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Abstract

Abiotic stresses are major environmental factors that affect agricultural productivity worldwide. NAC transcription factors
play pivotal roles in abiotic stress signaling in plants. As a staple crop, wheat production is severely constrained by abiotic
stresses whereas only a few NAC transcription factors have been characterized functionally. To promote the application of
NAC genes in wheat improvement by biotechnology, a novel NAC gene designated TaNAC67 was characterized in common
wheat. To determine its role, transgenic Arabidopsis overexpressing TaNAC67-GFP controlled by the CaMV-35S promoter
was generated and subjected to various abiotic stresses for morphological and physiological assays. Gene expression
showed that TaNAC67 was involved in response to drought, salt, cold and ABA treatments. Localization assays revealed that
TaNAC67 localized in the nucleus. Morphological analysis indicated the transgenics had enhanced tolerances to drought,
salt and freezing stresses, simultaneously supported by enhanced expression of multiple abiotic stress responsive genes and
improved physiological traits, including strengthened cell membrane stability, retention of higher chlorophyll contents and
Na* efflux rates, improved photosynthetic potential, and enhanced water retention capability. Overexpression of TaNAC67
resulted in pronounced enhanced tolerances to drought, salt and freezing stresses, therefore it has potential for utilization
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in transgenic breeding to improve abiotic stress tolerance in crops.
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Introduction

Crop plants constantly encounter unfavorable environmental
conditions, including drought, high salinity, and extreme temper-
atures, that significantly affect both biomass and grain yield
worldwide. It is well established that transcription factors (TFs)
play essential roles in response to different abiotic stimuli [1]. TFs
have been grouped into diverse families based on the conserved
structural domains involved in DNA binding to cis-elements in
promoters of target genes, or other functional modular structures.
Recent accumulated evidence demonstrates that numerous TFs,
such as DREB, bZIP, zinc-finger, MYB, WRKY and NAC,
directly or indirectly regulate plant defense and stress responses
[2-9].

The NAC (NAM, ATAF, and CUC) superfamily is one of the
largest plant-specific TF families. Proteins in this family are
characterized by a highly conserved DNA binding NAC domain
in the N-terminal and a highly diversified transcriptional
activation domain in the C-terminal [10]. More than one hundred
NAC members have been identified in Arabidopsis, rice, soybean
and Populus trichocarpa [1,11-13]. Considerable evidence showing
that NACs play important roles in plant development, including
pattern formation of embryos and flowers [14], secondary wall
formation [15-17], leaf senescence [18-20], and root development
[3,21]. NACs are also involved in responses to various of biotic
and abiotic stresses, including disease, drought, salt, cold and low-
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oxygen stresses, and act as targets of miRNAs [22]. It is believed
that NAC TFs have potential to improve biotic and abiotic stress
tolerances in plants [23-25], and some examples are listed below.

In Arabidopsis, three NAC members, AtNAC019, AtNAC055
and AtNACO072 bind to the ERDI1 promoter region and enhance
tolerance to drought stress [26]. A{NACZ2 is involved in response to
various plant hormones and participates in salt stress response and
lateral root development [27]. ATAF1 and ATAF2, along with a
counterpart HVINACG6 in barley, play important roles in response
to drought and pathogen stresses [28-30]. Furthermore, At-
NACI102 is involved in regulating seed germination under low-
oxygen conditions [31]. In rice, several NAC TFs have been well
characterized. Overexpression of SNACI/OsNACI, OsNAC),
SNAC2/OsNAC6, OsNAC045, OsNAC052 and OsNAC063 enhance
tolerance to drought or multiple abiotic stresses [32-38]. In
soybean, GmNAC11 and GmNAC20 respond differentially to abiotic
stresses and phytohormones. Overexpression of GmNAC20 en-
hances salt and freezing tolerances, however, GmNACI1 overex-
pression only improves salt tolerance in transgenic Arabidopsis [21].
In cotton, six NAC members were cloned and their differential
expression patterns induced by abiotic stresses and ABA were
characterized [39]. In wheat, multiple NAC genes have been
isolated, and different NACs show diverse expression patterns or
play various roles in response to environmental stimuli. TaGRABI
and TaGRAB2 are involved in interaction with the Rep A protein
of a geminivirus and thus inhibit DNA replication of wheat dwarf
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geminivirus in wheat cells [40]. TaNAC69-1, TINAMB-2, TaNAC4
and TaNACS participate in response to multi-abiotic or/and biotic
stresses [41—43]. Overexpression of TaNAC2, TaNAC2a, and
TaNAC69 improve tolerances to abiotic stresses in transgenic
plants [3,44-46].

Production of the world wheat crop is severely constrained by
abiotic stresses, especially by drought. Only a few wheat NAC TFs
have been well characterized functionally. To promote the
application of NAC genes in wheat improvement by biotechnol-
ogy, we characterized the expression patterns of TaNAC67 in
different tissues, and identified its dynamic responses to water
deficit, high salinity, low temperature and ABA treatments.
Transgenic experiments showed that overexpression of TaNAC67
in Arabidopsis significantly enhanced tolerances to drought, salt and
freezing stresses. Morphological assays revealed that overexpres-
sion of TaNAC67 had no negative effects on the growth of
transgenic plants, thus it has potential to improve abiotic tolerance
in plants.

Materials and Methods

Plant materials and water-stress experiments

Wheat (Trticum aestioum L.) genotype “Hanxuan 10” with a
significant degree of drought tolerance was used in this study.
Growth conditions were as previously described [47]. Two-leaf
seedlings were treated with polyethylene glycol-6000 (PEG-6000,
—0.5 MPa) solution, 250 mM NaCl, low temperature (4°C), and
50 uM ABA. The treated plants were stressed in the PEG-6000
and NaCl solutions, sprayed with ABA, or cultured in low
temperature conditions for 1, 3, 6, 12, 24, 48, and 72 h.

To investigate the genomic origin of the target gene, 20
accessions of various wheat species, including four A genome (7.
urartu) accessions, four S genome (degilops spelloides) accessions, four
D genome (de. tauschu) accessions, four accessions with the AB
genome (three 7. dicoccoides and one T. dicoccum), and four
hexaploid wheat accessions were selected to perform PCR (Table
S1 in File S1). Forty one nulli-tetrasomic lines of Chinese Spring
(CS) were used to identify the chromosomal locations of the target
gene.

