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Abstract

An activation-tagging methodology was applied to dedifferentiated calli of Arabidopsis to
identify new genes involved in salt tolerance. This identified salt tolerant callus 8 (stc8) as a
gene encoding the basic helix-loop-helix transcription factor bHLH106. bHLH106-knockout
(KO) lines were more sensitive to NaCl, KClI, LiCl, ABA, and low temperatures than the
wild-type. Back-transformation of the KO line rescued its phenotype, and over-expression
(OX) of bHLH106 in differentiated plants exhibited tolerance to NaCl. Green fluorescent
protein (GFP) fused with bHLH106 revealed that it was localized to the nucleus. Prepared
bHLH106 protein was subjected to electrophoresis mobility shift assays against E-box se-
quences (5'-CANNTG-3"). The G-box sequence 5'-CACGTG-3"' had the strongest inter-
action with bHLH106. bHLH106-OX lines were transcriptomically analyzed, and resultant
up- and down-regulated genes selected on the criterion of presence of a G-box sequence.
There were 198 genes positively regulated by bHLH106 and 36 genes negatively regulated;
these genes possessed one or more G-box sequences in their promoter regions. Many of
these genes are known to be involved in abiotic stress response. It is concluded that
bHLH106 locates at a branching point in the abiotic stress response network by interacting
directly to the G-box in genes conferring salt tolerance on plants.

Introduction

Salinity is a major abiotic stress that affects crop production, yield, and growth of plants. Plant
response to salinity is well characterized at the cellular, molecular, and physiological levels. Salt
stress regulation is a complex process involving numerous changes such as activation of gene
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expression, transient increase of abscisic acid (ABA) levels, and accumulation of osmoprotec-
tants, antioxidants, and protective proteins [1, 2]. The products of stress induced genes are not
only involved in stress tolerance but also in the regulation of gene expression, and in signal
transduction of the response [3-5]. Regulatory transcription factor (TF) levels depend upon
their own expression patterns, and such autonomous control may be crucial for their transcrip-
tional and post-transcriptional level. The phosphorylation of regulatory proteins is another
event that controls gene expression [1]. Furthermore, multiple protein/protein and DNA/pro-
tein interactions are known to regulate transcription rates through activation/repression of
stress inducible promoters.

Transcriptional regulation is a fundamental process of gene regulation during stress signal
responses [6]. Transcriptional regulation of salt responsive genes is a crucial response for
plants, and is dependent upon the interaction of TFs with cis-regulatory sequences. Although,
cis-elements of dehydration- and ABA-responsive genes have been the subject of much re-
search, their understanding remains limited [1]. Presently, two kinds of drought responsive ele-
ments are well studied: ABA-responsive element (ABRE) and drought responsive elements
(DRE) [7]. Plants require a large number of TFs to regulate the response of a given stress, with
over 5% of the Arabidopsis genome bestowing more than 1,500 TFs [8]. In the control of tran-
scription, TFs bind DNA in the nucleus and interact with basal transcription machinery;
stresses may therefore affect either one or a combination of processes. To date, analysis of TFs
has revealed that different stress signaling pathways overlap or converge at specific points.
Studied TFs include basic leucine zippers [9], homeodomain-leucine zippers [10], Zn-finger
proteins [11], AP2/ERF-type TFs [12], Myb-like proteins [8, 13, 14], Myc-like proteins (basic
helix loop helix: bHLH) [15, 16], and CDT1 [17].

In recent years numerous efforts have attempted to characterize Myc or bHLH TFs involved
in the regulation of different stresses in different species [15, 18-21]. bHLH is a group of func-
tionally diverse TFs, and are well characterized, especially in mammals [22-24]. In animal sys-
tems, bHLH TFs have been classified into six main groups (A to F), and are known to play
important roles in the control of cell proliferation, development of specific cell lineage in mam-
malian system, anthocyanin pigmentation, globulin expression, and phytochrome signaling
[16,22-27].

In Arabidopsis, bBHLH TFs are one of the largest TF families, containing 162 bHLH coding
genes classified into 21 subfamilies [16]. The bHLH signature domain consists of approximate-
ly 60 amino acids, with two functionally distinct regions. The basic region involved in DNA
binding consists of 15 amino acids with higher contents of basic residues, and it is located at
the N-terminal end of the domain. The HLH region mainly consists of hydrophobic residues
forming two amphipathic alpha helices separated by a loop region of variable length [28]. This
region is located at the C-terminal end of the domain and functions in a dimerization form
[29, 30]. Structural analysis has demonstrated that HLH regions may function in either homo-
dimer or heterodimer forms, however, it is the basic region of each partner that binds the DNA
recognition sequence [31, 32]. The core DNA site recognized by bHLH TFs contains a consen-
sus core element known as an E box (5'-CANNTG-3'), with one of the most common forms
being the palindromic G-box (5'-CACGTG-3'). It has been reported that bHLH proteins may
even interact with proteins without bHLH domains. Specifically, interactions with MYB,
bHLH, and WD40 during the regulation of guard cells and root hair differentiation have been
proposed [33].

Several bHLH family genes have been implicated in stress response: AtICEI in freezing tol-
erance [34], AtMYC2 and AtAIB in ABA signaling [15, 20], AtNIGI crucial for salt stress sig-
naling [18], AtbHLH92 in osmotic stress [35], OsbHLH1 in cold response [21], and OsRERJI in
wound and drought responses [19]. Co-expression of AtbHLH17 and AtWRKY28 confered

PLOS ONE | DOI:10.1371/journal.pone.0126872 May 15,2015 2/22



@’PLOS ‘ ONE

bHLH Binding to G-Box for Salt Tolerance

resistance to abiotic stress in Arabidopsis [36]. Furthermore, overexpression of the most differ-
entially expressed TF gene, MtbHLH-658, in a salt-tolerant genotype of Medicago truncatula
allowed its reference genotype plants to maintain their root growth under salt stress [37]. The
function of bHLH TFs would underlie the regulation of expression of target genes involved in
salt tolerance. In this investigation, it is characteristic of the selection of salt tolerant mutants
by activation tagging among dedifferentiated calli, which lack the differentiated structures such
as stomata, trichomes, and root hair as described as known mechanisms of bHLH TFs for salt
tolerance [38]. In the mutant, a gene named salt tolerant callus 8 (stc8; AtbHLH106) was acti-
vated both with and without stress. Here we show that bHLH106 is involved in cold, salt, ABA,
and drought stress. Knockout plants were sensitive to different levels of NaCl, and overexpres-
sion lines were tolerant to NaCl. Furthermore, bBHLH106 could specifically regulate diverse
groups of genes related to ABA, ethylene, jasmonic acid, ion transport, and protein phosphory-
lation and dephosphorylation in different stresses such as cold and salt.

Materials and Methods
Transformation and Selection of Mutants

The transgenic Arabidopsis thaliana (ecotype Col-0) line 2-1-6, harboring one copy of the
pGA-cab-luc-rbcS-gus and pGA-cab-bar-rbcS-hph construct on chromosomes 4 and 5, re-
spectively [39], was used for the generation of activation-tagged mutant lines. Unless otherwise
indicated, seeds were surface-sterilized, stratified at 4°C for 1 week, and then sown onto a solid-
ified Murashige-Skoog (MS) medium containing 0.2% Gellan gum (San-Ei Gen F.E.I, Inc., To-
yonaka, Japan) [40]. Following 7 days of incubation in growth chambers (20°C, continuous
fluorescent light), 15-25 seedlings were transferred into flasks containing liquid MS, and subse-
quently grown with shaking at 80 rpm for 2 weeks. Cultured roots were then detached from
green tissues (stem and leaves) and cut into small pieces (3-6 mm). These were then trans-
ferred to CIM (MS supplemented with 0.5 pg/mL 2,4-D and 50 ng/mL kinetin) [41] and incu-
bated in the growth chamber under the previously described conditions for 5 days.

The roots were infected with Agrobacterium tumefaciens GV3101 harboring pRi35ADEn4,
a binary vector for activation tagging, as described by Niwa et al. [39]. Following 1 week of co-
culturing, roots were washed with liquid CIM supplemented with 0.1 mg/mL cefotaxime
(Sanofi Aventis, Tokyo, Japan). The roots were then incubated on CIM in the presence of 0.2
mg/mL vancomycin (Merck, Osaka, Japan) and 0.1 mg /mL cefotaxime to inhibit the prolifera-
tion of A. tumefaciens, in addition to 0.1 pg/mL chlorsulfuron (Dr. Ehrenstorfer GmbH, Augs-
burg, Germany) for transformant selection over a 3-week period. Finally, transformed calli
were transferred to CIM supplemented with 0.2 mg/mL vancomycin, 0.1 mg/mL cefotaxime,
0.1 ug/mL chlorsulfuron, and 150 mM NaCl. Mutants were repeatedly selected on the medium.
Following an initial selection at 150 mM NaCl, secondary selection was performed at 250 mM
NaClL.

