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Abstract
Indian barnyard millet (Echinochloa frumentacea) is a rich source of dietary fiber, minerals and protein. The lack of genetic 
resources has slowed the discovery of genes involved in its nutrient accumulation and climate resilience. Here, we present 
the first transcriptomes of E. frumentacea [97,065 transcripts, including 65,276 protein-coding transcripts, over 90% of 
which have been functionally annotated, and 31,789 long noncoding RNA (lncRNA) transcripts] and its wild relative E. 
crus-galli (93,725 transcripts, including 68,480 protein-coding transcripts, 89% of which have been annotated). Comparative 
transcriptome analysis identified 4159 protein-coding and 2258 lncRNA transcripts in Indian barnyard millet that showed 
either up- or down-regulated expression when compared with E. crus-galli, and 3489 protein-coding transcripts unique to 
Indian barnyard millet were also detected. Additional analysis revealed that photosynthesis is likely crucial in the drought 
adaptation of Indian barnyard millet. We then identified possible genes regulation responsible for drought tolerance and 
Fe and Zn accumulation. Moreover, based on the simple sequence repeat (SSR)-containing sequence, 30 SSR primer pairs 
were arbitrarily selected, synthesized and used to screen the 30 E. frumentacea accessions. Of these, 10 SSR primers were 
polymorphic. Collectively, our results enhance the knowledge of micronutrient accumulation and drought tolerance in Indian 
barnyard millet, as well as of the genetic diversity of Echinochloa species.
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Introduction

Barnyard millet (Echinochloa spp.) is the oldest domesti-
cated millet and mainly growing in the semi-arid tropics of 
Asia and Africa. The genus Echinochloa belongs to Poaceae 
family and it includes 35 species (Mabberley 1997), includ-
ing the major weed species of E. crus-galli (barnyard grass) 
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and E. colona (jungle-rice) and domesticated millets of E. 
frumentacea (Indian barnyard millet) and E. esculenta (Japa-
nese barnyard millet) (Perumal et al. 2016). E. crus-galli has 
been distributed around the world as a weed, more plenti-
fully in warm temperate regions than in the tropics, whereas 
E. colona is distributed as a common weed in tropical Asia, 
America and Africa. E. esculenta is domesticated from E. 
crus-galli and mostly grown in Japan, Korea and northern 
part of China. E. frumentacea is domesticated from E. col-
ona and cultivated in India and several parts of Africa. In 
India, E. frumentacea is an important dry land crop, mainly 
growing in Himalayan region in the north and Deccan pla-
teau in the south. It is one of the important minor millets 
growing fast and cultivated over a wide array of environmen-
tal conditions and poor soils (Sood et al. 2015). Recently, the 
crop has gained renewed interest as a health-food due to its 
rich nutritional profile such as carbohydrate (65%), dietary 
fiber (9.8%) and protein content (11.1%) that are linked to 
various health benefits (Hadimani and Malleshi 1993; Veena 
et al. 2005). Moreover, Kumari and Thayumanavan (1997) 
reported E. frumentacea is capable of reducing blood glu-
cose and lipid levels than the other minor millets.

At present, micronutrient malnutrition is one of the major 
issues in India and has peaked in the present century (Kote-
cha 2008). Iron (Fe) and zinc (Zn) deficiencies are major 
risk factors in the global burden of diseases. It is important 
that both Fe and Zn have to be considered together because 
their combined effect is higher than when taken individu-
ally. Anemia caused by lack of iron affects more than 1.6 
billion people worldwide or approximately 25% of the world 
population (Benoist et al. 2008). In addition to their impor-
tance in the human diet, Fe and Zn ions are also essential 
microelements for plant cellular functions (Nishizawa 2005), 
including chlorophyll biosynthesis, photosynthesis, and 
respiration. Breeding staple grain crop varieties with high 
Fe and Zn content is a successful strategy to help address 
micronutrient malnutrition (Pfeiffer et al. 2007). Indian 
barnyard millet is rich in micronutrients such as Fe and Zn 
and considered a potential food crop of the future, there are 
almost no genetic or genomic resources available and no 
comprehensive studies have been conducted on it to date. 
In recent years, advances in next-generation sequencing 
(NGS) technologies provide excellent chances for creating 
the genomic resources and unveiling important molecular 
mechanisms controlling such specific biological processes.

