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Abstract

Transcription factors (TFs) are pivotal players in plant stress signaling and signal transduction pathways. Among the key
TFs, NAC, ZF-HD, AP2-EREBP, WRKY and bHLH proteins play crucial roles in the regulation of reprogramming the
transcriptome and associated responses in stress. Considering this, genome-wide identification of NAC, ZF-HD, AP2-
EREBP, WRKY and bHLH TF families were performed in the C3 model plant, Oryza sativa. The computational study
identified 144 NAC, 15 ZF-HD, 164 AP2-EREBP, 103 WRKY, and 135 bHLH proteins and their physicochemical
properties and, expression profiling by computational analysis. Genome-wide in silico expression analysis of NAC, ZF-
HD, AP2-EREBP, WRKY, bHLH genes showed their differential expression profiling in different tissues. Expression
patterns, gene structure, subcellular localization, gene ontology of 17 NAC, 3 ZF-HD, 13 AP2-EREBP, 11 WRKY,
8 bHLH key genes suggested the putative novel variants in stress and signal transduction. These key players are needed to
be studied in order to categorize and outline their functional roles in AbS signaling network.

Keywords Abiotic stress - AP2-EREBP - bHLH TF families - Expression profiling - NAC - Oryza sativa -
WRKY - ZF-HD

Abbreviations Introduction

AbS Abiotic stress

AbSR  Abiotic stress responsive A large number of the world’s population depend on rice
GO Gene ontology for future food requirement. Unlike animals, plants are
TFs Transcription factors exposed to diverse environmental stresses. Especially abi-

otic stresses (AbS’s) are predominant, which negatively
affects their growth and development of plants thereby
reduction in productivity. Drought, cold, salinity, flood,
submergence are the major stressors responsible for sub-
stantial yield loss. At the molecular and physiological
level, expression and signalling of several genes are
affected by these stresses, which known as abiotic stress
responsive (AbSR) genes (Hirayama and Shinozaki 2010;
b4 Manikandan Ramesh Sharoni et al. 2011; Hadiarto and Tran 2011; Lata et al.
mrbiotech.alu@gméil.com 2015). Among many AbSR genes, transcription factors
(TFs) are the crucial targets to understand the molecular
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2007), which are categorized into 58 TF families (Jin et al.
2014). Among these, NAC, ZF-HD, AP2-EREBP, WRKY,
bHLH are the largest TF families, excluding ZF-HD TFs
(http://grassius.org/grasstfdb.php) (Singh et al. 2002; Gong
et al. 2004, Xiong et al. 2005).

Various investigation and available literatures reveal the
regulatory role of NAC, ZF-HD, AP2-EREBP, WRKY and
bHLH TF families in signal transduction and inflection of
several physiological and molecular processes including
somatic embryogenesis (Toledo-Ortiz et al. 2003; Albrecht
et al. 2005; Sonnenfeld et al. 2005; Mittler et al. 2006; Xu
etal. 2008), plant development (Shigyo and Ito 2004), pollen
development and function (Guan et al. 2014), internode
elongation (Hattori et al. 2009), biosynthesis of secondary
metabolites (Ma et al. 2009; Suttipanta et al. 2011), seed
development (Johnson et al. 2002; Luo et al. 2005), seed
dormancy (Rushton et al. 2010; Ding et al. 2014), biomass
(Yu et al. 2013), flowering period and plant height (Cai et al.
2014), leaf senescence (Miao et al. 2004; Guo and Gan
2006), anther and ovule development (Zhao et al. 2008) and
hormone signaling (Rashotte and Goertzen 2010; Feller et al.
2011; Hu et al. 2013). Significantly NAC, ZF-HD, AP2-
EREBP, WRKY, bHLH TF families are activated in
response to diverse biotic stress (Shinozaki et al. 2003; Cao
et al. 2006; Singh et al. 2010; Xia et al. 2010; Muthamila-
rasan and Prasad 2013) including fungal invasion (Zheng
et al. 2006; Marchive et al. 2007), virus attack (Huh et al.
2012), bacterial infection (Du and Chen 2000; Deslandes
et al. 2002; Kim et al. 2008), disease resistance (Gutterson
and Reuber 2004; Oh et al. 2005; Nakashima et al. 2007) and
as well as AbS (Shinozaki et al. 2003; Cao et al. 2006; Singh
etal. 2010; Xia et al. 2010; Tang et al. 2013) like drought and
heat (Rizhsky et al. 2002; Kiribuchi et al. 2004, 2005;
Sakuma et al. 2006; Wu et al. 2009; Zheng et al. 2009; Qiu
and Yu 2009; Ren et al. 2010), salinity (Mukhopadhyay et al.
2004; Gutha and Reddy 2008; Qiu and Yu 2009; Zheng et al.
2009), cold (Pnueli et al. 2002; Wang et al. 2003;
Mukhopadhyay et al. 2004; Kume et al. 2005; Qiu and Yu
2009), desiccation, submergence, heavy metals and
wounding (Mukhopadhyay et al. 2004; Kiribuchi et al.
2004, 2005), osmotic stress (Gutha and Reddy 2008), low
temperatures (Zheng et al. 2009; Sharoni et al. 2011) and
phosphate starvation (Yi et al. 2005).

Therefore, the significant role of NAC, ZF-HD, AP2-
EREBP, WRKY, bHLH TF families in several biological,
molecular and physiological process were studied in assorted
crop plants (Ledent and Vervoort 2001; Toledo-Ortiz et al.
2003; Ulker and Somssich 2004; Zheng et al. 2009; Rushton
et al. 2010; Sharoni et al. 2011; Figueiredo et al. 2012; Chen
et al. 2016). However, only minimum reports are available in
the C3 model plant, O. sativa. For that reason, it is important to
expedite the functional genomic approaches in the panicoideae
family, especially C3 photosynthesis and AbS tolerance.

Based on the above addressed issues, the present study
aimed at, in silico approaches to identify the potential AbSR
encoding genes from rice NAC, ZF-HD, AP2-EREBP,
WRKY, bHLH TF families. This is the first wide range
investigation on these TFs O. sativa. The current study
provides better insights about the functional aspects of these
ADbSR TFs, and unravels key genes for further validation
toward describing their functional role in AbS dynamism.

