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Abstract NAM, ATAF, and CUC (NAC) transcription
factors comprise a large plant-specific gene family and a
few members of this family have been characterized for
their roles in plant growth, development, and stress toler-
ance. In this study, systematic sequence analysis revealed
140 putative NAC or NAC-like genes (ONAC) in rice.
Phylogenetic analysis suggested that NAC family can be
divided into five groups (I-V). Among them, all the pub-
lished development-related genes fell into group I, and all
the published stress-related NAC genes fell into the group
IIT (namely stress-responsive NAC genes, SNAC). Distinct
compositions of the putative motifs were revealed on the
basis of NAC protein sequences in rice. Most members
contained a complete NAC DNA-binding domain and a
variable transcriptional regulation domain. Sequence
analysis, together with the organization of putative motifs,
indicated distinct structures and potential diverse functions
of NAC family in rice. Yeast one-hybrid analysis con-
firmed that 12 NAC proteins representing different motif
compositions can bind the NAC core DNA-binding site.
Real-time polymerase chain reaction (PCR) analysis
revealed 12 genes with different tissue-specific (such as
callus, root, stamen, or immature endosperm) expression
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patterns, suggesting that these genes may play crucial
regulatory roles during growth and development of rice.
The expression levels of this family were also checked
under various abiotic stresses including drought, salinity,
and low temperature. A preliminary check based on our
microarray data suggested that more than 40 genes of this
family were responsive to drought and/or salt stresses.
Among them, 20 genes were further investigated for their
stress responsiveness in detail by real-time PCR analysis.
Most of these stress-responsive genes belonged to the
group III (SNAC). Considering the fact that a very limited
number of genes of the NAC family have been character-
ized, our data provide a very useful reference for functional
analysis of this family in rice.

Keywords NAC - Stress - Oryza - Transcription factor -
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Abbreviations

NAC NAM, ATAF, and CUC transcription factor
PCR Polymerase chain reaction

MEME Multiple EM for motif elicitation

Y1H Yeast one-hybrid

ERDI1 Early responsive to drought 1

ABA Abscisic acid

GA Gibberellin

SA Salicylic acid

Introduction

Expression of most eukaryotic genes rely on specific tran-
scription factors that bind to or modulate DNA structure in
the regulatory region of genes, which in turn affects the
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activity of RNA polymerases for initiation of transcription.
In plants, more than 50 families of different transcription
factors have been identified based on sequence analysis in
model species such as Arabidopsis and rice (Riechmann
et al. 2000; Xiong et al. 2005; Riano-Pachon et al. 2007),
and numerous reports suggest transcription factors are
involved in almost all aspects of cellular activities with their
related roles in gene expression.

NAM, ATAF, and CUC (NAC) transcription factors
comprise a large protein family. Proteins of this family
contain a highly conserved N-terminal DNA-binding
domain and a variable C-terminal domain (Xie et al. 2000;
Duval et al. 2002; Ernst et al. 2004; Olsen et al. 2005).
NAC was originally derived from the names of three pro-
teins, no apical meristem (NAM), ATAF1-2, and CUC2
(cup-shaped cotyledon), that contain a similar DNA-bind-
ing domain (Souer et al. 1996; Aida et al. 1997). NAC
proteins appear to be widespread in land plants but no
homolog has been identified thus far in other eukaryotes
(Riechmann et al. 2000). The early reported NAC tran-
scription factors are implicated in various aspects of plant
development. A few examples are NAM from Petunia
(Souer et al. 1996) and CUCI-2 (Aida et al. 1997) from
Arabidopsis which have roles in controlling the formation
of boundary cells of the meristem; NAP (Sablowski and
Meyerowitz 1998) from Arabidopsis which acts as a target
gene of AP3/PI and functions in the transition between cell
division and cell expansion in stamens and petals; and
AtNACI which mediates auxin signaling to promote lateral
root development (Xie et al. 2000). Recently, a few NAC
transcription factors were reported to play an essential role
in regulating senescence, cell division, and wood formation
(Ishida et al. 2000; Takada et al. 2001; Vroemen et al.
2003; Weir et al. 2004; Kubo et al. 2005; Kim et al. 2006;
Zhong et al. 2006; Demura and Fukuda 2007; Ko et al.
2007; Mitsuda et al. 2007; Zhong et al. 2007).

NAM, ATAF, and CUC proteins were also found to
participate in plant responses to pathogens, viral infections,
and environmental stimuli (Xie et al. 1999; Ren et al. 2000;
Collinge and Boller 2001; Kim et al. 2007). In Arabidopsis,
three NAC genes, ANAC019, ANACO055, and ANACO072,
were induced by drought, salinity, and/or low temperature
(Tran et al. 2004), and the transgenic Arabidopsis plants
overexpressing these genes showed improved stress toler-
ance compared to the wild type (Tran et al. 2004).
Furthermore, proteins of these genes can bind to a cis-
element containing CATGTG motif (Tran et al. 2004).
Several NAC genes appeared to be hormone-inducible
(Hoth et al. 2002; Xie et al. 2002; Greve et al. 2003). An
Arabidopsis NAC gene AtNAC2 that can be induced by
high salinity, abscisic acid, aminocyclopropane carboxylic
acid, and naphthalene acetic acid has been predicted to be
a downstream gene in the ethylene and auxin signal

@ Springer

pathways (He et al. 2005). Overexpression of AtNAC2
resulted in altered lateral root development and enhanced
salt tolerance (He et al. 2005). Recently, a stress-responsive
NAC gene, SNACI, was also characterized in rice (Hu
et al. 2006). Overexpression of this gene in rice resulted in
significantly increased stomata closure and drought resis-
tance in drought-stressed field conditions while the
photosynthesis rate and yield of transgenic plants was not
affected under normal growth conditions (Hu et al. 2006).
Another stress-responsive NAC gene, OsNAC6, which is a
member of ATAF subfamily (Kikuchi et al. 2000; Ooka
et al. 2003), has been reported to be induced by abiotic
stresses and jasmonic acid treatment (Ohnishi et al. 2005),
and overexpression of this gene in rice resulted in increased
stress resistance (Nakashima et al. 2007). The tomato gene
StNAC, which belongs to the ATAF subfamily, was induced
by pathogen attack and wounding (Collinge and Boller
2001). In Brassica napus, nine members of the NAC family
(BnNAC) were identified for their differential expression
after flea beetle feeding and cold temperature treatment
(Hegedus et al. 2003). A NAC gene, NAM-B1, conferring
nutrient remobilization from leaves to developing grains
was reported in ancestral wild wheat (Uauy et al. 2006),
which further exemplified the functional diversity of NAC
gene family.