Arabidopsis thaliana (Columbia ecotype), chosen for transgenic
analysis, was grown in a controlled environment chamber at 22°C,
with a 12 h/12 h photoperiod, a light intensity of 120 pmol m ™2
s~! and 70% relative humidity.

Isolation of the full-length cDNA and sequence analysis
of TaNAC67

A 450 bp cDNA fragment, encoding a NAC-like N-terminal
domain obtained by sequencing from wheat suppression subtrac-
tive cDNA libraries treated with PEG-6000 [48], was used as a
query probe to screen a wheat full-length c¢DNA library
constructed with different tissues by the optimized Cap-trapper
method [49]. Four candidate clones were obtained by nucleotide
blast (blastn), and the full-length cDNA of the target gene was
identified by sequencing the ends. Protein blast (blastp) assays
indicated that it had high similarity to NAC67 from Brachypodium,
rice and maize, and thus named 7aNAC67 (Accession
No. KF646593). Sequence alignment, and similarities among
species were determined by the MegAlign program in DNASTAR
(DNASTAR, Inc). The secondary structure was predicted with
PREDATOR  (http://bioweb.pasteur.fr/seqanal/protein/intro-
uk.html), and the functional region was identified using PROSITE
(http://expasy.hcuge.ch/sprot/prosite.html). Subcellular localiza-
tion was predicted with ProtComp v9.0 software (http://linux1.
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softberry.com/berry.phtml?topic = protcomppl&roup = programs
&subgroup = proloc).

Genetic characterization of TaNAC67

To identify the genomic origin and analyze the structure of
TaNAC67, a pair of primers, flaking the open reading frame
(ORF), was designed (GF, 5'- CGGAGAAGCAGGAAGCGG-
CAAT -3, GR, 5'- ATAAATCCTGAACAAATGTGAAC-
TATC -3'). The genomic fragments of 7aNAC67 were amplified
using TransStart FastPfu Taq DNA polymerase and ligated into a
pEASY-Blunt cloning vector (TransGen Biotech, CN), and then
sequenced with a DNA analyzer (ABI 3730XL). The sequences
were then analyzed with the MegAlign program in DNAStar
software.

To isolate the promoter of 7TaNAC67, the genomic DNA
sequence of TaNAC67 was subjected to blastn to a genomic
sequence database for Ae. tauschii (DD), the diploid D-genome
donor of common wheat [50]. The hit scaffold with highest
similarity to the query sequence was selected, and gene-specific
primers (covering the upstream promoter and partial coding
regions) were designed. The promoter regions were isolated by
PCR, and the cis-acting regulatory elements were predicted by
Plantcare (http:/ /bioinformatics.psb.ugent.be/webtoolss/
plantcare.htlm) [51].

Phylogenetic tree construction of TaNAC67

Phylogenetic analysis was performed to understand the
relationship between TaNAC67 and NAC members from wheat
and other plant species. A maximum likelihood tree was
constructed using putative protein sequences in the promlk
program in the PHYLIP (version 3.69) software package with
the bootstrap parameter set as 100.

Quantitative real-time PCR

The c¢cDNA templates for quantitative real-time PCR (qRT-
PCR) were obtained as previously described [3]. The qRT-PCR
was performed in triplicate with an ABI PRISM® 7900 system
using the SYBR Green PCR master mix kit (Applied Biosystems
Inc., USA) according to the manufacturer’s instructions. Tubulin
transcript was used to quantify the relative transcript level.
Oligonucleotides of qRT-PCR primers were: QF, 5-TGGT-
GGCGGACTACCTCTG-3'; QR, 5'-CCCGCGGCGTGAAG-
AAGT-3'. Relative gene expression was estimated using the
97 AT method [52]. The Actin transcript of Arabidopsis was used
to quantify the expression levels of TaNAC67 in the transgenic
lines. The oligonucleotides for abiotic stress responsive genes were
listed in Table S2 in File S1 [53,54].

Subcellular localization of TaNAC67 protein

The full-length ORF of TaNAC67 was fused upstream of the
GFP gene and placed under control of the constitutive CaMV 35S
promoter in the pJIT163-GFP expression vector to construct a
35S:: TaNAC67-GFP tusion protein. Restriction sites were added to
the 5'- and 3’ ends of the coding region by PCR, and the
oligonucleotides for fusion GFP subcloning were: F, 5'-
CTCTAAGCTTTCATCGGCAGCGGAGCGATT-3" (Hind 111
site in bold italics), R, 5'-CTCTGGATCCGCGGACACGGG-
GGGA-3" (Bam HI site in bold italics). The PCR product was
cloned into the pJIT163-GFP vector and transformed into live
onion epidermal cells by biolistic bombardment. Subcellular
location of TaNAC67 was detected by monitoring the transient
expression of GIP in onion epidermal cells as described earlier

[47].
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Figure 1. Sequence alignment of TaNAC67 and NACs in various plant species. A. Amino acid alignment of TaNAC67 and other NAC family
members from selected plant species. The numbers on the left indicate amino acid position. Shared amino acid residues are in black background.
Gaps, indicated by dashed lines are introduced for optimal alignment. The region underlined indicates the conserved NAC-domain. A, conserved
amino acid motif (AA sequences in red rectangles). Alignments were performed using the Megalign program of DNAStar. B. Phylogenetic tree of
TaNAC67 and NAC members from other plant species. Abbreviations: At, Arabidopsis thaliana; Bd, Brachypodium distachyon; Eg, Elaeis guineensis; Gm,
Glycine max; Hv, Hordeum vulgare; Os, Oryza sativa; Sb, Sorghum bicolor; S, Solanum lycopersicum; Vv, Vitis vinifera; Zm, Zea mays. The phylogenetic
tree was constructed with the PHYLIP 3.69 package, and the bootstrap values are in percent.

doi:10.1371/journal.pone.0084359.g001

Generation of transgenic plants

The coding region of TaNAC67 cDNA was amplified by RT-
PCR with the primers for subcellular localization cloning and
cloned into the pPZP211 vector as a GFP-fused fragment driven
by the CaMV 35S promoter [55]. Transformation vectors
harboring 358::GFP or 358::TaNAC67-GFP were introduced into
Agrobacterium and transferred into wild type Arabidopsis plants by the
dip transformation method [56]. Positive transgenic lines were
firstly screened on kanamycin plates and then identified by
fluorescence detection.

