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Abstract Drought is detrimental to plant growth and
development, and often results in significant losses to the
yields of economically important crops such as soybeans
(Glycine max L.). NAC transcription factors (TFs), which
consist of a large family of plant-specific TFs, have been
reported to enhance drought tolerance in a number of
plants. In this study, 31 unigenes that contain the complete
open reading frames encoding GmNAC proteins were iden-
tified and cloned from soybean. Analysis of C-terminal reg-
ulatory domain using yeast one-hybrid system indicated
that among 31 GmNAC proteins, 28 have transcriptional
activation activity. Expression analysis of these GmNAC
genes showed that they are differentially expressed in
different organs, suggesting that they have diverse functions
during plant growth and development. To search for the
drought-inducible GmNAC genes, we prescreened and
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re-confirmed by quantitative real-time PCR analysis that
nine GmNAC genes are induced by dehydration stress with
differential induction levels in both shoot and root. The
expression profiles of these nine GmNAC genes were also
examined under other stresses such as high salinity, cold
and with abscisic acid hormone treatments. Phylogenetic
analysis of the GmNAC proteins with previously reported
drought-inducible NAC proteins of Arabidopsis and rice
revealed that the nine drought-inducible GmNAC proteins
belong to the “stress-inducible” NAC group. The results of
this systematic analysis of the GmNAC family will provide
novel tools and resources for the development of improved
drought tolerant transgenic soybean cultivars.

Keywords Soybean - Abiotic stress - Transcription
factors - Transcriptional activity - Expression

Abbreviations
ABA  Abscisic acid
NAC NAM, ATAF and CUC transcription factors

ORF  Open reading frame
TF Transcription factor
Introduction

Plants grow in a dynamic and uncontrolled environment,
which can frequently inflict significant constraints on growth
and development. Drought stress is one of the adverse envi-
ronmental factors commonly encountered by plants, and can
significantly decrease crop productivity worldwide. The
genetic basis of drought tolerance is not well understood,
and understanding how responses to drought are regulated in
planta is vital for efforts to minimize the yield impact of sub-
optimal water supplies on plants.
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In response to stresses such as drought, plants activate a
number of defense mechanisms that function to increase
tolerance to the adverse conditions imposed by these
stresses (Yamaguchi-Shinozaki and Shinozaki 2006). This
inducible adaptation or acclimation process has evolved
throughout the plant kingdom and is critical for the survival
of all plants. Identification of signaling pathways operating
in stress-affected cells and the mutual interactions between
these pathways is a major research effort, which has gar-
nered a substantial amount of attention. The early events of
plant adaptation to environmental stresses are the stress sig-
nal perception and subsequent signal transduction, leading
to the activation of various physiological and metabolic
responses (Thomashow 1999; Zhu 2002; Hazen et al. 2003;
Bray 2004; Kacperska 2004; Zhang et al. 2004; Valliyodan
and Nguyen 2006; Yamaguchi-Shinozaki and Shinozaki
2006; Tran et al. 2007b, c). Furthermore, a large array of
genes are activated by stress conditions, meaning several
proteins are produced to join the pathways which subsequently
lead to synergistic enhancement of stress tolerance (Seki
et al. 2003; Wang et al. 2003).

In the signal transduction networks involved in the con-
version of stress signal perception to stress-responsive gene
expression, various transcription factors (TFs) and cis-
acting elements contained in stress-responsive promoters
function not only as molecular switches for gene expres-
sion, but also as terminal points of signal transduction in
the signaling processes. In plants, such as Arabidopsis
thaliana and rice (Oryza sativa), there are more than 50
reported families of TFs (Riechmann et al. 2000; Xiong
et al. 2005; Riafio-Pachén et al. 2007). Identification and
molecular tailoring of novel TFs has the potential to over-
come a number of important limitations involved in the
generation of transgenic soybean plants with superior yield
under drought conditions (Valliyodan and Nguyen 2006;
Yamaguchi-Shinozaki and Shinozaki 2006; Tran et al.
2007a).

The NAM, ATAF, and CUC (NAC) TFs appeared to
regulate a number of biochemical processes which protect
the plants under water deficit conditions. A comprehensive
analysis of the NAC TF family in Arabidopsis reported that
there are 105 putative NAC TFs in the model plant
(Riechmann et al. 2000; Ooka et al. 2003). Recently, Fang
etal. (2008) systematically analyzed the NAC family in
rice, and identified 140 putative NAC or NAC-like TFs.
The NAC TFs are multi-functional proteins and involved in
a wide range of processes such as abiotic and biotic stress
responses, lateral root and plant development, flowering,
secondary wall thickening, anther dehiscence, senescence
and seed quality (Souer et al. 1996; Aida et al. 1997; John
etal. 1997; Sablowski and Meyerowitz 1998; Xie et al.
2000; Collinge and Boller 2001; Duval etal. 2002;
Hegedus etal. 2003; Vroemen et al. 2003; Fujita et al.
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2004; Tran et al. 2004; Mitsuda et al. 2005; Oh et al. 2005;
Uauy et al. 2006; Mitsuda et al. 2007; Yoo et al. 2007; Jen-
sen et al. 2008).

