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Abstract 

 

Abiotic stresses are one of the major challenges for crop growth and productivity, and climate change has the potential 

to further worsen the scenario. The identification and characterization of unique genes, and the understanding their molecular 

mechanisms, are critical for the development of abiotic-stress-resistant crops with improved yield. NAC is one of the largest 

families of transcription factors (TFs) unique to plants and is a key player in the defense against harsh environmental 

conditions. NAC TFs also play a crucial role in the physiological processes of plants, including the formation of secondary 

walls and roots, leaf senescence, phytohormone homeostasis, the formation of embryos, and flowers. The Poaceae family 

encompasses many primary sources of food, including rice, wheat, maize, and barley. Being a model plant several NAC TFs 

characterized from rice, however, a large number remain unidentified or functionally analyzed yet. Far fewer NAC TFs have 

been identified in other crops than in rice. The exploration and in-depth analyses on NAC TFs from crops will help to identify 

novel NAC members, which can be used to induce tolerance in crops. In this review, we have summarized the functionally 

analyzed NAC TFs specific to rice, wheat, maize, and barley. Through this review, we demonstrate that NAC TFs have a 

crucial role in abiotic stress tolerance mechanisms. We believe further investigation and in-depth studies on NAC TFs are 

necessary to engineer stress tolerance in crops and provide food security to a growing population. 
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Introduction 

 

Due to their immobile nature, plants are often 

exposed to various environmental stressors such as 

temperature, salinity, and drought, which can reduce their 

growth and productivity (Umezawa et al., 2006; 

Nakashima et al., 2012; Zhou et al., 2019; Shafiq et al., 

2019). To cope with these environmental stressors, plants 

have developed a complex network to perceive signals 

and respond appropriately (Smékalová et al., 2014). 

These responses occur through a series of complex 

signaling pathways through which plants utilize enzymes, 

hormones, transcription factors (TFs), and secondary 

messengers to activate various genes that confer stress 

tolerance (Smékalová et al., 2014). TFs are a key player 

in these signaling pathways. When plants are exposed to 

stressors, the stress-responsive TFs are induced, which 

bind with cis-elements to the promoter of the target stress-

related genes and modulate their expression to confer the 

stress tolerance (Whittaker et al., 2001; Cramer et al., 

2011; Nakashima et al., 2012; Puranik et al., 2012; 

Hernandez-Garcia and Finer, 2014; Singh and Laxmi, 

2015). Utilization of the TFs to modulate the expression 

of specific genes is a promising strategy to induce 

tolerance in plants (Yang et al., 2010). It has been 

reported that approximately 6–10% of genes in the plant 

genome encode TFs (Franco-Zorrilla et al., 2014). These 

include several families of stress-responsive TFs, 

including bZIP, AP2/EREBP, ZF, MYB, NAC, and 

WRKY, which have been well elucidated for their role in 

a wide range of environmental stress tolerance 

mechanisms (Abe et al., 1997; Ito et al., 2006; Nakashima 

et al., 2007; Amir Hossain et al., 2010; Puranik et al., 

2012; Wang et al., 2013, 2015; Jia et al., 2015). 

NAC is one of the largest families of stress-

responsive TFs that are specific to plants (Li et al., 

2016). NAC TFs exhibit an organ-specific expression, 

and the level of expression is greatly affected by 

environmental stimuli, which suggests that members of 

NAC family play an important role in environmental 

stress tolerance mechanisms (Puranik et al., 2012; Wang 

et al., 2013; Zhu et al., 2014; Jia et al., 2015; Wang et 

al., 2015), as well as the growth and development of 

plants (Souer et al., 1996; Xie et al., 2000; Zhong et al., 

2006, 2007; Yang et al., 2011). 

