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NAC proteins are plant-specific transcription factors (TFs). Although they
play a pivotal role in regulating distinct biological processes, TFs in maize
are yet to be investigated comprehensively.Within themaize genome,we
identified 152 putative NAC domain-encoding genes (ZmNACs), including
eight membrane-bound members, by systematic sequence analysis and
physically mapped them onto ten chromosomes of maize. In silico
analysis of the ZmNACs and comparisonwith similar genes in other plants
such as Arabidopsis, rice, and soybean, revealed a similar NAC sequence
architecture. Phylogenetically, the ZmNACs were arranged into six distinct
subgroups (I–VI) possessing conserved motifs. Phylogenetic analysis
using stress-related NAC TFs from Arabidopsis, rice, and soybean as
seeding sequences identified 24 of the 152 ZmNACs (all from Group II) as
putative stress-responsive genes, including one dehydration-responsive
ZmSNAC1 gene reported earlier. One drought-tolerant genotype (HKI577)
and one susceptible genotype (PC13T-3) were used for studying the
expression pattern of theNAC genes during drought stress. qRT-PCR based
expression profiles of 11 genes predicted to be related to stress confirmed
strong differential gene expression during drought stress. Phylogenetic
analyses revealed that ZmNAC18, ZmNAC51, ZmNAC145, and ZmNAC72,
which were up-regulated in the tolerant genotype and down-regulated
in the susceptible genotype, belonged to the same group to which
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also belong other drought-responsive genes, namely SNAC1, OsNAC6,
ANAC019, and ANAC055, which act as a transcriptional activator and are
strongly induced under stress from various abiotic sources. Differentially
expressed ZmNAC genes, alone or in combination with each other or with
other type(s) of TFs, may control the general cellular machinery
and regulate stress-responsive downstream genes. Alternatively, they
may serve as a platform to regulate a broad set of genes, which are
subsequently fine-tuned by specific regulators. This genome-wide
identification and expression profiling opens new avenues for system-
atic functional analysis of new members of the NAC gene family, which
may be exploited in developing lines that are better adapted to drought.
© 2014 The Authors. Published by Elsevier B.V. This is an open access

article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/3.0/).
Introduction

Drought, cold, and salinity are major forms of stress from abiotic sources that adversely affect plant
growth and productivity (Nakashima et al., 2012), of which drought is considered as the most devastating.
Water is one of the significant limiting factors and affects maize at all stages of its growth. Maize is
especially sensitive to drought at the reproductive stage, particularly between tassel emergence and early
grain-filling (Grant et al., 1989). Drought stress during this period reduces kernel size and thus lowers
grain yield significantly (Bolanos and Edmeades, 1993a, b). Plants adapt to drought stress at physiological,
biochemical, and molecular levels by activating a number of defense mechanisms that increase the plant's
tolerance to water deficit.

Transcription factors (TFs) are key proteins that regulate gene expression at the transcription level by
interacting with promoter elements of stress genes resulting in over-expression of many functional genes.
Many TFs have been characterized as drought-responsive TFs and include WRKY (Rushton et al., 2012), zinc
finger (Huang et al., 2009), AP2/ERF2 (Sakuma et al., 2002), MYB (Abe et al., 1997), ZmDREB2A (Qin et al.,
2007), and NAC (Tran et al., 2004).

NAM, ATAF, and CUC (NAC) proteins belong to a plant-specific TF superfamily, possess a highly conserved
N-terminal DNA binding domain (NAC) and a variable C-terminal transcription regulation region (TRR), and
can activate or suppress the transcription ofmultiple target genes. The C-terminal regions of someNAC TFs also
contain transmembrane motifs (TMs), which anchor to the plasma membrane (Tran et al., 2004; Nakashima
et al., 2007). Several NAC genes have been identified in different species: 117 non-redundant putative NAC
genes in Arabidopsis (Nuruzzaman et al., 2010), 151 putative NAC or NAC like genes in rice (Nuruzzaman et al.,
2010), and 152 non-redundant genes in soybean (Le et al., 2011). In Arabidopsis ANAC019, ANAC055, and
ANAC072were induced by drought, salinity and low temperature (Tran et al., 2004), and OsNAC10 and OsNAC6
have been reported as responsive to drought stress in rice (Ohnishi et al., 2005; Jeong et al., 2010).

