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Abstract
Abscisic acid-activated protein kinases (AAPK) are key components in abscisic acid (ABA) signalling and have been 
implicated in mediating responses to abiotic stresses in plants. However, the mechanistic involvement of AAPK genes in 
drought stress responses has not been functionally characterized to date in soybean. In this study, we identified Glycine 
max AAPK-like kinase (GmAALK) genes. Loss-of-function analysis of GmAALK1 in soybean reveal that GmAALK1-
RNAi plants are more drought-susceptible than pRAP17-ccdB control lines under drought stress. In contrast, GmAALK1 
overexpression lines show enhanced drought resistance under drought stress as compared to pRAP15-ccdB control plants. 
A root transcriptome analysis reveals the differential expression of many genes related to physiological and biochemical 
changes in GmAALK1-RNAi plants when compared with the pRAP17-ccdB control plants with or without drought stress. 
Twelve candidate drought-responsive, differentially-expressed genes have been selected to understand the role of GmAALK1 
in during the drought response. Gene expression analyses revealed that GmAALK1 positively modulates the drought stress 
response. These studies suggest that GmAALK1 overexpressing roots increase the transcription of ABA-responsive genes, 
indicating that the GmAALK1 is a positive regulator of ABA-mediated stress-signaling pathways in soybean. The phylogenetic 
and domain analyses also support that GmAALK1 is an AAPK and that it has a role in the drought response. These results 
provide a genetic foundation for developing drought-tolerant soybean cultivars via manipulating kinase gene family which 
will be applicable to additional cultivated crops experiencing drought conditions relating to climate change.
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Introduction

Plants face different abiotic and biotic stresses. Among 
them, drought is one of the most complex, harmful, and least 
understood abiotic stresses that damages crops, globally 
(Halwatura et al. 2017). Soybean (Glycine max) is one of the 

most important crops cultivated worldwide as vegetable and 
protein source for humans. However, soybean is adversely 
affected by drought (Song et al. 2016). To cope with envi-
ronmental stress, plants can sense the changes in their envi-
ronment, and respond to those changes through different 
defense mechanisms (Bohnert et al. 2006). There are many 
stress response mechanisms that plants have evolved, and 
critical to these responses are the phytohormone pathways. 
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Abscisic acid (ABA) is one of the most vital phytohormones, 
acting as a signaling mediator in different plant environ-
mental stress responses (Sah et al. 2016). ABA regulates 
various developmental process and adaptive responses in 
plants. ABA also plays important role in seed maturation 
and germination, seedling growth, transpiration, develop-
ment inhibition, and senescence. In limited water conditions, 
increased ABA levels trigger stomatal closure and induce 
stress tolerance responses (Cutler et al. 2010).

Many components of the ABA signaling pathway, 
such as the ABA receptor (PYR/PYL/RCAR), protein 
phosphatase 2Cs (PP2Cs), and ABA response element-
binding factors (ABFs), have been identified (Klingler et al. 
2010). Protein phosphorylation and dephosphorylation are 
essential mechanisms in ABA signal transduction (Furihata 
et al. 2006). Stress signals are recognized and transmitted 
to different cellular compartments via specific signaling 
pathways in which protein kinases and phosphatase 
are crucial elements (Kulik et  al. 2011). Plant sucrose 
nonfermenting-1 (SNF1)-related kinases (RK) (SnRKs) are 
classified into the Sucrose nonfermenting-1 (SNF1) kinases 
and AMP-activated protein kinases (AMPK). The SNF1/
AMPK family genes are homologs of yeast and mammalian 
AMPKs. AMPK was originally called mammalian protein 
kinase (Kulik et al. 2011). The SnRKs are divided into 
three subfamilies, SnRK1, SnRK2, and SnRK3. SnRK2s 
belong to a family of SnRKs which constitute a class of 
serine/threonine protein kinases. Members of the SnRK2 
family act as a merging point between ABA-independent 
and ABA-dependent stress signaling pathways. In addition, 
the SnRK2s play important roles in many developmental 
processes such as plant growth and developments in plants 
including being a positive regulator of abiotic stresses 
(Mustilli 2002; Dey et al. 2016; Mao et al. 2010). Members 
of SnRK2s family have been identified in different plant 
species including Arabidopsis thaliana, Oryza sativa (rice), 
Zea mays (maize), Triticum aestivum (wheat), Brassica 
napas (rapeseed), Brassica rapa, Vitis vinifera (grape), 
and Gossypium hirsutum (upland cotton) (Huai et al. 2008; 
Zhang et al. 2010; Boneh et al. 2012; Huang et al. 2015; Yoo 
et al. 2016; Liu et al. 2017).

In Arabidopsis, there are ten members of the SnRK2s 
family, divided into three subclasses, based on their 
amino acid sequence similarity (Boudsocq et al. 2004). 
The subclass I is composed of kinases that are activated 
by ABA whereas subclass II kinases are either activated 
or very weakly activated by ABA, depending upon the 
plant species. However, subclass III is strongly activated 
by ABA. The amino acid sequences of all SnRK2s can be 
divided into the N and C terminal regions. The N-terminal 
domain in highly conserved. The C-terminal domain is 
regulatory. The C-terminal domain comprises stretches 
of acidic amino acids, either glutamic acid (E; subclass 

I) or aspartic acid (D; subclass II and III). Further, the 
C-terminal regulatory domain contains two subdomains, 
namely Domain I and Domain II. Domain I (about 30 
amino acids starting from kinase domain) is required for 
activation by osmotic stress, which is independent of ABA, 
in all SnRK2 family members. Likewise, Domain II (about 
40 amino acids and just after Domain I) is required for the 
ABA response and is specific to ABA-dependent SnRK2s 
only (Kobayashi et al. 2004; Umezawa et al. 2004; Yoshida 
et al. 2006; Belin et al. 2006; Yoshida et al. 2006; Kulik 
et al. 2011). All the SnRK2 members excluding SnRK2.9 
were found to be rapidly induced by different osmolytes 
such as sorbitol, mannitol, sucrose, sodium chloride, and 
some by ABA. The Arabidopsis Domain II of SnRK2.6/
SRK2E/OST1 protein kinase has been shown to regulate 
the ABA-mediated stomatal closure and is responsible 
for kinase activation by ABA. However, the Arabidopsis 
mutant ost1 showed a drought-sensitive phenotype and was 
defective in ABA-induced stomatal closure (Yoshida et al. 
2002). Likewise, the srk2d/e/I triple mutant of Arabidopsis 
showed a decreased drought tolerance and insensitivity to 
ABA, as documented by defects in seed germination and 
seedling growth due to reduced expression of ABA- and 
stress-inducible genes (Fujita et al. 2013). The knockout of 
these three Arabidopsis genes from the SnRK2 family almost 
entirely blocks the ABA responses, which demonstrates 
that they are essential components of ABA-stress 
signaling pathways in Arabidopsis (Fujii et al. 2011). The 
snrk2.2/2.3/2.6 triple knock out mutant flowered early and 
produced fewer seeds that were insensitive to ABA (Fujii 
and Zhu 2009). The ABA-activated SnRK2.2, SnRK2.3 and 
SnRK2.6 play essential roles in controlling seed development 
and dormancy (Nakashima et al. 2009). The overexpression 
of SnRK2.8 shows upregulation of the stress-induced genes 
and increases drought tolerance in Arabidopsis (Umezawa 
et al. 2004).

In rice, there are ten SnRK2 members, i.e., SAPK1-
10 (osmotic stress/ABA-activated protein kinases). All 
of them are found to be activated by hyperosmotic stress, 
while SAPK8/9/10 were also induced by ABA (Kobayashi 
et  al. 2004). Recently, the SAPK9 gene member of 
SnRK2 was shown to promote drought tolerance in rice. 
Evidence suggested that overexpression of the SAPK9 
gene improved drought tolerance, which improves grain 
yield by modulating cellular osmotic potential, stomatal 
closure, and stress-responsive gene expression. Domain 
swapping experiments in rice SAPKs showed that grafting 
the noncatalytic C-terminal region from SAPK8 (E-254 to 
M-372) onto the SAPK2 catalytic domain is sufficient to 
confer ABA responsiveness. There were 11 SnRK2 members 
identified in maize, designated as ZmSnRK2.1–2.11, and 
most of them are inducible by one or more abiotic stresses 
(Tian et al. 2013). Likewise, in wheat the first characterized 
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SnRK2 member, PKABA1, showed induction by ABA, 
hyperosmotic stress and multiple other environmental 
factors (Anderberg and Walker-Simmons 1992; Xu et al. 
2009). Later, three more SnRK2 members were identified 
in wheat (i.e., TaSnRK2.3, TaSnRK2.4, and TaSnRK2.8) and 
found to be involved in abiotic stress tolerance (Mao et al. 
2010; Zhang et al. 2010; Du et al. 2013; Tian et al. 2013). 
Therefore, substantial evidence showed that the SnRK2 
protein kinase family members are involved in multiple 
environmental stress responses. Consequently, all have 
potential biotechnological utility for the generation of high 
yielding abiotic stress-tolerant crop plants (Tian et al. 2013). 
Furthermore, in vitro studies have demonstrated that ABA-
activated SnRK2s phosphorylate downstream target proteins 
in different plant species. Phosphorylation is required for 
the transcriptional activity of individual target proteins that 
in turn induce the expression of hierarchically organized 
downstream genes to mitigate the stress condition. Among 
the downstream transcription factors of SnRK2s are basic 
region/leucine zipper motif (bZIP) transcription factors 
(i.e., TRAB1 from O. sativa), TaABF from T. aestivum, 
AREB from A. thaliana and RNA-binding proteins such as 
VfAKIP1 from Vicia faba (faba bean) (Kagaya et al. 2002; 
Johnson et al. 2002; Li et al. 2002; Furihata et al. 2006).

Previously, we identified the first AAPK in Vicia faba 
which is a guard cell-specific kinase and showed that AAPK 
is a positive regulator of ABA signaling (Li and Assmann 
1996; Li et al. 2000). To date, five SnRK2 genes (i.e., SPK1, 
SPK2, SPK3, SPK4, and GmAAPK) have been reported in 
soybean. While the activation of SPK1 and SPK2 expression 
has been observed in response to hyperosmotic stress in 
yeast cells, the demonstration of this activation in plant 
cells is currently lacking. Conversely, the expression of 
SPK3 and SPK4 is triggered by conditions of high salinity 
or dehydration as reported by Kim et al. (1997) and Monks 
et al. (2001). GmAAPK is induced by ABA and participates 
in the regulatory process during osmotic stress in soybean 
(Luo et al. 2006). These results suggest that the genetic 
engineering of AAPK gene has the potential to enhance 
drought tolerance in crop plants. Although SnRK2s have 
been well studied in Arabidopsis and rice and are known 
to be involved in the abiotic stress response, little is known 
about SnRK2s in soybean. ABA-activated protein kinases 
belonging to subclass III of the SnRK2 family have not been 
functionally characterized by transgenic approaches to date. 
Thus, the understanding of the molecular function of the 
subclass III, AAPK gene would be important in developing 
drought-tolerant transgenic soybean. In addition, such 
knowledge is useful for designing markers for molecular 
breeding of drought-tolerant soybean cultivar.

