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Background: Climate change and biodiversity loss will push us to revolutionise and transform our existing food
systems to feed the global population and provide sustainable nutrition. Alternative crops such as proso millet
present a viable option to diversify our diet and contribute to food security. Proso millet (Panicum miliaceum L.) is
nutritious but is not a widely popular food grain in developed countries. This review provides existing relevant
information on the genetic diversity and nutritional properties of proso millet. This paper also presents additional
current information on the “kabog millet”, an ancient grain from Cebu, Philippines, considered an ecotype of
proso millet. The nutritional profiles of these ancient grains should be emphasised because farmers tend to
abandon cultivation of these ancient grains in the absence of nutritional data. By understanding the nutritional
profile of “kabog millet” and other ancient grains, the local diets could be redesigned to incorporate these crops
for a more complete and balanced nutrition.

Main conclusions: Proso millet offers a resilient, nutritious crop in the face of climate change. Nutritional analyses
of proso millet varieties and other minor crops are tools to encourage farmers and growers to cultivate them and
for consumers to integrate these crops in the diet. Without nutritional studies, many minor crops will be over-
looked and will soon be forgotten. The inclusion and consumption of ancient grains like “kabog millet” as staple
food can help address the challenge of food insecurity by providing more balanced diets, and biodiversity loss by
encouraging cultivation of overlooked and often forgotten plant varieties.

1. Introduction

The term “millets” is used to describe a broad family of annual ce-
reals that consists of pearl millet (Pennisetum glaucum L.), finger millet
(Eleusine coracana), proso millet (Panicum miliaceum L.), kodo millet
(Paspalum scrobiculatum), foxtail millet (Setaria italica), barnyard millet
(Echinochloa crus-galli, Echinochloa esculenta, Echinochloa frumentacea),
little millet (Panicum sumatrense (P. miliare)), fonio (Digitaria iburua),
and teff (Eragrostis tef) [1]. Millets are usually cultivated and grown in
dry areas of temperate, subtropical, and tropical regions [1]. Millets that
originated from Africa are finger millet, pearl millet, fonio, and teff,
whereas foxtail millet, proso millet, little millet, barnyard millet, and
kodo millet originated from Asia [2]. Foxtail millet and proso millet are
known to be the oldest of the cultivated millets in Asia, even older than
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rice, which originated around 9000 years ago in the Yangtze Valley [3].
The earliest evidence for domesticated proso millet and foxtail millet
dates back to 10,000 years ago in northern China [4-6]. Finger millet
and pearl millet are endemic African cereals. Archaeologically, they
indicated two different growth environments: pearl millet was first
domesticated in the West African savannah, and finger millet was
domesticated in the East African highlands [2,7]. They later spread to
Asia, for example, to India [8]. Finger millet is the oldest recorded Af-
rican cereal [7]. The first stages of food globalisation came around the
period from the late third millennium BC to the start of the first mil-
lennium AD [9]. During this period, a significant number of important
crops from China, India, Africa, and West Asia crossed Central Asia into
Europe. Millets from East Asia probably reached Europe via the “Inner
Asian Mountain Corridor”, as first proposed by Ref. [10]. This route
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culminated in the “Silk Road” by the end of the first millennium BC [11].
Millet found its way to Europe, and wheat and barley came to Asia [12].
During the Middle Ages, millet was one of the main “poor man’s cereals”
or “inferior” grains of Europe [175]. During the 19th century, wheat,
rice, maize, rye, and potato produced higher yields than millet in Europe
[175]. This is one of the factors which might have led to the decline in
millet production. Millet, unlike wheat, does not have gluten, which is
required for making good-raised bread. In addition, millets have stron-
ger taste than wheat and rice, which have a bland and mild taste [175].
Consumers ultimately preferred other cereals with milder taste over
millets, which are nutritionally superior but have stronger taste.

In Africa, the most widely grown millets are pearl millet, finger
millet, teff, and fonio, with roughly 80% of the total land area for millets
production devoted to pearl millet, followed by finger millet, teff, and
fonio [13]. [14] reported that in 2018, 31.0 million tonnes of millets
were produced globally in 33.5 million hectares of land. About half of
this area is in Africa and in Asia, roughly 1% in Europe and in North
America. The top 10 countries in terms of acreage are the African
countries of Niger, Nigeria, Sudan, Mali, Burkina Faso, Chad, Ethiopia,
and Senegal, India, and mainland China in Asia. In 2016, India was first
in terms of acreage with 28%, followed by Niger, Nigeria, Sudan, Mali
and Burkina Faso, Chad, China, and Senegal, and Pakistan [15]. In terms
of production amongst African countries, the largest producer is Niger,
followed by Sudan, Nigeria, Mali, Burkina Faso, Ethiopia, Chad, and
Senegal. In 2019, in terms of area and production, India ranks first with
8.4 million ha and 10.2 million tonnes, respectively [16]. Millets culti-
vated in the Americas, Europe, and Oceania are usually put into animal
feed and non-food uses [14]. A summary of the millets, including their
botanical names, chromosome number, and global grain production in
tonnes, is presented in Table 1. A map of their predicted origins of
domestication is also shown (Supplementary Fig. 1).

This review aims to provide an overview of proso millet (Panicum
miliaceum L.), one of the minor millets, its genetic diversity, the genomic
tools currently available for breeding programmes, and its nutritional
profiles. In addition, “kabog millet” from Cebu, the Philippines is

Table 1
Millets and their properties.
Common names Botanical names Chromosome World grain
number production
(tonnes)
Pearl] millet Pennisetum glaucum 2n =14 ~15 million
(bulrush millet) (P. americanum,
P. typhoides)
Foxtail millet Setaria italica 2n =18 ~5 million
(Italian/German/
Hungarian/
Siberian millet)
Proso millet Panicum miliaceum 2n =36 o0r72 ~4 million
(common/hog/
broomcorn/
Russian millet)
Finger millet Eleusine coracana 2n = 36 <4 million
Fonio (black fonio) Digitaria iburua 2n = 54 < <3 million
White fonio (acha, Digitaria exilis <3 million
hungry rice)
Barnyard millet, Echinochloa crus-galli 2n =36 to 72 <3 million
(barnyard grass)
Japanese barnyard Echinochloa esculenta 2n =54
millet
Indian barnyard Echinochloa 2n = 36,54,56 <3 million
millet frumentacea
Teff Eragrostis tef 2n = 40 <3 million
Little millet Panicum sumatrense 2n = 36 <3 million
(P. miliare)
Kodo millet Paspalum 2n = 40 <3 million
(creeping scrobiculatum
paspalum,
dronkgras)

