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The functional protein phosphatase type 2C from beechnut (Fagus sylvatica; FsPP2C1) was a negative regulator of abscisic acid
(ABA) signaling in seeds. In this report, to get deeper insight on FsPP2C1 function, we aim to identify PP2C-interacting
partners. Two closely related members (PYL8/RCAR3 and PYL7/RCAR2) of the Arabidopsis (Arabidopsis thaliana) BetV 1
family were shown to bind FsPP2C1 in a yeast two-hybrid screening and in an ABA-independent manner. By transient
expression of FsPP2C1 and PYL8/RCARS in epidermal onion (Allium cepa) cells and agroinfiltration in tobacco (Nicotiana
benthamiana) as green fluorescent protein fusion proteins, we obtained evidence supporting the subcellular localization of both
proteins mainly in the nucleus and in both the cytosol and the nucleus, respectively. The in planta interaction of both proteins
in tobacco cells by bimolecular fluorescence complementation assays resulted in a specific nuclear colocalization of this
interaction. Constitutive overexpression of PYL8/RCAR3 confers ABA hypersensitivity in Arabidopsis seeds and, conse-
quently, an enhanced degree of seed dormancy. Additionally, transgenic 35S:PYLS/RCAR3 plants are unable to germinate
under low concentrations of mannitol, NaCl, or paclobutrazol, which are not inhibiting conditions to the wild type. In
vegetative tissues, Arabidopsis PYL8/RCAR3 transgenic plants show ABA-resistant drought response and a strong inhibition
of early root growth. These phenotypes are strengthened at the molecular level with the enhanced induction of several ABA
response genes. Both seed and vegetative phenotypes of Arabidopsis 355:PYLS/RCAR3 plants are opposite those of 35S:
FsPP2C1 plants. Finally, double transgenic plants confirm the role of PYL8/RCAR3 by antagonizing FsPP2C1 function and

demonstrating that PYL8/RCAR3 positively regulates ABA signaling during germination and abiotic stress responses.

It is well established that the plant hormone abscisic
acid (ABA) plays a key role in different plant de-
velopmental processes, including seed formation,
dormancy, and germination (Bewley, 1997; Gonzalez-
Guzman et al., 2002; Finkelstein et al., 2008), as well as
in plant responses to several abiotic stresses such as
drought, salt, and cold (Hugouvieux et al., 2001;
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Finkelstein et al.,, 2002; Nambara and Marion-Poll,
2005; Christmann et al., 2006). ABA acts through a
complex signaling cascade to induce changes in gene
expression, thus affecting multiple physiological pro-
cesses (Skriver and Mundy, 1990; Cutler and McCourt,
2005; Pei and Kuchitsu, 2005). Numerous ABA-
regulated genes have been identified, and genome-
scale analyses indicate that more than 2,900 genes are
responsive to ABA in Arabidopsis (Arabidopsis thali-
ana; Nemhauser et al., 2006). Several ABA signaling
components, some of them associated with germina-
tion and involved in the removal of sensitivity to ABA
function, have been characterized, including guanine
nucleotide-binding proteins (G proteins), kinases,
phosphatases, protein degradation pathways, transcrip-
tion factors, and secondary messengers (Finkelstein
et al., 2002; Lépez-Molina et al., 2003; Nishimura et al.,
2004, 2007; Verslues and Zhu, 2005; Zhang et al., 2005;
Pandey et al., 2006; Saez et al., 2006; Yoine et al., 2006;
Holdsworth et al., 2008).

Evidence suggests that ABA signaling in both seeds
and guard cells involves heterotrimeric G proteins
such as the Arabidopsis Ga subunit (GPA1), the GB
subunit (AGB1), and the candidate G protein-coupled
receptor (GCR1). Results from knockout mutants lack-
ing one or more of these components showed that
GPA1, AGBI, and GCR1 each negatively regulates
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ABA signaling in seed germination and early seedling
development, leading to hypersensitivity to ABA and
reduced seed dormancy (Pandey et al., 2006). Recently,
Pandey et al. (2009) have reported the identification of
two novel membrane proteins from Arabidopsis,
GTG1 and GTG2 (GPCR-type G proteins), that interact
with GPA1 but also have intrinsic GTP-binding and
GTPase activities. GTG1 and GTG2 bind ABA in vitro,
and double mutants lacking both proteins exhibit
ABA hyposensitivity. They suggest that GTG pro-
teins are a new type of G protein that function as
membrane-localized receptors of ABA and mediate
ABA responses in vivo.

Most recently, an ABA-specific-binding protein,
ABAR/CHLH (for putative abscisic acid receptor/
Mg-chelatase H subunit), that mediates ABA signal-
ing as a positive regulator in Arabidopsis, has been
found to specifically bind ABA using a newly devel-
oped ABA-affinity chromatography technique and
a [PH]ABA-binding assay, supporting that ABAR/
CHLH may act as an intracellular ABA receptor (Wu
et al., 2009).

A pivotal role for phosphorylation and dephosphor-
ylation processes in ABA signaling through kinases
and phosphatases is well supported by biochemical
and genetic evidence (Leung and Giraudat, 1998;
Campalans et al, 1999; Finkelstein et al.,, 2002).
The snrk2.2/snrk2.3 double mutant of two protein ki-
nases, namely SNF1-RELATED PROTEIN KINASE2.2
(SnRK2.2) and SnRK2.3, showed strong ABA insensi-
tivity for germination in comparison with wild-type
and single mutant seeds (Fujii et al., 2007).

Moreover, protein phosphatases type 2C (PP2Cs)
were identified as major components of the ABA
signaling pathway (Koornneef et al., 1989, 2002; Leung
et al., 1994, 1997; Meyer et al., 1994; Rodriguez et al.,
1998a, 1998b). Arabidopsis abi mutants abil and abi2
with dominant mutations (Koornneef et al., 1989, 2002)
are closely related members of the PP2C family
(Schweighofer et al., 2004). These mutants have greatly
reduced phosphatase activity; however, knockout mu-
tations in these loci show weak hypersensitivity to
ABA and hyperdormancy phenotype (Merlot et al.,
2001). Currently, several PP2Cs are known to regulate
ABA signaling in Arabidopsis: ABI1, ABI2, PP2CA,
HAB1, and AHGI (Nishimura et al., 2007). Expression
of many of these protein phosphatases is induced by
ABA, acting as negative regulators of the hormone
signaling pathway and providing a negative feedback
mechanism to attenuate the ABA response (Gosti et al.,
1999; Merlot et al., 2001; Tahtiharju and Palva, 2001;
Saez et al., 2004, 2006; Kuhn et al., 2006; Yoshida et al.,
2006b). Studies on knockout/knockdown and double
mutants in several PP2C family members have demon-
strated the pivotal role of these PP2Cs in ABA signaling
and the existence of some redundancy (Saez et al., 2006;
Yoshida et al., 2006b; Nishimura et al., 2007). Recently,
the PYRI-PYL/RCAR family of proteins has been
reported to function as ABA sensors by binding and
inhibiting PP2Cs, which triggers a reversible protein
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phosphorylation cascade to mediate ABA responses
(Ma et al., 2009; Park et al., 2009b). The individual
functions of the different PYL/RCAR members in ABA
signaling are now emerging, and PYL5/RCARS has
been described as an intracellular ABA receptor mod-
ulating stress responses (Santiago et al., 2009).

Although most of the research is focused on Arabi-
dopsis, important progress is also being made in other
plant species. These findings may help to answer
questions about the fundamental mechanisms control-
ling plant growth, development, and stress responses
and the role that protein phosphorylation/dephos-
phorylation plays in these processes.

We previously reported the cloning of FsPP2C1, a
functional PP2C specifically expressed in beechnut
(Fagus sylvatica), that was up-regulated upon ABA
addition in seeds and early seedlings (Lorenzo et al.,
2001). Overexpression of FsPP2C1 in Arabidopsis con-
ferred a reduced degree of dormancy compared with
wild-type seeds as well as ABA insensitivity in both
seed germination and different abiotic stresses. In
addition, FsPP2C1 transgenic plants showed ABA-
resistant early root growth and diminished induction
of the ABA response genes RAB18 and KIN2, but no
effect on the stomatal closure regulation was observed,
which proved that FsPP2C1 acts as a negative regulator
of ABA signaling (Gonzalez-Garcia et al., 2003), as de-
scribed for other Arabidopsis PP2Cs such as ABII,
ABI2, and HABI.

