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Regulation of the ABA-responsive Em promoter
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Role of the ABA response element and the RY element
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The plant-specific transcription factor ABSCISIC ACID INSENSITIVE3 (ABI3) or the maize ortholog VIVIPAROUS1 (VP1) is
known to regulate seed maturation and germination in concert with the phytohormone abscisic acid (ABA) but is also
evolutionarily conserved among land plants including non-seed plants. An ABI3/VP1 ortholog (PpABI3A) from the moss
Physcomitrella patens can activate ABA-responsive gene promoters in the moss and angiosperms; however, it failed to
fully complement the phenotypes of the Arabidopsis abi3-6 mutant, suggesting that some aspects of ABI3/VP1 functions
have diverged during the evolution of land plants. To gain insights into the evolution of ABI3/VP1 function, we performed
a comparative analysis of the regulatory elements required for ABI3 activation in Physcomitrella using a wheat Em gene
promoter, which is induced by ABA and ABI3/VP1 both in Physcomitrella and in angiosperms. Elimination of either the
ACGT core motif in the ABA response element (ABRE) or the RY element, to which ABI3/VP1 binds directly, resulted in a
drastic reduction of the ABA response in Physcomitrella. Arabidopsis ABI3 could effectively activate the Em promoter
eitherin an ABRE- or RY-dependent manner, as observed in angiosperms. On the other hand, PpABI3A failed to activate an
Em promoter lacking the RY element but not the ABRE. These results suggest that RY-mediated transcriptional regulation
of ABI3/VP1 is evolutionarily conserved between the moss and angiosperms, whereas angiosperm ABI3/VP1 has evolved

to activate ABA-inducible promoters via the ABRE sequence independently from the RY element.

Introduction

The planespecific  transcription  factor ABSCISIC  ACID
INSENSITIVE3 (ABI3) or the maize ortholog VIVIPAROUS 1
(VP1) has been recognized as one of the major regulators in seed
maturation, including acquisition of desiccation tolerance and
dormancy.! ABI3/VP1 integrates signaling of abscisic acid (ABA),
the phytohormone indispensable for seed development, to regu-
late several classes of seed-specific genes, including the maturation
(MAT) class and the late embryogenesis abundant (LEA) class.>?
Although ABI3/VP1 mainly functions in seed development,
ABI3 also has broader functions, such as plastid development,
flowering time, and outgrowth of axillary meristems. Marella et
al.’ previously showed that ABI3/VP1 is evolutionarily conserved
in the moss Physcomitrella patens and that Physcomitrella ABI3/
VP1 orthologs (PpABI3A, PpABI3B and PpABI3C) can activate
a wheat ABA-responsive LEA (Em) gene promoter not only in
Physcomitrella but also in barley aleurone cells. A recent accu-
mulation of genome sequence information has revealed ancestral
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ABI3/VP1 genes in the genomes of the algae Chlamydomonas
reinhardtii and Volvox carteri, although the functions of the gene
products are not yet known.® These findings suggest that ABI3/
VP1 might emerge as a regulator of a central function in plant life
that has yet to be identified, one that thereafter acquired a new
function, such as regulation of seed development in angiosperms
during the evolution of land plants.

ABI3/VP1 genes isolated from seed plants have revealed
highly conserved domains, designated as B1, B2 and B3.” The Bl
domain is involved in physical interaction with the bZIP tran-
scription factor ABI5 that binds to the ACGT core-containing
ABA-responsive element (ABRE).*!° The B2 domain contains
a putative nuclear localization signal (NLS)," is responsible for
ABA-dependent activation through ABRE,"*" and also facili-
tates interaction with ABI5."? In addition, ABI3/VP1 transacti-
vates gene promoters through the B3 DNA binding domain that

recognizes the RY (or Sph) elements’'®

found in the 5' regions
of MAT genes, such as CI in maize or 2§ albumin genes in
Arabidopsis and Brassica napus.”'*'°'® The B3 domain of VP1

does not appear to be essential for ABA-regulated expression of
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the Em gene in maize,"” indicating that ABI3/VP1 can activate
the downstream genes without direct binding to the promoters.

