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Soybean is an important commodity worldwide. Abiotic conditions can adversely 
disturb crop growth and final yield. The transcription factor Dehydration-
Responsive Element-Binding Proteins 2 (DREB2) acts as a regulator of drought 
responses. This study aimed to characterize soybean plants genetically modified 
with GmDREB2A;2 FL and GmDREB2A;2 CA for molecular, physiological, and 
agronomic responses, at different growing periods. Results showed that seedlings 
from GmDREB2A;2 FL event presented lower growth reduction under osmotic 
treatment during germination. The GmDREB2A;2 FL and GmDREB2A;2 CA events 
showed improved performance in experiments of water deficit imposed in the 
vegetative period and higher rates in physiological parameters. In the reproductive 
period, there was a trend of higher yield compounds in GM GmDREB2A;2 FL event 
when compared to other genotypes and treatments. GmDREB2A;2 FL event 
presented superior performance due to the higher expression levels of the cisgene 
and drought-induced genes. 
 

Keywords: Glycine max, genetically modified plants, heat tolerance, activating 
responses to drought, silencing responses to drought, controlling responses to 
drought. 
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INTRODUCTION 
 

Soybean growth, development, and final yield can be greatly impaired by 
abiotic stresses. Seeking alternatives to minimize these damages, scientists are 
developing plants more tolerant to water deficit and heat, by introducing 
responsive genes as transcription factors (TFs) into soybean cultivars (Lopes et al. 
2012). The overexpression of a constitutively active (CA) form from DREB2A, which 
has a negative regulatory domain deletion in Arabidopsis, resulted in improved 
drought and heat tolerances (Sakuma et al., 2006a; Sakuma et al., 2006b).  

Genes homologous to AtDREB2A were identified in crops such as maize (Qin et 
al. 2007), potato (Guo & Wang, 2011), rice (Dubouzet et al., 2003), and wheat 
(Terashima & Takumi, 2009). In soybean, Mizoi et al. (2013) showed that 
GmDREB2A;2 was highly induced under drought, heat, and cold. The heterologous 
expression of this TF in Arabidopsis triggered the induction of drought-responsive 
genes and enhanced tolerance. These outcomes suggest that plants from different 
species overexpressing AtDREB2A and DREB2A-like proteins have shown 
improvement in tolerance to drought and heat, which can simultaneously happen 
in field conditions.  

However, most of these manuscripts focus on understanding these tolerances 
in plants growing under greenhouse during the vegetative period, not considering 
responses in seedling and/or at reproductive phase. The objective of this study was 
to evaluate drought tolerance in soybean plants transformed with the full length 
and constitutively active forms of GmDREB2A;2 in seedling, at vegetative (VEG), and 
reproductive (REP) phases. Molecular, physiological, growth and, agronomic 
parameters were examined under control (C), and water deficit (WD) treatment 
conditions. These understandings can complement information on how TF DREB2A 
acts in soybean plants activating/silencing and controlling responses to drought in 
different developmental periods. This knowledge might facilitate the design of 
alternative strategies to improve WD tolerance in this important commodity crop.  

 

MATERIAL AND METHODS 
 

Plasmid and soybean transformation 
 

Two expression cassettes, pCambia3300J-35S:GmDREB2A;2 FL and 
pCambia3300J-35S:GmDREB2A;2 CA, were introduced separately into A. 
tumefaciens via electroporation. DREB2A; 2 CA (Constitutively Active) form has a 
deletion (29 bp between protein residues 136 and 165) of a negative regulation 
domain (NRD); while FL contains the complete coding region without modification 
(Mizoi et al. 2013). Both genetic constructions were under the control of the 
constitutive promoter CaMV 35S and TNOS terminator. Bar gene was used as a 
selective agent (Molinari et al. 2018); while NPTII was applied to select the 
transformed colonies. Conventional cultivar - BRS 283, non-transformed, was used 
for transformation, performed as described by Paz, Martinez, Kalvig, Fonger and 
Wang (2006). Survival seedlings from the selection process were transferred to a 
mixture of substrate (soil:sand:organic compounds 3:2:2):sand (1:1). Positive events 
to cisgenes were identified through conventional PCR using specific primers 
(GmDREB2A;2 - Glyma.14G056200, F- TGATGAGTCTGCGTTGATGC, and R- 
TCCCAACAACTTGGCATCTG). After confirmation, these events were kept in the 
greenhouse, and seeds generation progress was carried out. Four distinct 
experiments were also conducted as shown below. 
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Greenhouse experiment for gene expression analysis and yield 
components evaluation 
 