Evidence correlating the involvement of NAC TFs with
the regulation of drought stress response in plants was first
reported in Arabidopsis. Overexpression of either
ANACO019, ANACO55 or ANACO72 in Arabidopsis altered
the expression of many stress-inducible genes in the trans-
genic plants, and conferred a constitutive increase in
drought tolerance (Tran et al. 2004). Following this study, a
number of researches have reported the potential applica-
tion of NAC TFs for improvement of drought resistance in
important crops. Introduction of SNAC! into rice enhanced
the drought tolerance of these transgenic plants, as demon-
strated by field studies. Transgenic rice overexpressing the
SNACI gene exhibited 22-34% higher seed setting than the
negative control population in the field when severe
drought stress was imposed during the reproductive stage
(Hu etal. 2006). OsNAC6/SNAC?2 transgenic rice plants
have improved drought tolerance because of enhanced
expression of a large number of diverse genes encoding
proteins with predicted functions related to stress tolerance
(Nakashima et al. 2007). In addition to drought tolerance,
these constructs demonstrated an increase in cold and salt
stress tolerance as well (Hu et al. 2008).

Members of the NAC TF family, which are found exclu-
sively in the plant kingdom, contain a highly conserved
N-terminal DNA-binding NAC domain and a variable tran-
scriptional regulation C-terminal domain (Ernst et al. 2004;
Olsen et al. 2005). In Arabidopsis, the DNA binding site of
stress-inducible NAC TFs, the NAC recognition sequence
(NACRS) containing the CACG core motif, has been iden-
tified and thoroughly analyzed in planta (Simpson et al.
2003; Tran et al. 2004). The rice drought-inducible ONAC
TFs bind to a similar NACRS found in rice, demonstrating
that the NACRS might be conserved across the plant king-
dom for stress-inducible NAC TFs (Hu et al. 2006; Fang
et al. 2008). In addition to DNA binding, the NAC domain
also contains a protein binding domain. The NAC domain
of NAC1 TF interacts with the RING finger SINATS,
which promotes ubiquitin-related degradation of NACI to
attenuate auxin signaling in Arabidopsis (Xie et al. 2002).
Recently, it has also been reported that the NAC domain of
ANAC TFs interacts with the zinc-finger homeodomain
ZFHDI, a transcriptional activator which specifically binds
to the ZFHD recognition sequence (ZFHDRS) located in
the promoter region of ERDI gene (Tran et al. 2007a). The
highly variable C-terminal domains of NAC TFs are gener-
ally considered to be the functional domains, which can act
as either a transcriptional activator or repressor (Fujita et al.
2004; Tran et al. 2004; Hu et al. 2006; Kim et al. 2007).
Interestingly, the C-terminal domains of relatively large
NAC TFs also exhibit protein binding activity. It has been
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reported that the C terminal domain of Arabidopsis
CBNAC can interact with calmodulin proteins (Kim et al.
2007). Additionally, there is evidence which suggests that
the functions of NAC TFs are dictated, to a large extent, by
their interacting partners. Co-introduction of the ANAC
and its interacting ZFHD1 TFs exhibited a higher degree of
drought tolerance in Arabidopsis transgenic plants than
each one individually (Tran et al. 2007a).

Soybean is a nutritionally important crop which provides
an abundant source of oil and protein-rich food for world-
wide human consumption. Additionally, soybean is also
being viewed as an attractive crop for the production of
renewable fuels such as biodiesel. Significant portions of
the soybean producing areas in the U.S. have experienced
severe drought over the past few years, which has resulted
in significant yield reductions. So far, in soybean, only six
cDNA sequences (GmNACI1-6) encoding GmNAC TFs
have been identified from the soybean EST database (Meng
et al. 2006). In this study, we report the identification and
detailed characterization of 31 previously uncharacterized
GmNAC genes for the purpose of selecting potential
GmNAC gene candidates for the improvement of drought
resistance in soybean via genetic engineering.

Experimental procedures
Plant growth and stress treatments

To study organ-specific expression, soybean (Glycine max
L.) cv. Williams 82 seeds were germinated in three gallon
pots containing Promix. The seedlings were grown in
greenhouse conditions (28/20°C day/night temperature,
photoperiod of 14/10 h, 800 pumol m~2s~! light intensity
and 60% humidity). When the seedlings developed four
nodes and three fully opened trifoliate leaves (approxi-
mately 25 days after sowing), the roots, leaves and stems
were collected. Flowers and early RS stage seeds were har-
vested after 55 and 100 days after sowing, respectively.

To study differential gene expression of GmNAC genes
under different abiotic stress treatments, soybean (Glycine
max L.) cv. Maverick seeds were germinated in pots con-
taining a 1:1 turface to sand mixture. The seedlings were
grown in greenhouse conditions with a day/night cycle of
16/8 h, 800 umol m~2 s~ light intensity, in 60% humidity
at 28/20°C day/night temperature. For dehydration treat-
ment, 14-day-old plants were carefully pulled out and
washed to remove excess soil, then transferred onto filter
paper, and allowed to dry for the indicated time periods in a
growth chamber with the following controlled conditions:
60% relative humidity, 28/20°C day/night temperature and
200 pmol m~2 s~ ! light intensity. Under these conditions
the stem water potentials were measured to be —1.5, —8.3

and —28.6 bar for 0, 1 and 5 h dehydrated plants, respec-
tively, using a pressure chamber (M-600, PMS Instruments,
USA). For salt stress and abscisic acid (ABA) treatments,
12-day-old seedlings were carefully pulled out and washed
to remove excess soil, then transferred to either distilled
water (water control treatment), 250 mM NaCl or 100 uM
ABA for different period of times. Low temperature treat-
ment was conducted by transferring seedlings to water
maintained at 4°C. After exposure to treatments for indi-
cated durations, the soybean plants were immediately fro-
zen in liquid nitrogen.