In the analysis presented here, a detailed characterization 
of the AAPK gene and functional role in drought stress 
response are presented. To achieve these objectives, 

transgenic-driven target gene overexpressing and 
RNA interference (RNAi) target gene silencing roots 
of AAPK-like kinase genes (i.e., Glyma.17G178800, 
Glyma.11G058800, and Glyma.05G081900) are produced. 
The transgenic experiments demonstrated that in contrast to 
silencing, the overexpression of AAPK-like kinase increases 
drought tolerance. Furthermore, we studied the expression 
of AAPK-like kinase genes (AALK) in the root to further 
extend the knowledge of their roles in the stress response. 
This analysis is important because the root is essential for 
maintaining crop yields, especially in drought conditions. 
RNA sequencing (RNA-seq) analyses have provided a 
detailed analysis of soybean root transcriptome in response 
to drought stress, identifying several categories of genes of 
critical importance that are involved in the drought response.

Materials and Methods

Plant Materials and Growth Conditions

Glycine max [cultivar williams 82/ accession PI 518671] 
has been selected for this study due to the availability of 
its genome (Schmutz et al. 2010). The soybean plants were 
grown in an incubation room at 25 °C with 70% relative 
humidity with a 12-h photoperiod/day. The light intensity 
maintained approximately 1000 µmol  m−2  s−1 from white 
fluorescents lights.

Identification of SnRK2 Genes in Soybean 
and Phylogenetic Analysis

The amino acid sequences of AAPK in Vicia faba (Gene 
Bank, AF186020.1) and Arabidopsis thaliana were 
obtained from the literature (Li et al. 2000). To identify the 
SnRK2 genes in soybean, we used BLAST (version 2.2.26, 
Bethesda, MD, USA) to look for highly conserved sequences 
of SnRK2s in the soybean genome database (https:// 
phyto zome. jgi. doe. gov/ pz/ portal. html) (Supplemental 
Table 1). To investigate the evolutionary relationships, the 
phylogenetic tree was constructed using MEGA7 version 7.0 
(Kumar et al. 2016), with the reliability of the tree evaluated 
using bootstrap analysis on 1000 replicates.

Gene Construction for the Overexpression 
of GmAALK Studies

The full-length open-reading frame of the GmAALK genes 
[Glyma.17G178800 (869 bp), Glyma.11G058800 (916 bp) 
and Glyma.05G081900 (854 bp)] were amplified by PCR 
using cDNA of roots and leaves of soybean mRNA. The 
PCR amplified GmAAPK-like kinase genes were cloned into 
the pENTR/D-TOPO cloning vector (Invitrogen, Carlsbad, 

https://phytozome.jgi.doe.gov/pz/portal.html
https://phytozome.jgi.doe.gov/pz/portal.html
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CA) and then sequenced to confirm the correctness of the 
sequence. LR clonase reactions transferred the GmAALK 
kinase gene in the pENTR/D-TOPO cloning vector into the 
pRAP15 vector (13,796 nucleotides in length) for overex-
pression studies (Matsye et al. 2012). The pRAP15 vectors 
contain a single Gateway® (Invitrogen, Carlsbad, CA) com-
patible with attR1-ccdB-attR2 cassette, whose expression is 
driven by the figwort mosaic virus sub-genomic transcript 
(FMV-Sgt) promoter. The cassette is designed to drive the 
overexpression of full-length genes. The pRAP15 vector 
contains an enhanced green fluorescent protein (eGFP) gene 
driven by the rolD promoter, such that plants can be identi-
fied by examining eGFP expression after transformation. The 
pRAP15 vector has the tetracycline resistance gene for bac-
terial selection engineered into a BstEII site that lies outside 
the left and right borders (Matsye et al. 2012). The eGFP 
gene product is a visual beacon for screening transformed 
roots. The eGFP cassette was ligated into a HindIII site 
of pRAP15. The Gateway® compatible attR1-ccdB-attR2 
cassette was engineered into the pRAP15 vector between 
SpeI (5′) and XbaI (3′) sites. The inserted gene cassette is 
terminated by the cauliflower mosaic virus 35S terminator. 
The attR sites are LR bacteriophage λ-derived recombina-
tion sites. The ccdB gene is one agent for E. coli selection. 
The attR cassette is interrupted by a ccdB selectable marker 
gene that acts as an intron. Therefore, genetic engineering 
of GmAALK genes into pRAP15 would result in a gene posi-
tioned in the correct, directional orientation for overexpres-
sion (Matsye et al. 2012). The pRAP15 vector with AALK 

genes was introduced into Agrobacterium rhizogens strain 
K599 (K599) (a generous gift from Dr. Walter Ream, Uni-
versity of Oregon) and then transferred into soybean roots 
by K599-mediated transformation. Roots transformed with 
empty pRAP15-ccdB plasmid served as a control.

Gene Construction for Silencing of GmAALK Genes 
Via RNA Interference (RNAi) Approach

To generate an RNAi construct for the GmAALK genes, 
gene-specific fragments of approximately 300 base pairs 
long (i.e., Glyma.17G178800, Glyma.11gG58800, and 
Glyma05G081900) were amplified by PCR. The PCR-
amplified fragments were cloned into the pENTR/D-TOPO 
cloning vector (Invitrogen, Carlsbad, CA). Subsequently, LR 
clonase reaction was performed to transfer the cloned AALK 
gene within the pENTR/D-TOPO plasmid into the pRAP17 
destination vector (15,540 nucleotides in length) (Klink 
et al. 2009). The LR clonase reaction results in the insertion 
of the selected fragment of the AALK genes into sense and 
antisense orientations that are linked by a chlorampheni-
col resistance gene. The pRAP17 vector also contains an 
eGFP gene driven by the rolD promoter that exhibits robust 
and constitutive root expression. The RNAi constructs with 
inserted AALK gene fragments in the pRAP17 vector was 
introduced into K599 that ultimately transfers the expression 
cassette stably into the soybean root cell chromosomal DNA. 

Table 1  Transcription factors 
responsive to RNAi/control 
under drought or non-drought 
conditions

aalk1-RNAi/control plants under drought treated conditions

Gene Family logFC Annotation

Glyma.U000500 bHLH 5.82 bHLH140
Glyma.06G050300 Zinc finger − 2.18 Zince finger CCH (C3H) domain-containing protein
Glyma.07G178500 G2-like − 2.86 Two-component response regulator ARR14
Glyma.09G240000 WRKY − 3.32 WRKY DNA-binding protein
aalk1-RNAi/control plants under non drought conditions
Glyma.12G209900 bHLH − 2.18 basic helix-loop-helix (bHLH) DNA-binding protein
Glyma.17G156000 bHLH − 2.87 basic helix-loop-helix (bHLH) DNA-binding protein
Glyma.17G156100 bHLH − 3.02 basic helix-loop-helix (bHLH) DNA-binding protein
Glyma.18G210700 bHLH − 3.86 Transcription regulators
Glyma.11G006900 CPP − 2.73 Transcription factor CPP
Glyma.08G020900 ERF − 2.74 AP2 domain-containing transcription factor
Glyma.02G157300 MYB_related − 7.05 MYB transcription factor MYB142
Glyma.07G249000 NF-YB − 3.21 Nuclear transcription factor Y
Glyma.09G046200 NF-YB − 4.23 Nuclear transcription factor Y
Glyma.15G153900 NF-YB − 3.50 nuclear transcription factor Y
Glyma.13G177400 SBP − 3.61 squamosa promoter binding protein-like 3
Glyma.05G200400 Trihelix − 6.56 Homeodomain-like superfamily protein
Glyma.19G259700 NAC − 3.44 NAC (No Apical Meristem) domain transcriptional 

regulator superfamily protein
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Roots transformed with the empty pRAP17-ccdB were used 
as control (Klink et al. 2009).

Generation of Transgenic Lines

A slightly modified version of the protocol described 
by Matsye et al. (2012) was used in this experiment. Ten 
day old soybean seeds grown in sand in the greenhouse at 
ambient temperature (~ 26–29 °C) were used as as a source 
for explants for in-planta transformation. The cleaned 
explants were cut at hypocotyl with a sterile blade to 
remove the roots with the cut end immediately dipped into 
Agrobacterium co-cultivation medium. Then, the rootless 
plants underwent vacuum infiltration for 30 min, with the 
vacuum subsequently released slowly. Then, the explants 
were covered with saran wrap and incubated overnight 
at 28 °C at 50 RPM in a rotary shaker in the dark. After 
overnight incubation, the cut ends of explants were placed 
individually ~ 4 cm deep into fresh coarse A3 vermiculite 
(Palmetto Vermiculite Company, Woodruff, SC) in 50-cell 
flats in a covered 67.3 × 40.1 × 26.4 cm plastic container 
(Rubbermaid®; Rubbermaid Home Products; Fairlawn, OH) 
in an incubation room. The temperature of the incubation 
room was set at 26 ± 2 °C and having fluorescent white 
4100 K lights (32-W bulbs) emitting 2800 lumens used as a 
light source. After seven days of incubation, the plants were 
uncovered and transferred to the greenhouse.

Confirmation of Transgenic Plants

The one-month-old putative transgenic plants were used 
to determine the eGFP reporter expression using the Dark 
Reader Spot Lamp (Clare Chemical Research). Only 
transgenic roots show green fluorescence since both pRAP15 
and pRAP17 vectors have eGFP within the left and right 
borders. Only genetically chimeric, composite plants with 
transformed roots showing green fluorescence were kept. 
The non-transformed roots were excised with a scissors. 
After excision of the non-eGFP-expressing roots, the plants 
were planted into pots containing a 1:1 mixture of sand and 
soil. The plants were allowed to recover for a week.

Molecular Analysis

Total RNAs were extracted from leaves or roots of soybean 
plants using the RNeasy Mini Kit (Qiagen) following the 
manufacturer's procedure. The RNA samples were digested 
with RNase-free DNase I (Qiagen) to remove genomic DNA 
contamination. RNA concentrations were determined using 
NanoDrop 2000  C (Thermo Scientific). The A260/280 
values of all RNA samples used in this study ranged from 
1.8 to 2.2, and A260/230 ratios of all samples were above 
2.0. The RNA quality was also monitored on 1.2% agarose 

gel electrophoresis. cDNAs were synthesized from the 
total RNA samples using the SuperScript First-Strand 
Synthesis System (Invitrogen) with an OligodT primer. 
Confirmation of overexpression of the GmAALK genes in 
the transformed plants was done by PCR amplification of the 
cDNA using eGFP primers as well as gene-specific primers. 
The Quantitative Real-Time PCR (qRT-PCR) analysis was 
performed using BioRad CFX96 thermocycler for the 
confirmation of silenced and overexpression of the GmAALK 
genes in transgenic plants. The 60 s ribosomal gene primers 
were used as an endogenous control. The relative gene 
expression levels were determined as described previously 
(Livak and Schmittgen 2001). The primers identifiers and 
sequences are provided (Supplemental Table 2).