Research in Arabidopsis indicates that NAC TFs recognize the CACG core motif that acts as a
drought-responsive NAC recognition sequence (NACRS). Wu et al. (2009) reported that Arabidopsis plants
over-expressing the abiotic stress-responsive gene ATAF1, which is homologous to RD26, showed greater
drought tolerance. These reports indicate that NAC TFs are important in stress tolerance and that their
over-expression has a potential biotechnological application in improving stress tolerance in plants.

However, only a few NAC members have been characterized in maize. ZmSNAC1 has shown drought
tolerance in transgenic Arabidopsis (Zimmama and Veer, 2005; Lu at el., 2012). In maize, 56 transcription
families were predicted, of which the plant-specific NAC transcription family consists of more than 190
putativemembers. The importance of NAC TF family proteins in drought tolerance prompted us to carry out a
genome-wide systematic analysis of the ZmNAC (Zea mays NAC) TF family for (a) identifying complete NAC
domain containing gene sequences in silico and identifying gene orthologs and drought responsive genes by
phylogenetic analysis of the NAC genes and (b) exploring the expression pattern of NAC genes using a set of
contrasting maize genotypes under drought stress.

http://creativecommons.org/licenses/by-nc-nd/3.0/
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Materials and methods

Retrieval and curating of data

The NAC domain containing protein sequences of Zea mays L. was collected from the Plant Transcription
Factor Database ver. 2.0 as well as by exploring the B73maize genome (release 5b.60) for the hiddenMarkov
model (HMM)profile of theNACdomain (PF02365) downloaded from the Pfamdatabase usingHAMMER (ver.
3.0). All redundant sequences were removed and the collected data were further curated by examining the
presence of the conservedNAC domain in protein sequenceswith the help of Pfam (http://pfam.sanger.ac.uk/),
SMART (http://smart.embl-heidelberg.de/), and InterProScan (http://www.ebi.ac.uk/Tools/InterProScan/)
web server (Quevillon et al., 2005; Letunic et al., 2012; Finn et al., 2013). The protein sequences were also
investigated for their physical position in the maize genome. Proteins belonging to the same location were
aligned, and protein sequences were rejected if they were completely aligned to any other sequence and
shorter in length than that sequence. Finally, 152 non-redundant and complete NAC-domain-containing
protein sequences were selected for further analysis. The membrane-bound ZmNACmembers were predicted
using TMHHM server ver.2.0 (http://www.cbs.dtu.dk/services/TMHMM/).

Phylogenetic analysis and identification of conserved motifs

The finalized 152 NAC-domain-containing maize protein sequences and 11 published NAC proteins
from Arabidopsis, rice, and soybean were aligned with a gap open penalty of 10 and a gap extension
penalty of 0.2 using ClustalW. The result of the sequence alignment was used for constructing an unrooted
phylogenetic tree by the neighbor-joining method. The confidence level of monophyletic groups was
estimated using bootstrap analysis of 1000 replicates. Multiple sequence alignment (MSA) and
phylogenetic analysis were performed using MEGA 5.10.

A MEME utility (http://meme.nbcr.net/meme4_1/cgi-bin/meme.cgi) was used for displaying the
motifs of ZmNAC proteins from maize, Arabidopsis, rice, and soybean (Bailey et al., 2009). The parameters
were set as follows. Occurrences of a single motif: zero or one per sequence, motifs width range: 10–200
amino acids, and maximum number of motifs to find: 100. For other parameters, the default values were
retained. InterPro (http://www.ebi.ac.uk/interpro/) and the Pfam database were adopted to annotate the
MEME motifs (http://meme.sdsc.edu).

