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Abstract Genes that encode products containing a
NAC domain, such as NO APICAL MERISTEM
(NAM) in petunia, CUP-SHAPED COTYLEDON?
(CUC2) and NAP in Arabidopsis thaliana, have crucial
functions in plant development. We describe here
molecular aspects of the OsNAC genes that encode
proteins with NAC domains in rice (Oryza sativa L.).
Sequence analysis revealed that the NAC genes in plants
can be divided into several subfamilies, such as the
NAM, ATAF, and OsNAC3 subfamilies. In rice, Os-
NACI and OsNAC2 are classified in the NAM sub-
family, which includes NAM and CUC2, while OsNACS
and OsNAC6 fall into the ATAF subfamily. In addition
to the members of these subfamilies, the rice genome
contains the NAC genes OsNAC3, OsNAC4 (both in the
OsNAC3 subfamily), OsNAC7, and OsNACS. These
results and Southern analysis indicate that the OsNAC
genes constitute a large gene family in the rice genome.
Each OsNAC gene is expressed in a specific pattern in
different organs, suggesting that this family has diverse
and important roles in rice development.

Key words NAC domain - OsNAC - Rice (Oryza
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Introduction

Plant development is regulated by a large number of
genes that encode transcription factors or proteins in-

Communicated by K. Isono

K. Kikuchi - K. T. Yoshida - Y. Nagato - H.-Y. Hirano ()
Laboratory of Plant Breeding and Genetics,

Graduate School of Agricultural and Life Sciences,
University of Tokyo, Yayoi 1-1-1, Bunkyo-ku,

Tokyo 113-8657, Japan

E-mail: ahirano@mail.ecc.u-tokyo.ac.jp

Tel.: +81-3-58415065; Fax: +81-3-58415063

M. Ueguchi-Tanaka - M. Matsusoka
BioScience Center, Nagoya University, Chikusa-ku,
Nagoya 464-8601, Japan

volved in signal transduction pathways. Transcription
factors can be grouped into many different classes on the
basis of the domains that bind to specific DNA sequences
in the regulatory regions of downstream target genes.
Examples of such domains in plants are the homeodo-
main, the MADS domain, and the AP2 domain.

The formation of the shoot apical meristem (SAM),
the function of which is very important not only for
vegetative growth but also for reproductive develop-
ment, is regulated by homeobox genes such as SHOOT
MERISTEMLESS (STM) and WUSCHEL (WUS) in
Arabidopsis thaliana (Long et al. 1996; Mayer et al.
1998). Floral organ identity is regulated by ABC genes
that encode MADS domains, such as AGAMOUS (AG)
in  Arabidopsis (for a review, see Riechmann and
Meyerowitz 1997) . The AP2 domain was first found in
the APETALA2 gene (Jofuku et al. 1994), one of the
genes that encode the A function in flower development
in Arabidopsis. Subsequent studies have indicated that
genes encoding the AP2 domain have significant func-
tions in plant development; e.g., the AINTEGUMENTA
(ANT) gene regulates the formation of ovules in Arabi-
dopsis (Elliott et al. 1996) and the indeterminate spikelet1
(idsl) gene is involved in spikelet development in Zea
mays (Chuck et al. 1998).

A class of genes that encode proteins containing a
novel domain has recently been found in petunia and
Arabidopsis. The mutant no apical meristem (nam) in
petunia fails to develop a SAM and produces aberrant
flowers from adventitious shoots (Souer et al. 1996). The
cup-shaped cotyledon mutant in Arabidopsis is associated
with mutations in two genes, CUCI and CUC2. The
cotyledons of this mutant are fused to form a cup-
shaped structure, and the SAM is lost as in the nam
mutant (Aida et al. 1997). The NAM and CUC2 genes
have been isolated and sequence analysis has revealed
that the proteins encoded by them share highly con-
served amino acids in the N-terminal regions (Souer
et al. 1996; Aida et al. 1997). This conserved region is
designated the NAC domain (Aida et al. 1997). The
NAP gene, which has been isolated as an immediate
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target of the organ-identity genes AP3 and PI in Arab-
idopsis, also encodes a NAC domain (Sablowski and
Meyerowitz 1998). Furthermore, CUC2 has been shown
to interact with STM to form the SAM and to maintain
its function (Aida et al. 1999). Thus, genes that encode
products containing a NAC domain have crucial func-
tions in plant development and are required for the
formation and maintenance of SAM and for floral
morphogenesis.

