
Molecular Plant 7, 1560–1577, October 2014 RESEARCH ARTICLE

The Interaction of the Arabidopsis Response Regulator 
ARR18 with bZIP63 Mediates the Regulation of 
PROLINE DEHYDROGENASE Expression
Manikandan  Veerabagua,b,2, Tobias  Kirchlera,2, Kirstin  Elgassa,c, Bettina  Stadelhoferd, Mark  Stahld,  

Klaus Hartera, Virtudes Mira-Rodadoa, and Christina Chabana,1

a Department of Plant Physiology, Center for Plant Molecular Biology (ZMBP), University of Tübingen, Auf der Morgenstelle 32, 72076 

Tübingen, Germany

b Present address: Department of Biology, Norwegian University of Science and Technology (NTNU), Høgskoleringen 5, 7491- Trondheim, Norway

c Present address: Biochemistry Department, Physical Science 4, La Trobe University, Bundoora, VIC 3086, Australia

d Central Facilities, Analytics, ZMBP, University of Tübingen, Auf der Morgenstelle 32, Tübingen, Germany

ABSTRACT As the first and rate-limiting enzyme of proline degradation, PROLINE DEHYDROGENASE1 (PDH1) is tightly 
regulated during plant stress responses, including induction under hypoosmolarity and repression under water deficit. 
The plant receptor histidine kinases AHKs, elements of the two-component system (TCS) in Arabidopsis thaliana, are pro-
posed to function in water stress responses by regulating different stress-responsive genes. However, little information 
is available concerning AHK phosphorelay-mediated downstream signaling. Here we show that the Arabidopsis type-B 
response regulator 18 (ARR18) functions as a positive osmotic stress response regulator in Arabidopsis seeds and affects 
the activity of the PDH1 promoter, known to be controlled by C–group bZIP transcription factors. Moreover, direct physical 
interaction of ARR18 with bZIP63 was identified and shown to be dependent on phosphorylation of the conserved aspar-
tate residue in the ARR18 receiver domain. We further show that bZIP63 itself functions as a negative regulator of seed 
germination upon osmotic stress. Using reporter gene assays in protoplasts, we demonstrated that ARR18 interaction 
negatively interferes with the transcriptional activity of bZIP63 on the PDH1 promoter. Our findings provide new insight 
into the function of ARR18 and bZIP63 as antagonistic regulators of gene expression in Arabidopsis.
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Arabidopsis thaliana.

Veerabagu M., Kirchler T., Elgass K., Stadelhofer B., Stahl M., Harter K., Mira-Rodado V., and Chaban C. (2014). The inter-
action of the Arabidopsis response regulator ARR18 with bZIP63 mediates the regulation of PROLINE DEHYDROGENASE 
Expression. Mol. Plant. 7, 1560–1577.

InTROdUCTIOn

Stress-related changes in the metabolism of various amino 
acids are important factors in the adaptation of plants 
to critical environmental conditions. Proline (Pro) biosyn-
thesis and degradation are especially known to undergo 
alteration in response to diverse abiotic and biotic stresses. 
Pro accumulation is a widespread physiological response 
to water deficit, which is one of the greatest challenges 
to plant growth and productivity. This accumulation is 
reversible and the Pro content can decrease back to the 
initial level upon stress release. Being a small water-soluble 
zwitterionic molecule, Pro plays a role in osmotic adjust-
ment and protein and membrane stability (Szabados and 

Savoure, 2010) and may, thus, improve plant tolerance to 
water stress. In addition to its osmoprotecting (osmolyte) 
features Pro has become increasingly recognized as a 
nitrogen and carbon source during after-stress recovery, a 
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scavenger of free radicals and a critical amino acid control-
ling the redox state (Ahmad and Hellebust, 1988; Smirnoff 
and Cumbes, 1989; Walton et al., 1991; Alia and Saradhi, 
1993; Delauney and Verma, 1993; Hare and Cress, 1997). 
Pro accumulation upon water deprivation is observed in 
numerous plants, and is achieved through activation of Pro 
biosynthesis and inactivation of Pro degradation (Yoshiba 
et al., 1997). The rate-limiting step of Pro biosynthesis in 
plants is catalyzed by delta1-pyrroline-5-carboxylate syn-
thetase (P5CS), which, in Arabidopsis thaliana, is encoded 
by two genes, P5CS1 and P5CS2 (Strizhov et  al., 1997). 
Proline dehydrogenase (PDH), which is also encoded by 
two genes in Arabidopsis (Funck et al., 2010), catalyzes the 
first and rate-limiting step of Pro degradation (Delauney 
and Verma, 1993; Peng et  al., 1996). Although a lower-
ing of plant water potential correlates with the induction 
of P5CS and the repression of PDH genes (Yoshiba et al., 
1997), the mechanism of their regulation in response to 
water stress is less clear. The requirement of abscisic acid 
(ABA) accumulation for low water potential-induced Pro 
accumulation (Verslues and Bray, 2006) is in accordance 
with an, at least partial, dependency of P5CS up-regulation 
on ABA biosynthesis (Sharma and Verslues, 2010). In con-
trast, the responses of PDH to both low water potential 
and stress release were not impaired in the ABA deficient 
mutant aba2-1 (Sharma and Verslues, 2010).

Although PDH1 expression undergoes extensive 
regulation by exogenous and endogenous signals, the 
mechanism of its transcriptional control is still unclear. The 
accumulation of PDH1 transcripts, due to hypoosmolarity 
or supplementation with exogenous Pro, has been shown 
to be controlled by the ACTCAT cis-acting element (ACT-
box) in the PDH1 promoter (Satoh et  al., 2002) via bZIP 
(basic region leucine zipper) transcriptional activators from 
the S1-group (Satoh et al., 2004).

Detailed analysis of PDH1 regulation revealed that 
the S1-group members, bZIP1 and bZIP53, can directly 
bind to the PDH1 promoter in vivo (Weltmeier et al., 2006; 
Dietrich et  al., 2011). However, promoter activity can be 
manifoldly enhanced by synergistic co-activation through 
the heterodimerization of S1-group with C–group bZIPs 
(Weltmeier et al., 2006). The involvement of S1-group bZIP 
factors in metabolic reprogramming, due to the transcrip-
tional activation of certain enzymes, including PDH1 and 
PDH2 (Hanson et al., 2008; Dietrich et al., 2011), is consid-
ered to be dependent on cellular energy status, since these 
bZIPs are tightly regulated by sugars at the translational 
level (Wiese et al., 2004). Less is known about the function-
ing of C–group bZIP factors, although the transcriptional 
regulation of bZIP63 by ABA (Matiolli et al., 2011) might 
be indicative of its possible role in water stress response.

Water deficit triggers a number of physiological and 
biochemical responses, including alterations in hormone 
levels. ABA and phosphorylation-dependent activation 
of downstream bZIP transcription factors, predominantly 

from the A-group, are considered to be key players in 
water stress responses (Hirayama and Shinozaki, 2007; 
Wilkinson and Davies, 2010). The precise control of water 
stress responses also includes ABA-independent processes. 
Several reports show that the level of cytokinin (CK), which 
negatively regulates many ABA-mediated physiological 
processes, is reduced in stressed plants (Alvarez et al., 2008; 
Argueso et al., 2009). Other factors, including pH, ethylene, 
gibberellins, sugars, and reactive oxygen species, have also 
been shown to be altered upon osmotic stress and could be 
implicated in plant signaling and/or adaptation to chang-
ing environmental cues (Alvarez et al., 2008; Schachtman 
and Goodger, 2008; Wang et  al., 2008). Comparatively 
little, however, is known about the initial steps in water 
stress responses, including the perception and signaling of 
water stress. Recent studies indicate that the two-compo-
nent signaling system (TCS) may be involved in the early 
steps of low water potential signaling and adaptation to 
dehydration. Members of three distinct protein classes 
constitute the plant TCS, creating a canonical multi-step 
phosphorelay, namely the transfer of a phosphate moiety 
from conserved histidine to aspartate. These three classes, 
encoded in Arabidopsis by approximately 40 genes, include 
sensor histidine kinases (AHKs), histidine phosphotransfer 
proteins (AHPs), and response regulators (ARRs) (Hwang 
and Sheen, 2001; Lohrmann and Harter, 2002; Grefen and 
Harter, 2004).

