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Abstract
Mitogen-activated protein kinase cascades play pivotal roles in mediating environmental stress responses and plant devel-
opment. In this study, a loss-of-function mutant of Arabidopsis, map3kθ1, exhibited wider stomatal openings, reduced root 
elongation, and increased seed germination rate compared with its wild type under exogenous abscisic acid (ABA) treatment. 
MAP3Kθ1 encodes a MAP kinase kinase kinase (MAP3K) with unknown function. Two overexpression lines of MAP3Kθ1 
exhibited inhibited seed germination and narrowed stomata, which were aggravated by ABA treatment. Upregulation of 
MAP3Kθ1 also resulted in stronger drought tolerance, whereas map3kθ1 was more sensitive to water deficiency, partially due 
to differences in the water-holding capacity of leaves. The MAP3Kθ1-overexpressing lines also showed a greater ability to 
maintain root elongation under exogenous ABA. Expression of MAP3Kθ1 was inhibited by ABA, H2O2, and methyl viologen 
treatments in roots. The MAP3Kθ1-overexpressing lines accumulated more ABA by promoting its biogenesis and inhibiting 
its catabolism, whereas the map3kθ1 mutant accumulated less ABA, compared with wild-type plants. These findings indicate 
that MAP3Kθ1 promotes ABA accumulation to regulate stomatal movement, root elongation, and seed germination, while 
the ABA–H2O2 signaling module inhibits MAP3Kθ1 expression through feedback regulation.
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Introduction

Abscisic acid (ABA) is a well-known signaling molecule 
that mediates many types of abiotic stress, allowing plants 
to rapidly sense and react to environmental fluctuations 
(Yoshida et  al. 2014). When a plant faces water stress, 
increased ABA levels promote the closing of stomata and 
inhibit its opening. The controlled opening of stomata plays 
an essential role in reducing water loss and maintaining the 

relative water level of plants for survival (Mishra et al. 2006; 
Bauer et al. 2013). ABA also participates in many develop-
mental processes, such as root elongation, seed germination, 
and seedling and fruit development (Liu et al. 2010; Kim 
et al. 2013). In particular, through antagonistic regulation 
with gibberellins, ABA coordinates seed dormancy and ger-
mination as its classical function (Shu et al. 2016).

In ABA signal transduction, some components have been 
shown to play important roles as signaling molecules, such 
as calcium ion, nitric oxide, and reactive oxygen species 
(ROS) (Zhang et al. 2006, 2014). ROS is the most important 
molecule in the regulation of antioxidant defense systems 
induced by abiotic stresses, such as water stress, salinity, 
and high or low temperature, all of which induce oxidative 
stress in plant cells. At the beginning of this century, it was 
found that ABA can trigger the production of H2O2 and other 
ROS in plants (Guan et al. 2000; Jiang and Zhang 2001). 
Growing evidence suggests that the increased plant drought 
tolerance under enhanced ABA accumulation results at least 
partly from the induction of ROS production, which initiates 
antioxidant defense systems (Zhang et al. 2014).
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Many genes are involved in ABA signaling, in which a 
mitogen-activated protein kinase (MAPK) cascade plays 
a pivotal role (Zelicourt et al. 2016). MAPKs are highly 
conserved in eukaryotes, linking a series of environmental 
changes to a range of cellular responses. A typical MAPK 
module includes three types of protein kinase: a MAPK 
(MPK), a MAP kinase kinase (MAP2K; MAPKK/MEK/
MKK), and a MAP kinase kinase kinase (MAP3K; MAP-
KKK/MAP3K), which form a signaling cascade and are 
sequentially activated by phosphorylation (MAPK Group, 
2002; Fiil et al. 2009). In Arabidopsis, there are 20 MAPKs, 
10 MAP2Ks, and about 80 genes encoding MAP3K, which 
are conserved in all eukaryotes (MAPK Group 2002; Su and 
Krysan 2016). In plants, MAPK cascades have been shown 
to be activated by many environmental stresses, hormone 
stimuli, and ROS, as well as developmental processes (Liu 
2012; Zelicourt et al. 2016).

ABA has been shown to modulate several MAPK sign-
aling components at the transcriptional and translational 
levels, as well as kinase activity in various plant species 
(Zhang et al. 2006; Liu 2012; Danquah et al. 2014). For 
instance, MKK1 has been indirectly shown to be a positive 
regulator of ABA signaling (Wu et al. 2015). Furthermore, 
AtMKK1–AtMPK6 is regarded as an important signaling 
cascade stimulating H2O2 generation and stress responses 
in an ABA-dependent manner (Xing et al. 2008). Express-
ing anti-sense MPK3 showed that MPK3 acts downstream 
of ABA signaling in the ABA-induced H2O2 synthesis 
pathway (Gudesblat et al. 2007). MPK9 and MPK12 have 
been verified to be expressed preferentially in guard cells, 
and a mpk9mpk12 double-mutant exhibited insensitivity to 
ABA and H2O2 regardless of stomatal opening status and 
increased water loss via transpiration (Jammes et al. 2009). 
Recently, MPK1 and MPK2 were shown to be activated by 
ABA in an SRK2D/E/I-dependent manner, thus establishing 
a direct link between the MAPK modules and ABA signal-
ing (Umezawa et al. 2013).

