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Abstract 

 

Unknown to many, the Philippines is host to a few remaining accessions of the underutilized 

and understudied cereal foxtail millet (Setaria italica (L.) P. Beauv.). We collected together 

accessions from different eco-geographical locations within the Philippines, along with a few 

accessions from Lanyu, Taiwan, to undertake a study of the nutritional value and genetic diversity 

within accessions of foxtail millet grown in the Philippines. All accessions were field grown in 2022, 

dry season (DS) at the Institute of Plant Breeding (IPB) Experiment Station, Los Baños, Laguna, 

Philippines. The accessions were tested for micronutrients, including Zn and Fe, nitrogen as a proxy 

for protein, β-carotene and a number of phenolic compounds with known nutritional potential. Of the 

20 accessions tested, the accessions Bayaras and GB61438 had the highest level of Zn (107.1 mg/kg) 

and Fe (70.52 mg/kg), respectively, higher than levels found in traditional rice varieties. For β-

carotene the highest concentration was found in the accession Balles (~10µg/g). Twelve phenolic 

compounds were detected, with catechin, syringic acid, ferulic acid and kaempferol having the highest 

concentrations and greatest variation between accessions. To assess the genetic diversity of these local 

foxtail millet accessions, we sequenced a core set of eight accessions to a depth of at least 25-fold. 

Analysis of the population structure, using genome-wide, high-quality SNPs, showed modest diversity 

among the accession, with two unadmixed groups. The accessions are monophyletic relative to their 

earliest common ancestor, with the very light brown accessions emerging earlier than the light brown 

and reddish-brown varieties. Analysis of Zinc/Iron permease (ZIP) transporters within the foxtail 

millet reference sequence, var. Yugu1 identified 17 putative ZIP transporters. Variant calling 

identified SNPs primarily within 3’ and 5’ regions, and introns, indicating variation between foxtail 

millet accessions within regulatory gene regions rather than in structural proteins. The local foxtail 

millet accessions found across the Philippines, therefore, represent a potential alternative source of 

nutrition that would help to address the problems of the double-burden of malnutrition found in the 

Philippines. 
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Introduction 

 

Among the more than 100 species within the genus Setaria, only foxtail millet (S. italica (L.) P. 

Beauv.) became an important domesticated crop [1]. It is a self-pollinating diploid (2n = 2x = 18) with 

a small genome size (~490 Mb [2]). It is easy to grow, having a short growing period, with good 

productivity, even under conditions of abiotic stress. It is quickly becoming a model organism in 

which to study beneficial traits such as C4 evolution, biofuel potential and the molecular mechanisms 

underlying abiotic and biotic resistance [3]. Foxtail is cultivated for food and fodder across Europe, 

China and other Asian countries. The crop is also grown in Australia, North and South America, and 

parts of Africa as a minor cereal [4]. Archaeobotanical evidence supports the significant contribution 

of foxtail millet in ancient civilization [5]. It was thought to originate in China, where domestication 

began, becoming a staple crop in Eurasia [1]. 

As a cereal crop, foxtail millet has been shown to contain comparable and often higher nutrient 

content (protein, dietary fibre, Ca, Zn, Fe, etc.) relative to major cereals such as wheat and rice [6; 7]. 

Thus, this crop could be exploited as an alternative source of nutrients, particularly in the Philippines 

where people suffer from widespread malnutrition, the most alarming of which is iron deficiency 

affecting more than half of the population [8]. A study of foxtail millet landraces from across India 

grain was shown to contain mean values of 12.3 % protein, 4.7 % fat, 60.6 % carbohydrates and 3.2 % 

ash [9]. Nutritional composition analysis of 75 elite germplasms from India, USA and China exhibited 

mean values of 12.63% protein, 3.52% fat, 2.07% crude fiber, 72.89% carbohydrate and 2.30% total 

minerals [10], close to the values reported in the study of Indian accessions [9].  

In terms of genetic variation, 62 varieties collected from Asia, Europe and Africa clustered into 

five groups using RFLP (digested with EcoR V) [11]. A study using inter simple sequence repeat 

(ISSR) markers identified a high level of polymorphism among 81 accessions of nine Setaria species 

[12]. This study further confirmed northern China as the centre of domestication. Gene flow among 

accessions from different eco-geographical areas was also shown to be high. A study conducted in 

Nepal also showed marked diversity among 27 foxtail millet accessions [13].    

A draft genome reference of foxtail millet (∼423 Mb) has been assembled using a combination 

of whole genome shotgun and next generation sequencing [14]. This study identified chromosome 

reshuffling events and rearrangements [14]. This draft genome sequence will aid the identification of 

functionally important variants and future breeding design. An extensive library of genomic variations 

has been established from the re-sequencing of 312 foxtail millet accessions. This study identified 

geographical adaptation, which may facilitate the genetic improvement of the crop [15].  

In the Philippines, the cultivation of this heirloom crop is now restricted to the indigenous 

communities of (i) Batanes, a group of small islands located at the northernmost tip of the country 

situated between Luzon, Philippines and Taiwan, and (ii) Northern Mindanao, including Bukidnon, 

Misamis Oriental and Misamis Occidental [16]. A few accessions have also been found in Cagayan 
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and Catanduanes. How and when these accessions were introduced to these different areas is still 

unknown.  

Limited research has been undertaken on Philippine foxtail millets. It has been suggested that 

the Batanes accessions are similar to accessions from Orchid (Lanyu Township) [17], an island 

belonging to Taiwan. This was later confirmed by an investigation of the molecular differences of 

Asian and European landraces using RFLP, the Batanes accessions clustering with Taiwanese 

varieties [11]. In another study [18] foxtail millets from Batanes were classified as having round type 

grains. No further studies are known to have been performed on foxtail millet landraces from the 

Philippines.   

Foxtail millet has been neglected and is unknown to many Filipinos. The dwindling cultivation 

of foxtail millet is largely due to the convenient availability of easy-to-cook rice, which is financially 

supported and distributed by the government in the Philippines. This is compounded by the lack of 

conservation efforts by both local and national stakeholders, foxtail millet being a non-priority and 

underutilized crop. Additionally, problems associated with threshing and milling further contribute to 

this crop’s demise, with no mechanized approach having been introduced in the indigenous 

communities. Today, the Ivatans, the locals of Batanes, prepare foxtail millet as a dessert dish. In 

Northern Mindanao it is cooked as “suman” (millet cake wrap) and “biko” (pudding) [16]. To our 

knowledge, no study has been undertaken to assess the genetic diversity and nutritional value of 

Philippine foxtail millet accessions. 

There is a need to assess the potential of foxtail millet as an alternative nutrient resource. In this 

paper we (1) quantify the nutritional composition of several foxtail millet accessions grown at several 

localities in the Philippines, with a particular focus on Zn and Fe, and (2) identify the molecular 

variations and diversity present among eight selected local accessions using whole-genome 

sequencing (WGS). Additionally, as the Philippines suffers chronic problems of Zn and Fe deficiency, 

we analysed the genetic variations of Zinc/Iron Permease (ZIP) transporters among the varieties, as 

this may shed insights on the molecular mechanism of Zn/Fe uptake.    

