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ABSTRACT

Although ABSCISIC ACID INSENSITIVE 4 (ABl4) was initially demonstrated as a key positive regulator in the
phytohormone abscisic acid (ABA) signaling cascade, multiple studies have now shown that it is actually
involved in the regulation of several other cascades, including diverse phytohormone biogenesis and
signaling pathways, various developmental processes (such as seed dormancy and germination, seedling
establishment, and root development), disease resistance and lipid metabolism. Consistent with its versa-
tile biological functions, ABI4 either activates or represses transcription of its target genes. The upstream
regulators of ABI4 at both the transcription and post-transcription levels have also been documented in
recent years. Consequently, a complicated network consisting of the direct target genes and upstream reg-
ulators of ABI4, through which ABI4 participates in several phytohormone crosstalk networks, has been
generated. In this review, we summarize current understanding of the sophisticated ABl4-mediated
molecular networks, mainly focusing on diverse phytohormone (including ABA, gibberellin, cytokinin,
ethylene, auxin, and jasmonic acid) crosstalks. We also discuss the potential mechanisms through which
ABI4 receives the ABA signal, focusing on protein phosphorylation modification events.
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(ABI4), only indirect transcriptional regulation by SnRK2 kinases
via RAV1 has been reported, and the protein kinases responsible
for its direct phosphorylation have remained elusive so far (Cutler
etal., 2010; Umezawa et al., 2010; Feng et al., 2014). Initially, abi4
was identified as one of five ABA-insensitive mutants (Finkelstein,

INTRODUCTION

The phytohormone abscisic acid (ABA) regulates many aspects
of plant growth and development, including embryogenesis,
seed dormancy and germination, plant-water relations, and toler-

ance to a variety of abiotic environmental stresses (Bulgakov
et al., 2019). ABA signaling in plants requires ABA sensing by
the core signaling components, which consist of several signal
transducers and transcription factors such as the ABA
receptors pyrabactin resistance1 (PYR)/pyrabactin resistance1-
like (PYL)/regulatory components of ABA receptor (RCAR), the
type 2C protein phosphatases ABI1 and ABI2 (PP2Cs),
SUCROSE NONFERMENTING 1-related protein kinases 2
(Soon et al., 2012), downstream B3 transcription factor ABI3,
AP2 transcription factor ABI4, and bZIP transcription factor
ABI5 (Cutler et al., 2010; Umezawa et al., 2010).

Among these, PYR/PYL/RCAR proteins directly bind to ABA and
inhibit the activity of PP2Cs (Joshi-Saha et al., 2011; Gupta et al.,
2019; Vaidya et al., 2019), leading to the derepression of SnRK2
protein kinases and the activation of downstream genes, such as
bZIP transcription factor ABI5; in the case of the AP2 domain-
containing transcription factor Abscisic Acid Insensitive 4

1994) and later as a salt- and mannitol-insensitive mutant
(Quesada et al., 2000). Interestingly, ABI4 also possesses
several other names, including Sucrose-Uncoupled 6 (Huijser
et al., 2000), Sugar-Insensitive 5 (Laby et al., 2000), Impaired
Sucrose Induction 3 (Rook et al., 2002), Glucose Insensitive 6
(GINB) (Arenas-Huertero et al., 2000), and SALOBRENO 5
(SAN5) (Quesada et al., 2000). These reports indicate that ABI4
has versatile roles in several other regulatory pathways beyond
ABA.

ABIl4 is a member of the AP2/ERF family, and members of this
family bind specifically to the ABRE (Mizoi et al., 2012), CE1
(Niu et al.,, 2002), S-box (Acevedo-Hernandez et al., 2005),
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G-box (Koussevitzky et al., 2007), CCAC motif (Rook et al.,
2006; Koussevitzky et al., 2007; Shu et al.,, 2013, 2016a),
and CACCG elements (Hu et al., 2012) in the promoters
of stress-responsive genes and regulate their expression.
Sequence alignment of ABI4-related proteins from diverse spe-
cies showed conservation of the characteristic AP2/ERF domain
in the N-terminal region, in which a glutamic acid residue at the
69th position is essential for the function of ABI4 (Laby et al.,
2000; Wind et al., 2013; Gregorio et al., 2014). Despite the
similarity between the AP2/DNA-binding domains of ABI4 and
other members of the DREBA subgroup, ABI4 stands out as a
unique member in the A3 clade based on its sequence (Dietz
et al., 2010). Orthologs of ABI4 have been reported in many
other plant species, including maize (Niu et al., 2002) and rice
(Wang et al., 2015), and also in some aquatic plants such as
lotus (Nelumbo nucifera) (Ming et al., 2013), indicating that this
factor is conserved in most land as well as aquatic plants (Wind
et al., 2013; Gregorio et al., 2014).

Over the decades, ABI4 has emerged as a central player in some
phytohormone signaling processes during plant development
and biotic/abiotic stress responses. How environmental cues
are perceived and integrated into alterations of the activity of
the ABI4 transcription factor is still largely a conundrum. In this
updated review, we present the recent evidence for the
mechanisms by which ABI4 modulates various plant signaling
modules beyond the ABA signaling cascade.

ABI4 ACTS AS BOTH A GENE
EXPRESSION ACTIVATOR AND
REPRESSOR

Genetic studies, especially in the model plant Arabidopsis, have
identified a large number of loci involved in ABA response. These
loci likely act in multiple overlapping response pathways
(Nakamura et al., 2001; Chen et al., 2020). ABI3, ABI4, and
ABI5 are three well-characterized positive regulators of ABA
signaling among many. ABI4 activates or represses gene
expression by binding to specific DNA fragments in promoters
via its AP2 domain (Wind et al., 2013).

Previous studies showed that ABI4 mediates ABA- and sugar-
induced repression of photosynthetically dependent nuclear genes,
and this repression is correlated with ABI4 binding to a designated
motif, the S-box (CACYKSCA) (Acevedo-Hernandez et al., 2005). A
different motif, consisting solely of the bases CCAC, has been
correlated with ABl4-dependent retrograde signaling, particularly
when the motif is adjacent to, or overlaps with, a G-box motif
(Koussevitzky et al., 2007). ABIl4-inducible gene expression has
also been shown to be dependent on sequences related to the
S-box (CACCG) (Bossi et al., 2009; Reeves et al., 2011). In
general, some genes participating in seed dormancy and
germination as well as genes involved in non-seedling pathways
have been documented as direct targets of ABI4.

ABI4 is involved in the regulation of primary seed dormancy by
binding to CCAC and/or CACCG cis elements and directly re-
pressing the expression of the ABA inactivating genes
CYP707A1 and CYP707A2 to cause a decline in ABA degrada-
tion, while activating GA20x7 expression to promote GA
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degradation (Shu et al., 2013, 2016a). In addition, ABI4 also
promotes the transcription of a flowering gene, FLC, by binding
to the CACC elements in its promoter (Shu et al., 2016b).
Furthermore, ABI4 mediates the transcriptional repression of
some ripening-related ethylene biosynthesis genes such as
ACS4, ACO2, and ACS8 by binding directly to the CCAC
elements present in their promoters, thus reducing ethylene
levels (Dong et al., 2016). Interestingly, a recent report indicated
that ABI4 is indispensable for repressing the expression of
ARRG6/7/15, which are involved in seed dormancy, by binding to
the CE1 elements (CACCGQG) located in the gene promoters
(Huang et al., 2017). ABI4 also represses the expression of a
defense-related gene, VTC2, by binding to its promoter and
thereby modulating the reactive oxygen species (ROS) levels in
Arabidopsis (Yu et al., 2019). ABI4 positively regulates the
expression of YangYing1 (YY1), which encodes a zinc finger
transcription factor and is involved in antagonizing ABR1 (Li
et al., 2016b), and DPG1 (Delayed Pale Greening 1) (Yi et al.,
2019) during salt and drought stress responses, respectively. In
addition, it has been recently reported that ABI4 promotes
phytochrome A (PHYA) expression during seed germination in
Arabidopsis (Barros-Galvao et al., 2019).