Identification and cloning of GmNAC genes

In order to obtain all available full-length open reading
frames (ORFs) encoding GmNAC TFs, 18 representative
NAC domain sequences from phylogenetically distinct sub-
groups of Arabidopsis ANAC and rice ONAC proteins
(Ooka etal. 2003) were used as TBLASTN queries in
Phytozome (http://www.phytozome.net), which consists of
approximately 7X soybean genome coverage (estimated
98%) and 62,199 predicted transcripts (GlymaO model).
Identified ORFs were cloned using cDNA libraries pre-
pared from total RNA extracted from 4-week-old soybean
(Glycine max L.) cv. Williams 82 plants. cDNA libraries
were synthesized using SuperScript III First-Strand Synthesis
System (Invitrogen, Carlsbad, CA, USA).

Phylogenetic analysis

The amino acid sequences of NAC proteins were aligned
using ClustalX (Thompson et al. 1997) with the following
parameter set: gap open penalty =10, gap extension
penalty = 0.2. The alignment was adjusted manually, and
unrooted phylogenetic trees were constructed by the neighbor-
joining method using MEGA4 software (Tamura et al.
2007). The confidence level of monophyletic groups was
estimated using a bootstrap analysis of 1,000 replicates.
Only bootstrap values higher than 50% are displayed next
to the branch nodes.

RNA isolation, DNase treatment and cDNA synthesis

Total RNA was isolated from plants using TRIZOL reagent
(Invitrogen, Carlsbad, CA, USA). For each sample, 18 pg
of total RNA was digested in a volume of 50 pLL with Turbo
DNA-free DNasel (Ambion) according to the manufac-
turer’s instructions for treatment to remove genomic DNA
contamination. After DNasel treatment, RNA concentra-
tion was determined again with the NanoDrop ND-1000
UV-Vis spectrophotometer (NanoDrop Technologies, Wil-
mington, DE, USA), and first-strand cDNA synthesis was
performed using 1 pg of DNAse-treated total RNA with the
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iScript cDNA Synthesis Kit (Bio-Rad, Hercules, CA, USA)
in a reaction volume of 20 pL according to the manufac-
turer supplied protocol.

Quantitative realtime-PCR

Gene-specific primers were designed using ProbeFinder
Version 2.44  (https://www.roche-applied-science.com).
Primer specificity was then confirmed by blasting each
primer sequence against Phytozome (http://www.phytozome.
net/search.php?show=blast) using BLASTN algorithm.
Soybean /8S and CYP2 genes (Jian et al. 2008; Donavan L.
Aldrich personal communication) were used as internal
controls for organ-specific and stress-responsive expression
studies, respectively. Quantitative RT-PCR (qRT-PCR)
reactions were performed in 384-well plates (7900 HT
Sequence Detection System; Applied Biosystems, Foster
City, CA, USA) for all tissues and treatment conditions
tested. SYBR Green PCR Master Mix (Applied Biosys-
tems, Foster City, CA, USA) was used to prepare qRT-PCR
reactions. Primer sets (0.4 uM final concentrations for each
primer) were used in a final volume of 10 pL per well. The
thermal profile of the qRT-PCR reactions was 50°C for
2 min, 95°C for 10 min, 40 cycles of 95°C for 15 s, and
60°C for 1 min. Dissociation curves were obtained using a
thermal melting profile performed after the qRT-PCR
cycles: 95°C for 15 s followed by a constant increase of the
temperature between 60 and 95°C. The data obtained were
analyzed with the SDS 2.2.1 software package.

Analysis of transcriptional activity in yeast

To investigate the transcriptional activity of the GmNAC
proteins, the DNA fragments encoding the respective C-
terminal domains were fused to the GAL4 binding domain
in pGBKT7 (Clontech, Palo Alto, CA, USA) to create the
fusion constructs. The AH109 yeast strain (Clontech, Palo
Alto, CA, USA) was transformed with the generated con-
structs, and yeast transformants were streaked on selective
medium lacking tryptophan, histidine and adenine to assay
transcriptional activity. The vector pGBKT?7 and the plas-
mid pGBKT7-OsNAC6 (Nakashima et al. 2007) were used
as negative and positive controls, respectively.