Materials and methods

Database search for the identification
of transcription factor family in O. sativa (L.)

Rice transcription factors (TF) like NAC, ZF-HD, AP2-
EREBP, WRKY, bHLH and their protein sequences retrieved
from the GRASSIUS Grass Regulatory Information Server
(http://grassius.org/grasstfdb.html; Yilmaz et al. 2009).

Mining and meta-analysis of rice transcription
factors

TF family members and their RAP-DB ID/Gene locus ID
were collected. It was exposed to Rice Oligonucleotide
Array Database (ROAD) meta-analysis search tool (Cao
et al. 2012) for analyzing the tissues specific expression
profile in different tissues in rice. The AbSR TF genes
(Gene ID’s) were used to retrieve the corresponding
genomic transcript, coding sequences with their chromo-
somal localization and protein sequence from
RiceSRTFDB (Priya and Jain 2013).

Gene structure prediction

The genomic sequences and coding sequences of potential
ADbSR TFs like 17 NAC, 3 ZF-HD, 13 AP2-EREBP, 11
WRKY, 8 bHLH proteins were analyzed by GSDS web
server v2.0 (Hu et al. 2015) to identify the position of
exons and introns.

Physicochemical properties of identified proteins
and phylogenetic analysis

The physicochemical properties including amino acid
length, molecular weight, isoelectric point (pI), the number
of positive/negatively charged residues, the instability
index, and aliphatic index were predicted using the prot-
param tool of ExPASy (http://web.expasy.org/protparam/;
Gasteiger et al. 2005). The 17 NAC, 3 ZF-HD, 13 AP2-
EREBP, 11 WRKY, 8 bHLH protein sequences were
imported into Phylogeny.fr (http://www.phylogeny.ft/;
Dereeper et al. 2008) to construct a phylogenetic tree by
maximum likelihood method.
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Table 1 Potential abiotic stress
responsive TF genes and their
details

@ Springer

Gene name Gene ID Gene position Exons  Introns  CDS
NAC family
1 OsNAC4 LOC_Os01g15640  8791646-8796363 (—) 4 3 1470
2 OsNACI11 LOC_Os01g66120  38397474-38400490 (—) 3 2 744
3 OsNACI13 LOC_Os01g70110  40571776-40572977 (+) 2 1 687
4 OsNAC24 LOC_0s02g57650  35297324-35301411 (+) 5 4 1899
5 OsNAC29 LOC_Os03g12120  6357095-6364595 (—) 17 16 2661
6 OsNAC30 LOC_0s03g21030  11936154-11938191 (—) 3 2 1077
7 OsNAC37 LOC_0Os03g60080  34158969-34160416 (+) 2 1 951
8 OsNAC47 LOC_0Os05g10620  5784079-5789498 (—) 5 4 1047
9 OsNACS51 LOC_0Os05g34830  20615442-20617784 (+) 2 1 774
10 OsNACS52 LOC_Os05g35170  20817763-20821884 (—) 4 3 909
11 OsNAC59 LOC_Os06g15690  8879072-8883884 (+) 6 5 1257
12 OsNAC69 LOC_Os07g12340  6967004-6968316 (+) 1 0 831
13 OsNAC76 LOC_Os07g48550  29039441-29041305 (—) 3 2 906
14 OsNACS80 LOC_Os08g06140  3388020-3392453 (—) 7 6 2178
15 OsNACS86 LOC_Os08g42400  26764102-26767631 (+) 2 1 495
16 OsNACS87 LOC_Os08g44820  28141867-28146558 (—) 4 3 1533
17 OsNAC112 LOC_Os11g08210  4295051-4297685 (—) 3 2 990
ZF-HD family
1 OsZHD10 LOC_0s09g24820  14811098-14815388 (—) 1 0 1026
2 OsZHD12 LOC_Os11g03420  1297251-1297994 (+) 1 0 318
3 OsZHD14 LOC_Os12g03110  1179358-1180099 (+) 1 0 318
AP2-EREBP family
1 OsEREB1 LOC_Os01g04020  1745416-1747549 (+) 1 0 1017
2 OsEREB9 LOC_Os01g49830  28618439-28620073 (—) 1 0 1182
3 OsEREB10 LOC_Os01g54890  31566847-31567697 (+) 2 1 714
4 OsEREBI11 LOC_Os01g58420  33765935-33767041 (+) 1 0 708
5 OsEREB36 LOC_0s02g51670  31642599-31644669 (+) 1 0 1017
6 OsEREB39 LOC_0s02g54160  33193935-33196815 (—) 2 1 1098
7 OsEREB49 LOC_0Os03g08500  4371117-4372462 (—) 2 1 999
8 OsEREB75 LOC_0Os04g52090  30754057-30755155 (+) 1 0 669
9 OsEREBS87 LOC_0Os05g29810  17186605-17187906 (+) 2 1 597
10 OsEREB104 LOC_Os06g09390  4730331-4732912 (+) 2 1 1089
11 OsEREB132 LOC_Os08g31580  19544608-19546313 (+) 1 0 849
12 OsEREB145 LOC_0s09g20350  12215431- 12217345 (+) 1 0 876
13 OsEREB147 LOC_0s09g26420  15958323-15961974 (+) 1 0 1191
WRKY family
1 OsWRKY4 LOC_Os01g14440  8083372-8086044 (+) 5 4 1752
2 OsWRKY20 LOC_Os01g60640  35061691-35063897 (+) 2 1 843
3 OsWRKY?25 LOC_0s02g08440  4542759-4544980 (+) 4 3 651
4 OsWRKY31 LOC_0Os03g20550  11649542-11650862 (+) 3 2 444
5 OsWRKY53 LOC_0s05g27730  16092750-16095231 (+) 5 4 1464
6 OsWRKY68 LOC_Os06g44010  26508922-26510702 (—) 3 2 1191
7 OsWRKY76 LOC_Os08g09900  5712948-5718163 (—) 4 3 2565
8 OsWRKY79 LOC_0Os08g29660  18217328-18219695 (+) 2 1 960
9 OsWRKY90 LOC_Os11g02480  758588-762335 (—) 3 2 675
10 OsWRKY103  LOC_Os12g32250  19445198-19450076 (+) 6 5 1623
11 OsWRKY104 LOC_Os12g40570  25066933-25070629 (—) 4 3 1092
bHLH family
1 OsbHLH26 LOC_0s02g02480  874691-878615 (—) 5 4 711
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Table 1 (continued)

