A study of nine land races from
Taiwan reported RS content, which amounted up to 35.2-51.2% (% of total starch)
which was reported (Yin et al. 2019). Sharma and Gujral (2020) reported the RS
content of small millet whole grain flours in %/100 g starch: finger (30.17), foxtail
(25.25), barnyard (28.17), kodo (30.87), little (29.93) and proso (21.99).

Dietary fibre is defined as ‘the edible parts of plant or analogous carbohydrates
that are resistant to digestion and absorption in the human small intestine with
complete or partial fermentation in the large intestine’ (AACC 2000; https://www.
cerealsgrains.org/resources/definitions/Pages/DietaryFiber.asp). Consumption of
foods rich in dietary fibre is known to impart health benefits, viz. improved gut
health, reduced gastrointestinal transition time and slow release of glucose in to the
blood stream among others (Kaur et al. 2014). Hence, dietary fibre is regarded as a
potential functional food component. Small millets are among the rich sources of
dietary fibre. The total dietary fibre content in small millets range from about 6% in
kodo millet to 12.6% in barnyard millet. As with other cereals, the dietary fibre is
mainly distributed in the pericarp as well as endosperm cell walls. The total dietary
fibre includes the soluble and insoluble dietary fibre; in general, insoluble dietary
fibre is the major fraction in small millets contributing about from 58% to 95% of the
TDF (Serna-Saldivar and Espinosa-Ramirez 2019). The insoluble and soluble die-
tary fibre content (%) of the small millets are finger (9.5;1.7), foxtail (8.7;1.8), little
(5.5;2.3), proso (9.3;1.9), kodo (4.3;2.1) and barnyard (8.8;1.1), respectively
(Malleshi et al. 2020; Longvah et al. 2017).

The soluble sugars, viz. glucose, fructose and sucrose, form the minor carbohy-
drate component of the small millet grains with a content of approximately 1%
(Taylor 2017).

7.2.2 Protein

Small millets are gluten-free and hence serve as important source of dietary protein
for celiac patients. The highest protein content among the small millets is reported in
foxtail millet (12.3%) and proso millet (11.5%). Grain proteins are mainly
concentrated in the protein bodies of endosperm. Prolamin is the major protein
fraction in the small millets, viz. finger and foxtail millet, while, glutelins contribute
the major protein fractions in barnyard, proso, kodo and little millet. In finger millet,
along with prolamins, glutelins also form a major fraction (Taylor 2017; Serna-
Saldivar and Espinosa-Ramirez 2019; Sachdev et al. 2020). The essential amino acid
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Table 7.3 Essential amino acids present in millets (g/100 g protein)

Cereals HIS ILE LEU LYS |MET |PHE |THR |TRP |VAL
Finger millet 237 |3.70 8.86 |2.83 2.74 5.70 3.84 0.91 5.65
Foxtail millet 2.14 1455 1196 142 |2.69 6.27 3.89 132 |5.49

Little millet 235 |4.14 8.08 242 221 6.14 | 4.24 1.35 531
Proso millet 2.1 4.1 12.2 1.5 22 5.5 3.0 0.8 5.4
Kodo millet 223 444 11084 |1.91 2.73 9.56 |3.85 132 |6.78

Barnyard millet |2.42 [6.04 |1246 |2.13 3.08 6.86 |4.72 1.31 6.59
Source: Longvah et al. (2017), Indian food composition table; Sachdev et al. (2020)

composition of small millets is presented in Table 7.3. Small millets have a balanced
essential amino acid composition; however, like in most other cereals, lysine is the
limiting essential amino acid. Apart from the essential amino acid profile, the protein
quality is characterized in terms digestible indispensable amino acid score (DIAAS).
The DIAAS for proso and foxtail millet are only about 7 and 10, respectively, as
compared to the pseudocereal common buckwheat with DIAAS of 68, implicating
the latter is a better-quality protein source (Han et al. 2019; Sachdev et al. 2020).

7.2.3 Fat

Fat is relatively a minor constituent of small millet grains. It is mainly concentrated
in the germ layer like in other cereals. Among the small millets, foxtail millet has
relatively higher fat content (4.3%) probably due to its larger germ layer. Finger
millet has a lower fat content of about 1.9% and has been implicated in the better
storage stability of the grains (Malleshi et al. 2020). With respect to fatty acid
composition, small millets contain a good amount of unsaturated fatty acids. Further,
the essential fatty acids including linoleic and linolenic acids have been detected in
small millets. The monounsaturated oleic acid is an important component of fats in
small millets (Taylor 2017).

7.2.4 Micronutrients

Minerals and vitamins constitute the important micronutrients. Small millets are
good sources of mineral nutrients; the important minerals present in small millets as
compared to wheat, rice and maize are presented in Table 7.4. The minerals are
mainly located in the outer layers, viz. bran of the grain. The calcium content of
finger millet is 364 mg/100 g, which is much higher as compared other small millets
and cereals. Barnyard millet (5 mg/100 g) and also finger millet (4.6 mg/100 g) are
good sources of iron, which can meet about 90% of the daily recommended iron.
Foxtail millet contains good amount of iron and zinc. Also, all the small millets are
good source of potassium and magnesium among other the minerals.
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Table 7.4 Micronutrient composition of small millets (mg/100 g)

B vitamins Minerals
Grain Thiamine | Riboflavin | Niacin | Calcium | Magnesium | Iron Zinc
type (mg) (mg) (mg) (mg) (mg) (mg) | (mg)
Finger 0.37 0.17 1.3 364 146 4.6 2.5
millet
Foxtail 0.59 0.11 32 31 81 2.8 2.4
millet
Little 0.26 0.50 1.3 16 91 1.3 1.8
millet
Proso 0.20 0.18 2.3 15 153 0.8 1.4
millet
Kodo 0.29 0.20 1.5 15 122 2.3 1.6
millet
Barnyard 0.33 0.10 4.2 20 82 5.0 33
millet
Wheat 0.46 0.15 2.7 39.3 125 3.97 2.8
(whole)
Rice (raw, |0.05 0.05 1.7 7.5 19.3 0.65 1.21
milled)
Maize 0.33 0.09 2.69 8.9 145 2.5 2.3
(dry)

Source: Longvah et al. (2017), Indian food composition tables

Regarding vitamins, all the small millets like other cereals, are good sources of B
vitamins including thiamine, riboflavin, niacin and folic acid (Table 7.4). The B
vitamins are concentrated mainly on the bran layer of the grains (Taylor 2017). The
small millets contain vitamin E (tocopherols) with contents like most other cereals
with contents in finger, little and kodo millets 0.16, 0.55 and 0.07 mg a-tocopherol
equivalents/100 g, respectively (Longvah et al. 2017). Carotenoids, the terpenoid
pigments with various physiological roles, have been reported in small millets. In
addition to their role in phytohormone synthesis, protection from UV radiation and
antioxidant activity, certain carotenoids, viz. a- and p-carotene, exhibit pro-vitamin
A activity. The total carotenoid content of small millets including finger, little,
foxtail and proso millets varied from 199, 78, 173 and 366 pg/100 g, respectively
(Asharani et al. 2010). The major carotenoids identified in proso millet includes
lutein and zeaxanthin which exhibits very little pro-vitamin activity (Zhang et al.
2014). Similarly, all-frans lutein and all-trans zeaxanthin are among the prominent
carotenoids reported in foxtail millet (Shen et al. 2015). B-carotene is reportedly
among the minor carotenoids in small millets (Shen et al. 2015; Taylor 2017).

7.2.5 Antinutrients: Tannins and Phytic Acid

Like most other cereal grains, small millets also contain some phytochemicals with
anti-nutritional properties. Phytic acid (myo-inositol 1,2,3,4,5,6-hexakis dihydrogen
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phosphate) is among the major anti-nutrients identified in small millets. Phytate
serves as the major storage form of phosphorous in cereals. It forms complex with
mineral ions especially divalent cations, viz. Ca**, Mg?*, Zn**, etc., and interferes
with their bioavailability. Protease inhibitors including the trypsin and chymotrypsin
inhibitors have been reported in small millets, viz. finger and barnyard millets
(Pattabiraman 1986; Udupa and Pattabiraman 1985). Also, among the small millets,
some cultivars of finger millet reportedly have condensed tannins. Protease
inhibitors and condensed tannins are known to interfere with the digestibility of
small millet grains.

7.3 Phytochemical Composition of Small Millets

In addition to the balanced macronutrient content, millets also have a rich content of
phytochemicals with potential bioactivities. Phenolic compounds are among the
dominant phytochemicals in millets as in most cereals. Also, millets, both major
and minor millets, consist of substantially higher amounts of phenolic
phytochemicals than in other staple cereals (Taylor and Duodu 2015). The composi-
tion of phenolic compounds and their abundance depend on the variety of small
millet and also the environmental factors among others.

Phenolic compounds are secondary metabolites that serve several physiological
functions in plants including defence against biotic stress, viz. pathogens. Phenolic
compounds are distributed along the outer layers of the grain including the bran
layer. Small millet phenolics include the soluble and insoluble phenolics: the soluble
forms are those found in free forms or those which are esterified or etherified to
soluble carbohydrates; insoluble form includes the phenolics that are found esterified
to the cell wall polysaccharides. The general structure of phenolic compounds
consists of a phenol benzene ring with hydroxyl OH group as the basic components
which is further substituted. Like in the major millets, viz. sorghum and pearl millet,
phenolic acids and flavonoids are the major phenolic compounds present in small
millets also. Further, tannins (discussed along with the antinutrients), the polyphe-
nolic compounds consisting of flavan-3-ol units including catechin and/epicatechin
and epigallocatechin, are found in some varieties of finger millet (Dykes and Rooney
2006).

The total phenolic content (TPC) of finger millet genotypes has been reported in
several studies (Viswanath et al. 2009; Chandrasekara and Shahidi 2010; Kumari
et al. 2016) with each of these studies quantifying the phenolic content in a different
fraction, viz. soluble, bound, hull, whole grain and or dehulled finger millet grain.
The TPC of soluble phenolic fraction as reported by Chandrasekara and Shahidi
(2010) in finger millet were up to 31.39 pmol ferulic acid equivalents/g (FAE/g) of
defatted meal and for the bound fraction; it was up to 3.83 umol FAE/g of defatted
meal. Thus, in comparison with the bound fraction, soluble fraction had been found
to have higher phenolic contents (Chandrasekara and Shahidi 2010). Regarding the
total flavonoid content (TFC), the soluble fraction of finger millet exhibited about
7 pmol catechin equivalents/g (CE/g) of defatted meal, while in the bound fraction, it
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was 1.05 pmol CE/g of defatted meal (Chandrasekara and Shahidi 2010). Also, the
condensed tannin content (CTC) was reported to be 17.65 + 3.95 mg CE/100 g dry
weight (DW) (Ofosu et al. 2020).

For foxtail millet, earlier studies revealed a similar TPC in the soluble and bound
fractions with a content of 10.79 + 0.82 and 11.59 + 0.23 pmol FAE/g of defatted
meal, respectively (Chandrasekara and Shahidi 2010). A study on the TPC of whole,
dehulled, hull, pearled and bran fractions showed that the hull and bran fractions
possessed higher content of phenolics (Pradeep and Sreerama 2018). The TFC
content in foxtail millet was reported as 1.26 + 0.03 CE/g of defatted meal in the
soluble fractions which is higher as compared to the bound fractions
(0.47 + 0.09 pmol CE/g of defatted meal).

A high phenolic content of up to 368 mg catechol equivalents/100 g was reported
for the dry flour of kodo millet (Hegde and Chandra 2005). Further, TPC determina-
tion by Chandrasekara and Shahidi (2010) revealed that the TPC of the whole kodo
millet was 32.39 and 81.64 pmol FAE/g defatted meal, respectively, in the soluble
and the bound fractions. Further, the TFC of kodo millet ranged up to 33.71 and
4.53 pmol CE/g defatted meal of the soluble and bound fractions. Also, the study
showed that whole grain kodo millet displayed the highest phenolic content among
the studied grains, finger, foxtail, little and proso millet among others.

Regarding proso millet, the TPC of bound extracts was lower as compared to the
soluble fraction with a content of 7.19 and 2.21 pmol FAE/g defatted meal in the
soluble and bound phenolic fractions, respectively (Chandrasekara and Shahidi
2010). More recently, evaluation of TPC in 14 proso millet cultivars from Northern
China showed that soluble fraction exhibited TPC of 592—-1510 mg FAE/kg DW,
while in the insoluble fraction, 1146-2436 mg FAE/kg DW were found in the
insoluble phenolic fractions (Yuan et al. 2021). The TFC of 1.18 and
0.44 pmol CE/g of defatted meal in the soluble and bound fractions of whole
proso millet has been reported (Chandrasekara and Shahidi 2010). Only few studies
are available regarding the phenolic content and composition in barnyard and little
millet grains. Ofosu et al. (2020) reported the TPC of 129.5 + 4.95 mg FAE/100 g
DW, TFC of 101.3 + 10.4 mg CE/100 g DW and CTC of 59.54 +4.63 mg CE/100 g
DW in barnyard millet. Little millet whole grain was found to exhibit a TPC of 12.67
and 9.64 pmol FAE/g of defatted meal in the soluble and bound extracts, respec-
tively. Further, Pradeep and Sreerama (2018) reported a TPC of 9.6-20.9 and
3.0-4.5 pmol FAE/g in the soluble and bound phenolic fractions, respectively, in
little millet cultivars. Both the reports show that the phenolic content is higher in the
soluble fractions. The major phenolic acids and flavonoids detected in the small
millets (both in bound and soluble fractions) are presented in Tables 7.5 and 7.6,
respectively.
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Table 7.5

Small
millets

Finger
millet

Foxtail
millet

Little
millet

Proso
millet

Kodo
millet

Barnyard
millet

Phenolic acids identified in small millets

Phenolic acids
Hydroxy benzoic acid
p-Hydroxybenzoic,
protocatechuic,
syringic, gentisic,
gallic and vanillic
acid

Gallic,
protocatechuic, p-
hydroxy benzoic,
gentisic, vanillic and
syringic acid

Gallic acid,
dihydroxy benzoic
acid and vanillic acid
Vanillic acid, p-
hydroxy benzoic acid,
syringic acid

Protocatechuic, p-
hydroxy benzoic,
gallic, syringic,
vanillic

Hydroxy cinnamic acid
Sinapic, ferulic, p-
coumaric, caffeic,
chlorogenic acid and trans-
cinnamic

Caffeic, trans-cinnamic, p-
coumaric, chlorogenic
acid, sinapic and trans-
ferulic acid

Caffeic acid, chlorogenic
acid, ferulic acid, sinapic
acid and p-coumaric acid
Caffeic acid, ferulic acid,
p-coumaric acid,
chlorogenic acid;
Chlorogenic acid and
ferulic acid dehydrodimers
Caffeic, p-coumaric acid,
chlorogenic, sinapic, trans-
ferulic, cinnamic acid

Table 7.6 Flavonoids identified in small millets

Small
millet
Finger
millet

Foxtail
millet

Little
millet

Proso
millet
Kodo
millet
Barnyard
millet

Flavonoids

V. M. Malathi et al.

References

Viswanath et al. (2009),
Chandrasekara and
Shahidi (2011), Hithamani
and Srinivasan (2014)

Chandrasekara and
Shahidi (2011), Zhang and
Liu (2015), Kumari et al.
(2016), Pradeep and
Sreerama (2017)

Pradeep and Sreerama
(2018)

Zhang et al. (2014),
Mattila et al. (2005),
Chandrasekara and
Shahidi (2010, 2011)

Chandrasekara and
Shahidi (2011)

References

Quercetin, epicatechin and apigenin, catechin
derivatives, daidzein, gallocatechin and
epigallocatechin

Catechin, myricetin, luteolin, daidzein,
quercetin, apigenin, naringenin and
kaempherol

Apigenin, kaempferol and luteolin

Rutin and kaempherol

Vitexin, isovitexin, apigenin, luteolin and
quercetin

Luteolin, tricin, catechin, kaempferol,
apigenin, isorhamnetin and
3,7-dimethylquercetin

Xiang et al. (2019a),
Chandrasekara and Shahidi
(2011)

Chandrasekara and Shahidi
(2011), Pradeep and Sreerama
(2018)

Chandrasekara and Shahidi
(2011), Pradeep and Sreerama
(2018)

Seo et al. (2011)

Chandrasekara and Shahidi
(2011)

Watanabe et al. (1999), Ofosu
et al. (2020)
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7.4 Potential Human Health Benefits of Small Millets

Small millets, owing to their balanced macronutrient content and abundant
micronutrients and phytochemicals, exhibit potential human health beneficial
effects. Recent research has demonstrated the potential of small millets and/or
their bioactive components in imparting beneficial effects in ameliorating chronic
diseases through in vivo and in vitro studies.

The potential health benefits of small millets and/or their bioactive principles are
described here under:

7.4.1 Mitigation of Micronutrient Deficiencies

The rich content of micronutrients present in small millets helps to tackle micronu-
trient deficiencies that are prevalent across all age groups. Regular consumption of
small millets could supplement the micronutrients including Ca, Mg, K, Fe, Zn, etc.
which are vital for human health and wellbeing. Finger millet, which is an abundant
source of calcium, could alleviate the complications associated with calcium defi-
ciency. Studies on calcium retention in children in the age group of 9-12 suggested
that there was significant calcium retention which could in turn help in bone
accretion during growth upon consumption of finger millet-based diets (Joseph
et al. 1958; Kurien and Doraiswamy 1967). Further, a recent study by Sahaya
et al. (2021) reported that finger millet supplement along with physical activity
could improve the calcium levels and bone mineral density in premenopausal
women.

The role of millets in improving haemoglobin levels and reducing iron deficiency
anaemia have been reported (Anitha et al. 2021). Supplementation of health mix
based on small millets, viz. kodo, little, foxtail and finger millet and wheat as well as
pulses among other ingredients, could improve haemoglobin level in primary school
children. Also, Moharana et al. (2020) reported the significant increase in
haemoglobin levels upon consumption of finger millet-based meal, ladoo, in a
study conducted in adolescent female subjects.

