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Abstract
Key message SbNAC genes (131) encoding 183 proteins were identified from the sorghum genome and characterized. 
The expression patterns of SbSNACs were evaluated at three sampling time points under post-flowering drought stress.
Abstract NAC proteins are specific transcription factors in plants, playing vital roles in development and response to vari-
ous environmental stresses. Despite the fact that Sorghum bicolor is well-known for its drought-tolerance, it suffers from 
grain yield loss due to pre and post-flowering drought stress. In the present study, 131 SbNAC genes encoding 183 proteins 
were identified from the sorghum genome. The phylogenetic trees were constructed based on the NAC domains of sorghum, 
and also based on sorghum with Arabidopsis and 8 known NAC domains of other plants, which classified the family into 
15 and 19 subfamilies, respectively. Based on the obtained results, 13 SbNAC proteins joined the SNAC subfamily, and 
these proteins are expected to be involved in response to abiotic stresses. Promoter analysis revealed that all SbNAC genes 
comprise different stress-associated cis-elements in their promoters. UTRs analysis indicated that 101 SbNAC transcripts 
had upstream open reading frames, while 39 of the transcripts had internal ribosome entry sites in their 5′UTR. Moreover, 
298 miRNA target sites were predicted to exist in the UTRs of SbNAC transcripts. The expression patterns of SbSNACs 
were evaluated in three genotypes at three sampling time points under post-flowering drought stress. Based on the results, 
it could be suggested that some gene members are involved in response to drought stress at the post-flowering stage since 
they act as positive or negative transcriptional regulators. Following further functional analyses, some of these genes might 
be perceived to be promising candidates for breeding programs to enhance drought tolerance in crops.
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Introduction

Sorghum [Sorghum bicolor (L.) Moench] is the fifth most 
important grain crop world-wide (FAO 2015), and it is used 
for food, animal feed, fiber and biofuel (Rooney et al. 2007). 
Sorghum belongs to the tribe Andropogoneae of the Poaceae 
family, and is grown in the arid and semi-arid regions of 
South Africa, Australia, India and America. It is charac-
terized by C4 photosynthesis, high biomass productivity, 
adaptation to diverse environments and native to tropical and 
subtropical climates. While it has a small (818Mbp) and dip-
loid genome (2n = 20) along with a rich germplasm diversity, 
the availability of its whole genome sequence and annual 
life cycle make sorghum an ideal model for the study of 
plant response to abiotic stress and plant genomics research 
among cereals and Andropogoneae species, respectively 
(Menz et al. 2004; Casa et al. 2005).
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Sorghum is more capable of adaptation to drought stress 
compared to other cereals, but it is affected by water limita-
tion at both pre- and post-flowering developmental stages 
(Ludlow and Muchow 1990; Tuinstra et al. 1997; Kebede 
et al. 2001; Sanchez et al. 2002; Mullet et al. 2002; Blum 
2004). Post-flowering drought stress can result in leaf pre-
maturation, plant senescence and a significant reduction in 
crop yield (Rosenow et al. 1997). Post-flowering drought 
tolerance in sorghum is associated with the ‘stay green’ 
phenotype, which allows plants to maintain their ability of 
photosynthesis in their leaves during the grain filling stage 
(Walulu et al. 1994; Xu et al. 2000; Subudhi et al. 2000).

NAC is one of the most important TF families involved in 
plant senescence and response to drought stress (Tran et al. 
2004; GUO et al. 2004; Wu et al. 2016). NAC is derived 
from three different proteins that were initially observed to 
contain highly-conserved DNA-binding domains, namely 
NAM (No Apical Meristem), ATAF1/2 and CUC2 (cup-
shaped cotyledon) (Souer et al. 1996; Aida et al. 1997). The 
NAC transcription factors, as a gene family, are one of the 
largest transcription factor families, which are plant-specific 
and exist in a wide range of species (Riechmann et al. 2000). 
There are 117, 151, 152, 163, 152 and 26 NAC genes in 
the Arabidopsis, rice, soybean, poplar, tobacco and citrus, 
respectively (Rushton et al.; Hu et al. 2010; Nuruzzaman 
et al. 2010; Le et al. 2011). The NAC protein has a con-
served domain which is comprised of nearly 160 amino acid 
residues in the N-terminal region, and it consists of five sub-
domains (A–E) and, also, a C-terminal variable domain that 
functions as a transcriptional activator or repressor (Ooka 
et al. 2003; Olsen et al. 2005; Kim et al. 2007).

NAC proteins have been involved in a wide range of 
plant developmental processes, such as leaf senescence 
(GUO et al. 2004), seed and embryo development (Duval 
et al. 2002; Sperotto et al. 2009), cell division (Kim et al. 
2006), shoot apical meristem formation (Kim et al. 2007), 
fiber development (Ko et al. 2007), floral morphogenesis 
(Sablowski and Meyerowitz 1998), lateral root develop-
ment and auxin signaling (Xie et al. 2000; He et al. 2005), 
grain nutrient remobilization (Uauy et al. 2006; Waters et al. 
2009; Ricachenevsky et al. 2013), shoot branching determi-
nation (Mao et al. 2007), plant response to biotic and abiotic 
stresses such as drought, salinity, cold shock, viral infection 
and wounding (Ren 2000; Collinge and Boller 2001; Fujita 
et al. 2004; Jensen et al. 2008).

