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Abstract
Proso millet (Panicum miliaceum L.) is a food crop domesticated around 10,000 years ago, that has been prevalent throughout 
ancient civilization. However, use of millets in the diets has drastically been reduced owing to the addition of cereals such as 
rice and wheat. At present, proso millet is being cultivated and consumed by a marginal population. Irrespective of the lack 
of popularity, the crop is well known for its climate resilience traits as well as nutritional properties. Noteworthy, the crop is 
low on glycemic index, gluten-free, possesses good quality protein, vitamins, minerals, and other nutraceutical properties. 
Being a  C4 panicoid species, proso millet possesses better water-use and nitrogen-use efficiency, thus promising this as an 
ideal crop for cultivation in the scenario of global climate change. The extent of food insecurity among the ever-growing 
population, as well as the prevalence of malnutrition and undernutrition among the children, reinstate the requirement of 
a nutritious diet that millets and other traditionally important crops can address. Given this, the present review enumer-
ates the progress made in genetics, genomics, and other omics of proso millet that would pave way for improvement using 
biotechnological as well as breeding interventions. Further, this review elaborates a roadmap for improving this crop in the 
mainstream cropping system.

Keywords Proso millet (Panicum miliaceum L.) · Millets · Domestication · Germplasm resources · Nutraceuticals · 
Climate-resilience

Introduction

Millets are a group of small-grained cereals that flourish 
on marginal lands, with poor soil conditions, mainly as 
rainfed crop. The word ‘millet’ is derived from the word 
‘mil,’ meaning thousand, attributing to its capacity to pro-
duce thousands of grains from a single seed. Hugg Doggett 
defined small millets as “millets cultivated for their small 
grains which are borne on short, slender grassy plants” [22]. 
Finger millet (Eleusine coracana), proso millet (Panicum 
miliaceum), kodo millet (Paspalum scrobiculatum), foxtail 
millet (Setaria italica), barnyard millet (Echinochloa sp.) 
and little millet (Panicum sumatrense) are predominantly 

cultivated small millets in the world [68, 69]. Teff (Eragros-
tis tef) and fonio (Digitaria sp., also called hungry rice) are 
also small millets, but these crops are prominent in Ethio-
pia and Western Africa only [22]. Important small millets 
grown in India are finger millet, kodo millet, foxtail millet, 
little millet, proso millet, and barnyard millet. Though sor-
ghum and pearl millet are also cultivated, they are regarded 
as coarse millets, and hence, not included under small millet 
clades [27, 73]. India is the largest producer of millets in the 
world, producing 11.64 million tonnes (Fig. 1a). Still, small 
millet production share is only about 2.4 million tonnes, of 
which finger millet solely accounts for 1.98 million tonnes 
as of 2017–2018 [23, 39]. In India, proso millet is cultivated 
in 0.41 lakh hectares, with an output of 0.22 lakh tonnes 
[1]. The Indian Council of Agricultural Research, ICAR’s 
initiative to set up an All India Coordinated Small Millets 
Improvement Project (AICSMIP) in 1986 helped to coordi-
nate and boost research of these crops in India and explains 
the increased productivity of small millets over the years 
(391 kg/Ha in 1986 to 804 kg/Ha in 2018) [39].
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Proso millet is unique owing to its low water and nutri-
ent requirements, short growing season, and nutritional 
richness. It can be grown at high altitudes (up to 3500 m 
in India) and plateaus. It can establish and grow well on 
varied soil types and low fertile soils [9, 56]. It is presently 

cultivated in Asia, Australia, North America, Europe, USSR, 
and Africa. It is consumed as food in parts of Asia and used 
as bird and livestock feed in developed countries [66, 73, 
83]. Proso millet is known by different names like common 
millet (Japan, Korea), hog millet (USA), broomcorn millet 