7.4.2 Antioxidant Activity

Oxidative stress and the concomitant generation of free radicals are among the
factors implicated in the development and progression of several lifestyle disorders,
viz. cardiovascular diseases, diabetes mellitus, etc. Dietary antioxidants play an
important role in improving the redox status and thus preventing these ailments.
Hegde and Chandra (2005) evaluated the DPPH radical scavenging activity of
methanolic extracts of millets including kodo, finger, little, foxtail and barnyard
among others by ESR spectroscopy and showed 28-70% radical scavenging activ-
ity. Among the studied small millets, kodo millet was found to show the maximum
activity. Furthermore, a lower radical scavenging activity in the white varieties of
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small millets as compared to their coloured counter parts was demonstrated in the
study, implicating the role of seed coat phenolics in imparting antioxidant activity.
High-antioxidant activity in terms of reducing power, trolox equivalent antioxidant
capacity, f-carotene linoleate system and ferrous ion chelation have been reported in
the soluble and bound phenolic extracts of kodo, finger, foxtail, proso and little
millet whole grains (Chandrasekara and Shahidi 2010). Also, the ferrous ion chelat-
ing activity and singlet oxygen quenching ability of the phenolic extracts of the small
millet phenolic extracts have been previously demonstrated (Chandrasekara and
Shahidi 2011). The effect of variety and cultivation location on antioxidant activity
of Sri Lankan proso, finger and foxtail millet grains as studied in vitro through DPPH
radical scavenging, ferrous ion chelating ability, reducing power and trolox equiva-
lent antioxidant capacity and p-carotene linoleate system have been reported
(Kumari et al. 2016). The study showed that finger millet exhibited higher phenolic
content and antioxidant activity as compared to the proso and foxtail millet grains.
Recent in vitro studies reporting the antioxidant activities in small millet-bioactive
components have been presented in Table 7.7.

7.4.3 Antihypertensive Activity

Recent studies report the antihypertensive role of small millets. One such study
evaluated the ability to reduce blood pressure in spontaneously hypertensive rats by
feeding 200 mg/kg o foxtail millet (raw, extruded and fermented) protein
hydrolysates for 4 weeks. As compared to control, the rats fed with the hydrolysate
exhibited lower blood pressure with the raw and extruded hydrolysates being more
effective. Also, the serum angiotensin converting enzyme and angiotensin II levels
were low in the treated rats, demonstrating the potential role of the hydrolysates in
ameliorating hypertension (Chen et al. 2017).

7.4.4 Hypolipidemic Activity

Small millets including foxtail, barnyard, etc. exhibit lipid-lowering effect.
Nishizawa et al. (2009) reported decrease in serum triglycerides and increase in
HDL cholesterol upon feeding Japanese barnyard millet protein to diabetic mice.
Lowering of serum triglycerides upon feeding foxtail and proso millet on
hyperlipidaemic rats was reported (Lee et al. 2010). In another study, aqueous
extract of foxtail millet grains was found to show beneficial effects in terms of
lowering triglycerides, total cholesterol and LDL cholesterol in diabetic, treated rats
as compared to the control (diabetic, untreated) (Sireesha et al. 2011).
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Table 7.7 Studies establishing antioxidant activity of small millet grains and/or their bioactives

Small
millet

Finger
millet

Foxtail
millet

Little
millet

Proso
millet

Kodo

Source

Methanolic extract
Crude phenolic extract

Seed coat phenolic
extract

Phenolic extract

Peptide from finger
millet protein
hydrolysate
Ethanolic extract

Methanolic and
ethanolic extract

‘Whole flour and bran
rich methanolic and
ethanolic fraction

Insoluble fibre from
white and yellow foxtail
millet

Alkaline extracted
polysaccharide

Phenolic extract
Phenolic extract
Ethanolic extract
Ethanol extract and
alkali extract
Phenolic extract
Phenolic extract
Methanolic extract

Phenolic extract

Phenolic and y-amino
butyric acid extracts of
kodo millet flour

Antioxidant property

Quenching of DPPH and hydroxyl
radicals

DPPH radical scavenging

Inhibition of free radicals generated
through p-carotene-linoleate system

DPPH, ABTS scavenging and ORAC

ABTS, DPPH, hydroxyl radical
scavenging and metal chelating

DPPH and ABTS radical scavenging
ABTS, DPPH scavenging

DPPH radical scavenging and
reducing power

DPPH and ABTS radical scavenging
activity

DPPH and hydroxyl radical
scavenging activity

DPPH scavenging, reducing power,
hydrogen peroxide scavenging,
ferrous ion chelating

DPPH, ABTS" scavenging and
ORAC assays

DPPH and ABTS radical scavenging
DPPH, FRAP scavenging

DPPH scavenging, reducing power,
hydrogen peroxide scavenging,
ferrous ion chelating ability

Peroxy radical scavenging effect
DPPH, ABTS and FRAP assay
DPPH, ABTS and FRAP assay

Total antioxidant capacity, DPPH,
FRAP, metal chelating ability and
hydrogen peroxide scavenging
activity

Peroxy radical scavenging activity

Reference
Sripriya et al.
(1996)
Chethan et al.
(2008)
Viswanath

et al. (2009)
Xiang et al.
(2019a)
Agrawal

et al. (2019)

Ofosu et al.
(2020)
Jayawardana
et al. (2022)
Suma and
Urooj (2012)

Bangoura
et al. (2013)

Zhu et al.
(2015)
Pradeep and
Sreerama
(2018)
Xiang et al.
(2019b)
Ofosu et al.
(2020)
Kuruburu

et al. (2022)
Pradeep and
Sreerama
(2018)
Zhang et al.
(2014)

Shen et al.
(2018)
Yuan et al.
(2021)
Sharma et al.
(2021)

(continued)
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Table 7.7 (continued)

Small
millet Source Antioxidant property Reference
Barnyard | Ethanol extract of Watanabe
millet Japanese barnyard millet (1999)
Ethanolic extract DPPH and ABTS radical scavenging Ofosu et al.
(2020)

DPPH 2.,2’-Diphenyl-1-picrylhydrazyl radical, ORAC oxygen radical absorbance capacity, ABTS
2,2’-Azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt, FRAP ferric-reducing
antioxidant power/ferric-reducing ability of plasma assay

7.4.5 Anti-inflammatory Activity

Small millets exhibit an anti-inflammatory effect, in turn reducing the risk of acute
and chronic diseases associated with inflammation. Lee et al. (2010) reported
significantly low levels of C-reactive protein in hyperlipidaemic rats fed with foxtail
millet, thus demonstrating the beneficial effect of foxtail millet on the inflammation.
The anti-inflammatory effect of peptide fraction derived by Alcalase treatment from
foxtail millet prolamin has been studied using LPS-stimulated RAW264.7 murine
macrophages. The results demonstrated that the peptide fraction, MPP
(MW < 1 kDa), could significantly reduce inflammation by inhibiting nitric oxide
and pro-inflammatory cytokines, viz. TNF-«, interleukin-6 and interleukins, IL-1f
and IL-6 (Ji et al. 2020). More recently, the in vitro anti-inflammatory effect of
methanolic and ethanolic extract of finger millet in terms of arachidonate
S-lipoxygenase, xanthine oxidase, hyaluronidase and oxidative burst inhibitory
activities have been evaluated. The study reported potential anti-inflammatory role
of finger millet with the methanolic extracts showing higher arachidonate
5-lipoxygenase, xanthine oxidase inhibitory activity (Jayawardana et al. 2022).

7.4.6 Anticancer Activity

Most of the in vitro studies involving anticancer activity of small millets are based on
the inhibition of cancer cell proliferation by small millet bioactive components
including the phenolics and peptides. Phenolic extracts from whole millet grains
including those of foxtail, finger, proso, kodo and little among others were evaluated
for its antiproliferative activity in adenocarcinoma cell lines showed that all the
millet extracts could inhibit cell proliferation, with kodo and proso millet extracts
showing 100% inhibition. Furthermore, the extracts could also demonstrate in vitro
inhibition of DNA scission induced by hydroxyl and peroxyl radicals and lipid
peroxidation in liposomes showing their potential in preventing the initiation and
progression of cancer (Chandrasekara and Shahidi 2011). Zhang et al. (2014)
evaluated the in vitro antiproliferative activity of free and bound phenolic extracts
of proso millet in MDA human breast cancer as well as HepG2 human liver cancer
cells. A dose-dependent antiproliferative activity on both the cell lines with free
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extracts showing higher activity has been reported. The study showed that the
antiproliferative activity observed was not owing to cytotoxicity. In another study,
Shen et al. (2018) also demonstrated the antiproliferative activity of proso millet on
MDA-MB-231-human breast cell have been reported. Also, the anti-colon cancer
effect and the mode of action of a 35 kDa peroxidase protein extracted from foxtail
millet bran have been demonstrated in nude mice (Shan et al. 2014, 2015, 2020).
More recently, Kuruburu et al. (2022) analysed the antiproliferative potential of
ethanol and alkali extracts of foxtail millet seeds against breast cancer cells through
sulforhodamine-B assay and reported that both extracts could arrest cancer cell
proliferation.

7.4.7 Antidiabetic Activity

Perhaps the most researched health beneficial effect of millets including the small
millets is their role in the management of diabetes and its associated complications.
Both in vivo and in vitro studies demonstrate the antidiabetic activities of small
millets which are reportedly contributed by its high dietary fibre, resistant starch,
phenolic compounds and bio-active peptides.

Choi et al. (2005) demonstrated the beneficial effect of proso millet protein on
diabetes through improved insulin sensitivity in type 2 diabetic mice. Improved
glycaemic response upon feeding proso millet protein in obese type 2 diabetic mice
has been demonstrated (Park et al. 2008). Beneficial effect on plasma glucose level
and improved insulin sensitivity upon feeding Japanese barnyard millet protein to
diabetic mice has been reported (Nishizawa et al. 2009). Sireesha et al. (2011)
demonstrated significant decrease in fasting blood glucose with a significant
improvement in glycaemic control as evidenced by lower levels of HbAlc by
feeding foxtail millet seed aqueous extract in diabetic treated rats. Bangoura et al.
(2013) reported the in vitro hypoglycaemic effect of insoluble fibres from white and
yellow foxtail millet grains and found that the hypoglycaemic effect comparable to
commercial soy fibre.

More recently, Ren et al. (2021) investigated the mechanism underlying
hypoglycaemic effect of foxtail millet and identified the role of gut microbiota.
Supplementation of foxtail millet in diabetic rats (high-fat diet as well as streptozotin
induced) exhibited hypoglycaemic effect in terms of reduced fasting glucose,
glycated serum protein, etc. Further, through 16S rRNA and liver RNA sequencing,
it was demonstrated that the improved glucose metabolism was at least in part
through the increased abundance of lactobacillus, activation of the PI3K/AKT
signalling pathway and inhibition of the NF-xB signalling pathway. The effect of
Japanese barnyard millet bran on diabetes has been recently investigated (Ito et al.
2022). They demonstrated that rats fed with bran diet showed reduced increase in
blood glucose post feeding as compared to control rats. Bran diet could also lower
polyuria associated with diabetes as well as the HbA1C in diabetic rats. Furthermore,
diabetic rats fed with bran diet had a higher expression of the antioxidant enzyme,
haeme oxidase 1 in the liver.
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The inhibition of carbohydrate-digesting enzymes including o-amylase and
a-glucosidase is considered as a key antidiabetic property as it could help in
regulating the post prandial blood glucose levels. There are several studies
demonstrating the in vitro a-amylase and a-glucosidase inhibitory effect of small
millets especially the phenolic extract. Shobana et al. (2009) demonstrated the
a-amylase and a-glucosidase inhibitory activity of phenolic extracts of finger millet
seed coat. Also, a-amylase and a-glucosidase inhibitory activity ethanolic extracts of
foxtail and proso have been reported (Ju-Sung et al. 2011). More recently the
phenolic extracts of finger, foxtail and barnyard millet (Ofosu et al. 2020)
and Sri Lankan finger millet varieties (Jayawardana et al. 2022) were reported to
exhibit a-amylase and a-glucosidase inhibitory activity.

The role of small millets in reducing the risk of associated complications of
diabetes mellitus has been studied. Hegde et al. (2002) demonstrated the beneficial
effect of methanolic extract of finger and kodo millet by imparting protection against
glycation as well as collagen crosslinking in vitro. Furthermore, the ability of small
millet phenolics in inhibiting nonenzymatic glycation has been reported (Ofosu et al.
2020). Also, Chethan et al. (2008) demonstrated the effect of aldose-reductase
inhibitory activity of finger millet phenolic extracts, thus helps in the management
of diabetes-induced cataract.

7.4.8 Antimicrobial Activity

Several studies reported the antimicrobial activity of small millet phenolics as well as
peptides. Viswanath et al. (2009) found that the seed coat phenolic extracts from
finger millet could inhibit the microorganisms, viz. Bacillus cereus and Aspergillus
niger. Further, foxtail millet peptide with antifungal activity has been reported by Xu
et al. (2011). In another study, Banerjee et al. (2012) demonstrated the antibacterial
activity of finger millet crude phenolic extracts through agar diffusion assay.
Recently, Sharma et al. (2016) showed that kodo millet polyphenols could inhibit
bacterial test indicators, viz. Staphylococcus aureus, Leuconostoc mesenteroides,
Bacillus cereus and Enterococcus faecalis. Bisht et al. (2016) reported antibacterial
activity of peptide from finger millet against Pseudomonas aeruginosa and Salmo-
nella enterica.

7.4.9 Prebiotic Effect

Prebiotics include non-digestible food components that enhance the growth and
activity of the gut associated beneficial bacteria, thereby imparting health benefits
to the host (reviewed in Abdi and Joye 2021). The potential prebiotic role of dietary
fibre from millets including foxtail millet have been found in a study by Farooq et al.
(2013). The study demonstrated that millet dietary fibre upon fermentation by
probiotic bacteria, viz. Lactobacillus rhamnosus, Lactobacillus acidophilus,
Bifidobacterium longum and Bifidobacterium bifidum, produced short-chain fatty
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acids including acetate, propionate and butyrate which are known to promote gut
health.

7.5  Effect of Grain Processing on Nutritional Characteristics
of Small Millets

Millets including small millets are subjected to different types of processing, viz.
decortication, malting and fermentation, and different types of thermal treatments
that convert them in to edible form. These treatments induce changes in nutritional,
phytochemical and organoleptic characteristics of the grains among others.
Dehulling or decortication is a primary processing employed in small millets to
remove the coarse pericarp. As this process involves the removal of outer layers, the
nutritional components distributed on this part of the grain may get affected. As the
phenolic compounds are mainly concentrated in the bran layer of the grain, decorti-
cation is known to reduce the phenolic content substantially; Shobana and Malleshi
(2007) reported the reduction of polyphenolic compounds including tannins in finger
millet upon decortication. Dehulling of foxtail millet reduced the protein and ash
content by 4.14% and 37%, respectively. Also, dehulling reduced phytic acid
content of the grains by 5.20% (Pawar and Machewad 2006). While studying the
effect of polishing on milling characteristics as well as proximate principles in
barnyard millet, Lohani et al. (2012) observed that the contents of protein, fat, ash
and the fibre contents were reduced with increased moisture, milling time and degree
of polishing. The study observed that 3-min polishing of barnyard millet in rice
polisher could help in minimum nutritional losses.

Malting in foxtail millet significantly enhanced carbohydrates and reduced the
crude fat and crude fibre content as compared to the raw grains (Choudhury 2011).
The enhanced total carbohydrates may be attributed to the partial degradation of
amylopectin and increased amylose content during germination (Gokavi and
Malleshi 2000; Choudhury 2011). Enhanced carbohydrates and energy values
were observed in popped foxtail millet sample with significant reductions in the
crude fat and crude fibre contents (Choudhury 2011). Pradeep and Sreerama (2015)
observed an improved phenolic content and thus enhanced antioxidant activity in
small millet grains including barnyard, foxtail and proso by germination. Improved
protein quality upon lactic acid fermentation and malting has been reported in finger
and foxtail millets among other millets (Taylor et al. 2017). Further, malting for
4 days enhanced riboflavin content by 2.5-fold in finger millet (Malleshi and
Klopfenstein 1998).

Antony et al. (1996) determined the effect of fermentation on foxtail millet
nutrients and observed the improved protein extractability and retained beneficial
fatty acid profile as in raw flour. Also, they observed reduced total starch and
corresponding increase in total and reduced sugar. Also, fermentation in finger millet
could enhance the mineral extractability by 20-30% which could be attributed to the
reduction in antinutrients including phytate and tannin upon fermentation (Antony
and Chandra 1999). Recently Sharma et al. (2016) studied the effect of germination
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on phenolics, dietary fibre and mineral content in barnyard millet grain. They found
that germination could increase TPC, TFC, dietary fibre and minerals, while phytic
acid content was reduced. Pradeep and Guha (2011) reported that germination,
steaming and roasting of little millet could improve TPC, TFC and tannin content.
Dehulling, soaking and cooking of foxtail millet resulted in 6.41% and 50.60%
reduction in protein and ash content, respectively. The phytic acid content was also
reduced by 49.89% in the dehulled, soaked and cooked grains (Pawar and
Machewad 2006).

The processing methods have a substantial impact on the in vitro starch and
protein digestibility (IVPD) of millets (reviewed in Annor et al. 2017). Dehulling as
well as a combination of treatments including dehulling, soaking and cooking
resulted in enhanced IVPD in foxtail millet (Pawar and Machewad 2006). In finger
millet, a combination of enzymatic treatment with cellulase and hemicellulase and
directed fermentation has enhanced IVPD along with acceleration of fermentation
process (Antony and Chandra 1999). Further, Choudhury et al. (2011) studied the
starch digestibility and IVPD in two varieties of popped foxtail millet grains (yellow
and purple). The results showed that popping significantly enhanced starch digest-
ibility and IVPD of both varieties of foxtail millet. The improved susceptibility of
starch to enzymatic digestion, owing to its release from the protein matrix during
popping, might have enhanced the starch digestibility, and the expanded endosperm
due to the localized rupture of cell wall during popping might have contributed to
enhanced protein digestibility. Also, the same study observed that malting signifi-
cantly improved the starch digestibility of both varieties. Various changes during the
germination and/malting process, viz. rupturing of starch granules, activation of
amylases, decrease in antinutrients including the amylase inhibitors and the partial
digestion of the starch, might have contributed to the improved starch digestibility.
The protein digestibility was also improved during malting with the purple variety,
showing significant enhancement, while only slight improvement was observed in
the yellow variety. In finger millet, improvement in RDS was observed upon puffing
(Roopa and Premavalli 2008).

7.6  Conclusion and Future Perspectives

Small millets including the finger, foxtail, little, proso, kodo and barnyard are gluten-
free grains with excellent nutritional value and hence are regarded as ‘nutri-cereals’.
These grains house plenty of phytochemicals with potential bioactivities. Owing to
their good micronutrient, dietary fibre and phenolic contents, these grains impart
human health benefits including the potential to alleviate micronutrient deficiency
and management of chronic lifestyle disorders among others. In addition to its
nutritional superiority, these grains are climate resilient, which makes them a
promising crop for the future.