Several NAC genes from Arabidopsis and other crops 
have been identified which are involved in the plant response 
to abiotic and biotic stress, namely SNACs (STRESS-
RESPONSIVE NAC). Meanwhile, some of the NAC genes 
are known to control leaf senescence (Guo and Gan 2006). 
Overexpression of the ATAF subfamily in Arabidopsis 
such as ANAC019 (AT1G52890), ANAC055 (AT3G15500) 
and ANAC072 (AT4G27410) genes significantly enhanced 

drought tolerance in transgenic plants, whereas ATAF1 
(AT1G01720) is reported as a gene that negatively regu-
lates the drought signal transduction pathways (Tran et al. 
2004; Lu et al. 2007). Transgenic rice (Oryza sativa) have 
been observed to overexpress OsNAC5 (Os11g08210) (Jeong 
et al. 2013), OsNAC6 (Os01g66120) (Nakashima et al. 2012; 
Rachmat et al. 2014), OsNAC10 (Os11g03300) (Jeong et al. 
2010), SNAC1 (Os03g60080) (Hu et al. 2006), and therefore 
they exhibit improved tolerance to drought. Furthermore, 
transgenic Arabidopsis overexpressing wheat TaNAC2 and 
TaNAC69 genes (Xue et al. 2011; Tang et al. 2012; Mao 
et al. 2012), maize ZmSNAC1 (Lu et al. 2012) and sorghum 
SbSNAC1 (Lu et al. 2013) displayed an enhanced level of 
drought tolerance at the seedling stage. AtNAP was found to 
be involved in cell expansion and senescence in Arabidopsis 
(Guo and Gan 2006). Also, NAM-B1 in wheat is known to 
accelerate senescence, while OsNAC5 in rice can control the 
remobilization of nutrients during grain maturation (Uauy 
et al. 2006; Ricachenevsky et al. 2013).

In the present study, 131 non-redundant NAC members 
from sorghum were identified and classified into 15 sub-
families according to the conserved domain sequences of 
NAC. Moreover, phylogenetic relationships of the NAC 
proteins in sorghum and Arabidopsis were comprehensively 
analyzed for functional predictions, while several putative 
SbNAC genes were identified and hypothesized to play roles 
in the plants response to stress and in the control of leaf 
senescence. The expression pattern of SNAC members in 
sorghum were investigated in flag leaves during the post-
flowering stage under drought stress in three genotype of 
sorghum contrasting in salt tolerance using quantitative real-
time RT-PCR (qPCR). Furthermore, assessment of chro-
mosomal locations, gene structures, domain and additional 
motifs, promoter and UTRs were performed. The results of 
this study can be beneficial for further functional charac-
terization of the candidate stress responsive NAC genes in 
sorghum.

Materials and methods

Identification of NAC TFs in sorghum

To identify NAC gene family members in sorghum (Sor-
ghum bicolor (L.) Moench), four different approaches were 
applied. First, Plant Transcription Factor Database (TFDB 
3.0) (http://plant tfdb.cbi.pku.edu.cn) (Jin et al. 2017) and 
GrassTFDB (http://grass ius.org/grass tfdb.php) (Yilmaz 
et al. 2009) were used to search for members of the NAC 
gene family. Next, hidden Markov model (HMM) profiles 
of NAM domain (PF02365) was obtained from Pfam data-
base (http://pfam.xfam.org/) (Finn et al. 2016) and used in 
order to search putative NAC domains against downloaded 

http://planttfdb.cbi.pku.edu.cn
http://grassius.org/grasstfdb.php
http://pfam.xfam.org/
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protein database of sorghum from ensemble (http://plant 
s.ensem bl.org/info/websi te/ftp/index .html) via HMMER 
under the Linux software. Then, S. bicolor genome (v3.1) 
at Phytozome v12 (http://www.phyto zome.net/) (Goodstein 
et al. 2012) and MOROKOSHI (http://sorgh um.riken .jp/
morok oshi/Home.html) (Makita et al. 2015) were searched 
by using the NAC Keyword. Finally, NAC protein sequence 
of Arabidopsis thaliana and Oryza sativa were downloaded 
from TFDB, and then their conserved NAC domain were 
used as a query for BlastP analysis in Phytozome database 
to identify homologous proteins. Redundant and incomplete 
sequences were removed manually and all protein sequences 
were checked for presence of the NAC domain through Pfam 
and SMART databases (http://smart .embl-heide lberg .de/) 
(Letunic et al. 2015).

Sequence alignment and phylogenetic analysis

The protein sequence of NAC domains were aligned using 
the ClustalX2 program (Larkin et al. 2007). The unrooted 
phylogenetic trees were constructed using the Neighbor-
Joining (NJ) method with the following parameters: p-dis-
tance model, pairwise deletion and 1000 bootstrap repli-
cates by MEGA7 software (http://www.megas oftwa re.net/) 
(Kumar et al. 2006).

Chromosomal location and gene structures 
of SbNAC gene family

The cDNA sequences of SbNACs were used as the queries 
for the instances of BLASTn search against the Sorghum 
bicolor genome (V3.1) at Phytozome database. Distribu-
tion of SbNAC genes were visualized using the MapChart 
software (version 2.3) (Voorrips 1994). Genomic and coding 
sequences of SbNAC members were obtained from Phyto-
zome and were loaded onto the Gene structure display server 
v2.0 (http://gsds.cbi.pku.edu.cn/) to obtain the intron splic-
ing sites (Hu et al. 2015).

Detection of conserved motifs

The conserved motifs in the SbNAC protein sequences 
were found using Multiple Expectation Maximization for 
Motif Elicitation (MEME) program version 4.11.4 (http://
meme-suite .org/tools /meme) with the following parameters: 
maximum number of motifs, minimum and maximum width 
values were set at 20, 6 and 50, respectively (Bailey et al. 
2009). All determined motifs by MEME were searched in 
InterPro database (http://www.ebi.ac.uk/inter pro/) (Finn 
et al. 2017). Also, the transmembrane motifs were distin-
guished by TMHMM Server v.2.0 (http://www.cbs.dtu.dk/
servi ces/TMHMM /).

Promoter analysis

5′-UTR regions and 1000 bp upstream of the cDNA from 
each target gene, which were considered as the promoter 
sequences, were downloaded from Phytozome. Then, Plant 
cis-acting regulatory element (Plant CARE) database 
(http://bioin forma tics.psb.ugent .be/webto ols/plant care/
html/) (Lescot et al. 2002) was used in order to discover 
all cis-acting regulatory DNA elements (cis-elements).

Untranslated regions (UTR) analysis and microRNA 
target sites prediction

UTR (5′-UTRs and 3′-UTRs) sequences were obtained 
from Phytozome v12 database (http://www.phyto zome.
net/). Then, upstream open reading frames (uORFs) and 
internal ribosome entry sites (IRES) in 5′-UTRs were 
found by UTRScan tool at UTRdb (Grillo et al. 2010). 
Furthermore, sRNA targets were predicted using Plant 
Small RNA Target Analysis Server (psRNATarget) (Dai 
and Zhao 2011).