The distinct functions of ABI4 in repression and activation
of different target genes is an interesting phenomenon for future
evaluation, as it raises the question of how a single transcription
factor carries out two separate functions. The main reason for
these diverse actions from our point of view is that ABI4 might
interact with one or more other transcription factors or transcrip-
tion co-factors to perform distinct biological functions. To answer
the question of what drives the transition of ABI4 from a repressor
to an activator, we propose to screen for ABIl4-interacting
proteins in specific plant tissues such as seeds, roots, leaves, hy-
pocotyls, flowers, and others, diverging from the approach taken
by previous studies, which focused on whole seedlings. Under-
standing the spatial composition of ABIl4-interacting proteins in
different organs might identify distinct tissue-specific functional
proteins and deepen our understanding of ABI4 functions.

CONTROVERSIAL ROLE OF ABI4 IN
RETROGRADE SIGNALING

It has been previously established that ABI4 represses the tran-
scription of a plastid retrograde-regulated gene, LHCB1, through
a conserved (CCAC) motif in its promoter (Koussevitzky et al.,
2007). ABI4 also represses the transcript abundance of AOX1a,
a mitochondrial retrograde signaling gene, by targeting to the
CGTGAT elements in its promoter (Giraud et al., 2009).
However, on a contrary note, a more recent report indicates
that ABI4 is not required for GUN1-mediated plastid to nucleus
retrograde signaling during chloroplast biogenesis (Kacprzak
et al., 2019) (Figure 1). Kacprzak and colleagues stated that the
expression of the chloroplast retrograde signaling genes
LHCBs under treatment with chloroplast biogenesis inhibitors
such as NF (norflurazon) or Lin (lincomycin) was not rescued in
abi4 as observed in gun, signifying that ABI4 is not essential
for chloroplast retrograde signaling. ABI4 transcription was
highly upregulated under NF or Lin treatments in wild type, but
this induction was more strongly increased in guni (Kacprzak
et al.,, 2019), which is inconsistent with previous report (Sun
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Figure 1. Controversial View on ABI4 Involvement in Plastid to
Nucleus Retrograde Signaling.

Recent evidence reported by Kacprzak et al. (2019) shows that ABI4 is not
involved in retrograde signaling via GUN7 as previously understood.
Because the expression of ABI4 increases under treatment with
chloroplast inhibitors, we postulate the existence of an unknown
signaling factor beyond ABI/4 that regulates expression of retrograde
genes independently of GUNT; the unidentified factor is indicated by a
dashed line.

et al., 2011). In addition to this, reanalysis of the transcriptome
data previously obtained from abi4 and gun1 mutants indicated
potential differences in the degree of overlap between ABI4-
and GUNT1-related genes (Koussevitzky et al., 2007; Martin
et al.,, 2016; Kacprzak et al., 2019). From this finding, we
speculate that there might be some other pathway by which
ABIl4 participates in the regulation of chloroplast biogenesis
genes independently of GUN1, as indicated in Figure 1.

Proper nuclear localization is an essential step for uninterrupted
functioning of many transcription factors, and in most cases is
dependent on several interlinking proteins as well as other co-
factors (Gregorio et al., 2014). Coordination of signals from the
nucleus to other cellular organelles is extremely important, as
misregulation of this event might lead to severe intercellular
damage or create pseudo-signals. The effects of misregulation
of ABI4 are evident from the work done by Gregorio et al.
(2014) on an amino-terminal AP2-destabilizing domain truncation
of ABI4, which resulted in overaccumulation of ABI4. Considering
this example, a major study needs to be done on acetylation,
phosphorylation, and disulfide bond formation, as well as other
changes occurring during ABI4 nuclear localization. In addition,
due attention should be paid in the coming years to exploring
the unknown factors functioning in ABI4 signaling pathways
independent of the GUN1 signaling pathway (Figure 1). The
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outcome of these proposed studies will be of great help to
address the controversial omission of ABI4 from future nucleus
retrograde signaling models as proposed by Kacprzak et al.
(2019).

ROLE OF THE ABI4 PROTEIN MOTIF IN
TRANSREGULATION

ABI4 is known to bind to CACCG elements or CCAC elements for
activation and repression of genes, but whether these different
binding-site preferences result from specific protein modifica-
tions or from interaction with other proteins is currently unknown.
Initially, deletion analysis studies showed that the sequences
located within the first 224 amino acids were involved in the
proteasome-mediated degradation of ABI4 (Finkelstein et al.,
2011). Interestingly, these 224 amino acids were found to
include a putative degradation motif (PEST) and a highly
conserved 15-amino-acid sequence of the AP2 motif near the
amino terminus of the protein (Finkelstein et al., 2011). It was
concluded that several destabilizing domains might be involved
in the degradation of ABI4 (Finkelstein et al., 2011).

In general, PEST sequences are involved in proteasome-
mediated instability of different proteins (Finkelstein et al.,
2011), but the exact role of this sequence in ABI4 protein
stability is still not yet clear, although another report highlighted
its predominant role in ABI4 degradation in a transient
expression system (Gregorio et al., 2014). However, it is
noteworthy that deletion of the AP2 domain resulted in the
accumulation of ABI4 protein. Gregorio et al. (2014) also stated
that the mechanisms behind PEST sequence recognition still
needed substantial experimental confirmation. Thus, it will be
intriguing to study PEST motif recognition site docking in future
experiments, especially the role of the highly conserved serine
(S) and threonine (T) residues in recognition.

Independent studies have identified various residues in the AP2/
EREBP domain that participate in DNA binding of AP2 transcrip-
tion factors (Liu et al., 2006). Several of these residues are highly
conserved in the ABI4 proteins analyzed, suggesting that
these residues might also be involved in DNA recognition in
ABIl4 proteins. Regrettably, experimental evidence for such
recognition is very limited. A recent docking analysis using the
AP2 domain of ABI4 predicted a binding structure similar to
that of the Arabidopsis ERF1/AP2 domain (Wind et al., 2013).
Supporting this, glycine 155 (G155), proline 164 (P164), and
lysine 170 (K170) residues were found to be important for the
ability of ABI4 to bind to the CE1-like motif (Wind et al., 2013).
However, of these residues only K170 is specific to ABI4
compared with other DREBs and ERFs, suggesting it as a
suitable candidate for conferring the DNA-binding specificity of
ABI4 (Wind et al., 2013). On the other hand, other groups found
that, in addition to the previously identified glutamic acid-69 res-
idue, residues glutamine 151, serine 153, arginine 165, threonine
168, and K170 are highly conserved among ABI4 sequences but
not among other DREB or ERF members (Laby et al., 2000; Wind
et al., 2013; Gregorio et al., 2014), suggesting that these amino
acids might determine the DNA-binding specificity of ABI4.
However, no experimental evidence of such residue-binding
activity is currently available. Thus, it will be important to
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Figure 2. Transcriptional and Translational Regulators of ABI4.
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(A) Transcriptional level regulation involving transcription factors regulating ABI/4 transcript levels (positively and negatively) in different tissues or

developmental stages.

(B) The known factors involved in degradation of ABI4 protein; also highlighted is the unknown factor that is possibly directly involved in the ubiquitination
of ABI4 and enhances its turnover. X indicates the unidentified subunit of E3 ligase directly participating in the degradation of the ABI4 protein.

uncover the possible residues involved in ABI4-binding
specificity through experimental approaches in the future.

REGULATORS OF ABI4 AT BOTH THE
TRANSCRIPT AND PROTEIN LEVELS

The overall seedling development process requires integrated
interactions between phytohormones and other environmental
cues. Although ABI4 acts as a node of integration for different
endogenous and exogenous signals in plants, limited evidence
is available about its own regulatory mechanisms, both at the
transcription and translation levels. The expression of AB/4 is
induced in the presence of low glucose (Cho et al., 2010) as
well as high glucose and ABA (Arroyo et al., 2003; Zheng
et al., 2019), and is also transiently induced by osmotic stress
(Arroyo et al., 2003). Various transcription factors regulate
ABI4 transcription, including ABI4 itself, which is activated
during the early stages of seedling growth (Bossi et al., 2009).
Several WRKY transcription factors regulate ABI4 expression
by binding to the W-box sequence in its promoter.
Specifically, WRKY6 promotes ABI4 expression during seed
maturation while the WRKY18/40/60 transcription factors
repress ABI4 transcription during seed germination (Shang
et al., 2010; Antoni et al., 2011; Liu et al., 2012; Phukan et al.,
2016; Ma et al., 2019). Furthermore, a GRAS domain family
transcription factor, SCARECROW (SCR), modulates the sugar
response in the root apical meristem by repressing ABI4
expression upon binding directly to its promoter (Cui et al.,
2012) (Figure 2A).