Results

Identification, cloning and structural analysis of GmNAC
genes

Full-length ORFs encoding putative GmNAC TFs were

identified in Phytozome (http://www.phytozome.net) based
on their conserved DNA binding NAC domains as
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described in Experimental Procedures. Initially, 31 inde-
pendent putative full-length ORFs were obtained among at
least 111 members of the GmNAC family identified by the
Soybean Transcription Factor database (http://planttfdb.cbi.
pku.edu.cn/web/index.php?sp=gm). These GmNAC genes
were cloned using the primer sets listed in Table 1, and
sequentially named GmNACO001 to GmNACO031. Out of
these genes, six genes (GmMNACO001 to 006) showed a high
degree of similarity to the sequences AY974349 to
AY974354, which had previously been cloned and depos-
ited in GenBank (Meng etal. 2006). At the nucleotide
level, GmNAC00I and GmNACO003 matched 100% with the
GenBank sequences AY974349 and AY974351, respec-
tively; GmNACO002 has two differences (Csgg to Tsg9. G719
to A;,9), whereas GmNAC004 and GmNACO0S5 genes have
one difference (Ggyy to Agy; for GmNACO04 and T, to
Gyy5 for GmNAC005) compared with deposited AY974350,
AY974352 and AY974353 GenBank sequences, respec-
tively. These differences led to two translational alterations
in GmNACO002 (A, to V05 Gogg to E,y) and one each in
GmNACO004 (A3 to Tyy;) and GmNACO05 (F 45 to V).
These single nucleotide polymorphisms may be due to
genotypic variation between the two cultivars used for
these studies. Williams 82 was utilized for gene isolation in
our research whereas Meng et al. (2006) used the Bogao
genotype. As for GmNACO006, our predicted protein con-
tains six additional amino acids flanking the N-terminal
NAC domain compared with the reported AY974354
sequence. We cloned both versions, but only the longer ver-
sion, with the six additional amino acids, was included in
the sequence analysis. In addition, all of the isolated
GmNAC genes showed 100% identity to the sequences pre-
dicted by Phytozome, with the exception of GmNACO0I0,
026 and 030, which were similar, but not identical, to the
predicted gene model (Table 1).

In order to examine the evolutionary relationship
between the GmNAC genes identified in our study, a multi-
ple alignment of their deduced proteins was performed with
the ClustalX program (Supplementary Fig. 1). As expected,
most of the GmNAC TFs shared a highly conserved N ter-
minal DNA binding consistent with the typical NAC
domain, which consists of five consensus subdomains and a
highly variable C-terminal transcriptional regulation
domain (Supplementary Fig. 1). The conserved NAC
domains were then retrieved for construction of an unrooted
phylogenetic tree using Cluxtal X and the neighbor-joining
method in the MEGA 4 program. Phylogenetic analysis
demonstrated that the majority of 31 isolated proteins
belong to two main groups (I and II), which can be further
classified into two subgroups. GmNACO007, 008, 020, 021,
023 and 028, postulated NAC-like proteins, form other
distinct clades which may have more members yet to be
identified (Supplementary Fig. 2).
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GmNACO001-TRR
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<« Fig. 1 Analysis of transcriptional activity of 31 GmNAC TFs. The

cDNA fragments encoding C-terminal regions of 31 GmNAC TFs
(TRR) were fused with GAL4 DNA binding domain in the pGBKT7
yeast vector. These generated constructs were transformed into the
AH109 yeast reporter strain, and the ability of each transformant to
grow on medium lacking histidine and adenine was assessed to analyze
the transcriptional activity of the fusion proteins

Transcriptional activity of GmNAC TFs

The NAC TFs are classified by the conserved N-terminal
DNA-binding domain and the variable C-terminal tran-
scriptional regulation region (TRR), which can act as either
a repressor or activator in regulatory pathways (Tran et al.
2004; Kim et al. 2007). Thus, to further characterize their
function, we investigated the transcriptional activity of
GmNAC TFs by fusing cDNA fragments containing the
C-terminal domains of the 31 GmNAC TFs with the GAL4
DNA-binding domain of yeast expression vector pGBKT7
for transcriptional activation assay using a yeast one-hybrid
system. Detailed information on the primer sets used in this
study is provided in Table 2. The generated constructs, pos-
itive control (plasmid pGBKT7-OsNAC6) and negative
control (vector pGBKT7) were individually transformed
into the AH109 yeast strain to assay their ability to activate
transcription of the HIS3 and ADE?2 reporter genes from the
GAL4 upstream activation sequence. As shown in Fig. 1,
all yeast transformants, including those containing only the
vector control pGBKT?7, could grow normally on the selec-
tion medium lacking tryptophan (-Trp) which was used for
the selection of transformants (normal growth control). On
the other hand, when selective medium lacking histidine
and adenine was used to assess the transcriptional activity
(-Trp/-His/-Ade), yeast cell harboring the C-terminal
domains of GmNACO007, 008, 016, 028 and vector
pGBKT7 could not grow, whereas the transformants carry-
ing C-terminal domains of the remaining 27 GmNAC TFs
and the OsSNAC6 were able to grow well, thereby indicat-
ing that, with the exception of the GmNACO007, 008, 016
and 028 TFs, the rest of the GmNAC TFs investigated in
this study possess the potential activation domain in the
yeast assay system, i.e. they function as transcriptional acti-
vators (Fig. 1).

Expression of GmNAC genes in various plant organs

A number of reports have suggested that organ-specific
NAC TFs play an important role in plant growth and devel-
opment (Xie etal. 2000; He etal. 2005; Mitsuda et al.
2007; Yoo et al. 2007). Root development is one of the key
traits correlated to mechanisms of drought resistance
(Sharp et al. 2004). Organ-specific gene expression profil-
ing enables the determination of differentially expressed
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Fig. 2 Expression of 31 GmNAC genes in different tissues. The mean
expression of 31 GmNAC genes was examined in five types of tissues:
root (R); stem (S7); leaves (L); flowers (F) and seeds (Sd). The highest

genes and provides clues about candidate genes that can
potentially be exploited to enhance drought resistance when
overexpressed in transgenic plant systems. To accomplish
this, expression profiling utilizing qRT-PCR was performed
using the gene-specific primers sets provided in Table 3 to
determine the expression of the 31 GmNAC genes in five
different organs of soybean, namely the roots, stems,
leaves, flowers and immature seeds (R5 stage). Our results
demonstrate that many of the isolated 31 GmNAC genes
exhibit a propensity toward organ-specific expression. Thir-
teen GmNAC genes, GmNACO006, 015, 017, 019-022, 024-
027, 030 and 031 showed high expression in stems relative
to all other organs. Nine GmNAC genes, GmNAC002, 004,
007, 012, 013, 014, 018, 028 and 029 were expressed pri-
marily in roots, while 7 GmNAC genes, GmNACO001, 003,
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expression level was normalized to a value of 100. The standard errors
of three technical replications are shown

