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Abstract Abscisic acid (ABA) and sugars have been well
established to be crucial factors controlling seed germina-
tion of Arabidopsis. Here we demonstrate that AtMKK1
and AtMPKG®6 are both critical signals involved in ABA and
sugar-regulated seed germination. Wild type plants
depended on stratification and after-ripening for seed ger-
mination, whereas this dependence on either stratification
or after-ripening was not required for mutants of mkk/ and
mpk6 as well as their double mutant mkkl mpk6. While
seed germination of wild type plants was sensitively
inhibited by ABA and glucose, mkk1, mpk6 and mkkl mpk6
were all strongly resistant to ABA or glucose treatments,
and in contrast, plants overexpressing MKKI or MPK6
were super-sensitive to ABA and glucose. Glucose treat-
ment significantly induced increases in MKK1 and MPK6
activities. These results clearly indicate that MKK1 and
MPKG6 are involved in the ABA and sugar signaling in the
process of seed germination. Further experiments showed
that glucose was capable of inducing ABA biosynthesis by
up-regulating NCED3 and ABA2, and furthermore, this
up-regulation of NCED3 and ABA2 was arrested in the
mkkl mpk6 double mutant, indicating that the inhibition of
seed germination by glucose is potentially resulted from
sugar-induced up-regulation of the ABA level.
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Introduction

Seed germination has been increasingly become a model
system for researches on cellular signaling in plants
(Koornneef et al. 2002). ABA is well known to play exten-
sive roles in plant physiology, such as stomatal movement,
root growth, embryo development, stress-tolerant responses
as well as seed germination. To date many genes or proteins
involved in ABA signaling have been characterized in
Arabidopsis (Smeekens 2000; Coruzzi and Zhou 2001;
Rolland et al. 2001, 2002; Schroeder et al. 2001; Bray 2002;
Finkelestein et al. 2002; Finkelstein and Gibson 2002; Zhu
2002; Assmann 2003; Chen et al. 2004; Chow and McCourt
2004; Yamaguchi-Shinozaki and Shinozaki 2006; Fujii et al.
2007; Xing et al. 2008), and among these genes or proteins,
some of them are suggested to play critical roles in the seed
germination (Koornneef et al. 1984; Giraudat et al. 1992;
Finkelstein et al. 1998; Finkelstein and Lynch 2000). ABI1
and ABI2, characterized as protein phosphatases, are dem-
onstrated to be involved in ABA signaling in various phys-
iological processes, whereas ABI3, ABI4 and ABIS,
characterized as transcription factors, are suggested to show
ABA insensitivity only in seed germination and early seed-
lings (Koornneef et al. 1984; Finkelstein and Somerville
1990; Ooms et al. 1993; Parcy et al. 1994). Although the
screening of ABA-responsive mutants has identified some
proteins that play crucial roles in seed germination, a rela-
tively complete profile outlining the ABA signaling network,
especially the upstream signaling cascades, still remains
unclear.
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Besides ABA, sugars have been recently documented to
be a critical factor controlling seed germination and early
seedling development (Koornneef et al. 2002; Rolland et al.
2001, 2002, 2006). Surprisingly, it has been increasingly
suggested that the sugar-associated signaling cascades
overlap very much with the ABA signaling in various
processes especially the seed germination (Rolland et al.
2002; Leon and Sheen 2003; Gibson 2005), and moreover,
the ABA and sugar signaling frequently interacts in a rather
elusive pattern. For example, while sugars have been
demonstrated to be able to inhibit Arabidopsis seed ger-
mination, there are evidences that exogenous sugars were
capable of relieving the inhibitory effect of ABA on seed
germination (Dekkers et al. 2004; Price et al. 2003). It
appears that the signaling interactions between sugar and
ABA vary depending on different concentrations and dif-
ferent stages, and positive interactions between sugar and
ABA signaling are more obvious during early seedling
development (Leon and Sheen 2003; Gibson 2005). There is
little doubt that sugar signaling and ABA signaling is
closely related under some conditions, but the exact
mechanism for this remains elusive (Zhou et al. 1998;
Arenas-Huertero et al. 2000; Gazzarrini and McCourt 2001;
Finkelstein and Gibson 2002; Rolland et al. 2006).

