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Abstract
NAC transcription factors comprise a large plant-speciﬁc gene family. Increasing evidence suggests that members of this
family have diverse functions in plant growth and development. In this study, we performed a genomewide survey of NAC
type genes in maize (Zea mays L.). A complete set of 148 nonredundant NAC genes (ZmNAC1–ZmNAC148) were identiﬁed
in the maize genome using Blast search tools, and divided into 12 groups (a–l) based on phylogeny. Chromosomal location
of these genes revealed that they are distributed unevenly across all 10 chromosomes. Segmental and tandem duplication
contributed largely to the expansion of the maize NAC gene family. The Ka /Ks ratio suggested that the duplicated genes
of maize NAC family mainly experienced purifying selection, with limited functional divergence after duplication events.
Microarray analysis indicated most of the maize NAC genes were expressed across different developmental stages. Moreover,
19 maize NAC genes grouped with published stress-responsive genes from other plants were found to contain putative stressresponsive cis-elements in their promoter regions. All these stress-responsive genes belonged to the group d (stress-related).
Further, these genes showed differential expression patterns over time in response to drought treatments by quantitative realtime PCR analysis. Our results reveal a comprehensive overview of the maize NAC, and form the foundation for future
functional research to uncover their roles in maize growth and development.
[Peng X., Zhao Y., Li X., Wu M., Chai W., Sheng L., Wang Y., Dong Q., Jiang H. and Cheng B. 2015 Genomewide identiﬁcation, classiﬁcation
and analysis of NAC type gene family in maize. J. Genet. 94, 377–390]

Introduction
The expression of genes is largely regulated by speciﬁc transcription factors that activate many functional genes related
to plant growth and development through binding to or
modulating DNA structure. In plants, more than 50 families of different transcription factors have been identiﬁed by
sequence analyses of model species such as Arabidopsis and
rice (Xiong et al. 2005), and countless reports suggest that
transcription factors are involved in almost all aspects of
cellular activities, as an important control element in gene
expression.
NAC (NAM, ATAF and CUC) domain containing proteins
are expressed in several tissues and developmental stages.
They comprise a large family of proteins which appear to
be unique regulatory elements in plants. All members in
this family encode a highly conserved domain (called NAC
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domain) in the N-terminal region, which comprises nearly
160 amino acid residues that are divided into ﬁve subdomains (A–E), but their C-terminus of the NAC proteins
are divergent in both length and amino acid sequence (Ooka
et al. 2003; Fang et al. 2008). The alterable C-terminal
domain in NAC proteins usually functions as a transcriptional activator or repressor, and confer the regulation diversities of transcriptional activation activity (Kikuchi et al.
2000; Tran et al. 2004; Hu et al. 2006). The ﬁrst NAC protein was identiﬁed in petunia by mutations and named NAM.
This gene can restrain the formation of shoot apical meristems, which indicated that it plays a key role in determining the position of the shoot apical meristem. The different
members in a same gene family may have similar function.
For instance, CUC1-3, another NAC protein, was reported
to form cup-shaped cotyledons in Arabidopsis (Takada et al.
2001; Daimon et al. 2003; Hibara et al. 2003, 2006; Vroemen
et al. 2003). In rice and Arabidopsis, they were initially predicted to contain 105 and 75 NAC genes, respectively (Ooka
et al. 2003; Xiong et al. 2005). Later, a total of 140 NAC genes
or NAC-like genes were identiﬁed in rice (Fang et al. 2008).
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Increasing evidence indicates that a considerable portion
of NAC proteins have crucial multifunctions in different
aspects of plant growth and development, including ﬂower
formation (Sablowski and Meyerowitz 1998), embryo development (Duval et al. 2002), lateral root development (He
et al. 2005), hormone signalling (Greve et al. 2003), plant
organ senescence (Liu et al. 2009), virus resistance mechanism (Ren et al. 2000) and hormone signalling (Xie et al.
2000, 2002; Fujita et al. 2004). Recent studies have shown
that the NAC transfactors play a relevant role in the regulation of developmental controlling secondary wall synthesis. It has been proved that several NAC genes, including
NST1-2, SND1, function as master transcriptional switches
conducting secondary cell wall biosynthesis. VND6-7 have
been proposed to be regulators of the formation of vascular
vessels and act as key transcriptional switches regulating the
differentiation of metaxylem and protoxylem, respectively,
mainly in Arabidopsis roots (Kubo et al. 2005; Mitsuda et al.
2005, 2007; Zhong et al. 2006, 2007, 2008; Mitsuda and
Ohme-Takagi 2008). These NACs have been shown to regulate the expression of their target genes. Consequently, NSTs
and VNDs may participate in activities of the secondary wall
biosynthetic programme in ﬁbres (Zhong et al. 2008).
Accumulating evidence indicates that the NAC proteins
are also involved in abiotic stress responses. The NAC proteins have been implicated in defense responses to pathogens
and viral infections. When Arabidopsis suffers pathogen
attack and wounding, ATAF1 and ATAF2 were found to be
expressed (Aida et al. 1997). It was reported that ATAF1
acts as a negative regulator of defense response against different types of pathogens (Wang et al. 2009). Xie et al.
(1999) showed GRAB1-2 was isolated using the yeast twohybrid technology from wheat, which has an interaction
with the wheat dwarf geminivirus RepA protein to control geminivirus DNA replication. Three NAC proteins
(ANAC019, ANAC055 and ANAC072) have been demonstrated to enhance the drought tolerance of transgenic Arabidopsis plants (Tran et al. 2004, 2007). Most worthy of
mention is ANAC072 (RD26, responsive to desiccation 26),
which was found to function as a new member in ABAdependent pathway, and enhanced the expression of GLY1
(glyoxalase I family) (Fujita et al. 2004). Many NAC domain
proteins isolated from rice were also shown to participate
in the abiotic stress response, such as SNAC1, OsNAC5 and
OsNAC6 (Hu et al. 2006; Takasaki et al. 2010), especially,
ONAC045 was induced by drought, high salt and low temperature stresses, and abscisic acid (ABA) treatment in rice
leaves and roots (Zheng et al. 2009).
Maize is one of the most important cereal crops in the
world, and also a model system for the study of genetics.
Recently, maize genome was completed with high quality
(Schnable et al. 2009). This sequence information has provided convenient strategy for genomewide analysis of NAC
gene family to understand the evolutionary history and functional mechanisms of its members. In this study, 148 nonredundant ZmNAC genes were identiﬁed in maize, based
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on homolog searches, and classiﬁed these genes into different groups based on phylogeny. In addition, we investigated the spatial and temporal expression patterns of ZmNAC
genes across different developmental stages, as well as the 19
potential stress responsive genes under drought treatments.
The results of this work provide a biological reference for
future studies on the function of maize NAC genes.