Transcription factor MYB96 promotes, while RAV1 and BASS2
repress, ABI4 expression by binding to its promoter during
seed germination and seedling development, respectively (Feng
et al., 2014; Lee and Seo, 2015; Zhao et al., 2016) (Figure 2A).
Intriguingly, Yellow Leaf 1 (YL1), a chloroplast-localized protein
involved in plant salt stress response, indirectly represses ABI4

expression (Li et al, 2016a). However, the intermediate
factors connecting the gap between YL1 and ABI4 are currently
elusive. Importantly, most of the regulators identified so far
have been shown to repress ABI4 expression while few have
showed a promotional effect (Figure 2A). This evidence is
consistent with the importance of negative regulation of ABI4
level, as a higher level of ABI4 has been found to be harmful to
seedlings because of the fact that ABI4 promotes ABA
biosynthesis and represses GA biosynthesis (Shu et al., 2013,
2016a). Interestingly, despite its minimal expression in
vegetative tissues, ABI4 is expressed at high levels during seed
maturation with expression decreasing during seed germination
(Soderman et al., 2000; Shkolnik-Inbar and Bar-Zvi, 2011). In
line with its roles in glucose signaling and regulating the
expression of plastid proteins, expression of ABI4 has been
shown to increase dramatically in response to growth-inhibiting
concentrations of glucose (Arroyo et al., 2003; Cho et al., 2010;
Liu et al.,, 2018). Hence, it will be interesting to identify the
transcriptional enhancers of ABI4 in vivo. Furthermore, since
ABI4 expression is controlled by diverse regulators such as
MYB96, SCR, RAV1, BASS2, and WRKY 18/40/60, the
regulatory mechanisms through which ABI4 level is precisely
controlled need to be clarified.

An earlier study showed that ABI4 is regulated post-
transcriptionally, since the accumulation of its transcript does
not correlate with its protein levels (Finkelstein et al., 2011).
Intriguingly, transgenic plants overexpressing AB/4 had
undetectable levels of ABI4 protein despite high transcript
accumulation, and in most cases the transgene was
silenced after a few generations, suggesting that a high
ABI4 protein level is harmful to plants (Finkelstein et al., 2011).
The appropriate accumulation of ABI4 is a consequence of
both post-transcriptional and post-translational regulation
(Finkelstein et al., 2011; Gregorio et al., 2014). Initial studies
using deletion analysis in transgenic plants showed that the
sequences located within the first 224 amino acids are involved
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in the proteasome-mediated degradation of the ABI4 protein
(Finkelstein et al., 2011).

Consequently, ABI4 is subjected to stringent post-transcriptional
regulation that prevents the protein from accumulating at
high level and restricts its action to a subset of tissues where its
target genes are expressed (Finkelstein et al., 2011; Shu et al.,
2016a). Protein modifications are known to affect the recognition
of targets by the E3 ligases of the ubiquitin-26S proteasome
system (Vierstra, 2009). Due to the unstable nature of the ABI4
protein (Finkelstein et al., 2011), the subunits of E3 ligases
directly responsible for its degradation have been elusive so far.
However, we propose to identify and mutate destabilizing
domains that cause instability of ABI4, whereby the E3 ligases
can probably be detected (Figure 2B). The barriers searching the
responsible E3 ligases have been well documented previously
(Shu and Yang, 2017; Kelley, 2018). In addition to this notion,
chloroplast and light signals antagonistically fine-tune a
suite of developmental and physiological responses associated
with de-etiolation through a transcriptional module whereby
ABI4 promotes and ELONGATED HYPOCOTYL 5 (HY5) inhibits
the expression of CONSTITUTIVE PHOTOMORPHOGENIC1
(COPT). In turn, ABI4 and HY5 are targeted for degradation
by COP1 in light and dark conditions, respectively, to
ensure proper crosstalk between ABI4 and HY5 during the seed-
ling de-etiolation process (Xu et al., 2016) (Figure 2B). It is clear
that COP1 promotes ABI4 degradation, as evidenced by in vitro
pull-down and in vivo co-immunoprecipitation assays (Xu et al.,
2016). However, the proteasomal degradation enzymes,
especially the subunits of E3 ligases, involved in the degradation
of ABI4 are currently unknown (Figure 2B). A focus on this
question, especially on identifying the particular E3 ligase
subunits, will reveal several key steps and enzymes participating
in the turnover of the ABI4 protein.

ABI4 ACTS AS A CROSS-MEDIATOR
AMONG PHYTOHORMONES OR SOME
CHEMICAL SIGNALS

Although ABI4 was first discovered with regard to its role in the
ABA response during seed germination, numerous studies have
reported it to be a highly versatile factor functioning in diverse
chemical or phytohormone signaling pathways. Since the year
2010 there has been much important progress with regard to
the roles of ABI4 in the crosstalk among several phytohormones.
Here, we summarize the newly emerging evidence published
in recent years.

Positive Regulation of Jasmonic Acid and ROS Signaling
by ABI4

Ascorbate (AsA) plays crucial roles in photosynthesis and chloro-
plast functions and has been implicated in the control of the
expression of genes encoding chloroplast proteins, similar to
ABA. This function in turning on chloroplast proteins requires
ABI4 activity (Kerchev et al., 2011). abi4 reverses the slow
growth phenotype as well as the altered gene expression
patterns of the vic mutant. Genetic analysis unequivocally
demonstrates that the ascorbate-dependent regulation of plant
growth requires ABI4. Thus, like other ABA signaling compo-
nents, such as ABI1 and ABI2, which have long been known to
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function in stress signaling cascades involving ROS as second
messengers, the evidence presented by Kerchev et al. (2011)
also implicates ABI4 in redox signaling. In a more recent study,
ethylene and ABA were found to co-regulate the ascorbate and
ROS levels in seedlings, and VTC2 was found to be the direct
target of ABI4 in an EIN3-ABI4-VTC2 signaling module (Yu
et al, 2019). However, the factors participating in VTC2-
directed AsA biosynthesis enforced by EIN3 are still unknown.
This demonstrates that low ascorbate levels induced by ABA
through the ABI4-VTC2 cascade activate ABA- and jasmonic
acid-dependent signaling pathways that together regulate
growth through the functional activation of ABI4 (Kerchev et al.,
2011). In-depth analysis of this crosstalk mechanism will be
important in further understanding the part of the ABI4 network
that is independent of the ascorbate signaling pathway (Figure 3).

Crosstalk between Auxin and ABA Involving ABI4

Auxin action in seed dormancy requires the ABA signaling
pathway, indicating that the roles of auxin and ABA in seed
dormancy are interdependent (Liu et al., 2013). High levels of
auxin and activation of 3-indoleacetic acid (IAA) signaling
enhance ABA-mediated dormancy by supporting the persistence
of the expression of ABI3 (Liu et al., 2013). Increased sensitivity of
apx6 (ascorbate peroxidase 6) mutant seeds to either ABA or
IAA suggests that these hormones might be involved in the
germination inhibition phenotype of the mutant (Chen et al,
2014). However, since ABI3 and ABI5 expression levels are
relatively low in apx6 seeds, it is likely that the crosstalk
between auxin and ABA might also involve activation of other
signaling pathways, preferentially the ABI4 route (Figure 3). This
can further be explained by the increased ROS level in apx6,
which is associated with a higher expression level of AB/4 in
dry and imbibed seeds (Chen et al., 2014). Furthermore,
crosstalk between ABA and auxin has also been demonstrated
in Arabidopsis lateral root development (Shkolnik-Inbar and
Bar-Zvi, 2010), primary root growth (Shkolnik-Inbar et al., 2013),
and seed germination (Shkolnik-Inbar and Bar-Zvi, 2011; He
et al., 2012). From this evidence, it is unclear whether ABI4 has
a role in auxin signaling in these diverse plant developmental
processes, and the role of ABI4 needs to be further explored in
these as well as other plant parts, especially seed compartments.

