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SUMMARY

Little millet (Panicum sumatrense Roth ex Roem. & Schult.) is an essential minor millet of southeast Asia

and Africa’s temperate and subtropical regions. The plant is stress-tolerant, has a short life cycle, and has a

mineral-rich nutritional profile associated with unique health benefits. We report the developmental gene

expression atlas of little millet (genotype JK-8) from ten tissues representing different stages of its life cycle,

starting from seed germination and vegetative growth to panicle maturation. The developmental transcrip-

tome atlas led to the identification of 342 827 transcripts. The BUSCO analysis and comparison with the

transcriptomes of related species confirm that this study presents high-quality, in-depth coverage of the lit-

tle millet transcriptome. In addition, the eFP browser generated here has a user-friendly interface, allowing

interactive visualizations of tissue-specific gene expression. Using these data, we identified transcripts, the

orthologs of which in Arabidopsis and rice are involved in nutrient acquisition, transport, and response

pathways. The comparative analysis of the expression levels of these transcripts holds great potential for

enhancing the mineral content in crops, particularly zinc and iron, to address the issue of “hidden hunger”

and to attain nutritional security, making it a valuable asset for translational research.

Keywords: little millet, developmental transcriptome, mineral ion transport, differential gene expression,

zinc and iron.

INTRODUCTION

The global population of 7.6 billion depends on rice, wheat,

and maize for 42.5% of their daily caloric requirements

(Food and Agriculture Organization of the United

Nations, 2018). While the green revolution-led productivity

increase decreased global malnutrition from 37% to 12%

(Food and Agriculture Organization of the United

Nations, 2018), yield enhancement has correlated with a

decline in the nutritional quality of cereals (Fan et al., 2008).

Additionally, high-yielding crops, such as rice and wheat,

have replaced nutrient-rich but less profitable minor
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cereals. At present, 25% of the world’s population suffers

from micronutrient, vitamin, and mineral deficiencies,

referred to as “hidden hunger” (Food and Agriculture Orga-

nization of the United Nations, 2018). Vitamins and min-

erals serve as essential co-factors for several enzymatic

reactions that regulate average growth and body functions,

and their deficiencies are known to affect women and chil-

dren disproportionately. Supplementation of diet with

nutritionally superior mineral-rich minor cereals from the

Poaceae family, such as rye, millet, oats, and sorghum,

offers a viable solution to mitigate hidden hunger (Vetri-

venthan et al., 2020).

Minor millets are annual grasses with tiny seeds

grown mainly in Asia and Africa. They include pearl millet

(Pennisetum glaucum), foxtail millet (Setaria italica), finger

millet (Eleusine coracana), kodo millet (Paspalum scrobicu-

latum), barnyard millet (Echinochloa crusgalli), and little

millet (Panicum sumatrense). The millets are characterized

by seeds that are individually attached to the main stem by

stalk instead of being enclosed in ears like the major cereals

(Taylor & Kruger, 2016). Minor millets are gluten-free grain

and rich sources of calories, fiber, proteins, antioxidants,

micronutrients, phenolic phytochemicals, essential vita-

mins, and minerals (Goron & Raizada, 2015). Due to their

unique nutritional profile, minor millets have been catego-

rized as “smart-food crops” and “nutri-cereals” (Vetri-

venthan et al., 2020). These cereals also require low

agricultural inputs, such as water and fertilizers, and are

resistant to crop diseases and abiotic stresses (Amadou

et al., 2013; Habiyaremye et al., 2017). These traits make

minor millets most suitable for marginal agricultural lands

or under environmentally harsh conditions, where major

cereals rice, wheat, and maize show poor productivity.

Identification of their nutritional and agricultural value

along with a recent drive to preserve ancient crop germ-

plasms and genetic diversity has fueled an immense

research interest in these species.

Little millet is among the least studied crop (Johnson

et al., 2019). Little millet was domesticated in India and is

grown in temperate and tropical regions of India, China,

East Asia, and Malaysia (Kalaisekar et al., 2017). Geneti-

cally, little millet is majorly a tetraploid species (2n = 36)

(Hamoud et al., 1994; Saha et al., 2016), although a hexa-

ploid variety has also been reported (2n = 54) (Chen &

Renvoize, 2006). The crop shows a high degree of adapt-

ability in diverse growth conditions (Nirmalakumari

et al., 2010) and is resistant to pests, drought, water-

logging, and salinity stress (Ajithkumar & Panneersel-

vam, 2014; Bhaskaran & Panneerselvam, 2013; Sivakumar

et al., 2006). Nutritionally, little millet is a rich source of

fats, protein, iron, zinc, flavonoids, and phenolic acids (Pra-

deep & Guha, 2011; Selvi et al., 2015; Vetriventhan

et al., 2020). The seed has a low glycemic index with the

highest dietary fiber content in cereals, making it an ideal

grain for the diabetic population (Kumar et al., 2018). The

crop, however, suffers from lower productivity than signifi-

cant cereal crops (Plaza-W€uthrich & Tadele, 2012).

Multi-omic resources are essential for the fundamen-

tal understanding of crops’ biology and for devising crop

improvement strategies. For example, transcriptomic

analyses enabled the identification of drought

tolerance-associated genes and subsequent development

of breeding strategies for pearl millet (Dudhate et al., 2018;

Serba & Yadav, 2016). For little millet, apart from chloro-

plast genome sequence (Sebastin et al., 2018), and geno-

mically uncharacterized collection of over 450 accessions

(Upadhyaya et al., 2014), phenotypic, genetic, and molecu-

lar data are unavailable (Johnson et al., 2019). The lack of

little millet transcriptome has severely hindered crop

improvement strategies. It has restricted the identification

and incorporation of its unique genetics for highly

sought-after agronomic traits, such as stress tolerance, low

fertilizer and irrigation needs, and high seed mineral con-

tent in the ongoing breeding programs. Building a

spatio-temporal gene expression atlas of little millet is the

first and essential step in uncovering the genetic networks

that provide this crop with its unique nutritional and

stress-resilient features.

Here, we have generated the transcriptome of little

millet across ten distinct tissue types encompassing the

crop’s entire life cycle. We have identified tissue- and life

cycle-specific gene expression patterns that can be utilized

for future molecular studies. Additionally, by harnessing

transcriptome data, we have highlighted potential mineral

transporter genes that might play a role in shaping the

crop’s impressive mineral profile. Moreover, we delved

into the evolutionary connections between little millet and

other minor and major cereals.

RESULTS

Despite a great potential for a hardy cereal crop, little mil-

let is severely understudied. This study was undertaken to

generate a growth stage-specific transcriptome atlas of lit-

tle millet as an information resource to enable gene dis-

covery and breed improved varieties.