Materials and methods
Identification and sequence analysis of NAC proteins in maize

Maize genome sequences were downloaded from http://
www.maizesequence.org/index.html (release 5b. 60), and
then DNATools software was used to construct a local
database based on the nucleotide sequences and protein
sequences of the latest complete maize genome. Sequences
of Arabidopsis and rice NAC proteins were used as queries
to search against the maize protein database with BLASTP
programme. All hits with E-values below 0.001 were
selected for further analysis, and this step was crucial to identify the exact number of candidate NAC proteins. All candidate sequences that fulﬁl the standards were analysed, as
conﬁrmed by Pfam (http://pfam.sanger.ac.uk/) and SMART
(http://smart.embl-heidelberg.de/) (Finn et al. 2006; Letunic
et al. 2009) databases. Finally, all the remaining NAC proteins were aligned by means of Clustal W (Thompson et al.
1994), and all identical sequences were checked manually to
remove redundant sequences.
For each of the NACs identiﬁed in maize, a name was
given according to its position from the top to the bottom on the maize chromosomes 1 to 10. Sequences from
the following list were used for alignment and phylogenetic
analysis: NAC1, CUC1-3, NAM, Senu5, GRAB2, ANAC102,
ANAC055, ANAC019, ANAC072, BnNac485, GmNAC3-4,
ATAF1-2, CaNAC1, OsNAC19, OsNAC3-4, OsNAC58,
OsNAC6, Tip, VnD6, SND1, NST1, SNAC1, AtNAC2, NAP
and OsNAC5. The basic physical and chemical parameters
of these genes were calculated by online ProtParam tool
(http://www.expasy.org/tools/protparam.html). Phylogenetic
trees were constructed by MEGA 4.0 (Tamura et al. 2007),
using neighbour joining (NJ) method with the pairwisedeletion option and the Poisson correction. Bootstrap analysis was performed using 1000 replicates on each node.
Classiﬁcation of the ZmNAC genes was then performed
according to their phylogenetic relationships with their corresponding reported genes in other species. The unrooted trees
were generated using the same method. To identify the conserved motifs, the full-length amino acid sequences of the
ZmNACs were subjected to multiple expectation maximization for motif elicitation (MEME) analysis (http://meme.
sdsc.edu/meme4_3_0/intro.html) (Bailey and Elkan 1995).
Exon–intron structure analysis was analysed using GSDS
by comparing the predicted coding sequences (CDS) and
their genomic sequences (http://gsds.cbi.pku.edu.cn/) (Guo
et al. 2007). Chromosome location image was generated by
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MapInspect (http://www.plantbreeding.wur.nl/uk/software_
mapinspect.html). The PLACE website (http://www.dna.
affrc.go.jp/PLACE/signalscan.html) was used to predict
cis-elements in promoter regions of ZmNAC genes in the
2000-bp genomic DNA sequences upstream of the initiation
codon (ATG) (Higo et al. 1999).
Using the DnaSP v5.0 (Rozas et al. 2003), we calculated
the number of nonsynonymous substitutions per nonsynonymous site (Ka ) and synonymous substitution per synonymous site of duplicated genes. The ratio of nonsynonymous
to synonymous nucleotide substitutions (Ka /Ks ) between
paralogues was analysed to deduce the selection mode and
estimate the times of duplication events. The Ks value was
translated into duplication time in million years, based on
the rate of λ substitutions per synonymous site per year. The
duplication time (T) was calculated as T = Ks /2λ × 10−6
Mya (λ = 6.5 × 10−9 for grasses) (Gaut et al. 1996; Quraishi
et al. 2011).
Microarray analysis of ZmNAC genes

To analyse the expression patterns of ZmNAC genes during different development stages, transcriptome data of the
genomewide gene expression atlas of maize inbred line
B73 made by the NimbleGen microarray technology was
obtained from Plexdb (ZM37) (Sekhon et al. 2011). The
microarray data of ZmNAC genes were hierarchical clusters based on R and Bioconductor programme (http://www.
bioconductor.org/) for expression analysis.
Plant materials and stress treatment

Seeds of maize (Z. mays L. inbred line B73) were grown in
a greenhouse at 28 ± 2◦ C with a photoperiod of 14 h light
and 10 h dark cycles. The drought treatment was performed
following the method described in our previous study (Peng
et al. 2012). The leaves of the seedlings were harvested after
0, 3, 6 and 12 h of drought for stress treatment. For all the
stages, three biological replicates were conducted for each
sample.
RNA isolation and quantitative real-time PCR
(qRT-PCR) analyses

Isolation of total RNA using the Trizol reagent (Invitrogen,
Carlsbad, USA) according to the manufacturer’s instructions,
followed by DNase I treatment to remove any genomic DNA
contamination. The RNA was reverse-transcribed using MMLV reverse transcriptase (Invitrogen). Each reaction contained 12.5 μL of 2× SYBR Green Master Mix reagent
(Applied Biosystems, Foster City, USA), 2.0 μL of diluted
cDNA sample, and 400 nM gene-speciﬁc primers in a
ﬁnal volume of 25 μL. qRT-PCR was carried out using an
ABI PRISM 7300 real-time PCR system (Applied Biosystems). The gene-speciﬁc primers were designed using Primer
Express 3.0 software (Applied Biosystems). The thermal
cycle was used as follows: 95◦ C for 10 min, followed by 40
cycles at 95◦ C for 15 s and 60◦ C for 1 min. The speciﬁcity of

the reactions was veriﬁed by melting curve analysis. Expression level of the maize Actin 1 gene was used as an internal control. The relative mRNA level for each gene was calculated as 2−CT method. Three technical replicates were
performed for each gene.

Results
Identification of NAC proteins in maize

To survey ZmNAC genes in maize, the previously reported
proteins from rice and Arabidopsis were used as BLASTP
queries. A total of 148 nonredundant candidate NAC genes,
with a predicted NAC domain were identiﬁed in maize
genome, which were conﬁrmed by Pfam and SMART
databases. The total number of ZmNACs is greater than
that in either rice or Arabidopsis. Consequently, 148 nonredundant ZmNACs were identiﬁed and described (table 1
in electronic supplementary material at http://www.ias.ac.
in/jgenet). Although all the NAC genes encode the conserved NAC domain, their sequences elsewhere are highly
diverse. All identiﬁed NAC genes encode proteins varying
from 74 to 1467 amino acids. Further, the molecular weights
of these deduced ZmNAC proteins ranged from 8.08 to
163.16 kDa (table 2 in electronic supplementary material).
Phylogenetic and structural analysis of ZmNAC proteins