In this study, we report the transcriptome of Indian barn-
yard millet variety CO (KV) 2 leaves. The transcriptome 
data were de novo assembled and analyzed independently as 
protein-coding and putative long noncoding RNA (lncRNA) 
transcripts. Specifically, the objectives of this study were to 
(1) characterize the transcriptome of E. frumentacea; (2) 
identification of key genes responsible to drought tolerance 
and high Fe and Zn accumulation; (3) study the frequency 

and distribution of SSRs and develop SSR markers and (4) 
analyze the level of polymorphism in 30 diverse Indian barn-
yard millet genotypes.

Materials and methods

Plant material and RNA extraction

CO (KV) 2, a popular high-yielding Indian barnyard millet 
variety in southern India, was obtained from Millet Breeding 
Station, Tamil Nadu Agricultural University, Coimbatore, 
India, and used for transcriptome sequencing. In addition 
to high yield, CO (KV) 2 has high Fe and Zn contents and 
is drought tolerant and non-lodging (Nirmalakumari et al. 
2009). Leaf samples at the fourth leaf stage were used for 
sequencing. The leaf samples were stored at – 80 °C in a 
freezer for later use. Total RNA from the leaf samples was 
isolated using a Plant RNeasy mini kit (QIAGEN, Ger-
many) and/or Hybrid-R kit (GeneAll, Korea) following the 
manufacturers’ instructions and its quality and quantity were 
checked using a Bioanalyzer (Agilent Technologies, USA). 
Approximately 2 μg of total RNA was used for RNA-seq 
library construction.

Illumina sequencing and data processing

RNA-seq libraries were successfully constructed using 
an Illumina TruSeq RNA Sample Preparation Kit accord-
ing to the manufacturer’s instructions. Further, libraries 
were sequenced by Illumina NextSeq 500 platform with 
paired-end (PE) reads of 150  bp at Lab Genomics Co. 
(Pankyo, Korea). Raw reads generated for E. crus-galli 
were downloaded from the NCBI SRA with the accessions 
SRR1287659, SRR1287657, and SRR1287658. The raw 
reads obtained from PE sequencing were processed with 
three major steps to get good-quality reads. First, reads con-
taining bacterial contaminants were omitted through read 
mapping onto the available bacterial genome sequences by 
BWA (Li and Durbin 2009). Then, ribosomal (rRNA) reads 
and PCR duplicates were filtered using SortMeRNA (Kopy-
lova et al. 2012) and FastUniq (Xu et al. 2012), respectively. 
Finally, quality control was carried out to filter low-quality 
reads using NGS QC Toolkit (Patel and Jain 2012) (v2.3.3).

De novo assembly and functional annotation

De novo assembly was done using Trinity (Grabherr et al. 
2011) (trinityrnaseq-2.1.0) to develop contigs/transcripts. 
From the total transcripts, the lncRNA transcripts were sepa-
rated using our pipeline (Fig. S1) to select only protein-cod-
ing mRNA transcripts for downstream analysis. The selected 
protein-coding transcripts were annotated using BLASTX 
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with E-value cut-off of 1E-05 against the protein datasets 
of foxtail millet (S. italica: https ://foxta ilmil let.genom ics.
org.cn/page/speci es/downl oad.jsp), rice (O. sativa: ftp://ftp.
plant biolo gy.msu.edu/pub/data/Eukar yotic _Proje cts/o_sativ 
a/annot ation _dbs/pseud omole cules /versi on_7.0/all.dir/) and 
sorghum (S. bicolor: https ://www.plant gdb.org/SbGDB /). 
Gene ontology (GO) terms were obtained based on annota-
tion against the NCBI Nr proteins using Blast2GO program 
(Conesa et al. 2005). KEGG pathway annotation by KAAS 
(Moriya et al. 2007) was used to predict transcripts associ-
ated with various metabolic pathways.