Morphological characterization of transgenic plants
Transgenic plants (T'3) were characterized for morphological
changes under short-day photoperiods (12-h light/12-h dark) in a
growth chamber with a constant temperature of 22°C. Root
morphology was examined on MS medium solidified with 1.0%
agar. T3 homozygous transgenic and W'T' seeds were germinated
on MS medium and grown vertically for primary root length
measurement (10 d) and counts of lateral root numbers (14 d). For
biomass measurement, transgenic plants and two controls were
planted in sieve-like plates filled with mixed soil (vermiculite:
humus = 1:1) and cultured under well-watered conditions.

Measurement of physiological indices

For physiological index measurement, six randomly selected T3
homozygous lines were used and seedlings at designated age were
subjected to different index measurements. Chlorophyll content
was measured with a chlorophyll meter at seedling stage (4-week-
old) (SPAD 502 Plus, Konica Minolta Sensing, Inc., JP). Fully
expanded rosette leaves were selected for chlorophyll content
measurements. One measurement was made for each plant, and
20 plants were used for transgenic lines and controls. Measure-
ments of chlorophyll contents under salt stress conditions were
performed at designated times after applying 250 mM NaCl
solution.

The water potential (WP) of Arabidopsis seedlings (5-week-old)
grown under normal or water deficit conditions was measured
with a water potential meter (WP4, Decagon Devices, Inc., USA).
Measurements were taken in dew point mode at room temper-
ature. Arabidopsis seedlings growing in the same container as
described in the section of morphological assays were selected for
WP assays. I'ive seedlings of each line were collected as a sample.

Osmostic potential (OP) and chlorophyll florescence were
measured at seedling stage (4 weeks old). The OP was measured
with a Micro-Osmometer (Fiske® Model 210, Advanced Instru-
ments, Inc., USA), chlorophyll florescence was assayed with a
portable chlorophyll fluorescence meter (OS 30P, Opti-Sciences
Inc., USA), and cell membrane stability (CMS) was determined
with a conductivity meter (DDS-1, YSI, USA) as described [3].
The maximum efficiency of photosystem II (PS II) photochemis-
try, Fo/Fm = (Fm—F0)/Fm, was deployed to assess changes of the
photosynthetic potential under salt stress. The activity of PS ITwas
measured when moderate drought stress occurred or after a
twenty-hour-exposure to salinity stress (300 mM NaCl). The CMS
under salt stress was measured after applying NaCl solution

PLOS ONE | www.plosone.org

(300 mM) to soil-grown seedlings (4-week-old) for 20 h. For CMS
under drought stress, 7-day-old seedlings were exposed to PEG-
6000 solution (—0.5 MPa) for 12 h and then subjected to
determination. Free proline was extracted and quantified from
fresh tissues of well-watered seedlings (0.5 g) as earlier described
[57].

Ton fluxes were measured noninvasively under salt-shock and
salt-pretreatment conditions. For salt-shock treatment, net H" and
K* fluxes were measured in the root apices of 5-d-old seedlings of
WT and 7aNAC67 plants. The seedlings were preincubated in
buffer (0.5 mM KCI, 0.1 mM MgCly, 0.1 mM CaCl,, 0.2 mM
NaySOy, and 0.3 mM MES, pH 6.0) for 30 min and assayed in
the same buffer containing 100 mM NaCl at pH 6.0. The
transmembrane H" and K* fluxes in roots of TaNAC67 transgenic
plants (100 pm to root apex) were compared with WT. For salt-
pretreatment experiments, 4-d-old seedlings were treated for 24 h
on MS medium to which 100 mM NaCl had been added, and
then the transmembrane Na* fluxes were measured as described
above. Ionic fluxes were calculated with mageflux, developed by
the Xuyue Company (http://xuyue.net).

Abiotic stress tolerance assays

Drought tolerance assay were performed on 5-week-old
seedlings. After germination on MS plates, 7-d-old seedlings of
transgenic lines were planted in sieve-like rectangular plates (3 cm
deep) filled with a mixed soil (vermiculite: humus = 1:1) and well-
watered. The seedlings were cultured in a greenhouse (22°C, 70%
humidity, 120 pmol. m™%s™", 12 h light/12 h dark cycle) without
watering. For salt tolerance assessments, Arabidopsis seedlings were
cultured as for drought tolerance assays. Water was withheld for 3
weeks and plants were then well irrigated with NaCl solution
(250 mM) applied at the bottom of the plates. When the soil was
completely saturated with salt water, free NaCl solution was
removed and the plants were cultured normally. For freezing
tolerance evaluations, normally cultured Arabidopsis seedlings (4-
week-old) were stressed in a —8*1°C freezer for 1.0 h, and then
cultured at 15°C for 24 h to facilitate recovery, and finally
cultured under normal growing conditions.

Statistical Analysis

The data in the experiments of physiological index and abiotic
tolerance assays were subjected to statistical analysis using the
Duncan’s Multiple Range Test program in Statistic Analysis
System (SAS) (http://www.SAS.com).

Results

Sequence characterization of TaNAC67

The full-length ¢cDNA of the target gene obtained by screening
full-length wheat cDNA libraries was 1098 bp, including a 92 bp
5" UTR, 894 bp open reading frame, and 112 bp 3" UTR. The
target gene was named 7aNAC67 based on the structural domains
of the deduced protein and blastp results. The ORF encodes a
polypeptide of 297 amino acid residues (AA) with a predicted
molecular mass of 33.3 kD and pl of 5.41. The deduced amino
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acid sequence of TaNACG67 shows high homology with NAC family
members of monocots, i.e. wheat, Brachypodium distachyon, rice, barley
and maize, and lower homology with counterparts from dicot
species, such as Glycine max and A. thaliana. TaNAC67 has identities
of 90.2% to TaGRABI (CAA09371), 74.9% to BANAC67
(XP_003557366), 70.7% to OsNAC67 (NP_001059213), 65.3%
to ZmNAC67 (ACG31804), 61.2% to OsNACI1 (ABD52007),
60.5% to Sb(NAC1 (AFO85373), 56.1% to TaNAC2 (AAU08786),
54.1% to ZmNACI1 (ADK25055), and 39.1% to TaNAC69
(AAU08785).