Although quite a few NAC transcription factors have
been characterized for their diverse functions, the functions
of the majority of members in this family remain unknown.
In the first classification of the NAC family, only eight
cDNA genes (OsNACI-OsNACS) in rice were included
(Kikuchi et al. 2000). The second classification of this
family was based on 75 cDNAs representing 55 non-
redundant genes in rice and 105 putative genes in Ara-
bidopsis (Ooka et al. 2003). With the completion of
genome sequencing in rice, more than 100 members of the
NAC family have been proposed for the rice genome
(Xiong et al. 2005), but the basic information of this family
in rice remains to be discovered. In this study, the number
of members in the NAC family of rice was reanalyzed and
140 putative NAC or NAC-like genes were identified. In
addition, 12 tissue-specific and 20 stress-responsive genes
were identified in this family.

Experimental procedures
Mining and bioinformatic analysis of NAC family

Three methods were used to identify all putative NAC
genes in rice. First, the keyword “NAC”, “no apical
meristem”, or “NAM” was used as a query to search
against the annotation database of rice genome (http://
www.tigr.org/, release 5). Second, the conserved NAM
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DNA-binding domains of known NAC proteins were used
to search (BLASTP program) against the predicted protein
database of rice genome (http://www.tigr.org/, release 5)
with a threshold E value less than 1E-5. Third, the HMM
profile of the NAM domain in the Pfam database (
http://pfam.sanger.ac.uk/) was used to search the annotated
rice protein database. All hits with expected values less
than 1.0 were collected. The nonredundant sequences
resulted from these three methods were then compared
with the NAC family in the rice transcription factor data-
base (RiceTFDB, http://ricetfdb.bio.uni-potsdam.de/v2.1/)
(Riano-Pachon et al. 2007) and the previously reported
annotation of this family (Ooka et al. 2003). All non-
redundant putative NAC protein sequences were manually
checked for the NAM domain.

Multiple alignments of the full length protein sequences
were performed with CLUSTALX (Thompson et al. 1997)
and the conserved NAC domains were extracted for con-
structing phylogenetic tree with the program MrBayes
version 3.0 (Ronquist and Huelsenbeck 2003). The HMM
profile of the NAM domain was reconstructed with the
HMMbuild program in the HMMER package version 2.1
(Eddy 1998). The program multiple EM for motif elicita-
tion (MEME); (Bailey and Elkan 1994) was used to predict
the potential motifs. All motifs discovered by MEME with
expected values lower than 1E-30 were searched in the
InterPro database with InterProScan (Mulder et al. 2005).

To investigate putative cis-acting regulatory DNA ele-
ments (cis-elements) in the promoter regions of the tissue-
specific or stress-responsive genes, promoter sequences
(500 bp regions upstream the 5’ end of the full-length
cDNA or predicted CDS) of these genes were extracted
from rice genomic sequences and searched against the
promoter database PLACE 26.0 (http://www.dna.affrc.
20.jp/PLACE/index.html) (Higo et al. 1999). The pro-
moter analysis and calculation of significance were
performed as described previously (Nemhauser et al.
2004).

Biochemical assay in yeast

Yeast one-hybrid assay was performed using the Match-
maker one-hybrid system (Clontech, Palo Alto, CA, USA).
Two pHIS2-cis reporter vectors, containing the NAC
binding sequences from promoters of OsERDI (Tran et al.
2004) and a putative ornithine aminotransferase gene
(LOC_Os03g44150, OsOAT), respectively, were con-
structed. Activation vectors were constructed by fusing the
open reading frames of selected NAC genes with different
motif compositions to the GAL4 activation domain in the
vector pGADT7-Rec2. Reporter and activation vectors
were co-transformed into yeast strain Y187 for verification
of the DNA-protein interactions. Primers used for yeast

one-hybrid constructs were listed in the Supplemental
material online.

Plant growth and stress treatment

To identify tissue-specifically expressed genes, seeds of
Minghui 63 were grown under normal conditions. Thirteen
tissues representing major tissues or organs of rice in an
entire life cycle were collected for real-time PCR analysis.
To verify the expression profiles of stress-responsive
rice NAC genes identified from DNA chip expression
profiling, seedlings of Minghui 63 were grown on sandy-
soil (one-third paddy soil mixed with two-thirds river
sand). At the four-leaf stage, the seedlings were treated
with salt and cold stresses. For high salinity treatment,
sodium chloride (NaCl) was added for a final concentration
of about 200 mM. For cold stress, the seedlings were
transferred to a growth chamber at 4°C with 12 h light/12 h
dark for 5 days and then back to normal growth conditions
for recovery. Drought stress was induced by stopping
watering at about 2 weeks before flowering and leaves
were sampled according to the degree of leaf-rolling.

Real-time PCR analysis

Gene-specific primers (Electronic supplementary material
Tables 1 and 2) were designed for NAC genes showing
tissue-specific or stress-responsive expression in DNA chip
analysis. For real-time PCR analysis, first-strand cDNAs
were synthesized from DNasel-treated total RNA using
Superscriplll reverse transcriptase (Invitrogen, Carlsbad,
CA, USA) according to the manufacture instructions. Real-
time PCR was performed in an optical 96-well plate with
an ABI PRISM 7500 real-time PCR system (Applied
Biosystems, Foster City, CA, USA). Each reaction con-
tained 12.5 pL 2x SYBR Premix® Ex Tag™ (TAKARA),
0.5 pL 50x ROX reference dye II, 1.0 pL cDNA samples,
and 200 nM of gene-specific primer in a final volume of
25 pL. The thermal cycle used is as follows: 95°C for 10 s;
45 cycles of 95°C for 5 s, 60°C for 34 s. Rice Actinl gene
(Accession number X16280) was used as internal con-
trol with primers 5-TGGCATCTCTCAGCACATTCC-3’
and 5'-TGCACAATGGATGGGTCAGA-3'. The relative
expression levels were determined as described previously
(Livak and Schmittgen 2001).