In as early as 70’s the last century, it was suggested that
catalase might play a crucial role in seed germination since
inhibition of catalase was capable of promoting the seed
germination of lettuce and pigweed (Hendricks and
Taylorson 1975). In keeping with this proposition, it has
increasingly demonstrated that reactive oxygen species
(ROS), such as NO and H,O,, is able to promote seed
germination (Kwak et al. 2003; Apel and Hirt 2004; Laloi
et al. 2004). In recent works we have demonstrated that a
MAPK kinse, i.e. AtMKKI1, is able to mediate ABA and
stress-induced gene expression of calase via AtMPK6-
coupled signaling in vegetative tissues of Arabidopsis
(Xing et al. 2007, 2008). MAPK cascades minimally con-
sist of a MAPKKK-MAPKK-MAPK module that is linked
in various ways to upstream and downstream signaling
events (Nakagami et al. 2005). While it has been exten-
sively shown that MAPK cascades is involved in variety of
processes from plant development to environmental
responses in vegetative tissues, much less is known about
the roles of the MAPK cascades in seed germination (Hirt
1997; Ligterink et al. 1997; Mizoguchi et al. 1997; Hirt and
Asard 2000; Nakagami et al. 2005). In view of the potential
roles of catalse in seed germination and the important roles
of the AtMKKI1-AtMPK6 module in ABA-induced gene
expression of catalase, and also in view of the fact that
ABA-associated signals in vegetative tissues are liable to
function in seed germination, we have investigated whether
the module of AtMKK1-AtMPK6 might be involved in the
seed germination signaling. The results strongly indicate
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that AtMKKI1 and AtMPK6 are critical mediators in the
signaling processes of both ABA and sugar-regulated seed
germination, and that the seed germination inhibition of
glucose is potentially resulted from sugar-induced expres-
sions of genes encoding key enzymes in ABA biosynthesis
pathway.

Materials and methods
Identification and isolation T-DNA insertion lines

The seeds of Arabidopsis mkkl and mpk6 T-DNA insertion
lines (SALK_015914 and SALK_127507) were obtained
from the ABRC (Alonso et al. 2003). The method of
identification and isolation T-DNA insertion lines of
homozygous was described in Xing et al. (2008).

Total RNA extraction, RT-PCR and quantitative PCR
analysis

Total RNA was extracted using the RNeasy Plant Mini Kit
(Qiagen) according to the manufacturer’s instructions and
then stored at —80°C after DNase treatment. Reverse
transcription reactions were performed using 0.5 pg of
total RNA and SuperScript I first-strand synthesis system
(Invitrogen). PCR reactions were performed using Taq
DNA polymerase (Invitrogen).

Real-time quantitative PCR analysis was performed
with the 1Q5 Real-time PCR detection system (Bio-Rad)
according to the manufacturer’s recommendations. Real-
time quantitative PCR reaction contained 10 pl 2 x SYBR
Green Supermix (Bio-Rad), 2 pl primer mix, 4 pl cDNA
and 4 pl deionized water to make a total volume of 20 pl.
To quantify the copy number of each RNA, the threshold
cycle value (Ct) was compared with a standard curve
generated using PCR products for each gene that was
purified and quantified by UV light absorbance. Primers
that used for both RT-PCR and quantitative RT-PCR are
given in Supplementary Table 1. Three replicates were
performed for each experiment.

Sugar and ABA treatments

The effects of different sugars on seed germination were
studied by determining the germination rates of 100 seeds
pretreated with deionized water or 100 pM fluridone and
then planted in triplicate on medium containing glucose
and mannitol (Sigma). The effects of ABA were studied in
the similar manner. Sterilized seeds were sown on plates
containing different concentrations of sugars (p-glucose
and p-mannitol) after stratification at 4°C. For comparisons
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of germination rates, each plate was subdivided and all
seed lines were sown on the same plate.

Germination assay

Germination rates were compared between seed lots that
were produced, harvested and stored under identical con-
ditions. Light and chilling (stratification) are typically
required for germination and, as such, must also be con-
trolled in comparative studies on germination. Before
sowing, seeds were surface-sterilized with 70% ethanol for
1 min, then with 2% hypochlorite for 5 min and rinsed six
times with sterile deionized water. One hundred of seeds
from wild-type, mkkl mpk6, mkkl, and mpk6 were strati-
fied at 4°C for 4 days and planted in half-strength
Murashige and Skoog (MS) medium without sucrose under
continuous white light (~80 pmolm ™2 s™") at 22°C. Seeds
germination rate were scored when the radicals completely
penetrated the seed coat.

ABA analysis

After various treatments, samples were immediately frozen
in liquid nitrogen, and then homogenized in water at 4°C.
The samples were then centrifuged for 25 min at 20000x g
and the supernatants were used for the ABA assay. ABA
analyses were carried out using the radioimmunoassay
(RIA) method described by Quarrie et al. (1988). The highly
specific monoclonal antibody (Mac 252) was provided by
Dr. S. A. Quarrie (John Innes Centre, UK). Aqueous
extracts of root tissues were used for the assay without
purification. 50 pl of crude extracts was mixed with 200 pl
of phosphate-buffered saline (pH 6.0), 100 pl diluted anti-
body solution and 100 pl *H-ABA (about 8,000 cpm)
solution. The reaction mixture was incubated at 4°C for
45 min and the bound radioactivity was measured in 50%-
saturated (NH4),SO, precipitated pellets with a liquid
scintillation counter.