Adapted from Ref. [125].
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introduced as a forgotten ancient grain, considered as an ecotype of
proso millet, with its morpho-agronomic and nutritional properties. It is
hoped that besides the morpho-agronomic characteristics of many
minor crops, their nutritional value should also be studied and
emphasised, since in the absence of nutritional data, consumers will not
be motivated to integrate these crops as staple foods and farmers will
ultimately be discouraged to grow them for lack of a market to trade
their crops. Many of these ancient minor crops also hold cultural sig-
nificance, and sensitivity towards the indigenous communities who
traditionally cultivate them must be considered.

2. Proso millet

Proso millet (Panicum miliaceum L.) is a cereal crop commonly
referred to broomcorn, yellow hog, hershey, white millet, common
millet and hog millet [17]. It belongs to the order Poales and the family
Gramineae [18]. Proso, barnyard, little, and kodo millets are
under-researched and underutilised in terms of production, promotion,
and research and development.

2.1. Proso millet is an easy-to-grow crop

Proso millet is still widely considered as a self-pollinated crop despite
the possibility of natural cross-pollination [19]. Proso millet seeds
exhibit a variety of colours, from white, cream, yellow, orange, red,
black, to brown (Supplementary Fig. 2), and are generally smaller than
pearl millet seeds [19]. It is a short-season crop, thriving between 6 and
12 weeks, and has low water demand [20]. Proso millet requires an
annual average precipitation of only less than 600 mm [21]. It needs an
average daytime temperature above 17 °C during vegetation to thrive
[21]. Proso millet also needs little nitrogen fertiliser and is quite resis-
tant to diseases [22]. It can survive at altitudes of up to 3500 m; is highly
adaptable to plateau conditions, and can be cultivated in areas further
north in latitude than other millets [17,23]. Proso millet is a C4 crop and
can efficiently fix carbon under drought conditions, high temperatures,
and limited nitrogen and carbon dioxide [24].

2.2. Proso millet is grown worldwide

Extensive cultivation areas for proso millet are present in East Asia
(China), South Asia (India and Nepal), Eastern Europe (Ukraine and
Belarus), Africa, Russia, Middle East, Turkey, and Romania [25]. Proso
millet spread to North America through German-Russian immigrants
who arrived in North America in 1875. The immigrants cultivated proso
millet along the eastern Atlantic coast [24]. The areas in the states of
Colorado, Nebraska, and South Dakota in the Central Great Plains of
North America are the main producers of proso millet [26]. In western
Nebraska, commonly cultivated proso millet varieties are Horizon,
Sunrise, Huntsman, Earlybird, Sunup, Dawn, and 172-2-9 [27], with
Dawn being the parent of most cultivars released in Nebraska [28].
These varieties have been selected for cream/white seeds (Supplemen-
tary Fig. 2), and many studies on the characteristics of proso millet were
performed using these varieties. The genetic base of the cultivars widely
cultivated in the United States is narrow due to the limited number of
varieties used as parents during breeding [29]. Proso millet is used in
these states as a rotational crop after sunflower (Helianthus annuus L.)
and maize (Zea mays L.) [26]. Farmers take advantage of the short
growing season of proso millet by harvesting it prior to sowing winter
crops such as winter wheat, which is the base crop in dryland cropping
system [30]. Globally, there are very limited information on the statis-
tics and trading of proso millet because they are lumped together with
other millets in official data.

2.3. Proso millet is classified into different races

There are five races of cultivated proso millet based on their panicle
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traits namely, miliaceum, patentissimum, contractum, compactum, and
ovatum [31,32]. The characteristics of the different races are presented
in Fig. 1. Race miliaceum has large, open inflorescences and sub-erect
branches, whilst race patentissimum has slender and diffused panicle
branches. Races contractum, compactum, and ovatum have compact in-
florescences [32,33]. Proso millet has a chromosome number of 2n = 36
with basic chromosome number of x = 9 (see Table 1) [34]. [35] sug-
gested that proso millet may have allotetraploid origins with Panicum
capillare (or a close relative) as a maternal ancestor and the other
genome coming from Panicum repens based on its nuclear and chloro-
plast genomes. Further studies of other Old World Panicum species are
still needed.

Traditional landraces and wild species are vital sources of genetic
variation, which is a significant factor in crop improvement. The loss of
genetic diversity can be attributed to non-usage of the traditional
landraces in favour of modern high-yielding cultivars [36]. In addition,
traditional landraces of proso millet are grown mainly under subsistence
farming, which also results in genetic erosion. Until the start of the
twentieth century, proso millet was a highly significant crop in China,
but recently higher-yielding varieties of other crops (such as rice, maize,
wheat) have replaced proso millet and led to a significant decline in its
cultivation [37].
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2.4. Proso millet germplasm collections exhibit wide species variation

There are more than 29,000 germplasm collections of proso millet
conserved worldwide. The major genebanks of proso millet germplasms
are listed in Table 2. China, India, Russia, and Ukraine have the key
collections [38]. Recent reviews and research studies published on the
characterisation and identification of germplasm accessions for stress
tolerances, both abiotic and biotic, and agronomic and nutritional traits
were reported [20,24,30,34,53].

