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lant hormone abscisic acid (ABA) is

found in a wide range of land plants,
from mosses to angiosperms. However,
our knowledge concerning the function of
ABA is limited to some angiosperm plant
species. We have shown that the basal
land plant Physcomitrella patens and the
model plant Arabidopsis thaliana share a
conserved abscisic acid (ABA) signaling
pathway mediated through ABIl-related
type 2C protein phosphatases (PP2Cs).
Ectopic expression of Arabidopsis abil-1,
a dominant allele of ABII that functions
as a negative regulator of ABA signaling,
or targeted disruption of Physcomitrella
ABII-related gene (PpABIIA) resulted in
altered ABA sensitivity and abiotic stress
tolerance of Physcomitrella, as demon-
strated by osmostress and freezing stress.
Moreover, transgenic Physcomitrella
overexpressing abil-1 showed altered
morphogenesis. These trangenic plants
had longer stem lengths compared to
the wild type, and continuous growth
of archegonia (female organ) with few
sporophytes under non-stress conditions.
Our results suggest that PP2C-mediated
ABA signaling is involved in both the
abiotic stress responses and developmen-
tal regulation of Physcomitrella.

PP2C-Mediated ABA Signaling
is Conserved Between
Physcomitrella and Arabidopsis

Abscisic acid (ABA) is found in a wide
variety of land plants, ranging from
mosses to angiosperms, and is thought
to be involved in plant responses to water
stress. Stomatal closure, seed maturation
and subsequent acquisition of extreme
drought tolerance and dormancy are
well-characterized functions of ABA in
angiosperms.! However, ABA function
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in non-angiosperm plants is unclear. For
example, mosses do not have seeds but
produce spores, and do not develop sto-
mata in their major tissues protonemata
and gametophores. According to the
evloutional view, mosses are considered
to be the basal land plants. Thus, a com-
parative approach between mosses and
angiosperms will give us new insights into
the evolution of ABA function and the sig-
naling pathway in land plants. Marella et
al.? reported that the moss Physcomitrella
patens and Arabidopsis have a conserved
ABA signaling pathway mediated by ABA
INSENSITIVEL (ABI1)-related protein
phosphatases® and a transcription factor
ABA INSENSITIVE3 (ABI3).* Moreover,
Physcomitrella ABI3 orthologous gene
(PpABI3A) is able to partially complement
the phenotypes of Arabidopsis 2bi3-6
mutant.’ These findings, with tools for
studying gene function including RNA
interference, inducible promoters and gene
targeting;® make Physcomitrella a good
model system for comparative studies of
ABA signaling pathways.

To investigate the function of PP2C-
mediated ABA signaling in Physcomitrella,
we took a gain-of-function approach
in which Arabidopsis #bil-1, a negative
regulator of ABA signaling,”"
duced into Physcomitrella under the con-
trol of constitutive rice actin promoter
(Act::abil-1)."" The Act::abil-1  plants
showed ABA insensitivity in growth
and gene expression, and also exhibited
decreased tolerance to osmostress and
freezing stress. These results suggest that
Physcomitrella and Arabidopsis have
conserved PP2C substrates that function
as positive regulators in ABA signaling.
We also searched the genome database
of Physcomitrella for genes encoding
PP2Cs, and found 51 putative PP2C
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Figure I. Ectopic expression of Arabidopsis abil-| caused developmental alteration of Physcomi-
trella. (A) Gametophore heights of wild type (WT) and Act:abil-| plant lines A and D were mea-
sured. Gametophores from each plant grown on Jiffy-7 for one month were randomly selected
and the heights were measured under a dissection microscope. Values shown are mean + SE

(n = 30). Asterisks indicate significant changes between Act::abil-I plants and WT (***p < 0.001).
(B) Representative photographs of archegonia development of WT (a) and Act::abil-| plant lines A
(b) and D (c). Massive growth of yellowish archegonia is observed only in Act::abil-| plants but not
in the wild type. Representative photographs of sporophytes developed on apexes of WT gameto-
phore (d) and Act::abil-I plant line A (e) are shown. Notice that WT produces one sporophyte per
apex, but Act::abil-I plants produce multiple sporophytes per apex. Scale bars, 200 um.

genes. Phylogenetic analysis of the amino
acid sequences of Physcomitrella PP2Cs
and Arabidopsis 76 PP2Cs revealed two
Physcomitrella genes (PpABIIA and
PpABIIB) belonging to the ABIl-clade.'
It was noteworthy that Arabidopsis
ABIl-clade (Group A) contained nine
genes, including ABII, ABI2} HABIL"
HAB2" and PP2CA,**" demonstrated to
be negative regulators of ABA signaling;
however, Physcomitrella had only two
genes for Group A. This fact may reflect
differences in tissue complexity between
Physcomitrella and Arabidopsis, and sug-
gests that land plants developed increased
numbers of Group A PP2C genes during
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their evolution to enable tissue- and organ-
specific tuning of ABA signaling.