To analyse the phylogenetic organization of the maize
NAC family, the predicted protein sequences were used
to generate an unrooted phylogenetic tree (ﬁgure 1a). The
unrooted tree divided the ZmNAC genes into 12 major
groups (groups a–l), with well-supported bootstrap values. Hundred and forty eight maize NAC genes formed
55 sister pairs, and 44 of them showed high bootstrap
support (99%), with the exception of ZmNAC130/131,
ZmNAC60/77, ZmNAC73/144, ZmNAC38/82, ZmNAC85/86,
ZmNAC42/96, ZmNAC47/69, ZmNAC100/32, ZmNAC117/4,
ZmNAC105/31 and ZmNAC54/55. We subsequently performed an exon–intron structure analysis to support the phylogeny reconstruction (ﬁgure 1b). The schematic structures
revealed that each coding sequence of ZmNAC gene is disrupted by one or more introns. Consistent with the phylogenetic analysis, genes clustered in the same group displayed
similar exon–intron structures, especially in the number of
introns, indicating that in the process of alternative splicing,
these genes are from the same transcription splicing, so they
have similar features.
To further understand the phylogenetic relationships of
NAC genes from different species, a joined phylogenetic tree
was constructed from alignment of the full-length sequences
of maize and 32 published NAC proteins from other plants
involved in diverse aspects of plant growth and development, especially for stress responses (ﬁgure 2). The results
showed that these NACs were divided into 12 groups
(a–l), according to their bootstrap values and phylogenetic
relationship. In this study, all the reported NAC genes were
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Figure 1. Phylogenetic relationship and exon–intron structure of maize NAC proteins. (a) The
unrooted tree was constructed using MEGA4.0 by the N–J method. Bootstrap values (above
50%) from 1000 replicates are indicated at each node. (b) Exons and introns are indicated by
green rectangles and grey lines, respectively. The untranslated regions (UTRs) are indicated by
blue lines.
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Figure 2. Joined phylogenetic tree of NAC proteins from maize and other plant species. The
full-length amino acid sequences of 148 maize and 32 other species NAC genes were aligned by
Clustal X 1.83 and the phylogenetic tree was constructed using MEGA 4.0 by the N–J method
with 1000 bootstrap replicates. Each NAC subfamily is indicated in a speciﬁc colour.

classiﬁed into groups from b to j except groups a, g, k and l.
Group a contained 22 maize NAC members, and not
published as NAC genes, indicating that this group may
be speciﬁc for maize. Group b has 13 maize NAC members, TERN identiﬁed from tobacco (Benson et al. 2010)
was located in this group. Tip belongs to group c which
clustered 15 maize NAC members. Group d contained 19
ZmNAC genes, and was named stress-related NAC (SNAC)
group because all the published stress-related genes of NACs
clustered into this group. The high sequence diversiﬁcation
of the NAC family suggests that the function of this family
has also been diversiﬁed, which was supported by the fact
that different groups of phylogenetic tree often have different
functional features.
Investigation conserved motifs in ZmNAC proteins

To further reveal the diversiﬁcation of NAC family in maize,
13 distinct conserved motifs were identiﬁed in maize NAC
proteins using MEME web server (ﬁgure 3). Each of the
putative motifs obtained from MEME was annotated by
searching Pfam and SMART databases. We noticed that most
of the closely related members in the phylogenetic tree had

common motif compositions, suggesting functional similarities among the NAC proteins within the same group. In this
study, motifs 1, 2, 3, 4, 6, 7, 8, 10 or 12 specifying the NAC
domain were identiﬁed in all 148 ZmNAC proteins. However,
motifs 5, 9, 11 and 13 were not homologues when searched
against Pfam and SMART databases, indicating that these
motifs with unknown functions are likely required for groupspeciﬁc functions. The detailed information on conserved
amino acid sequences and lengths of the 13 conserved motifs
are shown in table 1.
Chromosomal locations and gene duplication of ZmNAC genes

To determine the genomic distribution of the NAC genes,
148 NAC-encoding genes were found to be unevenly distributed on chromosomes 1 to 10, based on the starting position of each gene on the chromosomes from the
maize genomic database (ﬁgure 4). Chromosomes 3 and 4
contained the largest number of maize NAC genes (18),
followed by chromosome 6 (17). By contrast, chromosome
10 contained the least number of maize NAC genes (8). In
addition, 16 NAC genes were located on chromosomes 1 and
2, 14 on chromosomes 8 and 9, 13 on chromosomes 5 and 7.
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Figure 3. Distribution of 13 putative conserved motifs in maize NAC proteins. Motifs of NAC proteins
were identiﬁed by MEME web server. The conserved amino acid sequences and length of each motif
are shown in table 1.
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Table 1. Major MEME motif sequences in maize NAC proteins.
Motif

E value

Width

1
2
3
4
5
6
7
8
9

1.8e-2821
1.1e-2011
4.7e-1614
7.0e-1270
2.0e-744
2.8e-501
7.2e-491
1.2e-308
1.3e-179

36
21
28
21
15
57
15
15
80

10
11
12

1.3e-162
4.6e-135
7.6e-097

21
57
197

13

4.1e-074

200

Conserved amino acid sequences
WYFFCHRDRKYPNGTRTNRATGAGYWKATGKDKPIY
PPGFRFHPTDEELVCHYLCRK
LIGMKKTLVFYRGRAPKGVKTDWIMHEY
IIAEVDLYKCEPWDLPEKCKI
QKDEWVLCRVFKKKN
IKPHPFIDEFIPTIDEEEGICYTHPQKLPGVKQDGSVSHFFHRTFKAYNTGTRKRRC
PKGEKTNWVMHEYRL
GRLVGMKKTLVFYRG
EYVVSKLFFQQQFKPGDKNAQELTTSDDLESMAAESNLPDFTTLPTDKHVGTVQEV
VHNPEHNLYQLNRNCEISIEETVV
INRTTGSGYWHKTGKTKPVYV
KERVDDGGSARTSDLFVDLSYDDIQGMYSGLDMLPPAGEDLYSSLFASPRVRGNQPT
NWDKVKVEEQELEAAPRRQHHLQSAEDSMSNSFQTHDSDIDNVFELQNCYGNN
MVQGQAMTPRNDIGVVTVKEDNDWFTDM
NLDDLQASYNMAHTTNHSTVTFQSFFLKLHPFCPHRTTGDAHV
RAAGQCGPILHGLNLGSHEPSAPHSVTHQPPLRDEVSRVTQT
AVLRLASGDLRPPSPAAVLCHGPWTVVRQQQ
YLQMSDLIQGLGDQNGNGTPSLPVSDTSNNSNHSEDVDGNSGDILSDPNLGSN
FIQCVEPGEQNSLMLNGNIISNANAGDFFDNSS
HSDGFLELKDFGDAADLDFPLGNGSTIWPLDCWAWKTPDSAEAVNGTND
EIPPLPDDQIFQPDELEQLLQSIQEDSHLGSTIIDPMH
SSMTNSVLPEEDCLMFYDAPFDSTMCD