These PP2Cs may have different substrates/part-
ners inside the cells, but only a few have been iden-
tified (Christmann et al, 2006), and the specific
interactions and mechanisms have not been demon-
strated yet. These substrates include transcription
factors involved in the drought/stress response
(Himmelbach et al., 2002), protein kinases such as
OST1/SnRK2.6 (Yoshida et al., 2006a), K* channels
(Cherel et al., 2002), calcineurin B-like calcium sensors
(Guo et al., 2002), a glutathione peroxidase (Miao etal.,
2006), and a stress-induced photoprotective plastid
protein (Yang et al., 2006).

To get deeper insight into the function of this PP2C
from Fagus in ABA signaling and ABA-regulated
responses, we started a search for putative FsPP2C1
cell substrates or interacting proteins by yeast two-
hybrid analysis. We have found at least one protein
that strongly interacts with FsPP2C1, named PYLS8/
RCARS3, and this interaction is interestingly localized
in the nucleus. This FsPP2Cl-interacting partner be-
longs to the BetV I subfamily described by Radauer
et al. (2008), whose members have been identified as
PP2C inhibitors (Ma et al., 2009; Park et al., 2009b;
Santiago et al., 2009). Overexpression of PYL8/RCAR3
produces hypersensitivity to ABA in seed germination
and increased tolerance to water stress in vegetative
tissues, suggesting an important role for this protein in
ABA signaling and ABA-regulated genes involved in
dormancy, germination, and stress responses.

Characterization and function of these proteins will
serve for a better understanding of the PP2C regula-
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Table I. FsPP2Cl-interacting proteins obtained by yeast two-hybrid
assay in Arabidopsis

Clon Arabidopsis Genome S N No. of

one Initiative No. cquence Clones
PYL8/RCAR3 At5g853160 —46...691 5
PYL7/RCAR2 At4g01026 24...556 1
PP2C-1P3 At2g23380 (CLF) 6...983 1

tory mechanisms involved in ABA signaling and in the
ABA-mediated mechanisms controlling seed dor-
mancy, germination, and stress responses.

RESULTS

Identification of FsPP2C1-Interacting Proteins by Yeast
Two-Hybrid Screening

We have previously reported the isolation and func-
tional characterization of FsPP2C1 as a plant type 2C
protein phosphatase, with all the conserved features of
the catalytic domain of these proteins (Lorenzo et al.,
2001), which acts as a negative regulator of ABA
responses in seeds (Gonzéalez-Garcia et al., 2003). Our
results suggest that this PP2C from beech, which is a
foreign protein in Arabidopsis tissues, possesses at
least its corresponding signaling components (sub-
strate, activator, or partner) in this plant model species.

In a search of FsPP2C1-interacting proteins (PP2C-
IPs) in Arabidopsis, a yeast two-hybrid screening was
performed using FsPP2C1 as bait. As a result, we
have identified three different proteins (PYLS8/
RCARS3, PYL7/RCAR2, and PP2C-IP3) showing in-
teraction with FsPP2C1 (Table I). Two of the PP2C-IPs
are closely related members of an Arabidopsis gene
family, namely At5g53160 (PYL8/RCAR3) and
At4g01026 (PYL7/RCAR?2; Fig. 1). In particular, five
clones belonging to the same PYL8/RCAR3 were
identified, explaining a strong interaction. BLAST
searches in Arabidopsis using the amino acid se-
quence encoded by both genes as query revealed high
similarity with the PYR1-PYL/RCAR gene family
recently identified (Ma et al, 2009; Park et al.,
2009b) and composed of 14 members. All members
encode small proteins, ranging between 165 and 221
amino acid residues (approximately 20 kD), charac-
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terized by the presence of the well-conserved BetV I
family signature in many members of the family (Fig.
2A), as revealed by protein domain analysis using the
InterPro database (http://www.ebi.ac.uk/interpro).
This signature is present in different plant allergens,
and specifically, the BetV I family corresponds to
particularly potent allergens from white birch (Betula
verrucosa) pollen.

The phylogenetic relationship between PYL8/
RCAR3 and other closely related plant protein PYR-
PYL/RCARs is shown in Figure 2B. A phylogenetic
tree was constructed using the 14 Arabidopsis PYR-
PYL/RCARs and homologs from the genome se-
quence databases of five lower and higher plants
(Physcomitrella patens, Selaginella moellendorfii, Populus
trichocarpa, Vitis vinifera, and Oryza sativa; Fig. 2B;
Supplemental Table S1). The phylogenetic tree reveals
the presence of ancient gene duplication events that
predate the speciation of dicots, monocots, and mosses,
leading to the six distinct clades indicated in Figure
2B. The data available after recent sequencing projects
have revealed the conservation of PYR-PYL/RCAR in
lower land plants such as the moss P. patens and in the
lycophyte S. moellendorfii. Different PYR-PYL/RCAR
subgroups can be identified, and proteins from all
plant species analyzed are present in at least one
subgroup, suggesting the probable existence of PP2C-
IP homologs in all considered genomes as well as in
the common ancestor of all the species examined. One
of the clades contains exclusively sequences from the
lower plants P. patens and S. moellendorfii, suggesting
that this lineage of plants contains a copy of BetV
I-containing proteins with specialized functions. Ad-
ditionally, three clades can be clearly distinguished,
which include most of the PYR-PYL/RCARs from
higher plants where duplications are present and two
other clades including Arabidopsis and one or two
more higher species.

The high identity found in the BetV I domain and
the evolutionary conservation among these PYR-PYL/
RCARs support a regulatory function for this domain.
Moreover, the interaction of two members of this
family with the ABA-related plant type 2C protein
phosphatase FsPP2C1 suggests that they might have a
role in the ABA signal transduction pathway, but it has
not been investigated yet.

Figure 1. Yeast two-hybrid assay for FsPP2C1-
interacting proteins. Two-hybrid interaction test of
FsPP2C1 (whole protein) with two different proteins,
At5g53160 (PYL8/RCAR3) and At4g01026 (PYL7/
RCAR2). Left, control plate. Middle and right, test
plates (—His,—Met and —His, —Met,+3-aminotriazole
[3AT], respectively). For the constructs, the
FsPP2C1 was fused to the Gal4 DNA-binding domain
(BD) and At5g53160 (PYL8/RCAR3) and At4g01026
(PYL7/RCAR2) were fused to the Gal4 activation
domain (AD).
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Figure 2. A, Sequence alignment
of PYL8/RCAR3 (At5g53160) pro-
tein with other members of the
BetV | family in Arabidopsis. Posi-
tions with identical amino acid
residues are highlighted in black,
while similar amino acid residues
are colored in gray. The consensus
sequence is represented by aster-
isks, colons, and dots. B, Phyloge-
netic tree of the plant PYR-PYL/
RCAR BetV | family reported to
the updated database (http:/www.
phytozome.net/) with high sim-
ilarity to Arabidopsis. Accession
numbers are shown in Supplemen-
tal Table S1. Phylogenetic and mo-
lecular evolutionary analyses were
conducted using MEGA version 4
(Tamura et al., 2007), and the tree
has been built using the minimum
evolution method. The clades within
the family are shaded in different
colors.

136

A

AtS5G53160
At4g01026
At5G05440
At1g73000
consensus

At5g53160
At4g01026
At5g05440
At1g73000
consensus

At5g53160
At4g01026
At5g05440
At1g73000
Consensus

PYL8/RCAR3
PYLT/RCAR2
PYL5/RCARS
PYL3/RCAR13

AT5953160
At4g01026
At5g05440
At1g73000
Consensus

sP2CPL9 PYLI/RCARI12

\ \ PYR1/RCAR11
PtP2CPLIZ2
, PIP2CPLIN

SRCARB

/ /" PP2CPLID

/S - CPLG
o = WWP2CPL5
—

SZ_PP2CPL8
PIP2CPLT

N

WP2CPLT™. '\

NN,
F&P?CF"LI&.\_\\\\ \\ \
PP2CPLIA—NN N\ \

VWP2CPL3 1
PIP2CPLE —=— 77
PIP2CPLS ~
PIP2CPLY »~
PIP2CPL3

N\ Pie2cPL2 ™ 0sP2CPL4
\ PtP2CPL1 \\,A_
\ VWP2CPL1 =

VwP2CPL2

005

Plant Physiol. Vol. 152, 2010



Subcellular Localization of the FsPP2C1 and
PYLS8/RCAR3 Proteins

To ascertain the potential site of action of FsPP2C1
and its interacting partner within the cell, the subcel-
lular localization of these proteins was investigated
using N-terminal GFP fusions of full-length FsPP2C1
and PYL8/RCAR3. As depicted in Figure 3A, transient
expression of these constructs in epidermal onion cells
showed that the PYL8/RCAR3 cellular expression
pattern was similar to that of the native GFP, demon-
strating that the full-length protein appeared in both
the cytoplasm and the nucleus. Furthermore, FsPP2C1
was mostly localized in the nucleus. The exact local-
ization of this protein was corroborated with confocal
microscopy slides of cell sections through the nucleus
and showing the expression of GFP-FsPP2C1. Inter-
estingly, C-terminal GFP fusions of FsPP2C1 altered
the subcellular localization of the native protein in
tobacco (Nicotiana benthamiana) and Arabidopsis cells,
indicating the presence of signals in this end that
might be relevant for its localization pattern (Supple-
mental Fig. S1).