Verification of T-DNA Inserts by PCR

Genomic DNA was isolated from calli that grew on CIM containing 0.1 pug/mL chlorsulfuron
using Isoplant IT (NipponGene, Toyama, Japan) or as previously described [39, 42]. PCR was
used to amplify a ~200-bp fragment of P355-ALS-SU " using the primers 35SminiL-fd [43] and
ALS22-rv [39]. The PCR products were subjected to agarose gel electrophoresis using 3% (w/v)
Agarose21 (NipponGene, Toyama, Japan).
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Determination of Insertion Location on Chromosomes by TAIL-PCR

Genomic DNA was isolated from mutants and TAIL-PCR [44, 45] performed using AD and
T-DNA end primers [39, 45] by TGradient Thermocycler (Biometra, Géttingen, Germany).
Following tertiary TAIL-PCR, fragments were purified, and then sequenced directly. The flank-
ing sequences obtained were subjected to a BLAST search using the Arabidopsis Information
Resource (TAIR, http//:www.arabidopsis.org). Finally, specific primers, 5’ ~ACAGATATGTA
CAAACCTCACTAG-3" (T3K9-RB) and 5’ ~GGAGGAGGAGAACGGTCAAAGCGG-3’
(T3K9-LB), were designed by MacVector ver. 12 (Cary, NC, USA) and used in combination
with T-DNA-specific primers, 5/ ~-CGTTCAAGATGCCTCTACCGACAG-3’ (RB2) and 5" -
TGGGATTGTGCGTCATCCCTTACG-3" (LB2), to amplify specific fragments; these were sub-
sequently sequenced to confirm the insertion sites.

Real-Time PCR Analysis

Total cellular RNA was extracted using an Isogen II (NipponGene) and treated with RNase-
free DNase (Takara, Otsu, Japan). RNA was subjected to cDNA synthesis using a First Strand
cDNA Synthesis Kit (Roche, Indianapolis, USA), and real-time PCR conducted using a Light-
Cycler Quick System 330 (Roche). For each reaction, 2 uL of diluted cDNA (equivalent to 200
pg of total RN'A) was mixed with 10 pL of SYBR green PCR master mix (Takara) and 10 pmol
each of the forward and reverse primers (At2g41130-Fd, 5 ~CGACTCCGACCAAACATTAT
TACC-3" ;and At2g41130-Rv, 5 ~ATGACCGTCGTTTGAATAGTCTCC-3’ ) in a final volume
of 20 puL. The PCR conditions comprised 45 cycles at 95°C for 5 s and 60°C for 20 s. The ampli-
fication was followed by a thermal denaturation step to generate dissociation curves, which ver-
ified the amplification specificity. As an internal standard, the ACTIN2 gene ACT2 [46] was
used for normalization of transcript levels.

Salt Stress Treatment of Calli

Approx. 62,000 calli were selected on 0.1 pug/mL chlorsulfuran, and maintained by subculturing
at 3-week intervals over a period of 3 to 4 months. For the stress treatment of calli, wild-type
(2-1-6) and stcl calli were cultured on CIM supplemented with 0.1 pg/mL chlorsulfuron and
either 150 mM or 200 mM NaCl.

Construction of Transgenic Vector and Generation of Transgenic Plants

The bHLH106 coding region at At2g41130 was amplified from genomic DNA using primers
5'- CCCGGGGARAGCTCCACAAACCCCATTA-3’ (forward, Smal site underlined) and 5'-
GGTACCTACTTACAACATTTGCTTACACT-3' (reverse, Kpnl site underlined). The coding re-
gion was first cloned into pBluescript IT KS+ (Stratagene, La Jolla, CA, USA). Following se-
quencing, the bHLH106 coding region was cloned into binary vector pBCH1 [47] containing
six copies of the enhancer derived from the CaMV 35S promoter to generate pPBCH1-35S-
AtbHLH106. The construct was transformed into A. tumefaciens GV3101 by electroporation.
Four- to 5-week-old Arabidopsis seedlings were then transformed with A. tumefaciens harbor-
ing pBCH1-35S-AtbHLH106 using the floral dip method [48], and transformants selected
using their respective antibiotics. The same construct was used to transform root cultures of
the 2-1-6 line, and calli were generated on selective plates.
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PCR Analysis of Transgenic Calli and Plants

PCR analysis using 35S promoter-specific primers [39] was performed on DNA samples de-
rived from T hygromycin-resistant seedlings and transgenic calli to confirm the presence of
the 35S promoter.

Salt Stress Treatment in Retransformed Plants and Calli

Three-week-old 2-1-6 lines and transgenic calli were transferred to CIM plates supplemented
with 150 mM NacCl. After 3 weeks, growing calli were transferred to new plates. Plant seeds
were surface-sterilized, and placed in the dark for 7 d. Finally, the seeds were planted on MS
medium containing 100 mM or 125 mM NaCl. Specimen photographs were taken 2 to 3 weeks
after the transfer to stress medium. Arabidopsis were grown on MS medium supplemented
with 2% sucrose for 4 days and then transferred to MS medium containing 100 mM or 125
mM NaCl without sucrose.

bHLH106-GFP Construct and Subcellular Localization

35S promoter was taken from pBCH1 [47] by digestion with HindIII and Kpnl, and cloned in
pBluescript II KS+ to make pBS-35S. The bHLH106 open reading frame (ORF) was amplified
with primers, 5 ~-CCCGGGGAAAGCTCCACAAACCCCATTA-3" (forward, Smal site under-
lined) and 5" ~GGTACCCACCATGGTGATGTGATCCAGCGCACGAC-3" (reverse, Kpnl and
Ncol sites underlined) from cDNA prepared from Arabidopsis as described below, and cloned
at Smal and Kpnl sites in pBS-35S to complete pBS-35S-bHLH, followed by sequencing it. A
sGFP fragment was prepared from pblue-sGFP(S65T)-nos3’ SK (sSK) [49] and cloned it at
Ncol and Kpnl sites of pBS-35S-bHLH to make pBS-35S-bHLH-sGFP. This plasmid was puri-
fied from E. coli cells using Plasmid Midi Kit (Qiagen, Hilden, Germany) and employed for
bombardment of onion epithelial cells by Biolistic PDS-1000/He Particle Delivery System (Bio-
Rad, Richmond, CA)

Whole Genome Expression Analysis

For genome-wide expression analysis of mutants, OX lines, KO lines, and the wild-type, total
RNA was extracted from calli using an RNeasy Plant Mini Kit (Qiagen), and then quantified
using Agilent 2100 Bioanalyzer (Santa Clara, CA, USA). Two micrograms of total RNA was
subjected to cDNA synthesis by One-Cycle cDNA Synthesis Kit (Affymetrix, Santa Clara, CA,
USA), followed by purification by GeneChip Sample Cleanup Module (Affymetrix) and label-
ing with biotin by GeneChip IVT Labeling Kit (Affymetrix). The resultant labeled cRNA was
further purified by GeneChip Sample Cleanup Module (Affymetrix), and hybridized with Gen-
eChip Arabidpsis ATH1 Genome Array (Affymetrix) for 16 h according to the manufacturer’s
protocol. The hybridized chips were washed and stained using Fluidics Station 450 (Affyme-
trix) by 49-Format program, and read by Affymetrix GeneChip Scanner 3000 (Affymetrix). Re-
sults were analyzed using GeneChip Operating Software (Affymetrix) and with the Partek
Genomics Suite 6.6 (St. Louis, MO, USA).

EMSA

PMAL-c2x (New England BioLabs, Ipswich, MA, USA) was employed to produce MBP-fused
bHLH106. The bHLH106 cDNA was amplified with primers, 5 ~-GAATTCATGCAACCAGA
GACCTCAGATCAG-3" (forward, EcoRI site underlined) and 5’ - GGTACCTACTTACAA
CATTTGCTTACACT-3" (reverse, Kpnl site underlined), and cloned and sequenced in pBlue-
script I KS+. The bHLH106 cDNA was taken out by digestion with EcoRI and Pst1, and cloned
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into pMAL-c2x, followed by transformation in E. coli strain Rosetta (Merck Millipore, Billerica,
MA, USA). The preparation of MBP-fused protein wad done following its manufacturer’s pro-
tocol. EMSA was performed with 2 pg of protein in accordance with the methodology and con-
ditions described by Chinnusamy et al. [34].

Statistical Analysis of Phenotypes

Statistical comparison of degrees of tolerance to salt and other environmental stresses was
made on the basis of sequentially rejective Bonferroni (SRB) method in analysis of variance
(ANOVA) using js-STAR 2012, http://www.kisnet.or.jp/nappa/software/star/.

