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Abstract

The study of tolerance mechanisms for drought stress in soybean is fundamental to the understanding and develop-
ment of tolerant varieties. Using in silico analysis, four marker genes involved in the classical ABA-dependent and
ABA-independent pathways of drought response were identified in the Glycine max genome in the present work. The
expression profiles of the marker genes ERD1-like, GmaxRD20A-like, GmaxRD22-like and GmaxRD29B-like were
investigated by gPCR in root samples of drought sensitive and tolerant soybean cultivars (BR 16 and Embrapa 48,
respectively), submitted to water deficit conditions in hydroponic and pot-based systems. Among the four putative
soybean homologs to Arabidopsis genes investigated herein, only GmaxRD29B-like was not regulated by water defi-
cit stress. Distinct expression profiles and different induction levels were observed among the genes, as well as be-
tween the two drought-inducing systems. Our results showed contrasting gene expression responses for the
GmaxRD20A-like and GmaxRD22-like genes. GmaxRD20A-like was highly induced by continuous drought accli-
mating conditions, whereas GmaxRD22-like responses decreased after abrupt water deprivation. GmaxERD1-like
showed a different expression profile for the cultivars in each system. Conversely, GmaxRD20A-like and

GmaxRD22-like genes exhibited similar expression levels in tolerant plants in both systems.
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Introduction

For soybean (Glycine max [L.] Merrill), one of the
most important agricultural commodities in the world (Cle-
mente and Cahoon, 2009), drought is considered as one of
the main causes of yield loss in different countries (Bray et
al., 2000) In Brazil, the lack of rainfall in 2009 caused a
drop of 4.2% in soybean crop production (Brazilian Insti-
tute of Geography and Statistics — IBGE, 2010). The losses
in soybean yield in the North and West of the state of
Parana (Brazil) related to drought were 80% in 2008-2009,
as compared to the average productivity of the region.
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These losses due to drought resulted in a cumulative
decline of almost 11 million tons in total production (Fran-
chini et al., 2009). According to Manavalan ef al. (2009),
the drop in production is probably intensified by climate
change caused by global warming and the consequent in-
crease in frequency and extension of the water-limited re-
gions. Therefore, comprehension of drought stress respon-
se mechanisms is expected to drive the development of
drought tolerant soybean cultivars that will be crucial to
maintaining soybean yield levels and countering the threat
of global warming for this crop (Cutforth et al., 2007).

It has been demonstrated that plants can naturally
develop drought tolerance mechanisms, allowing them to
prevent or minimize the damaging effects of water depriva-
tion. These response mechanisms involve molecular, cellu-
lar and physiological changes, triggered by a molecular
signaling cascade (Bray, 1993; Seki et al., 2003; Yama-
guchi-Shinozaki and Shinozaki, 2006; Manavalan et al.,
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2009). This complex network of responses to drought stress
may involve the abscisic acid (ABA) phytohormone, which
orchestrates the production and accumulation of important
molecules that trigger and amplify a signaling cascade
(Mahajan and Tuteja, 2005; Adie ef al., 2007; Urano et al.,
2009).

The response to drought stress relies mainly on gene
expression regulation, of thousands of genes (Shinozaki
and Yamaguchi-Shinozaki, 2007). In Arabidopsis, this
complex cascade involves the expression of transcription
factors that are responsible for regulating downstream
genes such as RD20A4, RD22 and RD29B in the ABA-
dependent pathway, as well as ERDI in the ABA-inde-
pendent pathway (Shinozaki and Yamaguchi-Shinozaki,
2007). These four genes, RD204, RD22, RD29B and
ERDI, have been widely used as water-deficit markers in
Arabidopsis and other species, hence, their identification in
soybean will be of importance for future research in this
crop (Pellegrineschi et al., 2004; Huang et al., 2011; Stolf-
Moreira et al., 2011).

Expression profiles of the drought-stress response
genes have been investigated under water-deficit stress
conditions established in the hydroponic systems (HSys)
(Fujita et al., 2004; Ito et al., 2006; Stolf-Moreira et al.,
2010a,b, 2011). Notwithstanding, some authors prefer to
assess drought responses in pot-based systems (PSys) be-
cause they better reproduce field conditions (Casagrande et
al., 2001; Qin et al., 2007; Tran et al., 2009). In the PSys
condition, drought promotes a slower water deprivation
process, allowing the plant to adapt to the water deficit.
Conversely, in the HSys condition, the water deficit occurs
abruptly by removing the plant from the nutritient solution
or by the addition of osmolytes to the solution (Cowan,
1965). The instantaneous water deficit in HSys causes se-
vere consequences to the soybean plants, impeding a con-
tinuous acclimation process (Munns et al., 2010).
Therefore, the water-deficit stress responses to the PSys
and HSys conditions may differ significantly, triggering
expression of distinct sets of genes (Martins ef al., 2008;
Munns et al., 2010).