To evaluate responses at the VEG (vegetative) period, an experiment with 
homozygous plants from the T3 generation was conducted in randomized complete 
block design, under a 4x2 factorial arrangement (i.e., four soybean genotypes and 
two water conditions), with 6 biological replicates. The genotypes comprised two 
GmDREB2A;2 CA events, one GmDREB2A;2 FL event and the cultivar BRS 283. The 
water conditions were control (C) and water deficit (WD). For germination, seeds 
were put on Germitest paper for 96h at 25±1°C and 100% relative humidity (RH). 
Then, single seedlings were moved to 5kg pots filled with a 1:1 sand:substrate 
mixture. All seedlings were grown at 80% field capacity (FC) in a greenhouse at 
28±2ºC until plants reached the V3 developmental stage, when WD treatment was 
imposed, by withholding irrigation. The control group was maintained at 80% FC. 
Leaf samples were collected after 10 days to determine relative water content 
(RWC). A second experiment was performed to evaluate soybean responses during 
the REP (reproductive) period. WD treatment was imposed when plants were at 
R1/R2 developmental stages for 10 days. Leaf samples of the third fully expanded 
trifoliate leaf were collected from both experiments. After the collection, plants 
were kept under irrigated conditions until the end of the cycle. Yield components 
(total pod dry weight the total number of pods and seeds, total dry seed weight, 
and final yield) were determined.  

 

Gene expression analysis through RT-Qpcr 
 

Total RNA from soybean leaves was extracted Using Trizol® reagent and treated 
with DNAse I kit (Invitrogen). cDNA was synthesized using SuperScript® III First-
Strand Synthesis System (Invitrogen), according to the manufacturer’s directives. 
The relative gene expression level of cisgene GmDREB2A;2 (Glyma.14G056200), 
LEA2 (Glyma.09G185500 F- GGTAGACAGCATTCTAGTGG and R- 
TACCATAGACACCGGTAGT), LEA6 (Glyma.17G164200, F-
AAAGGCACAGAGTGATGAAT and R- CTTGATGACCTTGTGTACCA), and HSP70 
(Glyma.17G072400, F- TTTCGGGTTTGAATGTGTTG and R- 
AGGTCAAAGATAAGCACGTT) genes was carried out in GM events and BRS 283. 
Gene sequences were uploaded from Phytozome and primers were designed using 
the Primer3Plus software. The expression normalization was carried out by 
endogenous control ELF1- β (Glyma.13G073200, F- GTTGAAAAGCCAGGGGACA and 
R- TCTTACCCCTTGAGCGTGG) and FYVE (Glyma.13G114700, F- 
TTCTGTCTTCTGCAAGTGGTG and R- GATCCCTCATCCATACATTTCAG) (Marcolino-
Gomes et al., 2015). RT-qPCR reactions were carried out in three biologicals 
replicates (each one composed of bulk of two biological replicates, n=6), and three 
technical replicates. Reactions were comprised of cDNAs, 0.2 μM F and R primers, 
and 1x reaction buffer Platinum® SYBR Green® qPCR SuperMix UDG (Invitrogen). 
Reactions were made through a 7900HT thermocycler and cycling parameters used 
were 50°C for 2 min; 95°C for 10 min; 40 cycles of 95°C for 15 s, 60°C for 1 min; 
95ºC for 15 s; 60ºC for 15 s, and 95ºC for 15 s. The expression level was determined 
according to Livak and Schmittgen (2001). Control plants were used as calibrators to 
evaluate LEA2, LEA6, and HSP70 genes and to evaluate the overexpression of 
GmDREB2A;2 genes. Calibration was carried out in comparison to the plants of BRS 
283, which have the GmDREB2A endogenous gene.  
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Relative growth rate (RGR) in seedlings during germination, growth 
parameters and physiological responses in the VEG period 
 