Plant growth and drought treatments

The study was carried out in the Seed and Plant Improve-
ment Institute field, Karaj, Iran, as a split-plot on rand-
omized complete block design with three replications dur-
ing spring 2015.

The main plots consisted of two levels of irrigation 
(I1: irrigation after 60  mm evaporation from the sur-
face evaporation pan as normal irrigation and I2: water 
withholding after flowering as severe water stress). The 
subplots included three genotypes, i.e. Kimia (a drought-
tolerant native cultivar), Sepideh (a drought-susceptible 
native cultivar) and KGS23 (a drought-tolerant promising 
line) (Kharrazi and Rad 2002; MOSTAFA et al. 2011). 
The samples were collected quickly from the flag leaves 
(at least 7 random flag leaves were mixed as a biological 
replication) of both the well-watered and drought-stressed 
plants at 14, 21 and 28 days after flowering. Then, plant 
samples were frozen in liquid nitrogen rapidly and were 
stored at − 80 °C until RNA isolation.

Specific primers designing, RNA extraction and gene 
expression analysis

Thirteen specific primer pairs were designed to study the 
expression patterns of candidate SbNAC genes in sor-
ghum using Oligo software version 7.0 (Rychlik 2007). 
Moreover, a specific primer pair was specified for Ser-
ine/threonine-Protein Phosphatase 2A (PP2A) gene 

http://plants.ensembl.org/info/website/ftp/index.html
http://plants.ensembl.org/info/website/ftp/index.html
http://www.phytozome.net/
http://sorghum.riken.jp/morokoshi/Home.html
http://sorghum.riken.jp/morokoshi/Home.html
http://smart.embl-heidelberg.de/
http://www.megasoftware.net/
http://gsds.cbi.pku.edu.cn/
http://meme-suite.org/tools/meme
http://meme-suite.org/tools/meme
http://www.ebi.ac.uk/interpro/
http://www.cbs.dtu.dk/services/TMHMM/
http://www.cbs.dtu.dk/services/TMHMM/
http://bioinformatics.psb.ugent.be/webtools/plantcare/html/
http://bioinformatics.psb.ugent.be/webtools/plantcare/html/
http://www.phytozome.net/
http://www.phytozome.net/
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(XM_002453490) as the endogenous control according to 
the previous studies (Sudhakar Reddy et al. 2016) (Sup-
plementary Table 1).

Total RNA was extracted using the Trizol reagent (Inv-
itrogen, USA) according to the manufacturer’s instruction 
for each of the samples (2 treatments, 3 genotypes and 3 
time points). Qualification and quantification of total RNA 
was assessed using agarose gel electrophoresis and nan-
odrop spectrophotometer, respectively. After eliminating 
the genomic DNA contamination with DNAse I diges-
tion (Geneall, Korea), the first-strand cDNA was synthe-
sized by 1 µg of DNA-free total RNA from each sample 
as the template using iScript cDNA Synthesis kit (Bio-rad, 
USA), based on the manufacturer’s protocol. Quantitative 
real-time PCR was done in three independent biological 
replicates with the MiniOpticon system (Bio-rad, Cat No. 
CFB-3120) using the SYBR Green supermix kit (Quanta 
BioScience, USA) according to the instruction manual. The 
amplification profiles were carried out under the following 
conditions: 95 °C for 5 min followed by 40 cycles at 95 °C 
for 30 s, 57–61 °C (depending on each primer’s annealing 
temperature) for 30 s, 72 °C for 30 s followed by a melt-
ing curve analysis. Relative quantification was calculated 
by the  2−ΔΔCT method (Schmittgen and Livak 2008). The 
calibrator used for sorghum genotypes under drought stress 
were the sorghum genotypes under normal conditions. To 
analyze the relative expression, a temporal split-plot design 
was used and the mean values of treatments were calculated 
by the least significant difference tests. Also, the Pearson’s 
correlation analysis was used to evaluate the relationship 
between gene expression of candidate SbNAC genes at 28 
days after flowering and yield of these genotypes (Kimia, 
Sepideh and KGS23) under drought conditions using SAS 
(P = 0.05) (Afifi et al. 2003).

Results and discussion

Identification of NAC transcription factor gene 
family in sorghum

The SbNAC members in Sorghum bicolor were identified 
by keyword (178, 123, 195 and 120 NAC transcripts were 
discovered at MOROKOSHI, GRASS, TFDB and Ensem-
ble, respectively.), HMM profile (126 transcripts), and the 
BLAST searches against S. bicolor (v3.1) at Phytozome v12. 
It is noteworthy that 12 genes were found as “NAC” genes 
when searching the keyword on the Phytozome database, 
which were members of another NACs (stands for Nascent 
polypeptide-associated complex) and not the NAC we were 
looking for (i.e. NAM, ATAF1/2 and CUC2), or they had 
other domains such as the Kinesin motor and the NB-ARC 
domain. After removing the sequence redundancies and the 

none-NAC transcription factors, 183 protein sequences—
encoded by 131 NAC gene loci—were identified in Sor-
ghum bicolor. The NAC genes in S. bicolor are designated 
as SbNAC followed by the number 001-131 according to 
the chromosomal location and different transcripts encoded 
by the same locus showed with an extra decimal part (e.g., 
SbNAC008.1–SbNAC008.2). Then, 183 protein sequences 
containing the NAC domain were confirmed by SMART 
and Pfam, except two protein sequences (SbNAC027.2, 
SbNAC116.3). Sequences without any NAC domain were 
not used for further analysis. The Pfam database indicated 
one NAC domain, while the SMART database indicated two 
NAC domains for SbNAC086. The detailed information of 
SbNAC TFs in S. bicolor including locus ID, chromosome 
distribution, protein length, and position of NAC domain 
listed in Supplementary Table 2.