In vitro Kinase assays

Protein kinase assays were performed basically according
to the protocol by Xing et al. (2008). Kinase-inactive
MPK6-GST fusion protein was generated by exchanging a
conserved lysine residue in the ATP binding domains to
methionine and arginine using the Quick-Change kit from
Stratagene (LA Jolla, CA). The point mutations for MPK6
were K92M and K93R. MKK1 was immunoprecipitated
from Arabidopsis seedlings using anti-MKK1 and incu-
bated with the kinase inactive MPK6-GST protein in the
kinase reaction mixture [20 pl of kinase buffer containing
50mM Tris (pH 7.5), 1 mM DTT, 10 mM MgCI2,

0.1 mM ATP and 6 pCi of y-32P-ATP] for 30 min at room
temperature. Kinase reactions were stopped after 30 min
by adding 4 pl SDS loading buffer and heating for 5 min at
95°C. Reaction products were analyzed by SDS-PAGE,
autoradiography and Coomassie brilliant R250 staining.
Prestained size markers (Bio-Rad) were used to calculate
the size of the kinases. The protein concentration was
determined using the protein assay kit (Bio-Rad) with BSA
as a standard. Kinase activity of immunoprecipitated
MPKG6 from seedlings using anti-MPK6 was measured with
MBP as artificial substrate in vitro kinase assays described
as above. Loading levels of MKK1 and MPK6 proteins
were detected with western blot. The polyclonal antibodies
of MKK1 and MPK6 were produced from rabbits ordered
from Strategic Diagnostics Inc.

Generation of MKK1 and MPK6 over-expressing
plants

The MKKI and MPKG6 over-expressing lines were obtained
as the method described in Xing et al. (2007).

Accession numbers

Sequence data from the article can be found in the GenBank
data libraries or TIGR database (Arabidopsis thaliana Gen-
ome Project) under the following accession numbers: MKK1,
At4g26070; MPK6, At2g43790; NCED3, At3gl14440;
ABA2, At1g52340; AA03, At2g27150; NCED9, At1g78390.

Results

After-ripening and stratification are not required
for seed germination of mkkl and mpk6 mutants

The T-DNA insertion mutants of mkkl (SALK_015914)
and mpk6 (SALK_127507) were obtained from the Ara-
bidopsis Biological Resource Center’s (ABRC) collection
of T-DNA transformed Arabidopsis lines (Alonso et al.
2003). T-DNA in mkkl was located in the 5’ untranslated
region (UTR) near the start codon and the T-DNA in mpk6
was located in the intron between exon 2 and exon 3.
Determination of the T-DNA effect on mRNA levels for
both AtMKKI and AtMPK6 was conducted in our previous
works, where it was shown that no message of AtMKKI or
AtMPKG6 was detected while mRNA was detected in wild-
type Col-0 plants, and furthermore, the complementation
experiment excluded the possibility that other site mutation
might be responsible for the mutant phenotypes (Xing et al.
2007, 2008). To obtain the double mutant of mkkl and
mpk6, single mutants of mkkl and mpk6 were crossed and
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Fig. 1 Mutant verification and after-ripening effect on the seed
germination of different mutants. a Mutant verification. RT-PCR
analysis with MKKI, MPK6 and ACT2 primers using total RNA
extracted from seedlings of the wild-type (Col-0) and mkkl mpko6,
mkkl and mpk6 as the template. b Seed germination of mkkl mpko6,
mkkl, mpk6 and wild-type in absence of stratification. Seeds were
sterilized and sowed on Petri dishes after storage of different times.
Values presented are the mean germination rate from three separate
repeats and the error bar indicates = SE (n = 3)

further RT-PCR analysis confirmed that expression of both
MKKI1 and MPK6 was abolished in the double mutant
mkkl mpk6 (Fig. 1a).