By means of an in silico approach we identified
herein the soybean (G. max) homologs of the Arabidopsis
ERDI, RD20A4, RD22 and RD29B genes. These genes are
classical markers for the ABA-dependent and ABA-inde-
pendent pathways of response to drought (Pellegrineschi et
al., 2004; Huang et al., 2011). The expression profile for
each soybean gene under water deficit stress condition and
contrasting the PSys and HSys conditions was assayed by
qPCR analysis. The identification and molecular character-
ization of these drought marker genes (DMGs) under dis-
tinct water-deficit stress systems are important not only to
reveal differences between the two experimental proce-
dures, but also to provide bona fide marker genes for those
interested in studying drought stress in soybean.
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Material and Methods

Identification of DMGs in soybean response to
drought

For the identification of DMGs in the response of
soybean to drought we employed a search strategy illus-
trated in Figure S1 (Supplementary Material). DMGs in-
volved in the response to drought in Arabidopsis were
identified based on published data (Bray, 2002; Kang et al.,
2002; Fujita et al., 2005; Shinozaki and Yamaguchi-
Shinozaki, 2007) and searches using web tools of the
Arabidopsis Information Resource (TAIR). The protein se-
quences of Arabidopsis genes (ERDI, RD20A, RD22 and
RD29B) and their putative paralogs were used to search all
possible homologs in the G. max and Oryza sativa genomes
by means of the BLASTP tool. Those meeting the criterion
of an E-value < 10""® in the Phytozome and TAIR sites were
considered for further investigation. For constructing den-
drogram we first performed a multiple alignment of the
amino acid sequences for each selected gene using
Clustal W2 software (Larkin et al., 2007). These data were
then used to build dendrograms using MEGA version 4.0
(Molecular Evolutionary Genetics Analysis) program (Ta-
mura et al., 2007) with the Neighbor-Joining clustering
method (Crandall et al., 2008) and data derived from a
p-distance matrix (Crandall ez a/., 2008) in a Poisson model
and using the complete deletion option. Tree reconstruction
was performed using the Interior Branch Test Phylogeny
approach and bootstrapping (1,000 replications) (Sitnikova
etal., 1995). For rooting the trees, O. sativa sequences were
used as the outgroup.

In silico expression analysis

In order to investigate the pattern of induction/repres-
sion of the Arabidopsis, ERDI, RD20A, RD22 and RD29B
genes, the expression data of the Arabidopsis genes during
the response to different water privation conditions or ABA
stimulus were retrieved from the Genevestigator database
(Hruz et al., 2008). Data were presented as absolute expres-
sion values or fold change compared with that of the control
samples by integrating expression data from thousands of
transcriptomic experiments present in the Genevestigator
database.

Plant material and drought assays

We used the soybean (G. max) cultivars, BR 16 and
Embrapa 48, these being sensitive and tolerant to drought,
respectively (Casagrande et al., 2001; Texeira et al., 2008).
Drought assays were performed in two different water defi-
cit treatments, a pot-based (PSys) and a hydroponic system
(HSys) (Martins et al., 2008; Kulcheski et al., 2010).

Plants grown in the PSys condition were maintained
at a controlled temperature (30 °C £ 5 °C), 60% + 20% rela-
tive humidity and natural photoperiod. Seeds from both
genotypes were germinated in washed sand. After approxi-
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mately 10 days, seedlings of each genotype were trans-
planted to pots containing bovine fertilizer. Plants at the V4
developmental stage (fourth trifoliate leaf fully expanded)
(Fehr and Caviness, 1977) were submitted to irrigation
(control) or water deficit conditions, by suspension of irri-
gation for 7-10 days, until reaching a water potential of
-1.5MPa+0.2 MPa and -3.0 MPa £ 0.2 MPa (moderate and
severe level stress, respectively). The water potential (‘\Yw)
of each plant was measured at predawn (between 05:00 and
06:00) in the fourth or fifth leaf from the apex using a
Scholander-type pressure chamber. Roots were removed
from the pot and immediately rinsed with water for 1 min
with gentle agitation to remove adhering sand. Biological
contaminants were removed by immersion in SDS solution
(2% for 1 min followed by a gentle wash in ultrapure water
for 1 min. Finally, the root samples were immediately
frozen in liquid nitrogen and stored at -80 °C for RNA ex-
traction. Two biological replicates for each condition were
collected for gene expression studies.

