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Abstract: The plant-specific NAC transcription factors play important roles in plant
response to drought stress. Here, we have compared the expression levels of a subset of
GmNAC genes in drought-tolerant DT51 and drought-sensitive MTD720 under both
normal and drought stress conditions aimed at identifying correlation between GmNAC
expression levels and drought tolerance degree, as well as potential GmNAC candidates for
genetic engineering. The expression of 23 selected dehydration-responsive GmNACs was
assessed in both stressed and unstressed root tissues of DT51 and MTD720 using real-time
quantitative PCR. The results indicated that expression of GmNACs was genotype-dependent.
Seven and 13 of 23 tested GmNACs showed higher expression levels in roots of DT51 in
comparison with MTD720 under normal and drought stress conditions, respectively,
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whereas none of them displayed lower transcript levels under any conditions. This finding
suggests that the higher drought tolerance of DT51 might be positively correlated with the
higher induction of the GmNAC genes during water deficit. The drought-inducible
GmNACO11 needs to be mentioned as its transcript accumulation was more than 76-fold
higher in drought-stressed DT51 roots relative to MTD720 roots. Additionally, among the
GmNAC genes examined, GmNACO0S5, 092, 095, 101 and 109 were not only drought-inducible
but also more highly up-regulated in DT51 roots than in that of MTD720 under both
treatment conditions. These data together suggest that GmNACO11, 085, 092, 095, 101 and
109 might be promising candidates for improvement of drought tolerance in soybean by
biotechnological approaches.

Keywords: comparative expression analysis; drought stress; NAC transcription factor;
real-time quantitative PCR; soybean

1. Introduction

Drought is one of the most devastating abiotic stresses, which negatively impacts plant growth and
development [1]. In response to water deficit, plants trigger a number of physiological and metabolic
processes to promote their survival [2,3]. At a molecular level, upon perceiving the environmental
stress signal, numerous genes in plants, including those encoding transcription factors (TFs), have
altered their expression for stress adaptation [4]. TFs have been known to play important roles in plant
stress responses by regulating various signaling pathways through their binding to the cis-acting
element(s) located in promoter region of downstream target genes, thereby activating them, and/or
through interaction with other proteins [5]. A significant number of TFs, such as those belonging to
AP2/ERF (Apetala 2/ethylene-responsive element binding factor), bZIP (basic-domain leucine zipper),
MYB (myeloblastosis), WRKY, and NAC (NAM—no apical meristem, ATAF—Arabidopsis
transcription activation factor, and CUC—cup-shaped cotyledon) families, have been reported to be
involved in regulation of drought stress responses [6—10].

The plant-specific NAC TF family was first described in Pefunia more than 15 years ago [11].
In the last decade, advances in genomic sequencing have allowed the research community to identify
the NAC family members in a number of sequenced species, such as 117 genes in Arabidopsis, 151 in rice
(Oryza sativa) [12], 163 in poplar (Populus trichocarpa) [13], 152 in tobacco (Nicotiana tabacum) [14],
and approximately 200 members in soybean (Glycine max) [15]. The NAC TFs are multi-functional
proteins and involved in diverse processes, including auxin signaling and lateral root formation [16],
embryo development [17], flowering [18], regulation of secondary cell wall synthesis, cell division [19],
biotic and abiotic stress responses [20,21]. In general, the NAC TFs share a conserved DNA-binding
domain located at the N-terminal end, and a variable domain at the C-terminal end important for the
transcriptional regulatory functions [17,22-24]. In drought stress signaling, NAC TFs are involved in
both abscisic acid (ABA)-dependent and ABA-independent pathways [2]. The involvement of NAC
TFs in regulation of drought response was first reported in Arabidopsis with the discovery of
the multiple stress-responsive ANAC019, ANACO055 and ANACO72 genes, whose overexpression
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significantly improved drought tolerance of Arabidopsis transgenic plants [10]. Following this study, a
number of NAC genes have been identified in various species, including crop plants, such as OsNAC6,
SNACI and ONAC45 in rice [21,25-27], TaNAC69 and TaNAC2a in wheat (Triticum aestivum) [28,29],
and AhWNAC3 in peanut (Arachis hypogaea) [30], which showed strong potential for genetic
engineering of improved stress-tolerant crops.

Soybean is a nutritionally important crop due to its great supplies of protein- and oil-rich food for
human consumption and animal feed [31]. According to the Food and Agricultural Organization of
United Nations’s statistic (2012), worldwide soybean production is more than 250 million metric tons,
mainly from United States, Brazil, Argentina, China and India. Vietnam, with distribution of
175,295 metric tons, also belongs to the top 25 soybean-producing countries [32]. However, drought
stress has led to significant reductions in soybean yield (24%-50%) at various locations over the
world [33,34]. To cope with drought stress, in recent years intensive research has been conducted to
gain a better insight into molecular mechanisms underlying drought responses in soybean, especially
at transcriptional and translational levels to discover and functionally analyze the genes
involved [1,35-38]. Thanks to the completion of the soybean genomic sequence in 2010, at least 61 TF
families were identified in soybean by computational prediction, among which the NAC TF family
was predicted to consist of more than 180 members by several research groups [15,39,40]. The first six
GmNAC genes called GmNACI-6 were identified by Meng et al. in 2007 [41], and the expression of
these genes under osmotic stress was thoroughly examined [42]. Later on, in the first large-scale study
of the GmNAC family, expression profiling of 31 GmNAC genes in soybean seedlings demonstrated
that 9 GmNAC genes were induced by dehydration, high salinity, cold and/or ABA treatments [31].
More recently, a comprehensive analysis of GmNAC family by Le et al. (2011) identified 152 full-length
GmNAC TFs, including 11 membrane-bound members within soybean genome [43]. Furthermore,
out of 38 GmNAC genes the authors found 25 and 6 GmNACs induced and repressed 2-fold or more,
respectively, in roots and/or shoots of soybean seedlings by dehydration treatment using real-time
quantitative PCR (RT-qPCR). In addition, the same group demonstrated the complexity in the
dynamics of drought-responsive expression of the GmNAC genes as they reported that several
GmNAC genes displayed different drought-responsive expression profiles in different tissues at the
same development stage or in the same tissue at different development stages [44]. Strong lines of
evidence obtained from various model and crop plants, including soybean, collectively suggest that
NAC TFs play an important role in plant adaptation to various stresses, thereby providing novel tools
and resources for improvement of stress tolerance in economically important crops.