In this paper, we describe molecular features of the
gene family that encodes NAC domains in rice (OsNAC;
the NAC genes from O. sativa). The OsNAC genes
constitute a large gene family in rice and show charac-
teristic expression patterns. The evolutionary relation-
ships of the NAC genes in plants and structural features
of the NAC domain are also discussed.

Materials and methods

Materials

Eight independent cDNAs encoding NAC domains were found in
the rice EST database in September 1996 by a BLAST homology
search (Altschul et al. 1990) using the sequence of the NAC domain
from the petunia NAM protein. The cDNA clones were obtained
from the Rice Genome Project (Japan) and six clones were ana-
lyzed here: OsNAC3 (EST clone C21993), OsNAC4 (C21888),
OsNACS5 (R1443), OsNAC6 (R0546), OsNAC7 (C0564), OsNAC8
(C10106). The rice cultivar Kamenoo was used for RT-PCR
analysis.

Sequencing and analysis of DNA

Nucleotide sequences were determined by the dideoxynucleotide
chain-termination method using an automated sequencing system
(ABI377, Perkin-Elmer). The cDNA clones were completely se-
quenced on both strands.

Primers

The following primer pairs were synthesized for PCR amplification
for Southern or RT-PCR analysis: 3dl (5-TCTCTCTG-
TGACTGCACC-3") and 3ul (5-GAGTAACACTCAGTA-
TAC-3") (C-terminal segment specific for OsNAC3); 4dl
(5-GGCTACTTGCAGTCCATC-3") and 4ul (5-TTGCAGA-
TTACCAAATGC-3) (OsNAC4); 5d1 (5-TTCAAGAACA-
CATCCCTG-3) and 5ul (5-GAAGTGAACTGAAGTACC-3")
(OsNACS); 6d1 (5-GGCAGCGACCCCCTCCTC-3) and 6ul
(5-AAACAGGAAAGCTAGCCC-3") (OsNAC6); 7d1 (5"-CCTC-
GTCGTTGCAGAGGC-3’) and 7ul (5-CAAAGCCACATTTG-
CATG-3) (OsNAC?7); and 8d1 (5-AGTTGTCGGTGTTGAAGC-
3’) and 8ul (5-CATAGAAACCCAGTAACC-3") (OsNACS).

RT-PCR

Total RNA was isolated from various rice organs by the method
described in Naito et al. (1988) and ¢cDNA was made using
poly(A)™ RNA isolated from total RNA by Oligotex-dT30
(Takara). PCR amplification for 20 cycles was carried out using
cDNAs (8 ng) from various organs with primers specific for the C-
terminal part of each NAC-containing gene product. The PCR
products were detected by Southern analysis using probes that were
specific for each cDNA.

Results
Sequence comparison of NAC-domain proteins

The nucleotide sequences of six cDNAs (OsNAC3-Os-
NACS) that encode NAC domains from rice were de-
termined (The GenBank Accession Nos. are as follows:
OsNAC3, AB028182; OsNAC4, AB028183; OsNACS,
ABO028184; OsNAC6, AB028185; OsNAC7, AB028186;
OsNACS8, ABO028187). The genes OsNAC3-OsNAC7
encode proteins with 276-329 amino acids, while the
OsNACS gene encodes a larger protein of 486 amino
acids. All six predicted proteins contain highly con-
served regions in their N-terminal segments, which cor-
respond to the NAC domain of NAM and CUC2
(Fig. 1). In contrast, the sequences of their C-terminal
portions were highly variable among the six OsNAC
proteins and contained simple repeats of amino acids
such as GGGGGAAA in OsNACS5 or DDDDLLHH-
HHH in OsNACT.