S. no Gene name Gene ID Gene position Exons Introns CDS
2 OsbHLH87 LOC_0Os05g38140  22308646-22311010 (+) 5 4 732
3 OsbHLH9%4 LOC_0Os06g09370  4708744-4714553 (—) 9 8 1206
4 OsbHLH105 LOC_0Os07g35870  21465743-21468864 (—) 5 4 645
5 OsbHLH110  LOC_0Os08g04390  2147786-2150534 (—) 5 4 762
6 OsbHLH116 ~ LOC_0Os08g38210 24219692-24226032 (+) 7 6 876
7 OsbHLH127 LOC_0s09g29930 18206612-18214107 (+) 9 8 432
8 OsbHLHI129  LOC_0s09g32510 19405779-19407978 (—) 7 6 789

CDS: coding sequence; (+) leading strand; (—) lagging strand

Analysis of subcellular localization in TF families

The subcellular localization of TF family proteins of O.
sativa was predicted using CELLO2GO (http://cello.life.
nctu.edu.tw/cello2go/; Yu et al. 2014), Wolf Psort 2 (http://
wolfpsort.org/; Horton et al. 2007), Bacello (http://gpcr.
biocomp.unibo.it/bacello/; Pierleoni et al. 2006), ESLPred2
(http://www.imtech.res.in/raghava/eslpred2/; Garg and
Raghava 2008), SubLoc (http://www.bioinfo.tsinghua.edu.
cn/SubLoc/; Hua and Sun 2001).

Gene ontology analysis

Identified potential TF family members (Table 1) were
loaded into CELLO2GO (http://cello.life.nctu.edu.tw/cel
lo2go/; Yu et al. 2014) to find the Gene Ontology (GO)
annotation against eukaryote. TF genes were characterized
as per biological process, molecular function and cellular
components according to CELLO2GO GO annotation.

Results

Identification of potent transcription factors (TF)
in rice

A total of 144 NAC, 15 ZF-HD, 164 AP2-EREBP, 103
WRKY and 135 bHLH TFs of rice with their gene ID’s
were analyzed computationally for tissues specific (TS)
gene expression studies. Seventeen NAC, 3 ZF-HD, 13
AP2-EREBP, 11 WRKY, 8 bHLH were potential abiotic
stress responsive (AbSR) TF genes (Table 1), which have
been involved in TS gene expression in all the 22 different
tissues (Fig. la—e). This higher expression heatmap pro-
filing was also evidenced among 5 different TF families,
thereby reasonably delineating their function in tissue-
specific manner.

Structure of AbSR TF genes

Positions of exons and introns within the 17 NAC, 3 ZF-
HD, 13 AP2-EREBP, 11 WRKY and 8 bHLH genes were
predicted. Gene structure determination showed the num-
bers and arrangements of exons and introns (Fig. 2a—e and
Table 1). The majority of AbSR TF genes (11; 21.153%)
were found to contain a single intron, while 7 genes
(13.46%) have two introns. Six AbSR TF genes (11.538%)
have three introns; whereas 8 genes (15.38%) have four
introns. Three AbSR TF genes (5.769%) were found to
contain six introns; while 4 genes (7.692%) contained five
and 8 introns, respectively. One AbSR TF gene (1.92%)
has 16 introns. Among these, 12 AbSR TF genes (23.07%)
were found intronless (Fig. 2a—e and Table 1).

Gene ontology annotation

Gene characteristic features of TF families were analyzed
by protein sequence using CELLO2GO and showed the
putative involvement of these proteins in different molec-
ular function, and biological process (Table 2). A large
number of proteins were predicted to be involved in stress
response, embryo development, anatomical structure
development, metabolic and biosynthetic process, and
signal transduction (Fig. 3a—e). The molecular functions of
these proteins paralleled to transcriptional regulator activ-
ity, protein binding and DNA binding activity (Fig. 4a—e).

Protein properties of potentially expressed TFs

All five different TF families and their well-expressed
protein properties were analyzed. Smallest and biggest
amino acids with respect to molecular weight, pI ranging,
stability index, aliphatic index and grand average of
hydropathicity (GRAVY) of potential TF genes were
determined (Table 3).
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Table 2 Gene ontology of key AbSR TF genes

Gene ID

Molecular function

Biological process

S.  Gene Name
no

NAC family

1 OsNAC4
2  OsNACI11
3  OsNACI3
4 OsNAC24
5 OsNAC29
6  OsNAC30
7  OsNAC37
8  OsNAC47
9  OsNACS1
10 OsNACS52
11  OsNAC59
12 OsNAC69
13 OsNAC76
14  OsNAC80
15 OsNACS86

LOC_0Os01g15640

LOC_0Os01g66120

LOC_0Os01g70110

LOC_0s02g57650

LOC_0s03g12120

LOC_0s03g21030

LOC_0s03g60080

LOC_0Os05g10620

LOC_0s05g34830

LOC_0s05g35170

LOC_0s06g15690

LOC_0s07g12340

LOC_0Os07g48550

LOC_0s08g06140

LOC_0s08g42400

Transcription regulator activity;
DNA binding

Transcription regulator activity;
DNA binding

Transcription regulator activity;
DNA binding

Transcription regulator activity;
DNA binding

Transcription regulator activity;
DNA binding

Transcription regulator activity;
DNA binding

Transcription regulator activity;
DNA binding

Transcription regulator activity;
DNA binding

Transcription regulator activity;
DNA binding

Transcription regulator activity;
DNA binding

Transcription regulator activity;
DNA binding

Transcription regulator activity;
DNA binding

Transcription regulator activity;
DNA binding

Transcription regulator activity;
DNA binding

Transcription regulator activity;
DNA binding

Response to stress; signal transduction; biosynthetic process;
metabolic process; anatomical structure
development;anatomical structure formation involved in
morphogenesis; biogenesis