Scansite analysis indicated that TaNAC67 has two regions. The
N-terminal region contains a NAC domain (18-168 AA) that is
highly conserved across both monocots and dicots, and functions
as a DNA binding domain (Fig. 1A). The C-terminal transcription
activation region is remarkably divergent and involved in the
regulation of downstream gene expression under various environ-
mental stimuli [11,58]. TaNAC67 fell into the stress-responsive
NAC group based on the conserved NAC domain, and a highly
conserved motif possibly involved in DNA binding was identified
in the NAC domain (74-105AA) (Fig. 1A) [11]. The secondary
structure prediction revealed that the TaNAC67 sequence formed
10 o-helixes and 3 B-pleated sheets.

A phylogenetic tree was constructed with the full-length amino
acid sequences of TaNAC67 and some NAC family members

TaNAC67 Enhances Multi-Abiotic Stress Tolernces

from different species. TaNACG67 was clustered in a clade with
TaGRABI, BANAC67, OsNAC67 and ZmNAC67 (Fig. 1B).

Genetic characteristics of TaNAC67

To identify the genomic origin of TaNAC67, 20 accessions of
various wheat species were selected for PCR. DNA sequencing
results showed that the target fragments were amplified in
accessions carrying the A and D genomes. The two genes were
1.35 and 1.46 kb in size (Fig, 2A). The size difference between the
two genes was attributed to a 110 bp insertion in the D genome
member. Based on the sequence length polymorphisms, a primer
locating in the upstream of the insertion was designed (IPF, 5'-
GGTCTCCTGGGGTGAGACGC-3"). It amplified the polymor-
phic regions when combined with the GR primer (described in
Materials and Methods) in wheat species with the A, D, AB or
ABD genomes, but not in the putative S (B) genome donor species,
suggesting that Ae. speltiodes differed from present day tetraploid
and hexaploid wheat in regard to the locus in the B genome. One
gene was amplified in A and D genomic diploid accessions, and
two and three genes were present in the tetraploid and hexaploid
wheat accessions, respectively (Fig. 2B). Using nulli-tetrasomic
lines of Chinese Spring (CS), the three genes were located on
chromosome 6A, 6B and 6D (Fig. 2C). Gene structure assays
showed that TaNAC67 contained one intron and two exons, and
the insertion in the D genomic member was located in the intron.
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Figure 2. Chromosome location of TaNAC67. A. Genomic origin of TaNAC67 among 20 accessions of wheat and related species. B. Three
TaNAC67 genes were identified in the A, B and D genomes of hexaploid wheat. AA, T. urartu; SS, Ae. speltoides; DD, Ae. tauschii; AABB, T. diccocoides;
AABBDD, T. aestvium; M, 200 bp DNA ladder. C. Chromosome location of TaNAC67 genes using 41 nulli-tetrasomic (NT) lines of Chinese Spring.
Different TaNAC67 genes were missing in each of the NT lines for homoeologous group 6. NT, nulli-tetrasomic line; M, 200 bp DNA ladder. Arrow,

pointing at the missing bands in corresponding NT lines.
doi:10.1371/journal.pone.0084359.g002
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Sequence alignment showed the target cDNA sequences were
identical with the coding region of the D genome member,
demonstrating that TaNAC67 was located on chromosome 6D.
A scaffold (No. 58115) with the highest identity to the query
TaNACG67 genomic sequence was obtained by blastn with D
genomic sequence database [50]. Three pairs of gene-specific
primers were designed according to the sequence, and one pair of
primers (PF, 5'-GAATCATGGTCATTAATACTGCCATA-3';
PR, 5'-GTGGCGCGGGTAGAGAGAGAG-3') that amplified
the promoter sequence of the D genome allele was obtained. The
fragment was about 2,200 bp in size. Cis-acting regulatory element
analysis showed the presence of some basic components and stress-
responsive element binding motifs in the promoter region
(1,500 bp) included TATA boxes, CAAT boxes, abiotic stress
response cis-elements (four ABA response elements, ABRE), and
multiple biotic stress response elements (including two salicylic
acid and three MeJA-responsive elements), one defense responsive
element, and one gibberellin-responsive element (Table 1).

Dynamic response of TaNAC67 to abiotic stresses

The expression of TaNAC67 was identified by qRT-PCR in
seedling leaves, seedling roots, booting spindles and emerging
spikes; the highest expression occurred in booting spindles, with
lower levels in seedling roots and leaves (Fig. 3A). Diverse
expression levels of TaNAC67 were recorded in seedling leaves of
plants exposed to water deficit, salt, low temperature (LT) and
ABA (Fig. 3B). TaNAC67 was significantly activated by all four
treatments. Among them, 7aNAC67 was sensitive to LT and PEG
stresses at an early stage (1 h after exposure to abiotic stress), and
sensitivity to ABA and NaCl occurred later. Both the expression
patterns and maximum expression levels were fundamentally
different for each type of stress. For example, the expression levels

of TaNAC67 peaked at 6 h for cold, 24 h for ABA and PEG, and

TaNAC67 Enhances Multi-Abiotic Stress Tolernces

72 h for NaCl, and the corresponding maxima were 153, 55, 28
and 77-fold relative to the control.

Subcelluar localization of TaNAC67

Prediction of subcellular localization using ProtComp v6.0
software suggested that TaNAC67 was a typical cell nucleus
localization protein. To identify the cellular localization of
TaNAC67, we examined the expression and distribution of
TaNACG67 in both transgenic Arabidopsis root and onion epidermal
cells by expression of the fusion protein with GFP by fluorescence
microscopy. As Fig. 4A showed, TaNAC67-GFP was expressed in
transgenic Arabidopsis roots, especially in young root tips. To
further identify the exact cellular localization, we determined the
distribution of GFP-tagged TaNACG67 in onion epidermal cells by
means of fluorescence microscopy (Fig. 4B). TaNAC67 was
observed only in the cell nucleus, demonstrating that it interacted
with the cell nucleus.