MAP3K has also been reported to be involved in ABA 
responses. A study showed that ANP1, a MAPKKK in 
Arabidopsis, activated AtMPK3 and AtMPK6 and was 
induced by H2O2 (Kovtun et al. 2000). Moreover, YODA 
(MAPKKK4) was verified to regulate stomatal develop-
ment by activating MKK4/5–MKK7/MKK9 and MPK3/6 
as an important MAPK cascade (Wang et al. 2007; Lam-
pard et al. 2009). Recent studies have shown that MAP3K17 
and MAP3K18 of Arabidopsis function upstream to acti-
vate the MKK3 in response to ABA signaling (Danquah 
et al. 2015; Matsuoka et al. 2015). Through detailed genetic 
analysis, it has been shown that the MAP3K17/18-MKK3-
MPK1/2/7/14 cascade induced by drought stress is mediated 
by an ABA receptor signaling module at the transcriptional 
level (Danquah et al. 2015; Zelicourt et al. 2016). Plants 
overexpressing MAP3K16 exhibit ABA insensitivity during 

the seed germination and cotyledon greening stages, but are 
hypersensitive during root development. Further investiga-
tion has shown that MAP3K14–18 are involved in the ABA 
response, but that the effects might be negative or positive 
depending on developmental stage (Choi et al. 2017).

There is abundant evidence showing that MAPK cascades 
are closely related to ABA signaling. Although much pro-
gress has been made in recent years, the functions of most 
MAP3Ks are largely unknown because of the diversity and 
complexity of the MAP cascade kinases family. Screening 
and functional analysis of more MAP3Ks is essential for 
investigating MAPK cascades and understanding the com-
plex mechanisms of ABA signaling.

Results

Screening of map3kθ1 Mutant and Expression 
Patterns of MAP3Kθ1 Gene

To identify additional ABA signaling components, we 
obtained a T-DNA insertion mutant for the gene encod-
ing MAP3Ks in Arabidopsis. According to the nomencla-
ture from the MAPK Group (2002), the gene was named 
MAP3Kθ1 (AT2G31010). The protein kinase domain of 
MAP3Kθ1 was predicted and verified using the PROSITE 
tool (ExPASy) (Fig. 1a). The T-DNA of the screened mutant 
(SALK_137974) was located in the intron between E8 and 
E9 in the gene (Fig. 1b). Gene expression of the MAP3Kθ1 
T-DNA insertion mutant at the transcriptional level was 
determined via quantitative real-time reverse transcription 
polymerase chain reaction (qRT-PCR). Although messen-
ger RNA (mRNA) was strongly expressed in wild-type 
seedlings, transcription was barely detected in map3kθ1-
homozygous mutant plants (Fig. 1c).

The qRT-PCR method was used to analyze the expres-
sion pattern of MAP3Kθ1 at the transcriptional level in 
various tissues. Our determination showed that it was 
expressed at the highest levels in roots, followed by flow-
ers, siliques, and buds, with a lower expression in leaves 
and shoot (Fig. 2a). We also constructed a chimeric gene by 
fusing a GUS reporter gene with the promoter of MAP3Kθ1 
(MAP3Kθ1pro-GUS), and transferred it to wild-type Arabi-
dopsis plants. The GUS activity of transgenic plants driven 
by the MAP3Kθ1 promoter was further used for expression 
pattern analysis through histochemical staining. The results 
showed that GUS activity in MAP3Kθ1pro-GUS lines was 
most abundant in the radicle of germinating seeds (Fig. 2b), 
in the root tip and shoot tip (shoot apical meristem and 
young leaves) at the seedling stage (Fig. 2c), and in the axil-
lary bud meristem, young cauline leaves, young silique, and 
pollen of adult plants (Fig. 2d).
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Response of MAP3Kθ1 Expression to Exogenous ABA 
Signaling

The transcript levels of MAP3Kθ1 in Arabidopsis roots were 
assayed by qRT-PCR from 1 to 24 h under ABA and H2O2 
treatments. Expression was initially induced (within 1 h), 
and then dramatically downregulated over time. The tran-
script levels exhibited similar tendencies under ABA and 
H2O2 treatments (Fig. 3a, b). Methyl viologen (MV) is com-
monly used as an H2O2 inducer for its capacity to disturb 
the electron transport chain (Jia et al. 2012). When treated 
with 0.5 μM MV, the transcript level of MAP3Kθ1 decreased 
sharply over time. Unlike under the ABA and H2O2 treat-
ments, we did not detect any increase in expression within 
the first hour (Fig. 3c).

GUS activity in the roots of MAP3Kθ1pro-GUS trans-
genic lines was also assayed under ABA, H2O2, and MV 
treatments. In accordance with the qRT-PCR results, 
MAP3Kθ1 expression was downregulated in wild-type 
Arabidopsis roots after 6 h, and almost no staining was 
observed under the H2O2 and MV treatments (Fig. 3d, e). 
Overall, these results indicate that MAP3Kθ1 is inhibited by 
ABA–H2O2 cascade signaling.