In spite of their important roles in plant responses to stresses, the potential of GmNACs has not
been fully explored in soybean. In this study, we have carried out differential expression analysis of
23 selected dehydration-responsive GmNAC genes in DT51 (a drought-tolerant soybean variety) and
MTD720 (a drought-sensitive soybean variety) that have contrasting drought-responsive phenotypes.
We hypothesized that differential expression of GmNAC genes might contribute to drought tolerance
of DT51 versus MTD720. Therefore, we examined the correlation between expression of GmNAC genes
and drought tolerance degrees to identify possible role of GmNACs in DT51 that has enhanced
drought-tolerant trait. Additionally, the differentially expressed GmNACs could serve as potential
genetic resources for development of soybean elite cultivars with improved drought tolerance by
genetic engineering.
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2. Results and Discussion

2.1. Differential Expression of a Subset of Drought-Responsive GmNAC Genes in the Roots of DT51
and MTD720

Previously, among 152 GmNACs, which have putative full-length open reading frame, 50 stress-related
genes were predicted based on phylogenetic analyses of GmNAC, ANAC and ONAC tamilies [43]. Out
of these 50 genes, 38 genes were checked by RT-qPCR, and 25 up-regulated and 6 down-regulated
genes were identified in roots and/or shoots of 12-day-old soybean seedlings in response to
dehydration [43]. To determine whether the differential expression of GmNAC genes would contribute
to enhanced drought tolerance we have carried out differential expression analysis of selected genes in
a drought-tolerant (DT51) and in a drought-sensitive soybean variety (MTD720). These varieties have
contrasting drought-tolerant phenotype under the same experimental conditions by comparing their
relative water content (RWC) and drought-tolerant index (DTI) with 11 other soybean cultivars
(data submitted for publication to BioMed Research International, Thu et al.). In addition, under
non-stressed conditions, DT51 has longer root and shoot lengths than MTD720, especially at V3-stage
(not shown). From the identified 31 dehydration-responsive GmNAC genes [43], we selected 23 genes
that displayed the highest expression change by dehydration treatment, including 17 up-regulated and
all 6 down-regulated genes, grouped to Group A and B in this work, respectively, for comparative
expression analyses (Table S1).

Root plasticity has been considered as an important physiological trait in genotypic adaptation to
drought stress. Plants with desirable root traits, such as longer primary root and/or larger lateral root
system, can adapt better to drought stress as they can reach water at lower soil layers and forage
subsoil surface moisture [45—47]. Since regulation of root plasticity has been implicated as one of the
most important activities reflecting the plant responses against drought stress, in this study we had the
highest interest in analyzing differential expression of the selected GmNAC genes in roots of DT51 and
MTD720 to identify the possible correlation between enhanced drought tolerance of DT51, as well as
potential GmNAC genes for genetic engineering.

Using the criteria of the ratio change >2 and p-value < 0.05, out of 23 selected dehydration-responsive
GmNACs a total of 19 genes displayed altered expression in roots of DT51 and/or MTD720 after
the drought treatment (Figure 1, Table 1). We found that among 14 genes of Group A, 9 genes
(GmNACO011, 043, 085, 092, 095, 099, 101, 102 and 109) were up-regulated in DT51 roots, whereas
GmNACI148 was down-regulated as a consequence of the drought treatment (Figure 1A, Table 1).
The remaining 4 genes of Group A (GmNACO006, 019, 038 and 062) did not show significant
transcriptional change under our experimental conditions. As for the GmNAC genes in Group B, our
data showed that GmNACO022 and 027 were induced, while the expression of the remaining genes
(GmNACO017, 071, 083 and 113) was considered as unaltered in drought-treated roots of DT51 based
on the predefined criteria (Figure 1B, Table 1).

In drought-sensitive MTD720, as shown in Figure 1A and Table 1, 12 genes in Group A displayed
significant expression change in the roots under drought stress. Among these genes, apart from
GmNACO006, 011, 019 and 148, whose expression was assigned as down-regulated, 8 remaining genes,
including GmNACO038, 043, 062, 085, 095, 099, 101 and 109, showed up-regulation in response to
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drought stress. The remaining two genes of Group A (GmNAC092 and 102) did not have their
gene expression changed during drought stress. Regarding to the GmNACs in Group B, 4 genes
(GmNACO027, 071, 083 and 113) were down-regulated, while GmNAC(022 was induced in drought-treated

MTD720 roots (Figure 1B, Table 1).

Figure 1. Expression of 17 selected dehydration-inducible (A) and six selected
dehydration-repressible (B) GmNAC genes in roots of MTD720 and DT51 under normal
(white bars) and drought (black bars) conditions. Asterisks on the top of bars indicate
statistically significant differences (* p-value < 0.05; ** p < 0.01; *** p < (0.001) between
treated and untreated root samples within a cultivar.
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The diverse dehydration/drought-responsive expression of GmNAC genes observed in the roots of

DT51 and MTD720 might suggest that the expression of GmNAC genes is genotype-dependent. This

diversification would suggest that there might be a positive correlation between drought-responsive

expression levels of GmNAC genes and drought tolerance degrees of DT51 and MTD720, as more

up-regulated and less down-regulated genes were identified in drought-treated roots of DT51, whereas
the opposite tendency was observed in that of MTD720 (Table 1). Specifically, among 19 GmNAC
genes with altered drought-responsive expression in DT51 and/or MTD720, there were 11 up-regulated,

7 unaltered and only 1 down-regulated genes in drought-stressed roots of DT51, whereas

9 up-regulated, 2 unaltered and 8 down-regulated genes were found in the respective tissues of MTD720.
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Table 1. Genes of Group A (gray) and Group B (white) with at least 2-fold up- or
down-regulation by drought treatment in the roots of DT51 and/or MTD720. Data in italics
indicate insignificant expression changes (<2-fold and/or p-value > 0.05) and classified as
“unaltered” regulation. Data in bold indicate significant expression changes (>2-fold and
p-value < 0.05).