Phylogenetic tree reconstruction

The unrooted phylogenetic tree was constructed based on 
NAC domains in sorghum, which classified the NAC fam-
ily into 15 subfamilies (A–O) based on the tree topology 
(Fig. 1). Group F is the largest subfamily with 25 SbNACs, 
while group N is the smallest subgroup with only one mem-
ber in sorghum. To further study the evolutionary relation-
ships, prediction of protein function and abiotic stress-
responsive SbNAC genes, another unrooted phylogenetic tree 
was constructed from alignments of all NAC domains in 
sorghum and Arabidopsis, along with 8 known NAC domain 
sequences from other plants such as rice, wheat, maize and 
tobacco (Supplementary Fig. 1; Supplementary Table 3). 
Based on the phylogenetic tree of Arabidopsis and sorghum, 
all NACs can be divided into 19 clades (A–S); thirteen sub-
groups belong to both trees containing the same NAC mem-
bers. The results confirmed the existence of a diversified 
group of SbNAC family members in sorghum with various 
functions, such as what is reported for other plants (Fang 
et al. 2008; Nuruzzaman et al. 2010; Le et al. 2011). Interest-
ingly, among the groups identified by phylogenetic analysis, 
one group only included Arabidopsis NACs, suggesting that 
NACs from monocots and dicots are evolutionarily distinct.

Group A (NAM) consisted of 14 SbNACs and 13 
AtNACs. Studies of this gene group from Arabidopsis 
(CUC1/NAC054 and CUC2/NAC098) indicated that they 
may play a role in the development of apical meristems in 
the shoot (Aida et al. 1997).

Group B (NAC1) has 8 and 3 NAC members of sorghum 
and Arabidopsis, respectively. The reported NAC gene, 
NAC1 (ANAC21/ANAC22) from this subfamily can transmit 
auxin signals to promote lateral root development which act 
downstream of TIR1 (Xie et al. 2000). Therefore, this group 
in sorghum may be involved in auxin transportation.
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Group C (SND1/VND6) includes 13 members of each 
SbNACs and AtNACs which could be divided into two 
subgroups (SND1 and VND6). AtNSTs (ANAC066/NST2 
and ANAC043/NST1) and AtSNDs (NAC012) play a key 

role in secondary wall thickening in fibers that integrated 
into subgroup C-I (SND1). Other NAC transcription fac-
tors from this group are found to be related to vascular 

Fig. 1  Phylogenetic tree of NAC family in sorghum based on the NAC conserved domain sequences. The Unrooted Phylogenetic tree was con-
structed using Neighbor-Joining method by MEGA7 with 1000 Bootstrap replicates. SbNAC are divided into 15 groups (A–O)
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development in Arabidopsis and can be classified into sub-
group C-II (VND6) (Kubo et al. 2005).

Group D includes only two members in sorghum, which 
their functions have not been known as yet.

Group E (TIP: Turnip crinkle virus interacting protein) 
contains the highest member of AtNAC with 14 members 
and 7 SbNACs. A transcriptional activator, ANAC091 
(TIP: TCV-interacting protein) interact with the coat pro-
tein of turnip crinkle virus (TCV) to activate the transcrip-
tion of genes that are involved in the basal resistance in the 
plant (Kubo et al. 2005). ANAC062 (NTL6) is the positive 
regulator of pathogen resistance against P. syringae, and it 
directly binds to a conserved sequence in the promoters of 
cold-responsive pathogenesis-related genes in the independ-
ent action of the salicylic acid pathway (Seo et al. 2010). 
ANAC089 is a membrane-tethered transcription factor 
which is localized to the ER and the truncated version (lack-
ing the membrane-bound domain) negatively controls floral 
initiation, and it suppresses fructose sensitivity when present 
in the nucleus (Li et al. 2010, 2011).

Group F is the largest cluster of NAC with 25 in sorghum 
and 2 members in Arabidopsis. Group F does not include 
any known members of NAC in Arabidopsis.

Group G consists of 8 and 15 members of NAC in Arabi-
dopsis and sorghum, respectively. All members of Group 
G in the sorghum tree existed by a commonality of the tree 
in sorghum and Arabidopsis, except for SbNAC108 which 
joined to the group R. ANAC073/SND2 and ANAC010/
SND3 are grouped into this cluster. Therefore, it seems 
that these genes are involved in secondary wall thickening 
(Zhong et al. 2008).

Group H consists of 2 members of the SbNACs in the 
unrooted sorghum tree, but this group is in the unrooted tree 
of sorghum and Arabidopsis, consisting of three SbNACs. 
SbNAC070 from K group in the unrooted sorghum tree 
joined to the group H in the phylogenic tree of sorghum and 
Arabidopsis.

Group I contains 4 and 3 members of the NAC in sor-
ghum and Arabidopsis, respectively. However, no function 
has been identified for these members as yet.

Group J (TERN) includes 2 and 5 members in Arabi-
dopsis and sorghum, respectively. TERN (AB021178) is a 
member of tobacco which is also located in this group, and 
therefore this group is known as the TERN group (Benson 
et al. 1997).

Group K has 7 members in the sorghum unrooted tree, 
while the unrooted phylogenic tree between sorghum and 
Arabidopsis contains three SbNACs and an AtNAC for 
which no function has been identified.

Group L includes 11 and 8 member of NAC in sorghum 
and Arabidopsis, respectively. ANAC042, ANAC036 and 
LOV1 (ANAC034/35) are involved in the camalexin bio-
synthesis induction, leaf cell growth and flowering time 

regulation, respectively (Kato et al. 2010; Saga et al. 2012; 
Xu et al. 2012). ANAC009 (FEZ) controls the root cap cell 
division which is negatively regulated by ANAC033 (SOM-
BRERO) from group C (Willemsen et al. 2008).

Group M (SNAC: Stress- responsive NAC) contains 13 
SbNAC, 12 AtNAC and 6 published NAC domains from 
other plants, and it accounts for 10% of the total NACs in 
sorghum. The objective of this study was to identify the 
putative SbNAC genes that are involved in response to 
various abiotic stresses especially drought. Earlier reports 
of phylogenetic analyses of the NAC gene family in rice 
showed that most of the stress-responsive NACs classified 
into one group which was called the stress-responsive NAC 
group (SNAC) (Fang et al. 2008). In this study, group M 
includes all six well-known stress-related NACs based on 
the phylogenetic analysis in sorghum and Arabidopsis, and 
it was named the SNAC group in sorghum. Group SNAC 
with all the published stress-related NAC TFs was further 
divided into 3 subgroups: NAP, SNAC1 and ATAF. The 
NAP subfamily is involved in senescence, whereas SNAC1 
and ATAF subfamilies have functions in relation to abiotic 
stress, especially drought tolerance (Tran et al. 2004; Guo 
and Gan 2006; Hu et al. 2006).