Plant materials, treatments, and collection of tissues

Two maize inbred lines, HKI577 (drought tolerant) and HKIPC3-3 (drought susceptible), were used.
Plants were grown under natural conditions in plastic cups filled with a mixture of sand and clay. Before
subjecting the plants to drought stress, they were watered daily to field capacity. Drought stress was
Fig. 1. Response of HKI577 (drought tolerant) and HKIPC3-T3 (drought susceptible) genotypes to well-watered control and severe
drought stages.

http://pfam.sanger.ac.uk/
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http://www.cbs.dtu.dk/services/TMHMM/
http://meme.nbcr.net/meme4_1/cgi-bin/meme.cgi
http://www.ebi.ac.uk/interpro/
http://meme.sdsc.edu


410 K. Shiriga et al. / Meta Gene 2 (2014) 407–417
imposed on 21-day-old plants by withholding water for 7 days (severe stress). Control plants were
irrigated daily to field capacity. Samples for RNA extraction were collected from both the groups twice: on
the day the treatment began and 7 days later, when the treatment was terminated (Fig. 1).

RNA isolation, DNase I treatment, and cDNA synthesis

Total RNA was isolated from the harvested samples using Qiagen RNeasy columns (Qiagen, Hilden,
Germany) followed by DNase I treatment to remove contamination with any genomic DNA. Concentrations
were determined with a Thermo Scientific NanoDrop 1000 spectrophotometer (Thermo Scientific, Delaware,
USA). The cDNAwas synthesized using a ProtoScript first strand cDNA synthesis kit (BioLabs, Massachusetts,
USA) from 1 μg of total RNA according to themanufacturer's protocol. The reverse transcription reaction was
carried out at 44 °C for 60 min followed by 92 °C for 10 min.

Quantitative real-time PCR and statistical analyses

Gene-specific primers were designed using IDT PrimerQuest (http://www.idtdna.com/scitools/applications/
primerquest/default.aspx) and an 18s RNAprimerwas used as the internal control (Nakashima et al., 2007). The
primer combinations used here for quantitative real-time PCR (qRT-PCR) analysis specifically amplified only one
desired band. Dissociation curve testing carried out for each primer pair showed only one melting temperature
for all samples. The qRT-PCR reactionswere carried out at 95 °C for 5 min followed by 40 cycles of 95 °C for 15 s,
60 °C for 30 s and 72 °C for 1 min. Expression data for the NAC TFs were normalized by subtracting the mean
reference gene CT value from individual CT values of the corresponding target genes (ΔCT). The fold-change
value was calculated using the expression 2−ΔΔCT where ΔΔCT is the difference between the ΔCT condition of
interest and ΔCT control. The primer sets used for studying the NAC TFs' expression profile are given in
Supplementary Table S1.

Results and discussion

Identification and chromosomal distribution of ZmNAC members

The ZmNAC members in maize were predicted by three independent tools using genome-wide
screening of the results of the search for ZmSNAC1 protein sequence. Each tool provided different
numbers of putative ZmNAC TFs within its public database. The highest number of ZmNAC TFs (219) was
predicted by NCBI BLASTp, followed by Plant TFDB (190) and phytozome (180) — as an initial step, we
collected the sequences for all. The collected protein sequences were curated to remove redundancy, and
only those protein sequences that had the complete NAC domain were selected. All of the alternative
splice variants were carefully checked, and splice variants encoding the longest reading frames were
selected. This left us with 152 members for the subsequent sequence alignment and phylogenetic analysis.
Among the ZmNAC members, 8 were found to be membrane-bound members (Table 1).

In silico mapping of ZmNACs on the maize genome indicated uneven distribution of the genes on all 10
chromosomes (Fig. 2). Of these, chromosome 2 had the highest number of ZmNACs (22) and chromosome 10,
the lowest (8). The pattern of their distribution on individual chromosomes also revealed some physical
Table 1
Details of membrane-bound ZmNAC proteins.

S No ZmNAC Tm helix (trans membrane region)

1 ZmNAC45 488–510
2 ZmNAC62 636–658
3 ZmNAC69 633–655
4 ZmNAC108 677–699
5 ZmNAC118 487–509
6 ZmNAC136 581–603
7 ZmNAC149 624–666
8 ZmNAC119 487–509

http://www.idtdna.com/scitools/applications/primerquest/default.aspx
http://www.idtdna.com/scitools/applications/primerquest/default.aspx