Results and discussion
Annotation update of NAC family in rice

By keyword (“NAC”, “NAM”) search in the rice anno-
tation database (TIGR, release 5, http://www.tigr.org), a
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total of 118 gene loci with annotations containing one of
the three words were browsed. BLASTP search of the
predicted rice protein database with the conserved DNA-
binding domain of known NAC proteins resulted in 156
gene loci that included those from keyword search. The
predicted protein sequences that resulted from keyword
and BLASTP searches were further checked with profile
Hidden Molkov Model (pHMM) of the NAM domain to
remove false sequences (Eddy 1998). Taken together, a
total of 138 gene loci were predicted to encode putative
NAC or NAC-like proteins (Table 1). Compared to the
annotation of NAC family in RiceTFDB (http://ricetfdb.
bio.uni-potsdam.de/v2.1/) in which 123 loci were claimed
(Riano-Pachon et al. 2007), the 138 loci identified in this
study include all the loci in the RiceTFDB database.
Among the 75 cDNA clones of the rice NAC family
(ONACO001-075 representing 56 loci) annotated by Ooka
et al. (2003), all except two clones are included in the 138
loci. The cDNA sequences of the two exceptional clones,
AKO068153 and AK105493, cannot be mapped to the
genomic sequence of rice, although the predicted protein
sequences of the two cDNAs have high similarity (>60%
in the NAM DNA-binding domain) to other NAC
sequences. To keep the nomenclature of this family con-
sistent, the names of reported genes and those of the
previous nomenclature system (i.e., ONACO001-075) are
kept in this updated nomenclature of NAC family in rice
(named ONACO001-140, Table 1). For the reported genes of
this family, the published names are referenced by priority
and followed by a systematic name. The systematic names
of the redundant cDNA clones in the previous annotation
were replaced with newly identified members. All the
newly identified members were named according to their
sequential locations on the chromosomes.

Generally, the 138 loci of NAC family are evenly dis-
tributed among the 12 chromosomes of rice. However,
there are eight gene clusters each with two to four
genes tandem or closely located in the genome including
a cluster containing four genes on chromosome 11
(LOC_Os11g31330, LOC_Os11g31340, LOC_Osllg-
31360, and LOC_Os11g31380). The sequences of the
clustered members are highly similar to each other, sug-
gesting a contribution of gene duplication in the expansion
of this family.

Phylogenetic analysis of NAC family

To reveal the evolutionary relationship of NAC genes, all the
putative NAC protein sequences of rice were collected for
phylogenetic analysis. In addition, seven published NAC
proteins from other plants were included as reference
sequences. NAC protein sequences. The result suggested
that the rice NAC family can be classified into five groups
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(I-V) and each subfamily has been largely diversified
(Fig. 1). Group I has 54 rice NAC members, and can be
further classified into five subgroups: I-1 (OsNAC7), 1-2
(NAC1), I-3 (NAM/CUC), I-4 (GRAB2), and I-5 (NAC2).
All the reported NAC transcription factors related
to development were classified into subgroups I-2,
I-3, and I-4. Group II also contains a large number
of members (54 rice NAC sequences) including
four sequences (LOC_Os11g31330, LOC_Os11g31340,
LOC_Os11g31360, and LOC_Os11g31380) that are tandem
located in chromosome 11 as a gene cluster and can be
classified into a few subgroups. However, the tree structure
of this group is more complex than that of group I, and group
II contains none of the published NAC sequences. Group III,
containing 14 ONAC genes, is named stress-related NAC
(SNAC) because all the published stress-related genes of
NAC family fall in this group. These published genes
include SNACI (Hu et al. 2006) and OsNAC6 (Nakashima
et al. 2007) from rice; ANACO019, ANACO0S55, and ANACO72
from Arabidopsis (Tran et al. 2004); and StNAC from tomato
(Collinge and Boller 2001). TERN (GenBank accession
number: AB021178) identified from tobacco (Benson et al.
1997) is also located in this group. Group IV contains 14
NAC members from rice. Group V has two NAC members
of rice as well as the reported NAC gene SENUS identified
from tobacco (John et al. 1997). The high sequence diver-
sification of the NAC family suggest that the function of this
family has also been diversified, which can be supported by
the reported NAC members involved in diverse aspects of
plant growth, development, and stress responses as reviewed
in the Introduction.

To further reveal the diversification of NAC family in
rice, putative motifs were predicted by the program
MEME, and 36 putative motifs were predicted in the
NAC family of rice (Table 2). Based on the composition
of motifs, the NAC family of rice can be classified into
15 types (A-O, Fig. 2). Most NAC proteins (including 97
rice NAC members in types A-E) contain a complete
NAC DNA-binding domain and a diversified C-terminal
activation domain. In the previous annotation of this
family (Ooka et al. 2003), five motifs were identified in
the DNA-binding domain of a typical NAC protein. Our
results showed that each of five motifs in the previous
report has at least two variants for different subgroups of
NAC members (Fig. 2). We noticed that the sequences of
type J (three genes), K (6), L (8), M (3), and N (5) do not
have all five motifs in the DNA-binding domain, while
the sequences of type F (10), G (6), H (6), and I (3) have
three to four motifs with locations matching that of the
five motifs of the typical NAC DNA-binding domain but
the motif sequences are completely different. Therefore,
these members may be more properly called NAC-like
proteins. In the transcriptional regulation region (TRR), at
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Table 1 Annotation update and expression pattern of NAC family genes in rice