Results
Identification and Screening of the stc8 Activation-Tagged Mutant

Numerous efforts have been made to identify salt stress-regulatory components using whole
plants [40, 50-53]. This study, however, focused on identification of mutants at the cellular
level as the employment of differentiated plants may interfere with analysis, this is due to the
variety of complex structures and tissue-specific processes. To investigate salt tolerance at the
cellular level, roots of the Arabidopsis were infected with Agrobacterium tumefaciens harboring
the binary vector pRi35ADEn4, this contains four copies of a 339-bp long cauliflower mosaic
virus (CaMV) 35S enhancer at the right border of the T-DNA, and a gene for the selectable
marker acetolactate synthase as [39]. Transformants were selected on callus-inducing medium
(CIM) supplemented with chlorsulfuron, a primary compound of sulfonylurea, and subse-
quently screened on 150 mM NaCl-containing medium, where calli of the wild-type died.
Starting from about 62,000 activation-tagged calli, 18 stc mutants were identified (see the paper
precedent to this article and published together in PLOS ONE, doi: 10.1371/journal.pone.
0115502). The mutant line stc8 which showed the phenotype more significantly tolerant to salt,
was subjected to further molecular characterization. T-DNA integration was confirmed by
PCR analysis of chlorsulfuron-resistant calli using T-DNA specific primers [39]. The PCR gen-
erated a 200-bp fragment, the same size as the product amplified from pRi35ADEn4, thereby
confirming the transformation.

Confirmation of T-DNA in stc8 through TAIL-PCR

To determine the location(s) of T-DNA integration and activated genes, TAIL-PCR was per-
formed for stc8 mutant using primers from both ends of the T-DNA and arbitrary degenerate
(AD) primers [39, 45]. Sequences obtained from TAIL-PCR analyses were subjected to a
BLAST search at NCBI, and the location of the T-DNA marked. Specific primers were designed
based on the TAIL-PCR sequences, and used in combination with T-DNA-specific primers to
confirm the insertion sites within the Arabidopsis genome. In the stc8 mutant, TAIL-PCR con-
firmed the presence of only one T-DNA, located on chromosome 2. The T-DNA was present
between At2g41130 and At2g41140. At2g41130 encoding AtbHLH106 was located at a distance
of 283 base pairs from the border of T-DNA (Fig 1A).

bHLH106 is Activated in the stc8 Mutant

Enhancer sequences within the activation tagging vectors may enhance constitutive or ectopic
expression, and the majority of enhanced genes are reported as being located adjacent to the
T-DNA [54]. Enhancer sequences may elevate expression at both ends of the T-DNA [55] and
are known to enhance gene expression up to 3.6 kbp away, independent of orientation [54].
Transcript levels of genes adjacent to the T-DNA, and 10 kbp flanking regions of the T-DNA,
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Expression of At2g41130, encoding bHLH106 and (C) At2g41140 encoding CRK1. Total RNA was extracted from calli grown on CIM supplemented with 150
mM NaCl. Expression was determined by real-time RT-PCR and normalized using ACTIN2 (ACT2) and shown as ratios of transcript levels to those of the
wild-type without salt. Error bars represent +SEM from four experimental replicates. Here are “n.s.” for no significant difference and * for P < 0.05 in ANOVA.

doi:10.1371/journal.pone.0126872.g001

were examined in calli grown on CIM in the absence or presence of 150 mM NaCl. RT-PCR re-
vealed that bHLH106 transcripts were 27 or 56 times greater with or without 150 mM NaCl, re-
spectively, in the sfc8 mutant in comparison with the wild-type (Fig 1B), and154 times higher
in the mutant than the wild-type with salt which dramatically reduced the transcript in the
wild-type. Transcripts for another gene locating near the inserted T-DNA, CDPK-related ki-
nase 1 (CRK1), were elevated 1.3 or 1.7 times, with or without NaCl, in the stc8 mutant com-
pared with the wild-type (Fig 1C), and 2.7 times in the mutant than the wild-type with salt.

Salt-Sensitive Phenotype of Knockout (KO) Lines and its Rescue by
Over-Expression (OX) of bHLH106

Two kinds of bJHLH106 KO lines, SALK_109295 and GABI_560F05 (Fig 2A), designated here-
after as bHLH106-KO1 and bHLH106-KO2, respectively, were analyzed. Transcripts for
bHLH106 were at levels 0.10 and 0.17 fold in b(HLH106-KO1 and bHLH106-KO2 lines com-
pared with the wild-type, respectively (Fig 2B). Homozygous lines of bJHLH106-KO1 (Fig 3A
and 3B) and bHLH106-KO2 (S1 Fig) exhibited more sensitive phenotype to salt than that of
the wild-type and SUF4-KO, which was a knockout line of SUF4 (SUPPRESSOR of FRI 4) en-
coding a putative Zn-finger-containing TF employed as the control in which an unrelated gene
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A T-DNA insertion in bHLH106-KO lines
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Fig 2. bHLH106-knockout (KO) lines. (A) Integrated locations of T-DNA for gene disruption at the bHLH106
locus in SALK_109295 and GABI_560F05, designated as bHLH106-KO1 and bHLH106-KO2, respectively.
The pair of opposing arrowheads shows the primers employed for RT-PCR. (B) bHLH106 gene expression in
KO plants. Expression was determined by real-time RT-PCR and normalized using ACTIN2 (ACT2). Error
bars represent £SEM from four experimental replicates.

doi:10.1371/journal.pone.0126872.9002

ratio in expression to wild-type

was knocked out. In the bSHLH106-OX construct, bHLH106 is driven by the CaMV 35S pro-
moter. The introduction of this construct into the bSHLH106-KO1 line rescued the phenotype
of the KO line in the criterion of leaf extent on salt-containing culture medium (S2 Fig). These
results indicated that bHLH106 caused the stc8 mutant phenotype. To further confirm that ac-
tivation of bHLHI106 caused the salt-tolerant phenotype, the wild-type was transformed with
the bHLH106-OX construct. Transcripts for bHLHI06 were approximately 600 and 100 times
higher in bHLH106-OX3 and bHLH106-OX14 lines than in the wild-type (Fig 4A). The
bHLH106-OX lines were significantly tolerant to salt with regard to the fresh weights of shoots
(Fig 4B and 4C).

Salt-Inducible and Organ-Specific Expression of bHLH106

To further reveal the role of bLHLH106 in salt-stress regulation, whether bJHLH106 expression
was salt-inducible was examined. Transcripts for bHLH106 increased 1.3 and 1.9 fold during
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doi:10.1371/journal.pone.0126872.9g004

the 2 weeks after exposure to salt-containing medium (Fig 5A). The order of organ or tissue-
specific expression transcription levels of bHLH106 (from highest to lowest) was calli, roots,
leaves, stems, flowers, and siliques (Fig 5B).

Involvement of bHLH106 in Response to Environmental Factors

The bHLH106-KO lines showed a more sensitive phenotype to 100 mM and 125 mM NaCl,
110 mM KCl, 10 mM LiCl, and treatment at 4°C for 2 weeks (Fig 3A-3C, and S1 Fig). The
growth of bHLH106-KO1 whole plants was more sensitive to 0.25 mM and 0.5 mM ABA,
whereas plants of a P HLH106-OX line were less sensitive to 0.50 mM ABA (Fig 6).

Intracellular Localization of bHLH106 Protein

A construct containing bHLH106 fused at its C-terminus to green fluorescent protein (GFP)
was transiently bombarded into onion epidermal cells. The fusion protein was located in the
nucleus (Fig 7), suggesting that bHLH106 may work as a TF. This intercellular localization is
also supported by the typical bHLH structure which may interact with DNA and its function
governing the up- or down-regulation of multiple genes in bHLH106-OX lines.
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Fig 5. Expression of bHLH106 with regard to salt-response and organ-specificity. (A) bHLH106
transcripts in response to salt. Plants were transferred to salt-containing medium 4 days after germination,
and kept vertical for 2 weeks. Total RNA was extracted from whole plants and subjected to real-time RT-PCR
with normalization using ACTIN2 (ACT2). Error bars represent +SEM from three experimental replicates. All
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mature plants. Expression was determined by real-time RT-PCR and normalized using ACTIN2 (ACT2). Error
bars represent £SEM from three experimental replicates.

doi:10.1371/journal.pone.0126872.g005

Target cis-elements of bHLH106

The hexa-nucleotide E-box sequence, 5'-CANNTG-3’, where the two central nucleotides are
variable, is the core DNA motif recognized by most bHLH proteins. One of the most common
sequences for the E-box is the palindromic G-box 5'-CACGTG-3'. Within the basic region of
proteins, certain conserved amino acids provide identification of the core consensus site, while
other residues in the domain dictate specificity for a given type of E-box [56]. Furthermore,
flanking nucleotides outside of the hexa-nucleotide core play an important role in binding
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Fig 6. Response of bHLH106-KO and bHLH106-OX lines to ABA. bHLH106-KO1 and bHLH106-OX3 lines
were grown in medium containing different concentrations of ABA for 2 weeks. The percentages are surviving
rates of employed lines in comparison with their survival on the standard MS medium without ABA.

doi:10.1371/journal.pone.0126872.g006

specificity [22, 57, 58]. There is evidence that a loop residue in proteins plays a role in DNA
binding through elements outside of the core recognition sequence [28].

