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C4 grasses dominate natural and agricultural settings, and the

widespread success of wild grasses is mostly attributable to

their resilience to environmental extremes. Much of this natural

stress tolerance has been lost in major cereals as a byproduct

of domestication and intensive selection. Millets are an

exception, and they were domesticated in semi-arid regions of

Sub-Saharan Africa and Asia where selection favored tolerance

and stability over yield. Here, we review the evolutionary and

domestication histories of millets and the traits that enable their

stress tolerance, broad adaptability, and superior nutritional

qualities compared to other cereals. We discuss genome

editing and advanced breeding approaches that can be used to

develop nutritious, climate resilient cereals of the future. Finally,

we propose that millets can play a central role in the global food

system to combat food insecurity, with researchers and

germplasm from the Global South at the center of these efforts.
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Introduction
The introduction of agriculture nearly 12 000 years ago

was built upon the domestication of cereals [1]. Mobile

gatherers foraged cereals by hand and through the process

of recurrent selection, transformed wild grasses into the

staple crops we consume today. This long domestication

history provided the necessary time for the development

and ultimate globalization of elite cereals [2�]. Grasses

dominate the terrestrial landscape and they have evolved

a suite of anatomical, physiological, and molecular adap-

tations that allow them to colonize harsh environments

[3]. Humans have domesticated several hundred
www.sciencedirect.com 
phylogenetically diverse grain crops to varying degrees

including maize, wheat, rye, sorghum, finger and pearl

millet [2�,4]. Cereals are widespread throughout the Poa-

ceae or grass family and originate from two distinct clades:

BEP and PACMAD, named for the subfamilies they

contain. The BEP clade (Bambusoideae, Ehrhartoideae,

and Pooideae subfamilies) includes mostly cool season C3

cereals such as wheat, barely, rye, and oat, as well as the

warm season cereal rice and various bamboos. Grasses in

the PACMAD clade (Panicoideae, Arundinoideae, Chlor-

idoideae, Micrairoideae, Aristidoideae, and Danthonioi-

deae subfamilies) utilize C4 photosynthesis, and generally

thrive in regions with high light, warm temperatures, and

drier climates. Agronomically important species within

PACMAD include sorghum, maize, sugarcane, teff and

various millets such as pearl, fonio, foxtail, proso, little

and finger millet, among others. Cereals have different

evolutionary and domestication histories, and the respec-

tive innate and selected traits have shaped their tolerance

to abiotic stresses.

Cereals were domesticated in each of Vavilov’s historical

centers of crop diversity across climates ranging from cold

and temperate to hot and sub-arid (Figure 1) [5,6]. Each

cereal was shapedby its unique domestication history, traits

of their wild progenitors, and the degree and intensity of

breeding, improvement, and globalization. Leading cereals

such as maize, rice, and wheat were selected for optimized

yield under intensive cultivation, and stress tolerance was

lost as a byproduct of selection. As a result, leading cereals

are susceptible to numerous abiotic stresses, resulting in

reductions of grain quality and annual losses exceeding

billions of USD [7,8]. Millets are an exception, and

although generally lower yielding than leading cereals,

they are adapted to dry conditions unsuitable for other

grain crops. Millets have a short growing season that can be

exploited during warm-seasons and incorporated into exist-

ing crop rotations. They require low land investment with

minimal inputs of fertilization, water, labor, and manage-

ment [9]. Millet domestication history is rooted in indige-

nous practices, and these crops were hand sown, harvested

and traded, evolving with the land and with the local

people. Millets are often referred to as orphan crops due

to their low yield and secondary position to staple crops.

However, millets are essential grains providing food secu-

rity and economic opportunities for farmers and growers

throughout Asia and Africa. Although millets are often

overlooked by research and agricultural communities in

the Global North, they offer nutritious, resilient alterna-

tives to conventional food systems.
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Geographic and climatic origins of millets.