When these conserved domains of angiosperm ABI3/VP1
were compared with those of Physcomitrella ABI3s, we found
that the B3 domain was highly conserved, whereas the B1 and B2
were less so.” Complementation experiments with the Arabidopsis
abi3-6 mutant with PpABI3A’ restored the green seed phenotype
due to a lack of chlorophyll breakdown and expression of several
seed storage protein genes that are regulated by Arabidopsis ABI3
(AtABI3). However, PpABI3A could not fully restore the ABA
insensitivity in seed germination and failed to restore the expres-
sion of Eml and Em6, which require ABI5 as the co-regulator.
In line with these results, PpABI3A has shown a weak physical
interaction with barley ABI5 in functional assays as well as in the
yeast two-hybrid assay.’ These results indicated that some aspects
of ABI3/VP1 functions are evolutionarily conserved but that
others have diverged among land plants.

The wheat Em promoter is one of the best-characterized ABA-
responsiveand ABI3/VP1-activated promotersin angiosperms®®2°
and is highly responsive to exogenous ABA or osmotic stress
when introduced into Physcomitrella.”’ A moss nuclear factor
bound specifically to the ACGT core motif (EmIa) in the ABRE
sequence was confirmed by DNase I footprinting, and mutations
in Emla reduced the ABA response in the moss.?’ Moreover, we
have shown that ABI3/VP1 from angiosperms or PpABI3A acti-
vates the Em promoter in Physcomitrella, suggesting the presence
of a similar gene-regulation mechanism by ABA and ABI3 in
Physcomitrella,’ although the detailed mechanism for the activa-
tion remains unknown.

To gain insights into the functional evolution of ABI3/VP1
in plants, we performed a comparative analysis in which the
cis-elements for Em promoter activation by ABA and ABI3/
VP1 were dissected in Physcomitrella and compared to those
required for activation in angiosperms. We show that the ABRE
and the RY element are critical for ABA and ABI3/VP1 acti-
vation in Physcomitrella but that there is a difference between
Arabidopsis ABI3 (AtABI3) and PpABI3A in their dependency
on these sequences: In contrast to AtABI3, which could activate
the E£m promoter in an ABRE-dependent manner even without
the RY element, the RY element was necessary for activation by
PpABI3A and ABRE had an additive effect on this activation.

Results

Both the ABRE and the RY element are required for ABA-
dependent activation of the Em promoter in Physcomitrella.
Although ABRE in the Em promoter is involved in ABA induc-
tion in Physcomitrella, the role of the RY sequence has yet to be
elucidated. To determine whether ABRE is the sole determinant
for ABA-dependent Em activation in Physcomitrella, we gener-
ated deletion constructs of Region I, which includes the ABRE
(ARI), and Region II, which includes the RY element (ARII),
respectively (Fig. 1A), and subjected them to the transient
expression assay in Physcomitrella.’ Unexpectedly, both ARI
and ARII failed to respond to ABA (Fig. 1B), suggesting that
Region II also contains a cis-element or elements necessary for
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ABA induction in moss. To examine the precise cis-elements in
these regions, we disrupted the Emla motif in the ABRE and/or
the RY sequence(s) by point mutations, as described.?* Figure
1C shows that only a 2-bp substitution in ACGT core motif in
Emla (mABRE) caused a drastic reduction in ABA inducibil-
ity, as has been shown previously;*' however, we noticed that
mABRE was still significantly activated by ABA. Mutations in
the RY element (mRY) also reduced ABA induction significantly
in Physcomitrella, indicating that the RY element is also involved
in ABA activation of the Em promoter in this species. Disruption
of both sequences (nABRE + mRY) abolished most of the ABA
response, suggesting that both the ABRE and the RY element are
the major determinants for ABA activation of the Em promoter
in Physcomitrella.

Arabidopsis ABI3 activates the
Physcomitrella in a manner similar to that in angiosperms.
Vasil et al? have shown that VP1 activates the Em promoter in
an ABRE-dependent manner, and Carson et al."” have reported
that the B3 domain is not essential for ABA activation of the Em
gene in maize. These findings indicated that ABI3/VPI does
not require direct binding to the RY element for ABA-regulated
Em gene expression in seeds. We tested the promoter activity
of the ARI and ARII constructs in the presence of AtABI3 to
see whether AtABI3 activates the Em promoter in an ABRE-
dependent manner in Physcomitrella (Fig. 2A). Deletion of
Region I greatly reduced the induction by AtABI3, but AtABI3
still significantly activated ARI. Deletion of Region II also
affected the transactivation by AtABI3, but the reduction was
less pronounced compared to that associated with the deletion
of Region I.