2.4.1. Germplasm evaluation for traits

The identification, classification, and the evaluation of genetic
relationship through crop characterisation at macro or micro level are
the foundation for future millet researches and crop improvement [39].
The Institute for the Semi-Arid Tropics (ICRISAT) in India has one of the
extensive germplasm collections of proso millet (Table 2). ICRISAT
embarked on the characterisation of their proso millet germplasm col-
lections based on flowering, plant height and panicle exsertion [33].
Most Syrian accessions are early flowering varieties, whilst those from
India are late flowering varieties [33]. Accessions with dwarf plant
height were recorded from Mexico whilst Sri Lanka have tall plant ac-
cessions [33]. Accessions from Australia and China have good panicle
exsertion, whilst the former USSR have the shorter panicle exsertion
accessions [33]. Elite accessions of proso millet were identified based on
agronomic properties, disease resistance, and nutritional content from

patentissimum

contractum

ovawum

Races miliaceum, patentissimum, and contractum adapted Ref [163]
Races compactum and ovatum handdrawn by Joan Ofiate Narciso based on photographs (Ref

[167] with copyright clearance; Ref [34]).

Fig. 1. Different races of proso millet based on panicle (inflorescence) shape.
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Table 2
Major genebanks conserving germplasm of proso millet worldwide.

Country Institute Germplasm accessions
Cultivated  Wild  Total

Australia Australian Tropical Crops and 228 228
Forages Genetic Resources Centre

Bangladesh Plant Genetic Resources Centre, 198 198
BARI

Bulgaria Institute for Plant Genetic Resources 489 489
“K. Malkov”

China Institute of Crop Science, Chinese 8451 8451
Academy of Agricultural Sciences

Czech Genebank Department, Division of 171 171

Republic Genetics and Plant Breeding,

Research Institute of Crop
Production

Germany Genebank, Leibniz Institute of Plant 165 1 166
Genetics and Crop Plant Research

Hungary Institute for Agrobotany 243 1 244

India AICRP on Small Millets 920 4 920
International Crop Research 849 849
Institute for the Semi-Arid Tropics
(ICRISAT)
National Bureau of Plant Genetic 994 998
Resources

Japan Department of Genetic Resources I, 516 516
National Institute of Agrobiological
Sciences

Mexico Estaci6n de Iguala, Instituto 400 400
Nacional de Investigaciones
Agricolas

Poland Botanical Garden of Plant Breeding 354 354
and Acclimatization Institute
Plant Breeding and Acclimatization 359 359
Institute

Russia N.I Vavilov All-Russian Scientific 8778 8778
Research Institute of Plant Industry

Ukraine Institute of Plant Production n.a. V. 1046 1 1046
Y. Yurjev of UAAS
Ustymivka Experimental Station of 3975 3976
Plant Production

USA North Central Regional Plant 717 4 721

Introduction Station, USDA-ARS,

Adapted from Ref. [38].

the germplasm collections at the National Centre for Crop Germplasm
Conservation in China [40].

[41] performed a comprehensive analysis of 386 proso millet core
collections to evaluate different parameters at various growth stages
such as leaf filling, maturation and after harvest. They found that the
biggest contributors to the principal components were plant height,
diameter of main stem, plant tiller number, leaf area of top3 leaves, and
1000-seed weight [41]. They also observed that more than half of the
accessions have yellow and red hull colours, which agreed with the
statistical analyses of 8515 proso millet genotypes [41]. Panicle type and
inflorescence colour distributions also agreed with a previous study
[42]. The high variation coefficients reflect the proso millet genetic di-
versity and the abundant variation found in core germplasms [43].

Plant height, diameter of main stem, top3 leaves area, and 1000-seed
weight are traits associated with growing periods - usually long-
growing-period genotypes are stronger and have high yields [41].
However, for extremely long growing period, the yield decreases [41]. A
possible explanation is that cultivars with long growth periods result in
low grain filling due to lower light and decreasing temperature [44].
Breeders can take advantage of these phenotypes by modestly extending
the growing period to increase yields.

2.4.2. Genomic and genetic resources for proso millet breeding

The previous unavailability of genetic markers made the molecular
characterisation of proso millet particularly challenging. Consequently,
DNA markers from other related species were initially used to help
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genetically characterise proso millet. For example, reference genome
sequences of foxtail millet were available [45,46]. By using expressed
sequence tag-simple sequence repeat (EST-SSR), the genome of foxtail
millet showed a high degree of cross-genera amplification with eight
millet (barnyard millet, finger millet, kodo millet, little millet, pearl
millet, proso millet, switchgrass, guinea grass) and four non-millet
(sorghum, wheat, rice, and maize) species [47]. Cross-genera amplifi-
cation at an average of ~85% between foxtail millet and the eight millet
was noted using intron length polymorphic (ILP) markers [48], an
average of ~89% using microsatellite markers [49], and an average of
~67% using microRNA-based molecular markers [50]. The genomic
data of switchgrass were used to develop simple sequence repeat (SSR)
markers for proso millet. It has been shown that 62% of the switchgrass
SSR markers were transferable to proso millet [51].

2.5. DNA markers for proso millet are available and well-established

Through time, DNA markers of proso millet were established.
Traditional DNA markers that were used successfully in determining the
genetic diversity of proso millet were Amplified Fragment Length
Polymorphism (AFLP) [52]; SSR [29,53-55]; Random Amplified Poly-
morphic DNA (RAPD) [56]; and Inter Simple Sequence Repeat (ISSR)
[57,58]. In the case of RAPD, one interesting application was the
determination of intraspecific and interspecific variations amongst
Panicum species. The wild ancestor of Panicum sumatrense is believed to
be Panicum psilopodium [59,60]. The maternal progenitor of Panicum
miliaceum is suggested to be Panicum capillare [35]. This lack of close
association amongst the species suggests that they were domesticated
from distantly related species and have no significant interspecific cross
breeding [56]. The polymorphism observed in RAPD markers amongst
cultivars of proso millet demonstrates the effectiveness of RAPD markers
in determining intraspecific variation [56].

2.6. Chloroplast genome markers provide robust genetic phylogeny

A more robust alternative to traditional markers previously
mentioned is the chloroplast genome markers. Chloroplast genomes
show less variation within species but exhibit substantial variation be-
tween higher plant species [61]; hence, they offer excellent markers to
study evolution and phylogeny. Salih and coworkers (2017) analysed
complete chloroplast genomes from apomictic Taraxacum (Asteraceae),
and they found that some parts of the chloroplast genomes of these
species are evolving at a slower rate, and it is necessary to use appro-
priate chloroplast genome markers to form accurate conclusions on
phylogeny. In addition, Salih and coworkers (2017) mentioned an
interesting observation that chloroplast genomes evolve at more slowly
than nuclear markers, which may have an impact on the phylogenetic
studies of apomictic species.