In a similar way, agroinfiltration analysis of the
same constructs delivered in tobacco leaves confirmed
the same subcellular localization for FsPP2C1, high-
lighting the nuclear pattern and the localization for the
FsPP2Cl-interacting partner (PYL8/RCAR3) appear-
ing in the whole cell (Fig. 3B).

In Planta Interaction between FsPP2C1 and
PYL/RCAR Proteins

Bimolecular fluorescence complementation (BiFC)
assays were used to detect the interaction between
FsPP2C1 and the PYL/RCAR proteins PYL8/RCAR3
(At5g53160) and PYL7/RCAR2 (At4g01026) in plant
cells. With this purpose, FsPP2C1 was translationally
fused to the C-terminal 84-amino acid region of the
yellow fluorescent protein (YFP) in the pYFP“43 vector
(derived from pMDC43; Curtis and Grossniklaus,
2003), which generated a YFPC-FsPP2C1 fusion protein
(Fig. 3C). Moreover, At5g53160 and At4g01026 were
translationally fused to the N-terminal 155-amino acid
region of the yellow fluorescent protein (YFPY) in the
pYFPN43 vector, which generated the YFPN-At5¢53160
and YFPN-At4g01026 fusion proteins, respectively (Fig.
3C). The corresponding constructs were codelivered
into tobacco leaf cells by Agrobacterium tumefaciens
infiltration, and as a result, fluorescence was observed
in the nucleus of tobacco cells (Fig. 3, D and E), in
agreement with the previous finding in the two-hybrid
assay and subcellular localization. Similar results were
obtained when another member of the PYR1-PYL/
RCAR family of interacting partners, PYL5/RCARS
(At5g05440), was used for BiFC assays (Fig. 3D), show-
ing the specificity of the FsPP2C1-PYL/RCAR family
interaction.

Additionally, we corroborated the feasibility of these
PP2C-interacting partners by analyzing the interaction
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between PYL8/RCAR3 and members of the Arabi-
dopsis clade A PP2Cs to whom FsPP2C1 is the closest
ortholog. Therefore, we used HAB1 and the mutated
version hab1G246D, corresponding to the same muta-
tion found in the dominant abil-1 and abi2-1 mutants
(Fig. 4). Interestingly, we were able to also demonstrate
the interaction between PYL8/RCAR3 and HABI,
while the mutation hab1G246D was able to abolish
this interaction (Fig. 4, A and B). These in vivo target-
ing experiments also determined the subcellular
localization of the interaction in both the nucleus and
the cytosol (Fig. 4C), which is quite similar to that
described for HAB1 (Séez et al., 2008).

The specific nuclear localization of the FsPP2C1-
PYL8/RCAR3 and the rest of the FsPP2C1-PYL/
RCAR interactions suggest an interesting function for
these complexes in ABA signaling and ABA-regulated
gene expression.

Generation and Characterization of 35S:PYL8/RCAR3
Transgenic Lines

Previously, we had shown that FsPP2C1 was
strongly up-regulated by ABA treatment, specifically
expressed in ABA-treated dormant seeds, and that
this expression was negatively correlated with germi-
nation (Lorenzo et al., 2001). The expression of the
PP2C-interacting partner PYL8/RCAR3 (At5g53160)
displayed a pattern largely opposite to that of FsPP2C1
and was down-regulated by ABA. Gene expression
analysis using Genevestigator software (http://www.
genevestigator.ethz.ch; Zimmermann et al., 2004) re-
vealed that expression of PYL8/RCAR3 was strongly
down-regulated by salt and osmotic stress as well as by
ABA treatment (Supplemental Fig. S2A). In contrast
with most of the other PYR-PYL/RCAR members,
PYL7/RCAR?2 (At4g01026) seems to behave differently
in the gene expression profiles from Genevestigator
shown in Supplemental Figure S2A, since an increased
expression in response to ABA, salt, osmotic, or drought
stress is observed. Furthermore, using the eFP browser
from BAR (http:/ /bar.utoronto.ca), we compared the
transcription levels of PYL8 (At5g53160) versus PYL7
(At4g01026) in different plant tissues and developmen-
tal stages (Supplemental Fig. S2, B and C), showing a
different expression pattern mainly in seeds (dry and
imbibed) and seedlings, which may indicate different
functions for some members of this new family.

Taking into account that homologous genes of the
same family usually present functional redundancy to
varying degrees, we have chosen a gain-of-function
approach to provide genetic evidence on the role of the
PYL8/RCAR3 gene in ABA signaling by generating
355:PYL8/RCAR3 transgenic lines to further analyze
the ABA responses in them (Fig. 5).

To this end, the coding region of PYLS/RCAR3 was
fused to the cauliflower mosaic virus 35S promoter in
the binary vector pBIN121, and the construct was used
to transform Arabidopsis plants (Columbia [Col-0]
background; Supplemental Fig. S3A).
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Figure 3. Subcellular localization of FsPP2C1, PYL8/RCAR3 (At5g53160), and the protein interactions between FsPP2C and
PYL/RCAR proteins determined in leaf epidermis of tobacco plants. A, Transiently transformed epidermal onion cells. Confocal
microscopy slides of cell sections show the exact localization of the GFP-FsPP2C1 and GFP-At5g53160 proteins in epidermal
onion cells. B, Agroinfiltration analysis in tobacco leaves. Constructs delivered in both cases correspond to N-terminal GFP
fusions of full-length FsPP2C1 (35S: GFP-FsPP2C1) and At5g53160 (355:GFP-At5g53160). Nuclear and cytosolic distribution of
the GFP protein alone is shown as a control (355:GFP). C, Constructs used in the transformation of tobacco. LB, Left border; RB,
right border. D, BiFC detection of protein-protein interactions in subcellular locations. The interactions between YFP"-
At5g53160 and YFPS-FsPP2C1 (top), YFP"-At4g01026 and YFP“-FsPP2C1 (middle), and YFP"-At5g05440 and YFP“-FsPP2C1
(bottom) are shown. E, Confocal microscopy images showing the exact localization of the FsPP2C1-At5g53160 interaction in the
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nucleus in the absence and presence of ABA.
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Most of the 355:PYL8/RCAR3 T1 kanamycin-resis-
tant lines recovered showed an ABA-hypersensitive
phenotype to different degrees in seed germination, as
compared with untransformed plants or plants trans-
formed with the empty vector (data not shown). For
each line, T2 seeds were plated on selection medium to
test the segregation ratio of kanamycin resistance.
Finally, six T3 homozygous lines were selected, and
Southern-blot analysis displayed double and single
insertions of the 355:PYL8/RCAR3 transgene (Supple-
mental Fig. S3B). Expression levels of the 355:PYLS/
RCAR3 transgene in three different lines analyzed by
quantitative (Q)-PCR presented in Supplemental Fig-
ure S3C showed substantially higher (3- to 8-fold)
expression compared with wild-type plants, as ex-
pected. Out of the T3 homozygous lines obtained,
three lines with a single insertion were selected for
further analysis.

Constitutive Expression of PYLS/RCAR3 in Arabidopsis
Confers ABA Hypersensitivity in Seeds

The specific interaction of PYL/RCAR with
FsPP2C1, which is up-regulated by ABA in beech
seeds (Lorenzo et al, 2001), prompted us to test
whether constitutive expression of PYL8/RCAR3 in
Arabidopsis would affect ABA sensitivity in seeds.

Plant Physiol. Vol. 152, 2010
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Figure 4. Subcellular localization of the protein in-
teraction between Arabidopsis HAB1 and PYL8/
RCAR3 (At5g53160) determined in leaf epidermis
of tobacco plants. A, No BiFC detection of protein-
protein interactions was found between the mutated
version of HAB1 (YFP“-hab1G246D) and YFP"-
At5g53160. B, The interaction between YFP"-
At5g53160 and YFPS-HAB1 is shown. C, Confocal
microscopy image showing the exact localization
of the HAB1-At5g53160 interaction in the cell.