The expression of NAC genes primarily depends on 

their promoters, and at least one upstream promoter 

sequence of every NAC gene contains a cis-element (Lv et 

al., 2016). You et al., ( 2015) identified 101 BdNAC genes 

from Brachypodium distachyon and analyzed their 1 kb 

promoter sequence. The analysis determined that nearly 

every BdNAC gene contained one or more cis-element in 

the promoter region. Furthermore, they profiled the 

expression of BdNAC genes under different types of 

stressors and hormone treatments. Their results revealed 

that in response to stress, an average of 63% of genes 

differentially expressed under at least one treatment, and 

the rest of the genes differentially expressed under more 

than one treatment. Conversely, in response to a 

phytohormones treatment, an average 34% of genes 

differentially expressed under one phytohormone 

treatment, while the remainder of genes differentially 

expressed under more than one phytohormone treatment 

(You et al., 2015). These outcomes suggested that NAC 

genes were involved in complex phytohormones signaling 

pathways and played a vital role in abiotic stress tolerance. 

Several other reports illustrated the role of NAC TFs in 

different environmental stress tolerance mechanisms as 
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well (Addie Nina Olsen et al., 2005; Nuruzzaman et al., 

2012, 2013; Puranik et al., 2013; Oh, 2017). 

The identification and expression analysis of NAC 

genes is critical to understanding their networks and 

modulate their expression during the development of 

cultivars. Various climate models have predicted that 

continued changes in climate will lead to a more erratic 

and harsh growing environment for field crops, which 

are an important source of food. Thus, there is an urgent 

need to produce crops with enhanced tolerance to harsh 

environments. We review recent studies on functionally 

analyzed NAC TFs from crops in the Poaceae family, 

including rice, wheat, maize, and barley. As the NAC 

TFs are a primary regulator of molecular reprogramming 

and play a key role in abiotic stress tolerance 

mechanisms, further examination and in-depth studies 

on NAC TFs are essential. 
 

NAC TFs structure: As a superfamily of TFs, NAC 

exists in plants only and was named after identification of 

three proteins: no apical meristem (NAM) from Petunia, 

Arabidopsis transcription activation factor 1 and 2 

(ATAF1 and ATAF2), and cup-shaped cotyledon 2 

(CUC2) from Arabidopsis having similar DNA binding 

domain structure (Aida, 1997). NAM proteins are 

essential for the formation of the shoot apical meristem, 

ATAF1 and ATAF2 proteins activate the CaMV35S 

promoter in yeast, and CUC2 is responsible for the 

normal development of the carpel margin meristems and 

the initiation of shoot meristems (Souer et al., 1996; 

Kikuchi et al., 2000; Duval et al., 2002; Liu et al., 2014). 

The NAC proteins contain a conserved DNA binding 

domain at the N-terminal and a diverse activation domain 

at the C-terminal (Addie N. Olsen et al., 2005; Fang et al., 

2008; Puranik et al., 2012). The conserved DNA binding 

domain is roughly 150–160 amino acid residues that are 

further separated into five subdomains (A–E). The 

specific amino acids and inserted gaps make each 

subdomain distinguishable. The subdomains C and D are 

mainly composed of basic amino acids and responsible 

for nuclear localization signals, while D and E are 

positioned near the 60 amino acid region and are 

responsible for DNA-binding properties (Souer et al., 

1996; Kikuchi et al., 2000; Duval et al., 2002; Addie N. 

Olsen et al., 2005; Nuruzzaman et al., 2013; Cenci et al., 

2014). The C-terminal region is divergent in sequence and 

length, and it is responsible for the activation and 

repression of transcriptional activity (Ooka et al., 2003; 

He et al., 2005; Puranik et al., 2012; Ma et al., 2013; 

Cenci et al., 2014). The variable C-terminal is very large 

and displays protein binding properties (Kim et al., 2007). 

 

NAC TFs origin: The NAC proteins are not found in 

unicellular and multicellular algae and have only been 

reported in land plants (You et al., 2015). A limited 

number of NAC TFs have been found in mosses and 

lycophytes, but in angiosperms, NAC TFs are found in 

huge numbers (You et al., 2015). It can be postulated 

from this that NAC proteins may have originated when 

plants transitioned from water to land and that they are 

instrumental in environmental adaptation. A different 

number of NAC proteins exist among plant species. For 

example, 30 have been reported in lower plants, and up to 

453 in hexaploid wheat (Cenci et al., 2014; Borrill et al., 

2017). Genome-wide sequence analysis carried out in 

different plant species has reported 105 NAC members in 

Arabidopsis (Ooka et al., 2003), 151 in rice (Nuruzzaman 

et al., 2010), 163 in poplar (Hu et al., 2010), 152 in 

soybean (Le et al., 2011), 147 in foxtail millet (Puranik et 

al., 2013), 101 in tomato (Jin et al., 2014), 106 in pepper 

(Kim et al., 2014), 96 in cassava (Hu et al., 2015), 101 in 

stiff brome (You et al., 2015), 152 in tobacco (Rushton et 

al., 2008), and 167 in banana (Cenci et al., 2014). The 

existence of high numbers of NAC proteins in plants is an 

indication of their functional diversity. 