LOC ID Nomenclature update Previous name KOME_cDNA Phylogeny group MEME group
0509233490 ONACO001 ONACO001 AKO060509 1I N
0s01g09550 ONACO003 ONAC003 AK121339 1I (¢}
ONACO016 AK106152
AK066231
AKO06171
0s08g42400 ONACO005 ONACO005 AK068776 I L
ONACO035/ AK104766
ONAC046 AK067906
ONACO052 AKO061543
0503242630 ONAC006 ONAC006 AK062675 14 A
0506204090 ONAC007 ONACO007 AK062952 I-1 A
0s04g43560 ONACO008 ONAC008 AK062955 12 A
0s07g37920 ONACO010 ONACO010 AK063406 1 A
0s06g46270 ONACO11 ONACO11 AK063648 I-2 A
0s05g37080 ONACO012 ONACO012 AK063703 v A
0s02g15340 ONACO013 ONACO013 AK063943 I-1 A
ONACO064 AK101280
AK105493 ONACO014 ONACO014 AK105493 1I K
0s07g48550 ONACO15 ONACO015 AKO073876 14 A
ONAC069 AK105645
0s01g01430 ONACO16 11 E
Os11g05614 ONACO017 ONACO017 AK106277 v A
ONACO030 AK109939
Os10g38834 ONACO018 ONACO018 AK106313 I-1 A
0s06g01230 ONACO019 ONACO019 AK064178 I-5 A
0s01g01470 ONACO020 14 C
0s09g12380 ONACO021 ONACO021 AK106741 1I L
0s03g04070 ONAC022 ONACO022 AK107090 v A
0s05g34310 ONAC024 ONAC024 AK107330; I A
AK119651
Os11g31330 ONACO025 ONACO025 AK107369 1I A
0s01g29840 ONACO026 ONACO026 AK107407 14 C
0502234970 ONACO028 ONACO028 AK108454 1I A
0508202300 ONAC029 ONACO029 AK109860 I-1 E
0Os01g23710%* ONACO030 1-3 o
0s08g01330 ONACO031 ONACO031 AK110611 I-1 C
0s02g56600 ONACO032 ONAC032 AKO070982 1-2 A
ONACO056 AKO060976
0s01g28050* ONACO033 I-5 J
0Os01g48460 ONAC034 11 K
0501259640 ONACO035 11 L
0s05g35170 ONACO036 ONACO036 AK099540 I-5 B
ONACO038 AK065065
0s08g06140 ONACO037 ONAC037 AK065294 I-5 A
0Os01g71790%* ONACO038 1-5 L
0503221030 ONACO039 ONACO039 AK065989 14 E
0s08g44820 ONAC040 ONAC040 AK099629 I-5 B
ONACO054 AKO069733
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Table 1 continued

LOC ID Nomenclature update Previous name KOME_cDNA Phylogeny group MEME group
0Os01g70110 ONAC041 ONAC041 AKO067450 1I L
ONACO050 AK068446
0s09g32040 ONAC042 ONAC042 AK099237 1-5 B
ONACO51 AK068501
0s02g06950 ONAC043 1-2 E
0s02g18460* ONAC044 I I
Os11g03370 ONACO045 ONACO045 AK067922 1-4 E
0s02g18470* ONAC046 1I 1
AKO068153 ONAC047 ONAC047 AKO068153 I-5 B
0s08g02160 ONAC049 ONAC049 AKO068393 v A
ONACO053 AKO072275
ONACO057 AK071052
0s02g38130 ONACO050 AK121953 I H
0s02g41450 ONACO051 1-2 M
0s02g42970 ONAC052 I-1 E
0s02g51120 ONAC053 v E
0s03g02800 ONACO054 I-5 B
0s03g01870 ONACO055 ONACO055 AKO070416 1-2 A
0s03g03540 ONACO056 I-1 A
0s03g12120 ONACO057 AK105283 1I H
0s03g21060 ONACO058 I C
0Os01g64310 ONACO059 ONACO059 AKO071274 v A
Os12g41680 ONAC060 ONAC060 AKO071464 1-2 E
0Os10g21560 ONACO061 ONACO061 AKO072682 1I o
0s05g48850 ONAC062 ONAC062 AK100983 1I H
0s08g33910 ONAC063 ONACO063 AKO073013 v A
0503239050 ONACO064 1I F
0s07g27330 ONACO065 ONACO065 AK101301 I F
0s03g56580 ONAC066 ONAC066 AKO073539 v A
0s03g39100 ONAC069 I F
0s02g57650 ONACO070 ONACO070 AK062258 I-5 B
AK102173
0s03g59730 ONACO071 1-3 N
0s09g32260 ONACO072 ONACO072 AK102511 1-4 A
0s01g48130 ONACO073 ONACO073 AK102794 1I H
AKO060307
0s01g66490 ONACO075 ONACO075 AK102902 v C
0s03g61249 ONACO076 1I G
0s03g61319 ONACO077 11 G
0503262470 ONACO078 1I o
050435660 ONACO079 1I A
0s04g39960* ONACO080 1-2 J
Os04g40140* ONACO081 I (0]
0s04g45340* ONAC082 1-1 A
0s04g52810 ONACO083 I-2 A
050459470 ONACO084 1-1 A
0s05g10620 ONACO085 1I H
0505225960 ONACO086 1I F
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Table 1 continued

LOC ID Nomenclature update Previous name KOME_cDNA Phylogeny group MEME group
0s05g34600 ONACO087 v A
0s05g34830 ONACO088 AK107746 1 D
0s05g43960 ONACO089 1 N
0s06g01480 ONAC090 AK069423 I-1 A
0s06g15690 ONAC091 AK060434 1I J
050623650 ONAC092 I-3 A
0s06g36480 ONAC09%4 1I H
0s06g51070 ONAC095 v A
0s07g04560 ONAC096 v A
0s07g09740 ONAC097 1I F
0s07g09830 ONAC098 1I F
0s07g09860 ONAC099 1I F
0s07g13920 ONAC100 I F
0Os07g17180 ONACI101 1I F
0s07g27340 ONAC102 I F
0s07g48450 ONAC103 AK068606 I C
0s08g10080 ONAC104 AK120197 1-2 E
0s08g23880 ONACI105 1I 1
0s08g33670 ONACI106 I-1 E
0s08g40030 ONACI107 1-3 A
0509224560 ONAC108 I-1 A
0s09g38000 ONACI109 I-5 E
0s09g38010 ONACI110 I-5 A
0Os10g09820 ONACI11 1I L
0510225620 ONACI112 1I L
0s10g25630* ONACI13 1I (¢}
0Os10g25640 ONACI114 1I K
0s10g26240 ONAC115 I (6]
0Os10g26250* ONACI116 1I (6]
0s10g26270 ONAC117 I (0]
0Os10g27360 ONACI118 11 K
0s10g27390 ONACI119 1I o
0Os10g33760 ONACI20 AK119558 1-2 D
0Os10g42130 ONACI21 AK110684 1-5 A
Os11g03300 ONACI22 AK069257 III E
Os11g03310 ONAC123 1-4 A
Os11g04470* ONAC124 1I G
Os11g04960 ONACI125 11 L
Os11g07700* ONACI26 1-5 o
Os11g31340 ONACI127 1I A
Os11g31360 ONACI128 1I N
Os11g31380 ONACI29 1I (6]
Os11g45950%* ONAC130 A% M
Os12g03040 ONACI131 m E
0Os12g03050 ONAC132 I-4 D
Os12g04230* ONAC133 1I K
0s12g05990 ONACI134 v E
0s12g07790 ONACI35 1I K
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Table 1 continued

