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A B S T R A C T

Drought stress is a major factor that limits the yield and quality in wheat. In this study, we identified an or-
thologue of the rice gene OsDIS1 (Oryza sativa drought-induced SINA protein 1) in wheat (Triticum aestivum L.)
called TaDIS1. TaDIS1 encodes a putative 301 amino acid protein with a C3HC4 RING finger conserved domain
at the N-terminal and a SINA domain at the C-terminal. TaDIS1 contains three exons and two introns. qRT-PCR
analysis showed that TaDIS1 expression was induced by PEG6000, NaCl, and abscisic acid (ABA) treatment. We
generated TaDIS1-overexpressing transgenic Arabidopsis lines. Under drought stress conditions, the transgenic
Arabidopsis plants had a lower germination rate, relative water content, and proline contents, with higher water
loss, chlorophyll loss, relative electrical conductivity, and malondialdehyde contents compared with the wild
type. The antioxidant enzyme (superoxide dismutase, peroxidase, and catalase) activity levels were lower in the
transgenic plants. The TaDIS1-overexpressing plants had shorter roots with greater growth inhibition in response
to mannitol treatment than the wild type, with increased hypersensitivity to ABA during seed germination and
early seedling growth. The expression of stress-related genes in transgenic plants under drought stress suggests
that TaDIS1 may function negatively in drought stress by regulating the stress response-related genes.

1. Introduction

Plants are subjected to a wide variety of abiotic stresses, which have
many severe adverse effects on plant growth and development. Abiotic
stresses are responsible for global yield reductions of over 50% in the
major crop plants [1]. Thus, in order to survive and reproduce better,
plants must develop effective mechanisms to adapt to stressful en-
vironments [2]. Plants can modulate their phenotypes according to
changes in physiological, biochemical, molecular, and genetic in-
formation, thereby allowing them to tolerate abiotic stresses [3]. Many
abiotic stress-induced genes have been identified in previous studies of
various plants, and their roles in stress responses have been well
documented [4–7]. Numerous studies have also shown that plants can
acquire tolerance to abiotic stress by re-regulating their metabolism and
gene expression [8–10]. Therefore, isolating and cloning the key stress
resistance genes is important for the development of new wheat vari-
eties via conventional breeding and genetic engineering strategies [11].

The ubiquitin/26S proteasome system is one of the main mechan-
isms employed by plants to control their growth and development, as

well as for responding to biotic and abiotic stresses [12–15]. E3 ligase is
the most important enzyme among the ubiquitin-mediated protein de-
gradation pathways [16]. In the RING E3 ligase group, RING finger
proteins are known to play important roles in responses to abiotic
stresses [17]. Some progress has also been made in the cloning and
functional characterization of RING domain type E3 ubiquitin ligase-
related genes, where their functions in the response to drought stress
have been elucidated in Arabidopsis. For example, C3H2C3-type RING
E3 ubiquitin ligase AtAIRP1 in Arabidopsis is a positive regulator of the
abscisic acid (ABA)-dependent response to drought stress [18]. Arabi-
dopsis RGLG2 encodes a RING E3 ligase, which can interact with
AtERF53 and it negatively regulates the drought stress response by
mediating the transcriptional activity of AtERF53 in Arabidopsis [19].
Arabidopsis C3HC4-RING finger E3 ubiquitin ligase AtAIRP4 may act as
a positive regulator of ABA-mediated drought avoidance and as a ne-
gative regulator of salt tolerance [20]. In rice, many RING finger pro-
teins are also involved with the responses and adaptations to abiotic
stress. According to previous studies, the overexpression of Oryza sativa
RING domain-containing protein 1 (OsRDCP1) and O. sativa chloroplast
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targeting RING E3 ligase 1 (OsCTR1) improve drought tolerance in
transgenic plants [21,22]. The RING finger E3 ligase gene OsDSG1
controls seed germination and stress responses in rice [23]. The
OsSDIR1 gene is a functional orthologue of Arabidopsis SDIR1 and it
encodes a functional E3 ligase. The overexpression of OsSDIR1 greatly
improves drought tolerance in transgenic rice [24].

OsDIS1 (Oryza sativa drought-induced SINA protein 1) encodes a
C3HC4 RING finger E3 ligase. The expression of OsDIS1 is upregulated
by drought treatment. The overexpression of OsDIS1 reduces drought
tolerance in transgenic rice plants and RNA interference (RNAi) to si-
lence OsDIS1 enhances drought tolerance. Microarray analysis has
shown that a large number of drought-responsive genes are induced or
suppressed in OsDIS1 overexpressing plants under normal and drought
conditions. Alternatively, RNAi transgenic plants with reduced OsDIS1
expression levels can be generated for rice production if transgenic rice
cultivars are allowed to grow in the field [25].

