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Abstract: Abscisic acid (ABA) is recognized as the key hormonal regulator of plant stress physiology.
This phytohormone is also involved in plant growth and development under normal conditions.
Over the last 50 years the components of ABA machinery have been well characterized, from synthesis
to molecular perception and signaling; knowledge about the fine regulation of these ABA machinery
components is starting to increase. In this article, we review a particular regulation of the ABA
machinery that comes from the plant circadian system and extends to multiple levels. The circadian
clock is a self-sustained molecular oscillator that perceives external changes and prepares plants
to respond to them in advance. The circadian system constitutes the most important predictive
homeostasis mechanism in living beings. Moreover, the circadian clock has several output pathways
that control molecular, cellular and physiological downstream processes, such as hormonal response
and transcriptional activity. One of these outputs involves the ABA machinery. The circadian oscillator
components regulate expression and post-translational modification of ABA machinery elements,
from synthesis to perception and signaling response. The circadian clock establishes a gating in the
ABA response during the day, which fine tunes stomatal closure and plant growth response.
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1. Introduction

Abscisic acid (ABA) is a phytohormone involved in the plant stress response as well
as plant growth and development. ABA plays a role in different physiological processes,
i.e., seed germination and early seedling growth, shoot and root growth and development,
stomata closure, senescence, fruit ripening, fruit and leaf abscission, and bud dormancy,
and is also a key player in the induction of tolerance to both abiotic and biotic stress [1].
ABA was initially described as a growth-inhibitor [2,3], and later as a regulator of cotton
fruit abscission [4]. Nevertheless, in the last decade the most studied role of ABA has been
the induction of drought resistance, among other biotic and abiotic stresses, in model plants
and crops [5,6].

After half a century studying the field of ABA, we know the components and dy-
namics of its machinery in considerable detail, from synthesis to molecular perception
and signaling [5], and the details of regulation of the ABA machinery are beginning to
emerge [5,7,8]. In this article, we consider a particular regulation of the ABA machinery
that comes from the plant circadian system and extends to multiple levels. The circadian
clock is a self-sustained molecular oscillator present in each plant cell [9-12], although
hierarchical in nature at tissue level [13]. The circadian system has both input and output
pathways. The inputs allow clock synchronization to the environment or external cues,
e.g., photoperiod and temperature, among others [14]. For instance, circadian oscillations
are efficiently entrained by daily light/dark changes. This environmental photic diurnal
cycle acts as a ‘zeitgeber’, or time giver, and induces the clock’s diurnal synchrony to
24 h [14]. On the other hand, output pathways control molecular, cellular and physiological
downstream processes, such as hormonal responses, transcriptional activity, the cell cycle
and growth, among others [14-17].
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2. Plant Circadian System

For plants, fluctuating external stimuli challenge their survival. The prediction and
anticipatory response to these threatening stimuli represent a clear adaptive advantage [18].
The circadian system supports the predictive homeostasis mechanism in almost all living
organisms [19-22]. Predictive homeostasis is an anticipatory response to an expected en-
vironmental challenge in the future, such as the diurnal light-dark cycles or temperature
changes [18]. The plant circadian clock allows prediction of the appearance of an environ-
mental stimulus, and anticipation of a proper response to any disturbance that threatens a
plant’s survival. Furthermore, the circadian clock contributes to oscillatory resonance with
the environment and fitness for optimum plant growth [23,24].

The molecular clock mechanism (Figure 1) for self-sustained oscillation relies on regu-
latory loops of transcription factors, through both protein to protein and protein to promoter
interactions [14]. The pseudo response regulatorl/timing of cab expressionl (PRR1/TOC1)
is one of the key components of the Arabidopsis circadian system [25,26]. TOC1 constitu-
tive expression slows down the pace of the clock under diurnal conditions and leads to
complete rhythm abolishment under constant light conditions [23,26]. However, the clock
speeds up in tocl reduce-of-function plant lines [23,25,27]. The morning-expressed clock
genes, circadian clock-associated 1 (CCA1) and late elongated hypocotyl (LHY), participate
in feedback transcriptional repression between the afternoon expressed pseudo-response
regulator (PRRs: PRR5, PRR7 and PRR9) genes, TOC1, and members of the Evening Com-
plex (EC: early flowering 3/4 “ELF3”, “ELF4”, and lux arrhythmo “LUX”). Moreover, a
secondary transcriptional loop involves the mid-day expressed reveille (RVEs: RVE4, RVES6,
and RVES) genes, the PRRs, and the EC, and contributes to clock oscillatory robustness [14].
Other components, such as gigantea (GI), zeitlupe (ZTL), and night light-inducible and
clock-regulated gene 1 (LNKs) fine tune oscillation properties. Furthermore, core circadian
components are involved in the regulation of different outputs or key cellular events of
the plant cell. Transcriptome profiling experiments in A. thaliana show that nearly a third
of expressed genes are under circadian clock regulation [28-30]. In fact, there is a close
relationship between the circadian system and hormonal circuits [17]. We focus this review
on the regulation of ABA machinery by the plant circadian clock.