Group N includes a member of sorghum and three mem-
brane-bound members of Arabidopsis.

Overexpression of ANAC016 caused higher levels of 
drought susceptibility and accelerate senescence, whereas 
overexpression of ANAC013 led to a reduction in the plants 
susceptibility to oxidative stress (Hofmann 2013; Sakuraba 
et al. 2015).

Group O (NAC2) consists of 8 and 4 NAC members in 
Arabidopsis and sorghum, respectively. The name of this 
group is attributed to NAC2 based on previous cluster 
analysis of the NAC family genes in Arabidopsis and rice 
(Ooka et al. 2003). The dimerization form of ANAC050 
and ANAC052 are involved in the transcriptional repression 
and the control of flowering time by interacting with the 
histone demethylase JMJ14 (Ning et al. 2015; Zhang et al. 
2015). NLT4 transcription factor (ANAC053) regulates the 
productions of reactive oxygen species (ROS). This regula-
tion occurs by a drought stress pathway mediated by ABA 
which induces leaf senescence under drought conditions 
(Lee et al. 2012). Two members of this family, ANAC082 
and ANAC078, play roles in the ribosomal stress response 
and flavonoid biosynthesis, respectively (Morishita et al. 
2009; Ohbayashi et al. 2017). Each member in this group 
seems to have a different function.

Group P consists of 9 AtNAC. Only two membrane-
bound transcription factors, ANAC005 and ANAC069/
NLT13, were characterized in this family. The overexpres-
sion of ANAC069 caused an increasing susceptibility to salt 
stress, whereas the knockdown of ANAC069 in Arabidopsis 
plants caused a decreasing susceptibility to osmotic stress. 
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Indeed, ANAC069 negatively regulates salt and osmotic 
stress tolerance by ROS accumulation and prohibition of 
proline biosynthesis (He et al. 2017). ANAC005 lacking 20 
amino acids in the C-terminal is localized in the nucleus, 
and regulates vascular development in Arabidopsis (Zhao 
et al. 2016). All members in group P only belong to the 
Arabidopsis, indicating that this subfamily may have been 
lost in sorghum. A similar phenomenon was reported in the 
phylogenetic analysis of rice and Arabidopsis NAC proteins 
(Ooka et al. 2003).

Group Q includes SbNAC107 from the group K in the 
sorghum tree; two members belong to the Arabidopsis and 
SENU5 belongs to the tomato. Expression of SENU5 gene 
was up-regulated during the senescence in tomato (John 
et al. 1997).

Group R contains only SbNAC108 from the group G of 
the sorghum tree, which joined this group. Group R also 
contains 3 members in the Arabidopsis.

Group S has two members in Arabidopsis and sorghum. 
Only one AtNAC (XND1/ANAC104) function has been 
studied in this group which is involved in lignocellulose 
synthesis (Zhao et al. 2008). AtNSTs, AtSNDs, and AtXND 
are master transcriptional switches for the developmental 
process of the cell wall in vascular plants (Zhong et al. 2006, 
2008). Therefore, all members of group C, G and S could 
be involved in regulating the development of the cell wall.

Chromosomal distribution and gene structures 
of the SbNAC members in sorghum

The SbNAC genes are distributed on all 10 chromosomes in 
sorghum (Fig. 2). Chromosome 3 had the highest number of 
SbNACs, having 20 of them (15%), followed by 19 SbNACs 
(14%) on chromosome 1, while chromosome 8 and 4 con-
tain 8 (7%) and 9 (6%) members of SbNACs, respectively. 
Different group members of the NAC family have been dis-
persed on different sorghum chromosomes. Major duplica-
tion and diversification within the NAC family seems to have 
occurred in their ancestors. The highest number of the gene 
in group M (SNAC) is located on chromosomes 3 (4 mem-
bers) and 2 (3 members), respectively.

It is clear that there are possible mechanisms for the evo-
lution of multigene families, and one prominent mechanism 
is gene structural diversity (Hu et al. 2010; Shang et al. 
2013). To determine intron numbers and the exon–intron 
structure of the SbNAC genes, they were analyzed accord-
ing to their cluster in the phylogenic analysis (Fig. 1). In 
general, most members of the SbNACs in the same group 
exhibit similar gene structures in terms of their intron num-
ber and intron phase. This shows their close evolutionary 
relationship in each subfamily. Also, gene structure analysis 
indicated that the number of introns were highly diverse, 
i.e. ranging from 0 to 14 numbers among SbNAC genes 

(Supplementary Fig. 2), which is similar to rice (ranging 
from 0 to 16) and Brachypodium distachyon (from 0 to 14) 
(Nuruzzaman et al. 2010; You et al. 2015). Furthermore, 
we discovered that the majority of NAC gene transcripts (85 
of 183) in sorghum contain two introns. This observation 
was also reported for rice, cotton and banana (Nuruzzaman 
et al. 2010; Shang et al. 2013; Cenci et al. 2014). Addition-
ally, most of the group F (16 members) contained no intron 
in their open reading frame (ORF), while group G had the 
maximum number of intron diversities among its members, 
i.e. from 2 to 14 introns. Also, the longest (SbNAC111) and 
shortest (SbNAC125) genomic sequence of the SbNACs 
was 13.87 kb and 510 bp from group G and F in sorghum, 
respectively.

Identification of additional conserved motifs 
and trans‑membrane domain in SbNACs

To better understand the structural diversity of NAC pro-
teins in sorghum, additional conserved motifs (20 putative 
motifs) were predicted using the MEME program. Generally, 
closely related members belong to the same clade in the 
phylogenetic tree, and they shared the same or very similar 
motif distributions (Fang et al. 2008). As expected, most 
of the SbNACs in the same groups contain similar motif 
compositions (Supplementary Fig. 3), whereby functional 
similarities are demonstrated. However, the functions of 
most motifs remain to be clarified when searching against 
the InterPro database (Supplementary Table 4). Previous 
studies illustrated that a typical NAC protein consists of five 
well-conserved subdomains (A-E) in the NAC domain which 
is located in the N-terminal (Kikuchi et al. 2000; Duval et al. 
2002; Ooka et al. 2003). The protein sequences which do not 
include all of these five subdomains are named NAC-like 
proteins in rice (Fang et al. 2008). In this study, motif 2 plus 
8, 4, 1, 6 plus 3 and 5 correspond to the subdomains A, B, 
C, D and E, respectively. These were found in most of the 
NAC family members of sorghum. Furthermore, one to four 
motifs existed in one member of either groups A, B, C, L, N, 
along with two members of the group K and all members of 
the groups F, H, I and J. Therefore, these members may be 
considered as NAC-like proteins in sorghum.

