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We investigated 151 non-redundant NAC genes in rice and 117 in Arabidopsis. A complete overview of this
gene family in rice is presented, including gene structures, phylogenies, genome localizations, and expression
profiles. We also performed a comparative analysis of these genes in rice and Arabidopsis. Conserved amino
acid residues and phylogeny construction using the NAC conserved domain sequence suggest that OsNAC
gene family was classified broadly into two major groups (A and B) and sixteen subgroups in rice. We
presented more specific phylogenetic analysis of OsNAC proteins based on the DNA-binding domain and
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I,:fcyew o known gene function, respectively. Loss of introns was observed in the segmental duplication. Homologous,
Phylogenetic analysis paralogous, and orthologous searches of rice and Arabidopsis revealed that the major functional
Microarray diversification within the NAC gene family predated the divergence of monocots and dicots. The
Stress chromosomal localizations of OsNAC genes indicated nine segmental duplication events involving 18 genes;

32 non-redundant OsNAC genes were involved in tandem duplications. Expression levels of this gene family
were checked under various abiotic stresses (cold, drought, submergence, laid-down submergence, osmotic,
salinity and hormone) and biotic stresses [infection with rice viruses such as RSV (rice stripe virus) and RTSV
(rice tungro spherical virus)]. Biotic stresses are novel work and increase the possibilities for finding the best
candidate genes. A preliminary search based on our microarray (22K and 44K) data suggested that more
than 45 and 26 non-redundant genes in this family were upregulated in response to abiotic and biotic
stresses, respectively. All of the genes were further investigated for their stress responsiveness by RT-PCR
analysis. Six genes showed preferential expression under both biotic RSV and RTSV stress. Eleven genes were
upregulated by at least three abiotic treatments. Our study provides a very useful reference for cloning and
functional analysis of members of this gene family in rice.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

A number of transcription factors are involved to regulate the gene
expression in living organism. As part of their regulatory function,
transcription factors interact with plant-specific DNA sequences.
Knowledge of the structure of the DNA-binding domains of tran-
scription factors is essential for understanding their function and
mechanism. The NAC gene family name was derived from the names
of three transcription factors: (i) NAM (no apical meristem, Petunia),
(ii) ATAF1-2, and (iii) CUC2 (cup-shaped cotyledon, Arabidopsis), all
of which have the same DNA-binding domain (Souer et al., 1996; Aida
et al., 1997). NAC genes encode plant-specific transcriptional
regulators that constitute a large transcription factor family in plants

Abbreviations: NAC, NAMATAF1/2 and CUC transcription factor; RSV, Rice stripe
virus; RTSV, Rice tungro spherical virus; RT-PCR, Reverse transcription-polymerase
chain reaction; BAC, Bacterial artificial chromosome; Os, Oryza sativa; At, Arabidopsis
thaliana; GA, Gibberellic acid; ABA, Abscisic acid.
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(Olsen et al., 2005); this family was first identified by mutations
(Souer et al., 1996; Aida et al., 1997). Transcription factor families are
expressed at much higher levels in plants than in animals. In the plant
kingdom, more than 50 families of different transcription factors have
been identified by sequence analyses of model species such as rice
(Xiong et al., 2005), and numerous reports suggest that transcription
factors and cis-acting elements are involved in almost all aspects
of cellular activity as part of their related roles in promoting gene
expression (Xiong et al., 2005).

NAC protein family members are highly conserved at the N-terminal
NAC binding domain and have a highly variable C-terminal domain that
plays a major role in the regulation of transcription (Olsen et al., 2005).
This unstable C-terminal domain of NAC proteins generally operates as
a functional domain and acts as a transcriptional activator or repressor
(Tran et al., 2004; Hu et al., 2006; Kim et al., 2007a). This variable
C-terminal domain is very large and also has protein binding activity.
Kim et al. (2007a) reported that the C-terminal domain of Arabidopsis
calmodulin-binding (CB) NAC can bind with calmodulin proteins.

There are 105 redundant putative NAC genes in Arabidopsis (Ooka
et al.,, 2003), and 140 putative NAC or NAC-like genes in rice (Fang
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et al,, 2008). The NAC transcription factors appeared to control of
biochemical and molecular pathways that can save plants under
different stress conditions. The NAC transcription factors are multi-
functional proteins with various roles in the plant life cycle, such as
maintenance of the shoot apical meristem (Souer et al., 1996; Kim
et al., 2007b), cotyledon development (Aida et al., 1997), lateral root
development (He et al., 2005), flower formation (Sablowski and
Meyerowitz, 1998), hormone signaling (Greve et al., 2003), response
to pathogen infection (Xie et al., 1999; Ren et al., 2000; Olsen et al.,
2005; Nakashima et al., 2007), plant organ senescence (Liu et al.,
2009), embryo development (Duval et al., 2002), response to different
abiotic stresses (Tran et al., 2004; He et al., 2005; Hu et al., 2006;
Bhatnagar-Mathur et al.,, 2007; Nakashima et al., 2007; Yoo et al.,
2007), formation of secondary walls (Zhong et al., 2007), cell division
(Kim et al., 2006), fiber development (Ko et al, 2007), seed
development (Sperotto et al., 2009), and senescence (Uauy et al.,
2006). In addition, expression of a large array of genes is induced by a
number of stress conditions, meaning that numerous proteins are
produced to join the pathways that lead to synergistic improvement
of stress tolerance (Seki et al., 2003).

NAC transcription factor production is induced by drought, as was
first shown in Arabidopsis. Overexpression of three Arabidopsis
thaliana (At) NAC genes (ANAC019, ANACO055, and ANAC072) in
transgenic plants increased the stress tolerance of the plants and
altered the expression of drought, salinity, and low-temperature-
stress-inducible genes (Tran et al., 2004). Furthermore, some
researchers have reported important functions of these genes in
abiotic and biotic stress resistance during the plant life cycle. One field
study showed that introduction of SNACT into rice increased drought
tolerance in the transgenic plants and gave 22% to 34% greater seed set
than in the negative control population upon exposure to severe
drought during flowering (Hu et al., 2006). SNACT is also involved in
cold and salt tolerance (Hu et al., 2006). Oryza sativa (Os) NAC6/SNAC2
and OsNAC10 are drought-tolerance gene that improves the expres-
sion of several protein-encoding genes under stress conditions
(Nakashima et al., 2007; Jeong et al., 2010) and belongs to the ATAF
subfamily (Kikuchi et al., 2000; Ooka et al., 2003). In Arabidopsis,
AtNAC2 expression is induced by salt and abscisic acid and amends salt
tolerance and root development (He et al., 2005). Hegedus et al.
(2003) have identified nine NAC genes that are upregulated in Brassica
napus (rapeseed) by cold temperature. In wheat (Triticum aestivum)
NAC gene, (NAM-B1) played an important role to move nutrient
remobilization from leaves to developing grains (Uauy et al., 2006).
TaNAC4 gene functions as a transcriptional activator involved in
wheat response to abiotic and biotic stresses (Xia et al., 2010). Lin
et al. (2007) found that OsNAC19 transcript was elevated by the
infection of Magnaporthe grisea, suggesting that OsNAC19 involved in
rice defense response to M. grisea infection. NAC proteins are also
involved in response to viral infection during vegetative development
of plants (Xie et al., 1999; Ren et al., 2000).