Generally ABA-related seed dormancy in Arabidopsis
requires either after-ripening process and/or cold stratifi-
cation (moist pre-chilling at 4°C) for facilitating germina-
tion (Bewley 1997). For dormancy experiment, plants of
each genotype were grown in different sections of the same
tray and seeds were harvested at the same time to minimize
the difference in seed maturation and storage period. Fig-
ure 1b shows the different germination rates of wild-type
and mutants seeds after different times of harvesting.
Within the first 3 days after harvest, while less than only
15% of the seeds germinated for wild type, more than 70%
of the seeds germinated for the mutant of mkk/ and double
mutant of mkkl mpk6. Two weeks after harvest, a germi-
nation rate of more than 90% could be recorded for all
mutants, in contrast, only about 50% for the wild-type
(Fig. 1b). In the absence of stratification, the seeds of mkk!
mpk6 showed a much higher germination rate than that of
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Fig. 2 Effect of stratification on seed germination. a Germination of
each genotype in the absence of stratification after storage of 2 weeks.
b Germination of each genotype in the presence of stratification (4°C,
4 days) after storage of 2 weeks. Values presented are the mean
germination rate from three separate repeats and the error bar
indicates + SE (n = 3)

wild-type (Fig. 2a). Stratification treatment greatly pro-
moted the seed germination for wild type, although it also
had a positive influence on the seed germination for all the
mutants (Fig. 2b). These results indicate that after-opening
and stratification ware basically not required for seed ger-
mination of all the mutants while they ware strong factors
limiting the seed germination for the wild type plants.

Sensitivity of seed germination to either glucose or
ABA is impaired in mkkl, mkk6 and mkkl mpk6

Glucose treatment greatly inhibited the seed germination of
wild type, as was shown from a decrease of more than 80%
in the seed germination rate at 6% glucose (Fig. 3a).
Compared to wild type, the seed germination of all the
mutants was much less sensitive to glucose especially for
the double mutant of mkkl mpk6 in which the germination
rate was arrested by only less than 20% at 6% glucose. To
investigate whether glucose-induced germination inhibition
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Fig. 3 Effects of glucose on seed germination of different genotypes.
The seeds of each genotype were sterilized, stratified and sown on the
Petri dish containing the indicated concentrations of glucose a and
mannitol b under continuous white light at 22°C. The germination
rate of each genotype was scored at 3 days after the end of
stratification. Values are mean of three separate repeats + SE (n = 3)

is purely due to its osmotic effect, we also tested the effect
of mannitol on seed germination. Indeed, mannitol treat-
ment was able to inhibit the seed germination to some
extent for both wild type and mutants, but unlike the case
of glucose, no difference was observed in the seed germi-
nation sensitivity to mannitol between wild type and
mutants, indicating that the inhibitory effect of glucose on
seed germination is achieved through a glucose-specific
signaling pathway (Fig. 3b).

Seed germination of wild type plants was very sensitive
to ABA, and it was completely arrested when 2 ptM ABA
was applied. Compared to that for wild type, the inhibitory
effects of ABA on the seed germination was much less for
all the mutants especially for the double mutant of mkkl
mpk6 that showed a decrease in seed germination rate of
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Fig. 4 Effects of ABA on seed germination of mkkl mpk6, mkkl,
mpk6 and wild-type. a Quantification of radicle emergence as the
germination rate of each genotype at 3 days after the end of
stratification on the indicated of ABA. Each measurement consisted
of at least 100 seeds. b Quantification of the percentage of seedlings
with green cotyledons after 7 days on the indicated of ABA. Values
are mean of three separate repeats £ SE (n = 3)

only less than 10% when 2 uM ABA was applied (Fig. 4a),
and in terms of green cotyledons for statistics, the ABA
effect was basically similar (Fig. 4b).

Overexpression of MKKI and MPK6 confer
hypersensitivity to glucose and ABA

To provide further evidences for the roles of AtMKKI1 and
AtMPKG6 in seed germination, the overexpression lines of
AtMKK1 and AtMPK6 were examined. The full-length
AtMKK1 and AtMPK6 sequences were placed under the
control of the 35S CaMV promoter and transformed into
the wild type. A total of 22 and 28 independent transgenic
lines (T2) were generated and screened for AtMKKI1 and
AtMPKO6, and the transgenic lines with highest mRNA
were chosen for the present research (Xing et al. 2008).
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The detailed information about the construction and anal-
ysis of the transgenic plants were described in our previous
work, so the related date is not shown here.