The potential mechanisms involved in the evolution of
the maize NAC gene family was elucidated by analysing
the gene duplication events (tandem duplication and
segmental duplication), that may occur during maize
genome evolution. Based on the phylogenetic analysis and
the chromosomal locations of the NAC genes, 24 of the 55
sister pairs (ZmNAC29/ZmNAC104, ZmNAC31/ZmNAC105,
ZmNAC33/ZmNAC118, ZmNAC35/ZmNAC113, ZmNAC40/
ZmNAC125, ZmNAC49/ZmNAC124, ZmNAC51/ZmNAC
145, ZmNAC25/ZmNAC146, ZmNAC23/ZmNAC147, ZmNAC
22/ZmNAC148, ZmNAC98/ZmNAC120, ZmNAC97/ZmNA
C121, ZmNAC95/ZmNAC122, ZmNAC6/ZmNAC134, ZmNA
C5/ZmNAC136, ZmNAC3/ZmNAC139, ZmNAC1/ZmNAC
140, ZmNAC53/ZmNAC84, ZmNAC74/ZmNAC89, ZmNAC
13/ZmNAC58, ZmNAC15/ZmNAC72, ZmNAC60/ZmNAC77,
ZmNAC61/ZmNAC78 and ZmNAC63/ZmNAC79) were
located on the same duplicated chromosomal block as previously reported (Wei et al. 2007). In other words, a total
of 48 maize NAC genes were involved in the segmental
duplications (ﬁgure 4). Among the 24 segmental duplication events, the highest frequency of segmental duplication
events occurred between chromosomes 9 and 1, 8 and 3,
which showed four segmental duplication events as well,
only one duplication event occurred between chromosomes
4 and 10; 4 and 6; 5 and 6. In addition, 21 gene clusters
(ZmNAC101/102, ZmNAC107/108, ZmNAC109/110, ZmN
AC20/21 ZmNAC30/31, ZmNAC42/43/44, ZmNAC46/47/48,
ZmNAC142/143, ZmNAC115/116, ZmNAC123/124, ZmNA
C128/129, ZmNAC130/131, ZmNAC135/136, ZmNAC85/86,
ZmNAC91/92/93/94, ZmNAC96/97, ZmNAC9/10, ZmNAC
70/71, ZmNAC54/55, ZmNAC65/66 and ZmNAC68/69) were

detected on maize chromosomes. Gene clusters may develop
as a result of the birth and death process of tandem duplication, indicating that genes in the same clusters were involved
in tandem duplication, consistent with the deﬁnition of
tandem duplication detection in this study.
To assess the selection mode of the duplicated NAC genes,
we estimated the average rate of nonsynonymous substitution
(Ka ) vs synonymous substitution of nucleotides (Ks ) by calculating Ka /Ks ratio for each pair of duplicated NAC genes.
In general, the Ka /Ks ratio <1, suggests that the ﬁxation rate
of amino acid change was reduced by purifying selection
or functional constraint, a ratio = 1 indicates neutral selection, while a ratio >1, suggests that these genes may have
been subject to positive selection that favours the accumulation of adaptive genetic variations. All the 24 segmental
duplicated pairs in the maize NAC family were investigated.
The results showed that the Ka /Ks ratios for 23 duplicated
pairs were <1, with most of them being even less than 0.5,
suggesting strong purifying selection (table 2). However,
the duplicated pairs ZmNAC49/ZmNAC124 are seemed to
be under positive selection, as their Ka /Ks ratios were >1.
Based on the Ka /Ks analyses, we concluded that purifying
selection may be largely responsible for function maintenance of maize NAC proteins. Further, we also calculated
the duplication dates by calculating the synonymous substitutions among the 24 duplicated NAC gene pairs. On the
basis of a substitution rate of 6.5 × 10−9 substitutions per site
per year (Gaut et al. 1996; Quraishi et al. 2011), the duplication events for the 24 segmental duplications were estimated to have occurred approximately between 8 and 60 Mya
(table 2).
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Figure 4. Locations of 148 NAC genes on 10 maize chromosomes. The scale on the left is in
megabases. Chromosome numbers are indicated at the top of each bar. The gene names on the
left side of each chromosome correspond to the approximate location of each NAC gene. The
chromosome order was arranged to bring duplicated regions in close proximity. The segmental
duplication genes are connected by dashed lines, and the tandem duplicated gene clusters are
marked by red bars.
Cis-elements analysis in the promoter regions
of stress-responsive NAC genes

The phylogenetic analysis indicated that group d contains 19
maize NAC genes which are closely related to the published
stress-responsive NAC genes. This observation prompted us
to identify putative stress-responsive cis-acting regulatory
DNA elements in the promoter regions of the 19 maize NAC
genes, by searching against the PLACE database. There are
two types of cis-elements, including the ABA responsive element (ABRE) and dehydration-responsive element (DRE),
that were detected in this study (Pla et al. 1993; Narusaka
et al. 2003). The results revealed that each of the 19 NAC
384

genes contain ABRE or DRE elements in their promoter
sequences, which may be responsive to abiotic stress
response (ﬁgure 5). Generally speaking, most of the closely
related, 19 stress-responsive members in the phylogenetic
tree have the same or very similar motif composition.
However, surprising differences were found in the numbers and positions of the two cis-elements in their promoter
regions. For example, the promoter region of ZmNAC16 contains multiple putative ABREs and DREs. In contrast, only
ABREs were detected in the promoter of ZmNAC39. Moreover, we also found that each of the genes contain at least
one ABRE element in their promoter regions, which is a
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Table 2. Ka /Ks analysis and estimated divergence time for segmental duplicated ZmNAC genes.
Duplicated pairs
ZmNAC29–ZmNAC104
ZmNAC31–ZmNAC105
ZmNAC33–ZmNAC118
ZmNAC35–ZmNAC113
ZmNAC40–ZmNAC125
ZmNAC49–ZmNAC124
ZmNAC51–ZmNAC145
ZmNAC25–ZmNAC146
ZmNAC23–ZmNAC147
ZmNAC22–ZmNAC148
ZmNAC98–ZmNAC120
ZmNAC97–ZmNAC121
ZmNAC95–ZmNAC122
ZmNAC6–ZmNAC134
ZmNAC5–ZmNAC136
ZmNAC3–ZmNAC139
ZmNAC1–ZmNAC140
ZmNAC53–ZmNAC84
ZmNAC74–ZmNAC89
ZmNAC13–ZmNAC58
ZmNAC15–ZmNAC72
ZmNAC60–ZmNAC77
ZmNAC61–ZmNAC78
ZmNAC63–ZmNAC79

Ka

Ks

Ka /Ks

Purifying selection

Date (Mya)

0.0945
0.0822
0.0277
0.0876
0.0652
0.2528
0.1456
0.0263
0.3319
0.0898
0.2144
0.0959
0.0825
0.0664
0.0591
0.0541
0.1344
0.0465
0.1087
0.0757
0.1314
0.1510
0.0524
0.0729

