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Abstract 
Plants are regularly exposed to myriads of stress factors that cause tremend-
ous damage to their genetic make-up. To ensure genome stability and surviv-
al over several generations under harsher environmental conditions, plants 
have evolved a unique mechanism for dealing with DNA damage known as 
the DNA damage response pathway (DDR). It has been proposed that there 
may exist a relationship between the DNA damage response pathway and ab-
iotic stress response in plants. To further investigate this relationship, we 
knocked down the soybean suppressor of gamma response 1 gene (GmSOG1), 
a master regulatory gene of the DDR, in soybean plants and subjected the 
generated transgenic plants to drought stress analysis. Gene expression analy-
sis of the GmSOG1 gene in drought stressed soybean tissues revealed high le-
vels of expression in buds and young leaves. The root lengths and root fresh 
weights of transgenic soybean plants grown on Murashige and Skoog media 
supplemented with Gamborg B5 vitamins (MSB5 media) containing 200 mM 
mannitol for 10 days were significantly lesser than those of drought stressed 
wild-type plants. Polyethylene glycol (PEG) induced drought stress assay in 
vivo resulted in significant damage in transgenic plants compared with 
wild-type plants. Also, the relative expressions of known drought responsive 
transcription factors such as GmDREB1 and GmLEA as well as antioxidation 
related genes like GmAPX and GmCAT were downregulated in transgenic 
soybean lines relative to wild-type plants. Moreover, wild-type soybean plants 
accumulated more chlorophyll and less malondialdehyde (MDA) than trans-
genic lines. A confirmatory experiment in GmSOG1 overexpressing Arabi-
dopsis plants also showed significantly higher survival rates and anti-oxidation 
enzyme accumulation in drought stressed GmSOG1 overexpressing Arabi-
dopsis lines compared with wild-type plants. These results suggest that the 
SOG1 gene may play active roles in plant abiotic stress defense. 
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1. Introduction 

The soybean plant is the most cultivated oil seed crop worldwide, occupying 
about 6% of the world’s total landmass under cultivation [1]. The plant contains 
several useful metabolites and it is the most economically important oil seed 
crop as well as the leading source of vegetable oil in the world [2]. Research has 
identified several useful health benefits for the plant including the prevention of 
cancer, kidney diseases, obesity and diabetes [3].  

Drought stress is one of the major factors affecting soybean production, caus-
ing about 40% of global yield losses annually [4]. Drought is usually caused by a 
variety of factors such as low humidity, high temperatures and water deficiency 
[5]. Soybean plants exposed to drought conditions experience reduced nitrogen 
fixation, loss of CO2 accumulation and reduction in leaf area [6], which conse-
quently results in a decrease in protein synthesis and yield losses [7].  

Given the useful nature of the soybean crop, several studies have identified use-
ful drought defense genes in the plant. For example, Arabidopsis plants express-
ing the soybean dehydration responsive binding protein 2 gene (GmDREB2) 
were reported to have shown enhanced tolerance to drought and salt stresses [8]. 
The soybean ethylene responsive factor 3 (GmERF3) transcription factor was 
also found to confer drought tolerance to transgenic tobacco plants [9]. Wheat 
and Arabidopsis plants expressing the soybean basic leucine zipper 1 (GmbZIP1) 
transcription factor showed tolerance to drought and other abiotic stresses [10]. 

Under stress conditions, reactive oxygen species (ROS) such as singlet oxygen, 
superoxide anions and hydroxyl radicals accumulate in plants leading to DNA 
damage. One mechanism by which plants deal with reactive oxygen species is via 
the anti-oxidation pathway by means of enzymes such as catalase (CAT) and 
ascorbate peroxidase (APX). In addition to the antioxidation pathway, plants 
have evolved an efficient system known as the DNA damage response (DDR) 
pathway [11] [12]. The DDR pathway is made up of key components including 
DNA damage sensors, signal transducers, mediators, and effectors [13] that per-
form functions such as the activation of DNA repair pathways and the termina-
tion of cell division in proliferating cells experiencing DNA damage [14].  