Drought Stress Treatment and Estimation 
of Chlorophyll, Flavonoids, Anthocyanin, Nitrogen 
Balance Index and Soil Moisture

To investigate the role and mechanisms of GmAALK genes 
in drought stress tolerance, four-week old transgenic roots-
containing composite plants, along with the vector control 
were subjected to drought stress by withholding their 
water supply for 7 days. Photos were taken to record the 
phenotypes, and morphological data measurements were 
taken. The chlorophyll (Chl) content, anthocyanin (Anth), 
and flavonoids (Flv) were measured under stress conditions 
after applying the plant stress using Dualex®Scientific 
from FORCE-A (Fluorescence and Optoelectronics 
Research for the Communication between Ecophysiology 
and Agriculture) as described by Cerovic et al. (2012). 
Nitrogen balance index (NBI) was also calculated using the 
Dualex data as the ratio of Chl/Flav. Soil moisture data were 
collected using soil moisture sensor device (HH2 moisture 
meter with ML2X- theta probe, Delta-T Devices) every day 
between 12:00 to 14:00 h after applying the treatments. After 
seven days of drought treatment, transgenic root samples 
were collected for RNA isolation.

RNA Isolation, cDNA Library Construction 
and Sequencing

Three biological replicates were used for all RNA-
seq experiments from drought treatments of transgenic 
knockdown roots along with the control. The total RNA was 
isolated from the roots of soybean plants using the RNeasy 
Plant Mini Kit (Qiagen). RNA samples were digested with 
RNase-free DNase I on column according to manufacturer’s 
protocol (Qiagen) to remove genomic DNA contamination. 
RNA quality and integrity were verified using Agilent 2100 
Bioanalyzer (Agilent Technologies). The RNA Integrity 
Number (RIN) values greater than seven were accepted in 
this experiment. The quantification of the total RNA was 
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also performed by a NanoDrop 2000 (Thermo Scientific) 
and 1.2% agarose gel electrophoresis. cDNA was generated 
using Clontech SMARTer cDNA kit (Clontech Laboratories, 
Inc.) from total RNA isolated from Soybean roots. cDNA 
was fragmented using Bioruptor (Diagenode, Inc.), profiled 
using Agilent Bioanalzyer, and subjected to Illumina 
library preparation using SPRIworks HT Reagent Kit 
(Beckman Coulter, Inc.). The quality and quantity and the 
size distribution of the illumine librarires were determined 
using an Agilent Bioanalzyer 2100. The samples were then 
sequenced on an Illumina HiSeq2500 which generated 
paired-end reads of 106 nucleotides (nt.) (Otogenetics). 
Data were generated and quality checked using FASTQC 
(Babraham Institute).

Data Processing and Bioinformatics Analysis

The RNA-seq reads were initially processed to remove the 
adaptor sequences, and low-quality reads using Trim Galore 
(04.0) (https:// www. bioin forma tics. babra ham. ac. uk/ proje cts/ 
trim_ galore/) on the DNAnexus platform (DNAnexus, Inc.). 
After filtering, clean reads were used for the downstream 
bioinformatics analysis. High-quality mRNA-seq reads 
were aligned to the Glycine max reference genome (Wm82.
a2.v1 version) using the Spliced Transcripts Alignment 
to a Reference (STAR) aligner (version 2.5.0b). STAR 
has a potential for accurately aligning long reads that are 
generated by the third-generation sequencing technologies 
(Dobin et al. 2013). STAR Aligner was run with the default 
parameters and a reference G. max GTF file using the 
–G option, and replicates of each treatment/sample were 
mapped independently to improve alignment sensitivity 
and accuracy for further analysis. Only uniquely mapped 
reads were used in the analysis. The gene expression levels 
were estimated using HTseq software (Anders et al. 2015). 
Only reads which unambiguously mapped to a single gene 
were counted, whereas reads aligned to multiple positions 
or overlapping with more than one gene were discarded 
(Supplemental Table 3). For each treatment, a pairwise 
comparison was performed between the control and RNAi 
silenced samples using the libraries synthesized from 
three biological replicates of each treatment/condition. 
The differential gene counts analysis was performed using 
edgeR (Robinson et al. 2010). A ratio of expression (fold-
change) was performed by dividing the values of gene 
expression under stress treatments and control conditions. 
False Discovery Rate (FDR) was calculated to identify 
statistically significant differentially expressed genes and 
to avoid inflation of type-1 errors. Differentially expressed 
genes between different treatments were identified using 
the following criteria: (FDR) < 0.001 and abs (log2FC 
(fold-change)) ≥ 2.

Functional Classification

Differentially expressed genes were functionally classified 
using gene ontology (GO) terms (Ashburner et al. 2000). 
The SEA method of AgriGO tool v2.0 (Tian et al. 2017) 
with GO annotations associated with the soybean genome 
(Wm82.a2.v1 version) was used to detect significantly over-
represented or under-represented GO terms in a drought vs. 
control comparisons. To decrease the redundancy, results 
provided by AgriGO were further analyzed by the Reduced 
Visualize Gene Ontology (REVIGO) method using SimRel 
as the semantic similarity measure with the default threshold 
of 0.7 (Supek et al. 2011). The procedure yielded a GO 
enrichment for the studied samples per condition.

Pathway and Transcription Factor (TF) Identification 
and Analysis

KEGG Pathway (http:// www. genome. jp/ kegg/ pathw ay. 
html) enrichment analysis was used to identify significantly 
enriched metabolic or signal transduction pathways in 
differentially expressed gene sets compared with the whole 
genome background. The drought stress genes in RNAi 
silenced lines along with controls were plotted by MapMan 
(Usadel et  al. 2009). Several biological and metabolic 
pathways were plotted together using the log fold change 
differences indicated with a green and red schema. The cut-
off of the absolute value fold change gene expression was 2. 
The TFs and transcription-related genes were also mapped 
and plotted by MapMan. The TF family annotations were 
obtained from plantTFDB (Jin et al. 2017).

Quantitative Real‑Time PCR (qRT‑PCR) Validation 
of Gene Expression

Root tissues from pRAP17-ccdB control and RNAi 
silenced plants under control conditions and drought stress 
conditions were used in total RNA extraction, DNase 
treatment, and in cDNA synthesis as described previously. 
qRT-PCR was carried out in 96-well plates with CFX Real-
Time PCR Detection System (Bio-Rad) using SsoFast™ 
EvaGreen® Supermix with three independent biological 
replicates. 20 ng of cDNA determined by NanoDrop 2000 C 
spectrophotometer (Thermo Scientific) were used for qRT-
PCR. The relative quantitative analysis was performed under 
the following conditions: 95 °C for 3 min and 40 cycles at 
95 °C 10 s, 60 °C 30 s and 72 °C for 30 s. The melt curve 
analysis is ranging from 60 to 95 °C, was used to identify 
the different amplicons, including non-specific products. To 
ensure specific products, the agarose gel run was performed 
with qPCR products. A total of 21 soybean genes that were 
up- or down-regulated in the RNASeq experiments were 
assayed. Gene-specific primers were designed using Primer3 

https://www.bioinformatics.babraham.ac.uk/projects/trim_galore/
https://www.bioinformatics.babraham.ac.uk/projects/trim_galore/
http://www.genome.jp/kegg/pathway.html
http://www.genome.jp/kegg/pathway.html
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software (Supplemental Table 2). Raw data were analyzed 
according to the  2−ΔΔCT based on Livak and Schmittgen 
method (Livak and Schmittgen 2001), applying 60 s as an 
endogenous gene (Le et al. 2012a, b).

Results

Identification of GmSnRK2 Members in Soybean

A genome-wide search for AAPK homologs in the soy-
bean genome has been performed. The analysis used the 
Vicia faba (faba bean) (AF186020.1) as a reference. The 
analysis identified 22 soybean genes encoding SnRK2 fam-
ily protein kinases (Supplemental Table 1). Our results is 
agreement with study conducted by Zhao et al., (2017), who 
also identified 22 GmSnRK2 genes in the soybean genome. 
These GmSnRK2 genes were distributed across the 20 
chromosomes. For comparison, ten SnRK2 family proteins 
have been reported to be encoded in rice and Arabidopsis 
(Kobayashi et al. 2005; Nakashima et al. 2009). A phylo-
genetic tree was constructed to investigate the evolutionary 

relationship between the different SnRK2 protein sequences 
of soybean, rice, and Arabidopsis (Kumar et al. 2016). The 
neighbor-joining phylogenetic tree suggests that these pro-
tein kinases can be divided into three groups, which is con-
sistent with previously reported analyses (Kulik et al. 2011) 
(Fig. 1). Each subgroup contains members from both Arabi-
dopsis and rice SnRK2, demonstrating that the divergence of 
these subclasses originated before the divergence of dicots 
and monocots. The Arabidopsis thaliana was the first plant 
for which whole genome was sequence in 2000, and it has 
a genome size of around 134 megabase for the strain Col-0. 
The Arabidopsis genome has large segmental duplications 
which cover much of the genome. Duplications are primarily 
due to at least four different large-scale duplication events 
that occurred 100 to 200 million years ago (Vision et al. 
2000). Similarly, Oryza sativa is a 430 megabase (MB) in 
size and composed of 12 chromosomes. The rice genome 
has undergone multiple duplications, including and ancient 
whole genome duplications. Recent segmental duplications 
on chromosomes 11 and 12, and massive ongoing individual 
gene duplications (Yu et al. 2005). Similarly, Glycine max 
genome contains 1.1 gigabase which is 8 times lareger than 