With increased consumer preference for foods with therapeutic benefits, small
millets are regaining their significance from the coarse cereal status. One of the major
hurdles in the widespread adoption of these grains as staple cereals is the difficulty in
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their processing, owing its miniscule nature. Developing improved processing
technologies, especially for the small millets would help to improve the availability
of these cereals and hence its utilization. Further, the nutritional value of small
millets is not fully exploited; especially the phytochemical profile of the small
millets including those of barnyard, kodo and little millet among others needs
wide spread research attention. Also, the available data on health benefits of the
small millets are still limited. More studies on several aspects including the mecha-
nism of action of the bioactive components of the grains in imparting the health
benefits are needed. Also, studies involving controlled human trials aimed at
elucidating the role of small millets in imparting health benefits would enable
promoting these grains as sources of functional food ingredients. There is a tremen-
dous opportunity in placing these nutri-cereals as a sustainable source of nutrition
thereby ensuring global food and nutritional security.
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Abstract

Global warming has already destroyed the natural harmony in soil and water
ecosystems in many regions all over the globe. Extremities in weather events such
as temperature, moisture, and others have produced harmful effects for agricul-
ture. Increasing rate in production of major crops has reduced a lot from the
previous era. Conventional practices like intensive agriculture and shifting culti-
vation have resulted in soil erosion and degradation. Alternative ways such as
introducing less popular crops for cultivation like small millets could bring a
revolution in the world of agriculture again. Small millets have a great future in
them as they are blessings for the humanity. They are rich source of many
important nutrients and proteins, which are a good option for malnourished
population. Other beneficial roles of these crops include lowering blood pressure,
reducing diabetes, cure to heart diseases, prevention from celiac diseases, helping
in reducing obesity, and improving skin elasticity. The lesser intake of resources
like water and nutrients makes them easier in the competition. Another crucial
role played by small millets is to provide antioxidants to the consumers to combat
various stress factors. People are still ignorant to exhaust the maximum possible
potential of small millets resulting in their lesser yield. The path in between
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optimum yield and maximum yield in small millets is left uncrossed due to some
complexities owing to their smaller size and crop physiology for breeding
program. As per some previous studies, multiple numbers of physiological traits
such as plant height, leaf area, growth parameters, photosynthesis, soluble protein
content, grain nutrients, yield parameters, resistance to abiotic and biotic stresses,
etc. can be used as improved traits for genetic improvement of several small
millets. Thus, improved yield in small millets will be obtained by utilizing the full
potential relying on their breeding through improved physiological traits.

Keywords

Small millets - Global warming - Food security - Nutrients - Physiological
approaches

8.1 Introduction

As per the reports, the global mean temperature is predicted to rise by 0.5—4 °C in the
twenty-first century (Zandalinas et al. 2021). To save the environmental harmony
from outer interference is literally not possible; thus, alternative ways of tolerance
have to be implemented in order to save the environment from current climatic
conditions under change. Yielding more from unit area using same inputs is the new
target that the agricultural scientists have set to reach the food demand of the globe.
This big target in front of us seems more challenging as sustainability comes to cross
the road. The revolution in the last 1960s has served as both a boon and curse.
Agriculture has grown doubly or triply since then as the scientists dared introducing
high-yielding varieties of crops and chemical fertilizers that collectively resulted for
the higher crop production. No one could visualize the upcoming threats in the world
of Indian agriculture post the revolutionary phase. Soils have degraded a lot due to
repeated and inefficient use of chemical fertilizers. Near future generation is going to
witness another revolution in agriculture again with all its changed patterns, produc-
tion techniques, and cultivable crops in the wish list. The dominating crops in India
such as rice, wheat, sugarcane, and other important crops have lost the glory due to
their connection with soil quality degradation. The urge for changes in overall
agriculture has also replaced some dominant crops with less popular crops in the
bucket list (Goron and Raizada 2015). Small millets are some of them in the new
wish list. Small millets, as we know, are a group of crops with small seeds
consumable for both humans and animals. Examples include finger millet, proso
millet, barnyard millet, fonio, little millet, foxtail millet, kodo millet, job’s tears,
browntop millet, guinea millet, etc. (Gupta et al. 2010; Divya et al. 2018; Das et al.
2019; Vetriventhan et al. 2020). The world of agriculture has now accepted small
millets as the most promising crops of future sustenance. The reasons could be their
lesser dependence on inputs (Goron and Raizada 2015; Das et al. 2019), lesser
requirement of water (Khound and Santra 2020), and a good number of potential
traits such as stress tolerance (Dube et al. 2018), production of various antioxidants
(Chandrasekara and Shahidi 2011b), and containing higher amounts of nutrients
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(Hegde et al. 2005; Lata et al. 2013). These all, in together, made people think to go
for small millets under the availability of limited resources in hand. The future of
small millets will also depend on how efficiently they have been cultivated obtaining
all possible outcomes from each potential plant parts of the small millets. Reports
have confirmed of their ample contents of nutrients in leaves and seeds such as zinc,
iron, phosphorus, magnesium, calcium, manganese, vitamins, and others (Leder
2004). Future will tell us whether these emerging crops could take a permanent
place in Indian agriculture or will be fed away under the dominance of rice-wheat-
sugarcane cropping system. A lot of its fate is in our hand as we could ensure best
cultivation managements to protect their potential traits toward obtaining a bright
and hunger-free India, moreover globe. Science with its blessing hands has to offer a
lot. Genetic improvement relying on development of improved physiological traits
could be one of the best solutions to overcome the shortcomings of small millets.

8.2 Prospective of Small Millets in the Globe and in India

Millets are small-seeded grasses belonging to the family Poaceae (Macron 1994;
Ceasar and Ignacimuthu 2009; Vetriventhan et al. 2020). Like other group members
of this family, millets are also cultivated as cereal crops for their grains as consum-
able part for humans and feed for livestock (Lata 2015). Asia and Africa dominate
the world in terms of producing millets of various kinds (Vetriventhan et al. 2020;
Meena et al. 2021). They are excellent fodder as they contain most of the necessary
ingredients for livestock. Their easy availability due to short duration nature (Senthil
et al. 2018) also provides farmers an excellent opportunity for serving cattle and
humans. Bekkering and Tian (2019) reported that about two billion people are under
the direct effects of hidden hunger due to lack of micronutrients in the regular diet.
Hyponutrition or undernourishment in most of the cases is due to lack of
micronutrients such as iron, zinc, and selenium (Combs 2001; Kennedy et al.
2003). Small millets suitably fit as the perfect diet because they provide high energy,
high dietary fiber, proteins, many essential minerals, vitamins, antioxidants, and
have a low glycemic index (Kam et al. 2016; Singh and Chauhan 2019). Not only
that, small millets are also consumed as fermented beverages (Vetriventhan et al.
2020), making increased availability of nutrients, proteins and minerals, and easier
digestibility and reduce antinutritional factors (Nkhata et al. 2018). Another best
thing of small millets includes their wide range of adaptability in the environment
due to their diverse properties (Ceasar and Ignacimuthu 2009; Stanly and
Shanmugam 2013; Anbukkani et al. 2017). According to Reddy et al. (2011),
small millets are even potent enough for pest-resistance, making them empowered
with the longer storability. Small and marginal farmers of India cannot always
generate income security by failing to run with the ever-increasing costs of cultiva-
tion due to high-input costs (Lokesh et al. 2022). Economically also, small millets
are complete blessings for the farmers. According to Adekunle et al. (2018), the
average price of small millets in India was 70 Rs/kg compared to that of rice 40 Rs/
kg, whereas in West Africa the price of a kilo of fonio was twice that of rice
(Vodouhe et al. 2007).
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8.2.1 Small Millets: Classification, Origin, and Distribution

India practices cultivation of only six crops as small millets, i.e., finger millet, foxtail
millet, proso millet, little millet, Indian barnyard millet, and kodo millet (Divya et al.
2018). The details of their origin, botanical classification, and distribution have been
described in Table 8.1.

8.2.2 Current Status

Borlaug (2002) predicted that the global food demand would be 2.5-4.5 t/ha by the
year 2025. Simultaneously, the global population is projected to reach 9 billion by
2050 (Beddington 2010); feeding which an increase of 60—-70% in food production
from the current level will be required (Vetriventhan et al. 2020). But achieving this
huge target could not be possible relying only on major cereals, pulses, and oilseeds
that are largely in practice of cultivation. In this era of climate change, limited water
and soil availability, the path toward yield progress will be full of hurdles (Tester and
Langridge 2010; Lesk et al. 2016; Gupta et al. 2017). The supporting hands of less
popular crops like small millets are not be neglected to feed this sea of population.
The importance of small millets was understood long back and India started

Table 8.1 Botanical name, origin, and distribution of some important small millets

SL Botanical

no. | Crop name Origin Distribution References

1. Finger Eleusine Uganda, India, Nepal, China, de Wet et al.
millet coracana (L.) | Ethiopia Myanmar, Sri Lanka, (1984),

Gaertn. Uganda, Kenya, Sudan, Dwivedi
Zimbabwe, etc. et al. (2012)

2. Kodo Paspalum India India, western Africa Christopher

millet scrobiculatum et al. (1987),
Bhatt et al.
(2003)

3. Indian Echinochloa India India, Nepal, Pakistan, Vetriventhan
barnyard | frumentacea and central Africa et al. (2020)
millet

4. Proso Panicum China and India, China, Japan, Hunt et al.
millet miliaceum Europe Afghanistan, Russia, (2011)

L.) Iran, Iraq, Syria, Turkey,
Mongolia, Romania,
USA

5. Foxtail Setaria italica | China, China, Europe, India, Dwivedi

millet Europe and Nepal, Japan, Korea, et al. (2012),
Afghanistan- | Afghanistan-Lebanon Diao (2017)
Lebanon

6. Little Panicum India India, Sri Lanka, Nepal, de Wet et al.

millet sumatrense Pakistan, Myanmar, and (1983), Bhatt

eastern Indonesia

et al. (2003)
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improvement program for small millets during the beginning of the twentieth
century (Seetharam 1998). The establishment of All India Coordinated Small Millets
Improvement Project in 1986 with its headquarter at Bangalore, India, witnessed
more improvement in small millets production and breeding. The exact production
of different small millets globally and in India is not well-documented due to their
classification as “millets” as a whole (Vetriventhan et al. 2020). The reports of
FAOSTAT (2018) say that the area under millets cultivation have reduced from
433.98 lakh hectares in 1961-1963 to 322.38 lakh hectares in 2016-2018 in average.
The same reports also said that the average production of millets increased from
249.70 lakh tonnes in 1961-1963 to 290.31 lakh tonnes in 2016-2018. Millets in
India could be a game changer in the rainfed region of the country contributing to
60% of the total area (Anbukkani et al. 2017). FAO (2018) reported India as the
leading producer of millets in the world followed by Niger and China. State-wise,
Rajasthan in India leads in the production of millets followed by Maharashtra and
Gujarat (Adekunle et al. 2018). Still, it is not satisfactory as these crops are not at
their fullest. A lot of barriers are prominent in exhausting the maximum possible
yields from these crops. The gaps are to be filled by genetic improvements with
development of improved physiological traits. Physiology opens a lot of closed
doors by widening the opportunity of development of improved traits with genetics
hand-in-hand. As India has the highest number of undernourished people in the
world, quite efforts have to be applied to cross the long road between the starting
point, i.e., food production, and the end point, i.e., food for everyone. Millets can
play a vital role here providing both food and nutritional security at a time. A good
amount of research work is going on in India and abroad to find out the full potential
of small millets by the use of genetics. The present chapter will be discussing those
scopes of improvement in breeding of small millets by physiological aspects.

8.2.3 Scope of Small Millets

People have changed a lot with time in terms of food habits leading to multiple
numbers of health complexities and deadly diseases. Longer dependence on sugar-
based diets and rich meals has cost a number of lives. Currently, people are
becoming more health conscious for which they have already replaced some
dominating foods prepared from rice and wheat in the daily diets. The long awaiting
of small millets to enter in the daily diets could end here. Small millets are less sugar
containing, and thus they could gain the trust of diabetes patients all over the world.
Not only has that, their rich contents of fibers also assured good health for the obese
people. People are gaining more faith on light food than the heavy diets made up of
major cereals. Though small millets are light and less sugar containing, they are no
less than a complete food because of their higher sources of several essential
minerals and nutritional factors. Otherwise, these crops also contain various phenolic
compounds and antioxidants that could function as anticarcinogenic (Chandrasekara
and Shahidi 2011a). Amadou et al. (2013) reported that benefits from small millets
are not limited to these; but they can also prevent heart diseases and help in
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increasing energy levels and improvement of the muscular system. Another big
advantage of these crops is that they can complete their life cycle within a short span
of 60-90 days (Hunt et al. 2014). Therefore, small millets can fit in a multicropping
system both under irrigated and dry farming condition empowered with this trait
(Stanly and Shanmugam 2013; Vetriventhan et al. 2020). Therefore, considering the
nutritional profile and other valuable properties, it can be said that small millets are
one of the promising crops of current times and future.

8.3 Nutritional Composition and Food Value of Different Small
Millets

The small millets are ample sources of important nutrients and essential components
making a complete daily diet. This feature makes small millets “smart-food crops”
and “nutri-cereals” (Vetriventhan et al. 2020). But the availability and amount of
nutrients varies with the type and variety of small millets. According to Anbukkani
et al. (2017), finger millet ranks in nutrition value per 100 g in terms of calcium,
while in terms of phosphorus, it is only next to maize, wheat, and foxtail millet.
Protein content per 100 g is highest in proso millet (Anbukkani et al. 2017; Hassan
et al. 2021) followed by foxtail millet, wheat, and pearl millet (Anbukkani et al.
2017). On the other hand, barnyard millet stands first for containing both fats and
crude fiber in highest amount among all cereals. A detailed discussion is being made
about the nutritional composition of different small millets in Table 8.2.

Food value of small millets is decided by the presence of various compulsory
materials such as starch, lipids, proteins, and amino acids in variable amounts. In
some instances, small millets are of higher food values even than main course cereals

Table 8.2 Major nutritional properties of small millets and their significant roles

Sl

no. | Nutrients Significant roles References

1. Magnesium | Reduced risk of heart Chandra et al. (2018), Hassan et al. (2021)
attack; anticarcinogenic

2. Phosphorus | Growth and energy Chandra et al. (2018)
generation

3. Calcium Essential component of Upadhyaya et al. (2011), Bachar et al.
bones (2013), Goron and Raizada (2015)
Improved production of Kimeera and Sucharitha (2019)
breast milk

4. Zinc Improved growth Upadhyaya et al. (2011), Bandyopadhyay

et al. (2017)

5. Iron Improved hemoglobin in Arora (1977), Upadhyaya et al. (2011),
blood Deshpande et al. (2015)

6. Potassium Improved drought Hassan et al. (2021)
tolerance

7. Sodium Not specified Amadou et al. (2013)
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Table 8.3 Food value of small millets with their valuable roles

SL

no. | Crop

1. Finger
millet

2. Kodo
millet

3. Proso
millet

4. Foxtail
millet

5. Little
millet

6. Indian
barnyard
millet

7. Japanese
barnyard
millet

8. Browntop
millet

Nutrients

Polyphenols, antioxidants

Essential amino acids,
i.e., valine, lysine,
threonine, tryptophan,
and methionine

Unsaturated fatty acids
High dietary fibers,
carbohydrates

Proteins, amino acids, and
fibers

Vitamin B; and B3

Proteins, fats, crude
fibers, carbohydrates

Fats, carbohydrates, fiber,
proteins, phenolic acids

Crude fibers,
carbohydrates, protein

Good lipids and proteins

Crude fibers, proteins, fat

Significant roles

Anticarcinogenic

Superior food value
to other cereals and
oilseeds

Improved health of
heart

Easy digestibility
and excellent food
sources for diabetic
patients

Easy digestibility,
antidiabetic,
anticarcinogenic
Energy production,
muscle contraction
Energy production,
improved gut health,
antidiabetic

Improved
digestibility and
health

Improved nutrition
and health benefits

Healthy diets,
improved heart
conditions
Lowered glycemic
index

References
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(2014)
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like rice and wheat for their diverse benefits (Hegde et al. 2005; Hassan et al. 2021).
A brief idea of the food value of small millets is given in Table 8.3.

8.4

Gaps in Cultivation of Small Millets in India

In spite of carrying this much of beneficial roles, production and productivity of
small millets are not satisfactory. According to Sood et al. (2020), millet farming is
mainly concentrated in developing nations where average productivity is still below
the world average. This might be due to fear of uncertain market return from millets
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among farmers across the world. Meanwhile, in developed nations and some devel-
oping nations such as India and China, farmers having relatively better socioeco-
nomic conditions, well-developed marketing system, and easier accessibility to
inputs including improved varieties can work harder in order to get the full potential
of millets of various kinds (Meena et al. 2021). Besides these small seed size of
millets causes difficulties for mechanical planting and harvest and ultimately for
their commercialization. Hybridization in small millets is comparatively more diffi-
cult due to their smaller size of florets (Gupta et al. 2012). Bio Yerima and Achigan-
Dako (2021) emphasized this as the reality behind the lack of improved varieties of
millets leading to lower productivity in comparison to the major cereal crops.

Climate, the most important factor, has various direct and indirect impacts on
cultivation of various millets. Dominance of climate has sent every other factor back
to it. Climatic factors such as rainfall patterns and distribution, soil type and fertility,
and ambient environment play a big role in determining the outcome from cultiva-
tion of millets (Sood et al. 2019). Other biggest constraints effect in the form of
various abiotic and biotic stress factors. Das (2013) reported that small millets have
to face various deadly diseases such as smut, blast, and rust among others. Lall and
Yadav (1982) reported that higher weed intensification during the early growth
phases of small millets is a natural barrier for the crops in terms of increased
completion for nutrients, light, and water, resulting in ultimate loss of crop produc-
tivity. Among abiotic factors, high-temperature stress, moisture deficiency, and
salinity have the most deleterious impacts on small millets. As grown in semiarid
and arid regions, the exposure to terminal moisture and high-temperature stress for
small millets is a common thing, due to which these crops give their highest possible
yields. Deadly effects of salinity are expressed by lowering germination, growth, and
overall physiological processes in small millets. Thus, interest in cultivation of small
millets was lost in the middle resulting in lowered area of cultivation and production
per unit area. The period of long negligence for these crops has come to an end
looking into their significant roles for environment and human health as well.
However, the full understanding of the physiology of the crops along with their
genetics is required in order to exhaust the maximum achievable output from small
millets. The combination of physiology and genetics can bring real revolution by
removing all physiological barriers and developing varieties with improved physio-
logical traits.

8.5 Disadvantages of Small Millets

The abundant blessings of small millets in the form of various nutrients cannot reach
to humans and other animals in their fullest. Along with the nutrients, small millets,
unfortunately, contain a number of phytochemicals that exert negative impacts on
the nutritive value of the millets by reducing the digestibility of nutrients thus
interfere with their regular activities (Sarita and Singh 2016). These phytochemicals,
also known as anti-nutrients, mainly include phytates, polyphenols, oxalic acids,
tannins, digestive enzyme inhibitors, and amylase and protease inhibitors leading to
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Table 8.4 Antinutrients present in small millets and their impacts on health upon consumption

S1.

