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Abstract
Key message Overexpression of FvC5SD improves drought tolerance in soybean.
Abstract Drought stress is one of the most important abiotic stress factors that influence soybean crop quality and yield. 
Therefore, the creation of drought-tolerant soybean germplasm resources through genetic engineering technology is effective 
in alleviating drought stress. FvC5SD is a type of C-5 sterol desaturase gene that is obtained from the edible fungus Flam-
mulina velutipes. This gene has good tolerance to the effects of stresses, including drought and low temperature, in yeast cells 
and tomato. In this study, we introduced the FvC5SD gene into the soybean variety Shennong9 through the Agrobacterium-
mediated transformation of soybean to identify drought-tolerant transgenic soybean varieties. PCR, RT-PCR, and Southern 
blot analysis results showed that T-DNA was inserted into the soybean genome and stably inherited by the progeny. The ectopic 
expression of FvC5SD under the control of a CaMV 35S promoter in transgenic soybean plants enhanced the plant’s tolerance 
to dehydration and drought. Under drought conditions, the transgenic plants accumulated lower levels of reactive oxygen spe-
cies and exhibited higher activities and expression levels of enzymes and cell than wild-type soybean. iTRAQ analysis of the 
comparative proteomics showed that some exogenous genes coding either functional or regulatory proteins were induced in the 
transgenic lines under drought stress. FvC5SD overexpression can serve as a direct and efficient target in improving drought 
tolerance in soybean and may be an important biotechnological strategy for trait improvement in soybean and other crops.
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Introduction

Soybean [Glycine max (L.) Merrill] is a leguminous plant 
whose seeds are rich in protein and is one of the most 
widely grown economic crops. Soybeans contain essen-
tial amino acids, dietary minerals, vitamins, etc., and eat-
ing soybean seeds can enhance immune function, prevent 
hardening of the arteries, improve bowel movement, and 
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exert hypoglycemic and lipid-lowering effects. The growth, 
metabolism, and yield of plants are subjected to various con-
ditions, including biotic and abiotic stresses (Le Gall et al. 
2015). Drought stress is the most common and threatening 
problem that seriously affects the growth, development, and 
reproduction of plants. It is also responsible for the reduc-
tion of crop yield. During drought, soybean yield losses can 
reach up to 40%, and these losses are greater when moisture 
stress occurs during the vegetative and reproductive stages 
(Valliyodan et al. 2017). Therefore, the use of biotechno-
logical methods to cultivate new drought-tolerant varieties 
that increase soybean yield is of great significance for the 
production and cultivation of soybeans.

Genetic engineering or transgenic technology is a ver-
satile and alternative technology that is used to overcome 
the limitations of classical and modern breeding technolo-
gies (Kamthan et al. 2016). Genetically modified (GM) 
soybean is one of the earliest introduced GM crops for 
commercial cultivation and the largest GM crop in terms of 
acreage planted worldwide. RoundUp Ready soybean cul-
tivars are a successful example of transgenic soybean and 
have been planted in many soybean fields worldwide since 
2004 (ISAAA, http://www.isaaa .org/) (Yamada et al. 2012). 
Considerable progress has been reported in improving plant 
drought stress responses, and a large number of drought-
tolerant genes have been identified in soybean. These genes 
include the transcription factor (TF) DREB gene fam-
ily members that regulate the expression of several genes 
related to abiotic stress defense responses (de Paiva Rolla 
et al. 2014). Soybean plants overexpress AtAREB1 gene to 
induce drought tolerance (Leite et al. 2014). LOS5/ABA3 
overexpression can improve drought tolerance in transgenic 
soybean via the enhanced abscisic acid (ABA) accumula-
tion (Li et al. 2013). AtABF3 gene overexpression enhances 
drought and salt tolerance in major soybean crops, espe-
cially under low-water growth conditions (Kim 2018a, b). 
The GmFDL19 gene enhances tolerance to drought and salt 
stress in soybean (Li et al. 2017). The overexpression of 
ER-resident molecular chaperone binding protein (BiP) in 
tobacco and soybean leads to delayed leaf senescence dur-
ing drought (Valente et al. 2009). The virus-induced down-
regulation of GmERA1A and GmERA1B genes enhances the 
stomatal response to ABA and drought resistance in soybean 
(Ogata et al. 2017). AtDREB1D TF overexpression improves 
drought tolerance in soybean (Guttikonda et al. 2014). The 
expression of an osmotin-like protein from Solanum nigrum 
confers drought tolerance in transgenic soybean (Weber et al. 
2014). OsDREB2A, a rice TF, considerably affects salt toler-
ance in transgenic soybean (Zhang et al. 2013).

The FvC5SD gene encodes C-5 sterol desaturase and 
is isolated from an edible fungus Flammulina velutipes 
(Kamthan et al. 2012). The C-5 sterol desaturase present in 
most eukaryotic cells belongs to the fatty acid hydroxylase 

superfamily of integral membrane proteins that bind an Fe 
cofactor via a 3-histidine motif (HXXXXH, HXXHH, and 
HXXHH) (Miyazaki et al. 1999). Many studies have proven 
that the mechanism of temperature adaptation in an organ-
ism includes several cellular functions and components, and 
the fatty acid composition of the membrane, which deter-
mines its fluidity, also plays a key role (Suutari et al. 1990). 
FvC5SD plays an important role under extreme temperatures 
and low-pH stress (Kamthan et al. 2017). In plants, FvC5SD 
overexpression can be attributed to improved tomato drought 
tolerance, pathogen resistance, and nutritional quality (Kam-
than et al. 2012).