LOC ID Nomenclature update Previous name KOME_cDNA Phylogeny group MEME group
0s12g22630 ONACI136 1I G
051222940 ONACI137 1I G
051223090 ONACI138 1I G
051229330 ONACI139 1I A
0Os12g43530 ONACI140 v A
050236880 OsNAC1/ ONACO027 AK108080 I-4 A
ONACO027
0s04g38720 OsNAC2/ ONAC004 AKO061745 1-4 A
ONAC004 ONAC034 AK104626
ONACO058 AKO071020
0s07g12340 OsNAC3/ ONACO067 AKO073667 1 A
ONACO067
0s01g60020 OsNAC4/ ONAC068 AK073848 I A
ONACO068
Os11g08210 OsNACS5/ ONAC009 AK102475 I A
ONAC009 ONACO020 AK063399
ONACO071 AK064292
0s01g66120 OsNAC6/ ONAC048 AK068392 1 E
ONAC048
0s06g33940* OsNAC7/ AK102224 I-1 A
ONAC093
0Os01g15640 OsNACS8/ ONAC074 AK102808 I-5 E
ONAC074
0s03g60080 SNAC1/ ONAC002 AK099245 1 A
ONAC002 ONACO033 AK104712
ONAC043 AK067690
ONAC044 AK104551
0s02g12310 TMS5/ ONACO023 AK107283 v N
ONAC023

Locus ID was adopted from TIGR database (the newly identified loci that were not in the RiceTFDB database were indicated with asterisks).
Published gene names were given priority in nomenclature: OsNACI-8 (Kikuchi et al. 2001), SNAC!I (Hu et al. 2006), TMS5 (Yang et al. 2007)

least ten motifs were identified (Fig. 2). Some motifs are
present only in one or two sequences, and for simplicity
of classification, these sequences were classified into
type E (18 genes), which has a complete DNA-binding
domain but a “Variable” TRR, or into type O (11 genes),
which contains unclassifiable sequences based on motif
composition.

In general, most of the closely related members in the
phylogenetic tree have the same or very similar motif
composition (Table 1). However, the classification based
on motif composition does not completely match the
phylogenetic classification. This is not very surprising
since the phylogenetic tree is based on the alignments of
DNA-binding domain sequences, whereas the classification
of motif composition is based on the combination of
different motifs. Although the functions of most of the

@ Springer

motifs remain to be determined (most of them do not
have homologous sequences in the InterPro database,
http://www.ebi.ac.uk/interpro/, release 6.1), the motif
composition of these unknown NAC (or NAC-like)
sequences may provide clues for further function analysis
of these genes.

Yeast one-hybrid assay of ONAC proteins

Our previous work showed that SNACI and SNAC2 can
bind the NAC recognition site (NACRS)-like sequence in
the promoter of OsERDI (Hu et al. 2006; Hu et al. 2008).
To determine whether other ONAC proteins with different
motif compositions can bind the NAC DNA binding
sequence, activation constructs (pGADT7-ONAC) con-
taining the opening reading frames of 12 ONAC genes
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Fig. 1 Phylogenetic analysis of NAC protein sequences. Unrooted
phylogenetic tree was derived from the program MrBayes version 3.0
(Ronquist and Huelsenbeck 2003) based on the conserved NAC
domain of rice and the published NAC genes. The numbers at the
branching sites indicated the posterior probability values for nodal

(representing almost all the motif composition types) the
fused to the GAL4 activation domain were co-transformed
with pHIS-cis construct (containing the NAC DNA binding
sequences in the promoters of OsERDI gene or OsOAT
gene) into the yeast strain Y187. The result showed that all
the co-transformants of pPGADT7-ONAC and pHIS-cis, but
not the negative control, could grow very well on the SD/
Leu-/Trp-/His-medium with 30 mM 3-AT (Fig. 3), sug-
gesting that these ONAC proteins with different motif
compositions could bind the NAC DNA binding sequence
in yeast.

0s11903300.1

[Noo.  0s10g27390.1 S
/ | \ ‘\\ 05109273601 999 0410g26270.1
Os|1g31330.1‘ \ 1\ N\ AN
b 0508g42400.19)58 | N N\~ N
0 [ | 88
‘ “; \ | \\ ‘1\’38 = N 0510925640.1
‘ “‘Osossmazo,w dss O\ —0s03912120.1
[ ) |\

| )
05119313801 | 0501g70110.1 6fgs \
00, [\

At5963790.1 ATAF2

SINAC ~_

\Qﬁj 05050439601
\ p;

TERN

. / AI3g15500.1 ANACOSS OVS
050'90'430' ‘At1952890| ANACO19 |
00 937920.1 7 | 0s01966120.1 OsNACE SNACZ
,‘ AB\9/43531 NAMB?
1‘ o;r Ve
/ owsguasu 1

m 55/

0s05934310.1

__GRBA!

At4g27410.2 /“’9 937

p
bs”“mm' 05"“96;7912340w 0sNAC3

00
(:J,Osoagenoem SNAC1

#”AK105493 ONACO14
///0501948460.1
&

/0509912380.1
/ 0s03g61319.1
~-0503461249.1
0512904230.1
05119044701

- 0s11g45950.1

— SENU5

v
SENU5

0502912310.1 0507909860.1

0507909830.1
/,00'//

__0s07g09740.1

— 05039391001

— 0507¢13920.1
\Iﬂ7*0503939050 1

| Y\

A 00—

\ o\ \ 1 sl 553?1@7 R
9 \ 0504404401 \\
0% mgswb 0504935660 o

\ 0502934970\ yg 0505g259601
\ \ 03119049501 \ N\
\ 0510909820.1 \ X
0.