No. | Antinutrients Impacts References

1. Tannins Reduced feed intake, impaired nutrient | Mohammedain et al.

digestibility, and nitrogen retention (1986), Kumar et al.
(2016)
2. Phytates Reduced digestibility of phosphorus Kumar et al. (2016),
Boncompagni et al.
(2018)

3. Tannins and Reduced utilization of nutrients Pelig-Ba (2009), Singh
phenols and Raghuvanshi (2012)

4. Protease inhibitors | Reduced activities of useful enzymes, | Ravindran (1991),

i.e., trypsin and chymotrypsin Kumar et al. (2016)

5. Non-starch Reduction in digestibility of nutrients Abate and Gomez
polysaccharides, (1984), Malathi and
oxalates Devegowda (2001)

6. Amylase Reduced carbohydrate utilization Kumar et al. (2016)

inhibitors

altered metabolic activities (Singh and Sarita 2016; Vinoth and Ravindhran 2017;
Hassan et al. 2021). Table 8.4 discusses about some of the antinutrients of small
millets with their associated health impacts.

8.6  Genetic Improvement of Small Millets Through
Physiological Approaches

Since the beginning of improvement in small millets back in twentieth century, India
has witnessed a quite good progress with development and release of new varieties
for various small millets. Genetics figures out all the physiological, morphological,
and molecular drawbacks in a crop and then studies thoroughly where and how it can
work to overcome all the drawbacks in order to get them superior to previous ones
with insertion of preferable traits. Current era is characterized by extremities in
weather parameters for which crop production has come uncertain. Implementation
of climate-resilient approaches can assure better resistance to all climatic barriers in
front of crop production. Shifting to less popular cereals, i.e., small millets, is also
part of climate-resilient approaches that could stand well under climate-changing
conditions. This will also need the backup of improved physiological traits such as
leaf size, leaf numbers, drought resistance, high temperature tolerance, nutrient use
efficiency, antioxidant properties, disease resistance, etc. Improvement of small
millets targets breeding of those with the improved physiological traits. This section
will be discussing some of the possibilities and successes in genetic improvement in
small millets based on physiological traits.
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8.6.1 Improved Physiological Traits

The complete knowledge of genetic composition and their full exposure for trait
improvement need omics studies which offer a lot of opportunities. Omics studies
compose various branches under biotechnology, i.e., genomics, proteomics,
transcriptomics, phenomics, etc. (Fritsche-Neto and Borém 2014). A lot of
parameters have been studied with the use of omics tools. In the case of small
millets, stover quality matters a lot; thus, breeding for improved stover quality will
broaden the future prospects and improving feed value (Schiere et al. 2004). Other
traits include resistance to abiotic and biotic stresses, improved protein content,
improved crude fiber content, promoted activities of antioxidants conferring
anticarcinogenic effects, fortified nutrients, and also improved yield as well.
Padulosi et al. (2009) reported that minor millets such as finger, kodo, foxtail, little,
proso, and barnyard have the ability to grow successfully in diverse soils, varying
rainfall regimes, diverse photoperiods and in marginal, due to their genetic adapta-
tion. A brief discussion has been made about some important physiological traits that
can be improved with using genetic tools (Table 8.5).

8.6.1.1 Leaf Area

Leaf area for any crop is an important physiological trait; it is in direct relationship
with photosynthetic capacity for the crop. So, larger leaf area denotes more photo-
synthesis. This trait not only secures good photosynthesis but also denotes the
capacity of a plant to face the challenges of various stressful conditions by
maintaining dry matter accumulation. According to Ludlow and Muchow (1990),
reduction in leaf area is also associated with checked growth of leaf and hastened leaf
senescence. A number of studies confirmed lower water uptake and water use
efficiency; hampered growth and dry matter accumulation; and lower leaf numbers
and area under drought, salinity, and high temperature for small millets, which might

Table 8.5 Breeding of some small millets for introduction of improved traits

Sl. | Millet
no. |type Tools used Traits References
1. Finger Genome-wide Improved contents of nutrients like zinc, | Puranik
millet association studies iron, calcium, magnesium, and et al.
(GWAS) potassium (2020)
Molecular markers Tryptophan accumulation and Babu et al.
association (20144, b)
2. Fonio Comparative Seed size, lodging, and shattering Wang
millet genomics et al.
(2021)
3. Foxtail | Genome-wide Nutritional traits Jaiswal
millet association studies et al.
(GWAS) (2019)
4. Proso Molecular markers Development of glutinous verities Araki et al.

millet (2012)
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be due to obstructed cell enlargement and cell division (Ludlow and Muchow 1990).
Thus, improved varieties with higher leaf area will certainly show positive connec-
tion in terms of tolerance to abiotic stresses such as moisture scarcity, high tempera-
ture, especially at reproductive phase, and salinity, thus securing improved dry
matter accumulation and photosynthetic rate for small millets.

8.6.1.2 Net Assimilation Rate and Leaf Area Duration

Net assimilation rate (NAR) and leaf area duration (LAD) both represent the health
status of a plant. A healthy plant generally has higher NAR and LAD, while a
stressed plant tends to show lower values of NAR and LAD with increasing
magnitude of stress. Senthil et al. (2018) also found decreasing values NAR and
LAD under terminal drought condition for small millets like finger millet, little
millet, and barnyard millet. They also reported that the reduced NAR and LAD were
associated with the rapid decrease in leaf number and leaf area under terminal
drought condition. According to Chetti and Sirohi (1995), LAD is a useful growth
parameter that indicates the photosynthetic efficiency due to its direct association
with dry matter accumulation. Divya et al. (2018) reported that variations in LAD in
five small millets, viz., finger miller, kodo millet, little millet, barnyard millet, and
foxtail millet, were not only due to differences in species but also dependent on the
crop growth stage. Thus, development of varieties of small millets with improved
NAR and LAD will be of great benefit for climate-changing conditions.

8.6.1.3 Photosynthesis

Photosynthetic rate in any plant is decided by the factors such as chlorophyll content
(Yoshida 1972), structure and number of leaves, and also the mechanism involved.
The differences between the C; and C4 mechanisms of photosynthesis have classi-
fied plants accordingly. The efficiency of C, crops for photosynthesis is greater than
the C; crops due to more utilization of CO, by double chloroplast layers. Another
advantage of the C,4 crops is their ability to suppress the photorespiration that is one
of the major constraints of reduced crop production in C; crops. All the millets being
the C4 crops also possess the ability to yield more through activation of the
carboxylation surpassing the oxygenation by the RuBiSCO enzyme that shows
more affinity to atmospheric CO, (Aubry et al. 2011). Millets have expressed
immediate water and nitrogen use efficiency of nearly 1.5- to fourfold higher than
C; photosynthesis, as reported by Sage and Zhu (2011). Also, millets show reducing
trend in photosynthetic rate in moderate to excessive adverse conditions. However,
Channappagoudar et al. (2008) reported that high-yielding genotypes of barnyard
millet expressed higher photosynthetic rates. Thus, improved verities of various
small millets with enhanced photosynthetic activity can be released with the help
of genetics.

8.6.1.4 Total Carbohydrates

Millets of various kinds possess carbohydrate in different forms such as starch,
dietary fibers, and soluble sugars which help in prevention of many life-style
diseases (Hassan et al. 2021). Soluble sugars not only decide the outcome of
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photosynthesis but also possess the properties of resistance to several abiotic stresses
such as drought, salinity, and high temperature under which plant becomes scarce of
inputs like water to produce enough food by photosynthesis. During stress, soluble
sugar moves to the region of the plant requiring food sources to survive. Wankhede
et al. (1979) reported that finger millet and foxtail millet contained starch, pentosans,
cellulose, and lignin with the maximum content of starch varying from 59.5% to
61.2%. Thus, considering the tidy contents of carbohydrates, small millets can be
grown with the target of developing improved varieties.

8.6.1.5 Soluble Protein Content

Soluble proteins are important for plants. The reverse connection of proteolytic
activities and soluble proteins content make the complex physiology of plant
understood in an easier way. The decreasing trend of soluble proteins content
under stress conditions has been reported from a lot of earlier studies. Senthil et al.
(2018) also reported reduction in soluble protein content at reproductive stage upon
exposure to drought condition for three small millets, i.e.. finger millet, little millet,
and barnyard millet. On the other hand, foxtail millet has an envious content of
protein (7.17—15.73%) that is the target of many scientists to exploit and use for
development of more improved verities employing breeding program (Senthil et al.
2018). But foxtail millet also shows reducing trend in soluble protein content under
drought, as reported by Dai et al. (2012). Soluble proteins in sufficient amounts
increase the food value for any grain as proteins have direct role in growth and
development of living bodies. Thus, genetic improvement can be done based on
soluble protein content for several small millets.

8.6.1.6 Grain Nutrients

Grains of all the small millets provide ample amount of various essential nutrients
(Mallikarjun et al. 2013; Cedric et al. 2017; Ch et al. 2020). These nutri-cereals are
the future of agriculture, sustainability, and climate-resilience. The desire of
improved varieties of the small millets with enhanced nutrient contents has been
increasing for which genetics can help a lot.

8.6.1.7 Yield and Yield Attributing Traits

Like other crop, yield in small millets is associated with the combined effects of a
number of factors. Those include plant height (Divya et al. 2018), dry matter
accumulation (Chidambaram and Palanisamy 1996), number of tillers per plant
(Divya et al. 2018), 1000-grain weight (Naidu et al. 2021), harvest index
(Channappagoudar et al. 2007), etc. In little millet, 1000-grain weight and photo-
synthetic rate individually built strong and positive correlation with yield
(Channappagoudar et al. 2007). Grain yield is affected due to direct impacts on
yield attributing parameters such as 1000-grain weight, leaf area, panicle dry weight
per plant, etc. Zhang et al. (2022) reported positive correlation of grain yield with
physiological traits like leaf area, 1000-grain weight, panicle dry weight per plant,
and harvest index for both well-watered and water stress conditions in foxtail millet.
However, chlorophyll content was found to be negatively correlated under water
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stress condition for the same study in contrast to the well-watered condition in which
it was in positive correlation with grain yield. In another study on little millet, Naidu
et al. (2021) reported significant and positive correlation between grain yield and
traits such as plant height, panicle length, SPAD chlorophyll meter reading, and
fodder yield per plant individually. So, a number of promising traits can be improved
with the target of improved yield attainment. But most of the neglected crops
including small millets carry some have undesirable properties such as that small
seed size, lodging, and seed shattering that lead to limited yield and poor quality of
grains (Hinterthuer 2017). With the recent advances in genetics and breeding tools
like genomics, it is possible to overcome these drawbacks.

8.6.2 Stress Tolerance

8.6.2.1 Abiotic Stress Tolerance

Abiotic stresses are one of the biggest challenges plant has to face to survive and
stand well. Abiotic stress in the form of moisture scarcity, flood, salinity, and high
and low temperatures has been reported to damage crops on a serious note. Weather
events in extremities are occurring in higher frequency due to changing patterns of
climate. These, together, are adding fuel to the problem of stress inducing effects.
There are genes that could unlock the potential of various crops fostering agricultural
productivity, even under stressful condition. For instance, a number of genes,
responsible to induce tolerance to abiotic and biotic stresses for plants have been
introduced into selected genotypes in order to obtain the specified trait (Ribaut and
Hoisington 1998).

Millets have been reported with tolerance to abiotic stresses of variable intensities
depending on the species and variety. Liu et al. (2015) reported salinity tolerance in
proso millet with the highest level of tolerance by the most tolerant varieties.
Drought tolerance has been identified in proso millet (Seghatoleslami et al. 2008),
finger millet (Bhatt et al. 2011), little millet (Ajithkumar and Panneerselvam 2014),
and foxtail millet (Sudhakar et al. 2015). Some of the targeted traits regarding abiotic
stress tolerance for different small millets have been discussed in Table 8.6.

Some specific genes have been identified to confer tolerance to multiple abiotic
stresses for the small millets. Veeranagamallaiah et al. (2009) reported the display of
salinity tolerance for foxtail millet by improved activity of aldose reductase. Toler-
ance to salinity, cold stress, and moisture scarcity by foxtail millet was possible
through the promoted gene C2H2 type of zinc finger transcription factors (TFs), as
reported by Muthamilarasan et al. (2014). Similarly, improved drought tolerance has
been observed in finger millet by the gene Dehydrin7, found from tobacco (Singh
et al. 2015). Thus, there is a huge scope for genetic improvement of various small
millets by the means of abiotic stress tolerance.

8.6.2.2 Biotic Stress Tolerance
Biotic stress accounts for huge crop loss in terms of growth and yield. Small millets
also attract some diseases affecting their overall growth, survival, and yield.
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Table 8.6 Specific abiotic stress tolerance traits targeted for different small millets

S1. Type of small
no. millet Targeted traits References
1. Proso millet Drought tolerance and improved WUE Goron and Raizada
(2015)
2. Japanese barnyard Herbicide resistance Yang et al. (2013)
millet
3. Foxtail millet Salinity and drought tolerance Wang et al. (2011)
Herbicide resistance Diao (2017)
Resistance to high temperature and Wang et al. (2012)
excess moisture
4. Little millet Glyphosate herbicide resistance Goron and Raizada
(2015)
5. Finger millet Drought resistance Parvathi et al. (2013)

However, some small millets contain promising traits that can surpass biotic stress.
As for example, Indian barnyard millet contains some antifeedants at concentrations
ever greater than those in rice. According to Kim et al. (2008), these antifeedants
display resistance to the feeding activity of brown planthopper (BPH) in Indian
barnyard millet. But all the small millets have the susceptibility toward some specific
diseases to overcome which a number of associated resistant genes have been
identified. A brief discussion of the breeding program of various small millets
against biotic stress has been made.

Finger millet (Eleusine coracana) is prone to blast disease caused by Pyricularia
grisea (Ceasar and Ignacimuthu 2009). This confers huge loss in yield of finger
millet in response to which identification of stable sources of resistance to blast
disease of finger millet and their deployment in breeding research has been highly
desired in the country high-yielding blast-resistant cultivars in finger millet in the
country (Byre Gowda et al. 1999). Genetic engineering has worked in the develop-
ment of blast-resistant varieties in finger millet. This involves the transfer of gene
resistant to the fungus responsible for the disease from the source organism to the
desired organism (Ceasar and Ignacimuthu 2008). Latha et al. (2005) developed a
transgene from prawn antifungal protein PIN-resisting blast in finger millet. Foxtail
millet (Setaria italica) is also severely affected by the diseases like blast, smut, and
rust (Vetriventhan et al. 2016). Sharma et al. (2014) reported germplasm sources for
blast resistance in foxtail millet. Kodo millet (Paspalum scrobiculatum) gets affected
by a number of diseases among which sheath blight and smut seem to be more
dangerous. Genetics focuses for development of improved kodo millet varieties
resistant to sheath blight, shoot fly, and head smut (Upadhyaya et al. 2015;
Vetriventhan et al. 2020). Fonio millet (Digitaria exilis (L.) Stapf) shows suscepti-
bility toward a number of diseases like bacterial blight, rust, fungal diseases, etc. It
has been suggested that the use of marker assisted backcrossing in pyramiding genes
for improving resistance in fonio to diseases will be successful (Hsu et al. 2020; Bio
Yerima and Achigan-Dako 2021).
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8.7  Future of Agriculture Through Small Millets

Current agriculture is focused on sustainability. Climate resilience is the new
addition in the list. Drought, salinity, and high temperature stresses are becoming
stronger with time due to impacts of climate change. Thus, sustainability with the
implementation of climate-resilient approaches is the only solution to the compli-
cated problem of climate change, soil erosion, limited water availability, and
increasing population pressure. Small millets have long back been identified as
excellent climate-resilient crops (Padulosi et al. 2009). Li and Brutnell (2011)
reported that small millets surpass the prevalence of stress conditions and their
consequences by implementing several traits such as developing shorter stature,
smaller leaf area, thickening cell walls, and forming dense root system. Occurrences
of diseases to plant are also becoming intense due to alternations in the natural
environment and growth habit for various pathogens like fungi, viruses, and bacteria.
Small millets also attract some pathogens which damage the crops. But a number of
genes have been developed conferring tolerance to pathogens. Small millets can
certainly be the crops of future for their richer sources of nutrients, antioxidants, and
other beneficial properties.

8.8 Conclusions

It is true that a number of factors decide the overall potential of a crop. The piercing
factors like population pressure and sustainability have made it harder to achieve the
target of higher productivity, exhausting the fullest possibilities from major crops
like rice, wheat, oilseeds, and pulses. Adopting millet cultivation has been felt
necessary toward the attainment of sustainability. As it is known that no big target
is fulfilled without struggles, so is the target of reaching food security to people from
every single part of the world which also has to pass the tough state of affairs like
limited natural resources, climate changing patterns, and uncertainty of incomes
from agriculture. The shortcomings in small millets are also to be overcome also in
order to utilize their full potential. The agricultural community is in continuous
search of new innovations in terms of latest technologies, adoption of alternative
cultivation pattern, and release of new varieties. The target of achieving improved
traits like resistance to abiotic and biotic stresses, improved nutritional factors,
improved morphophysiological traits, and yield will be met through breeding of
small millets for which an exhaustive study is needed to get complete knowledge of
physiology of different small millets. Therefore, physiological breeding approaches
are the deciding factor in genetic improvement of the small millets which are yet to
open many closed doors of the future sustenance.
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Abstract

Finger millet (Eleusine coracana (L.) Gaertn.) is a nutrient-dense climate-resil-
ient major grain crop in Asian and African subcontinents. Being future smart food
crop, its production will help in improving the livelihood of people by improving
nutritional status. Thus, it is essential to understand its floral biology, genetics,
origin, evolution, and genetic diversity to achieve the goal of nutritional security
in the developing countries. The origin of finger millet traced back to 5000 years,
and Africa and India were recognized as the primary and secondary centers of
diversity. Finger millet is a highly self-pollinated allotetraploid crop with as low
as 1% cross-pollination aided by wind; thus, artificial hybridization techniques
can permit its further improvement immensely. Identification of modern emascu-
lation techniques like chemically hybridizing agent (ethrel), hot water emascula-
tion, cold water, and plastic bag method transformed from traditional to modern
production system due to complex architecture and tiny nature of florets of finger
millet. Study of genetic diversity for identification of resistance against various
biotic and abiotic stresses as well as high calcium, zinc, and iron-containing
species helps in classification and improving the overall production aspect of
finger millet. Thus, it is vital to preserve the germplasm for the conservation of
genetic diversity and understanding the crop in-depth. This chapter discusses the
details about finger millet origin, evolution, floral biology, and cytogenetics, and
genetic diversity also highlights the germplasm for overall improvement of finger
millet.
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In the field of applied science like crop improvement, where genetic variation is a
prerequisite for any improvement in a crop understanding, evolutionary biology will
only enhance the opportunities in plant breeding and improve the efficiency of
strategies for crop improvement. However, our understanding of crop evolution
from a place of origin through domestication, adaptation, and selection remains
limited which slows the improvement process. Crop evolution involves domestica-
tion of wild plants and its subsequent adaptation to a new environment outside their
ancestor’s origin during their spread all over the globe.