The amino acid sequences of the NAC domains were
compared with those found in other NAC proteins
(Fig. 1). The NAC domain comprises 151-159 amino
acids and is located in the N-terminal region in all
NAC proteins analyzed. A consensus sequence for the
NAC domain was deduced from the twelve NAC
proteins. In addition, we found that the NAC domain
could be divided into five subdomains (A-E). Each
subdomain was distinguishable by blocks of heteroge-
neous amino acids or gaps. While the NAC domains
were rich in basic amino acids (R, K and H) as a
whole, the distributions of positive and negative amino
acids in each subdomain were unequal. Subdomains C
and D are rich in basic amino acids but poor in acidic
amino acids, while subdomain B contains a high pro-
portion of acidic amino acids. Putative nuclear local-
ization signals (NLS) were detected in subdomains
C and D.

The NAC genes can be classified into several subfamilies

The evolutionary relationships among the NAC genes
were analyzed using the amino acid sequences of the
NAC domains. According to the dendrograms obtained
by the neighbor-joining method (Fig. 2) and the
maximum-parsimony method (data not shown), which
showed similar topologies, the NAC genes fall into
several subfamilies, i.e., the ATAF, NAM, and OsNAC3
subfamilies.

Although ATAFI and ATAF2 were found in the
database, no publication was referenced. However, these
two genes were isolated on the basis of their ability to
activate the CaMV 35S promoter in yeast (Souer et al.
1996). The two genes are similar and belong to the same
subfamily. OsNACS5 and OsNAC6 represent this sub-
family in rice. The degree of amino acid sequence iden-
tity between the NAC domains in the ATAF subfamily
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was more than 75%. OsNAC6 and ATAFI1 had the
highest identity score (90.8%).

The genes NAM from petunia and CUC2 from Ar-
abidopsis are very similar to each other (89.0%). The rice
genes OsNACI and OsNAC2 (manuscript in prepara-
tion) belong to this subfamily. OsNAC3 and OsNAC4
form a cluster but genes belonging to this subfamily
have not yet been found in other plants. Although no
rice NAC gene was observed on the branch containing
Arabidopsis NAP, it is expected that the corresponding
gene in rice will be found by extensive screening. The
predicted OsNACS8 protein is exceptionally large and
lacks simple amino-acid repeats in the C-terminal part.
These distinct features of OsNACS are consistent with
the evolutionary tree, in which OsNACS is most distant
from the other NAC genes.

OsNAC6
ATAF2

ATAF
subfamily
OsNACS5
_r— OsNAC3 :IQSNAca
OsNAC4 subfamily
[ NAP
SENUS
OsNAC1
—I:OsNACZ NAM
cuc? subfamily
_E_ NAM
OsNAC7
OsNAC8

Fig. 2 A dendrogram of NAC genes based on the amino-acid
sequences of their NAC domains. The tree was made by the neighbor-
joining method

Although the sequences of the C-terminal portions of
NAC proteins were highly heterogeneous in general,
some homologous regions were detected as blocks of
identical amino acids among the genes belonging to the
same family. In the case of the ATAF subfamily, for
example, the sequence SDS-P-LH-DSSCSEQV-SPEF-
EVQS-PK was common to OsNAC6 and ATAFI.
These semi-conserved regions were not found in the
products of genes in the other subfamilies, suggesting
that these regions may be associated with a specific
function served by the ATAF subfamily.

Southern analysis using NAC-box probes showed
that a number of genes related to the NAC genes exist in
the rice genome (data not shown). The banding patterns
were similar among the genes in the same subfamily,
which is consistent with the classification based on the
degree of sequence similarity in the NAC domain.

Organ-specific expression

To elucidate the organ-specific expression of OsNAC
genes, the PCR products amplified from cDNA in a low
number of cycles were detected by blot analysis using the
gene-specific probes (Fig. 3). The actin gene, a control
for constitutive expression, was uniformly expressed in
all organs examined.

Each OsNAC gene had a unique expression pattern.
OsNACS5 was predominantly expressed in root and em-
bryo. The expression levels of OsNAC4 and OsNAC7
varied among organs. OsNAC4 was expressed strongly
in leaf blade and stem, and weakly in root, young pan-
icle and flower. In OsNAC?7, a higher level of expression
was detected in leaf blade, embryo and callus, although
the expression level was extremely low or negligible in
stem and young panicle. OsNAC6 and OsNACS were
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Fig. 3 Organ-specific expression of the OsNAC genes. The products
of RT-PCR were detected by Southern hybridization. Lanes 1, leaf
blade of mature plants; 2, stem of mature plants; 3, roots of seedlings;
4, young panicle including the primordia of primary and secondary
rachis branches; 5, flower just before heading; 6, developing seed at 4—
6 days after pollination; 7, embryo 4 days after pollination; 8, callus.
The actin gene, which is expressed at a similar level in all organs, was
used as a control

constitutively expressed in all organs, although slight
differences in levels of expression were observed among
organs. Expression of OsNAC3 was only detected in
leaf, where the gene was weakly expressed. The different
expression patterns of the OsNAC genes suggest that
their products play functionally diverse roles in rice de-
velopment.