Completion of the high-quality sequencing of the rice genome
(International Rice Genome Sequencing Project 2005) has provided an
excellent opportunity for genome-wide analysis of all the genes
belonging to specific gene families. In rice, only a few NAC genes have
been characterized, and the functions of most of them remain to be
determined. Here, we identified 151 OsNAC genes in rice by database
searches and classified these genes according to reported genes. The
subgroups are more specific than previous work and biotic stresses are
new work in this present study. OsNAC genes play an important role in
the crosstalk of different kinds of stresses signaling. We analyzed the
phylogenetic relationships of the NAC genes in rice and Arabidopsis, as
well as the segmental and tandem duplications and exon and intron
structures of OsNAC genes. We also studied the expression intensities of
OsNAC genes under different abiotic and biotic stresses from our 22K
and 44K microarray data. The data generated should be very helpful in
studies of the biological functions of each OsNAC gene.

2. Materials and methods
2.1. Collection and classification of OsNAC gene family members

To identify members of the rice (Oryza sativa L. subsp. japonica cv.)
NAC transcription factor gene family, multiple database searches were
performed. The Database of Rice Transcription Factors (DRTF, http://
drtf.cbi.pku.edu.cn; Gao et al, 2006), rice genome annotation
(Machigan State University, MSU; http://rice.plantbiology.msu.edu/),
Rice Transcription Factor Database (Rice-TFDB, http://ricetfdb.bio.uni-
potsdam.de/v2.1/; Riano-Pachon et al., 2007), National Centre for
Biotechnology Information (NCBI; http://www.ncbi.nlm.nih.gov/), and
the Knowledge-Based Oryza Molecular Biological Encyclopedia (KOME;
http://www.cdna01.dna.affrc.go.jp/cDNA) were used to search for
members of the NAC gene family. We then further explored the
MSU database to gather a more complete collection of putative NAC
genes in rice by using keywords (NAC, NAM) and a domain (PF02365)
search. The BLASTP and TBLASTN search parameters of the three
databases (MSU, NCBI, and KOME) were set as follows: maximum
target sequences 350, and expected value less than 10. SMART (http://
smart.embl-heidelberg.de/) and Pfam database (http://pfam.sanger.ac.
uk/) searches were used to confirm and classify each predicted OsNAC
gene. Information about gene structure, transcripts, length, chromo-
somal localization, full-length cDNA, BAC accessions for each gene, and
the characteristics of the corresponding proteins were procured from
MSU, KOME, and GRAMENE (Liang et al, 2008). Exon and intron
structures were investigated by using the National Center of Plant Gene
Research (NCPGR, http://gbrowse.ncpgr.cn/cgi-bin/gbrowse/japonica/)
database.

2.2. NAC genes from Arabidopsis and other species

Various database searches were performed to collect data on all
members of the Arabidopsis NAC gene family. We used the BLAST
programs (TBLASTN and BLASTP) available in The Arabidopsis
Information Resource (TAIR), MSU Arabidopsis databases and the
NCBI Arabidopsis genome database. As a query sequence, we first used
the amino acid sequence of the NAM domain from the rice NAC. To
increase the extent of the database search results, we also performed a
position-specific iterated BLAST search (Altschul et al., 1997) against
the Arabidopsis database on the NCBI website. To confirm completion
of the collection we also performed database searches using the
amino acid sequences of the NAM domain of some members of the
Arabidopsis NAC family as query sequences. We indentified non-
redundant 117 AtNAC genes from database searches. We used the
Plant Transcription Factor Data Base (PTFDB, http://plntfdb.bio.uni-
potsdam.de/v3.0/fam_mem.php?family_id=NAC) for other species
(sorghum, maize, and poplar).

2.3. Phylogenetic analysis and sequence alignment

Phylogenetic trees were constructed by using OsNAC domain
sequences, and an unrooted tree was generated by ClustalX version
1.83 (Thompson et al., 1997) by the neighbor-joining method (Saitou
and Nei, 1987) and bootstrap analysis (1000 replicates). The tree was
analyzed and displayed by using MEGA software version 4 (Tamura
et al.,, 2007). Another two unrooted trees were constructed by the same
method to align OsNAC and AtNAC protein sequences and to align the
NAC protein sequences of five monocot and dicot species (rice, sorghum,
maize, poplar, and Arabidopsis). We defined two proteins with 100%
support in the same species as homologous proteins and two with 100%
support in different species as orthologous proteins. Multiple sequence
alignments were performed with ClustalX version 1.83 (Thompson
et al.,, 1997).
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2.4. Gene positions on chromosomes, and duplications

OsNAC genes were located on rice chromosomes according to
their positions given in the MSU rice database. The positions of
OsNAC genes on the rice chromosome maps were drawn and
modified manually, with annotation. To find large segmental
duplications, we identified genome duplications of rice in the
MSU database with a maximum permitted distance between
collinear gene pairs of 100 kb or 500 kb (http://rice.plantbiology.
msu.edu/segmental_dup/index.shtml). We selected tandemly du-
plicated genes if two OsNAC genes were separated by four or fewer
gene loci according to the Rice Genome Annotation Release 6 of
MSU.

2.5. Plant growth and abiotic and biotic treatments

Rice seeds (Oryza sativa L. ssp. japonica cv. ‘Nipponbare’) were
supplied by Drs. M. Yano and T. Matsumoto of the National Institute of
Agrobiological Sciences (NIAS), Japan. Seedlings were grown on
absorbent tissue paper at 28 °C under a 16:8 light:dark cycle for
10 days. Seedlings were then exposed to the following conditions:
cold stress (24 h, 48 h, or 72 h, incubation at 10 °C); mild drought
stress (01 h, 09 h, or 24 h, addition of 25% polyethylene glycol 6000 to
the planter box for mild drought stress); submergence (24 h, 48 h, or
72 h); laid-down submergence (06 h, 24 h, and 48 h); severe osmotic
stress (addition of 260 mM mannitol to the planter box for 24 h); salt
stress (addition of 150 mM sodium chloride to the planter box for
24 h); and plant hormone, abscisic acid (ABA) and gibberellic acid
(GA) (30-day-old calli were treated by 50 uM ABA and 50 uM GA for
three days). Controls for all microarray experiments were 10-day-old
seedlings before each stress treatment. Sample seedlings were
harvested after the stress treatment and stored at —80 °C. After
10 days of growth, control seedlings were harvested and stored at
—80°C.

Taichung Native 1 (TN1) is an indica rice cultivar susceptible to rice
tungro spherical virus (RTSV) (Encabo et al., 2009). RTSV strain A
(Cabauatan et al., 1995) maintained in TN1 was used as the source of
inoculum. Insect inoculation of plants with viruses was done by the
tube method as described by Cabauatan et al. (1995). Green
leafhoppers (Nephotettix virescens Distant) were given acquisition
access for 3 days to RTSV-infected TN1 and were allowed a
24-h inoculation access period to 9-day-old plants at three insects
per plant. Inoculated plants were maintained in a temperature-
controlled greenhouse (28 + 3 °C, natural sunlight). At 3, 6,9, 12, 15,
18, and 21 days after inoculation (DAI), the shoots of the inoculated
plants (excluding the meristem) were cut 3 to 5 cm above the soil
surface. After measurement of fresh weight, the plant samples were
frozen in liquid nitrogen and stored at — 80 °C until extraction of RNA.
Rice plants infected with virus (RSV) methods were published by
Satoh et al. (2010).