Among the 11 AHKs and HK-like proteins, AHK2, 
AHK3, and AHK4/CRE1 have been shown to function as 
CK receptors, with the histidine-to-aspartate phosphore-
lay being reconstituted in the perception and transduction 
of the CK signal (Hwang and Sheen, 2001; Lohrmann and 
Harter, 2002; Hejatko et al., 2009; Muller, 2011). The eth-
ylene (ET) receptor group consists of five genes, namely 
ETR1, ETR2, ERS1, ERS2, and EIN4. The phosphorelay does 
not play a major role in ET signaling, as distinct from CK 
signaling (Voet-van-Vormizeele and Groth, 2008; Hall 
et al., 2012). AHKs have also been shown to be involved in 
other processes, such as female gametophyte development 
(Deng et al., 2010) and the modulation of ABA responses 
and responses to oxidative, salt, and drought stress (Tran 
et  al., 2007; Desikan et  al., 2008; Wohlbach et  al., 2008; 
Tran et al., 2010; Pham et al., 2012; Kumar et al., 2013).

It has been shown that the Arabidopsis histidine 
kinase AHK1 suppresses lethality in the yeast sln1Δsho1Δ 
double mutant, lacking its endogenous osmosensors, under 
high salinity stress and activates the HIGH OSMOLARITY 
GLYCEROL RESPONSE1 (HOG1) mitogen-activated protein 
kinase pathway (Urao et al., 1999). The osmosensor func-
tion of AHK1 in yeast requires histidine kinase activity (Urao 
et al., 1999). Likewise, AHK1 has been shown to act as a 
positive regulator of drought and salt stress responses in 
Arabidopsis, functioning upstream of both ABA-mediated 
and ABA-independent signaling pathways, and was thus 
suggested to directly act as a plant osmosensor (Tran 
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et al., 2007; Wohlbach et al., 2008). Moreover, AHK1 has 
also been shown to play a unique role in the regulation of 
desiccation processes during seed maturation (Wohlbach 
et al., 2008). On the other hand, the CK receptors AHK2, 
AHK3, and AHK4 were also able to complement the 
sln1Δsho1Δ yeast mutant, but they appear to act as nega-
tive regulators in plant dehydration responses (Tran et al., 
2007, 2010; Kang et  al., 2012). Recent data from Kumar 
et  al. (2013), however, have questioned whether AHK1 
functions as a plant osmosensor required for establish-
ing water stress tolerance. Interestingly, increased PDH1 
expression was reported in both the ahk1 and the ahk2/
ahk3 double mutants (Tran et al., 2007; Wohlbach et al., 
2008), suggesting an involvement of TCS in the regulation 
of Pro turnover. The mechanism of TCS-dependent PDH1 
regulation remains, however, completely unclear.

The type-B ARRs constitute their own subclass of tran-
scription factors (Tajima et al., 2004; Schaller et al., 2008). In 
addition to the phosphate-accepting receiver domain, they 
contain a large C–terminal region with an MYB-like GARP 
DNA-binding domain, at least one NLS, and a transcription 
activation domain (Hosoda et al., 2002; Grefen and Harter, 
2004). They have been shown to activate the transcrip-
tion of type-A ARRs upon recognition of the cognate 5′-
(A/G)GAT(T/C)-3′ sequence in their promoters (Muller and 
Sheen, 2007). Most type-B ARRs have a key function as pos-
itive regulators of CK signaling (Mason et al., 2005; Argyros 
et  al., 2008; Muller, 2011; Veerabagu et  al., 2012). More 
recent studies indicate specific functions for some ARRs, 
such as ARR2 in shoot development (Che et al., 2008) and 
plant immunity (Choi et al., 2010), and ARR1 and ARR12 
in cell division and differentiation of the root meristem 
(Dello Ioio et al., 2008; Moubayidin et al., 2010). However, 
their possible involvement in the transcriptional control of 
osmotic-responsive genes, including Pro metabolic genes, 
has not yet been addressed. This might be partly due to 
the high level of their functional redundancy, which makes 
it difficult to reveal a specific function for a particular 
type-B ARR. ARR1 and ARR12, but not ARR2, ARR10, or 
ARR11, have been shown to regulate sodium accumulation 
in Arabidopsis shoots, and enhance salt tolerance by con-
trolling the expression of the high-affinity K+-transporter 
AtHKT1;1 (Mason et al., 2010). However, it is not known 
whether the arr1,12 double mutant line displays the altera-
tions in sensitivity to altered osmolarity, which accompa-
nies high salt conditions.

Here, we report a positive function of ARR18, 
another type-B ARR, in seed germination and differential 
gene expression under osmotic stress and show that ARR18 
physically interacts with the transcription factor bZIP63 in 
vivo. Seed germination assays and gene expression stud-
ies in bZIP63 transgenic lines identify bZIP63 as a negative 
regulator of seed germination under osmotic stress condi-
tions, functioning antagonistically to ARR18. Further data 
indicate that their antagonistic function is realized, at 

least in part, by their phosphorylation-dependent interac-
tion, which suppresses the capability of bZIP63 to act as a 
transcriptional activator of PDH1 expression. These results 
uncover a novel mechanism by which TCS signaling and 
osmotic stress information might be integrated at molecu-
lar level.

RESULTS

PDH1 Promoter Contains Type-B ARR 

Recognition Sites and Is Activated in 

arr18-1 Mutant

The up-regulation of PDH1 has been previously observed 
in the 2.5-h-dehydrated ahk1-3 mutant, as well as in the 
unstressed ahk2/ahk3 CK receptor double mutant (Tran 
et  al., 2007), indicating involvement of the TCS in the 
regulation of PDH1. We performed in silico analysis of the 
PDH1 promoter and found that, in addition to the ACT-
box, which can be directly recognized by bZIP1 or bZIP53 
in vivo (Weltmeier et  al., 2006; Dietrich et  al., 2011), it 
contains several 5′-(A/G)GAT(T/C)-3′ sequences (Figure 1A), 
which are known binding sites of type-B ARRs (Muller and 
Sheen, 2007). This observation points toward the possibil-
ity of direct regulation of PDH1 expression by particular 
ARR(s). To address the question as to which type-B ARRs 
might be involved in osmotic stress-dependent signal-
ing, we assessed their regulation at transcriptional level 
by analyzing publicly available microarray data using 
Genevestigator (www.genevestigator.com/gv/). Compared 
to type-A ARR genes, which are predominantly down-
regulated under water stress in the majority of published 
experiments, the type-B ARR genes ARR1, ARR10, ARR12, 
and ARR14, which are expressed at a relatively high level 
in most tissues, do not show a transcriptional response to 
osmotic stress (Supplemental Figure  1). In contrast, the 
type-B ARR genes ARR11, ARR13/21, ARR18, and ARR19, 
which are characterized by low or tissue-specific expres-
sion (Mason et al., 2004; Tajima et al., 2004), demonstrate a 
high level of expression variability, depending on the par-
ticular experiment (Supplemental Figure 1A).

To verify the transcriptomics data, we performed 
qPCR analysis, using total RNA from leaves of hydroponi-
cally grown Arabidopsis plants treated with the osmotic 
stressor, polyethylene glycol (PEG 6000; van der Weele 
et al., 2000). The transcript level of most type-B ARR genes 
did not substantially change in response to PEG treatment. 
Only the ARR18 transcript level, which was otherwise very 
low, increased when the plants were transferred to PEG-
containing medium (Figure 1B). ARR13, ARR19, and ARR21 
transcripts were not detected with certainty in the leaf 
samples. This agrees with earlier reports, which consider 
their expression to be restricted to the reproductive organs 
(Mason et al., 2004; Tajima et al., 2004; Day et al., 2008). 
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The induced expression of the dehydration marker gene 
RD29B verified the effectiveness of the applied stress con-
ditions (Figure 1B).