Negative Regulation of Ethylene Biosynthesis by ABI4

Gaseous ethylene is an important phytohormone involved in the
regulation of plant development (e.g., floral organ development,
fruit ripening, and senescence) and stress response (Kim et al.,
2017; Li et al., 2017). ABA treatment prevents the induction of
ethylene biosynthesis; this effect was tested using an ABA-
deficient mutant of tomato, aba2-17, in which there was an in-
crease in ethylene levels in shoots (Lenoble et al., 20083).
Furthermore, the ABA-activated CDPK protein kinases CPK4
and CPK11 were found to stabilize ACS6 by phosphorylating its
C terminus, promoting ethylene biosynthesis (Luo et al., 2014),
and in another study ABI1, a negative regulator of ABA
signaling, regulated ozone-induced ethylene biosynthesis by
phosphorylating the C-terminal region of ACS6, which is
controlled by MPK6 (Ludwikow et al., 2014). These findings
reveal that the antagonistic interaction between ABA and
ethylene is regulated by protein phosphorylation events.
However, the mechanism of how ABA antagonizes ethylene
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biosynthesis at the transcriptional level remained unanswered
until 2016, when Dong et al. (2016) found that a mutant
harboring a dominant mutant allele of ABI/4, abi4-152, which
produced a putative protein with a 16-amino-acid truncation at
the C terminus, had reduced ethylene production. By contrast,
two mutants of ABI4 with recessive knockout alleles, abi4-102
and abi4-103, had increased ethylene production, indicating
that ABI4 negatively regulates ethylene biosynthesis (Dong
et al.,, 2016). This finding demonstrated that ABA negatively
regulates ethylene production by repressing the expression of
the major ethylene biosynthesis genes ACS4 and ACSS8 by
binding to their promoters (Dong et al., 2016). However, studies
of the regulation of ethylene biosynthesis genes by ABI4 are
very limited, and it will be interesting to discover more targets
regulated by ABI4, especially other rate-limiting enzymes such
as ACO (1-aminocyclopropane-1-carboxylic acid oxidase) and
also downstream targets of the ethylene signaling pathway, as
the need for ethylene synthesis varies among plant organs as
well as in different plant species (Figure 3).

ABIl4 as a Modulator of Sugar-Sensing Signals

In plants, sugars function as signaling molecules that control
important processes such as photosynthesis, growth, carbon dis-
tribution over different organs, and the production of storage com-
pounds (Li et al., 2014). From previous studies it is known that the
seedling growth and greening are inhibited under high
concentrations of sugars, and that the sugar signaling pathways
closely interact with other signaling pathways including
phytohormone pathways (Zhu et al., 2009). Above all, ABA and
sugar antagonistically form a complex cascade regulating
thousands of genes involved in photosynthesis and metabolism
(Yanagisawa et al., 2003; Dekkers et al., 2008). ABI4 is central
regulator of sugar-responsive gene expression (Huijser et al.,
2000; Laby et al., 2000). Recently, Li et al. (2014) identified a
high-sugar super-sensitive line anac060, and found that

rendering a glucose insensitive phenotype.
Although  previously reported studies
provide some information on ABA -sugar
crosstalk via ABI4, further identification of other critical genes
regulated by ABI4 is urgently to understand ABA -sugar interaction.

Antagonistic Role of ABI4 in Crosstalk between ABA and
Gibberellins

Although studies of crosstalk between ABA and other phyto-
hormones offer insight into key molecular mechanisms during
seed development, the antagonism between ABA and gibber-
ellin (GA) has been given much more attention, as GA is known
to promote seed germination whereas ABA is known to inhibit
seed germination (Shu et al., 2013, 2016a). Mutation of the
ABI4 locus completely rescues the non-germination phenotype
of ga7-1 mutant seeds, suggesting that ABI4 negatively regu-
lates GA biosynthesis (Shu et al., 2013). Supporting this
notion, in the abi4 mutant ABA content is reduced whereas
the GA content is increased, which opens up the possibility
that ABI4 might play key roles in the antagonistic crosstalk
between ABA and GA (Shu et al., 2013, 2016a). As with
ABI4, a rice AP2 domain-containing transcription factor,
OsAP2-39, is also involved in ABA/GA antagonism crosstalk
(Yaish et al., 2010). OsAP2-39 upregulates transcription of
the ABA biosynthesis gene OsNCED71 and leads to an
increase in the endogenous ABA level. At the same time,
OsAP2-39 also enhances expression of the GA-inactivating
gene OsEUIl (Elongated Uppermost Internode), causing a
decrease in endogenous GA content (Yaish et al., 2010).
Taken together, these investigations have dissected only a
portion of the novel mechanisms involved in the in planta
control of the ABA/GA balance, which provides scope for
further exploration of ABA and GA crosstalk (Figure 3).

Negative Regulation of ABI4 in the Cytokinin Pathway

Cytokinin promotes seed germination and seedling establish-
ment by antagonizing ABA signaling (Guan et al., 2014; Rowe
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et al.,, 2016; Verslues, 2016; Huang et al., 2018). Cytokinin
signaling in general is transduced by a canonical two-
component system involving a phosphorelay cascade (Huang
et al.,, 2018). This cytokinin phosphorelay cascade contains
histidine kinase receptors (AHKSs), histidine phosphotransfer
proteins (AHPs), and downstream response regulators (ARRs)
(Huang et al., 2018). A recent study identified the role of ABA
signaling in repressing Arabidopsis ARR genes, a class of
cytokinin-inducible genes, and this repression of cytokinin-
related genes by ABA was found to be mediated by ABI4
binding to their promoters (Huang et al., 2018). Genetic
evidence shows that loss-of-function mutations of the ARR7
and ARR15 genes partially rescue the ABA insensitivity of the
abi4 mutant, revealing that ABI4 mediates ABA and
cytokinin crosstalk by inhibiting the transcription of type-A
ARRs during seed germination and cotyledon greening (Huang
et al., 2017).

Taken together, the biological functions of other individual type-
A ARRs during ABA response antagonizing with cytokinin and
the regulatory relationship mediated by ABI4 require further
exploration (Figure 3). It will be interesting to explore the
interplay of ABI4 with cytokinin at various seed developmental
stages by performing differential expression analysis
(transcription as well as translation) under cytokinin treatment.
The outcome of this type of study will define a genetic
pathway integrating cytokinin signals and other co-factors
mediated by ABI4. Future studies about their roles in pathways
of other unexplored phytohormones will reveal their diverse
capabilities.

CONCLUDING REMARKS AND FUTURE
PERSPECTIVES

The role of ABI4 in ABA signaling has been extensively studied in
the past decades, whereas information about ABI4 beyond ABA
is more attractive. Interestingly, several important research find-
ings have been reported that ABI4 is multi-dimensional regulator.
Subsequently, based on its functional roles in diverse signaling
pathways, some key and unanswered questions have been
pursued.

First of all, ABI4 participates in controlling the expression of a
plethora of genes by operating as a positive and negative regu-
lator; however, its modus operandi is currently unknown. How
and why does this single transcription factor have two different
functions? Thus, understanding the interacting proteins of ABI4
and their spatial structure should be of vital interest in the coming
years.

Second, participation of ABI4 in retrograde signaling is unclear,
as a recent report highlighted the fact that its role in chloroplast
retrograde signaling is unsupported, although the expression of
ABI4 is induced under chloroplast inhibitor treatment. This opens
up the possibility that chloroplast signaling genes are regulated
independently of the GUN1 pathway. Further studies involving
protein—protein interaction or transcriptome-wide analysis
should be performed in an abi4 mutant exposed to the chloro-
plast inhibitors NF and Lin to reveal unknown factors acting be-
tween ABI4 and LHCBs.
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Third, although the mechanisms underlying crosstalk between
ABA and other plant hormones are widely discussed, these dis-
cussions are on a basic level. For example, despite the
antagonism between ABA and GA, ABI4 was found to rescue
the non-germination phenotype of ga7-t mutants (Shu et al.,
2013). The molecular mechanism behind this observation is
currently unknown. Similarly, ABI4 negatively regulates major
ethylene biosynthesis genes. However, the aspect of regulation
of any ethylene-responsive factors by ABI4 that are located
downstream of the ethylene signaling pathway is currently
elusive. Also, ABI4 transduces signals from jasmonic acid in an
indirect pathway dependent on AsA level, and any direct
factors interacting with ABI4 are yet to be found. Similarly,
direct involvement of cytokinin factors in regulation of
ABI4 independently of the ARR signaling cascade needs
experimental clarification. Furthermore, investigations of these
questions are required to fully understand the mechanism by
which ABl4 mediates crosstalk among phytohormones.