Most of the previously characterized RING finger type E3 ligases
were identified in Arabidopsis or rice, and little is known about the
RING E3 ligases in wheat. In our investigations of new genes involved
with wheat defense responses, we isolated the TaDIS1 gene based on
homologous cloning. TaDIS1 encodes a C3HC4 RING finger protein. We
investigated the expression patterns of TaDIS1 and its response to stress
stimuli using quantitative real-time PCR (qRT-PCR), and we studied its
functions in drought tolerance by overexpressing TaDIS1 in Arabidopsis
plants. Phenotypic analyses indicated that the overexpression of TaDIS1
decreased drought tolerance in transgenic Arabidopsis, which exhibited
an ABA hypersensitive response. These findings suggest that TaDIS1
might participate in the negative regulation of drought stress tolerance
in wheat plants.

2. Materials and methods

2.1. Plant material and stress treatment

Bread wheat (Triticum aestivum L. cv. Chinese Spring) was used in
this study. The seeds were surface sterilized with 1% sodium hypo-
chlorite for 15min and rinsed three times with distilled water. The
sterilized seeds were then grown in Petri plates containing two layers of
filter paper wetted with distilled water in a growth chamber at 22 °C.
Ten-day-old wheat seedlings were subjected to various abiotic stresses.
In order to mimic drought, salinity, and ABA stress treatments, seed-
lings were transferred into solutions containing 20% PEG6000, 200mM
NaCl, and 100 μM ABA, respectively. Leaves were collected at 0, 3, 6, 9,
12, and 24 h after various treatments for gene expression analysis.
Harvested plants were dropped immediately into liquid nitrogen and
stored at −80 °C until RNA extraction. Wheat seeds were sown in the
field to obtain different tissues from the growing wheat plants.
Conventional agricultural management was maintained during growth
and development. Different tissues were collected from wheat plants at
the booting stage to determine tissue-specific expression levels and the
samples were stored at −80 °C until use.

2.2. Isolation of the TaDIS1 gene

The complete cDNA sequence of the rice OsDIS1 gene [25] was
obtained from GenBank by searching with the GenBank accession
(AK058336). The rice sequence was used to BLAST against the wheat
genomic database at Unite de Recherche Genomique Info (URGI;
https://urgi.versailles.inra.fr/blast/). Many genomic sequences shared
high identity with OsDIS1 and they were assembled into integrated
contig sequences. A pair of gene-specific primers was designed to cover
the open reading frame (ORF) sequence based on the assembled contig
sequence in order to amplify the full-length TaDIS1 cDNA sequence.
Total RNA was isolated from the young leaves of Chinese Spring plants
using TRIzol reagent according to the manufacturer’s instruction (Ta-
KaRa, China). First-strand cDNA was synthesized using a PrimeScript
RT Reagent Kit with gDNA Eraser (Tiangen, Beijing, China) according
to the manufacturer’s recommended protocol. PCR was performed
using the cDNA as the template with the primer TaDIS1-P1 (Table 1).
The PCR products were purified and cloned into the pEASY-T1 vector
and confirmed by sequencing.

The genomic DNA sequence was cloned to further analyze the
structure of the TaDIS1 gene. Genomic DNA was extracted from the
young leaves of field-grown Chinese Spring plants using a modified
CTAB method [26]. We used 1 μ of the genomic DNA as a template for
PCR amplification with the primer TaDIS1-P1. The PCR products were
purified and cloned into the pEASY-T1 vector and confirmed by se-
quencing.

2.3. Bioinformatics analysis

The sequence obtained was spliced using DNAMAN software to
obtain the full length of the target gene. The protein encoded by the
target cDNA was predicted based on the amino acid sequence and
BLAST was performed via the NCBI website to analyze the sequences of
the ORFs and conserved domains. Alignments were obtained with
ClustalX (version 1.83) and GeneDoc software. A phylogenetic tree was
constructed using ClustalX and MEGA6.0 (http://www.megasoftware.
net/mega.html). The basic physical and chemical properties of the
TaDIS1 protein were predicted using the Protparam tool (http://www.
expasy.org/tools/protparam.html). The grand average of hydropathy
(GRAVY) was predicted for the TaDIS1 protein using the Hplob./Kyte &
Doolittle algorithm in ProtScale online software. The secondary struc-
ture of the TaDIS1 protein was predicted using SOPMA (https://npsa-
prabi.ibcp.fr/cgi-bin/npsa_automat.pl?page=npsa_sopma.html). The
conserved domains were analyzed using the PROSITE online database
(http://expasv.org/prosite/).

2.4. qRT-PCR analysis of TaDIS1 expression patterns

Total RNA was extracted from different organs and various stress-
treated materials (see above) using Trizol according to the manu-
facturer’s instructions (Tiangen, Beijing, China), before it was reverse

Table 1
Gene-specific primers used in this study.