To determine whether ARR18 may be involved in 
PDH1 regulation, we used a homozygous arr18-1 loss-of-
function line in Wassilewskija (Ws) ecotype background 
(Mason et al., 2005; Veerabagu et al., 2012), as well as a 
homozygous arr18-2 knockdown line in Columbia (Col) 

background (see Supplemental Figure  2A and 2B for 
molecular characterization of these mutant lines). The 
analysis of PDH1 expression in leaves did not reveal any 
significant difference between the arr18-1 mutant and 
wild type (Figure 1C). This was not surprising, as ARR18 is 
known to be an early seed-specific gene (Day et al., 2008). 
Thus, the loss of the ARR18 function in leaves would not 
lead to noticeable changes in its downstream signaling. 
Therefore, PDH1 expression was analyzed in the mutant 
seeds. Since AHKs had previously been shown to influence 
PDH1 transcript level (Tran et  al., 2007; Wohlbach et  al., 
2008), ahk1-3 and ahk2/ahk3 seeds were included in the 
analysis. As shown in Figure 1C, the PDH1 transcript level 
was significantly enhanced in all four mutant lines com-
pared to wild type, indicating an inhibitory effect of the 
tested AHKs and ARR18 in PDH1 regulation.

As a transcription factor, ARR18 might directly link 
the histidine-to-aspartate phosphorelay circuit to differ-
ential gene expression. Hence, we tested whether ARR18 
could modify the expression of a uidA (GUS) reporter 
gene placed under the control of the PDH1 promoter in a 
transient protoplast assay. Although ARR18 is able to acti-
vate the cytokinin-responsive PARR5:uidA reporter gene in 
the protoplast system (Veerabagu et al., 2012), we did not 
observe any ARR18 effect on the transcriptional activity 
of PPDH1:uidA (Figure 1D). PDH1 is known to be synergis-
tically activated by the heterodimers of the S1- and C–
group bZIP transcription factors (Weltmeier et al., 2006). 
This activation was reproduced in our protoplast system 
(Figure 1D).

ARR18 Interacts with C–Group bZIP 

Transcriptional Regulators In Planta

As mentioned above, apart from several type-B recognition 
sites, the PDH1 promoter contains an ACT-box, the binding 
site of bZIP53 (Weltmeier et al., 2006), and an ACGT-box, 
the core element of the G-like box, the cognate sequence 
of a number of bZIP factors, including those from the C–
group (Kaminaka et al., 2006; Kirchler et al., 2010). This led 
to the suggestion that ARR18 could influence the activity of 
the PDH1 promoter by interacting with particular bZIP fac-
tors. We therefore analyzed the Arabidopsis C–group bZIPs 
for physical interaction with ARR18, using bimolecular fluo-
rescence complementation (BiFC). As shown in Figure 2A, 
BiFC fluorescence was clearly observed in the nuclei of 
transiently transformed tobacco (Nicotiana benthamiana) 
leaf cells when ARR18 was co-expressed with bZIP9, bZIP63, 
and to a lesser extent with bZIP10. No fluorescence was 
observed when ARR18 was co-expressed with bZIP25, or 
when a non-bZIP protein, Lesion Simulated Disease1 (LSD1) 
(Dietrich et al., 1997), was used as a negative control. The 
expression of the split-YFP fusion proteins was confirmed 
by Western blot analysis (Figure  2B). These data suggest 
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Figure 1 PDH1 Promoter Is Characterized by the Presence 

of ARR Recognition Sequences and differential Regulation 

in the TCS Mutants.

(A) Schematic representation of ~900-bp PDH1 promoter region; 

the bZIP53 binding site is shown in blue; the G-box core element is 

in red; and the ARR recognition sites are in different green tones.

(B) Relative expression levels of type-B ARRs in Ws leaves after 6-h 

PEG treatment; data were obtained by qPCRs. * indicates statisti-

cally significant difference (p < 0.05), ** very significant difference 

(p < 0.01) to the untreated control.

(C) PDH1 relative expression levels in Ws, arr18-1, ahk1-3, Col, 

arr18-2, and ahk2/ahk3 lines; data were obtained by qPCRs. PDH1 

expression in mutant lines is presented as fold change compared 

to the corresponding wild type. * significant difference (p < 0.05), 

** very significant difference (p < 0.01) to wild type.

(d) Reporter gene activation assay in Arabidopsis protoplasts 

transfected with the PPDH1:uidA reporter construct. The effector 

plasmids containing the coding sequences for ARR18 and the 

bZIP factors were used in different combinations as indicated. 

Control: protoplasts were transfected with PPDH1:uidA only; ARR18: 

PUBI:ARR18–GFP; bZIP53: PUBI:bZIP53–GFP; bZIP10: PUBI:bZIP10–GFP. 

Data are presented as mean ± standard deviation (SD).
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that ARR18 can interact in vivo with a subset of C–group 
bZIPs, which are known to regulate PDH1 expression.

ARR18 Represses the Transcriptional Activity of 

bZIP63/bZIP53 Heterodimers

The interaction of C–group bZIP proteins with ARR18 raised 
the question of whether ARR18 could alter their transcrip-
tional activity on the PDH1 promoter. Although the PDH1 
promoter can be directly recognized in vivo by the S1-group 
members bZIP1 and bZIP53 (Weltmeier et al., 2006; Dietrich 
et al., 2011), its regulation appears to be under the control 
of S1/C heterodimers (Weltmeier et al., 2006). We therefore 
used transient protoplast assays to test whether ARR18 is able 
to interfere with the transcriptional activity of the bZIP53/C–
group heterodimer, using a PPDH1:uidA reporter gene.

As expected, GUS activity was significantly higher than 
the control background when PPDH1:uidA was co-transfected 
with bZIP53 and any of the C–group bZIP factors (Figure 2C). 
The co-expression of ARR18 together with bZIP53 and C–
group bZIPs did not lead to significant changes in GUS activ-
ity in all but one experimental set: upon the co-transfection 
of ARR18, the transcriptional activity of the bZIP53/bZIP63 
heterodimer was significantly reduced (Figure  2C). Thus, 
the inhibition of bZIP53/bZIP63-dependent PDH1 promoter 
activity in protoplasts was probably caused by specific inter-
action of ARR18 with bZIP63. We therefore focused our fur-
ther investigations on the ARR18–bZIP63 pair.

We next tested the opposite scenario: whether bZIP63 
might influence the transcriptional activity of ARR18. Upon 
co-transfection of the ARR18 effector construct with the 
ARR5 promoter-driven GUS reporter gene (PARR5:uidA), 
a significant increase in GUS activity was observed com-
pared to the control (Figure 2D). Co-expression of bZIP63, 
however, had no significant effect on PARR5:GUS activity 
(Figure 2D), indicating that bZIP63 does not interfere with 
the ARR18 function on type-A ARR gene regulation.

PDH1 Is Regulated Similarly in arr18 Mutant 

and bZIP63 Transgenic Lines

In order to find out whether the bZIP63-dependent regula-
tion of PDH1 expression observed in the protoplast system 
would resemble the in vivo bZIP63 function, we analyzed 
the expression of both the PDH genes, PDH1 and PDH2, 
in seeds with altered bZIP63 levels. For this purpose, we 
used an Arabidopsis line from the Wisconsin collection, 
with a T-DNA insertion in the first exon of bZIP63 in Ws 
background. RT–PCR analysis did not detect the full-length 
transcripts of the gene in the corresponding mutant line 
(Supplemental Figure 2C). As plants with increased bZIP63 
levels, two Col lines overexpressing the bZIP63 factor as 
C–terminal GFP fusion (bZIP63–GFPox) were generated. 

The ectopic expression of bZIP63 was verified by qPCR and 
Western blot (Supplemental Figure 2D and 2E).

PDH1 and, to a lesser extent, PDH2 transcript levels 
displayed significant differences between the wild-type 
and the transgenic seeds. The PDH1 level was more than 
four times higher in bZIP63–GFPox compared to wild type 
(Figure 3A). The comparatively small difference observed 
in the PDH1 transcript in bzip63 and wild-type seeds can 
probably be explained by a redundant function of bZIP10 
(Weltmeier et al., 2006). A similar PDH1 and PDH2 expres-
sion pattern was also observed in leaves of transgenic lines 
with altered bZIP63 levels (Figure 3B).