The suppressor of gamma response 1 (SOG1) gene has been identified as an 
important gene in plant DNA damage response [15]. This gene is a plant specific 
transcription factor belonging to the no apical meristem (NAM), Arabidopsis 
transcription activation factor (ATAF1/2), and cup shaped cotyledon (CUC2); 
NAC family of proteins [15]. In addition to a central NAC domain, the gene 
possesses two other domains: The N-terminal extension and the C-terminal 
transcription regulatory domain which contains five serine-glutamine sites that 
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are phosphorylated in response to DNA damage [16]. The SOG1 gene has been 
shown to play significant roles in cell cycle regulation during DNA damage. For 
example, Irradiated SOG1 Arabidopsis mutants showed decreases in expression 
levels of genes related with cell cycle regulation such as the cyclin dependent ki-
nase B2-1 gene (CDKB2-1) and KNOLLE for a 24-hour period [15]. Also, the 
growth of roots of seedlings of sog1-1 lines was not inhibited relative to those of 
wild-type seedlings when grown in media containing zeocin, a mutagen [17]. Oth-
er studies have also identified SOG1 to be involved in programmed cell death [18], 
the initiation of endoreduplication [17] and the maintenance of genome stability 
in response to DNA damage [15]. 

The ability of a plant to maintain its genome integrity under stress conditions 
is likely to play a vital role in stress tolerance. However, very few studies have 
focused on the roles DDR related genes play in abiotic stress defense [14]. Here 
we report the functional characterization of the GmSOG1 gene. In this work, we 
chose the GmSOG1 gene because of its unique characteristic as a major player in 
the DDR pathway. We hypothesized that the GmSOG1 gene apart from being a 
potentially valuable drought defense gene for soybeans, might also help us un-
derstand the interplay between the DDR and abiotic stress response in plants. 

2. Materials and Methods 
2.1. Phylogenetic Analysis of the GmSOG1  

Amino acid sequences of the protein (XP_006604012) encoded by GmSOG1 was 
aligned with homologous sequences from Phaseolus vulgaris (XP_007141005), 
Arabidopsis thaliana (NP_001319443), Vigna unguiculata (XP_027922212), So-
lanum lycopersicum (XP_004231842), Capsicum annuum (XP_016561625), 
Gossypium hirsutum (XP_016673290), Brassica napus (XP_013642093.1) and 
Cucumis melo (XP_008458820) with the Clustal W software [19]. Using the 
MEGA 5.0 software, a phylogenetic tree was constructed by means of the neigh-
bor-joining method. The tree was constructed with 1000 bootstrap replicates 
[20]  

2.2. Generation of GmSOG1 Knockdown Transgenic Soybean Lines 

A 395 bp fragment of the open reading frame of the GmSOG1 gene (XM_006603949) 
was PCR amplified with gene specific primers from cDNA isolated from soybean 
leaves. The amplified sequence was first cloned into the PCR8 entry vector, con-
firmed via sequencing and then cloned into the pANDA35HK RNAi vector by 
means of the Gateway LR cloning method. Two copies of GmSOG1 fragments 
were inserted in inverted orientation at both ends of the Gus linker (1.2 kb) se-
quence under the control of cauliflower mosaic virus (CaMV) 35S promoter 
(Figure 2(B)). Half seed explants of the Japanese soybean variety “Kurosengo-
ku” were transformed according to the method previously described by Hinchee 
et al. [21] with few modifications. Soybean seeds were surface sterilized with 70% 
alcohol for 40 s and 1% sodium hypochlorite solution for 20 minutes. The steri-
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lized seeds were plated on Gamborg B5 medium and germinated for 5 days. Ex-
plants were prepared by splitting 5-day old seedlings into equal halves along the 
hilium to separate the two cotyledons and the axillary bud region of cotyledo-
nary nodes wounded with a surgical blade. Agrobacterium tumefaciens EHA105 
cells carrying the RNAi construct (pANDA35HK::GmSOG1i) was vacuum infil-
trated into wounded explants at a pressure of 25 mm of Hg for 20 mins. 
Co-cultivation was carried out in the dark on MS medium overlaid with filter 
paper for three days. Subsequently, explants were washed, blotted dry and plated 
on shoot induction medium (SIM) containing 70 mg/L kanamycin for 2 weeks. 
Developing shoots were excised from cotyledons and transferred onto rooting 
medium without kanamycin. The trimmed cotyledons were also transferred to a 
fresh shoot induction medium containing 75 mg/L kanamycin for another 2 
weeks. Afterwards, the cotyledons were transferred onto shoot elongation me-
dium (SEM) containing 75 mg/L kanamycin every two weeks until enough 
elongating shoots were obtained. 2 - 3 cm long putative transgenic shoots were 
rooted on rooting medium and transferred into pots containing soil. T3 trans-
genic soybean seeds were obtained for further analysis.  