ZTL

cT0 CcT24

Figure 1. Plant circadian clock. Core components of the circadian oscillator in A. thaliana and its regu-
latory loops network. The position in the chart of each component is relative to the time of maximal
expression/activity along the day. CT: circadian time (CTO is defined as the light on-set). Blue lines
indicate activation and orange lines indicate repression. Purple box: PRRs components (PRR9, PRR7,
PRR5 and TOC1). Green box: evening complex “EC” members (LUX, ELF3 and ELF4). Red box morn-
ing elements: CCA1/LHY and RVEs/LNKs. This is a simplified scheme and it does not include all of
the oscillator components. LHY: LATE ELONGATED HYPOCOTYL; CCA1: CIRCADIAN CLOCK
ASSOCIATED1; RVE: REVEILLE; LNK: NIGHT LIGHT-INDUCIBLE AND CLOCK-REGULATED;
PPR: PSEUDO RESPONSE REGULATOR; TOC1: TIMING OF CAB EXPRESSION1; ZTL: ZEITLUPE;
GI: GIGANTEA; ELF3/4: EARLY FLOWERING 3/4; LUX: LUX ARRHYTHMO.
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3. Abscisic Acid (ABA) Machinery and Its Regulation by the Circadian Clock
3.1. ABA Synthesis

Plants under normal or non-stress conditions synthesize basal levels of ABA, which
promote optimal growth. Upon abiotic stress arrival (i.e., drought or salinity), ABA level
increases notably, and activates different stress responses. The sesquiterpenoid ABA
contains 15 carbon atoms in its skeleton and its synthesis in plants (Figure 2) starts from
the precursor Cy 3-carotene, following the carotenoid pathway [31,32]. The first steps,
from Cyg B-carotene to C;5 xanthoxin are carried out in plastids by a battery of enzymes,
well described in A. thaliana: viviparous (VPs), zeaxanthin epoxidase (ZEP/ABA1), abscisic
aciid (ABA)-deficient 4 (ABA4) and nine-cis-epoxycarotenoid dioxygenase (NCEDs). Later,
in the cytosol, ABA2 and ABA3 turn C;5 xanthoxin into Cy5 abscisic acid (Figure 2). The
rate-limiting step for ABA synthesis is the cleavage of 9-cis-epoxycarotenoid into xanthoxin
by the NCEDs enzymes [33]. Moreover, transgenic plants with constitutive expression of
NCEDs have high levels of ABA [34].

Analyzing data from DIURNAL (http://diurnal.mocklerlab.org/, accessed on 21 De-
cember 2021; DIURNAL is a web-based tool for accessing the diurnal and circadian
genome-wide expression results of genes from several array experiments conducted on
common model plants), we can see that NCED2-6 have a rhythmic diurnal oscillation
(under light/dark cycles of 12:12 h; Table S1), with a maximum peak or “acrophase” of
expression around mid-day (ZT4-7; ZT: zeitgeber time; ZT0 is defined as the light on-set;
Table S1). Moreover, NCED4 maintains its oscillation under “free-running” conditions
(constant light) peaking at CT6 (CT: circadian time; CTO is defined as the light on-set;
Figure 3B). These observations indicate a possible regulation of ABA synthesis by the
circadian clock. In fact, CHIPseq data obtained for PPR5, CCA1, LUX and ELE3 showed
a direct regulation of NCEDs promoters by these circadian clock components (Figure 3A;
Table S1) [35-37]. In agreement with NCEDs oscillatory patterns, a diurnal rhythm in ABA
levels was reported with a maximum during mid-day (between ZT6-ZT12) [38]. Moreover,
it was shown that the biosynthetic pathway of carotenoid and ABA is under the control of
PRR9/7/5 [39]. In this study, the authors showed elevated ABA levels in prr9-7-5 triple
mutant lines with respect to wt, suggesting that PRRs may negatively regulate ABA accu-
mulation. Nevertheless, rhythmic oscillations in ABA levels seem also to be dependent on
photoperiod and watering status, given that well-watered plants growing under long day
conditions (light/dark cycles of 16:8 h) did not shown a clear oscillation [40]. Furthermore,
diurnal changes in ABA level also appear to be species specific given that in A. unedo ABA
oscillations with two maximum peaks were reported, one of them in the early morning, and
the other at midday [41]; in contrast, in two different conifers, S. minimus and C. rhomboidea,
ABA rhythms peak in early and mid-morning respectively [42]. Conversely, in N. tobacum
three different peaks in ABA levels were observed throughout the 24 h day, two minor
peaks at ZT1 and ZT10, and a higher peak at ZT18 or early night [43].