 

NAC TFs function and mechanism: NAC TFs have a 

complicated signal transduction network that plays a 

crucial role in stress tolerance mechanisms via ABA-

dependent and ABA-independent pathways. 

Overexpression of RD26/ANAC072, ATAF1/ANAC002, 

JUB1/ANAC042 ANAC096, ANAC2, and 

VNI2/ANAC083 greatly enhances resistance to abiotic 

stresses in Arabidopsis (He et al., 2005; Wu et al., 2009; 

Yang et al., 2011; Wu et al., 2012; Xu et al., 2013). Two 

TFs in caragana indica, CiNAC3 and CiNAC4, decreased 

ABA sensitivity and increased salt tolerance in transgenic 

Arabidopsis at the seed germination stage (Han et al., 

2015). EcNAC67 from finger millet (Eleusine coracana 

L.) greatly enhanced tolerance to salinity and drought in 

transgenic rice (Rahman et al., 2016). MusaNAC042 

improved drought and salt tolerance capacity, increased 

the chlorophyll content of leaves, and decreased the 

malondialdehyde (MAD) content in transgenic banana 

(Tak et al., 2016). Besides the abiotic stress tolerance, 

NAC TFs are also involved in plant growth and 

developmental processes such as secondary wall 

formation, leaf senescence, phytohormones homeostasis, 

root development, and the formation of the embryo and 

flower (Sablowski and Meyerowitz, 1998; Souer et al., 

1996; Xie et al., 2000; Umezawa et al., 2006; Zhong et 

al., 2006, 2007; Yang et al., 2011; Nakashima et al., 2012; 

Puranik et al., 2012; Huang et al., 2015). 

 

Poaceae crops: Poaceae is one of the most important and 

the largest families of monocotyledonous plants. Poaceae 

crops are a vital source of food worldwide and include 

wheat, rice, barley, and maize. Nearly 55% of 

carbohydrates are provided by wheat (Gill et al., 2004), 

and more than half of the world’s population depends on 

rice as their primary food source (Cui et al., 2016). Barley 

is the fourth most cultivated cereal crop and is primarily 

used as a forage crop and in the brewing industry (Shen et 

al., 2016). Maize used as food, feed, and industrial 

purposes, and most recently, for the production of fuel 

(Ranum & Pe, 2014). 
 

Impact of abiotic stress on food crops of Poaceae 

family: Poaceae crops show distinct behavior under 

different kinds of abiotic stress. Rice and wheat are 

sensitive and less productive under water-deficient and 

saline soil conditions. Barley tends to have a natural 

resistance to drought and salinity, distinguishing it as the 

most resilient cereal crop in the Poaceae family. Due to 
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this, barley is often used as a model plant to study stress 

physiology in crops (Gürel et al., 2016; Shen et al., 2016). 

However, a number of barley genotypes developed by 

breeding approaches show greater sensitivity under 

abiotic stress due genetic variation (Ahmed et al., 2013). 

From 1980 to 2008, climatic changes have led to dramatic 

reductions in crop yields in the Poaceae family. Rice 

production reduced to a large extent in some developing 

countries including China. Globally, wheat and maize 

production have declined by 5.5% and 3.8%, respectively 

(Lobell et al., 2011). It can be concluded from the above 

studies that it is critical to study stress physiology in these 

economically important crops to develop applicable 

approaches for the development of resistant cultivars. 

 

NAC TFs in major crops of Poaceae family 
 

Rice NAC TFs: A genome-wide survey of NAC TFs has 

been performed in rice, and approximately 151 members 

of this family were identified (Nuruzzaman et al., 2010). 