In the HSys condition, the seeds of both cultivars
were placed on moist filter paper and pre-germinated in the
dark at25°C+1°Cand 65% =* 5% relative humidity. Seed-
ling were transferred to polystyrene supports and their roots
maintained completely immersed in a nutrient solution (pH
balanced at 6.6 and aerated) (Kulcheski et al., 2010), under
natural photoperiod daylight (photosynthetic photon flux
density (PPFD) = 1.5 x 10° pmoles m™ s™', equivalent to
8.93 x 10" lux) and a 12 h daylength, at 25 °C + 2 °C and
60% £ 5% relative humidity. After 2 weeks, the seedlings at
the V4 developmental stage of both genotypes were
removed from the HSys condition and kept in the dark
without nutrient solution or water for different water depri-
vation periods: 0 min (TO, control), 50 min (T50), 100 min
(T100) and 150 min (T150) of stress. To verify the water
deficit, photosynthetic rate, stomatal conductance, inter-
cellular CO, concentration, transpiration rate and leaf tem-
perature were evaluated using a LI-6400 Portable Photos-
ynthesis System (LiCor, Inc.). Measurements were taken
on the fully expanded middle leaflet of the basal second leaf
node under a photon flux density of 1,000 umol m™s™'. For
details, see Figure 2 of Rodrigues et al. (2012). Two biolog-
ical replicates for each condition were used in the expres-
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sion studies. The root samples corresponding to a pool
composed of 10 plants from each treatment were immedi-
ately frozen in liquid nitrogen, followed by storage at
-80 °C for posterior RNA extraction.

Total RNA isolation

Root samples from the PSys condition were pro-
cessed for RNA extraction using the Plant RNAeasy kit
(Qiagen) following the manufacturer’s protocol. RNA ex-
traction of the root samples from the hydroponic experi-
ments was done with Trizol Reagent (Invitrogen). In both
cases, the RNA samples were treated with RNAse-free
DNAse I (BioLabs) to eliminate any DNA contamination.
RNA integrity was checked by electrophoresis on a 1%
agarose gel, and RNA concentration and purity were deter-
mined using a NanoDrop spectrophotometer ND-1000
(Thermo Scientific).

Real-time quantitative polymerase chain reaction
(qPCR)

The expression of DMGs in both soybean cultivars
submitted to different drought conditions was evaluated by
qPCR analysis. Primers pairs of 20 bp and Tm of 60 °C *
1 °C designed with Primer 3 plus software (Untergasser et
al.,2007) were used to amplify a region of 80-200 bp of the
respective target gene. For normalization of target gene ex-
pression, ACTI1I (cytoskeletal structural protein) and
FBOX (F-Box protein family) reference genes (RGs) were
used (Kulcheski et al., 2010). The stability of expression of
each of these RGs under the experimental conditions was
checked by means of the NormFinder program (Andersen
et al., 2004) (data not shown). All primer sequences and
amplicon lengths are listed in Table 1.

qPCR assays were carried out in a Realplex 4 Eppen-
dorf Mastercycler Epgradient (Eppendorf) sequence detec-
tion system using a Power SYBR® Green RNA-to-Ct
One-Step Kit (Applied Biosystems) following the manu-
facturer’s protocol. For each sample, 25 ng of RNA was
used in the reaction mixtures in a final volume of 20 uL. For
each primer combination, all samples were evaluated in
technical triplicates and including a no-template control.
Reaction mixtures were incubated for 30 min at 48 °C, fol-
lowed by 10 min at 95 °C and 40 amplification cycles of

Table 1 - Primer sequences used in the qPCR protocols and amplicon lengths.

Gene model Soybean gene Forward primer sequence [5-3"] Reverse primer sequence [5°-3"] Amplicon
length (bp)

RD204 Glyma03g41030 (GmaxRD204-like) GTGGCACATGACTGAAGGAA  ATCTTTCCAGCAGCACCTCT 195
RD22 Glymal4g20450 (GmaxRD22-like) AATGCCGAAAGCCATTACAG GCTTTGTTTTCCCTGCGTTA 110
RD29B Glymal6g31330 (GmaxRD29B-like) AGCTGACAAAGCCATCACTG  CTCTGTCAGGGACTGAGCAA 88
ERDI Glyma04g38050 (GmaxERD1-like) CGTCCAGAATTGCTCAACAG  TGGGGTTATAGCCTTGTTGG 184
ACTI11 Glymal8g52780 CGGTGGTTCTATCTTGGCATC  GTCTTTCGCTTCAATAACCCTA 142
FBOX Glymal2g05510 CTAATGGCAATTGCAGCTCTC AGATAGGGAAATGGTGCAGGT 93
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15sat95°Cand 1 min at 60 °C (fluorescence measurement
step). At the end of 40 cycles, a melting-curve analysis was
run (15 s at 95 °C, 15 s at 60 °C — fluorescence measure-
ment step, and 15 s at 95 °C). Melting curve and 1% gel
electrophoresis analysis of the amplification products were
employed to confirm the presence of only a single ampli-
fied product of expected size. Primer set efficiencies were
estimated for each experimental set by using the Miner
software (Zhao and Fernald, 2005) through a nonlinear re-
gression algorithm without the need for a standard curve,
and the values were used in all subsequent analyses. In ad-
dition, the values of the threshold cycle (quantification cy-
cle value — Cq) were converted by the program QBASE
v1.3.5 (Hellemans et al., 2007), into normalized relative
quantities (NRQ).