Regulation in

Nomenclature Glyma ID DT51 p-value Regulation MTD720  p-value Regulation
roots of W82 *
GmNAC006 Glyma02g07700.1 1.4 0.1884 Unaltered 33 0.0085 Down Unaltered
GmNACO11 Glyma02g26480.1 2.9 0.0074 Up 13.3 0.0098 Down Unaltered
GmNACO19 Glyma04g38990.1 1.9 0.0299  Unaltered 9.1 0.0089 Down Up
GmNACO38 Glyma06g15990.1 1.3 0.2121 Unaltered 2 0.0121 Up Up
GmNAC043 Glyma06g38410.1 34 0.0478 Up 5.8 0.0001 Up Up
GmNAC062 Glyma08g19300.1 1.9 0.2011 Unaltered 2.6 0.0340 Up Up
GmNACO085 Glymal2g22880.1 5.5 0.0402 Up 5.9 0.0008 Up Up
GmNAC092 Glymal2g35000.1 3.5 0.0126 Up 1.3 0.3609  Unaltered Up
GmNACO095 Glymal3g05540.1 6.0 0.0289 Up 4.7 0.0447 Up Unaltered
GmNAC099 Glymal3g31660.1 7.8 0.0097 Up 5.9 0.0114 Up Unaltered
GmNACI101 Glymal3g35550.1 3.0 0.0026 Up 5.7 0.0009 Up Up
GmNACI102 Glymal3g35560.1 2.1 0.0143 Up 1.0 0.4799  Unaltered Up
GmNACI109 Glymal4g24220.1 33 0.0016 Up 23 0.0315 Up Up
GmNACI48 Glyma20g04400.1 7.6 0.0027 Down 12.0 0.0151 Down Up
GmNAC022 Glyma04g42800.1 10.5 0.0203 Up 21 0.0450 Up Unaltered
GmNAC027 Glyma05g24910.1 3.2 0.0434 Up 7.9 0.0013 Down Unaltered
GmNACO71 Glymal0g04350.1 1.6 0.1411 Unaltered 2.7 0.0207 Down Unaltered
GmNACO083 Glymal2gl3710.1 1.3 0.3577  Unaltered 2.0 0.0093 Down Unaltered
GmNAC113 Glymal5g07620.1 1.6 0.1812 Unaltered 5.2 0.0016 Down Unaltered

* The information was obtained based on expression data of untreated and dehydrated root samples of W82 cultivar reported in

Le et al. (2011) [43].

As a means to find further evidence for the existence of the positive correlation between the
expression levels of the examined GmNAC genes and the different tolerance degrees of DT51 and
MTD720, we compared the expression levels of the tested GmNACs in the root tissues of the two
cultivars under both normal and drought conditions. Our data showed that under unstressed conditions,
7 genes, namely GmNACO085, 092, 095, 101, 109 and 148 of Group A, and GmNACO017 of Group B,
had significantly higher expression levels in DT51 roots relative to MTD720 roots (Table 2).
The expression levels of the remaining genes did not significantly differ in DT51’s and MTD720’s
untreated root tissues. On the other hand, there were more genes, 13 out of 23 tested GmNACs,
showing significantly higher expression levels in roots of DT51 than in that of MTD720 under drought
stress. These included GmNACO006, 011, 019, 085, 092, 095, 101 and 109 of Group A, and
GmNACO017, 022, 027, 071 and 083 of Group B. Not a single GmNAC gene was observed to have
higher expression in MTD720 roots relative to DT51 roots under either condition. In addition, we
found that GmNAC085, 095, 101 and 109 were not only drought-inducible in roots of DT51 and
MTD720 but also had higher transcript levels in roots of DT51 than in that of MTD720 under both
normal and drought conditions (Tables 1 and 2). It is also worthy to note that GmNACOI1 and
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027 exhibited opposite tendency in regulation between the two varieties. Since these two genes were
induced in drought-stressed roots of DTS51 but repressed in the respective tissues of MTD720,
GmNACOI11 and 027 showed more than 76- and 20-fold higher expression, respectively, in roots of
DT51 than in that of MTD720 under drought stress (Figure 1; Table 1). Taken together, these results
suggest that the better drought tolerance of DT51 is, at least in part, associated with the enhanced
expression of a subset of the GmNAC genes under normal and/or drought stress conditions.

Table 2. Genes of Group A (gray) and Group B (white) with at least 2-fold differential
expression ratio in DT51 versus MTD720 comparisons under unstressed and stressed
conditions. The comparisons were performed individually for roots of the two cultivars
under either normal or drought condition. Lower expression levels in DT51 compared to
MTD720 were indicated by negative fold changes. Data in italics indicate insignificant
expression changes (<2-fold and/or p-value > 0.05). Data in bold indicate significant
expression changes (>2-fold and p-value < 0.05).