The expression pattern analysis revealed that 46 non-

redundant OsNAC genes were up- or down-regulated 

under one or more abiotic stressors (Nuruzzaman et al., 

2010). More NAC family genes from model plants, such 

as rice, have been characterized and functionally analyzed 

than in other crops within the Poaceae family (Table 1). A 

large number of NAC members remain to be 

characterized and functionally analyzed. In rice, NAC TFs 

have been reported in a number of abiotic stress tolerance 

mechanisms. The expression of SNAC1 was induced 

under salt, drought, ABA, and cold treatment in rice. 

During drought stress, SNAC1 was induced 

predominantly in guard cells, and the overexpressed 

transgenic rice genotypes had a 2234% improvement in 

drought tolerance at the reproductive stage. At the 

vegetative stage, the transgenic plants displayed tolerance 

to both drought and salt stress. The transgenic rice lines 

also exhibited greater sensitivity to ABA and lost water 

content more slowly compared to the wild type (WT). 

Moreover, the expression of some marker genes was 

upregulated in the overexpressed lines as compared with 

the WT (Hu et al., 2006). The overexpression of SNAC1 

in transgenic wheat increased ABA sensitivity and 

significantly enhanced tolerance to salinity and drought 

stress for multiple generations. The transgenic plants had 

a higher chlorophyll and water content in their leaves and 

a greater fresh and dry weight of both roots and shoots 

compared with the WT. Furthermore, the expression of 

three stress-related marker genes (sucrose phosphate 

synthase, 1-phosphatidylinositol-3-phosphate 5-kinase, 

and regulatory components of the ABA receptor) was 

upregulated, while the expression of one gene (type 2C 

protein phosphatases) was suppressed (Saad et al., 2013). 

In cotton, the overexpression of SNAC1 improved 

drought and salt tolerance by enhancing root development 

and reducing the transpiration rate (Liu et al., 2014). An 

et al., (2015) performed the functional analysis of SNAC1 

in ramie, and their findings suggested that overexpression 

of SNAC1 greatly enhanced salt and drought tolerance at 

the seedling, fiber maturation, and rapid growth stages. 

Recently, Parvin et al., (2015) reported that SNAC1 

significantly increased drought and salt tolerance in 

transgenic rice. Ghosh et al., ( 2016) findings suggested 

that OsNAC1 was involved in low temperature tolerance. 

Hu et al., (2008) investigated the role of SNAC2 in 

rice, and their results revealed that SNAC2 is a chief 

regulator in the defense to multiple abiotic stresses. 

Overexpressed plants remained vigorous (50%) in severe 

cold (4–8C), while all the WT plants died. Additionally, 

the transgenic plants exhibited higher membrane stability 

under cold stress. During salt stress, overexpressed rice 

plants exhibited a higher germination and growth rate, 

moreover, enhanced tolerance to polyethylene glycol 

(PEG), and reduced sensitivity to ABA. Similarly, Shen et 

al., ( 2017) stated that OsNAC2 was strongly induced by 

ABA, salt, and drought stress, and rice lines 

overexpressing the gene had a significant tolerance to salt 

stress at the vegetative and flowering stage compared to 

WT. It has also been observed that under salt stress, 

OsNAC2 predominantly expressed in leaves, while during 

drought stress, the highest expression levels were 

recorded in roots. Additionally, the overexpressed lines 

did not show any significant increase in yield compared 

with WT. Conversely, RNAi lines showed higher drought 

and salinity resistance, and plants maintained high yield 

under drought conditions. Gene expression analysis found 

that OsNAC2 overexpression down-regulated ABA-

dependent stress-related marker genes. These findings 

suggest that OsNAC2 acts as an inhibitor to the drought 

and salinity response pathways. When the OsNAC2 target 

genes were further explored using ChIP and yeast-one-

hybrid analyses, data suggested that OsNAC2 has a new 

function and regulation mechanism in abiotic stress 

responses and directly regulated OsLEA3 (LATE 

EMBRYOGENESIS ABUNDANT 3) and OsSAPK1 

(Stress-Activated Protein Kinases 1). Therefore, OsNAC2 

may act as a connection point in the ABA-dependent 

pathway and abiotic stress response. 