Gene Upstream primer (5′-3′) Downstream primer (5′-3′)

TaDIS1-P1 ACTGACTATGAGTTCACTGGCAATC GACGATGGCTAAAACAGGCTAC
TaDIS1-P2 GGCCTCGGCTGCTTATACTG AGCAGACAGGGCATTCCAAA
18SrRNA AACACTTCACCGGACCATTCA CGTCCCTGCCCTTTGTACAC
TaDIS1-P3 TCGGTACCCTCGAGGGATCCATGGCCTCGGCTGCTTATA GACTGCAGGTCGACAAGCTTCTCTTCTTTCCAAATCCTCCC
TaDIS1-P4 GGACTCTTGACCATGGCCTCGGCTGCTTATACTG TCAGATCTACCATGGCCTCTTCTTTCCAAATCCTCCC
AtActin GGTAACATTGTGCTCAGTGGTGG AACGACCTTAATCTTCATGCTGC
DREB2 A CTGGAGAATGGTGCGGAAGA CAGATAGCGAATCCTGCTGTTGT
RD29A GTTACTGATCCCACCAAAGAAGA GGAGACTCATCAGTCACTTCCA
RD29B GGAGTTCAAGATTCTGGGAAC CATCAAAGTTCACAAACAGAGGC
P5CS1 GCGCATAGTTTCTGATGCAA TGCAACTTCGTGATCCTCTG
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transcribed into cDNA using a PrimeScript RT reagent Kit with gDNA
Eraser (Tiangen, Beijing, China). After first-strand cDNA synthesis, qRT-
PCR was performed using a Light Cycler® 96 detection system (Roche,
Switzerland) with Faststart Essential DNA Green Master (Roche,
Germany), according to the manufacturer’s instructions. The qRT-PCR
reactions were performed using the primer TaDIS1-P2 (Table 1) and
bread wheat 18S rRNA was used as an internal reference (Table 1). The
relative expression level was calculated using the 2–ΔΔt method [27].
Three biological replicates were analyzed for each sample and each
with three technical replicates.

2.5. Prokaryotic expression analysis of TaDIS1

According to the TaDIS1 cDNA sequence, a specific primer pair for
TaDIS1-P3 (Table1) supplemented with the BamHI and HindIII sites
(underlined) was designed to amplify the coding region. The cDNA
sequence was used as the template for PCR. After confirming by se-
quencing, the coding sequence of TaDIS1 was introduced into the ex-
pression vector pCold-tf, which was also digested using the same re-
striction enzymes (TaKaRa Biotechnology, Japan), and the recombinant
plasmid was then transformed into the Escherichia coli BL21(DE3)
strain. The expression of the recombinant protein was performed as
described previously [28]. Total protein and target protein were de-
tected by SDS-PAGE [29].

2.6. Construction of a transgene vector and plant transformation

To obtain transgenic Arabidopsis plants, the TaDIS1 ORF was am-
plified by RT-PCR using the primer TaDIS1-P4 (Table 1; NcoI site is
underlined) and cloned into the NcoI restriction sites of pCambia-1302
under the control of the CaMV35S promoter. The recombinant con-
struct was confirmed by sequencing. The recombinant plasmid
pCambia-1302-TaDIS1 was then introduced into Agrobacterium tumefa-
ciens strain GV3101. Finally, the transformation of Arabidopsis was
performed using the floral dip method [30]. Seeds harvested from
transgenic plants were screened on Murashige and Skoog (MS) medium
supplemented with 50mg/L hygromycin. The homozygous T3 progeny
were confirmed by PCR analysis. Representative homozygous T3 pro-
geny were used in further experiments.

2.7. Stress tolerance assays with TaDIS1-overexpressing plants

The wild type (WT) and TaDIS1 overexpression lines were used to
evaluate various types of stress tolerance. WT and TaDIS1 over-
expression lines were grown in plastic containers filled with humus soil
and cultivated in a greenhouse with a light:dark cycle of 16:8 h at 22 °C
for 25 days. In the drought tolerance assay, 25-day-old plants were not
watered for 2 weeks and they were then watered for 3 days. The phe-
notypic analysis was then conducted. In the germination and root
growth analyses, seeds of the WT Arabidopsis and TaDIS1 over-
expression lines were sown on 1/2 MS medium supplemented with
150mM mannitol for the drought stress assay, with 200mM NaCl for
the salt stress assay, and with 2 μM ABA for the signal molecule re-
sponse assay. After cold treatment for 3 days, the plates containing
seeds were incubated in a growth chamber at 22 °C with a light:dark
cycle of 16:8 h. Germination and seedling growth were examined after
8 days. The root length was measured after growth for 8 days on 1/2 MS
medium. The germination rate after ABA treatment was scored each
day for 8 days. The stress tolerance assays were performed as described
previously [31] with slight modifications.

2.8. Physiological characteristics of the transgenic Arabidopsis plants

To further evaluate the mechanism responsible for the drought
stress response in TaDIS1 overexpression lines, the rosette leaves of 30-
day-old plants grown in soil were sampled to assay their water loss rate.