Transcriptome sequencing and quality assessment

The little millet (genotype JK-8) developmental transcrip-

tome was built with ten tissue types, representing three

growth phases in its life cycle; emergence phase [germi-

nating seeds (GS), radicle (RD), plumule (PU)], vegetative

phase [young leaf (YL), young root (YR), crown meristem

(CM), vegetative stem (VS)] and reproductive phase [early

panicle (PE), mid panicle (PM), late panicle (PL)] (Figure 1,

Table S1). The experimental workflow deployed for the lit-

tle millet growth stage-specific transcriptome analysis is

illustrated in Figure S1. The Illumina sequencing platform

generated 325.4 million paired-end raw reads from 28
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libraries, accounting for ~82 GB of sequencing data

(Table S1). The sequences were filtered to remove adaptor

sequences and low-quality and ambiguous reads to pro-

vide 258.8 million paired reads (79.5% of total reads) suit-

able for downstream analysis. Due to the lack of a

reference genome for little millet, a reference transcrip-

tome was built using de novo Trinity V 2.9.1 assembler

(Grabherr et al., 2011). Trinity assembly yielded a total of

342 827 transcripts (Data S1). The coverage assessment

of the assembled transcriptome showed a representation

of approximately 86% of the input RNA-seq reads, suggest-

ing that the majority of transcriptionally active genes have

been captured in our assembly. Further, a survey of 3236

orthologs in the Benchmarking Universal Single-Copy

Orthologs (BUSCO) set of Liliopsida (odb10 database) to

assess the quality of the assembled transcriptome and

annotation coverage showed that 92.3% of transcripts were

recovered completely. This comprised 23.4% and 68.9% of

complete single and duplicate copies of BUSCOs, respec-

tively. Of the remaining 7.7%, our search identified 5.3%

fragmented and 2.4% missing BUSCOs.

Phylogenetic analysis

For phylogenetic comparison, the orthologs of the tran-

script set were searched in small-grained dicot (quinoa)

and monocots (ragi, foxtail millet, broom corn, pearl millet,

and little millet), major cereals (rice and maize), and

outgroup dicot species (Arabidopsis and alfalfa) due to

their proximity to the little millet and their potential to pro-

vide insights into specific aspects of mineral nutrition

(Figure 2a). Comparison of the gene coding sequences

from closely related species produced a concatenated

alignment of 3 475 812 base pairs from a supermatrix of

2752 orthologous genes. This alignment was used to

define phylogenetic relationships of these species with lit-

tle millet. The tree suggested that proso millet (Panicum

miliaceum) is the closest relative to little millet, followed

by pearl millet (Pennisetum glaucum) and foxtail millet

(Setaria italica) (Figure 2a). The substitution per site rate

(Ks) was calculated by comparing pairs of homologous

genes within the little millet genome (Figure 2b). The Ks

analysis revealed the peak at 0.049 corresponding to the

latest polyploidy event which occurred at ~3.53 million

years ago.

Global view of the transcriptome

Prior to assessing little millet transcriptome dynamics, the

reproducibility of generated data was assessed using MA

plots and scatter plots (Figure S2). MA plots showed that

most log-ratios (representing individual genes) were clus-

tered close to zero on the y-axis for replicates of all tissue

samples (Figure S2). Similarly, scatter plots showed that

most transcripts in biological replicates fall on the x = y

line (shown as black dots in Figure S2), indicating high

Figure 1. The ten tissue samples used to represent three growth phases of little millet (genotype JK-8).

Germinating seed (GS), radicle (RD), and plumule (PU) represent the emergence phase; young leaf (YL), young root (YR), crown meristem (CM), and vegetative

stem (VS) represent the vegetative phase; and panicle early (PE), panicle mid (PM), and panicle late (PL) represent the reproductive phase. The life cycle of the

crop is completed in approximately 90 days (Artwork by Debbie Maizels, Zoobotanica Scientific Illustration).
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reproducibility in the biological replicates. The variability

between the replicates and tissue samples was further

visualized with distribution plot of log-transformed tran-

script expression values of all samples (Figure S3). The dis-

tribution of expression values showed subtle difference in

transcript counts while being consistent with respect to

replicates within a tissue.

The relationship between the tissue samples and the

replicates was visualized using correlation heatmap.

The tissues were found to predominantly cluster according

to their function (Figure S4a). For example, RD and YR clus-

tered together and showed a low correlation with most of

the aboveground tissues. The tissues of the reproductive

phase (PE, PM, PL) showed a higher correlation with

each other (Figure S4a). The transcriptional relationship

between the tissue samples and their replicates was further

ascertained by reducing the TPM expression data into a

graphical two-dimensional principal component analysis

(PCA) plot. The PCA plot showed a clear separation of the

belowground (GS, RD, YR) and the aboveground samples

along the first principal component (PC1) with 45% variance

(Figure S4b). Similarly, PM tissues were scattered between

PE and PL on the second principal component axis, indicat-

ing that this tissue captures the transition between the two

stages. The samples VS and YL were grouped with PE, PU,

and CM and separated from the underground tissues and

late-stage reproductive tissues (PM and PL) along PC1

and PC2, respectively (Figure S4b).

Dynamics of gene expression

To streamline and understand gene expression dynamics

in different tissues of little millet, the transcripts with TPM

Figure 2. Phylogenetics and polyploidy of little millet.

(a) A maximum likelihood tree depicting evolutionary relationships among little millet and its closely related species was generated based on sequences of 2752

orthologous genes resulting in a concatenated alignment of 3 475 812 base pairs. The tree was visualized using the Interactive Tree of Life (iTOL) Web server.

Clade support values (100) positioned next to nodes indicate complete support, and the branch lengths on the tree represent the estimated nucleotide substitu-

tions per site.

(b) Mixture models fitted to Gaussian components in the histograms of frequency distributions of Ks values obtained by comparing pairs of homologous genes

within the little millet genome.
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>0.50 in at least two replicates of each sample were filtered

as being expressed. The expressed transcripts were

further categorized as expressed (TPM 0.5–10) and highly

expressed (TPM >10) transcripts (Figure 3a). In our dataset,

214 796 transcripts (Data S2), corresponding to 63% of the

assembled transcripts, were expressed in at least one tis-

sue type (Figure 3b). The total number of expressed tran-

scripts in different tissues ranged from 105 050 in CM to

30 216 in YR. Overall, the aboveground tissues (PU, CM,

PE, PM, and PL) showed higher number of expressed tran-

scripts compared to belowground tissues, RD and YR

(Figure 3b).

Transcripts specific to an individual tissue can help

understand specialized tissue specific processes. In our

analysis, CM showed the highest number of tissue specific

transcripts (i.e., 11.9%; 12 470 genes) followed by PU with

11%. The fewest number of uniquely expressed transcripts

was found in YR and PL, accounting for 6.4% and 7.3% of

the expressed transcripts, respectively (Figure 3b). Heat-

map constructed using the log2-transformed TPM values to

depict transcript abundances across different tissues indi-

cating their tissue specificities is presented in Figure S5a.

Further, 12 922 transcripts, representing 6% of the total

expressed transcripts, were expressed in all tissues sug-

gesting their housekeeping function (Figure 3b). A list of

constitutively and uniquely expressed transcripts identified

in this study has been provided in Data S3. Of the constitu-

tively expressed transcripts, 26 transcripts had a coefficient

of variance ≤6% across all tissues, indicating their relatively

stable expression (Figure S5b). This list presents candi-

dates that can be used as reference transcripts for gene

expression analysis in little millet (Data S4). Of the 26 tran-

scripts, Arabidopsis and rice orthologs were annotated for

15 transcripts, several of which encode component of

essential cell functions such as ubiquitin-conjugating

enzyme, dehydrogenases, and kinases (Figure S5c).