0.2484
0.1928
0.1480
0.2117
0.1436
0.2402
0.2476
0.1565
0.7821
0.2447
0.3602
0.2878
0.1860
0.1438
0.1000
0.1530
0.3423
0.1690
0.2452
0.3601
0.3008
0.2138
0.1918
0.1993

0.3804
0.4263
0.1872
0.4138
0.4540
1.0525
0.5880
0.1681
0.4244
0.3670
0.5952
0.3332
0.4435
0.4618
0.5910
0.3536
0.3926
0.2751
0.4433
0.2102
0.4368
0.7063
0.2732
0.3658

YES
YES
YES
YES
YES
NO
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES

19.10
14.83
11.38
16.28
11.04
18.47
19.04
12.03
60.16
18.82
27.70
22.13
14.30
11.06
7.69
11.76
26.33
13
18.86
27.7
23.13
16.44
14.75
15.33

central cis-element of ABA signal transduction in response to
stress treatments (Zhang et al. 2005). Notably, while most of
the genes contain both types of stress-responsive elements in
their promoter sequences, only one type of stress-responsive
element was detected in the promoter regions of ZmNAC28,
ZmNAC39, ZmNAC46, ZmNAC47, ZmNAC48, ZmNAC68,
ZmNAC69, ZmNAC81 and ZmNAC137.
Expression pattern of maize NAC genes in different tissues and
developmental stages

We used microarray based on whole genome coverage to
investigate the expression patterns of maize NAC genes.
We analysed the maize microarray data that present a comprehensive atlas of global transcription proﬁles across different developmental stages provided by Sekhon et al.
(2011). The maize microarray data provide 80301 probe
sets to proﬁle transcription patterns in 60 distinct tissues representing 11 major organ systems of inbred line
B73. Sixteen genes (ZmNAC4, ZmNAC21, ZmNAC32,
ZmNAC38, ZmNAC44, ZmNAC60, ZmNAC82, ZmNAC91,
ZmNAC92, ZmNAC94, ZmNAC99, ZmNAC104, ZmNAC117,
ZmNAC119, ZmNAC128 and ZmNAC129) did not have their
corresponding probe sets in the dataset, and the expression
proﬁles of the remaining 132 NAC genes were analysed
(ﬁgure 6). Based on hierarchical clustering, the expression
patterns of the NAC genes could be divided into ﬁve clusters (A–E). Genes in cluster D obviously have relatively
high expression levels, on the contrary, cluster C contains
the genes with relatively low expression levels and cluster

E genes are expressed in a mid-level. The number of NAC
genes falling into the same category is different, but most
of those genes within the same category showed similar
expression patterns. The ZmNAC genes with closed phylogenetic relationships showed similar expression patterns, such
as ZmNAC14/37, ZmNAC75/90 and ZmNAC35/145. In addition, the results also showed that most of the duplicated
genes also shared similar expression patterns, for example,
ZmNAC135/136, ZmNAC115/116 and ZmNAC54/55.
Expression profiles of maize NAC genes under drought stress

Analyses of the sequences and evolutionary relationships indicated that 19 maize NAC genes were clustered in the stress-related group (d) (ZmNAC16, ZmNAC28,
ZmNAC39, ZmNAC42, ZmNAC43, ZmNAC44, ZmNAC46,
ZmNAC47, ZmNAC48, ZmNAC68, ZmNAC69, ZmNAC70,
ZmNAC71, ZmNAC81, ZmNAC96, ZmNAC101, ZmNAC102,
ZmNAC126 and ZmNAC137), which may be a novel group
involved in abiotic stress responses (ﬁgure 2). To examine
if these predicted ZmNAC genes responded under drought
stress conditions, one of the serious environmental stresses
affecting maize production, we performed qRT-PCR to validate the 19 ZmNAC genes in the maize three-week-old
seedling. The expression levels of all the 19 group d genes
responsive to slight, moderate and severe drought stress were
compared with normal plants. The results showed that these
genes are differentially expressed in the leaves under drought
stress treatment (ﬁgure 7). Of the 19 ZmNAC genes, the
expressions of 14 were obviously upregulated in response to
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Figure 5. Cis-elements in the promoter regions of stress-responsive ZmNAC genes.
The stress-responsive cis-elements distributed on the sense strand and reverse strand are
shown above and below the black lines, respectively. ABRE and DRE core sequences
are indicated by different drop-down arrows.

drought stress, whereas those of the other ﬁve were downregulated. Interestingly, two members, including ZmNAC39 and
ZmNAC71, showed no expression or only faint expression
in the maize leaves under normal growth conditions, however, they were strongly upregulated after drought treatment.
ZmNAC39 and ZmNAC71 were strongly inducted by drought
with subtle differences that the highest expression level of
ZmNAC71 was observed at 3 h (D1), while ZmNAC39 was
observed at 6 h (D2) after drought stress treatment. We concluded that ZmNAC39 and ZmNAC71 may play an essential role in response to abiotic stresses. This conclusion
was also supported by the close relationship of ZmNAC39
and ZmNAC71 clustered in group d (stress-related), such as
OsNAC3, OsNAC19 etc., which were previously identiﬁed as
stress-response genes.
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Discussion
NAC-type proteins comprise a large group and play important roles in many aspects of plant developmental processes,
including stress responses, signalling pathways, plant
defenses and so on. In the present study, a total of 148
ZmNAC genes encoding these protein family were identiﬁed in the maize genome, which can be classiﬁed into 11
groups, distributed on all 10 chromosomes. The number of
NAC genes in maize was similar with rice, more than the
number of genes in Arabidopsis, which contained 105 in Arabidopsis (Ooka et al. 2003), 140 in rice (Fang et al. 2008),
respectively, which indicates that the NAC genes in maize
have expanded. It can be speculated that the presence of
more NAC genes in maize genome may reﬂect the great

Journal of Genetics, Vol. 94, No. 3, September 2015

Cis-acting element analysis of ZmNACs promoters and Ka /Ks analysis

Figure 6. Expression proﬁles of maize NAC genes in different developmental stages. The genomewide microarray data were obtained
from NimbleGen microarray provided by Sekhon et al. (2011).