Promoter analysis

The promoter sequences of the DMG (1000 bp length
upstream from the start codon) were obtained from the ge-
nome browser tool in the Phytozome database. Cis-regula-
tory elements responsive to drought stress, salinity stress,
osmotic stress and ABA (Table S1) were identified through
aweb tool in the database of Plant Cis Program-acting Reg-
ulatory DNA Elements — PLACE (Higo et al., 1999) and
also from published data (Busk and Pages, 1998; Li and
Chen, 1999; Choi et al., 2000; Simpson et al., 2003; Naka-
shima et al., 2006; Lenka et al., 2009; Mochida et al., 2009;
Umezawa et al., 2010).

The frequency of the respective cis-regulatory ele-
ments in the promoter region of each gene of interest was
compared to the expected frequency in the genes of the G.
max genome. The statistical analysis of cis-elements of the
gene of interest promoters was performed by the POBO
web tool (Kankainen and Holm, 2004).

Results

Identification and in silico characterization of drought
marker genes from ABA-dependent and ABA-inde-
pendent pathways involved in the drought-stress re-
sponse in soybean

In order to identify and characterize Drought Marker
Gene (DMG) homologs for ERDI, RD20A4, RD22 and
RD29B in soybean we initially used an in silico approach,
followed by qPCR validation. We also evaluated the pro-
moter region of these genes for the presence and frequency
of cis-elements related to drought stress. The diagram of the
search strategy employed is illustrated in Figure S1 (Sup-
plementary Material).

To assess the expression pattern of the ERDI,
RD20A4, RD22 and RD29B genes under different water-
deficit stress conditions and ABA stimulus in Arabidopsis,
we used the Genevestigator web tool (Hruz et al., 2008).
The digital expression analyses confirmed previous results
showing that RD20A4, RD22 and RD29B are induced by
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drought stress and ABA, whereas ERD/ is induced pre-
dominantly by drought stress (Figure S2).

The Arabidopsis gene models, as well as their respec-
tive amino acid sequences and functions, were crucial for
the search for putative homologs in the soybean genome.
The putative homologs for each Arabidopsis gene in the
soybean genome were identified through a BLASTP search
in the Phytozome database combined with a Neighbor-
joining analysis. For each Arabidopsis gene under consid-
eration we identified the putative homologs in the G. max
and O. sativa genomes. The threshold e-value used for the
identification of the putative homologs and their use in a
dendrogram analysis was determined according to the size
of the gene families evaluated. For instance, ERD1 belongs
to a large gene family, indicating the use of an e-value
threshold of < 10™°. In contrast, for gene families with only
few members, such as the RD20A or RD22 protein fami-
lies, the e-value threshold was set at < 1070, Finally, the
RD29B gene presents only a few putative homologs with
very low similarity, hence an e-value threshold of < 107
was indicated.

The dendrogram analysis was performed on the se-
lected protein sequences to uncover putative soybean homo-
logs for the Arabidopsis DMGs (Figure 1). When the
dendrogram analysis could not pinpoint a single putative
homolog, the top e-value obtained in the BLASTP analysis
was consider as selection criteria. This strategy allowed us to
identify the four putative soybean homolog genes,
GmaxERDI-like (Glyma04g38050), GmaxRD204-like
(Glyma03g41030), GmaxRD22-like (Glymal4g20450) and
GmaxRD29B-like (Glymal6g31330), for the Arabidopsis
DMGs ERDI (AT5G51070), RD20A (AT2G33380), RD22
(AT5G25610) and RD29B (AT5G52300), respectively (Fig-
ure 1). As previously mentioned, the RD204, RD22 and
RD29B genes belong to the ABA-dependent pathways,
while the ERD1 gene belongs to the ABA-independent path-
ways of drought stress response.

Expression profile analysis of putative soybean
DMGs by real-time quantitative polymerase chain
reaction (QPCR)

The expression pattern of each soybean DMG in-
volved in the drought response was investigated by qPCR.
The analysis was performed on RNA samples from roots of
two soybean cultivars that presented contrasting responses
to drought, the cultivar BR 16 being highly sensitive and
the cultivar Embrapa 48 moderately tolerant to drought
(Casagrande et al., 2001; Texeira et al., 2008). These plants
had been submitted to different water deficit conditions
(PSys and HSys) and also several stress levels.