As shown in Fig. 5a, seeds of different genotypes all
germinated well on the control medium with the germi-
nation rate nearly reaching 100%. While glucose treatment
strongly inhibited seed germination of the wild type, the
inhibitory effect of glucose on the seed germination was
relatively much less in all the mutants, especially in the
mkkImpk6 double mutant (Fig. 5b). To more exactly esti-
mate the effects of ABA and glucose on the seed germi-
nation, we had performed statistical analysis of the seed
germination of all the related mutants as well as the plants
with gene over-expression (Fig. 5c, d). As shown in
Fig. 5c, while mkkl, mpk6 and mkkl mpk6 double mutant
had much higher germination rate than that of the wild type
in the presence of either glucose or ABA, the seed ger-
mination of MKKI-OE and MPK6-OE were almost com-
pletely inhibited especially for MKKI-OE. ABA at a
concentration of only 0.5 uM resulted in a decrease of
more than 60% in the germination rate for MKKI-OE and

Fig. 5 Seed germination in response to ABA and glucose treatments.
a and b Pictures of seed germination of different genotype without or
with glucose treatment respectively. The seeds of each genotype were
sterilized, stratified and sown on the medium with no glucose or
containing 6% glucose, and pictures were taken at the 7th day after
sown. ¢ and d Statistical analysis of the see germination of different
genotype in response to ABA and glucose treatments. The seeds of
each genotype were sterilized, stratified and sown on the medium
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MPK6-OE, whereas the same concentration of ABA
only led to a decrease of less than 20% for the wild
type, indicating that plants overexpressing AtMKKI and
AtMPKG6 are hypersensitive to ABA (Fig. 5d).

ABA is required for seedling establishment (Lopez-
Molina et al. 2001). Low concentration of ABA (<1 pM) is
known to stimulate root growth (Ephritikhine et al. 1999).
To further investigate the roles of AtMKK1 and AtMPK6
in postgermination development, we transferred 4-days-old
seedlings germinated on agar plates to the same medium
with or without ABA, and the length of the primary root
and seedling fresh weight were measured 2 weeks later.
Slight stimulation of root elongation in the wild-type in
response to 0.5 pM ABA was observed in our experiments
(Fig. 6a), whereas this stimulation by 0.5 ptM ABA was not
observed in the double mutant of mkkl mpk6 and all the
single mutants (mkkl and mpk6). Under high ABA con-
centration (5-50 uM), root elongation and seedling bio-
mass accumulation were generally inhibited by ABA
(Fig. 6b, c). Double mutant of mkkl mpk6 grew the most
and single mutants of mkkl and mpk6 grew more than the
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containing 1 tM ABA or 6% glucose. ¢ Germination was scored at
3 days after the end of stratification. d Seeds of each genotype were
sterilized, stratified and sown on the medium containing the indicated
concentrations of ABA. The germination was scored at 3 days after
the end of stratification. Each measurement consisted of at least 100
seeds. Values presented are the mean germination rate from three
separate repeats = SE (n = 3)
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Fig. 6 Effect of ABA on post-germination growth of different
genotypes. a Quantification of root length for seedlings at 14 days
after transfer to the medium with or without 0.5 uM ABA. b and ¢
Quantification of root length and seedling fresh weight for seedlings
at 14 days after transfer to the control medium (MS medium with 3%
sucrose) or containing the indicated concentrations of ABA. For fresh
weight determination, ten seedlings were weighted at one time and
the result was divided by ten. Seedlings were 4-days-old at the time of
transfer and had equal root lengths at that time. Data are means + SE
(n = 30 for root length and n = 10 for fresh weight)

wild-type under the high ABA treatment. Results suggest
that the mutants had lost their sensitivity to the regulation
by ABA.

Effect of glucose on seed germination is associated
with regulation of ABA biosynthesis

Glucose and ABA signaling in seed germination is well
known to be frequently overlapped very much (Rolland
et al. 2002; Leon and Sheen 2003; Price et al. 2003;
Dekkers et al. 2004; Gibson 2005; Rolland et al. 2006). To
clarify whether glucose may function directly through
endogenous ABA, further experiment with a pharmaco-
logical method was performed. Seeds pretreated with the
ABA biosynthesis inhibitor fluridone were germinated with
the presence of glucose, and it was found that the inhibitory
effect of glucose on seed germination and the difference
among genotypes largely diminished (Fig. 7a), suggesting
that the glucose inhibition to seed germination is possibly
associated with a regulation of the endogenous ABA
level. In order to confirm this hypothesis, changes in the
endogenous ABA content were determined. Floridans

(A) - T
100 - 71 mkk1 mpk6
B mkk1
1 mpké
as T
£ 804
[}
®
c 601
8
©
£
E 40 A
[}
O
20 A
0
Control Flu Glucose  Flu+ Glucose
(B) 750
-_— T
50 mkk1 mpké
s m mkk]
L. 600 - =0 mpk6é
"o
°
£
£ 500 T
=
o
c
3 T
< 400 - ]
< T
300 - . -