Water losses were determined as described by Liang et al. [32]. The
detached leaves of the overexpression and control plants were placed
on filter paper at a constant temperature (22 °C) and humidity (70%),
and the weights of the leaves were measured at specific time intervals.
The percentage weight loss was calculated based on the initial weight of
the plants. The WT and overexpression lines subjected to drought for 10
days were sampled to detect the activities of antioxidant enzymes, i.e.,
superoxide dismutase (SOD), peroxidase (POD) and catalase (CAT),
where the non-stressed plants were used as controls. In order to extract
CAT, SOD, and POD, 0.1 g samples of leaves were mixed with 0.8mL of
phosphate-buffered saline (0.05mol/L, pH 7.8) on ice. The crude ex-
tract was centrifuged at 10,000 × g for 10min at 4 °C. The enzyme
activity assays were performed using a UV–V is spectrophotometer (UV-
1700, Mrcy, Japan) at 25 °C [33]. The total chlorophyll contents of the
WT and transgenic Arabidopsis plants were measured according to a
previously reported protocol [34]. The malondialdehyde (MDA) con-
tents were analyzed using the thiobarbituric acid method [35]. The
proline contents were determined as described by Ryu et al. [36].
Electrolyte leakage and the relative water content (RWC) were analyzed
according to Wang et al. [37].

2.9. qRT-PCR assay of the stress-related gene

To further investigate the molecular mechanism responsible for
stress tolerance, the expression levels of marker genes were detected in
the WT and TaDIS1 overexpression plants under drought stress. The
leaves of Arabidopsis seedlings were detached after drought stress for 10
days. Total RNA was extracted and reverse transcribed into cDNA using
a PrimeScript RT reagent Kit with gDNA Eraser (Tiangen, Beijing,
China). qRT-PCR was performed using specific primers (Table 1) to
determine the expression levels of marker genes comprising DREB2 A,
P5CS1, RD29A, and RD29B, and AtActin was used as a reference gene.

2.10. Statistical analysis

All of the data were subjected to analysis of variance (ANOVA)
using SPSS (SPSS Inc., Chicago, IL, USA). Significant differences were
tested using Duncan’s test at a P < 0.05 or P < 0.01. Figures were
prepared using Sigmaplot 12.5.

3. Results

3.1. Isolation of TaDIS1 and sequence analysis

TaDIS1 was cloned from bread wheat and the full length cDNA
comprising 1147 bp was obtained by PCR. The cDNA sequence of
TaDIS1 contained an ORF of 906 bp, which encoded a protein of 301
amino acid residues with a predicted molecular weight of 33.87 kDa
and an isoelectric point of 7.52. The 5′ and 3′ untranslated regions
(UTRs) comprised 109 bp and 132 bp (Fig. 1A), respectively. The cDNA
sequence has been submitted to GenBank (accession no. MG592714).
The cDNA sequence was BLASTed against the wheat genome database
to establish the genomic organization. The results of BLASTn searches
using the wheat genome database showed that IWGSC_4AS_v2 shared
highest identity (99%) with the nucleotide sequence of TaDIS1, thereby
suggesting that the TaDIS1 gene is located on chromosome 4AS in
wheat. The genomic organization of TaDIS1 based on the alignment
between the cDNA sequence and the corresponding genome sequence is
shown in Fig. 1B. Three exons and two introns were identified in the
DNA sequence.

The analysis of the amino acid sequence indicated that the TaDIS1
protein contained a C3HC4-type RING finger domain at the N-terminal
(amino acids 53–89) and a conserved SEVEN IN ABSENTIA (SINA)
domain at the C-terminal (amino acids 106–166) (Fig. 2A). Further
alignments with wheat, rice, and Arabidopsis SINA proteins showed that
this protein contained conserved RING finger and zinc finger motifs,
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and it shared high sequence identity (92%) with SINA in rice, which
was identified as a homologue of Drosophila SINA [38], thereby sug-
gesting that the cloned TaDIS1 is highly conserved (Fig. 2A). Thus, we
designated the gene as TaDIS1 in this study. Phylogenetic analyses
showed that TaDIS1 shared high homology with the E3 ubiquitin-pro-
tein ligase SINA from some monocots such as Oryza sativa (OsDIS1,
BAG86666.1), Triticum urartu (EMS68731.1), Brachypodium distachyon
(XP_003557906.1), Aegilops tauschii (XP_020178176.1), Hordeum vul-
gare (BAK05403.1), and Setaria italica (XP_004958578.1), but low
identity with the human and Drosophila genes (Fig. 2B). The GRAVY
value determined for TaDIS1 was −0.316, which suggests that TaDIS1
is a hydrophilic protein (Fig. S1 A). Secondary structure prediction
analysis of TaDIS1 protein showed that the protein contained four main
secondary structures comprising 29.24% α-helices, 37.87% random
coils, 21.59% extended strand, and 11.30% β-turns (Fig. S1B).

3.2. Expression patterns of TaDIS1 in wheat

Organ-specific analysis demonstrated that the expression levels of
TaDIS1 were relatively higher in the leaf and young spike, with the
highest expression levels in the latter. By contrast, TaDIS1 was ex-
pressed at very low levels in the root and stem (Fig. 3A). We also in-
vestigated the expression patterns of TaDIS1 under various abiotic
stresses. After treatment with 20% PEG6000 to mimic drought stress,
the TaDIS1 transcript number increased gradually to peak at 12 h, after
which a decrease occurred (Fig. 3B). Under treatment with ABA, the
situation was similar to that with the drought treatment but the peaks
occurred at different times (Fig. 3C). The abundance of TaDIS1 tran-
scripts changed very little until 24 h after NaCl treatment, whereas they
increased dramatically by approximately three times after 24 h
(Fig. 3D). However, there were no significant differences in the ex-
pression levels of TaDIS1 in the control plants at different time points.
Thus, TaDIS1 was strongly induced by exogenous treatment with ABA
and PEG but only weakly induced by salt. These results indicate that
TaDIS1 is responsive to multiple stresses, but especially drought stress.
Therefore, we investigated the role of TaDIS1 in drought tolerance in
further functional analyses in this study.