Response to stress; signal transduction; biosynthetic process;
metabolic process; anatomical structure development;
anatomical structure formation involved in morphogenesis;
biogenesis

Response to stress; biosynthetic process; metabolic process;
anatomical structure development; anatomical structure
formation involved in morphogenesis; biogenesis

Response to stress; signal transduction; biosynthetic process;
metabolic process; anatomical structure development;
anatomical structure formation involved in morphogenesis;
biogenesis

Response to stress; biosynthetic process; metabolic process;
anatomical structure development; biogenesis

Response to stress; signal transduction; biosynthetic process;
metabolic process; anatomical structure
development;anatomical structure formation involved in
morphogenesis; biogenesis

Response to stress; signal transduction; biosynthetic process;
metabolic process; anatomical structure development;
anatomical structure formation involved in morphogenesis;
biogenesis

Response to stress; biosynthetic process; metabolic process;
anatomical structure development; anatomical structure
formation involved in morphogenesis; biogenesis

Response to stress; signal transduction; biosynthetic process;
metabolic process; anatomical structure development;
anatomical structure formation involved in morphogenesis;
biogenesis

Response to stress; signal transduction; biosynthetic process;
metabolic process; anatomical structure development;
anatomical structure formation involved in morphogenesis;
biogenesis

Response to stress; biosynthetic process; metabolic process;
anatomical structure development; anatomical structure
formation involved in morphogenesis; biogenesis

Response to stress; signal transduction; biosynthetic process;
metabolic process; anatomical structure development;
anatomical structure formation involved in morphogenesis;
biogenesis

Response to stress; signal transduction; biosynthetic process;
metabolic process; anatomical structure development;
anatomical structure formation involved in morphogenesis;
biogenesis

Response to stress; signal transduction; biosynthetic process;
metabolic process; anatomical structure development;
anatomical structure formation involved in morphogenesis;
biogenesis

Response to stress; signal transduction; biosynthetic process;
metabolic process; anatomical structure development;
anatomical structure formation involved in morphogenesis;
biogenesis
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Table 2 (continued)

S.  Gene Name
no

Gene ID

Molecular function

Biological process

16 OsNACS87

17 OsNACI112

ZF-HD family

1 OsZHDI10
2 OsZHDI12
3 OsZHD14

AP2-EREBP family

1 OsEREBI

2 OsEREB9

3 OsEREBI10
4  OsEREBI1
5  OsEREB36
6  OsEREB39
7  OsEREB49
8  OsEREB75
9  OsEREBS87

10 OsEREB104
11 OsEREB132
12 OsEREB145
13 OsEREB147
WRKY family

1 OsWRKY4

2 OsWRKY20

3 OsWRKY25

LOC_0s08g44820

LOC_0Os11g08210

LOC_0s09g24820
LOC_Os11g03420

LOC_0Os12g03110

LOC_0s01g04020
LOC_0Os01g49830
LOC_0Os01g54890
LOC_0Os01g58420
LOC_0s02g51670
LOC_0s02g54160
LOC_0s03g08500
LOC_0s04g52090
LOC_0s05g29810
LOC_0s06g09390
LOC_0s08g31580
LOC_0s09g20350

LOC_0s09g26420

LOC_Os01g14440

LOC_0Os01g60640

LOC_0s02g08440

Transcription regulator activity;
DNA binding

Transcription regulator activity;
DNA binding

Transcription regulator activity;
DNA binding

Transcription regulator activity;
DNA binding

Transcription regulator activity;
DNA binding

Transcription regulator activity;
DNA binding

Transcription regulator activity;
DNA binding

Transcription regulator activity;
DNA binding

Transcription regulator activity;
DNA binding

Transcription regulator activity;
DNA binding

Transcription regulator activity;
DNA binding

Transcription regulator activity;
DNA binding

Transcription regulator activity;
DNA binding

Transcription regulator activity;
DNA binding

Transcription regulator activity;
DNA binding

Transcription regulator activity;
DNA binding

Transcription regulator activity;
DNA binding

Transcription regulator activity;
DNA binding

Transcription regulator activity;
ion binding; protein binding;
DNA binding

Transcription regulator activity;
ion binding; protein binding;
DNA binding

Transcription regulator activity;
ion binding; protein binding;
DNA binding

Response to stress; signal transduction; biosynthetic process;
metabolic process; anatomical structure development;
anatomical structure formation involved in morphogenesis;
biogenesis

Response to stress; signal transduction; biosynthetic process;
metabolic process; anatomical structure development;
anatomical structure formation involved in morphogenesis;
biogenesis

Biosynthetic process; metabolic process; embryo development;
anatomical structure development; Response to stress

Biosynthetic process; metabolic process; embryo development;
anatomical structure development; Response to stress

Biosynthetic process; metabolic process; embryo development;
anatomical structure development; Response to stress

Response to stress; signal transduction; biosynthetic process;
metabolic process; anatomical structure development

Response to stress; signal transduction; biosynthetic process;
metabolic process; anatomical structure development

Response to stress; signal transduction; biosynthetic process;
metabolic process; anatomical structure development

Response to stress; signal transduction; biosynthetic process;
metabolic process; anatomical structure development

Response to stress; signal transduction; biosynthetic process;
metabolic process; anatomical structure development

Response to stress; signal transduction; biosynthetic process;
metabolic process; anatomical structure development

Response to stress; signal transduction; biosynthetic process;
metabolic process; anatomical structure development

Response to stress; signal transduction; biosynthetic process;
metabolic process; anatomical structure development

Response to stress; signal transduction; biosynthetic process;
metabolic process; anatomical structure development

Response to stress; signal transduction; biosynthetic process;
metabolic process; anatomical structure development

Response to stress; signal transduction; biosynthetic process;
metabolic process; anatomical structure development

Response to stress; signal transduction; biosynthetic process;
metabolic process; anatomical structure development

Response to stress; signal transduction; biosynthetic process;
metabolic process; anatomical structure development

Biosynthetic process; metabolic process; signal transduction;
anatomical structure formation involved in morphogenesis;
anatomical structure development