Morphological characteristics of TaNAC67-overexpressing
Arabidopsis plants

Six transgenic lines were randomly selected, and significantly
different expression levels of TaNAC67 were identified, the highest
expression was observed in L4, followed by L2, L6, L5 L3 and L1
(Fig. S1 in File S1). To evaluate the applicability of 7aNAC67 in
transgenic breeding for abiotic stress tolerance, the phenotypes of
TaNAC67 plants at different developmental stages were charac-
terized. The primary roots of five of the six TaNAC67 lines were
significantly shorter than the WT and GFP controls for 10-day old
seedlings (Fig. S2A, 2B in File S1), and there was a negative
relationship between expression level and primary root length.
However, no differences in germination rates (data not shown) and
lateral root numbers were identified (Fig. S2C in File S1). For
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Table 1. Cis-acting regulatory elements identified in the promoter region of TaNAC67 involved in response to biotic and abiotic
stimuli.
Site name Species Position Strand Matrix score Sequence Function
ABRE O. sativa 590 - 9 GCCGCGTGGC cis-acting element involved in the abscisic acid
responsiveness
Hordeum vulgare 1432 + 9 CGTACGTGCA cis-acting element involved in the abscisic acid
responsiveness
A. thaliana 1157 + 6 CACGTG cis-acting element involved in the abscisic acid
responsiveness
A. thaliana 1434 + 6 CACGTG cis-acting element involved in the abscisic acid
responsiveness
TC-rich repeats Nicotiana tabacum 846 + 9 A CTTCA cis-acting element involved in defense and stress
responsiveness
GARE-motif Brassica oleracea 635 - 7 AAACAGA gibberellin-responsive element
TCA-element B. oleracea 738 - 9 CAGAAAAGGA cis-acting element involved in salicylic acid responsiveness
B. oleracea 1479 9 GAGAAGAATA cis-acting element involved in salicylic acid responsiveness
TGACG-motif H. vulgare 429 + 5 TGACG cis-acting regulatory element involved in MeJA-
responsiveness
H. vulgare 1008 - 5 TGACG cis-acting regulatory element involved in MeJA-
responsiveness
H. vulgare 1005 + 5 TGACG cis-acting regulatory element involved in MeJA-
responsiveness
H. vulgare 1031 + 5 TGACG cis-acting regulatory element involved in MeJA-
responsiveness
doi:10.1371/journal.pone.0084359.t001
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Figure 3. Expression patterns of 7aNAC67 in common wheat.
Expression patterns of TaNAC67 in different tissues at different
developmental stages (A) and under stress treatments with ABA, PEG
(—0.5 MPa), salt (NaCl) and low temperature (LT) (B). Two-leaf seedlings
of common wheat cv. Hanxuan 10 were exposed to abiotic stresses as
described in Materials and Methods. The 2~ 22T method was used to
measure relative expression levels of the target gene in stressed and
non-stressed leaves. Three samples were collected for each time point
per treatment, and the experiments for each sample were triplicate.
Means were generated from three biological replications; bars indicate
standard errors. SL, seedling leaves; SR, seedling roots; BS, booting
spindles; ES, emerging spikes; PEG, PEG-6000; LT, low temperature.
doi:10.1371/journal.pone.0084359.9003

seedlings grown both on MS medium and in soil, there were no
differences in seedling size or in fresh and dry weights between the
transgenics and WT plants (Fig. S3 in File S1).
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TaNACé67 transgenics have improved physiological traits
for abiotic stress tolerance

Chlorophyll content is an important parameter for salt tolerance
assessment in plants. There was no difference between TaNAC67
transgenics and WT Arabidopsis plants in chlorophyll content under
normal growing conditions. The chlorophyll contents changed
dynamically with a rapid decrease, slow increase and slow
decrease pattern after exposure to high salinity (Fig. S4 in File
S1). The final chlorophyll contents for five of the six transgenic
lines were significantly higher than the WT and GFP controls at
72 h (Fig. 5A).

To assess water retention abilities of transgenic Arabidopsis, the
transgenic lines, along with WT and GFP controls were grown
under normal and moderate drought stress conditions. There were
no differences in WP between the controls and transgenics under
normal growing conditions, whereas the WP of the transgenics
were higher than the controls under moderate drought stress
(when the rosette leaves became dark); differences for three of the
six transgenics were significant, indicating that the transgenic lines
retained more water than the controls (Iig. 5B).

To reveal the physiological effects of T7aNAC67 overexpression,
the six transgenic lines grown under well-watered conditions were
selected for osmotic potential assays. The results indicated that the
OPs of the transgenic lines were higher than those of WT and
GFP under normal growing conditions, and the differences for two
lines were significant (Fig. 5C). There were no differences in free
proline content between transgenics and controls (Fig. S5 in File
S1).

To evaluate photosynthesis potential of transgenics, chlorophyll
fluorescence was measured. There were no differences between
TaNAC67 transgenics and WT in Fo/Fm (Fo/m) ratios under
normal growing conditions (data not shown), whereas the Fv/m
ratios of all TaNAC67 lines under salt and drought stress conditions
were higher than the two controls. The differences between
transgenics and controls were not significant under drought stress,
however, the differences for five of the six lines reached significant
levels under salt stress (Fig. 5D).

To determine the response of TaNAC67 plants under high
salinity and water deficit, the transgenics were exposed to drought
and salt stresses for cell membrane stability assessment. The CMS
of all the transgenic lines were higher than the controls under the
two stress conditions, and five of the six comparisons were
significant for salt stress, whereas three of six comparisons were
significant for drought (Fig. S5E).

To decipher the mechanism of salt tolerance in 7aNAC67
transgenics, H" and K* flux rates were measured after a 100 mM
NaCl shock. Significantly higher K* ion efflux rates were identified
in the transgenics than in WT (Fig 6A). However, there was no
difference in H" flux rate (data not shown). To further disentangle
the underline mechanism, Na* ion flux rates were measured in
plants pretreated with salt. The Na® ion efflux rates were
significantly higher in transgenic lines than in WT control (Fig 6B).