In time with the celebration of the International Year of Millet, the project was conceptualized 

to motivate farmers to utilize and cultivate this ancient plant. As this heirloom is under-utilized, we 

hope to incite curiosity among biologists, breeders and farmers, helping to preserve this crop.  

 

Methods 

 

Plant materials. Seeds of twenty foxtail millet accessions from Batanes were collected by Dr. 

Rodora Hontomin and Mr. Cesar Hostallero. The Batanes varieties were tentatively named after either 

the donor or the field site where they were collected. One accession was collected from Amulung, 

Cagayan, named here as Palacu, the village site of its collection. Another variety was collected from 

Virac, Catanduanes, Bicol Region, which is locally known as “Ukig”. Two Philippine varieties, 
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GB61483 and GB61739 of unknown provenances, were requested from the National Plant Genetics 

Resources Laboratory of IPB. Six accessions from Orchid Is., Taiwan, were requested from the 

Germplasm Resource Information Network (GRIN), USA. These were originally collected in 1977 

from Orchid Is., Lanyu Township, Taiwan. Taiwanese accessions were included to compare their 

agro-morphological (data not included in this paper) and nutrient content with the Batanes accessions, 

since previous studies showed their potential genetic relatedness [11, 17]. Seeds of two accessions 

from Bukidnon were collected by Dr. Raquel Salingay, Central Mindanao University. Taken all 

together, there were 24 accessions collected across the Philippines, with the addition of six accessions 

from Taiwan.  

In terms of elevation, Batan Is. of Batanes is located at the northernmost tip of the Philippines 

and is around 77 ft (23 m) above sea level (asl); Amulung, Cagayan, 78.2 feet (23.8 meters); 

Bukidnon, 3,002 ft (915 meters) asl. Laguna, the experimentation site, has an estimated elevation of 

387 ft (118 m) asl. All accessions were sent to IPB, Los Baños, Laguna for agro-morphological 

assessment, nutritional composition analysis and Whole Genome Sequencing (WGS) analysis of a 

core set of accessions. 

Greenhouse trial. All accessions were initially grown in two replicates under greenhouse 

conditions on 31 August 2021 to propagate seed for subsequent field experiment. Greenhouse trials 

also aimed to (i) assess their adaptability to the current site (Laguna) since these accessions were 

collected from different eco-geographical locations, (ii) check for any insect pest and disease 

infestation or susceptibility, (iii) identify variation in traits such as growth habit, spike colour, and 

flowering time. Ten seeds from each accession were directly seeded into a soil mix composed of sand: 

silt: clay proportions of 32% – 48% – 20%, and loam as textural grade and water holding capacity 

(WHC) of 67%. Fungicide was applied a week prior to seeding. Seedling thinning was performed to 

retain 3–5 stalks. Plants were watered with approximately one litre of water once a week, as 

previously described [19]. 

Of the 30 accessions grown, five did not germinate (non-viable) at the current site. These 

include three Taiwanese and two Bukidnon accessions. Additionally, five accessions were discarded 

due to their agro-morphological similarities to other accessions (data on agro-morphological, 

quantitative and qualitative, will be a subject of a separate paper).   

Dry (DS) and Wet Season (WS) field experiments. Seeds of the remaining 20 accessions 

were grown in the field, in three block–replicates. These lines were pre-germinated in seedling trays 

on 14 January 2022 and transplanted on 03 February 2022 for DS field trials. The experiment was 

performed at E3–West of the IPB Experiment station 14°08'24.8"N, 121°15'32.3"E. The previous 

crop cultivated on this site during the 2021 WS was eggplant. Sugarcane was also grown in two 

previous season–years (2019, 2020). We implemented incomplete block design with three blocks, 

with accessions randomly arranged as designed by the block design application [20] in Rstudio. The 

field was laid out with plot dimensions of 11m × 3m, with 0.5 m in between rows and 0.25 m in 
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between hills in each row (i.e., 50 cm × 25 cm plant spacing). Each block was separated by 1.5 m 

alleys. Furrow (~15 cm in depth) and ridge sowing were implemented in DS and WS trials, 

respectively. Three seedlings were planted per hill with twelve hills in each row. Seedling thinning 

was performed, if necessary, to retain three seedlings per hill. Spikes from 10 hills in each row were 

collected for nutrient composition assessment. Border rows were also included in the design, but 

nutrient composition was not analysed from samples collected from border rows. 

As practiced by the locals and to avoid bias in micro-nutrient accumulation, no fertilizer was 

added throughout the experiment. Pest, weed, and disease infestations were monitored regularly, and 

control measures were applied if needed. However, there was visually negligible incidence of disease 

infestation in our field trials. This is consistent with the literature, in which foxtail millet accessions 

are reported to be both biotic- and abiotic-stress resistant (reviewed in [21]). Weeding was performed 

as needed. Unless precipitation occurred, watering was done once a week for the DS as previously 

suggested for foxtail [19]. No watering was performed during the WS.   

For the WS, seeds were sown on 8 July 2022 on seedling trays and were transplanted 20 DAS. 

However, the foxtail millet accessions were observed not to thrive well under wet conditions 

presumably due to frequent precipitation and enormous cloud cover. This is not surprising as foxtail is 

known to thrive under arid and semi-arid conditions and was said to be a summer crop [22]. No data 

on nutrient composition was, therefore, obtained for the 2022 WS.   

Soil sampling. Soil samples were collected by composite sampling before transplanting. 

Individual soil cores were collected using a soil auger from five points in X shape at 0–25 cm depth in 

each block and were mixed (three reps, in total). The representative samples were then bulked, air-

dried, sieved through 2-mm mesh, and prepared for analyses at the Plant Physiology Laboratory, IPB 

and Analytical Services Laboratory, Department of Soil Science, Agricultural Systems Institute (ASL-

DSS-ASI), College of Agriculture and Food Science, UPLB. The following were analysed: pH, 

organic matter content, total nitrogen (N), available phosphorus (P), potassium (K), zinc (Zn), and 

iron (Fe) based on procedures previously described (see Table 1 for references). 

 

  

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 23, 2023. ; https://doi.org/10.1101/2023.05.22.541853doi: bioRxiv preprint 

https://doi.org/10.1101/2023.05.22.541853
http://creativecommons.org/licenses/by-nc-nd/4.0/


Table 1. Methods of analyses and references used for determining soil chemical 

properties.  