Among the expressed transcripts, 45 359 unique tran-

scripts were annotated based on their orthologs in Arabi-

dopsis and assigned GO terms for the biological process,

molecular function, and cellular component categories

(Figure S6). Biological process category had highest num-

ber of genes represented under metabolic processes (9343)

and biosynthetic processes (4833) followed by anatomical

structure development (3723) and response to stress

(3717). The molecular function category showed the high-

est representation of protein binding (4024), catalytic

Figure 3. Dynamics of transcript expression in little millet.

(a) The number of transcripts expressed at different levels based on normalized TPM values in 10 tissues during the three growth stages. The bars indicate the

number of transcripts expressed in each sample. Transcripts were categorized based on their TPM values in at least 2 replicates: (i) no expression (TPM <0.5),
(ii) expressed (0.5 < TPM < 10), and (iii) highly expressed (TPM > 10).

(b) The number of transcripts categorized as expressed or highly expressed in 3a for each tissue is presented as bars, and % of transcripts specifically expressed

in the tissue is presented as an yellow dot on the secondary y-axis. The bar “Any*” represents the total number of transcripts expressed in at least one of the

ten tissues used in the study. The yellow dot for Any* represents the % of expressed transcripts present in all ten tissues.

(c-f) Venn diagram of the number of transcripts common and unique across three growth phases (c), across three tissues of emergence phase (d), four tissues

of vegetative phase (e), and three tissues of reproductive phase (f). Transcripts with a normalized expression level TPM >0.5 in at least one of the 10 tissues ana-

lyzed were log-transformed before analysis. Tissue samples in (a) and (b) are color underlined representing their growth phases as in (c).
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activity (3619), transferase activity (2577), and hydrolase

activity (1972). The cellular component included nucleus

(6709), cytoplasm (3775), chloroplast (3495), and mitochon-

drion (2436) as top represented categories. Transcription

factors (TF) are the key regulators of all cellular functions.

From the Arabidopsis orthologs of annotated little millet

transcripts, 1103 transcription factors belonging to 49 fami-

lies were identified (Figure S6d). These included C2H2 (119

genes), bHLH (116 genes), C3H (94 genes), and MYB (90

genes). Analysis of tissue-specific expression of a TF

showed that 122 genes were expressed in GS belonging to

25 families, followed by PU with 89 genes in 23 families

(Data S5).

A growth stage-wise comparison identified 84 115

transcripts expressed in all growth stages, while 26 240,

26 227, and 34 519 transcripts were specifically expressed

in the emergence, vegetative, and reproductive phases,

respectively (Figure 3c). Within the emergence phase,

31 680 transcripts were shared between GS, RD, and PU

(Figure 3d). The four tissues of vegetative phase (YL, YR,

CM, and VS) shared 16 546 transcripts (Figure 3e). Simi-

larly, 56 472 transcripts were shared among 3 tissues of

reproductive phase (Figure 3f).

Analysis of differentially expressed genes

The pairwise comparison of transcript expression between

the studied tissue samples was statistically tested using

ANOVA and adjusted for FDR (Data S2). Altogether, 75 887

transcripts with Padj <0.01 were identified as differentially

expressed transcripts and were used for the determination

of the optimal number of clusters based on similarity in

their expression patterns (Figure S7). Due to the high cor-

relation among the biological replicates within all tissues

(R2 > 0.86, Table S2), the transcript expression values [log2

(TPM + 1)] of replicates were averaged for cluster analyses.

Further, Z-score was calculated as a measure of standard

deviations for each transcript’s expression in a specific tis-

sue from its mean expression across all tissues and plotted

as a heatmap to visualize the expression patterns

(Figure 4a). Owing to the maximum number of transcripts

allowed by complex heatmap algorithm, 60 000

transcripts with lowest Padj values (Data S2) were used.

The analysis showed that cluster 1 grouped transcripts

with high expression in PU, CM, and VS. Cluster 2 com-

prised of transcripts highly expressed in reproductive

phase (PE, PM, PL), cluster 3 categorized highly expressed

transcripts in RD and YR, and cluster 4 represented tran-

scripts with relatively high expression in YL (Figure 4a).

The boxplot depicting the average Z-score of all genes in

each tissue is shown in the lower panel of Figure 4a, and

the overall expression pattern of transcript in each tissue

within each cluster is shown as boxplot in Figure 4b.

The functional categorization of genes within each

cluster was conducted using GO term overrepresentation

test. Of the 20 563, 16 488, 10 605, and 12 343 transcripts

in the four clusters, Arabidopsis orthologs were annotated

for 8658, 4596, 2642, and 4335 transcripts. The list of over-

represented GO terms for biological process, molecular

function, and cellular component categories for each clus-

ter is highlighted in Figure 4c, and the complete list of cor-

responding data with fold enrichment and P-values is

provided in Data S6. In brief, GO terms overrepresented in

cluster 1 include regulation of metabolic and developmen-

tal processes, embryo development, zinc ion binding, and

ATP hydrolysis activity. Cluster 2 showed overrepresenta-

tion of GO terms such as floral organ development, pollen

tube growth, vegetative to reproductive transition of meri-

stem, and calcium ion transport, while cluster 3 repre-

sented the belowground tissues (RD, YR) and showed

overrepresentation of GO terms including response to oxi-

dative stress, response to water deprivation, root morpho-

genesis, and heme binding. Cluster 4 comprised the most

photosynthetically active tissue (YL) and correspondingly

showed overrepresentation of GO terms associated with

photosynthesis, metal ion transport, and phosphatase

activity (Figure 4c, Data S6).

Pairwise differential gene expression

To simplify pairwise comparison of the transcripts between

each tissues, the tissue samples were clustered into four

major tissue groups based on hierarchical clustering den-

drogram (Figure S8a). Group 1 consisted of GS, PU, VS,

and CM, group 2 with PE, PM, and PL; group 3 with RD

and YR; and group 4 with YL. Pairwise comparisons of

gene expression were performed between all 4 groups

from the transcript abundance counts data (Data S2) that

had Padj from the ANOVA test <0.05 (Data S2) to identify

differentially expressed genes using DESeq2. Genes were

considered to be differentially expressed when Padj <0.01
and log2FC >2. The overall distribution of the differentially

expressed genes (DEGs) for each group comparison is

depicted with enhanced volcano maps in Figure S8b.

Briefly, comparison of group 3 (constituting the

below-ground tissues) with all other groups showed

the highest numbers of DEGs, with group 3 vs group 4

(below-ground tissues vs. photosynthetically active tis-

sues) showing the highest number of DEGs (25 042; 10 316

up-regulated and 14 726 downregulated) (Data S7). The

comparison of group 1 vs group 2 (actively growing vs.

reproductive tissues) showed the least number of DEGs

8842 (3010 up-regulated and 5832 downregulated)

(Figure S8b). The genes showed a wide range of differen-

tial expression from a 35-fold increase to 38-fold decrease

in expression. We filtered a set of genes with fold changes

>8 and < �8 and annotated the top DEGs from this set.

The detailed list of annotated genes from orthologs in Ara-

bidopsis and rice is presented in Data S7b, and some of

these genes are boxed in Figure S8 as well.
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Characterization of the mineral-rich profile of little millet

Millets are exceptionally rich in mineral nutrients, such as

calcium (Ca), iron (Fe), and zinc (Zn), as compared to major

cereals. We quantified a subset of nutrients and mineral

ions and found iron to be the most abundant

mineral (0.32 ppm/g), followed by zinc (0.28 ppm/g), similar

to the previous reports (Chandel et al., 2014) (Figure 5a, left

panel). Protein contributed 15.05% of the total seed weight,

followed by crude fiber content (8.06%) (Figure 5a, right

panel). Figure 5b shows a virtual cross-section of a seed

from the micro-computed tomography (SR-lCT) imaging.