SnRK2.6/SRK2E    283          ADLMNDNTMTTQFDESDQPGQSIEEIMQIIAEATVPPAGTQNLNHYLTGSLDIDD-DMEEDLESDLDDLDIDSSGEIVYAM*362 
SnRK2.3/SRK2I    284          ADLMNESNTGSQFQEPEQPMQSLDTIMQIISEATIPAVRNRCLDDFMTDNLDLDD-DMD-DFDSE-SEIDIDSSGEIVYAL*362 
SnRK2.2/SRK2D    292          GDLMDENRMGSQFQEPEQPMQSLDTIMQIISEATIPTVRNRCLDDFMADNLDLDD-DMD-DFDSE-SEIDVDSSGEIVYAL*370 
SAPK10           285          ADLMDDSKMSSQYEEPEQPMQSMDEIMQILAEATIPAAGSGGINQFLNDGLDLDD-DME-DLDSD-PDLDVESSGEIVYAM*363 
SAPK8            295          ADLMDDDSMSSQYEEPDQPMQTMDQIMQILTEATIPPACSR-INHILTDGLDLDD-DMD-DLDSD-SDIDVDSSGEIVYAM*372 
SAPK9            284          ADLMDDGMVSNQYEEPDQPMQNMNEIMQILAEATIPAAGTSGINQFLTDSLDLDD-DME-DMDSD-LDLDIESSGEIVYAM*362 
AAPK             276          ADLVNENIMDNQFEEPDQPMQSMDTIMQIISEATVPAAGSYYFDEF----IEVDE-DMD-EIDSD-YELDVDSSGEIVYAI-350 
AALK1            285          ADLMDEKIMGNQFEEPDQPMQSIDTIMQIISEATVPAVGTYSFDQFMEEQIY----DLESESDAE-SDLDIDSSGEIVYAI*361 
Glyma.01G183500  283          PYLMDEKIMGNQFVESDQPMQNIDTIMQIISEATIPAAGTYSLDQFMADNI-IDD-DMD-ELDSD-FELDVDSSGEIVYAI*360 
GmAAPK           283          PYLMDEKIMGNQFVESDQPMQSIDTIMQIISEATIPAAGTYSLDQFMADNI-IDD-DMD-ELDSD-FELDVDSSGEIVYAI*360 
Glyma.05G081900  285          ADLMDEKIMSNQFEEPDQPMQSIDTIMQIISEATVPAAGTYSFDKFMEEQIY----DLESESDAE-SDLDIDSSGEIVYAI*361 
Glyma.02G135500  280          SDLMDGNTNNNQFEEPDQPMQSIEEIMQIIKEATIPAAGSQSLNHDLTGSLDIDD-----DMDSD-PDLDLDSSGEIVYAM*355 
Glyma.07G209400  294          SDLMDGNT-NNQFEEPDQPMQSIEEIMQIIKEATIPAAGSQSLNHDLTGSLDIDD-----DMDSD-PDLDLDSSGEIVYAM*368 
Glyma.07G178600  291          ADLMVENTMNRQFEEPDQPMQSIEEIMQIISEATIPAAGTQSLNQYLTGSLDIDDDDMDEDLETD-PDLDIDSSGEIVYAI*372 
Glyma.20G009600  285          ADLMVENTMNNQFEEPDQPMQSIEEIMQIISEATIPAAGTQSLNQYLTGSLDIDDDDMDEDLETD-PDLDIDSSGEIVYAM*365 

Domain-I: Required for osmotic stress response Domain-II: Required for ABA response

A

B

Fig. 1  A Phylogenetic Analysis of SnRK2s protein kinase in Arabi-
dopsis thaliana, Oryza sativa and Glycine max by Neighbor-joining 
(NJ) method. Group I: ABA-independent kinases, Group II: kinases 
not dependent or weakly dependent on ABA, Group III: ABA-
dependent kinases. The tree was built using MEGA 7 and presented 
using Fig Tree v1.4.3. B Structural analysis of the C-terminal region 
in ABA-activated protein kinases of Arabidopsis thaliana, Oryza 

sativa, and Glycine max. The C-terminal region was divided into two 
parts: Domain-I (dashed blue box) involved in ABA-independent 
activation in response to osmotic stress and Domain-II (Green box) 
required for ABA-dependent activation of SnRK2s. Identical amino 
acid residues are boxed, and similar residues are shaded in gray. 
Dashes indicate gaps in the sequences to allow the maximal align-
ment
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Arabidopsis genome. Soybean has 70% more coding genes 
than Arabidopsis. Soybean gene duplications occurred at 
approximately 59 and 113 million years ago (Schmutz et al. 
2010). Compared to Arabidopsis and rice, soybean has 
more SnRK2 genes in each group. Groups I and III were 
the largest with 8 GmSnRK2 members, whereas Group II 
has only 6 GmSnRK2 members. Vicia faba AAPK, Arabi-
dopsis SnRK2.2/2.3/2.6 and rice SAPK8/9/10 are reported 
to be activated by ABA and are included in Group III. The 
protein sequence for Glyma.17G178800 is 81.54% identi-
cal to GmAAPK (Glyma.11G058800) from G. max, 77.18% 
identical to AAPK from Vicia faba, 75.16% identical to 
AtSnRK2.3/SnRK2I from A. thaliana, and 75.16% identical 
to AtSnRK2.2/SnRK2D from A. thaliana (Li et al. 2000; Luo 
et al. 2006; Nakashima et al. 2009). The Glyma.17G178800 
has higher homology to AAPK than AtSnRK2.2/2.3. There-
fore, the corresponding gene Glyma.17G178800, was named 
AALK1. We hypothesized that the eight identified GmSnRK2 
family members (Glyma.01G183500, Glyma.02G135500, 
Glyma.05G081900, Glyma.07G178600, Glyma.07G209400, 
Glyma.11G058800 (GmAAPK), Glyma.17G178800 
(GmAALK1), and Glyma.20G009600) might be activated 
by ABA since they all clustered in the same SnRK2 Group 
III containing ABA activated genes such as AAPK, OST1, 
AtSnRK2.2, AtSnRK2.3, and OsSAPK8/9/10 (Fig.  1). 
SnRK2 proteins have functional domains in their N-or 
C-terminal regions. To analyze the conserved domains in 
the SnRK2 protein family, we aligned the C-terminal region 
of the previously published ABA-activated Group III pro-
tein kinases in Arabidopsis and rice, along with AAPK faba 
bean and the identified eight soybean genes. We found two 
conserved domains: (1) Domain I is nearly 30 amino acids 
long starting from the end of the kinase domain, and (2) 
Domain II is about 40 amino acids long starting from the 
end of Domain I (Fig. 1), which is consistent with previ-
ously published work. According to the previous studies, 
Domain I is required for ABA-independent activation by 
osmotic stress, whereas Domain II is needed for the ABA-
dependent response (Boudsocq et al. 2004; Kobayashi et al. 
2004; Yoshida et al. 2006).

Overexpressing and Silencing of Abscisic 
Acid‑Activated Protein Kinase Gene (AALK) 
in Soybean

To investigate the gain-of-function and loss-of-function 
phenotypes of an AAPK-like kinase gene in soybean through 
transgenesis, gene overexpression and RNAi-mediated gene 
silencing (RNAi) constructs were prepared. We cloned G. 
max genes (i.e., Glyma.17G178800, Glyma.11G058800, 
and Glyma05G081900), the GmAAPK and two additional 

AAPK-like (AALK) kinases with the highest homology to 
the Vicia faba AAPK (Fig. 1). AAPK-like kinase genes were 
cloned into the pRAP15 vector for overexpression, whereas, 
for the silencing of these genes, an RNAi construct of 
GmAALK was generated in the pRAP17 destination vector. 
Root transformants were selected based on eGFP expression, 
verified using the Dark Reader Spot Lamp (Supplemental 
Fig. 1). A qRT-PCR analysis showed high relative transcript 
abundance (RTA) of eGFP in both overexpression and 
knockdown lines, which further confirmed the eGFP transgene 
production in these roots. The eGFP expression of these genes 
is provided (Supplemental Fig. 1). In addition, the expression 
and silencing of GmAALK genes was detected by qRT-PCR 
(Supplemental Fig. 1).

Overexpression of GmAALK1 Results in Increased 
Tolerance to Water Deficit

To investigate the physiological function of AALK, we 
generated and selected three independent composite plants 
having AALK-overexpressing and AALK-RNAi roots for 
further study, respectively. Among the three AALK genes, 
Glyma.17G178800 (referred to as GmAALK1) was more sus-
ceptible to drought stress response (data not presented here), 
and thus was selected for further study. There were no obvious 
phenotype differences among vector control, overexpression 
and RNAi silenced plants. Four-week-old (after root trim-
ming) transgenic plants, along with control, were subjected to 
drought stress by withholding water for seven days. pRAP17-
ccdB control and GmAALK1-RNAi silenced plants started 
wilting after four days of stress. However, the GmAALK1-over-
expressing composite plants did not show wilting until seven 
days of drought, indicating that overexpression of GmAALK1 
genes in soybean plants results in increased resistance to 
drought stress (Fig. 2A). We observed that the root system of 
soybean plants of GmAALK1 overexpressing composite plants 
developed more new lateral roots than RNAi silenced, and 
control lines under drought stress (Fig. 2B). 

The chlorophyll content, anthocyanin, flavonoids, and 
nitrogen balance index of soybean plants were measured after 
drought stress (Fig. 3). The Dualex monitor uses the fluores-
cence and light transmission of a leaf to determine the leaf sta-
tus. There were significant differences in chlorophyll content 
and nitrogen balance index between GmAALK1-overexpres-
sion and GmAALK1-RNAi silenced plants as compared to con-
trol. However, flavonoids and anthocyanin were significantly 
decreased in GmAALK1-overexpression lines as compared to 
control and RNAi-silenced plants.
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Differentially Expressed Genes (DEGs) Caused 
by a Response to Drought Stress

After seven days of imposing drought stress, the expres-
sion pattern of transgenic pRAP17-ccdB control roots vs. 
GmAALK1-RNAi roots of composite plants were evaluated 
under drought and non-drought conditions. In this study, 
each condition was represented by three biological repli-
cates. A Venn diagram illustrating the clustering of DEGs 
into different groups along with the corresponding condi-
tions and highlights the overlap of DEGs between the four 
pairwise comparisons (Fig. 4C). The comparisons include: 
Group 1 is the genotype control under drought vs. non-
drought conditions (yellow color). Group 2 is the genotype 
GmAALK1-RNAi under drought vs. non-drought conditions 
(blue in color). Group 3 is GmAALK1-RNAi vs. pRAP17-
ccdB control under drought conditions (green color). Group 

4 is GmAALK1-RNAi vs. pRAP17-ccdB control under non-
drought conditions (pink color) (Fig. 4C). To reduce the rate 
of false positives and reliability identify the most significant 
changes in gene expression, only genes with FDR corrected 
p-Values < 0.001 and abs (log2FC) ≥ 2 were selected. After 
applying a stringent criterion described above, 6800 genes 
in pRAP17-ccdB control samples, and 2,813 genes in the 
GmAALK1-RNAi samples were differentially expressed 
under drought vs. non-drought conditions (Fig. 4B). There 
were 69 genes differentially expressed between GmAALK1-
RNAi vs. the pRAP17-ccdB control under drought condi-
tions, whereas 212 genes in GmAALK1-RNAi vs. pRAP17c-
cdB control under non-drought conditions (Fig. 4A).

In Group 1, DEG genes for the comparison between 
drought vs. non-drought conditions in the genetype control 
sample (Fig. 4C, [in yellow]), contains 6,800 genes with 
4977 having increased RTAs (relative transcript abundance), 

Fig. 2  Overexpression of 
GmAALK1 conferred resistant 
to drought stress. A control, 
GmAALK1-RNAi silencing 
(aalk1-RNAi)and GmAALK1-
overexpressing (AALK1-OX) 
plants were subjected to drought 
stress on four-week-old plants 
after seven days of drought 
stress. B The root system of 
control, GmAALK1-RNAi 
silenced and GmAALK1-overex-
pression lines after seven days 
of drought stress

Control aalk1-RNAi AALK1-OX

Control aalk1-RNAi AALK1-OX

A

B
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and 1823 having decreased RTAs (Fig. 4B). In Group 1, 
4,142 genes or 57.7% of total DEGs were unique among all 
categories, the largest set of DEGs among all comparisons. 