The expression of OsNAC5 induced under high 

salinity, drought, cold, methyl jasmonic acid, and ABA 

in overexpressed lines resulted in enhanced tolerance to 

salt stress. OsNAC5 improved tolerance to abiotic 

stresses by inducing expression of various stress-

responsive genes such as OsLEA. Moreover, OsNAC5 

appears to interact with OsNAC6 and SNAC1 and shows 

the functional homology with OsNAC6, except for 

growth retardation (Takasaki et al., 2010). Song et al., 

(2011) further evaluated the physiological mechanism of 

OsNAC5 to confer drought and salt stress tolerance. The 

authors generated overexpressed and suppressed 

OsNAC5 lines and determined that OsNAC5 confers 

tolerance against drought and salinity by regulating Na+ 

accumulation, antioxidant system, and synthesis of 

soluble sugars and Proline. 

Recently, Lee et al., ( 2017) examined the molecular 

mechanisms of OsNAC6 and stated that overexpressed 

rice lines had improved drought tolerance by mediated 

root structure adaptation, including root number and root 

diameter. Meanwhile, OsNAC6 mutants exhibited 

drought susceptibility. Their examination unveiled that 

OsNAC6 can be utilized for the development of highly 

productive crops, and it allows crops to flourish in 

water-stressed conditions. 
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Table 1. Functionally analyzed NAC TFs from rice. 

Transcription factor Induction Function Reference 

SNAC1 Drought, salt, cold, and  ABA  Salt,  

Drought,  

Stress tolerance  

(Hu et al., 2006) 

(Saad et al., 2013) 

(Liu et al., 2014). 

(An et al., 2015) 

(Parvin et al., 2015) 

OsNAC1 Low-temperature Low-temperature Stress tolerance   (Ghosh et al., 2016) 

SNAC2 drought, salinity, cold, wounding and ABA  Cod, PEG, Salt, stress tolerance   (Hu et al., 2008) 

OsNAC2 ABA, salt, and drought stress Salt and drought stress tolerance   (Shen et al., 2017) 

OsNAC5 drought, salt, cold, MeJA and ABA Drought, salt and cold stress tolerance 

and enhance yield 

(Takasaki et al., 2010) 

(Song et al., 2011) 

OsNAC6 Drought, salt, cold, ABA, JA and wounding drought and salt stress tolerance  and 

enhance yield 

(Lee et al., 2017) 

OsNAC9 Drought drought stress tolerance  and enhance 

yield 

(Redillas et al., 2012) 

OsNAC10 Drought, salt, cold, ABA Drought, salt and cold stress tolerance  

and enhance yield 

(Jeong et al., 2010) 

OsNAC22 Drought, salt, ABA Drought and salt stress tolerance   (Hong et al., 2016) 

OsNAC95 Drought and cold Drought and cold stress tolerance   (Huang et al., 2016) 

 
Table 2. Functionally analyzed NAC TFs from wheat, maize, and barley. 

Transcription factor Induction Function Reference 

TaNAC2 Drought, salt, cold and ABA Drought, salt, and freezing stress tolerance (Mao et al., 2012) 

TaNAC2a Drought and salt  Drought Stress tolerance (Tang et al., 2012) 

TaNAC2L Heat Heat stress tolerance (Guo et al., 2015) 

TaNAC29 salt, H2O2, PEG and ABA Drought and salt Stress tolerance (Huang et al., 2015) 

(Xu et al., 2015) 

TaNAC47 salt, cold, PEG and ABA Drought, salt, and freezing stress tolerance (Zhang et al., 2016) 

TaNAC67 Drought, salt, cold and ABA Drought, salt, and freezing stress tolerance (Mao et al., 2014) 

TaNAC69 Drought Drought Stress tolerance   (Xue et al., 2011) 

ZmSNAC1 drought, cold, high salinity, and ABA Drought tolerance (Lu et al., 2012) 

ZmSNAC55 drought, cold, high salinity, and ABA Drought tolerance (Mao et al., 2016) 

ZmSNAC111 Drought Drought tolerance (Mao et al., 2015) 

HvNAC1 Drought Drought Stress tolerance   (Al Abdallat et al., 2014) 