Discussion

In this paper, we have described the molecular charac-
terization of the gene family that encodes proteins con-
taining the NAC domain in rice. The OsNAC genes
constitute a large gene family in the rice genome.

By comparing many proteins that have a NAC do-
main, we found that it could be divided into five sub-
domains. The function of the NAC domain remains to
be understood. Although there have been no publica-
tions on ATAF1 and ATAF2, these genes are thought
to code for transcription factors (Souer et al. 1996). The
NLS-like sequences in subdomains C and D are highly
conserved among all twelve proteins, supporting the
hypothesis that NAC proteins may operate in the nu-
cleus. If proteins with a NAC domain function as
transcriptional regulators, the highly basic region
(subdomains C and D) may be involved in DNA
binding. We have tried to predict the secondary struc-
ture of the NAC domain using computer programs such
as COILS (Lupas et al. 1991; Lupas 1996) and PHDsec
(Rost and Sander 1993; Rost 1996). Regions that have

the potential to form a helical structure are found in
subdomains A and D, while the coiled-coil structure,
which is predicted to form amphipathic a-helices in the
AP2 domain (Okamuro et al. 1997), is not found. A
potential helix-turn-helix structure, which is prominent
in the NAC domains of the ATAF and OsNAC3 sub-
families, was found in subdomain D, suggesting inter-
action of this NAC subdomain with DNA (Harrison
1991).

Besides the genes described here, other rice genes
encoding a NAC domain have accumulated in the da-
tabase; the rice EST database now contains more than
twenty independent cDNAs. Similarly, information ob-
tained from sequencing ESTs and BACs indicates that
the Arabidopsis genome has a large number of the NAC
genes. In petunia, fifteen NAC genes were isolated by
hybridization (Souer et al. 1998). Recently, GRABI and
GRAB2, which were isolated from wheat as proteins
that interact with a geminivirus protein, were shown to
include the NAC domain (Xie et al. 1999). Thus, in
plants, NAC genes seem to constitute large families.
Since no NAC gene has been found so far in the genomes
of bacteria, fungi or animals, NAC genes are specific to
plant genomes. Likewise, the genes encoding the AP2
and SBP domains constitute multigene families in plants
but are not present in the genomes of members of
other kingdoms (Klein et al. 1996; Cardon et al. 1997;
Moreno et al. 1997; Okamuro et al. 1997; our unpub-
lished results). Therefore, NAC, AP2 and SBP may
have evolved after the divergence of the ancestors of
plants from those of other organisms. Although genes of
the MADS-box family are widely distributed not only in
plants but also in yeast and animals, the MADS-box
genes, which also encode a K-box, have diverged widely,
and constitute many subfamilies, especially in plant ge-
nomes (Theissen et al. 1996). Many genes in the NAC,
AP2, SBP and MADS families have been shown to be
involved in regulating aspects of plant development,
such as formation of shoot apical meristem, floral or-
gans, and leaf constitution (Ma et al. 1991; Jofuku et al.
1994; Elliott et al. 1996; Klein et al. 1996; Souer et al.
1996; Aida et al. 1997, 1999; Cardon et al. 1997,
Moreno et al. 1997; Riechmann and Meyerowitz 1997;
Chuck et al. 1998; Sablowski and Meyerowitz 1998).
Therefore, the genes in these families appear to have
diversified and evolved during plant evolution, in asso-
ciation with the diversification and organization of plant
architecture. The question of when the NAC genes arose
during plant evolution is therefore of great interest. In
the case of the MADS family, ferns have been shown to
have the genes with a K-box, which is specific to the
plant MADS-box genes (Theissen et al. 1996; Hasebe
et al. 1998).
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