Flu+ Glucose

Control Flu Glucose

Fig. 7 Effect of fluridone on seed germination and ABA content of
different genotypes. a Effect of fluridone on seed germiantion. For
glucose treatment, seeds were sown on the medium containing 6%
glucose after pretreatment with or without 100 uM fluridone (Glc and
Flu 4 Glc). b Effects of fluridone and glucose treatments on endog-
enous ABA contents in germination seeds. Seeds were pretreated with
water or 100 uM fluridone at 4°C for 2 days, sown in the medium with
or without 6% glucose at 22°C for 3 days, and analyzed ABA content.
Values presented are the mean + SE (n = 3)
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pretreatment significantly reduced the endogenous ABA
levels in both wild type and all the mutants, and more
importantly, glucose treatment indeed significantly
increased the ABA levels in wild type and mutants. Further
more, compared to that in wild type plants, the glucose-
induced ABA increase was much less in mutants especially
the double mutant mkkl mpk6 (Fig. 7b).

AtMKKI1 and AtMPK6 mediate glucose-induced ABA
biosynthesis

In view of the discovery that glucose was able to induce
different increases in ABA content in wild type and all the
mutants, we further investigated whether the glucose-
induced ABA increase was possibly mediated by AtMKK1
and AtMPKG6. The expressions of several genes encoding
key enzymes in ABA biosynthesis pathway were deter-
mined. As shown in Fig. 8a, while glucose treatment
induced a dramatic increase in NCED3 expression in both
wild type and MKK1-OE and MPK6-OE plants, the incr-
ease in NCED3 expression was higher in over-expression
plants than that in wild type plants. More interestingly, the
glucose-induced NCED3 expression largely diminished in
all the mutants, especially the double mutant of mkkI mpk6
in which the NCED3 expression was nearly completely
arrested. The expressing patterns of ABA2 were basically
similar with that of NCED3 (Fig. 8b). Compared with
NCED3 and ABA2, the transcription levels of other related
genes, such as NCED9 and AAO3, in ABA biosynthesis
pathway were relatively lower, and also, little difference
was found among the different genotypes treated with

glucose, indicating that the glucose-induced increase in
ABA biosynthesis is mediated by AtMKK1 and AtMPK6
signaling in seed germination.

To further investigate the roles of AtMKKI1 and
AtMPK6 in seed germination, AtMKK1 and AtMPKG6
activities in response to glucose treatment were deter-
mined. As shown in Fig. 9, glucose treatment significantly
induced the increase in both AtMKKI1 and AtMPKG6
activity, which further demonstrates that AtMKK1 and

Con 1% 3% 6% Glc

MEKK1 activity

MKK1 protein

MPKG6 activity

MPKG6 protein

Fig. 9 MKK1 and MPKG6 kinase activities response to glucose. The
MKKI1 and MPK6 kinase activities were assayed in wild-type after
treatment with different concentration of glucose (1, 3 and 6%). The
proteins of MKK1 or MPK6 were immunoprecipitated using antibody
of anti-MKKI1 or anti-MPK6 from seedlings after treatments. MKK1
kinase activity was determined by in vitro kinase assays using kinase-
inactive GST-MPKG6 as a substrate. Kinase activity of immunopre-
cipitated MPK6 was measured with MBP as artificial substrate in
vitro kinase assays. Loading levels of MKKI1 and MPK6 proteins
were detected in western blot
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AtMPKG6 are downstream regulators of the glucose signal
during the process of seed germination.

Discussion

A MAPK cascade minimally consists of a MAPKKK-
MAPKK-MAPK module that is linked in various ways to
upstream and downstream signaling. A surprisingly large
number of genes encoding MAPK pathway components
have been uncovered by analyzing model plant genomes,
suggesting that MAPK cascades are abundant players of
signal transduction. Numerous studies demonstrated that
have confirmed major roles of defined MAPK pathways in
development, cell proliferation and hormone physiology,
as well as in biotic and abiotic stress signaling. Neverthe-
less, information about MAPKSs signaling in seed germi-
nation is relatively much less. Very recently, we have
demonstrated that AtMKK1, a MAPK kinase, was able to
mediate stress and ABA-induced catalase CAT expression
via AtMPK6, a MAPK, coupled signaling in vegetative
tissues (Xing et al. 2007, 2008). It is well known that
catalase plays a central role in H,O, scavenging. It has
been increasing suggested that H,O, and other reactive
oxygen species (ROS) may be crucial factors controlling
seed germination (Apel and Hirt 2004; Kwak et al. 2003;
Laloi et al. 2004). It is hence reasonable to confer that
AtMKK1-AtMPKG6 signaling may play a role in seed ger-
mination. In consistent with this hypothesis, the loss of
function mutants of AtMKKI and AtMPK6 showed insen-
sitivity to glucose and ABA, and in contrast, over-expres-
sion of AtMKKI and AtMPK6 exhibited hyper-sensitivity
to both ABA and glucose in the seed germination (Fig. 5).
The results clearly demonstrated that both AtMKK1 and
AtMPKG6 were involved in the glucose and ABA signaling
in seed germination. Compared to single mutant of either
mkkl or mpk6, the double mutant mkkl mpk6 was shown to
be more insensitive to glucose and ABA in seed germi-
nation (Figs. 4, 5), and also, more insensitive in glucose-
induced gene expression (Fig. 8), which means that At-
MPKG6 dose not likely act as a sole target of AtMKK1 and
there may be some other MAPKs associated with the sig-
naling in seed germination. In consistent with this propo-
sition, AtMPK3 was also reported to be involved in the
regulation of seed germination (Lu et al. 2002; Kuhn and
Schroeder 2003; Himmelbach et al. 2003; Laloi et al.
2004), but how AtMKKI1 interacts with the downstream
MAPKSs remains to be further investigated.