Germination of seeds from BRS 283 cultivar and GM events was assayed in 
polyethylene glycol (PEG-8000) in the concentrations of 0.0MPa (control – distilled 
water) and - 0.2MPa (118.9 g L-1). The experiment was completely randomized, with 
four replicates (20 seeds each). The seeds were placed in Germitest paper, 
moistened with water/PEG concentration volume equal to two and a half times dry 
paper mass, and kept in the germination chamber at 25±1°C and 100% relative 
humidity (RH), for 120h. Total seedling (TSG), hypocotyl (HG), and roots growth 
(RG) were measured. Using these data, growth reduction rate (GRR) was assayed by 
comparing plants grown under both treatments, according to Villela and Beckert 
(2001). 

To evaluate growth parameters and physiological responses in the VEG period, 
seeds were germinated, and seedlings were relocated to 1L pots filled with the 
substrate, each pot containing only one seedling. The experiment was performed in 
4x2 factorial arrangement in a randomized complete block design with 9 replicates, 
under previously described conditions. At the V3 stage, WD treatment was imposed 
and plants stomatal conductance (gs) was daily examined, using portable LI-6400 
XT (LI-COR, USA), until gs values were lower than 0.2 mmol H2O m-2 s-1 (Flexas, Bota, 
Loreto, Cornic, & Sharkey, 2004). At this point, gas exchange parameters (A, Ci, E 
and, gs) were assessed on the central leaflet of the third fully expanded trifoliate 
leaf (apex-base direction) inside the greenhouse at 9.00 a.m. Plant height was also 
measured at the start (H1) and the end (H2) of the WD period. The mean length of 
internodes corresponded to the ratio between H1 and H2 and the number of 
nodes. The relative growth rate in height (RGRH) was calculated according to 
Molinari et al. (2020). Total leaf area was measured using a leaf area meter (LI 
3100C). Leaf-blades, stems, petioles, and roots were dried in a forced aeration oven 
at 60°C to constant weight, so that shoot dry matter (leaf blades + stems + 
petioles), root dry matter (per plant), and total dry matter were weighed. Soil water 
potential (MPa) was determined in the WD group using a WP4C (Decagon) potential 
meter.  

 

Water deficit tolerance test, daily transpiration, and statistical analysis  
 

Seeds from soybean GM lines and BRS 283 cultivar were grown and transferred 
to 1L pots as described above. The experiment was carried out with 20 replicates in 
a randomized complete block design. At the V2 developmental stage, irrigation was 
withheld for 19 days, and during this period, daily transpiration (g day−1) was 
assessed by the loss of water between consecutive days through the daily weighing 
of pots. After that, all plants were re-hydrated until they presented a plain recovery 
(eight days). Following this period, the green leaf area (dm2), assessed at the third 
trifoliate of treated plants was measured, using the equipment LI-3100C. The dry 
mass of the different tissues was also analyzed. Growth, physiological, and 
agronomic parameters were analyzed by ANOVA and the mean comparisons were 
carried out by the Tukey test (p≤0.05). Molecular analyses were performed by REST 
software (Pfaffl, Horgan, & Dempfle, 2002). 

 

RESULTS AND DISCUSSION 
 

Some studies indicate that the overexpression of DREB2A proteins is effective 
in increasing abiotic stresses tolerance in plants (Mizoi et al. 2013, Sadhukhan et al., 
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2014). In our study, increased expression levels of GmDREB2A;2 genes in soybean 
GM events confirm the activation of GmDREB2A;2 cisgene driven by 35SCaMV 
promoter. Highlighting differences in gene expression triggered by water 
treatments in C conditions in VEG and REP developmental stages, cisgene 
expression was significantly high for all three events, with the highest levels of 
expression being detected for GmDREB2A;2 FL event (Figures 1A and 1B). In WD 
conditions, cisgene expression levels were lower, which may be in part attributed to 
endogenous GmDREB2A;2 gene expression in conventional cultivar BRS 283 
triggered by the imposed treatment.  