3.3. Prokaryotic expression analysis of TaDIS1

In order to express and further characterize the TaDIS1 protein, the
coding region of the TaDIS1 gene was subcloned into the expression
vector pCold-tf. The recombinant plasmid was expressed in the E. coli
BL21 strain. SDS-PAGE gel analysis showed that the pCold-tf-TaDIS1
fusion protein was expressed successfully in E. coli BL21(DE3) when
induced by isopropyl β-D-1-thiogalactopyranoside (IPTG). The induced
recombinant plasmid pCold-tf-TaDIS1 product had a relative molecular
weight of about 90 kDa. The induced expression vector pCold-tf product
had a relative molecular weight of about 55 kDa. The specific protein
band was consistent with the theoretical molecular mass and the target
protein was expressed efficiently 1 h after induction, whereas its ex-
pression increased with the induction time whereas the control did not
express the fusion protein. This band was not produced by the pCold-tf
and noninduced cells (Fig. 4). These results confirmed that the TaDIS1
protein was expressed successfully in the prokaryotic organism E. coli

BL21(DE3).

3.4. Overexpression of TaDIS1 decreased the drought tolerance of
transgenic Arabidopsis plants

The TaDIS1 gene was introduced into Arabidopsis to study its func-
tion. Three transgenic lines (T3) were obtained by hygromycin
screening, which were designated as OE-1, OE-2, and OE-3 (Fig. 5A).
All three transgenic plants and the WT control were grown for 3 weeks
under normal conditions, where all of the plants grew well with no
obvious phenotypic changes. Watering was then stopped for 2 weeks
and most of the leaves wilted and withered on the TaDIS1 over-
expression plants, whereas the WT plants continued growing normally.
After rewatering for 3 days, the TaDIS1 overexpression plants did not
recover to normal growth and most of them died, whereas the WT
plants resumed their normal growth (Fig. 5B). Furthermore, the TaDIS1
overexpression plants exhibited higher electrolyte leakage and greater
water loss in the detached rosette leaves, but the RWC was lower than
that in the WT under drought stress, as shown in Fig. 5C–E. Thus, the
overexpression of TaDIS1 reduced the tolerance of drought stress.

Under drought conditions, the chlorophyll and proline contents of
the TaDIS1 overexpression plants were much lower than those of the
WT control (Fig. 6A, C), and the TaDIS1 overexpression plants accu-
mulated much more MDA than the WT plants (Fig. 6B). However, under
normal conditions, these indicators did not differ in the transgenic and
WT plants. We also analyzed the antioxidant enzyme activity levels in
plants under drought stress, where the results showed that the SOD,
POD, and CAT activities were lower in the transgenic plants compared
with the WT plants (Fig. 6D–F). However, there were no significant
differences in the levels of these enzymes in the WT and transgenic
plants under control conditions. These results suggest that the activity
levels of antioxidant enzymes might play important roles in the ability
to resist drought stress in TaDIS1 overexpression plants. Therefore,
TaDIS1 may have been a negative regulator of the drought stress re-
sponse in transgenic Arabidopsis.

3.5. Effects of TaDIS1 overexpression on seed germination and seedling
growth under drought stress

We examined germination and seedling growth in WT and TaDIS1
overexpression lines under drought stress to further understand the
abiotic stress response in TaDIS1 overexpression plants. Seeds from WT
and TaDIS1 transgenic Arabidopsis lines were germinated and grown in
1/2 MS medium as well as 1/2 MS medium containing mannitol or
NaCl to evaluate their stress tolerance. Under normal conditions, the
germination rate and seedling growth were similar in the WT and
TaDIS1 transgenic lines. However, in the presence of 150mM mannitol,
the seedlings from the transgenic line exhibited more growth inhibition
than the WT seedling (Fig. 7A), while the same result was found in the
presence of 200mM NaCl (Fig. S2 A). Statistical analysis showed that
the TaDIS1 overexpression line plants grown on 1/2 MS medium sup-
plemented with 150mM mannitol had a lower germination rate than
the control plants (Fig. 7C), while the same result was obtained in the
presence of 200mM NaCl (Fig. S2C). The root length did not differ
significantly between the WT and transgenic line plants under non-

Fig. 1. Gene structure analyses for TaDIS1.
A, Schematic representation of the corresponding cDNA structure.
The 5′ UTR and 3′ UTR, and the ORF are indicated by white and
gray boxes, respectively.
B, Genomic organization of TaDIS1. Black boxes indicate exons
encoding amino acids and black lines indicate introns. Numbers
represent the lengths of each region in base pairs.
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stress conditions (Fig. 7B, D). However, the TaDIS1 overexpression line
plants had shorter primary roots compared with the control plants
under drought stress (Fig. 7B, D), while the same result was obtained in
the presence of 200mM NaCl (Fig. S2B, S2D). These results suggest that
the TaDIS1 overexpression plants exhibited hypersensitivity to drought
stress.