These findings indicated that these two regions contain cis-
acting elements for AtABI3 transactivation; however, AtABI3
can activate the Em promoter in the absence of the RY element.
Because Region I and Region II contain several ACGT-core
motifs, we precisely determined the involvement of Emla in
the ABRE (Region I) and/or the RY element (Region II) in the
transactivation (Fig. 2B). Interestingly, mutations in either the
ABRE or the RY element had no significant effect on AtABI3
transactivation; however, the simultaneous disruption of the two
sequences (MABRE + mRY) greatly reduced the transactivation
by AtABI3. These results suggested that AtABI3 activates the
Em promoter mainly via two mechanisms in Physcomitrella; one
requires the Emla in the ABRE and the other requires the RY
element.

0To ascribe precisely the involvement of the ABRE and the
RY element in the differential activation of the deletion con-
structs between PpABI3A and AtABI3, we tested the mutated
promoter-GUS constructs (Fig. 3B). As expected from the
experiments using the deletion constructs, PpABI3A activated
the mABRE construct significantly with or without exogenous
ABA, and PpABI3A barely activated the mRY construct regard-
less of exogenous ABA. These results suggested that, in contrast
to the ABI3/VP1 regulation of the Em promoter, PpABI3A
requires the RY element for ABA activation of the Em pro-
moter in Physcomitrella, and that the ABRE is not sufficient for
PpABI3A-mediated activation.

Em  promoter in
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Previous reports have shown that the wheat Em promoter is ABA-

TATA
responsive in Physcomitrella and that the Em1a site in the ABRE
is responsible for the induction. In addition, our detailed analysis RY: GCATGCATG  1a: GACACGTGGC
of the promoter has revealed the RY element as another ABA- 7 35S 3’
responsive element in Physcomitrella. Abolishing both the ABRE ARl II IM

and the RY sequences drastically reduced ABA induction of the 358 3
promoter, indicating that the two cis-elements are the major ARII I GUS

determinants for ABA-induced Em activation in Physcomitrella. 5s 3
Involvement of the ABRE and the RY element in transcription mABRE I I

—_— )—I-[' GUS I—
regulation by ABI3/VP1 has been well studied in ABA-regulated |, |

genes expressed during seed maturation in angiosperms. In 1a: GACcCGgGGC
Arabidopsis, seed maturation can be divided into two stages; 358 3
first, storage proteins (MAT) accumulate, followed by accumu- mRY 1 I GUS

lation of LEA proteins that play a role in desiccation tolerance.
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ABA and ABI3 are deeply involved in the regulation of MAT 358 %
genes and LEA genes® through the ABRE and the RY element. mABREJ{mRY_H_’E_a-’I_‘_'-%'_
Transcriptome and bioinformatic analyses have shown that the s )

ABRE aF;d the RY element are physically clustered in the 5' AIY: GgioGacTa  1a GACICGIGEC

upstream regions of genes regulated by VP1 and ABA” thatover- | B 120
lap with the MAT genes. Statistical analysis also demonstrated

an overrepresentation of the RY element in promoters of MAT

genes compared to those of LEA genes.”® These data suggest a
strong association of the ABRE and RY elements in MAT gene
promoters compared to LEA gene promoters. Indeed, the MAT
genes in Arabidopsis, CRC and A#253, which have RY elements
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have no RY sequence in their promoter regions, are B3 indepen- ARII
dent.”?® These data indicate that AtABI3 can regulate the
target genes in either an RY-dependent manner for MAT gene | C 120 1
activation or an ABRE-dependent manner for LEA gene expres-
sion; in addition, the information suggests that AtABI3 does not
need to be anchored on the promoter via the B3 domain for LEA
gene regulation.

We showed that the RY-independent regulation of AtABI3
was reproduced in Physcomitrella. In contrast, we found that
PpABI3A cannot activate the Em promoter in an ABRE-
dependent manner and requires the RY element, indicating that 0
PpABI3A needs to be anchored on the promoter for Em acti-
vation via the RY-B3 domain interaction to interact with a yet
unknown transcription factor, possibly a bZIP protein, that binds
to Emlain the ABRE in Physcomitrella. Figure 1. Effects of deletions or mutations in the Region | and/or Il of

Different types of bZIP transcription factors recognize the the Em promoter on activation by ABA. (A) Schematic representation of
ACGT-containing ABREs found in seed-specific gene promoters. Em promoter-based reporter constructs. All promoters are fused to GUS