Fourth, high levels of ABI4 in seeds and vegetative tissues have
been found to be harmful for plant development, so there exists
a mechanism that modulates the ABI4 level for it to be under a
threshold value. Although some transcriptional repressors have
been found, the signaling pathways controlling ABI4 at the pro-
tein level need to be thoroughly assessed, especially the yet to
be found subunits of E3 ligases. Do E3 ligases or any other regu-
lators maintain ABI4 stability, considering that the instability of the
ABIl4 protein in nature is a major question to be answered?
Detailed investigation of this degradation pathway and the
involvement of phosphorylation, ubiquitination, sumoylation, or
any other post-translational modification event is urgently
needed to help identify the regulators functioning in modulating
the ABI4 level in plant tissues.

Fifth, ABA-related phosphorylation mediated by SnRK2 ki-
nases is required for ABI5 stability and activation as a tran-
scription factor (Nakashima et al., 2009), but no such
phosphorylation event occurring in ABI4 has yet been found.
Identification of residues, such as glutamic acid 69,
glutamine 151, serine 153, arginine 165, threonine 168, and
lysine 170, in the ABI4 amino acid sequence might reveal
phosphorylation site specificity (Gregorio et al., 2014). This
initiates a quest for a detailed elucidation of any
phosphorylation event occurring during the activation or
repression of ABI4. In addition, although our understanding
of ABI4 signaling has been clearly increased in the recent
past, the connection of epigenetics to ABI4 action has not
been thoroughly explored (Mu et al., 2017). Thus, it will also
be intriguing to elucidate the molecular mechanisms behind
epigenetic regulation of ABI4 in diverse plant organs.

Finally, the presence of the ABI4 gene is vital, although its loss of
function does not end a plant’s life unlike the loss of other genes
such as Gibberellin Insensitive 1 (GAT) (Cao et al., 2005) or Albino
Lethality 1 (AL7) (Zhang et al., 2016). As a signaling-responsive
factor involved in pathways mediated by the plant stress
hormone ABA, the essential role of AB/4 in the plant life cycle is
to modulate several critical genes to enable the plant to resist
various abiotic stresses such as drought, salt, and osmotic
conditions. For example, the abi4 mutant is more resistant to
high-salinity conditions compared with the wild-type seeds
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because it modulates the expression of HKT sodium transporter
genes in Arabidopsis (Shkolnik-Inbar et al., 2013). In addition, the
HY1-ABI4-RbohD complex maintains drought tolerance and
plays a vital role in plant establishment under drought stress
(Xie et al, 2016). Since plants are easily susceptible to
environmental attacks, the frequent occurrence and
participation of ABI4 in driving the expression of critical
signaling genes involved in resisting environmental stress is
substantial, and this clearly explains the functional centrality of
ABl4 among diverse plant signaling networks. Altogether,
shedding more light on the topics highlighted in this review will
obtain many more outcomes to support the notion of ABI4 as a
multifaceted transregulator.

ACKNOWLEDGMENTS

We thank all the members in the lab for the discussion during preparation
of the manuscript. We also apologize to all the colleagues whose work
could not be discussed and cited because of the space limitation. The
work in our group currently was supported by funding from the National
Natural Science Foundation of China (31872804, 31701064), the Talents
Team Construction Fund of Northwestern Polytechnical University
(31020190QD007), and the National Key Research and Development Pro-
gram of China (2017YFD0201300). No conflict of interest declared.

Received: November 25, 2019
Revised: December 24, 2019
Accepted: March 4, 2020
Published: March 7, 2020

REFERENCES

Acevedo-Hernandez, G.J., Leon, P., and Herrera-Estrella, L.R. (2005).
Sugar and ABA responsiveness of a minimal RBCS light-responsive
unit is mediated by direct binding of ABI4. Plant J. 43:506-519.

Antoni, R., Rodriguez, L., Gonzalezguzman, M., Pizzio, G.A., and
Rodriguez, P.L. (2011). News on ABA transport, protein
degradation, and ABFs/WRKYs in ABA signaling. Curr. Opin. Plant
Biol. 14:547-553.

Arenas-Huertero, F., Arroyo, A., Zhou, L., Sheen, J., and Ledn, P.
(2000). Analysis of Arabidopsis glucose insensitive mutants, gin5 and
gin6, reveals a central role of the plant hormone ABA in the
regulation of plant vegetative development by sugar. Genes Dev.
14:2085-2096.

Arroyo, A., Bossi, F., Finkelstein, R.R., and Leon, P. (2003). Three genes
that affect sugar sensing (abscisic acid insensitive 4, abscisic acid
insensitive 5, and constitutive triple response 1) are differentially
regulated by glucose in Arabidopsis. Plant Physiol. 133:231-242.

Barros-Galvao, T., Dave, A., Gilday, A.D., Harvey, D., Vaistij, F.E., and
Graham, LA. (2019). ABA INSENSITIVE4 promotes rather than
represses PHYA-dependent seed germination in Arabidopsis
thaliana. New Phytol. https://doi.org/10.1111/nph.16363.

Bossi, F., Cordoba, E., Dupre, P., Mendoza, M.S., Roman, C.S., and
Leon, P. (2009). The Arabidopsis ABA-INSENSITIVE (ABI) 4 factor
acts as a central transcription activator of the expression of its own
gene, and for the induction of ABI5 and SBE2.2 genes during sugar
signaling. Plant J. 59:359-374.

Bulgakov, V.P., Wu, H.C., and Jinn, T.L. (2019). Coordination of ABA and
Chaperone signaling in plant stress responses. Trends Plant Sci.
24:636-651.

Cao, D., Hussain, A., Cheng, H., and Peng, J. (2005). Loss of function of
four DELLA genes leads to light- and gibberellin-independent seed
germination in Arabidopsis. Planta 223:105-113.

Chen, C., Letnik, I., Hacham, Y., Dobrev, P., Ben-Daniel, B.-H.,
Vankova, R., Amir, R., and Miller, G. (2014). ASCORBATE

Multifaceted Signaling Networks Mediated by ABI4

PEROXIDASE6 protects Arabidopsis desiccating and germinating
seeds from stress and mediates cross talk between reactive oxygen
species, abscisic acid, and auxin. Plant Physiol. 166:370-383.

Chen, K., Li, G.-J., Bressan, R.A., Song, C.-P., Zhu, J.-K., and Zhao, Y.
(2020). Abscisic acid dynamics, signaling, and functions in plants. J.
Integr. Plant Biol. 62:25-54.

Cho, Y.H., Sheen, J., and Yoo, S. (2010). Low glucose uncouples
hexokinase1-dependent sugar signaling from stress and defense
hormone abscisic acid and C2H4 responses in Arabidopsis. Plant
Physiol. 152:1180-1182.

Cui, H., Hao, Y., and Kong, D. (2012). SCARECROW has a SHORT-
ROOT-independent role in modulating the sugar responsei. Plant
Physiol. 158:1769-1778.

Cutler, S.R., Rodriguez, P.L., Finkelstein, R.R., and Abrams, S.R.
(2010). Abscisic acid: emergence of a core signaling network. Ann.
Rev. Plant Biol. 61:651-679.

Dekkers, B.J.W., Schuurmans, J.A.M.J., and Smeekens, S. (2008).
Interaction between sugar and abscisic acid signalling during early
seedling development in Arabidopsis. Plant Mol. Biol. 67:151-167.

Dietz, K.-J., Vogel, M.O., and Viehhauser, A. (2010). AP2/EREBP
transcription factors are part of gene regulatory networks and
integrate metabolic, hormonal and environmental signals in stress
acclimation and retrograde signalling. Protoplasma 245:3-14.

Dong, Z., Yu, Y., Li, S., Wang, J., Tang, S., and Huang, R. (2016).
Abscisic acid antagonizes ethylene production through the
ABl4-mediated transcriptional repression of ACS4 and ACSS8 in
Arabidopsis. Mol. Plant 9:126-135.

Feng, C.-Z., Chen, Y., Wang, C., Kong, Y.-H., Wu, W.-H., and Chen, Y.-
F. (2014). Arabidopsis RAV1 transcription factor, phosphorylated by
SnRK2 kinases, regulates the expression of ABI3, ABI4, and ABI5
during seed germination and early seedling development. Plant J.
80:654-668.

Finkelstein, R.R. (1994). Mutations at 2 new Arabidopsis ABA response
loci are similar to the ABI3 mutations. Plant J. 5:765-771.

Finkelstein, R.R., Lynch, T.J., Reeves, W., Petitfils, M., and
Mostachetti, M. (2011). Accumulation of the transcription factor
ABA-insensitive (ABI4) is tightly regulated post-transcriptionally. J.
Exp. Bot. 62:3971-3979.