Seed germination of PYLS8/RCAR3-overexpressing
transgenic plants in medium supplemented with ABA
is shown in Figure 5A. At 8 d poststratification, radicle
emergence and development of green and expanded
cotyledons was mostly inhibited in 355:PYL8/RCAR3
seeds at 0.5 um ABA (and also under 0.7 um ABA),
while control Col-0 seeds showed nearly 70% germi-
nation in 0.5 um ABA. To further substantiate this
result, we compared the germination of ABA-hyper-
sensitive mutants (hab1) and wild-type seeds with that
of 355:PYL8/RCAR3 transgenics in medium supple-
mented with ABA (Fig. 5A). The addition of 0.5 um
ABA decreased the percentage of germination in
hab1-1 to 25%, similar to the germination observed in
355:PYL8/RCAR3 transgenic lines. Clearly, under a
concentration not completely inhibitory for the wild
type (0.5 um ABA), PYL8/RCAR3-overexpressing lines
reached less than 20% germination. 355:PYL8/RCAR3
seeds were unable to germinate and grow under this
low ABA concentration; therefore, they showed en-
hanced sensitivity to ABA.

Mature Arabidopsis seeds exhibit primary dor-
mancy when freshly released from the mother plant,
which means that seeds are unable to germinate under
the appropriate environmental conditions unless they
are treated with dormancy-breaking treatments such
as stratification or gibberellins (GAs; Koornneef and
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Figure 5. Seed-specific phenotypes of 355:PYL8/RCAR3 plants. A, ABA-hypersensitive inhibition of germination in 35S:
At5g53160 lines as compared with wild-type plants. Percentage of seed germination and early seedling growth in the presence of
the indicated ABA concentrations are shown. Approximately 200 seeds of Col-0 and three independent 35S lines (1-3) were
sown and scored 8 d later. Photographs show wild-type (Col-0) and three 355:At5g53160 independent lines (1-3) in medium
lacking or supplemented with 0.5 and 0.7 um ABA 8 d after sowing. B, Dormancy assay of PYL8/RCAR3-overexpressing seeds.
Germination percentage was determined at 5 d after seed stratification at 4°C for O h (black bars), 24 h (dark gray bars), 48 h (light
gray bars), and 72 h (white bars). Three independent PYL8/RCAR3 transgenic lines in wild-type (Col-0) background were used, as
well as the abi -1 mutant and wild-type plants with different degrees of dormancy (Col-0 and Emkheim). C, Germination assay in
the presence of the GA biosynthesis inhibitor paclobutrazol (PCB). Germination rating is represented as the percentage of seeds
that germinated and developed green cotyledons in the presence of 1 and 10 um paclobutrazol. Three independent 35S:PYL8/
RCARS3 transgenic lines in wild-type (Col-0) background were used (1-3), as well as the indicated wild-type plants. Seeds were
scored 5 d after sowing. D, Stress germination assays. Percentage of seed germination and early seedling growth in MS medium
or medium supplemented with either 250 mm mannitol or 125 mm NaCl are shown. Seeds were scored 4 d after sowing.
Photographs show wild-type (Col-0), abil-1, 355:FsPP2C1 (Gonzalez-Garcfa et al., 2003), and two 35S5:At5g53160 independent
lines (1 and 2) in medium supplemented with 125 mm NaCl or 200 mm mannitol. Data are averages * st from three independent
experiments.

Karssen, 1994). To determine the degree of dormancy
of 355:PYL8/RCAR3 seeds, we compared the germina-
tion percentage of the seeds harvested at the same
time after different cold treatment periods (0, 24, 48,
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and 72 h) with that of two wild-type plants with
different degrees of dormancy (Col-0 and Emkheim)
and with ABA-related mutants that produce nondor-
mant seeds (abil-1). As a result, all of the PYL8/
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RCARS3 transgenic lines exhibited an enhanced degree
of dormancy compared with the Col-0 wild type, very
similar to that of the Emkheim ecotype but signifi-
cantly different from the abi mutants (Fig. 5B). In the
absence of stratification at 4°C, PYL8/RCAR3 trans-
genic seeds were unable to germinate, reaching 10% to
25% germination after 1 d of treatment, suggesting that
this protein may be related to ABA-regulated dor-
mancy.

To fully characterize the hypersensitive phenotype
of 355:PYL8/RCARS3 seeds, an additional seed germi-
nation assay was carried out in the presence of
paclobutrazol, a well-known inhibitor of GA bio-
synthesis. GAs are antagonistic to ABA; therefore,
seeds with reduced sensitivity to ABA (or diminished
ABA levels) show paclobutrazol-resistant germination
(Koornneef et al., 1998). In contrast to the wild type,
355:PYL8/RCAR3 seeds were unable to germinate and
develop green cotyledons in medium supplemented
with 1 and 10 um paclobutrazol, indicating that they
are more dependent on GA biosynthesis at this devel-
opmental stage (Fig. 5C).

These results demonstrate that 35S:PYLS/RCAR3
seeds exhibit an enhanced degree of seed dormancy
and sensitivity to inhibition of germination by exoge-
nous ABA and paclobutrazol, suggesting that PYL8/
RCAR3 might be involved as a positive regulator in
ABA responsiveness in seeds.

35S5:PYLS/RCAR3 Seeds Are Hypersensitive to Salt and
Osmotic Stresses

It has been suggested previously that ABA regulates
many different stress responses. To test whether the
ABA sensitivity induced by overexpression of PYL8/
RCAR3 during germination is also effective against
other ABA-mediated stresses that increase ABA levels,
we analyzed the seed germination response of PYLS/
RCAR3 transgenic lines in the presence of low con-
centrations of NaCl and mannitol (Fig. 5D) and com-
pared it with that of wild-type plants.

Seed germination under 250 mM mannitol and
125 mm NaCl leads to a severe delay in radicle emer-
gence and further growth arrest in 355:PYLS8/RCAR3
individuals; in contrast, wild-type seeds were able to
germinate and develop green cotyledons under such
conditions (Fig. 5D). These results indicate that PYLS/
RCAR3-expressing seeds are neither osmotolerant nor
resistant to low salt concentration in this germination
assay.

Effect of PYLS/RCAR3 Overexpression in
Vegetative Tissues

To determine the extent to which PYLS8/RCAR3
overexpression could affect whole plant phenotypes,
we analyzed ABA sensitivity in vegetative tissues of
the ABA-related mutant abil-1, three 355:PYLS8/RCAR3
transgenic lines, and wild-type plants.
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ABA has an inhibitory effect on root growth
and, consequently, ABA-insensitive mutants and
FsPP2C1-overexpressing plants are resistant to this
ABA-mediated process (Himmelbach et al., 1998;
Gonzélez-Garcia et al.,, 2003). Twelve-day-old 35S:
PYL8/RCARS3 seedlings grown in the presence of 10
and 30 uMm ABA showed an enhanced inhibition of
root growth compared with wild-type plants and to a
greater extent with that of abi mutants (Fig. 6A).
When grown in the absence of ABA, the PYLS/
RCAR3-overexpressing plants did not display any
visible phenotypic alteration.

ABA triggers stomatal closure and consequent
reduction in water loss under drought conditions.
The Arabidopsis ABA-insensitive mutants abil-1 and
abi2-1 are impaired in the ABA-induced stomatal
closure and, therefore, in their ability to limit tran-
spiration upon drought. On the contrary, PYLS/
RCAR3 overexpression did affect stomatal regula-
tion, since 355:PYL8/RCAR3 plants showed lower
rates of transpiration than wild-type plants under
drought conditions (not watered after 7 d), which
lost approximately 80% fresh weight after 7 d (Fig. 6,
B and Q).

Altered Expression of ABA-Responsive Genes in
PYL8/RCAR3 Transgenics

To examine whether the enhancement in ABA
sensitivity in transgenic plants was accompanied by
altered expression of ABA-responsive genes, we
compared the expression of several previously re-
ported ABA-inducible genes, RAB18, Al-pyrroline-5-
carboxylate synthase (P5CS1), RD29A, and RD29B, in
355:PYL8/RCAR3 with that of Col-0 and abil-1 (Fig.
7). RAB18 (Lang and Palva, 1992; Parcy et al., 1994) is
an ABA-inducible gene whose expression is drasti-
cally inhibited both in abil-1 and abi2-1 mutants
(Leung et al., 1997), and accumulation of P5CS1
mRNA is induced by drought, salinity, and ABA
and is reduced by approximately 50% in the abil-1
mutant compared with wild-type plants (Strizhov
et al., 1997). Similarly, RD29A and RD29B are cold-,
drought-, and ABA-inducible genes that contain
ABA-responsive elements in their promoters. RD29A
contains in addition the dehydration-responsive
element, which is involved in a rapid response to
conditions of dehydration or high salt (Yamaguchi-
Shinozaki and Shinozaki, 1994).