Parameter Method References 

pH 1:1 soil-water mixture, glass electrode 
(soil/water slurry using pH meter) 

[23] 

Soil Organic Matter (SOM), % 1N K2Cr2O7.H2SO4 oxidation, FeSO4 titration [24] 
Available Phosphorous, ppm Bray Extracting Solution (0.03 N NH4F), 

colorimetry 
[25] 

Exchangeable Potassium, 
meq/100g soil 

1N NH4CH3COO buffered pH 7.0 extraction, 
flame photometry 

[23] 

Available Iron, mg/kg DTPA Extraction, Atomic Absorption 
Spectroscopy 

[26] 
Available Zinc, mg/kg 

 

Nutrient composition analysis. Grain samples were milled using an electronic grinder 

(RainPhil®) set at a fixed rotational speed for 30 seconds. Foxtail millet flour was separated from the 

bran, implementing manual winnowing to initially remove the hulls, then mesh-sieving with No. 80 

mesh testing sieve (180 µm). Flour samples were analyzed for nutrient composition including Zn, Fe, 

Mg, Ca, Cu, N (proxy for crude protein) and β-carotene across the three biological reps collected from 

the 2022 DS field trial, implementing three technical replicates (3 bio reps × 3 tech reps = 9 reps for 

each element) at the Analytical Services Lab (ASL), IPB. Each biological rep represents each block–

replicate of each variety collected from the field. 

Nitrogen content of the foxtail millet samples was determined following the method of [27]. 

For the quantification of metals (Zn, Fe, Mg, Cu and Ca), one gram of each of the samples was ashed 

and digested with 25 mL 37 % hydrochloric acid with 5 drops of 69 % nitric acid until 10 mL 

concentrate was obtained. The concentrate was diluted to 50 mL with ultra-pure water. Metal ion 

concentrations in the dissolved ash solution were quantitatively determined by Atomic Absorption 

Spectroscopy (AAS) (Model: AA-7000, Shimadzu, Japan). 

The phenolic compounds were analysed at the National Institute of Agricultural Botany 

(NIAB), Cambridge following standard procedure as previously described [28]. Phenolic compounds 

were assessed using HPLC. Flour samples of approx. 2.5g were extracted into 50ml of ethanol-acetic 

acid (10% 1M acetic acid v/v) under reflux conditions for 2h. Extracts were stored at −20°C until 

analysed. The extracts were prepared for chromatography by centrifugation for 2 min at 13000 rpm, 

then filtrated through a 0.2μm filter. The compounds were separated using the Dionex Ultimate 3000 

HPLC system. A 150mm × 4.6mm × 5μm × 100Å Kinetix C18 column was used, with a gradient 

0.1% formic acid /acetonitrile mobile phase running at 0.2ml/minute (gradient of 0.95: 0.05 for 2min, 

then 0.72; 0.28 for 18min, 0.00; 0.10 for 28min, and then held until 45min) were used. The column 

effluent was monitored with a PDA detector between 200 and 600nm, with data recorded at 254nm, 
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280nm, 340nm and 520nm. Samples were replicated, with three biological reps and two technical reps 

each. 

Determination of β-carotene levels was adopted from [29]. One gram of dried flour sample was 

added to chilled 50-mL acetone. The mixture was shaken using a vortex mixer at high speed and left 

to stand for 15 mins, with occasional shaking. The solution was filtered using Whatman filter paper 

No. 42. with the receiver submerged in an ice bath. The addition of acetone was repeated twice and 

the supernatants pooled. The absorbance of the extract was read at 449 nm using UV-vis 

spectrophotometer. β-carotene levels were determined against a standard. β-carotene was analysed in 

three biological reps, with three technical replicates run for each sample (3 bio reps × 3 tech reps = 9 

reps).  

Statistical analysis. R (v. 4.1.0 [30]) was used to analyse datasets. For micronutrient analysis 

(e.g., Zn, Fe) basic statistical tests, such as means and standard deviations, were calculated using the 

‘aggregate’ function. Two-way Analysis of Variance (ANOVA) was fitted in our samples using 'aov’ 

function to infer significance among accessions. Tukey’s HSD (Honest Significant Difference) was 

also performed to compare each group in a pairwise fashion.  

Histograms were generated to view distribution of datasets. Residual analysis was also 

performed by calculating and creating plots on Residuals vs Fitted plot, Normal QQ plot, Scale–

Location, Residuals vs Leverage. Datasets were also tested using Shapiro–Wilk normality test and 

Bartlett test of homogeneity of variances. As described previously, we ensure our statistical analyses 

are robustified by generating biological and technical replicates. Figures were created using ggplot2 

package [31].  

Correlations between trace minerals, N, and β-carotene were calculated using Pearson rank 

correlation in rcorr function found in Hmisc package. Likewise, correlations were also calculated 

between phenolic compounds.   

DNA extraction. For DNA extraction, flag leaf samples were taken at 35 days after 

transplanting (DAT). Until usage, samples were kept at -80°C. The modified CTAB protocol [32], 

was employed to separate genomic DNA from the foxtail leaf samples. Frozen plant tissues were 

ground up using a frozen mortar and pestle. To remove polysaccharides and other impurities, samples 

were treated with a sorbitol pre-wash buffer (100 mM Tris-HCl, 0.35 mM sorbitol, 5 mM EDTA, 1% 

(w/v) PVP, 1% (v/v) 2-mercaptoethanol) before extracting DNA with warm CTAB buffer (100 mM 

Tris-HCl, 3 mM NaCl, 3% CTAB, 20 EDTA, 1% (w/v) PVP, 1% (v/v) 2-mercaptoethanol). The 

mixtures were incubated at 65°C for 1 hour, with inversions every 10 minutes. Chloroform:isoamyl 

(24:1) was added, and the mixture was centrifuged. Aqueous phases were collected, and DNA was 

precipitated with isopropanol. DNA pellets were washed with 70% ethanol and resuspended in 50 μL 

of TE buffer containing 0.1 mg/mL RNase A. Quantitative and qualitative analyses were done on the 

extracted gDNA to determine its purity using Nanodrop™ and agarose gel electroporation. The 

samples were stored at –80°C until shipped.  
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Whole Genome Sequencing. Genomic DNA was sequenced by Novogene, Singapore using 

the Illumina platform NovaSeq PE150. Briefly, gDNA was randomly sheared into short fragments, 

end repaired, A-tailed and ligated with Illumina adapters. The fragments were PCR-amplified, size 

selected and purified. Reads were checked for adapters, and low-quality reads (at Q > 20) by 

Novogene. No further pre-processing procedure were required as demonstrated using FASTQC [33] 

since there are no adapters and low-quality reads. The genome sequence of the foxtail reference 

sequence (Setaria italica cv. Yugu1 v2.0.54) was downloaded from Ensembl Plants [34] and indexed 

using BWA [35]. A dictionary for the reference genome was created using PICARD tool (option: 

CreateSequenceDictionary). Reads were mapped against the indexed genome reference using BWA 

(option: mem), implementing default parameters. Outputs were piped to bam and sorted using 

SAMtools [36]. PICARD was used to assign reads to a single Read Group (option: 

AddOrReplaceReadGroup) after which PCR duplicates were flagged using MarkDuplicates option. 