On the other hand, it was shown that NCED3 expression was repressed in transgenic
lines with constitutive expression of LHY, suggesting that LHY may also negatively regulate
ABA accumulation [40]. Indeed, this LHY-ox line showed low ABA levels with respect to
wt. By contrast, the loss-of-function lhy-11 line showed higher ABA levels in comparison
to wt lines. Moreover, in wt plants, ABA accumulation was rhythmic under drought
conditions, peaking in the evening, at ZT18 [40]. The phase of this rhythm was advanced in
lhy-11 mutant lines. However, ABA levels were reduced and arrhythmic in LHY-ox plants
under drought stress. These results are in agreement with the idea that the circadian clock
regulates ABA accumulation under drought conditions. The model proposed implies direct
inhibition of NCED gene expression by LHY, which in turn reduces ABA accumulation in
the early morning [40].


http://diurnal.mocklerlab.org/

Stresses 2022, 2

68

AELs CEPR2 CARK1

Biosynthesis Degradation / Inactivation  Transport and core signaling
" ™ LN
DPA @~ BA-out ®
= TF’AH ® ® i ® i‘ ®
E PA ABCGs NPFs ABCGs DTX
U i el i e rimie
o | AR
ABA o ¢ °
BG2 BG1 .‘ ¢ ." ®
UGT71C5 ®.aa-in
_ C15 Xanthoxin Inactive
2 | ABA2 ABA-GE  ABA-GE m” PP2Cs  SnRK2s
E yBAS VACUOLE ER
ABA
M N A
Core signalling regulation a3
. ~ |8
e
(]

Vacuole | ALIX —e - -
Pathway  FYVE /’ PYLs _ TPP2Cs '
» > o ABA
LA PUB12/13 ' “\mr—ﬁ transcriptional
RGLG1/5  EAR1 5““"25\ response
UbinPMs RAF-Bs
roteasome
B |

\_ Sysem ) & NUCLEUS )