Following on [61]; a significant advancement in proso millet genetic
and genomic studies occurred with the recent publication of the com-
plete chloroplast genome sequence of proso millet [62]. The chloroplast
genome sequence helps identify more DNA markers that can be used as a
barcode for examining the phylo-geography, genetic diversity, and
evolution of proso millet [63]. In a recent work, Cao and coworkers
(2021) performed de novo and reference-guided assembly of whole
chloroplast genomes from five proso millet cultivars. They then analysed
the phylogenetic relationships amongst these five proso millet cultivars
and other closely related Panicum species (P. sumatrense, P. virgatum),
comparing them with outgroups such as maize (Zea mays) and sorghum
(Sorghum bicolor). The proso millet cultivars grouped together, whilst
the other Panicum species also clustered together [63]. Cao and co-
workers (2021) managed to show that chloroplast genomes are effective
in differentiating the phylogeny of closely related Panicum species, and
this can be applied to other genera as well. These works will facilitate
the breeding programs not only for proso millet but also for other ce-
reals. Proso millet is a C4 crop, which can serve as a model plant to
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examine C4 physiology and morphology including extreme stress
tolerance.

2.7. Modern genetic approaches for phylogeny analyses are developed

More modern approaches were developed for phylogeny analyses,
such as next-generation sequencing (NGS) of whole genomes and RNA
sequencing (RNA-Seq) for SNPs and quantitative trait loci (QTLs) gene
expression. In addition, the nuclear genome sequence of proso millet has
been published [64]. The development of these modern approaches and
the availability of the complete nuclear genome sequence of proso millet
greatly facilitate genotyping analyses of this crop. Under NGS, geno-
typing by sequencing (GBS) has been used extensively in crop
improvement programmes because this approach leads to wide usage of
molecular markers, despite the disadvantages of the intrinsic error rate
of the sequencing process and low depth of sequencing associated with it
[65]. However, GBS still helps in the identification and genotyping of
many SNPs. Once the desired SNPs have been identified, they can be
linked with traits through genome-wide association mapping and/or
QTL mapping (Sahu et al., 2021). The information obtained from this
stage can be used in marker-assisted breeding for gene introgression
(Sahu et al., 2021). Related to GBS is restriction site associated DNA
(RAD) sequencing. RAD-Seq and GBS both use restriction enzymes to
divide the genome into DNA fragments, which are then sequenced on
NGS platforms [66]. The main difference between the two techniques is
that GBS library preparation requires less DNA and is accomplished in
fewer steps than RAD-Seq [67]. RAD-Seq also requires a size selection
step for the DNA fragments, which is not necessary in GBS [67]. If the
reference genomes are not available, RAD-Seq is the preferred method
for biological diversity applications. However, it is not suitable for
routine use in plant breeding because RAD-Seq requires large amount of
high-quality DNA during the size selection step and high DNA prepa-
ration costs [66]. If the whole genomic sequence of a crop is available,
an NGS approach called whole genome resequencing (WGR) can be used
to genetically characterise a plant. In WGR, the genome of a novel
specimen is sequenced and matched with that of the reference individual
to detect polymorphisms, insertions-deletions, and gene conversions,
amongst others [68].

RNA-Seq is another approach under NGS. RNA-Seq requires cDNA
from total transcripts, usually from protein-coding regions in the
genome, then applies direct sequencing on them [69]. It has proven to be
an essential device for wide-ranging profiling of QTL gene expression.
Candidate genes associated with a desired phenotype can be identified
by comparing the expression profiles of a mutant plant with the parent
plant through NGS assisted expression profiling or comparative
RNA-Seq analyses [68]. RNA-Seq analysis can also be combined with
QTL analysis (also known as expression QTLs or eQTLs) [70,71].
Together, they enable the expression of complex traits [72,73].

A recently developed technique, called Hyb-Seq [74], combines
target enrichment of low-copy nuclear genes and genome skimming
[75] with low coverage shotgun sequencing to assemble high-copy (e.g.,
organellar) genomic targets. This Hyb-Seq approach generates a probe
set that specifically targets genomic regions which give phylogenetic
information on different plant genera or families [76]. Hyb-Seq is
considered better over other approaches like transcriptome sequencing
(RNA-Seq). One of the reasons is that Hyb-Seq is that Hyb-Seq only re-
quires small amounts of relatively degraded DNA, whilst other ap-
proaches require living, flash-flozen, or especially-preserved tissue for
RNA extraction [74]. RNA-Seq is also subject to large amounts of
missing loci across samples and is not effective in capturing rapidly
evolving noncoding regions [74]. Hyb-Seq focusses on orthologous
targets which reduces the amount of missing data compared to RNA-Seq
and RAD-Seq [74]. Until whole genome sequencing of plant samples
becomes affordable and practical, Hyb-Seq will find its niche as a quick
and efficient method of generating genome-scale datasets for phyloge-
netic studies.
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2.7.1. Genetic diversity of proso millet — examples from Asia and Europe

Genetic variations of 42 varieties of proso millet, which are
conserved in the National Agriculture Genetic Resource Centre in Japan
and are cultivate in the western part of Himalayas, were assessed by
Ref. [77]. Seven quantitative and nine qualitative traits were analysed.
High variation was noted in quantitative traits like days to heading and
maturity, plant height, panicle length, panicle exsertion, flag leaf length
and grain yield [77]. Variation was low for the qualitative traits of leaf
sheath colour, flag leaf angle, grain shape, and grain colour [77]. The
declining diversity of proso millet, specifically in Western Himalayas of
Nepal may be due to farming preferences, including market demand for
the crop, farmer interest in growing the crop, available suitable area for
crop cultivation, and the choice of easily manageable variety [78,79].
Farmers prefer varieties that are higher yielding, easy to dehusk, early to
mature and flower, great tasting, and have high biomass [33]. In addi-
tion, early flowering varieties are preferred by farmers in the high
mountainous region of Western Himalayas of Nepal due to the early start
of cold weather and which is now becoming more susceptible to drought
due to climate change [77].