To cultivate soybeans with drought resistance and high 
yield, the engineering of regulatory genes can be used to 
breed new varieties. In the present study, the Δ7-sterol-C5 
(6) desaturase (FvC5SD) from edible fungus F. velutipes was 
expressed in soybean to develop transgenic plants. To verify 
the drought resistance of the gene (FvC5SD) in soybean, 
we transferred this gene into soybean and obtained several 
different transgenic families. We investigated the drought 
resistance of soybean from the genotype, drought-tolerant 
phenotype, and physiological data of GM soybeans. At the 
same time, we also analyzed the changes in the types and 
quantities of proteins caused by the expression of foreign 
genes before and after drought treatment. These results can 
help elucidate the role of FvC5SD in soybean drought resist-
ance and provide new target genes for molecularly breeding 
drought-tolerant varieties in soybeans.

Materials and methods

FvC5SD overexpression vector construction 
and soybean transformation

The complete CDS of FvC5SD (GenBank no. JN696291.1) 
from F. velutipes was cloned into the pEASY-T1 Cloning 
Vector (Transgene, China) and sequenced. Then, the cor-
rected FvC5SD fragment was subcloned into the SpeI and 
SacI sites of the pTF101.1 vector (Fig. 1a). The pTF101 
binary vector contained a kanamycin-resistant gene for the 
bacterial selection and an enhanced CaMV 35S promoter 
driving bar expression for bialaphos resistance. The Agro-
bacterium tumefaciens line EHA101 was used in this study.

The soybean cultivar Shennong9 was utilized for Agro-
bacterium-mediated transformation as described by Paz 
et  al. (2006) with modifications (Paz et  al. 2006). The 
regenerated plantlets were transplanted into a greenhouse 
at 28 °C/24 °C with a light/dark photoperiod of 16 h/8 h 
until maturity. The progeny of each independent soybean 
transformation was referred to as a line, and the seed of 
this transgene line was named T0 seed. Each plant that 

http://www.isaaa.org/
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germinated from one T0 seed was called a line, and line 
designation continued throughout generations.

Molecular analysis of putative transgenic plants

First, soybean plants from independent transformation events 
(T0) were selected on the basis of herbicide resistance [seg-
regated wild types (WTs) were killed]. Half (along the mid-
rib) of the leaf (upper surface) was painted with 135 mg/L 
of glufosinate by using a swab and drawn on the other half 
of the leaf to mark it as the control. Approximately 7 days 
later, if the leaf half with glufosinate treatment was the same 
as the control, then the plant was tolerant to the herbicide. 
Thus, the plant is considered positive. The expression of the 
resistance gene (bar) was also confirmed using LibertyLink 
strip (EnviroLogix Inc., Portland, ME, USA) according to 
the manufacturer’s instructions.

For the PCR analysis of bar and FvC5SD, the total 
genomic DNA was extracted from the young leaves 
of transgenic plants by using a simple and quick DNA 
extraction method developed by Edwards et al. (1991). In 
our study, the detection primers were designed in accord-
ance with the bar and FvC5SD sequences. For bar, the 
forward primer (bar-F) was 5′-ATG AGC CCA GAA CGA 
CGC CCG GCC G-3′, and the reverse primer (bar-R) was 

5′-ATC TCG GTG ACG GGC AGG ACC GGA C-3 ′; the 
length of the product was 548 bp. For FvC5SD, the for-
ward primer (FvC5SD-F) was 5′- ATG CAT AGC TCA CTG 
GAG ACCAC-3′, and the reverse primer (FvC5SD-R) was 
5′-TCA GTT CTT TGA ACT AGT GTT TCG C-3′. The length 
of the product was 891 bp. PCR amplification was con-
ducted with 2X Taq PCR MasterMix (Tiangen Co. Ltd., 
Beijing, China) according to the manufacturer’s protocols. 
Transgenic plants from the T0 to T2 generations were all 
screened using the three methods above.

Southern blot hybridization analysis was carried out 
to confirm transgene integration into the trifoliate orange 
genome and estimate the transgene copy number. South-
ern blot hybridization was performed using a digoxigenin 
(DIG)-High Prime DNA Labeling and Detection Starter 
Kit II (Roche, Germany). Genomic DNA was extracted 
from enlarged soybean leaves by using a modified high-
salt CTAB method (Attitalla 2011). The 891-bp PCR-
generated fragment of FvC5SD (primers described above 
for FvC5SD-F/R) was labeled with DIG-high prime and 
used as the probe. Chemical staining was carried out at 
room temperature with BCIP/nitroblue tetrazolium (NBT) 
as substrate until the signal was clearly detected (Labeling 
and Detection Starter Kit I, 11745832910; Roche Applied 
Science, USA).