As AtbHLH106 is a bHLH family TF, it is feasible that its bLHLH domain may recognize E-
box or G-box core sequences. To determine whether core hexa-nucleotides were recognized by
AtbHLHI106, a strategy based on ICE1-recognized MYC sequences, all possible combinations
of MYC sequences (apMYC), was used (Fig 8A). The CBF3-regulator ICE1 [34], which recog-
nizes five different MYC-sequences present in CBF3 promoter regions, was used to design all
possible MYC combinations of the core six nucleotides recognized by bHLH proteins (Fig 8A).

To produce bHLH106 protein for electrophoresis mobility shift assays (EMSAs), we cloned
bHLHI106 cDNA into pMAL as a form fused at its N-terminus to maltose-binding protein, MBP.
Escherichia coli BL21-Rosetta cells were transformed with the construct, and MBP-bHLH106

B bHLH106-GFP C bHLH106-GFP

Fig 7. Intracellular localization of bHLH106. The construct of bHLH106 fused with GFP was bombarded into onion epidermal cells. Transient expression of
GFP was observed. (A) Bombarded with GFP alone construct, pTH2 [49, 64]. (B, and C) Bombarded with bHLH106 fused with GFP.

doi:10.1371/journal.pone.0126872.g007
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M2 ACAATTACAACTGCATGCTT

M3 AATGTTACATTTGATCATTC m3 AATGTTACACGTGATCATTC
M4 CTCTGGACACATGGCAGATC

M5 CATTTTACAATTGCTTCGCT mS CATTTTACACGTGCTTCGCT
M6 CTCTGGACAGCTGGCAGATC

M7 CTCTGGACACGTGGCAGATC

M8 CTCTGGAGACGTGGCAGATC

M9 CTCTGGACGCGTGGCAGATC

M10 CTCTGGACAGGGCGCAGATC

M11 CTCTGGACACGACGCAGATC

M12 CTCTGGACACGCGGCAGATC

M13 CTCTGGACACGAGGCAGATC

a ATATAATTAACTACTTTTAT

2 GACTCGTTTCGCGATCCGAT

B interaction of bHLH106 and G-box
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C competition between G-box sequences for bHLH106
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Fig 8. Interaction of bHLH106 with a variety of G-box sequences. Interactions were examined by
electrophoresis mobility shift assay (EMSA). (A) Nucleotide sequences of regions containing a possible G-
box were employed for EMSA as probes. (B) Thirteen kinds of 20-mer G-box sequences consisting of
5-C16"aNNT/G/5%/c-3' (M1 to M13) and arbitrary degenerate probes (C1 and C2). The “+” and “"denote the
presence or absence of bHLH106 protein in EMSA. (C) Competition experiments using the 5-CACGTG-3
sequences against the bHLH106 protein.

doi:10.1371/journal.pone.0126872.g008
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purified using maltose binding resin. The apMYC probes and two negative control probes were
designed, and annealed using PCR. bHLH106 recognized probe M7, which comprised the 5'-
CACGTG-3 core nucleotides of the G-box, in the EMSA (Fig 8B). No other nucleotide probes
interacted with bHLH106, including the controls consisting of arbitrary degenerate sequences.
Competition assays using different probes further revealed that bHLH106 recognized the G-
box (Fig 8C). To further confirm that bHLH106 recognizes the G-box, 5'-CACGTG-3 sequence
was introduced into probes M1, M3, and M5 to generate m1, m3, and m5 (Fig 8A). All three
probes possessing 5'-CACGTG-3' sequence interacted with bHLH106, and competed with the
M7 probe (Fig 8C), demonstrating that bHLH106 specifically interacts with the 5'-CACGTG-3’
sequence of the G-box. The interaction of bHLH106 to m1, m3, and m5 was weaker than seen
with M7. Therefore, flanking sequences outside the G-box may affect the strength of interaction.
The GC content of flanking sequences likely influences the strength of interaction, as the stron-
gest interaction was observed with M7, which possesses GC-rich flanking regions.

Genome-Wide Direct Targets of bHLH106

AtbHLHI106 encodes a bHLH protein, which acts as TF. To analyze genome-wide targets of
bHLH106, microarray analysis of wild-type and transgenic OX lines of bHLH106 was per-
formed (see S4 Fig). Out of 22,500 probes present on the ATH1 GeneChip, 551 genes in the
OX lines were up-regulated to more than double levels of the wild-type, and 96 genes in the
OX lines were down-regulated to levels lower than a half that. These genes were analyzed for
the presence of a G-box consensus sequence in their promoter regions to a distance of 3 kbp
upstream of each gene. Among the 551 up-regulated genes, 198 genes were direct targets of
bHLH106, the position of the G-box(es) present in the promoters were marked (S1 Table). Out
of 96 down-regulated genes, 36 had G-box(es) in their promoter region, and were thus directly
down-regulated by bHLH106 (S2 Table).

In the computation analysis of the microarray data, 2.44% of all Arabidopsis genes were sig-
nificantly up-regulated by bHLH106, while 0.43% of genes were down-regulated. These results
indicate that bLHLH106 preferably act as a positive regulator. Following the criterion that they
contained G-box sequences in their promoter regions, 35.9% of up-regulated genes and 37.5%
of down-regulated genes were directed by bHLH106. Analysis of these up- and down-regulated
genes revealed that many were salt, ABA-, jasmonic acid-, and cold-responsive, indicating that
bHLH]106 plays an important role in multiple abiotic stresses.

Chromosome distribution analyses of the 198 directly up-regulated targets revealed that the
maximum number of direct targets of bHLH106 occurred on chromosome 3 (28 targets), fol-
lowed by 21 on chromosome 1, 18 on chromosome 5, and 16 on chromosome 4. Chromosome
2 had the least targets, with only 7. The 36 down-regulated genes were fairly evenly distributed
on chromosomes 1, 3, 4, and 5, with 8, 6, 10, and 7 targets on each respectively. Similarly to the
distribution of up-regulated genes, chromosome 2 had the least number of targets (2). Overall,
the number of genes positively regulated by bHLH106 was five times greater than that of those
down-regulated.

To confirm the direct interaction of bHLH106 with the G-box of up- or down-regulated
genes identified from the microarray data of OX lines, we randomly selected 60 promoter se-
quences (S5 Table). A set of 24-mer probes were designed with nine bases flanking each side of
the G-box, and EMSA performed. The EMSA results showed that AtbHLH106 specifically rec-
ognized every G-box in the analyzed promoters (54 Fig). As before, the strength of the interac-
tion signal was influenced by the flanking region sequence. Together, these results indicated
that bHLH106 interacts with the G-box in promoters of both positively- and negatively-
regulated genes.
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Fig 9. Representation of bHLH106 integrating functions of multiple genes through their G-box to confer salt tolerance on dedifferentiated cells of
Arabidopsis. bHLH106 directly regulated 198 genes possessing G-box sequences positively, and 36 genes containing G-box ones negatively (S1 and S2
Tables). The up-regulated genes are classified into 12 different groups on the basis of functions (S3 Table). The down-regulated genes are categorized into
abiotic stress-responsive ones and the others (S4 Table). The number at each gene group is that of members. The arrow shows positive regulation, and the
arrow interrupted with a bar indicates negative regulation. Detailed functions of these genes are described in “S1 Discussion.”

doi:10.1371/journal.pone.0126872.9g009

Functional Classification of bHLH106-Directed Genes

bHLH106 directly regulated 198 genes positively, and 36 genes negatively (S1 and S2 Tables).
The up-regulated genes were classified into 12 different groups on the basis of functions: salt
stress-regulated genes; cold- or drought-responsive genes; iron ion-transport, response, or reg-
ulated genes; protein kinase genes; ANAC TFs; Zn-finger protein genes; ABA- or salicylic acid-
responsive genes; ethylene-responsive genes; cytochrome P450 genes; protein phosphatase 2C
genes; jasmonic acid-biosynthesis, metabolism, or responsive genes; and WRKY family TF
genes (S3 Table, Fig 9). The down-regulated genes included salt-, cold-, and drought-respon-
sive genes (S4 Table, Fig 9).

Many genes related to abiotic stress were positively-regulated by bHLH106, these included
the salt stress-regulated genes, salt tolerance Zn-finger 10 (ZAT10), salt-inducible Zn-finger 1
(SZF1), cupredoxin super family protein, and cation exchanger 3 (CAX3); cold- or drought-
responsive genes such as dehydration-responsive element-binding (DREB) subfamily A5, rare-
cold-inducible 2B (RCI2B), C-repeat/DRE-binding factor 2 (CBF2), a member of the ethylene
response factor (ERF) / APETALA 2 (AP2) family, DREB1E/dwarf and delayed-flowering
(DDF1), and ABA-regulated genes such as Ring-DUF1117 and cytochrome bc, synthesis
(BCS1); salt stress related genes such as Ca-dependent protein kinase 28 (CPK28) and stress-
associated protein (SAP12); the jasmonate signal transduction genes jasmonate-ZIM-domain
protein 1 and 8 (JAZI and JAZ8) and jasmonate-regulated gene 21 (JRG21); and the iron
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transport related genes Fe-regulated transporter 1 (IRT1) and ZRT/IRT-like protein 2 (ZIP2)
(S3 Table). In addition, bBHLH106 regulates diverse groups of genes for protein kinases, ANAC
TFs, and protein phosphatase 2C (PP2C) (S3 Table). bHLH106 may directly regulate all of
these genes under different stress conditions.