To find out whether deregulation of PDH1 leads to 
altered Pro levels, we analyzed the amino acid content in 
seedlings of bZIP63 mutant and transgenic lines. Since ARR18 
is preferentially a seed-specific gene, its loss-of-function 
mutation did not influence gene expression in vegetative tis-
sue (Figure 1C). Therefore, we did not include arr18 mutants 
in the analysis. The analysis of free amino acids revealed a 
significant increase in the amount of Pro in bzip63 seed-
lings and a decrease in bZIP63ox lines compared to wild 
type (Figure 3C). To ensure that the changes in Pro level are 
caused solely by deregulation of PDH, the expression of other 
genes coding for enzymes in Pro metabolism (Figure 3D) was 
analyzed as well. The expression of neither of these genes 
was significantly altered in the bzip63 mutant and transgenic 
lines (Figure 3E). These data do not only confirm the func-
tionality of the results from the protoplast assays, but also 
provide evidence of a direct link between the regulation of 
PDH expression and Pro level in these plants.

Taking into account the reported regulation of 
bZIP63 on transcriptional level by light, sugars, and ABA 
(Weltmeier et  al., 2009; Matiolli et  al., 2011), we also 
tested whether changes in the osmolarity of the growth 
medium can affect bZIP63 expression. At low PEG concen-
tration (10%), no difference in bZIP63 transcript level was 
observed compared to that of untreated plants. A further 
increase in PEG concentration progressively inhibited the 
expression of bZIP63 (Figure 3F). Thus, the bZIP63 gene is 
repressed in response to osmotic stress, although its sensi-
tivity to low water potential is comparatively low (compare 
with response of marker gene RD29B).

The Interaction of ARR18 with bZIP63 depends 

on Its Phosphorylation Status

To gain deeper insight into ARR18–bZIP63 interaction, we 
examined whether the regulatory, phospho-accepting 
receiver domain (RD) of ARR18 can directly interact with 
bZIP63. An interaction of ARR18RD with bZIP63 was detected 
in transiently transformed tobacco leaves, using BiFC. 
Moreover, BiFC fluorescence was only observed in the nuclei 
of the cells (Figure 4A), although ARR18RD alone showed a 
cytoplasmic localization (Figure 4B; Veerabagu et al., 2012).
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BiFC has an intrinsic tendency to generate false posi-
tives when the fusion proteins accumulate to high levels 
(Schutze et al., 2009). We therefore performed FRET–FLIM 

studies on the nuclei of transiently transformed tobacco leaf 
cells (Harter et al., 2012), co-expressing ARR18 and bZIP63 
in two fusion variants: (1) ARR18 as FRET donor fusion 

Figure 2 Involvement of ARR18 in PDH1 Regulation and Protein–Protein Interaction.

(A) BiFC assays of ARR18 (ARR18–YFP-C) and different C–group bZIP (bZIP–YFP-N) or LSD1 (LSD1–YFP-N) (control) fusion proteins in tran-

siently transformed epidermal tobacco leaf cells. YFP-N and YFP-C: N-terminal and C–terminal fragments of the YFP protein, respectively. 

Bars represent 10 μm.

(B) Western blot analysis of protein extracts derived from the transformed tobacco leaves used for BiFC assays. The different YFP-N fusions 

(upper panel) and ARR18–YFP-C protein (lower panel) were detected with c-myc- and HA-specific antibodies, respectively.

(C) Reporter gene activation assay in Arabidopsis protoplasts transfected with PPDH:uidA reporter construct. The effector plasmids contain-

ing coding sequences of ARR18 and bZIP factors were used in single, double, and triple combinations as indicated. bZIP9: PUBI:bZIP9–GFP; 

bZIP10: PUBI:bZIP10–GFP; bZIP25: PUBI:bZIP25–GFP; bZIP63: PUBI:bZIP63–GFP; bZIP53: PUBI:bZIP53–GFP; ARR18: PUBI:ARR18–GFP.

(d) Reporter gene activation assay in Arabidopsis protoplasts transfected with PARR5:uidA reporter gene. Effector plasmids containing the 

coding sequences of ARR18 and bZIP63 were used either as single or double combination as indicated. Control: protoplasts transfected 

with PARR5:uidA alone; other abbreviations as in (C). Data are presented as mean ± standard error (SE).
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(ARR18–GFP) and bZIP63 as FRET acceptor fusion (bZIP63–
mCherry) or (2) bZIP63 as donor fusion (bZIP63–GFP) and 
ARR18 as acceptor fusion (ARR18–mCherry). As positive 
controls, ARR18 or bZIP63 fused to GFP and mCherry in 
one molecule (FRET fusions) were used. The individually 
expressed GFP donor fusions and an LSD1–mCherry served 
as negative controls. As indicated by a significant decrease 
in the fluorescence lifetime of GFP, wild-type ARR18, and 
bZIP63 form heteromers inside the nucleus, independently 
of the donor–acceptor combination (Figure  4C and 4D). 
No interaction was detected when ARR18–GFP was co-
expressed with LSD1–mCherry (Figure 4C).

Next, we analyzed whether ARR18 interaction with 
bZIP63 depends on the phosphorylation status of its phos-
pho-accepting aspartate at position 70 (Veerabagu et  al., 
2012). For this purpose, we used ARR18 constructs, carry-
ing either an Asp70 to Glu (D70E) or Asp70 to Asn (D70N) 
mutation, that have been previously shown to mimic either a 
constitutively active (D70E) or an inactive (D70N) form of the 
protein (Veerabagu et al., 2012). While the phosphorylation-
mimicking ARR18D70E–mCherry displayed interaction with 
bZIP63–GFP, ARR18D70N–mCherry, the non-phosphorylatable ver-
sion did not (Figure 4E). These results indicate that wild-type 
ARR18 and ARR18D70E have a similar ability to interact with 
bZIP63 in the nuclei of plant cells, whereas constitutively 
inactive ARR18D70N is no longer capable of this interaction.

The Repression Activity of ARR18 Is Enhanced 

by Phosphorylation

Next we tested whether and how ARR18D70E and ARR18D70N 
influence bZIP63-dependent gene expression in Arabidopsis 
protoplasts. As shown in Figure  5A, the co-transfection 
of ARR18D70E with bZIP53/bZIP63 led to an even stronger 
inhibition of PPDH:uidA reporter gene activity compared to 
wild-type ARR18. No significant inhibition of activity was 
observed when ARR18D70N was co-transfected with bZIP53/
bZIP63 (Figure 5A), or when ARR18D70E was co-transfected 
with other C–group effector constructs (Figure 5B). These 
data demonstrate that ARR18 is not only able to interact 
with bZIP63, but can also modulate the transcriptional 
activity of the bZIP53/bZIP63 heterodimer in an Asp70 
phosphorylation-dependent manner.

The ACT-Box of the PDH1 Promoter Is not 

Sufficient for ARR18 to Antagonize the bZIP63 

Function

Among several known regulatory cis-elements in the 
PDH1 promoter, the ACT-box was previously shown to be 
indispensable and sufficient for hypoosmolarity and Pro-
dependent PDH1 promoter activation (Satoh et al., 2002). 

This raises the question of whether the ACT-box is also suf-
ficient to ensure the inhibitory effect of ARR18. To deter-
mine this, we used the reporter construct (ACTCAT)2:GUS, 
containing this regulatory element (Weltmeier et al., 2006). 
Its co-expression with bZIP53 and bZIP63 led to strong 
GUS activation (Figure 5C). However, no alteration could 
be observed upon the additional co-transfection of pro-
toplasts with an ARR18 effector construct, either as wild-
type or Asp70Glu substitution mutant versions (Figure 5C). 
This suggests that other cis-elements in the PDH1 promoter 
are necessary to ensure ARR18-dependent repression of 
bZIP53/bZIP63 transcriptional activity.