Further, using X-ray CT technique we were able to explore

the details of seed coat, seed coat porosity, and inclusions

of germ and endosperm (Figure 5c). These platforms

allowed us to examine the anatomical details of seeds at

cellular level non-destructively. The brighter regions in the

germ show high-density compositions/inclusions (min-

erals) compared to the low-density starchy endosperm.

Further, the relative quantity of several minerals’ localiza-

tion was observed using the micro-X-ray fluorescence

(lXRF) imaging, whereby the seed coat is enriched in man-

ganese (Mn), while the germ is rich in potassium (K), cal-

cium (Ca), copper (Cu), iron (Fe), and zinc (Zn) (Figure 5d).

To delve further into the unique genes and pathways

that might contribute to the superior mineral profile of little

millet seeds, we cataloged a total of 76 unique little millet

transcripts whose orthologs in Arabidopsis and rice are

known to have role in mineral ion transport pathways

(Whitt et al., 2020; Data S8). The gene ontology (GO)

enrichment analysis identified the highest fold enrichment

for zinc ion transmembrane transporter activity, followed

by cadmium and iron transporters (Figure S9a). Several

other unspecified metal ion transporters were also identi-

fied, which would be attractive candidates for future char-

acterization studies. We looked at the tissue-specific

expression patterns of these genes across all samples.

Figure 4. Clustering and heatmap of differentially expressed transcripts (ANOVA, top ranking Padj <0.01) between ten tissue types.

Unsupervised hierarchical clustering demonstrated the clustering of genes into four clusters.

(a) Numbers within parentheses represent the number of transcripts in that cluster. The Z-score of the normalized log-transformed TPM values is visualized by

the color key. Coral indicates high expression, black represents intermediate expression, and turquoise is indicative of low expression in the heatmap. Expres-

sion in each tissue is summarized in box plot in lower panel.

(b) Distribution of gene expression values as Z-score in each cluster.

(c) Top eight GO terms for each cluster based on overrepresentation test.

� 2024 His Majesty the King in Right of Canada and The Authors.
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A log2 (TPM + 1) expression level analysis of transcripts

with their Arabidopsis and rice orthologs shows that little

millet tissues have abundance of highly expressed genes

involved in acquisition, transport, and response to mineral

ions such as iron, zinc, copper, sulfur, calcium, manga-

nese, sodium, and potassium (Figure 6a). Mineral ions in

soil are taken up by the roots, transported to leaves and

reproductive tissues, and finally accumulated in develop-

ing grains. Z-score values of expression levels allowed us

to make tissue-wise comparison of those genes

(Figure S9). Owing to their importance in biofortification,

we focused our analysis to iron- and zinc ion-related gene

Figure 5. Nutrient elemental composition and distribution in little millet seed.

(a) Nutrient content in little millet seed.

(b) Virtual slice from the X-ray micro-computed tomography datasets of little millet seed.

(c) A microscope image of the cross-section of the seed imaged at the CLS@APS (20-ID) beamline at the Advanced Photon Source showing seed coat, and inclu-

sions of germ and endosperm.

(d) The micro-X-ray fluorescence elemental maps of the little millet sample sections (green box in b) using the microprobe setup at the CLS@APS (20-ID) beam-

line at the Advanced Photon Source. Elemental densities are visualized as jet colors with lower image densities mapped with “cool” colors and higher densities

with “hot” colors for a given element.
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expression in specific tissues (Figure 6b). YR showed high

expression of several iron and zinc transporters and regu-

lators. This includes a major iron transporter Iron

Regulated Transporter 2 (IRT2) and the TF FER-like Iron

deficiency-induced TF (FIT) both of which have been

reported to be induced by iron deficiency (Schwarz

Figure 6. Expression of mineral ion transport genes in little millet.

(a) Heatmap of the differently expressed transcripts involved in transport, response, and regulation on mineral ions. Normalized log2 (TPM + 1) expression

values are indicated by the color key.

(b) Clustering of genes involved in transport, response, and regulation of zinc and iron ions represented as a heatmap across the various tissue types. The Z-

scores of normalized log2 (TPM + 1) expression values are indicated by the color key. Red indicates high expression, white represents intermediate expression,

and yellow is indicative of low expression in the heatmaps. Schematic illustration of little millet plant on the right panel depicts groups of genes that are highly

expressed in a specific set of tissues.
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et al., 2020; Vert et al., 2009; Vert et al., 2001). Other

iron-related genes highly expressed in roots include YSL1

and NAS1. Similarly, Zn transporters ZIFL2, ZIP3, and ZIP5

are highly expressed in roots (Figure 6b). Together with

YR, the germinating seed (GS) and radicle (RD) also

showed higher expression of some of these genes such as

FDR3, ZIP5, and VIT1. Young leaves (YR) and other vegeta-

tive tissues displayed higher expression of genes involved

in iron and zinc ion transport and homeostasis such as

bZIP23, bZIP19, ZAT, and BTS. The reproductive tissues

(PE, PM, and PL) which are the sites of grain development

also contained an abundance of iron and zinc ion

transport-related genes such as HMA3, PYE, YSL3, and

OPT3.

The little millet eFP browser

The Bio-Analytic Resource for plant biology (BAR)/ eFP

browser is a user-friendly online tool for visualizing gene

expression levels in a tissue- or condition-specific manner.

Using the expression of assembled transcripts across the

10 tissues used in this study, the eFP browser hosts a

tissue-specific little millet transcript abundance visualiza-

tion resource at http://bar.utoronto.ca/~asher/efp_little_

millet/cgi-bin/efpWeb.cgi. As shown in Figure 7, transcript

abundances (expressed as TPM values) in 10 tissues can

be visualized at different stages of the little millet life

cycle as a spectrum of yellow to red color (in ascending

order of expression strength). Here, we demonstrate

the dynamic expression of two little millet genes putatively

involved in ion transport in different tissues. Little

millet transcripts TRINITY_DN15235_c0_g1_i1 and TRINI-

TY_DN970_c0_g1_i6, corresponding to characterized

Arabidopsis genes AT2G37430 (ZAT11, Zinc finger of Ara-

bidopsis thaliana) and AT3G18390 (BTS, Brutus) involved

in nickel and iron ion transport, respectively (Hindt

et al., 2017; Long et al., 2010), showed comparatively

higher expression in YR (Figure 7a) and YL (Figure 7b).

DISCUSSION

Modern agricultural practices promote resource-intensive

monoculture of selective crops that are bred to maximize

productivity, while traits such as climate resilience or

micronutrient content in seeds are often overlooked.

These shortcomings have prompted a focus on resurrect-

ing neglected ancient crops, including small millets, as

nutrient-dense and sustainable food sources. (Food and

Agriculture Organization of the United Nations, 2018). Little

millet has been identified as the richest source of dietary

fiber among major and minor cereals (Vetriventhan

et al., 2020). It has approximately twice the zinc and four

times the iron and crude fiber per gram of grain compared

to major cereals, rice, and wheat (Chandel et al., 2014;

Vetriventhan et al., 2020). It is a fast-maturing crop,

requires minimal fertilizer and irrigation, and is resistant to

heat and drought conditions (Goron & Raizada, 2015).