2.3. Generation of GmSOG1 Overexpressing Arabidopsis Lines 

The full-length open reading frame of GmSOG1 was amplified from the cDNA 
of soybean leaves using gene specific primers and cloned into the PCR8 entry 
vector. After sequencing, the GmSOG1 gene was inserted downstream of the 
CaMV 35S promoter at the attR1-attR2 sites of the pGWB2 binary vector [22] by 
means of LR cloning. For Arabidopsis thaliana transformation, Agrobacterium 
tumefaciens EHA105 cells bearing the pGWB2::GmSOG1 were transformed into 
Arabidopsis plants via the floral inoculation method [23]. T0 transgenic seeds 
were harvested and sown on MS media containing 50 mg/L kanamycin and 20 
mg/L meropenem. Kanamycin selection of putative seeds was carried out until 
T3 homozygous lines were obtained. Lines 1, 2 and 3 were selected for further 
analysis. 

2.4. RT-PCR of Transgenic Soybean Plants 

RNAs extracted from wild-type and transgenic soybean plants were converted to 
cDNA using the PrimeScript RT reagent with gDNA eraser kit (TaKaRa Bio Inc, 
Japan). Using cDNAs as template the GUS linker sequence in the pANDA35HK 
vector was amplified according to the following PCR conditions; initial denatu-
ration: 94˚C for 2 minutes, denaturation: 94˚C, for 10 seconds, annealing: 62˚C 
for 10 seconds and extension: 68˚C for 15 seconds. Amplifications were carried 
out for 30 cycles with the soybean elongation factor 1α (GmEF1a) as an internal 
control gene.  

2.5. Real Time PCR 

Quantitative real time PCR was carried out with the KOD SYBR qPCR Mix 
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(TOYOBO) on a Step One Plus Real-Time PCR System machine (Applied Bio-
systems). Triplicates of 20 μl reaction mixture were set up for each treatment.  

2.6. In Vitro Drought Stress Analysis of Soybean Plants 

Seeds of T3 transgenic and wild-type soybean plants (8 seeds per line for a single 
independent experiment) were germinated on MSB5 medium for three days and 
then transferred onto fresh MSB5 media containing 200 mM mannitol for 10 
days. After ten days of growth, parameters such as weight of root mass and 
length of primary roots of individual plants were measured. 

2.7. Drought Stress Analysis of Transgenic Soybean Plants on Soil 

Seeds of wild-type and T3 transgenic soybean plants were germinated on MSB5 
medium for 7 days. Afterwards, 10 plants (for a single independent experiment) 
of each line were transferred onto soils and grown in a plant growth chamber 
under 16/8 photoperiod. At 2 weeks, soybean plants were irrigated with 15% po-
lyethylene glycol (PEG) for 10 days. Subsequently, plants were recovered with 
water for 3 days and parameters such as rate of survival and plant fresh weights 
taken. Plant survival rate was computed as the percentage of soybean plants not 
showing signs of whole plant wilting (plants with less than 90% - 100% of leaves 
not showing signs of wilting). 

2.8. Drought Stress Analysis of Transgenic Arabidopsis Plants  

Seeds of T3 transgenic Arabidopsis plants and wild-type Arabidopsis thaliana 
(Columbia-0 ecotype, Col-0) were surface-sterilized with 1% sodium hypochlo-
rite solution for 10 mins, rinsed five times in sterile double-distilled water, plated 
on ½ MS medium and vernalized in the dark at 4˚C for 2 days. The plates were 
taken out after two days and grown at 22˚C under 16 h light/8 h dark cycles for 
12 more days. The seedlings were then transferred to soil and grown under the 
same conditions until the third week. 3-weeks-old seedlings (10 plants per line 
for a single independent experiment) were subjected to drought stress by with-
holding water for 14 days, followed by recovery by watering for 3 days. 