In Group 2, the comparison between drought vs. non-
drought conditions in GmAALK1-RNAi (Fig. 4C, [in blue]) 
2,813 DEGs were divided between the 1,669 genes with 

Fig. 3  Comparison of physi-
ological indices related to 
drought stress response for con-
trol, GmAALK1-RNAi silenc-
ing, GmAALK1-overexpressing 
lines. A chlorophyll content, 
B flavonoids, C anthocyanin 
and D nitrogen balance index 
measured using Dualex instru-
ments. The values are mean 
and standard errors of five rep-
lications in each line. The bars 
followed by the same letters did 
not differ significantly at 5% by 
Tukey’s test

Fig. 4  Number of up- and down-regulated genes from the four com-
parisons performed. A Up- and down-regulated genes comparing 
drought-treated (DT) to untreated (UT) roots in GmAALK1-RNAi 
silencing line or genotype control. B Up-and down-regulated genes 
comparing GmAALK1-RNAi silencing line to the genotype control 
under drought-treated or untreated conditions. C Venn diagram of 
DEGs which passed the cut-off logFC > 2 in four comparisons per-
formed. Genes shared among the four comparisons are represented 
by overlapping areas. Yellow represents the number of DEGs result-

ing from comparing drought treated (DT) to untreated (UT) condi-
tions in genotype control samples, while blue is the number of DEGs 
from comparing drought treated (DT) to untreated (UT) conditions 
in GmAALK1-RNAi silencing line. Green represents the number 
of DEGs from the comparison between the two genotypes under 
drought-treated conditions [RNAi vs. control (DT)], while pink 
represents the number of DEGs between the two genotypes under 
untreated conditions [RNAi vs. control (UT)]
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decreased RTAs and 1,144 genes with increased RTAs 
(Fig. 4B). In Group 3, the comparison between GmAALK1-
RNAi vs. pRAP17-ccdB control under drought conditions 
(Fig. 4C, [in green]) out of 69 genes, approximately half 
of the genes (34) were decreased in their RTAs, and a half 
(35) were increased in their RTAs (Fig. 4A), and only 27 
genes were unique when subtracting DEG genes from other 
comparisons. Likewise, in Group 4, the comparison between 
GmAALK1-RNAi vs. pRAP17-ccdB control under non-
drought conditions (Fig. 4C, [in pink]). Out of 212 DEGs, 
only eight genes were increased in their RTAs. The majority 
of the genes (i.e., 204 genes) were decreased in their RTAs 
(Fig. 4A), with only 18 unique genes decreased in their 
RTAs in GmAALK1-RNAi under non-drought conditions. 
There were 328 genes unique among all comparisons. 
No genes were found to be in common between all four 
comparisons (Supplemental Data Set 1).

Highly Differentially Expressed Genes in all Four 
Comparison Groups

In all groups of DEGs a moderate expression ratio was 
detected for most of the genes. High fold-changes for a small 
number of genes were also observed. Therefore, relatively 
few genes were highly affected, indicating a specificity of 
the response.

In Group 1, the highest upregulation of gene expression 
changes were found for several heat shock proteins. These 
proteins included Glyma.07G200700, Glyma.07G200500, 
Glyma.02G205600, Glyma.08G068700, Glyma.20G213900, 
Glyma.08G068800, Glyma.16G206200 (log2FC 11 to 
13); and for Glyma.14G156400 (log2FC 13), an alco-
hol dehydrogenase 1; Glyma.09G237600 (log2FC 12); 
Glyma.18G260000 (log2FC 11), a nitrate transporter; 
Glyma.03G113200, Glyma.15G211300, a NAD(P)-
binding Rossmann-fold superfamily protein (log2FC 11); 
and Glyma.09G185500 (log2FC 11), an uncharacterized 
protein. Among the downregulated genes in Group 1; 
Glyma.15G260700, Glyma.08G162400 (log2FC -12.94/-
11.5), an eukaryotic aspartyl protease family protein; 
Glyma.10G180100 (log2FC-11.94), an indole-3-acetic 
acid inducible; Glyma.18G055400 (log2FC-11.64), a per-
oxidase superfamily protein; Glyma.05G121600 (log2FC 
-11.4), a vacuolar iron transporter; Glyma.07G150400 
(log2FC -11.4), hydrolyse-type esterase superfamily protein; 
Glyma.08G230100 (log2FC -11.4), a pathogenesis-related 
protein; Glyma.09G118300 (log2FC -11.4), a MLP-like pro-
tein 43; Glyma.15G251300 (log2FC -11.4), a nicotianmine 
synthase 1; Glyma.18G018900 (log2FC -11), a sulfate trans-
porter; and Glyma.05G019200 (log2FC -11), a cytochrome 
P450. Glyma.10G126100 with unknown function in Group1 

had the second most changes in expression (Supplemental 
Data Set 1).

In Group 2, the highest differentially expressed genes were 
Glyma.07G200500 (log2FC 13.64), which encodes a heat 
shock protein. This gene was followed by Glyma.13G291800 
(log2FC 12.75), a late embryogenesis abundant domain-
containing protein; Glyma.15G211300 (12.52), a 
NAD(P)-binding Rossmann-fold superfamily protein, and 
Glyma.14G063700, Glyma.14G063800 (log2FC 12) a 
heat shock protein; Glyma.02G028400 (log2FC − 13.67), 
a matrix metalloproteinase; Glyma.02G064100 (log2FC 
− 12.48), a ribonuclease 1; Glyma.13G364400 (log2FC 
− 12.17) a nodulin, and Glyma.15G062800 (log2FC − 12), 
a cysteine-rich secretory proteins; and Glyma.18G018900 
(log2FC − 11.8), a sulfate transporter protein are top five in 
downregulation category (Supplemental Data Set 1).

In Group 3, the highest level of differential expression 
of upregulated genes was detected for Glyma.U041300 
(log2FC 7.57), which codes for an efflux antiporter; Glyma.
U042300 (log2FC 6.90), a heat shock family protein; 
Glyma.06G220600 (log2FC 6), a nucleolar histone 
methyltransferase-related protein; and Glyma.U000500 
(log2FC 5.82), a bHLH transcription factor. Like-wise 
the highest expression change for down-regulated DEGs 
in Group 3 was measured for Glyma.02G252500 (log2FC 
− 5.46), an uncharacterized protein; Glyma.10G119300 
(log2FC − 5.41), a serine endopeptidase family protein; 
Glyma.03G159000 (log2FC −  5.19), a hydrolase 
superfamily protein; and Glyma.08G321200 (log2FC 
− 5.17), an eukaryotic aspartyl protease family protein 
(Supplemental Data Set 1).

In Group 4, the highest change (log2FC 6) was 
found for Glyma.03G058800 with unknown functions; 
Glyma.19G132700 (log2FC 4.6), an uncharacterized 
protein; Glyma.20G114200 (log2FC 4.5), a cinnamate-
4-hydroxylase; Glyma.09G284700 (log2FC 3.5), a 
peroxidase super family protein are top 5 highly expressed 
protein. Similarly, Glyma.16G177500 (log2FC − 9.13), 
a metal transporter; Glyma.16G043000 (log2FC − 8.5), 
ahydroxyproline-rich glycoproteinfamily protein; 
Glyma.18G056500 (log2FC − 8.35), a nuclear transport 
factor 2 family proteins; Glyma.06G319000 (log2FC − 8) 
plant invertase/pectin methylesterase inhibitor superfamily; 
and Glyma.11G244800 (log2FC −  9) a pectate lyase 
superfamily are top 5 downregulated protein (Supplemental 
Data Set 1).

In this study, we identified 4,142 genes uniquely expressed 
in the genotype control under drought vs. non-drought con-
ditions (Fig. 4C). Among them, the highly expressed genes, 
Glyma.09G163000, Glyma.05G065300, Glyma.16G212200, 
Glyma.09G162700, and Glyma.09G163600, which mostly 
encodes trypsin and protease inhibitor protein, were upregu-
lated under drought vs. non-drought conditions. Out of 4142 
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genes included exclusively in the genotype control under 
drought vs. non-drought conditions, Glyma.14G053700, 
peroxidase superfamily protein, Glyma.10G021300 
thioredoxin superfamily protein, and Glyma.14G032000, 
Glyma.02G282300 with unknown function were downregu-
lated. Similarly, there are 328 genes found uniquely differ-
entially expressed in Gmaalk1-RNAi lines under drought vs. 
non-drought conditions (Fig. 4C). Among those 328 genes, 
many are moderately represented, and some are highly 
expressed. The highly expressed genes were CAP (cysteine-
rich secretory proteins, Antigens 5, and Pathogenesis-related 
1 protein) superfamily protein (Glyma.13G251700), protein 
kinase superfamily protein (Glyma.04G056900) were down-
regulated whereas Glyma.05G177600, Glyma.11G180400 
with unknown function and Glyma.16G173600 (SLAC1 
homolog) were up-regulated.

While comparing GmAALK1-RNAi vs. pRAP17-ccdB 
control under drought conditions, 27 genes were uniquely 
expressed and most DEGs were efflux antiporter (Glyma.
U041300), heat shock family protein (Glyma.U042300), 
and nucleolar histone methyltransferase-related protein 
(Glyma.06G220600), were up-regulated whereas, with 
unknown function (Glyma.02G252500), subtilisin-like ser-
ine endopeptidase family protein (Glyma.10G119300) and 
hydrolases superfamily protein (Glyma.03G159000) were 
down-regulated (Fig. 4C). In the comparison in GmAALK1-
RNAi vs. pRAP17-ccdB control under non-drought condi-
tions, 18 genes were found which are moderately expressed 
(Fig. 4C). Out of 18 genes, 16 DEGs were downregulated, 
and only two were upregulated, i.e., RING/U-box superfam-
ily protein (Glyma.15G173800) and cinnamate-4-hydroxy-
lase (Glyma.20G114200) (Supplemental Data Set 1).