9.1 Introduction

Finger millet (Eleusine coracana (L.) Gaertn.) is a minor millet having great
nutritional, cultural, and historical importance, particularly in the Asian and African
regions. It is commonly known as ragi in India. It is documented to have its origin in
Asia and Africa’s arid and semiarid tropics, where it is grown for food, fodder, and
medicinal purposes (Phillips 1974). It has been reportedly used as a traditional
treatment for a number of illnesses, including liver disease, measles, pleurisy,
pneumonia, and small pox, in Africa and India. It has high nutritional value directly
comparable to wheat and rice, hence finds its importance as nutrient-rich grain super
food in today’s health-conscious world. The name finger millet is derived from its
shape of panicles, which takes the form of several fingers. After sorghum, pearl
millet, and foxtail millet, finger millet is the fourth most significant millet in the
world (Sood et al. 2019). Apart from this, finger millet is a resilient major grain crop
with the prospect of upscaling the nutritional status and livelihood of people around
the word especially of the developing countries. India is the largest producer with an
area, production, and productivity of 1.14 million hectares, 1.52 million tons, and
1661 kg per ha, respectively (PIB report 2021). This crop can be grown in a wide
range of climatic conditions. It can be grown in a hot weather (long duration
cultivars) as well as in a cold season also (early maturing varieties). This crop is
also tolerant to various biotic and abiotic stresses like disease, fungi, insects, mildew,
and viruses. It can be grown in soil condition like alkali, salt, slope, drought, and
laterite with pH variation 5.0-8.2. Finger millet or ragi is an allotetraploid crop
(2n = 4x = 36). The genus Eleusine includes nine diploid and can be either annual or
perennial herbs. The cultivated species also have several races and subraces, making
finger millet a highly variable and diverse crop for agronomically important traits
such as growth habit, good vigor, large panicle size, numbers of finger, and
branching and high-density of grain filling.
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Therefore, studying the germplasm diversity of the finger millet will be rewarding
for the selection of superior genotypes and will make way for a successful breeding
program for the crop improvement. Understanding the biology of the plant and
identifying the existing variability and diversity in the species is crucial for planning
a successful breeding program. This chapter reviews the information and resources
generated for finger millet, including the plant botany, floral reproductive biology,
species characterization, wild relatives, and achievements through breeding.

9.2 Taxonomic Classification of Finger Millet

Rank Scientific names
Kingdom Plantae
Subkingdom Tracheobionta
Superdivision | Spermatophyta

Division Magnoliophyta

Class Liliopsida

Subclass Commelinidae

Order Cyperales

Family Poaceae

Genus Eleusine Gaertn

Species Eleusine coracana (L.) Gaertn.

Synonyms Ragi, madwa, nachani, mundua, mandika, Marawah, African millet, finger

millet, goosegrass

9.3  Origin of Finger Millet

Finger millet or ragi (Eleusine coracana (L.) Gaertn.), a domesticated cereal of
African origin, was later introduced to Asia. Finger millet is an allotetraploid
(2n = 4x = 36), which is majorly believed to have originated in the tropics (arid
and semiarid) and subtropics (Fakrudin et al. 2004) of India, Myanmar, Sri Lanka,
Nepal, China, and Japan in Asia, while in Africa, it is cultivated in Uganda, Kenya,
Tanzania, Ethiopia, Eritrea, Rwanda, Zaire, and Somalia (Upadhyaya et al. 2010).
The africana ssp. are found along the highlands of East Africa and the grasslands of
Southern Africa. Some reports suggest that it is also found in India and the
UK. Kennedy-O’Byrne (1957) was the first to recognize africana as a distinct
species. Earlier De Candolle (1886), De Wildeman (1940), Greenway (1945),
Cobley (1956), and Vishnu-Mittre (1968) believed that origin of ragi was India;
however, during later years Portéres (1951, 1970, 1958) and Mehra (1963a, b)
suggested that it was of African origin. Vavilov (1951) reported that finger millet
may have originated independently in India and Africa. However, later Fuller (2002,
2006) did an in-depth review on the origin of genus Eleusine and confirmed it to be
of African origin. On the basis of claims, it was suggested the Indian origin of finger
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millet was widely based on misidentified material of other species. Himalayas (India,
Nepal, and southern China) appears to be a secondary center of adaptation since
upland races of Asia are widely distributed here. According to Phillips (1972), the
genus Eleusine comprises nine annual and perennial species of which eight are
African and the remaining one is a New World species (E. tristachya Lam.) native
to Argentina and Uruguay (Lovisolo and Galati 2007). East Africa is considered the
center of diversity of the genus Eleusine and eight other species (E. africana,
E. coracana, E. kigeziensis, E. indica, E. floccifolia, E. intermedia, E. multiflora,
and E. jaegeri) (Mehra 1963a, b; Phillips 1972). Species under genus Eleusine are
represented in Table 9.1.

It is now however accepted that evolution in cultivated finger millet species races
occurred in Africa before its introduction into India. The exotic germplasm mainly
from Africa was introduced to India during the 1970s. Race coracana is extensively
grown across India and Africa and gave rise to all four other races of cultivated
species through selection under domestication. Race vulgaris, elongata, plana, and
compacta may have evolved separately in India and Africa under similar environ-
mental conditions from race coracana.

In the cultivated species, comparatively less racial evolution took place in India
(De Wet et al. 1984). Due to the high diversity of E. coracana in Africa and India
and morphological similarity to both E. indica and E. africana, the place of origin of
E. coracana has remained controversial.

9.4  Evolution of Finger Millets

Eleusine is an annual allotetraploid crop with chromosome and ploidy 2n = 4x = 36,
(AABB) that includes two distinct subspecies named Eleusine coracana ssp.
coracana (L.) Gaertn. and Eleusine coracana ssp. africana (Hilu 1994; Hilu and
de Wet 1976). The cultivated species is coracana and africana is a wild species. The
cultivated E. coracana subsp. coracana is an allotetraploid (2n = 4x = 36, AABB)
and is morphologically similar to two weedy species, E. coracana subsp. africana
(2n=136) and E. indica (2n = 18). These two species are widely sympatric in Africa,
with E. indica extending to Asia. E. indica has been proved as the maternal diploid
genome donor (AA) of E. coracana subsp. coracana as well as E. coracana subsp.
Africana through various studies based on cytology, isozymes, RAPD, chloroplast
DNA, and genomic in situ hybridization (GISH) which revealed that E. indica has
contributed one of the genome (AA) to the genome (AABB) of cultivated
E. coracana (Bisht and Mukai 2001a, b; Chennaveeraiah and Hiremath 1974; Hilu
1988, 1995; Hilu and de Wet 1976; Werth et al. 1994). The evolution of Eleusine
coracana is shown in Fig. 9.1. In GISH experiments, Bisht and Mukai (2000)
suggested E. floccifolia as the B genome donor to the polyploid species E. coracana.
However, Neves et al. (2005) rejected this claim of E. floccifolia being the B genome
donor to the species E. coracana which is a polyploid, based on nuclear internal
transcribed spacers (ITS) and plasmid trnT-trnF sequences. According to Liu et al.
(2014), paternal parent contributing B genome of E. coracana seems to have become
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Evolution of Eleusine

Eluesine indica (AA) (2n=18) X Unknown species (BB) (2n=18)

F1
Polyploidization

Eleusine coracana subsp. africana (AABB) (2n=4X=36)

Domestication
5000 years ago)

7

Eleusine coracana subsp. coracana (AABB) (2n=4x=36)

Fig. 9.1 Evolution of Eleusine coracana

extinct. Later, after considering the morphological similarities and studies of chro-
mosome numbers and genome size, it was considered as a subspecies of E. indica
(Lye 1999; Phillips 1972, 1974). When attempts to cross the tetraploid E. africana
(2n = 4x = 36, AABB) and the diploid E. indica (2n = 2x = 18, AA) were made, it
resulted in sterile plants (Chennaveeraiah 1973; Hiremath and Salimath 1992). On
the other hand, E. africana was observed to hybridize ssp. coracana naturally and
hence classified as a subspecies of E. coracana. E. africana (2n = 36), also
tetraploid, resembles E. coracana in morphological characteristics. E. coracana
possibly originated from E. africana through selection and further mutation which
resulted in larger grains since both E. coracana and E. africana are related geneti-
cally and the hybridization occurs naturally (Hilu and De Wet 1976).

9.5 Diversity in Finger Millet

Finger millet has a rich diversity, and large collections are conserved in long-term
storage in various gene banks across the globe. Eleusine coracana is highly variable
in their centers of origin in Africa and the Indian subcontinent. The gene pool of
finger millet is represented in Fig. 9.2. The species E. coracana comprises subspe-
cies africana and coracana. The subspecies africana is a wild type and consists of
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Primary Genepool

Eleusine coracana
race coracana (2n=36)

Eleusine africana
race spontanea (2n=36)

Secondary Genepool

E. Intermedia
E. Jaegeri

E. Kigeziensis
E. Multiflora

E. semisterlis

Fig. 9.2 Gene-pool of finger millet

africana and spontanea races. The subspecies coracana is a cultivated type and is
further classified into four races, namely, elongata, plana, compacta, and vulgaris
based on the type of inflorescence (Prasada Rao et al. 1993).

The race Elongata has three subraces, laxa, reclusa, and sparsa; Plana also
consists of three subraces, i.e., seriata, confundere, and grandigluma, while the
race Compacta has no subrace, while the race Vulgaris has four subraces, liliaceae,
stellata, incurvate, and digitata (Prasada Rao et al. 1993). The classification of the
subspecies and races of E. coracana is represented in Tables 9.2 and 9.3 and Fig. 9.3.

9.6 Botanical Description

Finger millet has an annual or perennial erect, decumbent, and prostrate growth
habit. The plant is robust, free tillering, and annual tufted grass tall up to 170 cm. The
culms are compressed and green colored, and their nodes are glabrous with hollow or
solid internodes. The lower side internodes are short, the longest being the terminal
node carrying the inflorescence. From the top nodes, culms frequently branch to
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Table 9.3 Different races of different subspecies of E. coracana

Sub species
E. coracana

Spp.
africana

E. coracana

Spp.
coracana

Type
Wild type

Cultivated
type

1

2

1

2

Races
Africana

Spontanea

Elongata

Plana

Found in

Burundi,
Uganda,
Malawi,
Tanzania and
Ghana

Kenya, India,
and also in the
UK

India, Nepal,
Zimbabwe,
Nigeria,
Uganda, and
South Africa

India,
Zimbabwe,
Kenya, Nigeria,
Uganda, and
Ethiopia

S. Shamkuwar et al.

Description

Plants can grow up to
165 cm tall and can be
erect, prostrate, or
decumbent. This race has
the long open
inflorescence and panicle
bearing 4—14 fingers
which extend 14 cm in
length. Generally the
grains are brown to dark
brown color

Plants are upright and can
either be green or colored.
Spontanea is capable of
standing at a maximum
height of 120 cm. The
fingers are often incurved
and measure 6-9 cm. The
inflorescence typically has
6-8 fingers, however
sometimes 10 fingers also
reported. The color of
grains is light to dark
brown

Digitate inflorescence with
long, slender, and
spreading spikelets. The
grains color ranges from
light brown to reddish and
dark brown. It comprises
three subraces, laxa,
reclusa, and sparsa. Both
erect and decumbent plant
kinds can be found in laxa.
Reclusa’s fingers are open
or curled at the top and are
rather short (12 cm).
Typically, sparsa
inflorescences are
pendulous (drooping). It
has multiple branches and
lengthy fingers up to

14.8 cm in length (7-13)
Plants are either erect or
decumbent. Generally the
plants are green in color
and pigmented also. This
race is distinguished by
large spikelets (6—17 cm
long) arranged in two or

(continued)
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Table 9.3 (continued)

Sub species

Type

3

Races

Compacta

Found in

Asia

Description

more rows along the
rachis, which give the
inflorescence branch a flat,
ribbon-like appearance.
Plana also comprises three
subraces: seriata,
confundere, and
grandigluma. Although
short and open spikes are
also known, seriata spikes
are typically curved at the
top and have 6-15 fingers.
The grains range in color
from light to dark brown.
The spikes on confundere
are curled at the top and
often have 67 fingers.
However, reports from
Uganda indicate that there
might be up to 23 panicle
branches per plant. The
grains are mostly reddish
brown in color. The
grandigluma subrace is
characterized by large,
pointed glumes and
extremely long fingers up
to 17 cm. The spikes are
top-curved and have 5-10
fingers. The grains range
in color from mild to
reddish brown

The growth characteristics
of the plants are both erect
and decumbent, and they
are both green and
colored. They can contain
5-14 spikelets (often 6-8),
and since the tips are
typically in-curved, the
inflorescence matures
looking rather compressed
or semi-compact. (Guarino
2012). It has four subraces.
Both the stellata and the
incurvata subraces have
in-curved fingers, with the
incurvata subrace having
more of an appearance of a
fist. Both subraces grains

(continued)
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Table 9.3 (continued)

Sub species Type

Races

Found in

Description

are predominantly brown
or reddish brown in color.
In subrace liliaceae, the
fingers are reflexed or
short open, but in subrace
digitata, the fingers are
top-curved. The grains of
the subrace digitata are
ragi brown, ranging in
color from reddish brown
to dark brown

4 | Vulgaris

India, Kenya
and Uganda

In Asia and Africa, they
are known as cockscomb
finger millet. The
decumbent or erect plants
are pigmented and green.
The fingers (4—11) of the
inflorescence axis are
in-curved at the top to
resemble a giant fist, and
the inflorescence axis is
separated at the base
upward. The grains can be
reddish, dark brown, or
light brown

Eleusine coracana subsp
coracana

Eleusine indica

Eleusine kigeziensis

Eleusine floccifolia

|

Fig. 9.3 Races and subraces of the species Eleusine coracana

Laxa

Reclusa
5

Grandigluma

Eleusine coracana subsp africana

ncuvata
Liliacea

Spontanea
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Fist Compact Semi-compact Open [ Droopy

Fig. 9.4 Variations in head shapes of finger millet. (Photo taken by Aachal Futane)

form secondary inflorescences. The leaf sheaths have noticeable keeling and flatten-
ing. The leaf blades are linear and tapered, narrow, flat, or folded with prominent
midrib, fimbriate ligule of 1-2 mm, a fringe of hairs, and ciliated margins. There are
four types of panicle shapes, namely, (1) fist, (2) compact, (3) semi-compact,
(4) open, and (5) droopy as shown in Fig. 9.4.

The plant’s inflorescence is a bunch of 5-26 fingers, composed of dense spikelets
where the grain, or seed, is produced. The inflorescence comprises of spikes in a
terminal umbel form and open digitate terminal whorl-bearing spikes. Spikelets are
compressed laterally, and two curved rows are present in the outer side of the spike.
Each spikelet has flowers/blooms and approximately 1000-3000 flowers per earhead
(Fig. 9.5b, c). The opening of the florets and grain filling starts from bottom to top
within the spikelets. The spikelet-bearing grains are typically covered by a thin,
visible pericarp of brown color between the lemma and palea. Variations in head
shapes and grain shapes of finger millet aids to differentiate closely related species
(De Wet et al. 1984). The grains have globular shape. The endosperm is starchy and
testa strongly adheres to the aleurone layer. The five-layered structure of testa of
finger millet is kind of unique among the other cereal grains. The top surface has a
thin autofluorescent layer. The inner layers contain tannins, while the outer layer
contains phenolic compounds that autofluoresce. The finger millet plant possesses an
active adventitious and very strong fibrous root system, making it difficult to take out
of the soil. In a recent study by Mirza et al. (2014), various components and stages of
developing inflorescence were described.
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B C

Fig. 9.5 Panicle at flowering stage. (A) Anthers are visible at florets tips, (B) flowering in semi-
compact panicle, and (C) flowering in open type panicle

9.6.1 Floral Morphology and Breeding Behavior

Finger millet is a highly self-pollinated crop with as low as 1% cross-pollination. Its
floral structure has been described by many researchers in the past. Coleman (1920)
and Ayyangar (1932) described the flower as a bird foot due to its appearance and
arrangement of the fingers bearing 2—10 whorls but only 5-6 spikes. At the end of a
stem, the lowest spike arises called thumb (first claw of bird) which is parted by 2—5-
cm distance from other spikes (fingers) represented in Fig. 9.6. Emrey (2022)
identified the following floral structures of finger millet as each finger millet plant
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Fig. 9.6 Inflorescence with
fingers and thumb. (Source:
https://www.genebanks.org/
resources/crops/finger-millet/)

Fig. 9.7 Floral biology. (A) Inflorescence (fingers), (B) floret or spikelet, (C) floret within lemma
and palea, (D) Pistil (female part) with ovary and stigma, (E) Anthers and pistil without lemma and
palea. (Source: Emrey 2022)

has several fingers (inflorescence), each finger has in turn several spikelets, each
spikelet further contains florets, and each floret has three anthers around the stigma
as you observed under a microscope as illustrated in Fig. 9.7a, b. The inflorescence
consists of straight or little curved fingers or spikes with a whorl having 3—11 digitate
(Gupta et al. 2011a, b). The inflorescence is supported by a peduncle from which
spikes extend in the shape of a whorl that resembles fingers.


https://www.genebanks.org/resources/crops/finger-millet/
https://www.genebanks.org/resources/crops/finger-millet/
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In each finger, there are about 70 spikelets, each spikelet having 2—13 complete
flowers. Florets are hermaphrodite (bisexual) except terminal florets which are sterile
in nature. Florets consist of the lemma, palea, stamens, pistil, anthers, and ovary
making it the perfect flower, and an earhead contains about 1000-3000 flowers
(Patroti and Gowda 2015).

The fully matured flower consists of three stamens, short or big anthers, and a
longer or shorter filament—illustration of female and male parts of flower Fig. 9.7d,
e. Stigma is white or brown colored with a branched structure; styles are free to their
bases with the glabrous ovary.

The florets are in the axil of the lemma, and the lemma is boat-shaped with small
appendages. Lemma and pelea are awnless having three and two nerves, respec-
tively. The floret is covered by two large unproductive or barren glumes, enclosed
between a pair of palea (Fig. 9.7c; Emrey (2022)). Palea is short with two lodicules
and the androecium almost surrounds the stigma, ensuring self-pollination having
three long or short filamentous stamens with non-penicillate anther and the gynoe-
cium is bi-carpellary, unilocular with superior ovary having two styles with plumose
stigma (Ganapathy 2017).