These features make little millet an attractive model for

gene mining and understanding the molecular pathways

underlying the highly sought-after agronomic traits. How-

ever, the lack of foundational genetic and transcriptomic

resources for little millet has severely restricted the utiliza-

tion of its rich gene pool in nutrition enhancement and

crop improvement strategies. This study aimed to build an

expression atlas for little millet from progressive life cycle

stages. To the best of our knowledge, the present study is

Figure 7. Little millet life cycle eFP browser at bar.utoronto.ca showing changes in gene expression.

(a) Expression of TRINITY_DN15235_c0_g1_i1, the ortholog in Arabidopsis (AT2G37430) encodes a member of the zinc finger family of transcriptional regulators

(ZAT11). It is expressed in root tips, primary roots, cotyledons, and hypocotyl and is involved in nickel ion transport.

(b) Expression of TRINITY_DN970_c0_g1_i6, the ortholog of which in Arabidopsis (AT3G18390) encodes BRUTUS (BTS ), a putative E3 ligase protein with metal

ion binding and DNA-binding domains, which negatively regulates the response to iron deficiency.
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the first developmental stage-specific transcriptomic data-

set for an otherwise understudied crop, little millet.

Using the Illumina sequencing platform, 28 samples

belonging to 10 tissues produced a combined total of

258.41 million paired-end reads. This accounts to an aver-

age of 27.60 million per tissue (GS, RD, PU, YL, CM, PE,

PM, PL) and 19 million per tissue (YR, VS). Although it is

preferable to have a greater sequencing depth than our

overall average of 9.24 million reads per sample, increas-

ing depth beyond 10 million reads results in diminishing

returns in terms of the ability to detect differentially

expressed genes (Liu et al., 2013) or leads to an increase in

unannotated single-exon transcripts, with a majority of

these sequences originating from intronic regions (Patter-

son et al., 2019). De novo transcriptome assembly of the

transcripts from all the tissues used in this study identified

342 827 transcripts. This number is substantially higher

than the 55 527 and 37 908 protein-coding genes identified

in related genomes of broomcorn millet (Zou et al., 2019)

and foxtail millet (Thielen et al., 2020). We have also

assessed the quality of the generated little millet transcrip-

tome using the gold standard BUSCO analysis (Sim~ao

et al., 2015). Of the 3236 conserved plant proteins in

BUSCO sets, our dataset had 92.3% full-length and 5.3%

partial proteins indicating a thorough transcriptome cover-

age. This is comparable to 98% BUSCO coverage achieved

by the broomcorn millet genome (Zou et al., 2019). Tran-

scriptomic datasets have previously been used as valuable

resources for understanding evolutionary and biological

processes.

Defining trait-associated gene regulatory network

Little millet is a rich source of minerals, as shown in this

and previous works (Figure 5) (Chandel et al., 2014, Vetri-

venthan et al., 2020). With the little millet transcriptome

data, we sought to identify transcriptional patterns that

might contribute to the mineral-dense profile of the crop.

Recently, a total of 21 protein families were recognized as

having functions related to mineral uptake in pearl millet

(Satyavathi et al., 2022). In our study, we identified a total

of 76 differentially expressed transcripts whose orthologs

in Arabidopsis and rice are known to be involved in min-

eral ion-related pathways (Whitt et al., 2020). As little millet

is exceptionally rich in iron and zinc, we focused on genes

and molecular pathways associated with the uptake and

accumulation of these mineral ions.

Graminaceae plants uptake Fe3+ as chelated com-

plexes with phytosiderophores (Marschner & R€omheld,

1994). Nicotianamine synthases (NAS) catalyze phytosider-

ophore synthesis (Kobayashi & Nishizawa, 2012), and over-

expression of OsNAS2 resulted in increased accumulation

of iron and zinc in rice (Johnson et al., 2011; Lee

et al., 2012; Singh et al., 2017). Our dataset showed very

high expression of NAS1/OsNAS2 in YR. Other member of

NAS family, NAS2, was highly expressed in YL and GS as

well as in PM and PL. The chelated Fe3+ is circulated within

the plant by Yellow Striped-1 Like (YSL) protein family

(Curie et al., 2009). We identified members of YSL

family expressed in little millet tissues. While YSL3

showed moderate expression in reproductive tissues (PE,

PM, and PL), YSL1/OsYSL15 showed much higher expres-

sion in the young roots. In the poly-metal hyperaccumula-

tor Thlaspi caerulescens, of several YSL protein family

members, only YSL3 could rescue iron uptake defective

yeast strain, indicating its role in the import and/or circula-

tion of iron within plants (Gendre et al., 2007). We further

identified homologs of three central regulators of iron

sensing and signaling pathway among the mineral ion

pathway genes in our dataset. These include two transcrip-

tion factors, Fe-deficiency Induced Transcription factor 1

(FIT1) and POPEYE (PYE ), and their negative regulator

BRUTUS (BTS ). FIT1, which showed extremely high

expression in young roots, can regulate the expression of

over 40% Fe-accumulation-related genes in Arabidopsis,

including IRT1, IRT2, and NRAMP1 (Colangelo & Gueri-

not, 2004). At the same time, IRT1 and NRAMP1 act syner-

gistically for iron uptake and transport in plants, while IRT2

regulates IRT1 function (Castaings et al., 2016; Curie

et al., 2000; Vert et al., 2001, 2002, 2009). In our dataset, we

observed high expression of IRT1 and IRT2 in YR and PM

and moderate expression OsNRAMP5 in most of the tis-

sues. In addition, we also identified Vacuolar Iron Trans-

porter 1 (VIT1), which mediates the detoxification of

cytosolic Fe3+ by its sequestration in the vacuole (Kim

et al., 2006). Tissue-specific modulation of VIT1 expression

in wheat and rice was reported to cause iron biofortifica-

tion in seeds (Connorton et al., 2017; Zhang et al., 2012).

The iron and zinc signaling pathways share several

common genes. These include NAS, YSL, IRT, and ZIP pro-

tein families. Similar to Fe3+, the association of NAS2 with

Zn2+ facilitates its movement within the plant (Deinlein

et al., 2012). Interestingly, similar to the high expression of

NAS2 in little millet, two hyperaccumulators of zinc, Arabi-

dopsis halleri and T. caerulescens, show elevated expres-

sion of NAS2, and targeted reduction of the NAS2

transcript resulted in reduced zinc accumulation in A. hal-

leri (Deinlein et al., 2012). ZIPs are the primary zinc uptake

and transport proteins in plants (Grotz et al., 1998). Overex-

pression of Arabidopsis ZIP1 in cassava led to up to 10

times increase in zinc accumulation in tubers (Gait�an-Sol�ıs

et al., 2015). Further, ZIP1 expression was positively corre-

lated with zinc hyper-accumulation in T. caerulescens and

A. halleri (Becher et al., 2004; Pence et al., 2000). Our data-

set found high expression of ZIP3 and ZIP5 in radicle and

young roots. Further, comparative transcriptome analysis

of zinc hyper-accumulator and non-accumulator species

identified differential expression of Metal Tolerance Protein

1 (MTP1) and Heavy Metal-Associated (HMA) gene families
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between the two groups (Becher et al., 2004; Broadley