Functional Roles of Differentially Expressed 
Soybean Genes in Response to Drought Stress

To sort the functional categories of DEGs, the singular 
enrichment analysis (SEA) was performed. After testing 
the 4,142 unique DEGs in genotype control under drought 
vs. non-drought conditions, 36 GO terms were significantly 
enriched such as “metabolic process” (GO:0008152), “oxi-
dation–reduction” (GO:0055114), “regulation of gene 
expression” (GO:0010468), and “RNA biosynthetic pro-
cess” (GO:0032774) in the biological processes category; 
“oxidoreductase activity” (GO:0016491), “hydrolase activ-
ity, acting on glycosyl bonds” (GO:0016798), “transcrip-
tion factor activity” (GO:0003700), “iron ion binding” 
(GO:0005506), and “catalytic activity” (GO:0003824) in the 
molecular functions category (Supplemental Data Set 2 A). 
“Oxidation–reduction” (GO:0055114), and “oxidoreductase 
activity” (GO:0016491) were the most enriched GO terms in 
the biological and molecular function categories among the 
328 differentially expressed genes in GmAALK1-RNAi lines 

under drought vs. non-drought conditions (Supplemental 
Data Set 2 B). “Hydrolase activity” (GO:00167870, and “cat-
alytic activity” (GO:0003824) were the significantly enriched 
GO terms as molecular functions among 27 differentially 
expressed genes comparing the GmAALK1-RNAi lines to 
pRAP17-ccdB control under drought conditions (Supple-
mental Data Set 2 C). “Transferase activity” (GO:001674) 
was the only one significantly enriched GO term among 18 
differentially expressed genes comparing the GmAALK1-
RNAi to pRAP17-ccdB control under non-drought con-
ditions (Supplemental Data Set 2 D). “Oxidation–reduc-
tion” (GO:0055114), “response to stress” (GO:0006950), 
and “response to oxidative stress” (GO:0006979) in the 
biological process category; “photosynthetic membrane” 
(GO:00343570), and “photosystem II” (GO:0009523) 
in cellular process category; “oxidoreductase activity” 
(GO:0016491), and “metal ion binding” (GO:0046872) 
are among the functional categories enriched in the 2,436 
DEG genes under drought vs. non-drought as compared to 
GmAALK1-RNAi vs. pRAP17-ccdB control (Supplemental 
Data Set 2 E; Fig. 5).

Metabolic Pathway Enrichment Analysis of DEGs 
Under Drought as Compared to Non‑drought 
Conditions

Multiple metabolic-related pathways that respond to 
drought treatments have been identified in this study. Tran-
scripts related to cell wall proteins arabinogalactan-proteins 
(AGPs), such as fasciclin-like arabinogalactan-protein, cell 
wall pectin (such as pectin acetylesterase family protein, 
cell wall modifications (xyloglucan endotransglucosylase/
hydrolases) were mostly downregulated whereas only a 
few transcripts were up-regulated in control lines as com-
pared to drought treated and non-treated conditions. In 
GmAALK1-RNAi lines, transcripts associated with cell 
wall protein (AGPs), cellulose synthesis (cellulose synthase) 
were downregulated, with only a few transcripts upregu-
lated. Several gene families (polygalacturonase, pectinase, 
responsive to desiccation RD22) involved in cell wall deg-
radation were downregulated except for two transcripts, i.e., 
Glyma.05G25370 (polygalacturonase inhibiting protein 1) 
and Glyma.10G17550 (polygalacturonase, putative) which 
were up-regulated in control lines under drought vs. non-
drought conditions. In the case of GmAALK1-RNAi lines, 
several gene families (polygalacturonase, pectate lyase fam-
ily protein, pectinase) involved in cell degration were down-
regulated, whereas only one transcripts Glyma.10G17550 
(polygalacturonase, putative) was up-regulated (Fig. 6, Sup-
plemental Data Set 3). Most of the DEGs involved in lipid 
metabolism (i.e., fatty acid synthesis, elongation, desatu-
ration, and degradations) were inhibited in control under 
drought vs. non-drought conditions.
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Similarly, in GmAALK1-RNAi, only a few transcripts 
were identified in lipid metabolism; most of them are down-
regulated, and only a few transcripts were up-regulated 
under drought vs. non-drought conditions (Fig. 6, Sup-
plemental Data Set 3). Most of the differentially expressed 
genes involved in secondary metabolism (including wax, 
fermentation, flavonoids, lignin, and glycolysis-related 
genes) were found to be downregulated, whereas only a few 

up-regulated transcripts were identified under drought vs. 
non-drought conditions. While 189 DEG transcripts were 
detected in control, just 93 DEG transcripts were detected 
in the GmAALK1-RNAi in secondary metabolism (Fig. 6, 
Supplemental Data Set 4). These results showed knockdown 
of GmAALK1 gene has adverse effects on the metabolic 
processes of roots and the down-regulated metabolism may 

Fig. 5  Enrichment analyses of 
functional roles in a com-
mon set of genes between 
GmAALK1-RNAi and control 
lines under drought/non-drought 
conditions. Genes were associ-
ated with gene ontology terms 
(biological process, molecular 
function and cellular compo-
nent) and compared to the soy-
bean genome (False Discovery 
Rate [FDR], P-value < 0.05) 
using AgriGO and REVIGO. 
Blue bars: differentially 
expressed genes

Fig. 6  Distribution of up- (in red) and down- (in green) regulated 
genes in metabolic pathways in response to drought stress. Drought 
mediated expression changes in the metabolic pathways in control 

lines (A) and GmAALK1-RNAi lines (B). The figure was generated 
using MapMan and showed differential gene expressions that passed 
the cut off of log2FC > 2
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slow down root growth under drought conditions as com-
pared to non-drought conditions.

A total of 69 transcripts were identified in carbohydrate 
metabolism in pRAP17-ccdB control lines, whereas only 
30 transcripts in GmAALK1-RNAi lines were differentially 
expressed under drought vs. non-drought conditions. Three 
protein kinase genes associated with fructokinase were 
downregulated in control (Fig. 6, Supplemental Data Set 
5) in control lines. Conversely, raffinose synthases, starch 
cleavage related genes were up-regulated. However, 
one transcript encoding starch cleavage (beta-amylase) 
was down-regulated in control lines. Genes encoding 
trehalose phosphatase/synthase that are present in trehalose 
metabolism were downregulated. Similarly, hexokinase, 
sucrose synthase gene families were down-regulated in 
control lines under drought vs. non-drought conditions 
(Fig. 6, Supplemental Data Set 5). There was only one 
downregulated transcript identified in GmAALK1-RNAi 
lines for fructokinase; however, galactinol, raffinose 
synthase, starch cleavage and stachyose synthases related 
genes were up-regulated under drought vs. non-drought 
conditions (Fig. 6 Supplemental Data Set 5).

Hormonal Pathway Enrichment Analysis of DEGs 
Under Drought as Compared to Non‑drought 
Conditions

In this study, a total of 57 differentially expressed transcripts 
associated with auxin synthesis and signaling pathway genes 
were identified in pRAP17-ccdB control lines, whereas 
only 34 transcripts were found in GmAALK1-RNAi under 
drought vs. non-drought conditions. Among them, genes 
related to auxin biosynthesis (IAR3, IAA-alanine resistant 

3; metallopeptidase) were found to be down-regulated in 
both GmAALK1-RNAi silenced and control lines as under 
drought vs. non-drought conditions. Five different auxin 
transporter genes (PIN1, PIN2, PIN6, PIN7, AUX1) and one 
amino acid permease were identified in control lines whereas 
only one auxin transporter genes (AUX1) and one amino 
acid permease were found downregulated in GmAALK1-
RNAi under drought vs. non-drought conditions (Fig. 7, 
Supplemental Data Set 6). Out of 57 transcripts, 47 tran-
scripts were auxin-responsive genes representing more than 
80 percent. Among these, 16 transcripts were up-regulated, 
and the rest were downregulated in control under drought 
vs. non-drought conditions. In GmAALK1-RNAi, out of 34 
transcripts, 31 were auxin-responsive genes (90% in total 
auxin-responsive genes) were identified, half of them up-
regulated, and half downregulated under drought vs. non-
drought (Fig. 7, Supplemental Data Set 6).

A total of 22 transcripts were associated with abscisic 
acid synthesis and signaling pathways in pRAP17-ccdB 
control lines whereas only five transcripts were found in 
RNAi lines under drought vs. non-drought conditions. 
Among the 22 transcripts, half were associated with 
abscisic acid synthesis [HVA22J, CCD8 (carotenoid 
cleavage dioxygenase 8), AAO3 (abscisic aldehyde oxidase 
3), AAO2 (abscisic aldehyde oxidase 2), CCD7, NCED4 
(nine-cis-epoxy carotenoid dioxygenase 4)]; nine were 
downregulated, and two were up-regulated under drought 
vs. non-drought conditions. One transcript (ABA-responsive 
element element-binding protein 3, AREB3) identified in 
signal transduction was found to be downregulated in the 
control lines under drought vs. non-drought conditions. 
A total of ten transcripts were found in ABA-responsive 
genes, and half of them were downregulated (ATHVA22A, 

Fig. 7  Distribution of up- (in red) and down- (in green) regulated 
genes in hormonal pathways in response to drought stress. Drought 
mediated expression changes in the hormonal pathways in control 

lines (A) and GmAALK1-RNAi (B). The figure was generated using 
MapMan and shows differential gene expressions that passed the cut 
off of log2FC > 2
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HVA22A/C/F), and half were up-regulated (ATEM6, GRAM 
domain, ATHVA22D) in control lines under drought vs. non-
drought conditions (Fig. 7, Supplemental Data Set 7). In 
GmAALK1-RNAi silenced lines, two transcripts identified 
were involved in abscisic acid synthesis (AAO2, NCED5), 
and three transcripts were ABA-responsive genes (two Gram 
domain-containing proteins, and HVA22D), all found to 
be up-regulated under drought vs. non-drought conditions 
(Fig. 7, Supplemental Data Set 7).

In our study, 128 transcripts associated with the ethylene 
pathway were differentially regulated; most of the ethylene 
signal transduction and synthesis related genes were 
downregulated in control under drought vs. non-drought 
conditions. Some universal stress protein family, the 
ethylene response factor genes, were up-regulated, and some 
are downregulated under drought vs. non-drought conditions 
(Fig. 7, Supplemental Data Set 8). Only 56 transcripts were 
associated with the ethylene pathway in GmAALK1-RNAi 
under drought vs. non-drought (Fig. 7, Supplemental Data 
Set 8) conditions. Among them, most are downregulated, 
and only a few transcripts are up-regulated.

Genes potentially involved in other hormonal pathways 
were also identified in this study. Jasmonic acid (JA, 34 
genes), gibberellin (GA, 27 genes), salicylic acid (SA, 
six genes), cytokinin (15 genes) and brassinosteroid (BA, 
10 genes) were found under drought vs. non-drought 
(Fig. 7, Supplemental Data Set 8) conditions. Out of 15 
cytokinin genes, only cytokinin-independent 1 (CKI1) was 
up-regulated, whereas rest were down-regulated. In GA 
and SA all the identified transcripts were downregulated. 
Out of 34 transcripts in JA, nine transcripts (lipoxygenase 
3 (LOX3), CYP74A, OPR1(12-oxophytodienoate reductase 
1), OPR2, OPR3) were up-regulated, and rest were 
downregulated in pRAP17-ccdB control samples. Likewise, 
jasmonic acid (JA, 34 genes), gibberellin (GA, 27 genes), 
salicylic acid (SA, six genes) and cytokinin (4 genes) were 
identified in GmAALK1-RNAi silenced lines in drought 
treated vs. untreated comparisons (Fig. 7, Supplemental 
Data Set 8). In cytokinin pathways, CKI1 were up-regulated 
and the remaining three (ATIPT5, CKX3 (cytokinin oxidase 
3), CKI2) were downregulated in RNAi lines. Genes 
OPR1, OPR2, OPR3, and CYP74A were up-regulated 
in JA pathways, whereas the rest of the transcripts were 
downregulated in GmAALK1-RNAi lines.