Regarding this effect, 355:PYL8/RCAR3 plants be-
have opposite to the abil-1 mutant, as they showed a
high induction (3- to 5-fold) in the expression of
RAB18, P5CS1, RD29A, and RD29B upon ABA treat-
ment from that detected in wild-type plants.

Taken together, these results indicate that expression
of PYL8/RCARS3 in vegetative tissues increases ABA-
responsive gene expression and is also linked to ABA-
related physiological responses such as enhanced
dormancy level, stress-resistant germination, inhibi-
tion of root growth, and desiccation tolerance.
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Figure 6. Vegetative phenotypes of A
358:PYL8/RCAR3 plants. A, Root
growth inhibition assay for scoring
ABA hypersensitivity. Growth of Col-0
and abi1-1 plants and three indepen-
dent 35S:PYL8/RCAR3 lines (1-3) in 1,4

medium lacking (MS) or supplemented ’é‘
with 3 and 5 um ABA is shown. Data o 2
are averages * st from three indepen- z 1
dent experiments (n = 20 seedlings per b~
experiment). Photographs show repre- o
sentative seedlings 7 d after the transfer 5 0,6
of 5-d-old seedlings from MS to plates °
supplemented with 3 and 5 uM ABA. g 04
B, Whole plant transpiration assay. x 0.2
Photograph showing the drought phe- .

notype of five independent 35S:PYL8/

RCAR3 lines (1-5) compared with
wild-type and abil-1 plants. C, Loss

of fresh weight measured in whole

plants of either Col-0 or three indepen-

dent 35S:PYL8/RCAR3 lines (1-3). B
Data values represent one of three
independent experiments with similar

results, and st in all the genotypes and

time points is less than 5%.
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Overexpression of Both PYL8/RCAR3 and FsPP2C1 Show
Enhanced Response to ABA

To further assess the real function of PYL8/RCAR3
in planta and its relevance in the ABA signal trans-
duction pathway, we generated double transgenic
lines that overexpressed both FsPP2C1 and PYLS8/
RCARS3. Functional analysis of these plants has also
shown an enhanced response to ABA during seed
germination and early seedling growth, similar to
PYL8/RCAR3-overexpressing lines and greatly differ-
ent from the ABA insensitivity displayed by the gain-
of-function 355:FsPP2C1 lines or the dominant abil-1
mutant (Fig. 8). These results confirm that PYL8/
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RCARS3 is able to antagonize FsPP2C1 function in the
plant.

DISCUSSION

ABA is one of the main factors controlling seed
formation, dormancy, and germination (Koornneef
and Karssen, 1994; Bewley, 1997) and abiotic stress
responses (Lopez-Molina et al.,, 2001; Gonzalez-
Guzman et al., 2002). Genetic screens used to find
new components of ABA signaling associated with
germination have recently identified many loci that

Plant Physiol. Vol. 152, 2010



Nuclear FsPP2C1 Partner Positively Regulates ABA Signaling

Figure 7. Expression of the ABA-regu-
lated RAB18, P5CS1, RD29A, and
RD29B genes in 35S5:PYL8/RCAR3
plants (1-3) compared with the wild
type (Col-0 transgenic plants) and
abil-1 controls. mRNA levels of the
indicated genes were determined by
Q-PCR analysis using total RNAs iso-
lated from mock-treated plants (white
bars) or 10 um ABA-treated plants
(black bars) for 3 h.
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are involved in the removal of sensitivity to ABA
function (Nishimura et al.,, 2004, 2007; Zhang et al.,
2005; Pandey et al., 2006; Séez et al., 2006; Yoine et al.,
2006). These loci encode diverse functions, including
those associated with protein degradation pathways
(Lopez-Molina et al., 2003; Zhang et al., 2005) and
kinase/phosphatase components of signaling path-
ways.

PP2Cs are key enzymes in ABA signaling, since
Arabidopsis PP2C mutants show altered responses to
ABA-regulated processes. We have previously isolated
and characterized a PP2C from beechnut, FsPP2Cl,
with an important role in ABA-mediated signal trans-
duction in both seed dormancy/germination and dif-
ferent abiotic stress responses (Lorenzo et al., 2001).
Although there is much evidence on the function of
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PP2Cs in ABA signaling, studies on their substrates/
partners, and therefore the way they act into the cell,
are very scarce. Our previous published results
(Gonzalez-Garcia et al.,, 2003) revealed that 35S:
FsPP2C1 plants behave as abil-1 and abi2-1 mutants,
as they showed a severe reduction in the expression of
RAB18 upon ABA treatment. Taking these results
together, we conclude that FsPP2C1 functions as a
negative regulator of ABA signaling in Arabidopsis
plant tissues (even as a foreign protein), and we
reasoned that the PP2C from beech might possess at
least the corresponding signaling components (sub-
strate, activator, or partner) in this plant model species
to achieve its function.

With these premises, we started the search for
putative cell substrates of FsPP2C1 by yeast two-

358:FsPP2C1;355:PYL8/RCAR3
2

Figure 8. Seed-specific phenotypes of double transgenic 35S:FsPP2C1;35S:PYL8/RCAR3 plants. ABA-hypersensitive inhibition
of germination in 355:FsPP2C1,;355:PYL8/RCAR3 lines as compared with wild-type plants is shown. Seed germination and early
seedling growth in the presence of 0.5 um ABA concentration are also shown. Approximately 200 seeds of Col-0 and four
independent 35S lines (1-4) were sown and scored 8 d later. Photographs show wild-type (Col-0) and four 35S:At5g53160
independent lines (1-4) in medium supplemented with 0.5 um ABA 8 d after sowing. [See online article for color version of this

figure.]
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hybrid analysis (Table I; Fig. 1). Thus, we have iden-
tified some proteins interacting with FsPP2C1 (PP2C-
IPs) and characterized one of them, PYL8/RCAR3.
PYL8/RCARS3 belongs to the BetV I family (Fig. 2A),
characterized by the presence of a well-conserved
signature found in different plant allergens and par-
ticularly potent in the case of white birch pollen. BetV I
is a representative of the group 10 family of patho-
genesis-related (PR) proteins, and other PR-10 mem-
bers also display the BetV I signature (Iturriaga et al.,
1994; Srivastava et al., 2006). However, we have found
that this structural motif is also present in many
members of the Arabidopsis family hereby identified,
which are not related to PR-10 proteins, as shown by
amino acid sequence alignments (Fig. 2B). Further
NMR analysis confirmed earlier predictions of IgE-
binding epitopes of BetV I and revealed a protein
structure composed of six antiparallel B-strands and
three a-helices (Faber et al., 1996, Markovic-Housley
et al.,, 2003; Spangfort et al., 2003), which defines a
hydrophobic cavity involved in the binding of lipid
molecules (Radauer et al., 2008).

Recently, Ma et al. (2009) identified a 14-member
protein family, named RCAR, in a yeast two-hybrid
screen for plant proteins that interact with PP2Cs that
negatively regulate ABA signaling. RCAR proteins
bind ABA and block the phosphatase activity of PP2Cs
in an ABA-dependent manner in vivo. The ABA
affinity of the RCAR-PP2C protein complex is much
higher than that of RCAR, which is consistent with a
heteromeric receptor complex. Concomitantly, Park
et al. (2009b) identified the same 14-member family of
proteins, named PYR1 and PYL (for PYR-like), which
are functionally redundant and mediate multiple ABA
responses in vivo. Furthermore, using biochemical
and genetic approaches, they found that ABA pro-
motes the interaction of PYR1 with group A PP2Cs,
leading to inhibition of PP2C enzymatic activity. In
light of these results, both teams conclude that PYR1,
PYLs, and RCARs form a large subfamily of cytosolic
ABA receptors belonging to the BetV I family that act
by binding and inhibiting type 2C protein phospha-
tases, thus triggering a reversible protein phosphoryla-
tion cascade that mediates ABA responses (Ma et al,,
2009, Park et al., 2009b).

Studies of orthologous genes and functional tests in
heterologous systems have shown that the ABA signal
transduction pathway is mostly conserved among
evolutionarily distant plant species (for review, see
Finkelstein et al., 2002; Gonzalez-Garcia et al., 2003).
The phylogenetic analysis described here shows that
the PYR-PYL/RCAR gene family has been subjected to
several gene duplication events and that some of these
duplication events are ancient, predating the radiation
of the major groups of land plants. Such gene dupli-
cation events were often followed by diversification of
protein function; thus, the presence of the ancient
clades shown in Figure 2B suggests that some mem-
bers of the BetV I family have distinct functions. The
phylogenetic analysis will be useful for determining
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orthology relationships among the genes and identi-
fying targets for future functional analyses.