The presumed centers of origin for the most globally important millets are highlighted, with the color of each point corresponding to the average

water requirements for each species. Aridity index is overlaid on the world map with blue corresponding to the least and yellow/orange to the

most arid regions. Data from crop origins were adapted from Ref. [97].
In this review, we discuss the underlying biology and

unique domestication history of millets and highlight

features that contribute to their stress tolerance and

climate resilience compared to other leading cereal crops.

We focus on key nutritional qualities, broad adaptability,

and genetic potential of millets and how they can be

leveraged for trait discovery. We highlight how gene

editing and biotechnological approaches can accelerate

the domestication process and engineering of elite, high-

yielding millets that maintain their climate resilience.

Finally, we argue that widespread improvement and

cultivation of millets can be a key strategy for developing

climate resilient agriculture.

Natural history, resilience, and domestication
of millets
Resilience is an emergent property, and stress tolerance

requires the coordinated deployment of dozens to hun-

dreds of molecular and phenotypic changes [10]. Some

resilience traits are broadly conserved across wild and

domesticated grasses and others are specific to millets and

their stress tolerant relatives. Many grasses and all millets

use the optimized C4 pathway of photosynthesis, which

reduces photorespiration and improves water use effi-

ciency, allowing millets to thrive in warm, dry climates.

C4 grasses have a modified Kranz type leaf anatomy with a

ring of mesophyll cells that fix, concentrate, and feed CO2

in the form of organic acids to inner bundle sheath cells.

Decarboxylation of these organic acids creates a CO2-rich

environment around Rubisco within the bundle sheath
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cells to reduce the rate of photorespiration. High vein

density and Kranz anatomy of C4 species also help protect

the hydraulic integrity of leaves and maintain a low

critical leaf water potential [11,12]. Morphologically, grass

leaves have unique dumbbell-shaped guard cells with two

subsidiary cells. This modification allows for faster and

more refined stomatal responses, resulting in higher water

use efficiency [13–15]. Most grasses are amphistomatic,

with stomata on both sides of their leaves. These iso-

bilateral leaves held parallel to the axis of irradiance allow

for more efficient CO2 diffusion with low evapotranspira-

tion rates [16]. Paired with their C4 physiology, deep and

fibrous root systems establish quickly to enhance water

availability and maintain stability during environmental

changes (Figure 2). Overall, a high specific leaf area, net

assimilation rate, and root to shoot ratio increase the

relative growth rate of C4 millets [17,18].

The unique resilience of millets can be traced back to

their origin and domestication history. The relatively

drought susceptible cereal maize was domesticated in

the Balsas valley of Mexico which receives �1200 mm

of rainfall annually. By contrast, the closely related and

drought tolerant millet sorghum was domesticated in the

Kassala region of Sudan, which receives only 100�400

mm of rain annually [19]. Fonio, pearl millet, black fonio,

African rice, sorghum, teff, and finger millet were domes-

ticated in similarly hot and/or arid regions of sub-Saharan

Africa (Figure 1; Table 1). Other millets including kodo

millet, foxtail millet, proso millet, and Japanese millet are
www.sciencedirect.com
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Figure 2
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endemic to various climatic regions in Southeast Asia with

generally low annual rainfall.

Millets have evolved a unique set of adaptations to avoid,

survive, tolerate, or recover from water deficit stress [97].

Sorghum, finger millet, and teff have water use efficien-

cies (WUE) of 4.2–13.4 kg yield �1 ha �1 mm rain;

several times higher than comparable C3 cereals and other

grain crops [20]. Cultivated millets have generally low

rainfall requirements of 200–500 mm, compared to 500–

900 mm for winter wheat and maize, and high WUE helps

preserve soil moisture content (Table 1) [21]. Some mill-

ets avoid drought altogether like fonio and barnyard

millet, which can reach maturity within eight weeks

[22]. This short season enables millets to escape unpre-

dictable late summer droughts, or serve as a rescue crop if

another grain crop fails. Drought tolerance itself is linked

to the evolutionary history of millets, and C4 grasses

express a set of unique, likely ancestral dehydration

pathways under severe drought stress that are typically
www.sciencedirect.com 
specific to seed desiccation [23]. When combined with

anatomic and physiological adaptations, these dehydra-

tion responses allow millets to survive low critical leaf

water potential until conditions improve.