Expression profiling and GO enrichment analysis

Filtered high-quality RNA-seq reads were mapped to pro-
tein-coding and lncRNA transcripts separately to calculate 
FPKM (Fragments per kilobase per million) using RSEM 
(Li and Dewey 2011) (v1.2.4). Bioconductor package edger 
(Robinson et al. 2010) was used to identify differentially 
expressed transcripts between Indian barnyard millet and 
wild E. crus-galli. Transcripts exhibiting over twofold 
changes with a significant false discovery rate (FDR) of 
0.001 were considered as differentially expressed. Indian 
barnyard millet-specific expression was determined by the 
condition that FPKM value > 1 in Indian barnyard millet 
samples and FPKM < 0 in E. crus-galli samples. GO enrich-
ment analysis was conducted on the specifically and dif-
ferentially expressed transcripts by Fisher’s exact test with 
multiple testing correction of FRD with cut-off 0.05.

Validation of differentially expressed genes 
through qRT‑PCR analysis

Following differential expression analysis, transcripts show-
ing upregulated expression in E. frumentacea and down-
regulated expression in E. crus-galli were selected. Annota-
tion details of those transcripts were searched and different 
families of genes related to drought tolerance and Fe and 
Zn accumulation were chosen for validation through quan-
titative real-time PCR (qRT-PCR). To verify the transcripts 
involved in drought tolerance, drought stress was imposed 
on 20-day-old plants of E. frumentacea and E. crus-galli 
by withholding water for 5 days, while control plants were 
watered on alternate days and leaves were independently col-
lected for three repeats. On the other hand, to verify the tran-
scripts involved in Fe and Zn accumulation, leaves from E. 
frumentacea and E. crus-galli were independently collected 
at the 4-leaf stage for three repeats. All the collected leaves 
frozen in liquid nitrogen immediately, and stored at − 80 °C. 
Total RNA was extracted using a total RNA isolation kit 
according to the manufacture instructions (Roche, Berlin and 
Germany). After measuring the RNA quality and quantity, it 
was successfully converted in to cDNA using a Transcriptor 

First Strand cDNA Synthesis Kit (Roche), according to the 
manufacturer’s instructions. Primer pairs were designed 
from selected transcript sequences using Primer Premier 6.0. 
Actin was used as an internal control and quantitative real-
time PCR (qRT-PCR) analysis was conducted using a Light 
cycler 480 Real-Time PCR System (Roche) following to the 
manufacture instructions. The qRT-PCR mixtures contained 
2.5 μL (approximately 50 ng) of first-strand cDNA, 1.0 μL 
of gene-specific primers (10.0 mM), 10.0 μL of FastStart 
Essential DNA Green Master mix (Roche) and 6.5 μL of 
 ddH20. PCR conditions were as follows: 95 °C for 10 s, fol-
lowed by 35 cycles at 95 °C for 20 s, 60 °C for 15 s, 72 °C 
for 15 s and then melting for 95 °C for 5 s, 60 °C for 1 s and 
97 °C for continuous and cooling for 40 °C for 30 s. Expres-
sion levels were quantified using the ΔΔCt method.

SSR marker discovery and validation

Simple sequence repeat (SSR) locus detection was per-
formed using the Phobos plugin tandem repeat finder availa-
ble in the Geneious software program (https ://www.ruhr-uni-
bochu m.de/ecoev o/cm/cm_phobo s.htm). SSRs were defined 
as di-, tri-, tetra-, penta-, and hexa-nucleotides. Primer pre-
mier 6.0 (PREMIER Biosoft International, Palo Alto, Cali-
fornia USA) was used to design PCR primers. In total, 300 
pairs of primers were designed (Table S3). The criteria for 
designing primers from the SSR flanking sequences were 
primer length range of 18–25 bases with an optimum of 
22 bases, PCR product size range of 100–200 bp, anneal-
ing temperature between 50–60 °C with 55 °C as the opti-
mum melting temperature, and a GC content of 40–60% 
with an optimum of 50%. A total of 30 Indian barnyard 
millet accessions, including cultivars and landraces, were 
selected for polymorphism investigation with the SSRs. The 
young leaves collected and were ground in liquid nitrogen 
and genomic DNA was isolated by CTAB method (Doyle 
1987). From the 300 possible primer pairs, 30 primers were 
arbitrarily selected, synthesized and validated by polymerase 
chain reaction (PCR). PCR and agarose gel (3%) electro-
phoresis following the method used by Manimekalai et al. 
(2018).