Endogenous ABA Content in map3kθ1 Mutant 
and Overexpressing Arabidopsis Plants

To further confirm the function of MAP3Kθ1, the construct 
of the full-length cDNA sequence of MAP3Kθ1 guided 
by a CaMV 35S promoter was transformed into wild-type 

Arabidopsis. A total of 21 independent transgenic lines (T2) 
were obtained, among which 17 lines showed significantly 
elevated MAP3Kθ1 mRNA levels. Two lines (denoted as 
OE2 and OE7) were chosen as overexpressing lines for fur-
ther experiments. MAP3Kθ1 was expressed at higher levels 
in OE2 and OE7 lines than in the wild type based on reverse 
transcription (RT-PCR) analysis (Fig. 4a).

The ABA contents in the map3kθ1 mutant, wild-type, 
and OE2/OE7 plants were measured using a radioimmu-
noassay method. More ABA accumulated in MAP3Kθ1-
overexpressing plants, and less accumulated in the map3kθ1 
mutant, compared with the wild type (Fig. 4b). To investi-
gate the cause of these effects, both ABA biogenesis and 
catabolism genes were investigated. The results showed that 
an ABA biogenesis gene, NCED3, exhibited higher expres-
sion in MAP3Kθ1-overexpressing lines and lower expres-
sion in the map3kθ1 mutant (Fig. 4c). Conversely, two ABA 
catabolism genes (CYP707A1 and CYP707A3) were down-
regulated in OE2 and OE7, but significantly upregulated 
in the map3kθ1 mutant compared with the wild-type plant 
(Fig. 4d). The ABA-responsive gene ABI1 was upregulated 
in the map3kθ1 mutant but downregulated in MAP3Kθ1-
overexpressing lines (Fig. 4e), and ABI3 and ABI5 exhibited 
the opposite tendency as ABI1 (Fig. 4f, g).

Increased ABA Sensitivity of map3kθ1 Mutant 
in Response to Water Stress

Shoot fresh weight of the map3kθ1 mutant decreased com-
pared with the wild type in 4-week-old plants, while the 

Fig. 1   Prediction of the kinase 
domain of MAP3Kθ1 pro-
tein and verification of the 
map3kθ1 mutant by qRT-PCR. 
a Predicted tyrosine kinase 
domain of MAP3Kθ1 protein. 
b Schematic presentation of 
T-DNA insertion site in the 
map3kθ1 mutant. Black boxes 
represent exons, and ‘ATG’ and 
‘TAA’ represent the start codon 
and stop codon of MAP3Kθ1, 
respectively. c qRT-PCR 
analysis of MAP3Kθ1 expres-
sion at the transcriptional level. 
The ACTIN gene was amplified 
in the wild-type and map3kθ1 
mutant as a control
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expression of MAP3Kθ1 increased. Root elongation exhib-
ited a similar tendency, and was longer in the mutant but 
shorter in the overexpression lines compared to the wild type 
(Table 1). All seedlings exhibited symptoms in response 
to 20 days of water deficiency: OE2 and OE7 maintained 
expanded leaves, some leaves on wild-type plants curled, 
and all leaves curled and dehydrated on map3kθ1 mutant 
plants (Fig. 5a). Because ABA is a major hormone that 
responds to water stress, we speculated that it plays an 
important role in the function of MAP3Kθ1 in the drought 
response. To investigate this possibility, we analyzed the root 
elongation of the wild type, map3kθ1 mutant, and OE2 and 
OE7 under 10 μM or 50 μM ABA in Murashige and Skoog 
(MS) medium. There was no significant difference in rela-
tive root length under 10 μM ABA treatment, although it 
decreased in all groups compared to the control. However, 
compared with the wild type, relative root length was sig-
nificantly lower in the map3kθ1 mutant and higher in the 
MAP3Kθ1-overexpressing lines when treated with 50 μM 

ABA (Fig. 5b). This may partially explain why the map3kθ1 
mutant was more sensitive to water stress. We also compared 
the water-holding capacity of leaves among the wild type, 
map3kθ1 mutant, and MAP3Kθ1-overexpressing lines. The 
results showed that the map3kθ1 mutant easily lost water 
from its leaves and exhibited the lowest water-holding abil-
ity, while the MAP3Kθ1-overexpressing lines had the high-
est leaf water retention based on measurement of detached 
rosette leaves (Fig. 5c).

Stomata openings were analyzed to further assess dif-
ferences in the water-retention capacity of leaves. Under 
normal growth conditions, stomata openings decreased 
with increased MAP3Kθ1 expression, although there was 
no significant difference in the width/length ratio of stomata 
among the wild type, map3kθ1 mutant, and MAP3Kθ1-
overexpressing line OE2 (Fig. 6a, b). The stomata open-
ings were significantly smaller in map3kθ1, wild-type, and 
MAP3Kθ1-overexpressing plants when treated by ABA. Sto-
mata were also significantly less narrow in map3kθ1 plants 
under ABA treatment, although no significant difference was 
found between the wild type and MAP3Kθ1-overexpressing 
line (Fig. 6).