TFs Showing Differential Expression Under Drought 
as Compared to Non‑drought Conditions

Many transcription factors exhibited altered expression pat-
terns in soybean roots underlying drought stress treatment 
(Table 1). A Venn-diagram illustrating the partitioning of 
TFs (628 TFs) onto four comparison groups under drought 
as well as non-drought conditions (Supplemental Fig. 2). In 

pRAP17-ccdB control lines, a large number of TFs (63.5%) 
were identified as differentially expressed under drought vs. 
non-drought conditions. Among them, 322 TFs were down-
regulated, and only 77 TFs were up-regulated (Supplemen-
tal Fig. 2). 29% of identified TFs were overlapped between 
pRAP17-ccdB control and GmAALK1-RNAi silenced lines. 
Only a few TFs were identified only in GmAALK1-RNAi 
silenced lines. In GmAALK1-RNAi lines only 30 TFs were 
identified which represents 4.8% of total identified TFs. 
Among them, 17 were downregulated and only 13 TFs were 
up-regulated. Further, a classification analysis was per-
formed on identified TFs (Supplemental Data Set 9). Only 
4 TFs were identified in GmAALK1-RNAi vs. pRAP17-
ccdB control under drought conditions. Among them, three 
TFs (Glyma.06G050300: Zinc finger; Glyma.07G178500: 
G2-like; Glyma.09G240000: WRKY) were downregulated 
and Glyma.U000500 (bHLH) was up-regulated (Supple-
mental Data Set 9). However, a total of 13 TFs were iden-
tified in Gmaalk1-RNAi vs. pRAP17-ccdB control under 
non-drought conditions (Supplemental Fig. 2), all being 
downregulated. Among them, Glyma.02G157300 belongs 
to MYB_related family and was highly downregulated. In 
GmAALK1-RNAi lines, 217 TFs were identified; among 
them, 87 were up-regulated, whereas 127 were downregu-
lated when comparing drought vs. non-drought conditions.

The TFs regulated explicitly in control, and GmAALK1-
RNAi silenced lines under drought vs. non-drought con-
ditions were selected for further gene family analysis 
(Supplemental Data Set 9). The majority of TFs belong to 
these two categories. Genes belonging to the ERF (ethyl-
ene response factor), MYB (Myeloblastosis), bHLH (basic 
helix-loop-helix), C2H2, NAC, WRKY, GRAS, bZIP, 
HDZIP, G2-like and Dof family are the most represented 
among the differentially expressed TFs in pRAP17-ccdB 
control lines under drought vs. non-drought conditions. 
ERF has the highest number (93) of differential transcripts 
followed by MYB (61), bHLH (55), C2H2 (47), NAC (38) 
and WRKY (37) (Supplemental Fig. 2, Supplemental Data 
Set 9). Genes belonging to the bHLH (basic helix-loop-
helix), MYB (Myeloblastosis), WRKY (is a class of DNA-
binging proteins), ERF (Ethylene responsive transcription 
factor), and NAC family represents most of the differen-
tially expressed TFs in GmAALK1-RNAi silenced lines 
under drought treated vs. non-treated conditions. ERF has 
the highest number (36 TFs) of transcripts, followed by 
MYB, WRKY, NAC, and bHLH.

A qRT‑PCR Validation of Differentially Expressed 
Transcripts Identified by RNA Seq Analyses

To validate the RNA seq expression data and its reliability, 
21 differentially expressed genes were selected for qRT-PCR 
analysis (Supplemental Data Set 2). To compare these two 
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different methods, the relative expression change from the 
qPCR was transformed into fold change and compared with 
the RNA seq fold change value. The 21 selected genes for 
this comparison included genes associated with metabolism, 
stress response, and transcription factors.

After comparing the results between qPCR and RNA-
seq, we observed that the expression patterns in qRT-PCR 
and RNA-seq analyses were very similar. Correlation 
between RNA-seq and qRT-PCR was evaluated using log2 
expression levels. The qRT-PCR measurements were highly 
correlated with the RNA seq results (y = 0.7143x + 0.0344, 
R2 = 0.7499) (Supplemental Fig. 3). The comparison of data 
between different methods showed that our RNA seq data 
quantification was accurate. Thus, RNA seq quantification 
results represent a good estimate of gene expression changes 
of the soybean root response to drought stress.

Drought‑Responsive Genes are Up‑Regulated 
in Soybean Plants by Overexpressing GmAALK1

In order to elucidate the molecular mechanism of drought 
tolerance mediated by GmAALK1 in soybean, drought-
related candidate genes in GmAALK1-overexpressing lines 
under drought treatment were analyed by qRT-PCR (Fig. 8). 
GmRAB18 and GmRD29 are known as ABA marker genes 
(Hauser et  al. 2017). Both genes (Glyma.09G185500, 
Glyma.09G139600) are up-regulated in GmAALK1-overex-
pression lines under drought treatment. Similarly, Rab family 
GTPase gene (Glyma.08g345300) was highly up-regulated 
in GmAALK1-overexpression lines under drought treatment. 
Likewise, Glyma.05G219400 (which encodes a heat shock 

70 kDa protein 5), Glyma.15g034500 (MYB transcription 
factor MYB82), Glyma.01g119600 (encoding a stress-induced 
protein), Glyma.08G032800 (oxidative stress 3) were also up-
regulated in GmAALK1-overexpression line under drought. 
The NINE-CIS-EPOXYCAROTENOID DIOXYGENASE 3 
(NCED3), a gene that encodes a key enzyme for abscisic 
acid (ABA) synthesis under conditions of dehydration stress 
(Takahashi et al. 2018), was also up-regulated in GmAALK1-
overexpression lines under drought treatment (Fig. 8). In 
addition, Glyma.02G259300 (encoding a peroxidase super-
family protein), Glyma.05G200400 (encoding a homeodo-
main-like superfamily protein), Glyma.16G198700 (encod-
ing a MATE efflux family protein), and Glyma.14G201100 
(encoding an O-methyltransferase family protein) were up-
regulated in GmAALK1-overexpression lines under drought 
treatments (Fig. 8; Supplemental Data Set 9). We showed 12 
genes having upregulation in GmAALK1-overexpression lines 
are well known to mediate drought tolerance.

Discussion

GmAALK1 Possesses Typical Features of the SnRK2 
Subfamily Group III

The SnRK2s subfamily contains osmotic stress-activated pro-
tein kinases and has been well studied in rice and Arabidopsis. 
Growing evidence indicates that subfamily Group-III are the 
global regulators of multiple stress signaling pathways. How-
ever, subfamily Group-III of SnRK2s are not studied well in 
soybean. So far, only one study was conducted in this group 

Fig. 8  Expression of candidate 
drought-responsive genes in 
GmAALK1-overexpression 
and GmAALK1-RNAi lines of 
soybean under drought condi-
tion. Blue color represents the 
gene expression in GmAALK1-
overexpressed lines (OX lines) 
whereas orange color represents 
the GmAALK1-RNAi lines 
(RNAi lines). The bar represent 
the means and standard errors 
of three biological replicates
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using cDNA arrays and showed that GmAAPK is induced by 
ABA, PEG,  Ca2+, and  Na+, but not cold (4 °C) treatments in 
soybean leaves. No study has been done in SnRK2s subfam-
ily groupIII for functional characterization by the transgenic 
approach to date in soybean plants. Thus, we are the first to 
demonstrate that GmAALK1 is a positive regulator of drought 
stress in soybean plants by the transgenic approach. Our func-
tional analysis of the soybean SnRK2 family combined with the 
phylogenetic analysis, including the full members of Arabidop-
sis, rice, and faba bean, is significant for the study of uncharac-
terized members of soybean and other plant species. The phy-
logenetic analysis showed that GmAALK1 belongs to SnRK2 
subfamily Group-III. GmAALK1 was clustered together with 
a well-known member of this group, such as SAPK8/9/10 and 
SnRK2.2./2.3/2.6 and was reported to be activated by ABA 
(Kobayashi et al. 2004) (Nakashima et al. 2009). GmAALK1 
is evolutionary more related to V. faba AAPK than another 
subfamily Group III members of SnRK2. Previously, we iden-
tified the first AAPK in V. faba which is a guard cell-specific 
kinase and showed that AAPK is a positive regulator of ABA 
signaling (Li and Assmann 1996; Li et al. 2000). Therefore, 
the GmAALK1 SnRK2 protein kinase member of subfamily 
Group III kinases may have evolved by gaining the capacity to 
be activated by ABA.

The previous study indicates that the subfamily Group 
III of SnRK2s are regulators of multiple stress signaling 
pathways, and have specific characteristics of functional 
domains. Domain II is well conserved among Group III of 
SnRK2 genes in our data set i.e., three AtSnRK2.2/2.3/2.6, 
three OsSAPK8/9/10, V. faba AAPK and our identified soy-
bean genes (GmAALK1, Glyma.01G183500, GmAAPK, 
Glyma.05G081900, Glyma.02G135500, Glyma.07G209400, 
Glyma.07G178600, Glyma.20G009600). These results indi-
cate that these genes may play a role in ABA and osmotic 
stress response.

Physiological Changes in Transgenic GmAALK1 
Soybean Plants Under Drought Stress

Morphological analysis revealed that GmAALK1 is a positive 
regulator of drought stress in soybean plants. The observed 
increase and decrease in the drought tolerance ability of 
GmAALK1-overexpression and GmAALK1-RNAi lines, 
respectively, clearly indicated that the GmAALK1 plays 
an active role in drought tolerance in soybean. Previous 
studies on either overexpression or silencing of the ABA-
responsive kinases gene in rice and other plant species 
have demonstrated similar results of drought tolerance or 
sensitivity, respectively (Tian et al. 2013; Dey et al. 2016). 
TaSnRK2.9, gene from Tobacco showed plants tolerance to 
drought and salt stresses through enhanced ROS scavenging 
ability, ABA-dependent signal transduction as well as a 
specific SnRK-ABF interaction (Feng al el. 2019). Likewise, 

overexpression of a protein kinase gene MpSnRK2.10 
(from Malus prunifolia) leads to drought stress response in 
Arabidopisis as well as apple (Shao et al. 2019).