We therefore performed an in vitro DNA–protein 
interaction (DPI)-ELISA assay (Brand et  al., 2010) to test 
whether the ARR18 can directly bind to specific regula-
tory elements in the PDH1 promoter. We used a truncated 
version of ARR18, ARR18ΔRD, lacking the receiver domain 
(N– terminal deletion of the first 144 amino acids; Veerabagu 
et al., 2012), expressed in Escherichia coli and affinity-puri-
fied via a (His)6-tag (Figure  5E). There are several puta-
tive B-type ARR recognition sites in the PDH1 promoter, 
including AGATT (four), GGATT (one), and AGATC (one) 
(Figure 1A and Supplemental Figure 3). Interestingly, the 
GGATT element is situated in tandem with the AGATT ele-
ment, separated only by six nucleotides. We therefore used 
the DNA fragment spanning this tandem as a probe for 
the DPI-ELISA assay. As shown in Figure 5D, ARR18ΔRD was 
able to bind to this PDH1 promoter sequence. The specific-
ity of the binding was confirmed by using a mutated DNA 
fragment, which exhibited no interaction with ARR18ΔRD. 
Hence, our results suggest that ARR18 might regulate the 
expression of PDH1 via interaction with bZIP63 by recog-
nizing cognate regulatory sequences in its promoter.

Seed Germination under Osmotic Stress 

Conditions Is Similar in arr18 Mutant and 

bZIP63 Overexpressor Lines

After the ARR18-mediated repression of bZIP63-depend-
ent PDH1 promoter activity was confirmed in protoplasts, 
the question arose as to which functional consequences it 
might have in seeds. First, we compared the size and physi-
cal appearance of the seeds of the available mutant and 
transgenic lines with wild type, but could not detect any 
visible differences (data not shown). Therefore, we investi-
gated whether the arr18 mutation might cause alterations 
in seed physiology, especially with respect to osmotic stress. 
Under non-stress conditions, the arr18-1 seeds germinated 
at a similar rate to those of wild type (Figure 6A). In con-
trast, when the seeds were sown on mannitol-containing 
medium, the arr18-1 germination rate was significantly 
reduced compared to wild type (Figure 6D). Likewise, the 
reduction in the germination rate of knockdown arr18-2 



1567Interaction of ARR18 and bZIP63 in PDH1 RegulationMolecular Plant

seeds, as compared to wild type, was observed on manni-
tol-containing medium (Supplemental Figure 4A). Similarly, 
the seeds of bZIP63ox lines revealed considerable germina-
tion retardation compared to Col (Figure 6F), while bzip63 
seeds started testa disruption and radicle production ear-
lier than wild type seeds (Figure 6E). We observed no dif-
ferences in the bzip63 mutant line on control medium 
compared to wild type (Figure 6B). Only the bZIP63–GFPox 
lines displayed a slight retardation of germination during 
the first 3 d after sowing (Figure 6C).

To see whether the altered germination response is 
bZIP63-specific, we included seeds with altered transcript 
levels of bZIP9 and bZIP25 in the analysis. For this purpose, 
we used SALK lines with T-DNA insertions in bZIP25 and 
bZIP9 in Col background (in the first and third exons, respec-
tively), and Col lines overexpressing bZIP25 and bZIP9 GFP 
fusions (see Supplemental Figure  2 for molecular charac-
terization). In contrast to the seeds of the different bZIP63 
lines, the germination of the seeds with altered levels of 
bZIP25 or bZIP9 did not differ significantly from that of the 
corresponding wild type (Supplemental Figure 4B and 4C). 
Similar results were obtained for seeds germinating on sorb-
itol-containing medium (Supplemental Figure 5). Likewise, 
we tested whether the altered germination response was 
specific to ARR18 by analyzing mutants of other B-type 
response regulators, namely ARR1 and ARR2, known for 
their function in CK signaling (Mason et al., 2005; Argyros 
et al., 2008; Hill et al., 2013). The arr1-3 mutant seeds were 
previously shown to be shorter than their correspond-
ing wild type (Argyros et al., 2008), whereas the seeds of 
the 35S:ARR1–SRDX transgenic lines were characterized 
by their larger size and the fact that their germination is 
impervious to the inhibitory effect of far-red light (Heyl 
et al., 2008). The germination of the arr1-4 and arr2-4 seeds 
(Mason et al., 2005) under non-stressed conditions was simi-
lar to that of wild type (data not shown). However, under 
high osmolarity conditions, arr1-4 seeds germinated better 
than either wild-type or arr2-4 seeds (Supplemental Figures 
4D and 5E), thus exhibiting the opposite phenotype to 
that of arr18-1. Our results indicate that, similarly to AHK1 
(Wohlbach et al., 2008), ARR18 acts specifically as a posi-
tive regulator of seed tolerance to osmotic stress, whereas 
bZIP63 is more likely to function as a negative regulator.

The Expression of Seed Maturation Genes in 

arr18, ahk1-3, and ahk2/ahk3 Mutant Lines

To understand the phosphorelay-dependent modulation 
of ARR18 transcriptional activity in more detail, we tested 
the expression of some AHK1-dependent genes (Tran 
et al., 2007; Wohlbach et al., 2008) in ahk1-3, ahk2/ahk3, 
and arr18 seeds. In accordance with previously published 
data, the late embryogenesis abundant gene CRA1, the 
2S albumin genes At2S2 and At2S4, and the seed-specific 

Figure  3 The Changes in the Proline Level and the 

Expression of Genes in the Proline Metabolic Pathway in 

the Lines with Altered Levels of bZIP63.

Relative expression of PDH1 and PDH2 in seeds (A) and hydroponi-

cally grown plants (B) with altered bZIP63 levels.

(C) Content of free proline in 2-week-old seedlings of wild-type 

and different bZIP63 transgenic lines. Data are represented as 

mean ± SE.

(A–C) Statistically significant difference to the wild type is indi-

cated by * (p < 0.05) and *** (p < 0.001).

(d) Schematic representation of proline metabolism in Arabidopsis 

(after Weltmeier et  al., 2006). Pro, proline; P5C, pyrroline-5-car-

boxylate; Glu, glutamate; P5CR, pyrroline-5-carboxylate reductase; 

P5CDH, pyrroline-5-carboxylate dehydrogenase; P5CS, pyrroline-

5-carboxylate synthase.

(E) Relative expression levels of the indicated genes in hydroponi-

cally grown plants with altered bZIP63 levels. Data are represented 

as mean ± SD.

(F) Relative expression levels of bZIP63 and RD29B in Col plants after 

24 h of PEG treatment. Data are represented in logarithmic scale as 

mean ± SD. All expression data were obtained by qPCRs. Statistically 

significant difference to the untreated control is indicated by  

* (p < 0.05), ** (p < 0.01), and *** (p < 0.001).
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transcription factor LEC1 displayed lower expression 
levels in ahk1-3 compared to wild type (Figure  7A). In 
contrast to ahk1-3 seeds, At2S2 and At2S4 genes were up-
regulated in the ahk2/ahk3 seeds (Figure  7B) and were 
therefore regulated oppositely. Interestingly, the expres-
sion of 2S albumin genes was unchanged in arr18 mutant 
lines, and the lower expression level of CRA1 was only 
observed in the arr18-1 line in Ws background (Figure 7). 
These results suggest that AHK-dependent regulation of 
tested seed maturation genes is mainly independent of 
ARR18. On the other hand, PDH1 was induced not only in 
ahk1-3 and arr18, but in ahk2/ahk3 mutant seeds as well 
(Figure 1C), indicating the functioning of diverse mecha-
nisms controlling TCS-dependent gene expression during 
seed development and desiccation.