Biosynthetic process; metabolic process; signal transduction;
anatomical structure formation involved in morphogenesis;
anatomical structure development

Biosynthetic process; metabolic process; signal transductions;
anatomical structure formation involved in morphogenesis;
anatomical structure development
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Table 2 (continued)

S.  Gene Name
no

Gene ID

Molecular function

Biological process

4  OsWRKY31

5  OsWRKY53

6  OsWRKY68

7  OsWRKY76

8  OsWRKY79

9  OsWRKY90

10 OsWRKY103

11 OsWRKY104

bHLH family

1 OsbHLH26
2 OsbHLH87
3 OsbHLH9%4

4 OsbHLHI105

5  OsbHLHI10

6  OsbHLHI116

7  OsbHLHI127

8  OsbHLHI129

LOC_0s03g20550

LOC_0s05g27730

LOC_0Os06g44010

LOC_0s08g09900

LOC_0s08g29660

LOC_0Os11g02480

LOC_0s12g32250

LOC_0s12g40570

LOC_0s02g02480

LOC_0s05g38140

LOC_0s06g09370

LOC_0Os07g35870

LOC_0s08g04390

LOC_0s08g38210

LOC_0s09g29930

LOC_0s09g32510

Transcription regulator activity;
ion binding; protein binding;
DNA binding

Transcription regulator activity;
ion binding; protein binding;
DNA binding

Transcription regulator activity;
ion binding; protein binding;
DNA binding

Transcription regulator activity;
ion binding; protein binding;
DNA binding

Transcription regulator activity;
ion binding; protein binding;
DNA binding

Transcription regulator activity;
ion binding protein binding;
DNA binding

Transcription regulator activity;
ion binding; protein binding;
DNA binding

Transcription regulator activity;
ion binding; protein binding;
DNA binding

Transcription regulator activity;
DNA binding

Transcription regulator activity;
DNA binding

Transcription regulator activity;
DNA binding; protein binding

Transcription regulator activity;
DNA binding; protein binding

Transcription regulator activity;
DNA binding

Transcription regulator activity;
DNA binding; protein binding

Transcription regulator activity;
DNA binding; protein binding

Transcription regulator activity;
DNA binding; protein binding

Biosynthetic process; metabolic process; signal transductions;
anatomical structure formation involved in morphogenesis;
anatomical structure development

Biosynthetic process; metabolic process; signal transductions;
anatomical structure formation involved in morphogenesis;
anatomical structure development

Biosynthetic process; metabolic process; signal transductions;
anatomical structure formation involved in morphogenesis;
anatomical structure development

Biosynthetic process; metabolic process; signal transductions;
anatomical structure formation involved in morphogenesis;
anatomical structure development

Biosynthetic process; metabolic process; signal transductions;
anatomical structure formation involved in morphogenesis;
anatomical structure development

Biosynthetic process; metabolic process; signal transduction;
anatomical structure formation involved in morphogenesis;
anatomical structure development

Biosynthetic process; metabolic process; signal transductions;
anatomical structure formation involved in morphogenesis;
anatomical structure development

Biosynthetic process; metabolic process; signal transductions;
anatomical structure formation involved in morphogenesis;
anatomical structure development

Biosynthetic process; metabolic process; response to stress

Biosynthetic process; metabolic process; response to stress; cell
morphogenesis; cell differentiation; anatomical structure
development

Biosynthetic process; metabolic process; response to stress; cell
differentiation; anatomical structure development; signal
transduction

Biosynthetic process; metabolic process; response to stress;
homeostatic process; cell morphogenesis; cell differentiation;
anatomical structure development; signal transduction

Biosynthetic process; metabolic process; response to stress

Biosynthetic process; metabolic process; response to stress; cell
differentiation; anatomical structure development; signal
transduction

Biosynthetic process; metabolic process; response to stress; cell
differentiation; anatomical structure development; signal
transduction

Biosynthetic process; metabolic process; cell differentiation;
anatomical structure development; signal transduction

Phylogenetic analysis of TFs

To study the phylogenetic organization of the 17 NAC,
11 WRKY and 8 bHLH

3 ZF-HD,

@ Springer

13 AP2-EREBP,

family, the imputed protein sequences were used to gen-
erate an unrooted phylogenetic tree (Fig. 5). The unrooted

tree divided the potentially expressed TF family genes into
5 major groups (groups I-V) based on the conserved NAC,
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a NAC - TF family ZF-HD TF family c AP2-EREBP TF family

B Response to stress

¥ Biosynthetic process .

 Signal transduction H Responseto stress
H Responseto stress

u Biosynthetic process

H Signal transduction

B Metabolic — 4 Embryo development 4 Biosynthetic process
i Biogenesis proces:
’ 4 H Anatomical structure H Metabolic s
5 “ Morphogenesis 20 Herslogment ‘ ' ii i ;

etabolic proces H Anatomical structure
- il e e * development
development
d WRKY TF family e bHLH TF family
- H Responseto stress H Responseto stress
 Signal transduction « ‘ ¥ Signal transduction
W Biosynthetic process & 4 Biosynthetic process
H Metabolic process
H Metabolic process
Q  Anatomical structure
// SN & Anatomical structure / development
developrent 4 Morphogenesis
¥ Morphogenesis
u Cell differentiation

Fig. 3 Classification of AbSR TF genes based on their biological process. GO biological process based categorization for a NAC, b ZF-HD,
c AP2-EREBP, d WRKY, and e bHLH family genes to AbS

NAC TF family ZF-HD TF family AP2-EREBP TF family
¥ Transcription
re; ractivity H Transcription ¥ Transcription
regulator activity regulator activity
5 g H DNA binding
¥ DNAbinding H DNA binding
d ‘WRKY TF family e bHLH TF family

H Transcription regulator activity
o lator activity
# DNA binding
4 Jon binding HDNAbinding
\‘\ ’ e RASE
u Protein binding

Fig. 4 Classification of TF genes according to their molecular function. GO molecular function based categorization for a NAC, b ZF-HD,
¢ AP2-EREBP, d WRKY, and e bHLH family genes to AbS