3.6. TaDIS1overexpression plants exhibited hypersensitivity to ABA

ABA signaling is mainly regulated by abiotic stresses in plants [39].
The increased expression of TaDIS1 in response to ABA treatment
suggests that TaDIS1 might play a role in the ABA signaling pathway.
Thus, in order to determine whether ABA participated in the response

Fig. 2. Protein sequence and phylogenetic analyses of TaDIS1 protein.
A, Multiple alignment of TaDIS1 and other SINA E3 ligase proteins comprising Arabidopsis SINAT5, rice OsDIS1, Drosophila SINA, and human SIAH. The highly
conserved amino acid residues among the proteins examined are shaded. The conserved RING-finger and zinc-finger motifs are indicated by asterisks and carets,
respectively. The solid black line shows the RING domain (53–89) and the SINA domain (106–166).
B, Phylogenetic tree constructed using MEGA6.0 for TaDIS1 and other closely related SINA E3 ligase proteins.
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to abiotic stresses in transgenic plants, we examined the response of
TaDIS1 overexpression plants to treatment with exogenous ABA during
the germination and post-germination growth periods. When grown on
1/2 MS medium without ABA, there was no significant difference in
seedling emergence between the WT and transgenic seeds, but when
grown on 1/2 MS medium containing 2 μM ABA, seedling emergence
was inhibited more severely in the transgenic plants than the control
plants (Fig. 8A). In addition, the transgenic line seeds grown on ABA-
containing medium had a lower germination rate than the WT seeds

(Fig. 8B). Therefore, the TaDIS1 overexpression transgenic plant seeds
were more sensitive to ABA in the germination stage than the WT.
These observations indicate that the TaDIS1 transgenic line exhibited
ABA hypersensitivity during post-germination growth and that TaDIS1
might be regulated partly by ABA signaling during abiotic stress re-
sponses in plants.

3.7. Overexpression of TaDIS1 affects the expression of stress-responsive
genes

The transcript levels of four stress-related genes were compared in
WT and transgenic Arabidopsis plants by qRT-PCR with gene-specific
primers to elucidate the molecular mechanism related to TaDIS1 in
drought stress tolerance (Table 1). Under normal conditions, the tran-
script levels of RD29A, RD29B, P5CS1 and DREB2A did not differ sig-
nificantly between the control and overexpression lines. However, after
drought stress, the transcript levels of all four genes were induced at
much higher levels, but the mRNA levels of these genes were sig-
nificantly lower in the overexpression seedlings than the controls
(Fig. 9). These results agreed with the stress-sensitive phenotypes of
TaDIS1 overexpression plants grown in soil. Therefore, TaDIS1 may
function negatively in drought stress by regulating the stress response-
related genes.

4. Discussion

Drought is one of the major abiotic stresses that directly affect plant
growth and development, and ultimately the yield [40]. Plants have
evolved various mechanisms for responding to drought stress in order
to maintain their normal activities, particularly molecular responses
[41]. The ubiquitin/26S proteasome system is a versatile post-transla-
tional modification system, which has been implicated in most aspects
of growth and development, as well as in the responses to biotic and
abiotic stress in plants [13,42]. In plants, the first identified SINA
member was Arabidopsis SINAT5, which interacts with the NAC1 tran-
scription factor and promotes its degradation to attenuate auxin signals
[43]. In previous studies, several SINA E3 ligase genes were identified
in various species act as key regulators of the responses to abiotic
stresses [25,44]. In the current study, using a homology-based strategy,

Fig. 3. Expression patterns of TaDIS1 in wheat.
A, Tissue-specific expression of TaDIS1 in root,
stem, leaf, and panicle tissues in wheat. B–D,
Expression patterns of TaDIS1 under different
abiotic stresses: B, 20% PEG6000; C, 100 μM
ABA; and D, 200mM NaCl. AtActin was used as
an internal control. Data represent mean ± SD
(n = 3).

Fig. 4. Prokaryotic expression results. SDS-PAGE of the recombinant proteins
expressed in E. coli BL21(DE3): lanes 1–5, total protein from E. coli BL21(DE3)
containing pCold-tf after induction with 0.3 mM IPTG at 37 °C for 0, 1, 2, 4, and
6 h, respectively; Lanes 6–10, total protein from E. coli BL21(DE3) containing
pCold-tf-TaDIS1 after induction with 0.3 mM IPTG at 37 °C for 0, 1, 2, 4, and
6 h, respectively; Lane M, protein molecular mass standards. The corresponding
fusion proteins are indicated by arrows.
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we cloned a new SINA E3 ligase gene from wheat called TaDIS1. In
addition, we studied the characteristics of TaDIS1 and its involvement
with drought stress tolerance, thereby demonstrating that TaDIS1
protein is homologous to OsDIS1 in rice, and thus we suggest that
TaDIS1 may have similar functions.