Expression levels of LEA proteins in GM plants indicate that TF GmDREB2A;2 
induced expression of these proteins under WD conditions (Figures 1C and 1D). In 
the VEG period, the LEA6 expression level was higher for all three GM events, while 
in the REP period, GmDREB2A;2 CA-1 and GmDREB2A;2 FL presented higher 
expression levels (Figure 1C). For the LEA2 gene, higher expression levels were 
identified for GmDRE2A;2 CA-1 and GmDREB2A;2 FL events under WD imposed in 
both VEG and REP periods (Figure 1D). LEA2 and LEA6 are Dehydrins (DHNs) 
proteins that accumulate in response to abiotic stresses (Battaglia, Olvera-Carrillo, 
Garciarrubio, Campos, & Covarrubias, 2008). Koag, Wilkens, Fenton, Resnik, Vo and 
Close (2009) have identified that the interaction of such proteins with lipids in the 
membrane or with partially denatured proteins helps protect cells against damage 
caused by low water potential. Previous studies evaluated the expression level of 
dehydrin in response to abiotic stresses and showed increased levels in response to 
osmotic stress (Chiappetta et al., 2015), ABA, salicylic acid, and methyl jasmonate 
application, and drought, cold and, heat stresses in grapevine (Yang et al. 2012). 
Specifically, in soybean GM with different transcriptional factors, higher expression 
levels of LEA2 and LEA6 genes under WD were identified (Honna et al., 2016; 
Fuganti-Pagliarini et al., 2017; Molinari et al., 2020), corroborating the results 
obtained in the current study.  

Considering the heat shock protein gene HSP70, higher expression levels were 
detected under WD in the VEG period for GmDREB2A;2 CA-1 and GmDREB2A;2 FL 
GM events. A similar expression profile was observed for GM events and BRS 283 
under WD imposed in the REP period, but with relatively lower expression levels 
(Figure 1E). This result indicated that the development period has interfered in the 
responses for HSPs mediated by the different gene constructs. In Arabidopsis, the 
overexpression of TF DREB2ACA also activated genes induced by thermal stress 
under WD (Sakuma et al., 2006a; Sakuma et al., 2006b). Specifically, for HSP70, 
overexpression of GmDREB2A;2 FL and GmDREB2A;2 CA, resulted in lower 
activation and increase of HSP70 transcripts level, respectively (Mizoi et al., 2013).  

When seedling growth was assayed, BRS 283 showed a GRR (growth reduction 
rate) of 90% on the total length of seedings, in response to osmotic stress, followed 
by GmDREB2A;2 CA-1 (70%), GmDREB2A;2 CA-2 (65%), and GmDREB2A;2 FL (60%) 
GM events. For root growth, conventional cultivar BRS 283 and GmDREB2A;2 CA-1 
GM event presented greater reductions of growth when compared to other lines, 
80%, and 65%, respectively. However, the hypocotyl growth rate was not impaired 
as no significant difference was identified when genotypes were compared. These 
results suggested that the insertion of TFs GmDREB2A;2 FL and GmDREB2A;2 CA, 
when compared to the background genotype, did not seriously reduce root and 
seedling length which are considered, respectively, a sensitive parameter to 
differentiate physiological quality and to identify more adapted genotypes (Vieira et 
al., 2013). For growth data, genotype (Table 1) effects were observed for all 
variables analyzed, with GmDREB2A;2 CA-1 events showing inferior development 
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about the other genotypes. The overexpression of DREB2ACA in Arabidopsis also 
induced growth disturbances (Sakuma et al. 2006a) and germination in seedlings 
(Mizoi et al., 2013). 

Physiological data assayed showed that WD imposition resulted in an 
accentuated reduction of gas exchange parameters for all analyzes genotypes. BRS 
283, however, showed a more notable decline. Data from the photosynthetic rate 
of GM lines nevertheless indicated a better physiological performance under water 
restriction (Table 2). These results are consistent with an earlier study that also 
observed a decrease in gas exchange parameters under lack of water (Quain et al., 
2014). The conventional cultivar, despite lower photosynthetic rate also showed 
higher CO2 accumulation, probably due to reduced CO2 utilization in the 
photosynthesis process (Mutava et al., 2015), which impaired tolerance, reflecting 
in a lower green area (Figure 2). 