MAP3Kθ1 is Involved in ABA‑regulated Seed 
Germination

To determine the sensitivity of MAP3Kθ1 to ABA during 
seed germination, dormancy-broken Arabidopsis seeds were 
chosen for investigation under ABA concentration gradients. 
The germination behavior of the map3kθ1 mutant, wild-type 
plants, and OE2 line was observed under 0 µM, 1 µM, 2 µM, 
and 5 µM ABA supplemented into MS medium (Fig. 7a). No 
difference in germination rate was found between map3kθ1 
and the wild type, but germination rate was lower for OE2 
without ABA supplementation after 7 days. The germina-
tion rates for all seed lots decreased with increasing ABA 
concentration in MS medium, with particular differences 
at 2 µM ABA: 95.1%, 62.8%, and 42.2% for the map3kθ1 
mutant, wild type, and OE2, respectively. At 5 µM ABA, the 
mutant maintained a higher germination rate, while those of 
the wild type and OE2 were very low (Fig. 7b).

Discussion

MAPK cascades are involved in almost all biological pro-
cesses in plants, including organ development, responses to 
environmental variations, and plant immunity (Zhao et al. 
2017; Bi et al. 2018). In Arabidopsis, there are about 80 
genes encoding MAP3Ks, which are conserved among all 
eukaryotes (Su and Krysan 2016). ABA is a signaling mole-
cule involved in the response to many environmental stresses 
and accumulates in seedlings during the stress response 

Fig. 2   Organ-specific expression of MAP3Kθ1 in Arabidopsis. a 
Relative mRNA levels of MAP3Kθ1 in bud (shoot apical meris-
tem), shoot (primary inflorescence stem), flower, silique, leaf, and 
root of 6-week-old seedlings. Transcript levels were determined by 
qRT-PCR and normalized to ACTIN expression. Values presented 
are the means of three replications and standard errors. Tissue-spe-
cific expression patterns of MAP3Kθ1 in b germinating seed, c bud 
and root of 2-week-old seedlings, and c leaf, shoot, and flower of 
6-week-old seedlings determined by histochemical GUS staining of 
MAP3Kθ1pro-GUS transgenic plants
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(Nakashima and Yamaguchishinozaki 2013). Many genes 
take part in the ABA signaling pathway, in which a MAPK 
cascade is an important module (Zelicourt et al. 2016).

To further explore the functional components, we 
screened a MAP3K, defined as MAP3Kθ1 according to the 
nomenclature from the MAPK Group (2002). Expression 
analyses at the transcriptional level and by GUS staining 
showed that MAP3Kθ1 was expressed at the highest levels 
in the radicle of germinating seeds and roots, and was also 
expressed in the flowers, siliques, buds, leaves, and shoots 
of seedlings (Fig. 2). Its transcription was downregulated 
under exogenous ABA treatment (Fig.  3). Conversely, 
MAPKKK18 is activated by an ABA core signaling module 
through protein synthesis (Danquah et al. 2015; Tajdel et al. 
2016), which is upregulated by ABA at the transcriptional 
level along with MAP3K16 (Choi et al. 2017).

Recent evidence has shown that ROS production is 
induced by the ABA signaling pathway (Jiang and Zhang 
2001; Zhang et al. 2006; Jia et al. 2012; Arve et al. 2014). 
Our results also showed that the expression of MAP3Kθ1 
was downregulated by H2O2 and MV (a ROS production 

inducer) (Fig. 3). It is possible that ROS mediates the regu-
lation of MAP3Kθ1 via the phytohormone ABA. However, 
in a previous study, it appeared that another MAP3K, NPK1 
(tobacco ANP1 ortholog), was specifically activated by 
H2O2 without activating the drought, cold, or ABA signal-
ing pathways (Kovtun et al. 2000). Although MAP3K has 
not been reported to be involved in the ABA–ROS signaling 
module, many MAPKs and MAP2Ks have been shown to be 
downstream of the ABA-induced H2O2 synthesis pathway 
(Gudesblat et al. 2007; Xing et al. 2008; Jammes et al. 2009; 
Wu et al. 2015).

Many studies have observed that the MAPK cascade is 
involved in the ABA signaling module, but there are fewer 
reports on the possible regulation of ABA metabolism by 
MAPKs. Although the expression of MAP3Kθ1 is also 
regulated by ABA, endogenous ABA content changes with 
ectopic expression of MAP3Kθ1 in Arabidopsis. More ABA 
accumulated in the MAP3Kθ1-overexpressing lines, but less 
in the map3kθ1 mutant, compared with the wild type. Fur-
ther investigation showed that this was due to the upregula-
tion of ABA biosynthesis genes and downregulated catabolic 