2.9. Rate of Water Loss 

The rate of water loss in detached Arabidopsis leaves was determined according 
to the methods of [24] [25]. The rate of transpiration of detached Arabidopsis 
leaves was determined over a 6-hour period. Three sets of readings were taken 
for the Fresh weight (LWt) of leaves at every 60 min interval and the relative 
water loss (RWL) of leaves determined as follows: RWL = (FW-LWt)/FW × 100, 
where LWt is the weight of the leaf subjected to desiccation treatment for t 
hours, and FW is the weight of leaves before desiccation. 

2.10. Lipid Peroxidation and Chlorophyll Content Determination 

Malondialdehyde (MDA) content, a marker of lipid peroxidation, was deter-
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mined in leaves according to the method previously described by Heath and 
Packer [26]. Leaf samples were ground with liquid nitrogen, suspended in 0.1% 
trichloroacetic acid (TCA), vortexed and centrifuged at 10,000 rpm for 5 mins. 
Next, 1 ml of the supernatant was dispensed into a separate tube and 4 ml of 
0.5% thiobarbituric acid (TBA) added. The mixture was incubated at 95˚C for 30 
mins. After incubation, the reaction was quickly cooled on ice and centrifuged at 
5000 rpm for 5 mins to settle debris. Absorbances of the supernatants were meas-
ured at 532 and 600 nm. Unspecific turbidity was corrected for by subtracting the 
value at 600 nm. MDA concentration was determined according to an extinction 
(ε) of 155 mM−1∙cm−1 and expressed as nanomoles per gram of fresh weight of leaf 
samples used.  

The chlorophyll contents of plants were determined according to the method 
of Zhang et al. [27]. 0.1 g of leaf tissues were ground to a fine powder with liquid 
nitrogen and homogenized with 1 ml 100% DMF. The homogenized samples 
were centrifuged for 10 mins and the supernatants collected into fresh tubes. 
The optical densities of supernatants were measured at 664 nm and 647 nm and 
the total chlorophyll content determined according to the formula: [chlorophyll 
a + chlorophyll b] = 17.90 × A647 + 8.08 × A664. 

2.11. Determination of Ascorbate Peroxidase (APX) and Catalase 
(CAT) Contents 

The activities of APX and catalase CAT were determined in the supernatants of 
0.02 g of Arabidopsis leaves homogenized with 50 mM ice-cold phosphate buffer 
(pH 7.8) containing 1 mM EDTA. The activity of APX (EC 1.11.1.6) was assayed 
in accordance with the method of Nagano and Asada [28]. A total of 3 ml reac-
tion mixture containing 50 mM phosphate buffer (pH 7.8), 0.1 mM EDTA, 0.5 
mM ascorbate, 0.1 mM H2O2 and 0.2 ml enzyme extract was set up. The activity 
of APX was determined spectrophotometrically by measuring the hydrogen 
peroxide induced oxidation of ascorbate at 290 nm for 3 mins at 30 seconds in-
tervals. The molar extinction coefficient for ascorbate 2.8 mM−1∙cm−1 was used to 
quantify APX activity. CAT activity was determined following the method out-
lined by Cakmak and Marschner [29] in 3 ml of reaction solution consisting of 
100 mM phosphate buffer (pH7.0), 0.1 mM EDTA, 0.1% H2O2 and 0.2 ml enzyme 
extract. CAT activity was quantified at an extinction enzyme extract co-efficient 
of 39.4 mM−1∙cm−1 after the rate of decrease hydrogen peroxide measured at 240 
nm on a spectrophotometer.  

2.12. Statistical Analysis  

The SPSS software (SPSS Inc., Chicago, IL, USA) was used to analyze the data 
generated. The Duncan’s test was used to separate differences in means between 
treatments at a probability level of 0.05. Graphs were generated with Microsoft 
Excel. All experiments were performed in triplicates. Sequences of primers used 
in this work are given in Table 1. 

https://doi.org/10.4236/ajps.2021.121003


S. A. Poku et al. 
 

 

DOI: 10.4236/ajps.2021.121003 24 American Journal of Plant Sciences 
 

Table 1. List of primers used in this study. 