Negatively-regulated genes included for small auxin-up RNA (SAUR)-like auxin-responsive
proteins, MYB-TFs, and Arabidopsis thaliana kinesin 5 (ATK5), which is involved in abiotic
stress (S4 Table).

Discussion
Usefulness of Activation-Tagging of Dedifferentiated Calli

Most previous investigations into the identification of salt stress regulatory components have
focused on differentiated whole plants [40, 50-53]. When using the whole plant, the large vari-
ety of complex structures and tissue-specific processes may interfere with the elucidation of
mechanisms underlying salt tolerance. Salt-overly sensitive 3 (SOS3) and SOS3-like Ca-binding
protein 8 (SCABPS) play similar roles with regard to salt tolerance in roots and shoots, respec-
tively [59]. This suggests that it is important to take into account tissue- and organ-specific
mechanisms of salt tolerance. In an effort to delineate the mechanisms underlying salt toler-
ance in cells, this investigation focused on the use of dedifferentiated calli, which possess basal
cell functions.

Activation-tagging using enhancer sequences derived from CaMV was applied to select salt
tolerant mutants, and further identified causal genes. In the series of this study, we character-
ized 18 new mutants (named as salt tolerant callus, see the paper precedent to this article and
published together in PLOS ONE, doi: 10.1371/journal.pone.0115502) showing salt tolerance
in dedifferentiated calli. Mutants that were salt-tolerant at cellular levels were selected, and the
functions of causal genes in whole plants examined. The advantage of this methodology is that
activation-tagging and subsequent screening of dedifferentiated plants allows the skipping of
maintenance of established activation-tagged lines.

Involvement of bHLH106 in Salt Tolerance

The bHLH106 gene was inducible by salt stress (Fig 5A) and expressed in all organs (Fig 5B).
ICE1, a master regulator of cold tolerance, is induced by NaCl, ABA, cold, and dehydration
[34]. bHLH106 expression levels were nearly equivalent among roots, leaves, stems, and flow-
ers, but low in siliques, expression was highest in in vitro-cultured calli (Fig 5B). bHLH106 KO
plants were sensitive to NaCl, KCI, LiCl, cold, and ABA (Figs 3 and 6, and S1 Fig), whereas OX
lines were relatively tolerant to some of these stresses (Figs 4 and 6), indicating that bHLH106
regulates multiple abiotic stresses. PHLH106 was localized in the nuclei, as revealed by GFP-fu-
sion (Fig 7). These results lead to the conclusion that bHLH106 acts as a positive transcription-
al regulator of salt and cold stress.

The bHLH Gene Family and Functions of its Products

The bHLH TFs are one of the largest TF families in Arabidopsis, constituting 9.5% of all TFs,
and plays several important roles in plants. Many large families of bHLH TFs have been identi-
fied in eukaryotes with sequenced genomes; Arabidopsis has the largest relative representation
(0.56% of total identified genes; [16]), compared with Saccharomyces cerevisiae (0.08%), Cae-
norhabditis elegans (0.20%), Drosophila (0.40%), Takifugu rubripes (0.40%), human (Homo sa-
piens sapiens; 0.40%), and mouse (Mus musculus; 0.50%) [8, 23, 60, 61].
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In comparison with animals, few bHLH family TFs have been characterized in plants. The
MYC-like TF encoded by the rd22BP1 gene is induced by dehydration, salt, and ABA [15]. It
binds to the MYC-binding site in the promoter region of the rd22 gene, leading to its expres-
sion under drought stress and ABA induction. Similarly, the bHLH gene OsbHLH1 has been
reported to be involved in the cold stress response in rice [21]. The expression pattern of
OsbHLH1 is different from rd22, being specifically induced by cold but not by NaCl, PEG, or
ABA treatment. In another study, a bHLH encoded by ICE1 has been characterized as a regula-
tor of the CBF family of TFs, which are known to regulate freezing tolerance [34]. ICE1 binds
specifically to MYC-recognition sites in the CBF3 promoter. Overexpression of ICEI provides
freezing tolerance in the transgenic plants, indicating that the ICE1 TF is an upstream compo-
nent of the CBF/DREB1-cold signal transduction pathway, and that ICE1 and CBF/DREBI be-
long to the same pathway.

Salt stress adversely affects plant growth and crop production worldwide. Plants invoke nu-
merous mechanisms, involving large sets of genes, to reduce the damage of salt stress. Among
these salt-induced genes, TFs play important roles in improving salt tolerance through regula-
tion of genes involved in stress regulation. Although bHLH TFs are predicted to be involved in
the regulation of many stresses, their roles in salt stress are not well established. Although their
roles in cold tolerance has been the focus of much research [15, 21, 34], further study is re-
quired to reveal the mechanism of salt tolerance in detail.

bHLH106 Binding to the G-Box Regulates Gene Expression

DNA sequences are major determinants of the binding specificity of TFs for their genomic tar-
gets. However, eukaryotic cells often simultaneously express TFs with highly similar DNA-
binding motifs but distinct in vivo targets [62]. bHLH proteins most commonly bind to a DNA
motif called the E-box, 5'-CANNTG-3/, first identified as an essential element in the immuno-
globulin heavy chain gene regulation [63]. Using yeast TFs Cbfl and Tye7, it was confirmed
that bHLH TF binding sites, i.e. the E-box, binds differently in vitro and in vivo, depending on
the genomic context [62]. Moreover, computational analyses suggest that nucleotides outside
of the E-box binding sites contribute to specificity through influencing the three-dimensional
structure of DNA-binding sites [62].

ICE1 binds with five MYC sequences present in the promoter regions of CBF3 [34]. Based
on these MYC sequences and the consensus sequence, we designed 16 probes containing all
possible sequence variations (Fig 8A). When EMSA was performed with these probes, based
on ICEI [34], results revealed that bHLH106 interacted greatest with probe M7, which con-
tained the common palindromic G-box sequence, 5'-CACGTG-3’ (Fig 8). Furthermore, when
the G-box sequence was introduced into the outside sequences of non-interacting probes M1,
M3, and M5, to generate m1, m3, and mb5, respectively, PHLH106 interacted with them, though
at lower levels compared with the M7 probe (Fig 8C). Therefore, flanking sequences of the G-
box contribute to the interaction with bHLH proteins. The most acceptable explanation re-
garding the contribution of the flanking sequences is that in probe M7 the next bases to 5'-
CACGTG-3' at the 3’ position are 5'-GC-3’, furthermore the overall GC content of probe M7
is higher than in probes m1, m3, and m5. Conversely, the presence of A or T repeats around
the G-box or overall in the probes significantly reduced interaction with the bHLH protein.
These explanations were further confirmed when EMSA was performed using 24-bp gene-
specific probes of promoters containing the G-box (S3 Fig). The interaction in probes 1,7, 11,
and 18 was low, and could be explained by the absence of G or C next to the G-box, or by the
presence of A or T repeats in the probes. Contrarily, probes 2, 3, 4, and 5 exhibited strong inter-
actions with bHLH105, suggesting the importance of the contribution of G or C next to the
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G-box to the interaction. It is concluded that bHLH106 specifically interacts with 5'-CACG
TG-3' in promoters, and that this specificity is influenced by flanking sequences.

Signals Diverge at bHLH106 in the Abiotic Response Network

Genes satisfying the criteria of being up-regulated by bHLH106 and having bHLH106-binding
G-box sequences present in their promoter regions encode TFs (ZAT10, SZF1, DREB, CBF2,
and ANACs), abiotic stress-regulated proteins (CAX3, RCI2B, ERF/AP2, DDFI, Ring-
DUF1117, BCS1, and SAP12), protein kinases (CPK28, diverse groups), jasmonate (JA)-related
proteins (JAZ1, JAZ8, and JRG21), proteins involved in transport (IRT1 and ZIP2), and pro-
tein phosphatase (PP2C) (see “S1 Discussion” for detailed functions of these genes). It is
thought that bHLH106 may directly regulate all of these genes under different stress condi-
tions. Therefore, it is concluded that bHLH106 is a key TF, which locates at a branching point
for abiotic stress-related signal transduction pathways (Fig 9).