Figure 2. Abscisic acid (ABA) machinery. Biosynthesis: ABA is synthesized from (3-carotene (C40)
through the carotenoid pathway. Steps from (3-carotene (C40) to xanthoxin (C15) take place in
plastids. In the cytoplasm, ABA2 and ABA3 convert xanthoxin into active ABA. Conversion of
9'-cis-neoxanthin and 9'-cis-violaxanthin to xanthoxin by NCEDs is a rate-limiting step in ABA
biosynthesis. Degradation/Inactivation: active ABA level is regulated by catabolism through both
ABA conjugation and catalytic hydroxylation. ABA can be glycosylated into inactive ABA-GE by
UGT71CS5. On the other hand, AtBG1 and AtBG2 can modify ABA-GE to produce active ABA. Further,
ABA can be catalyzed to phaseic acid (PA) by CYP707As, which in turn is catalyzed to dihydrophaseic
acid (DPA) by PA reductase (PAR). Transport and Core Signaling: ABA transport is carried out by
ABCGs, NPFs and DTX transporters. Inside the cell, ABA is perceived by PYR/PYL/RCAR receptors,
either at cytosol or nucleus, forming a stable ternary complex with clade A PP2Cs. The formation
of this complex allows the activation of SnRK2s that leads to ABA-induced regulation of plasma
membrane and nuclear targets (i.e., NADPH oxidase, KAT1, SLACI, and ABFs/AREBs). Core
Signaling Regulation: PYLs receptors, PP2Cs and SnRK2s are regulated by several protein kinases.
The degradation of ABA signaling core components is regulated both by the ubiquitin-proteasome
system, and through the endosomal-vacuole pathways. Components and arrows in blue mean
positive function on the final ABA response, while red components and red arrows mean a negative
effect. Pointed arrow: activation; rounded arrow: inactivation. (For more information about these
components see Table S1).
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Another circadian clock component related to the control of ABA synthesis through
NCED3 regulation is gigantea (GI) [44]. Specifically, it was shown that gi-enhanced em level
complex (GI-EEL) enhances drought tolerance via up-regulation of ABA levels. NCED3
expression was reduced in the eel, gi-1, and eel/gi-1 mutants under normal growth con-
ditions. Furthermore, these mutants were also hypersensitive to drought stress due to
stomatal closure inhibition and the concomitant uncontrolled water loss [44]. Moreover,
it was demonstrated that GI-EEl complex binds directly to the ABA-responsive element
motif in the NCED3 promoter. These results suggest that the EEL-GI complex positively
regulates diurnal ABA levels, contributing to the drought tolerance of Arabidopsis [44].
Indeed, NCED3 expression resembles the GI oscillatory patterns of protein amounts [45],
suggesting that GI activity regulates the circadian oscillation in NCED3 expression and
ABA oscillations. Is interesting to note that, despite the fact that GI has a positive role in the
tolerance response of different abiotic stress, i.e., cold, salt and drought stress [46-50], it also
has a negative effect on water use efficiency (WUE) [51]. This apparent contradiction is in
agreement with the idea that WUE, under normal conditions, follows different mechanisms
than drought stress and does not always correlate reliably with drought resistance [52].

3.2. ABA Inactivation and Conjugation

Net ABA levels are not only set by synthesis, but also by degradation and inactivation.
For instance, after stress conditions and the concomitant hormonal induction, ABA levels
need to diminish to normal or non-stress values to resume optimal growth and devel-
opment. In this process ABA catabolism can follow two different pathways: reversible
conjugation or irreversible hydroxylation (Figure 2) [31]. In turn, in A. thaliana, ABA can
be glycosylated by UGT71C5 to form ABA-glucose ester (ABA-GE), which is stored in
vacuoles or the endoplasmic reticulum. ABA-GE is inactive but can be deconjugated to
restore the active ABA by (-glycosidases, such as BG1 and BG2 [38,53,54]. The conjuga-
tion/deconjugation mechanism, played by UGT71C5 and BGs, allows plants to rapidly
adapt to their changing environment through ABA-mediated responses. On the other
hand, ABA can be irreversible converted to a partially active form as phaseic acid (PA)
by CYP707As [55] and later to a fully inactive form as dihydrophaseic acid (DPA) by
ABH?2 [56].

Analyzing expression data for ABA inactivation and conjugation/deconjugation com-
ponents (from DIURNAL data base), we can see that BG2 shows circadian oscillations, with
high levels during the mid-subjective day (acrophase at CT6 under constant light condi-
tions; Table S1). Moreover, the BG1 expression pattern shows diurnal rhythms (acrophase
at ZT6 under light/dark 12:12 conditions). These oscillatory expression patterns in BGs are
in agreement with the diurnal rhythm in ABA levels with a peak between ZT6/ZT12 [36].
Interestingly, in bg1 mutant lines this oscillation in ABA levels disappears [36]. By contrast,
the CYP707A family is also diurnally regulated under light/dark cycles (12:12 h DIURNAL
web tool) with maximum expression levels during the day between ZT3 to ZT7 (Table
51). Nevertheless, it seems that the diurnal regulation of ABA levels is more associated
with conjugation/deconjugation than irreversible degradation, given that the diurnal fluc-
tuations in biologically active ABA levels correlate with BG1/BG2 expression levels [36].