Among the four DMGs identified by our analysis,
GmaxRD29B-like was not induced under any of the test
conditions (data not shown), whereas GmaxerdI-like,
GmaxRD20A-like and GmaxRD22-like were induced in
both cultivars in the two cultivation conditions, PSys and
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Figure 1 - Dendrograms of the Arabidopsis thaliana, Glycine max and Oryza sativa key genes responsive to drought, based on the amino acid sequences.
The multiple alignment was made using ClustalW2 and the dendrograms were built using MEGA4.0 software, with the Neighbor-Joining and pair-wise
deletion options as a consensus of 1,000 bootstrap replicates. O. sativa was used as outgroup. The solid brown arrows indicate the Arabidopsis reference
key genes and the dotted purple arrows indicate the respective soybean homologs selected for qPCR validation of expression. A) Dendrogram of the
RD20A family of A. thaliana, G. max and O. sativa; B) Dendrogram of the RD22 family of 4. thaliana, G. max and O. sativa; C) Dendrogram of the
RD29B family of 4. thaliana, G. max and O. sativa; D) Dendrogram of the ERD1 family of 4. thaliana, G. max and O. sativa.

HSys. Nevertheless, these genes showed distinct expres-
sion dynamics and induction levels depending on drought
conditions assessed.

The GmaxRD20A-like gene was induced progres-
sively in both soybean cultivars under PSys. It reached the
highest expression level in the sensitive cultivar under the
most severe stress condition (‘Ww -3.0 MPa) in the PSys
(Figure 2A). In contrast, the gene expression level under
HSys was very low for all tested conditions (Figure 2A).

The GmaxRD22-like gene showed quite similar ex-
pression levels and dynamics for the two cultivars in the
PSys condition, with high expression restricted to the se-
vere water deficit condition, W¥w -3.0 MPa (Figure 2B). In
HSys, GmaxRD22-like presented very low expression lev-

els in both tolerant and sensitive cultivars. Interestingly, the
two genes that belong to the ABA-dependent pathway,
GmaxRD22-like and GmaxRD20A-like showed similar ex-
pression profiles in the test conditions.

In contrast to the other genes evaluated in this work,
the GmaxERD1-like, which belongs to the ABA-indepen-
dent pathway, was highly expressed in the HSys condition.
It is worthy of note that this gene was about five times more
expressed in the sensitive cultivar than in the tolerant one
under the most severe stress condition, T150 (Figure 2C).

Promoter analysis

We employed the POBO program (Kankainen and
Holm, 2004) to evaluate the enrichment of 17 cis-elements
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Figure 2 - Expression profile analyses for the soybean genes
GmaxRD204-like (A), GmaxRD22-like (B) and GmaxERDI-like (C) in
the roots of sensitive and tolerant cultivars during water deficit stress in
pot-based (PSys) and hydroponic (HSys) systems. Marker genes respon-
sive to soybean genotypes are differentially regulated in roots, during wa-
ter deficit stress conditions established in PSys (C — control no stress; Y'w
-1.5 MPa and Ww -3.0 MPa) or in HSys (T0, T50, T100; and T150 min af-
ter water privation, respectively). The relative expression values, repre-
sented on the Y-axis, were obtained by qPCR experiments and calculated
using the 2" method with ACT and FBOX as endogenous control genes for
normalization. The qPCR assay for each gene was performed in triplicate
for each of the two independent biological replicates used in the valida-
tion. Means and Standard errors of three technical replications are shown.
The brown and purple bars indicate the pot-based and hydroponic systems,
respectively.

related to drought, ABA, or osmotic stress, such as ABRE,
DRE, MYB, MYC or NAC cis-elements (Table S1), that
we had found previously in the PLACE data bank (Higo et
al., 1999). The statistical significance of their enrichment in
the promoters of GmaxRD20A-like, GmaxRD22-like and
GmaxERDI-like was also evaluated. GmaxRD29B-like
was excluded from this analysis because it was not respon-
sive to the drought conditions evaluated in this work. To do
so, we compared the frequency of the 17 motifs in a group
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comprising these genes and in a background set (compris-
ing all promoters regions of the G. max genome — BG
model). This analysis revealed that three cis-elements
(ACGT, WAACCA and CANNTG) are significantly en-
riched in the promoter region of the three genes analyzed
when compared to the background set, while the ACCGAC
motif is significantly enriched in the promoter region of the
GmaxRD20A-like and GmaxRD22-like genes, also com-
pared to the background set (Table S2). The most striking
result was found for the ACGT motif, an element function-
ally that is important in a variety of promoters responding
to ABA, among other stimuli (Guiltinan ef al., 1990). The
analysis in POBO indicated that the ACGT motif is present
up to 16 times in the promoter regions of the DMG genes,
with an average of 5.33 compared to an average of 3.02 for
the genome background (Table S2).