 
The overexpressed lines of OsNAC9 and OsNAC10 

under the control of a root-specific promoter displayed 
thicker roots and a higher grain yield during drought 
conditions compared with control plants. Microarray 
analysis suggested that OsNAC9 modified the expression 
of the downstream genes, including NCED and calcium-
transporting ATPase, while OsNAC10 modulated the 
expression of various downstream genes, including P450, 
Zn-finger, HAK5, 2OG-Fe (II), NCED, NAC, and KUP3 
(Jeong et al., 2010; Redillas et al., 2012). These findings 
suggest that OsNAC9 and OsNAC10 play a vital role in 
the defense of multiple abiotic stresses. 

OsNAC022 is a stress-related NAC TF, and the 
transcription level of OsNAC022 has been induced under 
high salinity, drought, and ABA treatments. The 
overexpression of OsNAC022 mediates drought and salt 
resistance in transgenic rice through the ABA-dependent 
pathway (Hong et al., 2016). OsNAC095 plays a dual role 
in cold and drought stress, as it acts as the positive 
regulator of cold stress responses and the negative 
regulator in drought responses in transgenic rice (Huang 
et al., 2016). These findings highlight that rice NAC TFs 
play a key role in the defense against a broad range of 
abiotic stress. The characterization of members of NAC 
TFs in rice provides a theoretical basis for understanding 
the mechanisms underlying stress tolerance and the 
development of resistant varieties using biotechnological 
approaches. 

Wheat NAC TFs: Recently, genome-wide analysis of the 
NAC TFs was performed in the polyploid wheat genome 
(Borrill et al., 2017). A total of 453 NAC TFs were 
identified, as compared with rice studies on 
characterization and functional analysis of NAC TFs from 
wheat are scarce (Table 2). The overexpression of 
TaNAC2a enhanced drought tolerance in transgenic 
tobacco while enhancing the fresh and dry weight of 
plants (Tang et al., 2012). The overexpression of 
TaNAC2L in Arabidopsis improved tolerance to heat 
stress (Guo et al., 2015). TaNAC69 conferred drought 
tolerance in transgenic wheat lines by upregulating the 
expression of stress-related genes (Xue et al., 2011). In 
Arabidopsis, the overexpression of TaNAC2, TaNAC47, 
TaNAC67, and TaNAC29 conferred drought tolerance. 
The overexpression of TaNAC2 induced the expression of 
ten stress-related marker genes (DREB1A, DREB2A, 
CBF1, CBF2, RD29A, RD29B, RD22, COR15, COR47, 
and Rab18) and four ABA synthesis/response genes 
(ABA1, ABI1, ABI2, and ABI5) (Mao et al., 2012). 
Similarly, overexpression of TaNAC47 induced the 
expression of six stress-related marker genes (RD29A, 
RD29B, COR47, RD20, GSTF6, and P5CS1) (Mao et al., 
2014). Additionally, the overexpression of TaNAC67 
induced the expression of five stress-related marker genes 
(DERB1A, RD29B, RD29A, RAB18, and ABI5) (Zhang et 
al., 2016). In contrast, the overexpression of TaNAC29 
significantly reduced the expression level of some key 
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ABA signaling regulators and senescence-associated 
genes (RD29B, SAG13, SAG113, AIB1, ERD11, and 
ABI5) (Huang et al., 2015). Interestingly, in another study, 
TaNAC29 conferred salt tolerance by enhancing the 
expression of some stress-related marker genes (RD29A, 
RD29B, and KINI) (Xu et al., 2015). These findings 
demonstrate that wheat NAC TFs are involved in a broad 
range of abiotic stresses and may confer tolerance by 
activating or repressing downstream genes. 