Roots Regulation
Nomenclature Glyma ID

Normal p-value Drought p-value DTS1 MTD720
GmNAC006 Glyma02g07700.1 —-1.5 0.1098 3.0 0.0386  Unaltered Down
GmNACO11 Glyma02g26480.1 2.0 0.0707 76.6 0.0008 Up Down
GmNACO19 Glyma04g38990.1 1.3 0.2279 233 0.0016  Unaltered Down
GmNACO85 Glymal2g22880.1 2.3 0.0119 2.1 0.0467 Up Up
GmNAC092 Glymal2g35000.1 2.4 0.0349 11.3 0.0045 Up Unaltered
GmNAC095 Glymal3g05540.1 33 0.0129 4.2 0.0438 Up Up
GmNAC101 Glymal3g35550.1 3.8 0.0002 2.0 0.0101 Up Up
GmNAC109 Glymal4g24220.1 4.8 0.0075 6.9 0.0001 Up Up
GmNACI148 Glyma20g04400.1 2.6 0.0039 4.2 0.1324 Down Down
GmNACO017 Glyma04g33270.1 5.4 0.0443 9.8 0.0085 Unaltered  Unaltered
GmNACO22 Glyma04g42800.1 2.9 0.1947 14.3 0.0040 Up Up
GmNAC027 Glyma05g24910.1 -1.3 0.1492 20.2 0.0194 Up Down
GmNACO71 Glymal0g04350.1 2.0 0.0952 9.1 0.0061 Unaltered Down
GmNAC083 Glymal2gi3710.1 1.6 0.1714 4.4 0.0161 Unaltered Down

2.2. Potential Drought-Responsive Genes for Genetic Engineering

One of the objectives of this study was to identify drought-responsive genes that could be used
for development of soybean cultivars with improved drought tolerance via genetic engineering
technologies. One strategy, which is often used to identify promising candidate genes, is differential
expression analysis of cultivars with contrasting drought-tolerant phenotypes [35]. Thus, taking the
advantage of this study we searched for GmNAC genes that have more highly expression levels in
DT51 than in MTD720, especially under stress conditions [35]. Furthermore, on the basis of the
hypothesis that a potential candidate gene should be applicable to any genotype to overcome the
drought stress and the genetic engineering approach could be either over-expression of knockdown, the
candidate gene should be in general either induced or repressed in response to drought in both
contrasting cultivars [35]. The candidate genes may also be those that are unaltered in
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drought-sensitive cultivar but induced in drought-tolerant cultivar, or repressed in drought-sensitive
genotype and unaltered or induced in drought-tolerant genotype [48].

According to these principles, we have identified a number of genes that can be considered for
further functional characterizations prior to using them in genetic engineering. When comparing the
gene expression levels in the root tissues of the two cultivars exposed to drought stress, GmNACO0S5,
095, 101 and 109 were drought-inducible in root tissues of both cultivars and showed significantly
higher expression levels in DT51 not only under drought but also under normal conditions
(Tables 1 and 2). Among these 4 genes, of particular interest is GmNACO85 since it shares 39%
identity at protein level with SNACI, a rice NAC gene, whose overexpression enhanced drought
tolerance of transgenic rice plants under field conditions [26]. GmNACO011 (GmNAC20 in [22]) is also
a very attractive candidate gene as its overexpression in Arabidopsis was shown to enhance salt
tolerance and improved lateral root development [22], that could thus benefit plant adaptation to
drought stress as well [45-47]. The expression level of GmNACO0I1, which was found to be up- and
down-regulated in drought-stressed roots of DT51 and MTD720, respectively, was approximately
76.6-fold higher in DT51 roots than in that of MTD720 under drought stress. GmNAC092
(previous named GmNAC4 in [31,41,42]), which was up-regulated in drought-stressed roots of DT51
but unaltered in that of MTD720 and expressed at higher level in DT51 roots under both conditions,
can be considered a potential candidate gene, too. GmNAC092 was grouped together with ANACO019,
ANACO055 and ANACO72 in phylogenetic analyses [41,43], which were demonstrated to enhance
drought tolerance when overexpressed in transgenic Arabidopsis plants [10].

In summary, we identified six potential candidate genes including GmNACO011, 085, 092, 095, 101
and /09. Not only their coding regions, but also their drought-inducible promoters may be promising
for genetic engineering. Increasing evidence has indicated that application of stress-inducible promoters
in biotechnology can overcome the negative effect of excessive overproduction of the protein resulted
from the usage of constitutive promoters [49,50]. To gain an insight into the potential applications of
the promoters of these candidate GmNAC genes in transgenic technologies under various stress
conditions, we have searched for the well-known stress-responsive cis-motifs, including ABREI (ABA
responsive element 1), ABRE2 (ABA responsive element 2), CE1 (coupling element 1), CRT (C-repeat),
ICErl1 (induction of CBF expression region 1), ICEr2 (induction of CBF expression region 2), LTRE
(low temperature-responsive elements), MYBR (MYB recognition site), MYCR (MYC recognition site),
NACR (NAC recognition site) [8,51], G-box [52], CE3 (coupling element 3), DRE (dehydration-responsive
element), T/G box, EE (evening element) [53,54] and ZFHDRS (ZFHD recognition sequence) [55],
in their promoter regions (3000-bp upstream sequences from transcription start site [15]). Among these
15 motifs, 9 (ABRE2, CE3, DRE, ICEr2, MYBR, MYCR, G-box, T/G box and EE) were found in the
promoter regions of the GmNAC candidate genes (Table S2). ICEr2 has been known as a cold-responsive
cis-clement [51], while ABRE2, CE3, DRE, MYBR, MYCR, G-box, T/G box and EE were identified
as dehydration-inducible cis-motifs [51-54]. Consistent with their drought-inducible expression profile
(Table 1), all six GmNACs contain one or more dehydration-inducible cis-motifs in their promoter
regions. Furthermore, our results indicated that in addition to dehydration-inducible cis-motifs,
ICEr2 was also found in the promoter region of GmNAC109, suggesting that GmNAC109 might also
be induced by cold stress, and its promoter could be used in genetic engineering of soybean plants
against not only drought but also cold stress.
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3. Experimental Section
3.1. Plant Growth, Drought Treatment and Collection of Root Tissues