need for these genes to involve in the complicated transcriptional regulations. This expansion appears to be the origination of gene duplication events, including segmental and
tandem duplication events. Gene duplications are one of
the primary driving forces in the evolution of genomes and
genetic systems (Moore and Purugganan 2003). Previous
research has shown that segmental duplication was largely
responsible for the expansion of maize gene family, such as
CCCH, HD-Zip and HS (Lin et al. 2011; Zhao et al. 2011;
Peng et al. 2012). In our study, the number of ZmNAC genes
involved in the segmental duplication is almost the same as
that of tandem duplication. A total 24 sister pairs of close
paralogues (48 genes) were found lying on the segmental duplicated regions among the 148 ZmNAC genes. These
genes represented ∼39% of ZmNAC genes that have evolved
from duplicated chromosomal regions. By contrast, 21 gene
clusters (46 genes) were found to involve in tandem duplication. On the other hand, the results indicated that both segmental and tandem duplication were the main contributor to
the expansion of maize NAC family. It has been reported that
the maize genome has undergone several rounds of whole
genome duplication, including an ancient duplication prior to
the divergence of grasses (∼50–70 Mya), and an additional
whole genome duplication (∼5 Mya), which distinguishes
maize from sorghum (Gaut 2002; Salse et al. 2008). By calculating the duplication dates of duplicated gene pairs, we
demonstrated that all of the segmental duplication events in
maize NAC gene family occurred after the divergence of the
grasses.
Phylogenetic analysis of the NAC gene family in maize
showed that the genes in the same subgroups or subclades

generally contained the same intron pattern (ﬁgure 1), with
the position of the intron(s) being fully conserved. Moreover, among the 148 typical ZmNACs, a majority of NAC
genes had more than two introns. These results validate our
classiﬁcation of ZmNACs, and also indicate that the intron
patterns and their corresponding splicing phases were not
random, but highly conserved. Introns would be inserted
or excised from the NAC coding region in a subfamilyspeciﬁc manner, in accordance with previous results, showing that the introns have been speciﬁcally inserted into plants
and retained in the genome, during the evolution (Rogozin
et al. 2003). In addition, a joined phylogenetic tree was
constructed from maize NACs and 32 published NAC proteins from other plants involved in diverse aspects of plant
growth and development. As shown in ﬁgure 2, the NAC
genes with the same functions exhibited a tendency to cluster into one subgroup, which provided an excellent reference to explore the functions of the maize NAC genes.
For example, some genes, including ZmNAC16, ZmNAC28,
ZmNAC39, ZmNAC42, ZmNAC43, ZmNAC44, ZmNAC46,
ZmNAC47, ZmNAC48, ZmNAC68, ZmNAC69, ZmNAC70,
ZmNAC71, ZmNAC81, ZmNAC96, ZmNAC101, ZmNAC102,
ZmNAC126 and ZmNAC137 belonged to group d and shared
a high level of sequence similarity with the stress-related
published genes. This result implied that these maize NAC
genes may be involved in the responses to stresses and this
hypothesis was also supported using qRT-PCR.
Gene expression patterns can provide important clues
for gene function, the expression data of NAC genes from
maize microarray can be selected to understand the expression proﬁles. In this study, phylogenetic analyses uncovered
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Figure 7. Expression patterns of 19 stress-responsive ZmNAC genes under stress treatments. The y-axis is the scale of relative expression
levels. The x-axis is time course of stress treatments. Relative expression levels of the 19 stress-responsive NAC genes in response to
drought treatment. Seedlings were sampled at 0 h (CK), 3 h (D1), 6 h (D2) and 12 h (D3) after drought treatment, respectively.

that ZmNAC34, ZmNAC115 and ZmNAC116 were classiﬁed into group g with GRAB2. We speculated that
members in this group had similar functions. Although
several studies have reported that GRAB2 with ability to
interact with the wheat dwarf geminivirus RepA protein (Xie
et al. 1999), however, through the analysis of microarray data
we found three cluster A genes (ZmNAC34, ZmNAC115 and
ZmNAC116) were expressed most highly in endosperm, suggesting that group A NAC genes may play an important role
in seed development, thus indicating the divergence of NAC
functions of this gene in maize family.
Maize growth and productivity are frequently threatened
by environmental stresses, such as drought, high salinity and
388

low temperature during life cycles. Recently, the NACs have
become one of the gene families that have received signiﬁcant interest in their potential applications for the engineering of plant tolerance (Fujita et al. 2004; Hu et al. 2006).
However, few maize NACs have been reported to respond
to a biotic condition. Using sequence similarity comparisons
and combined with phylogenetic analyses, encouragingly,
we identiﬁed 19 ZmNAC genes that were clustered with
the published stress-related marker genes in group d. Next,
qRT-PCR analysis showed that maize NAC genes exhibited
different expression levels under drought treatments. In 14
of 19 candidate genes (ZmNAC16, ZmNAC28, ZmNAC39,
ZmNAC42, ZmNAC44, ZmNAC68, ZmNAC69, ZmNAC70,
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ZmNAC71, ZmNAC81, ZmNAC96, ZmNAC102, ZmNAC126
and ZmNAC137), the expression levels increased after
drought treatments, suggesting that these genes might play
important roles in plant stress regulation, particularly those
showing strong response to the drought stress in this study.
Additionally, the genes (ZmNAC43, ZmNAC46, ZmNAC47,
ZmNAC48 and ZmNAC101) that show opposing expression
patterns under drought stress treatment, indicate that these
are involved in the communication between different signal transduction pathways. Taken together, our results indicated that these ZmNAC genes play an important role in the
response to drought stress and, thus, may be excellent candidates for the engineering of maize breeding with improved
drought stress resistance.
NAC-type proteins have essential functions in various
developmental processes in plants. To date, the function and
related regulatory mechanisms of NAC proteins in maize
remain poorly understood. Therefore, the systematic analysis
of the NAC gene family provides an important reference for
future studies on the biological functions of maize NAC proteins. In addtion, this study has provided not only an annotation of the NAC gene family in maize, but also identiﬁcation
of 19 drought-responsive genes. This study provides a very
useful reference, as well as a starting point, for revealing the
function of NAC genes in maize, especially for those genes
involved in the regulation of drought stress response.

Acknowledgements
We thank members of the Key Laboratory of Crop Biology of
Anhui province for their assistance in this study. This work was
supported by Natural Science Foundation of China (11075001,
31000871) and Scientiﬁc and Technological Research Plan of
Anhui (11010301026). We extend our thanks to the reviewers for
their careful reading and helpful comments on this manuscript.

References
Aida M., Ishida T., Fukaki H., Fujisawa H. and Tasaka M. 1997
Genes involved in organ separation in Arabidopsis: an analysis
of the cup-shaped cotyledon mutant. Plant Cell 9, 841–857.
Bailey T. L. and Elkan C. 1995 The value of prior knowledge in
discovering motifs with MEME. Proc. Int. Conf. Intell. Syst. Mol.
Biol. 3, 21–29.
Benson D. A., Karsch-Mizrachi I., Lipman D. J., Ostell J. and
Sayers E. W. 2010 GenBank. Nucleic Acids Res. 38, D46–D51.
Daimon Y., Takabe K. and Tasaka M. 2003 The CUP-SHAPED
COTYLEDON genes promote adventitious shoot formation on
calli. Plant Cell Physiol. 44, 113–121.
Duval M., Hsieh T.-F., Kim S. Y. and Thomas T. L. 2002 Molecular
characterization of AtNAM: a member of the Arabidopsis NAC
domain superfamily. Plant Mol. Biol. 50, 237–248.
Fang Y. J., You J., Xie K. B., Xie W. B. and Xiong L. Z. 2008
Systematic sequence analysis and identiﬁcation of tissue-speciﬁc
or stress-responsive genes of NAC transcription factor family in
rice. Mol. Genet. Genomics 280, 547–563.
Finn R. D., Mistry J., Schuster-Böckler B., Grifﬁths-Jones S.,
Hollich V., Lassmann T. et al. 2006 Pfam: clans, web tools and
services. Nucleic Acids Res. 34, D247–D251.