Fig. 1  Construction and Agrobacterium-mediated cotyledonary node 
transformation of FvC5SD in soybean. a The T-DNA region of the 
FvC5SD overexpression vector. LB left border, RB right border, bar 
phosphinothricin acetyl transferase gene, P35S CaMV double 35S 

promoter, T35S CaMV 35S terminator; b the experimental process of 
Agrobacterium-mediated transformation by using half-seed soybean 
explants
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Plant materials, growth conditions, and drought 
stress treatments

The cultivated variety Shennong9 was the WT in this study. 
The T0 transgenic lines were grown in a greenhouse at the 
Jilin Academy of Agricultural Sciences, Gongzhuling, dur-
ing a 16 h photoperiod at 30 °C and 25 °C daytime and 
nighttime temperatures, respectively. The T0 seeds were 
germinated per independent line observing 100% germina-
tion. All T0 plants were PCR+, and T1 seeds from these 
plants were used to grow a large number of plants to obtain 
sufficient seed material for full characterization (T2 genera-
tion). For the soybean drought treatments, the T2 seeds of 
WT soybean and transgenic lines were planted in plastic pots 
(35 cm × 25 cm) filled with soil compounds, soil nutrients, 
and tillaged soil at a 1:1:1 ratio. To screen transgenic lines 
for drought tolerance, we used 20 seedlings from each trans-
genic line and WT to serve as control and the four-leaf-stage 
soybean seedlings for all stress treatments.

To measure root parameters, we harvested the plants care-
fully without disturbing the root system from soil pots after 
the stress period. After oven drying at 60 °C for 48 h, the 
root dry weights were recorded for transgenic and WT plants 
under controlled and drought treatments.

Physiological parameter measurement 
under drought stress

The 4-week-old seedlings of T2 homozygous transgenic 
lines (i.e., L05, L19, L22, and L52) and WT plants were 
exposed to drought for 7 days, and 0.2 g of leaf tissue was 
used to measure superoxide dismutase (SOD), peroxidase 
(POD), and catalase (CAT) activity and free proline con-
tent. SOD activity was determined by monitoring its ability 
to inhibit the photochemical reduction of NBT at 560 nm. 
POD activity was determined using the guaiacol oxidation 
method. CAT activity was assayed following the method 
of Yang et al. (2008). Proline content was assessed fol-
lowing the method of Irigoyen et al. (1992). Soluble sugar 
content was assayed using the phenol-sulfuric acid method. 
All experiments were repeated three times. The chlorophyll 
content of leaves from the entire WT and transgenic plants 
were determined at days 0 (before drought treatment) and 7 
(after drought treatment) as described by Arnon (1949) with 
minor modifications (Arnon 1949). Approximately 0.1 g 
(fresh weight) of leaves was incubated in 5 mL of ethanol 
and acetone mixture (1:2, v/v) for 48 h in the dark. Then, 
the absorbance of the supernatant was analyzed using an 
ultraviolet spectrophotometer (UV-5100 Spectrophotometer, 
METASH, Shanghai China) scanning at 665 and 649 nm. 
The experiment was repeated three times. Each replicate 
contained five seedlings.

Expression analysis in soybean by using RT‑PCR 
and qRT‑PCR

Total RNAs were extracted using TRIzol reagent (Invitro-
gen, America) according to the manufacturer’s instructions. 
Reverse transcription reactions were performed using Pri-
meScript RT reagent kit with gDNA Eraser (Takara, China) 
following the manufacturer’s instructions. qRT-PCR was 
performed using a SYBR Green Master Mix Kit (Roche, 
Germany) with specific primers (Supplementary File 5: 
Table S4) on an ABI 7300 system. Three separate biological 
replicates were carried out for the qRT-PCR experiments. 
Transcript levels were calculated using the formula 2−ΔΔCt 
for the expression levels relative to the GmActin gene (NM 
001289231). All primers used for RT-PCR and qRT-PCR 
are provided in Supplementary File 5: Table S4.

iTRAQ analysis

To investigate the global effects of FvC5SD overexpression 
on the soybean endogenous metabolism further, we chose 
the transgenic line L19–16 (Fig. 3), which showed signifi-
cant changes under drought stress, to study the changes in 
protein expression. The analysis of the total proteins and 
protein expression changes in line 19–16 (normal condition 
and drought stress) was performed using iTRAQ-based prot-
eomics with three biological replicates. Four fully expanded 
leaf FvC5SD transgenic seedlings under normal and drought 
conditions were rapidly cut, frozen, and stored. The gene 
ontology (GO) annotation for functional analysis was per-
formed using the DAVID Bioinformatics Resources 6.7 
(https ://david .ncifc rf.gov/), and the proteins were classified 
on the basis of their molecular function, biological process, 
and cellular components. The STRING database was used 
for protein–protein interaction (PPI) analysis.

Statistical analysis

A two-sided variance (ANOVA) test analysis (*P < 0.05, 
**P < 0.01, ***P < 0.001) was used to determine the signifi-
cance of data from each trait. Standard errors are provided 
in all tables and figures as appropriate. The SPSS v22.0 
software (SPSS Inc., Chicago, IL, USA) was used for all 
statistical analyses.