BAM files were indexed using PICARD (option: BuildBamIndex)  

Variants were identified using the Broad Institute Genome Analysis Tool Kit (GATK v4.1.9.0) 

[37]. Best Practices for germline SNP/Indel discovery. GATK (option: Haplotypecaller) was run for 

each foxtail millet accession dataset, using its default parameters, to call variants between the 

reference genome sequence and each sequenced accession, in both Variant Call Format (VCF) and 

Genomic VCF (option: --ERC GVCF; multiple samples) modes. For individual samples, we used 

VCFtools v0.1.15 [38] to filter the variant calls with the following parameters: a Minor Allele 

Frequency (MAF) of 0.05 to 0.1 (the number of output did not change within the range); a minimum 

mean depth for a site, 7; minimum quality score 30; and, a minimum missing data of 0.9 (--maf 0.05 

to 0.1 --min-meanDP 7 --minQ 30 --max-missing 0.9). Note that Indels were not removed at this 

stage.  

Using GVCF mode for multiple samples, all accessions were merged using GATK 

CombineGVCFs command. Joint genotyping was performed using GATK GenotypeGVCFs. Indels 

(option: --remove-indels) and monomorphic SNPs were removed (option: --maf 0.001) sequentially 

using VCFtools. Sites were filtered using the same tool with the following options: --min-meanDP 7 -

-max-missing 0.5 --mac 3 --minQ 30. This enabled us to kept variants that have been successfully 

genotyped in 50% of individuals, a mean depth value of 7, a minimum quality score of 30, and a 

minor allele count of 3. Variant Effect Predictions was performed using SNPEff 5.1d [39] and 

Setaria_italica as database from Ensembl.  

Structure analysis. FastStructure [40] was used to infer population structure within the foxtail 

millet accessions using the same SNPs, with simple (at K = 2 to 5) prior.  

Phylogenetic tree. Using PLINK2 the VCF file of the whole genome sequence was converted 

into PLINK binary format (bed, bim and fam). A phylogenetic tree was created using VCF kit [41] 

using the genome-wide SNPs identified across the foxtail millet accessions implementing Neighbor–

Joining algorithm.  
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Principal Component Analysis (PCA). Using the VCF file a PCA plot was created using 

PLINK2. Linkage pruning and removal of rare variants was first performed. The plot was generated 

using the libraries tidyverse [42] and ggplot2 in R.  

Phylogenetic analysis. Fasta files of both gene and translated amino acid ZIP transporter 

sequences of foxtail millet, rice, and A. thaliana were all downloaded from Ensembl Plants. Multiple 

sequence alignment (MSA) was performed using Clustal Omega [43] with output in Newick format. 

Phylogenetic tree was created using VCF-kit [41]. All scripts are run in R.  

 

Results  

 

Foxtail millet accessions were collected from several eco-geographical sites across the 

Philippines (Table 2). These include accessions collected from Batanes (20 accessions), Bukidnon (2 

accessions), Cagayan (1 accession) and Catanduanes (1 accession) (Fig. 1). Two local varieties of 

unknown provenances and 6 Taiwanese accessions were also included in the study (Table 2). From 

this collection, seeds from 20 accessions were subsequently multiplied during the 2022 DS field trial 

(Table 2; Fig. 2). Milled grain was analysed in these 20 accessions for elemental micronutrients, N as 

a proxy for crude protein content, β-carotene and a range of phenolic compounds. Whole genome 

sequencing (WGS) was undertaken on eight of the accessions to assess diversity.  
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Fig. 1. Eco-geographical locations of the foxtail millet accessions collected in this study: (i) 

Batanes (circled blue), located at the northernmost tip of the Philippines; (ii) Cagayan (filled blue); 

(iii) Bukidnon, highlighted in red, and (iv) Orchid Is. (circled purple). Also shown is Laguna (green), 

the site of greenhouse and field experimentation trials. Accessions from Orchid Is. were shipped from 

USDA and were originally collected by the Germplasm Resource Information Network (GRIN). Map 

taken from https://simplemaps.com.   

 

 

 

Table 2. Foxtail millet accessions planted in the 2022 DS field trials: visual characteristics and origin. 

 
Accession Growth habit Seed and spike color Origin 

Alcon Semi upright Very light brown Batanes 

Arie Spreading light brown Orchid, Taiwan 

Balles Semi upright Reddish-brown Batanes 

Bayaras Semi upright Very light brown Batanes 

Camacho Erect Reddish-brown Batanes 

Cobico Semi upright Very light brown Batanes 

Cordel Semi upright Reddish-brown Batanes 

de Sagon Spreading Very light brown Batanes 

Diahang Erect Reddish-brown Batanes 

Felicidad Semi upright Very light brown Batanes 

GB61483 Erect Reddish-brown Unknown 

GB61739 Semi upright Very light brown Unknown 

Karanet Semi upright black with some light brown Orchid, Taiwan 

Langa Erect black with some light brown Orchid, Taiwan 

Mavaheng Semi upright Reddish-brown Batanes 

Palacu* Erect Light brown Amulung, Cagayan 

Primitivo Erect Reddish-brown Batanes 

Salengua Semi upright Very light brown Batanes 

Tukon Semi upright Very light brown Batanes 

Ukig* Drooping Light brown Catanduanes, Bicol 

Valugan Erect Reddish-brown Batanes 

Viola Erect Reddish-brown Batanes 
*Note that accessions Palacu and Ukig were not included in the 2022 dry season field trial and nutrient composition analysis due to 
shipping and work disruptions in 2021. Data on these accessions were taken from 2022 wet season and greenhouse trials. 
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Fig. 2. Philippine and Taiwanese foxtail millet accessions planted at the field experimentation site of 

the Institute of Plant Breeding (IPB) during the 2022 DS.  

 

Field Experiment 

 

Soil analysis of the field site. Analysis of the soil samples collected from the experimentation 

site (E3–West, IPB, UPLB) showed a composition of 31% sand, 42% silt, and 27% clay; a clay–loam 

textural grade; and a water holding capacity (WHC) of 66%. Specific soil analysis of the three blocks 

showed that the site is moderately acidic, with an average pH of 6.04 (Table 3). Organic matter (OM) 

content was an average of 2.01%, which is classified as a medium content scale [44]. Total N and 

available N showed an average of 2006.7 kg N/ha and 60.2 kg N/ha, respectively. Available P 

concentration was high at 15.62 ppm; K levels were of medium concentration at 0.44 meq/100g soil. 

The field site had a medium concentration of Zn and high levels of Fe, with an average 4.78 mg/kg 

and 104.10 mg/kg, respectively, based on the classification by [44].  

 

Table 3. Soil analysis of E3, IPB, the site of the field experiment for the 2022 DS.  