Fig. 1  a Global millet production: the major millet producing countries with their production in Metric Tons (MT), categorised as > 1,500,000 
tonnes, > 500,000 tonnes and > 200,000 tonnes [23]; b major proso millet producing states in India [80]
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(China), hersey (Germany), and French white (France) [24, 
66]. In India, it is known by different names in different lan-
guages like Panivaragu (Tamil), Cheena (Bengali), Baragu 
(Kannada), Variga (Telugu), Vari (Marathi), China Bachari-
bagmu (Odia) and Cheno (Gujarati) [38]. In India, important 
states cultivating the crop are Madhya Pradesh, eastern Uttar 
Pradesh, Bihar, Tamil Nadu, Maharashtra, Andhra Pradesh, 
and Karnataka [80] (Fig. 1b). Proso millet, being a  C4 crop, 
possesses better photosynthetic and water use efficiency. It 
is highly drought tolerant and can come up in arid and semi-
arid regions and set seed with 330–350 mm annual rainfall 
[9, 56]. The grains are a good source of carbohydrates, rich 
in protein, dietary fiber, vitamins, minerals, and essential 
amino acids. Proso millet has immense potential in address-
ing the global concerns of increased demand for food pro-
duction, water scarcity, and malnutrition. It can also help 
realize the goal of a sustainable and diversified production 
system [3, 31]. Despite the benefits of this crop, it has only 
about 5 million tonnes of production globally, which is only 
1% of wheat production [34]. Given these facts, the review 
attempts to give an overview of proso millet crop, journeying 
through its domestication, botany, nutritional composition, 
and genetic improvement. It also proposes the steps to har-
ness the genetic potential of this crop for the future.

Domestication of proso millet

Proso millet is one of the ancient crops to be domesticated. It 
is believed to be domesticated in China around 10,000 years 
Before Present (BP) based on the various archaeological 
evidence and historical records. The millet is believed to 
have earmarked a transition from hunter-gatherers to millet 
farmers in Northern China based on traditional wisdom [11, 
30]. Interestingly, noodles, a favorite dish across the globe, 
have also contributed to tracing back the domestication his-
tory of proso millet. Noodles sample (dating 4000 years BP) 
of Late Neolithic China—Lajia archaeological site excava-
tions (Northwestern China), when subjected to phytolith 
and starch grain analysis, confirmed the presence of P. mili-
aceum and S. italica [26, 53, 54]. Barton et al. [10] divided 
the domestication process in the Dadiwan site of Northwest 
China into two phases (phase I: non-intensive, 7900–7200 
calendar years BP and Phase II: intensive, 5900 years BP) 
based on stable isotope analysis and carbon dating of bones 
of animals and humans. Other evidence throwing light into 
the domestication history of the crop includes macrofos-
sils from Loss plateau site of Dadiwan, China, carbonized 
grains from Eastern Inner Mongolia, China (Xinglonggou 
site) and charred grains from Europe [37, 51, 94, 96]. Hunt 
et al. [35] undertook genetic diversity and phylogeographic 
studies of proso millet in Eurasia, attempting to understand 
the archaeobotanical records of the millet discovered from 
Eastern Europe and the possibility of multiple domestication 

centers. Their studies had identified one western and one 
eastern gene pool, but more research efforts and evidence 
would be required to establish a second domestication center 
(Eastern Europe or Central Asia).

Taxonomic hierarchy and botany

Proso millet is a tetraploid crop (2n = 4x = 36) and belongs 
to the genus Panicum, tribe Paniceae, family Poaceae and 
order Poales [9, 16, 24]. Panicum capillare (witch grass) 
and Panicum repens (Torpedo grass) are weedy forms of 
P. miliaceum that are reported to be contributing to its allo-
tetraploid origin. Still, a wild ancestor of the crop is yet to 
be identified [34]. The species Panicum has two subspecies 
(subspp), i.e., subspp.ruderale, which has weedy forms and 
natural variants and subspp.miliaceum that has cultivated 
types [24, 92]. The subspecies miliaceum is further sub-
divided into five races based on the type of inflorescence, 
i.e., miliaceum, patentissimum, contractum, compactum, and 
ovatum [24].