Fujita M., Fujita Y., Maruyama K., Seki M., Hiratsu K., OhmeTakagi M. et al. 2004 A dehydration-induced NAC protein,
RD26, is involved in a novel ABA-dependent stress-signaling
pathway. Plant J. 39, 863–876.
Gaut B. S. 2002 Evolutionary dynamics of grass genomes. New
Phytol. 154, 15–28.
Gaut B. S., Morton B. R., McCaig B. C. and Clegg M. T. 1996
Substitution rate comparisons between grasses and palms: synonymous rate differences at the nuclear gene Adh parallel rate
differences at the plastid gene rbcL. Proc. Natl. Acad. Sci. USA
93, 10274–10279.
Greve K., La Cour T., Jensen M., Poulsen F. and Skriver K. 2003
Interactions between plant RING-H2 and plant-speciﬁc NAC
(NAM/ATAF1/2/CUC2) proteins: RING-H2 molecular speciﬁcity and cellular localization. Biochem. J. 371, 97–108.
Guo A. Y., Zhu Q. H., Chen X. and Luo J. C. 2007 GSDS: a gene
structure display server. Yi Chuan 29, 1023–1026.
He X. J., Mu R. L., Cao W. H., Zhang Z. G., Zhang J. S. and
Chen S. Y. 2005 AtNAC2, a transcription factor downstream of
ethylene and auxin signaling pathways, is involved in salt stress
response and lateral root development. Plant J. 44, 903–916.
Hibara Ki., Karim M. R., Takada S., Taoka Ki., Furutani M.,
Aida M. and Tasaka M. 2006 Arabidopsis CUP-SHAPED
COTYLEDON3 regulates postembryonic shoot meristem and
organ boundary formation. Plant Cell 18, 2946–2957.
Hibara Ki, Takada S. and Tasaka M. 2003 CUC1 gene activates the
expression of SAM-related genes to induce adventitious shoot
formation. Plant J. 36, 687–696.
Higo K., Ugawa Y., Iwamoto M. and Korenaga T. 1999 Plant
cis-acting regulatory DNA elements (PLACE) database: 1999.
Nucleic Acids Res. 27, 297–300.
Hu H., Dai M., Yao J., Xiao B., Li X., Zhang Q. and Xiong L.
2006 Overexpressing a NAM, ATAF, and CUC (NAC) transcription factor enhances drought resistance and salt tolerance in rice.
Proc. Natl. Acad. Sci. USA 103, 12987–12992.
Kikuchi K., Ueguchi-Tanaka M., Yoshida K., Nagato Y., Matsusoka
M. and Hirano H. Y. 2000 Molecular analysis of the NAC gene
family in rice. Mol. Genet. Genomics 262, 1047–1051.
Kubo M., Udagawa M., Nishikubo N., Horiguchi G., Yamaguchi
M., Ito J. et al. 2005 Transcription switches for protoxylem and
metaxylem vessel formation. Gene Dev. 19, 1855–1860.
Letunic I., Doerks T. and Bork P. 2009 SMART 6: recent updates
and new developments. Nucleic Acids Res. 37, D229–D232.
Lin Y. X., Jiang H. Y., Chu Z. X., Tang X. L., Zhu S. W. and
Cheng B. J. 2011 Genome-wide identiﬁcation, classiﬁcation and
analysis of heat shock transcription factor family in maize. BMC
Genomics 12, 76.
Liu Y. Z., Baig M., Fan R., Ye J. L., Cao Y. C. and Deng X. X. 2009
Identiﬁcation and expression pattern of a novel NAM, ATAF, and
CUC-like gene from Citrus sinensis Osbeck. Plant Mol. Biol.
Rep. 27, 292–297.
Mitsuda N., Iwase A., Yamamoto H., Yoshida M., Seki M.,
Shinozaki K. and Ohme-Takagi M. 2007 NAC transcription factors, NST1 and NST3, are key regulators of the formation of
secondary walls in woody tissues of Arabidopsis. Plant Cell 19,
270–280.
Mitsuda N. and Ohme-Takagi M. 2008 NAC transcription factors
NST1 and NST3 regulate pod shattering in a partially redundant manner by promoting secondary wall formation after the
establishment of tissue identity. Plant J. 56, 768–778.
Mitsuda N., Seki M., Shinozaki K. and Ohme-Takagi M. 2005
The NAC transcription factors NST1 and NST2 of Arabidopsis
regulate secondary wall thickenings and are required for anther
dehiscence. Plant Cell 17, 2993–3006.
Moore R. C. and Purugganan M. D. 2003 The early stages of duplicate gene evolution. Proc. Natl. Acad. Sci. USA 100, 15682–
15687.