Similar to the previous studies in rice, potato and 
Brachypodium distachyon, most of the conserved motifs 
here were observed to be placed on the N-terminal region 
of SbNAC proteins and these motifs may play essential 
roles for the NAC protein functions (Fang et al. 2008; 
Singh et al. 2013; You et al. 2015). In addition, ten pro-
tein transcripts were encoded by seven loci and were pre-
dicted as membrane-bound transcription factors (MTFs) 
of the NAC family in sorghum, and this was performed 
by using TMHMMServer (Supplementary Fig. 4). All 
predicted trans-membrane SbNACs were located at the 
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C-terminal, whereas only the TM motif of SbNAC038 was 
situated at the N-terminal, as reported in Brachypodium 
distachyon (You et al. 2015). According to the Arabidopsis 
and sorghum phylogenetic tree (Supplementary Fig. 1), 

trans-membrane NAC members in sorghum belonged to 
the group E (SbNAC043, SbNAC096 and SbNAC121), 
G (SbNAC038), N (SbNAC028) and O (SbNAC095 and 
SbNAC100), respectively.
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Fig. 2  Distribution of 131 SbNAC genes on the sorghum chromosomes. Position of SbNAC genes on the sorghum chromosomes (positions in 
Mb)
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Promoter analysis

The promoter region is located mainly in 1000 base pairs 
(bp) upstream of the transcriptional start site (ATG), and 
it consists of cis-elements which determine the tempo-
ral and spatial expression of the gene (Dean and Schmidt 
1995; Ibraheem et al. 2010). Therefore, to find putative 
stress-responsive cis-elements in the promoter sequence 
of the SbNAC genes, the PlantCARE database was used 
in order to scan against 1 kb upstream of the cDNA in 
addition to the 5′ UTRs of NAC genes (available for 102 
members). According to the results, 8 types of stress-
related cis-elements were found, including MYB binding 
sites involved in drought-inducibility (MBS), dehydration-
responsive elements (DRE), low temperature-responsive 
elements (LTR), heat shock elements (HSE), defense and 
stress-responsive elements (TC-rich repeats), cis-acting 
regulatory element essential for the anaerobic induction 
(ARE) and enhancer-like elements involved in anoxic spe-
cific inducibility (GC-motif and CGT-motif). Furthermore, 
some elements possibly involved in hormonal responses, 
such as ABA, gibberellin, auxin, ethylene (Eth), methyl 
jasmonate (MeJA) and salicylic acid (SA), were detected 
in this study (Supplementary Table 5). Previous works 
suggested that NAC genes with more than 5 cis-elements 
related to the plants response to stress or hormones in the 
promoter region might be involved in hormonal and stress 
response pathways (You et al. 2015). In this study, 131 and 
118 SbNAC genes contained at least two and more than 
five cis-elements, respectively, in their promoter regions, 
which can contribute to the plants response to stress or 
hormones. In addition, 419 MeJA-responsive elements 
(CGTCA-motif and TGACG-motif), 226 ABA responsive 
elements (ABREs and motif IIb), 143 MBSs, 105 HSEs, 
115 enhancer-like elements involved in anoxic specific 
inducibility (GC-motif and CGT-motif), 111 AREs, 99 
gibberellin-responsive elements (TATC-box), 77 SA- 
responsive elements (TCA-element) and 58 defense and 
stress responsive elements (TC-rich repeats) were found 
in promoter regions of SbNAC genes, suggesting that NAC 
genes in sorghum play vital roles in the plants response to 
various factors such as MeJA, ABA, drought, heat shock, 
GA, SA, defense responses, anoxic processes and anaero-
bic processes. Furthermore, there were 10 and 25 of the 
SbNAC genes which contained over 5 copies of ABA and 
MeJA responsive elements in their promoter regions, 
respectively, suggesting that these SbNAC genes might be 
involved in the plants response to stress through signal 
pathway that can be either dependent or independent of 
ABA. Interestingly, the results revealed that more than five 
of both the ABA and MeJA responsive elements have been 
detected in the promoter of SbNAC035, SbNAC066 and 
SbNAC104 genes which belong to the group M (SNAC).

UTR analysis and microRNA target prediction

The untranslated regions (5′-UTRs and 3′-UTRs) are 
involved in the post-transcriptional regulation of gene 
expression, including modulation of the mRNAs nucleo-
cytoplasmic transport, control of translation efficiency, sub-
cellular localization of mRNAs and their stability (Jansen 
2001; Bashirullah et al. 2001). Therefore, UTR sequences 
of the SbNAC genes were searched against the UTRdb data-
base. No 3′-UTR and 5′-UTR had been reported for 29 and 
30 out of 183 transcripts of SbNAC members, respectively. In 
general, 5′-UTRs are much shorter than 3′-UTRs and the GC 
content of 5′-UTRs is greater than that of 3′-UTRs (Pesole 
et al. 2001). Likewise, the GC content of 5′-UTR (54.74%) 
was more than that of 3′-UTR (40.17%), and the average 
length of 5′-UTR (310.01 nt) was less than 3′-UTR (531.33 
nt) in the SbNAC family (Supplementary Tables 6, 7). The 
translational efficiency can be affected by the structural 
features of the 5′-UTR, including the length and start-site 
consensus sequences, the presence of a secondary structure, 
upstream AUGs, upstream open reading frames (uORFs) 
and internal ribosome entry sites (IRES) (Mignone et al. 
(2002); Gray and Wickens 1998). IRES is an element within 
the 5′-UTR that mediates the initiation of translation via 
cap-independent translation, while uORF within the 5′-UTR 
reduces the protein synthesis through ribosomal scanning 
block or through its delay (Martínez-Salas et  al. 2012; 
Ozretić et al. 2012). We could predict 101 uORFs from all 
SbNACs, while SbNAC111 showed the highest number (7) 
of uORFs. Furthermore, 39 members of the NAC transcripts 
include the IRES sequence (Supplementary Table 5).