9.6.1.1 Anthesis and Pollination

In finger millet the mechanism of anthesis and pollination were thoroughly examined
by various researchers in the past decades like Ayyangar (1932), Ayyangar and
Wariar (1934), Chavan et al. (1955), Chavan and Shendge (1957), and Emrey
(2022). According to Ayyangar and his team, the inflorescence takes around
10 days to emerge fully. The anthesis (first opening of the flower) occurs between
1.00 a.m. and 5.00 a.m. As soon as lemma and palea start to separate, the stigma and
anthers appear almost synchronously. The anthers dehiscence longitudinally and
occurs before the florets’ opening (Emrey (2022)). Soon after the dehiscence of
anthers, the flower is observed to be closed with no traces of stigma (Gupta et al.
2011a, b). The inflorescence appears yellow after anthers emerge and the florets
grow more distinct and clearer. The flowering in the finger millet coincides in all the
florets. One floret in a spikelet opens each day. A spikelet opens from top to bottom
in an acropetal manner, whereas a floret within a spikelet opens in a besipetal manner
from the bottom toward the top. The florets are compact before anthesis, and the
androecium and gynoecium are tiny, densely clustered, and pale in color (Mirza and
Marla 2019). Generally, the flowering gets completed in 3—4 days, but due to
variation in temperature and humidity, the flowering may vary from 5 to 8 days
(Patroti and Gowda 2015). After the flowering initiation, maximum flower opening
is seen on the third day, while the florets at the terminal end remain sterile.

At the time of dehiscence inside the flower, the oblong anthers and sticky stigma
attained the same height to ensure self-pollination. The anthers burst to pollinate
their stigmas. The pollen viability remains only for 15-20 min, while the stigma is
receptive for up to 5 h (Dodake and Dhonukshe 1998). Therefore, this mechanism
and pollen and stigma characteristics do not permit cross-pollination beyond 1% in
finger millet. Anthers become yellowish and inflorescence due to pollens, and the
ovary became swollen after the anthesis as other parts of androecium and gynoecium
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gradually increase in size. After flower opening, feathery stigma and anthers get
clearly visible at the floret’s tips (Fig. 9.5a).

9.6.1.2 Emasculation and Pollination Techniques

In millets, generally the flowers are tiny and complex; hence, the emasculation is
very critical and tedious. The skillful act of the removal of stamens or anthers or the
killing of pollen grains without affecting the female reproductive organ is known as
emasculation. The floral architecture of finger millet makes it very difficult to
emasculate and hybridize. In sorghum, the immature anthers from the florets,
which are most likely to open the following morning, are forcibly removed from
flowers using forceps or needles making hand emasculation feasible. However, due
to the tiny size and complexity of the florets, these techniques are challenging with
finger millet and other minor millets, so the contact method of hybridization is
generally followed, whereas the success rate of more than 50% can be achieved by
hand emasculation method (Shailaja et al. 2010). The technique of altering the
temperature and humidity to open the flowers is also used where the fingers are
gently sprinkled with cold water and after smoothly bagging them airtight with the
help of polythene bags. As the glumes start to open, the exposed anthers are carefully
removed without harming any female parts of the flowers, i.e., stigma, hence
completing the emasculation (Ganapathy 2017). The pistil is very sensitive to dry
environment; hence, it needs to be sprinkled with cold water to avoid drying in the
emasculated fingers. Pollination is the key to make the hybridization successful. The
desired male parent is selected, and the pollens are dusted on the emasculated fingers
for pollination. For this the emasculated female and pollinating male parent panicles
are tied together to achieve the hybridization by intertwining the fingers of the male
panicle inside the female panicle and covering them with appropriate size butter
paper bags to avoid any external pollen contamination. For identification of the true
F; hybrids, the male-pollinating parent is chosen wisely with pigmentation on the
nodes for easy identification of hybrids (Gupta 2006).

Hand Emasculation

Day 1: For proper hand emasculation, the new panicles come out from the leaf
sheath are selected (Fig. 9.8a). The hand emasculation should be performed in the
evening hours, generally within 3—5 days of the emergence of panicles. Panicles
that were likely to open the next day should be selected. The selected panicles
must be health and immature. The tips of the selected panicle required to be cut
off using sterilized scissors (Fig. 9.8b). Then the panicles must be sprinkled with
cold water and firmly covered with a polythene bag (Fig. 9.8c; Step 1).

Day 2: Emasculation is carried out in the morning hours between 3 a.m. and 6 a.m.
because at this time the pistil slowly opens and the glumes contains premature
anthers.

Using sterile fine-tipped forceps, alternate spikelets should be removed from each
finger. (Fig. 9.8c; Step 2). The sharp sterile needles and magnifying glass should be



192 S. Shamkuwar et al.

o
Hot water treatment
POYJdW UONBNISEW PUuBHy

E F

Fig. 9.8 Crossing technique for finger millet illustrated employing hand emasculation and
hot-water emasculation methods. (A) Female parent: panicle initiation from leaf sheath. (B) Female
parent: the tips of fingers are removed/cut using scissors by maintaining only 2-3 fingers per
panicle. (C) Hand-emasculation method: Step 1: Spraying the cold water on spikelets of female
parent and covering it air-tightly with polythene bag. Step 2: Using fine-tipped forceps to remove
alternative spikelets of the female parent. Step 3: Anthers are carefully removed with the help of a
magnifying glass lens and fine needle from the female parent. (D) Hot-water treatment: Step 1:
Panicles of female parents are covered with butter paper bags. Step 2: The hot water of 52°C is taken
into flask and panicles are immersed for 2-5 min. Step 3: Removal of water content from the
inflorescence in female parent using tissue paper. (E) Male inflorescence and emasculated female
parent inflorescence are tied together of with a thread. (F) Butter paper bags are placed over the
inflorescences of both flowers to prevent the cross-pollination by foreign pollen grains and to ward
off insect attack. (G) Seed setting after pollination at 35-40 days after crossing. (The photographs
taken from Krishna et al. 2020)

used to open the glumes of carefully selected flowers/florets, and anthers are
removed without injuring the stigma (Fig. 9.8c; Step 3).

As the pistil get dry quickly, spray the cold water to maintain the moisture. Now
the panicles are ready for crossing.
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Hot-Water Treatment

Emasculation is a crucial step for finger millet as it is a bisexual plant. Hot-water-
based emasculation is used to make female parents sterile. In hot-water emascula-
tion, the appropriate stage panicles of female parent should be selected and
immersed in hot water for 2-5 min. The water temperature should be 48-52°C
depending on the location and climatic conditions of the area to make emasculation
effective. Inducing male sterility in finger millet by treating the inflorescence
(3—4 days after emergence) with hot water at 52°C for 5 min has been successful
(Gupta et al. 2011a, b).

The steps in this process are described below in detail:

Day 1: Panicles expected to flower in 2-3 days are likely selected, and the tips are
excised with sterile scissors (Fig. 9.8a) (premature stage of anthers), and the
panicles are properly covered in butter paper bag (Fig. 9.8d; Step1). This process
should be done evening (Fig. 9.8b).

Day 2: In the morning hours of the next day between 3 a.m. and 6 a.m., hot-water
emasculation is performed. For emasculation, most of fingers are removed leav-
ing only 3—4 fingers. Take the hot water with temperature 48—52°C in the thermo-
flask-like container to maintain the constant temperature. Then immerse the
whole panicle into the hot-water container for 2-5 min (Fig. 9.8d; Step 2).
Then remove the panicles, and completely dry them using tissue paper
(Fig. 9.8d; Step 3). This will impart the flower opening and pollination can be
carried out.

Use of Chemical-Hybridizing Agents

Chemical-hybridizing agents are used to make plant sterile by killing or inactivating
the stamens of the flowers. These are also called androcides or male gametocides,
generally used in self-pollinating plants.

There are many different CHAs present, but only a few are effective for
finger millet emasculation. Ethrel and GA3 are found to be suitable to some
extent for emasculation in finger millet. Application of ethrel at proper concen-
tration at the proper stage of the crop is essential to achieve effective emascula-
tion. Studies have been conducted to understand the effect of ethrel for
emasculation at different concentrations ranging from 1000 to 3000 ppm. Ethrel
application at 2000 ppm concentration at the booting stage was most effective
for emasculation (Kunguni 2016). Ethrel cause male sterility of between 15%
and 38% on finger millet when applied at concentrations of between 1500 and
2000 ppm at DS 45 (Oduori 2008). The application of GA3 at the concentration
of 1600 ppm at fifth leaf stage has been found reliable to create male sterility
(Ganapathy 2017).

Though this emasculation technique is not highly successful, more studies on its
concentration and time of application can make it reliable.
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Use of Genetic Male Sterility

Emasculation using genetic male sterility involves the use of nucleus (GMS) or
cytoplasmic male sterility (CMS) genes for making plants (female) sterile. Genetic
male sterility aids in an effective hybridization program by making the pollens
infertile by nuclear genes. Cytoplasmic male sterility genes halt pollen production
due to a mitochondrial gene defect (House 1985). Techniques such as environment
sensitive genetic male sterility (EGMS), photoperiod genetic male sterility (PGMS),
and thermosensitive genetic male sterility (TGMS) are effective but not found yet in
finger millet as present in rice.

9.6.2 Crossing

The crossing, i.e., pollination, can be executed distantly after emasculation. The
un-emasculated male inflorescence which is healthy and mature enough can be
directly used for pollination. Both the inflorescence, male (un-emasculated) and
female (emasculated) are tied together (Fig. 9.8e) and immediately covered with a
fresh butter paper bag (Fig. 9.8f) to complete the crossing process.

9.7 Genetics and Cytogenetics of Finger Millet

Both Eleusine coracana subsp. coracana and E. coracana subsp. africana possess
tetraploid genomes with a somatic chromosomal count of 2n = 4x = 36
chromosomes, denoted by the genomic notation AABB (Chennaveeraiah and
Hiremath 1974; Hiremath and Salimath 1992). The A genome is derived from the
diploid E. indica, while the origin of the B genome remains unknown (Hilu 1988;
Bisht and Mukai 2001a). Nevertheless, research utilizing genomic in situ
hybridization has revealed that the perennial E. floccifolia serves as the source of
the B genome for the aforementioned tetraploids (Bisht and Mukai 2001a, b).
Cultivated finger millet can cross-breed with E. coracana subsp. africana and
E. kigeziensis (2n = 4x = 38), an allotetraploid endemic to southwestern Uganda
and Rwanda (Phillips 1974). Subspecies africana is native to the African continent.

Compared to other main grains, finger millet’s genome sequencing has been
delayed. In contrast to rice, whose first draft genome was published in 2005
(International Rice Genome Sequencing 2005) and whose gene annotation was
finished in 2013 (Sakai et al. 2013), the first draft genome of finger millet was
published in 2017 (Hittalmani et al. 2017). Fewer genomic research studies are being
conducted due to delayed genome sequencing and insufficient financial allocation.
In the upcoming years, the draft genome will be a crucial tool for improving the
genetics of finger millet. Currently, only two draft finger millet sequences are
accessible in the NCBI database.

In comparison to rice, maize, and barley, finger millet has a very small amount of
expressed sequence tags (ESTs). Compared to hundreds of other main crops, finger
millet has just 139 gene sequences in the NCBI database. Several genome
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Table 9.4 Genomic and associated data for finger millet in NCBI database

Database Number Database Number
Genome 1 Protein 482050
Gene 132 Protein structure 3
dbSNP 0 Bio-assays 18
Identical protein Groups 55351 Pathways 0

assemblies are available for different cereals; however, finger millet
(ASM218045v1) only has one. Similar to this, only three proteins from finger millet
have had their structures determined (Strobl et al. 1995; Gourinath et al. 2000).
Finger millet has not been improved using single nucleotide polymorphism (SNP)
markers. There are just a few stress situations with high-grain Ca concentration and a
small number of transcriptomes for finger millet. However, most studies have not yet
validated differentially expressed genes and characterized them. To address issues in
ragi, further work is required to collect the transcriptome of genotypes under biotic
and abiotic challenges as drought, salinity, and blast. Finger millet’s publicly
available entire genome sequence would be a significant step toward finding and
using other genome-dependent resources. For instance, the finger millet genome
may be blasted with RNAseq readings to identify important genes and their roles in
processes (Table 9.4).

9.7.1 Genome Sequences

Using [llumina and SOLIiD (sequencing by oligonucleotide ligation and detection)
sequencing technology, the whole genome of the finger millet genotype ML-365
(a blast-resistant, drought-tolerant cultivar with high cooking quality) was sequenced
(Hittalmani et al. 2017). Nearly 45 Gb of paired end data and 21 Gb of mate-pair data
were produced. In the assembled genome, there were 525,759 scaffolds (more than
200 bp), with an average scaffold length of 2275 bp and a N50 length of 23.73 kb
(Hittalmani et al. 2017). In this work, plants of genotype ML-365 that were well-
watered (WW) (53,300 unigenes) and mild moisture stressed (LMS) (100,046
unigenes) had their transcriptomes effectively sequenced and assembled. Using
protein sequences from Viridiplantae, the UniProt database was used to annotate
around 64% of the unigenes. According to gene expression analyses, there were
12,893 unique unigenes in the LMS condition, 2267 unique unigenes in the WW
condition, and 111,096 common unigenes in both the LMS and WW situations.
Protein-protein homology modelling was used to identify transcription factors (TFs),
which revealed similarity with 56 of the recognized TF families. In comparison to
rice and other plants of the Poaceae family, foxtail millet was shown to have greater
colinearity of genes. According to this study’s findings (Hittalmani et al. 2017), the
wild cousin E. coracana subspecies africana and the farmed finger millet
E. coracana subspecies coracana have identical genome sizes. This suggests that
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E. coracana subspecies africana was the source of domesticated finger millet (Dida
et al. 2008).

According to gene expression analyses, there were 12,893 unique unigenes in the
LMS condition, 2267 unique unigenes in the WW condition, and 111,096 common
unigenes in both the LMS and WW situations. Protein-protein homology modelling
was used to identify transcription factors (TFs), which revealed similarity with 56 of
the recognized TF families. In comparison to rice and other plants of the Poaceae
family, foxtail millet was shown to have greater colinearity of genes. According to
this study’s findings (Hittalmani et al. 2017), the wild cousin E. coracana subspecies
africana and the farmed finger millet E. coracana subspecies coracana have identi-
cal genome sizes. This suggests that E. coracana subspecies africana was the source
of domesticated finger millet (Dida et al. 2008). In the upcoming years, the complete
genome sequences of ML-365 and PR-202 will be used for additional studies,
including marker-assisted breeding programs, next-generation sequencing (NGS)-
based allele discovery, SNP identification, linkage map construction, functional
characterization of candidate genes using reverse genetic methods, and identification
of genes and QTLs for commercially significant traits.

9.7.2 QTLs for Agronomic Traits

In nature, yield traits essential for agronomy are controlled by multiple genes with
minor cumulative effects or epistasis. Simple sequence repeats (SSR) markers were
used to study agronomically important features in finger millet, including grain
production, disease resistance, drought tolerance, and nutritional quality parameters.
Identification of QTLs associated with nutritional attributes based on association
mapping would benefit bio-fortification programs aimed at treating nutritional
deficiencies. Using 23 anchored SSR markers, association mapping for calcium
concentration in 113 genotypes identified 9 QTLs (Kumar et al. 2015). Four QTLs
(UGEPS81, UGEP24, FMBLEST32, and RM262) for blast resistance were discov-
ered by Babu et al. (2014a, b) utilizing association mapping in 190 genotypes of
finger millet and 104 SSR markers. Using 120 SSR markers, the tryptophan content
quantitative trait loci (QTLs) OMS5S and FMS8 and the protein content QTLs
FMO2EST1 were found, and it was found that these QTLs were connected to
opaque2 modifiers (Opm) (Babu et al. 2014b). The two necessary amino acids for
humans are lysine and tryptophan. Cereals lack these amino acids since they only
contain 1.5-2% lysine and 0.25-0.5% tryptophan, but humans need 5% lysine and
1.1% tryptophan for adequate nutrition. Compared to cereals, finger millet has
comparatively high tryptophan content. Further enhancing the quality of finger
millet germplasm will benefit from the discovery of the QTLs connected to the
Opm gene, which is responsible for the tryptophan content. Ramakrishnan et al.
(2017) used association mapping under P-adequate and P-deficient settings to
identify four QTLs (QLRDW.1, qLRDW.2, qHSDW.1, and qHRL.1) related to
root dry weight, shoot dry weight, and root length. P shortage has a significant
negative impact on shoot and root development throughout the seedling stage. It
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would be necessary to confirm the discovered QTLs before using them for marker-
assisted selection.

9.7.3 Functional Characterization of Important Genes

The identification of a gene’s function is achieved through gene annotation research,
which involves the use of related and model crop species. To verify gene activity,
gene expression investigations are conducted. It is crucial to characterize key
attributes of genes to breed enhanced varieties. In the case of finger millet, genomic
research is uncovering candidate genes related to signaling and nutrition transport
(Sood et al. 2016). When compared to other grains, finger millet has tenfold greater
calcium content. Finding key genes and their signaling can aid in understanding the
process and, if required, allow for the use of these genes in the bio-fortification of
cereal crops.

9.7.3.1 Genes in Calcium Metabolism

A key nutrient needed for the growth and development of both plants and animals,
including humans, is calcium. It comes from the earth and makes up the intermediate
lamellae between two neighboring cells. The finger millet seed’s aleurone layer has
the highest concentration of calcium, followed by the seed coat and embryo (Nath
et al. 2013). The expression of transporter genes involved in Ca signaling has been
found to be inversely correlated with calcium levels (Carter et al. 2004). The transfer
of nutrients between maternal and filial tissues occurs through apoplast since
nutrients are not transmitted via the transpiration stream for developing embryos
(Patrick and Offler 2001). So calcium levels of mature embryo or seed coat, which
are thought to be controlled by Ca** transporter genes, might fluctuate in apoplast of
the maternal tissue. It may be possible to transmit this feature to other millets grains
by characterizing the genes involved in Ca buildup. CaM-stimulated type IIB Ca**
ATPase, Ca**/H* antiporter (CAX1), two CaM-dependent protein kinases (CaMK 1
and CaMK?2), and two pore channel 1 (TPC1) transcript levels have been analyzed in
two contrasting genotypes of finger millet (GP-1, low Ca, and GP-45, high Ca) to
determine their levels of expression (Mirza et al. 2014). Eighty-two Ca sensor genes
were found in the transcriptome of growing spikes of the genotypes GP-1 and GP-45
(Singh et al. in 2014). In the spike samples of GP-45 and GP-1, respectively, it was
discovered that the expression levels of 24 genes and 11 genes were increased. Seven
genes in GP-45 that are highly expressed code for CaML, seven for CIPK, five for
CBL, four for CDPK, and two for CRK. In the same genotypes, the gene CIPk24
was also studied (Chinchole et al. 2017). When compared to genotype GP1, the
expression of this gene was found to be greater in the shoot, root, leaf, and growing
spike tissues of GP-45. Through in silico analysis employing model plant genomes,
nine single nucleotide polymorphisms (SNPs), one extra beta sheet domain in
protein, and changes in protein localization in vacuoles between model crop plants
were discovered. EcCIPK24 (GP-1) was shown to have a stronger affinity for the
proteins EcCCBL4 and EcCBL10 than EcCIPK24 (GP-45). It has been suggested that
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elevating calcium levels in seeds can be significantly aided by EcCIPK24’s activa-
tion of the ECCAX1Db protein (Chinchole et al. 2017).