 

Block 
pH OM Total N Available N Avail P K Zn Fe 

(1:1, water) (%) kg N/ha kg N/ha Bray P2 (ppm) meq/100g  (mg/ kg) (mg/ kg) 

1 6.12 2.07 2070 62.1 16.18 0.387 3.99 116.18 

2 5.97 1.94 1940 58.2 13.27 0.412 5.14 104.06 

3 6.04 2.01 2010 60.3 17.42 0.511 5.22 92.05 

Ave 6.04 2.01 2006.67 60.20 15.62 0.44 4.78 104.10 
Note: OM, organic matter; N, nitrogen; P, phosphorus; K, potassium; Zn, zinc; Fe, iron 
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Nutritional composition analysis of foxtail millet accessions 

 

Milled grain from 20 foxtail millet accessions were analysed for N, as a proxy for crude protein 

content, the micronutrients Fe, Zn, Mg, Ca and Cu, β-carotene and a range of phenolic compounds. 

Grain of the 20 accessions used for these assessments was obtained from the plants grown at the field 

experimentation site during the DS. Eight of these accessions were analysed for WGS.  

Ash and Nitrogen analyses. Ash content of the accessions ranged from 0.59% (GB61739) to 

1.07% (Camacho), with an overall average across accessions of 0.84% (0.84 g/100g) (see Suppl. 

Table 1). Analysis of the N content, as a proxy to protein content, showed significant differences 

(ANOVA, P < 0.001) among the accessions, with a mean value of 1.67 g/100g (or 16.7 g/kg) (Fig. 3; 

Suppl. Table 2). The accessions de Sagon and Camacho exhibited the lowest (0.90 g/100g) and 

highest (2.14 g/100g) concentrations of N, respectively, with 12 of the accessions have high N levels, 

similar to Camacho (Fig. 3). Based on a nitrogen-to-protein conversion factor (NPCF) of 6.25, the 

crude protein content would range from 5.63 to 13.38 g/100g (or 5.63 to 13.38%).   

 

 

 

Fig. 3. Variation in nitrogen content in 20 foxtail millet accessions.  

 

Micronutrient content (Zn and Fe). Focusing on minerals essential for human health, we 

analysed Zn and Fe levels in the 20 accessions. Significant variation in Zn concentrations was 

observed (ANOVA, P < 0.001) with overall mean of 52.60 mg/kg across all accessions, with average 

values ranging from 34.63 mg/kg (GB61739) to 107.05 mg/kg (Bayaras) (Fig. 4; Suppl. Table 3 for 

raw data). Compared to the three Taiwanese accessions (Arie, Karanet and Langa), the Philippine 
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lines Tukon, Felicidad, Valugan, and Bayaras were found to contain significantly higher levels Zn 

(Tukey’s HSD; Fig. 4; Suppl. Table 4).   

 

 

 

 

 

 

Fig. 4. Variation in Zn (mg/kg) content in 20 foxtail millet accessions.   

 

Similarly, significant variation in Fe concentrations was observed across the accessions 

(ANOVA, P < 0.001). The mean concentration of Fe was 45.66 mg/kg. The accessions Felicidad and 

GB61483 were found to contain the lowest and highest mean concentrations of Fe, with 30.04 and 

70.52 mg/kg, respectively (Fig. 5; Suppl. Table 5).  
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Fig. 5. Variation in Fe (mg/kg) content in 20 foxtail millet accessions.  

 

Other micronutrient concentrations (Mg, Ca and Cu). Analysis of Mg, Ca and Cu 

concentrations showed significant variations between the foxtail millet accessions (P<0.001). Mg had 

a mean value of 282.84 mg/kg (Table 4). Primitivo was found to contain the lowest concentration of 

Mg with 154.29 mg/kg and Diahang, the highest, at 595.57 mg/kg (Suppl. Table 6). The accessions 

demonstrated a mean Ca concentration of 564.14 mg/kg, with values ranging from 229.04 mg/kg in 

accession GB61483 to 1504.59 mg/kg in Bayaras (Table 4; Suppl. Table 7). Cu concentration had a 

mean value of 7.41 mg/kg. The accessions Valugan and Camacho showed the highest concentrations 

of this trace mineral, with 10.18 and 9.93 mg/kg, respectively. Accession GB61739 had the lowest 

concentration, with 3.73 mg/kg (Table 4; Suppl. Table 8).  
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Table 4. Average Mg, Ca, and Cu (in mg/kg) contents in 20 foxtail millet accessions*.  

 

Accessions Mg  Ca  Cu  

Diahang 595.57a 481.24d 9.56bc 

Cordel 500.06b 438.34de 8.79d 

de Sagon 461.79b 458.94de 8.84d 

Bayaras 362.40c 1504.59a 8.99cd 

Balles 317.08d 450.22de 7.03f 

Felicidad 287.21de 1147.97b 8.00e 

Valugan 285.76d-f 1399.82a 10.18a 

Arie 275.24e-g 268.71g-i 5.91h 

Salengua 257.52e-h 250.16hi 7.71e 

Viola 251.21e-i 1093.47b 6.26gh 

Tukon 245.91f-j 304.90g-i 7.91e 

Langa 236.98g-j 354.29e-h 3.79i 

Mavaheng 223.41h-j 289.36g-i 6.22gh 

Camacho 213.59i-k 315.54f-i 9.93ab 

GB61739 211.54i-k 302.68g-i 3.73i 

GB61483 210.60jk 229.04i 8.62d 

Alcon 210.39jk 426.29d-f 6.41g 

Cobico 178.45kl 312.68g-i 9.54bc 

Karanet 177.89kl 878.69c 5.85h 

Primitivo 154.29l 375.90d-g 6.98f 

Average 282.84 564.14 7.51 
*Means in each column followed by the same letter(s) are not significantly different at 5% level using Least 
Significant Difference (LSD) test for multiple comparisons. Table sorted based on the values of Mg.  

 

 

 

β-carotene content. All 20 accessions of foxtail millet were found to contain β-carotene, with 

an overall mean of 5.39 µg/g. The accession Arie had the lowest β-carotene concentration, with 3.44 

µg/g (Fig. 6; Suppl. Table 9). On the other hand, Balles and Diahang showed the highest levels of β-

carotene concentration, with 9.69 and 9.12 µg/g (not statistically significant using Tukey’s HSD; 

Suppl. Table 10), respectively.  
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Fig. 6. β-carotene concentrations of 20 foxtail millet accessions (in µg/g).  

 

 

Correlations among the inorganic nutrients. Correlation analysis of the micronutrients, 

including N and β-carotene, using Pearson’s rank correlation, identified a number of significant 

correlations (Fig. 7). There was a significant, positive correlation between Ca and Zn (R = 0.66, P < 

0.001), between Zn and Cu (R = 0.43; P < 0.001), between Mg and Cu (R = 0.40; P <0.001), and a 

negative correlation between Mg and N (R = –0.43, P < 0.001). Other correlations are shown in Fig. 

7. 

 

Fig. 7. Pearson correlations among the micronutrients.  
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Phenolic compound content. Flour samples of the foxtail millet accessions were screened for 

20 phenolic compounds, with significant differences (P < 0.001) among the 20 accessions being 

found for 12 phenolic compounds (Suppl. Table 11). 