Interestingly, the promoters of all the tested genes, 
in addition to at least one cognate binding sequence of 
type-B ARRs (Supplemental Figure  3), contain several 
ACGT-core sequences, the known binding sites of several 
bZIP factors, including C–group bZIPs (Lara et  al., 2003; 
Kirchler et al., 2010). We therefore tested the expression 
of the same seed-specific genes in bZIP63 transgenic seeds 
(Figure 7B). In contrast to arr18-1 seeds, At2S2, At2S4, and 
LEC1 were strongly induced in the bZIP63–GFPox lines 
compared to wild type, whereas the expression of CRA1 
was not changed. This suggests the existence of regulatory 
circuits, in which ARR18 and bZIP63 either function inde-
pendently or are functionally linked, apparently by direct 
physical interaction.

dISCUSSIOn

Regulation of Stress-Responsive Genes through 

ARR18–bZIP63 Interaction

As the first and rate-limiting enzyme of Pro degradation, 
PDH1 has been thought to be involved in plant stress 
responses (Yoshiba et  al., 1997). Accordingly, it is tightly 
regulated at the transcriptional level, being down-reg-
ulated by low water potential, dehydration, and salinity, 

Figure 4 The Interaction of ARR18 with bZIP63 depends on 

the Phosphorylation of the Conserved Aspartate Residue 

in Its Receiver domain.

(A) BiFC assay of ARR18 receiver domain fused to the C–termi-

nal domain of the YFP (ARR18RD–YFP-C) and bZIP63 fused to the 

N-terminal domain of the YFP (bZIP63–YFP-N).

(B) Confocal images of infiltrated epidermal tobacco leaf cells co-

expressing protein–GFP C–terminal fusions (as indicated) under 

the control of Ubi10 promoter.

(C, d) FRET–FLIM in planta interaction studies between ARR18 and 

bZIP63, either with ARR18 acting as donor molecule (ARR18–GFP) 

and bZIP63 as acceptor (bZIP63–mCherry) (C) or bZIP63 as donor 

(bZIP63–GFP) and ARR18 as acceptor (ARR18–mCherry) (D). * indi-

cates significant interaction.

(E) FRET–FLIM in planta studies of interaction between bZIP63 and 

various ARR18 mutants. LSD1–mCherry and the GFP fusion proteins 

transformed alone served as negative controls. Both ARR18–FRET 

(ARR18–GFP–mCherry) and bZIP63–FRET (bZIP63–GFP–mCherry) 

served as positive controls. The data were analyzed by a one-sided 

t-test; the corresponding p-values are presented.
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and induced upon stress release (Peng et al., 1996; Sharma 
and Verslues, 2010; Verslues and Sharma, 2010). Here 
we have shown that ARR18 represses the activity of the 
PPDH:uidA reporter gene when its activation is mediated by 
bZIP63. In fact, each C–group bZIP member is able to het-
erodimerize with bZIP53 (Ehlert et al., 2006) and to induce 
PDH1 promoter activity. However, the activity of the PDH1 
promoter decreases upon co-expression of ARR18 only in 
the presence of bZIP63. The data of BiFC and FRET–FLIM 
provided in vivo evidence for the physical interaction of 
ARR18 with bZIP63. This interaction occurs in the nucleus, 
probably upon the binding of both proteins to cognate 
DNA sequences. Although protein–protein interaction 
without binding DNA is not excluded, the mechanism for 
the specific inhibition of bZIP63-dependent transactivation 
seems to involve the binding of both proteins to DNA. This 
idea is supported by the fact that the ACT-box, sufficient 
for the strong activation of the GUS reporter by a bZIP53/
bZIP63 heterodimer, was incapable of mediating the effect 
of ARR18. Only the native PDH1 promoter, containing 
putative B-type ARR recognition sites, enabled the ARR18 
antagonistic activity. The ability of ARR18 to directly bind 
to these recognition sites was also confirmed by in vitro 
DNA-binding assay.

The analysis of the ARR18 mutant protein versions 
supports the assumption that repression of bZIP trans-
activity occurs via direct physical interaction with ARR18. 
When the interaction of ARR18 with bZIP63 was disrupted 
by the substitution of conserved Asp70 by Asn, the repres-
sive effect of ARR18 was negated. These data also suggest 
that the inhibitory effect of ARR18 on bZIP63 is triggered 
by a phosphorelay, as it is enforced when ARR18 is in a 
phosphorylation-mimicking state (ARR18D70E). It was pro-
posed that the binding of ARR18 to DNA is positively influ-
enced by a phospho-mimicking Asp70-to-Glu substitution 
(Veerabagu et  al., 2012). One can, thus, speculate that 
phosphorylation-enhanced binding of ARR18 very close 
to the bZIP63 binding domain within the PDH1 promoter 
induces the interaction of both proteins. By means of an as-
yet unknown molecular process, which might also include 
a change in bZIP63 conformation, the transcriptional activ-
ity of bZIP63 on PDH1 is then repressed.

B-Type ARRs as Modulators of bZIP 

Transcriptional Activity

Our data demonstrate that ARR18 and bZIP63 function 
antagonistically in controlling PDH1 gene activity and 
contribute to the adaptive capacity of the seeds to toler-
ate osmotic stress. Actually, several seed maturation genes, 
namely At2S2, At2S4, and LEC1, were deregulated in 
Arabidopsis seeds with altered bZIP63 levels. The function 
of bZIP factors is known to be required for the development 
of seed endosperm (Verdier and Thompson, 2008; Agarwal 

et al., 2011), and two members of the C–group bZIP factors, 
bZIP10 and bZIP25, have previously been shown to activate 
seed storage protein expression (Lara et  al., 2003; Alonso 
et  al., 2009). The involvement of bZIP63 in the control of 
LEC1 expression, one of the master transcription factors 
regulating seed development (Verdier and Thompson, 2008; 
Agarwal et  al., 2011), is a novel discovery that needs fur-
ther investigation. However, the deregulation of LEC1 does 
not seem to be responsible for the modified osmosensitivity 
of the seeds with altered bZIP63 levels. LEC1 is down-regu-
lated in bzip63 seeds, as well as in arr18-1 and ahk1-3 seeds, 
although the osmotic stress phenotype of bzip63 is opposite 
to that of arr18-1 and ahk1-3 (Wohlbach et al., 2008).

In contrast, the expression pattern of PDH1 coincides 
with the opposite phenotype with regard to the seed ger-
mination rate under osmotic stress conditions. Thus, the 
antagonistic regulation of PDH1 in arr18-1 seeds compared 
to seeds with altered levels of bZIP63 might contribute 
to the opposite osmotic stress tolerance. The constitutive 
overexpression or down-regulation of PDH1 in Arabidopsis 
was previously shown to reduce or increase Pro levels in the 
seeds accordingly (Mani et al., 2002). However, the germi-
nation of these seeds on NaCl-containing medium was com-
parable to that of wild-type seeds. Thus, the role of PDH1 
in the regulation of seed germination under osmotic stress 
is to some extent challenged by these data. On the other 
hand, the spatiotemporal PDH1 expression pattern, which 
was not considered in this publication, might be essential. 
Besides, we cannot exclude the possibility that other genes 
important for proper seed maturation are also controlled 
by the ARR18–bZIP63 balance and are, thus, co-responsible 
for the observed phenotype. Intriguingly, among several 
genes involved in Pro metabolism, PDH1 alone was found 
to be strongly deregulated in the lines with altered bZIP63 
levels. This was sufficient to modulate their plant Pro con-
tent, confirming that PDH1 activity is the rate-limiting step 
in Pro degradation. In addition, the bZIP63 potential to 
positively regulate PDH1 expression is reduced by its own 
transcriptional down-regulation under severe osmotic 
stress conditions. So far, PDH1 expression has been shown 
to be up-regulated by bZIP10 and S1-group factors, primar-
ily via metabolic control (Weltmeier et  al., 2006; Hanson 
et  al., 2008). Hence, our findings on the involvement of 
bZIP63 and ARR18 in PDH1 regulation bring to light a pos-
sible mechanism for the down-regulation of PDH1 expres-
sion, at least during seed maturation.