Two local soybean cultivars with contrasting drought-responsive phenotypes, DT51 (drought-tolerant)
and MTD720 (drought-sensitive), were obtained from Legumes Research and Development Center
and Can Tho University, Vietnam, respectively (Thu et al. unpublished data [56]). Plants were grown
in plastic tubes (80 cm in height and 10 cm in diameter) filled with a mixture of soil, coconut fiber and
cow pat (6:2:2 w/w) from Southern Fertilizer Company, under well-watered and greenhouse conditions
(30/28 °C day/night temperatures, photoperiod of 12/12 h, and 60%—70% humidity) for 12 days.
For drought treatment, the 12-day-old plants were non-irrigated for 15 days when the soil moisture
content (SMC) was decreased to 5%—6%. For well-watered control, water was given to plants regularly
once per day to maintain SMC at 65%—70%. After the drought treatment, control and drought-treated
plants were removed carefully by cutting the plastic tubes longitudinally. The root tissues were
collected, frozen in liquid nitrogen and stored at —80 °C until RNA isolation. The sampling process
was performed with three biological replicates.

3.2. Total RNA Isolation and cDNA Synthesis

Total RNA was purified using Trizol reagent and PureLink RNA Mini Kit (Invitrogen, Carlsbad,
CA, USA). DNasel treatment was carried out using On-column PureLink DNase (Invitrogen,
Carlsbad, CA, USA). RNA concentration was quantified twice for each sample using UV-vis
spectrophotometer (Biotek, Winooski, VT, USA). First-stranded cDNA synthesis was performed using
1 pg of total RNA from each sample using cDNA Synthesis Kit (Thermo Scientific, Vilnius, Lithuania).

3.3. Real-Time Quantitative PCR

Gene-specific primer pairs for 23 GmNAC genes used in this study were showed in Table S1 with
reference to [43]. For RT-qPCR of GmNAC genes, Fbox was used as reference gene [57]. RT-qPCR
reactions were prepared in 25 puL final volume, which includes SYBR Green PCR Master Mix
(Thermo Scientific, Vilnius, Lithuania), primer sets with final primer concentration of 0.4 pM/primer
and 1 pL of cDNA template. The thermal profile of the RT-qPCR was 95 °C for 10 min, 40 cycles of
95 °C for 15 s and 60 °C for 1 min (Mastercycler® ep realplex, Eppendorf, Hamburg, Germany).
Dissociation curves were obtained using a thermal melting profile performed after the RT-qPCR cycle:
95 °C for 15 s followed by a constant increase in the temperature between 60 and 95 °C. The relative

~ACt
2

gene expression was calculated using the method. In addition, fold change review between two

conditions and cultivars was determined by the 274

method. Background-corrected raw fluorescence
data were exported from Mastercycler® ep realplex, Eppendorf system (Hamburg, Germany) and
analyzed in LinRegPCR software (version 2012.0, Academic Medical Center, Amsterdam,
Netherlands, 2012) with a built-in baseline correction and amplification efficiency calculation [58].
The calculated amplification efficiencies of 24 specific primers (23 examined GmNAC and the

Fbox reference gene) used in this study were showed in Table S1.
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3.4. Discovery of cis-Regulatory Motifs in Promoter Regions of GmNACs

The identified positions of cis-motifs were described and presented in Table S2. The sequences of
16 well-known stress-inducible cis-motifs, including ABRE1, ABRE2, CEl, CRT, ICErl, ICEr2,
LTRE, MYBR, MYCR, NACR [8,51], G-box [52], CE3, DRE, T/G box, EE [53,54] and ZFHDR [55],
were obtained from literature (Table S2). The 3000-bp promoter regions (3000-bp upstream sequences
from transcription start site) of GmNAC genes were obtained from SoybeanTFDB [15]. The cis-motif
search was performed as previously described [15].

3.5. Statistical Analysis of the Data

Drought-responsive genes were defined if the change in expression was at least 2-fold induction or
repression under the water deficit treatment. When comparing expression of GmNAC genes between
cultivars, differential expression ratio with at least 2-fold was considered as significant. The mean
values of relative expression to Fbhox were used to plot figures, and error bars on the top of bars
represent standard errors of 3 biological replicates. The data were analyzed by Student’s #-test (one tail,
unpaired, equal variance) to identify the statistical significance of differential gene expression within
or between two cultivars under either normal or drought treatment with p-value < 0.05.

4. Conclusions

The results of this study suggested that in response to drought stress, transcriptional regulation of
GmNAC genes may vary dependently on the genotypes of the cultivars. In addition, our study
demonstrated that there is a positive correlation between the root-related expression of a subset
GmNAC genes and the improved drought tolerance of DT51, in comparison with the drought-sensitive
MTD720. This study also enabled us to identify a number of GmNAC candidates that may be subjected
to in-depth functional characterizations aimed at improving drought tolerance in soybean.

Acknowledgments

We would like to thank Tran Thi Truong from Vietnam Legumes Research and Development
Center, and Nguyen Phuoc Dang from Can Tho University for providing seeds of various soybean
cultivars. This study was funded by Vietnam National Foundation for Science and Technology
Development (NAFOSTED) under grant number 106.16-2011.37 to Nguyen Phuong Thao.

Conflicts of Interest
The authors declare no conflict of interest.
References

1. Thao, N.P.; Tran, L.-S.P. Potentials toward genetic engineering of drought-tolerant soybean.
Crit. Rev. Biotechnol. 2012, 32, 349-362.

2. Shinozaki, K.; Yamaguchi-Shinozaki, K. Gene networks involved in drought stress response and
tolerance. J. Exp. Bot. 2007, 58, 221-227.



Int. J. Mol. Sci. 2013, 14 23838

10.