Catechin, kaempferol, myricetin, and quercetin are phenolic compounds classified as 

flavonoids. Quercetin was present at a low mean concentration of 0.10 µg/g, with most of the 

quercetin being present in its glycosylated state, as quercetin glycoside (mean 0.31 µg/g). Myricetin 

was synthesized at an average concentration of 0.32 µg/g. Kaempferol and its glycoside product, 

kaempferol glycoside, were both present, with mean concentrations of 1.51 and 0.84 µg/g, 

respectively (Fig. 8). The flavonoid catechin was found to be the highest phenolic synthesized, with 

an average value of 4.50 µg/g (Fig. 8; Suppl. Table 11). Syringic acid and ferulic acid were present at 

high levels, with average values of 4.39 and 2.97 µg/g, respectively (Fig. 8; Suppl. Table 11). 

GB61483 was found to produce the highest levels of catechin, syringic and ferulic acid, with average 

concentrations of 20.61, 17.12, and 2.84 µg/g, respectively (Suppl. Table 11).   

 

 

 

 

 

 

Fig. 8. Variations in the content of 12 phenolic compounds detected across all foxtail millet 

accessions. (Note that the plot has been truncated).  

 

  

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 23, 2023. ; https://doi.org/10.1101/2023.05.22.541853doi: bioRxiv preprint 

https://doi.org/10.1101/2023.05.22.541853
http://creativecommons.org/licenses/by-nc-nd/4.0/


A Pearson’s correlation analysis was undertaken between the phenolic compounds (Fig. 9B). 

The highest positive correlation was seen between catechin and ferulic acid (R = 0.90, P<0.001), 

followed by cinnamic acid and quercetin (R = 0.86, P<0.001). Strong correlations were also found 

between ferulic acid and kaempferol (R = 0.65; P < 0.001), ferulic acid and syringic acid (R = 0.62; P 

< 0.001) and ferulic acid and quercetin glycoside (R = 0.59; P < 0.001), with strong positive 

correlations also seen between catechin and kaempferol (R = 0.68; P < 0.001) catechin and syringic 

acid (R = 0.54; P < 0.001) and catechin and quercetin glycoside (R = 0.70; P<0.001). The biochemical 

relationship between these phenolic compounds is shown in Fig. 9A.  

 

 

 

(A) 
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(B) 

 

Fig. 9. (A) Biochemical pathway relationship between phenolic compounds assessed in this study 

[adapted from 45;46]. Dashed lines indicate multi-step reactions. (B) Correlations between the levels 

of phenolic compounds detected in this study.  

 

 

Whole genome sequencing analysis  

 

We wanted to determine the genetic diversity within a core set of local foxtail millet accessions. 

Eight accessions (Table 5) were, therefore, selected for whole genome sequencing (WGS), using 

Illumina NovaSeq paired end (PE150) technology, at a 25× coverage. Bayaras and GB61438 were 

selected for sequencing as they were found to accumulate high levels of Zn and Fe, respectively. For 

comparison, we sequenced the lowest Fe- and Zn-accumulating lines, Felicidad and GB61739, 

respectively. Palacu and Ukig were included as they are geographically different from the rest of the 

lines. Mavaheng and de Sagon were randomly selected to represent reddish brown and very light 

brown accessions, respectively, from Batanes. Note that both GB* accessions were of unknown 

origins, therefore, their genetic relatedness to the other accessions would be of interest.  

A total of 862,100,516 raw reads were generated across all eight accessions (Suppl. Table 12). 

Data quality metrics Q20 and Q30 showed percentages of more than 97% and 93%, respectively, 

suggesting relatively high-quality datasets. Quality assessment of the reads using FASTQC indicated 
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no residual adapter sequences, over-represented sequences, or low-quality bases. Thus, no further pre-

processing step was performed.  

Mapping of the reads showed more than 99% alignment to the Yugu1 reference genome. 

Variant calling using GATK4 (HaplotypeCaller; by-sample, in VCF mode) identified more than 3 Mb 

of unfiltered variants for each accession. Implementation of filtering parameters revealed that Ukig 

and GB61739 have the highest and lowest number of variants, with 968,517 and 826,818, respectively 

(Table 4). There were also considerable numbers of Indels, with Ukig having the highest number with 

82,225 Indels and GB61438 the lowest, with 70,052 Indels. Variant rate calling indicated that Ukig 

contained 2.39 variants for every 1 kb (or 1 in every 418 bases), while GB61438 had 2.04 variants per 

kb (or 1 in every 489 bases).  

 

 

Table. 4. Summary of variant calls (SNPs and Indels) in each accession after filtering.   

Varieties 
Total no. of 

variants 
No. of 
SNPs 

No. of 
Insertions 

 
No. of 

Deletions 

Variant  
Rate (for every 

1 kb) 
Palacu 920,357 842,834 35,593 41,930 2.27 

Mavaheng 863,841 790,133 33,685 40,023 2.14 

Felicidad 903,157 826,214 35,545 41,398 2.23  

Bayaras 833,621 833,621 32,385 38,198 2.06 

GB61739 826,818 787,481 33,601 39,742 2.13 

GB61438 860,824 756,766 32,254 37,798 2.04 

De Sagon 943,601 863,265 37,020 43,316 2.33 

Ukig 968,517 886,292 37,631 44,594 2.39 

 

 

 

Population structure and phylogeny. We identified 2,046,040 SNPs in GVCF mode (for 

multi-sample cohorts) across all eight accessions after implementing several filtering parameters with 

VCFtools (Indels and monomorphic SNPs removed; see Materials and Method). Using the genome-

wide SNP data as an input, the population structure was inferred viz. fastStructure across varying 

number of populations (K). The distruct plot consistently partitioned the accessions into two 

unadmixed groups at varying K values (K = 2 to 5) (Fig. 10A). The first group includes the very light 

brown accessions (Bayaras, Felicidad, de Sagon, and GB61739); the other, the light brown (Palacu 

and Ukig) and reddish-brown accessions (GB61438 and Mavaheng).  

The finding that the accessions were partitioned into two groups was consistent with the PCA 

(Fig. 10C) in which PC1 (x-axis) explained the majority of the variation (65.8%) among the eight 

varieties, segregating them into two groups (Fig. 10C). PC2 (y-axis) explained 9.7% of the variation.  
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(C) 

 

Fig. 10. (A) Structure analysis assuming K = 2; (B) PCA; (C) Phylogenetic tree implementing 
Neighbor–Joining algorithm in VCF kit.  