The discovery of a functional relationship between 
TCS- and bZIP-regulated processes is quite recent (Choi 
et  al., 2010). Through interaction with the bZIP factor 
TGA3, ARR2 promotes the regulation of its target gene PR1 
and the immunity of Arabidopsis plants to Pseudomonas 
syringae. Similarly to that of ARR18, the activation of ARR2 
by phosphorelay was important for its effect on TGA3 tran-
scriptional activity. In contrast to ARR18, however, interac-
tion with TGA3 itself was not disrupted by the substitution 
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of conserved Asp80 by Asn in ARR2 (Choi et al., 2010). These 
results indicate differences between the molecular mecha-
nisms of B-type ARR action. On the other hand, our find-
ings suggest that physical interaction between B-type ARRs 
and bZIP factors is not limited to a single signaling process 
but represents a regulatory mechanism in various plant pro-
cesses. The functional interaction between TCS and the bZIP 
factor ABI5, an important mediator of ABA signaling dur-
ing seed germination and post-germination growth, was 
very recently reported by Guan et al. (2014). The authors 
showed that ARR12 acts upstream of ABI5 to promote ABI5 
degradation and, thus, regulate cotyledon greening. Since 
prokaryotic organisms do not possess bZIP transcription 
factors, the link between the two systems must have been 
established during the evolution of plants.

does ARR18 Modulate PDH1 Expression in 

Response to Signals from different HKs?

Our study indicates that arr18-1 phenocopies the germina-
tion phenotype of ahk1-3 (Wohlbach et  al., 2008). These 
data suggest that ARR18 functions downstream of AHK1 in 
mediating seed germination under osmotic stress and that 
it is indispensable for proper seed maturation. This hypoth-
esis is further supported by the observation that both ARR18 
and AHK1 interact with the same phosphotransfer protein, 
AHP2 (Urao et al., 2000; Veerabagu et al., 2012). By detailed 
transcriptome analysis, two more type-B ARRs, ARR19 and 
ARR21, were identified as endosperm-preferred and early 
seed-specific gene products (Day et al., 2008); however, little 
is known about the mechanisms of their action in seeds. The 
plants overexpressing a dominant active version of ARR21 
(ARR21-C–ox), which only consists of the DNA-binding 
domain, already showed an extremely anomalous fate at 
early seedling developmental stages (Tajima et al., 2004).

Our findings on the function of ARR18 in the regulation 
of PDH1 open a new perspective in understanding the regu-
lation of seed maturation. Overall, the TCS elements, includ-
ing the CK receptors (Higuchi et  al., 2004), are expressed 
throughout the reproductive phase, suggesting that they 
play an important role during seed development. The triple 
ahk2/ahk3/cre1 mutant seeds were significantly larger than 
wild-type seeds, which was mainly due to the increased size 
of the embryos (Riefler et  al., 2006). A  similar phenotype 
was observed in ahp1,2,3,4,5 seeds (Hutchison et al., 2006). 
Seed length was also increased in type-B ARR mutants, such 
as arr1/10, arr1/12, and arr1/10/12 double and triple mutants 
(Argyros et al., 2008; Ishida et al., 2008). Increased seed size 
was also observed in 35S:ARR1–SRDX plants, which express a 
dominant repressor version of the type-B response regulator 
ARR1 (Heyl et al., 2008), and plants expressing the dominant 
active version ARR20-C produced a small number of thick, 
short siliques containing only a few seeds (Tajima et  al., 
2004). These data demonstrate that regulation of type-B 

ARR activity through functional phosphorelay is indispensa-
ble for proper seed development. In accordance with this, 
our study demonstrated the deregulation of several seed 
maturation genes in the ahk2/ahk3 mutant.

In addition to its accumulation in plants during water 
stress, Pro is highly increased in the reproductive organs, 
including seeds (Mattioli et al., 2009). Similarly to its func-
tion in water stress responses, Pro is proposed to function 
in seeds to protect developing cells from osmotic dam-
age during desiccation (Mattioli et  al., 2009). However, 
in contrast to its expression during environmental stress 
responses, PDH1 is expressed to a high level in develop-
ing seeds (Nakashima et al., 1998). Since Pro oxidation may 
serve as a rich energy source (Tanner, 2008), the up-regula-
tion of PDH1 in seeds would be consistent with the energy 
requirements of the plant’s reproductive program (Mattioli 
et al., 2009). Accordingly, the regulation of PDH1 is a mat-
ter of tight developmental control, which can apparently 
be achieved through interplay between different signals, 
including CK and cell water potential. Taking into account 
that AHK-induced phosphorelay uses a limited and over-
lapping pool of phosphotransfer proteins, it seems obvious 
that type-B ARRs may also serve in the integration of sig-
nals perceived by different histidine kinases. Ectopic expres-
sion of ARR18 in roots led to the activation of CK-derived 
signal transduction, indicating that ARR18 is capable of 
sensing and transducing the signals from CK receptor HKs 
(Veerabagu et al., 2012). Therefore, ARR18 may well act as 
an integrator of AHK1- and CK-dependent signals in seeds 
by modulating bZIP63-mediated PDH1 regulation.

In conclusion, by focusing primarily on bZIP63, we 
provided evidence for the molecular mechanism of the 
down-regulation of the PDH1 promoter through its inter-
action with the type-B response regulator ARR18. Apart 
from bZIP63, other bZIP members are also expressed in 
developing seeds and are known to be important regu-
lators of seed maturation (Lara et al., 2003; Verdier and 
Thompson, 2008; Alonso et al., 2009). It would be inter-
esting to know whether other seed-specific ARRs interact 
with particular bZIP factors, if this interaction affects the 
expression of their target genes, and whether the inter-
ference is inhibitory or activating. Likewise, the mecha-
nism by which ARR18 perceives and transfers signals from 
receptor histidine kinases requires more scrutiny. This 
would further elucidate the complex regulatory network 
controlling seed development and water stress responses.

METHOdS

Plant Material and Growth Conditions

All the Arabidopsis thaliana lines were in Col background, 
except for arr18-1, ahk1-3, and bzip63, which were in Ws 
background. bzip63, arr18-1, arr18-2, ahk1-3, arr1-4, arr2-4, 
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Figure 5 ARR18 Phosphorylation Modulates bZIP63-dependent Activation of the PDH Promoter.

(A, B) Reporter gene activation assay in Arabidopsis protoplasts transfected with PPDH:uidA reporter construct. (A) The effector plasmids 

containing coding sequences of ARR18 (wild-type and mutated forms), bZIP53 and bZIP63 were used in single, double and triple com-

binations as indicated. bZIP63: PUBI:bZIP63–GFP; bZIP53: PUBI:bZIP53–GFP; ARR18: PUBI:ARR18–GFP; ARR18E: PUBI:ARR18D70E–GFP; ARR18N: 

PUBI:ARR18D70N–GFP. (B) The effector plasmids containing coding sequences of ARR18 (wild-type and D70E mutated form) and bZIP factors 

were used in double and triple combinations as indicated. bZIP proteins are expressed as GFP fusions under the control of UBI10 promoter. 

Data are represented in logarithmic scale as mean ± standard error (SE).

(C) Reporter gene activation assay in Arabidopsis protoplasts transfected with (ACTCAT)2:uidA reporter construct. The effector plasmids 

were used as in (A).

(d) In vitro binding of ARR18ΔRD to the indicated DNA element in the PDH1 promoter. The immobilized biotinylated oligonucleotides were 

hybridized either with His-tagged purified ARR18ΔRD or with crude protein extract from untransformed bacterial cells (negative control); 

putative ARR recognition sites are labeled in gray.

(C, D) Data are represented as mean ± SE.

(E) Brilliant Blue stained polyacrylamide gel of purified ARR18ΔRD recombinant protein; M, protein marker, FT, flow through; Elu, eluate.
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and ahk2/ahk3 seeds were kindly provided by J. Vicente-
Carbajosa, E.G. Schaller, M.  Sussman, and T.  Kakimoto, 
respectively. For seed production, plants were grown under 
long-day conditions at 21°C and 50% humidity.

For the hydroponic cultures, seeds were surface-ster-
ilized and sown on 0.6% agar medium containing half-
strength Hoagland salts filled into 0.5-ml reaction tubes. 
After stratification for 2 d at 4ºC in darkness, seeds were 
incubated in a 12-h light/12-h dark rhythm. A week after 
germination, the bottoms of the reaction tubes were cut 
off without disturbing the roots, and placed in a box con-
taining quarter-strength Hoagland solution. The plants 
were grown for two to three more weeks. PEG treat-
ment consisted of substituting the medium with a fresh 
one containing different concentrations of PEG6000. Leaf 
samples were collected at particular time intervals, fro-
zen in liquid nitrogen, and kept at –80°C until used in 
further experiments. The seeds from the transgenic lines 
and their corresponding wild types belonged to the same 
seed batch.