Results

Construction of expression vectors and soybean 
stable transformation

The BLAST analysis results indicated that FvC5SD had 
34% similarity to Δ(7)-sterol-C5 (6)-desaturase of soybean 

https://david.ncifcrf.gov/
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(Supplementary File 1: Figure S1). Meanwhile, FvC5SD was 
the most closely related to sterol desaturase of the fungus 
Aspergillus fumigatus (54%) and Cryptococcus neoformans 
(53% identity) (Kamthan et al. 2012). Soybean was trans-
formed using Agrobacterium-mediated cotyledonary node 
method (Paz et al. 2006), which has been used to success-
fully produce stable transgenic lines in this species (Fig. 1b). 
A total of 415 soybean explants from the cultivar Shennong9 
were infected with the pTF101-FvC5SD vector containing 
the FvC5SD and phosphinothricin acetyl transferase gene 
(bar gene, which shows resistance to the herbicide phosphi-
nothricin) under 35S constitutive promoters (Fig. 1a). A total 
of 29 independent transformation events were confirmed on 
the basis of resistance to the herbicide (LibertyLink strip 
analysis), thereby showing an overall transformation effi-
ciency of 7.2% (29/415) (Supplementary File 2: Table S1).

Verification of FvC5SD‑overexpressing transgenic 
soybean plants

To detect the transgenic soybean plants, we used three meth-
ods (i.e., leaf painting, LibertyLink strip analysis, and PCR) 
to confirm the bar-positive transgenic plants (Fig. 2a–c). 
After in vitro selection, the plantlets were transplanted in the 
soil to develop T0 line seeds under the greenhouse condition. 

During T0 plant development, we performed PCR analysis 
to determine FvC5SD (Fig. 2d). Finally, we harvested nine 
different T0 line seeds in Shennong9. The WT and T0 PCR+ 
plants had the same visual phenotype under normal condi-
tions. We selected four T0 lines with more than 20 seeds 
for further drought resistance analysis. Southern blot analy-
sis was carried out in four independent T1 transgenic lines 
by using FvC5SD as the probe. The result showed that the 
transgene lines 22, 52, 19, and L05 contained three, two, 
two, and one transgene copies, respectively (Fig. 2e).

We also observed the growth between GM soybeans and 
recipients. The measured agronomic traits included plant 
height, branch number, node number, pod number, seed 
number, seed yield, and 100-seed weights. Statistical results 
showed no difference in agronomic traits between GM soy-
beans and recipients (Table 1).

Physiological changes in soybean plants 
under drought treatment

The role of FvC5SD in regulating drought response was 
studied using 4-week-old transgenic (> 1-month-old) 
soybean seedlings (T2 progenies of the sublines L05–14, 
L19–16, L22–1718, and L52–20) transformed with 
FvC5SD and WT plants. A total of 20 positive plants for 

Fig. 2  Verification of FvC5SD-overexpressing transgenic soybean 
plants. a Herbicide (glufosinate) painting on soybean leaves. Half of 
the leaf in the transgene line was marked with a black line in the mid-
dle. The left side served as the control, and the right side was painted 
with 135 mg/L glufosinate. b  LibertyLink® strip detection. WT was 
a NT plant. 1–14 were transgenic soybean plants. c The PCR analy-
sis of putative transgenic soybean plants by using bar gene primers. 
GmActin gene was used to check the genome DNA of plants, and the 
length was 403 bp. The length of bar was 548 bp (M,  Trans2K® Plus 
II DNA marker; +, plasmid DNA; and −, nontransformed soybean; 

1–14). The events of the PCR positive lines were randomly selected 
and tested using  LibertyLink® strips. d The PCR analysis of putative 
transgenic soybean plants was performed using FvC5SD gene prim-
ers. The length of the FvC5SD was 891  bp. e Southern blot analy-
sis of FvC5SD-overexpressing transgenic lines. L05, L19, L22, and 
L25 represent four independent FvC5SD overexpressing lines. The 
genomic DNA of 4-week-old T1 transgenic seedlings and the non-
transformed recipient soybean genotype Williams 82 were extracted 
and digested with EcoRI and HindIII, respectively. The 891  bp 
FvC5SD was DIG-labeled and used as the probe for analysis
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each class were used for drought tolerance experiments 
under natural dry treatment. We examined the lines with 
minimal phenotypic differences compared with those of 
WT plants to perform drought treatment. All plants were 
divided in two groups; one group had normal growth con-
ditions in soil with normal water for 7 days, and the other 
group had suspended water supply for 3 and 7 days. As 
shown in Fig. 3a, c, e, the difference in phenotype for 
the transgenic plants compared with the WT plants under 
normal conditions was insignificant. Meanwhile, during 
drought tolerance experiments, all WT plants showed 

clearly shrunken leaves and wilting after 3 days of cut-
ting the water supply. The whole plant also exhibited 
signs of dwarfism (Fig. 3b), whereas all transgenic plants 
kept their whole plant turgor and showed delayed wilting. 
After 7 days without water, when the transgenic plants 
became dehydrated, all the WT plants showed severe leaf 
wilting and finally leaf shedding. The whole plant nearly 
died (Fig. 3d). Then, we started watering the plants again. 
After 3 days, the transgenic line plants recovered with less 
inhibition from wilting by rehydration than the WT plants 
(Fig. 3f). These results further confirmed that FvC5SD 

Table 1  Agronomic 
performance of Shennong9 
(WT) and FvC5SD-
overexpressing transgenic (L05, 
L19, L22, L52) plants in field 
condition

Data collected from a field experiment in Jilin province, 2018. Data are given as mean ± SD. Different let-
ters in a row indicate significant differences (LSD, P < 0.05)

Genotype WT L05 L19 L22 L52

Seed number/plant 185.4 ± 66.4a 191.4 ± 51.6a 143.7 ± 41.1a 172.4 ± 59.9a 184.5 ± 53.4a