 

 
 

Figure 1. Gene expression analyses: Cisgene GmDREB2A;2 and drought-inducible genes expression levels in GM events GmDREB2A;2 FL, 
GmDREB2A;2 CA-1, GmDREB2A;2 CA-2 under control (C) and WD (water deficit) treatment conditions in VEG (A) and REP (B) developmental 
periods. Expression values under C were calibrated with the expression of BRS 283 cultivar under the same condition; and expression values 
under WD treatment were calibrated with the expression of BRS 283 cultivar under the same condition. Gene expression analyses of LEA6, LEA2 
and HSP70 in C, D and E, respectively, under WD conditions in VEG and REP developmental periods. The expression was calibrated with samples 
in the control condition. Significantly differences between BRS 283 and GM plants were assayed using REST 2009 software. (* significant at 
p≤0.05) software, biological replicates n=6. 
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Table 1. Growth parameters of soybean plants genetically modified with GmDREB2A;2 FL and GmDREB2A;2 CA, and 
conventional cultivar BRS 283. No significant interaction between C and WD conditions was identified. Data compare 
the main genotype effect and represent the average of the genotypes under both water conditions. 
 

 
C= control; WD= water deficit; LDM= leaves dry matter; PDM= petiole dry matter; RDM= roots dry matter; TDM= total dry matter; FA= foliar area. 
Means (n=9) ± standard error followed by the same letters do not differ by the Tukey test (p≤0.05); RGR= relative growth rate; GLDM= green leaves 
dry matter; GFA= green foliar area; CV=coefficient of variance. Means (n = 20) ± standard error followed by the same letters do not differ by the 
Tukey test (p≤0.05). 

 

 
Figure 2. Water deficit tolerance experiment carried out with soybean genetically modified plants 
GmDREB2A;2 FL and GmDREB2A;2 CA and conventional cultivar BRS 283. The photo was recorded 19 
days after water restriction followed by eight days of re-irrigation, time required for plants to present 
an evident recovery from water deficit treatment.  

 
Differences between soybean GM events and BRS 283 were observed for RGR 

(relative growth rate), GLDM (green leaves dry matter), GFA (green foliar area), and 
RDM (roots dry matter) (Table 1), with BRS 283 presenting inferior performance 
when compared to GM events. GmDREB2A;2 FL event showed higher GFA values 
when compared to other events after 19 days of withheld irrigation followed by 
eight days of rehydration (Figure 2). Daily transpiration data revealed that at the 
beginning of the WD experiment, cultivar BRS 283 showed transpiration about the 
GM events (Figure 3A), but by the end of the experimental period (Figure 3B) it 
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presented a better water status in the substrate. For GM event GmDREB2A;2 CA-1, 
this response could be a consequence of the plant's smaller size (Figure 2). 
According to Tuberosa (2012), a water conservation mechanism could be 
considered advantageous for long periods of water restriction since this reservoir in 
the soil can be made accessible for use in future periods. 

 

 
 

 
 
Figure 3. In A, daily transpiration of soybean genetically modified plants GmDREB2A;2 FL and 
GmDREB2A;2 CA, and conventional cultivar, BRS 283, under water deficit treatment. Values represent 
means (n = 20). In B, substrate water potential of soybean genetically modified plants, and 
conventional cultivar, BRS 283, under WD treatment. Means values (n=9) and standard error, 
represented by columns and bars respectively, followed by similar uppercase letters (between water 
conditions) and lowercase letters (among genotypes) do not differ by Tukey test (p≤0.05). 
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Table 2. Physiological parameters of soybean plants genetically modified with GmDREB2A;2 FL and GmDREB2A;2 CA and 
conventional cultivar BRS 283. 
 