Stresses 2022, 2

70

A

—_— 2400
ABA
125
P o 21 3
TOoC1 10
| 567 | e
( PRRS N #ﬁ %"'
53 ¥ oD
8494 w0 42
', A %ﬁg
. B 13 G
PRR7 1 5
| 1267 | 4:;,% ,;p 5 &8 g §
F o T
PRR9 5
152
e -1
" CCAI h 15 9
3040 | 2°
e -1
i |_H"||" ™ 12
10 C
724
- d 5. Day 5. Night
[ Lux N
12 o
855 b o
' A a - - 4
- x o ’ ~»
ELF3 | g I \
214 - / \
\ A 1] ‘
i ™ q | ; o Jrpreeg——— |
ELF4 | -
47
~ - 0 12 24

Figure 3. Connections between Circadian Clock and ABA machinery. (A) Circadian clock compo-
nents interact with the promoter of different ABA machinery genes. Data extracted from RNAseq
experiments found in literature from A. thaliana. In purple: ABA machinery components analyzed in
this review (for more information see Table S1); in blue: number of ABA machinery genes regulated
by each circadian transcription factor; in red: number of genes potentially regulated by each tran-
scription factor. (B) Phase plot or wind-rose of gene expression time of ABA machinery components.
Components with circadian oscillation only plotted. The name of each component appears in the
graph at the time of acrophase (maximum of gene expression). Expression data was extracted from
DIURNAL web (http:/ /diurnal.mocklerlab.org/, accessed on 21 December 2021) and obtained from
plants (A. thaliana) under constant light conditions (free running). White background, from 0 to 12 h,
represents the circadian subjective day, and grey background, from 12 to 24 h, the circadian subjective
night. (C) Putative circadian regulated ABA response gating in plants. S. Day: circadian subjective
day; S. night: circadian subjective night. 0, 12 and 24: circadian time.
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3.3. ABA Transport

ABA synthesis is carried out mainly in vascular parenchyma cells [57]. By contrast
ABA effects are systemic. Given the anionic nature of ABA under alkaline environments,
this limits its passive diffusion through the plasma membrane, so plants rely on ABA
transporters to help in its uptake and efflux from apoplast into the cell and vice versa [58].
In A. thaliana, the transporters involved in ABA translocation are: “(i) detoxification ef-
flux carrier 50 (DTX50) [59]; (ii) nitrate or di/tri-peptide transporter 4.6 (NPF4.6) [60,61];
and (iii) ABC ATP-binding cassette (ABCGs) transporters [62]. In particular, DTX50 and
ABCG25/31 are involved in ABA efflux, and NPF4.5 and ABCG20/30/40 in ABA influx
(Figure 2).

CHIPseq data from the circadian clock component shows that CC1 and PRR5 are able
to interact with the promoter of the ABA efflux transporter ABCG25 and with the ABA in-
flux transporter NPF4.6 [35,36]. Nonetheless, the expression levels of these transporters do
not show a circadian expression pattern (DIURNAL web tool data). Possibly, other signals
could be contributing to the final modulation of ABA transporter expression. However,
the ABA influx transporter ABCG20 has a circadian oscillatory pattern in expression, with
acrophase at CT10 or late subjective day (DIURNAL data base; Table S1).

3.4. ABA Core Signaling

ABA is perceived inside the cell through soluble receptors (Figure 2) called pyrabactin re-
sistancel (PYR1)/PYR1-like (PYL)/regulatory components of ABA receptors (RCAR) [63-65].
This ABA perception leads to interaction-inactivation of clade A protein phosphatase
type 2Cs (PP2Cs). The formation of the ternary complex ABA-PYL-PP2CA relieves the
inhibition on three ABA-activated subclass III SNF1-related protein kinases 2 (SnRK2s),
in A. thaliana SnRK2.2/SnRK2D, 2.3/1, and 2.6 /E/OST1 [66,67]. Then, activated SnRK2s
induce the activation of a battery of ABA effectors from transmembrane channels (SLAC,
KUP and KAT, among others) to transcription factors (i.e., ABFs, ABIs and ATHBs). Estima-
tions in A. thaliana indicate that ABA controls nearly two thirds of water stress-responsive
genes [68,69].