008, 010, 011, 016 and 023 appeared to be flower-specific.
Transcripts of the remaining GmNAC5 and GmNAC9 were
mainly detected in seeds (Fig. 2). The different expression
profiles of these GmNAC genes suggest that their products
are involved in functionally diverse roles during soybean
growth and development.

Screening for dehydration-inducible GmNAC genes

Currently, the biological functions of these isolated
GmNAC TFs remain unknown. Our major goal was to
identify the dehydration-inducible GmNAC TFs that can
potentially be used to engineer soybean plants with
improved drought resistance. In order to find the dehydration-
inducible genes among our 31 isolated GmNAC genes, we
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Table 3 Primer pairs used in quantitative RT-PCR

Name Forward primer Reverse primer

GmNACO001 5'-TCCATGAGGCTAGATGACTGG-3’ 5'-TGCCTCCATTGATTTTCCA-3’
GmNAC002 5'-TCGGAGCAGGTGGTATCG-3’ 5'-GGCTTTTCTCCCACTCGTT-3’
GmNAC003 5'-ACCCTGCCACGAGTGAAC-3’ 5'-GTTCGGAGACCCGAATTTCT-3'
GmNAC004 5'-ACGTCAGTTCCGCAAAAGAT-3’ 5'-GGACCCGTTGGTTTCTCAC-3’
GmNACO005 5'-TGGGTAAAAGGCACTTTGAGA-3’ 5'-AGGTCCATTGGTGCAACTG-3’
GmNAC006 5'-TACAAATGCCCTTTGGGAAG-3' 5'-TTGGGTCCAATCCGAGAG-3'
GmNAC007 5'-TGCGCCTTGTAGCTTCCTA-3' 5'-TGAAATATGCGATACACAGCAA-3'
GmNAC008 5'-AAGAAAGAACGTTTTGGCTTTCT-3’ 5'-AATTCATGCATCACCCAATTC-3’
GmNAC009 5'-TGTTGTGAGGGATGATCAAGA-3’ 5'-AGTTGATTAAGCAGAGTGGCAAT-3’
GmNAC010 5'-CCCTTTTACCAATTTTGAAGAATAAC-3' 5'-GATTTCTGAGACATGAGTATTGTGG-3’
GmNACO!1 5'-AGGGGTTGGATCAAGTGCT-3’ 5'-TGATTGGAGAGCATTGCTGA-3’
GmNACO012 5'-AAAGGTGCAATTGAAAAGCAA-3' 5'-CCTCCATTTCGGAACATTCA-3'
GmNACO13 5'-GCCACTCTCGGGAATAATCA-3’ 5'-GCCTGGAGAGGTACATGAAGA-3’
GmNACO014 5'-CCAAATCAACCATCTCTCACC-3' 5'-CAAAATGTCTTTGGTAGGTACGTG-3'
GmNACO15 5'-ATATCGCCTCGCCAATGTT-3’ 5'-CCCAATCATCAAGCCTCAAG-3’
GmNACO016 5'-TGAAGAAGAGAAGCGGTGCTA-3' 5'-CCTTAGAGTTCCTCACCTTGTTG-3’
GmNACO017 5'-AGGGGTTGCAAGGAGGAG-3’ 5'-TGCAAACCTTCCATAGCTGTT-3'
GmNACO18 5'-AAGTATGCAACAGGGTTACGC-3’ 5'-CTGTGGCCTTCCAATACCC-3’
GmNACO019 5'-CCAGAATTGGTGCCCTCTT-3’ 5'-TGCCAACGTCAGCTTGATTA-3'
GmNAC020 5'-GCGATGATGATGACAGTGGA-3’ 5'-TCATCATCCAACGACAGATAAACT-3’
GmNACO021 5'-TGGGTGATATGTCGTGTTTATGA-3’ 5'-AGCACGACAGCTCTGTTCC-3'
GmNACO022 5'-CCTCAGAAGGTTCCAAGTGC-3' 5'-TCCTTTGGCAGCTCTACCTT-3’
GmNAC023 5'-ACCTGGGTTTCGTTTCTTCC-3’ 5'-TGGCCTTCTAGCTTGTTGTG-3'
GmNAC024 5'-CAACATTGCTGCATCAGGTAA-3' 5'-AGTCCCTTTCTGCCAGCTCT-3’
GmNAC025 5'-GAGTCAACCGGCAAAAGAAA-3’ 5'-GCACCCTTCTGAGCAAGAAA-3'
GmNAC026 5'-GCTTCCACTCCTGTGGCTTA-3' 5'-TGCAACAACAGCCAGATCA-3'
GmNAC027 5'-TTCCACTGTTACAGATGATGTGG-3’ 5'-TTTCTTAGGTCGGTTGACTCG-3’
GmNAC028 5'-CTGCAACTCTTTTGGATTGCT-3’ 5'-GACTCACATGGACGTGATCATAA-3’
GmNAC029 5'-GCTGCTATGAGGACACAGGAT-3’ 5'-TGGTCAAAACTTATGTAAGAGTCCA-3'
GmNAC030 5'-CCATCTGAAAACCCTAGACAGC-3' 5'-TCGAACAAGTGGCTCCTTCTA-3'
GmNACO031 5'-GAATTGATGCCCTCATTCTCA-3’ 5'-TACAGAGCCAACTTGATTGCTT-3'
188 5'-CCTGCGGCTTAATTTGACTCAAC-3’ 5'-TAAGAACGGCCATGCACCA-3'