From the Central Himalayan Region of India, sixteen representative
accessions of proso millet were collected (Triveda et al., 2015). They
showed high level of diversity in leaf length and width, plant height,
days to 50% flowering, days to 80% maturity, and 1000-seed weight
[80]. The collected accessions were also evaluated for biochemical pa-
rameters, such as chlorophyll, carotenoids, lipid peroxidation, cellular
hydrogen peroxide, activity of nitrate reductase, lipoxygenase, catalase,
peroxidase, and superoxide dismutase [80]. These biochemical param-
eters can predict whether the plant will survive in high altitudes and
severe climate conditions [80]. Survival of proso millet varieties in
extreme agro-climatic conditions of the Central Himalayan Region can
be attributed to the considerable variability in plant height, leaf up-
rightness and crop maturity [80]. The days to 50% flowering and days to
80% maturity are critical key adaptive traits, which ensure flower
setting at the ideal time for pollination, seed development, and dispersal
[81]. Farmers have traditionally bred proso millet with different flow-
ering time to increase yield and broaden its geographical range [81].

The exact centre of millet domestication in China is still disputed.
The presence of early millet sites in Dadiwan in the Loess Plateau and
Xinle and Xinglonggou in northeast China, far from the Yellow River
valley, does not seem to support the view of a north Chinese agricultural
origin for proso millet and foxtail millet that is centred around the
central Yellow River valley [82]. However, it can also mean that a
different location is the focus of proso millet domestication or there are
multiple foci within China [83-85]. Based on comparisons of landrace
genetic diversity between regions in China, Hu et al. [54] inferred a
centre of proso millet domestication in the Loess Plateau. The level of
landrace genetic diversity from the Loess Plateau was not significantly
higher than those from other regions of China. Sufficient precise
geographical information is needed to enable analyses of phylogeog-
raphy or genetic diversity of many accessions from China [82].

[82] analysed 16 microsatellite loci to explore the genetic diversity
amongst landraces from across Europe and Asia and to assess the phy-
logeographic structure in the Old World proso millet by dividing the
accessions into “western” and “eastern”. They proposed a geographical
boundary in northwestern China. Many “western” landraces were found
also in northeastern China [82]. Considering chronological data, Eastern
Europe is a more likely second, non-Chinese centre of domestication
than Central Asia [82]. However, this theory cannot be substantiated
with the available data from early Neolithic Ukraine, which do not show
significant millet consumption [86].

Studies on Slovenian landraces based on a set of 11 SSR markers [55]
and a later genotyping of six genotypes [87] has demonstrated an overall
low heterozygosity amongst Slovenian landraces of proso millet. This is
most likely caused by short geographical distance and similar
pedo-climatic conditions [87]. Most of the landraces had “contractum” or
arched branches, and with regard to compactness of the inflorescences,
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two land races had intermediate compactness (contractum), three with
open inflorescences (miliaceum), and two had compact inflorescences
(glosum) [87]. Grain colours of these landraces exhibited differences,
with white, yellowish brown, and reddish brown [87]. The Slovenian
landraces need to be characterised since they could be a good source of
genetic diversity for developing proso millet varieties [87].

3. “Kabog millet” — an ecotype of proso millet from the
Philippines ?

3.1. Cultivation and cultivars

There are very limited information about “kabog millet”, an ecotype
of proso millet. It comes in darker and lighter brown varieties [39]. The
use of “kabog millet” as a staple cereal food in Cebu, located in central
Visayas of the Philippines, precedes the coming of the Spanish colonisers
into the Philippines. “Kabog millet” has become very rare because
farmers have shifted to growing and cultivating high-yielding crops such
as rice [39]. Tuburan, Catmon, and Sogod in Cebu are the only munic-
ipalities that grow native millets [39]. The three millet types “kabog
pakdas”, “kabog pilit” and “dawa” grown in Cebu have been compara-
tively characterised, classified, and identified based on their
morphology (structure) and agronomic traits (growth and yield perfor-
mance) by Ref. [39]. Based on morphology and the agronomic traits, the
three millet cultivars were classified as Panicum miliaceum convar. pat-
entissimum, Panicum miliaceum convar. compactum, and Setaria italica,
respectively (Table 3).

3.2. Morpho-agronomic traits of “kabog millet”

The study done by Ref. [39] is one of the limited research that
characterised the “kabog millet” cultivars grown namely, “kabog pak-
das”, “kabog pilit”, and “dawa” in Cebu. Morphological analyses were
focused on five major plant parts, leaf, culm, panicle, flower, and seed.
The summary of the morphological characterisation and agronomic
traits (mean values) such as plant height, grains per panicle, 1000-seed
weight, and grain yield (kg/ha) is shown in Table 3. The three cultivars
have distinct panicle shape: “kabog pakdas” has open and semi-erect
panicles; “kabog pilit” has compact and drooping panicles; and
“dawa” has very compact and drooping panicles (Fig. 2). “Kabog pak-
das” and “kabog pilit” have high shattering abilities whilst “dawa” has
low shattering ability. “Kabog pilit” had the highest grain yield, whilst
“kabog pakdas” had the lowest grain yield. “Kabog pakdas” seeds are
light-coloured and bigger than “kabog pilit” seeds, whilst “kabog pilit”
seeds are yellower (Fig. 2). The former is used as bird seed, whilst
“kabog pilit” is the cultivar usually referred to by the term “kabog mil-
let” by the farmers and people in Cebu, and the one used for making the
traditional Cebuano dish called “budbud kabog”. In terms of number of
days from sowing to emergence, “kabog pakdas” had the shortest period
to emergence at 5 days, whilst “dawa” had the longest period at 10.8
days [39]. Genetic characterisation of “kabog millet” is needed to
confirm the classification obtained from morpho-agronomic traits.
Genotyping analyses to classify “kabog millet” and determine its
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phylogeny with respect to other proso millet varieties are currently
ongoing. Recently, a study on the morpho-agronomic traits and vari-
ability in phenotypic traits of global proso millet germplasm was pub-
lished, which is hoped to aid proso millet improvement programmes
[34].