1.

12.

13.

14.

15.

16.

17.

Nishiyama, R.; Watanabe, Y.; Leyva-Gonzalez, M.A.; van Ha, C.; Fujita, Y.; Tanaka, M.;
Seki, M.; Yamaguchi-Shinozaki, K.; Shinozaki, K.; Herrera-Estrella, L.; Arabidopsis AHP2,
AHP3, and AHPS histidine phosphotransfer proteins function as redundant negative regulators of
drought stress response. Proc. Natl. Acad. Sci. USA 2013, 110, 4840—4845.

Yang, S.; Vanderbeld, B.; Wan, J.; Huang, Y. Narrowing down the targets: Towards successful
genetic engineering of drought-tolerant crops. Mol. Plant 2010, 3, 469—490.
Yamaguchi-Shinozaki, K.; Shinozaki, K. Transcriptional regulatory networks in cellular
responses and tolerance to dehydration and cold stresses. Annu. Rev. Plant Biol. 2006, 57,
781-803.

Zhang, G.; Chen, M.; Li, L.; Xu, Z.; Chen, X.; Guo, J.; Ma, Y. Overexpression of the soybean
GmERF3 gene, an AP2/ERF type transcription factor for increased tolerances to salt, drought, and
diseases in transgenic tobacco. J. Exp. Bot. 2009, 60, 3781-3796.

Lu, G.; Gao, C.; Zheng, X.; Han, B. Identification of OsbZIP72 as a positive regulator of ABA
response and drought tolerance in rice. Planta 2009, 229, 605-615.

Abe, H.; Urao, T.; Ito, T.; Seki, M.; Shinozaki, K.; Yamaguchi-Shinozaki, K.
Arabidopsis AAMYC2 (bHLH) and AtMYB2 (MYB) function as transcriptional activators in
abscisic acid signaling. Plant Cell 2003, 15, 63-78.

Luo, X.; Bai, X.; Sun, X.; Zhu, D.; Liu, B.; Ji, W.; Cai, H.; Cao, L.; Wu, J.; Hu, M.
Expression of wild soybean WRKY?20 in Arabidopsis enhances drought tolerance and regulates
ABA signalling. J. Exp. Bot. 2013, 64, 2155-21609.

Tran, L.-S.P.; Nakashima, K.; Sakuma, Y.; Simpson, S.D.; Fujita, Y.; Maruyama, K.; Fujita, M.;
Seki, M.; Shinozaki, K.; Yamaguchi-Shinozaki, K. Isolation and functional analysis of Arabidopsis
stress-inducible NAC transcription factors that bind to a drought-responsive cis-element in the
early responsive to dehydration stress 1 promoter. Plant Cell 2004, 16, 2481-2498.

Souer, E.; van Houwelingen, A.; Kloos, D.; Mol, J.; Koes, R. The no apical meristem gene of
petunia is required for pattern formation in embryos and flowers and is expressed at meristem and
primordia boundaries. Cell 1996, 85, 159-170.

Nuruzzaman, M.; Manimekalai, R.; Sharoni, A.M.; Satoh, K.; Kondoh, H.; Ooka, H.; Kikuchi, S.
Genome-wide analysis of NAC transcription factor family in rice. Gene 2010, 465, 30—44.

Hu, R.; Q1, G.; Kong, Y.; Kong, D.; Gao, Q.; Zhou, G. Comprehensive analysis of NAC domain
transcription factor gene family in Populus trichocarpa. BMC Plant Biol. 2010, 10, 145.

Rushton, P.J.; Bokowiec, M.T.; Han, S.; Zhang, H.; Brannock, J.F.; Chen, X.; Laudeman, T.W;
Timko, M.P. Tobacco transcription factors: Novel insights into transcriptional regulation in the
Solanaceae. Plant Physiol. 2008, 147, 280-295.

Mochida, K.; Yoshida, T.; Sakurai, T.; Yamaguchi-Shinozaki, K.; Shinozaki, K.; Tran, L.S.P.
In silico analysis of transcription factor repertoire and prediction of stress responsive transcription
factors in soybean. DNA Res. 2009, 16, 353-369.

Xie, Q.; Frugis, G.; Colgan, D.; Chua, N.-H. Arabidopsis NACI transduces auxin signal
downstream of TIR1 to promote lateral root development. Genes Dev. 2000, 14, 3024—-3036.
Duval, M.; Hsieh, T.-F.; Kim, S.Y.; Thomas, T.L. Molecular characterization of AtNAM:
A member of the Arabidopsis NAC domain superfamily. Plant Mol. Biol. 2002, 50, 237-248.



Int. J. Mol. Sci. 2013, 14 23839

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Yoo, S.Y.; Kim, Y.; Kim, S.Y.; Lee, J.S.; Ahn, J.H. Control of flowering time and cold response
by a NAC-domain protein in Arabidopsis. PLoS One 2007, 2, e642.

Zhong, R.; Richardson, E.A.; Ye, Z.-H. Two NAC domain transcription factors, SND1 and NST1,
function redundantly in regulation of secondary wall synthesis in fibers of Arabidopsis. Planta
2007, 225, 1603—-1611.

Olsen, A.N.; Emnst, H.A.; Leggio, L.L.; Skriver, K. NAC transcription factors: Structurally
distinct, functionally diverse. Trends Plant Sci. 2005, 10, 79-87.

Puranik, S.; Sahu, P.P.; Srivastava, P.S.; Prasad, M. NAC proteins: Regulation and role in stress
tolerance. Trends Plant Sci. 2012, 17, 369-381.

Hao, Y.J.; Wei, W.; Song, Q.X.; Chen, HW.; Zhang, Y.Q.; Wang, F.; Zou, H.F.; Lei, G
Tian, A.G.; Zhang, W.K. Soybean NAC transcription factors promote abiotic stress tolerance and
lateral root formation in transgenic plants. Plant J. 2011, 68, 302-313.