Taking advantage of Physcomitrella’s
unique ability for high frequency homol-
ogous recombination, we disrupted the
PpABIIA gene, which shows a higher
expression level compared to PpABIIB.M
ppabila plants showed enhanced expres-
sion of ABA-inducible genes and
enhanced freezing stress tolerance. These
and the complementary results from the
gain-of-function experiment confirmed
that Physcomitrella and Arabidopsis
have an evolutionarily conserved regula-
tion mechanisms for ABA signaling, and
that PP2C-mediated ABA signaling also
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regulates abiotic stress responses in the
moss Physcomitrella.

PP2C-Mediated ABA Signaling
and Developmental Regulation of
Physcomitrella

ABA in angiosperms is known to func-
tion not only in abiotic stress responses
but also in developmental regulations,
such as lateral root development and seed

L16 Tt is uncertain

maturation processes.
if ABA regulates the developmental pro-
cess in bryophytes. One known effect of
exogenous ABA in bryopsida is induction
of brood cells in protonemata.” Brood
cells are spherical cells differentiated from
rectangle protonemal cells in response to
drought or prolonged culture. ABA can
efficiently induce brood cell formation.
Protonemata elongate their filaments by
tip growth of successive perpendicular cell
division of apical cells; non-apical cells
stop division and growth until the second
subapical cells develop new initial cells for
lateral growth.”® Interestingly, ABA can
induce perpendicular cell division in both
apical and non-apical cells that is followed
by brood cell formation (data not shown).
This suggest that ABA is involved in cell
differentiation through cell cycle regula-
tion, an effect not reported by the study
of ABA in angiosperms. ppabila protone-
mata showed increased ABA sensitivity
for brood cell formation, suggesting that
PP2C-mediated ABA signaling is involved
in brood cell formation."

Through the investigation of pheno-
types in transgenic plants, we found that
Act::abil-1 plants showed altered morpho-
genesis even under non-stress conditions.
The stem lengths (gametophore heights)
of Act::abil-1 line A and D were 1.4
times longer than that of wild type stems
(Fig. 1A). Because mosses do not pos-
sess the vascular bundle system, and the
gametophore leaves consist of single layer
cells without cuticle, maintenance of a low
gametophore height is likely one mecha-
nism to ensure adequate water supply and
moisture from the ground surface. It is
possible that ABA regulates gametophore
height to avoid water stress.

In Physcomitrella, leafy gametophoes
produce the sex organ, gametangia, on its
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apex. Archegonia (female) and antheridia
(male) are produced in the same apex.
Water is needed to allow sperm travel to
the the archegonia egg cell.” Although a
number of archegonia are produced per
apex, normally only one archegonium
develops into the sporophyte after fertil-
ization. During sex organ induction at low
temperature (15°C), aberrant proliferation
of gametangia was observed in Act::abil-1
plants (Fig. 1B). Alcthough the wild type
plant produces a number of archegonia
per apex before fertilization, the size as a
whole is small (approximately 200 pm in
size) and can be observed only microscopi-
cally. Many of Act::abil-1 gametophores,
however, produced little to no sporophytes
and showed continuous growth of arche-
gonia, resulted in a mass with numerous
number of yellowish archegonia (1-2 mm
in diameter as a whole) visible with the
naked eye. Since Act::abil-1 plants were
able to develop normal spores when game-
tophores were exposed to enough water
(data not shown), the sex organs of the
Act::abil-1 plant itself were likely fertile.
Even Act::abil-1 plants occasionally devel-
oped sporophytes, butalso frequently made
multiple sporophytes per apex, in contrast
to the wild type, which usually make one
sporophyte per apex (Fig. 1B). Because
the sperm need a water film to swim from
antheridia to archegonium," sperm of the
Act::abil-1 plants might be less tolerant to
dryness than that of wild type plants under
insufficient water condition. Alternatively,
cell surface properties of gametophores
in Act::abil-1 plants might be altered,
resulting in defective formation of the
water film under low water conditions.
We should also consider the possibility
that ectopic expression of abil-1 protein
disturbed the developmental process inde-
pendently of ABA signaling. Evaluation
of the double disruption of PpABIIA and

www.landesbioscience.com

PpABIIB is warranted. However, it is pos-
sible that PP2C-mediated ABA signaling
is involved in the regulation of develop-
ment of Physcomitrella.

Conclusions

In the referenced study and the adden-
dum, we have shown that the basal
land plant moss Physcomitrella and
Arabidopsis  evolutionarily conserve a
PP2C-mediated ABA signaling path-
way, suggesting that this pathway par-
ticipates in regulation not only of abiotic
stress responses but also in developmental
regulation of Physcomitrella. Recently,
ABI1 and related PP2Cs have been show
to function with novel ABA receptors,
Regulatory Component of ABA Receptor
(RCAR)/PYRABACTIN RESISTANCE
1 (PYR1).%*?! Genes encoding these recep-
tors are also found in the Physcomitrella
genome, indicating that this model plant
is a useful system for comparative analy-
sis of PP2C-mediated ABA signaling in
plants.
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