TaNAC67 transgenics have pronounced tolerances to
multiple abiotic stresses

To characterize the performance of TaNAC67 plants under
drought stress in soil, transgenic lines were subjected to drought
tolerance assays. After a 30-day-water-withholding period, the
rosette leaf colors of WT and GFP plants became dark, whereas
the transgenics were still green. On the 35th day, all the WT and
GFP plants displayed signs of severe wilting (with all rosette leaves
severely curled and some leaf death) compared to less wilting for
the TaNAC67 transgenics (Fig. 7A). After rewatering for two days,
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35S::TaNAC67-GFP

Figure 4. Subcellular localization of TaNAC67 in onion epidermal cells. A. The construct harboring 355:TaNAC67-GFP was introduced into
Agrobacterium, and transferred into Arabidopsis by floral infiltration. Positive transgenic lines were screened with kanamycin, and then examined with
a confocal microscope. Images are dark field for green fluorescence (1), and root outlook (2) and combined in bright field (3). Scale bar =300 um. B.
Cells were bombarded with constructs carrying GFP or TaNAC67-GFP as described in Materials and Methods. GFP and TaNAC67-GFP fusion proteins
were transiently expressed under control of the CaMV 35S promoter in onion epidermal cells and observed with a laser scanning confocal
microscope. Images were taken in dark field for green fluorescence (1, 4), cell outlook (2, 5) and combination (3, 6) in bright field. Scale bar =100 um.

At least 30 cells containing each construct were examined.
doi:10.1371/journal.pone.0084359.9g004

40-60% of transgenic plants survived, significantly higher than
control plants (12-18%) (Fig. 7A, D).

The leaf tips of WT Arabidopsis began to crimple 24 h later after
exposing to salinity stress, but there was no evident crimpling on
the transgenics. Seven days later, clear differences were evident
(Fig. 7B). The transgenics were much greener than the controls.
Two weeks later, only 28% of WT and 22% of GFP plants were
alive; the survival rates of transgenics were 35-65%, significantly
higher than the controls, suggesting 7TaNAC67 plants had
enhanced tolerance to salt stress (Fig. 7B, D).

After exposing to severe freezing stress, 18-38% of transgenic
plants survived, whereas the survival rates of the two controls were
only 8-13%, significantly lower than transgenics (Fig. 7C, D).

Enhanced expression of abitotic stress responsive genes
in TaNAC67 plants

Morphological assays indicated that the TaNAC67 transgenics
had enhanced tolerance to drought, salt and cold stresses. To
probe the underlying molecular mechanisms, ten abiotic stress
responsive genes, viz. DREBIA, DREB2A, CBFI, CBF2, RD294,
RD29B, RD22, CORI15, COR47 and Rabl8, and four ABA
synthesis or response genes, viz. ABAl, ABIl, ABI? and ABI5,
were selected to determinate their expression levels in two
transgenic lines, L3 and L4 (with second lowest and highest
expression levels of TaNAC67, respectively) under water deficit or
non- stressed conditions. The qRT-PCR results showed that
transcripts of four genes (DREB24, COR15, ABI1 and ABI?) were
significantly and consistently higher in both stressed and non-
stressed transgenic plants, and expression levels of five genes
(DERBIA, RD29B, RD294, Rabl8 and ABI5) were significantly
higher in PEG-stressed Arabidopsis plants (Fig. 8); whereas the
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transcript levels of the other four genes (CBFI, CBF2, COR47 and
ABAI) did not differ significantly (data not shown). Interestingly,
the expression levels of RD22 increased in non-stressed transgenic
plants, and were much lower in PEG-stressed transgenic plants.

Discussion

TaNAC67 is a novel member of NAC family

Sequence analysis showed TaNAC67 has high identity with
reported stress responsive NAC members in the N-terminal DNA
binding domains, including OsNACI1, TaGRABI1, TaNAC2,
TaNAC2a, TaNAC4 and TaNACG69, while differs in the C-
terminal transcriptional activation domain. The difference might
contribute to functional diversity in plants. Although the DNA
binding domains of TaNAC67 and TaNAC2 are quite similar, the
characteristics of the two encoding genes differ remarkably. Firstly,
their expression levels and response times are different under
abiotic stress conditions [3]. Secondly, overexpression of TaNAC67
leads to shorter primary roots (Fig. S2A in File S1), while TaNAC?2
transgenics have longer primary roots relative to WT [3], and a
negative relationship is evident between primary root length and
the expression level of TaNAC67 in Arabidopsis (Fig. S1, S2A in File
S1), thus favorable expression level of TaNAC67 should be
reconsidered following selection of a proper promoter for abiotic
stress tolerance enhancement. Thirdly, the abiotic stress responsive
genes regulated by the two genes are different. Overexpression of
the two genes leads to the upregulation of DREB2A, RD29A4,
RD29B, Rabl8, ABIl, ABI? and ABI5 in Arabidopsis, while
TaNAC67 also upregulates the expression of DREBIA and
COR15. Moreover, the expression pattern of dehydration respon-
sive gene RD22 is different in the two transgenics. RD22 was
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Figure 5. Comparisons of physiological indices related to
abiotic stress response of TaNAC67 transgenics under normal
or/and stress conditions. A. Most TaNAC67 transgenics had higher
chlorophyll contents relative to control plants under salt stress. Values
are means * SE (n=20 plants). *** significantly different from WT at
P=0.05, 0.01, respectively. B. TaNAC67 transgenics had higher water
potentials than the controls. Six TaNAC67 transgenic lines and controls
grown in the same containers were subjected to water potential assays
performed under well-watered and drought stress conditions. Five
plants of each line were collected as one sample, and the experiment
consisted of four replications. Values are means *= SE. C. Transgenic
TaNAC67 plants had higher osmotic potentials than the controls. Six
TaNAC67 transgenic lines, and WT and GFP controls, cultured under
well-watered conditions, were subjected to osmotic potential assays.
Five plants of each line were pooled as a sample, and the experiment
consisted of three replications. Values are means = SE. D. Comparison
of photosynthetic potentials of TaNAC67 transgenics and controls after
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exposure to high salinity and drought stress. The Fv/Fm ratios of five
transgenics were significantly higher than the two controls. The
youngest fully expanded leaves were selected to determine chlorophyll
fluorescence; three measurements were made for each plant, and 20
plants were used for WT and transgenic lines. Values are means * SE
(n=20 plants). E. TaNAC67 transgenics have enhanced CMS relative to
control plants after exposure to salt stress and water deficit (PEG-6000,
—0.5 MPa). Fifteen seedlings were pooled as a sample; three samples
were measured for each line. Values are means + SE.
doi:10.1371/journal.pone.0084359.9g005

upregulated under normal growth conditions in 7TaNAC67
transgenics, and downregulated after exposure to drought stress.
However, RD22 was consistently upregulated in 7aNAC?2 plants
under both normal and stressed conditions [3]. Therefore, we
speculate that the molecular mechanisms for abiotic stress
tolerances enhancement for the two NACs might be different in
Arabwdopsts.