et al., 2007). MTP1, which sequesters zinc from the cytosol

to the vacuole (Desbrosses-Fonrouge et al., 2005; Gustin

et al., 2009), showed high expression in all tissues of little

millet, except RD. HMAs are ATP-dependent pumps that,

similar to MTP1, are involved in cytoplasmic detoxification

and are associated with zinc hyper-accumulation tolerance

of A. halleri (Hanikenne et al., 2008; Kim et al., 2009; Morel

et al., 2009). OsHMA3 in our dataset showed relatively

higher expression in PM, and OsHMA4 and OsHMA5

showed high expression in most of the vegetative and

reproductive phase tissues. In our study, YSL3 and OsZIP3

showed higher expression in PE and IRT1, and OsHMA3

and OsYSL2 showed higher expression in PM compared to

late stage of panicle development. Parallel to our study,

Satyavathi et al. (2022) showed mineral transport process

to be more active during panicle initiation stages in pearl

millet. Although the genes identified in this study repre-

sent excellent candidates for Fe and Zn biofortification in

crop plants, additional validation and in-depth functional

characterization are necessary to uncover their specific

roles in little millet.

Understanding the evolutionary relationship between little

millet and other related species

Translational research for crop improvement is more feasi-

ble in genetically closely related species. Previously, Huang

et al. (2016) found a close phylogenetic relationship among

little millet, foxtail millet, pearl millet, and finger millet,

while broom corn was only distantly related. Similarly,

Kumari et al. (2013) found little millet closely related to fox-

tail millet and pearl millet, but distantly related to broom

corn. It must be noted that the studies mentioned above uti-

lized selected nuclear or chloroplast markers that represent

a relatively more minor portion of the genome (Huang

et al., 2016 used data from Grass Phylogeny Working Group

II) as compared to the composite little millet transcriptome

dataset used in this study.

Little millet has been domesticated from its wild

weedy relative Panicum psilopodium (de Wet et al., 1983;

Goron & Raizada, 2015); however, its progenitor species

are unknown. The current study provides an overview of

the evolutionary relatedness of the small millet species.

With the available transcriptomes from other members of

Panicum species and other small millets, the phylogenetic

relationships and ploidy level of little millet have been gen-

erated in this study.

Generating publicly available datasets and visual tissue-

specific expression atlas of little millet

The massive scientific advances in the last few decades

have, in part, been attributed to the generation and avail-

ability of large-scale datasets (Kagale et al., 2016; Var-

mus, 2002). With this study, we contribute the first little

millet transcriptome to the eFP browser, which allows for

the visual inspection of the gene expression data. In addi-

tion, we have also provided a list of housekeeping genes

that were found to be stably expressed in all the tissues.

This gene list could be used in future transcript quantifica-

tion studies in little millet, as reference for housekeeping

genes.

Previous studies have reported a vast genetic diversity

in little millet landraces due to several independent domes-

tication events in different environmental conditions (de

Wet et al., 1983). In addition, two independent studies (Nir-

malakumari et al., 2010; Upadhyaya et al., 2014) have iden-

tified a wide range of phenotypic features in little millet

germplasm collection. Therefore, a detailed transcriptional

exploration of this genetic diversity, coupled with pheno-

typic assessment, is warranted. As the first step in this

direction, our study presents a tissue-specific little millet

transcriptome and lists the attractive candidates likely to

be involved in mineral ion uptake, transport, and accumu-

lation. This, together with tissue specific transcription fac-

tors identified in our study, could be supplemented with

the recently published little millet transcriptome for abiotic

stress responses (Das et al., 2020). Future studies aimed at

improving little millet productivity could present the crop

as an attractive supplement to the major cereals as a

source of food and fodder.

MATERIALS AND METHODS

Plant material, assessment of seed nutritional

composition, growth conditions, and RNA extraction

Seeds of little millet genotype JK-8 were obtained from the All
India Coordinated Research Project (AICRP) on Small Millets
located at the University of Agricultural Sciences, Bengaluru,
India. Nutritional compositions of seeds including moisture, fat,
calcium, protein, total ash, crude fiber, iron, and Zn contents were
quantified as previously described (Heau et al., 1965; Hor-
witz, 1980; Raguramulu et al., 2003).

Ten tissue samples from various developmental stages of lit-
tle millet were used to analyze its global transcriptome. The tissue
samples represent three growth phases in the little millet life
cycle: emergence phase (GS, RD, PU), vegetative phase (YL, YR,
CM, VS), and reproductive phase (PE, PM, PL) (Figure 1).

The seeds were germinated on Whatman paper sheets moist-
ened with Hoagland solution in Petri dishes (Hoagland & Sny-
der, 1933). Whole GS was harvested 2 days after sowing (DAS),
and developing RD and PU tissues were separately harvested 3
DAS (Table S1). For vegetative and reproductive phases, the seeds
were stratified in water-moistened germinating Whatman paper
sheets for 72 h at 4°C, before sowing in a potting mix of
Sunshine-2 (Sun Gro Horticulture, Vancouver, Canada; growing
mix (60%), peat (30%), and vermiculite (10%)). The pots were
maintained in a growth chamber at 25°C, 12 h/20°C, and 12 h
(day/night) until sample harvest. The vegetative stage samples
were harvested 13 DAS (YL and YR), 26 DAS (CM), and 48 DAS
(VS). For the reproductive phase, panicles at three stages of
growth PE, PM, and PL were harvested 12 days apart from each
other at 61 DAS, 73 DAS, and 85 DAS, respectively.
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RNA extraction, cDNA library construction, Illumina

sequencing, and de novo assembly

The samples were harvested in three biological replicates and
flash-frozen in liquid nitrogen. Total RNA was extracted from the
harvested tissues using RNeasy Plant Mini Kit (Qiagen, Hilden,
Germany) for all samples except for GS, which was extracted
using TRIzol (Sigma-Aldrich, Saint Louis, USA) following the man-
ufacturer’s protocol. RNA was purified using the RNeasy MinElute
Cleanup Kit (Qiagen, Hilden, Germany) and quantified using a
NanoDrop ND-100 spectrophotometer (Thermo Fisher Scientific,
Wilmington, USA). RNA integrity was evaluated using Agilent
2100 Bioanalyzer (Agilent Technologies, Santa Clara, USA).

A total of 28 paired-end cDNA libraries were prepared using
a TruSeq RNA sample preparation kit (Illumina, San Diego, USA)
following the manufacturer’s protocol. The 28 libraries constituted
two replicates of YR and VS and three replicates of the remaining
8 tissues. Of the three biological replicates, one replicate of YR
failed the RNA integrity test, and one replicate of VS failed quality
assessment after library preparation and, therefore, was not pro-
cessed further. Paired-end sequencing was performed on the
cDNA libraries multiplexed in two lanes of a flow cell (125 cycles)
using the Illumina HiSeq 2500 (Illumina, San Diego, USA) platform
at the National Research Council Canada, Saskatoon, SK, Canada.
The quality of the raw reads was assessed by FastQC
(https://github.com/s-andrews/FastQC), and low-quality reads and
contaminants were filtered using Trimmomatic v0.38 (Bolger
et al., 2014) by (i) removing adapter sequences, (ii) trimming low-
quality reads, and (iii) removing sequences with a shorter length
than 75 bp. The de novo assembly of the filtered reads was per-
formed using Trinity assembler ver. 2.9.1 with the default settings.
Assembled Trinity contigs were clustered at 100% identity using
CD-HIT-EST (Huang et al., 2010), and duplicate transcripts were
removed. The quality of transcriptome assembly was evaluated by
(i) examining the RNA-seq read representation in the assembly
and (ii) assessing the completeness of the assembly using BUSCO
(Benchmarking Universal Single-Copy Orthologs).