The site of action of PP2Cs in ABA responses is
unknown. In a recent report, Moes et al. (2008) de-
scribed the nuclear localization of ABI1 wild-type and
mutant proteins and the requirement of a functional
nuclear localization sequence in order to regulate ABA
sensitivity and ABA-dependent gene expression, and
they suggested that ABIl1 reprograms sensitivity to-
ward ABA in the nucleus. Similarly, Saez et al. (2008)
confirmed the interaction of HAB1 and SWI3B (an
Arabidopsis homolog of the yeast SWI3 subunit of
SWI/SNF chromatin-remodeling complexes) in the
nucleus and suggested a direct involvement of HAB1
in the regulation of ABA-induced transcription. Re-
markably, one of the ABI1 and HABI ortholog genes in
beech (FsPP2C1) is also localized mainly in the nucleus
(Fig. 3, A and B), although the consensus sequence
differs from that described in the C-terminal extension
of ABI1 (Lorenzo et al., 2001). The N-terminal exten-
sion of the PP2Cs has been suggested to facilitate the
interaction with different substrates (Rodriguez, 1998)
and N-terminal deletions of ABI1 and AtPP2CA, lead-
ing to enhanced PP2C activity, which suggests a reg-
ulatory function for this domain (Sheen, 1998).
Interestingly, evidence that the AtPP2CA C-terminal
(catalytic) domain is directly involved in the inter-
action with ATK2 (Cherel et al.,, 2002) and ATK3
(Vranova et al., 2001) has been provided.

BiFC analysis provides in planta evidence for the
interaction of FsPP2C1 and several members of the
PYR-PYL/RCAR family (Fig. 3, D and E). While
FsPP2C1 subcellular location is mainly in the nucleus,
PYL8/RCARS3 is localized in both nucleus and cytosol;
however, the BiFC assay clearly identified a nuclear
colocalization of both proteins. Interestingly, the inter-
action between FsPP2C1 and PYL7/RCAR2 and
PYL5/RCARS is also present mostly in the nucleus.
It is noteworthy that most of the targets previously
identified for clade A PP2Cs were not nuclear proteins
(Cherel et al., 2002; Guo et al., 2002; Ohta et al., 2003;
Miao et al.,, 2006; Yang et al., 2006; Yoshida et al,,
2006a). However, it is supposed that the interaction of
ABI1 with the transcription factor ATHB6 must be
nuclear (Himmelbach et al., 2002).

Although FsPP2C1 and the corresponding PP2C
orthologs belonging to clade A (Schweighofer et al.,
2004) have been described as negative regulators of
ABA signaling, they are strongly induced by ABA as a
sort of negative feedback mechanism (Lorenzo et al.,
2001; Merlot et al., 2001; Gonzalez-Garcia et al., 2003).
Conversely, expression of PYL8/RCAR3 was strongly
down-regulated by salt and osmotic stress as well as
ABA treatment (Supplemental Fig. S2A). Therefore,
expression of clade A PP2Cs and most PYR-PYL/
RCARs mirrors an opposite pattern that would fit into
the negative feedback regulatory mechanism, taking
into account that PYR-PYL/RCAR proteins inhibit the
activity of clade A PP2Cs (Ma et al., 2009; Park et al.,
2009b; Santiago et al., 2009; Szostkiewicz et al., 2009).

Plant Physiol. Vol. 152, 2010



In contrast with most of the other PYR-PYL/RCAR
members, PYL7/RCAR?2 (At4g01026) displays an op-
posite gene expression profile (Supplemental Fig.
S2A), with increased expression in response to ABA,
salt, osmotic, or drought stress. A comparison of the
transcription levels of PYLS (At5g53160) versus PYL7
(At4g01026) in different plant tissues and develop-
mental stages (Supplemental Fig. 52, B and C) high-
lights the different expression patterns in seed
development, dry and imbibed seeds, and seedlings,
which may indicate different functions for some mem-
bers of this new family.

The features of PYL8/RCAR3 (i.e. interaction with
ABA-regulated PP2Cs and ABA down-regulation)
made it a suitable candidate potentially involved in
aspects of ABA signaling in seeds and, consequently, as a
regulator of seed dormancy. Genetic evidence was nec-
essary to assess whether PYL8/RCARS3 functions as a
positive or a negative regulator of seed dormancy, ger-
mination, and stress responses. In this study, we used a
gain-of-function approach in Arabidopsis to investigate
PYL8/RCARS3 function (Supplemental Fig. S3).

Overexpression of PYL8/RCAR3 in Arabidopsis
results in hypersensitivity to ABA in seeds. Based on
these results, we conclude that PYL8/RCARS3 is a
positive regulator of ABA signaling, since constitutive
expression in Arabidopsis leads to enhanced seed
responses to ABA and, consequently, to enhanced
dormancy (Fig. 5).

Unlike abi mutants, seeds of 35S:PYL8/RCAR3 trans-
genic plants displayed enhanced dormancy (Fig. 5B),
which is indicative of a higher responsiveness to
endogenous ABA in seeds (Gosti et al., 1999). Indeed,
whereas the germination of wild-type Arabidopsis
seeds was not suppressed by 0.5 um ABA, PYLS8/
RCARB3-overexpressing transgenic seeds were unable
to display radicle emergence and develop green and
expanded cotyledons under these conditions (Fig. 5A),
as the ABA-hypersensitive mutant habl-1 does (Saez
et al., 2006). Taken together, these data are consistent
with a role of PYL8/RCARS as a positive regulator of
ABA signaling in seeds. In addition to down-regulation
by ABA, PYL8/RCAR3 expression also decreased
after unfavorable conditions, such as salt and osmotic
stresses, suggesting a role for this gene during the
stress response (Supplemental Fig. S2).

The reliability of the physiological role of PYL8/
RCARS is also reinforced by the germination assay in
the presence of the GA biosynthesis inhibitor paclo-
butrazol (Fig. 5C). GAs and ABA play antagonistic
roles in seed germination, and apparently, ABA-
insensitive (or ABA-defective) individuals need less
GA during germination (Léon-Kloosterziel et al.,
1996). Clearly, the GA requirement was enhanced in
355:PYL8/RCAR3 seeds compared with wild-type
seeds (Fig. 5C), suggesting that expression of PYL8/
RCARS3, by the promotion of ABA signaling, nega-
tively regulates seed germination.

Another important role of ABA is the prevention of
seed germination under unfavorable water conditions
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(Gonzalez-Guzman et al., 2002). Compelling evidence
has shown that osmotic stress delays seed germination
and arrests early seedling development. Several
studies show that ABA plays an inhibitory role in
these processes, since both ABA-insensitive and ABA-
deficient mutants are able to bypass them (Werner and
Finkelstein, 1995; Léon-Kloosterziel et al., 1996; Lopez-
Molina et al., 2001; Gonzalez-Guzman et al., 2002),
while ABA-hypersensitive mutants are not (Saez et al.,
2006). As previously observed with habl (Saez et al.,
2004), PYLS/RCAR3-expressing lines were unable to
germinate and carry out early growth in medium with
the organic solute mannitol (200 mm) as well as low
salt concentration (125 mm NaCl) compared with the
germinative ability of wild-type plants (Fig. 5D). These
results indicate that PYL8/RCAR3 produces a general
hypersensitivity to osmotic stress and are in agree-
ment with the finding that PYL8/RCARS3 transcripts
are highly affected by water deficit in Arabidopsis
(Supplemental Fig. S2). Thus, PYL8/RCAR3 overex-
pression in Arabidopsis promotes the inhibition of
seed germination under low water potential condi-
tions and contributes to the stress response.

The role of ABA in the promotion of stomatal
closure is a well-characterized response in vegetative
tissues, reducing water loss by transpiration during
drought. Several Arabidopsis mutants are impaired in
the ABA-induced stomatal closure in Arabidopsis
(abil, abi2, gca2, and ost1) and therefore in their ability
to limit transpiration upon drought (Pei et al., 2000;
Mustilli et al., 2002). By measuring the loss of total
water, we confirmed that the transpiration rate of
PYL8/RCAR3-overexpressing plants, and conse-
quently the stomatal closure, differs from that of
wild-type plants (Fig. 6). Indeed, after 7 d under
drought conditions (no-water conditions), 355:PYLS/
RCAR3 plants remained green and turgid, whereas the
abil-1 mutant and the wild type (Col-0) showed
wilting. These results indicate that ABA responsive-
ness by PP2C-IP1 overexpression is also maintained in
adult plants. Further analysis of ABA responsiveness
in vegetative tissues indicated that inhibition of early
root growth by 3 to 5 um ABA was enhanced in 355:
PYLS8/RCARS3 seedlings, demonstrating once again that
PYL8/RCAR3-overexpressing seedlings are more sen-
sitive to ABA at this stage of development. The inhib-
itory effect of high ABA concentrations on root growth
has been attributed to activation of the ethylene re-
sponse pathway (Beaudoin et al., 2000; Ghassemian
et al., 2000).