No differences in lateral root numbers were identified between
transgenic plants and the controls, and no growth retardation was
apparent in TaNAC67 transformants (Fig. S2B, S3 in File S1),
suggesting that TaNAC67 has potential to improve tolerances to
abiotic stresses in crops.

Physiological changes in transgenic TaNAC67 plants
under various conditions

Environmental stresses often cause physiological changes in
plants. Physiological indices such as CMS, OP, WP, chlorophyll
content, chlorophyll fluorescence, Na* and K* flux rates are useful
parameters for evaluating abiotic stress resistance in crop plants.

Chloroplasts are among the most sensitive organs responding to
salt stress. Chlorophyll degeneration in crops often occurs rapidly
after exposure to high salinity, and thus chlorophyll content could
be an indicator of damage to the photosynthetic system by salt
stress. Chlorophyll fluorescence of intact leaves, especially the
fluorescence induction pattern, is a reliable, non-invasive method
for monitoring photosynthetic events and reflects the physiological
status of plants [59]. The ratio of variable to maximal fluorescence
is an important parameter used to assess the physiological status of
PSII. Environmental stresses that affect PS II efficiency are known
to cause decreases in Fo/m ratio [60]. In the present research, we
measured the two indices, and most transgenic lines were superior
to the controls (Fig. 5A, D), suggesting that TaNAC67 transgenics
had more robust photosynthetic capabilities than the controls
under severe salt stress conditions (Fig. 7B, D).

WP is a direct reflection of water retention ability for plants
under water deficit conditions, and a higher WP means that more
water is retained in plants. The WP of most TaNAC67 transgenics
were significantly higher than the WT and GFP controls under
moderate drought stress conditions (Fig. 5B; Fig. 7A), suggesting
that the transgenics have stronger water retention capacity.
Osmotic potential is another direct indicator of water content in
plants. Generally, a higher OP suggests more water retained in
plant cell under normal or slight water stress conditions. The
higher OPs of transgenics suggest that TaNAC67 plants hold more
water in plants, which is consistent with the WP results (Fig. 5C).
Under our growing conditions, both the depth of container and
soil moisture are fixed, thus the higher WP in transgenics had no
relationship with root system but enhanced water retention ability,
despite that the primary root length for most transgenic lines was
significantly shorter than WT (Fig. S2B in File S1), therefore, we
speculate the transgenics might have lower stomatal conductance
under slight drought stress. In this regard, TaNAC67 might have a
similar function with the well-characterized SNAC1 [37].
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Figure 6. TaNAC67 transgenics have higher K" and Na* ion efflux rates than WT. A. The transgenics had a higher K" ion efflux rate than WT
plants after a 30 min NaCl shock. Arabidopsis seedlings were pre-incubated in buffer (0.5 mM KCl, 0.1 mM MgCl,, 0.1 mM CaCl,, 0.2 mM Na,SO,, and
0.3 mM MES, pH 6.0) for 30 min and assayed in the same buffer containing 100 mM NaCl at pH 6.0. Five plants were measured for each line. Values
are means *+ SE. B. TaNAC67 transgenics had higher Na* ion efflux rates after treatment with 100 mM NaCl. Arabidopsis seedlings were pretreated on
MS medium with 100 mM NaCl for 24 h, and then subjected to measurement of Na* ion flux rates. Five plants were measured for each line, and the
values are means = SE.

doi:10.1371/journal.pone.0084359.g006

Cell membranes are among the first targets of many stresses. The ion flux measuring technique provides a unique possibility
The maintenance of membrane integrity and stability under water to link genetic/genomic data and cellular physiological behavior
stress conditions is a major component of environmental stress because of its non-invasive, high spatial and temporal resolution
tolerance in plants [61], and CMS has been used for assessing features [63]. NaCl-induced K* efflux was demonstrated as a
tolerance to frost, heat and desiccation [62]. In this study, the physiological ‘marker’ for salt tolerance in several species,

CMS of TaNAC67 plants under salinity and drought stresses were including maize [64], barley [65], wheat [66] and Arabidopsis
higher than the WT and GFP controls (Fig. 5E), demonstrating [63]. The ability to retain K™ most effectively (i.e. to minimize K*
that CMS enhancement is caused by overexpression of TaNAC67, efflux when Na® was applied) proved to be a trait strongly
indicating that TaNAC67 transgenics might have a strong capacity correlated with ability to thrive at high salt concentrations in
to tolerate adverse environmental stresses, as verified by the barley, and K* flux measurements were recommended as a screen
phenotyping assays in Arabidopsis (Fig. 7). for selecting salt tolerance in crop species [67]. In this study, we
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Figure 7. Transgenic TaNAC67 Arabidopsis has enhanced tolerance to drought, salt and freezing stresses. Phenotypes of six TaNAC67
transgenics and WT and GFP controls following drought stress (A), salt stress (B), and freezing stress (C). D, survival rates of transgenic lines under
different abiotic stresses. For drought and salinity stress, 11 plants were grown for each line in one treatment, and triplication occurred in three
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—8=1°C for 1.5 h; 20 plants (5 pots) of each line were used for an experiment. L1-6, six transgenic lines; BF, buffer line. *, ** significantly different at
P=0.05, 0.01, respectively. Values are means = SE.

doi:10.1371/journal.pone.0084359.g007

PLOS ONE | www.plosone.org 1 January 2014 | Volume 9 | Issue 1 | e84359



EWT OGFP OL2 mL4

TaNAC67 Enhances Multi-Abiotic Stress Tolernces

DREB1A DREB2A
500
250 450 T ...
200 e =
150 o
20
100 %
50 10
5
0 0
12 20
10
3 15
6 10
4
) 5
0 0
12 250
10 200
8 150
6
4 100
2 50
0 0
ABI2
140
-
6 120
5 100
4 80
3 60
2 40 o
1 20 =
0 0 —1 b=
ABIS RD22
8 100
6
4
2
0