Primer name Sequences (5’ - 3’) 

GmLEAFP TGGGTAATATTGGGCGAAGGAATG 

GmLEARP AATTTCAGGGGTGTGGTTAATGGG 

GmDREB1FP AGGAAGAAGAGCAGGTGTTGGATA 

GmDREB1RP GGCATCCAAGTCAGCATCTTCATA 

GmAPX1FP GTTGTTGAGTGGTGAGAAGGAAGG 

GmAPX1RP GCATATTTATCAACGAGAGGGCGG 

GmCAT1FP CCTGCATTTTGCCCTGCCATTATT 

GmCAT1RP TCCAAGTCTGTGTCTCTGGGTATC 

GmEF1a5P ACTGTGCTGTCCTGATTATTGACT 

GmEF1a3P GGACCAAAAGTAACAACCATACCA 

HPTFP CAGCTTCGATGTAGGAGGGCGTGG 

HPTRP AATCCCCGAACATCGCCTCGCTCC 

GmSOG1RNAiFP AGGTGAATATGTGGTTTCAAAAAT 

GmSOG1RNAiRP GAAAGTAAATTTTAGTGAACCAAG 

GmSOG1FP CTCTTCTTCGATACAATGGCTAGG 

GmSOG1RP CGCATAACCTGTCCATCCAATCAA 

Gus linkerFP CATGAAGATGCGGACTTACG 

Gus linkerRP ATCCACGCCGTATTCGG 

3. Results 

3.1. Phylogenetic and Expression Analysis of GmSOG1 in Soybean 
Tissues 

To understand the evolutionary relationship that exists between GmSOG1 and 
homologous proteins from other plants, a phylogenetic tree was constructed. 
The results of phylogenetic analysis revealed that GmSOG1 was closely related 
with a homologous protein in Gossypium hirsutum but distantly related with a 
similar protein in Arabidopsis thaliana (Figure 1(A)). Gene expression analysis 
of GmSOG1 in unstressed, drought stressed, and salt stressed soybean tissues 
showed the expression of the gene in all tissues tested. GmSOG1 was highly ex-
pressed in buds, young leaves and young shoots. Immature soybean pods on the 
other hand showed the lowest level of expression (Figure 1(B)). 
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Figure 1. Phylogenetic and expression analysis of GmSOG1. (A) Phylogenetic relation-
ships between GmSOG1 and homologous proteins from Phaseolus vulgaris, Arabidopsis 
thaliana, Vigna unguiculata, Solanum lycopersicum, Capsicum annuum, Gossypium hir-
sutum and Brassica napus. (B) Expression analysis of GmSOG1 in tissue samples of 
drought stressed soybean plants. MS: mature shoots, YL; young leaves, YR: young roots, 
IP: immature pods, B: buds, YS: young shoots, OL: old leaves. Data are means of tripli-
cates from three independent experiments. Error bars indicate SE. 

3.2. Generation of GmSOG1 Transgenic Soybean Lines 

We generated six putative transgenic lines. Out of this number, only two lines 
could produce viable seeds. These lines were denoted as R1 and R2. qRT-PCR 
analysis confirmed the successful knockdown of the GmSOG1 gene in transgen-
ic soybean lines. The GmSOG1 gene was found to be highly downregulated in 
R1 plants than R2 plants. On average, Knockdown transgenic lines showed about 
a 1.92-fold decrease in GmSOG1 expression relative to the wild-type (Figure 
2(A)). Furthermore, transgenic plants were shown to be RT-PCR positive. The 
GUS-linker sequence of the pANDA35HK vector was successfully amplified 
from cDNAs isolated from transgenic soybean lines (Figure 2(B)). 
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3.3. In Vitro Drought Stress Analysis of Soybean Plants 

The drought tolerance capacities of soybean plants were evaluated based on root 
length and root fresh weight measurements of wild-type and transgenic plants (8 
plants per line) subjected to drought stress on Murashige and Skoog medium 
plus B5 vitamins (MSB5) media containing 200 mM mannitol. After 10 days of 
droughts stress treatment, root lengths and root fresh weights were significantly 
higher in wild type soybean plants compared with RNAi transgenic lines (Figure 
2(C), Figure 2(D)). 