3.2.1. Genotypes can affect nutritional profiles of proso millet

The nutritional profiles of proso millet can be affected by the geno-
types. For example, it is possible that some proso millet genotypes could
be resistant to processing-induced changes in phenolic acid and carot-
enoid content than other genotypes. Starch properties can also be
potentially modified by changing starch synthesis in proso millet vari-
eties by techniques such as TILLING, as in the case of an Italian tradi-
tional durum wheat Svevo cv. to increase the amylose content from 25%
to 55% [88]. Amylose content is a factor in determining future food
applications of proso millet (Section 4.7). By screening proso millet
accessions for interesting phenotypes and grain properties, components
of proso millet flour can be improved for specific food products.

4. Nutritional quality of proso millet and kabog millet

Proso millet has nutritional and health benefits and its incorporation
in the daily food diet may overcome nutrient deficiencies. However,
there remain few studies assessing the grain nutritional content of proso
millet based on genetic variations [20]. Proso millet is rich in protein,
phytochemicals, vitamins, minerals, micronutrients including iron, zinc,
copper and manganese, and other non-nutritive compounds that provide
protection to the plant [89-91]. Proso millet has high protein content
(11.6%), which is within the range with that of wheat (8-15%) [92],
although proso millet has higher content of leucine, isoleucine, and
methionine [90,93].

4.1. Starch

Starch made up 52% out of the total carbohydrate content of 68.2%
in proso millet grains [94-97]. In native proso millet varieties cultivated
in South Korea, starch content ranged from 84.4% to 85.7% [98]. On the
other hand dehulled kabog millet grains contained 60%-63% total
starch [99]. In comparison, whole wheat grain flour has around 58-62%
starch [25,100], whilst white rice, brown rice, red rice, and black rice
have ~82%, ~76%, ~72%, and ~73% starch, respectively [99]. On the
other hand, starch comprises 72-73% of maize kernel [101].

Amylopectin and amylose constitute starch, but it is the amylopectin
that is widely accepted as playing a role in starch crystallinity [102]. In
waxy proso millet, amylopectin comprises 99-100% of the total starch.
In non-waxy proso millet, amylopectin makes up around 96-97% of the
total starch [96,103]. In the common types of proso millet, the total
starch was found to be 61.4-72.8% amylopectin [96,104,105]. The
native proso millet varieties cultivated in South Korea had amylopectin
content ranging from 78.5% to 98.8% [98], whereas dehulled kabog
millet had amylopectin content ranging from 80.9% to 89.3% [99]. The
different results in starch content and the ratio of amylose to amylo-
pectin can be attributed to the different extraction methods, grain

Table 3
Classification of the millet cultivars grown in Cebu based on morpho-agronomic traits".
Cultivar/Species Number of days Plant Panicle Weight of Grain yield
height 1000 seed: kg/h:
Sowing to Emergence to Anthesis to (:lf) Length Weight Grains/ Pt seeds (kg/ha)
emergence anthesis maturity (cm) (€3] panicle &
Kabog P. miliaceum convar. 5.0 33.2 24.0 47.5 22.38 3.02 708 7.64 810.35
pakdas patentissimum
Kabog P. miliaceum convar. 7.8 52.9 32.1 98.9 41.75 7.23 1483 3.07 1332.03
pilit compactum
Dawa S. italica 10.8 55.2 21.8 159.8 32.63 6.08 3232 1.10 824.41

# Adapted from Ref. [39].
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Handdrawn by Joan Oiiate Narciso from photographs by Ref [39].
“Kabog millet” seed photographs taken by Rosaflor Estenzo.

Fig. 2. Panicle morphology of the three millet cultivars grown in Cebu, “kabog pakdas”, “kabog pilit”, and “dawa” and seed colour of “kabog pakdas™ and “kabog
pilit”. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

processing (dehulling and milling), varietal differences and growing
conditions.

4.2. Resistant starch

[106] defined resistant starch (RS) as a portion of starch that is
highly resistant to a-amylase hydrolysis, and which could reach the
colon to be fermented by microbiota. Depending on their digestive rates,
there are three main types of RS according to Ref. [107]: physically
enclosed starch (type 1), ungelatinised granules (type 2) and retro-
graded amylose (type 3) [107]. RS can act similarly to dietary fibre,
resulting in positive health effects [108]. Proso millet with 17.2% (w/w,
dry mass, dm) amylose had 0.4% w/w dm RS — much higher than in rice
(0.2% w/w dm) [109], and durum wheat [88,110]. No previous study
has been performed on the RS level in kabog millet.

Autoclaving and cooling of native starch in proso millet could lead to
an increase of the RS content to 15.5% [111]. RS in native and treated
millet type starches are determined by the total amylose content [111].
The in vivo digestibility of native RS of millets and rice (Oryza sativa)
were evaluated in rats by Ref. [109]. They found that proso millet had
50% digestibility which was significantly higher compared to other
millets but still lower than the rice which had 59% [109]. In addition,
they observed that compared to a rice diet, the blood glucose, serum
cholesterol, and serum triglyceride levels were reduced in rats fed with
the native starch of proso millet and treated starch [109].

4.3. Dietary fibre

The American Association of Cereal Chemists (2001) defined dietary
fibre (DF) 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”. This

definition includes polysaccharides, oligosaccharides, lignin, and asso-
ciated plant substances [112]. High DF consumption has been associated
with many metabolic, cardiovascular, and colonic health benefits [113].
Because of these benefits, integrating more DF into the diet is advisable.
In the case of proso millet, DF content ranges between 8.9 and 12.5%
[114]. On the other hand, whole grain “kabog millet” contains 14-15%
DF, whilst dehulled “kabog millet” has around 4% DF [99]. Proso millet
also contains hemicellulose, which is mainly made up of glucose,
arabinose, uronic acid, and xylose, and is considered DF [103]. In
comparison, wheat flour has roughly 12% DF and maize has around 13%
DF [25]. White rice, brown rice, red rice, and black rice contain around
1%, 4%, 6%, and 5% DF, respectively [99].