Environmental stresses often cause physiological 
parameters changes and secondary metabolite production 
in plants. The study suggests that in low water potential 
during soybean vegetative stages the plant will halt or 
reduce its shoot growth, but the root will continue to 
grow (Yamaguchi and Sharp 2010). In this study, we also 
observed, the root system of soybean plants of GmAALK1 
overexpressing composite plants developed more new lateral 
roots than RNAi silenced, and control lines under drought 
stress. Thus, the understanding of the soybean root response 
to drought is very critical for the effective management 
of abiotic stress (Song et al. 2016). Chlorophyll content, 
anthocyanin, flavonoids and nitrogen balance index are the 
parameters for evaluating drought stress in our study. The 
chlorophyll content is one of the crucial parameters for the 
determining factor for the accumulation of biomass and 
grain yield, as well as an assessment of drought, heat, and 
salt-tolerant assays. A significant increase in chlorophyll 
content was observed in GmAALK1-overexpression lines 
than GmAALK1-RNAi and control lines under drought 
stress, revealing that the GmAALK1 overexpression lines had 
higher photosynthetic capacities. Similar results have been 
observed in the overexpression of TaSnRK2.3 in common 
wheat (Tian et al. 2013). Drought stress induces a decrease 
in the chlorophyll content, which leads to a change in the 
ratio of chlorophyll and carotenoid and an increase in the 
proportion of violaxanthin-cyle pigment, which ultimately 
affects the reduction of photosynthetic rate (Kyparissis et al. 
1995).

Further, flavonoids accumulates in plants in response to 
water limiting conditions and play a key role in protecting 
against UV-radiations, pathogens, and abiotic stresses (Treut-
ter 2006; Shojaie et al. 2016). In our study, we observed that 
flavonoids are significantly reduced in GmAALK1-overex-
pression lines in comparison with GmAALK1-RNAi and 
control lines under drought stress. These results are simi-
lar to other studies (Agati et al. 2012; Fracasso et al. 2016), 
where they reported that flavonoids genes were up-regulated 
in response to drought in sensitive genotype whereas down-
regulated in tolerant genotype. The biosynthesis of “anti-
oxidants” flavonoids increases more in stress-sensitive spe-
cies than in stress-tolerant species (Agati et al. 2012). The 
main reason behind this fact is that stress sensitives species 
display a less efficient “first line” of defense against ROS 
in the condition of stress and they are therefore exposed to 
more severe oxidative stress (Tattini et al. 2006; Wolf et al. 
2010). Like flavonoids, anthocyanin is reported to accumu-
late under drought, salt, and UV-B radiation (Nogués et al. 
1998; Chunthaburee et al. 2016). In our study, anthocya-
nin increases in GmAALK1-RNAi and control lines under 
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drought stress in comparison with GmAALK1-overexpres-
sion lines. Anthocyanin is thought to minimize the oxidative 
damage and act as antioxidants by neutralizing ROS directly 
(Hughes et al. 2005; Kytridis and Manetas 2006).

Carbon (C), and Nitrogen (N) balance is universal and 
critical for metabolism, growth, and development in cellular 
organisms (Huang et al. 2016). Nitrogen balance index (NBI) 
is more often an indicator of C/N allocation changes due to 
N-deficiency than a measure of leaf nitrogen content per se 
(Cartelat et al. 2005). NBI is the ratio of chlorophyll content 
and flavonoids. In our study, NBI is higher in GmAALK1 
overexpression lines as compared to GmAALK1-RNAi 
silenced and control lines under drought stress. The study 
suggests that the carbon/nitrogen balance may be involved 
in the regulation of drought-induced leaf senescence (Chen 
et al. 2015). Thus, the physiological response of GmAALK1 
showed that GmAALK1 modulates the drought stress 
response in soybean plants. To uncover the molecular mecha-
nism of stress response mediated by GmAALK1 soybean, we 
performed a transcriptome analysis of GmAALK1-RNAi and 
control lines using the RNA seq approach.

Knockdown of GmAALK1 Affectes Expression 
of Drought‑Responsive Genes Under Drought 
Condition

This is the first study conducted on transcriptome level 
of loss of function of AAPK-like in soybean. Our study 
provides the first large-scale investigation of gene expression 
changes that occur in GmAALK1-RNAi silenced plants 
as compared to control under drought treatments. The 
results presented here show that unique and differential 
responses of soybean root tissue under drought and normal 
conditions in GmAALK1-RNAi silenced lines as compared 
with control lines. In our RNA seq analysis, the responses 
differed substantially between the GmAALK1-RNAi silenced 
lines and control lines regarding the number of genes and 
pathways involved in drought stress response, but also 
regarding the constitutive expression level of several 
pathways. Several thousands of genes of differentially 
expressed genes in soybean plants in response to water 
deficit were identified as reported by others (Chen et al. 
2013, 2016; Rodrigues et al. 2015; Song et al. 2016).

Although the stress level applied was equal, the 
GmAALK1-RNAi silenced, and control lines responded 
differently; in control, a significantly higher number of 
differentially expressed genes was observed than in the 
GmAALK1-RNAi silenced lines, resulting in a more 
significant enrichment of GO terms related to drought 
stress response in control than GmAALK1-RNAi silenced 
lines. Drought stress caused the massive production of 
reactive oxygen species (ROS) that cause oxidative stress 
(Munne-Bosch et al. 2001). In the “response of carbohydrate 

metabolic process” (GO:0005975), “response to oxidative 
stress” (GO:0006979), “response to oxidoreductase” 
(GO:0016491) and “response to stress” (GO:0006950), 
genes were more downregulated in GmAALK1-RNAi 
silenced lines as compared to control lines which indicates 
that RNAi lines are more susceptible to drought stress 
than control lines. Similar results have been reported by 
Fracasso et al. (Fracasso et al. 2016), showed that drought 
tolerant lines have more up-regulated of these genes than 
sensitive lines. Many metabolic processes were related 
to carbohydrate metabolism, which could provide most 
of the energy required for these pathways under drought 
conditions. In our research, a higher number of carbohydrate 
metabolism genes were identified in control vs. GmAALK1-
RNAi silenced lines which may indicate that GmAALK1-
RNAi silenced lines are sensitive more drought.

In our analysis, differntially expressed genes were found 
to be associated with auxin (IAA, indole-3-acetic acid), 
ABA and ethylene signaling pathways. A previous study 
also reported that ABA, auxin, and ethylene hormones were 
involved in drought-responsive pathways (Le et al. 2012a, b). 
The expression of genes associated with auxin transporter 
has been shown to be regulated by ethylene (Růzicka et al. 
2007). However, auxin was found to affect the synthesis 
of ethylene (Tsuchisaka and Theologis 2004). Hence, 
ethylene achieves a local activation of the auxin signaling 
pathways and regulates root growth by stimulating the auxin 
biosynthesis as well as by modulating the auxin transport 
machinery (Růzicka et al. 2007). In our finding, five different 
auxin transporter genes (PIN1, PIN2, PIN6, PIN7, AUX1) 
in control lines and one AUX1 in GmAALK1-RNAi silenced 
lines were found to be regulated by water deficit stress. In the 
plant kingdom, carotenoid oxygenases genes are divided into 
five clades, CCD1, CCD4, CCD6, CCD8, and NCED. NCED 
is the first rate-limiting enzymes in ABA biosynthesis, which 
plays a vital role in plant resistance to stress. A previous 
study reported that ABA treatment increases the CCD7 and 
CCD8 transcription in soybean and are key gened for the 
strigolactone pathway (Wang et al. 2013). In our analysis, 
CCD7, CCD8 and NCED4 genes were found downregulated 
in control lines. All of the above results give evidence about 
transcripts associated with hormones that are associated 
with drought stress.

Transcriptional control is a crucial component of plant 
response to many environmental stresses (Singh et  al. 
2002; Song et al. 2016). In our study, several transcription 
factor families, which include ERF, MYB, bHLH, C2H2, 
WRKY, NAC were identified in control, and GmAALK1-
RNAi silenced lines under drought conditions. Among the 
identified TFs, MYB, MYC, AP2, and HD-ZIP play a central 
role in drought tolerance (Liu et al. 1998; Sugano et al. 
2003; Shin et al. 2011). bHLH proteins and bZIP TFs that 
regulate the stress-responsive ABA-signaling pathway have 
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been reported in (Li et al. 2007; Xiang et al. 2008). ARFs 
and ERFs are also involved in stress responses (Seo et al. 
2009; Wang et al. 2012). We thus believe that the presence 
of these TFs detected through differential gene expression 
indicates that the various signal molecules act to improve 
drought tolerance in soybean. Further molecular studies 
need to be done to evaluate the importance of these TFs in 
drought conditions and to determine the role of individual 
genes. Investigating the transcriptional regulatory network 
of differentially expressed genes involved in drought stress 
response as compared to control would provide more 
information for further functional analysis.

Overexpression of GmAALK1 Enhances Expression 
of Drought‑Responsive Genes Under Drought 
Condition

To understand the comprehensive function of GmAALK1 
under drought stress conditions, we analyzed expression 
profiles of 12 drought-responsive genes, and all showed 
up-regulation in GmAALK1-overexpression lines (Fig. 8). 
The drought-responsive genes include GmRD29 (responsive 
to desiccation, also known as LTI65) and GmNCED3, a 
gene that encodes a key enzyme for ABA synthesis under 
dehydration stress (Takahashi et al. 2018). These two genes 
were up-regulated in GmAALK1-overexpression lines in 
our study. Similarly, Glyma.08G032800 gene coding for 
the oxidate stress three protein (OXS3) has been detected 
in water-deficit stress and has a reported role in protecting 
the cell against photooxidation (Rodrigues et al. 2015). The 
GmRAB18 is a well-known drought-and ABA-responsive 
gene (Rodrigues et al. 2015). Multidrug and toxic compound 
extrusion (MATE) family proteins have been shown to 
contribute to the response of abiotic stress especially related 
to aluminum toxicity in soybean (Liu et  al. 2016) and 
Arabidopsis (Tiwari et al. 2015). Likewise, homeodomain 
like superfamily protein were involved in the regulation 
of plant development and response to environmental 
stresses (Huang et al. 2014). In our study, these 12 genes 
are mostly downregulated, or relatively low expression 
in GmAALK1-RNAi silenced lines under drought stress 
(Fig. 8). These results suggest that GmAALK1 might be a 
transcriptional activator of drought stress-related genes and 
that overexpression or downregulation of GmAALK1 affects 
the expression of these drought-responsive genes.

Conclusions

We have characterized the physiological and molecular func-
tion of GmAALK1, an abscisic acid-activated protein kinase-
like gene of soybean through developing gain-of-function and 
loss-of-function by transgenic approach. Overexpression of 

GmAALK1 gene from soybean and RNAi mediated silenc-
ing of endogenous GmAALK1 in soybean revealed that the 
GmAALK1 positively regulates drought stress tolerance. The 
study has demonstrated the usefulness of genome wide gene 
expression analysis for identification of differentially expressed 
genes between control and GmAALK1-RNAi silenced lines 
under drought conditions. Based on this, 12 candidate drought-
responsive differentially expressed genes were selected for fur-
ther study in GmAALK1 overexpression lines. The GmAALK1 
overexpression lines enhanced the transcription of drought-
responsive genes, indicating that the GmAALK1 is a positive 
regulator of drought stress signaling pathways in soybean. 
Together, the present findings strengthen our knowledge about 
the functional role of GmAALK1 as transactivating kinase and 
probable transcriptional activator under drought stress, which 
can be utilized as a promising gene-based molecular marker in 
transgenic breeding for generating crop plants with improved 
drought tolerance.
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