Fig. 2. Distribution of 152 ZmNAC genes on maize chromosomes. (A) Percentage of ZmNAC genes on each maize chromosome
showing their distribution abundance. (B) Physical locations of each ZmNAC gene on the ten maize chromosomes (positions in Mb).
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regions with high accumulation of ZmNAC gene clusters. For example, ZmNAC genes located on chromosomes
2 and 7 appear to be congregating at the lower and upper ends of the arms respectively (Fig. 2). A uniform
nomenclature for all the ZmNAC genes identified in this work has been adapted based on the order of the
chromosomes to facilitate communication. Detailed information on, and structures of, representative ZmNACs
can be found in Table S2.

image of Fig.�2


Fig. 3. Phylogenetic relationships among maize NAC proteins. The sequences were aligned by ClustalW at MEGA5.10 and the unrooted phylogenetic tree was deduced by the neighbor-joining
method. The proteins were classified into six distinct groups (I–VI). Triangles represent selected putative drought stress genes and circles represent published drought stress genes.
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Phylogenetic analysis of the ZmNAC TF family

To examine the structure and phylogenetic relationships of ZmNAC TFs identified in our study, a combined
phylogenetic tree was constructed with the aligned ZmNACs and 11 published sequences of NAC domains
from Arabidopsis, rice, and soybean (Fig. 3). All well-known NAC domain proteins bind specifically to the
CATGTGmotif of the promoter region (Tran et al., 2004) or act as a functional motif or activation domain (Oh
et al., 2005). The conservedNACdomain consisting of about 150 residues located in theN-terminal region and
NAC domains is more closely associated with stress responses than C-terminal region. Examination of the
phylogenetic tree suggested that the ZmNACTFs can be classified into sixmajor groups: Group I andGroup VI,
32 TFs each; Group III, 20 TFs; Group IV, 17 TFs; and Group V, 21 TFs. This leaves Group II, which was
noteworthy in that alone contained all the published stress-related NAC TFs. This group had 35 TFs, of which
24 were ZmNACs and 11 were published stress-related TFs of NAC family. These published TFs included
OsNAC6, a stress responsive NAC from rice that has been reported as responsive to drought stress (Ohnishi
et al., 2005; Jeong et al., 2010), soybean GmNAC085 that has been highly induced by dehydration (Le et al.,
2011), and maize that ZmSNAC1 has shown to develop drought tolerance in transgenic Arabidopsis (Lu et al.,
2012); we considered Group II of the phylogenetic tree as drought-responsive group. Under drought stress,
SNAC1 (Hu et al., 2006) and OsNAC6 (Nakashima et al., 2007) from rice are highly expressed in guard cells of
transgenic rice: the result is many more closed stomata, which, in turn, reduces the amount of water lost
through transpiration without altering the rate of photosynthesis (Hu et al., 2006). Two more, ANAC019 and
ANAC055, were from Arabidopsis (Tran et al., 2004). Induced under dehydration stress, these bind to a region
containing the MYC-like sequence of the ERD1 promoter. As with Arabidopsis, rice, and soybean, our data
identified a diversified ZmNAC family inmaize (Fang et al., 2008; Nuruzzaman et al., 2010). Themain purpose
of phylogenetic analysis of ZmNAC TFs was to predict abiotic stress-responsive ZmNAC TFs that could be
subsequently prioritized further in plant functional studies. Earlier reports have shown that phylogenetic
analysis provides strong evidence for predicting stress-related functions of several gene families, including TF
families. Phylogenetic analysis of the rice OsNAC familieswith their orthologs fromother plant species, whose
stress responsive expression patterns and functions are known, resulted in a nearly perfect match between
sequence conservation and functions or expression patterns (Fang et al., 2008; Zhang et al., 2008). Among the
ANACs and OsNACs, many proteins involved in regulating physiological and biochemical responses are
associated with resistance to stress from various abiotic sources, including drought (Tran et al., 2010). For
instance, Arabidopsis ANAC019 and ANAC055 and rice SNAC1/OsNAC002 and OsNAC6/SNAC2//OsNAC048 act as
positive regulators in plant response to drought stress (Tran et al., 2007). The statistical significance of the
phylogenetic analysiswas confirmed throughbootstrap analysis of 1000 replicates. A good number of internal
branches had high bootstrap values, pointing to the derivation froma common ancestor of statistically reliable
pairs of possible homologous proteins sharing similar functions. On the basis of sequence alignments and
phylogenetic analyses, we identified 11 putative stress-related ZmNAC TFs that were in the same group that
also contained known stress-related NAC TFs from Arabidopsis, rice, and soybean.