2.6. Estimation of virus accumulation

Relative amounts of RTSV accumulated in TN1 were estimated as
described by Shibata et al. (2007) using the absorbance values
obtained by enzyme-linked immunosorbent assay (ELISA) for RTSV
coat protein (CP) in plants. Nine-day-old plants were inoculated with
RTSV as described above. Shoots of 10 individual plants were collected
at0,3,6,9, 12, 15, 18, and 21 DAL Shoot extracts from the individual
plants were diluted 1 in 10 (w/v) in phosphate-buffered saline and
subjected to ELISA. The average absorbance value of extracts from
plants of the same treatment was taken as the relative level of RTSV
accumulation in the plant at each time point. The experiments were
repeated three times.

2.7. Rice oligo microarray analysis (22K and 44K)

Target complementary RNA (cRNA) was amplified and labeled
with cyanine-3 (Cy3) and cyanine-5 (Cy5) from 200 to 500 ng mRNA
by using a Fluorescent Linear Amplification Kit (Agilent Technologies).
The quality of the targets was determined with a model 2100
Bioanalyzer (Agilent Technologies) and the concentration with a
spectrophotometer (Nanodrop ND-1000; Nanodrop Technologies).
We hybridized 1 pg fluorescent linear-amplified Cy3- and Cy5-labeled
cRNA (500 ng of each cRNA) to a customized rice oligo microarray.
Labeled cRNAs from each of the six treatment groups and the control
were mixed and fragmented to an average size of 100 to 200 bases with
an in situ Hybridization Kit Plus (Agilent Technologies) by incubation
at 60 °C for 30 min. Fragmented cRNAs were added to hybridization
buffer, applied to the microarray, and hybridized for 17 h at 60 °C. The
slides (except in the case of cold stress) were washed with SSC (10 min
in 6x SSCand 0.005% Triton X-102 at room temperature, then 5 min in
0.1x SSC and 0.005% Triton X-102 at 4 °C). Cold-stress slides were
washed by the saline-sodium phosphate-EDTA (SSPE) method. Slides
were dried and scanned on an Agilent Technologies G2565BA
Microarray Scanner System. Scanned microarray images were ana-
lyzed by using Feature Extraction 6.1.1 software (Agilent Technolo-
gies), and dye-normalized, background-subtracted intensity and ratio
data were exported to a text file. This software flags corrupted spots
and detects lack of differences between sample spots and the
background. The availability of spots on the microarray was greater
than 85%.

Individual total RNA samples were extracted from shoot tissues
pooled from five plants of the same treatment by using an RNeasy
Maxi kit (Qiagen) in accordance with the manufacturer's instructions.
Cy3- or Cy5-labeled cRNA samples were synthesized from 850 ng of
the total RNA by using a low-input RNA Labeling Kit (Agilent
Technologies). Hybridization solution was prepared with 825 ng
each of Cy3- and Cy5-labeled cRNA preparations using an in situ
Hybridization Kit Plus (Agilent Technologies). A custom 60-mer
oligoarray printed with probes for about 43,500 rice genes was used
for comparison of gene expression levels between TN1 inoculated
with RTSV (Cy3-labeled samples) and those inoculated with virus-
free green leafthoppers (Cy5-labeled samples) harvested on the same
DAI (Satoh et al., unpublished). Hybridization and washing of
microarray slides were performed in accordance with the manufac-
turer's protocols. The slide images were scanned by a DNA microarray
scanner (G2505B; Agilent Technologies). Information on probe
arrangement on the array (GPL7252) is available at NCBI-Gene
Expression Omnibus GEO.

2.8. Data analysis (22K and 44K arrays)

Abiotic gene expression data corresponding to the 84 OsNAC
genes were retrieved from the 22K microarray data. The microarray
data download from NCBI-GEO (GSE7532, GSE2415, and GSE661) for
eight abiotic stresses (cold, drought, submergence, laid-down
submergence, osmotic, salt, 50 pM ABA, and 50 uM GA). Expression
intensities of all treatments are logl10 ratio value and each of
treatments is two biological repeats. We selected the common genes
in both replications with a threshold higher than 0.176 or lower than
—0.176. The log10 ratio values of the common genes are averaged
and selected the up- or down regulated genes in the different abiotic
treatments (Supplementary Table S1).

Image files of the slides were processed by Feature Extraction
version 9.5 (Agilent Technologies). Cy3 and Cy5 signal intensities
were normalized by rank-consistency filtering and the LOWESS
method. The microarray data used (RSV; GSE12681 and RTSV;
GSE16141) are available at NCBI-GEO. Signal intensities of all samples
were transformed into log2-based numbers and normalized according
to the quantile method for standardization among the array data. A
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gene was declared “expressed” if its average signal intensity was
higher than six under at least one condition; otherwise, the gene was
considered “not expressed”. A significantly differentially expressed
gene was defined as an expressed gene with (i) a log2-based ratio
(RSV and RTSV-inoculated sample/mock-inoculated sample) higher
than 0.585 or lower than —0.585; and (ii) significance in changes in
gene expression between the two plants of P<0.05 by paired t-test
(permutations: all possible combinations; FDR correction: adjusted
Bonferroni method). Data processing was done using MeV version 4.3.
We also found 130 OsNAC genes from our 44K microarray data
collected under RSV or RTSV stress conditions.

2.9. RT-PCR analysis to confirm microarray data

RT-PCR was performed to confirm the differential expression of
representative OsNAC genes identified by microarray data analysis
using gene-specific primers. Total RNA was extracted from 10-day-old
seedlings by using an RNA extraction kit (RNeasy Maxi Kit, Qiagen) in
accordance with the manufacturer's instructions. The concentration
and quality of RNA samples were examined by spectrophotometer
(Nanodrop ND-1000; Nanodrop Technologies) and a model 2100
Bioanalyzer (Agilent Technologies). Before the RT reaction, total RNA
was treated with amplification-grade DNase I (Invitrogen) for 15 min
to degrade possibly contaminated residual genomic DNA. RT-PCR was
performed using SuperScriptll reverse transcriptase (Invitrogen) in
accordance with the manufacturer's instructions to synthesize first-
strand cDNA from the DNase I-treated total RNA. About 1/20 of the
first-strand ¢cDNA generated from 1pg total RNA was used as a
template for PCR in a reaction volume of 50 uL with rTaq DNA
polymerase (Takara). PCR was performed in an ABI 9700 Thermo-
cycler (Applied Biosystems) with the following cycling profile: 94 °C
for 3 min; 25 to 35 cycles (depending on the expression levels of the
different genes) at 94 °C for 50 s, 55 °C for 50 s, and 72 °C for 1 min.
Fifteen microliters of the PCR product was separated in a 1% agarose
gel and stained with ethidium bromide for visualization. We used a
pair of primers specific to the rice actin gene (LOC_0s05g36290) for
RT-PCR as an internal control. We checked the transcript levels of the
actin gene and there was no significant variation among different RNA
samples. This gene has also been used as the internal control in other
RT-PCR experiments in our laboratory (Satoh et al., 2010). A pair of
primers for each OsNAC gene (Supplementary Table S2) with a 500- to
600-bp amplicon was used for RT-PCR. All RT-PCRs were repeated
three times with independently reverse-transcribed templates.