Morphology and reproductive biology

The plant grows to a height of (30–100) cm, with hollow, 
hairy or glabrous stem, swollen internodes, and a shallow 
root system (Fig. 2) [9, 41, 87]. It is a short day, short dura-
tion (60–90 days) crop [28, 29, 82]. It is tolerant to drought, 
but sensitive to frost and waterlogged conditions. The crop 
is harvested at its physiological maturity to avoid shattering 
of grain. The plant reaches maturity early during drought [8, 
30]. It flowers naturally between 10:00 am and 12:00 noon. 
Bright sunlight and low humidity may advance, and cloudy 
days may delay flowering. The inflorescence is a droop-
ing panicle and looks like a broom [14, 30] with basipetal 
opening of florets, i.e., from top to bottom. A single spikelet 
contains two glumes and two lemmas. The lower lemma 
has a sterile floret, and upper lemma has a fertile floret [28]. 
It has three anthers and two feathery stigmas. The anther 
dehiscence coincides with stigma receptivity and anthers 
dry within a few minutes of flower opening. At our Millet 
Breeding station, the anthers appeared bright yellow imme-
diately after extrusion from florets, and within 5–7 min, it 
dried, turned orange, and then to brown. It may take about 
12–15 days for a panicle to complete flowering. Though self-
pollination is predominant, more than 10% cross-pollination 
may occur [65]. These flowering features make it challeng-
ing to employ crossing in proso millet without damaging the 
stigma and without shedding of pollen before emasculation 
[28]. Nelson et al. [60] report crossing techniques in proso 
millet using hand emasculation, and cold spray technique for 
emasculation and crossing is reported by Nandini et al. [61]. 
Seeds of proso millet are oval 3 mm long, and colour varies 
from white, golden yellow, orange, red, brown to black [9]. 
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Among the collections in China, the thousand-grain weight 
is reported to be between 1.5 and 10 g [88].

Germplasm resources

Maintaining genetic variability among the cultivated varie-
ties of a crop is essential to have a stable production system. 
The success of any plant breeding program depends on the 
variability exhibited by the germplasm. Efforts to collect, 
characterize, and document germplasm collections from 
across the globe are essential for crop improvement pro-
grams. Work on proso millet has been sidelined due to the 
focus on major crops. The most extensive collection of proso 
millet germplasm accessions (8778) is maintained in Rus-
sia. Other major gene banks conserving the crop’s genetic 
variability are in China, Ukraine, India, and USA (Fig. 3) 
[84]. In India, two national institutes All India Coordinated 
Research Project on Small Millets (AICRP-small millets), 
National Bureau of Plant Genetic Resources(NBPGR)] and 
one international institute International Crop Research Insti-
tute for the Semi-Arid Tropics (ICRISAT) are involved in 

plant genetic resource maintenance. AICRP established a 
separate unit in Bengaluru in 1976[2]. This unit is actively 
engaged in the collection, evaluation, and documentation 
of small millet germplasm in India. AICRP also maintains 
a collection of 920 accessions of Proso millet. NBPGR is 
the nodal organization in India for the management of plant 
genetic resources of agri-horticultural crops and has about 
994 accessions of proso millet. ICRISAT with 849 acces-
sions is involved in germplasm characterization and evalua-
tion of proso millet. ICRISAT developed a core collection of 
106 accessions from 833 proso millet accessions of 30 coun-
tries based on 20 qualitative and quantitative traits. Random 
selection of 10% accessions from each of the 101 clusters 
was employed to develop the core set [82].

Nutritional and nutraceutical potential of proso 
millet

Millets are an excellent nutritional competitor to com-
monly grown cereals as they provide energy, protein, min-
erals, vitamins, fat and dietary fiber [5]. Proso millet has 
nutritional composition comparable to or even better than 
predominant cereals (Table 1) [50]. The millet is a good 
source of energy, providing 74 g/100 g of edible portion as 
carbohydrates. The content of crude fiber (5.5 g/100 g flour) 
is also higher than most cereals and millets. The protein con-
tent (10–14 g/100 g) is similar to wheat (11.6 g/100 g) and 
higher than rice (8.5 g/100 g), but with an enhanced essential 
amino acid composition (leucine, phenylalanine, methio-
nine) (Fig. 4). The essential amino acid index is reported 
to be 7% higher than wheat. Leucine contributed highest to 
proso millet protein complex, and lysine was found limit-
ing. Protein and amino acid content are reported to be sig-
nificantly influenced by the environment [21, 44]. Puffed 
proso millet also had comparable protein content to other 
cereals, better in vitro digestibility to unprocessed grain, and 
hence has potential for making puffed whole grain snacks 
[19]. The feeding value of the millet in broiler diets have 