In plants, small RNAs—mainly miRNAs—negatively 
regulate gene expression at the post-transcriptional level 
by binding to conserved sequences of target mRNA (Rein-
hart et al. 2002; Bartel 2004). The miRNAs target genes 
are involved in diverse physiological processes in sorghum, 
including growth and development, nutrient homeostasis 
and various environmental stress responses (Zhang et al. 
2011). Using the psRNA Target, 200 and 98 miRNA target 
sites were found in 3′-UTR and 5′-UTR sequences of the 
SbNAC gene family transcripts, respectively (Supplementary 
Tables 8, 9). The miRNAs were predicted to target SbNAC 
transcription factors, which were revealed to belong to 26 
distinct miRNA families.

Expression profiles of the SNAC group members 
in sorghum under drought stress

There is a growing amount of evidence which shows that 
NAC genes are involved in various stress responses, senes-
cence and different developmental processes in plants (Guo 
and Gan 2006; Le et al. 2011; Shiriga et al. 2014; Ha et al. 
2014). Also, many stress-related NAC genes are categorized 
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in SNAC groups according to the previous description (Fang 
et al. 2008). Accordingly, the SNAC group in sorghum was 
selected for gene expression analysis. ‘Kimia’ cultivar and 
‘KGS23’ promising line are both sorghum drought-tolerant 
genotypes, whereas the ‘Sepideh’ cultivar is susceptible 
genotype to drought stress (Yield data are available in Sup-
plementary Table 10). The gene expression patterns were 
evaluated in the flag leaves of these three aforementioned 
genotypes under drought stress at three time points (i.e. 14, 
21 and 28 days after flowering) through quantitative real-
time PCR. Analysis of variance revealed that the effects of 
genotypes and time points were significant on the relative 
gene expression in all SbSNACs (P ≤ 0.05 or P ≤ 0.01) under 
severe drought stress, except for SbNAC005 and SbNAC041, 
respectively. Furthermore, significant interactions were iden-
tified between the cultivars and the time points, affecting the 
relative gene expression of all genes, excluding SbNAC005 
and SbNAC035 (P ≤ 0.05 or P ≤ 0.01) (Supplementary 
Table 11).

As previously described, the SNAC group in sor-
ghum can be further classified into three clusters (NAP, 
ATAF and SNAC1) based on phylogenetic analysis (Sup-
plementary Fig.  1). The NAP subgroup contains seven 
SbNACs (SbNAC014, SbNAC034, SbNAC035, SbNAC037, 
SbNAC041, SbNAC066 and SbNAC104) which were clus-
tered with senescence-associated NACs, including AtNAP 
(AJ222713) (Guo and Gan 2006), OsNAP (Os03g0327800) 
(Chen et al. 2014) and NAM-B1 (DQ869673) (Uauy et al. 
2006). Based on the results of gene expression analysis, 
the relative expression of SbNAC066 in flag leaves was not 
detected at 14 days after flowering in all tree genotypes, 
whether susceptible or tolerant, while it was up-regulated 
significantly under water-deficit treatments at 21 and 28 days 
after flowering. The relative expression of SbNAC104 was 
significantly up-regulated in the susceptible cultivar, but the 
pattern of expression did not change in the tolerant cultivars 
at all three time points. Under drought stress, SbNAC066 
and SbNAC104 showed significantly higher expression lev-
els in flag leaves of the susceptible cultivar compared to 
the drought-tolerant cultivars. However, the gene expression 
pattern of these genes was not significantly different when 
comparing the two tolerant genotypes (Fig. 3a). The AtNAP 
plays a crucial role in leaf senescence in Arabidopsis, and 
the T-DNA insertion of this gene causes a significant delay 
in leaf senescence (GUO et al. 2004; Guo and Gan 2006). As 
SbNAC066 and SbNAC104 joined the AtNAP on the phylo-
genic tree in sorghum and Arabidopsis, and their expression 
patterns match under drought stress (Supplementary Fig. 1), 
it seems that these two genes play roles in drought-induced 
senescence in the post flowering stage of sorghum.

The relative gene expression of SbNAC014, SbNAC035 
and SbNAC041 had an increasing trend in all the genotypes 
during drought stress; however, their expression levels were 

different among the cultivars after 28 days of the flower-
ing onset. A significant up-regulation was observed for 
SbNAC014 in the tolerant cultivars, especially in ‘Kimia’, 
after long-term drought stress (Fig. 3b). The phylogenetic 
analysis showed that these three genes belong to the OsNAP 
cluster (Supplementary Fig. 1). The OsNAP in rice is the 
homologue of AtNAP, and genes expression of OsNAP were 
significantly induced by ABA and abiotic stress, e.g. high 
salinity, drought and low temperature (Chen et al. 2014). 
Overexpression of OsNAP in rice caused a significant 
decrease in the rate of water loss. It enhanced drought toler-
ance via an ABA-mediated pathway, and improved grain 
yields under drought stress at the flowering stage (Chen 
et al. 2014). Based on the expression pattern of SbNAC014, 
SbNAC035 and SbNAC041 genes, it seems that they act as 
transcriptional activators similar to OsNAP, and play roles in 
response to post-flowering drought stress in sorghum. It can 
be hypothesized that when the plants are exposed to drought 
stress at the post-flowering stage, these genes are up-regu-
lated to a greater extent in the tolerant cultivars, compared 
to the susceptible one. Thus, the rate of water loss could be 
reduced in the tolerant cultivars by controlling their stomatal 
closure which can ultimately delay leaf senescence.

The expression of SbNAC034 was exclusively up-regu-
lated in the tolerant cultivars in response to drought stress, 
while the expression of SbNAC037 was up-regulated in all 
three cultivars, especially in the ‘Kimia’ (tolerant cultivar) 
(Fig. 3c). Based on the phylogenic analysis, SbNAC034 
joined NAM-B1, and SbNAC037 which belonged to the 
NAP subgroup was orthologous of ANAC025 based on 
Blast x (Supplementary Fig. 1). As previously reported, the 
NAM-B1 gene expression is up-regulated after the anthesis 
in wheat flag leaves and acts as a positive regulator of senes-
cence and nutrient remobilization during grain maturation 
(Uauy et al. 2006; Ricachenevsky et al. 2013). There is a 
close relationship between wheat NAM-B1 and Arabidop-
sis NACs (ANAC025, ANAC018 and ANAC056), and all of 
them belong to the NAP subfamily (Podzimska-Sroka et al. 
2015). Taken together, these results suggest that SbNAC034 
and SbNAC037 might have a similar function in nutrient 
remobilization.