Fig. 3   Induced expression 
patterns of MAP3Kθ1 in roots 
of 2-week-old seedlings under 
chemical treatments. Relative 
mRNA levels under a 0.1 mM 
ABA, b 20 mM H2O2, and c 
0.5 μM MV treatment after 
1 h, 3 h, 6 h, 12 h, and 24 h. 
Seedlings grown under normal 
conditions were used as a con-
trol (CK). Relative expression 
levels of MAP3Kθ1 normalized 
to ACTIN levels determined by 
qRT-PCR. Values presented are 
the means of three replications 
and standard errors of the mean. 
d GUS activity and e GUS 
staining in situ of MAP3Kθ1 
promoter-GUS after treatment 
with ABA, H2O2, or MV for 
1 h and 6 h. The seedlings 
were incubated with the sub-
strate 4-MUG (1 mM) for the 
indicated time periods before 
the reaction was terminated by 
the addition of stop solution 
(Na2CO3). The released reaction 
product, 4-MU, was directly 
quantified by its fluorescence 
using a microplate reader
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genes by MAP3Kθ1 expression (Fig. 4c, d). Meanwhile, the 
expression of genes in the ABA-response pathway demon-
strated that MAP3Kθ1 was involved in ABA signaling. A 
negative regulator of ABA signaling, ABI1, was upregulated 
in the map3kθ1 mutant, and positive regulators of ABA sign-
aling (ABI3 and ABI5) were downregulated in the mutant 
(Fig. 4e–g).

When treated with exogenous ABA, the map3kθ1 mutant 
became more sensitive in terms of root elongation. Espe-
cially under high ABA concentrations, the mutant exhib-
ited less root elongation than the wild-type and MAP3Kθ1-
overexpressing plants (Fig. 5b). Moreover, the water-holding 
capacity of leaves decreased when MAP3Kθ1 gene expres-
sion was downregulated, which was validated by the obser-
vation of detached rosette leaves (Fig. 5c). The guard cells of 

Fig. 4   Endogenous ABA levels regulated by MAP3Kθ1. a Transcript 
levels of MAP3Kθ1 in two overexpression lines analyzed by RT-PCR. 
The expression of MAP3Kθ1 in wild-type (WT) plants was used as 
a control and ACTIN expression was used as an internal standard. 
b Determination of endogenous ABA level in wild-type, map3kθ1 
mutant, and MAP3Kθ1-overexpressing seedlings. The transcript lev-

els of c an ABA biogenesis gene (NCED3), d ABA catabolism genes 
(CYP707A1 and CYP707A3), and the ABA-responsive genes e AB11, 
f ABI3, and g ABI5 were determined by qRT-PCR in WT, map3kθ1 
mutant, and MAP3Kθ1-overexpressing seedlings. Values presented 
are the mean ± standard error of the mean of three replicates for b–g 

Table 1   Phenotype of map3kθ1 and MAP3Kθ1-overexpressing lines 
under normal growth conditions

Note: Four-week-old plants were used for shoot fresh weight analy-
ses under normal growth conditions. Seven-day-old seedlings in MS 
medium were used for root length determination. Values within a col-
umn with the same letter denote no statistically significant difference 
at P = 0.05

Fresh weight of shoot (g 
seedling−1)

Root 
length (cm 
seedling−1)

Wild type 0.112 ± 0.007 b 1.20 ± 0.11 b
map3kθ1 0.129 ± 0.013 a 1.51 ± 0.16 a
OE2 0.082 ± 0.002 c 1.04 ± 0.04 c
OE7 0.089 ± 0.003 c 1.06 ± 0.03 c
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stomata also possess the entire ABA biosynthesis pathway, 
which is regulated autonomously when plants are exposed to 
low air humidity, and is necessary and sufficient for stomatal 
closure (Bauer et al. 2013; Li et al. 2018). Thus, the low 
water-holding capacity of leaves in the map3kθ1 mutant was 
likely related to ABA signaling. Indeed, the stomata open-
ings were relatively narrow in the MAP3Kθ1-overexpressing 
lines compared with the wild type under normal growth 
conditions. The absence of a significant difference in sto-
mata openings among the map3kθ1 mutant, wild type, and 

MAP3Kθ1-overexpressing lines might be attributed to insuf-
ficient changes in ABA content. Under treatment with ABA 
at some concentrations, there was a degree of opening in 
the wild type and map3kθ1 mutant, but stomata were mostly 
closed in the MAP3Kθ1-overexpressing line OE2 (Fig. 6). 
The shortened roots and low water-holding capacity of 
leaves due to the loss-of-function of MAP3Kθ1 made the 
map3kθ1 mutant more sensitive to water stress (Fig. 5a). 
Another MAP3K, YODA, also plays a role in drought toler-
ance and water use efficiency by regulating stomatal density 
and root length (Meng and Yao 2015). Although MAP3Kθ1 
appeared to have a similar function to that of YODA, we did 
not identify a role in regulating stomatal density.