Giraud, E., Van Aken, O., Ho, L.H.M., and Whelan, J. (2009). The
transcription factor ABI4 is a regulator of mitochondrial retrograde
expression of ALTERNATIVE OXIDASE1a. Plant Physiol. 150:1286—
1296.

Gregorio, J., Fabiola Hernandez-Bernal, A., Cordoba, E., and Leon, P.
(2014). Characterization of evolutionarily conserved motifs involved in
activity and regulation of the ABA-INSENSITIVE (ABI) 4 transcription
factor. Mol. Plant 7:422-436.

Guan, C., Wang, X., Feng, J., Hong, S., Liang, Y., Ren, B., and Zuo, J.
(2014). Cytokinin antagonizes abscisic acid-mediated inhibition of
cotyledon greening by promoting the degradation of ABSCISIC ACID
INSENSITIVES protein in Arabidopsis. Plant Physiol. 164:1515-1526.

Gupta, M.K., Sharma, V., Lenka, S.K., and Chinnusamy, V. (2019). In
silico study revealed major conserve architectures and novel features
of pyrabactin binding to Oryza sativa ABA receptors compare to the
Arabidopsis thaliana. J. Biomol. Struct. Dyn. 9:1-14.

He, J., Duan, Y., Hua, D., Fan, G., Wang, L., Liu, Y., Chen, Z., Han, L.,
Qu, L., and Gong, Z. (2012). DEXH box RNA helicase-mediated
mitochondrial reactive oxygen species production in Arabidopsis
mediates crosstalk between abscisic acid and auxin signaling. Plant
Cell 24:1815-1833.

Hu, Y.F., Li, Y.P., Zhang, J., Liu, H., Tian, M., and Huang, Y. (2012).
Binding of ABI4 to a CACCG motif mediates the ABA-induced

8 Plant Communications 1, 100040, May 2020 © 2020 The Author(s).


http://refhub.elsevier.com/S2590-3462(20)30023-7/sref1
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref1
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref1
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref2
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref2
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref2
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref2
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref3
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref3
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref3
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref3
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref3
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref4
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref4
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref4
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref4
https://doi.org/10.1111/nph.16363
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref6
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref6
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref6
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref6
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref6
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref7
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref7
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref7
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref8
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref8
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref8
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref9
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref9
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref9
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref9
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref9
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref10
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref10
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref10
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref11
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref11
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref11
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref11
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref12
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref12
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref12
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref13
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref13
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref13
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref14
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref14
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref14
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref15
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref15
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref15
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref15
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref16
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref16
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref16
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref16
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref17
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref17
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref17
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref17
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref17
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref18
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref18
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref19
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref19
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref19
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref19
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref20
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref20
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref20
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref20
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref21
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref21
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref21
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref21
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref22
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref22
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref22
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref22
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref23
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref23
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref23
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref23
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref24
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref24
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref24
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref24
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref24
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref25
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref25

Multifaceted Signaling Networks Mediated by ABI4

expression of the ZmSSI gene in maize (Zea mays L.) endosperm. J.
Exp. Bot. 63:5979-5989.

Huang, X., Hou, L., Meng, J., You, H., Li, Z., Gong, Z., Yang, S., and Shi,
Y. (2018). The antagonistic action of abscisic acid and cytokinin
signaling mediates drought stress response in Arabidopsis. Mol.
Plant 11:970-982.

Huang, X., Zhang, X., Gong, Z., Yang, S., and Shi, Y. (2017). ABI4
represses the expression of type-A ARRs to inhibit seed germination
in Arabidopsis. Plant J. 89:354-365.

Huijser, C., Kortstee, A., Pego, J.V., Weisbeek, P., Wisman, E., and
Smeekens, S. (2000). The Arabidopsis SUCROSE UNCOUPLED-6
gene is identical to ABSCISIC ACID INSENSITIVE-4: involvement of
abscisic acid in sugar responses. Plant J. 23:577-585.

Joshi-Saha, A., Valon, C., and Leung, J. (2011). Abscisic acid signal off
the STARting block. Mol. Plant 4:562-580.

Kacprzak, S.M., Mochizuki, N., Naranjo, B., Xu, D., Leister, D., Kleine,
T., Okamoto, H., and Terry, M.J. (2019). Plastid-to-nucleus
retrograde signalling during chloroplast biogenesis does not require
ABI4. Plant Physiol. 179:18-23.

Kelley, D.R. (2018). E3 ubiquitin ligases: key regulators of hormone
signaling in plants. Mol. Cell. Proteomics 17:1047-1054.

Kerchev, P.l., Pellny, T.K., Vivancos, P.D., Kiddle, G., Hedden, P.,
Driscoll, S., Vanacker, H., Verrier, P., Hancock, R.D., and Foyer,
C.H. (2011). The transcription factor ABI4 is required for the ascorbic
acid-dependent regulation of growth and regulation of jasmonate-
dependent defense signaling pathways in Arabidopsis. Plant Cell
23:3319-3334.

Kim, G.D., Cho, Y.H., and Yoo, S. (2017). Phytohormone ethylene-
responsive Arabidopsis organ growth under light is in the fine
regulation of Photosystem Il deficiency-inducible AKIN10 expression.
Sci. Rep. 7:2767.

Koussevitzky, S., Nott, A., Mockler, T.C., Hong, F., Sachettomartins,
G., Surpin, M., Lim, J., Mittler, R., and Chory, J. (2007). Signals
from chloroplasts converge to regulate nuclear gene expression.
Science 316:715-719.

Laby, R.J., Kincaid, M.S., Kim, D., and Gibson, S.l. (2000). The
Arabidopsis sugar-insensitive mutants sis4 and sis5 are defective in
abscisic acid synthesis and response. Plant J. 23:587-596.

Lee, H.G., and Seo, P.J. (2015). The MYB96-HHP module integrates cold
and abscisic acid signaling to activate the CBF-COR pathway in
Arabidopsis. Plant J. 82:962-977.

Lenoble, M.E., Spollen, W.G., and Sharp, R.E. (2003). Maintenance of
shoot growth by endogenous ABA: genetic assessment of the
involvement of ethylene suppression. J. Exp. Bot. 55:237-245.

Li, P., Zhou, H., Shi, X., Yu, B., Zhou, Y., Chen, S., Wang, Y., Peng, Y.,
Meyer, R.C., Smeekens, S.C., et al. (2014). The ABI4-induced
Arabidopsis ANACO060 transcription factor Attenuates ABA signaling
and renders seedlings sugar insensitive when present in the nucleus.
PLoS Genet. 10:1004213.

Li, P., Huang, J., Yu, S,, Li, Y., Sun, P., Wu, C., and Zheng, C. (2016a).
Arabidopsis YL1/BPG2 is involved in seedling shoot response to salt
stress through ABI4. Sci. Rep. 6:30163.

Li, T., Wu, X.-Y., Li, H., Song, J.-H., and Liu, J.-Y. (2016b). A dual-
function transcription factor, AtYY1, is a novel negative regulator of
the Arabidopsis ABA response network. Mol. Plant 9:650-661.

Li, X., Chen, L., Forde, B.G., and Davies, W.J. (2017). The biphasic root
growth response to abscisic acid in Arabidopsis involves interaction
with ethylene and auxin signalling pathways. Front. Plant Sci. 8:1493.

Liu, Y., Zhao, T., Liu, J., Liu, W,, Liu, Q., Yan, Y., and Zhou, H. (2006).
The conserved Ala37 in the ERF/AP2 domain is essential for binding
with the DRE element and the GCC box. FEBS Lett. 580:1303-1308.

Plant Communications

Liu, Z., Yan, L., Wu, Z., Mei, C., Lu, K., Yu, Y., Liang, S., Zhang, X.,
Wang, X., and Zhang, D. (2012). Cooperation of three WRKY-
domain transcription factors WRKY18, WRKY40, and WRKY60 in
repressing two ABA-responsive genes ABI4 and ABI5 in Arabidopsis.
J. Exp. Bot. 63:6371-6392.