Results

De novo assembly of the E. frumentacea 
transcriptome

We obtained 373,803,040 paired-end (PE) reads with read 
length of 150 bp via transcriptome sequencing. All raw reads 
generated in this study were deposited into the NCBI SRA 
(accession number SRR5860804). By filtering raw reads, 
high-quality sequencing reads were selected and used for 

https://foxtailmillet.genomics.org.cn/page/species/download.jsp
https://foxtailmillet.genomics.org.cn/page/species/download.jsp
ftp://ftp.plantbiology.msu.edu/pub/data/Eukaryotic_Projects/o_sativa/annotation_dbs/pseudomolecules/version_7.0/all.dir/
ftp://ftp.plantbiology.msu.edu/pub/data/Eukaryotic_Projects/o_sativa/annotation_dbs/pseudomolecules/version_7.0/all.dir/
ftp://ftp.plantbiology.msu.edu/pub/data/Eukaryotic_Projects/o_sativa/annotation_dbs/pseudomolecules/version_7.0/all.dir/
https://www.plantgdb.org/SbGDB/
https://www.ruhr-uni-bochum.de/ecoevo/cm/cm_phobos.htm
https://www.ruhr-uni-bochum.de/ecoevo/cm/cm_phobos.htm
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further assembly and expression analysis. This yielded a 
total of 125 million high-quality reads, which we assembled 
to obtain a total of 97,065 transcripts. We used our pipeline 
(Fig. S1) to filter out 31,789 putative lncRNA transcripts 
from among the total transcripts, which left 65,276 putative 
protein-coding transcripts with average and N50 sizes of 
1440 bp and 1864 bp, respectively (Table 1).

Functional annotation of genes

A BLASTX-based sequence similarity search against the 
closely related protein datasets of foxtail millet, sorghum 
and rice to assign functional descriptions to each protein-
coding transcript revealed 92.9%, 93.2% and 93.7% of E. 

frumentacea transcripts, respectively, to be significantly sim-
ilar to proteins in foxtail millet, rice and sorghum (Table 1). 
We also assigned GO terms to the protein-coding transcripts: 
44,166 (68%) of the transcripts were assigned at least one 
GO term. Of the assigned terms, 42,335 (64%), 38,136 
(58%), and 37,427 (57%), respectively, fell into the catego-
ries of cellular component, biological process and molecular 
function. A large number of transcripts were grouped into 
the cellular component category, in which transcripts were 
enriched for GO terms cell, cell part and intracellular part 
(Fig. 1). The KEGG pathway database can facilitate a sys-
tematic understanding of the network of molecular interac-
tions among genes/proteins. Such pathway-based analysis 
enables further understanding of biological functions. A 

Table 1  Details of Indian 
barnyard millet de novo 
transcriptome assembly and 
functional annotation statistics

a Raw data were retrieved from Nah et al. (2015)

De novo transcriptome assembly E. frumentacea E. crus-gallia

Total number of transcripts 97,065 93,725
No. of filtered putative coding transcripts 65,276 68,480
Total size of transcriptomes 94 Mbp 108 Mbp
Maximum sequence length (bp) 15,596 19,453
Average sequence length (bp) 1440 1580
N50 length (bp) 1864 1917
Functional annotations % of coding transcripts % of coding transcripts
Foxtail millet (S. italic) 92.9 89.5
Rice (O. sativa) 93.2 89.1
Sorghum (S. bicolor) 93.7 89.9

Fig. 1  Functional annotation of Indian barnyard millet (E. frumentacea) assembled transcripts based on gene ontology (GO) terms
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total of 5,975 of the E. frumentacea transcripts were placed 
into the five top KEGG Orthology (KO) categories: organis-
mal systems, cellular processes, environmental information 
processing, genetic information processing and metabolism 
(Fig. 2).