CYP2 5'-CGGGACCAGTGTGCTTCTTCA-3’ 5'-CCCCTCCACTACAAAGGCTCG-3’

employed qRT-PCR to determine the expression levels of
all 31 GmNAC genes in 14-day-old soybean plants sub-
jected to 10 h dehydration stress. The specific primer sets
used for qRT-PCR analysis can be obtained on Table 3. We
observed that out of 31 genes, nine GmNAC genes, namely
GmNACO002, 003, 004, 010, 012, 013, 015, 020 and 028
displayed apparent induction under dehydration (data not
shown). Expression of these nine GmNAC genes was then
analyzed in a more rigorous fashion using 14-day-old soy-
bean plants subjected to varying durations of dehydration
treatment. Dehydration-inducible expression of these
GmNAC genes was clearly confirmed as shown in Fig. 3.
The transcript accumulation of the GmNAC genes started
after 1 h of dehydration stress when stem water potential of

the plants was —8.3 bar. The water potentials of the control
plants and 5 h dehydrated plants were measured to be —1.5
and —28.6 bar, respectively, indicating an equivalency of
5h dehydration to severed water stress. Additionally,
inducibility of these 9 GmNAC genes by dehydration was
further confirmed in tissues collected from 12-day-old soy-
bean plants which had been dehydrated for various time
periods (data not shown). All nine dehydration-induced
GmNAC genes, especially GmNACO003 and GmNACO004,
whose expression is most strongly induced by dehydration,
are considered to be good candidates for transgenic studies
in soybean.

Since many drought resistance mechanisms are associ-
ated with traits related to shoot and root, thus as a the first
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Fig. 3 Identification of nine GmNAC002 GmNAC003 GMNAC004
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step to understand the mode of action of drought-inducible
GmNAC TFs, the expression patterns of the identified
stress-inducible GmNAC genes were screened for organ-
specific stress induction using isolated roots and shoots
tissues collected from 12-day-old soybean plants subjected
to dehydration stress for various time periods. As shown
in Fig. 4 the transcript levels of GmNAC003, GmNACO15
and GmNACO020 genes increased significantly in roots,
whereas those of GmNACO002, GmNAC010, GmNACO013,
GmNACO28 increased in shoots. While GmNAC004 and
GmNACO12 transcripts accumulated markedly in both root
and shoot tissues.

@ Springer

Inducibility of dehydration-inducible GmNAC genes
by other stress and hormone treatments

Molecular and biochemical studies have suggested a model
that consists of both ABA-dependent and ABA-independent
pathways for regulating gene expression in response to dehy-
dration stress (Yamaguchi-Shinozaki and Shinozaki 2005,
2006). Additionally, regulatory pathways modulating
responses to different stresses are usually overlapped, espe-
cially those implicated in dehydration and salt stress response
(Seki etal. 2003; Yamaguchi-Shinozaki and Shinozaki
2005). Therefore, determining whether these nine dehydration-
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inducible GmNAC TFs behave in an ABA-dependent or
independent manner can provide further insight into their
functions in planta. Thus, we investigated the expression of
dehydration-inducible GmNAC genes under various stress
and ABA treatments. Figure 5 shows that the dehydration-
inducible GmNAC genes were also induced by high salinity,
with the exception of GmNACO020. In addition, transcript lev-
els of two genes, GmNACO003 and GmNACO004, were also
increased under exogenous ABA treatment, indicating that
these two genes may function in drought stress through an
ABA-dependent pathway. On the other hand, GmNACO002,
003,004, 013, 015 and 028 were also induced by cold stress.

Shoot

Root Shoot Root Shoot

Hence, the nine stress-responsive GmNAC genes exhibit a
large diversity in stress-induced expression, suggesting that
they may participate in the regulation of a wide spectrum of
responses to different abiotic stresses.

Comparison and phylogenetic analysis
of the stress-inducible GmNAC, ANAC
and ONAC proteins

To further predict the function of the dehydration induced
GmNAC proteins, a sequence comparison of the dehydration-
inducible GmNAC, ANAC (Arabidopsis NAC) and ONAC

@ Springer
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(Oryza NAC) proteins was performed using Cluxtal X.
With the exception of GmNACO020 and 028, all of these
stress-responsive proteins share substantial sequence simi-
larity in the N-terminal domains with five typical motifs.
These proteins also contain a putative nuclear localization
signal, suggesting that they localize in the nucleus. Interest-
ingly, we found that ANAC002, GmNAC002, GmNACO012
and GmNACO013 share a high sequence similarity, not only
in the N-terminal NAC domains, but also in their C-terminal
domains (Fig. 6). The stress-responsive ANAC and ONAC
proteins were then included into a phylogenetic analysis of
the GmNAC proteins on the basis of similarities in their
NAC domains to examine the evolutionary relationship of
the stress-inducible NAC proteins among different species.
As shown in Fig. 7, all stress-responsive ANACs, GmNACs
and ONACs grouped into a stress-responsive subgroup,
except for GmNAC020 and GmNACO028, which are located
into two distinct clades.
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Discussion