3.4. Drought Stress Assays of Soybean Plants on Soil 

The survival rates of wild-type soybean plants subjected to PEG-induced drought 
stress were significantly higher than transgenic lines. More than 70% of the 
tested wild-type plants survived after recovery whereas less than 10% of the two 
transgenic lines tested showed signs of recovery (Figure 3(A), Figure 3(B)). The 
fresh weights of wild-type soybean plants after drought stress treatment were al-
so significantly higher than RNAi transgenic lines (Figure 3(C)). 
 

 
Figure 2. Molecular and Physiological analysis of soybean lines. (A) Relative expression analysis of GmSOG1 in wild-type and 
RNAi-transgenic soybean lines by qRT-PCR. (B) RT-PCR analysis of the Gus linker sequence (1200 bp) of introduced RNAi con-
struct (pANDA35HK::GmSOG1i) and EF-1a (560 bp as internal control) in soybean lines. M: marker, nptII: neomycin phospho-
transferase II gene, hpt: hygromycin phosphotransferase gene, 35SP: CaMV 35S promoter, nosT: nopaline synthase gene termina-
tor, RB: right border, LB: left border. (C) Root length analysis of soybean plants. (D) Root fresh weight analysis of soybean plants 
WT: wild-type, R1: RNAi-transgenic line 1, R2: RNAi-transgenic line 2. Different letters represent significant difference (p < 0.05) 
according to Duncan’s test. 
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Figure 3. Drought tolerance assays of soybean lines. (A) Phenotypes of soybean lines treated with 15% PEG. (B) Survival rates (%) 
of drought stressed soybean lines. (C) Fresh weight (g) analysis of soybean lines. WT: wild-type, R1: RNAi-transgenic line 1, R2: 
RNAi-transgenic line 2. Data are means SD of triplicates from three independent experiments. Error bars denote SD. Bars with 
different letters represent significant difference (p < 0.05) according to Duncan’s test. 

3.5. Relative Expression of Transcription Factors 

The relative expression levels of two transcription factors: the soybean dehydra-
tion responsive element binding protein 1 gene (GmDREB1) and the soybean 
late embryogenesis abundant protein 5 gene (GmLEA-5) were investigated in 
leaves of unstressed and drought stressed wild-type and GmSOG1 knockdown 
soybean lines. The transcript levels of the two transcription factors tested were 
low and showed no significant differences between wild-type and knockdown 
lines in unstressed leaf samples. The rates of expression of both genes were 
however, upregulated in response to drought stress in all lines tested. Expression 
levels of the genes in drought stressed tissues were significantly higher in the 
wild-type line than transgenic lines (Figure 4(A), Figure 4(B)). 

3.6. Relative Expression of Anti-Oxidation Related Genes 

The relative expression levels of anti-oxidation related genes such as GmAPX 
and GmCAT were studied in wild-type and knockdown transgenic soybean lines 
before and after drought stress application. The differences in the transcript le-
vels of the two genes were minute in unstressed wild-type and transgenic lines. 
However, under drought stress, the wild-type line showed significantly higher 
transcription levels of both GmAPX and GmCAT relative to transgenic lines 
(Figure 4(C), Figure 4(D)). After drought stress application, on average, wild 
type plants accumulated approximately 10 times more GmAPX and 12 times 
more GmCAT1 transcripts than transgenic plants (Figure 4(C), Figure 4(D)).  
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Figure 4. Expression analysis of transcription factors and anti-oxidation related genes. (A) qRT-PCR analysis of GmDREB1 in 
soybean plants. (B) qRT-PCR analysis of GmLEA in soybean plants (C) qRT-PCR analysis of the GmAPX in soybean plants. (D) 
qRT-PCR analysis of GmCAT in soybean plants. WT: wild-type. R1: RNAi-transgenic line 1, R2: RNAi-transgenic line 2. Data are 
means of triplicates from three independent experiments. Error bars indicate SD. Bars with different letters represent significant 
difference (p < 0.05) according to Duncan’s test. 