Fig. 2  Proso millet (Panicum 
miliaceum L.): a plant morphol-
ogy, b panicle, c grains, and d 
root
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Russia China Ukraine India USA

Fig. 3  Per cent share of major countries to proso millet germplasm 
collection [84]
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been studied and found comparable with sorghum. The total 
metabolizable energy was 4130, 3995, and 4007 kcal/kg in 
corn, sorghum, and proso millet, respectively. When corn, 
sorghum and proso millet were given as a feed in broiler 
diet, there was a significant reduction in body weight gain 
at the 4-week stage for sorghum and proso millet diet in 
comparison to corn. But the performance was reported to 
be improved with methionine and lysine supplementation 
for both the diets [55].

Proso millet, like other small millets has significant nutra-
ceutical properties and health benefits (Table 2). The dietary 
proso millet protein increased HDL-cholesterol (High-Den-
sity cholesterol) in mice and suggests a positive effect on 
cholesterol metabolism [63]. It is gluten-free and can be 
suggested for patients with gluten intolerance who cannot 
consume other cereals like wheat and barley [5, 64]. The 
glycemic index of the crop was lower than rice, wheat, and 
barley. The millet-based products (100% proso millet) gave 

Table 1  Nutrients in various 
cereals versus proso millet (in 
100 g edible portion)

a [50], b[42], c[78], d[58], e[20], f[21]

Cereal Protein (g) Fat (g) CHO (g) Crude fiber (g) Ash (g)

Wheata 11.6 2 71 2 1.6
Brown  riceb 8.5 2.6 74.8 0.9 1.6
Maizea 9.2 4.6 73 2.8 1.2
Sorghumc 9.5 2.5 76 2.7 1.6
Pearl  milleta 11 5 69 2.2 1.9
Foxtail millet (flour)d 11.5 2.38 75.2 4.3f 0.47
Finger  milleta 6 1.5 75 3.6 2.6
Kodo millet (dehuskedgrain)e 8.3 1.4 65.9 9.0 2.6a

Proso millet(flour)f 14.1 1.2 74 5.5 0.6

Fig. 4  Essential and non-essen-
tial amino acid content: proso 
millet versus wheat, expressed 
in g/kg (Lys lysine, Val valine, 
Ile isoleucine, Leu leucine, Met 
methionine, Phe phenylalanine, 
Tre threonine, Tyr tyrosine, 
Asp aspartic acid, Ser serine, 
Glu glutamic acid, Gly glycine, 
Ala alanine, Arg arginine, His 
histidine) [44]

Table 2  Nutraceutical properties reported in proso millet

Health benefit Responsible factor References

1. Type-2-diabetes, cardio vascular disease Low glycemic index [57]
2. Obesity Increase HDL cholesterol (high density lipoprotein) or good cholesterol [63, 64]
3. Improve lipid metabolism

Improve insulin sensitivity
Increase adiponectin [64]

4. Tumor Tumor necrosis factor (TNFα) down-regulation [64]
5. Celiac disease Absence of gluten protein [5]
6. Breast cancer, liver cancer Anti-proliferative action against MDA breast cancer cell and HepG2 liver cancer 

cells
[93]

7. Reduced constipation High fibre content (13.8%) [68]
8. Anti-oxidant and anti-cancerous Phenolic compounds, flavanoids, proanthocyanin and phytic acid (concentrated in 

bran)
[13, 21]