3. Results
3.1. Identification of OsNAC genes

To identify OsNAC genes in the rice genome we used four public
databases: MSU, NCBI, DRTF, and KOME. By removing redundant
sequences from the four databases and different transcripts of the
same gene, preliminarily we identified 155 putative OsNAC genes,
including 16 (AK068153, AK107407, AK108080, AK071020,
AK062952, AK109860, AK063943, AK102902, AK069733, AK069423,
AK072275, AK068393, AK064178, AK288271, AK287632, and
AK119495) found only in the KOME and MSU DNA searches (rice
full-length searches). The protein sequences encoded by all 155
putative OsNAC genes were confirmed by SMART and Pfam searches
for the presence of the NAM domain. For convenience, the “LOC_"
prefix has been omitted from the MSU locus IDs in the rest of the
manuscript. Four genes (0s01g23710, 0s10g25630, 0s10g26250 and
0s04g45340) with no NAM domain and one gene (0s09g24670)
with only a very small domain were excluded from further analysis,
as they cannot be used to construct acceptable phylogenesis.
Therefore, there were at least 151 OsNAC genes in the rice genome,
of which 135 had corresponding locus IDs in the MSU and DRTF

databases. The number of NAC proteins in rice (151 members) is
greater than that in Arabidopsis (117 members). Detailed informa-
tion and the structures of representative OsNAC genes can be found in
Supplementary Table S3.

3.2. Phylogenetic analysis and multiple sequence alignments

To clarify the phylogenetic relationships among the OsNAC genes
and infer the evolutionary history of this gene family, a combined
phylogenetic tree was constructed with the aligned OsNAC domain
and sixteen NAC published domain sequences of different species
(Fig. 1). Those of published NAC domain proteins bound specifically to
CATGTG motif of promoter region (Tran et al., 2004) or act as a
functional motif and an activation domain (Oh et al, 2005). The
conserved NAC domain consisting of approximately 160 residues is
located in N-terminal region and NAC domain proteins are highly
involved in stress responses than C-terminal. Examination of the tree
revealed that the OsNAC family fell into two major groups (group A
and group B). Group A and group B were further divided into 7, and 9
subgroups, respectively. The subgroups are named by the presence of
known NAC proteins in the respective subgroup. In group A, the
subgroups were ONAC4, ONAC5, ONAC2, ONAC3, ONAC7, ONAC1, and
ONACS. Likewise, the SNAC (Stress-associated NAC), ANAC34, NEO,
SND, NAC22, NAC1, NAM/CUC3, OMNAC (Oryza membrane NAC), and
TIP (Turnip crinkle virus interacting protein) subgroups were assigned
to group B. Group A consisted of 65 OsNAC genes; 14 belonged to
ONAC4, three to ONACS, sixteen to ONAC2, seventeen to ONACS3, five
to ONAC7, eight to ONACT and two to ONAC6. Group A does not
include any analyzed members of NAC and its members have less
homology with the Arabidopsis NACs. The members showed diversity
in the NAC domain structure. Group B consisted of 86 OsNAC genes; 14
members of SNAC, thirteen of ANAC34, two of NEO, fourteen of SND,
five of NAC22, six of NAC1, seventeen of NAM/CUC3 one of OMNAC,
and fourteen of TIP. The NAC members of group B showed high
homology with the Arabidopsis and others NACs.

With the help of comparative genomics, it is possible to analyze
proteins corresponding to the same gene family among different
species. To evaluate the phylogenetic relationship among the NAC
proteins in rice and Arabidopsis, we constructed another unrooted
tree from alignments of all 268 NAC protein sequences of the two
species as described in the Materials and methods (Supplementary
Fig. 1). This phylogenetic analysis suggested that most OsNAC and
AtNAC proteins were clustered in many plant-specific clades with
very high bootstrap support. We found three pairs of orthologous
proteins with 1000 replicates: Os06g15690 and AT1G25580,
0s11g45950 and AT3g04410, and 0s09g32260 and AT2G24430. We
identified 34 pairs of homologous/paralogous proteins in rice and 29
pairs in Arabidopsis (e.g. 0s01g48130 and 0s05g48850; AT3G01600
and AT5G14490). Paralogous genes were derived in both species by
gene duplication. This result suggested that some members of the
OsNAC and AtNAC gene families originated from the same ancestral
genes before divergence of monocots and dicots.

We then compared the NAC proteins in rice with those in maize,
sorghum, poplar, and Arabidopsis. We accumulated 747 putative non-
redundant NAC protein sequences, comprising 135 sequences from
rice, 216 from maize, 112 from sorghum, 167 from poplar, and 117
from Arabidopsis. We constructed a phylogenetic tree based on the
protein sequences of the NAC gene family. Examination of the
phylogenetic tree revealed that the plant-specific NAC gene family
became highly diversified during evolution. Fourteen ONAC2 genes
out of 16 (blue dots in Supplementary Fig. 2) and 12 ONAC3 genes out
of 17 (pink dots in Supplementary Fig. 2) were plant-specific. The NAC
domain composition of ONAC2 and ONAC3 was tightly conserved
(data not shown). NAC gene family analysis of tobacco has been
reported by Rushton et al. (2008) and showed that tobacco NAC genes
(TNAC) are Solanaceae specific.
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Fig. 1. Evolutionary relationship among the rice OSNAC domain sequences. The unrooted tree was generated by using the ClustalX program with the neighbor-joining method.
Bootstrap values from 1000 replicates are indicated at each node. OsNAC proteins were allocated to two distinct groups (A and B).

3.3. Chromosomal locations of OsNAC genes

To examine the genomic distribution of OsNAC genes on the
chromosomes, we identified the position based on MSU database
search. The position and length of each gene are shown in
Supplementary Table S3. In total, 135 of the 151 OsNAC genes could
be localized on the 12 chromosomes, with obviously uneven
distribution. OsNAC genes are present all regions on a single
chromosome (i.e., at the telomeric ends, near the centromere, and
in between) and could be distributed individually or in clusters
(Fig. 2) Chromosome 3 had the largest number (17) of OsNAC genes,
followed by 15 on chromosome 1. In contrast, only seven OsNAC genes
were found on each of chromosomes 4 and 9. All seven OsNAC genes
on chromosome 4 were found on the long arm. Eight out of the 13

OsNAC genes on chromosome 11 were located on the short arm, and
six OsNAC genes out of the seven located on chromosome 9 were
placed on the long arm. Fewer than 10 OsNAC genes were found on
chromosomes 4, 5, 6, and 9. Two OsNAC genes (0s03g39100 and
0s03g39050) encoding proteins having only the NAC domain were
positioned around the centromere on chromosome 3 and showed
tandem duplication. Additionally, nine OsNAC genes (0s01g01430,
0s01g01470, 0s03g03540, 0s06g01230, 0s08g01330, Os11g03300,
0s11g03310, 0s12g03040, and Os12g03050) were located near the
telomeric regions. Six of these genes, on chromosomes 1, 11, and 12,
showed tandem duplication in the telomeric regions.