Seed germination is a complicated process dominated by
a combination of environmental and endogenous signals
with both synergistic and competing effects (Sheen et al.
1999; Ullah et al. 2002; Chen and Jones 2004; Chen et al.
2004; Gibson 2005). Because of this, seed germination has

been increasingly a model system for researches on plant
signaling. As regards the endogenous signals, sugars and
some hormones, i.e. ABA, GA and ethylene, have been
well demonstrated to play crucial roles in the seed germi-
nation (Smeekens 2000; Coruzzi and Zhou 2001; Fink-
elestein et al. 2002; Rolland et al. 2002). Genetic screening
has isolated a number of sugar-insensitive and sugar
hypersensitive mutants in Arabidopsis. Surprisingly, many
sugar-responsive signals tune out to be ABA signaling-
associated proteins. Examples for this are the character-
ization of glucose insensitive5 (gin5) and gin6/sucrose
uncoupling6 (sun6)/sugar insensitive5 (sis5) as mutant
alleles of ABA3 and the transcription factorABI4, respec-
tively (Arenas-Huertero et al. 2000; Leon and Sheen 2003;
Gibson 2005), the glucose insensitive sis4/ginl mutants are
allelic to aba2, a mutant deficient in SDR1 required for
ABA biosynthesis (Cheng et al. 2002; Leon and Sheen
2003; Gibson 2005), and also, two Glc and Suc insensitive
mutants, sis7 and sis10, were found to lie in NCED3 and
ABI3 respectively (Huang et al. 2008). Theses findings
strongly suggested a central role of ABA in sugar signal-
ing, but how ABA exhibits its roles in the glucose signaling
remains unclear. It appears that the interaction between
ABA and sugar is quite complicate and may vary when
their concentrations change. Arenas-Huertero et al. (2000)
reported that sugar inhibition of seed germination is due to
the increase in the active endogenous ABA level. ABA
biosynthetic mutant seeds are insensitive to glucose
(Huijser et al. 2000; Laby et al. 2000). Nevertheless, it has
been proposed that the glucose-inhibition on seed germi-
nation is ABA dependent but not caused by an increase in
cellular ABA concentrations, and rather it is associated
with a slowing down of the decline in endogenous ABA
(Rolland et al. 2006). In the present study, we provide the
genetic evidence that AtMKKI/AtMPKG6 is capable of
mediating the sugar signaling through regulation of ABA
biosynthesis. Active endogenous ABA contents of mkkl
mpk6, mkkl and mpk6 mutants were all lower than that of
wild-type in germinating seeds. Fluridone, an ABA bio-
synthetic inhibitor, reduced the active endogenous ABA
level and also alleviated the inhibitory effects of glucose on
seed germination. Fluridone treatment diminished the dif-
ferences between the mutants and wild-type in their
responses to glucose on seed germination (Fig. 7). These
results has not only provided evidences that glucose-inhi-
bition on seed germination was due to an increase in
endogenous ABA level, but also more importantly, demon-
strated that the AtMKK1/AtMPKG®6 signaling play a critical
role in the cross-talking between ABA and sugar signaling.