26 Nucleus (2021) 64:21–32

1 3

glycemic index values of 50–65 (%/g) when it was 70–80 
for corn and wheat-based products [57]. Hence, it can be 
advocated for patients with type-2-diabetes mellitus and 
cardiovascular diseases (CVD). The vitamins and mineral 
content in proso millet is also superior [18]. The minerals 
like Fe, Zn, Mg, Mn, K and P are found to be higher than 
rice but lower than wheat. Mineral components like Fe, Zn 
and Ca in germplasm core collection maintained at ICRISAT 
are reported to be in the range of 41–73 mg/kg, 26–47 mg/kg 
and 91–241 mg/kg, respectively. The accessions with high 
levels of multiple nutrients have also been identified, which 
can be utilized as a nutrient-rich parent source for biofortifi-
cation programs [86]. The crop is rich in vitamin B1 or thia-
min (0.63 mg/100 g edible portion) and riboflavin or vitamin 
B12 (0.22 mg/100 g) [18]. The tocopherol content in some 
proso millet varieties was reported to be 3.6–4 mg/100 g [7].

The anti-nutritional factors like phenolic compounds, 
flavonoids, proanthocyanin, and phytic acid are present in 
the crop but concentrated mainly in bran layers and will be 
significantly reduced after processing. Total phenolic con-
tent (TPC) reduction due to dehulling was 72% in proso 
millet, which was higher than most other small millets’ 
values. Proso millet hull contained 50 (µmol ferulic acid 
equivalent/g defatted meal) hydrogen peroxide scavenging 
capacity and 104 (µmol Trolox equivalent/g defatted meal) 
oxygen radical absorption capacity. These components were 
also found to decrease upon dehulling. These anti-nutritional 
factors can also become beneficial components if exploited 
for their antioxidant and anti-cancerous properties. There-
fore, unused dehulled portions of the millet grain can be a 
potential natural source in food supplements [13, 21].

Genetic improvement of proso millet

Agronomic traits

In proso millet, crop improvement programs are focused 
on improving traits like yield, lodging resistance, non-
shattering, early maturity, panicle type, waxiness, etc. 
Through conventional methods like pure-line selection, 
pedigree breeding, and backcrossing, improved varieties 
have been developed in proso millet. China, India, USA, 
Russia, and Kenya are major countries involved in proso 
millet breeding [24]. In India, K2 is a variety developed 
through pure-line selection, which is non-lodging and non-
shattering [80]. The varieties TNAU 202 and ATL 1 are 
high yielding varieties developed through hybridization 
program. Dawn and Early-bird are early maturity varieties 
developed from the USA. Russian variety Alba is known 
to have non-shattering property. ‘Plateau’ is an amylose 
free or waxy cultivar developed by the Nebraska Agricul-
tural Experiment Station, USA. Waxy forms of millet are 

preferred in the food industry for their glutinous nature 
and beverage industry for their fermentation efficiency. 
Studies to understand the genetics and inheritance of waxy 
traits have been carried out. Waxy trait in proso millet is 
reported to be controlled by duplicate recessive alleles. 
GBSSI gene (with two loci-S, L) mutations are identi-
fied to be resulting in waxiness, and the GBSSI-S locus 
is mainly contributing to the trait [25, 36, 70, 74]. Rajput 
et al. used molecular breeding to identify eighteen quanti-
tative trait loci (QTL) for eight important phenotypic traits 
like heading date, 100-grain weight, grains per panicle, 
lodging, peduncle length, plant height, grain shattering, 
and panicle length. These QTLs can be used for marker-
assisted selection.