Discussion

We herein identified and characterized the G. max pu-
tative homologs of Arabidopsis DMGs. The putative soy-
bean homologs of the Arabidopsis genes RD20A, RD22 and
ERD1 were induced during drought stress in the two exper-
imental systems tested: the PSys and the HSys conditions.
These four genes have been employed as markers of water
deficit in several works in Arabidopsis and other species
(Pellegrineschi et al., 2004; Huang et al., 2011; Stolf-
Moreira et al., 2011).

In order to identify the soybean homologs for each
Arabidopsis gene previously characterized we performed a
dendrogram analysis for each gene family, using the ge-
nome information for Arabidopsis, rice and soybean. We
could not find a bona fide soybean homolog for the
Arabidopsis RD29B gene. Based on the dendrogram analy-
sis we selected the soybean genes that showed the highest
degree of similarity for each Arabidopsis DMG (Figure 1),
aiming to uncover functional similarities. The selected
genes had their expression evaluated by qPCR assays in
two cultivars grown under two different water-deficit stress
systems.

In PSys, the drought conditions should occur in a
mode similar to field conditions, triggering genes involved
in a continuous acclimation process. Since PSys can entail
problems of heterogeneity and inconstant water potential,
among other interferences, this has led researchers to use
also use HSys in water-deficit stress experiments (Martins
et al., 2008; Munns et al., 2010). HSys allows for quick
drought induction and straightforward sample collection
(Martins et al., 2008; Munns et al., 2010). However, in
HSys, the water deficit stress is promoted suddenly by re-
moving the plant from the nutrient solution, and it com-
pletely differs from field conditions, causing shock and
injuries that do not allow a continuous acclimation process.
After 100 min in HSys without the nutrient solution, the
water deficit is so severe that it leads to wilting in soybean
plants (Martins et al., 2008). Since there is no consensus
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about the best system to promote water deficit, we decided
to investigate the expression profiles of genes responsive to
drought in both water-deficit stress induction systems.
Therefore, besides providing the identification of soybean
DMGs, our work also revealed discrepancies in gene ex-
pression patterns between the two systems.

The expression profiles of the putative soybean ho-
mologs  GmaxRD20A4-like, =~ GmaxRD22-like  and
GmaxERDI-like were notably different in HSys when
compared to PSys (Figure 2). GmaxRD20A-like and
GmaxRD22-like putative homologs of Arabidopsis genes
from the ABA-dependent pathway, were predominantly
expressed in PSys, whereas GmaxERDI-like, a putative
homolog of an Arabidopsis gene from the ABA-indepen-
dent pathway, was mainly expressed in HSys (Figure 2C).
The expression levels and profiles also varied among
genes. For instance, GmaxRD22-like was highly expressed
in both cultivars in PSys, and its expression levels in severe
stress (Yw -3.0 MPa) were nine to eleven times higher than
in moderate stress (WYw -1.5 MPa). In contrast,
GmaxRD20A4-like showed lower expression levels and only
a minor difference in gene expression between severe and
moderate stress. Considerable differences in DMG expres-
sion between the sensitive and tolerant soybean cultivars
were exclusively found for GmaxERDI-like in plants
grown under HSys. The difference was limited to the ex-
pression levels, but this may have biological significance.
These results suggest that drought stress levels and path-
way activation may vary considerably between the two sys-
tems investigated in this work. Martins ef al. (2008) also
observed differences in the expression profiles of Axi /,
PITP and bHLH soybean genes between the two systems
and reported significant differences among time points in
stress recognition and the subsequent adaptive response be-
tween mild or more severe stress levels. GmaxERDI-like
showed expression levels of about four times higher in the
sensitive cultivar in the T150 condition of HSys (Figu-
re 2C), suggesting that the sensitive cultivar may have a
stronger response to water deficit stress at the molecular
level due to the lack of traits that are important for plant ad-
aptation to drought. Another explanation could be the oc-
currence of damage-related responses that may not have
been induced in the tolerant cultivar under the same stress
level. GmaxRD20A-like and GmaxRD22-like did not show
such responses, which may indicate that GmaxERD1-like
belongs to an alternative response pathway. In fact,
GmaxERD1-like should be part of the ABA-dependent and
GmaxRD20A4-like and GmaxRD22-like of the ABA-inde-
pendent pathway. However, more genes from each path-
way are needed to confirm this hypothesis. Stolf-Moreira et
al. (2011) identified other putative Arabidopsis ERDI
homolog genes in the G.max genome, named GmERDI,
which showed low expression in the tolerant cultivar in all
drought conditions tested in the HSys condition. GmERD 1
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was not included in our analysis because it has a very low
similarity to Arabidopsis ERD1 (data not shown).

GmaxRD22-like gene expression was highly induced
in plants grown under severe stress in PSys. When com-
pared to other genes evaluated herein, GmaxRD22-like
could be ranked as the best DMG for PSys. However, no
significant differences were observed between sensitive
and tolerant cultivars (Figure 2B). Despite the fact that a
gradual increase in expression of GmaxRD22-like was ob-
served in HSys, the discrepancy seen in expression levels
highlights the differences of the two experimental proce-
dures employed in this work.