 
Maize NAC TFs: A genome-wide survey of NAC TFs 
was performed in maize (Zea mays L.), and a total 148 non-
redundant NAC genes (ZmNAC1–ZmNAC148) were 
identified (Peng et al., 2015). Based on the phylogenetic 
relationship identified, genes were subdivided into 12 
groups (a–l). Microarray examination found that most of 
the maize NAC genes were expressed during different 
developmental stages. Evolutionary relationships and 
sequence comparative analysis revealed that 19 ZmNAC 
genes shared homology with published stress-related 
marker genes. Furthermore, under a drought stress 
treatment, 14 of the 19 genes showed an enhanced 
expression level (ZmNAC16, ZmNAC28, ZmNAC39, 
ZmNAC42, ZmNAC44, ZmNAC68, ZmNAC69, ZmNAC70, 
ZmNAC71, ZmNAC81, ZmNAC96, ZmNAC102, 
ZmNAC126, and ZmNAC137) (Peng et al., 2015). These 

findings suggested that these particular genes may play a 
vital role in stress regulation mechanisms. Studies on the 
functional analysis of maize NAC TFs are limited (Table 
2). ZmSNAC1 is strongly upregulated under high salinity, 
drought, cold, and ABA treatments but down-regulated by 
salicylic acid treatment. The overexpression of ZmSNAC1 
in Arabidopsis enhanced ABA sensitivity and conferred 
drought stress tolerance (Lu et al., 2012). Increasing the 
expression of ZmNAC111 in transgenic Arabidopsis 
improved tolerance to drought stress at the seedling stage 
and water use efficiency by upregulating drought-
responsive genes under water-stressed conditions (Mao et 
al., 2015). Another maize NAC gene, ZmNAC55, was also 
induced under high salinity, drought, cold, and ABA 
treatment. The overexpression of ZmNAC55 in Arabidopsis 
resulted in increased sensitivity to ABA at the germination 
stage and enhanced tolerance to drought stress compared to 
WT. Moreover, transcriptome analysis revealed that 
numerous stress-related genes were differentially 
expressed, including 12 drought responsive marker genes 
(DREB2A, RD29A, RD29B, LEA14, RD26, RD17, PP2CA, 
ZAT10, RAB18, ANAC019, NCED3, and RD20) (Mao et 
al., 2016). These findings suggest that maize NAC TFs 
have a positive regulatory role in abiotic stress tolerance 
mechanisms, and they have potential applications for the 
development of stress-tolerant crops. 

 

 
 

Fig. 1. Phylogenetic analysis performed between the Arabidopsis, rice, wheat, maize and Barley. The full-length amino acid 

sequences, 133 from Arabidopsis, 150 from rice (BGIOSGA), 204 from wheat (Traes), 168 from maize (GRMZM) and 150 from 

barley (MLOC) was used to construct phylogenetic tree by geneious software using default parameters. 
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Barley NAC TFs: The barley (Hordeum vulgare L.) 

genome has not yet been fully sequenced, but 

Christiansen et al., (2011) identified 48 NAC genes, 43 of 

which were full coding sequences. Phylogenetic analysis 

revealed that barley NAC genes include members from 

eight NAC subfamilies, including Arabidopsis and rice, 

although numerous HvNAC genes still need to be 

identified. They also reported that the expression profile 

and comparative analysis revealed that HvNAC genes 

may play a vital role in leaf senescence, root and seed 

development, secondary cell wall biosynthesis, and 

hormone-regulated stress responses. The stress-responsive 

NAC gene HvNAC1 was functionally analyzed by Al 

Abdallat et al., (2014) showed that HvNAC1 is induced by 

exposure to drought (Table 2). The overexpression of 

HvNAC1 in transgenic barley resulted in an improved 

resistance to drought stress at different growth stages 

compared with the WT plants. Additionally, the transgenic 

plant had an enhanced water status and greater 

photosynthetic activity, and water loss was reduced under 

drought stress. A higher grain yield was also harvested 

from transgenic plants. Collectively, these results indicate 

that HvNAC TFs also play a vital role in abiotic stress 

tolerance and can be utilized for the development of 

resistant cultivars. 

 

Conclusion 

 

The development of stress-resistant crops is essential 

to ensuring food security. As global food demand is 

increasing each day in the face of a growing population 

and climate change, it is essential to identify and 

characterize members of the NAC family in crops. Doing 

so will assist in the engineering of cultivars that are more 

tolerant of stressful environments. To date, a very limited 

number of NAC TFs have been characterized and 

functionally analyzed in crops (Fig. 1). Given that the 

NAC TFs are the primary regulators of growth, 

development, and stress response in plants, further studies 

on NAC TFs are necessary. 
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