Abiotic stress tolerance

Proso millet is predominantly cultivated in marginal lands, 
arid and semi-arid regions. Hence, concerted efforts to 
understand and improve stress tolerance are essential to 
enhance yield. The occurrence of drought at ear emergence 
stage has been found to affect the grain yield and WUE 
significantly in proso millet. Though the panicles per plant 
did not decrease, the number of seeds per panicle and seed 
weight reduced considerably. Hence during limited water 
conditions for irrigation, the ear emergence stage was 
found to be the most critical stage [76]. Sabir et al. [71] 
reported that salt stress significantly affected yield among 
proso millet accessions studied and also reduced the rela-
tive water content (RWC). Out of the eighteen accessions 
studied, three accessions (008211, 008214, and 008226) 
that gave more than 50% seed weight over control were 
categorized as salt-tolerant. Hong Yue et al. [91] iden-
tified 22 PmWRKY genes as abiotic stress-responsive 
genes as they significantly varied under abiotic stress 
treatments. Transcriptome sequencing identified differ-
entially expressed genes related to stress tolerance, pre-
dominantly cold and salt stress. This study was conducted 
among two genotypes Yumi No. 2 (drought-sensitive) and 
Yumi No. 3 (Drought and Salt tolerant). Unigene34608, 
which is predicted to code for HSBP1 (Heat Shock Bind-
ing Protein 1), was found to upregulate 400-fold in Yumi 
No. 3 genotype during cold stress treatment. Expression 
level variation among the genotypes under various stress 
treatments of Unigene33484 indicated an osmoregulatory 
role of the gene. Unigene35973 was found to have a 100-
fold increase in expression during cold and salt stress in 
Yumi No.3. These results show the role of these unigenes 
in abiotic stress tolerance and provide scope for further 
research into understanding the molecular mechanism of 
stress tolerance [90]. It can be used to develop functional 
markers for tolerance screening.
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Biotic stress tolerance

The diseases reported in the crop are very few, like smut, 
bacterial stripe, sheath blight, brown spot, melanosis, rust, 
and blast. Other than the attempts made through conven-
tional breeding to develop improved cultivars, no major 
research has taken place towards understanding the genet-
ics and genomics behind biotic stresses. Biotic stress is not 
found to cause considerable economic yield loss in this 
crop. There are few germplasm sources or cultivars identi-
fied as the biotic tolerant source in Proso millet from dif-
ferent countries. In Russia, Ukraine, and China, research 
on head smut resistance has been carried out [30, 80, 95]. 
‘Soyuz’, ‘Sputnik’, ‘Slavjanskoe’ and ‘Quartet’ are smut 
resistant cultivars available from Russia [4, 24]. Mutation 
breeding has been employed to develop resistant mutants 
for smut and melanosis. These mutants were further used 
in the hybridization program to release a mutant variety 
‘Khar’kovskoe’ [84]. Soldatov and Agafonov identified 12 
resistant varieties to melanosis from 300 varieties [77]. 
PRC 1 is a variety from India that offers resistance against 
helminthosporium [24]. Genotypes resistant and moder-
ately resistant to sheath blight have also been reported 
[40]. Studies towards insect pest tolerance are very limited 
in proso millet. Insect pests like aphids, wheat stem mag-
gots, thrips, mites, and armyworms are reported to cause 
a considerable infestation in the USA [43]. Shoot fly infes-
tation is reported in India. Among the Indian varieties, 

TNAU 145, TNAU 151, TNAU 202, Co (Pv)5, and ATL 1 
are reported to be tolerant to shoot fly [24].

Genomics and transcriptomics

Genomic resources in the crop are scarce because of the lack 
of funding and intensive global research efforts and also due 
to the complexity of the genome (Fig. 5). One of the earliest 
reports on the use of genetic resources in the crop includes 
Random Amplified Polymorphic DNA (RAPD) marker-
based study to understand the intra- and inter-specific crop 
diversity of Panicum. RAPD polymorphic markers have 
also been utilized in the crop to understand the relation-
ship between weed and cultivated biotypes in proso mil-
let in North America [59]. The study identified 97 RAPD 
markers out of which five markers exhibited consistent poly-
morphism among the cultivated and weedy plant types [17]. 
The cDNA clones from leaves of proso millet have been 
isolated and characterized to understand the gene expres-
sion variation. Messenger RNA coding for bundle sheath 
mitochondrial translocator, 2-oxoglutarate (2-OG)/malate 
translocator, was found to be higher in leaves when com-
pared to other non-photosynthetic parts indirectly indicating 
the role of bundle sheath mitochondria in C4 pathway [79].