4.4. Protein

Proso millet and other millets crops are gluten-free, which makes it
ideal for people with gluten-intolerance and coeliac disease [115]. There
are four groups of proteins in grains based on their solubility: (1) al-
bumins (soluble in distilled water and dilute buffers at neutral pH); (2)
globulins (soluble in salt solutions but insoluble in distilled water); (3)
glutelins (soluble in dilute acid or alkali solutions); and (4) prolamins
(soluble in aqueous alcohols of 70-90%) [116]. Prolamin, the main
protein fraction in proso millet, constitutes 25.1-36.9% of total protein
[103,117]; and is composed of a major band (24 kDa) and two minor
bands (14 and 17 kDa) when run under SDS-PAGE [118]. In the case of
kabog millet, the total protein content ranges from 12 to 13% in whole
kabog millet and dehulled kabog millet [99]. In comparison, wheat flour
and maize flour have roughly 14% and 12% total protein, respectively
[25]. This is comparable in kabog millet. Meanwhile, black rice has
roughly 8% total protein [99]. So far, no detailed analyses of the
different protein fractions have been performed on kabog millet; how-
ever, an SDS-PAGE of total protein extracts from kabog millet and wheat
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flour confirms the absence of gluten fractions in kabog millet (Supple-
mentary Fig. 3).

4.5. Amino acid composition and protein quality

The essential amino acid composition of a protein defines its quality.
The amino acid composition of proso millet and whole kabog millet
grains is presented in Table 4 [18,99]. It shows that amongst the
essential amino acids, whole kabog millet contains relatively low histi-
dine (His), methionine (Met), and phenylalanine (Phe) compared to
other proso millet varieties [93,119]. In comparison, a study on six
most-yielding varieties of wheat collected from the Agricultural
Research Institute in Tarnab, Iran showed that wheat proteins from
these varieties are deficient in Lys, Trp, Thr, Met, and His [120]. On the
other hand, maize protein is deficient in Lys and Trp and has fair
amounts of sulfur-containing amino acids, Met and Cys [101]. The
essential amino acids Lys, Val, and Ile are higher in rice [99].

Proso millet is primarily low in one of the essential amino acids, Lys
[103] due to the low content of lysine-rich albumin-globulin and glu-
telin fractions [103]. The in vitro digestibility of raw and cooked proso
millet flour following the multi-enzyme protocol of [121] was found to
have an average of 71.3% and 88.6%, respectively [119]. On the other
hand [122], reported a true digestibility of 95%-99.3% using rats fed
with dehusked millet diets. The enzymatic method, therefore, could lead
to under-estimates.

To evaluate the protein quality, several methods have been pro-
posed. The “protein digestibility—corrected amino acid score (PDCAAS)”
is one of the methods and was developed by the FAO/WHO to evaluate
the protein quality based on human amino acid requirements [123]. The
limiting amino acid score (that is, the ratio of the first-limiting amino
acid in a gram of target food protein to that in a reference protein or
requirement value) is multiplied by the protein digestibility [124]. The
essential amino acid requirements of preschool-aged children is the basis
of this scoring pattern [125] and is calculated using the following for-
mula [125]:

mg of limiting amino acid in 1 g of test protein

PDCAAS (%) =
(%) mg of same amino acid in 1 g of reference protein

A PDCAAS of 1 means that the entire minimal requirements for
indispensable amino acid intake would be met if the amount of the test
protein eaten was equivalent to the estimated average requirement for
protein. For high-quality proteins that have a PDCAAS greater than 1.0,
the PDCAAS scores are truncated to 1.0 [126]. For kabog millet flour,
both whole and dehulled, the PDCAAS values ranged from 0.25 to 0.30
(Supplementary Table 1).

Digestible indispensable amino acid score (DIAAS), a more recent
protein quality score uses the true ileal protein digestibility rather than
the faecal protein digestibility [127]. DIAAS is based on the comparison
between the content of all digestible essential amino acids present in a
protein to that of a reference protein, which has an amino acid profile
similar with the requirement by a 0.5-3 years old child [127]. The
DIAAS is calculated as follows:

DIAAS =100
mg of digestible dietary indispensable amino acid in 1 g dietary protein

mg of the same dietary indispensable amino acid in 1 g reference protein

The indispensable amino acid in the DIAAS equation is the amino
acid that has the lowest reference ratio [127]. The DIAAS values of
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cooked cereals and pseudocereals are 42 for brown rice, 37 for polished
rice, 68 for buckwheat, 43 for oats, 7 for proso millet, 10 for foxtail
millet, and 20 for wholewheat [128]. Except for buckwheat, which is
limiting in sulfur-containing amino acids, the other cereals are limiting
in lysine. The DIAAS scores of whole milk is 114 while that of
hard-boiled eggs, and chicken breast had 113, and 108, respectively
[129].

4.6. Phenolic acids

Phenolic acids are hydroxylated derivatives of benzoic and cinnamic
acids. They act as antioxidants and prevent damage of cells due to free-
radical oxidation reactions [130]. In proso millet, they can be found in
the endosperm and primarily in the bran can [131-133]. Hydroxycin-
namic acids are more common than hydroxybenzoic acids in proso
millets [134], with ferulic and chlorogenic acids being the most abun-
dant in three proso millet cultivars [134]. The predominant phenolic
acids in proso millet grits are ferulic acid and p-coumaric acids, ferulic
acid dehydrodimers, and soluble chlorogenic acid [135]. [136] noted
that proso millet had the least total phenolic content amongst kodo,
finger, foxtail, proso, pearl, and little millets), (both bound and soluble:
~9.4 pmol ferulic acid equivalent/g defatted meal), whereas kodo millet
had the highest total phenolic content, with ~114 pmol ferulic acid
equivalent/g defatted meal for both bound and soluble phenolic acids.
In whole kabog millet, phenolic acid levels are in the range of
1500-1600 pg/g sample, with p-coumaric acid and ferulic acids being
the most abundant in whole grain kabog millet [99]. Whole grain kabog
millet also contains vanillic acid (~60-70 pg/g sample) and cinnamic
acid (~35 pg/g sample) [99]. In comparison with pigmented maize
varieties grown in the Philippines, p-coumaric (~44-96 pg/g sample),
ferulic (~2-5 pg/g sample), and gallic (~10-26 pg/g sample) acids were
the major phenolic acids identified [137]. Ferulic acid can also be found
in finger millet, existing as a bound form with arabinoxylans. This
water-soluble feruloyl arabinoxylans are called feraxans, one of the
major components of soluble fibre in finger millet [138]. It has been

x faecal true digestibility (100 %) x 100

shown to be a potent antioxidant [138].