Published CHIPseq data sets from several circadian clock components i.e., TOC1,
PRR5, PRR7, PRR9, CCA1, LHY, LUX and ELF3 [35,37,40,54,70,71] show extensive control
over the ABA core signaling pathway, from ABA receptors to ABA-related transcription
factors (Table S1). Moreover, the ABA receptor PYL2, the phosphatases ABI1 and HABI,
the kinases SnRK2.2 and 2.3, and the transcription factors ATHB5, ATHB6, ABIG1 and
WRKY40 show a circadian expression pattern (DIURNAL web data; Figure 3B; Table S1).
Furthermore, the circadian regulation of the ABA core signaling pathway also operates at
post-translational levels since protein-protein interactions of TOC1-ABI3 and PRR5-ABI5
were reported [72,73]. Interestingly, phosphorylation and activation of Snrk2.2, SnRK2.3
and ABF2 also show a circadian oscillatory pattern, with maximum levels at the middle
and end of the subjective day [74]. This data is in agreement with the fact that in soybean
GmLCLs/RVEs negatively regulate ABA perception and signaling [75]. In A. thaliana, RVE
expression decays from the middle to the end of the subjective day.

Another layer of regulation of ABA signaling is composed of ABI five binding proteins
(AFPs). These proteins play a negative role in ABA signaling by interacting with and
inhibiting ABI5 activity [76-78]. Moreover, transcription of AFPs is activated by ABA,
indicating a negative feedback function of these proteins. In particular, AFP4 shows a
circadian rhythm in its expression pattern (DIURNAL data; Table S1), with a maximum level
at the end of the subjective night (CT23). This negative feedback operates in an antiphase
respect to the activity of positive components of ABA signaling, such as SnRK2.2/2.3 or
ABF2. Furthermore, AFP4 repression could be involved with TOC1, PPR5, PPR7 and LUX,
as CHIPseq data showed a possible connection [35,37,70,71].

The Arabidopsis SWI/SNF chromatin-remodeling ATPase BRAHMA (BRM) modu-
lates ABA response by preventing activation of stress response pathways during germi-
nation [79]. Moreover, core ABA signaling pathway components interact with BRM and
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switch its activity. For instance, SnRK2-dependent phosphorylation of BRM leads to its
inhibition, and PP2CA-mediated dephosphorylation of BRM restores its activity. BRM has
a negative role repressing ABA response. Interestingly, the circadian clock component LUX
is able to interact with BRM [80]. However, it is necessary to characterize the function of
this LUX-BRM complex, to further elucidate the real impact on the ABA signaling response.

3.5. ABA Core Signallling Regulation

Post-translational modifications play a key role in regulating protein function and
stability. In particular, protein phosphorylation is a fundamental mechanism through
which protein function is regulated in response to extracellular stimuli [81]. ABA core
signaling components are phosphorylated by multiple protein kinases (Figure 2), includ-
ing in A. thaliana: target of rapamycin (TOR), Arabidopsis early flowering 1 (EL1)-like
casein kinase (AEL), C-terminally encoded peptide receptor 2 (CEPR2), cytosolic ABA
receptor kinase 1 (CARK1), receptor dead kinase 1 (RDK1), enhancer of ABA coreceptor
(EART1), brassino-steroid insensitive 2 (BIN2), and mitogen activated kinase kinase kinase
RAFs [7,82-90]. Some of these kinases have a positive effect on ABA response, i.e., BIN2,
RAF-Bs, RDKs and CARK1. Moreover, DIURNAL expression data shows circadian oscilla-
tion in RAF2, RAF4 and RAF5 and RDK1, with acrophases from early to mid-subjective day
(Figure 3B; Table S1). In addition, PRR5 CHIPseq data [35] show a possible regulation of
RAF2 and RDK1, among other kinases (Table S1). Otherwise, kinases, such as TOR, CEPR?2,
AEL, RAF-Cs and EARI1 have a negative effect on ABA signaling. In particular, CEPR2
shows a circadian oscillatory pattern in gene expression, with a peak at CT9 (Table S1).
Moreover, CEPR2 promoter is possibly regulated by several circadian clock components
(i.e., PRR5, CCA1, LHY and LUX), as can be inferred from CHIPseq data [35-37,40].