Many reports have shown that ABA plays an impor-
tant regulatory role in maintaining seed dormancy and 
inhibiting germination (Liu et al. 2010; Kim et al. 2013; 
Shu et al. 2016). Our results showed that the wild type 
and map3kθ1 mutant germinated well under normal con-
ditions, whereas the MAP3Kθ1-overexpressing line had 
a reduced germination rate. Under exogenously applied 
ABA, we observed a more rapid decrease in germination 

Fig. 5   Phenotypes of wild-type, map3kθ1 mutant, and MAP3Kθ1-
overexpressing Arabidopsis plants in response to water stress and 
ABA treatment. a Wild-type, map3kθ1 mutant, and MAP3Kθ1-
overexpressing seedlings (2 weeks old) were subjected to dehydration 
for 20 days. b Relative root length of seedlings on day 7 after transfer 
to MS medium containing 3% (w/v) sucrose with ABA (10 or 50 μM) 
compared to the control (without ABA). c Water loss as a percent-
age of fresh weight of detached rosettes from 4-week-old plants after 
2  h, 4  h, and 6  h in a flow laminar hood. Values presented are the 
mean ± standard error of the mean for four replicates for b, c 

Fig. 6   Effects of ABA on stomatal closure in wild-type, map3kθ1 
mutant, and MAP3Kθ1-overexpressing Arabidopsis plants. a Rep-
resentative photos of stomatal openings for the wild type, map3kθ1 
mutant, and MAP3Kθ1-overexpressing line (OE2) with or without 
20  μM ABA treatment for 2  h. b Stomatal apertures (width/length) 
were measured with a project microscope. Fifty stomata were chosen 
for each determination and three determinations were performed for 
each group
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rate for the MAP3Kθ1-overexpressing line than in the 
wild type. Moreover, the germination rate of map3kθ1 
was significantly lower than that of the wild type when 
treated with exogenous ABA (Fig. 6). This further dem-
onstrated that MAPK cascades are involved in ABA sign-
aling in seed germination (Xing et al. 2007; Zhang et al. 
2007).

Based on our findings, we propose that MAP3Kθ1 pro-
motes ABA accumulation by inducing its biosynthesis 
and inhibiting its catabolism, and that the ABA signaling 
module is located downstream of MAP3Kθ1 and regu-
lates stomatal movement, root elongation, and seed ger-
mination. Accumulated ABA modulates the expression of 
MAP3Kθ1 in a feedback inhibition manner, while H2O2 
mediates the regulation of MAP3Kθ1 via ABA (Fig. 8).

Materials and Methods

Plant Materials

We used Arabidopsis thaliana (L.) Col-0 ecotype and mutant 
with the Col-0 background in our experiments. Plants were 
cultured in a controlled room with a 16/8-h light/dark cycle 
at 22 ± 2 °C and a relative humidity of 80%. The photon 
flux density was 200–500 μmol m−2 s−1 at daytime for cul-
tivation. All seed lots used for experimental material were 
harvested concurrently. All seed samples were put in a dehu-
midifier container to break dormancy for at least 2 months 
until further experiments.

Identification and Isolation of the map3kθ1 Mutant

The T-DNA insertion mutant (SALK_137974) of the 
MAP3Kθ1 (AT2G31010) gene was acquired from the Arabi-
dopsis Biological Resource Center (Ohio State University, 
Columbus, OH, USA). Kanamycin-resistant plants were 
screened first on kanamycin-containing medium, and surviv-
ing plants were transferred to soil. The plants were cultured 
normally until harvest, and seeds were stored separately for 
individual plants.

The chloroform extraction method was used to extract 
genomic DNA from main leaves to confirm homozygosity 
by PCR. Gene-specific primers (LP, 5′-TGA​GCT​GTT​TTC​
ATC​CTC​TCG-3′; RP, 5′-ATA​CAT​TGG​CAC​GAC​CTC​TTG-
3′) and a left-border-specific primer (LBb1.3, 5′-ATT​TTG​
CCG​ATT​TCG​GAA​C-3′) were used for identification.

Generation of MAP3Kθ1‑overexpressing Lines

Full-length cDNA of the Arabidopsis MAP3Kθ1 gene was 
cloned by RT-PCR, fused with the pENTR-TOPO cloning 
vector (Invitrogen), and validated by sequencing. The prim-
ers used to confirm MAP3Kθ1 overexpression by PCR were 
as follows: forward primer, 5′-CAC​CAT​GGA​AGA​GAG​

Fig. 7   Effects of ABA on seed germination for wild-type, map3kθ1 
mutant, and MAP3Kθ1-overexpressing Arabidopsis plants. a–d 
Images of wild-type, map3kθ1 mutant, and MAP3Kθ1-overexpressing 
(OE2) 7-day-old seedlings on MS medium with and without 1  µM, 
2 µM, and 5 µM ABA supplementation. e Germination rates of the 
wild-type, map3kθ1 mutant, and OE2 strains treated by ABA on day 
7. Values are expressed as the means and standard errors of the mean 
(n = 3) for e. Means denoted by different letters significantly differ at 
P < 0.05 based on Duncan’s multiple range test

Fig. 8   Proposed working models for ABA signaling involving 
MAP3Kθ1 and its regulation mediated by the ABA–H2O2 signaling 
module in Arabidopsis 
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ACG​AGA​TGA​TG-3′; and reverse primer, 5′- TTA​GCA​CAG​
TGT​GTA​CTC​ACA​ATC​GA-3′. After LR reaction using the 
Gateway system, MAP3Kθ1 cDNA was linked with the 35S 
promoter in the pGWB5 vector. The constructs in Agrobac-
terium tumefaciens (GV3101) were then transferred into 
Col0 wild type using the floral dip method (Clough and 
Bent, 1998). Transformed plants were screened by growth 
on hygromycin-containing medium, and homozygous T3 
transgenic lines were used for further analyses.