During evolution, both segmental duplication and tandem dupli-
cation have contributed to the large number of gene families in plants
(Cannon et al., 2004). To elucidate the potential mechanism of

Fig. 2. Distribution of OsNAC genes on the 12 rice chromosomes. The scale is in megabases (Mb). Chromosome numbers are indicated at the top of each bar. White dot on each
chromosome (vertical bars) shows the rough position of the centromere. Genes with open reading frames in opposite orientations are marked on the chromosome (the black
triangles represent upward and the blue triangles indicate downward). Straight lines connect the OsNAC genes presented on duplicated chromosomal segments, and tandemly

duplicated gene clusters are marked by green bars.
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Table 1
The 11 genes expressed (upregulated) by at least three abiotic treatments.

Upregulated gene Cold Drought Submergence

Laid-down submergence

Osmotic Salt 50 uM ABA 50 uM GA

0s12g41680 1
0s02g34970
0507g48450
0s01g01430
0507g48550
0s11g03300
0s12g03040
0s01g66120
0505g34830
0s03g21030
0501g48460

e

_ o
o e e e e e e e e e

_ o e e e e e e e e

Genes upregulated more than 1.5 fold were assigned a value of 1.

evolution of the OsNAC gene family, we analyzed segmental and
tandem duplication events. We found nine segmental duplication
events (Fig. 2, Supplementary Table S4). Although the ONAC3
subgroup contained the greatest members of OsNAC genes, none of
the OsNAC genes belonging to this subgroup was on duplicated
chromosomal segments on the chromosomes. Similarly, in the second-
largest subgroup, ONAC2 no pairs of segmentally duplicated genes
were found. No segmental duplication events occurred among the
three chromosomes 2, 6, and 10. The highest numbers of segmentally
duplicated genes were found in subgroups SNAC and ONAC7, whereas
only one pair of OsNAC genes belonging to subgroups ANAC34, SND,
and ONAC1 was found on duplicated chromosomal segments.

On the basis of the phylogenetic tree results, we analyzed the intron
and exon structures of OsNAC genes belonging to the above subgroups.
There were no obvious differences among the different subgroups,
except in the case of subgroups ONAC2 and ONAC3 (Supplementary
Fig. 3). Both the location and numbers of introns and exons of the OsNAC
gene family were diversified on each gene. The highest number of
introns and exons was found in subgroups ONAC4 and TIP (Supple-
mentary Fig. 3). The coding sequences of all the OsNAC genes were
disrupted by introns: the number of introns varied from 2 to 16 in
subgroup ONAC4 and from 2 to 6 in subgroup TIP (Supplementary
Fig. 3). No introns were observed in subgroups ONAC2 and ONAC3,
except in five genes (0s03g39050, 0s10g26240, 0Os12g23090,
0s11g04470, 0s01g59640, 0s03g59730 and 0s05g43960). Most of the
genes in subgroups NAM/CUC3, NAC1, NAC22, SND, ANAC34, and SNAC
had two introns. In rice, researchers have shown that the rate of intron
loss is faster than the rate of intron gain after segmental duplication (Lin
etal,, 2006; Nuruzzaman et al., 2008; Roy and Penny, 2006). Therefore, it
seems that the genes in subgroups SND, ANAC34, SNAC, ONAC7, and
ONAC1 may represent young members of this gene family; in each
subgroup the genes with more introns may be the original genes from
that subgroup or may have diversified from subgroup ONAC4 or
subgroup TIP (Supplementary Fig. 3). However, the mechanisms of
intron gain and loss are not yet clear (Lin et al., 2006).

Tandem duplication is a common source for the expansion of
gene families. We found 36 OsNAC genes involved in tandem
duplications, consisting of 18 pairs (Fig. 2). The number of OsNAC
genes arranged in the tandem repeats varied from two to four, and
most of these genes were assigned in the same orientation on the
chromosomes, with the exception of two pairs (0s07g09740 and
0s07g09830, and 0Os07g48450 and Os07g48550). The identity of the
protein sequences of these genes ranged from 42% to 86% (data not
shown). Information on the duplicated genes is given in Supple-
mentary Table S5.

3.4. Expression profiles with abiotic treatments

During their life cycles, plants frequently encounter external
stress conditions that adversely affect growth and development. To

investigate the response of the OsNAC genes to both abiotic and
biotic stresses, we performed a microarray analysis. We identified
46 non-redundant OsNAC genes that were expressed up- and
downregulation under one or more of the abiotic stresses (cold,
drought, submergence, laid-down submergence, osmotic, salt and
hormone) compared with expression in the control seedlings
(Supplementary Table S6). More than 50% of these genes were
upregulated under different stresses. The greatest number of
upregulated genes (21) was found under laid-down submergence
stress. The lowest number of upregulated gene (1) was observed
under osmotic stress and under salt stress. None of the genes was
up- and down regulated under ABA treatment. The greatest
number of downregulated genes (14) was found under laid-
down stress, whereas the lowest number (3) was found under
submergence stress. We identified 11 genes upregulated by at
least three abiotic treatments (Table 1). Interestingly, under the
different abiotic treatments, changes in the expression of eight
genes were very common; these genes showed upregulation under
four different abiotic treatments (Table 1). Five genes
(0s01g01430, 0s03g04070, 0s04g43560, 0s05g37080, and
0s07g48450) were common and showed up- and downregulation
under different abiotic stresses. Likewise, six genes (such as
0s01g66120 and 0s05g34830) up-and down regulated in the
different time points of laid-down submergence stress (Supple-
mentary Table S6). Two genes were downregulated by at least
three abiotic treatments (Table 2). Seven genes of the ONAC4
subgroup were downregulated under the three abiotic stresses,
whereas upregulation of a number of genes belonging to the TIP,
NAM/CUC3, NAC1, and SNAC subgroups was common in response
to various abiotic stresses (Supplementary Table S6). In the SNAC
subgroup, expression of the 0s01g01430, 0Os01g66120,
0s05g34830, 0s07g48450, Os11g03300, and 0s12g03040 genes
was induced by four abiotic stresses (Supplementary Table S6).
Likewise, 0s07g48550 and Os12g41680 genes in subgroup NAM/
CUC3, and subgroup NAC1 showed upregulation under four abiotic
stresses (Supplementary Table S6). Only a very few upregulated
genes were observed in subgroups ONAC1, NAC22, and ONAC3.
0s01g66120, an ortholog of the sugarcane NAC gene SsNAC23, was
upregulated under cold, drought, submergence, and laid-down
submergence stresses. The search for cis-elements (http://hpc.irri.
cgiar.org/tool/nias/ces; Doi et al., 2008) identified ABRE and CBE
motifs in 0s01g66120. Nakashima et al. (2007) have reported that
these motifs are induced by drought, cold, and salt. The above
genes (such as 0s07g48550 and Os12g41680) contained ABRE and
CBE motifs in its upstream region and its expression might be
induced by stress. These genes were upregulated under four
different abiotic stresses in our study. A search for cis-elements
within the promoter region of SNAC subgroup members revealed
the binding motifs for leucine zipper (bZIP) factors and helix-
loop-helix (bHLH) factors.
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Table 2

The 2 genes expressed (downregulated) by at least three abiotic treatments.
Downregulated gene Cold Drought Submergence Laid-down submergence Osmotic Salt 50 uM ABA 50 uM GA
0s05g48850 =1l =1l =1l =1l
0s01g64310 =1l =1l —1

Those downregulated less than 1.5 fold were assigned a value of —1.