CK PEG

CK

PEG
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and vector control and 7aNAC67 overexpressing lines treated for 3 h with PEG-6000 (—0.5 MPa) and assessed by qRT-PCR. Seedlings
harvested before water deficit stress were used as control (CK). Ten seedlings were pooled as a sample, three samples were prepared for gRT-PCR on
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doi:10.1371/journal.pone.0084359.g008

measured K* efflux under salt-shock conditions, and found that
the K" efflux rates of TaNAC67 transgenics were significantly
higher than WT Arabidopsis (Fig. 6A), suggesting that the
transgenics did not have a stronger capacity to retain K*
compared to WT [63,66,68,69]. This seemed to be in conflict
with the evident salt tolerant phenotypes for the transgenic lines

PLOS ONE | www.plosone.org
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(Fig. 7B, D). To further decipher the mechanism of enhanced salt
tolerance in transgenics, Na* ion efflux rates were measured under
conditions of salt pre-treatment, and the Na* efflux rates in the
transgenics were significantly higher than the WT control (Fig. 6B),
suggesting that TaNAC67 plants had stronger capacity to extrude
Na' ions. Based on the phenotypes and results of ion flux
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measurements, we attribute the enhanced tolerance to high salinity
mainly to robust Na* exclusion in the transgenics. Therefore, for
TaNAC67 transgenic Arabidopsis, K* retention ability scems to have
a lower correlation with salt tolerance, and homeostasis between
K* and Na* might be a more appropriate parameter to assess the
phenotype under salt stress.

Overexpression of TaNAC67 enhanced expression of
abiotic stress response genes in Arabidopsis

Considerable evidence indicates that plant NAC family
members play critical roles in response to hyperosmotic stress.
Evidence from Arabidopsis shows that AtNACO019, AtNACO055 and
AtNACO072 confer enhanced tolerance to drought [26], and
AtNAC2 is involved in response to various plant hormones and
salt stress [27]. Overexpression of SNACI/OsNACI, SNAC2/
OsNAC6, OsNACO45 and OsNAC063 enhances tolerance to
multiple abiotic stresses [32-35,37]. Overexpression of GmNAC20
resulted in enhanced tolerances to salt and freezing, and GmNAC11
overexpression leaded to salt resistance [70]. Recent studies
showed that TaNAC69-1, TINAMB-2, TaNAC4 and TaNAC8 were
involved multiple abiotic or/and biotic stress responses in wheat
[41-43], and overexpression of TaNAC2, TaNAC2a and TaNAC69
led to a pronounced enhancement of tolerance to multi-abiotic
stresses [3,45,46]. Here, we observed the dynamic expressions of
TaNAC67 under various abiotic stresses and found that overex-
pression of 7aNAC67 led to enhanced tolerance to drought,
salinity and freezing stresses in Arabidopsis. In the present study,
TaNAC67 transgenics were exposed to severe drought, salt and
freezing stresses. Both morphological and physiological evidence
strongly demonstrated that transgenic lines had more pronounced
tolerances to drought, salinity and freezing stresses than W'T.

Based on the present data, we attribute the enhanced tolerance
to abiotic stress conferred by 7aNAC67 to significantly and
consistently increased expression of abiotic stress responsive genes,
including DREB24, COR15, ABI1 and ABI2. DREB2A is a crucial
regulatory element involved in drought response [71]. Its
significant upregulation undoubtedly increased the expression
levels of downstream drought stress responsive genes, and thus
enhanced tolerance to drought and or other abiotic stresses,
because of the widespread cross talk between different environ-
mental stress response pathways [2,72]. The ABII and ABI2 genes
encode homologous type-2C protein phosphatases, involved in
ABA signaling [73], and their high expression level might lead to
upregulation of genes controlled by ABII and ABI2 in the ABA
dependent pathway, and might enhance an integrated tolerance to
multiple abiotic stresses. DREBIA/CBFS encodes a crucial TF,
whose overexpression leads to enhanced tolerance to drought,
salinity and cold stresses [74,75]. RD294, RD29B and Rab18 are
low molecular weight hydrophilic protein encoding genes [76,77];
significant augmentation of hydrophilic proteins in tissue sap
should be helpful for water retention under stressed conditions.
The high expression levels of these important stress-responsive
genes in transgenic plants under PEG-stressed conditions will
benefit transgenic plant survival under severe abiotic stress
conditions.

This study primarily concerned the morphological and physi-
ological effects of TaNAC67 overexpression in Arabidopsis under
normal and adverse conditions. Comprehensive investigations to
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Supporting Information

File S1 Fig. S1, Expression levels of TaNAC67 in different
transgenic Arabidopsis lines. Gene expression levels of TaNAC67
differed significantly in different transgenic Arabidopsis lines. L1 - 6,
TaNAC67 transgenic lines. The expression of TaNAC67 in L1 was
regarded as a standard for its lower expression level. Fig. S2,
Comparison of primary root lengths and lateral root numbers for
TaNAC67 transgenics and the two controls. A. Phenotype of
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lengths of most transgenic plants were significantly shorter than
the WT and GFP controls. C. Lateral root numbers of trangenics
and controls were not significantly different. Arabidopsis plants were
sown on MS plates solidified with 1.0% agar and cultured
vertically in a greenhouse. Primary root length and lateral root
numbers were measured after 10 d and 14 d, respectively. *,
significantly different at 2= 0.05. Values are means = SE (n = 20).
Fig. S3, No differences were identified in biomass of TaNAC67
transgenics and two controls. Arabidopsis plants were grown in
sieve-like rectangular containers filled with mixed soil (vermiculite:
humus =1:1) and cultured under well-watered conditions as
described in Materials and Methods. Six plants were collected per
sample for biomass measurement; four replications were set for
each Arabidopsis line and the plants were harvested at five weeks.
Single plant biomasses were calculated before and after treatment
in an 80°C oven for 24 h. FW, fresh weight; DW, dry weight. Four
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A rapid decrease, slow increase and slow decrease pattern in
chlorophyll content was identified Arabidopsis after exposure to
high salinity. The chlorophyll contents were measured at
designated times after exposure to 300 mM NaCl solution.
Twenty plants were measured for each line. Values are means
* SE (n=20). Fig. S5, No differences were identified in free
proline contents for TaNAC67 transgenics and the two controls.
Arabidopsis plants were cultured as described in Materials and
Methods. Five plants were collected as a single sample for
measurement of free proline content. The experiment consisted of
three replications. Values are means * SE. Table S1, Plant
materials used for identification of genomic origins. Table S2,
Primer pairs used in quantitative real-time PCR in Arabidopsis.
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