3.7. Relative MDA and Chlorophyll Contents 

The relative amount of MDA was found to be significantly higher in knockdown 
transgenic soybean lines than in wild-type plants under both non-stressed and 
drought stressed conditions, indicating a higher level of lipid peroxidation in 
transgenic lines compared with wild-type plants. Averagely, unstressed wild-type 
soybean plants accumulated 2.31 times the amount of MDA in unstressed trans-
genic plants. Drought stressed wild-type soybean plants on the other hand ac-
cumulated 2.24 times the amount of MDA in transgenic plants under the same 
condition (Figure 5(A)). The chlorophyll contents of wild-type and transgenic 
plants were also significantly different under both non-stressed and drought 
stressed conditions. Transgenic plants accumulated significantly lesser amounts 
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of chlorophyll compared to wild-type plants. On average, drought stressed wild-type 
soybean plants accumulated 1.4 times the amount of chlorophyll in transgenic 
plants under the same condition (Figure 5(B)).  

3.8. Drought Stress Analysis of Transgenic Arabidopsis Plants 

3-weeks-old Arabidopsis seedlings were subjected to drought stress by with-holding 
water for 14 days. At the end of the drought stress application period, plants 
were recovered with water for 3 days. After drought stress application and re-
covery, all transgenic plants tested survived whereas none of the wild-type plants 
tested showed signs of recovery (Figure 6(A), Figure 6(B)). The rate of water 
loss in detached transgenic Arabidopsis leaves was also investigated over a 
period of six hours. Our results showed that leaves of wild-type plants had lost a 
significantly higher amount of water compared with transgenic plants. The 
wild-type line lost about 65% of its water content compared with a water loss 
rate of 25%, 34% and 39% for line 3, line 1 and line 2 transgenic Arabidopsis 
plants respectively (Figure 6(C)). 

3.9. Enzymatic Activities of APX and CAT in Arabidopsis Plants 

The activities of APX and CAT were assayed in Arabidopsis plants prior and af-
ter drought stress treatment. The activities of the two enzymes tested were not 
significantly different in unstressed plants except in line 3. However, both APX 
and CAT showed significantly higher activities in drought stressed transgenic 
Arabidopsis lines compared to wild-type plants. On average, Transgenic lines 
accumulated 0.68 times more APX and 1.18 times more CAT than wild-type 
plants (Figure 7(A), Figure 7(B)). 
 

 
Figure 5. Biochemical analysis of soybean lines pre and post drought stress treatment. (a) MDA content (μg/gFW) of soybean 
lines before and after drought stress application (b) Chlorophyll content (mg/gFW) of soybean lines. WT: wild-type, R1: 
RNAi-transgenic line 1, R2: RNAi-transgenic line 2. Data are means of triplicates from three independent experiments. Error bars 
represent SD. Different letters represent significant difference (p < 0.05) according to Duncan’s test. 
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Figure 6. Responses of Arabidopsis lines to drought. (A) Phenotypes of 3-weeks-old Arabidopsis seedlings subjected to drought 
stress (14 days) followed by re-watering (3 days). (B) Survival rates (%) of Arabidopsis plants after drought stress treatment. C: 
Percentage rate of water loss in Arabidopsis lines. WT: wild type, L1: transgenic line 1, L2: transgenic line 2, L3: transgenic line 3. 
Data are means of triplicates from three independent experiments. Error bars represent SD. Bars with different letters represent 
significant difference (p < 0.05) according to Duncan’s test. 

 

 
Figure 7. Enzymatic activities of APX and CAT in Arabidopsis lines. (A) Enzymatic activity of APX in unstressed and drought 
stressed Arabidopsis lines. (B) Enzymatic activity of CAT in unstressed and drought stressed Arabidopsis. Data are means of trip-
licates from three independent experiments. Error bars represent SD. 
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4. Discussion 

NAC genes are a major group of transcription factors that play major roles in 
plant root development and stress responses. This family of transcription factors 
contains several valuable candidate genes that can be used for plant drought 
stress improvement [30]. In this report, we studied the roles of GmSOG1 in 
drought stress tolerance.  

Soybean plants when exposed to drought stress exhibit morphological changes 
in their growth [31]. One vital part of the soybean plant that shows changes in its 
morphology in response to drought stress is its root system [32] thus root traits 
have been proposed as useful drought tolerance indicators in soybean plants [33] 
[34]. A positive relationship has been found to exist between soybean root traits 
such as root weight and drought stress tolerance [31]. In this study, wild-type 
soybean plants recorded significantly higher root lengths and root fresh weights 
compared with GmSOG1 knockdown transgenic lines (Figure 2(C), Figure 
2(D)). Evidence support the fact that deep penetrating roots with larger lateral 
root systems are advantageous under drought conditions [35]. Research has 
shown that roots with such architectures possess a greater total surface area and 
hence have the capacity to ensure maximum water and nutrient uptake to sus-
tain photosynthesis under stress conditions [35]. 