In a study on antioxidant activity of frequently consumed cereals and
beans in Korea, Choi et al. [139] found that proso millet had signifi-
cantly lower antioxidant activities and had lower total phenolic contents
than red sorghum (25 x lower) and black rice (10 x lower) in terms of
mg gallic acid equivalent (GAE). However, the GAE values for proso
millet were comparable with those of white rice, brown rice, mungbean,
foxtail millet, barley, and adlay [139]. In another study by Ref. [136];
foxtail millet had higher antioxidative activity in terms of Trolox
equivalent antioxidant capacity (TEAC) and reducing power in both
bound and soluble phenolic acid extracts than that of proso millet. In a
recent study on kabog millet, the TEAC values of whole kabog millet
total phenolic acid extracts were comparable to those of black rice,
whilst the TEAC values of dehulled kabog millet were significantly
lower, indicating that dehulling can remove important antioxidants
found in the bran [99]. In addition, phenolic acids have different anti-
oxidant activities depending on whether they are found in free, esteri-
fied, glycosylated, and/or non-glycosylated forms [140,141].

4.7. Commercial food applications of proso millet and “kabog millet”

Proso millet can be used in many food applications. Food applica-
tions can depend on the properties and amylose content of the proso
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Table 4

Maximum values and minimum values for crude protein and amino acids.
Essential Minimum®"' Maximum®"" Whole Kabog millet®
Lysine (Lys) 1.60 3.48 1.58-1.81
Histidine (His) 2.30 3.94 1.81-1.90
Threonine (Thr) 3.70 4.50 3.07-3.16
Valine (Val) 4.69 7.30 6.37-6.79
Methionine (Met) 3.40 4.30 0.88-0.95
Isoleucine (Ile) 4.22 5.81 4.64-4.70
Leucine (Leu) 12.52 14.70 14.08-14.26
Tryptophan (Trp) n.a. n.a. n.a.
Phenylalanine (Phe) 5.62 6.82 4.25-4.26
Non-essential Minimum®”’  Maximum™>  Whole Kabog millet*
Arginine (Arg) 4.00 4.30 2.97-3.33
Aspartic acid (Asp) 6.60 12.00 5.26-5.27
Serine (Ser) 4.43 7.90 7.27-7.54
Glutamic acid (Glu) 21.94 25.40 16.88-16.98
Proline (Pro) 7.60 7.90 7.92-8.08
Cysteine (Cys) 0.90 1.10 n.a.
Glycine (Gly) 2.80 4.73 4.09-4.38
Alanine (Ala) 9.68 12.40 14.67-15.54
Tyrosine (Tyr) 4.30 4.70 2.57-2.75
Crude Protein 12.12¢ 16.30¢ 12.00-12.10°

n.a. Not analysed.

@ Amino acid data is expressed in g/100 g protein.

b [93,1191].

¢ [99].

4 Protein content is expressed in % of dry matter; Total N was analysed by
micro-Kjeldahl.

¢ Total N was analysed by Dumas procedure and the conversion factor is 6.25.

f Adapted from Ref. [18].

millet starch. Less amylose (<10%) means a lower peak temperature
during pasting [142]. Higher amylose starches exhibit higher cold paste
viscosity [143]. Wax starch breaks down more than non-waxy starch.
Waxy starches also retrograded more slowly during pasting, indicating
greater stability [144]. Waxy millets are therefore good raw materials
for beverages due to their low retrogradation [145]. Based also on these
properties, the cultivar Earlybird, a low-amylose proso millet, is sug-
gested for breadmaking, whilst cultivars Sunrise and Sunup, for
example, are good for gluten-free pasta because of their higher cold
paste viscosity [142].

As mentioned, proso millet can be incorporated into wheat-based
breads. Addition of enzymes such as xylanase and transglutaminase
can improve bread properties by increasing the specific volume [146].
Using transglutaminase alone, a cross-linking enzyme, results in a very
dense undesirable crumb [147]. In gluten-free breads containing proso
millet flour, adding non-gluten proteins like pea, rice, and whey, and the
enzyme transglutaminase can increase the volume and decrease the
hardness and bitterness of the breads [148]. Proso millet can also be
incorporated into pasta. Varieties with high amylose and carotenoid
content are more suitable for this application [149]. Incorporation of
xanthan gum and guar gum made the dough more structured and
reduced the disintegration after cooking [150]. Proso millet pasta was
more yellow than wheat pasta after cooking due to higher lutein and
zeaxanthin in proso millet [150].

The undesirable bitterness of proso millet remains an obstacle to its
widespread consumption. It is unclear which constituents contribute
most to its bitterness because even in food products made of proso millet
that have low tannins exhibit a degree of bitterness. Different processing
strategies such as sprouting or fermentation can be used and assessed to
reduce bitterness [151].

5. Conclusion

Diversification of our diet is a means to ensure food security by
providing sufficient and balanced nutrition in a rapidly changing world
and helps prevent the extinction of many plant food species. Proso
millet, under which “kabog millet” is classified, requires less water and
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fertilisers, can withstand drought stress, and is a short-season crop,
making it suitable for cultivation in areas that are at risk to the effects of
climate change, famine, and malnutrition. To prevent extinction of
ancient grain species, nutritional studies on these crops should be per-
formed and emphasised for consumers to start integrating these crops
into their diets. In the absence of nutritional profile analyses, farmers
abandon growing these crops for lack of a market and means to trade
and advertise them. “Kabog millet” was on the brink of extinction
because consumers did not know how nutritious “kabog millet” is, and
hence, there was limited market for its consumption and cultivation. .
Consumption of these crops helps small-scale and medium-scale farmers
with their livelihoods by providing them a source of income and en-
courages them to preserve landraces with highly nutritious and desir-
able morpho-agronomic qualities that might otherwise have gone
forgotten and extinct.
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