The effort of finding the genes involved for Ca metabolism in finger millet will go
much more quickly now that the genome is available. Finger millet’s Ca”* transport
pathways might be studied using reverse genetics for Ca metabolism. As the whole
genome sequence for ragi is now available for site-directed mutagenesis to prevent
off-target effects, gene editing techniques like CRISPR/Cas9 may be used to create
mutations in putative genes thought to be involved for Ca transport and its buildup in
grain (Ceasar et al. 2016). For comparable investigations, the CRISPR/Ca9 method
has been effectively used in several crops.

9.7.3.2 Genes in Nitrogen Metabolism

Studies have been done to identify the main genes responsible for N transport in
finger millet. Finger millet genotypes PRM-1, PRM-701, and PRM-801 were stud-
ied for the expression of PBF Dof (prolamin-binding factor DNA binding with one
finger only), a transcription factor involved in the regulation of seed protein storage.
These tissues included stem, root, and flag leaf at the vegetative stage as well as the
development of spikes (Gupta et al. 201 1a, b). The gene was more highly expressed
in developing spikes than in other tissues across genotypes, according to the pattern
of its expression. It was discovered that these genotypes’ increased seed protein
content was linked to enhanced PBF Dof expression during the early development
stages (Gupta et al. 2011a, b). Other important genes, such as ECHNRT?2 (Eleusine
coracana high-affinity nitrate transporter), EcLNRT1 (Eleusine coracana
low-affinity nitrate transporter), ECNADH-NR (Eleusine coracana nitrate reduc-
tase), EcGS (Eleusine coracana glutamine synthetase), ECFAd-GOGAT (Eleusine
coracana glutamine The findings revealed that, within 30 min of exposure to N
deficit, all examined genes, with the exception of ECHNRT2, were expressed in the
leaves of GE-3885. In the roots of GE-1437 and GE-3885, the gene EENADH-NR
was seen to be overexpressed and normally expressed, respectively, when plants
were subjected to greater nitrate concentrations, but not in. According to their
findings (Gupta et al. 2013), GE-3885 (high protein genotype) perceives nitrogen
earlier than low-protein genotype. Dofl and Dof2 exhibit antagonistic behavior in
the regulation of genes involved in C and N metabolism, according to an investiga-
tion of EcDofl and EcDof2 expression patterns in the same genotypes (GE3885 and
GE1437). According to Gupta et al. 2014, roots from GE-3885 were found to have
higher EcDof1/EcDof2 ratios than those from GE-1437, indicating more gene
activation linked to N absorption and assimilation that resulted in higher grain
protein accumulation.

9.7.3.3 Genes in Abiotic Stress Tolerance

Due to its excellent adaptation to tropical semiarid climate, finger millet is widely
renowned for being drought-resistant. In an effort to enhance crops, efforts have
been made to pinpoint the genes that are important for drought tolerance. Drought is
the most significant abiotic stressor impacting agricultural ecosystem production.
The finger millet gene EcDehydrin7 that responds to drought was identified (Singh
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et al. 2015) and over-expressed in tobacco. EcDehydrin7-transfected tobacco plants
demonstrated drought tolerance. In genotype GPU-28 under drought stress, it was
discovered that additional genes sensitive to drought (metallothionein, farnesylated
protein ATFP6, protein phosphatase 2A, and farnesyl pyrophosphate synthase) were
overexpressed (Parvathi et al. 2013). Further research on these genes’ expression
patterns will aid in the discovery of distinctive signals involved in drought tolerance
in finger millet. These genes are thought to have a significant role in drought
tolerance. By searching a cDNA library of finger millet for orthologous sequences,
a regulatory gene TBP associated factor6 (EcTAF6) responsible for drought
response in finger millet was discovered. Ragi genotype GPU-28’s expression levels
in response to various stress exposures were examined. In vitro exposure to NaCl
(salinity stress), PEG (osomotic stress), and methyl viologen (oxidative stress) was
observed to increase the expression of the gene EcTAF6 relative to control
conditions (Parvathi and Nataraja 2017). Additionally, genes have been discovered
and verified in finger millet utilizing a drought responsive transcriptome by cDNA
subtraction (Ramegowda et al. 2017). Ectopic expression of EcGBF3 in A. thaliana
was used to identify the gene as a prospective candidate. In Atgbf3 mutant lines, high
EcGBF3 expression in A. thaliana offered resistance to the aforementioned
conditions (Ramegowda et al. 2017). Due to the difficulties in producing mutant
lines in finger millet for functional genomics investigations, only A. thaliana, a
model plant, was used for the expression analyses.

RNAseq was used to analyze the transcriptomes of the salt-tolerant variety Trichy
1 and the salinity-susceptible variety Co-12 under salinity conditions (Rahman et al.
2014). Rice’s capacity to withstand salt and drought was enhanced by the
overexpression of the EENAC67 TF gene (Rahman et al. 2016). In the finger millet
genotype GPU-28, transcription factors from the bZIP family (EcbZIP60) and basic
helix-loop-helix (bHLH) family (EcbHLH57) were found to be in charge of the
abiotic stress response in response to drought, osmotic, salt, and methyl viologen
(MV) stresses (Babitha et al. 2015a, b). The CBL interacting protein kinase31
(EcCIPK31-like) gene for drought tolerance in finger millet was discovered and
characterized (Nagarjuna et al. 2016). According to Ramakrishna et al. 2018, a new
bZIP TF gene called EcbZIP17 that is exclusive to the endoplasmic reticulum of
finger millet was identified and overexpressed in tobacco. Heat stress and salinity
stress tolerance were displayed by the plants overexpressing EcbZIP17.

There are several areas of work with tremendous possibility in finger millet as it is
a gold mine for nutrition enhancing and stress resistance genes. Identification and
use of such genes would not only benefit crop improvement of finger-millet but also
would serve as gene resource for other crops. Genome sequencing has been done;
however, more sequencing efforts are needed for sequencing other varieties. This
would help in targeting variation present in the crop for breeding at haplotype and
gene level. The technologies like CRISPR/Cas require genome sequences for its
proper use. More is needed to be done with respect to mutant and genetic studies.
Millets such as ragi as a nutrient rich crop has to be given more attention as they have
can ameliorate nutritional imbalance in human diet and address hidden hunger of the
world.
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9.8 Plant Genetic Resources

ICRISAT in Patancheru, India, manages a total of 5957 accessions in their global-in-
trust collections. Among these accessions, 4585 are of non-Indian or exotic origin,
including 105 wild species, 5665 landraces, 137 improved cultivars, and 50 breed-
ing/research materials. Seven hundred sixty-six finger millet accessions, including
17 wild relatives (E. floccifolia, E. indica, E. jaegeri, E. multiflora, and
E. tristachya), are kept at the USDA’s Agricultural Research Station in Gryphon,
Georgia. These collections are from 11 countries: Ethiopia, India, Kenya, Nepal,
Pakistan, South Africa, Tanzania, Uganda, Zaire, Zambia, and Zimbabwe. Other
South Asian countries like Nepal (877), Sri Lanka (393), and Bhutan (84) also hold
significant collections. African regions such as Kenya (1902), Zimbabwe (1158),
Uganda (1155), Zambia (497), Tanzania (293), Malawi (145), Eritrea (120), Burundi
(113), Ethiopia (71), Nigeria (20), and South Africa (17) have reported their
collections. Additionally, China (300), the Russian Federation (110), and Vietnam
(52) are known to conserve finger millet collections. The database of finger millet
accessions is maintained by Genesys portal online which shows classify the acces-
sion according to different parameters (Figs. 9.9, 9.10, 9.11, and 9.12).

Diversity in different traits among accession procures from different centers of
diversity has been extensively studied and reported. In their study Bedis et al. (2006)
reported a large variability among the germplasm studied for flowering, maturity, ear
length, finger number, fodder, and grain yield, while Upadhyaya et al. (2007)
observed extensive variability for plant pigmentation, growth characters, flowering,
plant height, and length of inflorescence and width and grain color. Chemeda and
Gemechu (2010), however, reported that the geographical origin had little to no
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Fig. 9.9 Pie chart of countries that maintain accessions of finger millet
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Fig. 9.11 Types of germplasm collection used for storing accessions of finger millet in the world

impact on Ethiopia’s pattern of diversity in native and exotic collections. In addition
they suggested that biomass, ear weight, and grain weight contributed more toward
the observed diversity. Based on their research of 196 germplasm, Mnyenyembe and
Gupta (1998) showed substantial variability for flowering, plant height, finger



202 S. Shamkuwar et al.

Breeding/Research | Natural, 1 Breeders Line, 16
Material, 70
Mot specified, 1,009

Advanced/improved m Traditional cultivar/Landrace

Iti 146
EELIEETy ® Other

= Wild
Advanced/improved cultivar

W Breeding/Research Material

Other, 1,438 M Breeders Line
m Weedy
m Natural

Traditional m Not specified

cultivarfLandrace,
9,850

Biological status of accession

Fig. 9.12 The biological status of accessions of finger millet in world

length, finger breadth, number of fingers, number of productive tillers, panicle
production, grain yield, and finger blast resistance. Reddy et al. (2009) characterized
5949 germplasm accessions for a wide range of qualitative and quantitative traits,
with about 2000 of these accessions coming from Eastern Africa. They found
significant variation for the days to flowering, which ranged from 50 to 120 days,
with the majority of early flowering accessions coming from Burundi and late
accessions coming from Ethiopia. Among the eastern African collection, green
plant types were dominant over pigmented plants with a dominance of erect growth
habit. The majority of lodging-resistant accessions were from Uganda. The east
African germplasm was dominated by race vulgaris. Large ears, higher grain
density, thick, robust stems, and broad, dark green leaves were all characteristics
of the African germplasm (Seetharam 1982).

Upadhyaya et al. (2007) reported that in 909 finger millet germplasm accessions
introduced from the gene bank at the International Crops Research Institute for the
Semi-Arid Tropics (ICRISAT), Bulawayo, Zimbabwe in 2001, more than 50%
green plant accessions were from Kenya, Nepal, Zambia, and Zimbabwe. Among
the 909 accessions, 65.3% were green plant type accessions, and 34.7% were
pigmented type accessions. Decumbent and erect types of growth habits were
dominant with 92.8% erect type. In the same study, plant height of the collection
varied from 50 to 120 cm in the collections from Zimbabwe to 85-130 cm (Ethiopia,
Malawi, Uganda, and Zaire), suggesting that the dwarf plant had high frequency in
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Table 9.5 Sources for micronutrients (Ca, Zn, and Fe)

S.no. | Micronutrient | Rich in genotypes References

1 Calcium CEMV 1 (Indravati), CEMV 2 Yadava et al. (2020)

2 Zinc CEMV 1 (Indravati), CFMV 2 Yadava et al. (2020)

3 Iron VR 929 (Vegavathi), CFMV 1 (Indravati), Yadava et al. (2020),
CFMYV 2, KMR-216, BR-36, PR-10-21, Babitha et al.
GPU-28 (2015a)

(up to 75 cm) accessions from Zimbabwe than in the entire collection from Southern
and Eastern Africa while days to 50% flowering varied from 62 to 96 days in the
accessions from Kenya to 73-81 days in accessions from Tanzania and Zaire,
indicating that early flowering accessions occurred in Kenya, and late flowering
accessions were found in Tanzania and Zaire. They also reported an extensive range
of grain colors (dark brown, light brown, ragi brown, reddish brown, and white)
were observed in the finger millet germplasm collection introduced from Southern
and Eastern Africa. The majority of the accessions were light brown, reddish brown,
dark brown, ragi brown, and white. The inflorescence length varied from 40 to
215 mm in the collections from Kenya, Zimbabwe, and unknown origin to
60—-180 mm in accessions from Nepal, Ethiopia, and Tanzania, indicating that the
narrowest inflorescence width accessions were found in Kenya, Zimbabwe, and
unknown origin. In contrast, the widest width accessions were found in Nepal,
Ethiopia, and Tanzania (Table 9.5).

9.9 Achievements

See Table 9.6.
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Abstract

Finger millet (Eleusine coracana L. Gaertn) also known as “ragi” belongs to
family “Poaceae” (Gramineae) is an important millet after Jowar and Bajra.
Among millets, finger millet is a sustainable future crop which offers a source
of food, fodder, forage, energy (fuel), and nutritional security to the world. Finger
millet can be eaten as cakes, porridges, pudding, and biscuits. It is better for its
suitability to dry land, hilly and tribal agriculture of Asian and African countries.
It grows under less irrigated conditions due to its C, nature and low water
requirement (350 mm). It will be grown under various agro-climatic zones and
agroecological zones in relative to cereal crops. It can be stored safe for nearly
50 years without pest infestation and can be used during famine. Finger millet has
a rich nutritional profile like carbohydrates (65-75%), crude fibers (15-20%),
proteins (5—8%), and also a better stock of minerals (2.5-3.5%) like calcium
(344 mg/100 g), phosphorus (283 mg/100 g), iron (3.9 mg/100 g), and zinc
(2.79 mg/100 g). Men and women are suggested to eat finger millet as it is
hypoglycemic due to more amylose to amylopectin ratio, hypocholesterolemic
due to high dietary fiber, thereby management of obesity, diabetes, and anemia.
Genetic variability in finger millet genotypes is a prior requirement in breeding of
crop breeding to develop stable genotypes across the various seasons and
locations for their yield and its contributing traits and quality characters.
Identifying candidate genes for quality characters like calcium, protein,
antioxidants, and “gluten free” finger millet using marker assisted selection
(MAS) and genomic selection which increases the genetic gain per unit time.
Removal of anti-nutritional factors like phytic acid, phenols, and tannins and
thereby increases bioavailability of Fe, Zn, Ca, Mg, and Mn. Variability in
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germplasm of finger millet is to be harnessed for breeding of varieties with high
yield and quality.

Keywords

Finger millet - Quality - Yield - Variability - Stability

10.1 Introduction

Finger millet (Eleusine coracana (L.) Gaertn) is an important food source in dryland
agriculture. The “finger millet” got its name because of finger like branching pattern
of the earhead. As traditionally, from time immemorial, “Ragi” got its name from
“ragika” which means goddess of cereals. Finger millet is generally grown in
tropical and subtropical regions in different countries such as India and its
surrounding nations like Nepal, Sri Lanka, China, and Japan in Asia whereas
Ethiopia, Kenya, Rwanda, Zairein Africa. India is rather a few steps ahead in finger
millet production and productivity in Asia with an area of one million hectares and a
production of 1.76 million metric tons with a productivity of 1747 kg/ha (EPWRF
India Time Series, 2019-2020). It is known for its suitability to dry land, hill and
tribal agriculture of Asian and African countries. Moreover, as it is a C4 plant and
have a low water requirement (350 mm), it can be grown under low soil moisture
conditions and also suitable for various contingent cropping systems. Finger millet
crop can be grown all around the year, depending on irrigation conditions. It will be
grown under various agro-climatic zones and agroecological zones when compared
to other cereal crops (Ashoka and Halikatti 1997). Straw of finger millet can be
profoundly used as an animal feed hence it is used as both human food and animal
feed as a forage crop. Climate change like heat waves leading to terminal moisture
stress, untimely rains during flowering and harvesting stages thereby, reduction in
production as in case of cereals like wheat in recent times affecting global food
supply and biotic and abiotic factors limiting the yield and also with less quality. So,
giving emphasis on finger millet which is resistant to all biotic and abiotic factors
results in sustained stability in yield with high quality. However, identifying the
candidate genes for the traits governing quality like calcium and protein is utmost
important. Hence, the genotypes should be assessed in order to evolve superior and
stable varieties across the various environments/seasons with high yield (Thandava
Ganesh et al. 2021) and quality parameters by keeping in mind the “gluten free,”
removal of anti-nutritional factors like phytic acid, phenols, and tannins, and avail-
ability of Fe, Zn, Ca, Mg, and Mn. The crop breeding strategies for the yield and
quality improvement are the dire need for finger millet for food and nutritional
security across the world by reducing food shortage and malnutrition.
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10.2 Taxonomy

The chromosome number of Eleusine coracana is 2n = 4x = 36 (AABB, tetraploid).
Ragi is called as utricle because seed coat and pericarp are not fused completely. It is
a self-pollinated crop and hand emasculation is difficult because of small size of the
flowers. A contact method of crossing is practiced in ragi. The genus Eleusine
contains 11 species out of which 6 are diploids and five are tetraploids. The species
Eleusine indica is diploid (2n = 2x = 18), while Eleusine coracana and Eleusine
africana are tetraploids (2n = 4x = 36). Eleusine coracana has originated from the
Eleusine africana as a gene introgression mutant (Hilu and Wet 1976). Moreover,
finger millet is classified into African ragi (E. africana) and Indian ragi
(E. coracana) on the basis inflorescence morphology. Long fingers, bold grains
with stiff straw are present in African types. Short fingers, small grains, and photo
insensitive come under Indian types. Coming to the progenitors, Eleusine indica is
wild species in Africa and India, while Eleusine stricta is wild in Africa alone. The
Indian-African interspecific cross derivatives led to Indaf varieties.

10.3 Yield of Finger Millet

Reduction in yields in finger millet is due to biotic factors as variability is not utilized
for developing varieties. The devastating disease in finger millet is blast (Pyricularia
grisea), the disease occurs common in other cereal crops and grasses. A ragi root
aphid (Tetraneura nigriabdominalis) infects from the roots and results in wilting of
plants and drying in patches in ragi fields. Hence, genetic variability in finger millet
genotypes is a prior requirement in crop improvement programs like pre breeding
and transfer of resistant genes through back cross method for development of a better
varieties to tackle biotic stresses and thereby increase the grain and fodder yield. The
genetic variability studies help in achieving this goal by assessing the genetic
variability in the genotypes and thereby evolving high yielding varieties based on
fodder and grain yield and their influencing traits.