Comparative transcriptomes between E. 
frumentacea and E. crus‑galli

We retrieved the raw sequencing reads from leaf samples 
(EC-SNU1, EC-SNU2, EC-SNU3) of E. crus-galli gener-
ated in Nah et al. (2015) as well as further reads deposited 
in the NCBI database. These 482,816,422 raw reads were 
processed to obtain 353,574,244 high-quality reads. These 
numbers are similar to those we generated for E. frumen-
tacea. We performed de novo assembly and annotation on 
the E. crus-galli data, which yielded 68,480 protein-cod-
ing transcripts with average length of 1580 bp (Table 1). 
Approximately 89% of the protein-coding transcripts were 
annotated using BLASTX similarity searches against fox-
tail millet, rice and sorghum. Then, differential expres-
sion analysis was performed between E. frumentacea and 
E. crus-galli using the protein-coding and lncRNA tran-
scripts in E. frumentacea as reference and mapping the E. 
crus-galli reads onto E. frumentacea separately. From this 
analysis, we found that 4,159 protein-coding (Fig. 3a) and 
2258 long noncoding transcripts (Fig. 3b) showed differ-
ential expression between Indian barnyard millet and the 
wild weed E. crus-galli. In addition, GO enrichment analy-
sis of the differentially expressed transcripts showed that 

they enriched for transcripts assigned to photosynthesis and 
light harvesting-related processes (Table S1). Further, we 
found that approximately 5% of transcripts were expressed 
only in E. frumentacea (Fig. 4). GO enrichment analysis 
of these Indian barnyard millet-specific transcripts showed 
that many of them were involved in photosynthetic electron 
transport, external stimulus and cytochrome complex assem-
bly (Table S2).

Differentially expressed genes involved in drought 
tolerance and Fe and Zn accumulation

Comparative transcriptome data of E. frumentacea and E. 
crus-galli revealed that transcripts belonging to different 
families of genes involved in drought tolerance and higher 
Fe and Zn accumulation. The transcripts involved in biologi-
cal processes such as high photosynthetic activity, includ-
ing chlorophyll binding, light harvesting in photosystem 
I and II and photosynthetic electron transport response to 
drought tolerance were identified. To confirm our results, 
transcripts belonging to different families of genes encod-
ing photosystem II P680 reaction center D1 protein, photo 
receptor super family, photosystem II CP43 chlorophyll 
apoprotein, photosystem I P700 chlorophyll a apoprotein 
A1, photosystem II PsbM protein, photosystem I subunit 
PsaO and photosystem II 22-kDa protein were selected and 
tested by qRT-PCR analysis under drought stress condi-
tion. All of the tested genes showed higher expression in 
E. frumentacea than E. crus-galli (Fig. 5), consistent with 
the results found with comparative transcriptome data. We 

Fig. 2  KEGG pathway annota-
tion by KAAS. Numbers 
of transcripts annotated are 
grouped into five different 
categories
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also further identified the Fe and Zn accumulation responsi-
ble transcripts encoding vacuolar protein sorting-associated 
protein (VAP), helix loop helix (HLH) protein, heavy metal 

domain (HMD) protein, ubiquitin, uncharacterized iron-reg-
ulated protein (IRP), β glucosidase, serine/threonine protein 
kinases (STK/TPKs), NAC domain-containing protein and 
cytochrome 450. The changes in expression of Fe and Zn 
accumulation responsible genes determined by comparative 
transcriptome data were confirmed by qRT-PCR analysis 
between E. frumentacea and E. crus-galli (Fig. 5).