The pathways of ABA biosynthesis and catabolism have
been extensively documented, and AtNCED3 has been well
characterized as the key enzyme in ABA biosynthesis
pathway (Finkelestein et al. 2002; Nambara and Marion-Poll
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2003; Xiong and Zhu 2003). Overexpression of NCED
genes increases seed ABA content and seed dormancy, and
delays seed germination (Thompson et al. 2000; Qin and
Zeevaart 2002). In vegetative tissues, it was reported that
glucose was not able to induce AtNCED3 expression
although it was able to induce the expression of ABA2, a
gene encoding the enzyme required for ABA biosynthesis
below the AtNCED3-catalyzed step (Cheng et al. 2002;
Leon and Sheen 2003). In the present study we have found
that glucose was not only able to induce ABA2 expression
but also induce AtNCED3 expression, indicating a distinc-
tive sugar signaling pathway in seed germination (Fig. 8).
The findings of the AAMKK1/AtMPK6 mediated AiINCED3/
AtABA2 expression further confirmed the central role of
ABA signaling in seed germination. Lefebvre et al. (2006)
reported that AtNCED6 and AtNCED9 are required for
ABA biosynthesis during seed development and reduced
dormancy was observed in the nced6 nced9 double-mutant
seeds. Seo et al. (2006) revealed that ABA metabolism was
phytochrome-regulated during photoreversible seed germi-
nation and nced6-1, aba2-2 and aao3-4 exhibited an
enhanced ability to germinate relative to wild type when
imbibed in the dark after irradiation with an FR light pulse.
More recently, Toh et al. (2008) showed that ABA levels in
imbibed seeds are elevated at high temperature and NCED9
plays a major role and NCEDS and NCED?2 play a relatively
minor role in high temperature-induced ABA synthesis and
germination inhibition. Our previous research showed that
the transcriptional level of NCED3 is relatively higher than
other NCEDs, such as NCED9 and 6, during seed germina-
tion although these genes might be also involved in the seed
germination. These results suggest that the expressional
regulation of the genes in ABA biosynthesis and catabolism
is very complicated, and the roles of the genes in seed ger-
mination may be different at different conditions.

To date, many proteins associated with the ABA-regu-
lated seed germination have been isolated, but notably,
most of these proteins were identified as transcription
factors or enzyme responsible for ABA biosynthesis, such
as ABI3, ABI4, ABIS5, ABF2,ABF3, ABF4, ABAIl and
ABA2 (Rolland et al. 2006). Although ABI1 and ABI2,
two members of protein phosphatase 2C family, were
identified as downstream signals in the ABA signaling
pathway, they play major roles in vegetative stress
responses (Rolland et al. 2006). Clearly, up today we still
know much less about signaling mechanism for the ABA-
regulated seed germination. As mentioned above, catalase
and ROS have been suggested to be implicated in seed
germination (Hendricks and Taylorson 1975; Kwak et al.
2003; Apel and Hirt 2004; Laloi et al. 2004). In vegetative
tissues, we have demonstrated that AtMKK1/AtMPK6
mediate ABA-induced CATI expression and H,O, pro-
duction (Xing et al. 2007, 2008). Relationships among
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Fig. 10 AtMKKI1 and AtMPKG6 are crucial signals in seed germina-
tion of Arabidopsis. AtMKKI1 and AtMPK6 can both mediate the
sugar and ABA signaling in the seed germination. Sugar-regulated
seed germination is closely correlated with regulation of the
endogenous ABA level in seed, and AtMKKI1 and AtMPK®6 are just
the mediators for the glucose-induced regulation of ABA biosynthesis

catalase, ROS and seed germination are quite complex, we
don know whether the AtMKKI1/AtMPK6-regualted seed
germination is associated with the regulation of theses
factors.

Recently, Yoshida et al. (2006) identified and charac-
terized several mutants which showed hypersensitivity to
ABA during germination and early growth. Among these
mutants ahg3 shows the strongest ABA hypersensitivity,
and AHG3 was afterwards clarified to be a gene encoding a
protein phosphatase 2C. In addition, Nishimura et al.
(2007) also identified ABA hypersensitive mutants, ahgl-
1, which showed hypersensitivity to ABA, NaCl, KClI,
mannitol, glucose and sucrose during germination and
post-germination growth. Likely, AHGI-1 also encodes a
protein phosphatase 2C. It is well known that the reversible
phosphorylation is catalyzed by both protein phosphatase
and kinase. Our results demonstrate that the MAPKs sig-
naling pathway is involved in ABA and glucose signaling
during seed germination and the reversible phosphorylation
should play the crucial roles in seed germination.

As summarized in Fig. 10, the data presented here
demonstrate that AtMKK1 and AtMPK®6 are crucial signals
in seed germination of Arabidopsis. AtMKKI1 and At-
MPK6 can both mediate the sugar and ABA signaling in
the seed germination. Sugar-regulated seed germination is
closely correlated with regulation of the endogenous ABA
level in seed, and AtMKK1 and AtMPK6 are just the
mediators for the glucose-induced regulation of ABA
biosynthesis (Fig. 10).
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