Construction of phylogeny with related species and Ks

analysis

The reciprocal best BLAST hit method was used to identify poten-
tial orthologs between little millet and various species, including
small-grained dicots (quinoa) and monocots (ragi, foxtail millet,
broom corn, pearl millet) and major cereals (rice and maize), as
well as outgroup dicot species (Arabidopsis and alfalfa). Utilizing
this approach, a phylogenomic data matrix was constructed, con-
sisting of 2752 distinct sets of orthologous genes. The sequences
within each orthologous gene set underwent local alignment
using ClustalW (Larkin et al., 2007), and gaps and missing data
were eliminated from each alignment through an automated
alignment trimming tool, trimAL (Capella-Guti�errez et al., 2009),
with a gap threshold value (�gt) set at 1.

The trimmed sequences were then realigned, and the align-
ments from the 2752 gene sets were concatenated using the Phyu-
tility program (Smith & Dunn, 2008) to generate the final data
matrix, comprising a total alignment length of 3 475 812 base
pairs. Phylogenetic analysis was executed using the maximum
likelihood method implemented in RAxML (Stamatakis, 2006),
assuming the GTR + GAMMA model of sequence evolution. The
robustness of the phylogenetic inference was evaluated through
1000 bootstrap replicates using the GTR + CAT approximation.
The resulting tree was visualized using the Interactive Tree of Life
(Letunic & Bork, 2019) Web server.

For Ks analysis, paralogous genes within little millet were
identified by performing an all-against-all protein sequence sim-
ilarity (BLASTP with an E-value cutoff of 1E-20) search. The
185 217 proteins predicted by transdecoder were used for this
analysis. For each pair of paralogs, protein sequences were
aligned using ClustalW (Larkin et al., 2007). The resulting pro-
tein alignments were used to produce the corresponding nucle-
otide alignments using PAL2NAL (Suyama et al., 2006). Ks
values for each sequence pair were calculated based on codon
alignments using the maximum likelihood method implemented
in codeml of the PAML package (Yang, 2007) under the F3x4
model (Goldman & Yang, 1994). Mixture model analysis of Ks
distributions was performed as described previously (Kagale
et al., 2014).

Validation and quality assessment of the assembled

transcriptome

Scatterplots and MA plots were generated to assess the expres-
sion dynamics of detected genes for each replicate of the tissue
samples using the transcript-level estimates of fragment counts
and the PtR (Perl-to-R) script included in the Trinity toolkit. To
ensure the normalization of transcriptome data across all the sam-
ples, transcripts per kilobase million (TPM) were calculated for
each transcript using Kallisto (Bray et al., 2016). Normalization
allows samples to be compared regardless of the variabilities in
library sizes (sequencing depths) or gene lengths (Li &
Dewey, 2011; Wagner et al., 2012; Zhao et al., 2020).

Principal component analysis (PCA) was performed using
the Bioconductor package DEseq2 (version 1.28.1) in R software
(version 4.0.4) based on variance-stabilized normalized read
counts (Love et al., 2014). To reduce the range of the data, the
TPM values were transformed by adding one and taking the
natural logarithm. The transformed values were then used to
generate an expression level distribution plot of replicates
using the ggplot2 (version 3.3.3) function in R (Wickham, 2009).
Hierarchical clustering of samples was performed using hclust
function in R for complete linkage method (cran.r-project.
org/package=hclust1d). All R scripts, related libraries, and data-
files used to generate R plots are available publicly
https://github.com/shankar7321/Little-millet.

Gene clustering and differential gene expression

The expression strength of each transcript was evaluated prior to
downstream analyses. A transcript was considered to be
expressed if the TPM value of at least two replicates was greater
than 0.50. The transcript expression was considered to be tissue-
specific when the TPM values for all other tissues were less than
0.50. Next, the coefficient of variation (CV) was used to identify
constitutively expressed transcripts, where CV was calculated as
the ratio between standard deviation and mean of log2 (TPM + 1)
values for each transcript across the samples. Genes with CV ≤6%
across the samples were considered stably expressed genes.

Statistical ANOVA was performed on the expressed set of
transcripts using their TPM expression to assess the transcripts’ P-
values across all samples. Hierarchical clustering was performed
on genes with P-values <0.01 after applying Benjamini–Hochberg
correction for FDR (Benjamini & Hochberg, 1995) using the Euclid-
ean distance metric and Ward’s linkage method and plotted using
the Complex Heatmap package (version 1.14.0) in R (Gu
et al., 2016). The optimal number of clusters was determined
using the elbow method (Charrad et al., 2014).

Z-scores from the mean of TPM expression values of the rep-
licates for each tissue were used to construct clustered heatmap
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and boxplots. The Z-scores were calculated as follows: Z = (X-X-

mean)/SD, where X is the expression of a given gene in a tissue and Xmean and
SD are the mean expressions and standard deviation, respectively,
of that gene across all the selected tissues.

The differential expression between groups of tissues was
analyzed in R using the DESeq2 package (version 1.28.1) (Love
et al., 2014). Using a model based on the negative binomial distri-
bution, DESeq2 can provide statistics that determine differences
in gene expression data. A gene was considered to be differen-
tially expressed if log2 fold change was ≥2 and false discovery rate
(FDR)-adjusted P-value (Padj) was ≤0.01. Volcano plots were pro-
duced using the enhanced volcano R package (Blighe et al., 2019).

GO annotation, TF identification, gene enrichment, and

data plotting

For each ortholog of transcripts in Arabidopsis, a GO term was
assigned and categorized to molecular function, biological pro-
cess, and cellular component using the Arabidopsis Information
Resource, version 10 (TAIR10) (www.arabidopsis.org) (Berardini
et al., 2004). Transcription factors were identified using the Arabi-
dopsis Gene Regulatory Information Server (AGRIS;
http://arabidopsis.med.ohio-state.edu/). GO term overrepresenta-
tion analysis was performed using the web-based GO Enrichment
Analysis tool (http://geneontology.org) Panther v.16.0 (Mi
et al., 2019). The GO terms with P-value ≤0.05 (Fisher’s exact and
Bonferroni correction for multiple testing) were considered to be
significantly enriched. The scatterplot was constructed using the
ggplot2 package in R (Wickham, 2009). Heatmap was constructed
using the pheatmap R package (Kolde, 2019). For the set of genes
identified to be involved in mineral ion transport in Arabidopsis
and rice (Whitt et al., 2020), gene name/symbol, gene function,
functional classification, and protein class were assigned using
the PANTHER classification system (http://www.pantherdb.org/)
Panther v.16.0 (Mi et al., 2019), TAIR10 (Berardini et al., 2004) and
Rice Annotation Project Database (RAP-DB) (Sakai et al., 2013).
The GO term enrichment analysis for those genes and lollipop
plot was conducted using ShinyGO v0.741 (Ge et al., 2020) and a
web-based online tool (http://bioinformatics.sdstate.edu/go/).