Supporting Information

S1 Discussion. Discussion of bHLH106-Targeting Genes.
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S1 Fig. Phenotypes of bHLH106-KO2 line growing on culture medium containing KCl or
under cold stress. (A) bHLH106-KO2 and wild-type plants were germinated and grown on
standard MS medium for 5 days, and then transferred to medium with or without 110 mM
KCI. Plants were incubated at 4°C for 2 weeks after transferring to standard MS in rectangular
culture plates (4°C), and returned to the culture condition at 20°C for 1 week (4°C > 20°C). (B)
Statistic data of root length in the same experiments shown in panel A. Error bars represent
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S2 Fig. Phenotypes of rescue lines of bHLH106-KO1 using the bHLH106-OX construct. (A)
Expression of bBHLH106 in leaves of the rescue (RES) lines. b(HLH106-KO1 lines was trans-
formed with a construct for b(HLH106 overexpression (OX) driven by the CaVM 35S promoter.
Homozygous lines F, were for analysis. Expression was determined by real-time RT-PCR and
normalized using ACTIN2 (ACT?2). Error bars represent +SEM from three experimental repli-
cates. All the P-values are less than 0.01 between the wild-type and the rescue lines. (B) Pheno-
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tistic data of leaf extent in the same experiments shown in panel B. Error bars represent +SEM
from six experimental replicates. Here is * for P < 0.05 in ANOVA.
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S3 Fig. Interaction of bHLH106 with 60 kinds of promoter sequences, including the G-box.
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S$4 Fig. ANOVA data of transriptomic analysis. (A) Hierarchical clustering. The analyses
were done for gene expression in the lines b(HLH106-OX3, bHLH106-OX14, and wild-type in
their triplicate or quadruplicate by Partek Genomics Suit 6.6. (B) Volcano plot. The analysis
was performed as described for Panel A.

(PDF)

PLOS ONE | DOI:10.1371/journal.pone.0126872 May 15,2015 18/22


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0126872.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0126872.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0126872.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0126872.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0126872.s005

@’PLOS ‘ ONE

bHLH Binding to G-Box for Salt Tolerance

S1 Table. Genes satisfying both criteria of presence of G-box in promoters and up-regula-
tion in OX Lines.
(DOCX)

S2 Table. Genes Satisfying both criteria of presence of G-box in promoters and down-
regulation in OX Lines.
(DOCX)

S3 Table. Functional classification of genes satisfying both criteria of presence of G-box in
promoters and up-regulation in OX Lines.
(DOCX)

$4 Table. Salt-, cold-, or drought-responsive genes which also satisfied both criteria of pres-
ence of G-box in promoters and down-regulation in OX Lines.
(DOCX)

S5 Table. Probes for genes possessing G-box in their promoters.
(DOCX)

Acknowledgments

We thank the Salk Institute Genomic Analysis Laboratory and Arabidopsis Biological Resource
Center for providing the sequence-indexed Arabidopsis T-DNA insertion mutants, and
Paweena Chuenwarin for technical assistance for preparation of the manuscript. This work
was partly supported by Grants-in-Aid, COE Program in the 21st Century (2002-2007) and
from the Global COE Program (2007-2012) from the Ministry of Education, Culture, Sports,
Science and Technology of Japan (MEXT, http://www.mext.go.jp/english/), Project Research
Grant of the Salt Science Research Foundation (http://www.saltscience.or.jp/english.html),
Goto Research Grant from the University of Shizuoka, and the University of Shizuoka Grants
for Scientific and Educational Research. AA was a recipient of a scholarship for foreign re-
search students from MEXT. AA and M.S were postdoctoral fellows supported by the Global
COE Program. The funders had no role in study design, data collection and analysis, decision
to publish, or preparation of the manuscript.

Author Contributions

Conceived and designed the experiments: AA YN SG HK. Performed the experiments: AA.
Analyzed the data: HK. Contributed reagents/materials/analysis tools: TO MS AS KK. Wrote
the paper: AA HK.

References
1. Bartels D, Sunkar R. Drought and salt tolerance in plants. Crit Rev Plant Sci. 2005; 24: 23-58.

2. Shinozaki K, Yamaguchi-Shinozaki K. Gene networks involved in drought stress response and toler-
ance. J Exp Bot. 2007; 58: 221-227. doi: 10.1093/jxb/erl164 PMID: 17075077

Bray EA. Plant responses to water deficit. Trends Plant Sci. 1997; 2: 48-54.

4. Hasegawa PM, Bressan RA, Zhu JK, Bohnert HJ. Plant cellular and molecular responses to high salini-
ty. Annu Rev Plant Physiol Plant Mol Biol. 2000; 51: 463—499. doi: 10.1146/annurev.arplant.51.1.463
PMID: 15012199

5. Shinozaki K, Yamaguchi-Shinozaki K. Molecular responses to dehydration and low temperature: Differ-
ences and cross-talk between two stress signaling pathways. Curr Opin Plant Biol. 2000; 3: 217-223.
PMID: 10837265

6. Schwechheimer C, Zourelidou M, Bevan MW. Plant transcription factor studies. Annu Rev Plant Physiol
Plant Mol Biol. 1998; 49: 127-150. doi: 10.1146/annurev.arplant.49.1.127 PMID: 15012230

PLOS ONE | DOI:10.1371/journal.pone.0126872 May 15,2015 19/22


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0126872.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0126872.s007
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0126872.s008
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0126872.s009
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0126872.s010
http://www.mext.go.jp/english/
http://www.saltscience.or.jp/english.html
http://dx.doi.org/10.1093/jxb/erl164
http://www.ncbi.nlm.nih.gov/pubmed/17075077
http://dx.doi.org/10.1146/annurev.arplant.51.1.463
http://www.ncbi.nlm.nih.gov/pubmed/15012199
http://www.ncbi.nlm.nih.gov/pubmed/10837265
http://dx.doi.org/10.1146/annurev.arplant.49.1.127
http://www.ncbi.nlm.nih.gov/pubmed/15012230

@’PLOS ‘ ONE

bHLH Binding to G-Box for Salt Tolerance

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

Baker SS, Wilhelm KS, Thomashow MF. The 5'-region of Arabidopsis thaliana cor15a has cis-acting el-
ements that confer cold-, drought- and ABA-regulated gene expression. Plant Mol Biol. 1994; 24: 701—
713. PMID: 8193295

Riechmann JL, Heard J, Martin G, Reuber L, Jiang C, Keddie J, et al. Arabidopsis transcription factors:
Genome-wide comparative analysis among eukaryotes. Science. 2000; 290: 2105-2110. PMID:
11118137

Jakoby M, Weisshaar B, Droge-Laser W, Vicente-Carbajosa J, Tiedemann J, Kroj T, et al. bZIP tran-
scription factors in Arabidopsis. Trends Plant Sci. 2002; 7: 106—111. PMID: 11906833

Deng X, Phillips J, Meijer AH, Salamini F, Bartels D. Characterization of five novel dehydration-respon-
sive homeodomain leucine zipper genes from the resurrection plant Craterostigma plantagineum. Plant
Mol Biol. 2002; 49: 601-610. PMID: 12081368

Bastola DR, Pethe VV, Winicov |. Alfin1, a novel zinc-finger protein in alfalfa roots that binds to promoter
elements in the salt-inducible MsPRP2 gene. Plant Mol Biol. 1998; 38: 1123—-1135. PMID: 9869418

Sakuma Y, Liu Q, Dubouzet JG, Abe H, Shinozaki K, Yamaguchi-Shinozaki K. DNA-binding specificity
of the ERF/AP2 domain of Arabidopsis DREBS, transcription factors involved in dehydration- and cold-
inducible gene expression. Biochem Biophys Res Commun. 2002; 290: 998—1009. doi: 10.1006/bbrc.
2001.6299 PMID: 11798174

Urao T, Yamaguchi-Shinozaki K, Urao S, Shinozaki K. An Arabidopsis myb homolog is induced by de-
hydration stress and its gene product binds to the conserved MYB recognition sequence. Plant Cell.
19983; 5: 1529-1539. doi: 10.1105/tpc.5.11.1529 PMID: 8312738

lturriaga G, Leyns L, Villegas A, Gharaibeh R, Salamini F, Bartels D. A family of novel myb-related
genes from the resurrection plant Craterostigma plantagineum are specifically expressed in callus and
roots in response to ABA or desiccation. Plant Mol Biol. 1996; 32: 707—-716. PMID: 8980522

Abe H, Urao T, lto T, Seki M, Shinozaki K, Yamaguchi-Shinozaki K. Arabidopsis AtMYC2 (bHLH) and
AtMYB2 (MYB) function as transcriptional activators in abscisic acid signaling. Plant Cell. 2003; 15:
63-78. PMID: 12509522

Toledo-Ortiz G, Huq E, Quail PH. The Arabidopsis basic/helix-loop-helix transcription factor family.
Plant Cell. 2003; 15: 1749—1770. PMID: 12897250

Furini A, Koncz C, Salamini F, Bartels D. High level transcription of a member of a repeated gene family
confers dehydration tolerance to callus tissue of Craterostigma plantagineum. EMBO J. 1997; 16:
3599-3608. doi: 10.1093/emboj/16.12.3599 PMID: 9218801

Kim J, Kim HY. Molecular characterization of a bHLH transcription factor involved in Arabidopsis ab-
scisic acid-mediated response. Biochim Biophys Acta. 2006; 1759: 191-194. doi: 10.1016/j.bbaexp.
2006.03.002 PMID: 16730809