Under the drought stress treatment, SbNAC052 and 
SbNAC073 were significantly up-regulated only in the sus-
ceptible cultivar. An additive trend was observed in tran-
script levels of SbNAC073 and SbNAC116 in ‘Sepideh’ by 
elongating drought stress during the days after flowering. 
SbNAC116 were up-regulated in both susceptible and toler-
ant cultivars at the third time point. However, lower relative 
expression levels of SbNAC116 were detected in ‘Kimia’ 
and ‘KGS23’ (Fig. 3d). These three genes (SbNAC052, 
SbNAC073 and SbNAC116) belong to the ATAF sub-
group based on the phylogenetic analysis of sorghum and 
Arabidopsis NACs. The ATAF subfamily can be divided 
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into two clades, as formerly reported (Ooka et al. 2003). 
Among Arabidopsis NAC genes, ANAC019, ANAC055 and 
ANAC072 can be categorized into the same clade, and all 
of them appear to be positive regulators in drought stress 
(Tran et al. 2004). In contrast, ANAC002 (ATAF1) was clus-
tered in another clade with ANAC102, ANAC081 (ATAF2) 
and ANAC032, while ATAF1 is assumed to be a negative 

regulator in drought signaling pathways via modulating 
osmotic stress-responsive gene expression (Lu et al. 2007). 
According to the phylogenetic tree and the gene expres-
sion patterns of SbNAC052, SbNAC073 and SbNAC116, it 
is suggested that those genes might negatively regulate the 
expression of stress responsive genes under drought stress 
in sorghum (Supplementary Fig. 1).

a

b

c

d

e

Fig. 3  Relative expression profiles of 13 SbNAC genes (SNAC group) 
in three genotypes of sorghum under post- flowering drought stress. 
Transcript level of each gene in every genotype under water control 
conditions (control) was used as the calibrator of each time points 
and y-axis shows the fold change. Sorghum PP2A gene was cho-
sen as internal control for normalization. Each experiment was per-
formed three times independently, and error bars represent standard 
deviation. a Relative expression of AtNAP clade genes (SbNAC066 

and SbNAC104) in phylogenic tree, b relative expression of OsNAP 
clade genes (SbNAC014, SbNAC035 and SbNAC041) in phylogenic 
tree, c relative expression of NAM-B1 clade genes (SbNAC034 
and SbNAC037) in phylogenic tree, d relative expression of ATAF 
clade genes (SbNAC052, SbNAC073 and SbNAC116) in phylogenic 
tree, and e relative expression of SNAC1 clade genes (SbNAC005, 
SbNAC021 and SbNAC050) in phylogenic tree
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Based on the phylogenic tree, the SNAC1 subgroup con-
tains three NAC genes in sorghum (SbNAC005, SbNAC021 
and SbNAC052) and some known NAC genes including rice 
SNAC1 (Os03g60080), maize ZmSNAC1 (JQ217429.1), 
wheat TaNAC02  (AY625683.1) and TaNAC067 
(KF646593.1).

Overexpression of ZmSNAC1 (Lu et al. 2012), TaNAC02 
(Mao et al. 2012), TaNAC067 (Mao et al. 2014), SbSNAC1 
(named SbNAC005 in this report) (Lu et  al. 2013) and 
SbNAC052 (Kadier et al. 2017) (named SbNAC050 in this 
report) led to enhanced tolerance to drought at the seedling 
stage in Arabidopsis (Supplementary Fig. 1). Overexpres-
sion of SNAC1 caused the improvement of drought tolerance 
at the vegetative and reproductive stage in transgenic rice 
under severe drought stress treatments (Hu et al. 2006). The 
transcript levels of SbNAC005, SbNAC021 and SbNAC052 
were not changed notably, i.e. changes that were not more 
than twofold, in flag leaves of the tolerant cultivars of this 
study (Fig. 3e). This observation suggests that the latter 
genes might not be involved in the response to drought stress 
and the drought during the post-flowering stage that affects 
the studied sorghum cultivars. They may be expressed in 
other tissues or developmental stages, or might be regulated 
at post-transcriptional levels.

Pearson’s correlation coefficient was used to establish 
the relationship between gene expression of SNAC group in 
sorghum’s flag leaves and yield. The results indicated sig-
nificant negative correlation (at least r = − 0.73) between 
the yield and expression level of SbNAC104, SbNAC052, 
SbNAC116, SbNAC073, SbNAC005 and SbNAC066, whereas 
significant positive correlation (r = 0.71) were found between 
gene expression of SbNAC041 and yield under the drought 
stress. However, no significant correlations were observed 
between the expression level of other SNAC genes and yield 
(Supplementary Table 12).

Conclusion

A genome-wide analysis of the NAC TF gene family in 
sorghum enabled the identification of 131 members which 
can be classified into 19 subfamilies based on the unrooted 
phylogenic tree analysis of SbNACs and AtNACs. Group M 
(SNAC) was found to be the stress-responsive group, and it 
is assumed to contain 13 NAC members that may act as can-
didate TFs in response to abiotic stresses in sorghum. Fur-
thermore, the expression profiles in tolerant and susceptible 
cultivars by qRT-PCR showed that 5 members (SbNAC014, 
SbNAC034 SbNAC035, SbNAC037 and SbNAC041) and 3 
members (SbNAC052, SbNAC073 and SbNAC116) from the 
NAP and ATAF subgroups of the NAC genes may act as 
positive and negative regulators, respectively, in response 
to post-flowering drought stress in sorghum. In addition, 

the expression level of some SbNAC genes was significantly 
correlated with the sorghum cultivar’s yield under drought 
conditions in the field, indicating their likely roles in post-
flowering drought tolerance and yield maintenance. There-
fore, further researches are highly recommended to confirm 
promising candidates for genetic engineering or breeding 
programs to enhance drought tolerance in crops.
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