GmaxRD20A-like showed a similar expression pro-
file in the sensitive and tolerant cultivars. However,
GmaxRD20A4-like was more expressed in the tolerant culti-
var under severe stress (Yw -3.0 MPa) in PSys (Figure 2A).
In Arabidopsis, the RD20A gene is regulated by the
AREB1/ABF?2 transcription factor, which is also involved
in the regulation of the RD29B gene (Fujita ef al., 2005;
Shinozaki and Yamaguchi-Shinozaki, 2007). Even after
exhaustive searches in the soybean genome, the most simi-
lar gene we found to Arabidopsis RD29B,
Glymal6g31330, showed low similarity (e-value 107%).
Furthermore, this putative RD29B soybean homolog is not
regulated by the water deficit stress according to our exper-
iments (data not shown). These results indicate that RD29B
homologs are absent in the soybean genome. Recently, it
was shown that Arabidopsis RD29B is unlikely to perform
any protective effects during drought stress (Msanne ef al.,
2011). Therefore, the lack of RD29B homologs in the soy-
bean genome should not interfere in the tolerance of this
species to drought.

The higher frequency of the cis-elements ACGT,
ACCGAC, WAACCA and CANNTG in the promoter re-
gions of DMGs suggests that these elements may be impor-
tant in expression activity during water deficit. In addition,
this result also indicates that these genes probably share
cis-regulatory elements related to drought stress responses.
These motifs are important molecular keys involved in the
transcriptional regulation of a dynamic network of gene ac-
tivities (Simpson et al., 2003; Li et al., 2006; Lenka et al.,
2009; Mochida et al., 2009; Umezawa et al., 2010). Addi-
tionally, these motifs have a well-documented role in regu-
lating the expression of tolerance in response during
drought stress (Busk and Pages, 1998; Simpson et al., 2003;
Nakashima ef al., 2006).

The soybean DMGs have in their promoter region the
WAACCA and CANNTG motifs, which are MYB and
MYC recognition sites, respectively. The MYC transcrip-
tion factor, MYC2, and a MYB transcription factor,
MYB2, have been shown to bind to these motifs in the
Arabidopsis RD22 promoter and cooperatively activate the
RD22 gene (Abe et al., 1997). Moreover, analysis of the
Arabidopsis ERDI promoter, a gene that participates in
ABA-independent pathways, showed that a MYC recogni-
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tion motif is necessary for the induction of the ERDI gene
by dehydration stress (Simpson ef al., 2003). Thus, the pro-
moters of the DMGs investigated in this work share some
cis-elements with their Arabidopsis homologs.

In conclusion, we identified three genes as homologs
of traditional Arabidopsis DMGs, which were induced by
water deficit in soybean. The GmaxRD20A-like and
GmaxRD22-like genes, homologs of Arabidopsis genes of
the ABA-independent pathway, are highly induced by wa-
ter deficit in the PSys condition, whereas GmaxERD [-like,
a homolog of an Arabidopsis gene of the ABA-dependent
pathway, was highly induced by water deficit in HSys.
Hence, these three genes can be very useful as stress mark-
ers for studying water deficit in soybean. Moreover, the dif-
ferences in gene expression in the two systems revealed by
our work emphasize that both systems need to be employed
to get a bona fide picture of the pathways activated by water
deficit in soybean. Finally, the differences in gene expres-
sion of the GmaxERD I-like in the HSys condition between
sensitive and tolerant cultivars are robust and may provide
a means to better understand the drought tolerance pheno-
type in soybean cultivars.
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Table S1 - Cis-regulatory elements responsive to drought stress, salinity stress, osmotic stress and ABA.

Pattern Description pattern
ACGT This sequence required for etiolation-induced expression of erdl.
ACCGAC DBF2" bound to "DRE2"; rab17 is expressed during late embryogenesis, and is induced by ABA.
WAACCA MYB recognition site found in the promoters of the dehydration-responsive gene rd22.
CANNTG MYC .recogni.tion gite ff)ur}d inbthe promoters of the dehydration-responsive gene rd22 and many other
genes in Arabidopsis; Binding site of ATMYC2.
ACGTGKC DRE and ABRE are interdependent in the ABA-responsive expression of the rd29A.
YAACKG MYB recognition site found in the promoters of the dehydration-responsive gene rd22.
RYACGTGGYR ABRE in Arabidopsis dehydration-responsive gene rd22.
CCACGTGG ABRE; ABA and water-stress responses.
YACGTGGC ABA responsive element found is the promoter of stress regulated.
CACATG MYC binding site in rd22 gene of Arabidopsis thaliana; ABA-induction.
CATGTG MYC recognition sequence necessary for expression of erdl in dehydrated Arabidopsis.
CNGTTR ATMYB2 is involved in regulation of genes that are responsive to water stress in Arabidopsis.
CCGAC Core of low temperature responsive element (LTRE) of corl5a gene in Arabidopsis.
TACCGACAT Related to responsiveness to drought, low-temperature or high-salt stress.
TAACTG ATMYB?2 is involved in regulation of genes that are responsive to water stress in Arabidopsis.
CTAACCA Binding site for MYB in dehydration-responsive gene, rd22.
WK[TAGC]CGTR NAC binding site (NACBS).