Despite their climate resilience, millet production suffers

from issues relating to domestication such as seed shat-

tering, low yield, lodging, and poor agronomic practices,

and these unfavorable traits have hindered their globali-

zation (Figure 2). Modern millets have a decrease of seed

shattering compared to landraces and wild progenitors;

however, there are still massive yield losses due to grain

shattering, specifically in small millets. Lodging is more

prominent in smaller millets as well and has led to

reduced grain weight, grain yield per panicle, and seed

germination, with a yield loss averaging 25% [24–26].

Superior agronomic and nutritional traits of
millets
Millets are culturally and economically important to

cities, tribes, and communities across Asia and Africa

[27–29]. It is essential we acknowledge the history of

these species, their cultural importance, and the tradi-

tional practices that have shaped their cultivation. Millets

offer an exciting opportunity to enhance agrobiodiversity

and amplify other underutilized crops around the world.

The diversity in agronomically important crops is contin-

ually decreasing, with approximately 60% of global crop

output in 2019 coming from rice, wheat, soy, and maize

alone [30]. Yet, there are around 6000 plant species

cultivated for food, and this diminishing agricultural

diversity is a threat to food security, human health, and

environmental stability. The introduction of ancient

crops originating from seasonally dry climates can coun-

teract agricultural homogenization and may be beneficial

in times of climate variability [2�]. Drought is the most

pervasive issue in agriculture and the effects of drought

are most severe in developing regions such as Sub-

Saharan Africa, where �43% of land is already classified

as arid [31]. Millets were domesticated and subsequently

selected to tolerate extreme and erratic environments,

and cultivation of these cereals can improve productivity

of arid landscapes and establish food security under a

changing climate.

Leading cereals have inherently low micronutrient con-

centrations, and overreliance on these crops leads to

micronutrient deficiencies, which are observed in 1 of

9 humans [32�,33]. Millets have broader micronutrient

profiles that can meet the cereal demand and provide

sustainable nutritional security (Figure 3). For example,

teff flour is exceptionally rich in iron (>50 mg/100 g) and

some teff cultivars contain eightfold more iron than the

leading cereals maize and wheat [34,35]. Teff seed is high

in soluble dietary fiber, has a balanced amino acid con-

tent, and contains high levels of Vitamins A and C [36].

Finger millet is extremely calcium rich and has a higher
Current Opinion in Biotechnology 2022, 75:102683
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Table 1

Comparison of resilience and agronomic of leading C4 cereals and millets

Crop Scientific

name

Grass

subfamily

Climate Stress tolerance Water

requirement

Growing

season length

Minimum

yield range

Maximum

yield range

(mm) (T � H�1) (T � H�1)

Maize Zea mays Panicoideae Tropical/

temperate

500�750 4–5 months 1 20

Sorghum Sorghum

bicolor

Panicoideae Tropical/

temperate

Drought, waterlogging,

and salt tolerance

450�650 3–4 months 2 6

Teff Eragrostis tef Chloridoideae Tropical/

temperate

Water logging and

drought tolerance

300 2–5 months 0.2 4.5

Finger millet Eleusine

coracana

Chloridoideae Temperate Drought and salt

tolerance

350 3–6 months 0.25 5

Proso millet Panicum

miliaceum

Panicoideae Arid

tropical

Drought tolerance 200�300 2–3 months 0.45 2

Pearl millet Cenchrus

americanus

Panicoideae Arid

tropical

Drought and heat

tolerance

350 2–3 months 0.25 8

Fonio Digitaria exilis Panicoideae Tropical/

temperate

Drought tolerance 250�350 2–3 months 0.6 1

Foxtail millet Setaria italica Panicoideae Tropical/

temperate

Drought tolerance 300 2–4 months 0.8 11

Japanese

barnyard

millet

Echinochloa

crusgalli

Panicoideae Tropical/

temperate

Drought tolerance 310 2–3 months* 1* 3*

Kodo millet Paspalum

scrobiculatum

Panicoideae Tropical/

temperate

Drought tolerance 800 4–6 months 2.8* 4.5*

Little millet Panicum

sumatrense

Panicoideae Tropical/

temperate

Drought and salt

tolerance

150 2–5 months 0.225 0.9

Browntop

millet

Brachiaria

ramosa

Panicoideae Tropical/

temperate

Drought and heat

tolerance

440 2–3 months* 1.8 4

Various agronomic traits, climate, and stress tolerance are reported for the leading cereal maize and the most important millets. Data was collected