OPAQUE2 (O2)-related bZIPs are responsible for the regulation reporter gene with a CaMV 35S terminator sequence. Sequences and the
of MAT genes 18 whereas ABIS-related bZIPs are responsible for positions of the ACGT core motif in the ABRE (1a) and the RY element (RY)

are shown. (B) Deletion constructs of the Region | or Region Il, and (C) the
1 30 1 1
the regulation of LEA genes.”” The ABRE-dependent activation | ¢, ctitution mutation constructs were introduced into Physcomitrella

of these gene promoters by ABI3 is mediated through interaction | protonemal tissue by particle bombardment, then protonemal tissue was
with these bZIPs. Phylogenetic analysis of plant bZIP genes has | incubated with (black bars) or without (white bars) 10 uM ABA for 24 h,

revealed that the moss genome lacks an ABI5-clade bZIP tran- and the protein extracts were used for GUS and LUC assays. Bars indicate
the relative GUS activities = SE (n = 4).
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scription factor and that it emerged after separation of bryophytes

and vascular plants.® Instead, the moss genome encodes several
O2-related bZIP genes, suggesting that O2-related bZIPs may
be involved in regulation of ABRE-mediated gene expression in
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Figure 2. Response of Em reporter constructs to ABI3 effector. (A) Em,
ARl and ARl reporter constructs, and (B) mABRE, mRY and mABRE +
mRY were introduced into Physcomitrella protonemal tissue with or
without the ABI3 effector construct by particle bombardment. After
bombardment, the protonemal tissue was incubated with (black bars)
or without (white bars) 10 uM ABA for 24 h, and the protein extracts
were used for GUS and LUC assays. Bars indicate the relative promoter
activity =SE (n = 4).

Physcomitrella. It is likely that activation of the Em promoter
by ABA and PpABI3A is controlled by a mechanism similar to
that of MAT gene regulation in angiosperms, in which ABI3
bound to the RY sequence and O2-related bZIPs bound to the
ABRE interact with each other. This idea agrees well with our
previously reported finding that PpABI3A restored expression of
O2-regulated MAT genes (CRC and Az253) but not of ABI5-
regulated LEA genes (AtEml and AtEmG6) in the Arabidopsis
abi3-6 mutant; we also identified a weak interaction of PpABI3A
with ABI5-related bZIPs, which emerged after the separation of
bryophytes and vascular plants. Taking these data together, we
conclude that PpABI3A is functionally equivalent to Arabidopsis
ABI3 in terms of B3 domain-mediated gene regulation, whereas
there is a difference between these two in terms of B3 domain-
independent gene regulation.

Recently Romanel et al.® proposed that the founding mem-
ber of the B3 gene family is likely similar to the ABI3/HSI
(High-level expression of sugar-inducible) genes found in
algae. Although the function of the ancestral ABI3s has yet to
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Figure 3. Response of Em reporter constructs to PpABI3A effector. (A)
Em, ARl and ARII reporter constructs, and (B) mABRE, mRY and mABRE
+ mRY were introduced into Physcomitrella protonemal tissue with or
without the ABI3 effector construct by particle bombardment. After
bombardment, the protonemal tissue was incubated with (black bars)
or without (white bars) 10 uM ABA for 24 h, and the protein extracts
were used for GUS and LUC assays. Bars indicate the relative promoter
activity +SE (n = 4). (*p < 0.05, **p < 0.01).

be elucidated, the recent finding that PpABI3s are essential for
ABA-mediated desiccation tolerance of Physcomitrella demon-
strated that ABI3/VP1 evolved to protect cells from rehydration
damage after desiccation by regulating LEA-related genes in con-
cert with ABA.3? It should be noted that ACGT core motifs are
overrepresented in the 5' upstream regions of 25 genes that are
most strongly upregulated by ABA in Physcomitrella; however,
the RY elements are not enriched in these promoters. Moreover,
transcriptome analysis of the triple-knockout plants of the three
PpABI3 genes revealed that ABA treatment significantly affected
expression of fewer than 30 genes (<1% of the total number of
genes examined). This number is relatively low compared to the
number regulated by ectopically expressed VP1 and ABA (4.8%
of the total number of genes examined).” We speculate that the
establishment of B3-independent (ABRE-dependent) transcrip-
tional regulation would have enabled ABI3/VP1 to regulate more
ABA-regulated genes in angiosperms.