Riechmann, J.L.; Ratcliffe, O.J. A genomic perspective on plant transcription factors. Curr. Opin.
Plant Biol. 2000, 3, 423-434.

Fang, Y.; You, J.; Xie, K.; Xie, W.; Xiong, L. Systematic sequence analysis and identification
of tissue-specific or stress-responsive genes of NAC transcription factor family in rice.
Mol. Genet. Genomics 2008, 280, 547-563.

Nakashima, K.; Tran, L.S.P.; van Nguyen, D.; Fujita, M.; Maruyama, K.; Todaka, D.; Ito, Y.;
Hayashi, N.; Shinozaki, K.; Yamaguchi-Shinozaki, K. Functional analysis of a NAC-type
transcription factor OsNAC6 involved in abiotic and biotic stress-responsive gene expression in
rice. Plant J. 2007, 51, 617-630.

Hu, H.; Dai, M.; Yao, J.; Xiao, B.; Li, X.; Zhang, Q.; Xiong, L. Overexpressing a NAM, ATAF,
and CUC (NAC) transcription factor enhances drought resistance and salt tolerance in rice.
Proc. Natl. Acad. Sci. USA 2006, 103, 12987—-12992.

Zheng, X.; Chen, B.; Lu, G.; Han, B. Overexpression of a NAC transcription factor enhances rice
drought and salt tolerance. Biochem. Bioph. Res. Commun. 2009, 379, 985-989.

Xue, G.-P.; Way, H.M.; Richardson, T.; Drenth, J.; Joyce, P.A.; Mclntyre, C.L. Overexpression of
TaNAC69 leads to enhanced transcript levels of stress up-regulated genes and dehydration
tolerance in bread wheat. Mol. Plant 2011, 4, 697-712.

Tang, Y.; Liu, M.; Gao, S.; Zhang, Z.; Zhao, X.; Zhao, C.; Zhang, F.; Chen, X.
Molecular characterization of novel 7aNAC genes in wheat and overexpression of
TaNAC2a confers drought tolerance in tobacco. Physiol. Plant. 2012, 144, 210-224.

Liu, X.; Liu, S.; Wu, J.; Zhang, B.; Li, X.; Yan, Y.; Li, L. Overexpression of Arachis hypogaea
NAC3 in tobacco enhances dehydration and drought tolerance by increasing superoxide
scavenging. Plant Physiol. Bioch. 2013, 70, 354-359.

Tran, L.S.P.; Quach, T.N.; Guttikonda, S.K.; Aldrich, D.L.; Kumar, R.; Neelakandan, A.;
Valliyodan, B.; Nguyen, H.T. Molecular characterization of stress-inducible GmNAC genes in
soybean. Mol. Genet. Genomics 2009, 281, 647-664.

Soybean Production (Food and Agriculture Organization of the United Nations—FAO).
Available online: http://faostat3.fao.org/faostat-gateway/go/to/download/Q/QC/E (accessed on
15 October 2013).



Int. J. Mol. Sci. 2013, 14 23840

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

Sadeghipour, O.; Abbasi, S. Soybean response to drought and seed inoculation. World Appl. Sci. J.
2012, 17, 55-60.

Ku, Y.-S.; Au-Yeung, W.-K.; Yung, Y.-L.; Li, M.-W.; Wen, C.-Q.; Liu, X.; Lam, H.-M.
Drought Stress and Tolerance in Soybean. In A Comprehensive Survey of Internaitonal Soybean
Research—Genetics, Physiology, Agronomy and Nitrogen Relationships; Board, J.E., Ed.;
InTech: New York, NY, USA, 2013; pp. 209-237.

Stolf-Moreira, R.; Lemos, E.G.M.; Carareto-Alves, L.; Marcondes, J.; Pereira, S.S.; Rolla, A.A.P;
Pereira, R.M.; Neumaier, N.; Binneck, E.; Abdelnoor, R.V. Transcriptional profiles of roots of
different soybean genotypes subjected to drought stress. Plant Mol. Biol. Rep. 2011, 29, 19-34.
Le, D.T.; Tarrago, L.; Watanabe, Y.; Kaya, A.; Lee, B.C.; Tran, U.; Nishiyama, R.; Fomenko, D.E.;
Gladyshev, V.N.; Tran, L.-S.P. Diversity of plant methionine sulfoxide reductases b and evolution
of a form specific for free methionine sulfoxide. PLoS One 2013, 8, €65637.

Van Ha, C.; Le, D.T.; Nishiyama, R.; Watanabe, Y.; Sulieman, S.; Tran, U.T.; Mochida, K.;
van Dong, N.; Yamaguchi-Shinozaki, K.; Shinozaki, K. The auxin response factor transcription
factor family in soybean: Genome-wide identification and expression analyses during development
and water stress. DNA Res. 2013, 20, 511-524.

Hossain, Z.; Khatoon, A.; Komatsu, S. Soybean proteomics for unraveling abiotic stress response
mechanism. J. Proteome Res. 2013, 12, 4670-4684.

Wang, Z.; Libault, M.; Joshi, T.; Valliyodan, B.; Nguyen, H.; Xu, D.; Stacey, G.; Cheng, J.
Soydb: A knowledge database of soybean transcription factors. BMC Plant Biol. 2010, 10, 14.
Schmutz, J.; Cannon, S.B.; Schlueter, J.; Ma, J.; Mitros, T.; Nelson, W.; Hyten, D.L.; Song, Q.;
Thelen, J.J.; Cheng, J. Genome sequence of the palaeopolyploid soybean. Nature 2010, 463,
178-183.

Meng, Q.; Zhang, C.; Gai, J.; Yu, D. Molecular cloning, sequence characterization and tissue-specific
expression of six NAC-like genes in soybean (Glycine max (L.) Merr.). J. Plant Physiol. 2007,
164,1002-1012.