On the other hand, protein ubiquitination is a reversible modification involved
in a myriad of processes in plant biology. ABA signaling relies on a fine-tuned pro-
tein turnover [8]; specifically, the half-life of its components is regulated both through
the ubiquitin-26S proteasome system and the endocytic/vacuolar degradation pathway
(Figure 2). E3 Ub ligases have been reported that target different ABA signaling core compo-
nents, i.e., ABA receptors, PP2Cs, SnRK2s, and ABFs/ABI5 transcription factors (Figure 2).
The degradation of PYLs is regulated by both the ubiquitin ligase substrate adaptor DDA1
and RING-type E3 ligase RSL1 via the ubiquitin-proteasome system, and by the ESCRT-I
components VPS23A and ALIX through the endosomal-vacuole pathways [91-94]. PP2Cs
are also degraded by the 26S proteasome pathway through the PUB12/13 U-box, RGLG1/5
RING-type and (CUL3)-RING based E3 ligases by interacting with the adaptor BTB/POZ
and math domain proteins (BPMs) [95-98]. Circadian clock regulation of these protein
degradation systems is less apparent. From CHIPseq data, we only can attribute some
regulatory function to PRR5 and PRR7 (Table S1) [35,71]. Moreover, only PUB13, AIRP3
and DDAT1 show a circadian expression pattern (Figure 3B; Table S1).

4. Conclusions and Remarks

ABA plays an important role in the response to environmental challenges, including
water deficit, salinity, freezing, wounding, and pathogen attack. Moreover, it participates in
several developmental processes, i.e., seed germination, early seedling development, and
reproduction [1,68,99-102]. Elucidating the regulation mechanisms on the ABA machinery
is vital to further understand its dynamics. On the other hand, the circadian clock is a
self-sustained molecular oscillator, with several output pathways that control processes,
such as hormonal response and transcriptional activity. One of these outputs involves ABA
machinery regulation. The circadian clock anticipates external changes and prepares plants
to respond to them in advance, contributing to the plant predictive homeostasis. Moreover,
the circadian system also couples plant physiology to external environmental cycles to
maximize metabolic efficiency. This constitutes an efficient way to increase stress tolerance
without substantially decreasing plant growth [103].
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The linkage of circadian clock and ABA machinery possibly establishes a circadian
gating of ABA responses. Apparently, this gating maximizes ABA response during the
mid-late day and minimizes it during late night and early morning (Figure 3C). This gating
in ABA response is directly related to stomatal closure and plant growth. The regulation of
stomatal closure by ABA is well established [104]. Moreover, in C3 and C4 plants stomata
are open during the day. It is useful to have a system ready to operate during light hours,
when it is more required, given that plants at this time of day are more susceptible to
water loss. Interestingly, plants also adjust growth to night-light cycles. For instance, root
growth occurs mostly at night [105,106], and hypocotyl growth rate is maximal at the end
of the night [103,107,108]. Given that ABA plays a negative role in plant growth [109],
it is consistent that during the night hours ABA response is low. An interesting way to
understand circadian clock regulated ABA gating could involve the use of reporter lines
with GFP or luciferase driven by promoters carrying ABA response cis-acting elements.
This kind of approach might specifically answer the time and degree of ABA response
during the day.

It is worth noting that light-dark cycles must play an important role in regulating
ABA machinery and the gating in ABA response, bypassing the circadian system. A high
number of ABA machinery components (75 out of 124; 60%) show oscillations in gene
expression under diurnal cycles (12:12 h of light:dark; Table S1), but do not under circadian
conditions (i.e., constant light), when the clock is in free running mode, without external
time cues.

Interactions between ABA signaling and the circadian clock are not unidirectional.
There is evidence for the reciprocal impact of ABA on the amplitude, period and phase of
the circadian clock. Application of ABA lengthened the period of CCA1 and of the marker
gene for clock output chlorophyll A/B-binding protein2 (CAB2) by ~2 h in free-running
conditions (constant light) compared with mock treatments [110]. Furthermore, ABA
also induces the expression of TOC1 [111] and represses glycine rich protein 7 (AtGRP7)
expression [112]. Moreover, CCA1l expression is induced by dry after-ripening; after-
ripening modifies the transcriptional amplitude of clock gene oscillations [47]. In addition,
there is evidence demonstrating that ABA regulates the GI pathway and activates florigen
genes under drought conditions [113]. Furthermore, it was reported that an ABA-inducible
R2R3-type MYB transcription factor (MYB96) binds directly to the TOC1 promoter to
activate its expression. In turn, TOC1 indirectly regulates MYB96 expression, through CCA1
activity [114]. This feedback network directly links ABA responses with the circadian clock
and provides a mechanism whereby the ABA gating is controlled to optimize plant fitness.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/stresses2010006/s1, Table S1: ABA machinery components ana-
lyzed in this review.
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