Liu, X., Zhang, H., Zhao, Y., Feng, Z., Li, Q., Yang, H.Q., Luan, S., Li, J.,
and He, Z. (2013). Auxin controls seed dormancy through stimulation
of abscisic acid signaling by inducing ARF-mediated ABI3 activation
in Arabidopsis. Proc. Natl. Acad. Sci. U S A 110:15485-15490.

Liu, Y.T., Wang, J., Yin, H., Zhang, A., Huang, S.Z., Wang, T.J., Meng,
Q.X., Nan, N., Wu, Y.F., Guo, P., et al. (2018). Trithorax-group protein
ATX5 mediates the glucose response via impacting the HY1-ABI4
signaling module. Plant Mol. Biol. 98:495-506.

Ludwikow, A., Ciesla, A., Kasprowiczmaluski, A., Mitula, F., Tajdel,
M., Galganski, k., Ziolkowski, P.A., Kubiak, P., Malecka, A., and
Piechalak, A. (2014). Arabidopsis protein phosphatase 2C ABI1
interacts with type | ACC synthases and is involved in the regulation
of ozone-induced ethylene biosynthesis. Mol. Plant 7:960-976.

Luo, X., Chen, Z., Gao, J., and Gong, Z. (2014). Abscisic acid inhibits root
growth in Arabidopsis through ethylene biosynthesis. Plant J.
79:44-55.

Ma, Q.B,, Xia, Z.L., Cai, Z.D., Li, L., Cheng, Y.B., Liu, J., and Nian, H.
(2019). GmWRKY16 enhances drought and salt tolerance through an
ABA-mediated pathway in Arabidopsis thaliana. Front. Plant Sci. 9:18.

Martin, G., Leivar, P., Ludevid, D., Tepperman, J.M., Quail, P.H., and
Monte, E. (2016). Phytochrome and retrograde signalling pathways
converge to antagonistically regulate a light-induced transcriptional
network. Nat. Commun. 7:11431.

Ming, R.R., Vanburen, R,, Liu, Y., Yang, M., Han, Y., Li, L., Zhang, Q.,
Kim, M., Schatz, M.C., and Campbell, M.S. (2013). Genome of the
long-living sacred lotus (Nelumbo nucifera Gaertn.). Genome Biol.
14:1-11.

Mizoi, J., Shinozaki, K., and Yamaguchishinozaki, K. (2012). AP2/ERF
family transcription factors in plant abiotic stress responses. Biochim.
Biophys. Acta 1819:86-96.

Mu, Y., Zou, M., Sun, X., He, B., Xu, X,, Liu, Y., Zhang, L., and Chi, W.
(2017). BASIC PENTACYSTEINE proteins repress ABSCISIC ACID
INSENSITIVE4 expression via direct recruitment of the polycomb-
repressive complex 2 in Arabidopsis root development. Plant Cell
Physiol. 58:607-621.

Nakamura, S., Lynch, T.J., and Finkelstein, R.R. (2001). Physical
interactions between ABA response loci of Arabidopsis. Plant J.
26:627-635.

Nakashima, K., Fujita, Y., Kanamori, N., Katagiri, T., Umezawa, T.,
Kidokoro, S., Maruyama, K., Yoshida, T., Ishiyama, K., and
Kobayashi, M. (2009). Three Arabidopsis SnRK2 protein kinases,
SRK2D/SnRK2.2, SRK2E/SnRK2.6/0ST1 and SRK2I/SnRK2.3,
involved in ABA signaling are essential for the control of seed
development and dormancy. Plant Cell Physiol. 50:1345-1363.

Niu, X., Helentjaris, T., and Bate, N.J. (2002). Maize ABI4 binds coupling
element1 in abscisic acid and sugar response genes. Plant Cell
14:2565-2575.

Phukan, U.J., Jeena, G.S., and Shukla, R.K. (2016). WRKY transcription
factors: molecular regulation and stress responses in plants. Front.
Plant Sci. 7:760.

Quesada, V., Ponce, M.R., and Micol, J.L. (2000). Genetic analysis of
salt-tolerant mutants in Arabidopsis thaliana. Genetics 154:421-436.

Reeves, W., Lynch, T.J., Mobin, R., and Finkelstein, R.R. (2011). Direct
targets of the transcription factors ABA-Insensitive (ABI4) and ABI5
reveal synergistic action by ABI4 and several bZIP ABA response
factors. Plant Mol. Biol. 75:347-363.

Plant Communications 1, 100040, May 2020 © 2020 The Author(s). 9


http://refhub.elsevier.com/S2590-3462(20)30023-7/sref25
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref25
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref26
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref26
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref26
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref26
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref27
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref27
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref27
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref28
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref28
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref28
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref28
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref28
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref28
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref29
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref29
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref30
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref30
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref30
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref30
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref31
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref31
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref32
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref32
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref32
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref32
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref32
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref32
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref33
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref33
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref33
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref33
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref34
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref34
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref34
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref34
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref35
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref35
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref35
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref36
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref36
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref36
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref37
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref37
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref37
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref38
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref38
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref38
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref38
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref38
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref39
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref39
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref39
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref40
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref40
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref40
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref41
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref41
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref41
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref42
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref42
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref42
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref43
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref43
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref43
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref43
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref43
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref44
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref44
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref44
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref44
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref45
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref45
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref45
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref45
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref46
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref46
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref46
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref46
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref46
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref46
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref46
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref47
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref47
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref47
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref48
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref48
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref48
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref49
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref49
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref49
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref49
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref50
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref50
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref50
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref50
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref51
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref51
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref51
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref52
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref52
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref52
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref52
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref52
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref53
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref53
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref53
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref54
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref54
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref54
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref54
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref54
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref54
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref55
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref55
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref55
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref56
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref56
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref56
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref57
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref57
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref58
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref58
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref58
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref58

Plant Communications

Rook, F., Corke, F., Card, R., Munz, G., Smith, C., and Bevan, M.W.
(2002). Impaired sucrose-induction mutants reveal the modulation of
sugar-induced starch biosynthetic gene expression by abscisic acid
signalling. Plant J. 26:421-433.

Rook, F., Hadingham, S.A,, Li, Y., and Bevan, M.W. (2006). Sugar and
ABA response pathways and the control of gene expression. Plant
Cell Environ. 29:426-434.

Rowe, J., Topping, J.F., Liu, J., and Lindsey, K. (2016). Abscisic acid
regulates root growth under osmotic stress conditions via an
interacting hormonal network with cytokinin, ethylene and auxin.
New Phytol. 211:225-239.

Shang, Y., Yan, L., Liu, Z.-Q., Cao, Z., Mei, C., Xin, Q., Wu, F.-Q., Wang,
X.-F., Du, S.-Y., Jiang, T., et al. (2010). The Mg-chelatase H subunit of
Arabidopsis antagonizes a group of WRKY transcription repressors to
relieve ABA-responsive genes of inhibition. Plant Cell 22:1909-1935.

Shkolnik-Inbar, D., Adler, G., and Bar-Zvi, D. (2013). ABI4
downregulates expression of the sodium transporter HKT1;1 in
Arabidopsis roots and affects salt tolerance. Plant J. 73:993-1005.

Shkolnik-Inbar, D., and Bar-2vi, D. (2010). ABI4 mediates abscisic acid
and cytokinin inhibition of lateral root formation by reducing polar auxin
transport in Arabidopsis. Plant Cell 22:3560-3573.

Shkolnik-Inbar, D., and Bar-Zvi, D. (2011). Expression of ABSCISIC
ACID INSENSITIVE 4 (ABI4) in developing Arabidopsis seedlings.
Plant Signal. Behav. 6:694-696.

Shu, K., and Yang, W. (2017). E3 ubiquitin ligases: ubiquitous actors in
plant development and abiotic stress responses. Plant Cell Physiol.
58:1461-1476.

Shu, K., Zhang, H., Wang, S., Chen, M., Wu, Y., Tang, S., Liu, C., Feng,
Y., Cao, X., and Xie, Q. (2013). ABI4 regulates primary seed dormancy
by regulating the biogenesis of abscisic acid and gibberellins in
Arabidopsis. PLoS Genet. 9:e1003577.