Seed weight (g)/plant 23.0± 11.9a 30.7 ± 9.2a 23.5 ± 7.4a 27.9 ± 10.0a 32.1 ± 9.1a

100 seed weight (g) 16.0 ± 2.1a 15.4 ± 1.4a 15.3 ± 2.2a 16.0 ± 2.2a 16.3 ± 2.3a

Plant height (cm) 101.3 ± 12.1a 104.3 ± 13.1a 102.4 ± 12.7a 111.4 ± 7.7a 106.0 ± 12.2a

Branch number 5.4 ± 2.0a 5.5 ± 2.2a 5.7 ± 1.5a 6.1 ± 2.1a 5.9 ± 2.0a

Pod number/plant 104.5 ± 36.9a 99.9 ± 21.9a 114.5 ± 29.6a 118.0 ± 31.4a 114.8 ± 13.9a

Node number 23.1 ± 1.5a 23.4 ± 2.0a 22.4 ± 2.4a 22.8 ± 1.9a 23.3 ± 3.4a

Fig. 3  FvC5SD overexpression 
in soybean indicates drought 
tolerance. The phenotypes of 
transgenic soybean plants under 
drought stress at the 4-week-
old stage. Four independent 
homozygous transgenic T2 lines 
(L05-14, L19-16, L22-1718, 
and L52-20) and non-transgenic 
control plants were grown in the 
soil for 4 weeks and exposed to 
drought for 3 and 7 days, fol-
lowed by rewatering. The values 
are expressed as mean ± SE 
(n = 10). a The phenotypic 
effect of watering with water for 
3-days. b The phenotypic effect 
of suspending water supply 
for 3-days. c The phenotypic 
effect of watering with water for 
7-days. d The phenotypic effect 
of suspending water supply 
for 7-days. e The phenotypic 
effect of watering with water for 
10-days. f The phenotypic effect 
of suspending water supply 
for 7-days, followed by 3-day 
recovery period
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overexpression can improve drought tolerance in trans-
genic soybean seedlings.

To investigate the effect of root biomass between WT 
plants and transgenic lines, we calculated the root dry weight 
under controlled and drought treatments. As shown in Fig. 4, 
transgenic soybean showed significantly more roots than the 
WT plants (Fig. 4a). Under drought treatment, the transgenic 
lines L05–14, L19–16, L22–1718, and L52–20 showed 
increased dry root mass (29, 41, 56, and 25%, respectively; 
Fig. 4b).

SOD activity, POD activity, and chlorophyll content 
measurement

Reactive oxygen species (ROS) can induce oxidative stress 
under drought stress. Therefore, we measured the proline 
content and analyzed the antioxidant activities of enzymes 
(i.e., SOD, POD, and CAT) between transgenic and WT 
plants under drought or normal conditions. The whole 
antioxidant activities of enzymes, proline content, and 
soluble sugar content in WT and transgenic plants under 
drought treatment were higher than those under normal 
condition (Fig. 5a–d). The differences in proline content, 
soluble sugar content, and antioxidant enzyme activities 
were insignificant between WT and transgenic plants under 
normal conditions (Fig. 5). For example, a significantly 
high proline content level was detected in all plants under 
drought condition, which was nearly six- to sevenfold 

Fig. 4  Root phenotype under drought stress. a Root mass of nontrans-
genic, WT, and transgenic plants (L22, L52, L05, and L19). b The 
root dry weight of 10-day-drought-stressed nontransgenic (WT) and 
transgenic plants (L22, L52, L05, and L19). Values are presented as 
mean ± SE (n = 10)

Fig. 5  Physiological parameter analysis in FvC5SD-transgenic plants 
under drought stress. a SOD activity. b POD activity. c CAT activ-
ity. d Proline content of soybean leaves. e Soluble sugar content of 
soybean leaves. f Chlorophyll content of soybean leaves. Data are 
shown as the mean ± SE (n = 20). Statistical analysis was performed 

using ANOVA (P < 0.05), and significant differences between NT 
and transgenic lines are indicated by *P < 0.05, **P < 0.01, and 
***P < 0.001. All values were measured after 7 days of exposure to 
drought stress
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higher than that under normal condition. Drought-stressed 
transgenic plants also possessed higher proline and soluble 
sugar content than WT plants (Fig. 5d, e). Similar results 
were also found in the antioxidant enzyme activity dur-
ing drought treatment (Fig. 5a–c). For example, the SOD 
activity in the transgenic lines increased by approximately 
1.3- to 1.5-fold under drought treatment, and the highest 
increase was observed in the transgenic line L22–1718, 
with a 1.5-fold increase in response to drought treatment. 
A significantly high POD level was detected in transgenic 
plants under drought condition (nearly 2.4-, 2.27-, 2.32-, 
and 1.88-fold increase in POD content for L22–1718, 
L05–14, L19–16, and L52–20, respectively). The whole 
level of CAT activity in the transgenic plants increased 
by as much as 1.19- to 1.5-fold under drought condition 
than under normal condition. These results suggested that 
FvC5SD may enhance the antioxidant enzyme activity 
and proline accumulation, thereby decreasing ROS and 
increasing drought tolerance in soybean.

To investigate whether the cuticle properties of the 
transgenic plants were altered further, we detected the 
chlorophyll content between WT and FvC5SD-transgenic 
plants (Fig. 5f). The chlorophyll content leaching from 

transgenic leaves significantly decreased, which indicated 
a change in cuticular permeability.