Identification of motifs and their distribution

The MEME server was used for exploring motif distribution in 152 NAC proteins in maize and 11
published NAC proteins in Arabidopsis, rice, and soybean. Thirty-two putative motifs were present in the
NAC family of maize (Table S3) of which 13 motifs had known functions: motifs 1–5, 7–9, and 12 encoded
the NAC/NAM domain; motif 13, the DUF1296 domain; motif 18, the DUF3739 domain; motif 21, the GHPB
domain; andmotif 28, the zinc-finger domain. Of the 152 ZmNAC TFs, all except ZmNAC40 and ZmNAC116
had at least four NAC domain-encoding motifs, and 114 shared a highly conserved typical NAC domain
containing five consensus subdomains (motifs 2, 4, 1, 5 and 3) in the same order. Based on annotated
motifs, the 152 ZmNAC proteins were divided into 9 groups (Fig. S1). Group I had 104 ZmNAC and all the
11 published NAC proteins. Among the total 125 proteins in this group, 83 ZmNAC and 5 published NAC
proteins started with NAC subdomain motif 2, and 21 ZmNAC and 6 published NAC proteins started with
different un-annotated motifs (9, 14, 25). Such motif sequence conservation and variation among the
proteins indicate functional equivalence and diversification respectively (Puranik et al., 2012). In Group II,
the motifs additionally contained the DUF3739 domain in their TRR. ZmNAC108 transmembrane
transcription factor (TMTF) had three functional motifs, namely NAC, motif 18, and motif 21. As reported
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earlier, members of a particular subfamily show a tendency to have a constantmotif composition (with slight
variations) (Hu et al., 2010), and somemotifs are deleted or duplicatedwithin particular clades. Groups III, VII,
and VIII had different types of functional motifs: motif 21, motif 13, and motif 28 respectively. In Group IV,
motif 1was replaced bymotif 9; inGroupV,motifs 1 and 3were replaced bymotifs 9 and 12 respectively; and
in Group VI, motifs 2 and 4 were replaced by motifs 8 and 7 respectively. Group IX contained 12 ZmNAC TFs
having randomly distributedmotifs. ZmNAC40 had the least number of motifs (2) and ZmNAC54, the highest
(12). Motif deletion or duplication within a conserved domain of a protein may be crucial to disposing of
undesirable regions and developing only those that are essential for developing a particular phenotype.
Although the functions ofmost of themotifs remain to be determined, most of them do not have homologous
sequences in the InterPro database (http://www.ebi.ac.uk/interpro/, release 43.1). The motif composition of
these unknown NAC sequences may provide clues for further functional analysis of these TFs.
Expression patterns of predicted ZmNAC genes during dehydration stress

Gene expression patterns can provide vital clues for determining gene function. To identify candidate
dehydration-responsive ZmNAC genes for engineering drought-tolerant maize genotypes, we carried out
qRT-PCR analysis of 11 predicted stress-related ZmNAC genes with gene-specific primers in 21-day-oldmaize
plants subjected to dehydration stress. We included a previously reported stress-responsive gene ZmNAC18
(ZmSNAC1) in the qRT-PCR analysis to serve as a positive reference for the verification of our results analysis.
All the genes differed in their expression in drought-susceptible and drought-tolerant genotypes. ZmNAC18,
ZmNAC51, and ZmNAC145were up-regulated in the tolerant genotype and down-regulated in the susceptible
genotype (Fig. 4). Attempts at over-expressing TFs that show higher expression under drought stress in
tolerant genotypes than that in the susceptible genotype (Hayano-Kanashiro et al., 2009) have led to greater
drought tolerance in several crops. In general, the genes involved in protecting plants from drought stress
through stress perception, signal transduction, transcriptional regulatory networks in cellular responses, or
tolerance to dehydrationwere found to be up-regulated in drought-tolerant genotypes (Guo et al., 2009). It is
noteworthy that phylogenetic analysis showed that these three genes (ZmNAC18, ZmNAC51, and ZmNAC145)
were closely linked to SNAC1 and OsNAC6 in rice, which have been reported as drought responsive andwhich
act as transcriptional activators and regulate the genes that encode proteins (such as protein kinases and
phosphatases) involved in regulating stress responses and also regulate the production of osmolytes (such as
Fig. 4. Comparison of expression pattern of ZmNAC gene, predicted to be related to stress, in 21-day-old plants of drought-tolerant
(black) and drought-susceptible (gray) genotypes under dehydration stress. A previously reported stress-responsive gene, ZmNAC18
(ZmSNAC1), was taken as a positive reference for qRT-PCR analysis.