Note: The symbol W was used in addition to A or T; the symbol R was used in addition to A or G; the symbol Y was used in addition to C or T;
the symbol K was used in addition to G or T; The symbol W was used in addition to T or A; and the symbol N was used in additional to A,C,G or
T.



Table S2 — Frequency of cis elements present in promoters of the DMG.

Number of promoters ~ Number of promoters ~ Total number of patterns

Motif Data set in a each dataset containing the pattern in each dataset Promoter mean
ACGT BG 77222 55801 (72.26%) 233388 3.02
Cluster 1 3 3 (100%) 16 5.33
ACCGAC BG 77222 8254 (10.7%) 10276 0.13
Cluster 1 3 2 (66.7%) 2 0.66
WAACCA BG 77222 58808 (76.2%) 121330 1.56
Cluster 1 3 3 (100%) 6 2
CANNTG BG 77222 73865 (95.7%) 540426 7.07
Cluster 1 3 3 (100%) 24 7.99

Note: All analyzed promoter sequences presented 1,000 bp and POBO was run with the following parameters: Number pseudoclusters 50 and length of the
background  promoter  1.000 bp, bootstrap  1000.  Calculated t-test using the linked on line GrapPad web site:
ttp://www.graphpad.com/quickcalcs/DistMenu.cfm). P<0.0001. The symbol W was used in addition to A or T and the symbol N was used in additional to
A,C,G or T. BG - background set that comprise all promoters regions of the G. max genome. Cluster 1 — promoters set that comprise the promoters regions of
the GOI genes.
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Figure S1 - Search strategy for DMGs involved in the soybean response to water deficit.
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Figure S2 - Digital expression pattern of Arabidopsis DMGs involved in the response to different water privation conditions and ABA stimulus, evalu-
ated by the Genevestigator web tool. The intensity of the red color is equivalent to increase in the gene induction in response to drought stress or ABA. The
increase in the intensity of the green color is equivalent to increase in the gene repression in response to drought stress or ABA. The black color indicates
that it is not induced or repressed under drought stress conditions. Description of experiments: ABA: wild type (Col-0) seedlings, treated with 10 uM
ABA for 1 h; ABA study 2: Leaf samples from wild type (Col-0) plants, not watered for 7 days; ABA study 3 (Col-0): After stratification at 4 °C for 4
days, wild type seeds were allowed to germinate on the MS-2% sucrose plate containing 0.5 pM ABA for two days; ABA study 4 (Col-0): wild type
leaves of 4 week-old plants, sprayed with 50 uM ABA. After 4 h, samples were collected; ABA study 5 (Col-0): Plant samples of Col-0 grown for 2 weeks
on MS agar medium with 3% sucrose and then treated with 100 pM ABA for 1 h; ABA study 6 (Col-0): Plant samples of wild type (Col-0) grown for 2
weeks on MS agar medium with 3% sucrose and then exposed to dehydration stress for 1 h; ABA study 7 (Col-0): Isolated guard cell samples of
5-week-old wild-type plants, treated with 50 mM ABA for 3 h; ABA study 8 (Col-0): Excised leaf samples of 5-week-old wild-type plants, treated with 50
mM ABA for 3 h. Drought (dor): Rosette leaf samples of dor plants, grown under normal watering conditions for 24 days and then stressed by completely
depriving them of irrigation for 10 days; Drought (wt): Rosette leaf samples of wild type (Col-0) plants, grown under normal watering conditions for 24
days and then stressed by completely depriving them of irrigation for 10 days; Drought study 2 (Col-0): Leaf samples from wild-type (Col 0) plants, not
watered for 7 days; Drought study 5 (Col-0): Rosette leaf samples of dor plants, grown under normal watering conditions for 24 days and then stressed by
completely depriving them of irrigation for 10 days; Drought study 6 (Col-0): Plant samples of Col-0 grown for 2 weeks on MS agar medium with 3% su-
crose and then exposed to dehydration stress for 1 h; Drought study 7 (Col-0); Drought study 7 (Col-0): Plant samples of Col-0 grown for 2 weeks on MS
agar medium with 3% sucrose and then exposed to dehydration stress for 4 h.