Shuy, K., Chen, Q., Wy, Y., Liu, R., Zhang, H., Wang, P., Li, Y., Wang, S.,
Tang, S., and Liu, C. (2016a). ABI4 mediates antagonistic effects of
abscisic acid and gibberellins at transcript and protein levels. Plant J.
85:348-361.

Shuy, K., Chen, Q.,Wu, Y., Liu, R., Zhang, H., Wang, S., Tang, S., Wang, W.,
and Xie, Q. (2016b). ABSCISIC ACID-INSENSITIVE 4 negatively regulates
flowering through directly promoting Arabidopsis FLOWERING LOCUS C
transcription. J. Exp. Bot. 67:195-205.

Soderman, E.M., Brocard, I.M., Lynch, T.J., and Finkelstein, R.R.
(2000). Regulation and function of the Arabidopsis ABA-insensitive4
gene in seed and abscisic acid response signaling networks. Plant
Physiol. 124:1752-1765.

Soon, F.F., Ng, L.M., Zhou, X.E., West, G.M., Kovach, A., Tan, M.H.E.,
Suinopowell, K., He, Y., Xu, Y., and Chalmers, M.J. (2012). Molecular
mimicry regulates ABA signaling by SnRK2 kinases and PP2C
phosphatases. Science 335:85-88.

Sun, X., Feng, P., Xu, X., Guo, H., Ma, J., Chi, W,, Lin, R., Lu, C., and
Zhang, L. (2011). A chloroplast envelope-bound PHD transcription
factor mediates chloroplast signals to the nucleus. Nat. Commun.
2:477.

Umezawa, T., Nakashima, K., Miyakawa, T., Kuromori, T., Tanokura,
M., Shinozaki, K., and Yamaguchishinozaki, K. (2010). Molecular

Multifaceted Signaling Networks Mediated by ABI4

basis of the core regulatory network in ABA responses: sensing,
signaling and transport. Plant Cell Physiol. 51:1821-1839.

Vaidya, A.S., Helander, J.D.M., Peterson, F.C., Elzinga, D., Dejonghe,
W., Kaundal, A., Park, S.-Y., Xing, Z., Mega, R., Takeuchi, J., et al.
(2019). Dynamic control of plant water use using designed ABA
receptor agonists. Science 366:eaaw8848.

Verslues, P.E. (2016). ABA and cytokinins: challenge and opportunity for
plant stress research. Plant Mol. Biol. 91:629-640.

Vierstra, R.D. (2009). The ubiquitin-26S proteasome system at the nexus
of plant biology. Nat. Rev. Mol. Cell. Biol. 10:385-397.

Wang, H., Niu, Q.-W., Wu, H.-W,, Liu, J., Ye, J., Yu, N., and Chua, N.-H.
(2015). Analysis of non-coding transcriptome in rice and maize
uncovers roles of conserved IncRNAs associated with agriculture
traits. Plant J. 84:404-416.

Wind, J.J., Peviani, A., Snel, B., Hanson, J., and Smeekens, S. (2013).
ABI4: versatile activator and repressor. Trends Plant Sci. 18:125-132.

Xie, Y., Mao, Y., Duan, X., Zhou, H., Lai, D., Zhang, Y., and Shen, W.
(2016). Arabidopsis HY1-modulated stomatal movement: an
integrative hub is functionally associated with ABI4 in dehydration-
induced ABA responsiveness. Plant Physiol. 170:1699-1713.

Xu, X., Chi, W., Sun, X., Feng, P., Guo, H., Li, J., Lin, R, Lu, C., Wang,
H., and Leister, D. (2016). Convergence of light and chloroplast signals
for de-etiolation through ABI4-HY5 and COP1. Nat. Plants 2:16066.

Yaish, M.W., El-kereamy, A., Zhu, T., Beatty, P.H., Good, A.G., Bi,
Y.-M., and Rothstein, S.J. (2010). The APETALA-2-like
transcription factor OsAP2-39 controls key interactions between
abscisic acid and gibberellin in rice. PLoS Genet. 6:e1001098.

Yanagisawa, S., Yoo, S., and Sheen, J. (2003). Differential regulation of
EIN3 stability by glucose and ethylene signalling in plants. Nature
425:521-525.

Yi, J., Zhao, D.M., Chu, J.F., Yan, J.J., Liu, J.S., Wu, M.J., Cheng, J.F.,
Jiang, H.Y., Zeng, Y.J., and Liu, D. (2019). AtDPG1 is involved in the
salt stress response of Arabidopsis seedling through ABI4. Plant Sci.
287:1101180.

Yu, Y.W., Wang, J., Li, S.H., Kakan, X., Zhou, Y., Miao, Y., Wang, F.F.,
Qin, H., and Huang, R.F. (2019). Ascorbic acid integrates the
antagonistic modulation of ethylene and abscisic acid in the
accumulation of reactive oxygen species. Plant Physiol. 179:1861-
1875.

Zhang, Z., Tan, J., Shi, Z., Xie, Q., Xing, Y., Liu, C., Chen, Q., Zhu, H.,
Wang, J., and Zhang, J. (2016). Albino Leaf1 that encodes the sole
octotricopeptide repeat protein is responsible for chloroplast
development. Plant Physiol. 171:1182-1191.

Zhao, Y., Ai, X., Wang, M., Xiao, L., and Xia, G. (2016). A putative
pyruvate transporter TaBASS2 positively regulates salinity tolerance
in wheat via modulation of ABI4 expression. BMC Plant Biol. 16:109.

Zheng, M., Yang, T., Peng, T., Zhu, C., Fu, Y., and Hsu, Y. (2019).
Arabidopsis GSM1 is involved in ABl4-regulated ABA signaling under
high-glucose condition in early seedling growth. Plant Sci. 287:110183.

Zhu, G., Ye, N., and Zhang, J. (2009). Glucose-induced delay of seed
germination in rice is mediated by the suppression of ABA
catabolism rather than an enhancement of ABA biosynthesis. Plant
Cell Physiol. 50:644-651.

10 Plant Communications 1, 100040, May 2020 © 2020 The Author(s).


http://refhub.elsevier.com/S2590-3462(20)30023-7/sref59
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref59
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref59
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref59
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref60
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref60
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref60
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref61
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref61
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref61
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref61
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref62
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref62
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref62
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref62
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref63
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref63
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref63
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref64
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref64
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref64
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref65
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref65
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref65
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref66
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref66
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref66
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref67
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref67
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref67
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref67
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref68
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref68
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref68
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref68
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref69
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref69
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref69
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref69
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref70
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref70
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref70
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref70
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref71
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref71
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref71
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref71
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref72
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref72
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref72
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref72
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref73
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref73
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref73
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref73
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref74
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref74
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref74
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref74
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref75
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref75
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref76
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref76
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref77
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref77
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref77
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref77
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref78
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref78
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref79
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref79
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref79
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref79
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref80
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref80
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref80
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref81
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref81
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref81
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref81
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref82
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref82
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref82
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref83
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref83
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref83
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref83
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref84
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref84
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref84
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref84
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref84
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref85
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref85
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref85
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref85
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref86
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref86
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref86
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref87
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref87
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref87
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref88
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref88
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref88
http://refhub.elsevier.com/S2590-3462(20)30023-7/sref88

	Multifaceted Signaling Networks Mediated by Abscisic Acid Insensitive 4
	Introduction
	ABI4 Acts as Both a Gene Expression Activator and Repressor
	Controversial Role of ABI4 in Retrograde Signaling
	Role of the ABI4 Protein Motif in Transregulation
	Regulators of ABI4 at both the Transcript and Protein Levels
	Phytohormones or some Chemical Signals
	Positive Regulation of Jasmonic Acid and ROS Signaling by ABI4
	Crosstalk between Auxin and ABA Involving ABI4
	Negative Regulation of Ethylene Biosynthesis by ABI4
	ABI4 as a Modulator of Sugar-Sensing Signals
	Antagonistic Role of ABI4 in Crosstalk between ABA and Gibberellins
	Negative Regulation of ABI4 in the Cytokinin Pathway

	Concluding Remarks and Future Perspectives
	Acknowledgments
	References