ZF-HD, AP2-EREBP, WRKY, bHLH domains and 3 ZF-HD), 5 to group—III (1 NAC; 4 AP2-EREBP), 4 to
homology of TF family gene sequences. Twenty proteins  group—IV (4 NAC); 15 to group—V (1 NAC; 6 AP2-
belongs to group—I (9 NAC; 1 AP2 -EREBP; 5 WRKY; 5 EREBP; 5 WRKY; 3 bHLH) (Fig. 5).

bHLH), 8 to group—II (2 NAC; 1 WRKY; 2 AP2-EREBP;
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Table 3 Protein properties of key TF genes

S. no Gene name Gene ID Amino acid M.Wt pl I Al GRAVY S/US
NAC family

1 OsNAC4 LOC_Os01g15640 489 54693.92 5.19 52.43 68.83 — 0.703 usS
2 OsNACI11 LOC_0Os01g66120 303 32906.68 8.95 55.68 71.55 — 0.366 UusS
3 OsNACI13 LOC_0Os01g70110 228 24504.68 9.17 72.58 61.71 — 0.510 us
4 OsNAC24 LOC_0s02g57650 632 69559.58 4.54 39.72 63.91 — 0.607 S
5 OsNAC29 LOC_0s03g12120 886 99173.84 5.23 52.59 76.84 — 0.621 us
6 OsNAC30 LOC_0s03g21030 358 39199.34 5.52 42.47 69.02 —0.348 us
7 OsNAC37 LOC_0s03g60080 316 35177.80 6.62 35.24 59.11 — 0.611 S
8 OsNAC47 LOC_0Os05g10620 357 39112.06 9.25 47.38 62.58 — 0.691 UusS
9 OsNACS51 LOC_0s05g34830 322 34595.21 8.54 54.70 65.59 — 0.439 usS
10 OsNAC52 LOC_0s05g35170 449 49739.57 4.85 42.93 69.04 — 0.445 us
11 OsNAC59 LOC_0Os06g15690 418 46875.30 5.12 42.15 71.12 — 0.702 UusS
12 OsNAC69 LOC_0s07g12340 276 30860.93 6.02 47.25 68.12 — 0.591 Us
13 OsNAC76 LOC_0s07g48550 301 34121.60 5.55 48.94 64.55 — 0539 usS
14 OsNAC80 LOC_0s08g06140 730 80654.77 4.66 55.79 65.26 — 0.747 usS
15 OsNACS86 LOC_0Os08g42400 232 24,691.18 9.76 75.51 68.97 — 0.281 UsS
16 OsNACS87 LOC_0Os08g44820 656 71,937.63 4.59 43.84 71.08 — 0459 UsS
17 OsNACI112 LOC_Os11g08210 329 35,522.79 5.47 47.20 60.03 —0.470 UsS
ZF-HD family

1 OsZHD10 LOC_0s09g24820 341 35,323.62 7.71 75.52 54.31 — 0.564 Us
2 OsZHD12 LOC_0Os11g03420 105 10,859.95 8.56 51.07 44.10 — 0571 usS
3 OsZHD14 LOC_0s12g03110 105 10,817.86 8.22 50.26 44.10 — 0.562 us
AP2-EREBP family

1 OsEREB1 LOC_0Os01g04020 338 36,528.59 4.75 58.83 61.66 — 0.526 UsS
2 OsEREB9 LOC_0Os01g49830 393 41,181.26 9.09 43.51 70.20 —0.290 UusS
3 OsEREB10 LOC_0Os01g54890 237 24,000.22 10.46 53.27 80.55 0.015 us
4 OsEREBI11 LOC_0s01g58420 235 24,270.46 9.55 48.91 64.98 —0.175 us
5 OsEREB36 LOC_0s02g51670 338 36,300.52 7.717 67.52 61.18 — 0.475 Us
6 OsEREB39 LOC_0s02g54160 365 40,141.53 4.89 48.42 60.49 — 0.659 us
7 OsEREB49 LOC_0s03g08500 329 35,304.76 4.56 45.25 62.61 — 0.496 us
8 OsEREB75 LOC_0s04g52090 222 22,798.00 9.62 56.09 81.08 — 0.003 UsS
9 OsEREB87 LOC_0s05g29810 198 20,772.19 7.07 60.56 61.06 —0.533 UsS
10 OsEREB104 LOC_0s06g09390 362 39,764.69 4.78 57.83 61.02 — 0.617 UsS
11 OsEREB132 LOC_0Os08g31580 280 29,524.91 7.03 51.93 62.57 — 0441 usS
12 OsEREB145 LOC_0s09g20350 291 30,752.19 6.22 58.76 65.43 —0.375 us
13 OsEREB147 LOC_0s09g26420 396 42,625.83 4.88 42.83 63.76 — 0.507 UsS
WRKY family

1 OsWRKY4 LOC_Os01g14440 583 60,502.43 8.87 55.13 59.69 — 0493 usS
2 OsWRKY20 LOC_0Os01g60640 280 29,553.03 5.58 58.95 68.18 —0.223 UsS
3 OsWRKY?25 LOC_0s02g08440 348 37,227.08 7.68 58.95 64.60 — 0.584 usS
4 OsWRKY31 LOC_0s03g20550 210 23,642.19 8.38 66.24 49.38 — 0.888 us
5 OsWRKY53 LOC_0s05g27730 487 50,980.26 8.05 54.14 55.01 — 0.648 us
6 OsWRKY68 LOC_0s06g44010 396 42,643.21 9.4 67.9 66.94 — 0.489 Us
7 OsWRKY76 LOC_0s08g09900 854 95,172.91 6.31 45.74 79.03 —0.321 us
8 OsWRKY79 LOC_0s08g29660 319 33,550.28 6.18 41.48 67.40 — 0.316 us
9 OsWRKY90 LOC_Os11g02480 224 25,187.68 8.54 52.33 42.72 — 0.891 usS
10 OsWRKY103 LOC_Os12g32250 540 57,760.18 6.90 54.84 57.72 - 0.710 UsS
11 OsWRKY 104 LOC_Os12g40570 365 38,551.71 9.73 57.09 61.78 —0.479 usS
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Table 3 (continued)