3.5. Expression profiles under biotic treatments

To investigate the responses of OsNAC genes to biotic stresses, we
investigated the expression profiles of OsNAC genes in seedlings
treated with RSV or RTSV and expressed the results as fold changes
with respect to the controls. We identified 34 non-redundant genes
differentially expressed under RSV stress at 3, 6, 9, and 12 DAI
(Supplementary Table S7). Nineteen of these genes were upregulated,
whereas 15 were downregulated. Five genes (0s04g40140,
0s05g10620, 0s11g05614, Os12g03050, and 0s12g05990) were
expressed at high levels (five-fold compared with the controls);
among them, Os12g05990 was expressed at the highest level (nine-
fold). Surprisingly, under RSV stress, the number of genes upregulated
was highest at 12 DAI and then decreased in the order of 9 DAI, 6 DAI,
and 3 DAI (Fig. 3A). We also identified 24 non-redundant genes
differentially expressed under RTSV stress at 6 DAI, 9 DAI, 12 DAI, and
15 DAI (Supplementary Table S8). Among them, 13 genes were
upregulated and 11 were downregulated. Interestingly, only one gene
(0s05g37080) was upregulated at all DAL Under RTSV treatment, the
number of genes upregulated was greater at 15 DAI but was smaller at
9, 6, and 12 DAI (Fig. 3B). Six genes (0s02g34970, 0s02g38130,
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Fig. 3. Number of genes differentially expressed (A) under RSV stress at different days
after inoculation (DAI), i.e., 3 DAL, 6 DAI, 9 DAL, and 12 DAI; and, (B) under RTSV stress at
6 DAL 9 DAI, 12 DAI, and 15 DAI. X-axis represents the different days of inoculation and
Y-axis indicates the number of differential gene expression.

0s11g03310, Os11g03370, Os11g05614, and 0s12g03050) were very
common; these genes were upregulated under both RSV stress and
RTSV stress. From the phylogenetic tree, we found that expression of
most of the genes of subgroup NAM/CUC3, and subgroup SNAC, was
induced by both abiotic and biotic stresses, whereas five genes from
subgroup TIP showed upregulation under RSV stress. 0s07g48450
gene was induced by four abiotic stresses (dorought, submergence,
laid-down submergence, and 50 UM GA), and one biotic RTSV stress.

3.6. Comparison of expression intensities of duplicated OsNAC genes

Gene expression divergence may play an important role in the
preservation of duplicated genes. Lynch and Conery (2000) have
found that during the course of evolution some of the alternative
outcomes of duplicated genes have included (i) nonfunctionalization,
(ii) neofunctionalization, and (iii) subfunctionalization. We examined
the expression patterns of segmentally and tandemly duplicated
genes under the different stress conditions. Probe numbers were
available for six of the nine pairs of genes located in the segmentally
duplicated regions. Out of six pairs of genes, five showed similar, high
expression patterns under most of the tested stresses, indicating
subfunctionalization after the duplication events (Fig. 4A). We
identified 14 clusters of tandemly duplicated OsNAC genes (Supple-
mentary Table S5). Among them only four clusters of the gene probe
set were found in our 22K microarray data. The expression patterns of
two tandemly duplicated genes (0s07g48550 and Os07g48450) were
dissimilar, which may indicate neofunctionalization. Three clusters of
genes showed similar expression, which may indicate subfunctiona-
lization (Fig. 4B).

4. Discussion
4.1. Function of different subgroups

The objectives of this study were (i) to perform an annotation of
the OsNAC gene family, (ii) to provide a new tool to predict the group
based classification in plants, (iii) to predict number of genes response
to different stresses, especially biotic stresses are novel study in this
manuscript, and (iv) to select the best candidate genes for functional
analysis. We have presented more specific phylogenetic analysis of
NAC proteins, based on the DNA-binding domains. Group A, an
unknown and group B, known are two major groups in phylogenetic
analysis (Fig. 1). These are the inconsistencies in our NAC gene
classification than previous study. Using this approach, the subgroups
fit well with known NAC function classes. Proteins with similar
domains may have the same or similar biological functions (Lin et al.,
2007). For example, the different subgroups of group B in Fig. 1,
represent four well known functions of the NAC proteins (i)
regulation of plant cell wall development (ii) cell division and
expansion (iii) organ formation or initiation, and (iv) response to
abiotic or biotic stress. Therefore, we speculate that there is functional
redundancy among the NAC genes. OsNAC genes play crucial roles in
various developmental processes, including signaling, stress
responses and plant defenses. Membrane-associated NAC members
are clustered in two subgroups (TIP and OMNAC). Subgroup TIP has
known members of TIP and NTL. TIP NACs were implicated stress
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Fig. 4. Examples of expression patterns of OsNAC genes found in duplicated regions of the rice genome. (A) Expression patterns of some OsNAC genes found in segmentally duplicated
regions. (B) Expression patterns of some tandemly duplicated OsNAC genes. X-axis represents the different stresses and Y-axis indicates the expression intensity. Gene names are

listed at the top of each graph.

response (NTL6) and play various roles in a variety of plant growth
and development processes (Kim et al., 2007a,b), and TIP acts as a
positive regulator of the host basal defense responses (Yoshii et al.,
2009). In our study, eight genes of this subgroup showed upregulation
in both abiotic and biotic stresses. Some genes (0s01g15640,
0s06g01230, 0s08g06140, and 0s10g42130) of this subgroup share
high similarity with NTL6 and RIM1. It is assumed that members of
this subgroup maybe involved in morphogenesis such as stress, plant
growth and development processes. Very recently, Kim et al. (2010)
reported that subgroup TIP was induced by different abiotic stresses.
Arabidopsis TIP is involved in viral resistance (Ren et al., 2000). The
subgroup NAM/CUC3 includes known NAC protein CUC3 and other
members in that subgroup also have high homology with Arabidopsis
NAM/CUC3 proteins. NAM/CUC3 is involved in shoot apical meristem
formation and development (Kim et al., 2007b). Eight genes of this
subgroup are induced by abiotic and biotic stresses. The subgroup
NAC1 (a known member from Arabidopsis ANAC021) members are
similar to ANAC021/22. The subgroup NAC22 members are similar to
NAC22 of Arabidopsis. The members in the subgroup NAC22 also
share a conserved N-terminal region with NAC1 members. It is
speculated that members in subgroups NAC1 and NAC22 may be
involved in morphogenesis such as root development. Subgroup SND
includes characterized by NAC members, NST1 and SND1, but none of
the genes is induced by different stresses. NST1 and SND1 are involved
in secondary cell wall synthesis (Zhong et al., 2007). Most of the
members of this subgroup share high similarity with NST1 and SND1,
which may be involved in cell wall related functions in rice. The SNAC
subgroup include known NAC members from rice, sugar cane
(SsNAC23), Arabidopsis (ATAF2, ANAC55, NAC2, ANAC19, and
ANAC72) and wheat (TtNAM-B1) that are involved in abiotic stress