GUS Activity Analysis

An 1868 bp DNA fragment from the upstream region of 
the MAP3Kθ1 gene in Arabidopsis was amplified via PCR. 
Two restriction sites (XbaI and BamHI) were introduced at 
the ends of each of two primers for the construction of the 
plant expression vector. The forward and reverse primers 
were as follows: forward primer, 5′-AAtctagaGTA​TTG​GGA​
ACC​ACC​GAA​AA-3′ (the underlined portion is the XbaI 
site); and reverse primer, 5′-AAggatccCTC​ACC​ATC​TCT​
TTA​CCC​CAAA-3′ (the underlined portion is the BamHI 
site). The amplification fragments and GUS expression 
vector (pBI101.3; Clontech) were separately digested with 
XbaI and BamHI and then linked. The resulting construct, 
MAP3Kθ1pro-GUS, was transferred into Agrobacterium 
tumefaciens GV3101. Genetic transformation of wild-
type Arabidopsis plants was performed using the floral dip 
method as previously described (Clough and Bent, 1998). 
Independent transgenic lines were used for histochemical 
localization by GUS staining as described by Bechtold 
(1993). A 5-bromo-4-chloro-3-indolyl glucuronide (X-gluc) 
buffer (50 mM sodium phosphate buffer, 2% dimethyl sul-
foxide, 10 mM EDTA, 0.5 mM potassium ferrocyanide, 0.1% 
Triton X-100, 2 mg mL−1 X-gluc, pH ~ 7.0) was prepared, 
and plant tissues were immersed in the buffer for 6–12 h at 
37 °C. The stained plants were observed after washing with 
50–100% ethanol for about 30 min. In situ GUS activity was 
monitored as described by Halder and Kombrink (2015).

For histochemical analysis of GUS activity of MAP3Kθ1, 
0.1 mM ABA, 0.5 μM MV, or 20 mM H2O2 was sprayed 
onto the seedlings growing on MS medium. Seedlings were 
then cultivated for 5 h under normal growth conditions as 
previously described (Xing et al. 2007; Jia et al. 2012).

Drought Tolerance Analysis

For the drought assays, watering was withheld from 2-week-
old soil-grown plants for a specified period. We used an 
equal number of plants per pot to minimize experimental 
variation. Photographs were taken after 20 days of water 
deprivation when phenotypes visibly differed among the 
wild-type, map3kθ1 mutant, and MAP3Kθ1-overexpressing 
plants. Short-term assays were performed to detect the 

water-holding capacity of leaves. The detached rosettes of 
well-watered 4-week-old plants were allowed to dehydrate 
in a laminar flow hood for 2 h, 4 h, and 6 h. Then, fresh 
weight was measured at the beginning of treatment and vari-
ous timepoints thereafter (Catala et al. 2007). The percent-
age loss of fresh weight was calculated based on the initial 
weight of the leaves.

Epidermal Strip Bioassay

A stomatal bioassay experiment was performed to assess the 
effects of ABA on stomatal movement as described by Xing 
et al. (2007) with slight modifications. Fresh abaxial epider-
mis was prepared and immersed in 10 mM MES and 50 mM 
KCl solution (pH 6.15), then incubated for 2 h under light 
(photon flux density of 0.2–0.3 mmol m−2 s−1, 22–25 °C) to 
open the stomata. Epidermal samples were then transferred 
to ABA-containing (20 μM) MES–KCl buffer as described 
above. After incubation for 2 h, photos of stomatal apertures 
from ten separate plants were immediately taken under the 
microscope. Fifty randomly selected stomata per treatment 
were measured using ImageJ® software (http://rsbwe​b.nih.
gov/ij/), and three replicates were used for each treatment.

Seed Germination Assays

Seed samples of the wild type, map3kθ1 mutant, and 
MAP3Kθ1 overexpression lines (OE2/OE7) were stored for 
2 months after harvest, and then sterilized by washing with 
70% (v/v) ethanol for 30 s and 2% hypochlorite for 10 min. 
Germination behavior was analyzed after rinsing the seeds 
four times with sterile water. About 100 seeds were cho-
sen and spread in MS medium containing 0.8% (w/v) Bacto 
Agar (Difco/BD) and 1% sucrose, with or without 1 µM, 
2 µM, or 7 µM ABA. Plates containing spread seeds were 
kept at 4 °C for stratification and, after 3 days in darkness, 
the plates were transferred to a growth chamber for culti-
vation under normal conditions. Germination was recorded 
daily for seven sequential days, and the germination rates 
were calculated according to three independent experiments 
(Xi et al. 2010).