RT and qRT‑PCR analyses of transgenic lines

Under normal condition, FvC5SD validation was confirmed 
in four different T0-positive transgenic soybean lines (i.e., 
L05, L19, L22, and L52) by RT-PCR and qRT-PCR analy-
ses. FvC5SD was unexpressed in WT plants (Fig. 6a). The 
FvC5SD expression level in the four lines was increased 
compared with that in WT Shennong9. In the four differ-
ent lines, L22 exhibited the highest expression with 408.8-
fold increase, followed by L19 with 40.6-fold increase, L05 
with 14.9-fold increase, and L52 with 1.43-fold increase in 
expression (Fig. 6b).

To examine the FvC5SD expression level under drought 
conditions, we watered the transgenic soybean plants well 
(control), in which water was withheld for 14 days (drought 
treatment). FvC5SD expression increased by up to 3.58-fold 
in L05–14, 2.34-fold in L19–16, and 1.97-fold in L22–1718 
drought-stressed transgenic soybean plants. However, the 
change in FvC5SD expression was insignificant in drought-
stressed L52–20 lines. This finding further demonstrated 

Fig. 6  Root phenotype under drought stress. a The semiquantitative 
RT-PCR analysis of the FvC5SD gene expression in wild-type (Shen-
nong9) and T0 transgenic lines. b qRT-PCR revealed the elevated 
FvC5SD expression in the T0 transgenic lines (L22, L52, L05, and 
L19). c The relative expression levels of FvC5SD in four independent 

transgenic lines (i.e., L22, L52, L05, and L19) under drought condi-
tions. d RT and qRT-PCR analyses showing the transcript levels of 
FvC5SD. GmActin was used as the reference gene. Data are shown as 
the mean ± SE of ten biological and four technical replicates
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that drought stress can also influence FvC5SD expression 
(Fig. 6c).

To analyze the tissue-specific expression pattern of 
FvC5SD, we grew soybean plants in the field to obtain differ-
ent tissues. At the jointing stage, the total RNA from roots, 
stems, and leaves was isolated separately at the 4-week-old 
seedling stage. The flowers and seeds were sampled at the 
fruit stage. As shown in Fig. 6d, FvC5SD expression was 
higher in pistils and leaves but lower in seeds, stamens, and 
roots (Fig. 6d).

Induced differentially expressed proteins (DEPs) 
by overexpressing FvC5SD in transgenic plants

Some genes that code either functional or regulatory proteins 
were induced in the transgenic lines under drought stress to 
analyze the FvC5SD target. We performed iTRAQ analyses 
on the leaves of transgenic line plants grown under normal 
conditions and drought stress. A total of 69,722 spectra can 
be matched to the database, thereby resulting in 11,326 pep-
tides, which were assembled into 2223 nonredundant protein 
groups. We identified 81 DEPs on the basis of the following 
two criteria: (i) P < 0.05 and (ii) a fold change in the expres-
sion of > 1.5 or < 0.66 (Supplementary File 3: Table S2). 
The results showed that 43 DEPs were upregulated, and 38 
DEPs were downregulated. A total of 56 protein species 
were identified as unknown proteins (Supplementary File 
3: Table S2).

To reveal the functions of DEPs between normal and 
drought conditions in the transgene plant further, we per-
formed GO analysis to confirm the cellular component, 

biological process, and molecular function (Supplementary 
File 4: Table S3). Eleven out of the 81 identified proteins 
were classified into three large groups containing 27 sub-
groups on the basis of their functional annotation (Fig. 7). 
From the enrichment results of cell components, the protein 
is rich in ten classes, of which nine DEPs are enriched in 
cells (GO: 0005623), cell components (GO: 0044464), and 
organelles (GO: 0043226). The macromolecular complex 
(GO:0032991) and the organelle component (GO:0044422) 
were enriched in five proteins, and the remaining types were 
enriched in two proteins. Overall, DEPs are enriched in cells 
and organelles under drought stress, which is consistent with 
the location of important enzymes involved in photosynthe-
sis and carbon fixation.

The DEPs enriched in biological processes are divided 
into 13 categories, covering many aspects, including cell 
processes, signal transduction, metabolic processes, stress, 
etc. The largest type of biological process is cellular pro-
cess (GO: 0009987), enriched in 10 proteins, followed by 
single tissue process (GO: 0044699) and a metabolic pro-
cess (GO: 0008152), each enriched in nine proteins, and 
biological regulation (GO: 0065007), enriched in eight dif-
ferential proteins. The stimulating (GO: 0050896) and cel-
lular component tissues (GO: 0071840) are enriched in six 
DEPs; multicellular processes (GO: 0032501) and develop-
mental processes (GO: 0032502) are enriched in four DEPs; 
localization (GO: 0051179) and signal (GO: 0023052) 
are enriched in three and two DEPs, respectively; and 
growth (GO: 0040007), immune system progression (GO: 
0040007), and obsolete death (GO: 0016265) are enriched 
in only one DEP. In general, differential proteins are mainly 

Fig. 7  GO classification of the 
identified DEPs. GO analysis 
was performed using WEGO 
software to reveal the functions 
of the identified 34 DEPs of 
the transgene plant between 
normal and drought conditions. 
The 8 proteins among the 34 
identified DEPs were available 
and then classified into 3 main 
categories, including cellular 
component, biological process, 
and molecular function with 
23 subgroups. The number of 
genes denotes that of proteins 
with GO annotations
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enriched in processes related to metabolism and stress, while 
proteins are enriched in developmental immunity.