from the Useful Tropical Plants Database [76] with several exceptions. Barnyard millet growing season length and yield range were sourced from Refs.

[39] and [77], respectively. Browntop millet growing season length was sourced from Ref. [78] and Kodo millet yield range from Ref. [79].
* Denotes instances where data was missing from the Useful Tropical Plants Database and was collected from the referenced sources.
fiber and mineral content than those of rice and wheat

(Figure 3) [37]. Like many millets, it is relatively high in

protein, with a balanced amino acid profile abundant in

lysine, threonine, and valine commonly lacking in other

cereals with high starch content [38]. Barnyard millet is

the most fibrous of cereals with 8.1–16.3% crude fiber

content, and regular consumption of barnyard millet is

linked to improved blood glucose maintenance and a

lower glycemic index [39,40]. Furthermore, millets may

serve as alternatives to wheat flour for those with celiac

disease. The environmental resilience and nutritional

quality of millets make them ideal model systems to

study the effects of stress on resource allocation and crop

nutrient production.

Designing millets for resilient agriculture in
the 21 century
A shift in focus from staple cereals to highly resilient

millets is crucial for the future of the agricultural industry.

By promoting the cultivation of alternative grains, we see

the potential for heightened agrobiodiversity in our diets,

a decrease in micronutrient deficiencies, and reduction of

agricultural water, fertilizer, and pesticide demand [41�].
Despite their agricultural potential, millets have lower

yield than conventional cereals and production suffers
Current Opinion in Biotechnology 2022, 75:102683 
from incomplete selection of several critical domestica-

tion traits such as lodging, seed shattering, and seed size.

Limited funding and insufficient phenotypic, quantita-

tive genetic, and agronomic data have hindered the

agricultural development of millets in their native regions

across the Global South and worldwide. However, recent

advances in large-scale biology have made genomic,

phenomic, computational, gene editing, and advanced

breeding applications more accessible. Genomes for fox-

tail millet, pearl millet, proso millet, finger millet, fonio,

sorghum, and teff have been sequenced [42�,43–48].
Diversity panels of wild, landrace, and elite germplasm

have been curated for most millets and detailed popula-

tion genetics and domestication studies have been per-

formed for sorghum, proso, fonio, finger, and pearl millet

[49–51,42�,52]. Genome wide association studies have

made use of these genomic resources for mapping agro-

nomic and nutritional traits in finger millet, pearl millet,

teff, and proso, but these studies were mostly based on

low resolution markers with limited trait information [53–

56]. Phenotyping has become the rate limiting step for

most millet breeding programs, and outside of foxtail,

millets have lagged behind other cereals in the develop-

ment and implementation of high-throughput phenotyp-

ing approaches to quantify complex agronomic traits [57].
www.sciencedirect.com
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Figure 3
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Key seed nutritional traits in millets compared to conventional cereals.

Seed calcium and iron content is shown for a variety of millets and two leading, conventional cereals (rice and wheat). Values were taken from

Refs. [72–75,35], and are reported as milligrams of mineral content per 100 g of dry seeds.
These recent advancements in millet are promising, but

lack foundational knowledge of the underlying genetic

mechanisms that make millets so resilient, and any trade

offs that may exist between stress tolerance and yield.