Frequency and distribution of SSR loci in the Indian 
barnyard millet transcriptome

Ten thousand eight hundred eighty-one SSR loci were dis-
covered in 65,276 transcript sequences of Indian barnyard 
millet. Of these, the di-nucleotides were the most abundant 
repeats (49.02%), followed by tri- (47.74%), tetra- (2.35%), 
penta- (0.67%) and hexa-repeat (0.21%) repeats (Fig. 6). 
Among the di-repeats, the AG and AT types were the most 
frequent, accounting for 41.73% and 25.13% of the di-repeat 
SSRs, respectively. The most common type of tri-repeat was 
CCG (23.25%) of the repeats, followed by AGC (15.09%) 
and AGG (12.83%), respectively. Among the longer repeat 
types, 5-bp motifs appeared to be the most common, 
accounting for 58.56% of the longer repeats, followed by 

Fig. 3  Differential expression (DE) analysis between E. frumenta-
cea and E. crus-galli. a Heat map of FPKM values of protein-coding 
transcripts over twofold differentially expressed between the domes-

ticated Indian barnyard millet E. frumentacea and the wild weed E. 
crus-galli. b Heatmap of differentially expressed lncRNA transcripts 
based on FPKM

Fig. 4  E. frumentacea-specific coding and lncRNA transcripts (clear 
circles) revealed by comparison of the leaf transcriptome to tran-
scripts from E. crus-galli (shaded circles)
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6-, 7-, 8-, 9-, 11- and 10-bp motifs accounting for 17.87%, 
14.32%, 3.66%, 2.20%, 1.31% and 0.25% of the longer 
repeats, respectively. Frequencies of different SSRs and 
percentages of different SSR motifs are presented in Fig. 6.

Development and applicability of the EST‑SSR 
markers in the Indian barnyard millet genotypes

SSR primer pairs were designed for 300 of the 10,881 SSR 
loci identified, including 121 (40.33%) dinucleotide repeats, 
122 (40.66%) trinucleotide repeats, 35 (11.66%) tetranu-
cleotide repeats, 20 (6.66%) pentanucleotide repeats, and 2 
(0.66%) hexanucleotide repeats. Of those 300 SSR primer 
pairs, 30 were randomly selected, synthesized and tested 
for stable amplification as well as polymorphism in Indian 
barnyard millet germplasm. Out of the tested SSR primers, 
DNA amplification was obtained with 28 primers (90%), 
and 24 primers (70%) yielded PCR products of the expected 
fragment size (100–300 bp). We used the 24 pairs that 

showed stable amplification to explore the polymorphism 
in 30 Indian barnyard millet accessions. Ten EST-SSR prim-
ers: BMESSR 2, BMESSR 8, BMESSR 16, BMESSR 22, 
BMESSR 26, BMESSR 30, BMESSR 33, BMESSR 34 and 
BMESSR 39, showed polymorphism in the 30 Indian barn-
yard millet germplasms (Fig. S2), while the remaining 14 
were monomorphic. It revealed that newly developed SSR 
primers had good amplification efficiency and were use-
ful to discover the polymorphism in Indian barnyard millet 
accessions.

Discussion

Transcriptomes of Echinochloa species

Transcriptome sequencing is a potential strategy for identi-
fying transcript sequences and for discovering novel genes 
associated with diseases, important secondary metabolic 