 

 

To further determine the evolutionary relationship among the sequenced accessions we 

generated a phylogenetic tree (Fig. 10D). Relative to their earliest common ancestor, the accessions 

are monophyletic, with the very light brown accessions Bayaras, Felicidad, de Sagon, and GB61739 

emerging earlier than the light brown (Palacu and Ukig) and reddish-brown accessions (GB61438 and 

Mavaheng). As shown by the short branch lengths (Fig. 10C), Felicidad, de Sagon and Bayaras are 

apparently closely related, and showed limited divergence. This is further confirmed by the PCA, in 

which all three accessions are clustered contiguously. As the GB* accessions are of unknown origin, 

we can infer from these analyses of genetic relatedness that GB61438 is genotypically close to Ukig, a 

Bicol accession, while GB61739 sits close to the Batanes accessions Felicidad and Bayaras.  

Zinc Iron Permease (ZIP) transporter. We were particularly interested in elucidating the 

molecular mechanism behind Zn and Fe uptake, as these are nutritionally limited in the Philippines. 

The lack of both minerals being a chronic problem in the country. Both metals are actively 

accumulated by transporters from the ZIP transport family of proteins. The EBI Interpro database 

showed that Pfam code PF02535 is associated with ZIP transporters (integrated in Interpro, 

IPR003689). This family was mainly contributed from Arabidopsis thaliana [47]. To identify putative 

ZIP sequences, we searched Ensembl Plant (Setaria italica ref Yugu1) with the code PF02535. 

Results returned 17 hits of genes containing this protein domain. This is comparable to A. thaliana 
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and rice which harbour 15 and 17 ZIP transporters, respectively [48]. However, recent interrogation of 

Ensembl Plants revealed 20 genes in indica and 15 in japonica rice. The 17 ZIP genes were scattered 

across the foxtail millet reference genome of var. Yugu1, being located on chromosomes I (2 genes), 

II, III (3 genes per chromosome), IV, VI (3 genes per chromosome), VII (3 genes), and IX (4 genes).  

Phylogenetic analysis of the translated amino acid sequences of the ZIP transporters from 

foxtail, A. thaliana and rice (japonica) indicated a closer relationship between foxtail and rice ZIP 

proteins (Fig. 11). This is expected as both are cereal monocots, while A. thaliana is a dicot. In most 

cases, for every single foxtail ZIP protein there was a corresponding rice ZIP protein, suggesting 

parallel descent from a common ancestral gene. In a few cases, rice ZIP proteins were found 

associated with two foxtail millet ZIP proteins. Example, rice protein ZIP9 was found linked with the 

two foxtail millet ZIP proteins, KQL15068 (Gene: SETIT_024505mg) and KQK98376 (Gene: 

SETIT_010745mg). These two are said to be paralogs (indicated by blue arrows in Fig. 11). On the 

other hand, the paralogs KQL29912 (Gene: SETIT_016756mg) and KQK86158 (Gene: 

SETIT_034876mg) were found associated with a single rice gene, OsZIP (Os05t0316100-01).  
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Fig.  11.  Phylogenetic tree of ZIP transporter of foxtail millet (Setaria italica; prefixed with SETIT), rice (Oryza sativa; prefixed with Os), and Arabidopsis 
thaliana; prefixed with AT). Figure generated using VCF-kit in R. Blue arrows indicate location of foxtail ZIP protein paralogs. 
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As we found that the mineral levels in foxtail millet are comparable, or even higher than those 

found in conventional rice varieties, we further scrutinized the foxtail millet ZIP transporter gene 

sequences. Using SNPEff, we detected several SNPs found within 14 of the 17 ZIP transporter genes. 

Most of these SNPs were located in the 5’ upstream region (109 SNPs), in intron (174 SNPs), and in 

3’ downstream regions (284 SNPs) (Suppl. Table 13) suggesting that the SNPs may mainly affect 

gene regulation rather than altering the function of the protein through changes in the DNA sequence 

of the coding region.  

 

 

Discussion 

 

The Philippines has chronic food insecurity and malnutrition problems, in particular Zn and Fe 

deficiencies. Its government has proactively initiated the identification of alternative sources of 

nutrients, including biofortification of food products, particularly rice, to address these problems. 

Therefore, in this study, we have investigated the nutritional potential of foxtail millet, an heirloom 

crop, as an alternative source of nutrients. We collected several accessions of this crop, grown at 

dispersed locations within the country. The levels of selected micronutrients, N (as a proxy to crude 

protein), β-carotene and phenolic compounds were quantified. The levels of protein, measured as a 

proxy of N levels, found in this collection of foxtail millet accessions (5.63 to 13.38 g/100g) were 

comparable to levels found in other accessions of foxtail millet collected from Asian countries, 

including Bangladesh and India, where protein levels ranged from approx. 11.65 g/100g [7] to 12.3 

g/100g [9; 10], respectively. These protein levels are higher than those reported in brown rice by the 

USDA (~2.7 g/100g; [49]).   

While Zn concentrations in the soil lie on the medium scale, the foxtail millet accessions were 

able to accumulate high levels of this metal in the grain. This would suggest a greater ability of foxtail 

millet to transport Zn from the soil and store it at higher levels in the grain. Furthermore, most of the 

foxtail millet accessions demonstrated Zn levels higher than the recommended 40 mg/kg of Zn in 

flour [50], and higher than those reported in rice. Brown rice was reported to contain 2 mg/100g (or 

20 mg/ kg) [51] of Zn; while golden rice (GR) and the near isogenic control PSBRc82 contained Zn 

levels of 2.31 mg/100g (or 23.1 mg/kg dry basis (DB)) and 2.19 mg/100g (or 21.9 mg/kg DB), 

respectively [52]. The levels in foxtail millet are also far higher than the Zn levels found in tef 

(Eragrostis tef), another neglected and underutilized crop, where Zn levels range from 14.8 to 29.2 

mg/kg [28]. However, it must be remembered that direct comparisons with the literature have to be 

considered with caution, as these crops were not grown in the same season and experimentation site. 

Mean Fe concentrations in foxtail millet were comparable with or even higher than those 

reported in rice, which contains on average 40 mg/kg DB (for GR) and 46 mg/kg (for PSBRc82) [52]. 

The high concentration of Fe in the foxtail millet grains may be ascribed to the high soil concentration 
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of Fe at the field site (Table 3). Mg, Ca and Cu levels were found to be comparable to previous 

reports [7]. These metals were found to have concentrations of around 454, 470 and 5.8 mg/kg, 

respectively.   

Foxtail millet therefore presents as a very promising alternative source of micronutrients, in 

particular Zn, and an ideal crop to supplement the Filipino diet and address Zn deficiency. Adults 

require 8–11 mg Zn/ day while lactating and pregnant women require 11–13 mg [53]. This means, 

~200 grams of foxtail millet can satisfy the daily Recommended Nutrient Intake. It is interesting to 

note that while there was a minimal input applied (i.e., no fertilizer added, once-a-week watering), the 

crop exhibited high levels of nutrients, particularly protein, Zn and Fe. The Nitrogen use efficiency 

(NUE) of this crop would be an interesting subject of further inquiry. Furthermore, this crop may be a 

potential source of genetic features for the enhancement of the nutritional value of other staple cereal 

crops, viz. genetic modification.  