In a previous study, the expression of stress-induced genes was
shown to be associated with stress tolerance [45]. Thus, OsDIS1 is highly
induced 24 h after drought treatment in a similar manner to OsDREB2 A,
and it was used as a positive control for the drought treatment [46]
where the results suggested that OsDIS1 is involved in the drought response in
rice [25]. In our study, we demonstrated that the expression of TaDIS1
in wheat was significantly induced by PEG, ABA, and NaCl stresses
(Fig. 3), and thus TaDIS1 might be involved in different stress signaling
pathways.

Moreover, drought stress can induce several different types of
physiological stress. For example, various morphological, physiological,
and biochemical parameters related to drought tolerance have been
evaluated in physiological studies, such as the MDA and proline con-
tents, RWC, and electrolyte leakage [47,48]. The accumulation of MDA
is an indicator of cell membrane lipid peroxidation and it has also been
used to measure the level of damage to the plasma membrane in re-
sponse to abiotic stress [49]. Proline is a good indicator of stress-

induced cell damage [50]. In the present study, the MDA content was
higher in the transgenic plants than the wide-type plants under drought
stress (Fig. 6B), thereby suggesting that damage to the cell membrane
was increased in transgenic plants. The proline contents were lower in
the transgenic lines than the WT plants under drought conditions
(Fig. 6C), which indicates that the TaDIS1 protein did not effectively
protect the cell membrane under drought stress. RWC is one of the most
reliable phenotypic and physiological indicators used for evaluating the
plant water status under drought tolerance [51]. Water stress causes
plant water losses and reduces the RWC [52]. Membrane integrity and
stability are essential for plant survival and stress resistance, and
drought may damage the structure and function of the plasma mem-
brane, thereby increasing the permeability of the cell membrane and
intracellular material may leak outside the cell [53]. Assessing elec-
trolyte leakage from cells is a common method used to assess plasma
membrane damage or malfunction [54]. A lower level of electrolyte
leakage indicates higher tolerance (less damage) of drought stress. We
found that the TaDIS1 overexpression plants had lower RWC levels and
higher relative electrolyte leakage (Fig. 5), which suggests that the
TaDIS1 overexpression transgenic Arabidopsis plants had lower capa-
cities for water retention and osmotic adjustment, and thus reduced
tolerance of drought stress. Drought stress also causes plants to express

Fig. 5. Drought stress tolerance by wild type Arabidopsis and TaDIS1 overexpression transgenic Arabidopsis plants.
A, RT-PCR identification of transgenic TaDIS1 overexpression Arabidopsis plants; B, phenotypic changes in transgenic Arabidopsis plants before/after drought stress;
C, RWC of wild type Arabidopsis and TaDIS1 overexpression transgenic Arabidopsi plants under normal conditions and drought stress; D, relative electrolyte leakage
from wild type Arabidopsis and TaDIS1 overexpression transgenic Arabidopsis plants under normal conditions and drought stress; E, water loss by wild type Arabidopsis
and TaDIS1 overexpression transgenic Arabidopsis plants in response to dehydration. Data represent mean ± SD (n = 3), ** P ≤ 0.01.
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numerous scavenging enzymes such as SOD, POD, and CAT, which
protect plant cells from oxidative damage. We found that the activities
of these antioxidant enzymes were lower in the transgenic Arabidopsis
plants than the WT plants, which suggests that antioxidant enzymes

were involved with drought tolerance. Our results showed that the
overexpression of TaDIS1 decreased the tolerance of drought in trans-
genic Arabidopsis plants.

Several studies have demonstrated that stress tolerance in plants is

Fig. 6. Total physiological changes and activities of antioxidant enzymes in wild type Arabidopsis and transgenic Arabidopsis plants under normal conditions and
drought stress treatment. A, Chlorophyll content; B, MDA content; C, free proline content; D, superoxidase dismutase, SOD; E, guaiacol peroxidase, POD; F, catalase,
CAT; Each column represents the mean ± standard error based on three biological repeats. Significant differences between wild type Arabidopsis and transgenic
Arabidopsis lines were determined by one-way ANOVA with Duncan’s test (**P≤ 0.01).