The informativeness, high reproducibility, and cost-
efficiency of simple sequence repeats (SSRs) provided a 
quantum leap in genetic marker development and utiliza-
tion. SSR markers and other genomic tools in proso millet 
have been developed by using genomic resources in related 

Fig. 5  Details of molecular 
markers reported in proso millet 
[6, 15, 17, 32, 33, 45–49, 52, 
59, 62, 67, 72, 81, 84, 89–91, 
97]
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grass species. The cross-functionality of SSR markers devel-
oped in other important crop species like rice, wheat, and 
barley have been exploited to some extent in proso millet 
[33]. Rajput et al. [66] attempted cross-amplification of 548 
switchgrass SSR markers on proso millet genotypes, out 
of which 339 amplified successfully implying their trans-
ferability. Apart from these, polymorphic SSR markers 
(25 markers) have been developed and characterized from 
the genomic DNA of proso millet with an average allele 
size of 4.4 per locus [15]. Rajput et al. [67] also developed 
the first genetic linkage map in the crop from RIL popula-
tion (recombinant inbred lines) using GBS-SNP markers 
(genotype-by-sequencing).

Transcriptome of proso millet was assembled and 
characterized by Yue et  al. [90]. The transcriptome of 
two proso millet genotypes Yumi No. 2 and Yumi No. 3, 
were sequenced to identify unigenes, SSRs, differentially 
expressed genes (DEG), etc. About 35,216 SSRs and 
406,000 SSR loci were identified with trinucleotide repeats 
being the most abundant type. Out of the various types of 
repeat units, A/T was found to be the most frequent type. 
AG/CT was the most common dinucleotide type repeat unit, 
which contrasted with the AC/GT type reported in soybean, 
maize, rice, wheat, and barley. The study identified 113,643 
unigenes, out of which 62,543 were functionally annotated. 
The gene homology to monocots revealed a 43.68% homol-
ogy to sorghum bicolor. The study reported 292 differen-
tially expressed genes in proso millet. The unigenes, 34608 
was found to be associated with cold stress, 33484 with the 
osmoregulatory role, and 35973 with cold stress. These uni-
gene were observed in Yumi No.3 (drought and salt-tolerant) 
and showed consistent patterns with RNA-seq analysis.

Chloroplast DNA is highly conserved mainly due to the 
maternal inheritance pattern and can be utilized for evo-
lutionary studies, species identification, etc. The chloro-
plast genome of proso millet was independently sequenced 
and published by Cao et al. [12] and Nie et al. [62]. Cao 
et al. reported the chloroplast genome size as 139,929 bp 
with 38.6% GC content. The study annotated 132 genes, 
including 84 protein-coding genes. The studies by Nie et al. 
reported the typical quadripartite structure for the chloro-
plast genome with one long single copy region (LSC), one 
small single-copy region (SSC), and two inverted repeats 
(IR). It was reported to be 139,826 bp in size [62]. The 
sequences were annotated, and 108 genes were identified 
in the chloroplast genome. Seventy-six protein-coding, 
twenty-eight transfer RNA genes, and four ribosomal RNA 
genes were also identified. The protein-coding genes were 
mostly genes coding for ribosomal proteins, photosystem 
I, photosystem II and genes for ATP synthase. Compara-
tive analysis was carried out between proso millet and five 
panicoidae subfamily chloroplast genomes (sugarcane, 
foxtail millet, sorghum, switchgrass, and maize). The gene 

structure, content, and organization were highly conserved 
among them. The regions rpoC2, ndhB, trnL, rpl22, rpl23, 
psbK and matK were found to be highly divergent among 
the six species. These regions can be used as markers for 
species identification and phylogenetic studies. In addition 
to this, 13 SSR markers were also reported that can be used 
for panicoideae species identification. RNA editing sites are 
conserved evolutionarily, and closely related species share 
more editing sites and proso millet share highest RNA edit-
ing sites with switchgrass (Panicum virgatum).

