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limited efforts have been made to enhance its productivity, 
which has remained less than 1 ton ha–1 for over six decades. 
Pigeonpea productivity has been greatly challenged by vari-
ous biotic and abiotic stresses. Recently, a cytoplasmic genetic 
male sterility based hybrid system has been established in this 
crop and has demonstrated improved productivity, break-
ing the long-standing yield barrier (Saxena et� al., 2010). 
Pigeonpea has gained global attention due to continuously 
increasing demand in the developing world and lack of the 
desired amount of seeds in the international market.

Genomics approaches have proved to be ef�cient in over-
coming production constraints in a number of crop species 
(Varshney et�al., 2013; Kole et�al., 2015). In the case of pigeon-
pea, availability of the draft genome sequence (Varshney 
et� al., 2012) and a range of genomic resources have pro-
vided an opportunity to undertake genomics-assisted breed-
ing (GAB). These genomic resources include the genome 
sequence, molecular markers, genetic maps, quantitative trait 
loci (QTLs), and transcriptome assembly (Pazhamala et�al., 
2015). Furthermore in pigeonpea, expression studies using 
transcriptome sequencing and quantitative real-time PCR 
have been conducted to understand the plant’s response to 
abiotic stresses (drought and salinity; Sinha et�al., 2015) and 
biotic stresses (fusarium wilt and sterility mosaic disease; 
Singh et�al., 2016), and to study pod and seed development 
(Pazhamala et�al., 2016). However, a baseline study of all the 
tissues from different developmental stages such as a gene 
expression atlas to increase the ef�ciency of such approaches 
has been lacking in pigeonpea. A�gene expression atlas has 
been developed in several crops especially to de�ne subsets of 
genes expressed in different tissue systems using either DNA 
microarray or RNA-seq approaches. In legumes, gene expres-
sion atlases are available for Medicago truncatula (Benedito 
et� al., 2008), Lotus japonicus (Verdier et� al., 2013), Glycine 
max (Libault et�al., 2010; Severin et�al., 2010), Phaseolus vul-
garis (O’Rourke et�al., 2014), Pisum sativum (Alves-Carvalho 
et�al., 2015), Vigna unguiculata (Yao et�al., 2016) and Arachis 
hypogaea (Clevenger et� al., 2016). These studies aimed at 
investigating the complex biological processes underlying pod 
development, seed maturation, nodulation, and symbiosis.

The advent of the next generation sequencing technology 
has made sequencing of many non-model crops feasible in 
recent years. Pigeonpea is one of the few crops for which the 
technology was adopted early on to develop a draft genome 
sequence using the ‘Asha’ genotype. The genome sequence of 
pigeonpea has provided useful insights into the protein cod-
ing regions and gene functions, and clues to biological pro-
cesses. However, this information was mainly based on the 
homology and de novo gene prediction programs. In order 
to correlate and complement the genome information with 
the gene expression that is modulated in a temporal and 
spatial manner, a gene expression atlas with 30 samples (tis-
sues) collected from the ‘Asha’ (ICPL 87119)� genotype has 
been developed. The Asha pigeonpea genotype is a widely 
cultivated, high yielding, medium duration inbred line resist-
ant to several important diseases (fusarium wilt and sterility 
mosaic disease), for which a number of genetic and genomic 
resources including a draft genome have been developed.  

In the present study, a gene expression atlas has been devel-
oped for pigeonpea that reports the identi�cation and quanti-
�cation of genes exhibiting spatio-temporal expression using 
30 diverse tissues. Further, an example has been provided to 
elucidate the ef�cacy of this comprehensive dataset to iden-
tify a co-expressed gene network exclusive to �oral tissues 
(bud, �ower, stamen, pistil, sepal and petal). The targeted tis-
sues are highly specialized and their development is tightly 
controlled and coordinated for effective fertilization and pro-
duction of viable seeds. The candidate genes identi�ed were 
associated to pollen fertility and seed setting, which have spe-
ci�c implications for the key agronomic trait of yield for their 
possible deployment in GAB in pigeonpea.

Materials and methods

Plant material
Seeds of the ‘Asha’ genotype (ICPL 87119)�were sown in three differ-
ent sets under glasshouse conditions by maintaining 26�°C day/22�°C 
night temperature with a photoperiod of 13�h day/11�h night. These 
sets included seeds germinated in (i) Petri plates with �lter paper, (ii) 
paper cups containing sterile sand, and (iii) pots containing sterile 
black soil and sand (1:1). All these three sets of experiments were 
set up in three biological replicates. Set (i) was used for harvest-
ing tissues from the germinal stage, set (ii) for the seedling stage, 
and set (iii) for the vegetative, reproductive and senescence stages 
(Supplementary Fig. S1 at JXB online). Tissues from the germi-
nal stages (embryo, hypocotyl, radicle, and cotyledons) and other 
�ower/seed tissues (stamen, pistil, petal, sepal, and immature seeds) 
were carefully dissected on ice and immediately frozen in liquid 
nitrogen. Root tissues and nodules from all the stages were excised 
after brief washes in diethyl pyrocarbonate-treated water followed 
by �ash freezing in liquid nitrogen. All other aerial tissues including 
leaves, stem, petioles, pods, shoot apical meristem, �owers and buds 
were excised from plants and directly frozen in liquid nitrogen. All 
the tissues were stored at �80�°C until total RNA isolation.