Fig. 7. Drought stress responses by wild type Arabidopsis and TaDIS1 overexpression transgenic Arabidopsis plants. A, Seedling growth in wild type Arabidopsis and
TaDIS1 overexpression transgenic Arabidopsis plants grown on 1/2 MS medium and 1/2 MS medium containing 150mM mannitol for 8 days; B, root length in wild
type Arabidopsis and TaDIS1 overexpression transgenic Arabidopsis plants grown on 1/2 MS medium and 1/2 MS medium containing 150mM mannitol, where the
images were obtained after 8 days. Percentage germination and root length for the wild type Arabidopsis and TaDIS1 overexpression transgenic Arabidopsis plants in
(C, D); means ± SD (n= 3). The asterisks indicate the significant differences between wild type Arabidopsis and transgenic Arabidopsis lines according to one-way
ANOVA with Duncan’s test (*P≤ 0.05).
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associated with germination and root growth by seedlings [55,56]. We
found that the TaDIS1 overexpression plants exhibited more growth
inhibition with shorter roots, and thus the TaDIS1 overexpression plants

exhibited hypersensitivity to drought stress. Indeed, ABA is often con-
sidered to be a second messenger that modulates a wide spectrum of
growth and developmental processes (such as seed maturation, dor-
mancy, and germination) in abiotic stress conditions [57–61]. In the
present study, the TaDIS1 overexpression transgenic Arabidopsis seeds
exhibited increased sensitivity to ABA and drought stress in the seed
germination stage, which suggests that TaDIS1 might be involved with
the responses to drought and stress in an ABA-dependent manner.
Further studies are required to understand how the TaDIS1 gene is in-
duced in response to drought stress and the role of ABA.

Four genes involved with the stress response, i.e., RD29A, RD29B,
P5CS1, and DREB2 A, were analyzed by qRT-PCR (Fig. 9) to determine
whether TaDIS1 affected the expression of stress-related genes.
DREB2 A (the gene encoding dehydration-responsive element binding
protein 2 A) is thought to be one of the major transcription factors
under drought stress conditions [9,62]. The abundance of DREB2 A is
regulated by two RING-type E3 ligases comprising DRIP1 and DRIP2,
which negatively regulate plant drought responses by degrading the
positive regulator DREB2 A [63]. In previous studies, it was shown that
RD29A and RD29B are induced by different stresses (drought, salt, and
ABA) via an ABA-dependent pathway [64,65]. P5CS1 is involved in the
rate-limiting step in proline biosynthesis and it is induced by drought in
Arabidopsis. AtP5CS1 is responsible mainly for proline accumulation
under salt and drought stress [66]. The expression levels of these genes
in the TaDIS1 overexpression and WT plants after drought stress suggest
that TaDIS1 may regulate these stress-related genes to tolerate stress,
and it could be involved with cross-talk between the complex networks
of stress-responsive genes, thereby explaining the responses of TaDIS1
overexpression plants under drought stress.

In addition, the expression of OsDIS1 is upregulated by drought
treatment. Silencing this gene in transgenic rice leads to enhanced
drought tolerance whereas overexpression of the gene leads to in-
creased drought sensitivity, which suggests that OsDIS1 plays a negative
role in drought stress tolerance by regulating the transcriptional of
various stress-related genes and possibly via the posttranslational reg-
ulation of OsNek6 [25]. Our results also indicated that TaDIS1 is a ne-
gative regulator of the stress response in wheat and it has a similar
function to OsDIS1, and thus silencing the TaDIS1 gene may be lead to
enhanced drought tolerance. Further studies are necessary to elucidate

Fig. 8. Response of TaDIS1 overexpression plants to exogenous ABA. A,
Seedlings of wild type Arabidopsis and TaDIS1 overexpression transgenic
Arabidopsis lines at 8 days after germination on 1/2 MS medium supplemented
with 0 or 2 μM ABA. B, Percentage germination rates by seeds of wild type
Arabidopsis and TaDIS1 overexpression transgenic Arabidopsis plants. Data re-
present means ± SD (n=3). Three independent experiments were performed
where each evaluated 80–100 seeds.

Fig. 9. Expression of stress-responsive genes in
wild type Arabidopsis and TaDIS1 over-
expression transgenic Arabidopsis plants in re-
sponse to drought. The 25-day-old plants
grown in soil were not watered for 10 days and
the expression levels of DREB2 A, RD29A,
RD29B, and P5CS1 were analyzed by qRT-PCR.
AtActin was used as an internal control. Data
represent means ± SD (n=3). The asterisks
indicate significant differences between wild
type Arabidopsis control and transgenic
Arabidopsis lines according to one-way ANOVA
with Duncan’s test (∗P≤ 0.05; ∗∗P≤ 0.01).
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the precise function of TaDIS1 by characterizing TaDIS1-suppressed
transgenic plants or loss-of-function mutants.

In conclusion, we cloned and characterized the TaDIS1 gene from
wheat in this study. Our results demonstrated that TaDIS1 is a RING-
containing protein in wheat and TaDIS1 expression could be induced by
drought stress and ABA. Furthermore, we investigated the function of
TaDIS1 under drought stress, where the results demonstrated that
overexpression of TaDIS1 increased the sensitivity to drought stress and
ABA. The results obtained using transgenic plants showed that over-
expression of the TaDIS1 gene reduced the resistance to drought stress,
thereby demonstrating that TaDIS1 is a negative regulator of the
drought stress response, where it may negatively function in drought
stress by regulating stress-related genes. The exact functional role of
TaDIS1 in the response to abiotic stresses is not fully understood but our
results provide valuable information, which may facilitate for mole-
cular breeding and genetic engineering to improve abiotic stress tol-
erance in crops.
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