8801
05089238801\

0507927340.1
0507927330.1
0s02918470.1

~0502918460.1
__—0510926240.1

05109256201

0s06915690.1

1
PA

T0s05048850.1

[\ / \
/ \ / \
0s11931340.1\  0s09933490.1 0s01g09550.1
0s119¢31360.1

050148130.1

support. The names of the reported NAC genes continued to be used
in order to keep a consistency with the previous references, while the
unpublished NAC genes in rice were designated according to their
locus ID from The Institute for Genomic Research (TIGR
http://www.tigr.org/)

Identification of tissue-specifically expressed NAC
genes in rice

Increasing evidence suggest tissue-specifically expressed
transcription factors play critical roles in plant growth and
development (Mitsuda et al. 2007; Yoo et al. 2007). Nev-
ertheless, tissue-specific NAC transcription factor has not
been reported in rice. A preliminary check of our whole-
genome expression profile data of rice for different tissues
suggested that 17 genes showed tissue-specific expression
(i.e. expression signal was detected only in 1-3 tissues of
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Table 2 Motifs identified in NAC family genes in rice

Motif no.  E value Sites  Annotation of motif ~ Conserved amino acids of motif

1 6.6E-1243 50 NAM, NAC WYFFSPRDRKYPNGSRTNRATGSGYWKATGKD

2 2.6E-1063 50 NAM, NAC VGMKKTLVFYKGRAPKGTKTDWVMHEYRL

3 1.3E-1034 50 NAM, NAC VGMKKTLVFYRGRAPKGxKTDWIMHEYRL

4 7.6E-693 50 NAM, NAC PGFRFHPTDEELVVYYLKRKV

5 8.0E-702 50 NAM, NAC PPGFRFHPTDEELVxHYLRRK

6 3.5E-601 50 NAM, NAC IAEVDLYKCEPWDLPEKAKMG

7 6.6E-602 50 NAM, NAC KYPNGXxRPNRATGSGYWKATG

8 8.3E-406 50 Unknown LRLDDWVLCRVFKKK

9 4.8E-319 50 NAM, NAC VIPDVDLYKCEPWDLPEXAKI

10 1.50E-291 9 NAC WRKY VLSFFAEGERGSSGWVMHEY AITAPADLASSPIRLYRVRFSGHGKK
11 4.80E-276 44 NAM, NAC GLPPGFRFDPTDDELVxHYLL

12 7.00E-306 10 Unknown GDEAFFFAEARAKNGKGKRQKRTVEGGGFWQGQRMCVDGERLVVPDGGGG
13 4.00E-204 50 Unknown KDEWVLCRIFKKSG

14 490E-174 46 NAC xFGXxARKPxKTNWVMHEYHL

15 1.60E-163 50 Unknown EWYFFSPR

16 5.40E-150 17 Unknown ALSDFEFPESIDEVLSCIDFA

17 1.50E-138 12 Unknown GKPLPLDGVILDADPLSAPPWRLLADHGR

18 1.50E-112 22 Unknown IDPVFRDLPDLIVLPAEEADT

19 3.70E-111 7 NAM¢ HPLIDEFIPTIEGEDGICYTHPEKLPGVKKDGLSRHFFH

20 7.40E-101 22 Unknown GMARAAPQSAVSETALFEELVPPPQPVP

21 1.00E-79 12 Unknown QNSYDMMADSSLLFSDLPGSIDDDELQSF

22 1.00E-74 46 xQQQQQQ

23 3.90E-69 7 NAM, NAC ETRWHKTGKTRPVVVDGKLKGCKKILVLY

24 1.90E-57 49 xGGGGG

25 4.30E-44 12 Unknown MMSMADQANMASTSQ

26 9.80E-77 Unknown DWYDEFEITYGAVAPPSPSTISWEAPQSSPTGWWPSPNGGPVQHDGYLGM
27 3.50E-41 8 Unknown EEEKDGELVVSKVFYQTQPRQ

28 1.00E-42 24 Unknown SDGADQGSSGV

29 8.30E-41 11 Unknown LQLPGMAGSSSAMPL

30 1.00E-40 8 Unknown IDDADEPVLCKVYLSPRAACAEAAHQESA

31 5.70E-43 Unknown AADPTSYMLEHLLPTAAIPPEPMTPPKSSPAPPPAVDHHHRLSPPHDAAG
32 2.50E-40 Unknown RIAEMVNHIMDGEFEFKFEDDTILKFNEV

33 8.60E-40 7 Unknown AETYIEDEEDGYIYFFSKRQF

34 3.90E-38 42 AAAAA

35 2.00E-37 12 Unknown FIHEADVYGADPAELTEKHRP

36 4.60E-44 3 Unknown EATGFGVPDSMDGLSCIDFAETMDDLSCIDFTIDDELFDLW

37 5.60E-40 3 Unknown ARSSNGDRFFFTGCKRIKGKFSRSAGGGTWVSQSSKDLKNREGIKIGEVK
38 5.50E-32 9 Unknown RPSKAYTTGTRKRRKIHTD

39 1.70E-33 6 Unknown GPKNGEQYGAPFLEEDWEE

The motif numbers correspond to the numbers in Fig. 2. Motif 22, 24, and 34 are false hits by the program MEME as the conserved sequences
have low complexity (repetitive single amino acid). The expected values of each motif prediction are given by the MEME program. The motif
sequences were compared against the InterPro database to find possible matches of domains

more than 30 tissues being investigated) (Wang et al.,
unpublished data). Real-time PCR was then performed to
confirm the tissue-specific expression patterns of 12 genes
in 13 representative tissues from an entire life cycle of rice.
The results suggested that all the 12 genes examined
showed tissue-specific expression in only 1-2 tissues

@ Springer

(Fig. 4). Among these tissue-specific genes, seven
genes (LOC_01g29840, LOC_02g12310, LOC_05g34310,
LOC_11g31340, LOC_11g31330, LOC_11g31360 and
LOC_11g31380) are specifically expressed in immature
endosperm, three genes (LOC_02g15340, LOC_06g33940
and LOC_11g03370) are specifically expressed in callus
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(including one that is callus and root specific), two genes
(LOC_07g37920 and LOC_12g22630) are specifically
expressed in stamen. These tissue-specific expressed genes
may deserve special notice for further investigation of their
function since quite a few members of the NAC family in
plants have been proven to play important roles in regu-
lating growth and development.