Journal of Genetics, Vol. 94, No. 3, September 2015

389

Xiaojian Peng et al.
Narusaka Y., Nakashima K., Shinwari Z. K., Sakuma Y., Furihata T.,
Abe H. et al. 2003 Interaction between two cis-acting elements,
ABRE and DRE, in ABA-dependent expression of Arabidopsis
rd29A gene in response to dehydration and high-salinity stresses.
Plant J. 34, 137–148.
Ooka H., Satoh K., Doi K., Nagata T., Otomo Y., Murakami K.
et al. 2003 Comprehensive analysis of NAC family genes in
Oryza sativa and Arabidopsis thaliana. DNA Res. 10, 239–247.
Peng X., Zhao Y., Cao J., Zhang W., Jiang H., Li X. et al. 2012
CCCH-type zinc ﬁnger family in maize: genome-wide identiﬁcation, classiﬁcation and expression proﬁling under abscisic acid
and drought treatments. PLoS One 7, e40120.
Pla M., Vilardell J., Guiltinan M. J., Marcotte W. R., Niogret M. F.,
Quatrano R. S. and Pagès M. 1993 The cis-regulatory element
CCACGTGG is involved in ABA and water-stress responses of
the maize gene rab28. Plant Mol. Biol. 21, 259–266.
Quraishi U. M., Abrouk M., Murat F., Pont C., Foucrier S.,
Desmaizieres G. et al. 2011 Cross-genome map based dissection
of a nitrogen use efﬁciency ortho-meta QTL in bread wheat unravels concerted cereal genome evolution. Plant J. 65, 745–756.
Ren T., Qu F. and Morris T. J. 2000 HRT gene function requires
interaction between a NAC protein and viral capsid protein to
confer resistance to turnip crinkle virus. Plant Cell 12, 1917–
1925.
Rogozin I. B., Wolf Y. I., Sorokin A. V., Mirkin B. G. and Koonin
E. V. 2003 Remarkable interkingdom conservation of intron
positions and massive, lineage-speciﬁc intron loss and gain in
eukaryotic evolution. Curr. Biol. 13, 1512–1517.
Rozas J., Sánchez-DelBarrio J. C., Messeguer X. and Rozas R. 2003
DnaSP, DNA polymorphism analyses by the coalescent and other
methods. Bioinformatics 19, 2496–2497.
Sablowski R. W. and Meyerowitz E. M. 1998 A homolog of
NO APICAL MERISTEM is an immediate target of the ﬂoral
homeotic genes APETALA3/PISTILLATA. Cell 92, 93–103.
Salse J., Bolot S., Throude M., Jouffe V., Piegu B., Quraishi U. M.
et al. 2008 Identiﬁcation and characterization of shared duplications between rice and wheat provide new insight into grass
genome evolution. Plant Cell 20, 11–24.
Schnable P. S., Ware D., Fulton R. S., Stein J. C., Wei F., Pasternak
S. et al. 2009 The B73 maize genome: complexity, diversity, and
dynamics. Science 326, 1112–1115.
Sekhon R. S., Lin H., Childs K. L., Hansey C. N., Buell C. R.,
de Leon N. and Kaeppler S. M. 2011 Genome-wide atlas of
transcription during maize development. Plant J. 66(4), 553–563.
Takada S., Hibara K.-i., Ishida T. and Tasaka M. 2001 The CUPSHAPED COTYLEDON1 gene of Arabidopsis regulates shoot
apical meristem formation. Development 128, 1127–1135.
Takasaki H., Maruyama K., Kidokoro S., Ito Y., Fujita Y., Shinozaki
K. et al. 2010 The abiotic stress-responsive NAC-type transcription factor OsNAC5 regulates stress-inducible genes and stress
tolerance in rice. Mol. Genet. Genomics 284, 173–183.
Tamura K., Dudley J., Nei M. and Kumar S. 2007 MEGA4: molecular evolutionary genetics analysis (MEGA) software version 4.0.
Mol. Biol. Evol. 24, 1596–1599.
Thompson J. D., Higgins D. G. and Gibson T. J. 1994 CLUSTAL
W: improving the sensitivity of progressive multiple sequence
alignment through sequence weighting, position-speciﬁc gap
penalties and weight matrix choice. Nucleic Acids Res. 22, 4673–
4680.

Tran L.-S. P., Nakashima K., Sakuma Y., Simpson S. D., Fujita
Y., Maruyama K. et al. 2004 Isolation and functional analysis of
Arabidopsis stress-inducible NAC transcription factors that bind
to a drought-responsive cis-element in the early responsive to
dehydration stress 1 promoter. Plant Cell 16, 2481–2498.
Tran L. S. P., Nakashima K., Sakuma Y., Osakabe Y., Qin F.,
Simpson S. D. et al. 2007 Co-expression of the stress-inducible
zinc ﬁnger homeodomain ZFHD1 and NAC transcription factors
enhances expression of the ERD1 gene in Arabidopsis. Plant J.
49, 46–63.
Vroemen C. W., Mordhorst A. P., Albrecht C., Kwaaitaal M. A.
and de Vries S. C. 2003 The CUP-SHAPED COTYLEDON3
gene is required for boundary and shoot meristem formation in
Arabidopsis. Plant Cell 15, 1563–1577.
Wang Xe, Basnayake B. V. S., Zhang H., Li G., Li W., Virk N.,
Mengiste T. and Song F. 2009 The Arabidopsis ATAF1, a NAC
transcription factor, is a negative regulator of defense responses
against necrotrophic fungal and bacterial pathogens. Mol. Plant
Microbe. Interact. 22, 1227–1238.
Wei F., Coe E., Nelson W., Bharti A. K., Engler F., Butler E. et al.
2007 Physical and genetic structure of the maize genome reﬂects
its complex evolutionary history. PLoS Genet. 3, e123.
Xie Q., Frugis G., Colgan D. and Chua N. H. 2000 Arabidopsis
NAC1 transduces auxin signal downstream of TIR1 to promote
lateral root development. Gene Dev. 14, 3024–3036.
Xie Q., Guo H. S., Dallman G., Fang S., Weissman A. M. and Chua
N. H. 2002 SINAT5 promotes ubiquitin-related degradation of
NAC1 to attenuate auxin signals. Nature 419, 167–170.
Xie Q., Sanz-Burgos A. P., Guo H., García J. A. and Gutiérrez C.
1999 GRAB proteins, novel members of the NAC domain family, isolated by their interaction with a geminivirus protein. Plant
Mol. Biol. 39, 647–656.
Xiong Y. Q., Liu T. Y., Tian C. G., Sun S. H., Li J. Y. and Chen
M. S. 2005 Transcription factors in rice: a genome-wide comparative analysis between monocots and eudicots. Plant Mol. Biol.
59, 191–203.
Zhang W., Ruan J., Ho T.-hD., You Y., Yu T. and Quatrano R.
S. 2005 Cis-regulatory element based targeted gene ﬁnding:
genome-wide identiﬁcation of abscisic acid- and abiotic stressresponsive genes in Arabidopsis thaliana. Bioinformatics 21,
3074–3081.
Zhao Y., Zhou Y., Jiang H., Li X., Gan D., Peng X. et al. 2011 Systematic analysis of sequences and expression patterns of droughtresponsive members of the HD-Zip gene family in maize. PLoS
One 6, e28488.
Zheng X., Chen B., Lu G. and Han B. 2009 Overexpression
of a NAC transcription factor enhances rice drought and salt
tolerance. Biochem. Biophys. Res. 379, 985–989.
Zhong R., Demura T. and Ye Z. H. 2006 SND1, a NAC domain
transcription factor, is a key regulator of secondary wall synthesis
in ﬁbres of Arabidopsis. Plant Cell 18, 3158–3170.
Zhong R., Lee C., Zhou J., McCarthy R. L. and Ye Z. H. 2008
A battery of transcription factors involved in the regulation of
secondary cell wall biosynthesis in Arabidopsis. Plant Cell 20,
2763–2782.
Zhong R., Richardson E. A. and Ye Z. H. 2007 Two NAC domain
transcription factors, SND1 and NST1, function redundantly in
regulation of secondary wall synthesis in ﬁbres of Arabidopsis.
Planta 225, 1603–1611.

Received 4 March 2014, in revised form 30 November 2014; accepted 12 December 2014
Unedited version published online: 18 December 2014
Final version published online: 15 September 2015

390

Journal of Genetics, Vol. 94, No. 3, September 2015