Kiribuchi K, Jikumaru Y, Kaku H, Minami E, Hasegawa M, Kodama O, et al. Involvement of the basic
helix-loop-helix transcription factor RERJ1 in wounding and drought stress responses in rice plants.
Biosci Biotechnol Biochem. 2005; 69: 1042—1044. doi: 10.1271/bbb.69.1042 PMID: 15914931

LiH, SunJ, XuY, Jiang H, Wu X, Li C. The bHLH-type transcription factor AtAIB positively regulates
ABA response in Arabidopsis. Plant Mol Biol. 2007; 65: 655—-665. doi: 10.1007/s11103-007-9230-3
PMID: 17828375

Wang YJ, Zhang ZG, He XJ, Zhou HL, Wen YX, Dai JX, et al. A rice transcription factor OsbHLH1 is in-
volved in cold stress response. Theor Appl Genet. 2003; 107: 1402—1409. doi: 10.1007/s00122-003-
1378-x PMID: 12920519

Atchley WR, Fitch WM. A natural classification of the basic helix-loop-helix class of transcription factors.
Proc Natl Acad Sci U S A. 1997; 94: 5172-5176. PMID: 9144210

Ledent V, Vervoort M. The basic helix-loop-helix protein family: comparative genomics and phylogenet-
ic analysis. Genome Res. 2001; 11: 754—770. doi: 10.1101/gr.177001 PMID: 11337472

Quail PH. Phytochrome-interacting factors. Semin Cell Dev Biol. 2000; 11: 457—-466. doi: 10.1006/
scdb.2000.0199 PMID: 11145875

Deng XW, Matsui M, Wei N, Wagner D, Chu AM, Feldmann KA, et al. COP1, an Arabidopsis regulatory
gene, encodes a protein with both a zinc-binding motif and a Gg homologous domain. Cell. 1992; 71:
791-801. PMID: 1423630

Heim MA, Jakoby M, Werber M, Martin C, Weisshaar B, Bailey PC. The basic helix-loop-helix transcrip-
tion factor family in plants: A genome-wide study of protein structure and functional diversity. Mol Biol
Evol. 2003; 20: 735-747. doi: 10.1093/molbev/msg088 PMID: 12679534

Sonnenfeld MJ, Delvecchio C, Sun X. Analysis of the transcriptional activation domain of the Drosophi-
la tango bHLH-PAS transcription factor. Dev Genes Evol. 2005; 215: 221-229. doi: 10.1007/s00427-
004-0462-9 PMID: 15818484

PLOS ONE | DOI:10.1371/journal.pone.0126872 May 15,2015 20/22


http://www.ncbi.nlm.nih.gov/pubmed/8193295
http://www.ncbi.nlm.nih.gov/pubmed/11118137
http://www.ncbi.nlm.nih.gov/pubmed/11906833
http://www.ncbi.nlm.nih.gov/pubmed/12081368
http://www.ncbi.nlm.nih.gov/pubmed/9869418
http://dx.doi.org/10.1006/bbrc.2001.6299
http://dx.doi.org/10.1006/bbrc.2001.6299
http://www.ncbi.nlm.nih.gov/pubmed/11798174
http://dx.doi.org/10.1105/tpc.5.11.1529
http://www.ncbi.nlm.nih.gov/pubmed/8312738
http://www.ncbi.nlm.nih.gov/pubmed/8980522
http://www.ncbi.nlm.nih.gov/pubmed/12509522
http://www.ncbi.nlm.nih.gov/pubmed/12897250
http://dx.doi.org/10.1093/emboj/16.12.3599
http://www.ncbi.nlm.nih.gov/pubmed/9218801
http://dx.doi.org/10.1016/j.bbaexp.2006.03.002
http://dx.doi.org/10.1016/j.bbaexp.2006.03.002
http://www.ncbi.nlm.nih.gov/pubmed/16730809
http://dx.doi.org/10.1271/bbb.69.1042
http://www.ncbi.nlm.nih.gov/pubmed/15914931
http://dx.doi.org/10.1007/s11103-007-9230-3
http://www.ncbi.nlm.nih.gov/pubmed/17828375
http://dx.doi.org/10.1007/s00122-003-1378-x
http://dx.doi.org/10.1007/s00122-003-1378-x
http://www.ncbi.nlm.nih.gov/pubmed/12920519
http://www.ncbi.nlm.nih.gov/pubmed/9144210
http://dx.doi.org/10.1101/gr.177001
http://www.ncbi.nlm.nih.gov/pubmed/11337472
http://dx.doi.org/10.1006/scdb.2000.0199
http://dx.doi.org/10.1006/scdb.2000.0199
http://www.ncbi.nlm.nih.gov/pubmed/11145875
http://www.ncbi.nlm.nih.gov/pubmed/1423630
http://dx.doi.org/10.1093/molbev/msg088
http://www.ncbi.nlm.nih.gov/pubmed/12679534
http://dx.doi.org/10.1007/s00427-004-0462-9
http://dx.doi.org/10.1007/s00427-004-0462-9
http://www.ncbi.nlm.nih.gov/pubmed/15818484

@’PLOS ‘ ONE

bHLH Binding to G-Box for Salt Tolerance

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

49.

Nair SK, Burley SK. Recognizing DNA in the library. Nature. 2000; 404: 715, 7-8. doi: 10.1038/
35008182 PMID: 10783871

Murre C, McCaw PS, Baltimore D. A new DNA binding and dimerization motif in immunoglobulin en-
hancer binding, daughterless, MyoD, and myc proteins. Cell. 1989; 56: 777-783. PMID: 2493990

Ferre-D'Amare AR, Pognonec P, Roeder RG, Burley SK. Structure and function of the b/HLH/Z domain
of USF. EMBO J. 1994; 13: 180—189. PMID: 8306960

Ma PC, Rould MA, Weintraub H, Pabo CO. Crystal structure of MyoD bHLH domain-DNA complex:
Perspectives on DNA recognition and implications for transcriptional activation. Cell. 1994; 77: 451—
459. PMID: 8181063

Shimizu T, Toumoto A, Ihara K, Shimizu M, Kyogoku Y, Ogawa N, et al. Crystal structure of PHO4
bHLH domain-DNA complex: Flanking base recognition. EMBO J. 1997; 16: 4689—-4697. doi: 10.1093/
emboj/16.15.4689 PMID: 9303313

Ramsay NA, Glover BJ. MYB-bHLH-WD40 protein complex and the evolution of cellular diversity.
Trends Plant Sci. 2005; 10: 63-70. doi: 10.1016/j.tplants.2004.12.011 PMID: 15708343

Chinnusamy V, Ohta M, Kanrar S, Lee BH, Hong X, Agarwal M, et al. ICE1: A regulator of cold-induced
transcriptome and freezing tolerance in Arabidopsis. Genes Dev. 2003; 17: 1043—1054. doi: 10.1101/
gad.1077503 PMID: 12672693

Jiang Y, Yang B, Deyholos MK. Functional characterization of the Arabidopsis bHLH92 transcription
factor in abiotic stress. Mol Genet Genomics. 2009; 282: 503-516. doi: 10.1007/s00438-009-0481-3
PMID: 19760256

Babitha KC, Ramu SV, Pruthvi V, Mahesh P, Nataraja KN, Udayakumar M. Co-expression of
AtbHLH17 and AtWRKY28 confers resistance to abiotic stress in Arabidopsis. Transgenic Res. 2013;
22: 327-341. doi: 10.1007/s11248-012-9645-8 PMID: 22948308

Zahaf O, Blanchet S, de Zelicourt A, Alunni B, Plet J, Laffont C, et al. Comparative transcriptomic analy-
sis of salt adaptation in roots of contrasting Medicago truncatula genotypes. Mol Plant. 2012; 5: 1068—
1081. doi: 10.1093/mp/sss009 PMID: 22419822

Castilhos G, Lazzarotto F, Spagnolo-Fonini L, Bodanese-Zanettini MH, Margis-Pinheiro M. Possible
roles of basic helix-loop-helix transcription factors in adaptation to drought. Plant Sci. 2014; 223: 1-7.
doi: 10.1016/j.plantsci.2014.02.010 PMID: 24767109

Niwa Y, Goto S, Nakano T, Sakaiya M, Hirano T, Tsukaya H, et al. Arabidopsis mutants by activation
tagging in which photosynthesis genes are expressed in dedifferentiated calli. Plant Cell Physiol. 2006;
47:319-331. doi: 10.1093/pcp/pci242 PMID: 16597626

Tsugane K, Kobayashi K, Niwa Y, Ohba Y, Wada K, Kobayashi H. A recessive Arabidopsis mutant that
grows photoautotrophically under salt stress shows enhanced active oxygen detoxification. Plant Cell.
1999; 11: 1195-1206. PMID: 10402422

Valvekens D, Montagu MV, Van Lijsebettens M. Agrobacterium tumefaciens-mediated transformation
of Arabidopsis thaliana root explants by using kanamycin selection. Proc Natl Acad Sci U S A. 1988;
85: 5536-5540. PMID: 16593964

Weigel D, Glazebrook J. Arabidopsis: A Laboratory Manual. Cold Spring Harbor, NY: Cold Spring Har-
bor Laboratory Press; 2002.