Expression profiles of the NAC family under different
stresses

To obtain an overview of the expression level changes of
the rice NAC family under stress conditions, stress/non-
stress signal ratios of the ONAC genes were extracted from
our microarray data of ‘Minghui 63’ for drought and salt
stresses at tillering stage (Zhou et al. 2007). In the leaves of
drought-stressed plants at tillering stage, the stress/non-
stress signal ratios of 20 genes were higher than 2.0 [with
the range of 2.0-21.40 (Electronic supplementary material

Figure 1)]. In the leaves of salt-stressed plants at tillering
stage, 21 genes showed induction ratios higher than 2.0
(with the range of 2.1-7.5), and 14 of them also showed
induction ratios higher than 2.0 under drought stress
(Electronic supplementary material Figure 1). Compared to
the number of induced genes, only a few genes showed
suppressed expression (three and two genes with stress/
nonstress signal ratio less than 0.4 under drought and
salinity stress, respectively). At whole-genomic level,
about 7% genes in the rice genome were induced by
drought or salt stresses (Zhou et al. 2007), whereas in the
ONAC family, at least 15% (21/140) genes were induced
by one of the two stresses. These results suggest a signif-
icant portion of the NAC family genes in rice are
responsive to abiotic stresses. Interestingly, we noticed that
most of the genes in the group III of the phylogenetic tree
(12 of 14 rice genes) are responsive to at least one of the
stresses, while other stress-responsive genes are random
distributed in other phylogenetic groups.
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Fig. 3 Yeast one-hybrid assay of ONAC proteins with different motif
compositions. a The pGAD-ONAC and the pHIS-cis reporter
constructs used for co-transformation of yeast strain Y187. b The
positive transformants were examined by growth performance on the
SD/Leu /Trp~ plate and the SD/Leu /Trp /His™ plate containing
30 mM 3-AT. P positive control (p5S3HIS2 plus pGAD-Rec2-53);
N negative control (pS3HIS2 plus pGAD-ONAC); /-4 four different
colonies of the co-transformants

It should be noted that the number of stress-responsive
genes might be underestimated with a twofold expression
level change because some genes are also significantly
induced or suppressed by the stresses based on statistical
analysis, even if their expression level changes are less
than twofold. Here we still take twofold as a threshold to
estimate the stress-responsive genes because more than
95% of the genes with twofold or higher expression
changes can be confirmed by real-time PCR analysis. For
example, we checked 20 genes with expression level
changes higher than twofold in the microarray data by real-
time PCR analysis, and the results showed that almost all
of them can be confirmed for their stress-responsive
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expressions (Fig. 5). Among the 20 genes, 5 genes were
induced by drought (LOC_0Os05g34830, LOC_Osllg-
03300, LOC_0Os01g48130, LOC_0s06g04090, and LOC_
0s502g34970), 19 genes (all except LOC_0Os06g04090)
were induced by salt, and 16 genes (all except four genes
LOC_0Os12g29330, LOC_0Os06g46270, LOC_Os05g-
34830, and LOC_Os12g41680) were induced by cold. A
few genes showed a slight difference in drought induction
patterns between real-time PCR and microarray analysis,
which may be resulted mainly from different batches of
stressed samples used for real-time PCR and microarray
analysis (the degree of drought stress in field conditions is
difficult to control to the same degree between replications
at different times).

To date, a number of transcription factor genes from
different families such as DREB (Liu et al. 1998; Kasuga
et al. 1999; Yamaguchi-Shinozaki and Shinozaki 2001;
Haake et al. 2002), MYB (Abe et al. 1997), bZIP (Uno
et al. 2000), and zinc finger (Mukhopadhyay et al. 2004)
have been reported as having an effect on improving stress
tolerance. Increasing evidence suggest that some members
of the NAC family also contribute to abiotic stress toler-
ance in Arabidopsis (Fujita et al. 2004; Tran et al. 2004).
So far, only two genes of the NAC family in rice have been
functionally characterized for their roles in abiotic stress
tolerance. One is a stress-responsive gene, SNACI
(ONAC002), reported in our previous study (Hu et al.
2006). This gene is induced specifically in guard cells by
drought stress, and overexpression of this gene in rice can
promote stomata closure and significantly improve drought
resistance under the field conditions. Another is OsNAC6,
which is also induced by various stresses, and transgenic
rice plants overexpressing this gene showed significantly
improved tolerance of dehydration stresses (Nakashima
et al. 2007). In this study, more than 20 genes of NAC
family in rice were identified as responsive to drought,
salinity, or cold stress. These stress-responsive genes have
large diversity both in stress-induced expression patterns
and protein structures (based on sequence/motif composi-
tion), suggesting that they may participate in the regulation
of a wide spectrum of responses to different abiotic stres-
ses. Since rice is one of the most important crops and the
model monocot species, functional characterization of
these genes has important significance in genetic
improvement of rice for abiotic stress tolerance.

In silico cis-element analysis of OsNAC genes

To identify putative cis-acting regulatory DNA elements
enriched in OsNAC genes, promoter sequences upstream
the 5’ end of the full-length ¢cDNA of OsNAC genes
were extracted and subjected to search against the
PLACE database. The statistical analysis showed that 17
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cis-elements are enriched in rice NAC family genes
(Table 3). Among these cis-elements, four elements (AR-
FAT, PYRIMIDINEBOXHVEPBI1, PYRIMIDINEBOX-
OSRAMY 1A, and WBBOXPCWRKY1) are known to be
responsive to plant hormones (auxin, GA and SA). Four
elements (BOXIINTPATPB, GT1CORE, IBOXCORE, and
LTREIHVBLT49) are responsive to environmental stim-
ulus such as light and cold. Three elements (RYREPE-
ATLEGUMINBOX, RYREPEATVFLEB4, and RYREPE
ATBNNAPA) are related to seed-specific expression.
Numerous cis-elements have been reported for their
essential roles in determining the tissue-specific or stress-
induced expression patterns of the genes. In this study, 12
ONAC genes were identified to be expressed in specific
tissues or organs (Fig. 4), and 20 genes were confirmed to be
induced by different stresses including drought, salt, and
cold treatments (Fig. 5). These results promoted us to
inspect the relationship of the expression pattern and