Fig. 5  Validation of differential 
expression of genes responsible 
to drought tolerance (a) and Fe 
and Zn accumulation (b). The 
bars represent the values from 
qRT-PCR analysis of putative 
genes annotated as encoding. 
Photosystem II P680 reac-
tion center D1 protein [PS II 
(P680)], photo receptor super 
family (Pho-RC), photosystem 
II CP43 chlorophyll apoprotein 
[PS II (CP43)], photosystem I 
P700 chlorophyll a apoprotein 
A1 [PS I (P700)], photosys-
tem II PsbM protein [PS 11 
(PsbM)], photosystem I subunit 
PsaO [PS 1 (PsaO)] and pho-
tosystem II 22-kDa protein [PS 
II (22-kDa)], helix loop helix-1 
(HLH-1), heavy metal domain 
(HMD), serine/threonine protein 
kinases (ST/PK), vacuolar pro-
tein sorting-associated protein 
(VAP), ubiquitin-1, glucosi-
dase-2, NAC domain-containing 
protein (NAC), cytochrome 450, 
and uncharacterized iron-regu-
lated protein (IRP)
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pathways (Jayakodi et al. 2015) and developing molecular 
markers (Han et al. 2013; Vatanparast et al. 2016). This 
approach has been successfully applied in many important 
crops, including sesame (Wei et al. 2011), chickpea (Garg 
et al. 2011), finger millet (Kumar et al. 2015), foxtail mil-
let (Jo et al. 2016), peanut (Zhang et al. 2012) and maize 
(Yue et al. 2016). Although the genus Echinochloa contains 
a number of noxious weeds as well as two species of cereal, 
up until now transcriptome resources have been available 
only for E. crus-galli (Yang et al. 2013; Nah et al. 2015). In 
this study, we generated the first transcriptome resource for 
E. frumentacea, a domesticated species in the genus Echi-
nochloa. Our results showed the transcriptome of E. frumen-
tacea to be very similar to that of E. crus-galli. In addition, 
we assembled new transcripts for E. crus-galli, providing an 
unbiased resource for comparative transcriptome analysis 
and genetic diversity studies. The prevalence of lncRNAs in 
transcriptome sequencing is common, due to their mRNA-
like structure, but they should be analyzed separately from 
protein-coding transcripts for a better view of the cellular 
processes likely to be active in the tissue under study. We 
systematically screened the putative lncRNAs we identified, 
and although some mis-assembled transcripts lacking open 
reading frames (ORFs) were identified as lncRNAs, the over 
90% success in functional annotation in Indian barnyard mil-
let clearly showed the accuracy of our assembly, as well 
as our exclusive selection of coding mRNAs. This study 

provides rich resources for protein-coding and regulatory 
noncoding transcripts that can be used to accelerate func-
tional genomic research and applications in Indian barnyard 
millet.

Support for E. frumentacea as a potential source 
for drought‑resistance genes

Rapid growth, drought tolerance and high micronutrient 
contents make Indian barnyard millet a valuable food crop 
for arid and semi-arid regions or famine areas (Sood et al. 
2015). Its wild relative E. crus-galli has widespread habi-
tats, from dry land to flooded paddy rice fields (Yamasue 
et al. 1989a, b; Nah et al. 2015), but shows only inter-
mediate drought resistance between lowland and upland 
weeds (Yamasue et al. 1989a). The mechanism of Indian 
barnyard millet’s adaptation to drought has not been well 
understood. Previous studies have shown that photosyn-
thesis and cell growth are two of the primary processes 
affected by drought (Osakabe et al. 2014). Zivcak et al. 
(2013) demonstrated the role of alternative electron sinks 
and cyclic electron flow in photoprotection of PSII and 
PSI in drought stress in wheat. Comparative transcriptome 
data by Zhang et al. (2016) suggested that photosynthesis-
related genes such as those encoding ZF-HD_dimer and 
Bzip-1 contributed to the drought tolerance in upland rice. 
Although Indian barnyard millet and E. crus-galli both 

Fig. 6  Distribution and fre-
quency of EST-SSR markers 
in Indian barnyard millet. a 
Distribution of SSRs by type. b 
Frequencies of different SSRs 
and SSR motifs
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possess  C4 photosynthetic machinery, we found that the 
differentially expressed and Indian barnyard millet-specific 
transcripts were enriched for biological processes related 
to high photosynthetic activity, including light harvesting 
in photosystem I and II, photosynthetic electron trans-
port and chlorophyll binding. This was confirmed by our 
qRT-PCR results (Fig. 5), exhibiting higher gene expres-
sion in Indian barnyard millet compared to E. crus-galli 
under drought stress condition. Based on these findings, 
we hypothesize that Indian barnyard millet might survive 
under drought stress using drought escape mechanisms 
involving high photosynthetic capacity along with rapid 
growth, which is in agreement with one of the drought-
adaptive mechanisms in millet proposed by Tadele (2016).