responses (Fang et al., 2008), and four SNAC genes were upregulated
under either RSV stress or RTSV stress in this study (Fig. 1), which may
indicate that SNAC genes induced by biotic stresses also. From our
array analysis we present more information that rice NAC genes
induced by abiotic and biotic stresses. Some reports suggested that
CaNAC1, BnNACs, and OsNAC6 are members of subgroup SNAC share
common function in the plant induction response to biotic and abiotic
stresses (Hegedus et al., 2003; Oh et al., 2005; Nakashima et al., 2007).
Our microarray experiments showed that nine genes of subgroup
SNAC were induced by the infection of RBSDV (Rice black-streaked
dwarf fijivirus), RGSV (rice grassy stunt tenuivirus), and RRSV (rice
ragged stunt oryzavirus) while, all the members of subgroup TIP were
induced by the infection of RGSV and RDV (rice dwarf phytoreovirus;
Nuruzzaman et al., unpublished results). These results suggested that
OsNAC gene might play an important role in the cross talk of different
kinds of stresses. Transcriptome analyses have generated consider-
able data, which show extensive overlapping on gene expression
between biotic and abiotic stresses. Many of these overlapped genes
encode signaling components, including transcription factors and
protein kinases (Schenk et al., 2000; Seki et al., 2002). Transcirption
factors are promising candidates of common player involved in
crosstalk between abiotic and biotic stress signaling. There are high
homology with known genes and tight clustering of members of each
subgroup. The members of above subgroup are involved in stress
response which is confirmed by the expression analyses at mRNA
level in this manuscript. Through our phylogenetic analysis, we have
predicted many candidate genes that are function in controlling stress
responses. Although phylogenetic analysis provides important bioin-
formatics support for candidate gene selection, we are alert that it
alone cannot clearly indicate function. For this reason, our tissue
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expression analysis at the level of mRNA transcription and the
conserved group-specific residues of the NAC domain defined in this
study are good candidates for future investigation to further
understand the structure-function relationships of NAC transcription
factors.

4.2. Gene multiplication

We identified 151 OsNAC genes in the rice genome that could be
classified into different subgroups and were distributed on all 12
chromosomes. Gene duplication is believed to be a major mecha-
nism for the establishment of new gene functions and is one of the
preliminary drivers of the evolution of genetic systems and genomes
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(Moore and Purugganan, 2003). Segmental duplications occur
commonly in the slowly evolving in the MYB gene family (Cannon
et al., 2004). In the large and quickly evolving NBS-LRR disease-
resistance gene family, tandem duplications in local genomic
clusters with low levels of retention of segmental duplications are
common (Cannon et al., 2004). Our analysis suggested that there
were more tandemly duplicated genes than duplicated chromo-
somal segments in the OsNAC gene family. Therefore, we consider
that the number of OsNAC gene members increased rapidly during
the course of evolution, and the tandem duplications of chromo-
somal regions played a key role in the expansion of this family. This
phenomenon has been found in the F-box family of rice genes (Jain
etal.,2007). Interestingly, most of the segmentally duplicated genes
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Fig. 5. RT-PCR analysis of differential gene expression under abiotic treatments. (A) three genes (0s07g48550, Os11g03300, and Os12g03040 ) were upregulated and two
(0s07g48450 and 0s01g64310) were downregulated under cold stress (mk = mock/control; C-24 h, C-48 h, and C-72 h = cold for 24, 48, and 72 h, respectively); (B) of five genes,
three were upregulated (0s12g41680, 0s07g48450, and Os11g03300) to high levels and two were downregulated (0s07g12340 and 0Os03g04070) to low levels under drought stress
(mk =mock/control; D-01 h, D-09 h, and D-24 h=drought for 01, 09, and 24 h, respectively); (C) 0s12g41680 and Os11g03300 genes were expressed at high levels under
submergence stress (mk = mock/control; SM-24 h, SM-48 h, and SM-72 h =submergence for 24, 48, and 72 h, respectively); (D) three genes (0s12g41680, Os07g48450, and
0s11g03300) were upregulated under laid-down submergence stress (mk = mock/control; LDS-06 h, LDS-24 h, and LDS-48 h =laid-down submergence for 06, 24, and 48 h,

respectively).
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belonged to the SNAC subgroup and ONAC7 subgroup. The finding Arabidopsis have undergone multiple duplication events to gain
that the number of members of SNAC gene (14) in rice is less than more members during the process of evolution (Supplementary
that in Arabidopsis (17) suggests that SNAC gene members in Fig. 1).

SM 24 h
SM 72 h
LDS 06 h
LDS 24 h
LDS 48 h
0S24h
SA24h

50 uM ABA
50 uM GA

L = = e = =

— <+
S & & 3 8 &
U @) ) )] a a

050312120
0502506950
050646270
0s02¢123100
0500524560
050833670
050440140
050443560
050537080
050301870
0s09g12380
050148130
050704560
050356500
0512¢43530
050171790
051027360
0s05¢406050
0s06¢33940
0502p41450
0510256400
0510g25620
0s10g26240
0510226270
050615600
051021560
0s07g123400
050120640
050936000
050342630
050840030
050623650
050304070
050164310
050806140
050932260
050604090
0512g41660
0502¢ 36880
0502e 34970
050160020
050535170
0s07g4B450
050101430
0s00g33400
050251120
0s02¢56600
050450470
050601480
051205990
0s06g01230
050257650
050748550
0505343100
051103370
050737920
051103300
0512¢03040
050166490
050534600
050339050
050709630
050709660
0s07g13920
050717160
050727330
050339100
050525960
050709740
050727340
050833910
050166120
050534630
0508242400

Fig. 6. Differential expression of OsNAC genes under eight types of abiotic stress (log10 ratio); color bar at top shows level of expression. Red indicates expressed genes and green
indicates unexpressed ones; C-24 h, C-48 h, and C-72 h=cold for 24, 48, and 72 h, respectively; D-01 h, D-09 h, and D-24 h =drought for 01, 09, and 24 h, respectively; SM-24 h,
SM-48 h, SM-72 h = submergence for 24, 48, and 72 h, respectively; LDS-06 h, LDS-24 h, and LDS-48 h = laid-down submergence for 06, 24, and 48 h, respectively; OS = osmotic
24 h; SA=salt 24 h; ABA= 50 uM abscisic acid; GA =50 pM gibberellic acid.
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4.3. OsNAC genes play an important role under different stresses