Root Elongation Analysis

Seedlings germinated on MS medium were transferred 
to half-strength MS medium (1.0% agar) without or with 
10 μM or 50 μM ABA. Six seedlings of the wild type, 
map3kθ1 mutant, and MAP3Kθ1 overexpression line were 
transferred to one half-strength MS medium plate and grown 
vertically for 7 days before measurement of primary root 
length. Four replicate plates were used. The percentage elon-
gation of primary root was calculated based on the control 
(no ABA supplication in medium).

http://rsbweb.nih.gov/ij/
http://rsbweb.nih.gov/ij/
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Total RNA Extraction, Semi‑quantitative RT‑PCR, 
and qRT‑PCR

Total RNA was extracted using the RNeasy Plant Mini Kit 
(Qiagen, Hilden Germany) according to the manufacturer’s 
instructions. A 2-μg aliquot of RNA was reverse-transcribed 
into cDNA using a SuperScript III RTS first-strand cDNA 
synthesis kit (Invitrogen, Carlsbad, CA, USA). Semi-
quantitative RT-PCR for MAP3Kθ1 transcript analysis was 
performed using the following primers: forward primer, 5′- 
CCA​CCT​GAG​AAG​GTT​GTC​TTTG -3′; and reverse primer, 
5′-CCT​GTG​AGA​ACA​TGA​ATC​ACACC-3′. ACTIN was 
amplified as an internal control using gene-specific oligo-
nucleotides: forward primer, 5′- GTG​AAG​GCT​GGA​TTT​
GCA​GGA-3′; and reverse primer, 5′-CGA​GCA​AAA​CCA​
GTC​CCA​ A-3′.

Transcript levels of MAP3Kθ1 were measured for mutant 
screening, organ-specific expression analysis, and ABA 
treatment by qRT-PCR using an iCycler (Bio-Rad, Hercules, 
CA, USA). The MAP3Kθ1 primers for qRT-PCR included 
the forward primer 5′-GGT​GAT​TAA​GAA​AAT​AGC​AGG​
AAC​GG-3′ and reverse primer 5′-TCG​ACA​GCA​ACC​
ACG​CTT​AATCT-3′. The primers for gene expression of 
ABA biogenesis and catabolism were as follows: NCED3-
F, 5′-CGG​TGG​TTT​ACG​ACA​AGA​ACAA-3′; NCED3-R, 
5′-CAG​AAG​CAA​TCT​GGA​GCA​TCAA-3′; CYP707A1-
F, 5′-TTG​GAA​AGA​GGA​GAC​TAG​AG-3′; CYP707A1-R, 
5′-GTG​AAC​CAC​AAA​AGA​GGA​AC-3′; CYP707A3-F, 
5′-ATT​CTT​GTC​CAG​GCA​ATG​AG-3′; and CYP707A3-
R, 5′-ATA​GGC​AAT​CCA​TTC​TGA​GG-3′. The primers for 
gene expression of ABA signaling were as follows: ABI1-F, 
5′-GGT​TCG​ATG​TTA​GAT​GGT​CGG-3′; ABI1-R, 5′-GAG​
CAT​CGG​TTT​CTC​CTT​AGCT-3′; ABI3-F, 5′-ACA​TCT​
CCA​GCT​CCT​GTC​A-3′; ABI3-R, 5′-TGC​ACC​AGA​AGA​
GTC​GTC​ACAG-3′; ABI5-F, 5′-ATC​AAG​AAC​CGC​GAG​
TCT​GC-3′; and ABI5-R, 5′-TCC​AAC​TCC​GCC​AAT​GCA​
-3′. The data were normalized based on the transcriptional 
levels of ACTIN in Arabidopsis using specific primers: for-
ward primer, 5′- GGT​GGT​TCC​ATT​CTT​GCT​TC-3′; and 
reverse primer, 5′-GGA​GAT​CCA​CAT​CTG​TAA​CCAAC-
3′. The mean value of three replicates for each qRT-PCR 
reaction was used for the analyses.

Determination of Endogenous ABA Content

The radioimmunoassay method was used for ABA determi-
nation (Quarrie et al. 1988). Seedlings growing on MS agar 
plates were ground in liquid nitrogen and shaken overnight 
at 4 °C after adding 1 mL of water per 200 mg ground sam-
ple. The homogenates were centrifuged at 4 °C for 10 min 
at 12,000×g, and the supernatant was collected and used for 
ABA determination. The 450-μL reaction mixtures included 
200 μL of phosphate buffer (pH 6.0), 100 μL of diluted 

antibody (Mac 252) solution [5 mg mL−1 bovine serum albu-
min and 4 mg mL−1 soluble polyvinylpyrrolidone in phos-
phate buffer (pH 6.0)], 100 μL of [3H] ABA (~ 8000 cpm) 
solution, and 100 μL of crude extract. The solution was 
mixed thoroughly and held for 45 min at 4 °C, then pre-
cipitated with 50% saturated (NH4)2SO4. The samples were 
centrifuged for 5 min at 12,000 g and the supernatant was 
poured off, after which 200 μL of double-distilled H2O and 
1.2 mL of scintillation fluid were added to the pellets. The 
bound radioactivity in pellets was measured using a liquid 
scintillation counter (Ye et al. 2011).

Statistical Analysis

All data were analyzed by analysis of variance using Sigma-
Plot 8.0 (Systat Software, San Jose, CA, USA) and the SPSS 
statistical analysis package (ver. 19.0; IBM Corp., Armonk, 
NY, USA). Means were compared through Duncan’s multi-
ple range tests at a 5% probability level.
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