http://www.ebi.ac.uk/interpro/
image of Fig.�4


415K. Shiriga et al. / Meta Gene 2 (2014) 407–417
sorbitol transporter, exoglucanase, galactosidase, and glycosyltransferase). In drought-tolerant maize, genes
encoding hormones, aquaporins, heat-shock proteins, and detoxification enzymes were induced to a greater
extent than those in drought-susceptiblemaize (Hayano-Kanashiro et al., 2009). For example, gene ZmNAC51
was up-regulated 18-fold in the tolerant genotype. This gene, which has a sequence similar to that of SNAC1
and controls the expression of ERD1, has two novel cis-acting elements, namely a MYC-like sequence
(CATGTG) and anrps1-site-1-like sequence (CACTAAATTGT-CAC), which are involved in dehydration stress.
The drought-responsive gene ZmNAC18 (ZmSNAC1) was up-regulated 13-fold in the tolerant genotype and
down-regulated 5-fold in the susceptible genotype. ZmNAC51 was in the same clade that contained the
soybean drought-responsive genes GmNAC011 and GmNAC109. ZmNAC75 ranked second in terms of its
expression in the drought-tolerant genotype (Fig. 4). ZmNAC drought stress group was analyzed in silico for
any miRNA degradation site. Out of 24 ZmNACs, only two were found to have miRNA degradation site.
ZmNAC54was found to be cleaved by zma-miR164 family and zma-miR408b-5p cleaved ZMNAC72. ZmNAC54
wasdown-regulated in the tolerant genotype andup-regulated in the susceptible genotype. Fang et al. (2014)
reported that over expression of Oryza miR164-targeted NAC genes (OMTN) caused increased drought
sensitivity in rice plant. Under drought stress, reactive oxygen species (ROS) are generated in large amounts;
these are nullified by the enzymes that prevent cellular damage and protect the plant from stress. Genes
concerned with primary metabolic processes such as photosynthesis are down-regulated under drought
stress (Wang et al., 2003). Differentially expressed ZmNAC genes, acting singly or together with each other or
with other TFs,may control the general cellularmachinery and regulate stress-responsive downstream genes
and serve as a platform to regulate a broad set of genes, which are subsequently fine-tuned by specific
regulators.
Conclusion

A comprehensive genome-wide analysis identified 152 NAC TFs including 8 membrane-bound members
in maize. Based on the comparison of phylogenetic relationships, all the 152 ZmNAC TFs, along with 11
well-known stress-responsive NAC TFs in Arabidopsis, rice, and soybean, fell into six distinct groups. Group II
was found to be the stress group and contained all the known stress-responsive NAC TFs along with 24
ZmNAC TFs that may act as candidate TFs. Motif analysis revealed functional equivalence amongmembers of
a group and diversification between groups. Furthermore, expression profiles by qRT-PCR showed that the
candidate ZmNACs differed in their expression in tolerant and susceptible genotypes under drought stress.
Overall, this genome-wide identification and expression profiling open new avenues for a systematic
functional analysis of four novel members of NAC gene family as candidates for stress-responsive genes:
ZmNAC51, ZmNAC145, ZmNAC72, and the previously reported ZMNAC18 (ZmSNAC1). The expression of
stress-responsive genes is regulated largely by TFs, which, in turn, are subjected to intricate regulation at the
chromatin level, RNA level, and protein level. This understanding will prove useful in improving drought
tolerance since these differentially expressed genes are probably involved in drought tolerance in maize.
Abbreviations

ZmNAC NAC transcription factor of maize.
ANAC NAC transcription factor of Arabidopsis.
OsNAC NAC transcription factor of rice.
GmNAC NAC transcription factor of soybean.
TF transcription factor.
qRT-PCR quantitative real time PCR.
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