 
C= control; WD= water deficit; LDM= leaves dry matter; PDM= petiole dry matter; RDM= roots dry matter; TDM= total dry matter; FA= foliar area. 
Means (n=9) ± standard error followed by the same letters do not differ by the Tukey test (p≤0.05); RGR= relative growth rate; GLDM= green leaves 
dry matter; GFA= green foliar area; CV=coefficient of variance. Means (n = 20) ± standard error followed by the same letters do not differ by the 
Tukey test (p≤0.05). 

 
For the yield components, in the VEG and REP stages, no genotype and water 

condition effects were observed. Average and standard error identified for these 

parameters in the VEG stage were 11.975.75 for TNP; 47.502.48g for TPDM; 

243.9113.29 for TNS; and 34.07 1.54g for TSDM. Soybean plants submitted to 
water restriction for short periods during the VEG period usually recover without 
any damage to yield. These authors showed that soybean plant heights and leaf 
areas exhibited rapid increases and partial compensation for their decreased sizes, 
after rehydration. This compensation effect was dependent on drought level, plant 
growth stage, duration, and frequency, but enough to avoid yield losses (Dong et al. 
2019). However, when water shortage is imposed for longer periods, it may affect 
not only photosynthesis, as observed in the present study (Table 2), but also height 
and leaf area index (Chavarria, Durigon, Klein, & Kleber, 2015).  

In the REP developmental period, average and standard error identified for 

TNP and TNS parameters for all genotypes and water conditions were 99.04 8.77 

and 218.0420.61. Although not statically different, GmDREB2A;2 FL presented 

higher values of TPDM and TSDM, 36.092.46g and 52.213.74g, respectively, 
which corroborated data from the WD tolerance test and also indicated this GM 
event as the one with the better performance under treatment. It suggests that it is 
possible to obtain soybean lines GM with TF GmDREB2A;2 with minor losses in final 
yields, an important trait for a grain crop, such as soybean. GmDREB2A;2 CA-1 

event presented lower values for TPDM and TSDM (30.982.36g and 43.463.33g, 
respectively) compared to the other GM events, related to the lower growth 
observed for this event (Table 1).  

It is important to highlight that the greater performance of GM lines during 
germination, emergence, and VEG stage would reflect in a better plant 
establishment, which in turn would result in improved, or fewer losses in final yield 
in many soybean production regions in Brazil. Additionally, important metabolic 
changes in these same GM events were reported in a prior study, where the main 
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metabolic defense strategy was the synthesis of metabolites associated with 
carbohydrates metabolism, in leaves under treatment conditions. In roots, 
increased levels of β-glucose, asparagine, and phenylalanine were found in 
GmDREB2A; 2 FL and GmDREB2A; 2 CA-1 events, suggesting that these metabolites 
could act as osmoprotectants improving drought responses (Marinho et al., 2019).  

 

CONCLUSIONS 
 

In the current study, the overexpression of TFs GmDREB2A;2 FL and 
GmDREB2A;2 CA in soybean triggered the expression of WD-induced genes, under 
treatment imposed in both the VEG and REP developmental periods. Seedlings from 
soybean plants GM with TFs GmDREB2A;2 FL and GmDREB2A;2 CA kept growth in 
osmotic treatment during germination and also showed a better performance for 
physiological and growth parameters under WD during the VEG period, suggesting 
an improved tolerance to drought. Therefore, the observed molecular and 
physiological responses and the variation in metabolites profile identified for these 
different genotypes in our previous study may explicate the better performance of 
genetically modified soybean plants and the greater sensitivity of the BRS 283 to 
WD. Additional experiments in field conditions may allow further characterization 
of these lines, adding information on their responses under water limiting 
conditions, in real crop cultivation circumstances. 

Finally, in the case of Brazil, the cultivation of these drought-tolerant lines 
throughout the national territory, which has a wide range of climatic conditions, 
can help to minimize productivity and financial losses due to periods of water 
deficit. Producers in general, from small family farms to large producing companies, 
consider soybean as a good crop option for some reasons such as good profit, ease 
of negotiation and marketing, and the existence of credit to finance production, 
therefore, offering these producers an option to reduce losses in dry seasons can 
really impact the local and national economy. 
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