Recently, whole genome sequencing and assembly of 
proso millet has been accomplished by Zou et al. [97], gen-
erating enormous molecular data. The genome length was 
determined to be 923 Mb with 55,930 protein-coding genes, 
339 microRNA genes, 1420 transfer RNAs, 1640 riboso-
mal RNAs, and 2302 small nuclear RNAs. The repetitive 
sequences constituted about 58.2% of the genome, of which 
92.1% were transposable elements (TE). The most common 
TE was retrotransposons. The individuals from  F6 genera-
tion of RIL population were sequenced to construct a genetic 
map with 18 linkage groups. The studies using homologous 
gene pairs threw insights into the evolutionary history of 
the crop and suggested that tetraploidisation might have 
occurred 5.8 million years ago. They also compared the 
proso millet genome with already sequenced six grass spe-
cies (rice, wheat, maize, sorghum, foxtail millet, and purple 
false broom) and identified a close relationship between 
proso millet and foxtail millet. Comparative genomic stud-
ies further found that only 4.2% of gene families were unique 
to proso millet, whereas 74.5% was shared among the five 
grasses, including foxtail millet, maize, sorghum, and rice.

Road map for genetic and genomic improvement

The genetic and genomic improvement in proso millet 
lags much behind most cereals. There is a need for an 
extensive evaluation of germplasm to identify target traits 
or donors for traits like biotic and abiotic stress toler-
ance, non-lodging, non-shattering, yield, compact pani-
cle, bold grains, genetic male sterility, etc. Phenotyping, 
coupled with genotyping, is to be followed in order to 
develop mapping populations. Mapping populations can 
further be mined for their traits using modern molecu-
lar tools like QTL mapping, fine mapping (dense genetic 
linkage map construction), association mapping, tilling, 
eco-tilling techniques, GWAS (Genome-Wide Associa-
tion Studies), genomic selection, etc. The advancements 
in next-generation sequencing (NGS) opens an array of 
omics platforms like full genome sequencing, RNA-seq 
analysis, etc. that can aid in developing genetic and func-
tional markers for the identification of candidate genes 
[85]. These platforms can also assist in understanding 
the genetics and inheritance of complex traits. The draft 
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genome being sequenced in proso millet can be utilized 
to develop molecular markers. SNP markers offer higher 
polymorphism in comparison to SSR and can be very 
useful in a self-pollinated crop like proso millet and can 
also be used for true F1 identification [75]. The identified 
genes from the donors can be introgressed into popular 
cultivars using modern breeding methods like genomics 
assisted breeding (Marker Assisted Selection, Marker-
Assisted Back Cross, haplotype breeding, Speed breeding, 
etc.) and transgenic approaches. Functional markers and 
gene introgression for traits like genetic male sterility, 
non-lodging, etc. can also be attempted from the model 
grass species, foxtail millet in which genetic dissection of 
traits are occurring at a faster pace. Genome editing tools 
like targeted mutagenesis, cisgenesis, intragenesis, RNA 
silencing, etc. can also be used to alter the gene sequences 
to improve the cultivars. These tools can also be used to 
enhance the bioavailability of nutrients in proso millet by 
altering their biosynthetic pathways [75]. The result of all 
these concerted research efforts would fill in the research 
gaps and deliver competitive improved cultivars (Fig. 6).

Conclusion and future perspectives

Despite the potential advantages of the crop, proso millet 
has lost its prominence in competition with major cere-
als like rice, wheat, and maize. In the present context of 
changing climate, the dearth of natural resources, and 
increasing malnutrition, there is a need to revitalize hardy 
and nutritious crops like proso millet. The research gaps 
in the crop have to be identified and addressed with the 
cooperation from national, international organizations, 
state agricultural universities, non-governmental organiza-
tions, and other stakeholders. Development of high yield-
ing improved varieties and improvements in post-harvest 
handling and processing technologies are quintessential 
for the production to expand. The technological interven-
tion has to happen concurrently in all small millet crops, 
promoting a diversified nutrient-rich consumption pattern. 
This can create a substantial market for small millets and 
would stimulate production to meet this demand. Product 
diversification and value addition is another aspect that 
can strengthen the market for the crop. Proso millet can 
be cultivated on poor and marginal lands with minimum 
inputs. Government interventions through policy support 
and subsidies can encourage farmers to take up cultivation. 

Fig. 6  Roadmap for genetic and 
genomic improvement in proso 
millet
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All these efforts in collaboration can realize the full poten-
tial of the crop and rekindle its importance.
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