S. no Gene name Gene ID Amino acid M.Wt pl 1T Al GRAVY S/UsS
bHLH family

1 OsbHLH26 LOC_0s02g024380 236 25,592.97 5.15 41.38 76.53 — 0.565 us
2 OsbHLH87 LOC_0s05g38140 243 26,197.61 7.73 59.05 72.06 — 0511 UsS
3 OsbHLH9%4 LOC_0s06g09370 478 50,725.77 5.17 49.62 78.68 —0.339 Us
4 OsbHLH105 LOC_0s07g35870 256 27,873.70 5.88 65.33 61.13 — 0.655 usS
5 OsbHLH110 LOC_0s08g04390 253 27,226.84 5.75 60.22 61.38 — 0.609 us
6 OsbHLH116 LOC_0s08g38210 508 55,082.95 7.31 59.20 60.06 — 0.796 us
7 OsbHLH127 LOC_0s09g29930 504 54,188.80 6.84 53.57 62.22 — 0.671 us
8 OsbHLH129 LOC_0s09g32510 398 42,178.08 4.95 46.10 69.70 — 0.353 us

M.Wt: molecular weight; pl: isoelectric point; II: instability index; Al: aliphatic index; GRAVY: grand average hydropathicity; S/US: stable/

unstable

Subcellular localization of rice TFs

The 4 programes were classed into two based on their
resolution as high resolution and low-resolution predic-
tions. The prediction principles and the competences of the
four programs described in literature (Horton et al. 2007;
Garg and Raghava 2008; Pierleoni et al. 2006; Hua and Sun
2001). The prediction results for the key TF family genes
among the five different TF families and summarized in
Table 4. It revealed the localization of these key players
and their products in nucleus.

Discussion

NAC, ZF-HD, AP2-EREBP, WRKY, and bHLH type of
TF’s have been reported to play vital roles in regulating
various plant processes and physiological responses like
plant development, normal growth, response to environ-
mental stimuli and involved in plant defenses and so on
(Ledent and Vervoort 2001; Toledo-Ortiz et al. 2003; Ulker
and Somssich 2004; Zheng et al. 2009; Rushton et al. 2010;
Sharoni et al. 2011; Figueiredo et al. 2012; Chen et al.
2016). This class of TFs are one of the well-studied pro-
teins whose mode of action, cross regulation in signaling,
auto regulation and evolution have been reported (Singh
et al. 2002; Shimono et al. 2007; Puranik et al. 2012;
Bakshi and Oelmiiller 2014; Chen et al. 2016). These TFs
play a crucial role in conferring tolerance to various AbS’s
that includes cold, salinity, drought (Hu et al. 2006;
Nakashima et al. 2007; Hu et al. 2008; Zheng et al. 2009),
low temperature (Zheng et al. 2009) in NAC; cold, drought,
salinity, metal, submergence (Kreps et al. 2002;
Mukhopadhyay et al. 2004; Vij and Tyagi 2006; Kilian
et al. 2007; Figueiredo et al. 2012; Giri et al. 2013) in ZF-

HD; salinity, drought (Sharoni et al. 2010; Hsieh et al.
2013), low temperature (Sharoni et al. 2010), submergence,
flooding (Sharoni et al. 2010), osmotic stress (Hsieh et al.
2013) in AP2—EREBP; salinity, drought, heat (Li et al.
2009, 2011), cold (Zou et al. 2010), H>O, (Song et al.
2009),0zone oxidative stress, UV radiation (Jiang and
Deyholos 2009), sugar starvation (Song et al. 2010),
phosphate deprivation (Chen et al. 2009) in WRKY; cold,
drought (Shinozaki et al. 2003) in bHLH TF families.

Expression of NAC, ZF-HD, AP2-EREBP, WRKY,
bHLH TFs in response to diverse AbS decodes their
putative involvement in the regulation of signaling mech-
anisms associated with transcriptional reprogramming
during physiological stress. In silico identification of NAC,
ZF-HD, AP2-EREBP, WRKY, bHLH TFs has been ana-
lyzed in various crop plants and their expression profiling
in response to many AbS’s have been well studied. To the
best of our knowledge, so far no such study has been
reported in rice which is a panicoid C3 model crop with
potential tolerance to diverse AbS.

The current study, 144 NAC, 15 ZF-HD, 164 AP2-
EREBP, 103 WRKY, 135 bHLH from O. sativa TF family
members were identified (Yilmaz et al. 2009). According
to the heat map data, well expressed 17 NAC, 3 ZF-HD,
13 AP2-EREBP, 11 WRKY, 8 bHLH potential abiotic
stress responsive (AbSR) TF genes were retrieved and
subjected to ROAD. These AbSR TFs genes were chosen
for expression profiling under AbS. Publically available
microarray hybridization of ROAD expression values
showed tissue-specific expression patterns in the 27 tissues
of all the identified (17 NAC, 3 ZF-HD, 13 AP2-EREBP,
11 WRKY, 8 bHLH) potential AbSR TF genes. High level
expression of these TFs expressed genes from multiple
tissues and their expression during the individual AbS’s,
delineates their multiple roles in diverse biological process
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Fig. 5 Unrooted maximum likelihood tree constructed with NAC,
ZF-HD, AP2-EREBP, WRKY, and bHLH proteins of rice. Groups are
differentiated with different colors (color figure online)

and molecular crosstalks. This data could be further
exploited for selecting key genes showing distinct expres-
sion pattern for explaining their functional roles. It high-
lighted the genome-wide analysis of genes expressed in
different tissues. We outlined information on co-regulation
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among TF genes under abiotic stress conditions (Cao et al.
2012; Muthuramalingam et al. 2017). Identified each AbSR
TF genes involved in the molecular crosstalks of the plant
stress response was predicted. Further, this heatmap data
could pave the way for conducting over-expression studies
of key genes in different plant tissues in order to develop
the AbSR protein content in rice.