In conclusion, we propose that B3 domain-mediated
(RY-mediated) transcriptional regulation of ABA-regulated genes
is evolutionarily conserved among land plants; in contrast, ABI3/
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VP1 of angiosperms has acquired B3-independent (ABRE-
dependent) transcriptional regulation, possibly by acquisition
of a novel interaction with newly emerged ABI5-related bZIPs
that is strong enough to be independent from the RY element. It
has yet to be elucidated how PpABI3s regulate their endogenous
downstream genes in the genome context. Future experiments
involving chromatin immunoprecipitation-sequencing will help
to address this question.

Materials and Methods

Plant material. P. patens subspecies patens (Gransden) was
the wild-type strain. Protonemal tissue was grown on PpNH4
medium at 25°C under continuous light, as described previously.’

Plasmid construction. The Em-GUS construct (p113Kp)®
with a 650-bp upstream region of the wheat Em gene fused
to the B-glucuronidase (GUS) gene was used for making the
promoter variants used in this study. To produce the ARI con-
struct, the promoter regions from -534 to -134 and -69 to +109
were amplified by PCR using primers Em1-HindIII (5-AAG
CTT CCG CAG TTT ATT TAC GAA AAA TAG AGG
G-3') and Em4-Notl (5-GCG GCC GCC GGC AAG GGC
CTG GA-3'), and Em5-Notl (5-GCG GCC GCG CCT CGT
GCT TCA CGA-3') and Em6-BamH1 (5-GGA TCC CGC
CAT TGC TAA CAG GTG CT-3'), respectively. The result
ing promoter fragments were digested with restriction enzymes
and ligated into the pBI121 vector. To generate the ARII con-
struct, the promoter regions from -534 to -259 and -154 to +109
were amplified by PCR using primers Em1-HindIII (5-AAG
CTT CCG CAGTTT ATT TAC GAA AAA TAG AGG G-3')
and Em2-NotI (5-GCG GCC GCT AGC GGC CGG GCT
CG-3"), and Em3-Notl (5-GCG GCC GCG TCT TCC AGG
CCCTTG C-3") and Em6-BamH]1 (5-GGA TCC CGC CAT
TGC TAA CAG GTG CT-3"), respectively. The resulting pro-
moter fragments were digested with restriction enzymes and
ligated into the pBI121 vector.

To make the mABRE, mRY and mABRE + mRY constructs,
the GeneTailor™ Site-Directed Mutagenesis System (Invitrogen,

USA) was used according to the manufacturer’s manual. Primers
were as follows: mABRE-F (5-CTT CCA GGC CCT TGC
CGG ACC CGG GGC GCG ACA G-3") and mABRE-R (5-
GTC CGG CAA GGG CCT GGA AGA CAA CAC GTA-3")
for mABRE; and mRY-F (5-ACG TAC ACG CGT CGA CAA
TGG TCG ACT GCA AGC AGA-3') and mRY-R (5'-CAT
TGT CGA CGC GTG TAC GTT TGT AGC GGC-3') for
mRY, respectively. The Em-GUS construct was used as the tem-
plate for making mABRE and mRY, and mABRE was used as
the template for the mABRE+mRY construct.

The effector constructs Act::ABI3 and Act::PpABI3A were
generated as follows. The coding sequences of ABI3 and
PpABI3A were amplified by PCR from the cDNAs and sub-
cloned into the Zero Blunt TOPO vector. The amplified frag-
ments were confirmed by sequencing, and each fragment was
placed downstream of the rice Actin 1 promoter* with the ter-
minator of the CaMV 35S gene at the 3" end of the fragment.
The cassettes were then transferred to a vector containing the
hygromycin resistance cassette.> Ubi-LUC has been described
previously.’

Transient assay. DNA delivery to protonemal cells of P.
patens was performed as described previously.” In this study, we
used 0.8 ug of each reporter construct (Em-GUS/the mutant
variants and Ubi-LUC) and effector construct to prepare gold
particles for four shots. One-week-old protonemal tissue was
used for bombardment and then incubated on PpNH4 agar
medium with or without 10 uM ABA for 24 h under the con-
ditions described in the Plant material section. GUS and LUC
activities were measured as described previously.” GUS activ-
ity was normalized by the LUC activity and represented as
relative GUS activity =SE. All experiments consisted of four
replicates.
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