S

5

Espl Esp2 Esp3 Cal Sd1 Sd2 Lfl Rt Lf2 Sh Pan Stm Sta Espl Esp2Esp3

existence of putative tissue-specific or stress-responsive
elements of these genes. Almost all the genes with tissue-
specific expression patterns contain at least one of the cis-
elements related to the corresponding expression pattern
(ESM Table 1). All of the 20 stress-inducible genes contain
at least one of the stress responsive cis-elements such as
ABRE (ABA-responsive element), DRE (dehydration-
responsive element), and LIRE (low-temperature-respon-
sive element) (Yamaguchi-Shinozaki and Shinozaki 1994;
Shinwari et al. 1998; Narusaka et al. 2003) (ESM Table 2).
In general, the genes containing predicted stress-responsive
cis-elements are actually induced by the corresponding
stresses. However, this is not always the case. For example,
six ONAC genes (LOC_0Os05g34830, LOC_0s02g36880,
LOC_0Os01g48130, LOC_0s02g34970, LOC_Os07g-
37920, and LOC_Os12g41680) are not induced by cold
based on the result of real-time PCR, but they actually
contain at least one of the cold-responsive cis-elements in
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Fig. 5 Real-time PCR analysis
of stress-responsive NAC genes.
Stress-inducible expression
patterns of the stress-responsive
NAC genes are represented.
x-axes are time courses of
abiotic stress treatments and
y-axes are scales of relative
expression level. D drought;

S salt; C cold. For drought
stress, rice leaves were sampled
before stress (D0) and after
stress at slight leaf-rolling (D1),
moderate leaf-rolling (D2), and
severe leaf-rolling (D3) stages.
For salt and cold stress,
seedlings were sampled at O
(S0), 1 (S1), 6 (S2), and 12 h
(S3) and 0 (CO), 1 (C1), 3 (C2),
10 h (C3) after treatment,
respectively. The bars are
standard deviations of technical
repeats
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L Os12g03050

DO D1 D2 D3 SO SI

S2 83 CO C1 C2 C3

| Os01g64310

DO DI D2 D3 SO S1 S2 S3 CO ClI C2 C3

L 0502436880

DO DI D2 D3 SO SI S2 S3 CO Cl C2 C3

0s01g15640

DO DI D2 D3 SO SI S2 S3 CO C1 C2 C3

[ Os11g03300

DO D1 D2 D3 SO S1 S2 S3 CO ClI C2 C3

L 050712340

DO D1 D2 D3 SO S1 S2 S3 CO ClI C2 C3

050160020

DO D1 D2 D3 SO SI

DO D1 D2 D3 SO S1 S2 S3 CO CI C2 C3

| 050148130

DO D1 D2 D3 SO Sl

[ O0s02g34970 L ﬁ

DO DI D2 D3 SO S1I S2 S3 CO Cl C2 C3

F Os07g37920

DO DI D2 D3 SO SI

L 0507348450 ‘
]

DO DI D2 D3 SO SI S2 S3 CO CI C2 C3

Os12g41680

DO D1 D2 D3 SO S1

L Os05g10620

Lz

DO DI D2 D3 SO S1 S2 S3 CO Cl C2 C3
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Table 3 Putative cis-elements enriched in promoters of rice NAC genes

cis-element name Sequence Count  Expected number P value TF Stimulus/tissue
GAGAGMGSA1 GAGAGAGAGAGAGAGAGA 18 1 <0.001

GAGA8HVBKN3 GAGAGAGAGAGAGAGA 20 1 <0.001

RYREPEATGMGY2 CATGCAT 19 8 <0.001
RYREPEATLEGUMINBOX CATGCAY 24 11 <0.001 Seed
BOXIINTPATPB ATAGAA 33 18 <0.001 GT-1 Light
RYREPEATVFLEB4 CATGCATG 9 3 0.001 Seed
SV40COREENHAN GTGGWWHG 12 5 0.003

ARFAT TGTCTC 16 8 0.004 ARF Auxin
PYRIMIDINEBOXHVEPB1 TTTTTTCC 11 5 0.005 GA
TATABOX4 TATATAA 21 12 0.006

POLASIG2 AATTAAA 23 13 0.008

GT1CORE GGTTAA 15 8 0.009 GT-1 Light
RYREPEATBNNAPA CATGCA 30 19 0.015 Seed
PYRIMIDINEBOXOSRAMY 1A CCTTTT 30 20 0.022 BPBF GA
IBOXCORE GATAA 63 49 0.032 Light
WBBOXPCWRKY1 TTTGACY 10 5 0.036 WRKY SA
LTREIHVBLT49 CCGAAA 11 6 0.043 Cold

Count: Total number of sites identified, Expected number: Expected number of sites based on 1,000 randomly sampled groups of promoters, TF:
Transcription factor family known to bind the element, Stimulus/tissue: to which stimulus or in which tissue the element is expressed

their promoter regions. Such discrepancy might be due to the
sequence diversity in the promoter regions between different
rice varieties since indica rice Minghui 63 was used for real-
time PCR analysis while the promoter sequences ana-
lyzed were from japonica rice Nipponbare. This is true
at least for three of the six genes (LOC_0s05g34830,
LOC_0s02g36880 and LOC_Os01g48130) that are
responsive to cold (>twofold) in japonica rice Zhonghua 11
in our previous microarray analysis (Hu et al. 2008). It is
remarkable that the expressions of two ONAC genes
(Os11g03370 and Os07g37920) are both tissue-specific and
stress-responsive. The gene Os11g03370 is expressed spe-
cifically in callus and root and induced by salt and cold,
while the gene Os07g37920 is stamen-specific and induced
by drought and salt. Interestingly, both tissue-specific and
stress-responsive cis-elements are presented in their pro-
moter regions (ESM Tables 1 and 2).

In conclusion, this study has provided not only an
updated annotation of the NAC family in rice, but also the
identification of many tissue-specifically expressed or
stress-responsive genes. These data provide a very useful
reference as well as a starting point for revealing the
function of NAC family genes in rice, especially for those
genes involved in the regulation of growth and develop-
ment at specific stages and stress tolerance.
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