Niwa Y, Hirano T, Yoshimoto K, Shimizu M, Kobayashi H. Non-invasive quantitative detection and ap-
plications of non-toxic, S65T-type green fluorescent protein in living plants. Plant J. 1999; 18: 455—-463.
PMID: 10406127

Liu YG, ChenY, Zhang Q. Amplification of genomic sequences flanking T-DNA insertions by thermal
asymmetric interlaced polymerase chain reaction. Methods Mol Biol. 2005; 286: 341-348. PMID:
15310932

Liu YG, Mitsukawa N, Oosumi T, Whittier RF. Efficient isolation and mapping of Arabidopsis thaliana T-
DNA insert junctions by thermal asymmetric interlaced PCR. Plant J. 1995; 8: 457-463. PMID:
7550382

Isono K, Shimizu M, Yoshimoto K, Niwa Y, Satoh K, Yokota A, et al. Leaf-specifically expressed genes
for polypeptides destined for chloroplasts with domains of 67° factors of bacterial RNA polymerases in
Arabidopsis thaliana. Proc Natl Acad Sci U S A. 1997; 94: 14948—-14953. PMID: 9405719

Ito Y, Eiguchi M, Kurata N. KNOX homeobox genes are sufficient in maintaining cultured cells in an
undifferentiated state in rice. Genesis. 2001; 30: 231-238. PMID: 11536429

Clough SJ, Bent AF. Floral dip: A simplified method for Agrobacterium-mediated transformation of Ara-
bidopsis thaliana. Plant J. 1998; 16: 735-743. PMID: 10069079

Niwa Y. A synthetic green fluorescent protein gene for plant biotechnology. Plant Biotechnol. 2003; 20:
1-11.

PLOS ONE | DOI:10.1371/journal.pone.0126872 May 15,2015 21/22


http://dx.doi.org/10.1038/35008182
http://dx.doi.org/10.1038/35008182
http://www.ncbi.nlm.nih.gov/pubmed/10783871
http://www.ncbi.nlm.nih.gov/pubmed/2493990
http://www.ncbi.nlm.nih.gov/pubmed/8306960
http://www.ncbi.nlm.nih.gov/pubmed/8181063
http://dx.doi.org/10.1093/emboj/16.15.4689
http://dx.doi.org/10.1093/emboj/16.15.4689
http://www.ncbi.nlm.nih.gov/pubmed/9303313
http://dx.doi.org/10.1016/j.tplants.2004.12.011
http://www.ncbi.nlm.nih.gov/pubmed/15708343
http://dx.doi.org/10.1101/gad.1077503
http://dx.doi.org/10.1101/gad.1077503
http://www.ncbi.nlm.nih.gov/pubmed/12672693
http://dx.doi.org/10.1007/s00438-009-0481-3
http://www.ncbi.nlm.nih.gov/pubmed/19760256
http://dx.doi.org/10.1007/s11248-012-9645-8
http://www.ncbi.nlm.nih.gov/pubmed/22948308
http://dx.doi.org/10.1093/mp/sss009
http://www.ncbi.nlm.nih.gov/pubmed/22419822
http://dx.doi.org/10.1016/j.plantsci.2014.02.010
http://www.ncbi.nlm.nih.gov/pubmed/24767109
http://dx.doi.org/10.1093/pcp/pci242
http://www.ncbi.nlm.nih.gov/pubmed/16597626
http://www.ncbi.nlm.nih.gov/pubmed/10402422
http://www.ncbi.nlm.nih.gov/pubmed/16593964
http://www.ncbi.nlm.nih.gov/pubmed/10406127
http://www.ncbi.nlm.nih.gov/pubmed/15310932
http://www.ncbi.nlm.nih.gov/pubmed/7550382
http://www.ncbi.nlm.nih.gov/pubmed/9405719
http://www.ncbi.nlm.nih.gov/pubmed/11536429
http://www.ncbi.nlm.nih.gov/pubmed/10069079

@’PLOS ‘ ONE

bHLH Binding to G-Box for Salt Tolerance

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Liu J, Zhu JK. A calcium sensor homolog required for plant salt tolerance. Science. 1998; 280: 1943—
1945. PMID: 9632394

Seki M, Narusaka M, Ishida J, Nanjo T, Fujita M, Oono Y, et al. Monitoring the expression profiles of
7000 Arabidopsis genes under drought, cold and high-salinity stresses using a full-length cDNA micro-
array. Plant J. 2002; 31: 279-292. PMID: 12164808

Taji T, Seki M, Satou M, Sakurai T, Kobayashi M, Ishiyama K, et al. Comparative genomics in salt toler-
ance between Arabidopsis and Arabidopsis-related halophyte salt cress using Arabidopsis microarray.
Plant Physiol. 2004; 135: 1697-1709. doi: 10.1104/pp.104.039909 PMID: 15247402

Zhu JK. Genetic analysis of plant salt tolerance using Arabidopsis. Plant Physiol. 2000; 124: 941-948.
PMID: 11080272

Weigel D, Ahn JH, Blazquez MA, Borevitz JO, Christensen SK, Fankhauser C, et al. Activation tagging
in Arabidopsis. Plant Physiol. 2000; 122: 1003—-1013. PMID: 10759496

Marsch-Martinez N, Greco R, Van Arkel G, Herrera-Estrella L, Pereira A. Activation tagging using the
En-I maize transposon system in Arabidopsis. Plant Physiol. 2002; 129: 1544—1556. doi: 10.1104/pp.
003327 PMID: 12177467

Robinson KA, Lopes JM. Survey and summary: Saccharomyces cerevisiae basic helix-loop-helix pro-
teins regulate diverse biological processes. Nucleic Acids Res. 2000; 28: 1499-1505. PMID: 10710415

Littlewood T, Evan GI. Helix-Loop-Helix Transcription Factors. New York, NY: Oxford University
Press. 1998; 3rd ed.

Massari ME, Murre C. Helix-loop-helix proteins: regulators of transcription in eucaryotic organisms. Mol
Cell Biol. 2000; 20: 429—440. PMID: 10611221

Quan R, Lin H, Mendoza |, Zhang Y, Cao W, Yang Y, et al. SCABP8/CBL 10, a putative calcium sensor,
interacts with the protein kinase SOS2 to protect Arabidopsis shoots from salt stress. Plant Cell. 2007;
19: 1415-1431. doi: 10.1105/tpc.106.042291 PMID: 17449811

Mewes HW, Frishman D, Guldener U, Mannhaupt G, Mayer K, Mokrejs M, et al. MIPS: A database for
genomes and protein sequences. Nucleic Acids Res. 2002; 30: 31-34. PMID: 11752246

Waterston RH, Lander ES, Sulston JE. On the sequencing of the human genome. Proc Natl Acad Sci
U S A. 2002; 99: 3712-3716. doi: 10.1073/pnas.042692499 PMID: 11880605

Gordan R, Shen N, Dror |, Zhou T, Horton J, Rohs R, et al. Genomic regions flanking E-box binding
sites influence DNA binding specificity of bHLH transcription factors through DNA shape. Cell Rep.
2013; 3: 1093-1104. doi: 10.1016/j.celrep.2013.03.014 PMID: 23562153

Church GM, Ephrussi A, Gilbert W, Tonegawa S. Cell-type-specific contacts to immunoglobulin en-
hancers in nuclei. Nature. 1985; 313: 798-801. PMID: 3919308

Chiu W, Niwa Y, Zeng W, Hirano T, Kobayashi H, Sheen J. Engineered GFP as a vital reporter in
plants. Curr Biol. 1996; 6: 325-330. PMID: 8805250

PLOS ONE | DOI:10.1371/journal.pone.0126872 May 15,2015 22/22


http://www.ncbi.nlm.nih.gov/pubmed/9632394
http://www.ncbi.nlm.nih.gov/pubmed/12164808
http://dx.doi.org/10.1104/pp.104.039909
http://www.ncbi.nlm.nih.gov/pubmed/15247402
http://www.ncbi.nlm.nih.gov/pubmed/11080272
http://www.ncbi.nlm.nih.gov/pubmed/10759496
http://dx.doi.org/10.1104/pp.003327
http://dx.doi.org/10.1104/pp.003327
http://www.ncbi.nlm.nih.gov/pubmed/12177467
http://www.ncbi.nlm.nih.gov/pubmed/10710415
http://www.ncbi.nlm.nih.gov/pubmed/10611221
http://dx.doi.org/10.1105/tpc.106.042291
http://www.ncbi.nlm.nih.gov/pubmed/17449811
http://www.ncbi.nlm.nih.gov/pubmed/11752246
http://dx.doi.org/10.1073/pnas.042692499
http://www.ncbi.nlm.nih.gov/pubmed/11880605
http://dx.doi.org/10.1016/j.celrep.2013.03.014
http://www.ncbi.nlm.nih.gov/pubmed/23562153
http://www.ncbi.nlm.nih.gov/pubmed/3919308
http://www.ncbi.nlm.nih.gov/pubmed/8805250