Phylogenetic analysis of the potentially expressed TFs
genes in rice showed the genes are present in the same
subclades/subgroups. In addition, a joined evolutionary tree
was constructed from expressed rice 17 NAC, 3 ZF-HD,
13 AP2-EREBP, 11 WRKY, 8 bHLH proteins involved in
diverse aspects of plant growth, development and involved
in multiple abiotic stress tolerance mechanisms. The potent
TF genes with the same functions revealed a tendency to
cluster into one subgroup, which provided an vital resource
to explore the functions of the TF genes. It implied that
these potent TF genes may be involved in the responses to
unique and combined AbS, and this hypothesis was also
supported using computational tissues specific expression
and gene ontology annotation.

These AbSR TFs encoding proteins have huge varia-
tions in length of amino acid, isoelectric point, molecular
weight, aliphatic index, instability index and GRAVY
values of these proteins. Additionally, subcellular local-
ization of these proteins at independent organelles can be
attributed to the presence of putative novel variants, which
are prerequisite for further validation.

Emerging advancement of ultra-high- throughput omics
tools and approaches, including molecular physiology and
computational strategies, the pivotal role of NAC, ZF-HD,
AP2-EREBP, WRKY, bHLH TFs in gene regulation and
signal transduction mechanisms has been studied well in all
major crops and tree species. Though, no such reports on
these TFs have been conducted in O. sativa, considered as
model systems for scrutinizing C3 photosynthesis and AbS
tolerance mechanisms. Considering the significance of this
crop and NAC, ZF-HD, AP2-EREBP, WRKY, bHLH TFs,
the current study used a wide range of computational
approaches to categorizing and characterize these TF gene
family members. The identified TF genes were used for
gene ontology annotation, gene structure prediction,
physicochemical properties and subcellular localization
prediction analysis. In toting, in silico expression profiling
of 17 NAC, 3 ZF-HD, 13 AP2-EREBP, 11 WRKY, 8§
bHLH genes were used to understand the different tissues
specific differential expression profiling. As a result
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I;fa'ﬁziﬁiﬁbg?g‘:;;dal TF S.no  Gene name Gene ID Bacello WolfPsort ~ ESL Pred  CELLO2GO
genes NAC family
1 OsNAC4 LOC_0Os01g15640 N Cyto N Cyto
2 OsNACI11 LOC_0Os01g66120 N N N Ct
3 OsNAC13 LOC_Os01g70110 N N Ct N
4 OsNAC24 LOC_0s02g57650 N Ct Ct N
5 OsNAC29 LOC_0s03g12120 N N N N
6 OsNAC30 LOC_0s03g21030 N N N N
7 OsNAC37 LOC_0s03g60080 N N N Cyto
8 OsNAC47 LOC_0s05g10620 N N N N
9 OsNAC51 LOC_0s05g34830 N N Ct N
10 OsNAC52 LOC_0s05g35170 N N N Cyto
11 OsNAC59 LOC_0Os06g15690 N N Mt Cyto
12 OsNAC69 LOC_0s07g12340 N N Ct Cyto
13 OsNAC76 LOC_0s07g48550 N Cyto N Cyto
14 OsNACS80 LOC_0Os08g06140 N N N N
15 OsNACS86 LOC_0s08g42400 N Ct Ct Ct
16 OsNACS87 LOC_0s08g44820 N Ct Ct N
17 OsNACI112 LOC_Os11g08210 N N N Ct
ZF-HD family
1 OsZHD10 LOC_0Os09g24820  Seceretory N N N
2 OsZHD12 LOC_Os11g03420 N Ct ct N
3 OsZHD14 LOC_Os12g03110 N Ct Ct N
AP2-EREBP family
1 OsEREB1 LOC_0Os01g04020 N Ct Ct Ct
2 OsEREB9 LOC_0Os01g49830 N N Ct Ct
3 OsEREBI10 LOC_0Os01g54890  Ct Ct Ct Ct
4 OsEREBI11 LOC_Os01g58420  Secretory Ct Ct Ct
5 OsEREB36 LOC_0s02g51670 N N Ct N
6 OsEREB39 LOC_0s02g54160 N N Ct Ct
7 OsEREB49 LOC_0s03g08500 N N Ct Cyto
8 OsEREB75 LOC_0s04g52090 Ct Cyto Ct PM
9 OsEREBS87 LOC_0s05g29810 N N Ct N
10 OsEREB104 LOC_0s06g09390 N N Ct N
11 OsEREB132 LOC_0s08g31580 N N Ct N
12 OsEREB145 LOC_0s09g20350 N N Cyto N
13 OsEREB 147 LOC_0s09g26420 N Ct Ct Ct
WRKY family
1 OsWRKY4 LOC_0Os01g14440 N N N N
2 OsWRKY20 LOC_0Os01g60640 N N Ct EC
3 OsWRKY25 LOC_0s02g08440 N N Ct N
4 OsWRKY31 LOC_0s03g20550 N N N N
5 OsWRKY53 LOC_0s05227730 N N N N
6 OsWRKY68 LOC_0s06g44010 N N N N
7 OsWRKY76 LOC_0s08g09900 N N N N
8 OsWRKY79 LOC_0s08g29660 N N Cyto EC
9 OsWRKY90 LOC_Os11g02480 N N N N
10 OsWRKY103 LOC_0Os12g32250 N N Ct N
11 OsWRKY104 LOC_0Os12g40570 N N N N
bHLH family
1 OsbHLH26 LOC_0s02g02480 N Cyto N Cyto
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Table 4 (continued)

S. no Gene name Gene ID Bacello WolfPsort ESL Pred CELLO2GO
2 OsbHLH87 LOC_0s05g38140 N N N N
3 OsbHLH9%4 LOC_0s06g09370 N N N N
4 OsbHLH105 LOC_0s07g35870 N N N N
5 OsbHLH110 LOC_0s08g04390 N N EC N
6 OsbHLH116 LOC_0s08g38210 N N EC N
7 OsbHLH127 LOC_0s09g29930 N N EC N
8 OsbHLH129 LOC_0s09g32510 Secretory N EC N

N: nucleus; Ct: chloroplast; Mt: mitochondria; EC: extracellular membrane, Cyto: cytoplasm; PM: plasma

membrane

proving an important indication of their controlling and
regulatory functions in AbS conditions.
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