In this paper, we show that in detailed expression of rice NAC is
induced by abiotic stress as well as biotic stresses. To obtain an overview
of the expression-level changes in the rice NAC family under stress
conditions, we extracted the stress signal ratios of the OSNAC genes from
our Nipponbare microarray data for cold, drought, submergence, laid-
down submergence, osmotic, salt, and hormone stresses in 10-day-old
seedlings, and in 30-day-old calli. Determining the expression profiles of
the OsNAC genes may provide clues to the function of each gene under
both abiotic and biotic conditions. Our analyses suggested that a total of
46 genes were expressed (up or down) under at least one of the seven
abiotic stress conditions. For confirmation we performed an RT-PCR
analysis to determine the mRNA expression levels; all genes had
strikingly higher or lower expression profiles in seedlings than in the
controls (mock) (Fig. 5A-D). Similarly, MeV cluster analysis based on
log10 ratio values showed that the OsNAC genes had very diverse
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expression patterns (Fig. 6, Supplementary Table S1). In order to gather
more details of expression profiles under large abiotic and biotic
stresses, we included submergence, laid-down submergence, osmotic,
hormone, RSV, and RTSV stresses, which were not considered by Fang et
al. (2008). In addition, we found that the Os10g42130 genes of the TIP
subgroup; 0s06g46270 and Os12g41680 genes of the NAC1 subgroup;
0s07g48450 and Os11g03300 genes of the SNAC subgroup were
upregulated under different abiotic and biotic stresses (most of the
genes of subgroup TIP and SNAC are induced by the infected of virus,
unpublished results). Thus, our findings might help to increase our
understanding of gene responses in research on abiotic and biotic stress
over a broad scale. Expression of some transcription factor genes from
different families such as DREB (Liu et al., 1998; Kasuga et al., 1999;
Haake et al,, 2002; Yamaguchi-Shinozaki and Shinozaki, 2001), MYB
(Abe et al., 1997), bZIP (Uno et al., 2000), and zinc finger (Mukho-
padhyay et al., 2004) has been reported to improve tolerance in various
abiotic stresses. Increasing evidence suggests that some members of the
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Fig. 7. (A) Histogram of 24 OsNAC genes differentially expressed under RSV stress; (B) RT-PCR analysis of 12 genes that showed high expression than control under RSV stress
12 days after inoculation (DAI); (C) Histogram of 16 genes downregulated under RSV stress; (D) RT-PCR analysis of eight genes that showed differential expression in response to
RSV stress. Actin gene expression was used as an internal control; mk = mock (control). X-axis represents the differentially expressed genes and Y-axis indicates the log10 ratio
expression values.
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NAC gene family also contribute to abiotic stress tolerance in Arabidopsis
and soybean (Tran et al., 2004; Yoo et al., 2007; Tran et al., 2009). Very
recently, Jeong et al. (2010) reported that OsNAC10 enhance abiotic
tolerance in rice, which is belong to SNAC subgroup. In our array
analysis, OsNAC10 gene is induced by the infection of RDV, RBSDV, RGSV,
and RRSV virus (unpublished results). To date, only six genes of the
OsNAC family in rice have been functionally characterized for their roles
in abiotic stress tolerance; a large number of the gene functions of this
family are still unknown in plants. One of these six genes is the drought
stress-responsive gene OsNAC10, mentioned above (Jeong et al., 2010).
Expression of this gene is induced specifically in guard cells by drought
stress, and overexpression in rice can promote stomatal closure and
substantially improve drought resistance under field conditions. The

16 - Upregulated genes
14

12
10

8
6
4
2
0

Expression value B>

B RTSVISDAI

M. Nuruzzaman et al. / Gene 465 (2010) 30-44

other three genes are OsNAC3, OsNAC4, OsNAC5, and OsNAC6/SNAC2, the
expression of three genes are also induced by various stresses;
transgenic rice plants overexpressing these genes showed significantly
improved tolerance to dehydration stress (Nakashima et al., 2007;
Sperotto et al., 2009; Zheng et al., 2009). Plant-specific NAC (NAM,
ATAF1/2, CUC2/3) transcription factor play regulatory roles in diverse
developmental process and stress responses.

Pathogens attack plants under environmental conditions favoring
such pathogens, and plants defend themselves through different
signaling pathways that regulate numerous biochemical, metabolic,
and molecular mechanisms to increase tolerance to adverse condi-
tions. Previously, NAC proteins have been identified because they
interact with other proteins of biological importance. The wheat
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Fig. 8. (A) Histogram of 12 OsNAC genes differentially expressed under RTSV treatment; (B) RT-PCR analysis of 10 genes that showed differential mRNA expression under RTSV stress
15 days after inoculation (DAI); (C) histogram of six genes downregulated under RTSV stress; (D) RT-PCR analysis of six genes that showed differential mRNA expression at 6 DAL
Actin gene expression was used as an internal control; mk = mock (control). X-axis represents the differentially expressed genes and Y-axis indicates the log10 ratio expression

values.
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(Triticum sp.) geminivirus RepA-binding (GRAB) proteins GRAB1 and
GRAB2 were identified because of their ability to interact with the
wheat dwarf geminivirus RepA protein (Xie et al., 1999), and the
Arabidopsis TIP was identified because of its binding to the Turnip
crinkle virus capsid protein (Ren et al., 2000; Yoshii et al., 2009). A
number of transcription factors, such as WRKY, NAC, and AP2, are
known to act specifically on transcriptional regulation of genes
responsive to biotic stresses (Gutterson and Reuber, 2004; Ryu et al.,
2006; Nakashima et al., 2007; Shimono et al., 2007; Chen and Guo,
2008). We identified a total of 54 genes that were differentially
expressed under either of the two biotic (RSV and RTSV) treatments.
Among these, 31 genes were upregulated by both treatments. More
than half of these genes were studied by RT-PCR analysis to determine
mRNA expression levels from our 44K microarray data (Figs. 7, 8). We
found that the expression levels in our results were very similar to the
intensities of the microarray data, and the transcription of many genes
encoding transcription factors was affected at 12 DAI and 15 DAI
under both biotic stresses. Data on such expression patterns have
been published for genes encoding proteins containing protein kinase,
leucine-rich, NB-ARC, and EF-hand domains, which might function in
signal transduction for defense systems (Lee and Rudd, 2002;
Tameling and Baulcombe, 2007; Li et al., 2009). Host defense systems
have been associated with genes for transcription factors in the WRKY
family (OsWRKY45; Shimono et al., 2007). Expression of these genes
was induced in the late phase of infection, when plants showed
obvious symptoms (Fig. 3). The inactivation of defense systems in rice
plants in the early infection stage probably stimulates the propagation
of RSV and RTSV. Together, above results indicate that some given
members of the OsNAC gene family is involved in abiotic and biotic
stresses condition and increase our knowledge about the involvement
of the NAC transcription factor in plant resistance.

5. Conclusion

Taken together, our data suggest that the OsNAC gene family has
greatly expanded and diversified in monocot and dicot species.
Segmental and tandem duplications might have contributed to the
expansion of this family. Many subgroups have evolved, resulting in a
high level of functional divergence. Most of these subgroups are
present in both rice and Arabidopsis, indicating that the appearance of
many of the genes in these species preceded the divergence of
monocots and dicots. Likewise, some subgroups are present in only
one species, suggesting that they have evolved or have been lost in
one or more species after this divergence. Interestingly, eight genes
were upregulated by at least four abiotic treatments. Six genes were
upregulated under both RSV stress and RTSV stress. OsNAC genes
showed temporal and spatial patterns of expression under different
stresses. The preferential expression of OsNAC genes provides a new
avenue for functional analyses in rice. Further research using, for
example, an RNAI strategy or insertion mutagenesis is required to
reveal the exact molecular mechanisms or pathways of the OsNAC
gene family.
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