The DEPs enriched in molecular function are mainly 
divided into four categories, namely, surface binding of 
discarded eukaryotic cells (GO: 0043499), binding (GO: 
0005488), transporter activity (GO: 0005215), and catalytic 
activity (GO: 0003824). Among them, the number of DEPs 
combined with enrichment is 11, followed by catalytic activ-
ity enrichment of nine DEPs. The surface binding and trans-
porter activities of discarded eukaryotic cells are enriched by 
one DEP. From the perspective of molecular function, DEPs 
are mainly related to catalysis and binding. From the results 
of GO analysis, the DEPs between transgenic soybean and 
WT plants after drought stress may be related to the catalytic 
combination of a certain metabolic process in the cell.

A total of 81 differential proteins were introduced into 
the STRING database to identify the interaction of these 
proteins. The protein interaction network was constructed 
and visualized using the STRING 11.0 database. Of the 
81 differential proteins, 32 are involved in PPI. These 32 
proteins form three functional modules that are tightly 
linked (Fig. 8). Nodes of different colors belong to three 
large groups. The thickness of the line represents the 
strength of the association, and the stronger the line, the 
thicker the line. In module 1 (red node), twelve proteins 
are related to each other; they are glutamine synthetase 
(GS: GLYMA13G28180.4, GLYMA13G28180.5), aspar-
agine synthetase (GLYMA11G27480.1), lipoxygenase 
(GLYMA11G13880.2, GLYMA08G20250.1), thiamine 
thiazole synthase (GLYMA10G39740.1) and ATP synthase 
and functionally unknown proteins. This finding indicates 
that amino acid metabolism, fatty acid biosynthesis, and 
energy supply are closely linked. In addition, the gene psbA 
encoding photosystem II and the gene psaB encoding pho-
tosystem I in photosynthesis are linked to module 2 (green 
node), containing ferredoxin (GLYMA12G29100.1) and 
glyceraldehyde-3-phosphate dehydrogenase (LOC732571), 
which are involved in respiration. This finding suggests that 
these DEPs play a role in photosynthesis, respiration, and 
energy metabolism. Finally, DEPs involved in protein fold-
ing (GLYMA10G27990.1) and some proteins with unknown 
functions are assigned to Module 3 (blue node).

Discussion

Drought stresses substantially influence the growth, devel-
opment, and productivity of soybean and other crop plants. 
Therefore, drought-tolerant genes should be explored for the 
genetic improvement of crops. To combat drought stress in 
soybean, an increasing number of molecular biology tools 
have been applied to identify and transfer genes responsible 
for tolerance to drought and other stresses (Deshmukh et al. 

2014; Manavalan et al. 2009; Thao and Tran 2012). Dif-
ferent types of GM soybean, such as the herbicide-tolerant 
transgenic soybean RoundUp Ready (Funke et al. 2006), 
have been developed to overcome different biotic and abiotic 
stresses (Yamada et al. 2012).

In this study, FvC5SD was transferred into soybean. 
This gene was integrated into the soybean genome and con-
firmed to be stably expressed via PCR, Southern blot, and 
RT-PCR analyses. Our results showed that FvC5SD over-
expression improved drought tolerance compared with WT 
plants, which can be used to improve soybean biotechnology. 
FvC5SD plants exhibited decreased and delayed drought-
induced damage compared with control plants and recovered 
rapidly after rehydration (Fig. 3).

The C-5 sterol desaturase is involved in phytosterol and 
brassinosteroid biosynthesis in plants (Darnet and Rahier 
2004; Taton and Rahier 1996). FvC5SD was significantly 
upregulated at an extreme temperature and low pH. In 
yeast, the overexpression of the FvC5SD heterologous 
gene in Schizosaccharomyces pombe increases tolerance to 
extreme temperatures, high ethanol concentration, and low 

Fig. 8  PPI network of DEPs in transgene soybean under normal and 
drought conditions on the basis of STRING analysis. A total of 34 
differentially abundant proteins represented by 8 unique proteins 
from soybean are shown in the PPI network. Nodes in different colors 
belong to two main groups. Strong associations are represented by 
thick lines. Among them, the nine upregulated proteins are marked 
with asterisk, and one downregulated protein is marked with hash
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pH (Kamthan et al. 2017). The expression of a fungal sterol 
desaturase improves tomato drought tolerance, pathogen 
resistance, and nutritional quality (Kamthan et al. 2012). 
These results showed that FvC5SD plays an important role 
in plants under extreme temperature and low-pH stress 
conditions.

In plants, some changes and interaction between physi-
ological indicators are important for studying the response 
of plants to abiotic stress. Plants are affected by drought 
stress and cause oxidative stress mediated by ROS. SOD, 
POD, and CAT work together to prevent excessive levels 
of ROS in the cells, collectively referred to as the protec-
tive enzyme system; proline and soluble sugar are important 
osmotic adjustment substances in plant cells (Mansour and 
Ali 2017). In our study, changes in plant physiological indi-
cators were used to determine whether plants are drought-
resistant. The experimental results showed that SOD, POD, 
and CAT contents increased after drought stress, and this 
trend was more obvious in transgenic soybeans (Fig. 5a–c). 
These results indicated that the antioxidant capacity of trans-
genic soybeans was higher than that of WT plants. Similarly, 
the soluble sugar and proline content of plants increased 
after drought stress, and the increase was even greater in 
transgenic plants (Fig. 5d, e). These results indicate that 
transgenic plants enhance their drought resistance by accu-
mulating soluble sugars and proteins. Changes in the results 
of these physiological indicators indicated that FvC5SD can 
increase ROS levels and enhance the drought resistance of 
plants.