Fe and Zn accumulation in E. frumentacea

Minor millets are nutritionally comparable or even supe-
rior to major cereals such as rice and wheat (Muthamila-
rasan et al. 2016). However, no reports describing genes/
QTLs for nutritional traits in millets have been available. 
In this study, we documented higher Fe and Zn levels in 
Indian barnyard millet than in E. crus-galli (Table 2). We 
identified nine candidate genes responsible for this high 
Fe and Zn accumulation in Indian barnyard millet, includ-
ing genes encoding VAP and NAC responsible for high 
levels of Fe and Zn in chickpea (Upadhyaya et al. 2016) 
and wheat (Uauy et al. 2006), ubiquitin (associated with 
seed Zn concentration in chickpea), HLH (Colangelo and 
Guerinot 2004), β glucosidase, ST/PK and cytochrome 
450 reported to improve zinc content in cabbage (Li et al. 
2014) and maize (Jin et al. 2015) and HMD related to Fe/
Zn accumulation in rice (Chandel et al. 2011). The higher 
expression of these genes in Indian barnyard millet com-
pared to E. crus-galli was confirmed by qRT-PCR analysis, 
further supporting their possible involvement in the Fe and 
Zn accumulation characteristic of Indian barnyard millet. 
These genes may be useful for increasing the Fe and Zn 
accumulation in commercial cultivars. Additional tran-
scriptome sequencing at different stages of grain develop-
ment and an integrated framework that combines genom-
ics, transcriptomics and metabolomics of Indian barnyard 
millet would efficiently provide deep insights into nutrient 
accumulation and help as a model system to unveil the 
molecular basis for micronutrient accumulation.

SSR identification and characterization

SSR markers are cost effective and excellent molecular 
marker system with the features of highly reproducible and 
polymorphic, abundant and being co-dominant. It is also 
successfully used in the linkage map construction (Varsh-
ney et al. 2007), diversity assessment of germplasm and 
identification of molecular markers for MAS (Kalia et al. 
2011; Miah et al. 2013; Pandey et al. 2013). Numerous 
studies have explained that the simple method to identify 
SSR loci is through transcriptome via NGS (Obidiegwu 
et al. 2014; Gimode et al. 2016). In this study, the di-
nucleotides were the most abundant repeat types (49.02%), 
followed by tri- (47.74%), tetra- (2.35%), penta- (0.67%) 
and hexa-repeat (0.21%) motifs. These results are in agree-
ment with the findings of Zhang et al (2014) in foxtail 
millet and Mondal and Ganie (2014) in rice. Among the 
di-nucleotide repeats, AG was the most frequent motif, 
which is agreement with previous reports in foxtail millet 
(Zhang et al. 2014) and sweet potato (Patel and Jain 2012). 
In trinucleotide repeats, CCG was most abundant, constant 
with previous reports on maize, rice, sorghum and wheat 
(Grabherr et al. 2011), barley (Conesa et al. 2005), sweet 
potato (Patel and Jain 2012) adzuki bean (Moriya et al. 
2007) and foxtail millet (Li and Dewey 2011). Twenty-
four of 30 primer pair’s successfully yielded amplicons at 
the expected sizes, and ten primer pairs were identified as 
polymorphic. It shows that newly developed SSR primers 
had good amplification efficiency and were potential to 
analyze the genetic diversity in barnyard millet accessions. 
The 10,881 SSR loci discovered in this study will offer a 
wealth of markers for further genetic studies in barnyard 
millet.

Conclusion

Indian barnyard millet is a versatile cereal with nutritious 
properties and climate-change resilient characteristics. This 
work represents is the first attempt to assemble and charac-
terize the transcriptome of E. frumentacea and to compare it 
with a wild relative. We have identified key genes regulating 
a response in Fe and Zn accumulation as well as provided 
evidence pointing to a role for photosynthetic machinery in 
conferring drought stress. The SSRs developed in this study 
offer a marker resources and useful for construction of link-
age map, analysis of genetic diversity, comparative genomics 
and other genetic studies in E. frumentacea. Our results and 
the resources generated in this study will facilitate discov-
ery of new genes and further EST-SSR markers and thereby 
accelerate both genetic and functional genomic research in 
E. frumentacea.

Table 2  Fe and Zn content of E. frumentacea and E. crus-galli 

Species Fe (mg/100g) Zn (mg/100g)

E. frumentacea 15.39 4.28
E. crus-galli 11.84 3.42
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