Increasing evidence suggests that NAC TFs play an impor-
tant role in the enhancement of drought tolerance for a
number of plants (Tran et al. 2004; Hu et al. 2006, 2008).
To search for GmNAC genes for the purpose of improve-
ment of drought resistance in soybean by genetic engineer-
ing, we have performed a homology search against the
publicly available soybean sequence database (http:/
www.phytozome.net) using 18 representative DNA binding
NAC domain sequences (Ooka et al. 2003). Structural anal-
ysis of the cloned GmNAC proteins indicate that most of
them possess the highly conserved N-terminal DNA bind-
ing NAC domain, which contains five typical motifs (Sup-
plementary Fig. 1) (Ooka et al. 2003). This type of NAC
domain appears to be representative of the majority of NAC
proteins across the plant kingdom. Recently, Fang et al.
(2008) systematically analyzed NAC members from rice,
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Fig. 7 Evolutionary compari-
son of GmNACs with the stress
responsive ANAC and ONAC
proteins. The conserved N-ter-
minal DNA binding NAC do-
mains were used to construct the
unrooted phylogenetic tree. The
bar indicates the relative
divergence of the sequences
examined. Bootstrap values
higher than 50% are displayed
next to the branch nodes
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and reported that out of 140 NAC and NAC-like TFs, 97
ONAC TFs shared the typical NAC domain containing the
five consensus motifs within. They suggested that those
members whose DNA-binding NAC domains are not com-
prised of these five typical motifs should be more properly
referred to as “NAC-like” proteins. Thus, among the 31
GmNAC TFs, GmNACO007, 008, 020, 021, 023, 025 and
028 are perhaps more accurately classified as NAC-like
proteins (Supplementary Fig. 1). Furthermore, several
GmNAC proteins, GmNAC003 and 004, GmNACO014 and
015, GmNACO025 and 026, and GmNACO017 and 030
appear to be isoforms, as they exhibit considerable homol-
ogy to one another, perhaps due to genome duplication
(Supplementary Fig. 1) (Shoemaker et al. 2006). To further
characterize the GmNAC TFs, their transcriptional activity,
which is conferred by the C-terminal TRR, was investi-
gated using a yeast system. The results indicate that out of
the 31 GmNAC TFs, 27 function as transcriptional activa-
tors (Fig. 1). Since the GmNACO007, 008, 016 and 028 dis-
played no transcriptional activity in yeast, they may
function as transcriptional repressors (Fig. 1). Alterna-
tively, the TRR-s of these four GmNAC proteins may con-
tain negative regulatory domains as reported for AREBI
and DREB2A TFs. Removing the negative regulatory
domain from either AREB1 or DREB2A significantly
increased their transcriptional activation activity (Fujita
et al. 2005; Sakuma et al. 2006).

Organ-specific expression analysis of the GmNAC genes
indicates that the functions of the isolated GmNAC TFs are
very diversified. Most of the GmNAC genes examined
showed significant expression in only one to two organs
(Fig. 2). The organ-specifically expressed genes deserve
further investigation regarding their biological function.
NACI of Arabidopsis has been shown to be expressed
mainly in roots, and functional analysis has proven that
NACI plays a major role in the regulation of lateral root
development (Xie et al. 2000). Expression of AtNAC2 gene
was observed at its highest level in root tissues, and overex-
pression of AtNAC?2 in Arabidopsis stimulated the develop-
ment of lateral roots in the transgenic plants (He et al.
2005). In our group, special attention has been given to nine
root-related GmNAC genes, namely GmNAC002, 004, 007,
012,013,014, 018, 028, and 029 as one of our objectives is
to study the regulation of root growth and development
under water stress conditions.

A great deal of evidence has demonstrated that overex-
pression of dehydration-inducible NAC TFs has the poten-
tial to enhance drought resistance in plants (Tran et al.
2004; Hu etal. 2006, 2008; Nakashima etal. 2007).
Expression of nine GmNAC genes, namely GmNACO002,
003, 004, 010, 012, 013, 015, 020, and 028 was found to be
induced under dehydration (Fig. 3), suggesting that they are
potential candidates for improvement of drought resistance

in soybean, and their respective promoters may also be
used for inducible expression of engineered transgenes in
genetically modified plants for conferring stress tolerance.
Constitutive overexpression of stress-inducible genes is
often associated with growth retardation, with the degree of
retardation being correlated with the expression level of the
transgenes (Kasuga et al. 1999; Aharoni et al. 2004). To
overcome this problem, stress-inducible promoters are typi-
cally used for the genetic engineering of enhanced stress
resistance of important crops (Kasuga et al. 1999; Bhatna-
gar-Mathur et al. 2007; James et al. 2008).