Plant weight parameters have also been identified as useful markers for soy-
bean drought tolerance [31]. The weight of plants after drought stress treat-
ment can give an indication as to the extent to which the plants could maintain 
metabolism under such conditions. Our results showed that wild-type soybean 
plants had significantly higher fresh weights after drought stress recovery 
compared with knockdown transgenic lines (Figure 3(C)). The survival rates of 
wild-type plants were also significantly higher than knockdown transgenic lines 
(Figure 3(A), Figure 3(B)). A report on the functional study of the soybean del-
ta-1-pyrroline-5-carboxylate synthase gene (GmP5CS) revealed higher rates of 
survival in drought stressed wild-type plants compared with P5CS knocked-down 
transgenic soybean lines [36]. In a confirmatory experiment involving GmSOG1 
overexpressing Arabidopsis plants, all transgenic lines tested showed signs of 
recovery after recovery from drought stress whereas none of the wild-type plants 
could survive (Figure 6(A), Figure 6(B)).  

Transcription factors play vital roles in plant stress defense by regulating the 
expression of other genes. We investigated the effects the downregulation of 
GmSOG1 would have on two known drought responsive genes: the GmLEA5 
and GmDREB1 genes. Our results showed that the downregulation of GmSOG1 
expression in transgenic lines resulted in a corresponding downregulation in the 
expression levels of the two genes tested (Figure 4(A), Figure 4(B)). In line with 
this result, it has been reported that the AtSOG1 transcription factor regulates 
the expression of certain abiotic stress responsive genes [37]. Another way plants 
deal with the deleterious effects of stress factors is by making changes in the ex-
pression profiles of antioxidation related genes [38]. Antioxidants play integral 
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roles in both redox systems and DDR pathways to counteract the harmful effects 
of genotoxic stress in plants [39]. In this research, antioxidation related genes 
such as GmAPX and GmCAT were all downregulated in knockdown transgenic 
soybean plants relative to wild-type plants (Figure 4(C), Figure 4(D)). Fur-
thermore, the activities of APX and CAT were greatly enhanced in GmSOG1 
overexpressing transgenic Arabidopsis plants (Figure 7(A), Figure 7(B)).  

Plants produce reactive oxygen species as a result of normal metabolic activi-
ties and in response to environmental stresses. The accumulation of these com-
pounds in plant cells causes lipid peroxidation which adversely impacts the 
chlorophyll content of plants [40]. In this study, GmSOG1 knockdown trans-
genic lines accumulated significantly higher amounts of MDA than wild-type 
plants under both normal and drought stressed conditions (Figure 5(A)). The 
accumulation of ROS due to normal cellular activities has been identified as a 
major cause of DNA damage in plants [14]. The downregulation of GmSOG1, a 
major plant DNA damage responsive gene, in transgenic lines possibly inter-
fered with the mechanisms of ROS scavenging hence the higher accumulation of 
MDA in transgenic plants. A significantly higher amount of chlorophyll was also 
observed in wild-type soybean plants relative to transgenic lines (Figure 5(B)). 
The chloroplast of plants has been identified as a major site for the production of 
reactive oxygen species (ROS) [41]. The buildup of ROS in the photosynthetic 
machinery of plants as a result of stresses, may lead to chlorophyll degradation 
[40] [42] [43]. Transgenic soybean lines therefore had lower amounts of chloro-
phyll under drought stress as they may have lacked a protective mechanism 
against ROS induced chlorophyll degradation. 

5. Conclusion 

We have shown that there may exist an interplay between the DNA damage re-
sponse (DDR) pathway and abiotic stress response in plants. The GmSOG1 gene, a 
chief regulatory gene of the DDR pathway was found to play roles in drought to-
lerance. The suppression of GmSOG1 expression in soybean plants led to a com-
promised ROS scavenging system under drought conditions. The SOG1 gene is a 
potentially useful candidate gene for plant stress engineering hence the need to 
identify and functionally characterize homologous genes in other plant species. 
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