RNA extraction, Illumina sequencing and data pre-processing
Total RNA was isolated using the Nucleospin RNA plant kit 
(Macherey-Nagel, Duren, Germany) as per the manufacturer’s 
instructions. The qualitative and quantitative assessments of 
these total RNA samples were conducted using an Agilent 2100 
Bioanalyzer (Agilent Technologies, Palo Alto, CA, USA). RNA 
samples with RNA integrity (RIN) value �8 were pooled in equimo-
lar amounts from three biological replicates prior to library prepara-
tion and subsequent sequencing. The cDNA libraries were prepared 
using an Illumina TruSeq RNA Sample Preparation Kit (Illumina 
Inc., San Diego, CA, USA) following the manufacturer’s instruc-
tions. Pair-end sequencing was performed in two sets: a set of 20 
samples (nos 1–20) was sequenced using an Illumina HiSeq 2000 at 
Genotypic Technology Pvt. Ltd, India and a second set of 10 sam-
ples (nos 21–30) was sequenced in-house using an Illumina HiSeq 
2500 sequencing system. The raw sequencing data were subjected to 
quality check to ensure high quality reads for downstream analyses. 
Reads with Phred score <20, read length <50 bases, and consisting 
of any uncalled bases using NGSQC Box (Katta et�al., 2015) were 
�ltered out.

Data analysis
An open source software pipeline, Tuxedo suite (Trapnell et� al., 
2012a), was used for analysing the RNA-seq data (deposited in 
NCBI Sequence Read Archive (SRA) database with BioProject ID 
PRJNA354681). The reads were mapped on the pigeonpea genome 
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showed up to 10- to 14-fold expression differences in differ-
ent pairwise comparisons, which include beta-conglycinin (C.
cajan_28781) and late embryogenesis abundant protein (LEA, 
C.cajan_03928) in mature seeds, sugar-binding proteins (C.
cajan_34645) in mature pods, and glycerol-3-phosphate 
acyltransferase 6 (C.cajan_45202), acid beta-fructofuranosi-
dase (C.cajan_01573), and cinnamoyl-CoA reductase 1 (C.
cajan_29356) in petals. Further, GO annotations of 1076 
DEGs identi�ed more than 50% of genes mainly involved in 
metabolic process (biological processes), binding, catalytic 
and cellular process (molecular functions), and constitut-
ing cell and cell parts (cellular components). Few genes were 
also found to be involved in other biological processes such 
as cellular processes, response to stimuli, and pigmentation 
(Fig.�4).

The dynamics of  gene expression during the course of 
development in pigeonpea were studied to show the poten-
tial of  the CcGEA to answer biological questions related 
to temporally or spatially regulated genes. We focused on 
DEGs between leaf  at the vegetative and senescence stages 
(Veg_Leaf vs Sen_Leaf), and similarly for root tissues (Veg_
Root vs Sen_Root), in order to identify senescence-related 
genes. In the senescing leaf  (Sen_Leaf), 29 genes were iden-
ti�ed encoding plant U-box protein 18 (C.cajan_02471), 
small chloroplastic heat shock protein (C.cajan_03228), des-
iccation-responsive protein 29B (C.cajan_07296), universal 
stress protein Slr1101 (C.cajan_07683), calcium permeable 
stress-gated cation channel 1 (C.cajan_09319), galactinol 
synthase 2 (C.cajan_10278), transcription factor PIF3 (C.
cajan_10677), MYB48 (C.cajan_13565), homeobox-leucine 
zipper protein ATHB-12 (C.cajan_10940), MUD21-2 pro -
tein (C.cajan_12676), endoglucanase (C.cajan_13234), and 
senescence-related gene 1 (C.cajan_14735). These genes 

showed negligible expression in the Veg_Leaf. Similarly, 
39 genes were identi�ed exclusively in Sen_Root, including 
cation transport regulator-like protein 2 (C.cajan_09112), 
DnaJ homolog subfamily B (C.cajan_10265), PRA1 fam-
ily protein B4 (C.cajan_17674), glutathione S-transferase 
(C.cajan_19173), signal recognition particle receptor subu-
nit �  homolog (C.cajan_22178), ERF096 (C.cajan_22554), 
remorin (C.cajan_26491), probable aquaporin NIP7-1  
(C.cajan_28406), vignain (C.cajan_28469), squamosa pro-
moter-binding protein 1 (C.cajan_31328), � -galactosidase 
13 (C.cajan_32927), agamous-like MADS-box protein 
AGL11 (C.cajan_36667), probable LRR receptor-like ser-
ine/threonine-protein kinase (C.cajan_38944), signal pepti-
dase complex subunit 3B (C.cajan_39695), and heat stress 
transcription factor B-2b (C.cajan_44684).

Similarly, spatially regulated genes between aerial and 
underground tissues were also studied. In order to exam-
ine the gene expression patterns in these two types of  tis-
sues, all the aerial tissues and all the underground tissues 
were pooled. As expected, a volcano plot depicted signi�-
cant up- and down-regulation of  DEGs between aerial and 
underground tissue samples (Fig.�5). All up-regulated genes 
were plotted on the right hand side of  the dotted line pass-
ing through the center of  the volcano, while down-regulated 
genes were plotted towards the left hand side. A� total of 
75 DEGs including 68 signi�cantly up-regulated and seven 
down-regulated with log2 fold change values �5 or �–5, 
respectively, were identi�ed (Fig.�5). Among aerial tissues, 
highly expressed genes included those encoding mainly 
photosynthetic apparatus-related chloroplastic proteins 
(C.cajan_01316, C.cajan_13889, C.cajan_13832, etc.) and 
cell-wall modifying enzymes (C.cajan_42632), along with 
other proteins such as late embryogenesis abundant protein 

Fig.�4.   Summary of level 2 GO terms assigned by Blast2GO. Gene Ontology classi�cation of the identi�ed DEGs into three major categories, cellular 
component, molecular function and biological process. The result is summarized in a histogram with the left y-axis representing the percentage of a 
genes and the right y-axis indicating the number of genes falling into level 2 classi�cation (x-axis).