10.3.1 Variability Studies in Finger Millet

The grain yield generally quantitative in nature is not only influenced by factors of
environment and but also depends on its associated traits. Therefore, the selection of
high yielding RILs (Recombinant inbred lines)/ABLs (Advanced Breeding lines)
should not be based on just a grain yield, rather its contributing traits are also
important. When finger millet is grown in different seasons or environments,
germplasm show variable range of fluctuations in their yield and its related traits.
The stability of a crop to perform well over a range of environments or seasons is as
important as its potential for yield per se. Lack of high and stable yielding varieties is
one of major debacles for increasing production of finger millet in India and across
the world.



216 B. T. Ganesh et al.

Bezaweletaw et al. (2006) reported that high PCV and GCV were portrayed by
plant height while the low values were recorded for 1000-grain weight in 64 land
races. The characters, viz., finger width, finger length, and grain yield per plant
showed a large part of the phenotypic difference accounted by the hereditary
component individually. This demonstrated the existence of enormous variability
that stayed and without any change by natural conditions among the germplasm,
which was progressively valuable for hybridization or selection. Moreover, they
found higher heritability for finger width.

Shet et al. (2010) tested three unique varieties of cultivable species of Eleusine
coracana with Eleusine africana for genetic variability. They studied that the F,
population of two crosses enrolled higher PCV and GCV for grain yield per plant.

Ulaganathan and Nirmalakumari (2011) recorded genetic variability values mod-
erate for 1000-grain weight, fingers per earhead, finger length, and plant height,
while low for days to maturity and finger width in 105 genotypes of finger millet.
High heritability was notified for finger width, grain yield per plant, fingers per
earhead, and days to maturity. It demonstrated marginal to high genotype x season
interaction in germplasm.

Jayashree and Nagarajaiah (2013) evaluated 689 accessions of finger millet and
recorded high heritability for finger length and plant height.

Karad and Patil (2013) tested 65 finger millet accessions. The results noted
regarding phenotypic and genotypic coefficients of variation were high for grain
yield per plant, finger length, number of productive tillers per plant, iron percent,
number of earhead per plant, average fingers per earhead, fodder yield per plant, and
1000-grain weight.

Reddy et al. (2013) recorded a wider range of variability in 18 elite finger millet
accessions for number of fingers per earhead, grain yield per plant, and plant height.
However, PCV and GCV were low for finger width and moderate for finger length
while higher for number of fingers per earhead.

Mahanthesha et al. (2017) analyzed 48 genotypes and observed higher GCV and
PCYV values for number of tillers per plant, grain yield per plant, and finger length.

Devaliya et al. (2017) assessed 68 finger millet genotypes for their genetic
variability and its twelve contributing traits. “Grain yield per plant” showed high
PCV and GCV. The characters viz., number of productive tillers per plant, main
earhead length, and number offingers per earhead showed a medium amount of
variation. Higher heritability along with high genetic advance was noted for grain
yield per plant, main earhead length.

10.3.2 Stability in Yield Across Seasons

An identification and assessment of stable and high yielding genotypes under diverse
seasonal conditions before releasing as a variety is the foremost step in plant
breeding and this influences directly on the adoption of the cultivars by the farmers.
Therefore, stability in production is a significant for the plant breeder to evolve
varieties in finger millet with stable and high yield across the various seasons.
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Kandpal et al. (1981) conducted experiments relating to changes in the enzyme
activities regarding proline metabolism in ragi (Eleusine coracana) leaves in sum-
mer related to water stress. Free proline in ragi leaves increased from 6 to 85-fold as
water stress created by treatment of polyethylene glycol was extended.

Badu-Apraku et al. (2012) analyzed 12 extra early maturing corn genotypes in
17 different places from 2006 to 2009 and they used GGE biplot and AMMI analysis
for estimating the G x E interaction for grain yield.

Fentie et al. (2013) conducted the experiment in northwestern Ethiopia to know
the genotype effect, season effect in finger millet germplasm for yield. Nine
genotypes were laid down in RCBD having three replications at six sites in north-
western Ethiopia. The combined ANOVA revealed for genotypes, seasons, and their
interactions is highly significant for grain yield.

Malambane et al. (2014) evaluated 35 finger millet genotypes in the dry season
2010/2011 and the rainy season 2011. Variation due to season resulted in a large
proportion of variations on plant height (94.60%), yield per plot (97.40%) and days
to flowering (78.00%). However, variations due to genotype were 38.50% for finger
number, 41.80% for finger width, and 16.80% for days to flowering.

Venkateshbabu et al. (2015) identified ragi genotypes which are having high
water use efficiency and yield for rainfed conditions based on water use efficiency
traits viz., relative water content (RWC), SPAD chlorophyll meter readings
(SCMR), specific leaf area (SLA), and yield parameters in ten genotypes viz.,
GP3, GP-24, GP-25, GP-104, GP-111, GP-27, GP-149, GP-153, GP-23, and
GP-160.

Nishar et al. (2020) tested ragi variety “BirsaMadua-1” for its productivity and
cost of cultivation in four villages of Ranchi in kharif, 2018. They found that there
was an alteration of rainfall in the district and its period of kharif crops is declining.
There was a raise in potential evapotranspiration (PET) and temperature. Even under
the changing environment, Ragi showed stability and adaptability with a Benefit-
Cost ratio of 2.28.

10.4 Quality Parameters

The mineral content of millets is mostly influenced by the genetic factors and
environmental conditions prevailing in growing region. The results indicated the
significant amount of variability present among the RILs studied for mineral nutri-
ent. Finger millet is nutritious in terms of high phosphorous, calcium, zinc, and iron.
The daily intake of finger millet is good for bone health and could reduce risk of
fracture and keeps diseases such as osteoporosis away. Even though it is rich in
nutraceutical property, anti-nutritional factor makes bioavailability of minerals lower
to monogastric animals (Thompson 1993). Phytic acid even though anti-nutritional
factor like polyphenols and tannins, found relatively high amounts but also acts like
antioxidant activity which is an important factor in health, aging, and metabolic
diseases. Finger millet is called as ‘“Nutri-cereal” because of its plethora of
nutritional advantages, and also contains rich amounts of micronutrients like Fe,
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Zn, Ca, Mg, and Mn. As finger millet is rich in dietary fibers, it helps in reducing
constipation and smooth functioning of digestive system. Because of high amylose
content in grains, the starch is slowly converted to sucrose, thereby reducing the
sugar levels in blood and is a boon to diabetic patients. Finger millet has a rich
nutritional reservoir like carbohydrates (65-75%), crude fibers (15-20%), and
proteins (5—8%). It is a better source of minerals (2.5-3.5%) like calcium (344 mg/
100 g), phosphorus (283 mg/100 g), iron (3.9 mg/100 g), and zinc (2.79 mg/100 g).
People are suggested to eat ragi and other millets instead of cereals like wheat and
rice, etc., as millets are hypoglycemic due to more amylopectin,
hypocholesterolemic due to high dietary fiber and food stays longer in digestive
tract which results in slow release of glucose into blood and thereby management of
obesity and diabetes and also helps in management of anemia (Chethan and Malleshi
2007).

10.4.1 The Procedure of Chemical Analysis of Grain Samples
of Finger Millet

10.4.1.1 Collection and Preparation of Grain Samples

The grain samples collected from the experimental plots are transferred to muslin
bag and transported to the experimental laboratory immediately. For long travel the
samples should be transported under cool conditions. To remove the moisture and to
inactivate the enzyme activities, the samples are dried in an oven at temperature of
65-70 °C for 48 h. The oven dried samples are powdered using a Willey mill
machine and stored in polythene bags to prevent contamination. The powdered
samples are subjected for analysis of secondary macro nutrients and micronutrients.
The details of the methods for the estimation of nutrient content of grains are
presented in Table 10.1.

10.4.1.2 Digestion of the Powdered Grain Samples

Digestion of the powdered grain samples should be done by following the di-acid
digestion for the determination of Ca, Mg, Mn, Zn, Fe, and Cu. The di-acid digestion
is carried out using a 9:4 mixture of HNO3;:HClO,. Pre-digestion using 25 mL

Table 10.1 Methods to estimate grain nutrient content

S1. No. Parameters Method

Secondary macronutrients

1 Calcium (mg/100 g) Titration method (Piper 1966)

2 Magnesium (mg/100 g)

Micronutrients

3 Zinc (mg/100 g) Atomic absorption spectroscopy (AAS)
4 Iron (mg/100 g) Lindsay and Norvell (1978)

5 Manganese (mg/100 g)

6 Copper (mg/100 g)



10 Breeding Finger Millet (Eleusine coracana L. Gaertn). . . 219

;able 1(.)1‘12 Groupling of Calcium (mg/100 g) Magnesium (mg/100 g)

nger miflet germprasm Class Selection criteria Class Selection criteria

based on calcium and

magnesium Low <306.00 Low <175.00
Medium 306.00-364.00 Medium 175.00-186.00
High >364.00 High >186.00

Table 10.3 Grouping of finger millet germplasm based on iron, manganese, zinc, and copper
contents

Class Iron (mg/100 g) | Manganese (mg/100g) | Zinc (mg/100 g) | Copper (mg/100 g)

Low <4.24 <30.10 <3.42 <0.50
Medium | 4.24-4.60 30.10-37.90 3.42-3.95 0.50-0.65
High >4.60 >37.90 >3.95 >0.65

HNO3/g sample is done to avoid explosion, if the sample is high in fats/oils. The
procedure follows as below:

1. One gram of ground sample in 100 mL conical flask and add 10 mL of di acid 9:4
mixture of HNO5;:HCIO,4 and mix them.

2. Red N 2 fumes ceases sometime after keeping in low heat hot plate in digestion

chamber.

. Volume is reduced to 3—5 mL and liquid becomes colorless.

4. After cooling down, make up volume to 100 mL double distilled water and filter it
through Whatman No. 1 paper and aliquot for determination of Ca, Mg, Zn, Fe,
Cu, and Mn.

w

After determination of results, grouping of finger millet genotypes has to be
classified based on contents of calcium and magnesium (Table 10.2) and
micronutrients (Table 10.3) as low, medium, and high classes.

10.4.2 Determination of Calcium and Magnesium Content in Grain
Samples

Calcium and magnesium in the digested grain sample can be estimated by using of
Patton Reeders and EBT indicators against standard Versenate solution, respectively
for calcium and calcium plus magnesium whereas magnesium was determined by
difference (Piper 1966).

AxNx0.02% Volume of sample (digested)x 1000

Ca (mg/100 g)= Aliquot taken x Sample weight

x 100
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[AxB]xN x0.012 x Volume of sample (digested) x 1000

Mg (mg/100 g)= Aliquot taken x Sample weight

x 100

where, N is normality of EDTA, A and B are the titer values.
10.4.3 Determination of Micronutrients (Fe, Mn, Zn, and Cu) Content
in the Grain Samples

Using the appropriate hallow cathode lamp, feed the samples to the atomic absorp-
tion spectrophotometer after the proper dilution of the di-acid extract.

Graph ppm x Volume of digested sample
Weight of sample

Micronutrient conc. (ppm)=

Note: 1000 ppm = 1 mg/g.

Babu et al. (1987) studied six hybrid varieties, viz., C 157, APK 2, VR 250-6,
VZM 1, VZM 2, and Godavari of finger millet for their grain nutrient content. The
concentrations of Ca and Cu were more in VZM 1 than the other hybrids. VR 250-6
showed the highest Fe content.

Ravindran (1991) analyzed grain samples of three varieties of finger millet for
their mineral composition. The content of minerals was high in relative to other
common cereal seeds and particularly the high level of calcium (24%). The results
informed that finger millet as dietary food source has to be explored for nutrients.

Bachar et al. (2013) studied the grain nutrient content for 30 genotypes of finger
millet. Experimental results given information that magnesium and calcium were
84.71-567.45 mg/100 g and 189.93-1272.36 mg/100 g, respectively, the most
concentrated nutrients among the studied genotypes.

Solomon et al. (2014) studied the variation in nutritional status in six finger millet
genotypes viz., KNE-479 and KNE 1034 from International Crops Research Insti-
tute for Semi-Arid Tropics (ICRISAT), Gulu-E and FMV-1 from Kenya Agricultural
Research Institute, and local landraces Ateso and Nyaikuro, were compared. The
genotype “Gulu-E” has highest calcium content of 3199 mg/100 kg while KNE-479
had the lowest (2736 mg/kg) and mean calcium content of 2944 mg/kg was
observed. For iron “KNE 1034 had the highest (147 mg/kg) and Gulu-E (33 mg/
kg) the least and mean zinc content of the genotypes was 16.9 mg/kg.

Tahsin and Sanjay (2017) analyzed landraces for eight mineral elements Cu, Zn,
Fe, Mn, Ca, and Mg by tri-acid digestion method. The Ca and Fe are present in high
concentrations.

Badigannavar and Ganapathi (2018) experimentally studied the mineral nutrients
among 49 indigenous finger millet germplasm lines at Bhabha Atomic Research
Centre (BARC), Mumbai, India. They observed variability for micronutrients.
Across the germplasm lines studied, calcium ranged from 135.0 to 312.0 mg/
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100 g, iron ranged from 2.0 to 21.6 mg/100 g and magnesium ranged from 31.0 to
139.0 mg/100 g.

10.4.3.1 Anti-nutritional Content and Bioavailability of Micronutrients
in Finger Millet

More amount of anti-nutrients in finger millet make the micronutrients less
bio-available which can be removed by processing techniques such as germination,
sprouting, soaking, roasting, dehulling, cooking, malting, and fermentation which
are simple traditional food processing methods and therefore be used to increase bio
availability of minerals. Germination could increase the anti-oxidant activity and
reduce the anti-nutritional content of finger millet. There is a gradual decrease in the
anti-nutritional contents of the flour as the days of germination increases. The
phenolics, one of the secondary metabolic compounds, synthesized as a result of
plant-environment interaction and acts as defense factors. Phenols are classified into
two types as simple phenols and polyphenols. Polyphenols are once again classified
into flavonoids and non-flavonoids. Tannins come under the non-flavonoid group.
Phenolics have anti-oxidant property, anti-microbial activity, and high tendency to
chelate positive metal ions like copper and iron. Phytic acid (IUPAC ID:
(17,2R,35,4S,5R,65)-cyclohexane-1,2,3.4,5,6-hexayl hexakis[dihydrogen
(phosphate)]) and having formula of (C¢H;30,4P¢) is a highly reactive chemical
compound that readily binds mineral cations and in this complexed form is called as
phytin. It is a sixfold dihydrogen phosphate ester of inositol, also called as inositol
polyphosphate. IP5 plays a role in signalling pathways like Ca** channel opening
and rapid influx of calcium from the plant vacuole into the cytosol is limited by the
very short life span (often less than 1 s) and constituent of cell membrane.

10.5 Challenges and Prospects

Unravelling the potential of finger millet as a climate resilient crop for achieving
global food and nutritional security is an immediate task before us. The pioneering
work on finger millet resulted in identification of Indaf (like Indaf 7 and Indaf 9)
series in Asia. Stalwarts such as Dr. Lesli Coleman and Dr. Ragi Lakshmanaiah have
made noteworthy contributions in the field of finger millet breeding particularly in
hybridization of Indian and African finger millet. Dr. C. H. Lakshmanaiah initiated
hybridization to generate genetic variability by crossing Indian varieties with Afri-
can eco-types during 1964 that resulted in identification of 16 Indo-African varieties,
known as Indaf varieties. It is essential to conserve the genetic resources, trait
discovery and pre-breeding, conventional improvement, genomics and crop
improvement, molecular breeding, and new vistas has to be laid out. For nutritional
and health benefits, processing, value addition of traditional foods is of utmost
important. Market linkages and entrepreneurship development and international
market and export results in supply across the globe. There is urgent need to
formulate government policies and support systems at national level, millet involve-
ment in public distribution system and social welfare schemes such as nutrition
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schemes and increase the role of N.G.O.s and Food and Agricultural Organization
(FAO) of the United Nations Organization at international level in millets promo-
tion. Establishment of premier agricultural research institutes engaged in basic and
strategic research on millets distinguished for their excellence in agricultural educa-
tion, research, and outreach activities. International institutes like International
Crops Research Institute for the Semi-Arid Tropics ICRISAT) which is located in
Hyderabad, India, and it is an organization that involved in agricultural research for
development (R&D) in the drylands of Asia and African countries. It is actively
involved in identification of crop wild relatives and use of multi-omics approaches to
understand the mechanisms of complex traits to develop superior finger millet
varieties. Combined efforts of target participants like researchers, industrialists,
professionals, nutritionists, entrepreneurs, policy makers, other stakeholders of
finger millet, and students would create a new avenue for development of breeding
of finger millet. The fundamental mission of finger millet breeding is to serve the
farming community by providing technologies for the wellbeing and socio-
economic enhancement of the farmers. It is the crop specific sites in the country
for agro-climatic zones to cater to the regional requirements. Constantly striving
toward excellence in agricultural research and extension regarding breeding, the
research stations should make persistent efforts in research and development and to
release numerous high yielding and quality varieties in finger millet. The
governments should make the research stations to be the hub for finger millet
research and has actively involved in imparting education and awareness related
activities among farmers through field demonstrations and other extension activities.
The international conferences would be a platform for researchers across the globe to
exchange their experiences, marketing, and value-addition opportunities and policy
issues for promotion. Recently conferences like “ICFM-2022” which was held in
Bengaluru, India, would aptly act as a curtain raiser in the run up for international
year of millets-2023. Finger millet improvement in past, present, and future has to be
assessed. Finger millet genome sequencing and annotation of candidate genes for
“yield and quality parameters” status and its utility, evolutionary aspects in finger
millet, global finger millet genetic resources their conservation and utilization,
genomic and transcriptomic insights into nutraceutical properties of finger millet.
At global level, finger millet improvement in Africa (Eastern and Southern Africa),
crop production systems in Africa, ICRISAT-India and ICRISAT-Africa initiatives
in finger millet improvement has been taking place. Crop production perspectives for
drylands, physiological adaptations for climate resilience, economics of finger millet
production systems, and latest developments in finger millet processing are the main
arena for development of finger millet with high yield and quality parameters.
Commercialization of finger millet-based products and avenues for export promo-
tion in finger millet, nutritional programs in government funded schemes, private
firms and corporates in sponsoring programs in public and private partnership (PPP)
mode are way forward for millets development at national and global scenario. Our
vision should transform millets cultivation from subsistence farming to globally
competitive enterprise through cost-effective and environment friendly production,
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processing, and value addition technologies and supply chain networks and basic
studies regarding finger millet.
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Abstract

The term “millet” refers to a varied group of small-seeded annual C4 panicoid
grasses, the biomass of which is used as feed and the seeds as food. A vital
climate-resilient nutrimillet with a wealth of elite genes and alleles is finger millet.
The most effective and long-term tactics for increasing abiotic stress resistance in
millet crops could be found in advanced bio