FvC5SD overexpression in tomato can increase the 
amount of wax deposition in transgenic tomato, thereby 
inducing drought tolerance and pathogen resistance 
(Kamthan et al. 2012). Several studies have shown that 
the modification of the cuticular wax layer in plants is one 
of the strategies to improve drought tolerance by reducing 
transpirational water loss (Aharoni et al. 2004; Islam et al. 
2009; Zhang et al. 2005). Although we did not perform 
GC–MS analysis for the fatty acid content in transgenic 
soybean in this study, we identified at least four DEPs (i.e., 
I1KUQ6, K7LPI4, Q38IX0, and C6T9R8) that are associ-
ated with the fatty acid biosynthetic pathway via TRAQ-
based comparative proteomic analysis (Supplementary 
File 3: Table S2). The expression of these DEPs was sig-
nificantly changed in WT and FvC5SD-expressing trans-
genic soybean plants under drought stress condition, which 
was consistent with the finding that FvC5SD was directly 
affected and regulated by mutations in other enzymes 
of the ergosterol biosynthesis pathway. The mechanism 
of plant adaptation to stress conditions in an organism 
also includes several cellular functions and components 
(Bourdenx et al. 2011). Similar results were also found in 
the Fe pathway. FvC5SD is an Fe-BiP, and its expression 

increases the total Fe content in transgenic tomato (Kam-
than et  al. 2012). Two ferredoxin DEPs (C6T1J0 and 
I1LTF4) were upregulated by 1.54- and 1.75-fold in trans-
genic soybean under drought stress via iTRAQ analysis. 
These findings indicated that FvC5SD overexpression in 
these crops can be a potentially useful strategy to increase 
the total Fe content.

iTRAQ data analysis also revealed that most repre-
sented DEPs in transgenic soybean are associated with 
photosynthetic and chlorophyll metabolism pathways. 
Chloroplasts are particularly vulnerable to ROS-induced 
damage (Berkowitz 1987). Many studies have shown that 
salt stress affects mRNA editing in chloroplasts (Zhao 
et al. 2018; Rodrigues et al. 2017). Here, some DEPs (e.g., 
Q2PMU2, P69195, I1JWU0, and P02957) that are associ-
ated with the chlorophyll metabolism pathway were identi-
fied. This finding was consistent with the observation that 
the leaves of drought-stressed WT soybean plants were 
more affected by chlorosis and contained less chlorophyll 
than those of FvC5SD transgenic plants (Fig. 5f). Hence, 
FvC5SD overexpression may prevent chlorophyll from 
incurring ROS damage to some extent in plants.

PPI analysis results revealed that the DEPs between WT 
plants and transgenic lines under drought condition were 
mainly involved in the photosynthetic pathway, N metabo-
lism, and fatty acid biosynthesis (Fig. 8). GS is the key 
enzyme in plant nitrogen metabolism (Miflin and Habash 
2002). The overexpression of the OsGS gene modulates 
oxidative stress response in rice after exposure to cad-
mium stress (Lee et al. 2013). In our study, DEP (I1M170), 
which encodes the GS gene (GLYMA13G28180.4), was 
up-regulated in soybean leaves under drought stress and 
also interacted with glyceraldehyde-3-phosphate dehydro-
genase (LOC732571), which is involved in fatty acid bio-
synthesis. The Calvin cycle, which is the primary pathway 
for photosynthetic C fixation in C3 plants and takes place 
in the chloroplast stroma, includes three major steps: car-
boxylation of ribulose-1, 5-bisphosphate (RuBP), reduc-
tion of 3-phosphoglycerate, and regeneration of the  CO2 
acceptor RuBP (Gerhardt et al. 1987; van Leeuwen et al. 
2015). These data showed that the DEPs related to photo-
synthesis, N metabolism, and fatty acid biosynthesis were 
up-regulated, thereby resulting in the high photosynthesis 
ability in transgenic soybean line, which requires further 
evidence to be confirmed. PPI analysis indicated that 
protein metabolism and photosynthesis collectively func-
tioned to re-establish cellular homeostasis under drought 
stress.

iTRAQ results indicated that various pathways, such as 
photosynthesis organisms and photosynthesis, glyoxylate 
and dicarboxylate metabolism pathway, and energy metab-
olism, may be involved in FvC5SD-mediated enhanced 
tolerance to drought in transgenic soybean plants after 
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exposure to drought stress. Gene overexpression may also 
cause other related synergistic actions.

Conclusion

FvC5SD overexpression can serve as a direct and efficient 
target for the improvement of drought tolerance in soy-
bean. FvC5SD overexpression in soybean may also provide 
a nutritional quality (fatty acid and Fe) advantage under 
water deficit, which will be further studied and confirmed 
in our transgenic soybean lines. This biotechnological 
strategy should be of considerable value for trait improve-
ment in soybean and other crops.
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