Positive correlations were seen between the levels of Zn with both Ca and Cu, and between Mg 

and Cu, while a negative correlation was found between Mg and N. A study in spring wheat found 

that slightly acidic soils increased the level of ammonium and hydrogen ions, which may in turn have 

a competitive effect on the uptake of Mg [54]. The slightly acidic profile of the field sites (pH 5.97 to 

6.12; Table 3) may explain the negative correlation seen in this study between N and Mg.  

With regards to Zn and Ca, an antagonistic interaction has been shown between these metals 

which leads to an ameliorative effect of Ca on Zn deficiency [55].  However, in foxtail millet a strong 

positive correlation was found between Zn and Ca. Assimilation of both metals synergistically 

suggests that there could be other factors in foxtail millet that are influencing uptake of these metals. 

β-carotene has been a major target for nutritional improvement, especially in developing 

countries. In rice, conventional varieties show levels of β-carotene below the limit of quantification 

(LOQ) [52]. In the genetically engineered GR, total carotenoid levels in the of range 3.5−10.9 mg/kg 

DB (mean 5.88 mg/kg DB) were measured, while-trans-β-carotene levels ranged from 1.96−7.31 

mg/kg (mean 3.57 mg/kg) [52], which is lower than the β-carotene concentrations found in most of 

the foxtail accessions. However, this study used 3-month-old endosperms. An earlier study, using 

freshly harvested rice seed, found up to 36.7 µg/g of carotenoid, 84.1% of which was β-carotene, in 

GR [56]. Carotenoids are known to degrade with storage, and their stability is influenced by many 

other external factors [57]. The finding that foxtail millet is loaded with β-carotene provides an 

opportunity for future research, and the possibility of supplementing rice grain with foxtail millet seed 

as a pro-Vitamin A source in the diet. A study of the carotenoids lutein and zeaxanthin (β-carotene 

was not measured) reported 13.58 mg/kg of lutein and 3.77 mg/kg of zeaxanthin in the foxtail millet 

variety Jingu21, and 0.81 mg/kg of lutein and 0.22 mg/kg of zeaxathin in the variety Zhisheng [58].  

Twelve phenolic compounds were detected in the foxtail millet accessions (Fig. 8). However, 

delphinidin, cyanidin and peonidin, and their glycosides, the anthocyanins which confer colour in 

plants and cereal grain, were not detected. Eight of the compounds were detected at relatively low 
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levels (Fig. 8). However, kaempferol, ferulic acid, syringic acid and catechin were present at higher 

levels and exhibited considerable variation between the 20 accessions. Strong positive correlations 

were seen between these four compounds. The relationship between catechin and kaempferol is 

apparent, both being derived from naringenin, however ferulic acid and syringic acid sit on different 

arms of the shikimate pathway (Fig. 9A).  

In rice, high catechin levels has been found to be associated with a low glycaemic index and 

antioxidant properties [59]. Studies on green tea (Camellia sinensis) showed that catechin has a 

hypocholesterolaemic effect and anti-inflammatory properties [60]. Syringic acid was previously 

shown to confer therapeutic effects on diabetes, cancer and cardiovascular diseases, having 

antimicrobial, antioxidant and anti-inflammatory properties (reviewed in [61]). Food rich in 

kaempferol have also been associated with a decreased risk of developing cancers such as skin and 

colon cancers [62].  

Analysis of the genetic variation in eight of the foxtail millet accessions divided the 

accessions into two groups, suggesting a rather modest diversity among the local accessions. Bayaras, 

Felicidad, de Sagon and GB61739 clearly clustered together, having one inferred ancestral population 

unadmixed. Mavaheng, Palacu, Ukig and GB61438 also appear to have one common unadmixed 

ancestry. Phylogenetic analysis showed that the accessions are monophyletic. This finding is 

consistent with a recent paper in which foxtail millet accessions are monophyletic with respect to the 

wild ancestor, green foxtail [22]. Variant calling analysis showed that Ukig carries more variants 

compared to the other accessions. Ukig is cultivated on an island of the Bicol Region called 

Catanduanes (see Fig. 1). Phenotypically, Palacu was observed to exhibit a shorter life cycle, 

flowering ~50 DAS as compared to other accessions which flowered from 56 to 92 DAS. 

Furthermore, Palacu is cultivated in Cagayan, a different eco-geographical location relative to the 

other accessions (Table 2).  

As Zn and Fe are actively accumulated in plants by transporters from the ZIP transport family 

of proteins, we screened the S. italica reference genome Yugu1 with the Pfam code PF02535 

(integrated in Interpro IPR003689). This search identified 17 ZIP transporter protein domains in the S. 

italica reference genome Yugu1. This number of putative ZIP transporters in comparable to rice, a 

diploid cereal with 17 putative ZIP transporters. The cereal tef has been reported to have 32 putative 

ZIP transporters [28] and bread wheat 60 ZIP proteins [34], however these cereals are tetraploids and 

hexaploids, respectively. Several SNP variants were found among the foxtail millet accessions, 

located primarily within 3’ and 5’ regulatory regions and introns. This would suggest that variation in 

Zn and Fe levels maybe due to variation in the regulation of ZIP transporter levels, rather than in 

protein structural differences. Many studies have reported the role of cis and trans elements in gene 

regulation [63; 64], and promoter sequences and cis-regulatory elements have been shown to 

influence iron response mechanisms in rice [65]. However, transcription can also be influenced by the 

environment [66; 67]. Therefore, the variation in Zn and Fe accumulation observed between foxtail 
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millet accessions may be largely ascribed to the interaction of the environment (e.g., availability of 

the metals in the soil, pH) and the genotype (e.g., variations in regulatory elements) (G × E), and is 

needing of further study. Future breeding of foxtail millet for enhanced nutritional value would 

benefit from the identification of the underlying genes, gene-specific SNPs and haplotypes associated 

with Zn and Fe accumulation, as well as the other beneficial nutritional compounds identified in this 

study. While such studies would require analysis of a larger population of foxtail millet accessions the 

work reported here demonstrates the considerable phenotypic and genetic variation that exists in 

foxtail millet for nutritionally valuable traits, supporting further analyses. 

 

 

Conclusion 

 

In this study we report the potentials of foxtail millet, a neglected and under-utilised cereal 

crop, for addressing the issues associated with the double-burden of malnutrition. We have 

demonstrated the potential of foxtail millet to accumulate high levels of Zn, even in soils that have 

only an average level of this mineral, along with high levels of phenolic compounds such as catechin, 

which in rice has been shown to reduce glycaemic index, lowering the risk of type-2 diabetes. The 

local foxtail millet accessions found across the Philippines represent a potential alternative source of 

nutrients for humans (and animals). Due to its modest cultivation and diversity, we wish to highlight 

the need to ensure the conservation of this cereal as it may contribute in addressing malnutrition 

particularly Zn, Fe, and β-carotene.   
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