Resilience is complex, and it is unlikely tolerance traits

can be distilled into discrete genetic elements for trans-

lation into conventional grain crops. Instead, efforts

should be focused on integrating millets into our global

food system and leveraging advanced biotechnological

and breeding approaches to accelerate the development

of elite lines that are competitive with conventional

cereals. CRISPR–Cas9 mediated breeding approaches

have been used to accelerate domestication of African

rice landraces through engineering reduced lodging and

increased yield and to de novo domesticate wild tomato

using six loci for yield and productivity [58�,59,60].
www.sciencedirect.com 
Efficient tissue culture and regeneration are often the

limiting factors of successful transformation, and species

specific optimizations such as explant tissue and growth

stage, Agrobacterium strain, and infiltration method are

necessary for successful gene editing in millets [61–65].

The overexpression of maize morphogenic regulators

Baby Boom and Wuschel2 have improved transformation

frequencies in sorghum, sugarcane, and rice and these

advances can be adapted to recalcitrant millets [66,67].

Dozens of domestication genes have been characterized

in leading cereals related to lodging tolerance, seed

shattering, grain size, yield, and plant architecture, and

new alleles could be engineered to rapidly improve

agronomic traits in millets (Table 2). Several multina-

tional initiatives such as the future crops design project

are planning to use genome engineering and advanced
Current Opinion in Biotechnology 2022, 75:102683
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Table 2

Gene targets for improved domestication of millets

Trait Gene Function Cereal Reference

Shattering Sh1 Transcription factor Sorghum [80]

qSH1 Transcription factor Rice [81]

sh4 Transcription factor Rice [82]

Grain filling and size GIF1 Cell-wall invertase Rice [83]

Gn1a Cytokinin oxidase Rice [84,85]

GW2 RING-type protein Rice [86,87]

GW5 Calmodulin binding protein Rice [88]

GS5 Serine carboxypeptidase Rice [89]

Plant architecture tb1 Transcription factor Maize [90]

dw3 Auxin transporter Sorghum [91]

PROG1 Transcription factor Rice [92]

IPA1 Transcription factor Rice [93,85]

Dep1 Phosphatidylethanolamine-binding protein Rice [94,85]

SD1 Gibberellin biosynthetic enzyme Rice [95]

Moc1 GRAS family nuclear protein Rice [96]
breeding approaches to de novo domesticate wild species,

and re-domesticate underutilized crops [68�]. These

initiatives can provide a framework for quickly improving

domestication and yield-related traits in millets and other

underutilized crops, but fundamental understanding of

millet resilience is still needed to identify target traits.

The improvement and globalization of millets must lead

with information obtained from local and indigenous

communities at the forefront of millet production, and

elite cultivars should include traits that reflect local

farming practices and preferences (Figure 2). The breed-

ing targets of local communities can be at odds with global

markets as is the case with teff, where Ethiopians prefer

white teff flour to make injera bread, but Western com-

munities prefer red or brown teff varieties for their super-

ior nutritional profiles [69]. Millets are mostly grown by

small-scale subsistence farmers across the Global South,

and thousands of locally adapted cultivars with tremen-

dous diversity and superior environmental adaptability

have been developed [70]. This local germplasm can

serve as the central foundation for applying gene editing

and advanced breeding approaches to develop resilient,

high yielding millets, with efforts led by countries with

historical ties to millet production. Efforts aimed at

building research capacity for the stewards of these crops

and decolonizing science will mobilize millet develop-

ment and maintenance of a rich genetic diversity.

Conclusions
The global production of millets has declined over the

past two decades because of growing demand for major

cereals like rice, wheat, and maize [71]. Despite this shift,

millets have unparalleled adaptability and climate resil-

ience among grain crops, and they can play a central role

in improving food security and maintaining cultural tradi-

tions. Their generally low yield and related agronomic
Current Opinion in Biotechnology 2022, 75:102683 
issues have branded millets as ‘orphan cereals’, but this is

a matter of perspective. Resilience traits in millet stem

from their unique evolutionary history, domestication in

semi-arid regions, and continual selection for stability

over yield. The broad resilience of millets will be difficult

to replicate in conventional cereals because of the com-

plex genetic basis of abiotic stress tolerance, and instead,

efforts should focus on improving yield traits in millets

and shifting the global production toward these important

underutilized crops.
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