Pinheiro, G.L.; Marques, C.S.; Costa, M.D.B.L.; Reis, P.A.B.; Alves, M.S.; Carvalho, C.M.;
Fietto, L.G.; Fontes, E.P.B. Complete inventory of soybean NAC transcription factors:
Sequence conservation and expression analysis uncover their distinct roles in stress response.
Gene 2009, 444, 10-23.

Le, D.T.; Nishiyama, R.; Watanabe, Y.; Mochida, K.; Yamaguchi-Shinozaki, K.; Shinozaki, K.;
Tran, L.S.P. Genome-wide survey and expression analysis of the plant-specific NAC transcription
factor family in soybean during development and dehydration stress. DNA Res. 2011, 18,
263-276.

Le, D.T.; Nishiyama, R.; Watanabe, Y.; Tanaka, M.; Seki, M.; Yamaguchi-Shinozaki, K.;
Shinozaki, K.; Tran, L.-S.P. Differential gene expression in soybean leaf tissues at late
developmental stages under drought stress revealed by genome-wide transcriptome analysis.
PLoS One 2012, 7, €49522.

Manavalan, L.P.; Guttikonda, S.K.; Tran, L.S.P.; Nguyen, H.T. Physiological and molecular
approaches to improve drought resistance in soybean. Plant Cell Physiol. 2009, 50, 1260-1276.
Gowda, V.R.; Henry, A.; Yamauchi, A.; Shashidhar, H.; Serraj, R. Root biology and genetic
improvement for drought avoidance in rice. Field Crop. Res. 2011, 122, 1-13.



Int. J. Mol. Sci. 2013, 14 23841

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

38.

Abd Allah, A.; Shimaa, A.; Zayed, B.; Gohary, A.E. The role of root system traits in the drought
tolerance of rice (Oryza sativa L.). Int. J. Agric. Biol. Sci. 2010, 1, 83-87.

Guo, P.; Baum, M.; Grando, S.; Ceccarelli, S.; Bai, G.; Li, R.; von Korff, M.; Varshney, R.K.;
Graner, A.; Valkoun, J. Differentially expressed genes between drought-tolerant and drought-sensitive
barley genotypes in response to drought stress during the reproductive stage. J. Exp. Bot. 2009,
60, 3531-3544.

Kasuga, M.; Liu, Q.; Miura, S.; Yamaguchi-Shinozaki, K.; Shinozaki, K. Improving plant
drought, salt, and freezing tolerance by gene transfer of a single stress-inducible transcription
factor. Nat. Biotechnol. 1999, 17, 287-291.

Rivero, R.M.; Kojima, M.; Gepstein, A.; Sakakibara, H.; Mittler, R.; Gepstein, S.; Blumwald, E.
Delayed leaf senescence induces extreme drought tolerance in a flowering plant. Proc. Natl. Acad.
Sci. USA 2007, 104, 19631-19636.

Yamaguchi-Shinozaki, K.; Shinozaki, K. Organization of cis-acting regulatory elements in
osmotic-and cold-stress-responsive promoters. Trends Plant Sci. 2005, 10, 88—94.

Behnam, B.; Tuchi, S.; Fujita, M.; Fujita, Y.; Takasaki, H.; Osakabe, Y.; Yamaguchi-Shinozaki, K.;
Kobayashi, M.; Shinozaki, K. Characterization of the promoter region of an Arabidopsis gene for
9-cis-epoxycarotenoid dioxygenase involved in dehydration-inducible transcription. DNA Res.
2013, 20, 315-324.

Ramya, M.; Raveendran, M.; Ramalingam, S.J. In silico analysis of drought tolerant genes in rice.
Int. J. Biol. Med. Res. 2010, 3, 110-114.

Maruyama, K.; Todaka, D.; Mizoi, J.; Yoshida, T.; Kidokoro, S.; Matsukura, S.; Takasaki, H.;
Sakurai, T.; Yamamoto, Y.Y.; Yoshiwara, K. Identification of cis-acting promoter elements in
cold-and dehydration-induced transcriptional pathways in Arabidopsis, rice, and soybean. DNA Res.
2012, 719, 37-49.

Tran, L.S.P.; Nakashima, K.; Sakuma, Y.; Osakabe, Y.; Qin, F.; Simpson, S.D.; Maruyama, K.;
Fujita, Y.; Shinozaki, K.; Yamaguchi-Shinozaki, K. Co-expression of the stress-inducible zinc
finger homeodomain ZFHD1 and NAC transcription factors enhances expression of the
ERD1 gene in Arabidopsis. Plant J. 2007, 49, 46—63.

Thu, N.B.A; Nguyen, Q.T; Hoang, X.L..T; Thao, N.P; Tran, L.S.P. Evaluation of drought tolerance
of the Vietnamese soybean cultivars provides potential resources for soybean production and
genetic engineering. Unpublished Observation, 2013.

Le, D.T.; Aldrich, D.L.; Valliyodan, B.; Watanabe, Y.; van Ha, C.; Nishiyama, R.
Guttikonda, S.K.; Quach, T.N.; Gutierrez-Gonzalez, J.J.; Tran, L.-S.P. Evaluation of candidate
reference genes for normalization of quantitative RT-PCR in soybean tissues under various abiotic
stress conditions. PLoS One 2012, 7, e46487.

Le, D.T.; Nishiyama, R.; Watanabe, Y.; Mochida, K.; Yamaguchi-Shinozaki, K.; Shinozaki, K.;
Tran, L.S.P. Genome-wide expression profiling of soybean two-component system genes in
soybean root and shoot tissues under dehydration stress. DNA Res. 2011, 18, 17-29.

© 2013 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article

distributed under the terms and conditions of the Creative Commons Attribution license

(http://creativecommons.org/licenses/by/3.0/).