Mechanisms of drought resistance are usually associated
with major physiological traits, and occur primarily in
shoot and root (Sharp et al. 2004; Hu et al. 2006). Expres-
sion of SNACI is induced specifically in guard cells under
dehydration stress, and consequently, overexpression of
this gene in rice promoted stomata closure, thereby reduc-
ing water loss and led to improved drought resistance of the
transgenic plants (Hu et al. 2006). On the other hand, over-
expression of the Arabidopsis HDGII gene in transgenic
tobacco, which encodes a homeodomain-START transcrip-
tion factor, conferred drought tolerance associated with
improved root architecture (Yu etal. 2008). Among the
nine drought-inducible GmNAC genes, with the exception
of GmNACO004 and GmNACO12, whose transcripts accumu-
lated markedly in both root and shoot tissues, drought-
inducible expression of GmNAC003, 015 and 020 genes
significantly increased only in roots, whereas those of
GmNAC002, 010, 013 and 028 increased in shoots (Fig. 4).
Collectively, these results indicate diverse functions of
these stress-inducible GmNAC TFs, and also provide can-
didate GmNAC genes for generation of stress resistant
transgenic plants possessing traits best suited for survival
and/or decreased yield loss under stressed conditions.

It has been shown that the NAC TFs can regulate the
drought stress response through both ABA-dependent and
ABA-independent pathways (Fujita et al. 2004; Tran et al.
2004). Since expression of GmNAC003 and GmNACO004 is
induced by both dehydration and ABA, these two proteins
may be associated with drought response in an ABA-
dependent manner (Fig.5). Expression patterns of the
remaining seven dehydration-inducible GmNAC genes in
ABA-treated plants are similar to those of water control,
suggesting that these GmNAC TFs may regulate expression
of downstream genes independently of ABA. Except for
GmNAC20, which is induced only by dehydration (Figs. 3,
5), transcripts of the other dehydration-inducible GmNAC
genes showed significant increase under high salinity, indi-
cating there indeed exists a cross-talk between drought and
salt stress pathways as previously reported (Rabbani et al.
2003; Zhou etal. 2008). During our investigation we
observed that the expression patterns of these nine GmNAC
genes were also increased, to some extent, under water

@ Springer



662

Mol Genet Genomics (2009) 281:647-664

control treatment. Similar phenomenon has also been
observed by Rabbani et al. (2003) when they studied the
expression profiles of abiotic stress-inducible genes in rice.
This might be due to the abrasion/wounding, which
occurred when the soybean plants were uprooted. Alterna-
tively, we cannot rule out that this marginal induction of
these GmNAC genes might be due to possibility of sudden
change in growing conditions, as plants were first trans-
ferred from soil to excess water in order to remove the
remaining soil from the roots, then allowed to grow hydro-
ponically until frozen in liquid nitrogen. This hypothesis is
supported by the fact that expression of most the genes,
with the exception of GmNACI0 and GmNAC20, returned
to normal levels after 5h of water control treatment
(Fig. 5). Additionally, GmNACO002, 003, 004, 013, 015 and
028 were also induced by cold stress (Fig. 5). Together,
these results suggest the involvement of NAC TFs in the
regulatory pathways of multiple abiotic stresses, implying
their suitability as candidates for genetic manipulation
aimed at enhancing tolerance to a variety of stresses.

Several ANAC and ONAC genes have been shown to be
stress-responsive, including ANAC002 (Lu etal. 2007),
ANACO019, ANACO55, ANACO072, ANACOS81 (Fujita et al.
2004; Tran et al. 2004), ANAC029 (Guo and Gan 20006),
ANAC092 (He etal. 2005), SNACI/ONAC46 (Hu et al.
2006) and SNAC2/0OsNAC6/ONAC48 (Nakashima et al.
2007; Hu et al. 2008). Among these ANAC and ONAC
TFs, with the exception of ANAC029 and ANACOS81, in
planta evidence indicates that ANACO002 functions as a
negative regulator, whereas ANACO019, ANACO055,
ANACO072, SNACI1 and SNAC2/0OsNAC6 function as pos-
itive regulators in the drought stress response (Tran et al.
2004; Hu et al. 2006, 2008; Lu et al. 2007; Nakashima et al.
2007). GmNACO002, GmNACO012 and GmNACO013 all
share a high similarity along the entire protein sequence to
ANACO002, suggesting that the GmNAC002, 012 and 013
TFs might function as negative regulators in stress signal-
ing (Fig. 6). Therefore, for these genes, RNAi or loss-of-
function mutagenesis would be appropriate biotechnologi-
cal approaches to engineer improved drought tolerance.
Phylogenetic analysis of the NAC domains retrieved from
stress-responsive ANAC, ONAC and the isolated GmNAC
proteins indicate that most of the stress-responsive ANAC,
ONAC and GmNAC TFs cluster into the stress-responsive
subgroup, with a few members randomly distributed among
other subgroups (Fig. 7). This result suggests a close rela-
tionship among the stress-responsive NAC TFs across the
plant kingdom, even though ONAC proteins originate from
the monocotic rice plant while ANACs and GmNACs are
exclusive to the dicotic Arabidopsis and soybean, respec-
tively.

Opverall, this report has provided the first insight into the
previously uncharacterized GmNAC family of soybean,
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particularly in relation to stress responsiveness. These stud-
ies also provide useful information of potential stress-
inducible candidate GmNAC genes and their associated
stress-inducible promoters which can be exploited to engi-
neer soybean plants for enhanced stress resistant. We are
currently overexpressing the stress-responsive GmNAC
genes in both Arabidopsis and soybean plants to further
ascertain the significance of their function in planta.
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