The activation of the ABA signal in 355:PYLS/
RCAR3 plants is further sustained by the enhanced
induction of the ABA-responsive genes RAB18, P5CS1,
RD29A, and RD29B (Fig. 7). RAB18 is a dehydrin only
found in ABA-treated plants and accumulates in
Arabidopsis dry seeds (Nylander et al., 2001). abil-1
and abi2-1 mutants show impaired induction of this
gene (Leung et al., 1997) that is induced in antisense
AtPP2CA plants (Tahtiharju and Palva, 2001). P5CS1 is
a stress-regulated protein whose transcriptional regu-

145



Saavedra et al.

lation and gene expression are induced by drought,
salinity, and ABA; also, it is reduced by approximately
50% in the abil-1 mutant compared with wild-type
plants (Strizhov et al., 1997). RD29A and RD29B are
cold-, drought-, and ABA-inducible genes that contain
ABA-responsive elements in their promoters. RD29A
contains in addition the dehydration-responsive ele-
ment, which is involved in a rapid response to condi-
tions of dehydration or high salt (Yamaguchi-Shinozaki
and Shinozaki, 1994).

It is widely accepted that ABA responses depend on
coordinated interactions between positive and nega-
tive regulators, which are required for the proper
control of this complex signaling pathway that oper-
ates in a cell. Many transcriptional factors of ABA-
inducible genes are known, including ABA-responsive
element-binding proteins (ABA-INSENSITIVE5 [ABI5]/
ABF/AREB/AtbZIP family), ABI3/VP1/B3, ABI4/
APETALA2, MYC, MYB, and HD-ZIP domain proteins
(Giraudat et al., 1992; Suzuki et al., 1997; Finkelstein
et al., 1998; Choi et al., 2000; Finkelstein and Lynch,
2000; Uno et al., 2000; Bensmihen et al.,, 2002;
Himmelbach et al., 2002; Abe et al., 2003). Most of
these transcriptional factors play a positive role in
ABA signaling, but some of them function as repres-
sors of the ABA response (Himmelbach et al., 2002;
Pandey et al., 2005; Song et al., 2005). AtSAT32 is
involved in both salinity tolerance and ABA signal-
ing as a positive regulator in Arabidopsis (Park et al.,
2009a).

In this work, another member of the PYR-PYL/
RCAR group of proteins directly interacting with clade
A PP2Cs and with a role as a positive regulator of ABA
signaling has been clearly identified. Functional evi-
dence using double transgenic plants (Fig. 8) confirms
the role of PYL8/RCAR3 by antagonizing FsPP2C1
function in the presence of ABA and supports a role of
PYL8/RCAR3 as a positive regulator of ABA signaling
in seeds and abiotic stress responses. PYL8/RCAR3
overexpression leads to both enhanced seed dor-
mancy, as compared with untransformed plants, and
inhibition of germination under low concentrations of
ABA or osmoticum medium. This ABA-hypersensitive
phenotype is also relevant at the molecular level,
and together with the ABA-repressed expression of
PYL8/RCARS3 transcripts, it suggests that PYLS8/
RCAR3 positively regulates key physiological pro-
cesses such as germination and abiotic stress through
the modulation of ABA signaling. A recent report by
Szostkiewicz et al. (2009) identified RCAR3 as an
interactor of ABI1 and ABI2 able to repress the acti-
vity of both PP2Cs, fully supporting the results pre-
sented in this work. In addition, Santiago et al. (2009)
have reported the function of another member of
the PYR1-PYL/RCAR ABA receptor family, PYL5/
RCARS, in the activation of the ABA signaling path-
way, also corroborating a role as a positive regulator
of ABA signaling.

The hypothetical model shown in Figure 9 takes into
account that PP2Cs are negative regulators of ABA
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signaling and that the interaction with this new
family of PP2C partners (PYR1-PYL/RCAR) would
lead to modification of ABA perception or inacti-
vation of PP2C activity, as reported by Ma et al.
(2009), Park et al. (2009b), Santiago et al. (2009), and
Szostkiewicz et al. (2009). In terms of functional
interaction, a new window is opened, since differ-
ences in hormone sensitivity and selectivity have
been found between different PYR1-PYL/RCAR mem-
bers in the ABA receptor complexes (Szostkiewicz et al.,
2009). Obviously, other PYL/RCARs of the 14 mem-
bers belonging to the BetV I family may interact
directly with the rest of Arabidopsis clade A PP2Cs
(nine members) described so far (i.e. ABI1, ABI2,
HAB1, HAB2, and AtPP2CA) to form different per-
ception complexes in relation to the plethora of tissue,
developmental, and environmental ABA responses.
Finally, in the phenomenon of beechnut life, the
putative function of the FsPP2C1-PYL/RCAR com-
plexes may contribute to promote the transition from
seed dormancy to germination during the early
weeks of stratification, mainly due to changes in
ABA perception/sensitivity during these key devel-
opmental processes.

Un-induced
situation

-

PYR-PYL/RCAR

A
\J

HAB1
PP2Cs

HAB1
PP2Cs

|
B
i PYR-PYL/RCAR

Figure 9. Schematic model describing the function of the PP2C-PYL/
RCAR interaction in the control of the ABA signaling pathway. In the
absence of ABA, PYR-PYL/RCAR proteins may interact with PP2Cs, but
these PP2Cs remain active. Upon ABA perception, PYR-PYL/RCAR
proteins interact with PP2Cs, maintaining these PP2Cs as inactive and
subsequently activating the transcription of ABA-responsive genes
(including PP2Cs). The specific colocalization of FsPP2C1-PYL8/
RCARS3 in the nucleus is shown.
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MATERIALS AND METHODS
Plant Material

The Arabidopsis (Arabidopsis thaliana) wild-type and transgenic plants
used throughout this work were in the Col-0 ecotype. They were routinely
grown in a growth chamber under 40% humidity, 22°C temperature, and 16-h-
light/8-h-dark photoperiod at 80 to 100 xE m~?s™! in pots containing a 1:3
vermiculite:soil mixture. For in vitro culture, seeds were surface sterilized in
75% bleach solution and 0.01% Triton X-100 for 5 min and, finally, washed
three times in sterile distilled water. Stratification of the seeds was conducted
during 3 d at 4°C, unless otherwise indicated. Afterward, seeds were sown on
Murashige and Skoog (1962; MS) plates containing solid medium composed
of MS basal salts and 2% Glc, solidified with 0.7% agar, and adjusted to pH 5.7
with KOH before autoclaving. Plates were sealed and incubated in a
controlled-environment growth chamber.

Yeast Two-Hybrid Screening

Bait cloning and yeast two-hybrid screening were performed by Hybri-
genics (http://www.hybrigenics.com/services). FsPP2C1 was cloned in an
inducible yeast two-hybrid vector optimized by Hybrigenics. The bait con-
struct was transformed in the L40AGAL4 yeast strain (Fromont-Racine et al.,
1997). An Arabidopsis 1-week-old seedling random-primed cDNA library,
transformed into the Y187 yeast strain and containing 10 million independent
fragments, was used for mating. High mating efficiency was obtained using a
specific mating method (Legrain and Selig, 2000; Legrain, 2002). The screen
was first performed on a small scale to adapt the selective pressure to the
intrinsic property of the bait. The bait was found to autoactivate the yeast two-
hybrid system, and 100 mm 3-aminotriazole was found to be the optimal
concentration to reduce background colonies. Then, the full-scale screen was
performed in conditions ensuring a minimum of 50 million interactions tested,
in order to cover five times the primary complexity of the yeast-transformed
c¢DNA library (Rain et al., 2001). A total of 123 million interactions were
actually tested with FsPP2C1. After selection on medium lacking Leu, Trp,
and His, seven positive clones were picked, and the corresponding prey
fragments were amplified by PCR and sequenced at their 5 and 3’ junctions.
Sequences were then filtered and contiged as described previously
(Formstecher et al., 2005) and compared with the latest release of the GenBank
database using BLASTN (Altschul et al., 1997). A predicted biological score
(PBS) was applied to assess the reliability of each interaction, as described
previously (Formstecher et al., 2005). Briefly, the PBS relies on two different
levels of analysis. First, a local score takes into account the redundancy and
independence of prey fragments as well as the distributions of reading frames
and stop codons in overlapping fragments. Second, a global score takes into
account the interactions found in all the screens performed at Hybrigenics
using the same library. In addition, potential false positives are flagged by a
specific “E” PBS. This is done by discriminating prey proteins containing
“highly connected” domains, previously found several times in screens
performed on libraries derived from the same organism. The PBS scores
have been shown to positively correlate with the biological significance of
interactions (Rain et al., 2001; Wojcik et al., 2002).