Synchrotron-based X-ray micro-computed tomography

(SR-lCT)

X-ray computed tomography data of the Indian pearl millet sam-
ple were collected using the BMIT-BM (05B1-1) beamline at the
Canadian Light Source. A filtered white beam setup was used
with 0.8 mm aluminum, which was used to generate a broad-
band beam with a mean energy of ~20 keV. A PCO Edge 5.5
camera coupled with a 10X optic peter objective achieves a field
of view of 1.85 9 1.56 mm and an effective pixel size of
0.72 lm. The sample was mounted with dental wax to an alumi-
num SEM stub which is secured to a Huber goniometer stage.
A sample-to-detector distance of 4.5 cm was used, and 3000
projection images were collected over a 180° rotation along with
20 flat (with X-ray beam on and without sample) and 20 dark
(with X-ray beam off and without sample) images. The flat and
dark images were used to normalize the projection images. X-
ray image normalization and reconstruction into a 3D dataset
were accomplished using the UFO-KIT software (Vogelgesang
et al., 2012, 2016). Similar to other experiments conducted at
the same beamline (Chen et al., 2021; Willick et al., 2020), phase
retrieval was conducted with a delta/beta ratio of 200. Images
were filtered using a Sarepy ring-removal algorithm, and a
Laplace edge detection was used to further enhance contrast in
the reconstructed slices.

Micro-X-ray fluorescence (XRF) elemental maps

The little millet seeds’ micro-X-ray fluorescence elemental
maps were collected using the microprobe setup at the CLS@APS
(20-ID) beamline at the Advanced Photon Source. The seed was
first soaked in water for 24 h and flash-frozen in water using liquid
nitrogen. The sample was mounted to a cryo-chuck with frozen
sectioning media and sectioned to 40 lm using a cryostat (Leica
CM 1950, Leica Biosystems, Nussloch, Germany). The sections
were then mounted on a Kapton tape and air-dried by placing
them over a Teflon cutout to keep them flat until data collection.
An incident X-ray energy of 12.8 keV was used to excite the sam-
ple section, and the focused X-ray beam spot size was 2 9 2 lm.
The sample was kept 45° to the incident beam and the detector
(Vortex 4-element silicon drift detector). The sample was raster-
scanned with a dwell time of 200 ms per pixel. The XRF data anal-
ysis was completed using the PyMCA software (version 5.3.1; Sol�e
et al., 2007).
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SUPPORTING INFORMATION

Additional Supporting Information may be found in the online ver-
sion of this article.

Data S1. Normalized TPM counts of transcripts across 28 different
samples collected from 10 tissues representing 3 growth phases.

Data S2. (a) List of expressed set of transcripts. ANOVA test was
performed to assess the differences in means of transcripts and
adjusted for FDR. Significance was cutoff at Padj <0.01. Normalized
TPM values were used to compute ANOVA. Mean of log2
(TPM + 1) for each tissue is shown. (b) Raw counts data used to
compute differentially expressed transcripts using DESeq2. Tran-
scripts having Padj <0.05 from ANOVA test (Data S2a) were
chosen.

Data S3. List of transcripts expressed in all tissues or uniquely
expressed in specific tissue.

Data S4. Coefficient of variation (CV, %) of the constitutively
expressed transcripts calculated from mean log2 (TPM + 1)
expression values of transcripts. Transcripts with CV <6% are in
bold and annotated with Arabidopsis or rice orthologs.

Data S5. (a) Number of transcription factors specific to each tis-
sues belonging to different transcription factor families. (b) List of
Arabidopsis orthologs expressed in specific tissues belonging to
various transcription families.

Data S6. GO terms overrepresented in four clusters.

Data S7. (a) List of differentially expressed transcripts from a pair-
wise comparison between four groups of tissues using DESeq2
analysis. (b) Annotated list of differentially expressed transcripts.
Arabidopsis and rice orthologs of transcripts with log2 fold
change >8 and Padj values <0.01 were annotated.

Data S8. (a) Transcripts and their ortholog genes in Arabidopsis
involved in mineral ion transport, response and its acquisition.

(b) Transcripts and their ortholog genes in rice involved in mineral
ion transport, response and its acquisition.

Figure S1. RNA-Seq processing pipeline used to generate gene
expression atlas of little millet.

Figure S2. Scatter plot and MA plot for each replicate of the tissue
samples used to access the expression dynamics of the detected
transcripts.

Figure S3. Analysis of global gene expression in all tissues. Distri-
bution plot depicting transcript expression for all 28 samples.
TPM normalized values were log2 transformed and were used to
represent the distribution of expression values.

Figure S4. Sample relationship and its distribution. (a) Heatmap of
hierarchical clustering of Pearson’s pairwise correlations for 28
samples. The color scale indicates the degree of correlation. (b)
Two-dimensional PCA plot of tissue included in the study based
on their normalized TPM expression values.

Figure S5. Screening of the tissue specific and housekeeping
genes. (a) Heatmap of tissue specific expression profile. The color
scale at the top represents log2 (TPM + 1) values. (b) Scatterplot
of transcripts consecutively expressed in all tissues with their
mean and standard deviation (SD) values. Transcripts in orange
are proposed to be stably expressed with housekeeping functions.
(c) List of housekeeping genes annotated from corresponding
orthologs in Arabidopsis and rice.

Figure S6. Functional categories and transcription factor families
of expressed transcripts. Bar graph representing % of genes in
each GO terms of three categories, (a) Biological processes, (b)
Molecular functions, and (c) Cellular components. (d) Distribution
pattern of genes belonging to various transcription factor families.
N represents total number of genes in each functional category.

Figure S7. Elbow plot constructed using unsupervised hierarchical
clustering to identify the optimal number of clusters. Blueline indi-
cates optimum number of clusters to be 4.

Figure S8. Dendrogram of tissue sample clustering and volcano
plot of differentially expressed genes identified between tissue
groups. (a) Cluster dendrogram obtained from complete linkage
showing the global relationship among different tissue samples.
28 samples from 10 tissues formed 4 major groups. (b) Volcano
plots to display differentially expressed genes. X-axis represents
log2 fold-change between the two groups; and y-axis represents
negative log10 P-value of the two groups. The red points indicate
differentially expressed genes using the criteria Padj <0.01 and FC
>8 or FC <�8 as indicated by dashed lines. Number of DEGs upre-
gulated and downregulated are specified in each plots with green
and red arrows respectively. A subset of annotated genes under
the criteria have been boxed.

Figure S9. Gene enrichment and expression of mineral ion trans-
port genes. (a) Lollipop plot for gene ontology enrichment analy-
sis of Arabidopsis ortholog genes involved in mineral ion
transport. The horizontal axis indicates fold enrichment and the
number of gene enriched in a GO term is represented by dot sizes.
(b) Clustering of differently expressed transcripts involved in
transport, response and regulation of mineral ions represented as
a heatmap across the various tissue types. The Z-scores of nor-
malized log TPM expression values are indicated by the color key.
Red indicates high expression, white represents intermediate
expression and yellow is indicative of low expression in the
heatmaps.

Table S1. Details of tissues and a summary of the sequencing data
generated for developing gene expression atlas.

Table S2. Pearson’s correlation matrix between 28 samples calcu-
lated from log2 (TPM + 1) values of differentially expressed genes.
Values in red font indicate the correlation between the same sam-
ples and those highlighted in yellow are between biological
replicates.
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