For the germination experiments, seeds were surface-
sterilized and sown on 0.8% agar media plates containing 
either water or 300 mM mannitol. After a 24-h dark incuba-
tion at 4°C, plates were transferred to short-day conditions. 
Emergence of radicle from seed coat was considered as ger-
mination. Germination tests were conducted using at least 
three replicates of 100 seeds each. The mutant, transgenic, 
and corresponding wild-type seeds used in the experiments 
were grown and collected at the same time. Data are pre-
sented as mean values and standard deviations.

Cloning Strategy

All clones were constructed using Gateway™ technology 
(Invitrogen). The ARR-containing clones were constructed 
as described in Veerabagu et al. (2012). Other sequences 
were amplified using cDNA preparations from complete 
Arabidopsis plants. The primer pairs used for the amplifica-
tion of respective DNA sequences are listed in Supplemental 
Table 1.

To create GFP fusion proteins, the corresponding DNA 
sequences were recombined via LR-reaction into pH7WGF2.0 
(C–terminal GFP fusion, 35S promoter), pUBC–Dest(eGFP) (C–
terminal GFP fusion, UBI10 promoter), or pMDC107 (C–termi-
nal GFP fusion) binary plant expression vectors (Karimi et al., 
2002; Curtis and Grossniklaus, 2003; Grefen et al., 2010).

For the BiFC assays, the corresponding cDNAs were 
recombined via LR-reaction into either pSPYNE-35S-GW 
or pSPYCE-35S-GW, which express N– and C–terminal YFP-
fragments, respectively, as C–terminal fusions (Schutze 
et al., 2009).

For the FRET analysis, the corresponding cDNAs 
were recombined via LR-reaction into estradiol inducible 
pABindFRET, pABindGFP, and pABindmCherry expression 
vectors (Bisson et al., 2009).

To create the PPDH:uidA reporter gene construct, 
880 bp upstream of the PDH coding sequence were ampli-
fied and cloned in the pENTR/D–TOPO vector (Invitrogen). 
After pre-digestion of the entry clone, the DNA sequence 
was recombined via LR-reaction into pMDC163 (Curtis 
and Grossniklaus, 2003), and further used for protoplast 
transfection.

In Planta Protein Interaction Analyses

The corresponding constructs were transformed into the 
Agrobacterium tumefaciens strain GV3101 pMP90 and fur-
ther infiltrated into N.  benthamiana leaves according to 
Schutze et  al. (2009). One to two days after infiltration, 
leaf (tobacco) epidermal cells were analyzed for fluores-
cence (YFP, GFP, or RFP) by confocal laser scanning micros-
copy using a Leica TCS SP2 confocal microscope (Leica 
Microsystems GmbH) and Leica Application Suite software. 
The excitation/emission wavelength for fluorescent pro-
teins was as follows: 488/500–540 (GFP), 514/525–600 (YFP), 

Figure  6 The Antagonistic Role of ARR18 and bZIP63 in 

Seed Germination under Osmotic Stress.

(A–C) Germination rate of Arabidopsis seeds with altered C–group 

bZIP factor levels on mannitol-free medium.

(d–F) Relative germination rates of Arabidopsis seeds with altered 

C–group bZIP factor levels on medium containing 300 mM manni-

tol, represented as relative values to germination rate on manni-

tol-free medium. Data are represented as mean ± SD. Statistically 

significant difference to the wild type is indicated by * (p < 0.05) 

and ** (p < 0.01).
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and 561/600–640 (RFP). The Western blot analyses were 
carried out as previously described (Schutze et  al., 2009) 
using HA- and c-myc-specific antibodies (Roche).

For the FRET–FLIM interaction assay, transgene 
expression was induced by brushing the leaves with 20 μM 
β-estradiol supplemented with 0.1% Tween 20. The GFP 
fluorescence lifetime was determined after 4-h induction 
using a custom-built confocal stage scanning microscope 
(CSSM) (Elgass et al., 2009). At least 15 independent meas-
urements of each series were carried out for each experi-
ment. Each experiment was repeated at least once, with 
similar results. The data were analyzed by one-sided t-test; 
the corresponding p-values are presented.

Reporter Gene Assay in Arabidopsis Protoplast 

Transient Expression System

Arabidopsis cell culture protoplasts were isolated and 
transfected according to Schutze et al. (2009). The assay is 
described in more detail in Supplementary Methods.

Quantitative RT–PCR

Total RNA was isolated from plant material using a RNeasy 
Plant Mini Kit (Qiagen) and from seeds as described in 
Vicient and Delseny (1999). A double DNA digestion was 
performed to ensure the absence of genomic DNA con-
tamination. The cDNA was generated using either oligo-
dT or random hexamer primers with M-MuLV Reverse 
Transcriptase (Fermentas). The optimal PCR conditions 
were verified by preparing dilution series. The amplifica-
tion of cDNA was performed with PerfeCta qPCR SuperMix 
or PerfeCta SYBR Green SuperMix (Quanta Biosciences, dis-
tributed by VWR) using, when necessary, the correspond-
ing Probe (Universal ProbeLibrary Single Probes, Roche), 
according to the manufacturer. The PCR reactions were 
run in the Bio-Rad CFX384 Real Time PCR system (Bio-Rad). 
Expression levels of each gene were normalized according 
to the expression of EF-1-alpha (AT5G60390) and Ubi10 
(AT4G05320) housekeeping genes. All primer sequences 
are listed in Supplemental Tables 2 and 3. The CFX Manager 
software (Version 1.1; Bio-Rad) was used for the quantifi-
cation of relative expression levels. For each gene, control 
values (expression level in corresponding wild type; 0% 
PEG in PEG treatment experiments) were set to one, and 
those from different lines/treated plants are represented 
as the mean of relative fold changes compared to the con-
trol. The plant material was collected from at least two 
independent experiments and processed independently; 
three technical replicates were performed. Data are pre-
sented as mean values and standard deviations.

Recombinant Protein Production and In Vitro 

dnA-Binding Assay

The production of recombinant protein and DNA-Protein-
Interaction assay (DPI-ELISA) was essentially performed 
as previously described (Brand et al., 2010; Kirchler et al., 
2010). The full description of the method is presented in 
Supplementary Methods.

Amino Acid Analysis

Two-week-old seedlings, grown on agar plates supple-
mented with half-strength Murashige and Skoog medium 
(Duchefa, Haarlem, The Netherlands), were used for the 
analysis. After harvesting, the seedlings were directly fro-
zen in liquid nitrogen, homogenized, and lyophilized. 
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Figure 7 The Involvement of bZIP63, ARR18, AHK1, and CK 

Receptor HKs in the Expression of Seed Maturation Genes.

Relative expression levels of the indicated genes in arr18-1 and 

ahk1-3 seeds (A), arr18-2 and ahk2/ahk3 seeds (B), and bzip63 and 

bZIP63–GFPox (bZIP63#2 and #3) seeds (C). All expression data 

were obtained by qPCRs. Data are represented as mean ± SD. 

Statistically significant difference to the wild type is indicated by * 

(p < 0.05), ** (p < 0.01), and *** (p < 0.001).
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10  mg of dry material were extracted with 80% metha-
nol followed by a second extraction with 20% methanol. 
The combined supernatants were dried in a speedvac. 
The sediments were re-suspended in 250 μl lithium-buffer 
(Pickering Laboratories) and filtered (0.2 μm Minisart RC15 
filters) before analysis. Amino acids were analyzed by ion 
exchange chromatography (high-efficiency fluid column, 
3 mm × 150 mm; Pickering Laboratories) with post-column 
ninhydrin derivatization (Hirner et al., 2006).

Accession numbers

Accession numbers of gene sequences used in this study 
are given in Supplemental Table 4.

SUPPLEMEnTARY dATA

Supplementary Data are available at Molecular Plant Online.
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