GFP Fusions and Transient Expression Assays

The coding regions of FsPP2C1 and PYL8/RCAR3 were obtained and
fused to the C-terminal end of the GFP in the pMDC43 vector using the
Gateway technology (Invitrogen).

Following sequence verification of the inserts by DNA sequencing, GFP
fusion and control constructs were transiently expressed into epidermal onion
(Allium cepa) cells by particle bombardment. DNA absorption to gold particles
and bombardment using a helium-driven particle accelerator (PDS-1000/He;
Bio-Rad) were performed according to the manufacturer’s recommendations.
Five micrograms of plasmid was used per transformation, and all target
materials were bombarded twice.

Agroinfiltration Analysis

FsPP2C1 was translationally fused to the YEPC in the pYFPC43 vector
(derived from pMDC43; Curtis and Grossniklaus, 2003), and At5g53160,
At4g01026, and At5g05440 were translationally fused to the YFPN in the
pYFPMN43 vector using the Gateway technology and primers listed in Supple-
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mental Table S2. The constructs generated were used to transform the C58C1
(pGV2260) Agrobacterium tumefaciens strain (Deblaere et al., 1985) and deliv-
ered into leaf cells of tobacco (Nicotiana benthamiana) by Agrobacterium infil-
tration as described previously (Voinnet et al., 2003), together with the C58C1
(pCH32) Agrobacterium strain to avoid gene silencing. Basically, Agrobacterium
strains were resuspended in 10 mm MgCl,, 10 mm MES, pH 5.6, and 200 um
acetosyringone. After infiltration with 2 mL using a syringe, plants were
maintained during 3 to 4 d under greenhouse conditions.

Fluorescence Microscopy

The fluorescence photographs of cells expressing the GFP and YFP reporter
genes under the control of the 355 promoter were obtained using a Zeiss Axiovert
200 confocal microscope and a Bio-Rad Radiance 2100 laser scanning confocal
imaging system with LaserSharp version 5 Image software acquisition. For GFP
and YFP detection, the excitation source was an argon ion laser at 488 nm and
detection filters ranged from 515 to 530 nm and 500 to 540 nm, respectively.

Vector Construction and Plant Transformation

To generate the constructs, the coding region of the PYL8/RCAR3 cDNA
was amplified by PCR using the primers from Supplemental Table S2 and
cloned into the pGEM-T vector (Invitrogen). The PYL8/RCAR3 clone was
excised from the pGEM-T vector using Sacl-Xbal double digestion and
subcloned into the doubly digested pBIN121 vector. The T-DNA region of
the pBIN121-PYL8/RCARS construct was transferred to Agrobacterium C58C1
(pGV2260; Deblaere et al., 1985) by electroporation. Arabidopsis plants (Col-0
ecotype) were transformed by the floral dip method (Clough and Bent, 1998).
Seeds were harvested and plated on kanamycin selection medium (50 ug
mL™") to identify T1 transgenic plants. Approximately 100 of the T2 seeds
were plated on MS kanamycin agar plates, and transgenic lines with a 3:1
(resistant:sensitive) segregation ratio were selected. Southern-blot analysis
was performed as described by Gonzélez-Garcia et al. (2003) to select lines
carrying a single T-DNA copy. T3 progeny homozygous for kanamycin
resistance were used for further studies.

Generation of Double Transgenic Lines

The generation of transgenic lines simultaneously overexpressing
both FsPP2C1 and PYL8/RCAR3 was performed by transferring pollen from
355:PYL8/RCAR3 lines to emasculated flowers from different FsPP2C1-
overexpressing lines and subsequent selection of the F2 siblings on plates
containing 50 um kanamycin. Coexpression of FsPP2C1 and PYL8/RCAR3 in
double transgenic plants was verified by PCR analysis using the primer 355-F
(5'-ACGCACAATCCCACTATCCTTCG-3') and those indicated in Supple-
mental Table S2. Additionally, F3 progeny were analyzed in 0.5 and 3 um ABA
and properly genotyped in accordance with ABA sensitivity.

Germination Assays

To measure ABA sensitivity, seeds were plated on solid medium composed
of MS basal salts, 2% Glc, and different concentrations of ABA (0.5 and 0.7 um).
For the dormancy assay, seed lots to be compared were harvested on the same
day from individual plants grown in identical environmental conditions and
stratified during 0, 1, 2, and 3 d at 4°C. Each value represents the average
germination percentage of 80 to 100 seeds with the sk values of at least three
replicates.

To determine sensitivity to inhibition of germination by low osmoticum
and salt, the medium was supplemented with 250 mm mannitol and 125 mm
NaCl, respectively. To measure paclobutrazol sensitivity, seeds were plated on
medium containing 1 and 10 um paclobutrazol. The percentage of seeds that
had germinated and developed fully green expanded cotyledons was deter-
mined in all assays after 7 d of sowing.

Root Growth and Transpiration Assays

The root growth assay for scoring ABA sensitivity was done by measuring
root growth after 7 d of transferring of 5-d-old seedlings onto vertical MS
plates containing 3 and 5 um ABA. For the transpiration assays, the loss of
fresh weight of whole 4-week-old plants at the same developmental stage was
measured at room temperature after the indicated periods of time.
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Q-PCR Analysis

Seeds from wild-type (Col-0), 35S:PYL8/RCAR3, and abil-1 plants were
grown in 125-mL flasks containing 20 mL of MS solution and 2% Glc. The flasks
were shaken at 130 rpm under cool fluorescent light. After 10 d, seedlings were
mock treated or treated with 10 um ABA during 3 h. Plant material was collected
and frozen in liquid nitrogen. Total RNA for quantitative reverse transcription
(RT)-PCR was extracted from Arabidopsis 10-d-old frozen seedlings using Tri-
reagent as described by the manufacturer (Ambion). Extracted RNAs were then
subjected to RT. One microgram of DNase-treated total RNA was used for RT
with a SuperScript Kit (Roche). The RT product was used for quantitative PCR
using the primers designed from the RAB18, P5CS1, RD29A, and RD29B genes
with the aid of Primer Express software 1.0 (Applied Biosystems) and listed in
Supplemental Table S2. The actin gene B-ACT8 was used as a control. Primers
were described previously (Séez et al., 2006).

Real-time PCR was performed in an ABI PRISM 7000 Sequence Detection
System (Applied Biosystems). Amplification was carried out with Brilliant
SYBR Green QPCR MasterMix (Stratagene) according to the manufacturer’s
instructions.

The thermal profile for SYBR Green real-time PCR was 50°C for 2 min, 95°C
for 10 min, followed by 40 cycles of 95°C for 15 s and 60°C for 1 min.

To generate the standard curves, cDNA isolated from Arabidopsis seed-
lings was serially diluted by a factor of 10 and aliquots of the dilutions were
used in standard real-time PCRs. Each value determination was repeated
three times to ensure the slope of the standard curves and to determine the sp.
The concentration of unknown samples was calculated with the ABI PRISM
7000 SDS software, which created threshold cycle values and extrapolated
relative levels of PCR product from the standard curve. The expression of all
genes was normalized against the expression of the endogenous control gene
(Actin). All experiments were repeated at least three times and yielded similar
results.

Sequence data from this article can be found in the GenBank/EMBL data
libraries under accession numbers AJ277743 and At5g53160.

Supplemental Data

The following materials are available in the online version of this article.

Supplemental Figure S1. Subcellular localization of C-terminal GFP
fusions of FsPP2C1 in tobacco and Arabidopsis cells.

Supplemental Figure S2. Expression pattern of PYL§ in the context of
PYR-PYL/RCAR genes.

Supplemental Figure S3. Generation and molecular analysis of 355:PYL8/
RCARS3 transgenic lines.

Supplemental Table S1. Gene identification numbers of the 14 Arabidop-
sis PYR-PYL/RCARs in the phylogenetic tree (Fig. 2B), including the
PYR-PYL/RCAR homologs of several lower and higher plants.

Supplemental Table S2. Oligonucleotides used in the different constructs
(transgenic plants and BiFC) and for Q-PCR analysis.
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